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Series Editor’s Preface

The Indian Institute of Metals Series is an institutional partnership series focusing
on metallurgy and materials science and engineering.

About the Indian Institute of Metals

The Indian Institute of Metals (IIM) is a premier professional body (since 1947)
representing an eminent and dynamic group of metallurgists and materials scientists
and engineers from R&D institutions, academia, and industry, mostly from India.
It is a registered professional institute with the primary objective of promoting and
advancing the study and practice of the science and technology of metals, alloys, and
novel materials. The institute is actively engaged in promoting academia–research
and institute–industry interactions.

Genesis and History of the Series

The study of metallurgy andmaterials science and engineering is vital for developing
advanced materials for diverse applications. In the last decade, progress in this field
has been rapid and extensive, giving us a new array of materials, with a wide range
of applications and a variety of possibilities for processing and characterizing the
materials. In order to make this growing volume of knowledge available, an initiative
to publish a series of books in metallurgy and materials science and engineering was
taken during the Diamond Jubilee year of the Indian Institute of Metals (IIM) in the
year 2006. IIMentered into a partnershipwithUniversities Press,Hyderabad, in 2006,
and from 2016 the book series is under MoU with M/s Springer Nature, and as part
of the IIM book series, a total of 22 books were published till 2022. The books were
authored by eminent professionals in academia, industry, and R&Dwith outstanding
background in their respective domains, thus generating unique resources of validated
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expertise of interest in metallurgy. The international character of the authors’ and
editors has enabled the books to command national and global readership. This book
series includes different categories of publications: textbooks to satisfy the require-
ments of undergraduates and beginners in the field, monographs on select topics by
experts in the field, and proceedings of select international conferences organized
by IIM, after mandatory peer review. An eminent panel of international and national
experts constitutes the advisory body in overseeing the selection of topics, important
areas to be covered, in the books, and the selection of contributing authors.

About “Handbook of Materials Science: Vol. 1 Optical
Materials”

The Book on “Handbook of Materials Science: Vol. 1 Optical Materials” with
R. S. Ningthoujam and A. K. Tyagi as editors brings out the developments in optical
materials with 23 articles highlighting various aspects of optical materials. The book
is part of the Handbook of Materials Science comprising of ten volumes on optical
materials, magnetic materials, catalytic materials, photocatalytic materials, nuclear
materials, sensor materials, materials for health care, energy materials, materials for
environmental applications, and soft materials. Synthesis, characterization, proper-
ties of optical materials including nanomaterials, recent advances in optical mate-
rials, and their applications in various areas are some of the areas deliberated in this
volume.

The editors R. S. Ningthoujam and A. K. Tyagi have made excellent efforts to
coordinatewith professionalswith rich experience in the respective filed fromvarious
reputed academic and R&D institutions to provide state-of-the-art articles of high
relevance. I have no doubt that this bookwill be a rich treasure for thosewho are inter-
ested in learning the recent developments with respect to synthesis, characterization,
and application of optical materials. The IIM-Springer Series gratefully acknowl-
edges both the editors and all the authors of the articles for their excellent efforts
in covering a wide range of information on the optical materials which would be of
great interest to the readers.

Dr. U. Kamachi Mudali
Editor-in-Chief

Series in Metallurgy and Materials
Engineering & Vice Chancellor
Homi Bhabha National Institute

DAE, Mumbai
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To increase the readership and to ensure wide dissemination among global readers,
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goal is to continue publishing high-value content onmetallurgy andmaterials science
and engineering, focusing on current trends and applications. So far, eleven impor-
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Preface

The growth of human civilization has always depended onmaterials. Thus, evolution
of materials has been an integral part of human beings right from the primitive times.
The importance of materials can be gauged by the fact that various historic ages have
been named based on the materials used by the people belonging to a particular era,
such as stone age, bronze age, iron age, concrete age, steel age, silicon age, etc. Some
of the earlier processes like forging and smelting have played a key role in the growth
of materials and their large-scale deployment for the benefit of humankind. However,
during the initial phase, the materials were used without much understanding of the
factors responsible for their functioning. For example, Romans who were great inno-
vators of glasses and invented the glass window could not predict how important this
material would be in future. It is believed that the first metal tool appeared perhaps
only 6000 years ago as a result of knowledge of melting and casting processes.
Materials that have immensely changed our lives are wood, clay, bronze, iron, steel,
cement, polymers, aluminum, glasses, and semiconductors. It shall not be wrong to
claim that the twenty-first century is going to witness a tremendous progress in the
field ofmaterials science as the need for advancedmaterials in various areas like engi-
neering, electronics, communications, health care, societal sectors, natural resources
management, generation of wealth fromwaste is going to exhibit rapid growth. Even
the demand for materials for high-tech sectors shall witness exponential growth.
Net-zero target will also be intricately linked with the advancement in the field of
materials science. The quest for developing better, efficient, and cost-effective mate-
rials has been a constant endeavor and shall continue forever. It is generally believed
that materials are going to play the most important role to achieve the sustainable
development goals, in particular for clean energy, clean water, climate change, health
care, industries, innovation, infrastructures, etc. In this context, there is an urgent need
to develop efficient materials consisting of earth-abundant elements. The solution for
some of the challenges such as production of green hydrogen and green synthesis of
ammonia will also come from advanced materials. The rational design of newer and
efficient materials by interplay of synthesis methodologies, crystallographic struc-
tures, morphologies, and dimensionality is going to be of paramount importance.
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x Preface

In the coming years, a diverse range of materials will have to be developed to meet
these goals. In view of this, it was felt appropriate to publish a Handbook ofMaterials
Science comprising of 10 volumes on optical materials, magnetic materials, catalytic
materials, photocatalytic materials, nuclear materials, sensor materials, materials
for health care, energy materials, materials for environmental applications and soft
materials.

Volume I (Optical Materials): In general, the materials that are used to manipu-
late the flow of light are considered as optical materials. The efficiency of a material
for a particular optical application is generally related to materials’ characteristics,
wavelength of light used, surrounding environment as well as intensity of light exci-
tation. Therefore, a basic understanding of the interaction between light andmatter is
very important. Synthesis, characterization, properties of optical materials including
nanomaterials, recent advances in optical materials, and their applications in various
areas are some of the areas deliberated in this volume. Some specific topics covered
in this volume are classification of optical materials, photoluminescence, down-
conversion, quantum cutting, upconversion, core–shell nanostructures, the funda-
mentals of plasmon–fluorophore interactions with metal nanoparticles that support
localized surface plasmons (LSPs) and thin metal films that support propagating
surface plasmon polaritons (SPPs), sensing, imaging, single-molecule detection and
display technologies, lanthanide-doped materials for optical applications, defect
modulated trap engineering of long persistent and mechano-luminescence, phos-
phors for advanced applications, optical materials for sensing radioactive elements,
the chemistry of triphenylamine-based molecules and materials, their applications
towards luminophores, sensing, aggregation-induced emission, framework mate-
rials, lanthanide ions-doped luminescent nanomaterials for anti-counterfeiting, ther-
mally activated delayed fluorescence (TADF) as a triplet harvesting mechanism in
metal-free OLED emitters, luminescent materials for radiation dosimetry, carbon
nanotube (1D), graphene (2D), and diamond (3D) materials as prototype examples
in nanoscale optics and plasmonics, random laser emission from dye loaded bamboo
leaves, chlorophyll and bio-dye, lanthanide-based inorganic–organic and inorganic-
organic-plasmonic hybrid materials for white light emitting diode (WLED), light
emitting diode (LED), luminescent solar concentrators (LSCs), luminescent ther-
mometers, ultra-violet (UV) light detection, boradipyrromethene (BODIPY) dyes
for laser dyes, chemical/bio-sensors, cellular imaging agents, triplet photosensitizers
in photodynamic therapy, fluorescent-positron emission tomography (PET) probes,
solar energy conversion agents in organic photovoltaics (OPV) and, in photocatal-
ysis, supramolecular interactions of dyes with various hosts (host–guest interaction)
and their applications, calcium aluminate-based phosphors for persistent lumines-
cence and radiation dosimetry, silicon-based nanocomposites as photoluminescent
materials, graphene and graphene-based nanocomposites in sensing, photocatalysis,
photonics, bio-photonics and solar cells, fabrication of scintillator single crystals,
quantum dots and its applications, etc.



Preface xi

We are immensely thankful to all the authors for their rich contributions towards
this handbook series. Although due efforts have been taken to make the book as
error-free as possible, some may have crept in unnoticed. We shall be thankful to
the readers for bringing such unintentional errors to our notice. Finally, we sincerely
hope that our efforts will be of use to a wide range of researchers working in the field
of materials science.

Mumbai, India Raghumani S. Ningthoujam
A. K. Tyagi
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Chapter 1
Basic Concept of Optical Materials:
Classification, Properties
and Applications

Raghumani S. Ningthoujam and A. K. Tyagi

1.1 Introduction

Materials used to manipulate the flow of light are considered as optical materials.
Upon interaction of light within matter, various phenomena can occur: absorption,
scattering, focusing, reflection, refraction, diffraction or splitting of light, emission
or ionization, ejection of electron, dissociation of chemical bond, formation of new
bond, formation of free radicals, isomerization, initiation or stopping of chemical
reaction, or transmission of light. The efficiency of a material for a particular appli-
cation is generally related to the wavelength of light, the surrounding environment,
as well as the intensity of light. Therefore, a basic understanding of the interaction
between light and matter is important.

Light is an electromagnetic radiation, which has wave and particle nature. It
comprises of cosmic rays, gamma rays, X-rays, UV, visible and IR rays, etc. Electro-
magnetic wave shows the electric and magnetic components of wave (perpendicular
to each other) and propagation of wave through trough and crest (Fig. 1.1) (Kemp
1975).

Material is defined as a substance, which is identified in X, Y and Z coordinates.
It can be solid, liquid, gas or plasma.

Few examples of optical materials that can absorb light are SnO2, ZnO, Y2O3,
etc. The absorbance (A) is defined as: A = εcl = log(1/T). Where T = transmittance
(I/I0), and I0 and I are the light intensity before and after interaction with material. ε,
c and l are the absorption coefficient, concentration and path length of materials in
which light is passing. Here, it is assumed that no reflection takes place. Usually, path

R. S. Ningthoujam (B) · A. K. Tyagi
Chemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India
e-mail: rsn@barc.gov.in
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2 R. S. Ningthoujam and A. K. Tyagi

Fig. 1.1 a Schematic diagram representing electromagnetic wave, which has the electric and
magnetic components of wave (perpendicular to each other) and b Propagation of wave showing
trough and crest

length is fixed at 1 cm, the absorbance (A) will be proportional to the concentration
of material (c= g/ml or g/cm3 or moles per litre). The optical materials can be glassy,
amorphous, crystalline, polymer, liquid or plastics.

1.2 Classifications

On the basis of types of absorption behaviour by materials in UV–visible-NIR-IR
regions, optical materials can be classified or grouped as (Curie 1963; Brabec et al.
2003; Blasse and Grabmaier 1994; Simmons et al. 2000):

(i) Metallic materials
(ii) Semiconducting materials
(iii) Insulating materials
(iv) Materials with defects
(v) Materials having metal–ligand or host–guest complexes
(vi) Materials doped with s- and p-block ions
(vii) Materials doped with d-block ions
(viii) Materials doped with f-block ions
(ix) Low dimensional materials
(x) Meta-materials

The element(s) constituting amaterial can have a characteristic absorption edge in
the X-ray regions. From this, it is possible to study oxidation states of ions or atom or
chemical bonding or coordination numbers of centre ion. X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFTS) have
been used in X-ray absorption spectroscopy. From the absorption of light in UV–
visible-NIR-IR regions, band gap of material or charge transfer process or surface
plasmon absorption can be predicted.
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(i) Metallic materials

Metallic optical materials are noble metals (such as Au, Ag, Cu) and CuS. Metallic
nanoparticles can absorb light in UV–visible-NIR region due to surface plasmon
resonance (SPR). Au nanoparticles can absorb light at 520 nm, whereas hollow Au
nanoparticles absorb light in 600–700 nm (Damani et al. 2022). Ag nanoparticles
can absorb light at 390 nm, whereas hollow Ag nanoparticles can absorb light in
500–600 nm (Gautam et al. 2021; Bhavsar et al. 2023). Cu nanoparticles can absorb
light at 600–750 nm (Han et al. 2018; Liu et al. 2015). CuS can absorb the light in
800–1000 nm (Chakravarty et al. 2016). The SPR wavelength can also be tuned by
changing the shape and size of the nanoparticles. In the form of thin films, these
materials can have good reflectivity (Prajwala et al. 2020). Al and Ag films show the
high reflectance (93%) in 300–2500 nm solar spectrum. The films can also support
propagating surface plasmon.

(ii) Semiconducting materials

Semiconducting optical materials in general are oxides, sulphides, organicmolecules
and elementals (SnO2, ZnO, ZnS, PbSe, Si, Ge, organic molecules) having band gap
in the range 0.1–4.0 eV. SnO2, TiO2, ZnO, Zn3P2, Si, Ge and PbSe, can absorb the
light at 345 nm (Ningthoujam et al. 2007a, 2008a; Luwang et al. 2010; Ningthoujam
and Kulshreshtha 2009), 390 nm (Nair et al. 2022; Rawool et al. 2018), 370 nm
(Lanje et al. 2013; Sahu et al. 2012; Ghosh et al. 2011; Singh et al. 2009a), 880 nm
(Aleksandar et al. 2019), 1120 eV (Wang et al. 2014), 2133 nm (Mellaerts et al.
2021) and 4770 nm (Ningthoujam et al. 2017), respectively. Organic compounds
having conjugated double bonds (anthracene, naphthalene) can absorb the light in
300–600 nm (Kemp 1975; Pan et al. 2017). Fluorescein isothiocyanate (FITC) and
4,6-diamidino-2-phenylindole (DAPI) can absorb the light in visible range (Joshi
et al. 2022; Veeranarayanan et al. 2012; Prajapati et al. 2016). These are used as fluo-
rescent labels for bio-imaging. BODIPY (abbreviation for boron-dipyrromethenes,
4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene) and its derivatives can absorb
the light in the visible-NIR regions depending on the substituted or added molecules/
group/part (Bassan et al. 2021). These have been used in many applications such
as fluorescent labels for bio-imaging, light-harvesting antennas in photosynthesis,
photoluminescentmaterials, electro-luminescencedevices, fluorescent sensors, opto-
electronic devices, non-linear optical devices, photodynamic therapy, organic light
emitting diodes, etc.

(iii) Insulating materials

Insulating optical materials have wide band gap >5 eV. These can be phosphates,
some oxides and fluorides and organic molecules. Few examples are YPO4 (band
gap, Eg~8.6 eV), NaAF4(A = Y, Gd, Lu, Eg~8–10 eV), YF3(Eg~5.8 eV), which
absorb the light in the range of 5–11 eV (Ningthoujam et al. 2015; Huang et al.
2016; Giordano et al. 2021; Vali 2011). The sigma bond or single-double-containing
organic compounds (CH4, H2C = CH2) can absorb the light in the range of 6–10 eV
(Kemp 1975).
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(iv) Materials with defects

Materials with defects can absorb light with energy less than the actual band gap of
the material. NaCl and KCl with F-centre can absorb light and emit emission (Gold-
stein 1968; Seitz 1946). ZnO and SnO2 having interstitial, stoichiometric, surface
or lattice defects absorb light and emit light in a broad spectrum (Ningthoujam and
Kulshreshtha 2009; Ningthoujam et al. 2008a; Ghosh et al. 2011; Singh et al. 2009a).

(v) Materials having metal–ligand or host–guest complexes

Materials with metal–ligand or host–guest charge transfer (CT) are observed in
YVO4,CaMoO4,UO2

2+,metal-porphyrin, protein-I2, cellulose-I2 complex.YVO4 or
LaVO4 orGdVO4(V–OCT) can absorb light in the range of 280–320 nm (Wangkhem
et al. 2021; Perala et al. 2021a, 2021b; Okram et al. 2014; Singh et al. 2012; Luwang
et al. 2011). CaMoO4 (Mo–OCT) or SrMoO4 or CaWO4 can absorb light in the range
of 250–270 nm (Wangkhem et al. 2018; Soni et al. 2018; Singh et al. 2014a, 2014b).
UO2

2+(U–O CT) can absorb light at 420 nm (Meinrath et al. 2000; Soni et al. 2021).
The metal-porphyrin and haemoglobin can absorb light in the range of 400–600 nm
and this absorption peak depends on central metal ion, which can make coordinated
bonds with N of porphyrin (Lan et al. 2007; Kumar et al. 2016). The protein-I2 and
cellulose-I2 have absorption peaks in the range of 300–600 nm (Mizrahi and Domb
2007; Acland 1971; Basu and Nandi 1952). Metal–organic framework systems can
also absorb light (Zhou et al. 2012). However, depending on the associated metal ion,
absorption band varies. A few examples of host–guest complexes are cyclodextrins
(CDs), cucurbit[n]urils (CBn) and crown ethers as host molecules with guest such
as dyes/drug molecules (Crini 2014; Schneider et al. 2008). They form supramolec-
ular host-dye complexes, which enhances luminescence quantum yield, solubility,
loading of drug, photostability, etc.

(vi) Materials doped with s- and p-block ions

Materials doped with s- and p-block ions include insulating materials doped with
s- and p-block ions. Examples are KCl: Tl, CaS: Bi3+and host: Bi3+ (Curie 1963;
Patterson 1960; Krishnamoorthy Sakthivel et al. 2021; Boutinaud 2023; Dongdong
et al. 1999). Another example is ortho-ester diazophenylcalix[4]arene, which can
show colour changes in solutions of alkali metal ions, alkaline earth metal ions and
transition metal ions (Kim et al. 2007).

(vii) Materials doped with d-block ions

Materials doped with d-block ions include semiconducting or insulating materials
doped with d-block ions (Kim et al. 2007; Tsujikawa 1971; Batista et al. 2021;
Babu et al. 2014). Examples are ZnO: Mn2+ or Cr3+. They can absorb light in green
to red region. Depending on the crystal field environment, absorption band varies.
In general, the d-d transition is broad as well as its position varies with crystal
field environment (geometry such as square planar, tetrahedral and octahedral and
surrounding ions/atoms such as O/N/S). Organic complexes with Ru(ii), Pt(ii) and
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Ir(iii) can exhibit strong absorption in visible region. They have long-lived triplet-
excited states. (Zhao et al. 2012).

(viii) Materials doped with f-block ions

Materials doped f-block ions include semiconducting or insulating materials doped
with f-block ions. Examples are YPO4:RE, ZnGa2O4:RE¸ SnO2:RE, TiO2:RE,
ZnO:RE, ZrO2:Eu3+, Y2O3:RE, La2O3:RE and NaYF4:RE. Here, RE = Ce3+, Eu3+,
Gd3+, Pr3+, Sm3+, Ho3+, Dy3+, Tb3+, Er3+, Yb3+ (Wei et al. 2014; Ginistrelli et al.
2017; Tian et al. 2012; Ningthoujam et al. 2007b, 2007c, 2008b, 2008c, 2009a,
2009b, 2009c; Gajbhiye et al. 2008; Singh et al. 2008a, 2008b, 2009b, 2009c; Rao
et al. 2008; Srinivasu et al. 2009; Yaiphaba et al. 2010; Phaomei et al. 2010; Singh
and Ningthoujam 2010; Ningthoujam 2010; Meetei et al. 2012). These can absorb
light from UV to visible to NIR regions depending on type of RE. Ce3+ can absorb
light at 258 and 280 nm due to f-d transition. The f-d transition is an allowed transi-
tion, but its peak is broad. Most RE ions show f-f transitions, with weak absorption
cross-sections as these are not allowed transitions. The f-f transitions are sharp and
the peak position does not change. This is due to screening of 4f electrons by 5s2

and 5p6 outermost electrons of RE ion. Eu3+ ion shows various absorption peaks in
UV region (322, 395, 460, 530 nm) and visible region (460, 530 nm). Gd3+ ion has
absorption peaks at 278 and 310 nm. Other examples are Pr3+ (205 nm), Sm3+ (363,
377 and 405 nm), Ho3+ (369, 450, 1100 nm), Dy3+ (350, 370, 390 nm), Tb3+ (350,
378 nm), Er3+ (370, 519, 542, 651, 800, 980, 1530 nm), Nd3+ (808, 885, 1054, 1344,
1858 nm) and Yb3+ (980 nm).

(ix) Low-dimensional materials

Low-dimensional materials are the materials, whose dimensions are reduced from 3
to 2D, 1D or 0D. These materials are considered as nanomaterials. In many cases,
band gap increases with decrease in dimensions. 0Dmaterials are known as quantum
dots (QDs) whose particle size is less than that of exciton Bohr’s radius. PbSe bulk
(Eg = 0.4 eV) has exciton Bohr’s radius of 47 nm (Ningthoujam et al. 2017). PbSe
QDs with various size ranges from 3 to 30 nm can show the quantum confinement
effects. Band gap of PbSe QDs increases with decrease of particles. Absorption
spectrum can show many discrete energy levels as well as the lowest energy level
(band gap), whereas its emission shows only one peak, which is slightly longer in
wavelength (nm) than that of the lowest energy level. 1D materials are considered
as nanorods with length (L) and diameter (D; L>>D). Nanorods of PbSe can show
two emission peaks related to the length of nanorods (known as polarizability effect
and this occurs at longer wavelength) as well as end of nanorods (related to diam-
eter, i.e., shorter wavelength) (Koh et al. 2010). Different aspect ratios (length to
diameter) of rod-shaped materials show interesting absorption and luminescence
behaviour (Li et al. 2017). 2D materials are considered as sheet or plane or platelets.
PbSe nanosheets with single crystal of 20–60 nm thickness and 0.5–5.0 μm in-plane
sizes have been prepared (Wang et al. 2008). PbSe dendrites and cubes grown by a
solvothermalmethod showdifferent photoluminescence behaviours (Kim et al. 2017;
Melnychuk and Sionnest 2021). Many semiconductors such as PbS, ZnO, GaN can
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show low-dimensional properties. Layered (2D) materials or multilayer quantum
wells, perovskites, graphene, AM2 layers (MoS2, MoW2), etc. are also examples
of low-dimensional materials (Nozik 2001; Iyer et al. 2020; Gutiérrez 2020; Zhang
et al. 2016). In general, band gap of semiconductor increases with decrease of size
or dimensions (3D to 2D to 1D to 0D). Interestingly, the MoS2 can be transformed to
the 2Dmaterials with various polymorphs (1 T, 2H) in which 1 T is metallic, whereas
2H is semiconducting (Eg = 1.8 eV, direct band gap). The bulk band gap of MoS2
is 1.20 eV (indirect band gap) (Li and Zhu 2015; Guo et al. 2015).

(x) Meta-materials

Meta-materials are defined as engineered structures having negative refractive index
(Gangwar and Paras 2014). There are many arrays of structures smaller than the
electromagnetic wavelength of interest. They can manipulate electromagnetic wave
in different directions, which is not possible by normal materials. Meta-materials are
prepared from nanoparticles, semiconductor, graphene, etc. These have been used
in many applications such as sensor detection, smart solar power management, laser
guiding, telecommunications, etc.

Classification of optical materials can also be expressed on the basis of types
of materials: (i) inorganic glasses, (ii) amorphous materials (inorganic/organic
compounds/molecules/polymers), (iii) crystalline materials, (iv) liquid, (v) gases,
(vi) dielectric materials, (vii) insulating materials, (viii) semiconducting materials,
(ix) anti-reflection coatings, (x) optical fibres, (xi) liquid crystals, etc.

1.3 Properties of Optical Materials

After light absorption by optical materials, excited energy can be converted to heat
or light or stored or transferred to another level of energy of surrounding ions or
system. In case of heat release, non-radiative process occurs. In case of light release,
radiative process occurs. In case of energy storage, it can be stable as long as there is
no disturbance. This can be seen in thermoluminescence. In case of energy transfer,
amount of transfer depends on the levels of excited energy of surrounding ions of
system. This energy transfer can be of radiative or non-radiative or phonon-mediated
types.

The optical properties of matter include the followings (Kemp 1975; Curie 1963;
Brabec et al. 2003; Blasse and Grabmaier 1994; Simmons et al. 2000; Palik 1997;
Donnat and Rauch 1997; Ningthoujam et al. 2012; Kerker 1969; O’Dell 1993; Jain
andSingh 2003;Huang et al. 2015; Liang andWang 2020;Grzybowski andMajewski
2019; Zhao et al. 2022; An et al. 2018; Moon et al. 2019; Rajan 2022; Kubin and
Fletcher 1982): (i) Refractive index, (ii) dispersion, (iii) absorption and transmittance,
(iv) scattering, (v) turbidity, (vi) reflectance, (vii) albedo, (viii) perceived colour,
(ix) fluorescence, (x) photoluminescence, (xi) optical saturation, (xii) dichroism,
(xiii) optical bi-stability, (xiv) birefringence, (xv) photo-stability, (xvi) isotropic/
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anisotropic, (xvi) non-linear properties. Here, a few properties of optical materials
will be discussed briefly.

(i) Refractive index

Refraction is the phenomenon of the light-bending ability of a medium or material
when incident light is passing through it. If θi and θr are angle of incidence and angle
of refraction, respectively, it can have a relationship between the refractive index or
refraction index or the index of refraction of the two media (ni and nr) as:

nr/ni = Sinθi/Sinθr

This relationship is known as Snell’s law. It is shown in Fig. 1.2. It can also be
represented by taking θ1, n1 for medium 1 and θ2, n2 for medium 2. The refractive
index is a unit less quantity. Also, the refractive index is expressed in terms of speed
of light in a medium (v) with respect to that in vacuum (c), i.e., n= v/c. The refractive
indices for materials are generally expressed as a single value when the wavelength
of incident rays is 633 nm (Red light). The refractive indices of water and glass are
1.33 and 1.5, respectively.

In Fig. 1.2, the angle of incidence (θi) is more than that of refraction (θr) when
light is passing from medium 1 to medium 2. It means that the refractive index of a

Fig. 1.2 Schematic diagram showing incident light from one medium (say air) to another medium
(water)
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medium 1 is lower than that of medium 2. On the other hand, when light is passing
frommedium2 tomedium1, angle of incident (θi) is lower than that of refraction (θr).
If angle of incidence increases, angle of refraction can become 90°. In this situation,
refracted rays will pass through interface or layer of both media. Angle of incidence
is known as the critical angle (θc). The different materials have their respective θc. In
general, medium with lower refractive index has the larger critical angle compared
to other with higher refractive index. However, the critical angle depends on types
of two media (glass to water, glass to air, diamond to air, diamond to glass, diamond
to water, etc.). In general, vacuum and air have refractive index of 1. When angle of
incident is more that the critical angle for refraction, the light is reflected to same
medium. This is known as total internal reflection (Fig. 1.3).

(ii) Dispersion

When white light passes through a triangular glass prism, it splits into seven colours
(VIBGYOR). This process is known as dispersion. It is indicated that refractive index
is dependent on wavelength of incident ray. Thus, the refractive indices for materials
are generally expressed as a single value when the wavelength of incident rays is

Fig. 1.3 Schematic diagram showing incident light from one denser medium (say water) to another
rarer medium (air). With increase of incident angle, angle of refraction increases. At a particular
angle of incident rays, the refracted rays go to the interface of two mediums. This angle of incident
is called the critical angle. When angle of incident rays is more than the critical angle, the rays come
to the denser medium. This is known as total internal reflection
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633 nm (red light). The light propagation in absorbing materials can be expressed in
terms of a complex-valued refractive index. The real part is accounted for refraction,
whereas the imaginary part is accounted for attenuation. Here, attenuation of light
means the decrease in its intensity as travels through a medium due to scattering or
absorption of light.

(iii) Absorption and Transmission

When light passes through a medium, some part of light intensity is absorbed, some
part may be reflected/scattered and some part will be transmitted. The absorbed light
is expressed in absorbance (A), which is expressed according to Beer-Lambert’ Law:

A = log(I0/I) = εcl (1.1)

where I0 and I are the intensities of the light before and after interaction with the
sample, respectively (Fig. 1.4). The “c” is the concentration of solute in solvent
(mol dm−3). The “l” is the path length of the sample (in cm). The “ε” is the molar
absorptivity (molecular extinction coefficient) and its unit is m2 mol−1.

The transmittance (T) of a sample is expressed as

T = I/I0 (1.2)

The relationship between A and T can be

A = log(1/T) (1.3)

Fig. 1.4 Schematic diagram illustrating passage of light through a liquid/solution in a cuvette
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Fig. 1.5 Schematic diagram demonstrating the electronic transitions in H2C = CH2, H2C = CH–
CH = CH2, H2C = CH–CH = CH–CH = CH2. Highest occupied molecular orbital = HOMO.
Lowest unoccupied molecular orbital = LUMO

The electronic transitions in double bond (sigma, σ and pi, π bonds) containing
molecules (H2C=CH2, H2C=CH–CH=CH2, H2C=CH–CH=CH–CH=CH2)
take place between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). With increase of conjugated π-bonds, gap
between LUMO–HOMO decreases. This is schematically shown in Fig. 1.5.

(iv) Scattering

When visible light falls on molecules or particles or atom or ions (charge particles),
instead of reflection in a particular direction, the deflections of light in all directions
can occur (besides its incident direction). This phenomenon is known as scattering
of light. Examples are scattering of sunlight by dust, water molecules, water vapour,
etc. The scattering can be divided into two: (1) Elastic and (2) In-elastic scattering. In
elastic scattering, there is no loss of energy between incoming (before) and outgoing
(after interaction) light. Examples are Rayleigh scattering of light, Mie scattering
of light and Thomson scattering. In case of Rayleigh scattering, wavelength of light
in visible to NIR is used and its wave interacts with small molecules such as water
or organic compounds. The wavelength (λ = 300–800 nm) of light is much longer
than the size of molecules (0.1–2 nm). The probability (P) of scattering is inversely
proportional to the fourth power of wavelength (λ).

P∞1/λ4 (1.4)
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In case ofMie scattering, size of particles must be comparable with wavelength of
light. Examples are the scattering of ultraviolet to visible light (λ = 200–700 nm) by
nanoparticles (5–100 nm). The probability (P) of scattering is inversely proportional
to square root of wavelength (λ).

P∞1/λ2 (1.5)

When particle size is much bigger than that of wavelength of excitation, the
probability (P) of scattering is independent of wavelength (λ) of excitation. Here,
scattering is very high. There, the intensity (I) of scattering by molecules or ions or
particles can be related by the following:

I = A/λ4 + B/λ2 + C (1.6)

In in-elastic scattering, there is energy transfer from incoming light to system/
particles/charged ions or vice versa. Thus, a loss or gain of energy takes place in
outgoing light. A typical example is Raman scattering. In case of electromagnetic
wave in the high energy region say X-rays or γ-rays, after interaction with a charged
particle, in-elastic scattering takes either by loss of gain of energy of a charged
particle. This is known as Compton effect.

(v) Turbidity

Turbidity is the haziness or cloudiness of a fluid (liquid or air) caused by the scattering
of light due to the presence of a large number of particles. In general, such parti-
cles are foreign materials, which are invisible to the naked eye. When light passes
through a liquid (say water), intensity of scattered light increases with increase in the
concentration of suspended particles. Such suspended particles (known as colloidal)
get settled down with time. In air, the presence of smoke causes the reduction in air
quality. Increase in turbidity in sea causes the decrease of the amount of light reaching
to lower depths. Consequently, it inhibits growth of submerged aquatic plants as
well as reduces oxygen content in water. In glass or plastic, turbidity decreases the
transparency. The turbidity is measured as Nephelometric turbidity unit (NTU).

(vi) Reflectance

When light falls on a surface, some part of incident light will be absorbed, some part
will be transmitted and remaining will be reflected or scattered. The total radiant of
absorbed (A), transmitted (T) and reflected (R) will be equal to spectral radiant flux
(ϕ) that is falling on the surface.

� = �(A) + �(T) + �(R) (1.7)

1 = A + T + R (1.8)
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Thus, the reflectance is the ratio of energy/light reflected to the energy/light falling
on a substance and this is expressed in terms of percentage. When sunlight falls on a
substance having red colour, it reflects only red colour wavelengths, which is visible
to our eye. Remaining wavelengths in solar spectrum will be used as absorption as
well as transmission. The reflectance characteristics for a material such as leaf, soil,
plant, human body in solar spectrum are different in UV–Visible-NIR-IR-Mid-IR
range.

(vi) Albedo

The fraction of sunlight that is reflected from the surface of a body is expressed in
units known as Albedo. In terms of fraction, Albedo can be from 0 to 1. A black
body exhibits Albeto of zero. It is an important idea in astronomy, atmospheric,
climatology and environmental management. In terms of surface Albedo, ratio of
radiosity Je to the irradiance Ee (flux per unit area) received by a surface is an
important parameter. Radiosity is the radiant flux leaving a surface per unit area
(Watt per square metre) and this can be emitted, reflected and transmitted.

(vii) Perceived colour

The perception of colour is the visual sensation of a part of the field of view on
the eye, through which this can be distinguished from another part when observed
with a single, unmoving eye. The intensity of light falling on the eye is the deciding
factor for the brightness of object. The reflection of a particular wavelength of light,
its intensity, radiation of self-emitting light source, night vision and day vision are
important parameters in the perception of colour by our eye.

(viii) Photo-stability

Some compounds such as organic dyes or chromophores are unstable in the presence
of light and after longer exposure, compounds get decomposed. Similarly, most
quantum dots (PbSe, PbS, PbTe, CsPbI3) are unstable to long exposure of light (UV
light). Whereas, inorganic compounds such as NaYF4: RE, YF3: RE and CaF2: RE
are highly stable upon exposure to light.

(ix) Isotropic/Anisotropic/Birefringence

In optically isotropic materials, the optical properties do not depend on the direction
of light propagation and polarization.Most samples have isotropic property. In single
crystals, the refractive index changes with the propagation direction at the polariza-
tion direction (known as birefringent). These materials are considered as optically
anisotropic. Anisotropy studies can be done with the help of polarizers.

(x). Photoluminescence

The emission of light from a substance upon absorption with a particular wavelength
or energy of photon is known as photoluminescence. Excitation energy is equal to
or slightly more than that of energy gap of the excited state and ground state or
of two states/levels. Wavelength of the emitted light is either more or less that of
the excitation photon. If wavelength of the emitted light is longer than that of the
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Fig. 1.6 Types of photoluminescence: down-conversion and up-conversion

excitation photon, the process of photoluminescence is known as down-conversion
(Fig. 1.6). In opposite case, this is considered as up-conversion. In down-conversion
process, an electron leaves ground state (+hole, Eo) upon absorption of resonance
energy of light and reaches the excited state (−ve, E1). The excited electron comes
down to the trap level by loss of energy from which e–h pair formation takes place
leading to emission of light. In this case, energy of emitted light is less than that of
absorbed light. In up-conversion process, electron leaves ground state (+hole, Eo)
upon absorption of resonance energy of light and reaches the excited state (−ve,
E1). Absorption of electron takes place within 10–15 s. If lifetime of excited electron
at a particular level (E1) is longer (micro-seconds), another electron can hit excited
electron upon continuous exposure of light. In this, an excited electron can go to
another higher excited level (E2), fromwhich emission can take place. In turn, energy
of an emitted light is more than that of an absorbed light.

During the process of down-conversion or up-conversion, energy transfer process
can take place. Quantum efficiency (ϕ) is the ratio of the emitted light to the absorbed
light. The quantum efficiency (ϕ) values of normal dyes such as rhodamine B can
reach 65% in ethanol medium and 31% in water medium. Water acts as quencher.
This value is less in case of rare-earth doped particles (Y2O3: Eu3+) due to high energy
losses. In case of up-conversion process, this value is very low (<1.0%) because of
huge loss of excitation energy.



14 R. S. Ningthoujam and A. K. Tyagi

1.4 Applications

Various optical materials (organic molecules, inorganic molecules, polymers, glass,
metallic, semiconductors, insulators) can be used in many applications such as
photoluminescence-based sensors, scattering-based instrumental response functions
(IRF) for lifetime measurement of phosphor samples, anti-reflection coating, wave-
guiding, particle size-dependent studies, surface roughness determination, dispersion
of light, getting of monochromatic light through diffraction process, quantum-based
sensors, fabrication of lasers, random laser, solar cells, imaging, bio-imaging, light
emitting diodes, anisotropic study, etc. These aspects will be discussed in detail in
this volume.

1.5 Conclusions and an Outlook to the Overall Content
of This Volume

In this chapter, the researchers or even beginners can learn definition of optical mate-
rials, their classification on the basis of types of absorption or types of materials,
their properties such as refractive index, reflection, absorption, scattering, percep-
tion of colour, turbidity, photoluminescence, non-linear properties, etc. Finally, their
applications in various areas such as anti-reflection coating, wave-guiding, low-
dimensional areas, surface roughness determination, sensors and fabrication of lasers,
etc. are mentioned.

This volume I: optical materials include the classification of optical materials
(bulk to nanomaterials), properties and their applications.

In chap. 2, definition of photoluminescence, its types such as down conversion
(down shifting and quantum cutting) and up-conversion (types of up-conversion and
photo avalanche). Many examples of phosphors (organic, inorganic, polymers, d/f
ions containing compounds) are provided. Variation in luminescence properties in
core@shell and core@shell1@shell2, etc. as compared to core counterpart and their
applications in light-emitting materials, bio-imaging, drug-loading, light harvesting,
solar cells, etc. are mentioned.

In chap. 3, definition of plasmonics and plasmonicmaterials beyondAu,Ag,metal
nanoparticles (localized surface plasmons, LSPs) and thin film of metals (surface
plasmon polaritons, SPPs) are provided. Various applications of plasmon-coupled
fluorescence in imaging, sensing, single molecule detection and display technologies
are mentioned.

In chap. 4, the basics of lanthanides, their spectroscopic properties, different
host materials for lanthanides to get luminescence (inorganic phosphors, organic
complexes, hybrid materials, metal–organic framework and halide perovskite
quantum dots) have been provided. The role of sensitizers and effects of core–shell
structure formation, antenna effect, surface plasmon resonance, quantum confine-
ment effect in quantum dots are mentioned. Also, applications of lanthanide-doped
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materials in the area of light-emitting diodes, optical temperature sensing, optical
encryption, laser emission, and optical imaging have been elaborated.

In chap. 5, the role of defect-related trap centres in optical materials is mentioned.
It is important in designing long persistent luminescence (LPL), photo-stimulated
luminescence (PSL),mechanoluminescence (ML) and thermally stimulated lumines-
cence (TSL). Types of the defects in crystal lattice such as point defects, line defects,
planar defects, bulk defects and their characterization techniques such as HRTEM/
STEM, XPS, Raman spectroscopy, XAS, EPR spectroscopy, positron annihilation,
EELS, thermoluminescence, etc. are mentioned.

In chap. 6, various optical materials for radioactive ions sensing have been
provided. Particularly, uranium ion detection is focussed here. The effects of these
radioactive ions above toxicity levels on environment have been provided. To develop
potential optical materials for sensing, many factors such as cost, use of environ-
mental friendly materials, stability of the probe, selectivity, sensitivity and response
time need to be considered.

In chap. 7, triarylamines and its derivatives have been demonstrated as a versatile
molecular building block for optoelectronic materials. For example, triphenylamine
(TPA), a propeller-shaped, electron-rich molecular motif and its derivatives can be
generated by addition of other functional groups on the phenyl group. N atom can
be positive and phenyl group can be negative. Depending on additional functional
group, their reactivity to other atom/group of atoms will be different. In general, TPA
is considered as a donor (D), which can form complex with other acceptors (A) in the
forms of DA, DA2, DA3, etc. Applications of triphenylamine-based molecules and
materials towards luminophores, sensing, aggregation-induced emission, framework
materials are provided.

In chap. 8, many synthesis methods such as co-precipitation, hydrothermal,
solvothermal, thermal decomposition, thermolysis, sol–gel, ionic liquid-assisted
synthesis, microwave-assisted synthesis and emulsion-based techniques for
lanthanide ion-doped optical materials have been provided. These have been fabri-
cated for security ink applications under UV/NIR excitation. Various fabrication
printing methods such as screen printing, aerosol jet printing, inkjet printing and
photolithography are utilized to make codes and graphics for security purposes.

In chap. 9, metal-free organic light-emitting diodes (OLED) emitters have shown
interesting optical properties such as thermally activated delayed fluorescence
(TADF) through a triplet harvesting process. There is a thermal equilibrium of the
lowest singlet (S1) and triplet (T1) states, where the rate constant for reverse inter-
system crossing (kRISC) was dependent on the temperature. Their property can be
changed by steric hindrance between donor (D) and acceptor (A) groups in D-A-D
molecules. The intersystem crossing (ISC) between triplet charge transfer (3CT ) and
triplet local exciton (3LE) states is governed by the extent of vibronic coupling and
also by the adiabatic energy difference between them.

In chap. 10, solid-state luminescence dosimetry techniques such as thermolumi-
nescence (TL) and optically stimulated luminescence (OSL) and possible mecha-
nisms for these processes have been provided for the assessment of radiation doses
received by the occupational workers. These techniques provide inherent operational
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simplicity as well as cost-effectiveness. Limitations of TL, examples of phosphors,
chronological development of some important TL and OSL phosphors with potential
application in dosimetry are mentioned.

In chap. 11, carbon material-based nanoscale optics and plasmonics have been
provided. Classification of carbon-based materials has been done on the basis of
carbon nanotube (1D), graphene (2D) and single-crystal diamond (3D) materials,
which have shown their potential for next-generation optoelectronics and photonic
devices. Synthesis, characterization and properties of carbon-based materials are
mentioned.

In chap. 12, theoretical and experimental aspects of random laser (RLs) are
provided. It provides a lasing device on the basis of random geometrical framework.
This includes the followings: Some emerging areas of random lasers, some nature
inspired scattering structures for random laser generation and their applications in
its speckle free imaging due to its low spatial coherence properties, its footprint in
medical sector such as diagnosis methods and blood monitoring, anti-counterfeiting,
refractive index sensor, flexible laser display and bit generation, etc.

In chap. 13, one of the boron derivative dyes, boradipyrromethene (BODIPY)
is provided for its synthesis procedure, preparation of its derivatives, properties
and applications. Various synthetic approaches are provided to tune their optical
properties so that these can be appropriate for various applications. Absorption
and photoluminescence bands lie in visible range; and its quantum yield varies
from one to another derivative. Uses of BODIPY in various areas such as laser
dyes, chemical/bio-sensors, cellular imaging agents, triplet photosensitizers in photo-
dynamic therapy, fluorescent-positron emission tomography (PET) probes, solar
energy conversion agents in organic photovoltaics (OPV) and, in photo-catalysis
and developing self-assembled architectures are mentioned.

In chap. 14, the optical properties of fluorescence dyes decorated functional
materials via supramolecular interactions of dyes with various hosts as host–
guest chemistry are provided. Various dyes such as BODIPY, hemicyanine dyes,
LDS-698 dye and rhodamine B and various hosts such as cyclodextrins (CDs),
calix[n]arenes (CXn), cucurbit[n]urils (CBn), crown ethers, pill[n]arenes, cylo-
phanes are mentioned. Also, host-assisted nano-aggregate formation for chro-
mophoric dyes is one of the important topics in contemporary supramolecular
research fields, which is provided. Formation of supramolecular polymers and
related other supramolecular nanostructures are important. For example, a polymer
system comprising of 1-methylpyridium substituted cyanostilbene (Py+–CNSB–
Py+) derivative as the chromophoric guest is non-fluorescence/weak luminescence,
but when it interacts with CB8 as the macrocyclic host, there is a substantial escala-
tion in fluorescence. Diverse applications of dyes decorated functional materials in
physics, chemistry, material sciences, biology and environments are provided.

In chap. 15, dimensional engineering of perovskite halides from3 to 2Dormixture
3D/2D for an efficient and stable solar cells is provided. The perovskite halide mate-
rials have the general formula of ABX3 (where A = CH3NH3

+ (methyl ammonium
ion, MA), FA+ (Formamidinium (HC(NH2)2+) ion), and Cs; B = Pb, Sn, and X = I,
Br or Cl). A few examples areMAPbI3, CsPbI3, FAPbI3, which belong to the 3D type
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of perovskite halide materials, but they are unstable in moisture, heat, oxygen since
chemical bonding in compounds ionic. In order to make stable at ambient environ-
ment, it is required to coat the surface by organic surfactants/molecules. Better chem-
ical stability can be brought by dimensional engineering from 3 to 2D by substituting
A site by long chain organic cation. 2D Ruddlesden-Popper (RP) has the following
formula: L2An-1BnX3n+1, where L is a long-chain organic cation (spacer), examples
include phenyl–ethyl-ammonium (PEA+) and butylammonium (BA+). When n = 1,
2D materials are formed, whereas when n = ∝ , 3D materials are formed. Quasi-2D
materials are formed for n = 2–5. The synthesis and characterization of 3D or 2D
and their photoconversion efficiency (PCE) properties are provided.

In chap. 16, types of luminescence, persistent luminescence, dosimetry and ther-
moluminescence are mentioned. The basic required properties of thermolumines-
cence materials used in radiation dosimetry are provided. It is more focused on
calcium aluminate-based phosphors. Many examples of TLD phosphors and their
dosimetric characteristics are provided. The dopants (s, p, d and f ions) change
their properties. The literature on thermoluminescence of calcium aluminate-based
phosphors and various preparation methods of calcium aluminate are mentioned.

In chap. 17, tuning of band gap of silicon (Si) from 1.1 to 3.5 eV by reducing
particle size to nanometres is provided and their luminescence intensity can be
improved. The quantumconfinement effects are observed in Si nanoparticles.Various
synthesis methods including ionizing radiation-assisted approach for Si nanoparti-
cles are provided. Applications of Si-based nanoparticles in light-emitting diodes
(LEDs), lasers, sensors, photovoltaics, bio-imaging, etc. are provided.

In chap. 18, various synthesis methods for graphene and graphene-based
nanocomposites are provided. Various synthesis methods such as chemical vapour
deposition (CVD), mechanical exfoliation, chemical oxidation and reduction
methods, epitaxial growth using metals etc. have been mentioned. Nanocompos-
ites of graphene with metallic nanoparticles, oxides/hydroxides of transition metals
and sulphides/nitrides of transition metals are provided. Their applications in area of
sensing, photocatalysis, photonics, biophotonics and solar cells are presented.

In chap. 19, Quantum Dots (QDs) as optical materials and the birth of nanotech-
nology are associated with two events: Nobel Laurate Richard Feynman’ famous
lecture entitled “There’s plenty of room at the bottom” in American Physical Society
meeting in 1959 and Norio Taniguchi’ talk “On the basic concept of Nanotechnol-
ogy” at the International Conference on Production Engineering in Tokyo in 1974
are provided. The role of core–shell nanostructures in low-dimensional materials and
tuning of absorption and emission wavelengths are mentioned. Various synthesis
methods for QDs, characterization and optical properties are provided and their
applications in areas of solar cells, light-emitting diodes (LEDs), optical switching
and optical limiting, optical gain and lasing, biosensing, gene and drug delivery and
photodynamic therapy are mentioned.

In chap. 20, X-ray absorption fine structure (XAFS) for local structure and
valence state information of materials is provided. The energy of incident X-ray
energy is tuned around the binding energy (E0) of a component element of sample.
The theory, experimental scheme and analytic strategies of XAFS are mentioned.
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The uniqueness, versatility and vast domain of XAFS and fitting parameters are
provided. Many examples of samples such as alloys, nanocomposites, metallic glass
and magneto-electronic systems in which XAFS analysis is provided.

In chap. 21, foundation, perception and challenges for high-resolution molec-
ular secondary ion mass spectrometry (HRM-SIMS) for absolute quantification of
materials in low-dimensional structures are provided. SIMS can provide the surface
composition and structure.Under ion bombardment on surface ofmaterial, secondary
ion emission is secondary ion emission is produced from sputtering of materials
and is a complex inelastic process of ion-surface interactions. Emission intensity
of secondary ions is related to “ionization efficiency”, which strongly depends on
instantaneous local surface chemistry, known as “Matrix Effect”. Many examples
are provided with quantitative analysis.

In chap. 22, definition of the scintillators, its classification (inorganic and organic
materials based on composition), synthesis procedures for single crystal-based scin-
tillators, mechanism and its applications based on radiation detection and counting
(nuclear medicine, home-land security, high energy nuclear physics, nuclear non-
proliferation, etc.) are provided. Further, scintillators are grouped into solid, liquid
and gas. Types of radiation (charged and neutral) and their interaction process with
materials are mentioned. Characteristics of scintillators such as scintillation yield,
non-proportionality, energy resolution, decay time and pulse shape discrimination
and important scintillator parameters are provided.

In chap. 23, the total reflection X-ray Fluorescence (T-XRF) based on X-ray fluo-
rescence upon the glancing angle of the incident X-rays less than 0.1o is mentioned,
which is different from normal energy-dispersive X-ray Fluorescence (ED-XRF),
where incident angle of X-ray takes place at 45°. The reduction of matrix effects and
compositions of elementals in a sample up to nano-gram or ppb level detection is
provided. Principle of external total reflection of X-rays, calibration, quantification,
sensitivity, limitations in various atmospheres, and its applications in areas of envi-
ronmental and geological studies of soil, water samples, and airborne particulates
are provided.
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Chapter 2
Photo-Luminescent Materials:
Down-Conversion, Quantum Cutting,
Up-Conversion, Photo-Avalanche, Core@
Shell Nanostructures

Ruchi Agrawal, Manas Srivastava, and Raghumani S. Ningthoujam

2.1 Introduction

Photo-luminescent materials are materials, which can emit light after absorption of
suitable light (Ningthoujam et al. 2012, 2022; Yadav and Ningthoujam 2021; Curie
1963; Blasse and Grabmaier 1994; Brabec et al. 2003; Simmons et al. 2000). Upon
excitation, electrons in the ground state get excited to a higher energy state. Once
excitation source is removed, the electrons in the higher energy state return to the
ground state giving rise to emission. Materials can be of solid, liquid and gas. Solid
materials can be amorphous, glass, plastic, single-crystalline, nanocrystalline and
polycrystalline. Examples of solid materials are ZnO, SnO2, TiO2, YVO4, CaMoO4,
PbSe, InP, PbS, GaN, InGaN, etc. (Singh et al. 2009a; Sahu et al. 2012a; Ghosh
et al. 2011; Ningthoujam et al. 2007a, 2009a, 2017; Ganapathi et al. 2022; Luwang
et al. 2010; Ningthoujam and Kulshreshtha 2009; Haider et al. 2019; Longo et al.
2011; Chen et al. 2020; Mamiyev and Balayeva 2023; Strite and Morkoç 1992;
Sheen et al. 2022). Liquid samples are dyes dissolved in water or alcohol. Exam-
ples are Fluorescein isothiocyanate (FITC) dissolved in water (Chaganti et al. 2018;
Joshi et al. 2022a), Fluorinated Boron-Dipyrromethene (BODIPY), 4’,6-diamidino-
2-phenylindole (DAPI) and Curcumin dissolved in water/alcohol (Boens et al. 2012;
Omelon et al. 2016; Shetty et al. 2015). In order to change/tune the luminescence
intensity or peaks, sometimes, 2 or 3 systems of different phosphor materials or
ions are interfaced to form composite or core@shell or substitution (Pan et al.
2018; Shao et al. 2017; Parchur et al. 2012a; Dutta et al. 2012). Also, many ions
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are doped to the host to change luminescence or control luminescence behaviour.
One example is Tl-doped NaCl used in dosimetry (Takizawa et al. 2021). The ‘d’
or ‘f’ block ions are doped to host. Examples of ‘d’ block ion doped material is
host: Mn or host: Cr (Ahmed 2017; Lokesha et al. 2023). The ‘f’ block ions doped
materials include the followings: ZnO2:Ln3+, SnO2:Ln3+, ZrO2:Eu3+, TiO2:Ln3+,
CaMoO4:Ln3+, AVO4:Ln3+ (A=Y, La, Gd, Lu), and APO4: Ln3+, etc. (Ningthoujam
et al. 2007b, c, 2008a, b, 2009a, b, c; Gajbhiye et al. 2008; Singh et al. 2008a, b,
2009b, c, 2010, 2012, 2014a, b, 2015; Rao et al. 2008; Srinivasu et al. 2009; Yaiphaba
et al. 2010a, b, c; Phaomei et al. 2010, 2011a, b, 2013; Shukla et al. 2010; Lahiri et al.
2010; Singh and Ningthoujam 2010, 2011; Ningthoujam 2010, 2013; Meetei et al.
2012; Sahu et al. 2012b, 2014; Parchur et al. 2012b, 2014; Parchur and Ningthoujam
2012a; Loitongbam et al. 2013; Prasad et al. 2013; Okram et al. 2014). Here, Ln3+ =
Ce3+, Eu3+, Gd3+, Pr3+, Sm3+, Ho3+, Dy3+, Tb3+, Er3+, Yb3+. In some cases, 2 or more
dopants of different elements are also co-doped to host. There are many phosphors in
the form of liquid crystals (Wang et al. 2015). Also, shape and size engineering can
bring many photo-luminescent materials for advanced flexible materials in the forms
of thin films, single crystals, poly-crystals, amorphous, etc. Perovskite compounds
(ABO3) of pure inorganic, organic, inorganic–organic or lanthanide doped particles
(quantum dots, polycrystalline) have been extensively studied for their either excel-
lent luminescence emission, high quantum yields or ferroelectrics (Tai et al. 2019;
Ye et al. 2018; Wang et al. 2020). A few examples are MDABCO (N-methyl-N’-
diazabicyclo[2.2.2]octonium)–ammonium, HC(NH2)2PbBr3, CsPbX3 (X = Cl, Br,
I). Organic phosphors are very light as compared to inorganic phosphors.

There are two terms: sensitizer and activator in luminescence (Ningthoujam et al.
2012; Yadav and Ningthoujam 2021). The sensitizer is ion/species, which has high
absorption cross-section and its emission is absorbed by another species or ion known
as activator through an energy transfer process (radiative or non-radiative process).
In this way, activator can produce an improved emission intensity. One example is
APO4:Ce-Tb (A = La, Y, Gd) (Ningthoujam et al. 2012; Yadav and Ningthoujam
2021; Phaomei et al. 2011a; Sahu et al. 2014). Ce3+ ions have high absorption cross-
section in UV region (250–280 nm) due to allowed transition (f-d transition) and emit
a broad emission in 320–360 nm. On the other hand, Tb3+ ions have low absorption
cross-section in 320–400 nm due to Laporte forbidden (f-f transition). By absorption
of UV light at 250 nm by Ce3+, its luminescence intensity at 350 nm is absorbed by
Tb3+ ions and thus an enhanced luminescence intensity from Tb3+ can be obtained.
In general, Förster and Dexter energy transfer processes can occur in sensitizer to
activator combination (Cravcenco et al. 2020; Lakowicz 2006). Luminescence inten-
sity of activator decreases due to the presence of quencher. This can be brought by
the addition of a large number of activators or presence of magnetic ions (Ningth-
oujam et al. 2012). Increase of activator ions in rare-earth ions doped systems reduces
luminescence intensity. This is known as concentration quenching effect.

In the study of luminescence decay, various lifetimes (τ) are observed from
the different materials: ns (nanoseconds), μs (microseconds), ms (milliseconds),
minutes and hours (Ningthoujam et al. 2012; Curie 1963; Blasse and Grabmaier
1994; Lakowicz 2006).Most semiconductors, insulators or organic phosphors exhibit
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lifetimes in ns range. The rare-earth doped semiconductors or insulators exhibit life-
times in μs–ms range. Some insulators doped with Ln3+, Mn2+ or Cr3+ can exhibit
lifetimes inminutes to hours after removal of the excitation source. This is considered
as persistence or delay luminescence (Zhuang et al. 2014; Sharma et al. 2023).

In some cases, the excitation energy is less than that of emitted light and the
process is known as frequency up-conversion. Here, suitable light in NIR (near
infrared) region is used to excite materials and these excited electrons are again
brought to the higher excited state through many processes (energy transfer). Exam-
ples are NaYF4:Er, Yb, NaGdF4:Er, Yb, and LaF3:Ho-Yb, etc. (Auzel 2004). Under
980 nm excitation, visible emission is observed. Similarly, organic compounds
([Ru(dmb)3]2+/DPAsystem; dmb= tris(4,4′-dimethyl-2,2′-bipyridine);DPA= 9,10-
diphenyl-anthracene) can show the blue light under green light excitation (i.e.,
up-conversion) (Singh-Rachford and Castellano 2010).

There are many examples of photo-luminescent materials in the form of organic
molecules, polymers, inorganic molecules, host–guest molecules, supermolecules,
metal–organic frameworks, antenna-types molecules, hybrid, composite and core@
shell nanoparticles. These luminescent materials are used in many applications such
as LEDs (light emitting diodes), power saving, security ink, imaging, cancer detec-
tion, biological imaging and therapy, etc. (Ningthoujam et al. 2012, 2022; Yadav
and Ningthoujam 2021; Curie 1963; Blasse and Grabmaier 1994; Kumari et al.
2019a, b, 2021, 2023). Such materials can be grouped into 2: down-conversion and
up-conversion luminescent materials.

In this chapter, frequency down-conversion and up-conversion luminescent mate-
rialswill be discussedwithmany examples. The quantumcutting process is addressed
here. In the last section, proximity effects due to core@shell nanostructures are
provided. The effects of particle size on luminescence intensity are mentioned by
taking a few examples.

2.2 Types of Photoluminescence Process

On the basis of the frequency conversion from excitation to emission, there are 2
types of photoluminescence process: Frequency down-conversion and Frequency
up-conversion (Ningthoujam et al. 2012, 2022; Yadav and Ningthoujam 2021; Curie
1963; Blasse and Grabmaier 1994).

2.2.1 Frequency Down-Conversion

Frequency down-conversion opticalmaterials arematerials, which are able to convert
an absorbed light into an emitted light of lower energy. Here, the excitation energy is
more than the emitted energy or wavelength of the excitation energy is less than that
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(a) (b)

Fig. 2.1 Two types of photoluminescence process: a Frequency down-conversion and b Frequency
up-conversion

of emitted light (λem > λex). The schematic diagram illustrating frequency down-
conversion is shown in Fig. 2.1a. At initial stage, ground state electrons absorb light
and electrons go from the ground state to the excited state (E0 → E1), hole is formed
at the ground state and excited electrons at E1 can come back to the ground state
radiatively or non-radiatively. If there are defects or impurities, excited electrons
stay sometime at the level (ED), which is just below E1. Then emission occurs. Here,
the emitted energy is less than the absorbed energy. Here, 2 types of frequency
down-conversion luminescent materials can be seen.

2.2.1.1 Normal (or Down-Shifting)

This was observed in organic compounds, semiconductors, d- and f- block ions
and metal–ligand charge transfer systems. A few examples of organic compounds
are anthracene, 4′,6-diamidino-2-phenylindole (DAPI), Fluorescein isothiocyanate
(FITC), fluorinated boron-dipyrromethene (BODIPY), dyes, curcumin, etc. Metal
centre-organicmolecule complexes are iron propylene and haemoglobin. Host–guest
complexes include supermolecular molecules, in which dye molecules are trapped
inside host molecule. Examples of d block containing inorganic compounds are the
first-row transition metal complexes, zirconium and hafnium complexes with pyri-
dine dipyrrolide ligands (Wegeberg and Wenger 2021; Leary et al. 2023). Examples
of f block containing inorganic compounds are lanthanide complexes and lanthanide–
titanium oxo clusters (Hasegawa et al. 2022; Tanner and Pan 2009; Chen et al. 2019;
Li and Li 2021). In organic compounds, π- bonds conjugation helps in the reduction
of energy gap between HOMO (highest occupied molecular orbitals) and LUMO
(lowest unoccupied molecular orbitals) (Brabec et al. 2003; Lakowicz 2006; Kemp
1975). Let us take a few examples. C2H6, C2H4 and C2H2 molecules have C–C, C
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= C and C≡C bonds, respectively. Hybridization of C in C2H6, C2H4 and C2H2

molecules form sp3, sp2 and sp, respectively. Benzene molecule is having 3 π-bonds
and 6 σ-bonds in adjacent bonds to form 6 carbon atoms ring. In resonance, these 3
π-bonds form a ring inside 6 carbon atoms ring. Absorption band shifts to a longer
wavelength with an increase ofπ- bonds conjugation in a series of organic molecules
and thus, the wavelength of its emission moves longer. This trend is seen in benzene,
naphthalene, and anthracene. Similarly, ZnO absorbs light in 300–360 nm and its
emission spectrum can produce a peak at 380 nm (corresponding to absorption edge)
along with a broad emission band in 400–600 nm (Singh et al. 2009a; Ghosh et al.
2011).

There is another process known as quantum cutting, which is also a part of
frequency down-conversion.

2.2.1.2 Quantum Cutting

Quantum cutting (QC) is one type of down-conversion (DC) process in which two
or more low-energy photons are produced from a high-energy photon absorption
(Yadav and Ningthoujam 2021; Mir et al. 2020; Zou et al. 2016; Zhang and Huang
2010). The QC process is observed in both singly rare-earth (RE) doped materials as
well as in doubly or triply doped rare-earth doped materials. Here, energy transfer
occurs through cooperative energy transfer (CET) process. In most cases, emitted
light due to QC is observed in NIR range, whereas excitation wavelength is chosen
in UV or visible light. In some cases, QC is observed in visible range upon excitation
in vacuum UV region. The light emitted due to down-conversion or down-shifting
in visible range is linear-dependent on excitation intensity, whereas the light emitted
due to QC in NIR range is non-linear-dependent on excitation intensity. Figure 2.2
shows the schematic diagrams of QC mechanism for single ion and double ions in
various hosts.

Fig. 2.2 Schematic diagram showing Quantum Cutting (QC) in single ion and double ions doped
samples. Here, metastable energy levels help in getting QC
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The first theoretical proposal to produce light with quantum yield (QY) more than
100%was reported in 1957 byDexter (Dexter 1957). The transfer of energy from one
sensitizer to two or more activators under different conditions can produce light with
QY > 100%. It was realized experimentally in Pr3+ doped LaF3, YF3 and NaYF4
in 1973 by a group of researchers from The Netherlands and USA (Sommerdijk
et al. 1974; Piper et al. 1974). Upon excitation at 210 nm or 185 nm, the peak at
400–410 nm was observed. This transition corresponds to 1S0-3P2 (4f-4f transition
of Pr3+) and is related to quantum cutting (QC) process because half of 400–410 nm
is 200–205 nm. Figure 2.3 shows the schematic energy level diagram of Pr3+ (4f2

electrons) and 5d levels (Piper et al. 1974). In a weak crystal field environment, 5d
level is above 1S0. In such conditions, the emission peak at 400–410 nm is observed
under 185 nm excitation (Fig. 2.4) (Piper et al. 1974). If the excitation is done at
213 nm, an emission peak at 400–410 nm is observed, but this emission peak could
not be observed under 228 nm excitation (Fig. 2.5) (Sommerdijk et al. 1974). In a
strong crystal field environment, 5d levels become below 1S0. Here, 5d levels are split
into t2g and eg levels. Then excited energy is transferred to 5d levels non-radiatively,
and the transition from 1S0 becomes weaker. This was observed in CaF2 and oxide
compounds doped with 1 at.% Pr3+. Instead of this, other transitions above 450 nm
occur. If energy of excitation is less than 1S0 level, other 4f-4f transitions above
450 nm occur.

In general, the materials having quantum cutting properties contain rare-earth
ions, which may act as a part of host or dopants. Systems are Tb3+–Yb3+, Tm3+–
Yb3+, Pr3+–Yb3+, Ce3+–Yb3+, Er3+–Yb3+, Ce3+–Tb3+–Yb3+, and Gd3+–Eu3+, etc.

Fig. 2.3 Schematic energy
level diagram for Pr3+

showing the positions of 4f2

levels as well as 4f-5d
transition but the position of
5d level is dependent on the
strength of ligand
neighbouring to Pr3+ ion. It
is redrawn and adapted from
Elsevier Publisher (Piper
et al. 1974)
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Fig. 2.4 Photoluminescence spectrum for YF3: 0.1 at.% Pr3+ under excitation at 185 nm. It is
reproduced with permission from Elsevier Publisher (Piper et al. 1974)

(Yadav and Ningthoujam 2021; Mir et al. 2020; Zou et al. 2016; Zhang and Huang
2010; Huang and Zhang 2010). Nowadays, other ions (from d or p block elements)
are added as sensitizers (Bi3+–Yb3+). It is to be remembered that f electrons can
have many fixed energy levels at different excited states. From this, possibility of
many emission peaks can occur from UV to visible to NIR regions depending on
the availability of levels. Photon-cascade emission phenomena can occur through
frequency down and up-conversion processes.

In vacuum ultraviolet (VUV) excitations, visible emission peaks in 560–640 nm
(maximum peak at 590 nm) are observed from Gd3+ doped LiYF4 (singled ion)
(Wegh et al. 1997). This is due to QC process. These transitions are assigned to 6Gj

→ 6Pj (Here j = spin–orbit coupling that can produce the Stark Splitting). Under
VUV, electrons at ground state 8S7/2 go to the excited state 6Gj. Then excited electrons
come to the lower energy levels such as 6Dj, 6Ij and 6Pj through radiative or non-
radiative processes or mixing. Then radiative transition from 6Gj to 6Pj produces
visible light. The transition from 6Gj to 8S7/2 at 205 nm, 6Ij to 8S7/2 at 275 nm and
6Pj to 8S7/2 at 310 nm can produce emission. These are explained in Figs. 2.6, 2.7
and 2.8 (Wegh et al. 1997).
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Fig. 2.5 a 4f energy level scheme of Pr3+. Photoluminescence spectrum for YF3: 0.1 at.% Pr3+

after excitation at b 228.8 (Cd lamp) and c 213 nm (Zn lamp). It is reproduced with permission
from Elsevier Publisher (Sommerdijk et al. 1974)

Fig. 2.6 Schematic energy
level scheme in the
0–50,000 cm−1 range for
Gd3+ in fluoride lattice. It is
redrawn and adapted from
American Physical Society
(APS) Publisher (Wegh et al.
1997)
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Fig. 2.7 6Gj → 6Pj emission spectrum of LiYF4: 5 at.% Gd3+ upon excitation at 202.1 nm (8S7/2
→ 6Gj) at 300K. It is reproducedwith permission fromAmerican Physical Society (APS) Publisher
(Wegh et al. 1997)

Fig. 2.8 UVemission spectrumofLiYF4:5 at.%Gd3+ upon excitation at 194.7 nm (8S7/2 → 6G13/2)
at 300 K. It is reproduced with permission from American Physical Society (APS) Publisher (Wegh
et al. 1997)



34 R. Agrawal et al.

Visible quantum cutting is observed in LiGdF4:Eu3+ through down-conversion.
Figure 2.9 shows schematic energy levels for two lanthanide ions (1 & 2 types
hypothetically), which can have an energy transfer process for down-conversion
process (Wegh et al. 1999). Ion 1 can undergo absorption and emission in one case
and in another case, its energy can be transferred to ion 2. (I) A single ion (1) exhibits
quantum cutting (QC) through the successive emission of two visible photons after
absorption ofUV light. (II) Quantum cutting through a two-step energy transfer. First
step: Energy transfer from ion 1 to ion 2 takes place as a part of the excitation energy
by cross-relaxation. Then, ion 2 comes back to the ground state with the emission of
one photon in the visible range. Remaining energy of ion 1 is in an excited state and
can transfer to a second ion of type 2. From a second ion of type 2, emission of a
photon in the visible spectral region can occur. Here, a quantum efficiency of 200%
is expected. (III and IV) Other possible QC processes: There is only one energy
transfer process from ion 1 to ion 2, which can generate two photons in the visible
range.

Figure 2.10 shows the energy level diagram of the Gd3+-Eu3+ system, showing the
possibility of visible quantum cutting by a two-step energy transfer fromGd3+ to Eu3+

(Wegh et al. 1999). In Gd3+ -Eu3+ system (Eu3+ doped LiGdF4), emission intensity
coming out from 5D0 is more than a factor of 2 stronger for excitation at 202 nm
(6Gj) than that for excitation at 273 nm (6Ij). This is due to QC effect. In the case of
excitation at 202 nm, excited electrons go to the higher excited state of Gd2+ (6Gj)

Fig. 2.9 Schematic energy level diagrams for two types of lanthanide ions (1 and 2), which can
show possibility for the quantum cutting processes through frequency down-conversion. Possible
way (I): A single ion (1) exhibits quantum cutting (QC) through the successive emission of two
visible photons after absorption of UV light. Way (II): Quantum cutting through a two-step energy
transfer. First step: Energy transfer from ion 1 to ion 2 takes place as a part of the excitation energy
by cross-relaxation. Then, ion 2 comes back to the ground state with the emission of one photon
in the visible range. Remaining energy of ion 1 is in an excited state and can transfer to a second
ion of type 2. From a second ion of type 2, emission of a photon in the visible spectral region can
occur. Ways (III and IV): There is only one energy transfer process from ion 1 to ion 2, which can
generate two photons in the visible range. It is redrawn and adapted from the American Association
for the Advancement of Science (AAAS) Publisher (Wegh et al. 1999)



2 Photo-Luminescent Materials: Down-Conversion, Quantum Cutting … 35

Fig. 2.10 Schematic diagram illustrating energy levels of the Gd3+-Eu3+ pair with the possibility
of quantum cutting in the visible range through a two-step energy transfer from Gd3+ to Eu3+. Here,
Gd3+ ions absorb light of a single photon in the UV region and it produces visible light. It is redrawn
and adapted from the American Association for the Advancement of Science (AAAS) Publisher
(Wegh et al. 1999)

and come to a lower energy level (6Pj). During this transition, electrons in ground
state of Eu3+ (7Fj) go to excited state (5D0). This is known as cross-relaxation. Then
visible red emission from 5D0 level occurs. Simultaneously, the remaining excited
electrons at 6Pj of Gd3+ are transferred or migrated to the excited states of 5Dj of
Eu3+. The visible red emission occurs. In this way, two photons (left from Eu3+

due to cross-relaxation and right from Eu3+ due to energy transfer or migration in
Fig. 2.10) in visible red region occur. Here, one Gd3+ ion acts as sensitizer and 2
Eu3+ ions act as activator. In case of excitation at 273 nm (6Ij), excited electrons
go to the higher excited state of Gd3+ (6Ij) and come to a lower energy level (6Pj)
through non-radiative process. Then excited electrons at 6Pj of Gd3+ are transferred
or migrated to excited states of 5Dj of Eu3+. The visible red emission occurs. In this
way, one photon in visible red emission occurs.

In Yb3+-Tm3+ system (YPO4: Yb-Tm), an emission peak of 647 nm due to
Tm3+ occurs after excitation at 475 nm excitation (direct excitation of Tm3+) (Xie
et al. 2009). When amount of Yb3+ increases, emission intensity of Tm3+ decreases,
whereas the emission intensity due to Yb3+ in 970–1000 nm increases. There is an
energy transfer from Tm4+ to Yb3+. This was supported by a decrease in the lifetime
of 647 nm peak after addition of Yb3+. This is explained by QC process because 2
times of 475 nm gives 950 nm, which is near to 970 nm. After phonon relaxation,
emission occurs in 970–1000 nm. This is explained by Figs. 2.11 and 2.12 (Xie et al.
2009). This energy transfer process is cooperative energy transfer.

In case of Bi3+-Yb3+ system (Gd2O3: Bi-Yb), emission spectrum of Yb3+ in 900–
1100 nm is observed after excitation through Bi3+ (320–390 nm) (Huang and Zhang
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Fig. 2.11 Emission spectra ofYPO4:Yb-Tmafter excitation at 475 nm: a emission spectra of Tm3+

in visible range and b emission spectra of Yb3+ in NIR range. It is reproduced with permission
from American Institute of Physics (AIP) Publisher (Xie et al. 2009)

Fig. 2.12 aDecay profiles of the 1G4 → 3H4 transition of Tm3+ at 647 nm and b schematic energy
level diagram illustrating QC light in NIR region. It is reproduced with permission from American
Institute of Physics (AIP) Publisher (Xie et al. 2009)

2010). Without Yb3+, emission in 400–700 nm occurs and this is due to the transition
from 3P1 excited state to 1S0 ground state of Bi3+. With increase of Yb3+ amount,
emission intensity of Bi3+ decreases, whereas emission intensity of Yb3+ increases.
This is related to QC effect. Here, the lifetime of Bi3+ after excitation at 347 nm
decreases with an increase of Yb3+ amount. This transfer of energy from Bi3+ to
Yb3+ is referred as cooperative energy transfer (CET). The schematic diagram as
well as the associated emission and decay processes is shown in Figs. 2.13, 2.14 and
2.15 (Huang and Zhang 2010).

The energy transfer efficiency (ETE, ηETE) is calculated using the following:
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Fig. 2.13 a PL excitation spectra of (Gd0.99Bi0.01)2O3 sample (solid line) monitored emission at
506 nm (Bi3+ emission peak) and (Gd0.94Yb0.05Bi0.01)2O3 sample (dashed line)monitored emission
at 977 nm. b PL spectra of (Gd0.99-xYbxBi0.01)2O3 samples in visible—NIR range after excitation at
347 nm (Bi3+ excitation/absorption peak). It is reproduced with permission fromAmerican Institute
of Physics (AIP) Publisher (Huang and Zhang 2010)

Fig. 2.14 Decay profiles of Bi3+ (3P1 → 1S0) emission peak upon excitation at 347 nm in
(Gd0.99-xYbxBi0.01)2O3 samples. Inset shows decay lifetime values and energy transfer efficiency
from Bi3+ to Yb3+ at different amounts of Yb3+. It is reproduced with permission from American
Institute of Physics (AIP) Publisher (Huang and Zhang 2010)

ηET E = ηx%Yb = 1 −
∫
Ix%Ybdt∫
I0%Ybdt

(2.1)
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Fig. 2.15 Schematic diagram illustrating energy levels of ions (Bi3+ and Yb3+) in Gd2O3 host.
CET process for QC luminescence in NIR range under UV excitation is provided. It is redrawn and
adapted from American Institute of Physics Publisher (Huang and Zhang 2010)

Here,
∫
Ix%Ybdt and

∫
I0%Ybdt are luminescence intensities of sensitizer (Bi3+) in

the presence of activator (Yb3+) and of sensitizer (Bi3+) in the absence of activator
(Yb3+), respectively.

The quantum efficiency (QE, ηQE) of activator (Yb3+) is calculated by the
following relation:

ηQE = ηBi (1 − ηET E ) + 2ηYbηET E (2.2)

where, ηBi and ηYb are the quantum efficiencies of Bi3+ and Yb3+, respectively. If
their values become 100% or 1.0, the equation (2.2) can be written as

ηQE = (1 − ηET E ) + 2ηET E (2.3)

Lanthanide doping in metal halide perovskite nanocrystals (CsPbX3:Ln3+ (X =
Cl, Br, I) also exhibit quantum cutting luminescence (Mir et al. 2020). Near-infrared
quantum cutting long persistent luminescence (NQPL) has been observed in phos-
phor Ca2Ga2GeO7:Pr3+, Yb3+ (Zou et al. 2016). Many examples of quantum cutting
can be found in Ln doped oxides and fluorides (Zhang and Huang 2010).

2.2.2 Frequency Up-Conversion Luminescence

In case of up-conversion luminescence, excitation energyor frequency is less than that
of emission (Eem > Eexc or νem > νexc) (Yadav and Ningthoujam 2021; Ningthoujam
et al. 2022; Auzel 2004). It means that wavelength of excitation is more than that of
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emission (λem < λexc). Figure 2.1b shows the up-conversion process schematically.
At initial stage, an electron at the ground state goes to the excited state (E0 →
E1) by absorption of energy (preferably laser source) with decay lifetimes of a few
microseconds. Absorption takes place within 10–15 s. Before coming down to the
ground state, excited electron at E1 is hit by another electron, which absorbs energy
(if continuous wave laser is used). Now, excited electron at E1 jumps to higher
excited level E2 (E1 → E2). From higher excited level (E2), electron comes back to
the ground state (E0). However, its emission energy is more than that of absorbed
energy. Sometimes, if excited energy levels have metastable states (like ladder like
states in case of lanthanide ions), excited electron can jump to higher energy states
(E2 →E3, E3 →E4, ---) bymulti-photon absorption process. Various energy transfer
processes can take place within neighbouring ions.

Different types of up-conversion processes can take place depending on mate-
rials, excitation source and condition (Fig. 2.16) (Yadav and Ningthoujam 2021;
Ningthoujam et al. 2022; Auzel 2004). In most cases, resonance type absorption
occurs. There is another process known as photon avalanche, which is similar to
up-conversion process, but excitation intensity is more than the critical value as well
as non-resonance type absorption occurs in high concentration of activators/dopants
present in a host.

The frequency up-conversionmechanisms are useful in the following applications
such as (a) infrared (IR) quantum counter detectors, (b) security ink, (c) temperature
sensors, (d) three different colour emitting phosphors, (e) compact visible or (f)
ultraviolet (UV) solid state lasers, (g) imaging through NIR excitations, (h) energy
conservations, (i) light induced isomerism in organic molecules, (j) MRI contrast
agents, (k) multi-utility at different excitation sources such UV, Visible, NIR lights,
(l) deep tissue photothermal therapy, (m) photodynamic therapy, etc.

Fig. 2.16 Schematic diagram illustrating various 2-photon up-conversion processes observed in
different systems. Here, relative efficiency in respective hosts is provided. It is redrawn and adapted
from ACS Publisher (Auzel 2004)
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2.2.2.1 Organic Based Frequency Up-Converters

Organic based frequency up-converters have been produced.Here sensitizer-activator
combination can bring a light inUV to visible by absorbing suitable light in thewhole
solar spectrum. This will be useful in light energy harvesting. Here, triplet–triplet
annihilation (TTA) mechanism is involved (Singh-Rachford and Castellano 2010).
The sensitizer absorbs light from the ground state (GS = 1S0s to the first excited
state (1ES* = 1S1s). This excited energy is transferred to its triplet state (3ES* =
3T1

s) through inter-system-crossing (ISC). The energy of 3T1
s is absorbed by the

triplet state (3Acceptor* = 3T1
a) of activator through triplet–triplet energy transfer

(TTET). At the same time, another molecule of activator has a similar TTET since a
continuous source of excitation is provided. Combined 2 triplets of activators (3T1

a–
3T1

a) produce light, which is absorbed by activator in such a way that the electrons
in ground state of acceptor/activator go to the singlet excited state (1Acceptor*,
i.e., from GS (1S0a) to ES (1S1a)). This process is known as annihilation (loss or
extinction or destruction) or triplet–triplet annihilation. Finally, light is produced
from the excited state of activator (1S1a) to ground state (1S0a). The frequency of
light produced is more than that of absorption by sensitizer. It is shown in Fig. 2.17
(Singh-Rachford and Castellano 2010). To meet the above condition, the energy gap
of sensitizer phosphor is less than that of activator phosphor. The triplet excited
energy of sensitizer is slightly more than that of triplet excited energy of activator.
Energy of 2 triplet excited states of 2 activators is equal to or a slightly more than
that of singlet excited state of activator. The difference will be provided by phonon
relaxation. It is to be noted that triplet excited state has a relatively longer lifetime (μs
to ms), which helps in triplet–triplet annihilation. Absorption of light by sensitizer
takes place within 10–15 s.

In general, metal complex molecules having metal-to-ligand charge transfer
(MLCT) is used as sensitizer. Metals are heavy noble metals such as Pd, Pt and
Ru. Ligands have π-conjugated aromatic rings such as porphyrins and phthalo-
cyanines. Such central metal ion in porphyrins enhances the spin–orbit coupling,
which produces efficiency of unity for singlet–triplet intersystem crossing (ISC)
(Singh-Rachford and Castellano 2010).

At 450 nm laser excitation, [Ru(dmb)2(bpy-An)]2+ in CH3CN medium or solu-
tion exhibits the up-converted delayed singlet anthracene fluorescence through the
bimolecular triplet–triplet annihilation (Fig. 2.18) (Kozlov and Castellano 2004).
Excitation wavelength at 450 nm is related to MLCT. Emission occurs UV to
visible range. Here, dmb is 4,4’-dimethyl-2,2’-bipyridine. bpy-An is 4-methyl-4’-
(9- anthrylethyl)-2,2’-bipyridine. Laser power dependent emission studies show 2
photon absorption processes. Interestingly, solution having equal molar concentra-
tion of [Ru(bpy)3]2+ and anthracene (3.5 × 10–5 M) gives threefold enhancement in
up-converted emission as compared to [Ru(dmb)2(bpy-An)]2+. It is suggested that
intermolecular interaction (non-covalent interaction) is a better up-converted process
as compared to that of intramolecular interaction (covalent interaction).

Without anthracene, [Ru(bpy)3]2+ alone does not produce up-converted emis-
sion instead, it produces down-converted emission after excitation at 450 nm. The
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Fig. 2.17 Schematic diagram showing the up-conversion processes from the triplet state of the
sensitizer molecule and the triplet state of the acceptor molecule and it leads to the singlet lumi-
nescence at higher energy. GS: ground state. ISC: intersystem crossing. ES: excited state. TTA:
triplet–triplet annihilation and TTET: triplet–triplet energy transfer. Symbols “1” and “3” indi-
cate the singlet and triplet states, respectively. It is redrawn and adapted from Elsevier Publisher
(Singh-Rachford and Castellano 2010)

triplet excited state to singlet ground state transition (emission) occurs at 610 nm in
CH3CN solution and its lifetime is 920 ns. Laser power dependent emission studies
show 1 photon absorption process. Anthracene alone does not produce up-converted
emission after excitation at 450 nm. Chemical structures of [Ru(dmb)2(bpy-An)]2+,
[Ru(bpy)3]2+ and anthracene are shown here (Fig. 2.19) (Kozlov and Castellano
2004). Figure 2.20 shows the digital photo of up-converted light (blue) after excita-
tion at the green light (laser at 532 nm) from the solution containing [Ru(dmb)3]2+

and 9, 10-diphenyl-anthracene in CH3CN solvent (Singh-Rachford and Castellano
2010).

2.2.2.2 Transition Metal Ions (dn+) Based Frequency Up-Converters

Transition metal ions (TM = 3d, 4d, 5d) containing parent compounds or doped to
other hosts have shown frequency up-converters (Ye et al. 2016). TM ions are Mn2+,
Cr3+, Re4+, V3+, Mo3+, Ni2+, and Ti2+, etc. However, they are extensively investi-
gated at cryogenic temperatures except for Mn2+ and Cr3+ ions. This is due to a
large influence from the electron–phonon coupling effect for d electrons of TM ions
as compared to f electrons of Ln3+ ions. Also, there are large energy gaps between
the ground state (6A1 (Mn2+) or 4A2 (Cr3+)) and its first excited states (i.e., emitting
levels= 4T1 and 4T2 (Mn2+) or 2E (Cr3+)) in cases ofMn2+ and Cr3+ ions. The energy
gaps of about 10,000–20,000 cm–1 are observed and this reducesmulti-phonon relax-
ation and thereby radiative emission at room temperature is observed. Figure 2.21
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Fig. 2.18 Delayed luminescence spectrum of [Ru(dmb)2(bpy-An)]2+ (solid squares) in deaerated
CH3CN (3.5 × 10–5 M) measured 9 μs after a 450 nm excitation (power of 60 μJ laser pulse
excitation). Residual luminescence from this (black line) using UV light 360 nm lamp excitation.
It is reproduced with permission from RSC Publisher (Kozlov and Castellano 2004)

Fig. 2.19 Chemical structures of [Ru(dmb)2(bpy-An)]2+, [Ru(bpy)3]2+ and anthracene
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Fig. 2.20 Digital photograph of the up-converted light (blue) after excitation at the green light
(laser at 532 nm) from solution containing [Ru(dmb)3]2+ and 9, 10-diphenyl-anthracene in CH3CN
solvent. It is reproduced with permission from Elsevier Publisher (Singh-Rachford and Castellano
2010)

shows Tanabe-Sugano diagram of commonly used d3, d5 and d8 ions (Ye et al. 2016).
These ions can show the room temperature up-conversion luminescence.

A broad yellow UC luminescence is observed at room temperature
Ca3Y(GaO)3(BO3)4: Yb3+-Mn2+ (CYGB: Yb-Mn) and CYGB: Yb phosphors upon
980 nm laser excitation (Fig. 2.22) (Xie et al. 2020). Two UC emission bands are
observed at 503 and 600 nm. The 1st peak is related to the cooperative lumines-
cence of Yb3+ pairs (CYGB: Yb) and 2nd peak is related to the transition of super-
exchange coupledYb3+ −Mn2+ pairs. There is no resonance energy transfer between
coupledYb3+ −Mn2+ pairs. However, UCmechanism is explained on the basis of the
ground state absorption (GSA) and followed by the excited state absorption (ESA)
in this system (Fig. 2.23). Without Mn2+, Ca3Y(GaO)3(BO3)4:Yb3+ shows emission
at 503 nm due to emission from virtual level of Yb3+ by 2 photon absorption process
(Fig. 2.23) (Xie et al. 2020).

2.2.2.3 Lanthanide Ions (Lnn+) Based Frequency Up-Converters

Lanthanides include the elements having 4fn electrons (n = 1–14) and comprise of
15 elements from lanthanum (atomic number 57) to lutetium (atomic number 71)
(Ningthoujam et al. 2012). These have similar chemical properties with scandium
(atomic number 21) and yttrium (atomic number 39), and are rarely available and also
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Fig. 2.21 Tanabe-Sugano diagram of a few 3d metal ions (d3, d5 and d8). Energy gap between
the excited state and ground state is represented by the histogram. In this histogram, the coloured
filled region denoted the energy levels located at visible range, whereas the empty region denoted
the energy levels located at infrared (IR) range. It is reproduced under creative common & Wiley
Online Library Publisher (Ye et al. 2016)

(a)

Fig. 2.22 Upper portion: normalized PL spectra (UC) for samples CYGB:0.01Yb3+, 0.45Mn2+

and CYGB:0.01Yb3+ after excitation at 980 nm. Lower portion: PL spectrum (DC) for sample
CYGB:0.01Yb3+, 0.45Mn2+ after excitation at 410 nm. Gaussian fitting to spectrum is shown. It is
reproduced with permission from ACS Publisher (Xie et al. 2020)
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Fig. 2.23 Diagram showing
proposed up-conversion of
Yb3+ and Mn2+ in
Ca3Y(GaO)3(BO3)4:
Yb3+-Mn2+ phosphor under
980 nm excitation. It is
reproduced with permission
from ACS Publisher (Xie
et al. 2020)

generally found in the same ore deposits as the lanthanides. These 17 elements are
considered as the rare-earth elements. They have a stable oxidation state of+ 3 except
in a few cases. Ce, Pr, Tb and Dy can have + 3 or + 4 depending on the oxidizing
environment. Sm, Eu, Tm and Yb can exhibit + 2 or + 3 depending on the reducing
environment.Nd canhave+2or+3or+4.Theground state electronic configuration
of Ln is 1s2, 2s22p6, 3s23p63d10, 4s24p64d104fn or n+1, 5s25p65d1 or 0, 6s2 (0≤ n≥ 14).
La, Ce, Gd, and Lu have [Xe] 4fn, 5d1, 6s2 and the remaining Ln elements have [Xe]
4fn+1, 6s2. In case of Ln3+, the ground state electronic configuration is 1s2, 2s22p6,
3s23p63d10, 4s24p64d104fn, 5s25p6 since 3 electrons from outer orbitals such as 6s2

and 5d1 or 4fn+1 are removed.
What types of electronic transition can take place in 4fn? 4fn electron can go

to higher excited states such as 4f or 5d. The 4fn to 4fn−15d1 transition occurs at
vacuumUV (λexc < 200 nm) or UV (λexc = 200–300 nm) region. However, 4fn to 4fn

transition occurs from UV to visible to NIR region. In general, 4fn to 4fn transition
produces a sharp peak absorption, whereas, 4fn to 4fn−15d1 transition produces a
broad peak absorption because 5d1 degeneracy is lifted due to the crystal field from
ligands present in around Ln3+ ion. 4fn to 4fn transition is forbidden and transition
occurs due to relaxation such as mixing of orbitals or phonon relaxation or crystal
field environment (Parchur and Ningthoujam 2012b; Srivastava et al. 2022). Ln3+
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ions with 4f electrons of n = 1 or 14 (Ce3+ or Lu3+) do not undergo f-f transition
in UV–visible-NIR range. Gd3+ with n = 7 (half field electrons) produces 4f-4f
transition in UV region.

Due to the presence of metastable levels in higher excited states (due to spin–
orbit coupling), many transitions (absorption and emissions) can take place. Such
metastable levels can be used for up-converting process. Examples of up-converters
are NaYF4: Er-Yb, NaYF4: Tm-Yb, CaF2: Er-Yb, LaF3: Er-Yb, etc. (Auzel 2004;
Chen et al. 2004; Borse et al. 2022).

2.2.2.4 Actinide Ions (Acn+) Based Frequency Up-Converters

Actinide ions based frequency up-conversions are very less due to energy gaps
between metastable levels are low and also association of f-d transition. In most
cases, excited state absorption (ESA) up-conversion process is more as compared to
that of sequential energy transfer or energy transfer (ETU) up-conversion process.
Examples of Ac3+ ions doped samples are U4+ (5f2) ions doped ThCl4 or ThBr4 and
ZnCl2 based glass, which have shown up-conversion luminescence (Auzel 2004;
Karbowiak et al. 2003; Shalav et al. 2007). Under 950 nm or 1170 nm excitation,
green and red emission is observed and this up-conversion process is due to ESA
because its emission intensity is linearly dependent on excitation laser power or its
emission intensity is linearly dependent on the concentration of U4+ ions. LaCl3:U3+

(5f3) shows the red emission under green laser excitation. Cm3+ ions doped samples
have shown up-conversion luminescence.

2.2.2.5 Photon Avalanche

Photon avalanche (PA) is a process of frequency up-conversion in which a sudden
increase in intensity of emitted light occurs when non-resonance type excitation is
applied (Auzel 2004; Silva et al. 2020; Lee et al. 2021; Peng et al. 2022; Li et al.
2019). Generally, a high concentration of dopant (lanthanides) is associated in host
so that cross-relaxation among dopant ions can occur. In such high concentration
of dopant ions, when laser power of excitation source is provided above a critical
value, huge cross-relaxation among dopant ions occurs and thereby, high intensity of
frequency up-converted light is observed. It is a non-linear process and follows I ∝
Pn (I is intensity of converted light, P is power of excitation source and n is number
of photons absorbed). Avalanched up-conversion phenomenon occurs n>10; normal
up-conversion process occurs when n = 2–3 and in between say n = 4–7, looping
up-conversion occurs (Lee et al. 2021). In normal energy transfer up-conversion
(sequential energy transfer, ETU), dopant concentration of activator ion is small (>2
at.%, for example, NaYF4:2 at.%Er, 10 at.%Yb). Similarly, excited state absorption
(ESA) up-conversion materials (for example NaYF4:Er) also require less amount
of activators (2 at.% Er). Otherwise, concentration quenching occurs. In ETU and
ESA, the excitation wavelength should be close to the resonance with gap between
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ground state energy and excited state energy, whereas the excitation wavelength of
PA generally does not require resonance with gap between ground state energy and
excited state energy, but it requires resonance with excited state intermediate levels
(Lee et al. 2021; Levy et al. 2016).

For the first time, it was reported that when a LaCl3 or LaBr3 crystal doped with
4.8 at.% Pr3+ is exposed to simultaneous IR light at 4.5 μm and green CW laser, a
red emission was obtained (Chivian et al. 1979). With increase of laser-pump power
radiation, intensity of red emission increases. Above the critical power density of
green CW laser 1.2–12.2 W/cm2, red emission intensity is suddenly increased. Now,
the intensity of red emission was independent of NIR light. This is known as Photon
Avalanche. This was explained as follows: Pr3+ ion has the ground state energy level
3H4 and metastable excited states start from 3H5, 3H6, 3F2, 3F3, 3F4, 1G4, 1D2, 3P0,
3P1, 1I6 to 3P2. The energy levels are shown in Fig. 2.24 (Chivian et al. 1979).

When Pr3+ is exposed to IR at 4.5 μm, 4f2 -electrons in ground state 3H4 go
to next higher excited state 3H5. Further excitation with laser at green wavelength,
excited electrons go to 3P1 level (higher level). Possible emission transitions such as
3P1–3F2, 3P0–3F2, 3P0–3H6 occur. This is one type of up-conversion process because
of simultaneous two absorptions IR and green light. The intensity of red emitted light
is linearly dependent on input power of IR or green light when input laser power
is less than the critical value (Pc). At or above Pc, intensity of red light increases
suddenly and shows non-linear property and without IR source, intensity of red light
is very high (Fig. 2.25) (Chivian et al. 1979). This is explained by the non-radiative

Fig. 2.24 Schematic energy levels of Pr3+ in LaCl3 and LaBr3. Here, simultaneous IR light at
4.5 μm and green CW laser are provided. It is redrawn and adapted from AIP Publisher (Chivian
et al. 1979)
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Fig. 2.25 Fluorescence output of Pr3+ versus incident pump power. The slope changes near to
critical pump power density. It is reproduced with permission from AIP Publisher (Chivian et al.
1979)

(a) (b)

Fig. 2.26 Cross-relaxation among 2 Pr3+ ions a and b, which helps in population of excited
electrons at 3H5 level. It is redrawn and adapted from AIP Publisher (Chivian et al. 1979)

decay of 3H6 to 3H5, which is absorbed by another ion at ground state 3H4 and goes
to next higher energy state 3H5. Such energy transfer is commonly known as cross-
relaxation among two Pr3+ ions pair (Fig. 2.26) (Chivian et al. 1979). Above Pc,
cross-relaxation process allows high population of electrons at 3H5, which is further
lifted to 3P1 and then it emits light at red region (3H6, 3F2). Again cross-relaxation
starts. This produces a loop or cycle or continuous process if the input green laser
power is more than Pc.

Photon avalanche (PA) process is an unconventional pumping mechanism, which
leads to a strong up-converted emission. Figure 2.27 shows the schematic way of
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Fig. 2.27 Energy scheme for the simplest PA process in nearby 2 ions (1 and 2) and its energy
transfer through cross-relaxation (S3). It is redrawn and adapted from Ph. D. Thesis (Singh 2018)

PA process (Singh 2018). Pump photon is provided at metastable state (level 2)
and excited electrons reach level 3. Some part of the excited electrons at level 3
comes back to level 2 and simultaneously electrons at the ground state go to the
metastable level 2. This is known as cross-relaxation (CR) between 2 ions, which is
shown by symbol (S3). In this way, level 2 has a high population of excited electrons.
Remaining part of the excited electrons at level 3 emits up-converted light and comes
back to ground state level 1. Here, there is no ground state absorption (GSA) using
a resonance energy between levels 1 and 2. Many theoretical models can be found
in this review article and also many examples are provided (Joubert 1999).

2.3 Core@Shell Nanostructures

In terms of materials chemistry, the core–shell structure is a structure in which core
particle is enclosed by a shell of different material/composition (Ningthoujam et al.
2022; Joshi et al. 2022a). Here, a core particle means a group of atoms that form
either a perfect lattice or amorphous. Thicknessmay vary from1 nm to a fewmicrons.
Different layers of shells can be created. It is not necessary to be nano-meter-size and
can be micron size. Between core@shell, there will be an interface, which may be a
secondary phase different from core and shell in terms of atomic ordering. Similarly,
interface arises between layers of shells in a multilayer system. A core particle can
have different shapes: sphere, cube, hexagon, prism, octahedron, disc, wire, rod, tube,
sheet, star, tetra-pods, irregular, etc. If the size/thickness of at least one axis in x, y and
z axis (3D) is nanometer, they can be considered in the nanomaterial category. Types
of possible spherical core@shell structures are shown in Fig. 2.28 (Ningthoujam
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Fig. 2.28 Possible spherical Core@shell nanostructures. It is adapted from reference (Ningthoujam
unpublished)

unpublished). In this study, up-converted nanomaterials are most considered. The
symbol “UC” or “active UC” means that the nanoparticle is having active rare-earth
ions or dopant ions, which are feasible for up-conversion process. Inactive means
that there are no dopant ions. Similarly, other core@shell1@shell2, core@shell1@
shell2@shell3 structures and so on can be possible (Figs. 2.29, 2.30, 2.31, 2.32,
2.33, 2.34 and 2.35) (Ningthoujam unpublished). Here, shell2 may be same as core
material or a different material. In a similar way, shell3 may be same as shell1
or a different material. In nanosize range, it is easy to form core@shell formation
kinetically. Nanoparticle is a group of atoms (100 to 10,000) that form a perfect
lattice or amorphous phase in the nanosize range and at least one size is less than
50 nm in a particular axis (x, y or z axis). They are classified as 0D, 1D, 2D and
3D particles. Sometimes, many core particles can be enclosed by a particular shell.
Such core particles can move on such hollow portions. If sufficient number of atoms
is not available to make uniform shell thickness, it forms dispersed atoms over a
particle. Interconnectivity between atoms of shell material may not be possible in
such situation. In some cases, core particle is formed and same material is coated
over to get different shapes and sizes (Oswald ripening route). So far, we assume that
there is uniform thickness in the shell. To achieve such uniform thickness of shell,
it requires special synthesis routes. In highly crystalline samples of similar crystal
structure (hexagonal phase of β-NaYF4, β-NaGdF4 and doped samples), the layer-
by-layer epitaxial growth can be performed. Sometimes, metal nanoparticles, SiO2,
mesoporous particles, polymers and any ligands can be used as core or shell (Johnson
et al. 2012; Chaudhuri and Paria 2012; Mahdavi et al. 2020; Huseien 2023; Joshi
et al. 2022b). In this system, it forms partial epitaxial growth or simply coating over
the core. The formation of core@shell can be analysed by the following techniques
(Ningthoujam et al. 2022).
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Fig. 2.29 Possible ways for layer-by-layer epitaxial growth of core and shell materials. Here, core
is active up-conversing material. It is adapted from reference (Ningthoujam unpublished)

1. Electron energy loss spectroscopy (EELS), 2. Line scanning energy dispersive
x-ray spectroscopy (EDAX), but its resolution is less than that of EELS, 3.
High-angle annular dark-field imaging (HAADF), which is a STEM technique,
4. Secondary ion mass spectrometry (SIMS), and 5. The x-ray absorption near
edge spectroscopy (XANES).

2.3.1 Why Core@Shell Is Required?

What happens when core is coated with shell? The coating of core with other mate-
rials has many changes in nanosize particles such as suppression of surface dangling
bonds or decrease of surface defects, band-gap manipulation for a particular appli-
cation, easy to surface functionalization, stability, easy to dispersion in water or oil
depending on the presence of surface functional groups, controlled release of drug
loaded in core, reduction in consumption of precious core material, targeted therapy,
improvement in diagnosis and therapy due to proper coating, manipulation of energy
transfer or migration or concentration quenching or electron transfer in lumines-
cence, manipulation in magnetic properties, change in catalytic properties, change
in dielectric properties, changes in magnetoresistance, and so on (Ningthoujam et al.
2022; Joshi et al. 2021, 2022a, b; Auzel 2004; Ningthoujam unpublished; Johnson
et al. 2012; Chaudhuri and Paria 2012; Mahdavi et al. 2020; Huseien 2023). In d-
or f- ions doped core, it is assumed that ions are distributed homogenously in the
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Fig. 2.30 Possibleways for layer-by-layer epitaxial growth of core and shellmaterials. Here, core is
inactive material or undoped host material. It is adapted from reference (Ningthoujam unpublished)

core host lattice. This can be referred as homogenous system. When core is covered
with undoped shell or doped shell and further coated with different shells, ions
are no longer homogenous in the system (core@shell, core@shell1@shell2, core@
shell1@shell2@shell3, etc.). This can be referred as heterogenous system in terms
of distribution of d- or f- ions in the system. In homogenous system, concentration
quenching due to high doping of d- or f- ions in luminescence is found. However,
heterogenous system has unique properties, which are different from core properties.
Even high concentrations of dopants can increase luminescence intensity. Mecha-
nisms of energy transfer, energy migration, energy trapping, back energy transfer
and cross-relaxation are different in core and core@shell systems.

Let us take homogenous systemUCNPs (up-conversion nanoparticles) of NaYF4:
2 at.% Er3+-10 at.% Yb3+, which is the best material so far in terms of efficiency at
lower laser power excitation at 980 nm (Ningthoujam et al. 2022; Joshi et al. 2021,
2022a, b; Auzel 2004; Ningthoujam unpublished; Johnson et al. 2012; Chaudhuri
and Paria 2012; Mahdavi et al. 2020; Huseien 2023). Now, let us take heterogenous
system core@shell UCNPs nanostructures and possible nanostructures with similar
atomic concentrations of Na, Y, Er, Yb and F in each system are NaYF4:Er-Yb@
NaYF4, NaYF4@NaYF4:Er-Yb, NaYF4:Er@NaYF4-Yb and NaYF4:Yb@NaYF4-
Er (Leary et al. 2023). Here, their luminescence intensities are different even when
other conditions are fixed in terms of particle size, shape, excitation source and
concentration. It means that energy transfer, migration and exchange interaction are
different in those heterostructures. Even, if the thickness of shell at the same size
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Fig. 2.31 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials.
Here, core is active up-conversing material. Here, QDs are associated. It is adapted from reference
(Ningthoujam unpublished)

of core varies, their properties will change. If another shell (undoped, doped one) is
introduced, a more complicated system arises in terms of study.

These core–shell heterostructures have been used in biomedical and pharmaceu-
tical applications, electronics, catalysis, enhancing photoluminescence, tuning of a
particular wavelength for a particular application, sensors, creating photonic crystals,
data storage, conversion of one isomer to another isomer in light sensitive organic
molecules, etc. In the biomedical field, these have been extensively used in imaging,
cell labelling, bio-sensing, targeted drug delivery, controlled drug release through
light or pH trigger, radio-isotopes based imaging or ac-frequency and therapy and
tissue engineering applications, etc. (Ningthoujam et al. 2022; Joshi et al. 2021,
2022a, b; Auzel 2004; Ningthoujam unpublished; Johnson et al. 2012; Chaudhuri
and Paria 2012; Mahdavi et al. 2020; Huseien 2023).

2.4 Classes of Core@Shell Nanostructures

Classes of core@shell nanostructures: Core@shell nanostructures can be classified
depending on the types of material used in core and shell: This includes the following
(Ningthoujam et al. 2022; Joshi et al. 2021, 2022a, b; Auzel 2004; Ningthoujam
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Fig. 2.32 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials. Here,
core is inactive such as QDs. It is adapted from reference (Ningthoujam unpublished)

Fig. 2.33 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials. Here,
core is active up-conversing material. Here, metallic nanoparticles are associated. It is adapted from
reference (Ningthoujam unpublished)
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Fig. 2.34 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials.
Here, core is inactive such as metallic nanoparticles. It is adapted from reference (Ningthoujam
unpublished)

Fig. 2.35 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials.
Here, core is active UC or inactive such as metal nanoparticles or metal oxides. Drug and antibody
molecules can be loaded. Even radio isotopes can be adsorbed or added. It is adapted from reference
(Ningthoujam unpublished)



56 R. Agrawal et al.

unpublished; Johnson et al. 2012; Chaudhuri and Paria 2012; Mahdavi et al. 2020;
Huseien 2023):

2.4.1 Inorganic@inorganic materials
2.4.2 Inorganic@organic materials
2.4.3 Organic@inorganic materials
2.4.4 Organic@organic materials
2.4.5 Core@multilayers (shell1@shell2, shell1@shell2@shell3 and so on)
2.4.6 Liposome based formulation
2.4.7 Dendrimer based formation
2.4.8 Hollow core@shell materials

2.4.1 Inorganic@Inorganic materials

Inorganic core can be metal particles such as Au, Ni or different metals (Au, Pt, Pd)
or semiconductors (C, CdS, CdSe, Fe2O3) or insulators SiO2. Inorganic shells can
be semiconductors or insulators (ZnS, LaF3, β-NaYF4:Yb3+, Er3+, YVO4-Eu3+). It
can be happened with opposite trends.

Examples of inorganic@inorganic materials are Au@Ag, Au@SiO2, Au@
C, Au/CdS, Zn@ZnO, Fe3O4@Au, Au/Fe2O3, Fe3O4@SiO2, PbS@PbSe, ZnS/
CdSe, ZnS:Mn/ZnO, Gd2O3:Tm3+@SiO2, NaYF4:Ln@NaYF4, NaYF4:Ln@
NaGdF4, NaYF4:Ln@CaF2, Fe3O4@ NaYF4:Yb-Er, β-NaYF4:Yb3+-Er3+@β-
NaYF4, β-NaYF4:Yb-Tm@β-NaYF4:Yb-Er, LaF3@Eu0.2La0.8F3, LaPO4:Eu3+@
LaPO4, YVO4-Eu3+@YVO4, YVO4:Ln@SiO2, Au@SiO2@Y2O3:Eu3+, Fe3O4@
SiO2@Al2O3, Fe3O4@SiO2@TiO2, CdSexTe1-x@ZnS@SiO2, CdSe@CdS@ZnS,
γ-Fe2O3@NaYF4:Yb-Er, etc.

2.4.2 Inorganic@Organic Materials

Core is inorganic materials such as metals, semiconductors or insulators. Metals are
Au, Ag and Fe. Semiconductors are Fe3O4, Fe2O3, ZrO2, PbSe, PbS. Insulators are
SiO2, NaYF4:Ln, CaF2:Ln. Shell material is organic material. Examples are PEG,
PMMA, block polymers, etc.

2.4.3 Organic@Inorganic Materials

Here, organic core is made of organic polymer. A few examples of organic polymer
are mentioned here: dextrose, polystyrene, polyurethane, poly(ethylene oxide),
poly(vinyl benzyl chloride), poly(vinyl pyrrolidone), surfactants, and different
copolymers, such as acrylonitrile–butadiene–styrene, poly- (styreneacrylic acid),
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and styrenemethyl methacrylate. Inorganic shells will be metals (Au, Ag), semi-
conductors (c-dots, metal oxide TiO2, Fe3O4, metal chalcogenide ZnS) or insulators
(SiO2).

2.4.4 Organic@Organic Materials

Core particle is made of organic polymer. A few examples of organic
polymer are mentioned here: polystyrene (PS), polyphenylene, and poly(D,L-
lactic-co-glycolide) (PLGA), poly(N-isopropylacrylamide) (variously abbreviated
polymers: PNIPA, PNIPAAm, NIPA, PNIPAA or PNIPAm). Shell particle is
organic polymer, such as 1,2-distearoyl-sn-glycero-3- phosphoethanolamine-N-
carboxy(poly(ethylene glycol))2000 (DSPE-PEG-COOH), drug, polyethylene oxide
(PEO), polyethylene glycol (PEG).

2.4.5 Core@Multilayers (Shell1@Shell2, Shell1@Shell2@
Shell3 and So On)

Core particle is made of inorganic or organic material. Shell1 with another
material (inorganic or organic). Shell2 will be another material. Shell3
will be another material. They shell layer makes multilayers of different
materials. Examples are CdSe@CdS@ZnS, CdSe@ZnSe@ZnS, Au@SiO2@
Y2O3:Eu3+, LaF3:Eu@LnF3:Eu3+@La(NO3)3, CdSe@CdTe@ZnSe, CdSe@CdS@
Zn0.5Cd0.5S@ZnS, InAsxP1-x@InP@ZnSe, InAs@CdSe@ZnSe, CdSe@HgTe@
CdTe, CdS@HgS@CdS, CdSe@CdS@ZnTe, CdS@CdSe@CdS, CdSe@ZnS@
CdSe, ZnS@CdS@ZnS, CdS@CdSe@CdS, CdSe@ZnS@CdTe, Fe3O4@PGMA@
PS (here PGMA = poly(glycidyl methacrylate), PS = polystyrene), Fe3O4/PEO-
PPO-PEO block polymer (known as pluronic P123, which consists of a symmetric
triblock copolymer comprising poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) in an alternating linear fashion, PEO-PPO-PEO and it has a chemical
formula HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H), γ-Fe2O3@PEI +
PEO-PGA (PEI = poly-(ethylene amine), PEO-PGA = poly-(ethylene oxide)-poly-
(glutamic acid)), iron oxide@SiO2 composite@PS, CoFe2O4@DTPA-CS (DTPA
= Diethylenetriamine pentaacetate, CS = chitosan), Sb2O3@PMMA@PVC (poly-
methyl methacrylate (PMMA) and polyvinyl chloride (PVC) polymer blend, PEG@
Si@Al composite oxide, PS@TiO2@SiO2, PS@styrene andMPShybrid copolymer,
etc.



58 R. Agrawal et al.

2.4.6 Liposome Based Formulation

Liposome is a spherical vesicle inwhich the core is having aqueousmedium and shell
is having lipid bilayers (hydrophobic). Lipid is generally composed of phospholipids
and cholesterol. If one lipid bilayer exists, this is known as uni-lamellar (diameter:
30–100 nmor 100–300 nm). If two ormore lipid bilayers exist, this is known asmulti-
lamellar (diameter= 1–5μm).Between lipid bilayers, aqueousmediumexists.Water
soluble/dispersible particles or molecules can be trapped into aqueous core, whereas
oil soluble/dispersible particles or molecules can be trapped into lipid bilayers. Au
or Fe3O4 nanoparticles dispersible in water can be prepared in the core of liposome.
Oil soluble Au or Fe3O4 nanoparticles can be entrapped in a lipid bilayer (shell).
Generally, targeted drug delivery and high accumulation of drugs in cells use the
concept of liposome-based system. Luminescent nanomaterial can be trapped into
aqueous core and oil-soluble lipid layers depending on the types of nanomaterials.

2.4.7 Dendrimer Based Formation

Dendrimer has highly ordered branched polymeric molecules around the core.
Generally, core is hydrophobic whereas outer branched polymeric molecules are
hydrophilic. However, core can be modified in order to get functional group such as
NH2 or COOH. In this way, nanoparticles (Au, Fe3O4, ZnS, ZnO in 2–50 nm) can be
entrapped into the core (interaction may be ionic or covalent type). Such branched
polymeric molecules are soluble in aqueous medium. Nanoparticles encapsulated
dendrimers can be used in drug-delivery systems and also agglomeration among
nanoparticles is very less.

2.4.8 Hollow Core@Shell Materials

In case, if core@shell nanoparticles are brought to a particularmediumor gasmedium
or lasermedium, either core or shell can be removed.UsingSIMSexperiment or high-
power laser, thickness of shell can be decreased. Finally, the shell can be removed.
On the other hand, if a particular solvent, which can be capable for soluble only
in core material (e.g., Co or Fe core particles can be dissolved into Co2+ or Fe2+/
Fe3+ in pH < 4), but not affect the shell, hollow core with shell can be formed. Here
core is scarified and shell remains. If metal ions are added to such hollow core@
shell in aqueous medium, metal ions enter into the hollow core. When a reducing
agent is added, reduction of metal ions to metal nanoparticles can occur. Similarly, if
oxidizing agent is added, metal ions can be converted to metal oxide nanoparticles.
Such nanoparticles formed can form agglomerated particles inside the core. If the
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number of nanoparticles is less, individual particles can exist and can move in the
core. Even, luminescent nanoparticles can be generated in the hollow core region.

2.5 Rate of Electronic Decay, Lifetime, Quantum Yield

During electronic transition fromground state to excited state, excited electrons come
back to ground state if excitation source is removed. The excitation rate is equal to
decay rate. If N0 is the number of electrons in the ground state and its excited rate is
KA, the number of excited electrons will be N1. Decay rate of the excited electrons
will be determined by radiative rate (KR) and non-radiative rate (KNR) (Ningthoujam
et al. 2012; Curie 1963; Blasse and Grabmaier 1994; Lakowicz 2006). At a particular
time (t), the number of excited electrons can be determined by

dN1/dt = K AN 0−(K RN 1+K NRN 1) (2.4)

When photon of constant intensity is excited, it can achieve a steady state of
equilibrium.

Here, dN1/dt = 0.
It implies that

N1= K AN 0/(K R+K NR) (2.5)

.
And amount of decay at a particular time (t) is given by

N1(t)= N 1exp(−K At) (2.6)

where KA = KR + KNR.

N1(t)/N 1= exp(−K At) (2.7)

WhenKNR = 0,N1 =KAN0/KR. In this, lifetime of excited electrons is considered
as natural lifetime or intrinsic lifetime (τN ), which is defined as:

τN = 1/KR (2.8)

And KA = KR.
Intrinsic decay takes place due to collisional interactions among excited electrons.

N1(t)/N 1 = exp(−K Rt N ) (2.9)

N1(t)/N 1 = exp(−1) = 0.36 (2.10)
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The nature lifetime (τN ) is equal to the time required to decay excited electron
population to 36%.

The experiment lifetime (τ exp) is generally less than the natural lifetime (τN ).

τexp = 1/KA = 1/(KR + KNR) (2.11)

The fluorescence quantum yield (QY ) is the ratio between the fluorescence
intensity and light absorb.

QY = Photon emitted/Photon absorb (2.12)

QY = K R/(K R + K NR) (2.13)

QY = τexp/τN (2.14)

Here, the source of non-radiative decay is due to the presence of surrounding heat
sink or quencher. Due to the transfer of energy from excited electrons, it gives rise
to heat to surrounding and thereby multi-phonon relaxation may take place. If KNR

<<< KR, luminescence intensity is very high. Luminescence intensity of core acti-
vator increases significantly after core–shell formation (shell: inactive or undoped
host) due to the increase of distance from core activator to quencher (surface dangling
bonds, ligands, solvent, etc.; e.g., core: NaYF4:Er-Yb and core@shell: NaYF4:Er-
Yb@NaYF4; and YVO4:Eu and YVO4:Eu@YVO4) (Ningthoujam et al. 2009a,
2022).

2.6 Type of Excitation for Electronic Transitions

There are two ways of excitation: resonance type and non-resonance type (Auzel
2004; Singh 2018). In the resonance type excitation, a large number of electrons
go to the excited state having a stable level. In case of non-resonance type, a few
electrons go to the excited state having a stable level. Most energy got losses due to
the difference between excitation energy and stable energy level and this is provided
by multi-phonon relaxation.

However, if high-energy flux (say a few kW/cm2) is provided, situation is different
in resonance or non-resonance type process. Sometimes cascades or avalanche
phenomenon occurs. Even, continuous or pulse mode excitation changes the process
of energy transfer at excited levels.
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2.7 Conclusions

Many examples of photo-luminescent materials are provided and their properties
such as down-conversion and up-conversion processes are discussed. Many organic
compounds, inorganic compounds and organic dyes show the down-conversion
process. Many materials showing quantum-cutting process are provided. Different
metal complexes, d and f ions doped inorganic compounds show up-conversion
process. Possible core@shell nanostructures are mentioned. This helps in the fabri-
cation of devices, light emitting diodes, drug loading, solar cells, energy harvesting,
proximity systems, etc. Shape, size and hollowness engineering in nanostructure are
mentioned.
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Chapter 3
Advances in Plasmonic
Substrate-Coupled Fluorescence

Sharmistha Dutta Choudhury

3.1 Introduction

Plasmonics is a burgeoning field of nanoscience that deals with localization and
guiding of light by interaction with metallic nanostructures (Schuller et al. 2010;
Atwater 2007). The optical response of plasmonic materials depends on their
frequency dependent dielectric function, (ε(ω) = ε′(ω) + iε′′(ω)), that is commonly
characterized by the Drude model (Maier 2007) as,

ε(ω) =
(
1 − ω2

p

ω2 + γ 2

)
+ i

(
ω2

pγ

ω3 + ωγ 2

)
(3.1)

Here ω is the angular frequency of light, γ is electron collision frequency and ωp, is

the bulk plasma frequency of the metal (ωp =
√

Ne2
mef f ε0

, where ε0 is the permittivity

of free space, N is the electron density, meff is the effective mass of an electron
and e is the electron charge). When the frequency of incident light is above ωp, the
electrons are unable to oscillate in response to the incident field. In this condition, the
real part of the dielectric constant of the metal (ε′(ω)) is positive, and light is either
transmitted or absorbed due to interband transitions. When the frequency of light is
below ωp, the free conduction electrons oscillate in a phase opposite to that of the
incident electromagnetic field. In this case, ε′(ω) is negative and light is reflected by
the metal (Figs. 3.1a and b) (Maier 2007; Li et al. 2015).

If the metal dimensions are brought down to the nano regime, two types of plas-
monic modes can be generated upon interaction with light, depending on the shape
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3.1 a Interaction of light with bulk metal at frequencies below and above its plasma frequency,
ωp, and b complex dielectric of themetal. cLocalised surface plasmons (LSPs) inmetal nanoparticle
and d LSP resonances due to absorption and scattering in particles of different sizes. e Propagating
surface plasmon polaritons (SPPs) on a thin metal film and f the dispersion curve for SPPs. Adapted
with permission from Li et al. (2015). Copyright 2015 The Royal Society of Chemistry

and size of the particles. These are: Localized Surface Plasmons (LSPs) and Surface
Plasmon Polariton (SPPs).

TheLSPs are collective oscillations of surface electrons that arisewhen the dimen-
sions of metal nanostructures are smaller than the wavelength of light (Fig. 3.1c).
LSPs can be directly excited by the incident light. From Mie theory, the extinction
coefficient (σ ext) of a metal nanosphere, of volume V in a medium of dielectric
constant, ε(ω)diel, is (Link and El-Sayed 2003):

σext = 9
ω

c
(ε(ω)diel)

3/2V
ε(ω)′′metal(

ε(ω)′metal + 2ε(ω)diel
)2 + (

ε(ω)′′metal

)2 (3.2)

When the real part of the dielectric constant, ε(ω)′metal, is negative and satisfies
the condition, ε(ω)′metal = -2ε(ω)diel, and the imaginary part is small (ε(ω)′′metal
≈ 0), the denominator in Eq. 3.2 vanishes, leading to strong plasmon resonance
at ωLSP = ωp√

1+2ε(ω)diel
. The extinction coefficient (σ ext) in Eq. 3.2 arises due to

both scattering and absorption of light. With increase in size of the nanoparticle, the
contribution of the scattering component in σ ext gradually increases (Fig. 3.1d). An
important outcome of the confined LSP oscillations is that it leads to intense local
electromagnetic fields in the vicinity of the nanoparticle.

Unlike LSPs, the SPPs are propagating charge oscillations on the surface of
metallic nanostructures like thin continuous metal films, whose dimensions are
greater than the wavelength of light (Fig. 3.1e). The wave vector or momentum
of propagating SPPs is expressed as:
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kSPP = ω

c

√
ε(ω)metal + ε(ω)diel

ε(ω)metalε(ω)diel
(3.3)

The resonance condition for SPPs is, ωSPP = ωp√
1+ε(ω)diel

Maier 2007; Lakowicz
2006a). Evidently, kSPP is greater than the wavevector of the photon in free space
(k0 = ω

c ). So the light line lies above the dispersion curve for SPPs (Fig. 3.1f).
This means that SPPs cannot be excited directly by incident light. Special condi-
tions requiring gratings, surface corrugations, or prisms are used to excite SPPs by
increasing themomentum of the incident light tomatchwith the SPP. Thewavevector
matching conditions between light and SPPs implies that SPPs at the the metal–
dielectric interface can exist only for TM (transverse magnetic; electric field parallel
to plane of incidence) or P-polarization of light. The evanescent field of SPPs extends
to a distance of about 100–200 nm from the metal film surface.

The unique features of surface plasmon resonances (LSPs and SPPs), specifically,
their sensitivity to the surrounding dielectric medium, local field enhancement and
creation of evanescent wave on the surface of metal nanostructures, have opened
the doors for numerous applications of plasmonics. Surface enhanced Raman spec-
troscopy, optical sensing, photovoltaics, lasers, quantum computing, are some of the
notable areas that have hugely benefitted by contribution from plasmonics (Schuller
et al. 2010; Atwater 2007; Li et al. 2015; Yu et al. 2019). The entry of plasmonics in
fluorescence spectroscopy is another important development that has seen remarkable
progress in recent years.

Fluorescence is the emission of light by radiative relaxation of electronically
excited species from their first singlet state to the ground state (Fig. 3.2) (Lakowicz
2006b). It is an indispensable tool in bioanalysis, microscopy, diagnosis and sensing,
due to its great versatility, sensitivity, simplicity, and rapid noninvasive measurement
technique. The extremely high sensitivity of fluorescence has permitted extraordinary
developments in single molecule detection and super-resolution microscopy making
it valuable for understanding complex phenomena in great detail.

Fig. 3.2 Simplified
Jablonski diagram showing
the first excited singlet and
triplet states and the major
photophysical processes in a
fluorescent molecule
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Fluorescence is characterized by two important parameters; the fluorescence
quantum yield (Φ) and the fluorescence lifetime (τ ), which are expressed in terms
of the radiative decay rate (kr) and nonradiative decay rate (knr) (Lakowicz 2006b).

� = kr
kr + knr

(3.4)

τ = 1

kr + knr
(3.5)

The nonradiative decay rate (knr = kic + kisc) includes both intersystem crossing
(isc) and internal conversion (ic). Most of the commonly known fluorophores have
aromatic structures or conjugated carbon chains. Apart frommolecular fluorophores,
many other photoluminescent materials and quantum emitters like, semiconductor
quantum dots, metal nanoclusters, upconverting rare-earth phosphors, carbon dots
and perovskite nanocrystals have also been developed over the years to meet the
growing demands and applications of fluorescence spectroscopy. Despite many
developments, classical fluorescence, which relies on measuring the spontaneous
emission of light in an optically transparent medium in the far field, is limited by
challenges due to weak emission intensities, poor photostability and low collection
efficiency.

Under steady state conditions, the emission photon count rate for a single
fluorescent molecule (CR) is (Jiao et al. 2017),

CR = kcφ
σ Ie

1 + Ie/Is
(3.6)

Here, kc is the light collection efficiency of the optical system, Ie is the excitation
rate, σ is the absorption cross-section and Is is the saturation intensity (Is = (kr +
knr )/

[
σ(1 + knr/kp)

]
, where kp is the radiative relaxation of the triplet state). Since

classical fluorescence is isotropic in nature, less than 1% of the emitted light can be
detected in a standard spectro-fluorometer setup (Lakowicz 2004). Moreover, bulky
optical components are required to focus and collect the emitted light, which makes
it difficult to progress toward device miniaturization, work with small sampling
volumes and meet point-of-care requirements. With the integration of plasmonics in
fluorescence, it has become possible to surpass many of the limitations of classical
fluorescence and achieve enhanced brightness, better photostability and improved
collection efficiency. Plasmonic coupling offers the opportunity to control emission at
a fundamental level bymodifying the radiative decay rates of fluorophores.Moreover,
plasmonics enables emission to be controlled at the point of origin, without any
external optics.
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3.2 Mechanism and Effects of Fluorophore-Plasmon
Interactions

Fluorophores interact with metal nanoparticles that support LSPs and metal nano
films that support SPPs, leading to different kinds of effects. While the interaction
with LSPs is useful for fluorescence enhancement and tailoring of radiative decay
rates (Lakowicz 2006a), the interactionwith SPPs is useful for transforming isotropic
emission into directional, polarized and wavelength-resolved emission (Lakowicz
2004). The evanescent waves of SPPs are also used to obtain increased excitation
fields for improvingfluorescence signal in free space (Wang et al. 2010). The different
kinds of interactions and effects observed in plasmon-coupled emission are discussed
below.

3.2.1 Interaction with Metal Nanoparticles

The interaction between fluorophores and metal nanoparticles can be described as a
combination of several different effects: (i) local field enhancement in the vicinity
of the nanoparticle and hence around the nearby fluorophores (plasmonic antenna
effect), which leads to increased excitation rates for the fluorophores; (ii) enhanced
coupling efficiency of fluorescence to the far field via LSP resonance, especially the
scattering component in σ ext ; (iii) increase in radiative decay rate of fluorophores
(known as radiative decay engineering, RDE); and (iv) increased nonradiative decay
due to energy transfer from fluorophores to the metal surface leading to quenching
of fluorescence, a phenomenon that occurs when fluorophores are adjacent to the
metal surface (Lakowicz 2006a, 2005; Khatua et al. 2014). When the fluorophore
position is more than 5 nm from the metal surface, which can be achieved by using
suitable spacer layers, the quenching effect is suppressed, and the plasmon-coupled
fluorophore or “plasmophore” radiates with an overall increase in fluorescence inten-
sity due to the synergistic effects of (i), (ii) and (iii). This phenomenon is known as
metal-enhanced fluorescence (MEF). The effective fluorescence enhancement, ξ is
expressed as, ξ ≈ Eexc × Eem, where Eexc corresponds to the excitation enhancement
and Eem is the overall emission enhancement.

The increase in radiative decay rate for a plasmon-coupled fluorophore can be
understood from Fermi’s Golden Rule (Eq. 3.7) that relates radiative rate of an
excited molecule to the quantum mechanical transition probability, Wij.

Wi j = 2π

�

∣∣μi j

∣∣2ρ(
νi j

)
(3.7)

Here μij is the transition dipole moment connecting the initial (i) and final ( j) states
and ρ(υ ij) is the photonic mode density at the transition frequency. For fluorophores
located within nanoscale distances from a plasmonic substrate, the local density of
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Fig. 3.3 a Simplified
Jablonski diagram showing
the changes in excitation and
radiative rate for a
plasmon-coupled
fluorophore. b Schematic
representations of the
simultaneous increase in
intensity and decrease in
lifetime
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states is substantially high, which leads to increase in the radiative decay rate. An
important consequence of this effect is that MEF is characterized by simultaneous
increase of quantum yield (Φmetal) and decrease of fluorescence lifetime (τmetal)
(Eqs. 3.8 and 3.9) (Lakowicz 2005; Khatua et al. 2014).

�metal = kr + kr(metal)

kr + kr(metal) + knr
(3.8)

τmetal = 1

kr + knr + kr(metal)
(3.9)

Here kr(metal) is the additional increase in the radiative rate of fluorophores because
of increase in the local density of states. The shortening in fluorescence lifetime is
advantageous because photochemical destruction reduces for a molecule that stays
for lower time in the excited state. Therefore, the enhanced fluorescence quantum
yield and reduced lifetime achieved through plasmonics, greatly increases detection
limit, while at the same time reducing photobleaching of fluorophores. The major
photophysical changes for a plasmon-coupled fluorophore are shown in Fig. 3.3.

Observation of MEF is critically dependent on the distance between the metal
nanoparticle and the fluorophores. By depositing fluorophores at different distances
from metal nanostructures using Langmuir–Blodgett monolayers or polyelectrolyte
layer-by-layer assembly, it has been shown that fluorescence enhancement is
optimum at distances between 5 and 20 nm from the surface, where fluorophores
experience enhanced excitation field intensity without being quenched by the metal
(Ray et al. 2006; Akbay and Lakowicz 2012). The calculated near-field intensity map
and overall fluorescence enhancement, ξ , for a fluorophore at different distances from
an Au nanorod are depicted in Figs. 3.4a and 4b, respectively (Khatua et al. 2014).

MEF also depends on the shape and size of metal nanoparticles and the extent
of spectral overlap between fluorescence and the LSP resonance. On comparing the
fluorescence enhancement by two different Au nanostructures, viz. nanorods and
nanoshells, Halas and co-workers found that the quantum yield of IR800 dye (~7%)
is increased to ~86% on coupling with nanoshells whereas it increases to ~74%when
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(a)

(b)

(c)
(d)

Fig. 3.4 a Calculated near-field intensity of an Au nanorod (47 nm long and 25 nm wide, having
LSP resonance at 629 nm), and b calculated fluorescence enhancement, ξ, as a function of distance
between the fluorophore and nanorod. Adapted with permission from Khatua et al. (2014). Lu et al.
(2020) Copyright 2014 American Chemical Society. c Calculated enhanced emission intensity as a
function of excitation wavelength and LSP resonance wavelength of Au nanorods having different
aspect ratios and d overlap of the scattering spectra of the fabricated optimum sizedAu nanorodwith
the absorption/emission spectra of the coupled naphthalenediimide-based NIR dye. Adapted from.
Copyright 2020 American Chemical Society under Creative Commons License CC-BY-NC-ND

coupled with nanorods (Bardhan et al. 2009). This difference is ascribed to greater
scattering cross-section of the LSP resonance in nanoshells compared to nanorods,
at the emission wavelength of the dye. Thus, a high cross-section for scattering at
the emission wavelength is favourable for efficient fluorescent enhancement. Very
recently, Lu et. al. have shown that detection of single molecule fluorescence from
NIR emissive dyes having quantum yield as low as 10–4, is possible by coupling
with Au nanorods, provided their LSP resonance is optimized with the excitation
and emission wavelengths of the dye (Lu et al. 2020). Figure 3.4c shows a map
of the calculated fluorescence intensity enhancement as a function of the excitation
wavelength andLSP resonance forAunanorods havingdifferent aspect ratios (length/
width of nanorod). Based on these calculations, Au nanorods of suitable geometry
were fabricated so as to have maximal overlap of the plasmon resonance with the
absorption/ emission spectra of the NIR dye (Fig. 3.4d), for obtaining the largest
possible enhancement factor.
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Tip conjugated 
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NS conjugated 
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Dye in soln

Fig. 3.5 Schematics for fluorophore conjugation specifically at the tip or non-specifically
throughout the surface of Au nanorods, along with the emission spectra of the coupled fluo-
rophore, showing enhancement and quenching effects, respectively, in the two cases. Adapted
with permission from Botequim et al. (2020). Copyright 2020 The Royal society of Chemistry

The position and orientation of fluorophores on the nanoparticle is another impor-
tant parameter for MEF, since the local electromagnetic field enhancement is not
uniform around the nanoparticle. Higher field enhancements are observed at the
tips and sharp edges around nanoparticles (cf. Fig. 3.4a). Recently, Pedro et. al.
have used DNA-directed assembly to precisely position fluorescent dyes on the Au
nanorod surface (Botequim et al. 2020). Their work revealed that dyes placed on the
tips of the nanorods show significantly enhanced emission compared to free dyes in
solution, while dyes placed in a nonspecific manner throughout the nanorod surface
actually show reduced fluorescence intensity compared to that in solution (Fig. 3.5).

3.2.2 Interaction with Planar Metal Nanofilms

Although light incident directly from the far field on a thin metal film is incapable of
creating SPPs on the metal–dielectric interface due to wavevector mismatch between
photons and SPPs, interestingly, the emission dipoles of excited fluorophores placed
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on a metal film are able to create and couple with surface plasmons in the near-field.
The coupled emission can subsequently be extracted into free space by wavevector
matching, using a medium with high refractive index (glass prism) (Lakowicz 2004;
Gryczynski et al. 2004; Su et al. 2021).

In a medium of refractive index, np, the wavevector of light increases to k = k0np
(where k0 = ω/c is the wavevector in air). The component along the metal surface is
given as kx = k0npsinθ, where θ is the angle from the surface normal. At a certain
angle θ sp, the value of k0npsinθ becomes equal to kSPP.

k0npsinθsp = kSPP = ω

c

√
ε(ω)metal + ε(ω)diel

ε(ω)metalε(ω)diel
(3.10)

In this situation, the surface plasmon-coupled fluorescence can radiate through
the prism as a cone of emission (in Figs. 3.6a and b). This phenomenon is known
as surface plasmon-coupled emission (SPCE). Since the optical properties of the
metal are frequency dependent, the emission angle θ sp is also sensitive to emission
wavelength. The emission at longer wavelength appears at smaller angles than that
at shorter wavelength. Furthermore, since SPP can couple only with P-polarized
light, the fluorescence emission is also P-polarized, even from randomly oriented
fluorophores placed on the metal surface. Thus, SPCE transforms the usual isotropic
unpolarized emission into a cone of wavelength-resolved, P-polarized emission.

The ability of SPCE to demarcate different wavelengths directly by their angular
separation without using additional dispersive optics is promising for instrument
miniaturization. Further, it allows multiple emissive species in a complex mixture
to be easily sorted, based on the observation of their emissions at different angles.
This has been demonstrated experimentally by Sathish et al. in the spectral resolu-
tion of emission from different Rhodamine6G dye aggregates (Sathish et al. 2009).
Directional emission is another important advantage of SPCE, because signal collec-
tion efficiency can be substantially improved by aligning the detector in a specific
direction (Dutta Choudhury et al. 2015a). Furthermore, since the evanescent SPP
field extends to a distance of about 200 nm from the metal, SPCE allows signal from
fluorophores located near the surface to be exclusively selected without perturbation
from background fluorescence. This aspect has been utilised by Matveeva et. al.
to carry out fluorescence immunoassays directly in human serum and whole blood
without any significant attenuation of the fluorescence signal (Matveeva et al. 2005).

Two types of configurations are generally used in SPCE; the Kretschmann (KR)
and the Reverse Kretschmann (RK) (Lakowicz 2004; Gryczynski et al. 2004; Su
et al. 2021). In RK configuration, fluorophores are excited directly by incident light
from free space and the coupled emission is subsequently collected using a prism,
as depicted schematically in Fig. 3.6c. In the KR approach, fluorophores are excited
by light incident through prism side. When light with excitation wavelength, λex is
incident at the correct angle (θ sp-ex), SPPs can be created and fluorophores within
the near-field can be excited by the evanescent field of SPPs. The emitted light can
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Fig. 3.6 a Schematic representation of SPCE, b the wavevector matching condition achieved by
using a prism, c and d RK- and KR-configurations for SPCE

subsequently couple back with SPPs and radiate at a different angle (θ sp-em) corre-
sponding to the emission wavelength, λem (Fig. 3.6d). Although the KR configura-
tion benefits from enhanced excitation field due to creation of SPPs by the excitation
light, most studies of SPCE are based on direct excitation of fluorophores in the RK
configuration, because of its simplicity.

The SPCE measurements can be carried out either by angle scanning to generate
angular emission patterns (Fig. 3.7a), or by leakage radiation microscopy to directly
capture the image of the SPCE ring in the Fourier plane (Fig. 3.7b) (Chen et al. 2013).
By changing the orientation of a polarizer placed in front of the detector, interesting
variations are observed in the intensity of SPCE due to P-polarized nature of the
emission.
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Fig. 3.7 Measurement of SPCE by a angle scanning to generate angular emission pattern and
b leakage radiation microscopy to directly image the SPCE ring. c Images of SPCE rings with
different polarizer orientations

The SPP modes in metal nanofilm substrates are often interpreted by reflectivity
simulations. Light of different wavelengths is considered to be incident on the metal
film at different angles through a high refractive index medium. The metal film
is highly reflective at all angles above the critical angle, except for P-polarized
light at θ sp-λ, when wavevector matching conditions are satisfied for creation of
SPPs. Figure 3.8a depicts the calculated reflectivity dispersion map for a substrate
composed of Ag film (50 nm thickness) coated with a dielectric layer (50 nm) (Dutta
Choudhury et al. 2015a). The dark area is the region of decreased reflectivity due
to creation of SPP. As an example, Fig. 3.8b shows that P-polarized light having
wavelength of 515 nm has a dip in reflectivity at around 65°, while S-polarized light
at this wavelength has a high reflectivity at all incident angles.

Interesting features appear when the dielectric layer thickness is increased in
the metal-dielectric substrate, to be comparable with the wavelength of light. Now,
in addition to the SPP mode, other optical modes (OMs) having both P- and S-
polarizations can be sustained, with their electric fields located in different zones of
the substrate (Badugu et al. 2015). The reflectivity dispersionmap for such a substrate
is depicted in Fig. 3.8c along with the electric field distributions corresponding to
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Fig. 3.8 a Calculated reflectivity dispersion map for a metal-dielectric substrate with dielectric
thickness of 50 nm and b reflectivity variation with the incident angle for light having wavelength
of 515 nm (corresponding to red dotted line in a. c Reflectivity dispersion map calculated for
substrate with dielectric thickness of 380 nm and showing surface plasmon and OM modes. d The
electric field intensity distributions of the optical modes in c. Adapted with permission from Dutta
Choudhury et al. 2015a. Copyright 2015 American Chemical Society

eachOM (Fig. 3.8d) (Dutta Choudhury et al. 2015a). The emission fromfluorophores
placed on this type of plasmon-coupled waveguide structures can interact with each
of the OMs in a wavelength-dependent manner, to provide emissions at multiple
angles with either S- or P-polarization. In an interesting study, this approach has
been used to spectrally resolve and impart selective polarization to the intrinsically
unpolarized multiple emission lines of Eu(III) ions (Dutta Choudhury et al. 2014). In
another study, Lakowicz and co-workers have shown that the multiple OMs in these
substrates can be exploited to selectively image emission from either the surface or
the bulk, due to different polarizations and penetration depths of the OMs into the
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sample space (Wang et al. 2015). This is of immense significance for monitoring
weak binding events in surface-based fluorescence assays.

Another approach that combines the well established procedures of fluorescence
spectroscopywith SPPs as an enhanced interfacial light source is the surface plasmon
field-enhanced fluorescence (SPEF). In this case, the evanescent field of the SPPs are
used for excitation of surface bound fluorophores in the KR configuration. However,
unlike SPCE, instead of detecting the coupled emission, the free space emission is
detected above the metal surface (Fig. 3.9a) (Neumann et al. 2002; Hageneder et al.
2021).

In the SPEF approach, plasmonic chips have been created by using different kinds
of spacer molecules, so that fluorophores are placed at appropriate distances from

(a)

(b)

(c)

Fig. 3.9 Schematic of the optical setup for SPEF a and the plasmonic substrate for fluorescence
immunoassay using a hydrogel binding matrix b. Adapted from Hageneder et al. (2021). Su
et al. (2014) Copyright 2021 under Creative Commons License, published by American Chem-
ical Society. c Detection and kinetic quantification of DNA target by SPEF, employing molecular
beacon as a self-spacing switchable structure. Adapted with permission from. Copyright 2014
American Chemical Society
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the metallic surface to avoid the quenching zone and benefit from excitation field
enhancement. In this manner superior fluorescence performance and lower detection
limits have been achieved in surface bound assays. Figure 3.9b shows schematics
for a plasmonic biochip used for enhanced fluorescence immunoassay of human
IgG antibodies for Epstein − Barr virus (EBV) (Hageneder et al. 2021). Here, the
poly(N-isopropylacrylamide) (pNIPAAm)-based hydrogel serves as a bindingmatrix
for hosting large amounts of the biomolecule. Figure 3.9c shows another example
where SPEF has been used for sensitive detection and kinetic quantification of aDNA
target, employing the molecular beacon as a self-spacing switchable structure (Su
et al. 2014). Without DNA, the molecular beacon is in closed state, placing the fluo-
rophores in the quenching zone of the plasmonic substrate. On binding to DNA, the
molecular beacon attains an elongated double-helix structure, placing fluorophores
in the plasmonically enhanced fluorescence zone, thus improving detection of the
analyte. The change in fluorescence intensity was followed in real time to monitor
the kinetics of binding.

3.3 Plasmonic Materials for Fluorescence Coupling

Generally, plasmonic materials are selected based on their ability to support high
quality SPPs or LSP resonances, which is directly governed by the dielectric proper-
ties of thematerial. To quantify plasmonic performances ofmaterials, several metrics

have been defined such as the quality factor (Q = ω(dε(ω)′/dω)
2ε(ω)′′ ) or the figure-of-merit

(FOM = −ε(ω)′
ε(ω)′′ ) (Gutiérrez et al. 2020). Important parameters that are considered

in choosing the optimum plasmonic material are the plasmon resonance range, the
tunability of optical properties and the losses. In metals, two types of losses are
operative: the optical loss and the ohmic loss. The optical loss arises due to inter-
and intra-band transitions in the metals. The ohmic loss arises due to the resistance
experienced by free electrons, which is determined by the carrier concentration. A
high carrier concentration implies lower losses. The plasmon resonance range is
the spectral region where plasmons are resonant with incident light. This is again
determined by the carrier concentration of the material. However, it can be tuned
to a certain extent by controlling size, shape and assembly of the nanostructures.
It may be mentioned that the plasmonic properties can also be affected by surface
defects and grain boundaries. The presence of grain boundaries can impact the quality
factor of the surface plasmon in thin film substrates leading to losses that are greater
than theoretically calculated values. This results in reduced coupling or damping of
the plasmophore emission. Figure 3.10a shows the typical plasmon spectral range
of some common metals according to the shapes of their nanoparticles (Fontaine
et al. 2020). Apart from plasmonic properties, other practical considerations such as
stability and chemical reactivity of the material, ease of fabrication of their nanos-
tructures and cost effectiveness are also important aspects in deciding the usefulness
of a plasmonic material.
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Fig. 3.10 a The plasmonic spectral range of some common metals based on the shapes of their
nanostructures. Reprinted with permission from Fontaine et al. (2020). Gutiérrez et al. (2020) Copy-
right 2020 The Royal Society of Chemistry. b The plasmonic figure-of-merits for different families
of materials, including noble metals, transition metals, transparent conducting oxides (TCOs) and
transition metal nitrides (TMNs). Reprinted with permission from. Copyright 2020 AIP Publishing



84 S. Dutta Choudhury

Au and Ag are the most extensively employed noble metals for fluorescence
coupling in the visible range. The quality factor of Ag is better than Au. However,
Ag tarnishes easily while Au is more stable and biocompatible, though it is more
expensive. Al has reasonably good plasmonic performance in the UV region. Akbay
and co-workers have shown that Al and Pt nanostructures can serve as plasmonic
substrates for MEF and are promising candidates for label-free detection of proteins
and DNA bases that have intrinsically weak fluorescence (Akbay and Lakowicz
2012).

Despite the dominance of metals as plasmonic materials, their high optical and
ohmic losses pose challenges for many plasmonic applications. Therefore, intense
research is being dedicated to identify alternate plasmonic materials, having good
tunability of optical properties. Graphene is a widely investigated material in this
regard. However, its plasmon resonance occurs in the THz spectral range, which
makes it unsuitable for fluorescence coupling (García de Abajo 2014). Doped semi-
conductors and transparent conducting oxides (TCOs) like, In-doped tin oxide (ITO),
Al-doped ZnO (AZO), or Ga-doped ZnO (GZO) also have their plasmon resonances
in the IR region (Fig. 3.10b) (Gutiérrez et al. 2020). Recently, studies have emerged
that poorly plasmonic transition metals can be imparted good plasmonic properties
by converting them to their nitrides and carbides. Particularly, the transition metal
nitrides (TMNs), TiN, ZrN and HfN, are reported to have plasmonic resonances
in the visible to NIR region (Naik et al. 2013). Interestingly, the optical response
of these materials can be tuned by changing the stoichiometry of the compounds.
Based on these reports, TiN substrates have been explored for SPCE and were found
to be comparable to conventional Au substrate (Mishra et al. 2022). Further, the TiN
substrate has the added advantage of being highly stable, and is thus suitable for
reuse.

3.3.1 Fabrication of Plasmonic Substrates

While new materials continue to be investigated, Ag and Au are the most widely
established metals for fabrication of plasmonic substrates for fluorescence coupling.
The feasibility of making nanostructures with well-controlled morphologies has
spurred the use of Ag and Au for MEF in a variety of forms, including colloidal
nanoparticles in solution, films deposited on glass/quartz slides, or more complex
architectures like nano arrays, plasmonic gratings and bow tie nanoantennas
(Fig. 3.11) (Semeniak et al. 2022).

Colloidal nanoparticles of different morphologies like nanospheres, nanorods,
nanoshells or nanocubes have been shown to provide large enhancements in fluores-
cence, especially by optimizing their LSP resonances with the absorption/emission
spectra of the coupled fluorophores (Khatua et al. 2014; Bardhan et al. 2009; Lu
et al. 2020). Some representative nanoparticles used in fluorescence coupling are
shown in Fig. 3.12. Nanorods are especially attractive for MEF as their scattering
spectra can be readily controlled by varying the aspect ratios (cf. Fig. 3.4c). Different
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Fig. 3.11 Different kinds of plasmonic substrates used for fluorescence enhancement. Reprinted
from Semeniak et al. (2022). Copyright 2022 under Creative Commons License CC BY-NC-ND
4.0, published by Wiley–VCH GmbH

wet chemical synthesis routes have been established for reproducible fabrication of
nanoparticles having various shapes and sizes. Nanospheres of Ag and Au are gener-
ally obtained by the reduction of their salts (AgNO3/HAuCl4) with sodium citrate
at controlled temperatures and reaction times, while nanorods and nanocubes are
obtained by seed-mediated growth method (Rycenga et al. 2011). Metal shell-silica
core nanoparticles and silica shell-metal core nanoparticles are usually prepared by
the Stöber method, by using a silane agent like, 3-aminopropyltrimethoxysilane, and
silicate solution or tetraethylorthosilicate as the silicon precursor (Li et al. 2017).
Halas and co-workers have shown strong fluorescence enhancement in an inter-
esting nanomatryoshka structure consisting of an Au core, an interstitial silica layer,
and followed again by an Au shell layer (Orozco et al. 2014). The shell isolated
nanoparticle (SHIN) is another interesting morphology for MEF, where an external
silica shell is useful for controlling distance between fluorophores and nanoparticles,
while at the same time allowing particle functionalization and stability. Unlike the
silica shell-metal core nanoparticles prepared by Stöber method, where the silica
shell is porous, the SHINs have compact and thin dielectric shells (You et al. 2020).
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(a) (b)
(d)(c)

Fig. 3.12 TEM images of a Au nanoshells and b Au nanorods. Lower panel shows schematic
for the conjugation of fluorescent dye on the respective nanoparticle surfaces using human serum
albumin protein as spacer and linker for the dye. Reprinted with permission from Bardhan et al.
(2009). Orozco et al. (2014)You et al. (2020) Copyright 2009 American Chemical Society. c TEM
image of anAu nanomatryoshka. Lower panel shows schematic for dye doped in the interstitial SiO2
layer (blue colour). Reprinted from. Copyright 2014 American Chemical Society under Creative
Commons License. d TEM image of Ag shell isolated nanoparticle (SHIN). Lower panel shows
the conjugation of Ag-SHINs with a red emissive phosphor particle through electrostatic adhesion.
Reprinted with permission from. Copyright 2020 American Chemical Society

Metal nanoparticle films with rough surface morphologies can be prepared in
different ways (Li et al. 2017). One approach to obtain colloid coated substrates
is to first silanize a glass substrate by dipping it in 2-propanol containing (3-
mercaptopropyl)trimethoxysilane, followed by immersion in an already prepared Ag
or Au sol. The second approach is to deposit nanoparticles in situ by immersing the
glass slides directly in the reactionmixture. Silver island films (SIFs) can be prepared
in this manner by the well-known silver mirror reaction, where AgNO3 is used to
form Tollen’s reagent, Ag(NH3)2OH, which is reduced subsequently to elemental
Ag with glucose. The third approach is physical vapour deposition or sputtering
methods to deposit a very thin discontinuous layer of Ag/Au on glass substrates.
This is followed by an annealing step to generate rough surface morphologies of the
metal nanoparticles on the substrates (Dutta Choudhury et al. 2012a). Figure 3.13
shows representative images of Ag nanostructures obtained by chemical reduction
and thermal vapour deposition methods.

With developments in lithographic nanofabrication techniques, plasmonic
substrates have progressed toward more exotic and complex architectures. A few
of these structures are presented in Fig. 3.14, along with brief discussions about their
effects on fluorescence.

Using electron beam lithography technique, Kinkhabwala et. al. fabricated Au
bow tie nanoantenna structures (Fig. 3.14a) (Kinkhabwala et al. 2009). These nanoan-
tennas enhanced the fluorescence intensity of NIR emissive dyes to a large extent
(~1340-fold) when the dyes were optimally situated in the junction between the tips
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(a) (b)

Fig. 3.13 SEM images of silver island films (SIFs) on glass slides obtained by a in situ silver mirror
reaction and b thermal vapour deposition. Reprinted with permission from Dutta Choudhury et al.
2012a. Copyright 2012 American Chemical Society

(d)(c)

(a)
(b)

Fig. 3.14 a SEM image of Au bow tie nanoantenna fabricated by electron beam lithography.
Reprinted with permission from Kinkhabwala et al. (2009). Aouani et al. (2011)Song et al.
(2015)Zang et al. (2019) Copyright 2009 Nature Publishing Group. b SEM image of a “bulls
eyes” structure fabricated by focussed ion beam milling on an Au film. Reprinted with permission
from. Copyright 2011 American Chemical Society. c SEM image of Au nanoholes fabricated by
nanoimprinting. Reprinted with permission from. Copyright 2015 Elsevier. d SEM image of 3D
nanoantenna structure of Au nanoparticles on SiO2 pillars fabricated by nanoimprint lithography.
Reprinted with permission from. Copyright 2019 Wiley
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of two triangles. These positions are the “hot spots” where enhancement of the local
electric field is the highest. In another study, Aouani et. al. have used focussed ion
beam milling to generate “bulls eyes” structures, which consist of nanoapertures
surrounded by periodic corrugations (Fig. 3.14b) (Aouani et al. 2011). For fluo-
rophores located near these nanoapertures, the count rate per molecule was enhanced
up to 120-fold. At the same time, emission was coupled into a narrow angular cone
perpendicular to the sample. Nanoimprint lithography is another technique that has
been used for plasmonic substrate fabrication. Using this method, Song et. al. fabri-
cated Au nanohole arrays (Fig. 3.14c). When applied in an aptamer-based sensor
design, these nanohole arrays provided ~20 fold enhancement of quantum dot emis-
sion, which resulted in picomolar sensitivity for detection of thrombin (Song et al.
2015). More recently, Zang et al. developed a 3D nanoantenna plasmonic sensor
using nanoimprint lithography, for the ultrasensitive detection of Ebola virus antigen
(Zang et al. 2019). The 3D nanoantenna structure consisted of SiO2 nanopillar array
with Au nanodisks on top of each pillar, Au nanodots on the sidewalls of the pillars
and an Au plane at the base (Fig. 3.14d). This plasmonic sensor platform provided a
massive 240,000-fold improvement in sensitivity compared to existing methods for
Ebola virus detection.

Apart from plasmonic substrates based on a singlemetal, bimetallic structures and
metal nanocomposites have also been explored to expand the optical range of the
plasmon resonance and improve the stability of the substrate. Zhang et al. prepared
dielectric core-metal shell particles consisting of two concentric metallic shells, one
of them Au and another Ag, by wet chemical synthesis procedures (Zhang et al.
2012). Hao et al. fabricated Al-Ag bimetallic substrates by ion implantation of Ag
on an Al film. These substrates were capable of providing broadband fluorescence
enhancement fromUV to visible regions (Hao et al. 2014). Nanocomposite substrates
of Ag and Au have also been prepared through galvanic replacement reaction by
immersing a glass slide coated with Ag film into a solution of HAuCl4, which led to
the spontaneous replacement ofAgwithAu (Fig. 3.15). This nanocompositematerial
provided ∼50-fold enhancement for fluorophores in proximity to the hotspots in
the substrate (Dutta Choudhury et al. 2012b). Single molecule fluorescence studies
confirmed the increased photostability of dyes coupled to this substrate.

Unlike MEF, the substrates for SPCE are in the form of smooth continuous metal
films (Fig. 3.16). In this case, large area substrate fabrication is easily achieved by
sputtering or thermal vapour deposition of metallic layers (~50 nm) on glass slides,
followed by deposition of a dielectric layer. The dielectric layer can be obtained
by thermal vapour deposition (in the case of silica) or by spin coating (in the case
of a polymer like polyvinyl alcohol, PVA) (Dutta Choudhury et al. 2015a). The
thickness of the layers is controlled by controlling the deposition time, spin coating
parameters and concentration of the polymer solution. Different geometries, like
metal-dielectric, metal-dielectric-metal or plasmon coupled waveguide structures
can be prepared to obtain SPCE or waveguide-coupled emission.
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Fig. 3.15 Schematics for fabrication of Au–Ag nanocomposite substrate by galvanic replacement
and conjugation of fluorophores (ATTO655) using bovine serum albumin (BSA), biotin (Bt) and
streptavidin (SA) assembly a–c. Single molecule scanning confocal images of ATTO655 on bare
glass d and on nanocomposite substrate ewith respective intensity scales. Adapted with permission
from Dutta Choudhury et al. 2012b. Copyright 2012 American Chemical Society

Fig. 3.16 Photographs of
continuous thin layer films of
a Au prepared by thermal
vapour deposition and b TiN
prepared by sputtering

(a)

(b)



90 S. Dutta Choudhury

3.4 Applications of Plasmonic Substrate-Coupled
Fluorescence

One of the areas where plasmon-coupled fluorescence has made a major impact
is optical sensing, where it offers many-fold improvements in sensitivity over
conventional fluorescence-basedmethods.Different kinds of analytes including toxic
metals,model biomolecules (DNA,RNA, pyrophosphates, ATP etc.), various disease
biomarkers and pathogens, have been detected based on the principles of plasmon-
coupled fluorescence (Li et al. 2015; Hageneder et al. 2021; Su et al. 2014; Seme-
niak et al. 2022; Song et al. 2015; Zang et al. 2019; Wang et al. 2021; Liu et al.
2020). Importantly, plasmonic substrates can be readily incorporated into already
established fluorescence technologies like, fluorescencemicroscopes or fluorescence
plate readers to benefit from the additional enhancements provided by MEF, SPCE
or SPEF.

Recently, Luan et al. have prepared a flexible nanoparticle embedded substrate that
can be applied as an add-on plasmonic patch to obtain uniformly large enhancements
(Luan et al. 2018). A schematic of this novel approach used for fluoro-immunoassays
is shown in Fig. 3.17. The plasmonic patch was added on a standard 96-well plate
with glass bottom to detect early-stage biomarkers for acute kidney injury (kidney
injury molecule-1, KIM1). It was also applied in a protein microarray format to
detect several protein biomarkers for kidney injury. The plasmonic patch provided
more than two orders of magnitude fluorescence enhancement, ~300-fold lower limit
of detection and three orders of magnitude higher dynamic range, across all assay
formats.

The detection of DNA by the SPEF approach using a molecular beacon has been
described earlier (cf. Fig. 3.9b) (Su et al. 2014). An alternative enhanced interfacial
molecular beacon strategy for DNA/protein detection using SPCE has been demon-
strated by Cao et al. In their approach, graphene oxide has been used as an additional
interfacial quencher layer that works in conjunction with the plasmonic metal layer
(Cao et al. 2019). In the absence of analyte, the fluorophore labelled DNA probe
is in close contact with graphene oxide and the metal surface, leading to strong
quenching of fluorescence. On binding to the target analyte, the conformation of the
probe changes, placing the fluorophores away from the quenchers (graphene oxide
and metal surface) and in the region of plasmonic enhancement (Fig. 3.18a). This
results in a better contrast for the quenching-to-enhancing transition, thus improving
the sensitivity of detection.

Pang et al. developed a label-free fluorescence sensor for H5N1 influenza virus,
based on MEF with core–shell metal nanoparticles (Fig. 3.18b) (Pang et al. 2015).
In the presence of the recombinant hemagglutinin (rHA) protein of H5N1 virus,
the aptamer sensor attached to the core–shell nanoparticle acquires a G-quadruplex
structure, which further binds to the dye Thiazole orange (TO) that is otherwise
weekly fluorescent in the free state in solution. This sequence of events brings the
dye in close proximity of the metal nanoparticle leading to a large plasmon-coupled
enhancement in fluorescence signal.
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(a)

(b)

(c)

Fig. 3.17 a Representation of an add-on plasmonic patch and b fluoro-immunoassay using plas-
monic patch. c Sensor response with and without the plasmonic patch. Adapted from Luan et al.
(2018) under Creative Commons License, published by Springer Nature

Recently, Choi et al. have used theMEF strategy to detect cell-freeDNA (cfDNA),
which are important biomarkers for early stage cancer detection (Choi et al. 2020).
Sensing of cfDNA is difficult because of their low abundance in blood and body
fluids. Therefore, additional nucleic acid amplification steps are usually required to
improve the sensitivity of detection. Choi et al. designed their sensor based on the
CRISPR-Cas12a-mediated trans-cleavage reaction, where the activated CRISPR-
Cas12a complex selectively degrades single-strand DNA (ssDNA) while leaving
double-strand DNA (dsDNA) intact. Two Au nanoparticles (20 and 60 nm) were
connected by a short ssDNA strand (2 nm) as well as a long fluorophore labelled
dsDNAstrand (7 nm). In this state, the fluorescence from the dye is strongly quenched
due to its closeness to the 60 nm Au nanoparticle. In the presence of target cfDNA,
the CRISPR-Cas12a complex is activated leading to cleavage of ssDNA and release
of the fluorophore tagged 20 nmAu nanoparticle. This plasmon-coupled fluorophore
is situated at an optimumdistance to exhibitMEF, leading to an off-to-on transition in
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Fig. 3.18 a Detection of
analytes (DNA and protein)
by an interfacial molecular
beacon strategy using
graphene oxide as a
quencher, based on SPCE.
Reprinted with permission
from Cao et al. (2019).
Copyright 2019 American
Chemical Society. b
Detection of rHA protein of
H5N1 virus by aptamer
sensing, based on MEF.
Reprinted with permission
from Pang et al. (2015).
Copyright 2015 Elsevier. c A
MEF based approach for
detection of cfDNA (cancer
biomarker) without
involving any nucleic acid
amplification step. Reprinted
with permission from Choi
et al. (2020). Copyright 2021
American Chemical Society

(b)

(a)

(c)

fluorescence signal. The implementation of MEF resulted in the detection of cfDNA
at femtomolar concentrations without requiring any amplification steps.

In an interesting application of SPCE, Xu et al. have recently demonstrated a
label-free fluorescent nanofilm sensor for in situ monitoring of the growth of metal–
organic frameworks (MOF) (Xu et al. 2022). The principle behind this application
is that, as the thickness of the dielectric layer above a metal nano film increases, a
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plasmon-coupled waveguide structure is generated in which emission can be coupled
at different angles and with both S- and P-polarizations. The study was carried out in
the RK configuration. A thin layer of Rhodamine B dye was first coated on to an Au
film, and a zeolite imidazolate MOF film was grown on this substrate. The thickness
of the MOF film could be sensitively characterized by the unique angle distribution
and polarization of the coupled emission from Rhodamine B (Fig. 3.19).

Singlemolecule detection is another important application of plasmonic substrate-
coupled fluorescence. Several studies have been carried out to optimize the parame-
ters of metal nanostructures (shape, assembly, position of LSP resonances) that can
provide the largest enhancement factors to improve the detectability of single fluores-
cent molecules with low quantum yields (Bardhan et al. 2009; Lu et al. 2020; Dutta
Choudhury et al. 2012a; Kinkhabwala et al. 2009). Plasmonic coupling is also useful
for fluorescence correlation spectroscopy (FCS), which is an important bioanalytical
technique for studying molecular interactions and dynamics based on fluorescence
intensity fluctuations in a small detection volume. Plasmonic nanoapertures have
been found to reduce the detection volumes so that measurements can be carried out
at high concentrations that are more relevant to the realistic biological concentration
range. Besides physical confinement within the nanoapertures, the volume reduc-
tion also arises because of the creation of a highly fluorescent zone in the vicinity
of the nano structures due to MEF effect (Dutta Choudhury et al. 2012a; Winkler
et al. 2018). This increases fluorescence count rates and improves detection of single
diffusing molecules.

Fig. 3.19 Application of SPCE for in situ monitoring of the growth of metal–organic framework
(MOF) layer. Reprinted with permission fromXu et al. (2022). Copyright 2022 American Chemical
Society
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Fig. 3.20 Schematic of plasmon-coupled luminescence in LEDs and its prospective applications
in display technologies. Reprinted from Gu et al. (2011). Copyright 2011 under Creative Commons
License, published by Springer

Plasmon-coupled fluorescence is also being explored in the field of display tech-
nologies. The angle and thickness dependent emission in metal-dielectric-metal and
plasmon-coupled waveguide structures is relevant for optical signage applications
(Dutta Choudhury et al. 2015b). Plasmonic light emitting diodes (LEDs) are of
immense interest for enhancing the efficiency and intensity of conventional LEDs
by coupling of excitons with LSPs in metal nanoparticles (Fig. 3.20) (Gu et al. 2011;
Okamoto et al. 2017). You et al. have shown that large enhancement in emission of
phosphors (which are an integral component of LEDs) can be achieved by coupling
with the LSP of shell isolated nanoparticles, Ag-SHINs (cf. Fig. 3.12d) (You et al.
2020). Although there are many challenges in the design and fabrication of optimum
structures, plasmonic coupling has the potential to enable high efficiency, energy
saving emissive devices in the future.

3.5 Conclusions and Perspectives

The coupling of fluorescence with plasmonics has allowed nanoscale imaging and
detection of emissionwith high efficiency. The unique optical properties of plasmonic
nanostructures and a fundamental understanding of metal-fluorophore interactions
has generated a wealth of information for developing new generation of fluorescence
probes with applications in healthcare and environmental monitoring, as well as in
the design of energy saving display technologies.
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Surface plasmon resonances can concentrate and magnify the incident electro-
magnetic field and modulate the fluorescence parameters to enable ultrasensitive
detection. This overcomes limitations like, insufficient sensitivity, low specificity,
and requirement of amplification steps to multiply and quantify biological species
that are in low abundance. The compatibility of plasmonic sensingwith portable plat-
forms can accelerate the transformation toward wearable devices and point-of-care
kits. We can also look forward to plasmophore coupled nanoscale endoscopic tools
that will enable interrogation of small volumes and in vivo applications. The arrival
of new plasmonic materials besides metals will facilitate adequate choice of mate-
rials and functions for application based structure design. It is anticipated that with
progress in the nanofabrication methods, more complex nano architectures will be
possible and advanced simulation and machine learning tools will help in assessing
the efficacy of a plasmonic structure for fluorescence modulation before its fabrica-
tion. The field of plasmon-coupled fluorescence is expanding into diverse areas of
material and biological sciences. As the world recovers from the devastating effects
of COVID-19, it is quite clear that fast and accurate diagnostic systems are urgently
needed to tackle fast-spreading infectious diseases and increase our preparedness
for the future. In this regard, plasmon-enhanced fluorescence biosensors hold great
promise due to their easy integration with established fluorescence spectroscopy
techniques, simple instrumentation and minimal sample pre-treatment.
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Chapter 4
Lanthanide-Doped Materials for Optical
Applications

Priyam Singh, Santosh Kachhap, Manisha Sharma, Prabhakar Singh,
and S. K. Singh

4.1 Introduction

Lanthanides (also called rare earth elements) are a family of 15 elements from
lanthanum to lutetium, which are located at the top row of the f-block elements
lying at the bottom of the periodic table (Gschneidner et al. 1979). Table 4.1
represents the symbol, atomic number, and electronic configuration of the RE3+

ions with their respective ground states. The electronic configuration of these
elements is [Xe]4fn5d0,16s2 where n varies from 0 to 14 when going from
lanthanum to lutetium. Xe (xenon) has 54 electrons with electronic configuration
as 1s22s22p63s23p64s23d104p65s24d105p6. Because of this electronic similarity, it is
quite difficult to separate rare earth elements from each other. The two additional
elements of group IIIb viz. Sc and Y, which show similar electronic configurations
([Ar]3d14s2 for Sc and [Kr]4d15s2 for Y), also commonly exist in rare earth metal
deposits (Boyn 1988). Therefore, the physical and chemical properties of these two
elements show similarity with lanthanides. So, the collection of these two elements
and 15 lanthanides are called rare earth metals (Judd 1962).

All the lanthanide ions reflect a very stable, common oxidation state of +3.
However, +2 (e.g., Sm2+, Yb2+ and Eu2+) and +4 (e.g., Ce4+ and Tb4+) oxida-
tion states are also possible (Judd 1962; Ofelt 1962). It is not possible to get optical
emission of these rare earth elements in their metal form. When the rare earth ions
are doped in a suitable host matrix, triple cation corresponding to the 4fn configu-
ration displays unusual characteristics (Chen et al. 2016a; Dhoble et al. 2019). The
energy levels corresponding to this 4fn configuration are usually very large in number
and are relatively isolated from the 4fn−15d configuration (which lies at much higher
energies). The significant aspect of intra f–f transitions is that the absorption or emis-
sion spectra of these ions lie in the ultra-violet (UV), visible, and near-infrared (NIR)
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Table 4.1 Symbol, electronic configuration, and the ground state of trivalent lanthanide ions

Element Symbol Atomic no. (Z) Electronic configuration
(Ln3+)

Ground state
(Ln3+)

Lanthanum La 57 [Xe] 4f0 1S0

Cerium Ce 58 [Xe] 4f1 2F5/2

Praseodymium Pr 59 [Xe] 4f2 3H4

Neodymium Nd 60 [Xe] 4f3 4I9/2

Promethium Pm 61 [Xe] 4f4 5I4

Samarium Sm 62 [Xe] 4f5 6H5/2

Europium Eu 63 [Xe] 4f6 7F0

Gadolinium Gd 64 [Xe] 4f7 8S7/2

Terbium Tb 65 [Xe] 4f8 7F6

Dysprosium Dy 66 [Xe] 4f9 6H15/2

Holmium Ho 67 [Xe] 4f10 5I8

Erbium Er 68 [Xe] 4f11 4I15/2

Thulium Tm 69 [Xe] 4f12 3H6

Ytterbium Yb 70 [Xe] 4f13 2F7/2

Lutetium Lu 71 [Xe] 4f14 1S0

regions (Singh et al. 2016a). Another significant aspect of lanthanides is the exis-
tence of sharp and long-lived emission lines (Shahi et al. 2016). The energy states
of lanthanide ions in solids are given in Fig. 4.1 (Moore et al. 2009).

The absorption of light by rare earth ions is governed by the odd-parity electric
dipole (ED) operator, the electric quadrupole (EQ) operator, and the even-parity
magnetic dipole (MD) operator. Therefore, some specific transitions are only allowed
as they have to satisfy selection rules. For ED transitions, Laporte’s (or parity) rule
should be satisfied. As a consequence of Laporte’s rule, the sum of the angular
momentum must change by an odd integer during any transition. Hence, intra f-f
transitions are forbidden.However,when lanthanides doped hostmatrix is developed,
then due to the mixing of the wave functions, relaxation in the parity selection rules
takes place. Therefore, intra f-f transitions become partially allowed and are called
induced electric dipole transitions (Singh et al. 2016b; Shahi et al. 2017a).

Thus, the fluorescence spectra of lanthanides come through f→ f transitions, and
the 4f shell is protected by outer 5s2 and 5p6 shells. Therefore, the effect of ligand/
crystal field on the emission spectra of lanthanides is negligible which results in
sharp emission spectra. Among all lanthanides, the fluorescence property of Ce3+

is different due to the allowed f-d transitions. Instead of sharp lines, its emission is
broad. The host matrix (ligand/crystal filed environment) strongly affects the emis-
sion peakwavelength (Nargelas et al. 2022). The additional property of the lanthanide
is that it possesses dense energy states which facilitate a spectral conversion. Hence,
multimode emissions (downconversion (DC), downshifting (DS), and upconversion
(UC)) are easily observed in lanthanide-based materials (Singh et al. 2016a; Shahi
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Fig. 4.1 Low-lying energy levels of triply ionized rare earth ions. Reprinted with permission from
ref. (Moore et al. 2009). Copyright©2009, American Chemical Society

et al. 2016). This unique property makes them highly suitable for their use in the
development of optical materials for different applications (Singh et al. 2021).

4.2 Lanthanide-Activated Luminescent Materials

4.2.1 Lanthanide-Doped Inorganic Phosphors

Phosphors are often rare earth or transitionmetal-doped inorganic compounds. Thus,
in general, inorganic solids with a light emissive property are called phosphors. After
systematic scientific research, thousands of phosphors have been prepared so far and
extensively used in many areas such as displays, lighting devices, optical switching,
cathode-ray-tube (CRT), medical imaging, X-ray fluorescent screens, etc., (Ronda
et al. 1998; Gupta et al. 2021). Usually, phosphors are composed of microcrystalline
matrix and activator ions. Often a sensitizer ion is also incorporated to induce effi-
cient luminescence from an activator. Activator and sensitizer ions jointly provide
efficient emission through the various energy transfer processes. The emission inten-
sity in phosphor material can be readily tuned by changing the activator/sensitizer
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Fig. 4.2 Schematic diagram of the energy transfer process in lanthanide-doped inorganic phosphor.
Reprinted with permission from ref. (Sharma et al. 2022). Copyright©2012, Elsevier

concentration without altering the host structure (Singh et al. 2016a; Shahi et al.
2016).

The crystal structure of the host matrix is also very crucial for the electronic
transitions of activator/sensitizer ions. Therefore, the selection of a suitable host for
getting efficient dual mode (UC and DC) emission plays an important role. The basic
properties required for the host matrix include high stability, low phonon frequency,
and comparable ionic size of one of the elements to that of the dopant ions (Singh
et al. 2016b). In terms of the desired multimode application of phosphors, a series
of rare-earth-based oxides, as well as fluorides compounds such as A2O3 (A = Y,
La, Gd), AF3 (A = Y, La, Gd), KAF4 (K = Li, Na K; A = Y, La, Gd), have been
chosen as host (Singh et al. 2016b, 2017a; DiMaio et al. 2006). Such phosphors are
widely used for different applications (Ronda et al. 1998; Gupta et al. 2021). As
shown in Fig. 4.2, the self-activated vanadate phosphor (inorganic host matrix) with
relatively high chemical and thermal stability (inorganic host matrix) exhibits dual
mode emissions characteristics (Sharma et al. 2022). The two energy transfer process
responsible for dual-mode emissions is—(i) ligand to metal energy transfer process:
(ii) energy transfer upconversion between lanthanides (sensitizer to activator).

4.2.2 Lanthanide-Activated Organic Complexes

In the case of Ln3+ activated inorganic phosphors, the absorption, as well as emission
spectra are very narrow andweak,which restricts their practical application. To tackle
the problem of low extinction coefficient, lanthanide ions can be combined with an
organic ligand (Singh et al. 2017a, 2019). The ligands absorb the incident UV light
efficiently and transfer it to the central lanthanide ion in further steps. Themechanism
for this process is shown schematically in Fig. 4.3.

The purpose behind combining the lanthanide with organic ligands is to increase
its solubility and to prevent the clustering of the ions. Moreover, the clustering of
the ions is prevented by the ligands and the hygroscopic nature of the compound
decreases. The basic rule behind the luminescence process in organo-lanthanide
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Fig. 4.3 Schematic demonstration of antenna effect in organic complexes. Reprinted with
permission from ref. (Moore et al. 2009). Copyright©2009, American Chemical Society

complexes are: (i) absorption of the UV part of electromagnetic (EM) spectrum by
the organic ligand; (ii) inter-system crossing (ISC) through which energy from the
singlet (S1) state is transferred to the triplet (T1) states of the ligand; and (iii) finally,
from the triplet state of the ligand to the different excited states of the lanthanide ion
(Kido and Okamoto 2002). The mechanism is shown schematically in Fig. 4.4.

In the ground state (S0), organic ligands absorbUV light and get excited to the first
excited singlet state (S1). The molecule in the excited singlet state then undergoes
a fast internal conversion (IC) and thus occupies the lowest vibrational state of the
S1 level. The molecules from the S1 state can either relax radiatively to the ground
state S0 or it may undergo a non-radiative (NR) intersystem crossing, from the S1
state to some vibrational level of the triplet state (T1). A weak phosphorescence
(PS) can be observed from the forbidden transition T1 → S0. Alternatively, from
the triplet state energy is transferred to an excited state of the lanthanide ion. The
excited lanthanide ions undergo a radiative transition to the lower-lying state and
confer its characteristic line-like emission spectrum. The energy transfer from the

Fig. 4.4 Energy level
scheme of photo-physical
energy transfer processes in
lanthanide complex.
Reprinted with permission
from ref. (Kido and Okamoto
2002). Copyright©2002,
American Chemical Society
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excited organicmolecule to the rare earth ion is often very efficient. Due to this strong
emissions of rare earth ions are observed. The excited rare earth ions may lose their
energy through non-radiative relaxation also (Shahi et al. 2017b).

4.2.3 Lanthanide-Activated Composite Materials

It is well known that sensitization is the process of indirectly exciting another lumi-
nescent center to improve the absorption cross-section. Aiming to enhance emis-
sion efficiency, the synthesis of lanthanide-doped composite/hybrid nanostructure
is recently one of the most prominent sensitization approaches. Surface plasmon-
enhanced nanoparticles, metal–organic framework nanoparticles, and dye-sensitized
lanthanide-activated upconversion nanoparticles (UCNPs) are some examples of
hybrid materials (Singh et al. 2017b).

In this context, the sensitization of lanthanide-doped nanomaterials with organic
dyes is an efficient technique for boosting luminescence efficiency. Compared to
organic dyes, lanthanides have comparatively low absorption cross-sections. One
of the largest absorption cross-sections among the lanthanide ions is possessed by
the Yb3+ ion, which is roughly 1000 times less than the organic dye IR-806 (Beery
et al. 2021; Xue et al. 2018). The UCNPs surface is functionalized with organic
dye to improve the luminescence efficiency via the so-called “antenna effect”.
Initially, cyanine dye, IR-806 was used as an antenna for UCNPs. Garfield et al.
demonstrated the energy transfer mechanism in cyanine IR-806 dye coupled with
β−NaY0.78−xGdxYb0.2Er0.02F4 (x= 0 and 30%) hybridUCNPs (Garfield et al. 2018).
Dye undergoes intersystem crossing (ISC) from the singlet to the triplet state, subse-
quently, energy transfer can take place from the triplet state to the lanthanide ion
resulting in the enhancement of upconversion emission efficiency by 15,000 times
for IR-806 sensitized (30%) Gd3+ UCNPs. Here, the triplet states of the dye act as
an intermediate state to sensitize the lanthanide ions, doped in the nanostructure.

Nasrabadi et al. constructed NaGdF4:Yb3+/Er3+@NaGdF4:Yb3+/Nd3+ hybrid
nanostructure sensitized with six NIR cyanine dyes (Cy 740, Cy 754, Cy 748, Cy
784, Cy 780 and Cy 792) (Nasrabadi et al. 2021). The Cy 754 dye binds strongly
with NaGdF4:Yb3+, Er3+@NaGdF4:10% Yb3+, 30% Nd3+ exhibits a significant UC
enhancement (about 680 times). It was observed that the two dyes Cy 754 and Cy792
firmly bounded with UCNPs enhanced the UC luminescence by 680 and 612 times,
respectively. The two other weekly interacting dyes (Cy 740 and Cy 784) enhanced
the luminescence by 236 and 75 times, respectively. Chen et al. developed the energy
cascade upconversion in NaYF4:Yb3+/X3+@NaYF4:Nd3+/Yb3+ (X = Tm, Er, and
Ho) hybrid nanostructure sensitized with NIR ICG dye (Chen et al. 2016b). They
revealed that the spectral overlap of dye with Nd3+ and Yb3+ that are simultaneously
incorporated into the core–shell nanostructure results in Förster energy transfer by the
dye to acceptors (Nd3+ andYb3+) incorporated into the shell and subsequently transfer
to Yb3+ into the core. The upconversion of NIR ICG-sensitized core–shell structures
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was found 16.4% higher than without dye sensitization (Nasrabadi et al. 2021). Thus,
organic dyes enhance lanthanide luminescence through the energy transfer process.

Similarly, surface plasmon-enhanced lanthanide nanoparticles have also been a
promising sensitization method for the enhancement of luminescence efficiency.
Two potential mechanisms have been used to explain the enhancing effect:—(i)
the enhancement of extinction coefficient by the local electromagnetic field, that
emerges from the excitation of localized surface plasmon resonance (LSPR) in noble
metals (e.g., Au and Ag). (ii) The enhancement of emission efficiency arises from
the resonance energy transfer between luminescent centers and surface plasmon
resonance of noble metals (Singh et al. 2020a; Xu et al. 2017). Therefore, without
disturbing the composition, shape, and size of the nanocrystals, metal-assisted LSPR
can significantly change the environment of UCNPs and hence affect their emission
and excitation range.

Xu et al. theoretically described the principle of creating the localized EM field
in the noble metal (Au or Ag) and their interaction mechanism with the luminescent
centers (emitters) (Xu et al. 2017). Their study demonstrated that the amplified EM
field caused by SPR is crucial to the electron radiative energy transfer process. The
spatial separation betweenmetal nanoparticles andUCNPs plays a crucial role in effi-
ciency enhancement. Singh et al. successfully coupled the silver (Ag) nanoparticles
on the surface of theYb3+/Er3+: La2O3 nanostructure through a combustion technique
(Singh et al. 2020b). They demonstrated the enhancement in green (32-fold) and red
emission (20-fold) for the optimized amount of Yb3+/ Er3+: La2O3@Au NPs. Their
result revealed that the efficiency enhancement is correlated with a decrease in the
decay time of 4S3/2 and 4F9/2 levels of Er3+ with the incorporation of AuNPs. Simi-
larly, Yuan et al. developed the NaYF4: Yb, Er@SiO2@Ag core–shell nanostructure
and observed the effect of SiO2 shell thickness and size of Ag NPs on the plasmonic
enhanced UC emission (Yuan et al. 2012). Jhushan Hu et al. developed the plasmoni-
cally enhanced UCNPs bridged with polyethylene glycol for photothermal treatment
(Hu et al. 2020). The absorption peak of Au NPs overlaps with the emission of core–
shell UCNPs and enhances the efficiency of photo-thermal conversion as shown in
Fig. 4.5a. The result revealed that the temperature of the nanocomposite increased
by 6 °C in 4 min (as shown in Fig. 4.5b), which is a suitable temperature for killing a
cancer cell. Chen et al. designed theAu–Ag/NaYF4:Yb3+, Tm3+/Er3+ nanocomposite
film by organic self-assembly as well as the template removal method (Chen et al.
2015). Compared to Au and Ag nanoparticles, Au–Ag alloy exhibits high near-field
amplification and tunable absorption cross-section tuned with changing ratio of Au/
Ag and high structural and chemical stability which make them more advantageous
over the pure Ag and Au. Their results revealed that the coupling of surface plasmons
of Au–Ag alloy with UCNPs enhanced the luminescence efficiency by ~180 times
for the optimized compositions of Au and Ag.

The color tunable and dual-mode luminescence has been studied by Singh et al. in
plasmon-enhancedUCNPs@quantumdots (QDs) (Singh et al. 2020b). The observed
tunable color emission obtains from the QDs size variation and spectral overlapping
of the absorption band of gold nanoparticle with the UC emission band of UCNPs as
shown in Fig. 4.5c. It is also studied that the variation of the red-to-green (R/G) ratio
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Fig. 4.5 a Spectral overlapping of absorption spectra of Au NPs and UCL spectra of core–shell
UCNPs. b UC emission spectra of dye-sensitized NaY0.78-xGdxYb0.20Er0.02F4. Reprinted with
permission from ref. (Hu et al. 2020). Copyright©2020, American Chemical Society. c Spec-
tral overlap of UC emission spectra of UCNPs and absorption spectra of gold nanoparticles.
d Concentration-dependent red/green UC emission intensity ratio. Reprinted with permission from
ref. (Xu et al. 2017). Copyright©2020, Elsevier B. V.

with the required volume of AuNPs, the maximum calculated R/G ratio is 20.03 for
the 40 μl composition of AuNPs as shown in Fig. 4.5d. To study the variation of
UC luminescence enhancement factor with the spatial distance between UCNPs and
AuNPs. Feng et al. designed the plasmon-enhanced UCNPs@AuNPs encapsulated
with polyelectrolyte multilayer as a spacer (Feng et al. 2015). They observed that
the enhancement factors depend upon the thickness of the polyelectrolyte spacer and
the result revealed a maximum of 22.6-fold enhancement with the optimized spacer
thickness of about 8 nm.
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4.2.4 Lanthanide-Based Metal–Organic Frameworks

Lanthanide-based metal–organic frameworks (Ln-MOFs) are also promising hybrid
nanomaterials that provide a strong basis for addressing the challenges faced by bare
lanthanide-based nanostructures. In 2010, Rocha et al. highlighted the multifunc-
tionality of Ln-MOFs as they combine the light emitted by the lanthanides with the
inherent properties of the metal–organic complex like microporosity, magnetism,
molecular sensing, and chirality (Rocha et al. 2011). A distinct prospect to observe
synergistic effects, such as the interaction between photoluminescence (PL) and
magnetism, is provided by Ln-MOFs (e.g., modulating PL with a magnetic field).
Due to the aforementioned characteristics, MOFs have displayed potential in a wide
variety of fields, such as gas adsorption, catalysis, chemical sensing, water treatment,
etc. Along with that, the facile functionalization, high drug delivery capacity, low
bio-toxicity, excellent biocompatibility, and biodegradability make them suitable for
optical imagining, pH-based drug delivery, and anticancer drug carrier also. Xu et al.
synthesized the Ln-MOFs with enhanced water and thermal stability by using the
hydrothermal method (Xu et al. 2020). When co-doped with Eu3+, the Yb3+/Er3+-
MOF exhibited dual-mode emission. The results revealed the variation of DC and
UCL intensity as a function of temperature as shown in Fig. 4.6a and c 2D variation of
intensities with temperature is demonstrated in Fig. 4.6b and d. Sun et al. successfully
designed the lanthanide-organic framework [Ln(oba)(ox)0.5(H2O)2]n (Ln = Y:Yb/
Er) (Sun et al. 2009). The presence of low vibrational frequency oxalate ions in the
organic complex resulted in the highly intense upconversion emission. The typical
two and three-photon processes confer green, blue, and red UC emissions under
980 nm laser excitation.

Li et al. proposed an effective synthesis method for the formation of UCNP@ Fe-
MIL-101_NH2 nanocomposite (Li et al. 2015). To enhance the stability and biocom-
patibility, the resulting nanocomposite was conjugated with NH2-PEG-COOH
(PEG). The decreasing T2 relaxation time and also the brightness of T2 weighted
image with increasing concentration of Fe ions suggested that PEG conjugated
UCNP@ Fe-MIL-101_NH2 nanocomposite can be utilized for imaging purposes.
Ling et al. have designed the NaGdF4:Yb, Er@NaGdF4, Yb, and Tm@NaYF4 fabri-
cated with Fe-Tetrakis porphine (Fe-TCPP) (Ling et al. 2022). The emission wave-
length of Er3+/ Tm3+ is in resonance with the absorption wavelength of Fe-TCPP,
therefore efficient energy transfers from UCNPs to Fe3+ lead to the formation of
oxygen singlet (1O2) and hydroxyl radical. The luminescence of UCNPs at 808 nm
is not quenched by the MOF absorption that can be used for chemo-dynamic therapy
and photodynamic therapy of tumor cells.

Yan et al. reported large porous and stable Eu-Ru(Phen)3-MOF where Eu(III)2
acts as a connecting node and Ru(phen)3 as a linker (Yan et al. 2018). These
types of Ln-MOFs are synthesized for the catalysis of CO2 reduction. It’s inter-
esting to observe that the Eu-Ru(phen)3-MOF demonstrates a remarkable rate of
321.9 μmol h−1 mmolMOF

−1 for selective CO2 photoreduction to formate under the
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Fig. 4.6 a PL emission spectra of Eu3+ doped Er3+/Yb3+-MOF recorded at different temperatures.
b Variation of DC emission peaks with temperature. c UC emission spectra of Eu3+ doped Er3+/
Yb3+-MOF recorded at different temperatures. dVariation of DC emission peaks with temperature.
Reprintedwith permission from ref. (Xu et al. 2020). Copyright©2020, American Chemical Society

influence of visible light. Among all Ln-MOFs, this self-assembled Eu-Ru(phen)3-
MOF is notable for being the only one to demonstrate a highly efficient material
for selective CO2 photo-reduction. Additionally, an in-situ electron paramagnetic
resonance (EPR) investigation shows unequivocally that the Eu(III)2 clusters turn
into active catalytic centers after accepting photo-excited electrons. Chowdhuri et al.
prepared NaF4:Yb3+, Er3+@ ZIF-8/FA nanocomposites which exhibit higher drug
encapsulation efficiency (95.54%) and high stability in aqueous solution (Chowd-
huri et al. 2016). They demonstrated that the resulting nanocomposite performed as
a pH-responsive drug carrier while loaded with 5-Fluorouracil. The releasing rate
of 5-Fluorouracil is faster in an acidic medium (pH 5.5) than in a basic medium
(pH 7.5).

4.2.5 Lanthanide-Activated Quantum Dots

QDs are semiconductor nanocrystals with a particle size between 2 and 10 nm. QDs
have attracted the considerable attention of researchers because of their remarkable
optical properties such as high extinction coefficient, long PL lifetime, high photosta-
bility, and efficient and color-tunable emission, increasing their demand in varieties
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of research fields and applications such as photovoltaics, photodetectors, diode laser,
bio-imaging, etc. (Chen and Liang 2014; Zhang et al. 2021a). In 2019, Song et al.
developed theAg2SeQDs coupledwith core–shellUCNPs to conquer the inadequacy
of UCNPs (Song et al. 2019). Here, Ag2Se QDs with high extinction coefficient act
as a sensitizer (antenna) under 808 nm laser excitation and efficiently transfer their
energy to Nd3+ or Yb3+ ions via the resonance energy transfer process, consequently
enhancing the UC efficiency of UCNPs. They proposed that after confining the
UCNP-QDs with Rose Bengal, this nanocomposite can be used as a photodynamic
therapy agent for cancer cell detection. Kumar et al. for the first time designed the
Ln3+ doped NaYF4@CdS nanocomposite incorporated with AuNPs for plasmonic
enhancement (Fig. 4.7a) and demonstrated the efficient UC emission due to the reso-
nance energy transfer from Er3+ ions to CdS nanoparticles as shown in Fig. 4.7b
(Kumar et al. 2018). The whole nano-system (NaYF4@CdS-Au) was supported by
the reduced graphene oxide (RGO) to facilitate the photocatalysis process. Their
results demonstrated that increasing the concentration of RGO quenched the UC
fluorescence intensity (as shown in Fig. 4.7c), which signifies the successful fabri-
cation of NaYF4@CdS-Au nanoparticles on RGO nanosheets. Here, the absence
of an absorption peak of graphene oxide in the nanocomposite signifies that the
prepared nanocomposite can more efficiently harness visible light for photocatalysis
purposes. Figure 4.7d depicts the photocatalytic degradation of CFX (pharmaceu-
tical drug pollutant) attained by the photocatalysis of NaYF4@CdS-Au-RGO under
visible and NIR excitation.

The perovskite material (ABX3) with a size comparable to the Bohr radius is
known as perovskite QDs (PeQDs). PeQDs exhibit some distinctive optical prop-
erties such as excellent PL quantum yield (>90%), excessive color purity, narrow
emission bandwidth, tunable emission covering the whole visible region, and defect
tolerance i.e., defect states created within the band that can quench the chance of non-
radiative recombination (Li et al. 2019; Kachhap et al. 2022). Recently, Ruan et al.
reported the high stability of (CsPbBr3) perovskite QD in CsPbBr3-NaYF4:Yb3+/
Tm3+ hybrid nanostructure at high temperature as compared to the conventional QD
(bare CsPbBr3) (Ruan and Zhang 2021). The emission spectra consist of blue and
cyan emissions under 980 nm excitation and green emission under 375 nm exci-
tation. They have also revealed the fluorescence emission intensity (monitored for
excitation at 980 and 375 nm) as a function of temperature. As temperature increases
up to 250 °C, no emission peaks are observed corresponding to CsPbBr3 at 522 nm
using the 980 nm laser excitation, specifying the low luminescence efficiency and
the weak energy transfer rate of α-NaYF4. However, at 300 °C, due to the phase
transformation from cubic to hexagonal (β-NaYF4), an intense green emission peak
was observed in UC luminescence spectra which corresponds to an efficient energy
transfer from β-NaYF4 to CsPbBr3. The photoluminescence quantum yield (PLQY)
of the hybrid nanostructure was found to be larger (0.139%) at high temperature
(maintained for 60 min at that temperature) when observed under 980 laser excita-
tion. While monitored for 365 nm excitation the result suggested that the PLQY of
the hybrid nanostructure is quite higher (21%) than the conventional QD maintained
under the same environmental condition (at 300 °C for 60 min), indicating that the
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Fig. 4.7 a Schematic diagram of the synthesis of NaYF4: Yb/Er@CdS-Au-RGO. b Simplified
energy level diagram demonstrating the energy transfer mechanism between UCNPs and CdS
nanoparticles. c UC emission spectra of NaYF4: Yb/Er@CdS-Au-RGO for the different weight
ratios of RGO. d Histogram of absorption and degradation rate of CFX (pharmaceutical drug
pollutant) at different weight ratios of RGO. Reprinted with permission from ref. (Kumar et al.
2018). Copyright©2018, American Chemical Society

hybrid nanostructure nurtures the stability and luminescence of CsPbBr3 QDs even
at high temperatures.

In 2018, Zhang et al. reported the NIR-stimulated UC emission in CsPbX3 QDs
composite with the UCNPs via radiative energy transfer (Zheng et al. 2018). Their
study shows that the UV light emitted by the UCNPs under 980 nm excitation is
radiatively reabsorbed by the CsPbX3 QDs, as a result of the large absorption cross-
section of QDs in the UV region. Erol et al. observed the white light spectra from the
Eu3+/ Dy3+ doped CsPbBr3 by optimized Eu3+ and Dy3+ concentration under 400 nm
laser excitation (Erol et al. 2022).
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4.3 Application of Lanthanide-Doped Materials

Lanthanide-doped materials such as organic complexes, inorganic phosphors (oxide
and fluoride-based), and lanthanide composites have promising optoelectronic prop-
erties. The emission wavelength and peak intensity can be tuned either by compo-
sitional mapping of the host or by the lanthanide ions. Because of this outstanding
behavior, these have been widely used for different applications such as solar cells,
light emitting diodes (LEDs) and display devices, optical sensing, optical encoding,
optical imaging, and also in lasermaterials.Out of the numerous versatile applications
of phosphors materials, the book chapter only focuses on the optical properties-based
applications, which are described in detail hereafter.

4.3.1 In Lighting: Light-Emitting Diodes and Display
Devices

Lighting devices are the most fascinating and fast-growing field in the optoelectronic
industry tomake the world colorful. Synthesizingmaterials with high color purity for
specific applications such as LEDs, display devices, etc., has put the optoelectronic
industry in the outstanding stage. Although, a more technical and fundamental deep
study is required to achieve an excellent level. The scientific community has been
trying to synthesize thematerials to achieve outstanding optical behavior by selecting
a different host and doping different organic and inorganic ions into them.

For example, a composite of NaYF4:Yb3+, Tm3+@NaYF4/CsPb(Br0.55I0.45)3
UCNPs/PeNCs has been designed recently for the white-light-emitting diode
(WLEDs) triggered by the NIR light (Naresh et al. 2022). The thin film of UCNPs/
PeNCs into polymethylmethacrylate (PMMA)-toluene solution is coupled to the
commercial LEDs. The Yb3+, Tm3+ based UCNPs emission consists of emission
peaks in the blue region while CsPb(Br0.55I0.45)3 shows emission in the yellow region
at 575 nmas shown in Fig. 4.8d and e. The schematic ofwhite light captured through a
UV/IR cut-off lens is indicated in Fig. 4.8a. The appearance ofwhite lightwithout and
under a UV/IR cut-off lens is also demonstrated in Fig. 4.8b and c, respectively. The
CIE coordinates of the white light generated are (0.318, 0.301) as shown in Fig. 4.8f,
which is very close to the standard value of CIE for white light (0.333, 0.333) and
color temperature of 6361 K. Similarly, Eu3+-doped CsPbBr3/Cs4PbBr6 perovskite
composites are also reported for WLEDs application with PLQYs of 87% (Wang
et al. 2022a). The designed WLEDs have high efficiency of 43.06 lm/W with a wide
color gamut.

The halide perovskite (CsPbX3, X = Cl, Br, I) shows color tunability on partial
or complete replacement of the halide ions, suitable for making the color display
devices. Taking advantage of the color tunability of CsPbX3, lanthanide ion is incor-
porated to either enhance the luminescence intensity or stabilize the structure. The
Nd3+-ion doped CsPbBr3 is reported for the blue LED with PLQYs of 91% in the
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Fig. 4.8 a Schematic illustration of NIR triggeredUCwhite light capturingUV/IR cut-off lens, and
digital camera, b output light without using UV/IR cut-off lens, and c the generated UC-blue and
white light emissions under UV/IR cut-off lens, d UC spectra of the core@shell UCNPs, e White
light UC spectra of core@shell NaYF4:Yb3+, Tm3+@NaYF4/CsPb(Br0.55/I0.45)3, and f Color coor-
dinates representation of the UC blue emission (1) and UC white light emission (2). Reprinted with
permission from ref. (Naresh et al. 2022). Copyright©2021, Elsevier Ltd.

blue-emitting region (Padhiar et al. 2022). The emission wavelength is also tuned
from 515 to 450 nm by varying the concentration of the Nd3+-ion into CsPbBr3 and
can be used in making WLEDs. This shows also high stability against the external
environment such as water, temperature, and UV exposure. A new double perovskite
NaCaTiTaO6:Dy3+ with high thermal stability is reported for the WLED application
by Guo et al. (Guo et al. 2022). The CIE coordinate value reported is (0.314, 0.323).
Eu3+-doped CaSc2O4 phosphor is used for the red LED andWLED. The CIE coordi-
nate of the red and white LED is (0.5976, 0.3579) and (0.3431, 0.3527), respectively
(Chen et al. 2022). Yang et al. reported the tungstate phosphor CaGdSbWO8:Sm3+

for WLED application with excellent thermal stability (Yang et al. 2022a). The CIE
coordinate of the fabricated WLED is CIE coordinates (0.336, 0.328).

Hence, the lanthanide-doped materials can be suitable candidates for the LEDs
and display devices for future perspectives, particularly for industrial applications.
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4.3.2 In Optical Sensing

Sensing applications based on monitoring the optical parameters of the specimen are
nowadays attracting researchers and the scientific community. Luminescence-based
optical sensing applications of phosphor materials have great advantages because of
their efficacious optical response towards external environments such as temperature
(Xia et al. 2022), humidity, gasses, radiations (Shahi et al. 2015), photo-responsive
(Parveen et al. 2022), etc. The temperature-dependent PL intensity is given by
Yu et al. (2021),

I(T) = I0
1 + Aexp(−Eb/kT)

(4.1)

where A is the constant, k is the Boltzmann’s constant, Eb is the exciton binding
energy, and the PL intensity at room temperature is represented by I0 and at
temperature T is I(T).

The fluorescence intensity ratio (FIR) of the thermally coupled energy levels is
given mathematically as (Pattnaik and Rai 2022)

FIR = I1
I2

= Aexp

(
−�E

kT

)
(4.2)

where, I1, I2 are the peak intensities corresponding to two thermally coupled levels,
�E is the energy difference between thermally coupled states, Boltzmann’s constant
is represented by k, and T is the absolute temperature. For the thermal sensitivity,
the absolute (Sa) and relative (Sr) sensitivity is given as

Sa = d(FIR)

dT
= FIR ×

(
�E

kT2

)
(4.3)

Sr = 1

FIR
× d(FIR)

dT
=

(
�E

kT2

)
(4.4)

where each symbol has its usual meaning.
Over the last few decades, lanthanide-doped phosphors and organic complexes

have been used for non-contact luminescence-based temperature sensing. The
Eu3+ complex formed by the dibenzoyl methane and 1,10-phenanthroline
(Eu(DBM)3Phen) shows an effective temperature response in the range of 50–318 K
(Shahi et al. 2015). The dibenzoyl methane acts as a sensitizer and the structure
is stabilized by the 1,10-phenanthroline. The temperature-dependent PL study was
carried out with the 611 nm emission peak corresponding to the 5D0 → 7F2 transition
in Eu3+ ions.

Similarly, due to the high stability of the oxide perovskite (ABO3: A, B = metals
ions), lanthanide-doped oxide perovskites have also beenwidely used for temperature
sensing applications over the last fewdecades. For example, Er3+-Nd3+-Yb3+:CaTiO3
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shows a noticeable thermal response in the luminescent intensity in the tempera-
ture range 303–575 K with Sr value between 0.008–0.011 K−1 (Pattnaik and Rai
2021). The molybdate-based phosphor is also a good candidate for the temperature-
dependent PL study, because of its high thermal stability. The Er3+-Yb3+ co-doped
CaMoO4 shows a thermal response in the range of 293 to 473 K with a maximum
Sa value of 1.388% K−1 at 473 K and Sr value of 1.631% K−1 at 293 K (Ran et al.
2022).

The comparative study of the temperature sensitivity in bulk and nanopar-
ticle of Er3+, Yb3+ co-doped CaMoO4 is reported in the temperature range 305–
575 K (Singh et al. 2022). The maximum value of Sr for the bulk and nano
Ca0.79Er0.01Yb0.2MoO4 phosphors are 0.0061 K−1 (at 305 K) and 0.0094 K−1 (at
299 K), respectively. Whereas, the maximum value of Sa are 0.0150 K−1 (at 348 K)
and 0.0170 K−1 (at 398 K), respectively. These results indicate that the nano-sized
Ca0.79Er0.01Yb0.2MoO4 phosphor shows better sensitivity as compared to the bulk
counterpart. Similar work is done in Ca9Y0.647Li0.20Er0.003Yb0.15(VO4)7 phosphor
(Sharma et al. 2022). The obtained maximum Sa value is 0.0125 K–1 at 513 K and
maximum Sr is 0.012 K–1 at 300 K. Wang et al. studied temperature response in
Er3+/Yb3+ doped NaLa(WO4)2 (Wang et al. 2022b). The temperature-dependent PL
spectra in the temperature range 303–573 K are shown in Fig. 4.9a. The PL intensity
decreases linearly with temperature. The FIR from the thermally coupled level is
shown in Fig. 4.9b, and Fig. 4.9c shows Ln(FIR) versus 1/T plot. The Sr value is
0.014 K−1 at 476 K shown in Fig. 4.9d.

Now a day’s lanthanide-doped halide perovskites have also attracted researchers
for temperature sensing applications because of their thermal response to lumines-
cence. In all-inorganic halide perovskite, the sharp emission in the visible regionwith
full width at half maxima of 12–42 nm facilitates easy monitoring of even a small
variation in the intensity with the temperature (Kachhap et al. 2022). Further, the
PL intensity significantly increases with the incorporation of lanthanide ions. These
facilitate the dual mode emission in the PL studywith dual modes of thermal sensing.
In Eu3+-doped CsPbCl2Br1 QDs, the variation of luminescence intensity with the
temperature between 80–440 Kwas performed (Yu et al. 2021). The maximum value
of Sa reported is 0.0315 K−1. Recently, Kachhap et al. summarized the temperature
sensitivity of the lanthanide-doped all-inorganic halide perovskites (Kachhap et al.
2022). It is seen that the thermal sensitivity in the lanthanide-doped all-inorganic
halide perovskites depends on host compositions as well as the lanthanide ions. The
stability of the structure is an important concern and can be tailored by the compo-
sitional mapping also. The water stability of the Eu3+-doped CsPbCl2Br1 QDs glass
was tested for 40 days under daylight and UV light (365 nm) exposure (Yu et al.
2021). There is no appreciable change in the intensity. The temperature-dependent
PL study is also reported in Yb3+, Er3+ co-doped double perovskites Cs2AgInCl6
and Cs2AgBiCl6 in the temperature range 100–600 K (Rao et al. 2022). The Sa
values reported are 0.0130 and 0.0113 K−1, respectively for the Cs2AgInCl6 and
Cs2AgBiCl6.

In lanthanide-doped fluoride compounds, thermal studies have also been carried
out due to their highly sensitive PL properties underNIR laser excitation. The thermal
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Fig. 4.9 a Temperature-dependent UC spectra of Er3+/Yb3+: NaLa(WO4)2. b FIR versus T plot,
c ln(FIR) versus 1/T plot d The variation Sa and Sr with temperature. Reprinted with permission
from ref. (Wang et al. 2022b). Copyright©2021, Elsevier B. V.

study of the core/shell NaYF4:Yb3+, Er3+/NaYF4 UCNP is performed in the temper-
ature range of 293 to 358 K (25–85 °C) with the excitation light 975 nm laser (Jurga
et al. 2022). The core/shell structure NaYF4:Yb3+, Er3+/NaYF4 UCNP is synthesized
using the three different types of reacting precursors (RE chlorides, RE acetates, and
RE oleates). The temperature sensitivity of the NaYF4:Yb3+, Er3+/NaYF4 UCNP
depends on the precursor type (used in the synthesis process). The Sr value of
NaYF4:Yb3+, Er3+/NaYF4 UCNPs synthesized by using RE chlorides, RE acetates,
and RE oleates reacting precursors are 1.44%, 1.39%, and 1.28% K−1 at 358 K.
Ding et al. carried out the thermal sensitivity study in the fluoride β-NaYF4:Yb3+,
Er3+ core, and β-NaYF4: Yb3+, Er3+@NaGdF4 core–shell structure in the tempera-
ture range 100–400 K (Ding et al. 2022). The luminescent intensity of the β-NaYF4:
Yb3+, Er3+@NaGdF4 core–shell structure is higher than β-NaYF4:Yb3+, Er3+. For
the comparison of the thermal sensitivity, the Sr value is calculated using the lumi-
nescent intensity ratio (LIR) of both samples and found that the core–shell structure
has a higher Sr value than core only. Also, the LIR of the thermally coupled Stark
sub-level (Stark-LIR) technique is used to calculate the Sr value in β-NaYF4:Yb3+,
Er3+@NaGdF4 core–shell structure. The Sr value obtained using the LIR techniques
is 10.9× 10–3 K−1, while using Stark-LIR techniques is 17.8× 10–3 K−1 in β-NaYF4:
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Yb3+, Er3+@NaGdF4 core–shell structure. Hence, the stark-LIR technique is more
effective to improve the thermal sensitivity in core–shell UCNPs.

In conclusion, lanthanide-doped materials are effective for luminescence-based-
optical temperature sensing. The sensitivity of the lanthanide-doped materials varies
with the host compositions, particle size, doped lanthanide ions (related to the
thermally coupled level), etc.

4.3.3 In Optical Encoding

The security issues in duplicating the product and antitheft are one of the major
challenges in this era and also for the future. The conventional techniques used
for the security check are encoded and duplicated at some level. These problems
draw the attention of researchers and the industrial community to develop high-
level security technniques. Fluorescent materials have attracted researchers for the
anticounterfeiting applicationwidely due to their unique color on external stimulation
(Xie et al. 2022; Yang et al. 2022b; Molina-González et al. 2021). However, for
high-security levels, the dynamic color response is more advantageous.

Yang et al. synthesized the dynamic responsive fluorescence material by attaching
the photochromic molecule spiropyran (SP) into the Ln-MOF (Yang et al. 2022b).
The polydimethylsiloxane (PDMS) is doped into the SP@Tb-MOF to make trans-
parent films. Then different numbers or words are encrypted onto this film for the
encryption/decryption study. The number “1921” as well as the word “WELCOME”
are encrypted on the SP@Tb-MOF/ PDMS film, see Fig. 4.10a.

The dynamic anticounterfeiting level is studied for 60 s. Initially, the encrypted
information color turned purple on UV light irradiation. The fluorescence color
changes first from yellow-greenish to orange and finally becomes red on irradiation
within 60 s.Again, one real information “520”was encrypted from theSP@Tb-MOF/
PDMS film, and fake information “520” was encrypted from the Tb-MOF/PDMS
film. Real information “520” encrypted from the SP@Tb-MOF/ PDMS film, shows
the change in color onUV light stimulation.Whereas, the pseudo-code doesn’t reflect
the color change.When theUV light illumination is stopped, the state of the decrypted
information again came back to the original encrypted state. This system has a great
advantage for complex anti-counterfeiting identification because the emission and
colors of the material are regulated through ultraviolet radiation and also have a
dynamic fluorescence color response within 60 s.

Rare-earth-activated UCNPs are excellent luminescent materials for optical
encryption and decryption. However, this type of UC luminescent (single-mode)
material suffers from the risk of data extraction imitation or data extraction by coun-
terfeiting. The applicability of core@shell UCNPs/PeNCs composite was exam-
ined for dual-model anti-counterfeiting, which increases the difficulty of counter-
feiting the data (Naresh et al. 2022). The information “KMU” was encrypted using
the colloidal solutions of NaYF4:Yb3+, Tm3+@NaYF4 UCNPs, and CsPb(Br0.55/
I0.45)3 PeNCs onto the PMMA surface. The letter “K” is encrypted by NaYF4:Yb3+,
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Fig. 4.10 a Dynamic response of information based on the SP@Tb-MOF/PDMS film. Reprinted
with permission from ref. (Yang et al. 2022b). Copyright©2022, American Chemical Society.
b Images of dual-model anti-counterfeiting under excitation of NIR (980 nm) laser, UV (360 nm)
light, and NIR + UV light to encrypt/extract the information. Reprinted with permission from
ref. (Naresh et al. 2022). Copyright©2021, Elsevier Ltd. c digital photographs for the dynamic
anticounterfeiting. Reprinted with permission from ref. (Wang et al. 2022c), Copyright©2022,
Royal Society of Chemistry (Open Access, Creative Commons Licenses)

Tm3+@NaYF4 UCNPs, “M” is encrypted using CsPbBr3 and letter “U” using
NaYF4:Yb3+, Tm3+@NaYF4/CsPb(Br0.55/I0.45)3 shown in Fig. 4.10b. For the decryp-
tion of the encrypted anti-counterfeiting information, “KMU”was illuminated under
NIR and UV light. Under NIR irradiation, the letter pattern “K” exhibits UC blue
emission (due to the presence of Tm3+ of the NaYF4:Yb3+, Tm3+@NaYF4 UCNPs
structure). The letter ‘M’ does not emit any color which is made up of CsPb(Br0.55/
I0.45)3 PeNCs. Where the letter ‘U’ emits a magenta color from the composi-
tion NaYF4:Yb3+, Tm3+@NaYF4/CsPb(Br0.55/I0.45)3. On the other hand, under UV
(360 nm) light DC emission is observed from the letters ‘M’ and ‘U’ that show green
and red color, respectively. Whereas the letter ‘K’ does not show any color emis-
sion. However, when the encrypted pattern is irradiated simultaneously with UV and



118 P. Singh et al.

NIR light the dual color emission from the letter ‘U’ is observed. The efficiency of
the emission intensity monitored for the CsPb(Br0.55/I0.45)3 PeNCs under UV light
irradiation is higher than the UC emission.

Similarly, the β-NaYF4:RE3+ (RE = Sm, Tb, Dy, Pr) was reported as a phos-
phor with the multi-color emitting anti-counterfeiting application with X-rays expo-
sure (Wang et al. 2022c). The encrypted pattern shows different information on the
application of different irradiation times of X-rays. With X-ray irradiation time the
encrypted information “Wi-Fi” is only a single dot visible and the curved pattern
fully disappeared as indicated in Fig. 4.10c. Similarly, the other encrypted patterns
also show dynamic responses to the X-ray radiation. It was also noticed that only
a particular part of the encrypted information is decrypted at a particular irradia-
tion time making this store more complex information for the anti-counterfeiting
application.

Similarly, the dual mode ink of β-NaYF4:RE3+ (RE=Ce, Tb, Eu, Yb, Er, and Tm)
phosphors are preparedwith polyvinyl alcohol (PVA) and distilledwater (DI) (Zhang
et al. 2019). Themulticolor anti-counterfeiting ink such as β-NaYF4:RE3+ phosphors
with green (RE = Ce/Tb), red (RE = Ce/Tb/Eu) color DC anti-counterfeiting ink,
and β-NaYF4:RE3+ phosphors with blue (RE = Yb/Tm), green (Yb/Er) UC anti-
counterfeiting ink were prepared. The encrypted information remains invisible in
the daylight. However, the encrypted information shows the different colors under
a 254 nm UV lamp and 980 nm NIR laser excitation. This can be explored for
dual-mode high-security anti-counterfeiting applications.

Although the lanthanides doped organic–inorganic phosphors, complexes, and
QDs are the emerging materials for the anti-counterfeiting ink in DC and UC mode,
multi-stimuli and dynamic response in the decryption stage are also achieved sepa-
rately. However, for a high level of security, more than two decryption processes for
encrypted data should be fulfilled. These may be achieved either by discovering new
host materials or by incorporating the different dopant elements into the reported
host which has a promising anti-counterfeit response under different decryption
conditions.

4.3.4 Application in Laser Materials

The invention of the laser not only resolves themany obstacles of the scientificworld,
but it also helped the modification of security and military equipment towards the
advanced version. Lanthanide-doped materials have been widely used candidates
for laser material because of their ladder-like energy levels suitable for selective
emission at a particular wavelength. The lanthanide-doped GdScO3 is one of the
good candidates for laser materials (Peng et al. 2018; Zhang et al. 2021b; Li et al.
2021). The Dy3+ doped GdScO3 single crystal is reported as a yellow laser material
shown in (Fig. 4.11a) (Peng et al. 2018). The absorption cross-section found around
453 nm is about 1.8 × 10–21 cm2. For this absorption band, FWHM is calculated
to be about 9 nm (at 300 K). This also shows emission at 577 nm (4F9/2 → 6H13/2
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Fig. 4.11 a As-grown single crystal of Dy: GdScO3, b Fluorescence decay curve of Dy:
GdScO3 crystal, c Excitation (black) and emission (red) spectra of Dy: GdScO3. Reprinted with
permission from ref. (Peng et al. 2018). Copyright©2018, Elsevier B. V.

transition) in Dy3+ ion shown in Fig. 4.11c. The stimulated emission cross-section
for this transition is 4.1 × 10–21 cm2 and relatively long fluorescence lifetime (see
Fig. 4.11b) with high radiative quantum efficiency. These outstanding properties of
Dy3+ doped GdScO3 phosphors make it very suitable for yellow laser, pumped by
blue GaN LEDs.

Shang et al. summarized the lasing emission in lanthanide-doped UC nanomate-
rials (Shang et al. 2022). The UC-based lasing action in lanthanide-doped materials
is broadly divided into three categories: (a) UC random laser system, (b) whispering
gallery mode (WGM)/Fabry–Perot (FP) cavity modulated UC laser, and (c) photon
lattice/plasmonic cavity modulated UC micro-lasers. The UC random laser system
consists of all the lasing components made up of nanoparticles, while in WGM/FP
different microstructures and the cavity is incorporated along with the UNCPs.

Further, the complex formation between lanthanide and organic ligand is also very
effective to get long-lived, sharp emissions, because the absorption coefficient of the
organic chromophores is 3–5 times higher than the lanthanide ions (Sun et al. 2005).
These properties are beneficial for laser emission. The lanthanide complexes such as
tris(hexafluoroacetylacetonato) europium(III) 1,2-phenylenebis(diphenylphosphine
oxide) [Eu(hfa)3(OPPO)2], tris(hexafluoroacetylacetonato) europium(III)
1,1′-biphenyl-2,2′-diylbis(diphenylphosphine oxide) [Eu(hfa)3(BIPHEPO)],
tris(hexafluoroacetylacetonato) europium(III) bis(triphenylphosphine oxide)
[Eu(hfa)3(TPPO)2], etc., dispersed in the polyphenylsilsesquioxane (PPSQ)
polymer result amplified spontaneous emission (ASE) (Shahi et al. 2015). This
behavior of lanthanide complexes indicates that these materials can be used for
laser application. The PL study of the complex Eu(DBM)3Phen dispersed in poly
(methyl methacrylate) [PMMA] was carried out by 405 nm laser diode excitation.
The Eu(DBM)3Phen shows a sharp emission peak at 611 nm transition from 5D0

→ 7F2 in Eu3+ ion. In the excitation power-dependent PL study, intensity increases
linearly up to 25 mW. Beyond this excitation power, the PL intensity increases
suddenly in an exponential fashion. The exponential increase in the PL intensity is
the indication of the switching from spontaneous to stimulated emission.

Similarly, the ternary Ln(DBM)3phen complexes (DBM = dibenzoylmethane,
phen = 1,10- phenanthroline, and Ln = Nd, Yb) for the laser material are reported
by Sun et al. (2005). The the excitation band of the lanthanide complexes overlaps
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with the DBM and Phen absorption band. This indicates that the sensitization of
the Ln3+ ion is efficiently supported by the organic ligands DBM and Phen through
the antenna effect. The Ln(DBM)3phen complex gives three emission peaks at 880,
1060, and 1340 nm. The 880 nm emission is the transition from the 4F3/2 to 4I9/2,
1060 nm is from 4F3/2 to 4I11/2, and the 1340 nm emission peak results from the 4F3/2
to 4I13/2 transition in Nd3+ ion. Among these three emissions, 1060 nm emission is
of high intensity and suitable for laser application. The Ln3+/DBM/Phen co-doped
luminescent hybrid gels are also reported as the possible laser material (Sun et al.
2005). Both, the ternary Ln(DBM)3Phen complexes and Ln3+/DBM/Phen-co-doped
luminescent hybrid gels show efficient NIR luminescence. These are excited by the
wavelength that corresponds to the maximum absorption spectra of the ligands. The
antenna effect facilitates efficient energy transfer from the ligands to the Ln3+ ions.
The transition in Nd3+ ions from level 4F3/2 to 4I11/2 is the characteristic transition
for the laser application.

In conclusion, lanthanide-doped phosphors, and complexes show appreciable
results for laser emission. For future perspective, attention toward stability and
tunability of emission peaks with low FWHM is required. Also, deep research is
required for lower wavelength laser emissions either by finding new host materials
or compositional mapping, tailoring the concentration of the active dopant elements
(such as lanthanide).

4.3.5 Application in Optical Imaging

Optical imaging based on various techniques such as photon absorption, fluores-
cence, and wavelength shift is an emerging area in medical science for biomedical
applications. There are various limitations such as photons absorption by the intrinsic
tissues, light scattering, etc., which limit the penetration depth and the spatiotem-
poral resolution. However, recent advancements in optical probes using fluorescent
materials and highly sensitive optical detectors have brought a breakthrough in the
optical imaging field. For in-vivo and in-vitro probing and imaging, several mecha-
nisms can be used such as voltage-dependent fluorescence and/or absorption of the
phosphor/dye, time-dependent spectral shift, etc. Depending upon the response time
and intensity of the fluorescence, a designed optical probe can be selected for the
precise monitoring of various cells in the species body under study.

The fluorescence imaging technique is achieved by exciting the target fluo-
rescence molecule using the external light of a specific wavelength. The excited
fluorescence molecules subsequently release photons of longer/shorter wavelengths
dependingupon the upconverted/down-convertedfluorescencemolecule and are used
for imaging.

The lanthanide complexes are very useful for in-vivo and in-vitro imaging because
of their biocompatibility and stable luminescence characteristics (Wang et al. 2022d;
Park et al. 2012). The folic acid (FA)-modified Ba2LuF7: Yb3+/ Er3+/Ho3+ (abbrevi-
ated as BLF@FA) is reported for in vivo tumor detection (Wang et al. 2022d). The
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Fig. 4.12 In vivo UCL imaging of tumor-bearing mice with intravenous injection of BLF@FA
aqueous suspension. Reprinted with permission from ref. (Wang et al. 2022d). Copyright©2022,
Elsevier B. V.

BLF@FA has low toxicity and excellent tumor-targeting- ability. The UCL imaging
of tumor-bearing mice pre and post-injection of BLF@FA is shown in Fig. 4.12.
From the images shown in Fig. 4.12, it is clear that there is no UCL signal from the
tumor site under the NIR light when BLF@FA is absent in the tumor-bearing mice
body. However, an intense UCL signal is observed at the tumor site after the injection
of BLF@FA under 980 laser excitation.

The UCNPs NaYF4: Yb, Er @NaGdF4 core–shell structure combined with a
chlorin e6 (Ce6) is reported for dual-model in photodynamic therapy and in vivo
tumor imaging (Park et al. 2012). For imaging studies, the UCNPs are injected into
the mice through the tail vein. The fluorescence emission remains absent from the
mice body under 980 nm laser irradiation when there is no injection of UCNPs. The
liver gives vivid green and red emissions after intravenous injection and is monitored
for 1.5 h. The UCNPs are coated with PEG-phospholipid at approximately 70 nm,
in which the red signal is more intense than the green signal. These are rapidly
accumulated in the liver and spleen. For the in vivo tumor imaging, nude mice
bearing a U87MG tumor on the right hind leg, the UCNPs were injected through
the tail vein. The UC green and remission are recorded from the mice’s bodies
at different time intervals. The photosensitizer Ce6 produces a therapeutic effect
and also helps UCNPs to accumulate in the tumors. The Ce6 also increases the
signal-to-noise ratio of the UCNP-Ce6 effective for tumor imaging. The comparative
study indicates that the UCNP–Ce6 provides a clear tumor image than the UCNPs
alone. Further, in-vivo bio-imaging has also been done in the NIR-II region using the
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808 nm laser excitation in NaYF4: Nd3+@NaYF4, NaErF4@NaYF4, and NaYbF4:
Er3+/Ce3+@NaYbF4@NaYF4: Yb3+/Nd3+ core–shell structure (Liao et al. 2022).

Hence, lanthanide complexes have good potential for the effective bio-probe for
accurate diagnoses such as cancer cell/tumor detection and photodynamic therapy.
This may generate new ideas for the manufacturing of bio-imaging probes.

4.3.6 Photocatalytic Application

The population of the world is increasing very rapidly. To fulfill the need of people
around the world, industries are producing non-biodegradable products in large
amounts. In almost all areas such as the food industry, chemicals are used to grow, rip
and keep the product for a longer time. In the manufacturing industry, anti-rusting
materials are used for coating the surface of the product to increase its lifetime.
For the high demand for electricity to run the industries, hydrothermal power is
not sufficient. In this situation, coal is used to a large extent which produces many
toxic gasses. These events increase air, water, and soil pollution and the situation
may become very dangerous for the generation of the coming future. In this respect
photocatalytic is one the best environment-friendly solution to reduce pollution.

The photocatalyst is the kind of nanoparticle that binds with the host matrix and
involves in the self-cleaning process. The catalytic action can be initiated by the UV,
visible, or NIR light depending upon the type of photocatalyst and host matrix (Wu
et al. 2021; Hampel et al. 2021). The photocatalyst generates the electron–hole pairs.
These electron–hole pairs bind to the complex pollutant molecule and degrade them
to simpler molecules such as hydrogen, carbon dioxide, water, etc. (Yang et al. 2014;
Helmy et al. 2022).

4.4 Conclusion and Future Scope

In conclusion, the present book chapter gives the basics of lanthanides and explains
their spectroscopic properties at length. The different types of lanthanides doped
luminescent materials such as inorganic phosphors, organic complexes, hybrid mate-
rials, metal–organic framework, and halide perovskite quantum dots have been
discussed with a motive to brief the emission of lanthanides in these hosts. Both
the downshifting and upconversion luminescence properties are discussed in detail.
A different mechanism for the sensitization process of lanthanides such as co-doping
and core–shell structure formation in the case of inorganic phosphors, antenna effect
and surface plasmon resonance process in organic ligands, composites, and metal
frameworks, quantum confinement effect in Quantum dots, etc., have been discussed.
Further, the study covers some of the exotic optical applications of these materials.
For example, applications in the area of light-emitting diodes, optical temperature
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sensing, optical encryption, laser emission, and optical imaging have been elabo-
rated at length. The chapter would be helpful for beginners in the field to understand
the basics and to learn the optical emission by lanthanides and its applications in
different types of hosts.
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Nargelas, S., Talochka,Y.,Vaitkevičius,A.,Dosovitskiy,G., Buzanov,O.,Vasil’ev,A.,Malinauskas,
T., Korzhik,M., Tamulaitis, G.: Influence ofmatrix composition and its fluctuations on excitation



4 Lanthanide-Doped Materials for Optical Applications 125

relaxation and emission spectrum of Ce ions in (GdxY1-x) 3Al2Ga3O12: Ce scintillators. J.
Lumin. 242, 118590 (2022)

Nasrabadi, H.B., Madirov, E., Popescu, R., Štacková, L., Štacko, P., Klán, P., Richards, B.S., Hudry,
D., Turshatov, A.: Coordination mechanism of cyanine dyes on the surface of core@ active shell
β-NaGdF4: Yb3+, Er3+ nanocrystals and its role in enhancing upconversion luminescence. J.
Mater. Chem. C 9(45), 16313–16323 (2021)

Ofelt, G.S.: Intensities of crystal spectra of rare-earth ions. J. Chem. Phys. 37(3), 511–520 (1962)
Padhiar, M.A., Wang, M., Ji, Y., Yang, Z., Bhatti, A.S.: Tuning optical properties of CsPbBr3 by

mixing Nd3+ trivalent lanthanide halide cations for blue light emitting devices. Nanotechnology
33(17), 175202 (2022)

Park, Y.I., Kim, H.M., Kim, J.H., Moon, K.C., Yoo, B., Lee, K.T., Lee, N., Choi, Y., Park, W.,
Ling, D.: Theranostic probe based on lanthanide-doped nanoparticles for simultaneous in vivo
dual-modal imaging and photodynamic therapy. Adv. Mater. 24(42), 5755–5761 (2012)

Parveen, S., Das, M., Ghosh, S., Giri, P.K.: Experimental and theoretical study of europium-doped
organometal halide perovskite nanoplatelets for UV photodetection with high responsivity and
fast response. Nanoscale 14(17), 6402–6416 (2022)

Pattnaik, S., Rai, V.K.: Insight into the spectroscopic and thermometric properties of titanate
phosphors via a novel co-excited laser system. Mater. Sci. Eng. B 272, 115318 (2021)

Pattnaik, S., Rai, V.K.: Tailoring of upconversion luminescence ofAl3+ engineered titanate phosphor
for non-invasive thermometry. Methods Appl. Fluoresc. 10(3), 34002 (2022)

Peng, F., Liu, W., Zhang, Q., Luo, J., Sun, D., Sun, G., Zhang, D., Wang, X.: Growth, structure, and
spectroscopic characteristics of a promising yellow laser crystal Dy: GdScO3. J. Lumin. 201,
176–181 (2018)

Ran,W., Sun, G.,Ma, X., Zhang, Z., Yan, T.: Excellent up conversion luminescence and temperature
sensing performance of CdMoO4: Er3+, Yb3+ phosphor. Dalt. Trans. (2022)

Rao, Z., Li, Q., Li, Z., Zhou, L., Zhao, X., Gong, X.: Ultra-high-sensitive temperature sensing
based on Er3+ and Yb3+ co-doped lead-free double perovskite microcrystals. J. Phys. Chem.
Lett. 13(16), 3623–3630 (2022)

Rocha, J., Carlos, L.D., Paz, F.A.A., Ananias, D.: Luminescent multifunctional lanthanides-based
metal–organic frameworks. Chem. Soc. Rev. 40(2), 926–940 (2011)

Ronda, C.R., Jüstel, T., Nikol, H.: Rare earth phosphors: fundamentals and applications. J. Alloys
Compd. 275, 669–676 (1998)

Ruan, L., Zhang, Y.: NIR-excitable heterostructured upconversion perovskite nanodots with
improved stability. Nat. Commun. 12(1), 1–10 (2021)

Shahi, P.K., Singh, A.K., Rai, S.B., Ullrich, B.: Lanthanide complexes for temperature sensing, UV
light detection, and laser applications. Sens. Actuat. A Phys. 222, 255–261 (2015)

Shahi, P.K., Singh, P., Rai, S.B., Bahadur, A.: Host-sensitized NIR quantum cutting emission in
Nd3+ dopedGdNbO4 phosphors and effect ofBi3+ ion codoping. Inorg.Chem. 55(4), 1535–1541
(2016)

Shahi, P.K., Singh, P., Singh, A.K., Singh, S.K., Rai, S.B., Prakash, R.: A strategy to achieve
efficient dual-mode luminescence in lanthanide-based magnetic hybrid nanostructure and its
demonstration for the detection of latent fingerprints. J. Colloid Interface Sci. 491, 199–206
(2017a)

Shahi, P.K., Singh, P., Rai, S.B.: Sunlight activated lanthanide complex for luminescent solar
collector applications: effect of waveguide matrix. J. Phys. D Appl. Phys. 50(7), 75501 (2017b)

Shang, Y., Chen, T., Ma, T., Hao, S., Lv, W., Jia, D., Yang, C.: Advanced lanthanide doped
upconversion nanomaterials for lasing emission. J. Rare Earths 40(5), 687–695 (2022)

Sharma, M., Singh, P., Singh, S.K., Singh, P.: Li+ aided self-activated Ca9Y1−x−yErxYby(VO4)7
phosphors for efficient dual-mode emission and temperature sensing application. Opt. Mater.
(amst) 133, 112925 (2022)

Singh, P., Shahi, P.K., Singh, S.K., Rai, S.B.: Photoluminescence, upconversion and quantum-
cutting emission in Tm/Tb/Pr and Yb co-doped oxide phosphor: a comparative study. J. Alloys
Compd. 681, 477–485 (2016a)



126 P. Singh et al.

Singh, P., Shahi, P.K., Rai, A., Bahadur, A., Rai, S.B.: Effect of Li+ ion sensitization and optical
temperature sensing in Gd2O3: Ho3+/Yb3+. Opt. Mater. (amst) 58, 432–438 (2016b)

Singh, P., Shahi, P.K., Singh, S.K., Singh, A.K., Singh, M.K., Prakash, R., Rai, S.B.: Lanthanide
doped ultrafine hybrid nanostructures: multicolour luminescence, upconversion based energy
transfer and luminescent solar collector applications. Nanoscale 9(2), 696–705 (2017a)

Singh, P., Shahi, P.K., Prakash, R., Rai, S.B.: An assembly and interaction of upconversion
and plasmonic nanoparticles on organometallic nanofibers: enhanced multicolor upconversion,
downshifting emission and the plasmonic effect. Nanotechnology 28(41), 415701 (2017b)

Singh, P., Singh, P., Prakash, R., Rai, S.B.: Photo-physical studies of ultrasmall upconversion
nanoparticles embedded organometallic complexes: probing a dual mode optical sensor for
hydrogen peroxide. Opt. Mater. (amst) 98, 109459 (2019)

Singh, P., Singh, S.K., Singh, P., Prakash,R.,Rai, S.B.:Generation of red-NIRbi-modal fluorescence
in hybrid nanostructure. Mater. Res. Bull. 122, 110663 (2020a)

Singh, P., Singh, P., Prakash, R., Rai, S.B., Singh, S.K.: Colour tunability in a bimodal fluorescent
hybrid nanostructure UCNPs@ AuNPs@ QDs. Curr. Appl. Phys. 20(10), 1150–1155 (2020b)

Singh, P., Singh, P., Singh, S.K. (2021) Photon upconversion spectroscopy. Mod. Tech. Spectrosc.
Basics Instrument. Appl. 13, 389

Singh, S., Kachhap, S., Singh, A.K., Pattnaik, S., Singh, S.K.: Temperature sensing using bulk and
nanoparticles of Ca0.79Er0.01Yb0.2MoO4 phosphor. Methods Appl. Fluoresc. (2022)

Song, D., Chi, S., Li, X., Wang, C., Li, Z., Liu, Z.: Upconversion system with quantum dots
as sensitizer: improved photoluminescence and PDT efficiency. ACS Appl. Mater. Interfaces
11(44), 41100–41108 (2019)

Sun, L.-N., Zhang, H.-J., Meng, Q.-G., Liu, F.-Y., Fu, L.-S., Peng, C.-Y., Yu, J.-B., Zheng, G.-L.,
Wang, S.-B.: Near-infrared luminescent hybrid materials doped with lanthanide (Ln) complexes
(Ln=Nd, Yb) and their possible laser application. J. Phys. Chem. B 109(13), 6174–6182 (2005)

Sun,C.-Y., Zheng,X.-J., Chen,X.-B., Li, L.-C., Jin, L.-P.:Assembly andupconversion luminescence
of lanthanide–organic frameworks with mixed acid ligands. Inorganica Chim. Acta 362(2),
325–330 (2009)

Wang, T., Zhao, S., Lei, R., Huang, L., Xu, S.: Eu3+ doped and Er3+/Yb3+ codoped glass ceramics
containing NaLa(WO4)2 nanoparticles: preparation, optical and temperature sensing properties.
J. Non Cryst. Solids 579, 121379 (2022b)

Wang, B., Wang, Z., Mao, P., Wang, Y.: A multi-color persistent luminescent phosphor β-NaYF4:
RE3+(RE= Sm, Tb, Dy, Pr) for dynamic anti-counterfeiting. RSC Adv. 12(18), 11534–11542
(2022c)

Wang, Y., Ji, C., Tan, Y., Xiang, L., Hou, J.: Construction of multifunctional lanthanide-based
nanoparticles Ba2LuF7: Yb/Er/Ho for in vivo dual-modal tumor imaging. Opt. Mater. (amst)
128, 112369 (2022d)

Wang, S., Xu, Y., Chen, R., Zhu, M., Wang, M., Cao, M., Liu, Y., Ding, H., Zhang, S., Bai, J.:
Highly efficient and stable Eu3+-doped CsPbBr3/Cs4PbBr6 perovskites for white light-emitting
diodes. Coatings 12(4), 512 (2022)

Wu, Y., Chan, S.Y., Xu, J., Liu, X.: Multiphoton upconversion materials for photocatalysis and
environmental remediation. Chem. Asian J. 16(18), 2596–2609 (2021)

Xia, T., Cao, W., Guan, L., Zhang, J., Jiang, F., Yu, L., Wan, Y.: Three isostructural hexanuclear
lanthanide–organic frameworks for sensitive luminescence temperature sensing over a wide
range. Dalt. Trans. 51(14), 5426–5433 (2022)

Xie, Y., Song, Y., Sun, G., Hu, P., Bednarkiewicz, A., Sun, L.: Lanthanide-doped heterostructured
nanocomposites toward advanced optical anti-counterfeiting and information storage. Light Sci.
Appl. 11(1), 1–10 (2022)

Xu,W., Chen, X., Song, H.: Upconversionmanipulation by local electromagnetic field. Nano Today
17, 54–78 (2017)

Xu, L., Li, Y., Pan, Q., Wang, D., Li, S., Wang, G., Chen, Y., Zhu, P., Qin, W.: Dual-mode light-
emitting lanthanide metal–organic frameworks with high water and thermal stability and their
application in white LEDs. ACS Appl. Mater. Interfaces 12(16), 18934–18943 (2020)



4 Lanthanide-Doped Materials for Optical Applications 127

Xue, B., Wang, D., Tu, L., Sun, D., Jing, P., Chang, Y., Zhang, Y., Liu, X., Zuo, J., Song, J.:
Ultrastrong absorption meets ultraweak absorption: unraveling the energy-dissipative routes for
dye-sensitized upconversion luminescence. J. Phys. Chem. Lett. 9(16), 4625–4631 (2018)

Yan, Z.-H., Du, M.-H., Liu, J., Jin, S., Wang, C., Zhuang, G.-L., Kong, X.-J., Long, L.-S.,
Zheng, L.-S.: Photo-generated dinuclear {Eu (II)}2 active sites for selective CO2 reduction
in a photosensitizing metal-organic framework. Nat. Commun. 9(1), 1–9 (2018)

Yang, W., Li, X., Chi, D., Zhang, H., Liu, X.: Lanthanide-doped upconversion materials: emerging
applications for photovoltaics and photocatalysis. Nanotechnology 25(48), 482001 (2014)

Yang, Y., Li, F., Lu, Y., Du, Y., Wang, L., Chen, S., Ouyang, X., Li, Y., Zhao, L., Zhao,
J.: CaGdSbWO8: Sm3+: A deep-red tungstate phosphor with excellent thermal stability for
horticultural and white lighting applications. J. Lumin. 251, 119234 (2022a)

Yang, Y., Li, Y., Chen, Y., Wang, Z., He, Z., He, J., Zhao, H.: Dynamic anticounterfeiting
through novel photochromic spiropyran-based switch@Ln-MOFcomposites.ACSAppl.Mater.
Interfaces (2022)

Yu, Y., Shao, G., Ding, L., Zhang, H., Liang, X., Liu, J., Xiang, W.: Ultra-stable Eu3+-doped
CsPbCl2Br1 perovskite quantum dots glass for optical temperature sensing. J. Rare Earths
39(12), 1497–1505 (2021)

Yuan, P., Lee, Y.H., Gnanasammandhan, M.K., Guan, Z., Zhang, Y., Xu, Q.-H.: Plasmon enhanced
upconversion luminescence of NaYF4: Yb, Er@SiO2@ Ag core–shell nanocomposites for cell
imaging. Nanoscale 4(16), 5132–5137 (2012)

Zhang, D., Ding, M., Dong, B., Zhen, Y., Chang, Q.: Hexagonal sodium yttrium fluoride mesocrys-
tals: one-pot hydrothermal synthesis, formation mechanism and multicolor up-/down-converted
luminescence for anti-counterfeiting and fingerprint detection. Ceram. Int. 45(16), 20307–20315
(2019)

Zhang, Y., Zhu, X., Zhang, Y.: Exploring heterostructured upconversion nanoparticles: from rational
engineering to diverse applications. ACS Nano 15(3), 3709–3735 (2021a)

Zhang, Y., Li, S., Du, X., Guo, J., Gong, Q., Tao, S., Zhang, P., Fang, Q., Pan, S., Zhao, C.: Yb:
GdScO 3 crystal for efficient ultrashort pulse lasers. Opt. Lett. 46(15), 3641–3644 (2021b)

Zheng, W., Huang, P., Gong, Z., Tu, D., Xu, J., Zou, Q., Li, R., You, W., Bünzli, J.-C.G., Chen,
X.: Near-infrared-triggered photon upconversion tuning in all-inorganic cesium lead halide
perovskite quantum dots. Nat. Commun. 9(1), 1–9 (2018)



Chapter 5
Defect-Modulated Trap Engineering
of Long Persistent
and Mechanoluminescence Phosphors
for Advanced Applications

Nimai Pathak and Yuanbing Mao

5.1 Introduction

Defect-mediated light emitting materials are gaining unceasing attention as an effi-
cient alternative to the already developed activator-based phosphor materials owing
to multiple advantages such as less toxicity, higher stability, easily tunable emis-
sion characteristics, and low cost (Loh et al. 2010; Wang et al. 2011). The origins
of emissions in this class of materials are very complex to be completely under-
stood.Mounting evidence gathered by using different characterization tools suggests
that various defects including vacancies, impurities, radical impurities, and donor–
acceptor pairs play a crucial role as color centers similar to activators in doped
phosphors. Defect centers create various trap states inside the band gap of host mate-
rials through which the electron–hole recombination process occurs. Hence, they
impart host materials with light emission at various wavelengths depending on the
position of trap states as observed in various oxide-based materials such as ZnO,
SnO2, MgO, MgAl2O4, ZnAl2O4, TiO2, and Al2O3 (Zeng et al. 2010; Pathak et al.
2016a, 2016b, 2018; Li et al. 2015; Kar et al. 2011; Ikeda and Uchino 2014). Not
only defect-related trap centers act as self-luminescence centers, but their ability to
trap charge carriers (electrons and holes) in various activator-doped phosphors also
impart them with other luminescence characteristics. For example, defect-related
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trap centers play pivotal roles in long persistent luminescence (LPL), photostim-
ulated luminescence (PSL), mechanoluminescence (ML), and thermally stimulated
luminescence (TSL). Lattice defects in these materials act as the storage of excitation
energy which can be exploited for generating ML, PSL, PSL, and TSL.

Lattice defects in a material are due to the deviation from the defined position of
an atom in a periodic crystal lattice. Such deviation creates disorder in the lattice
bonding and orbital configuration and hence significantly impacts the physical prop-
erties created by the free-moving charge carriers. As demonstrated in Fig. 5.1a, these
lattice defects create localized electron traps at different energy levels compared to
the carrier transport bands. Since the equilibriumnuclear configurations of empty and
occupied defect states are different, there will be an energy barrier�E between these
two states (Jin et al. 2020). Once photo-generated free carriers fall into the localized
state they will get trapped energetically (Fig. 5.1b) and their mobility and movement
in crystals will be restricted by the additional energy barrier �E (Fig. 5.1a). There-
fore, the fate of any trapped charge carrier depends on the nature of the traps, which
may vary frommatrix tomatrix. These trapped carriersmay escape the localized state
and get back into the excited transport levels when some external activation energy
is provided either by means of optical or by room-temperature thermal energy. Only
those defects-related traps, which are energetically suitably positioned with respect
to the conduction band (CB), or valence band (VB) can trap the charge carriers effi-
ciently (Jin et al. 2020) The difference in energy between the transport states and
defect levels (�E) is called as trap depth. Any defects whose energy level exists
above CB or below VB edges cannot act as trap states. As shown in Fig. 5.1c, defects
that have a small energy difference toCB/VB edges (�E ≤ kBT ) are called as shallow
trap states while those traps which are energetically positioned toward the middle
of the bandgap (�E > kBT ) are called deep tarp states. Because of the small trap
depth the shallow traps can facilitate both the trapping and de-trapping processes of
the charge carriers, unlike the deep traps which sometimes hinder the de-trapping
process and result in non-radiative recombination (Fig. 5.1c). The trap’s density is
generally controlled by its formation energy and the growth temperature duringmate-
rials synthesis (Jin et al. 2020). Generally higher trap density and large trap depth
decrease the carrier’s movement and hence it is necessary to engineer defect-traps
in such a way that the negative influence of defect centers can be avoided.

As mentioned earlier, defect induced traps play most crucial role for persistent
luminescence in LPPs, which possess a special property of glowing for several hours
or in few cases for several days once they are excited. LPPs with a longer persistence
of luminescence have widespread applications starting from home decoration, safety
displays, and dials to various advanced scientific, engineering, and medical fields (Li
et al. 2016a; Huang et al. 2021). We have given a simplified pictorial representation
of the afterglow mechanism in Fig. 5.2, wherein an electron is first promoted to the
excited state from the ground states and then photoionized into the CB with the help
of continued excitation energy. Once in the CB, this excited-state electron is free and
can be subsequently “trapped” by a trap close to the CB which is either created by
the lattice vacancies or the d-orbitals of a rare-earth when used as co-dopant. The
thermal energy then helps to release these trapped electrons slowly and get back
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Fig. 5.1 a The top of the
figure represents charge
localization caused by
defects while the bottom part
shows newly introduced
energetic levels. b The
slowdown of the carrier’s
mobility because of various
trapping and de-trapping
events. c The density of
states of shallow and deep
traps inside band gap along
with various processes of
radiative and non-radiative
recombinations.
[Reproduced with the
permission of the Royal
Society of Chemistry (Jin
et al. 2020)]

to CB again followed by emission due to electron–hole recombination with long
luminescent lifetimes. It is worth mentioning here that trap depth plays a critical role
to determine the performance of LPPs. Shallow trap states result in high-intensity
light due to quick electron–hole recombination while deep trap states release the
charge carriers slowly and enhance the persistency of luminescence. However, as
stated earlier that due to higher energy difference deep traps sometimes hinder the
de-trapping process and facilitate the non-radiative recombination pathways, which
causes less light yield. Therefore, defect-related trap depth engineering plays a crucial
role while designing efficient LPPs.

Like LPPs, ML is another luminescence-based technique, which possesses many
advanced stress-sensing applications, wherein defect-related trap controlling plays
the key role while designing such phosphors. ML is generally observed in a solid
material under stress and its intensity is strongly correlated with the applied stress
(Zhuang andXie 2021; Feng and Smet 2018; Zhang et al. 2019). This propertymakes
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Fig. 5.2 Mechanism of persistent luminescence: a The electron is excited from the ground state to
the excited state, b trapping process of the excited electron into shallow and deep traps, c de-trapping
process of the electrons, and d recombination process. e− = electron, and h+ = hole

ML phosphors as potential candidates for many advanced stresses sensing applica-
tions such as wearable devices, robots, and flexible electronic devices (Zhuang and
Xie 2021). Although the basic mechanism of ML materials is based on mechanical
force-induced light emission, such processes are complex in nature and different
for different categories of ML phosphors; for example reproducible ML and non-
reproducible ML phosphors. Reproducible ML is mostly observed in materials
wherein the luminescence phenomena is controlled by the defect-related traps, and
they exhibit ML in response to the repeated cycles of non-destructive mechanical
force. These ML materials involve two processes: (1) trapping of the charge carriers
(electrons/holes) into long-lived trap levels when irradiated by light or another source
of energy and (2) de-trapping of the carriers under dynamic loading followed by
recombination with the holes/electron which led to the light emissions. The roles of
the traps involved in the ML process can be understood in Fig. 5.3.

For example, Sr vacancies can trap the holes in SrAl2O4:Eu2+ ML phosphor are
found to have a large impact on the ML intensity (Xu et al. 1999a). As shown in
Fig. 5.3a, a hole will escape from Eu2+ to the VB and generates Eu+ upon irradiation
with light. The holewill be trapped by a Sr vacancy. Under amechanical stimulus, the
trap releases the hole followed by its recombinationwith Eu+ to form an excited Eu2+.
The excited Eu2+ then comes back to the ground state followed by the emission of a
green photon (Xu et al. 1999a). On the other hand Fig. 5.3b illustrates how oxygen
vacancies (OVs) act as primary traps for electrons as carriers. While irradiating the
materials usingUV light, one electron from theEu2+ ion is promoted to the conduction
band followed by its trapping by OV. The excited Eu2+ ions are then subsequently
oxidized to Eu3+. In the next step, when the UV light-irradiated phosphor material
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Fig. 5.3 Role of various traps and carriers in the ML process in SrAl2O4:Eu2+. a Hole trap model.
[Reproduced with the permission of the American Institute of Physics (Xu et al. 1999a)], b Electron
trap model. [Reproduced with the permission of The Electrochemical Society (Fu et al. 2007)]

is subjected to a mechanical force, the trapped electrons in OVs will be released
followed by recombination with the Eu3+. This will result in the formation of an
excited Eu2+ followed by the emission of a green photon (Fu et al. 2007).

These defect traps can be engineered in different ways such as exposure to high-
energy radiation like X- or γ-ray can generate traps in alkali halide crystals, alkaline
earth oxides, and salts (Zhang et al. 2019). In many cases varying composition of
reagents,modifying the synthesismethod, and using ion-doping techniques such as in
various dielectrics like Sr3Sn2O7:Sm3+, CaAl2Si2O8:Eu2+, SrAl2O4:Eu2+, and (Ba,
Ca)TiO3:Pr3+ also reported generating efficient carriers traps (Zhang et al. 2019).
Therefore, before developing any efficient LPP and ML material, a critical under-
standing of the defect-related traps and the possible ways to tailor and control them
is very essential. In this chapter, our focus is to acquaint the reader with the various
point defects which create the crucial traps in LPP andMLmaterials, many advanced
characterization tools required to identify them followed by the recent works on trap-
controlled LPPs andMLmaterials and their many potential applications in advanced
scientific and engineering field.

5.2 Crystallographic Defects

Any deviation from the well-defined position of an atom in a periodic crystal lattice
results in a crystallographic defect. They may be classified as point defects, line
defects, and planner defects. Since our main focus of this chapter is on defect-related
trap depth engineering based on point defects, we will mostly discuss various point
defects with some short descriptions of line defects, planar defects, and bulk defects.



134 N. Pathak and Y. Mao

5.2.1 Point Defects

Point defects, also known as intrinsic or thermodynamic defects, are created in a
crystalline substance when there are some deviations around a point or an atom
from their ideal arrangement. Although there are no limits for their smaller sizes,
they involve mostly a few missing atoms. In ionic crystals these point defects are
sometimes called as luminescence center, a color center, or F-center. Mostly point
defects are represented by using Kröger–Vink notation and a pictorial representation
of various point defects in a crystal structure is given in Fig. 5.4.

Vacancy defects:

Such defects are created due to vacancy at the lattice where an atom should be but
it is missing (Fig. 5.4c). These defects can be generated by heating the substance
and they decrease the volume of the crystals. They can be classified as Fm

n center
and the Vm

n center (n is the charge of the ion which is removed from the lattice site
and m is the number of F and V centers in the form of aggregate). The Fm

n centers

Fig. 5.4 Representation of various crystallographic defects. aAn ideal structure bDefective crystal
structure: c point defects such as vacancy, antisite, and interstitial defects, d defective pairs such as
Schottky and Frenkel defect and e high dimensional defects. [Reproduced with the permission of
the Royal Society of Chemistry (Ran et al. 2018)]
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are formed when an electron is trapped at an anion vacancy and they may exist in
various aggregate forms of F centers such as in units of two (calledM centers), three
(called R centers), and four (called N centers). On the other hand, the Vm

n centers
are formed when a hole is trapped at a cation vacancy. Here n is the ion charge that
has been removed and m is the number of F and V centers that are coupled. The
electrons in F centers are localized by the net positive charge of the missing anion
and vice versa for holes in V centers. These F and V centers can be created in simple
halide crystals by irradiationwith ionizing radiation at low temperatures. Tomaintain
electrical neutrality the cations and anions may also exist as pair, which is known
as Schottky defects and mostly found in crystals wherein the cation and anion have
almost similar sizes such as NaCl, KCl, CsCl, and AgBr (Zawadzki 2006). They are
also called P centers, i.e., vacancies of both cations and anions. A compound like
AgBr shows both Frenkel and Schottky defects (Fig. 5.4d).

Interstitial defects:

When some atoms occupy a site at which there is usually not an atom it is called as
an interstitial defect (see Fig. 5.4c) (Zawadzki 2006). Such defects generally have
high formation energies, however, small atoms like hydrogen form such defects in
palladium without high energy. They increase the density of the substance. They are
classified into two types: Self-interstitials and Impurity interstitials. Self-interstitial
defects are created by the atoms which are already present in the lattice. They gener-
ally occur in low concentrations in metals to minimize the distortion and stress
into the tightly packed lattice structure. On the other hand, impurity interstitials are
created by the smaller impurity atoms when placed in the open space between the
bulk atoms of the lattice structure.

Frenkel defects:

This kind of defects pair is formed when an atom moves into an interstitial site and
creates a vacancy at its own lattice site (Fig. 5.4d) (Zawadzki 2006). They are found
in ionic substances wherein there is a large difference in the size of the constituent
ions such as in ZnS, AgCl, AgBr, and AgI.

Antisite defects:

These defects are formed when different types of atoms exchange their lattice posi-
tions (Fig. 5.4c). For example, let us assume a cubic crystal lattice of A and B atoms
wherein A type of atoms occupy the corners of a cubic lattice while B atoms occupy
the center of the unit cell. Now, in any such unit cell, if the A atom is misplaced at the
center, which is the ideal position of B atom, it is called an antisite defect (Tendeloo
et al. 2012).

Substitutional or impurity defect:

It is impossible to get a material with 100% purity and these defects are formed when
an impurity atom, which is not supposed to be anywhere in the crystal lattice but
placed at a regular atomic site. These impurity atoms are generally smaller in size than
the ideal lattice atom (ion) and are referred to as off-center ions. The impurity atom
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may be isovalent to that of the original atom it is replacing, or it may be aliovalent.
In the case of aliovalent substitutions there will be a change in the overall charge of
the system and to make the system neutral some of the ions will be partially or fully
oxidized or reduced, or some new ion vacancies will be formed. For example, some
of the lattice sites of Na+ ions are occupied by Sr2+ ions in NaCl crystals due to the
presence of a little amount of SrCl2 impurity during the crystallization of molten
NaCl (Zawadzki 2006).

5.2.2 Line Defects

Line defects are created due to the deviation of an entire row of lattice points from the
ideal arrangement (Fig. 5.4e). They are classified into Edge dislocation and Screw
dislocation.

5.2.3 Planar Defects

If the crystallographic direction of a lattice suddenly changes (Fig. 5.4e) and meets a
new one then such defects are formed. Examples of various planner defects are grain
boundaries, Stacking faults, and twin boundaries.

5.2.4 Bulk Defects

These defects can be three-dimensional pores, cracks, inclusions, or voids made
of clusters of vacancies. Sometimes impurities can also form clusters and form
precipitates in small regions.

5.3 Defect Characterization

One of the most crucial parts of designing ML and LPP materials is the characteri-
zation and identification of these defect-related trap states in detail by using various
advanced characterization techniques. These point defects in the host matrix not
only change the local structure surrounding the activators but also form the charac-
teristics of a localized electronic trap state inside the optical band gap. An in-depth
understanding of these defects will help to tailor the defect modulated traps and
subsequently optimize the efficiency of ML and LPP materials. Advanced tech-
niques such as high-resolution transmission electron microscopy (HRTEM) or scan-
ning transmission electron microscopy (STEM) are highly useful to characterize



5 Defect-Modulated Trap Engineering of Long Persistent … 137

the point defects because of their ability to directly capture the atomic structure
with sub-angstrom resolution. Other techniques that provide significant information
about various defects in solids include X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, X-ray absorption spectroscopy (XAS), electron paramagnetic
resonance (EPR), positron annihilation lifetime spectroscopy (PALS), and electron
energy loss spectroscopy (EELS). The thermally stimulated luminescence (TSL)
technique is very useful to calculate the trap depth energy. In this section, we have
summarized the most used tools to characterize defects.

5.3.1 HRTEM/STEM

HRTEM can provide a direct image at atomic scales while the spherical aberration
correctors in STEMenable it to get images in the sub-Å range. The high-angle annular
darkfield (HAADF) detector also enables the STEM to get images in a scale that is a
square of the atomic number (Tendeloo et al. 2012). Direct atomic resolution images
always help understand atomic level defects in crystals significantly. For example,
Zhou et al. have reported six different types of point defects inCVD-grownmonolayer
MoS2 using STEM-ADF as shown in Fig. 5.5a (Zhou et al. 2013). These vacancies
includeVS (mono sulfur vacancy),VS2 (disulfur vacancy),VMoS3 (vacancy complex
of Mo and three nearby sulfur), VMoS6 (vacancy complex of Mo and three nearby
disulfur pairs), MoS2 (antisite defects created by a Mo atom at S2 site), and S2Mo

(antisite defects created by S2 column at Mo site).
Similarly, the B vacancies (VB) in hexagonal boron nitride (h-BN), which shows

PL up-conversion, are successfully characterized using STEM-ADF techniques as
shown in Fig. 5.5b, wherein the bright and dim spots represent N and B atoms
respectively. Figure 5.5c shows the Enlarged STEM-ADF image of a single VB in
monolayer h-BNwhile Fig. 5.5d represents its simulated STEM-ADF image derived
from the DFT-optimized model (Wang et al. 2018a).

5.3.2 XPS

Since defects always reduce the coordination number of the surrounding element,
it will also change its bonding energies. This will in turn lead to a slight change in
the XPS spectra with respect to intensity or energy position. For example, a promi-
nent peak in the XPS O 1 s spectrum was observed for orthorhombic o-CoSe2-O
nanosheets due to the oxygen vacancy, which was absent in the bulk cubic c-CoSe2/
DETA sample as shown in Fig. 5.6a (Wang et al. 2018b). Another interesting example
where the existence of S vacancies by using the XPS technique was observed is in
MoS2 (Tsai et al. 2017). From the XPS S 2p spectra of pristine MoS2 (P-MoS2) and
defective MoS2 (V-MoS2), it can be clearly seen that desulfurization leads to the
creation of S vacancies in P-MoS2 (Fig. 5.6b).
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Fig. 5.5 a STEM-ADF images of various point defects in monolayer CVD MoS2. [Reproduced
with the permission of the American Chemical Society from (Zhou et al. 2013)], b STEM-ADF
images of monolayer h-BN with B vacancies (VB) (Inset: FFT of h-BN), c Enlarged and, d Simu-
lated STEM-ADF image of a single VB in monolayer h-BN. [Reproduced with the permission of
American Chemical Society (Wang et al. 2018a)]

5.3.3 Raman Spectroscopy

Raman spectroscopy is another useful tool to investigate the defect in solids. Raman
scattering is inelastic wherein a monochromatic UV, visible, or NIR laser source is
used for excitation. Since crystal defects always influence the vibrational level of
the materials, there will be always some energy differences between the incident and
the scattered photons as shown in Fig. 5.7a. This will result in a frequency shift or
broadening of the Raman bands and sometimes new Raman peaks may also arise
due to a change in the local site symmetry caused by the defects.

For example, carbon defects in pristine graphene (G), nitrogen-doped graphene
(NG), and defective graphene (DG) were investigated by monitoring the intensity
ratio of the Raman D and G bands (ID/IG) as shown in Fig. 5.7b, c (Jia et al. 2016). It
has been observed that for pristine graphene (G), the Raman G band is more intense
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Fig. 5.6 a XPS O 1 s spectra of c-CoSe2/DETA and o-CoSe2-O UNs. [Reproduced with the
permission of Wiley–VCH (Wang et al. 2018b)], b XPS S 2p spectra of P-MoS2 and V-MoS2.
[Reproduced with the permission of Springer Nature (Tsai et al. 2017)]

Fig. 5.7 Characterization of defect by Raman spectroscopy: a Various transitions in Raman scat-
tering. [Reproduced with the permission of Elsevier (Zhou et al. 2021)]. Characterizations of carbon
defects in graphene: b The schematic of the formation of NG and DG, c Raman patterns of pristine
graphene, NG, and DG. [Reproduced with the permission of Wiley–VCH (Jia et al. 2016)]
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than the D band, suggesting a high regularity of carbon structure in the graphene
with relatively fewer defects. However, when nitrogen atoms were incorporated into
G, the hexagonal structures were altered, and some nitrogen impurity defects were
introduced. This increased the ratio of ID/IG in NG. Now when the doped nitrogen
atoms were also removed from the NG, the ID/IG is further enhanced. This indicates
the formation of more defects and disruption of hexagonal structure in the defec-
tive graphene (DG). Similarly, the creation of oxygen vacancies in ZnO was also
confirmed by Fukushima et al. using Raman spectroscopy when ZnO was heated at
different oxidized and reduced atmospheres (Fukushima et al. 2015).

5.3.4 XAS Study

This technique involves the excitation of an electron from the atomic core-orbital to
the free or unoccupied levels using an X-ray source. The ejected photoelectrons will
then be scattered by the surrounding atoms and an Extended X-ray absorption fine
structure (EXAFS) will be generated by the oscillations in the photoelectric cross
section. Such scattering varies from atom to atom and the EXAFS data can provide
information about the chemical coordination of the excited atom. For example, the
removal of VO from the SrTiO3 (STO)/LaNiO3 (LNO) bilayer possessing the largest
number of VO is confirmed by the XAS study when the materials were heated inside
an oxidizing furnace (Guo et al. 2018). As shown in Fig. 5.8a the intensity of the OK-
pre-edge peak (around 528.5 eV) is less for as-grown STO/LNO bilayer compared to
stoichiometric LNO. This clearly indicates the presence of a considerable amount of
oxygen vacancies in the STO/LNOas-grown bilayer. Further, these oxygen vacancies
also reduced the hybridization of the Ni–O orbitals and removal of VO from the as-
grown STO/LNO bilayer recovered the hybridization of Ni–O as reflected in the
recovery of the Ni3+ oxidization state in the XAS spectra for Ni L2-edge (Fig. 5.8b).
For the as-prepared STO/LNO bilayer, due to oxygen vacancies, Ni2+ ions were also
present. However, as the oxygen vacancies were removed the intensity of the Ni2+

ion signature was found to be reduced.

5.3.5 EPR Spectroscopy

EPR technique is widely used to characterize any chemical species with unpaired
electrons. The basic concept is like that of nuclear magnetic resonance (NMR), but
instead of nuclear spin it involves electron spins. Like a proton, the spin of the electron
also makes it behave like a tiny bar magnet, and in an external magnetic field with
strength H, the electron’smagnetic momentmay align itself either parallel (ms = −1/
2) or antiparallel (ms =+1/2) to the field. Each of the alignments has a specific energy
due to theZeeman effect:E =megeBh, where ge is the electron’s so-called g-factor (ge
= 2.0023 for the free electron) and β is the Bohr magneton. Therefore, the energy
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Fig. 5.8 XAS spectra for
a O K-edge and
b Ni L2-edge for an STO/
LNO bilayer before and after
annealing at 700 °C in
atmospheric oxygen.
[Reproduced with the
permission of Wiley–VCH
(Guo et al. 2018)]

difference between the lower and the upper state for an unpaired free electron is
�E = geβH and it is directly proportional to the magnetic field’s strength. Defects
such as oxygen vacancies (OVs) sometimes trap an electron and behave as unpaired
species. In many cases, a hole can also get trapped at a negatively charged cationic
vacancy and can be characterized by the EPR technique. For example, Bi3+ doped
ThO2 showedOV-induced dilute ferromagnetismbecause of the presence of unpaired
electrons trapped at the OVs. The OVs are created due to the charge difference
between Bi3+ and Th4+ (Guo et al. 2018). EPR spectra of various Bi3+ doped ThO2

compounds revealed a resonance signal around g ~ 2.25 due to the paramagnetic
OVs (Vo

°) as shown in Fig. 5.9a. At higher concentrations of Bi3+ ion, the EPR
signal became more intense due to the creation of more and more OVs. Further, the
spectra also shifted toward the low-filed region due to the magnetic ordering of the
paramagnetic oxygen vacancies. Similar types of paramagnetic OVs are also found
to exist in MgO, and ZnO and are characterized by EPR (Pathak et al. 2017; Kaftelen
et al. 2012). The EPR technique is also found to be very useful to characterize many
other defects. For example, Zhang et al. demonstrated sulfur defects in porous Co3S4
nanosheets which are rich in sulfur vacancies (Zhang et al. 2018a). The ultrathin
porous Co3S4 nanosheets (Co3S4 PNSvac) showed a strong EPR signal at g = 2.003
in Fig. 5.9b due to the sulfur vacancies while no such signal was observed for the
defect-free Co3S4 nanosheets (Co3S4 NS).

5.3.6 PALS Study

PALS is another useful technique to characterize various atomic defects especially
the extended free-volume defects composed of multiple vacancies and clusters of
vacancies. The basic principle involves the annihilation of a positron through inter-
action with the electrons inside the free-volume defects followed by the release of
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Fig. 5.9 EPR spectra of a Th1-xBixO2- δ solid solutions [Reproduced with the permission of Royal
Society of Chemistry (Kanrar et al. 2017)] and b Co3S4 PNSvac and Co3S4 NS [Reproduced with
the permission of American Chemical Society (Zhang et al. 2018a)]

two gamma rays of energy (~0.511 meV). Figure 5.10 shows a pictorial representa-
tion of a positron from the radioactive 22Na atomic nucleus along with the emission
of a neutrino (v). The time difference between the birth gamma ray (~1.28 meV) and
the newly generated gamma rays (~0.511 meV) after annihilation corresponds to the
lifetime of the positron. Because of the positive charge, the positrons are repelled by
the positively charged vacancies while attracted by the negatively charged vacancies,
which are more suitable as positron trap centers.

For example, the PALS study of MgO prepared at an annealing temperature
of 600 °C showed two-lifetime components, viz., 237.0 and 445.0 ps, which are
attributed to open volume defects. The smaller lifetime component is attributed to
the Mg mono-vacancy while the higher positron lifetime component is attributed to
a vacancy cluster composed of 2VMg and 2VO or 2(VMg + VO) wherein the positron
getsmore time tomove around and takes longer time to annihilate (Pathak et al. 2017).

Fig. 5.10 A schematic
representation of PALS



5 Defect-Modulated Trap Engineering of Long Persistent … 143

The lifetime of this cluster vacancy was further reduced to 291 ps when annealed at
higher temperatures due to the reduction in the size of the vacancy. PALS study was
also found to be very helpful to characterize the defects in various halide matrices.
We have observed two-lifetime components (~243 and 461 ps) in KMgF3 (Pathak
et al. 2020). The smaller component is attributed to Mg-vacancy (mono- or di-) and
the large component is attributed to the K-Mg-F vacancy clusters. We also demon-
strated that by using a co-dopant ion such as Li+, the configuration of the vacancy
cluster can be changed.

5.3.7 EELS Study

EELS involves the inelastic scattering of electrons.When a known and narrow energy
beam of the electron is exposed to the materials, some of the incident electrons
will undergo inelastic scattering and lose energy due to various types of reasons
including inner shell ionization, phonon excitations, inter- and intra-band transi-
tions, plasmon excitations, Cherenkov radiation. Inner-shell ionizations can provide
information about the compositions of various elements along with their electronic
structure, and the chemical bonding nature of a material. For example, Liu and co-
workers reported the presence of OVs in porous Zn-doped Co3O4 sheets by using
the EELS technique (Liu et al. 2018). When the EELS spectra were recorded at
different positions of the surfaces, the α and β peaks in the O–K edges were found
to be sharper for the top/base surfaces than the lateral surface, while the L3 and L2
peaks of the Co–L edges were shifted to higher energy at top surfaces as shown in
the EELS spectra in Fig. 5.11b, c. This confirmed the presence of more OVs on the
lateral surface of the sheets than that on the top surface.

5.3.8 TL Spectroscopy

TL spectroscopy provides direct information about the number of defect-related
traps and their trap depth inside the band gap of the materials. When irradiated with
high-energy light or other types of high-energy radiation (X-Rays, gamma, or beta
rays), the newly created charged carriers (electrons and holes) will be trapped in the
metastable defects-related traps. The depopulation of these trapped electrons from
the metastable state can be achieved by heating followed by light emission due to
electron–hole recombination (Trojan-Piegza et al. 2008). The defect-related trap’s
activation energy can be evaluated from the TL spectroscopy. As mentioned earlier,
the trap depth of various defectmodulated traps is very importantwhile designing any
LPP or ML materials (Trojan-Piegza et al. 2008). The TL glow curve is composed
of multiple glow peaks originating from various traps at different temperatures due
to their different rap depth energy as shown in Fig. 5.12.
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Fig. 5.11 a STEM image of porous Zn-doped Co3O4 sheets. b EELS spectra for the O–K edges
and c Co–L edges respectively along the arrow (X → Y) in (a). X = Lateral surface, Y = Top
surface. [Reproduced with the permission of Elsevier (Liu et al. 2018)]

Fig. 5.12 TL glow curves correspond to various traps for vacuum sintered Lu2O3:Tb3+ compound.
[Reproduced with the permission of American Chemical Society (Trojan-Piegza et al. 2008)]
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5.4 Defect Engineering for Modulating Trap States

The most crucial task while designing the efficient LPPs and ML materials is the
defect-related trap engineering generated from various point defects. One needs to
be highly focused on this part before developing those materials. As stated earlier in
the introduction part that these traps can be generated in a variety of ways such as
by varying the synthesis condition, doping aliovalent ions, or irritating the materials
with high-energy radiation (Zhang et al. 2019). For example, heating the material at
high temperatures or exposing to excess pressure may create various defects because
of thermal dissociation and disorder. Sometimes, by irradiating the samples with an
electron beam, high-energy rays (such as gamma andX-rays), nuclear particles (such
as alpha particles), or high-intensity lasers also create such defects. In many cases,
incorporating a dopant ion into a lattice site also led to the formation of crystal defects.
Such substitution canbe either equivalent or non-equivalent. In non-equivalent substi-
tution, an aliovalent ion substitutes the lattice ions. For example, if a rare-earth ion
with +3 charge substitute a divalent host ions (M2+) then due to charge compensa-
tion, there will be two different type of point defects, expressed as 2 Re3+ + 3 M2+

= 2 ReM + VM
′. Here ReM will carry one positive while the VM

′′ vacancy will
carry two negative charges. Now if the Re has a 2+ charge (such as Eu2+) then the
substitutional defect will be ReM’ with one negative charge. To balance this negative
charge there will be the creation of another anionic vacancy like oxygen vacancy
(VO) (for oxide-based materials) or halide vacancy VX (for halide compounds),
which possess one positive charge. Examples of such defect-related trap engi-
neering can be found in various ML materials such as Ca2Al2SiO7:Ce3+ (Akiyama
et al. 1999), (Ba,Ca)TiO3:Pr3+ (Zhang et al. 2010a), SrAl2O4:Ce3+ (Zhang et al.
2007), CaYAl3O7:Ce3+ (Zhang et al. 2011), Sr3Sn2O7:Sm3+ (Kamimura et al. 2012),
CaZnOS:Er3+ (Zhang et al. 2015), mCaO·Nb2O5:Pr3+ (m = 1, 2 and 3) (Zhang et al.
2016), and LiNbO3:Pr3+ (Tu et al. 2017). On the other hand, equivalent substitution
creates isoelectronic trap states which are resulted due to the electronegativity differ-
ences between the host ions and dopant ions. For example, materials like ZnS:Mn2+,
CaZnOS:Mn2+, andBaZnOS:Mn2 show such defect-related trap stateswhereinMn2+

substitutes at the Zn2+ position (Li et al. 2016b). Because Mn2+ has electronegativity
lower than that of Zn2+ ion it can combine with a hole to act as electron trap centers
while Zn2+ ions can combine with the electrons to act as hole trap centers. In many
cases judicious choice of component materials or by changing synthesis conditions
that volatile one element can also generate metal deficiency-related vacancy. For
example, Sr vacancies in SrAl2O4:Eu2+ can be created by taking the nonstoichio-
metric amount of Sr precursor materials while in Ca2Al2SiO7:Ce3+ such type Ca
and Si vacancies can be created by manipulating the compositions of Ca and Si (Xu
et al. 1999a; Akiyama et al. 2003). In many cases, OVs are generated by the heat
treatment of the compound in a reducing atmosphere (Matsui et al. 2000). Such kind
of treatments are also found to be effective to generate and control sulfide vacancies
(Gan et al. 2017a).
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5.4.1 Defect-Modulated Trap Engineering in LPPs

The three important parameters that determine the efficiency of the persistent lumi-
nescence process are the type of traps, their concentrations, and the trap’s depth. The
type of traps purely depends on the nature of the defect centers, and we will provide a
brief discussion about how different types of defect centers create various trap states.
Since the efficiency of persistent luminescence is critically dependent on the nature
of traps, introducing more effective traps always results in higher efficiency. The trap
depth determines the releasing rate of charge carriers, which has an immediate impact
on the light yield and its persistency. For example, shallow traps release the carrier
at a faster rate and are beneficial for higher light yields. On the contrary, the deep
traps release the carriers very slowly and are hardly emptied at room temperature,
resulting in less light yield but with a long persistent duration. Therefore, defect-
modulated shallow and deep trap engineering plays a key role in optimizing the
efficiency of LPPs materials. Here we will discuss the defect-modulated trap engi-
neering by considering three proposed models; namely, the conduction band valence
band (CB-VB) model, quantum tunneling model, and oxygen vacancy model.

5.4.1.1 CB-VB Model

This model involves the participation of CB or VB in the excitation process. Here
the traps are placed close to CB/VB and the trapping of the excited carriers is accom-
plished by the spatial localization into the traps. Once a trapped electron or hole is
released froma trap, it is free to recombine at a recombination center through a variety
of recombination processes, which can be briefly explained by considering different
models, e.g., the hole model, electron model, energy-band engineering model, and
Quantum tunneling model.

Hole Model

The hole model can be explained by considering the case of SrAl2O4:Eu2+,Dy3+ as
demonstrated by Matsuzawa et al. in Fig. 5.13a (Yamamoto and Matsuzawa 1997).
Photoconductivity measurements showed that holes are the main charge carriers.
When Eu2+ ions are excited, a hole can escape to the VB and result in an Eu+ ion.
Being free in the VB the hole can be captured by the Dy3+ and forming a Dy4+ ion.
The room-temperature thermal energy then releases the hole from the Dy4+ ion into
the VB again. The released hole will then recombine with the Eu+ ion, which will
return to the ground state followed by the emission of a photon. Therefore, the Dy3+

ion acts as a hole trap in this process.
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Fig. 5.13 Various afterglow mechanisms: a Hole model in SrAl2O4:Eu2+,Dy3+ proposed by
Matsuzawa et al.bElectronmodel inCaAl2O4:Eu2+,Dy3+ proposed byAitasalo et al. cEnergy band
engineering model in aluminate and silicate compounds proposed by Dorenbos et al. (Yamamoto
and Matsuzawa 1997; Aitasalo et al. 2003; Dorenbos 2005). [Reproduced with the permission
of Royal Society of Chemistry (Li et al. 2016a)] d Quantum tunneling model for NIR persistent
phosphorescence and photostimulated NIR persistent phosphorescence mechanisms in Cr3+-doped
LiGa5O8. [Reproduced with the permission of Nature Publishing Group (Liu et al. 2013)]

Electron Model

However, the hole model was not found suitable for CaAl2O4:Eu2+,Dy3+ as demon-
strated by Aitasalo in 2003 and they proposed that here the electrons were directly
excited from the VB into some trap at some unspecified origin as shown in Fig. 5.13b
(Aitasalo et al. 2003). From those traps, the electrons are thermally released to the
OV-related traps. However, the thermal release of the electrons from the OVs to CB
is not possible here because of the higher energy difference. The electron will then
recombine with a hole followed by the emission of light. This emitted light can be
transferred to the Eu2+ ions through an energy transfer process. They did not consider
the formation of Eu+ and Dy4+ as they are chemically unstable ions. This argument
that Eu+ species were unstable in aluminate is also supported by Holsa et al. who
proposed that the co-doping Re3+ ion like Dy3+ only serve as the trap centers (Holsa
et al. 2004). They found that co-doping Sm3+ into SrAl2O4:Eu changes the persis-
tency of luminescence. Further, they also observed different persistency of lumines-
cence when the Sm3+ ions were reduced to Sm2+. The fact that doping rare-earth R3+

ion only regulates the trap parameters is also supported by the observation of intense
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and longer persistent phosphorescence in phosphors like Sr2MgSi2O7:Eu,Dy, and
SrAl2O4:Eu,Dy wherein Dy3+ ion was used as co-dopant (Gluchowski et al. 2015).

Energy Band Engineering Model

Later, Dorenbos revised the electron model in 2005 and proposed that at first the
electrons are excited from the 4f7 level of divalent europium ions to that of the
4f65d1 level, which is located very close to the CB (see Fig. 5.13c) (Dorenbos 2005).
The excited electrons from the excited state can easily be released into the CB
followed by its trapping by a trivalent rare-earth co-dopant ion. However, it fails
to explain the long persistent luminescence when the Eu2+ ion is singly doped in
SrAl2O4. While considering this model, the most important factors are (i) the band
gap of the host, (ii) the energy level positions of the Re2+ and Re3+ ions, and (iii)
the trap-level positions of R2+ and R3+ ions with respect to the bottom of the CB.
For example, after considering the ground energy level positions of various Re2+ and
Re3+ ions and the band gap energy of Sr2MgSi2O7 materials, it was proposed that
the best candidates for afterglow centers are Eu2+, Ce3+, Tb3+, and Pr3+. Because of
the lowest 5d energies of Eu2+, Ce3+, Tb3+, and Pr3+ ions, they are highly suitable
for present-day applications of LPPs which require excitation by visible light or UV
light. Further, since the excited 5d levels of these ions are close to the CB, the electron
transfer through CB to traps will bemore efficient. TL is a very powerful technique to
determine trap-level positions. For example, the TL glow curves of YPO4:Ce3+,R3+

(R = Nd, Sm, Dy, Ho, Er, and Tm) and YPO4:Pr3+,R3+ (R = Nd, Dy, Ho, and Er)
phosphors are reported by various groups (Lecointre et al. 2011; Bos et al. 2010).
Interestingly it has been that the TL peaks of YPO4:Pr3+,R3+ and YPO4:Ce3+,R3+

compounds are similar. Similar TL peaks were also found with R2+ as a co-doped
ion for both Pr3+ -doped and Ce3+-doped YPO4 compounds.

5.4.1.2 Quantum Tunneling Model

As stated earlier, deep-level trap states result in the longer persistency of lumines-
cence. The above-mentioned CB–VB models are involved in shallow trap states.
The Quantum tunneling model on the other hand explains the afterglow mechanism
which involved the deep tarp states. This model is considered when a charge carrier
tunnels through a barrier which is not possible classically. For many LPP materials,
the tunneling of the electron occurs between the deep trap states and near excited-state
levels of activators without the involvement of any CB or VB. For example, various
Cr3+−doped zinc gallogermanate showed NIR emission at 650–1000 nm region with
a very long afterglow time of 15 days (360 h) (Pan et al. 2012). A similar observa-
tion was also found in Cr3+-doped LiGa5O8 NIR persistent phosphor with luminesce
persistent for more than 1000 h (Liu et al. 2013). The material showed an effective
afterglow when excited by the UV light, which suggests that UV light is sufficient
for the ionization processes required for Cr3+ in Zn3Ga2Ge2O10 or LiGa5O8 host
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followed by the steps 2, 3, and 4 as shown in Fig. 5.13d. However, the materials were
interestingly found to generate super long afterglow even with low-energy visible
light (400–630 nm) as an excitation source which is below the ionization threshold.
This was explained based on the quantum tunneling process (process 5 in Fig. 5.13d).
When excited by visible light, the electrons in Cr3+ ions might be promoted to higher
energy levels that are close to the deep traps. Those deep traps are then filled through
the tunneling process from the energetically closed excited levels of Cr3+ ions. Simi-
larly, the reverse tunneling processes led to recombination at Cr3+ ion which results
in weak but super long afterglow.

5.4.1.3 Oxygen Vacancy Model

This model involves OVs acting as the electron trap in oxide-based materials as
described earlier in the electron trap model by Aitasalo et al. (2003). Further Clabau
et al. also suggested that OVs act as an efficient electron trap in SrAl2O4:Eu2+,Dy3+

(Clabau et al. 2005). From TL study it has been observed that although the TL peaks
of Eu2+ singly doped SrAl2O4 and Eu2+/Dy3+ co-doped SrAl2O4, are differed in size
and location, they are similar in shape. This suggests that the chemical nature of the
traps is not much affected by co-doping and OVs are still acting as the main store
for the carriers.

5.4.2 Defect-Modulated Trap Engineering in ML Materials

Like LPPs materials, engineering efficient defect-related traps in ML materials is
very much crucial to improve its performance. ML materials are classified into
two groups: one group is based on dielectric host materials and the other group
is based on semiconductor host materials. Interestingly, it has been observed that
most of the compounds of these groups are piezoelectric in nature which arises
due to their non-centrosymmetric crystal structures. It has been proposed that the
stress-induced piezoelectric field helps to release the carriers from the traps. Like
LPPs, proper control of the defect-related traps holds the key to enhancing the effi-
ciency of ML properties. For example, Zhang et al. demonstrated that the ML inten-
sity of SrAl2O4:Ce3+ phosphor was enhanced by ≈100 times when the compound
was co-doped with 1.5% Ho3+ as shown in Fig. 5.14a (Zhang et al. 2007). This
was explained based on the fact that the aliovalent substitution of Ho3+ at the
Sr2+ site creates an abundant amount of shallow traps and thereby increasing the
charge storage capacity. Similar co-doping strategy was also found to be effective in
other ML materials such as Dy3+ in Ca2MgSi2O7:Eu2+ (Zhang et al. 2008), Sr2+ in
CaAl2Si2O8:Eu2+ (Zhang et al. 2010b), Nd3+ in CaZnOS:Mn2+ (Su et al. 2020), Gd3+

in (Ba,Ti)TiO3:Pr3+ (Zhang et al. 2014), Gd3+ in LiNbO3:Pr3+ (Qiu et al. 2018), La3+

in (Sr,Ca,Ba)2SnO4:Sm3+ (Zhao et al. 2016), Zr4+ in SrAl2O4 (Liu et al. 2019), and
Ge4+ in Sr3Sn2O7:Sm3+ (Fig. 5.14b–f) (Li et al. 2018). The significant enhancement
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Fig. 5.14 Enhancing the ML intensity by co-doping and controlling the piezoelectricity. a ML
enhancement in SrAl2O4:Eu2+ by Ho3+ co-doping. [Reproduced with the permission of Amer-
ican Institute of Physics (Zhang et al. 2007)] b ML enhancement in CaZnOS:Mn2+ by Nd3+ co-
doping. [Reproduced with the permission of Elsevier (Su et al. 2020)] c ML enhancement in (Ba,
Ca)TiO3:Pr3+ by Gd3+ co-doping. [Reproduced with the permission of Optical Society of America
(Zhang et al. 2014)] dML enhancement in (Sr, Ca, Ba)2SnO4:Sm3+ by Ln3+ doping. [Reproduced
with the permission of Elsevier (Zhao et al. 2016)] e ML enhancement in SrAl2O4:Eu2+ by Zr4+

doping. [Reproduced with the permission of Wiley–VCH (Liu et al. 2019)] f ML enhancement in
Sr3Sn2O7:Sm3+ by Ge4+ co-doping. [Reproduced with the permission of Elsevier (Li et al. 2018)]

of ML intensity for all these compounds is purely due to the enhancement of trap
density. Sometimes varying the heating atmosphere was also found to enhance the
trap’s density. For example, a ≈100-fold increase in the ML intensity was observed
for ZnAl2O4:Mn2+ when the compound was heated in an H2–N2 atmosphere at
1300 °C (Matsui et al. 2001). Hydrogenation treatment of ZnS: Cu particle was
also found to enhance the ML intensity significantly due to the creation of abundant
sulfur vacancies (Gan et al. 2017b). Further, it has been observed that the reddish-
orange ML intensity of Sr3Sn2O7:Sm3+ can be enhanced by 1000 times because of
the layered structure with abundant traps and the efficient charge transfer between the
host and Sm3+ (Fig. 5.16a) (Kamimura et al. 2012). The intensity can be improved
further by tailoring the bandgap and trap distribution using co-dopant ions like Si or
Ge (Li et al. 2018).

In a piezoelectric host, at first, the charge carriers produced by the excited light
are captured by the traps as shown in Fig. 5.15a. When this optically excited mate-
rial is exposed to low amplitude stress, a local piezoelectric field is produced. This
local piezoelectric field will depopulate the traps and facilitate the recombination of
carriers in luminescent centers (Fig. 5.15b).

To prove that the piezoelectric field plays a key role in the de-trapping process,
Wang et al. fabricated a multilayer structure wherein ZnS:Cu, Mn2+ ML material
was sandwiched between two PVDF ferroelectric layers (Wang et al. 2019). They



5 Defect-Modulated Trap Engineering of Long Persistent … 151

Fig. 5.15 Schematic diagram forMLmechanism in piezoelectric host: Trapping of the carriers and
their de-trapping process induced by the local piezoelectric field. [Reproduced with the permission
of Elsevier (Zhang et al. 2019)]

Fig. 5.16 aML enhancement due to the layered crystal structure of Sr3Sn2O7:Sm3+. [Reproduced
with the permission of American Institute of Physics (Kamimura et al. 2012)] b Piezoelectric
field induced ML enhancement in ZnS:Cu, Mn2+. [Reproduced with the permission of Elsevier
(Wang et al. 2019)] c ML enhancement of ZnS/CaZnOS:Mn2+ due to the heterojunction structure.
[Reproduced with the permission of Wiley–VCH (Peng et al. 2020)]
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observed that because of the additional external electric field created by the PVDF
layers, the trap depth of ZnS:Cu,Mn2+ was further reduced under stress loading
which helped to release more charge carriers and resulted in more ML intensity as
shown in Fig. 5.16b. Similarly, Peng et al. demonstrated that ML in heterojunctioned
ZnS/CaZnOS piezo photonic system is 2 times more intense than that of commer-
cial ZnS:Mn2+ as shown in Fig. 5.16c (Peng et al. 2020). This happens because
the conduction band offset in the heterojunction interface region facilitates efficient
charge transfer and recombination processes. Therefore, controlling both the traps
and piezoelectricity in ML materials has a direct impact on the ML properties.

Since the piezoelectricity is originated from the non-centrosymmetric crystal
structure; an efficient strategy to control the ML intensity is to change the crystal
symmetry by doping an impurity ionwith a different size. For example, partial substi-
tution of Sr2+ (40mol%) at Ca2+ site in CaAl2Si2O8:Eu2+ enhanced the ML intensity
significantly due to the change of the crystal structure to a lower symmetry (Zhang
et al. 2010b). The lower symmetry of CaAl2Si2O8 crystal’s structure upon substitu-
tion of Sr2+ at Ca2+ site happened due to the changes in the cell edge (b and c) and
cell volume. This increases the atomic disorder in the crystal lattice and such distor-
tions increase piezoelectricity in the crystal (Zhang et al. 2010b). In many cases,
such type of substitution also creates additional traps, which in part contribute to the
higher intensity of ML. Few examples are (Ba, Ca)TiO3:Pr3+, (Sr, M)MgSi2O7:Eu2+

(M = Ba, Sr, Ca), CaZnOS:Mn2+,Li+, (Sr, Ca, Ba)2SnO4:Sm3+,La3+ and Sr3(Sn, Si/
Ge)2O7:Sm3+ (Zhang et al. 2019).

5.5 Various Applications of LPPs and ML Materials

5.5.1 Application of LPPs

Displays and safety signs:

Initially, LPPs were mostly being used in luminous Pearl showing green afterglow at
night. Later, LPPs found applications in emergency signs, warning signs, luminous
paints to mark highways, dial plates of glowing watches, etc. The powder-form
LPPs are more favorable for those applications because of their easy mixing into
the pigment. Similarly, phosphorescent glasses can also be produced by adding a
phosphorescent pigment during their production. These glasses and ceramics will
continuously glow in the dark for several hours after switching off the excitation
source and found application for decoration and beautification purposes in domestic
houses and public buildings. These materials can also be used in safety signs to
indicate the escape route during emergency evacuation in the building.

Optical storage, sensors, and detectors:
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The traps in LPPs can store the charge carriers (electrons or holes) created during
exposure to high-energy radiation. Later on, these trapped charge carriers can be
released by the assistance of thermal (TL), optical (photostimulated luminescence or
PSL), ormechanical force (ML). The TL, PSL, andMLphenomenon of various LPPs
can render their various potential applications in imaging plates, various sensors,
and high-energy ray detectors. Exposing the phosphor plates to high-energy rays
will “writes” a latent image in the form of trapped electrons and their number is
proportional to the amount of radiation dose absorbed. After the initial exposure to
high-energy rays, when these materials are further illuminated with a second light
source with appropriate wavelength it can “reads” the image because of the visible
PSL emission. During this read-out process, most of the trapped electrons will get
released and the plate can be further reused. One example of such a phosphor is Cr3+-
doped LiGa5O8 wherein the emission around 716 nm can be repeatedly obtained in a
period of more than 1000 h. This phosphor was first irradiated with a UV light (250–
360 nm) and then the second illumination was carried out by using light between
380–1000 nm (Liu et al. 2013). The read-out process can also be achieved by using
the TL andMLphenomenon. These phosphors have potential applications in erasable
and rewritable optical storage, sensors, and detectors.

Biomedical applications:

LPPs with excitation and emission in the biologically transparent NIRwindow (650–
1350 nm) are being used as bio-label for tracing cancer cells (Li et al. 2016a).
LPPs have additional advantages over the other labels because their afterglow prop-
erty permits late time-gated imaging. Therefore, intense research is going on to
develop highly sensitive and efficient LPPs that emit light in the first (NIR I, 650–
950 nm) and second biologically transparent windows (NIR-II, 1050–1350 nm). For
example,Maldiney et al. reported a new generation of bio-labels based onCr3+ doped
zinc gallate LPP which can be activated in vivo through living tissues using NIR
lights. The signal from persistent luminescence was largely detectable for up to 2 h
(Maldiney et al. 2014).

The LPPs also found application as a bio-probe to monitor and identify the variation
of biotic habitat. For example, due to the specific reaction of CoOOH and ascorbic
acid, the determination and screening of ascorbic acid in living cells and in vivo can
be done by using CoOOH-modified LPP nanoparticles (Niu et al. 2014).

Photocatalysis:

TiO2 has been well known for its photocatalytic properties and for decomposing
volatile organic compounds to clear the air under ultraviolet excitation. It has been
demonstrated that photocatalytic efficiency can be increased by coupling with LPPs.
For example, CaAl2O4:Eu, Nd LPP with emission around 440 nm and persistent
luminescence >10 h can enhance the photocatalytic degradation of acetaldehyde and
NO pollutants when coupled with TiO2 photocatalyst (Li et al. 2012).

Solar cells:
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Coupling LPP with a solar cell can also improve solar cell efficiency. For example,
SrAl2O4:Eu2+,Dy3+ phosphors can down-convert the 250 nm UV light to 400 nm
visible light, which matches the peak absorption region of the most common dye
N719. This leads to an overall 13% improvement in the conversion efficiency when
the CdS-sensitized solar cells (DSSC) device was coupled with SrAl2O4:Eu2+,Dy3+

LPPs phosphor (He et al. 2013).

5.5.2 Application of ML Phosphors

Since applied stress plays a crucial role in ML phosphors, they have potential appli-
cation in various stress-sensing technologies. Compared to the conventional stress-
sensing technologies presently available in the market, ML phosphor-based sensing
technologies are still in the development phase. We have summarized some of their
potential applications below.

Electronic Wearable Devices:

These wearable devices are made ofML phosphors-based electronic skin or artificial
skin which can mimic the functions of our human skin. Because of the stretchability,
self-healing properties, and ability to integrate over large areas, suchwearable devices
are highly promising for application in health monitoring and prosthetics. The first
remote detection of applied stress was done by Xu et al. using the visible light
emitted from a composite film containing SrAl2O4:Eu2+ ML phosphors (Xu et al.
1999b). Following their pioneering work extensive research have been focused on
exploringnewMLmaterials for stress-sensing application. Song and co-workers have
demonstrated the visualized facial expression by fabricating a skin-attachable stress
sensor using SiO2 nanoparticle-modified ZnS:Cu/Mn2+@Al2O3@PDMS (Qian et al.
2018).

Biomechanical and Biomedical Engineering:

ML-based phosphors also have potential application in Biomechanics to under-
stand disease development in biological tissues such as human bones and teeth.
For example, SrAl2O4:Eu2+,Dy3+ ML phosphors were used to get the visualization
of stress distribution on the surface of the artificial tooth (Jiang et al. 2018). Since the
NIR light has excellent penetration capability through the biological tissues, NIR-
ML phosphors are the best candidate for biomechanical applications. For example,
SrAl2O4:Eu2+,Er3+ phosphor showed ML at ≈1530 nm under compressive loading
with a linear relationship of ML intensity with the amplitude of the load (Terasawa
et al. 2011). Other ML phosphors which showed intense NIR-ML and good pene-
trability through various other biological tissues are Sr3Sn2O7:Nd3+, CaZnOS:Nd3+,
LiNbO3:Nd3+, and CaZnOS:Er3+ (Zhuang and Xie 2021).
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Structure Health Diagnosis

ML phosphors-based stress-sensing technology may be helpful for the health diag-
nosis ofmany big engineering structures such as bridges, tall buildings, high-pressure
vessels, and so on. Like artificial skin, a sensing film can be attached to the surface
of a bridge to investigate the real-time stress distribution on the surface (Terasaki
and Xu 2013). Similar films can also be used to investigate the stress distribution on
the surface of various high-pressure vessels like liquid hydrogen storage cylinders
or pipes and thereby providing a real-time health diagnosis (Fujio et al. 2016). They
are also highly promising for monitoring the surface stress distribution in aircraft
and spacecraft caused by many severe mechanical impacts while flying (Zhuang and
Xie 2021).

Electronic Signature and Anticounterfeiting:

They showed potential application in electronic signature system based onML-based
electronic signature skin using differentML phosphors (Zhuang andXie 2021;Wang
et al. 2015). The difficult-to-replicate stress-induced luminescence properties of ML
phosphors also make them a very good candidate for anticounterfeiting applica-
tion. Further, integrating ML with other categories of luminescence properties such
as down-conversion, up-conversion, and thermostimulated luminescence can make
themmore promising candidates for advanced optical anticounterfeiting (Zhang et al.
2018b). Examples of such ML phosphors with multimode emission properties and
having potential applications for anticounterfeiting areLiNbO3:Pr3+, Sr3Al2O6:Eu3+,
CaZnOS:Mn2+/Ln3+, and CaZnOS:Bi3+ (Zhuang and Xie 2021).

5.6 Summary and Challenges

Here we have tried to summarize full-scale research on LPPs and ML materials
starting from their fundamental understandings to many advanced applications. Our
specific objective is to present how defect-modulated trap controlling plays a crucial
role in designing efficient LPPs and ML materials. We have summarized various
advanced characterization techniques for the defect-related tarps and highlighted
various ways to control them. In the last a brief overview of their potential application
in many advanced scientific and technological fields is also discussed. Despite the
substantial progress in the development and exploration of many new classes of
ML materials, there are still many challenges that need to be addressed before their
routine application.

The first challenge for LPPs and ML materials is brightness and efficiency.
Although in the present class of materials defect-related traps play the critical role of
storing the charge carriers, in many cases, defect centers provide some non-radiative
pathways to the radiative centers and thereby decrease the light yield. Therefore, we
must carefully tailor the defect-related trap centers and avoid any defect centers that
involve non-radiative pathways. Further, for routine application, the defect-related
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trap centers should generate a reproducible persistent luminescence and should not
disappear while changing the atmospheric condition.

The second challenge of these defect-related trap-controlled LPPs and ML mate-
rials is to provide a more convincing mechanism with extensive universality. For
example, a concrete mechanism of how stress accelerates the release of the trapped
carriers is still missing in the literature. Similarly, for LPPs, it has been proposed that
shallow trap states result in the high intensity of light while deep-level trap results
in long persistent luminescence. However, a strong correlation between the level of
traps and the optimum performance of the persistent luminescence both in terms of
light yield and persistency is still missing.

The third and one of the most important challenges of these trap-controlled phos-
phors is a thorough analysis of the species, concentration, and depth of defect-related
traps using multiple techniques. Defects in crystals are a complex subject and their
trap’s position inside the band gap varies from one matrix to another. Therefore, a
similar defect (for example, oxygen vacancy in oxide-based materials) may act as a
shallow trap in one matrix but as a deep trap in another matrix due to a change in
the band gap. A close collaboration between experimental and theoretical groups is
therefore required to establish a strong correlation between the crystal structure and
the electronic structure arising due to the activators and the defect traps.
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Chapter 6
Optical Materials for Sensing
Radioactive Elements

Pallavi Singhal

Abbreviations

NPs Nanoparticles
QDs Quantum Dots
LED Light-Emitting Diode
UV Ultraviolet
CDs Carbon Dots
MPA Mercaptopropionic Acid
DNA Deoxyribonucleic Acid
SERS Surface-Enhanced Raman Scattering
MBs Magnetic Beads
RLS Resonance Light Scattering
DI De-Ionized

6.1 Introduction

Radioactive elements, as the name suggests, are the elements which emit radiation.
These elements along with their chemical toxicity also have the associated radiation
toxicity. The radiations emitted by the radioactive elements include high energy UV
rays, X-rays, γ-rays, α-particles, and β-particles. These radiations have sufficient
energy to ionize atoms and molecules and cause adverse effects on the environment
and the human body. Depending on the type of radiation, they emit (α, β, γ) the
extent of damage is different. Usuall, y radionuclides which emit α radiation cause
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the maximum damage because of the high energy deposition in short range, while
the γ emitting radionuclides cause less damage. Other factors such as half-life of the
source and the dose also play a dominant role in deciding the overall effect caused
by the radionuclide. Because of the adverse effect of these radiations, numerous
devices have been developed using which radiation monitoring and dosimetry are
being carried out. In most of these devices, various sensors have been used (Rao et al.
2015; Sizov 2009) but their performance is not up to the mark in the presence of
electromagnetic fields or other radiation sources that cater the need to develop other
more precise sensors.

Detection of a radioactive element involves two strategies: (1) by detecting it
chemically or (2) by detecting the radiation it emits. Chemical detection of a radioac-
tive element involves the detection of element as well as its isotope and the detec-
tion by radiation involves measurement of energy and type of radiation it emits
(energy spectrometry), since the energy emitted by a radionuclide is a characteristic
feature. Energy spectrometry is being carried out for the past several years to identify
a radionuclide and numerous instruments such as α-spectrometer, γ-spectrometer
(HpGe and NaI(Tl) detectors), ionization chamber, etc., have been used for this
purpose. Although these instruments have an exceptional sensitivity, the requirement
of tedious sample preparation, large counting time, and high-cost prompt researchers
to look for other methods. Inmost of the cases, the radionuclide needs to be separated
from the matrix for measurement. Also, it is difficult to measure low-energy emitting
radionuclides because of the instrumental limitations, and the results are not in situ
and visible.

Considering the above limitations, optical materials are gaining significant atten-
tion in the detection of radioactive elements. Optical materials change their absorp-
tion or emission properties on interaction with the analyte. Typically, a whole system
consists of an optical material that measures the change in the optical properties, a
molecule that will bind both with the material and analyte of interest, and signal
transducers. The element will interact with this system and change the optical prop-
erties that will be finally measured. The binder molecule here plays a key role that
gives the sensor its selectivity and provides information about the presence, concen-
tration, and other physical properties of the analyte. Optical sensors have advantages
as compared to other materials because of ease of handling and low cost. Various
materials have been used for this purpose and their superior properties such as low
cost, in situ, and visual detection make these materials an interesting candidate for
sensing applications. In this chapter, we have summarized the work being carried
out in this direction and materials developed for the same.

This chapter is dedicated to the work being carried out on different materials for
their application as optical sensors to detect radioactive ions. Scheme 6.1 gives an
overview of the materials being used. The chapter is divided into several sections
based on the type of material used. Herein, we will discuss these materials in detail.

Dyes as the optical material for sensing radioactive elements—Dyes have been
used for long as colorant reagents. Initially, these compounds were extracted from
plants, insects, fungi, and lichens. However, after the evolution of modern organic
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Scheme 6.1 Different
optical materials used for
radioelement detection

chemistry and expertise in synthesis, a variety of other dyes were designed and
prepared depending on the need. Dyes have also been extensively for the detection
of radioactive elements because of the color change. Dye molecules interact with
uranium and, while interacting, they may either change the structure or form an
aggregate. Through this process, a change in color was observed that depends on
many factors such as pH, strength of the complex, and concentration of uranium.
In this line, Arsenazo III is one of the most studied dyes for the spectrophotometric
determination of uranium (Kadamet al. 1981) andmany sensors have been developed
using this dye as an indicator. Figure 6.1 shows the structure of the Arsenazo III dye
and its absorption spectra after interaction with uranium (Orabi 2013). The dye
and the uranyl ion form a strong complex and change color from red to violet and
this change in color makes the basis for the determination of uranyl ion by this
method. Researchers have synthesized membranes, polymers, and composites and
immobilizedArsenazo III on it (Baylor andBuchanan1995;Collins et al. 2002). They
have shown that the dye is effective in uranium sensing but the long reaction time of
30–40 min and the interference with other ions (Zn2+, Ca2+, etc.) make use of these
sensors practically difficult. Also, a higher concentration of uranium (ppm range)
is needed for detection purpose which is more than the prescribed limit in drinking
water. To overcome this limitation and detect uranium at <20 ppb levels, Collins et al.
(Collins et al. 2002) designed a device that utilizes a renewable reagent system. This
system consists of a Nafion microtube in which Arsenazo III is pumped for sampling
uranyl ions in groundwater. The uranyl cation formed is detected by a light-emitting
diode (LED)-based fiber-optic flow cell. The response time of the devicewas reported
to be 20 min with thorium and calcium as the major interferences. In another study,
Serenjeh et al. (2016) used Arsenazo III for uranium detection. They have used
a transparent agarose membrane to perform the experiments. Spectrophotometric
studies were carried out to study the complexation and it was found that the uranyl
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Fig. 6.1 Absorption spectra and structure of Arsenanzo-III uranyl complex. Reproduced with
permission from Elsevier Publisher (Orabi 2013) under a creative common license (https://cre
ativecommons.org/licenses/by-nc-nd/3.0/)

ion complex has a much larger stability constant as compared to other metal ions at
pH 2 with a distinct change in color change from purple to dark violet. The method
does not have interferences fromother ions andwas successfully applied to determine
UO2

2+ in spiked water samples.
Another dye that finds promising application in uranium sensing is Alizarin Red

S. Alizarin Red S binds selectively with transuranic. Figure 6.2 shows the structure
and absorption spectra of dye (Yang and Chan 2009). In this line, Safavi and Bagheri
(2005) designed an optical probe in which they have incorporated Alizarin Red S. on
triacetylcellulose and tested the membrane for uranium sensing. They have shown
that the probe changes color from yellow to violet and the response time was 10 min.

Khalifa (1998) designed a uranium-separating ion exchanger using this dye. The
ion exchange was prepared usingAlizarin Red S. and anion exchanger Doulite A101.
The performance of the resin was evaluated by changing various parameters such
as pH, time, and resin capacity and it was observed that the U(VI) sorption occurs
over a wide pH range, 2.8–5. The maximum sorption capacity was evaluated to be
0·68 mmol.g−1. Interference studies in the presence of different metal ions were
performed and it was observed that Fe(III), Zr(IV), Ti(IV), Cu(II), and Th(IV) were
the major interfering ions. Fouad et al. (2019) designed a resin named XAD-2010
using Alizarin Red S for the separation of uranium and thorium in some geological
samples. The sorption results follow the Langmuir isotherm sorption capacity of
20.2 mg g−1.

In another study, Zhou et al. (2022) detected uranium using another dye, Nile blue.
They done electropolymerization of the dye inmodified glassy carbon electrodes and
voltammetric techniques to detect uranium. They observed a detection limit of 0.19
μg/L and the sensor was applied for the determination of uranium in natural samples.

https://creativecommons.org/licenses/by-nc-nd/3.0/
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Fig. 6.2 Absorbance spectra and structure of Alizarin Red S dye. Reproduced with permission
from Springer Publisher (Yang and Chan 2009)

The above studies suggest that numerous works have been carried out wherein
dyes were used for uranium sensing as it was one of the simplest methods and visual
detection was possible; however, it has several limitations such as long reaction
time, interference from other ions, photo-bleaching and higher detection limit and
this prompt researchers to look for other alternatives.

6.2 Nanomaterials as the Optical Sensors for Radioactive
Elements

Nanomaterials as the name suggests the materials with at least one dimension in the
nanometer range. These materials are used in almost every industry because of their
numerous advantages such as high surface area, surface tunability, and shape and
size selection. Various optical nanomaterials have been designed for uranium sensing
and these materials are further divided into several sections based on the nature of
materials used. These materials are described below.

6.2.1 Quantum Dots as Radioactive Elements Sensors

Quantum dots are semiconductor nanomaterials with a size less than their Bohr exci-
tonic radius. They have numerous applications such as in solar energy harvesting,
light-emitting diodes, and diagnosis (Singhal et al. 2016, 2017; Singhal and Ghosh
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2014, 2015, 2019; Singhal and Pulhani 2019). They have also shown huge potential
asmetal ion sensors and few researchers have shown their application in the detection
of uranium (Singhal et al. 2017; Singhal and Pulhani 2019). Here, we would like to
mention that although the application of QDs in sensing was demonstrated but detec-
tion mechanismwas not very clearly understood. Scheme 6.2 shows the mechanisms
by which QDs can lead to metal ion detection (Singhal et al. 2017). It is shown that
QDs can interact with metal ions by various pathways and can lead to aggregation,
energy transfer, charge transfer, and exchange of its surface ion with foreign ions.
By all these processes, either the luminescence intensity will increase or decrease,
and this change in intensity is monitored to detect the presence of metal ions. Earlier,
Dutta and Kumar (2016) synthesized amine-modified CdS QDs for uranium detec-
tion. They have shown that the luminescence intensity of QDs gets quenched on
interaction with uranium; however, no proper mechanism was suggested. Our group
(Singhal et al. 2017; Singhal and Pulhani 2019) has also worked on this and designed
carboxylic functionalized CdSe/CdS core–shell QDswith different shell thicknesses.
The shell thickness was determined by the ICP-OES analysis. It was shown that the
QDs luminescence is quenched on the addition of uranium and is assigned to the
electron transfer from QDs to uranium. We have shown by time-resolved emission
spectroscopy that as shell thickness increases, electron transfer rate decreases expo-
nentially and is shown in Fig. 6.3a (Singhal et al. 2017). Stern–Volmer plot shows
that the limit of detection for uranium using these dots is 75 ppb and is depicted in
Fig. 6.3b.

Since uranium binds with the ligands on the QD surface; it is very important to
characterize the QDs surface as it might change the detection efficiency. Our group
has carried out this study by synthesizing CdSe/CdS core–shell QDs. Herein, we
kept the shell thickness same but changed the number of ligands on the surface. It
was shown that the number of ligands plays an important role in binding and can

(a)

(b)

(c)

Scheme 6.2 Metal ion interaction with QDs. Reproduced with permission from ACS Publisher
(Singhal et al. 2017)
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(a) (b)

Fig. 6.3 a Variation of electron transfer rate with CdS shell thickness. 4b: Variation in emission
intensity of CdSe/CdS Core–Shell QDs with 3.5 monolayers of CdS shell. b (Inset): Stern–Volmer
plot. Reproduced with permission from ACS Publisher (Singhal et al. 2017)

change the detection efficiency (Singhal and Pulhani 2019). It is shown in Fig. 6.4
where the change in emission intensity is different on the addition of uranium into
QDs. It suggests that in addition to tuning the shell thickness; ligand concentration
is also an important factor in deciding the detection efficiency.

Tam et al. (2018) also used CdS QDs for the detection of radiations. They used
QDs-doped scintillating polymers, namely, CdS QDs, 2,5-diphenyloxazole (PPO)
dye, and dispersed them in polyvinyl toluene (PVT) matrix. A three-stage energy
transfer mechanism was observed wherein energy from PVT polymer to PPO and
then to CdSQDswas transferred under UV excitation. Interestingly, an enhancement
in scintillation efficiencywas observed at QDs low loading that further enhances with
additional QDs loading. Along with enhancement in scintillation efficiency, a shift in
the energy spectrumwas also observed. Thematerialwas testedwith different gamma
and beta emitter sources and the energy spectrum had different effects depending on
energy. Here, the QDs loading enhanced the performance bymore than 3.6 compared
to without any QD which is a requirement for a good scintillator. The efficiency to
detect high energy beta from Sr/Y-90 decay was evaluated and comes out to be ~9%.

The materials discussed above use Cd-based materials that are toxic and pose
a risk to the environment and human health. To make the process environmentally
benign, green materials are getting attention from all over the world for numerous
applications nowadays (Wang et al. 2015). In this line, carbon-based QDs are getting
prominent focus because of their low cost, ease of synthesis, and less toxicity (Wang
et al. 2022). They are also used to detect radioactive ions. Wang et al. (2015) have
synthesized CDs from the microplasma method and used them for the detection
of uranium. They have shown that the blue emission from QDs is quenched with
the addition of uranyl ions. The results are shown in Fig. 6.5a. It is observed from
Fig. 6.5a that on addition of uranyl ion, the emission is quenched. This quenching
in emission on the addition of uranyl ions is plotted in Fig. 6.5b where it is shown
that the quenching is linear in the 0–75 ppm concentration range. This quenching
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(a) (b)

(c)

Fig. 6.4 Variation in emission intensity of core–shell QDs on adding different concentrations of
uranium. a [0.1 μM] QD 1, b [0.1 μM] QD 2, and c [0.1 μM] QD 3, where the shell thickness
was 1 monolayer and the number of ligands was 300, 200, and 114, respectively. Reproduced with
permission from John Wiley and Sons Publisher (Singhal and Pulhani 2019)

has been assigned to the interaction between U(VI) ions and the amino groups and
hydroxyl groups of CDs. The selectivity of the method was tested and was selective
for the majority of the ions and is shown in Fig. 6.5c.

In another study, a similar group has prepared CDs from dopamine and shown
that the uranium can be detected with high sensitivity (Wang et al. 2018). The fluo-
rescent polydopamine (FPD) NPs give a detection limit of 2.3 ppm. Time-correlated
single-photon counting (TCSPC) and dynamic light scattering (DLS) measurements
were carried out to determine the mechanism of interaction. From TCSPC studies,
there was no appreciable change in lifetime measurements which suggests static
quenching; however, DLS measurements suggest particle aggregation. Based on
these observations, it was postulated that the uranyl ion binds chemically with the
surface groups of NPs, and because of this binding, aggregation occurs. The results
of TCSPC and DLS measurements are shown in Fig. 6.6.

Guin et al. (2018) synthesized CDs and shown that, on the addition of uranyl ions,
the emission of CDs is quenched. The quenching in emission has been corroborated
by (1) the resonance energy transfer fromQDs to uraniumand (2) the electron transfer
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(a) (b)

(c)

Fig. 6.5 a The emission spectra of CDs on the addition of different concentrations of U(VI) (λex–
350 nm). b The effect of U(VI) addition on emission intensity of CDs. Insert: The linear fitting
from the curve. c Selectivity analysis on the addition of different concentrations of metal ions.
Reproduced with permission from RSC Publisher (Wang et al. 2015)

(a) (b)

Fig. 6.6 TCSPC and DLS studies of FPD with U(VI). Reproduced with permission from Elsevier
Publisher (Wang et al. 2018)
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(a) (b)

Fig. 6.7 a Synthesis mechanism of the aerogel–CDs–TTA complex. b Steady stage emission
spectra of CDs on the addition of UO2

2+, Sm3+, and Eu3+ (λex—400 nm). Reproduced from
ACS Publisher under Creative Commons public use license (Dolai et al. 2017) (https://pubs.acs.
org/doi/10.1021/acsomega.7b01883). Further permissions related to the material excerpted should
be directed to the ACS

fromCDs to uranium.Dewangan et al. (2019) designed a probe from glucose-derived
CDs and achieved a detection limit of 1.5 ppb at pH 7. Dolai et al. (2017) designed a
thenoyltrifluoroacetone (TTA)-CDs/aerogel fluorescent sensor for the determination
ofUO2

2+, Sm3+, and Eu3+. The synthesismechanism is shown in Fig. 6.7a. They have
shown that the binding with the UO2

2+ changes the electron density on CDs surface
because of the coordination ofUO2

2+ andTTAwhich in turn shifts the fluorescence of
CDs from 445 to 480 nm. Interestingly with Sm3+ and Eu3, no such shift in emission
was observed but only quenching in emission was observed. The results are shown
in Fig. 6.7b.

Wang et al. (Chen et al. 2018) used a composite system of CDs and CdTe QDs
and used radiometric fluorescence method to detect uranium. The emission intensity
of MPA@CdTe QDs peaks at 640 nm, resulting in a strong red fluorescence, while
the emission center of CDs peaks at 525 nm, exhibiting a dark green fluorescence.
Interestingly, on the addition of uranyl ions, the red fluorescence was quenched and
the green fluorescence remained stable. Because of this, the resultant fluorescence
color continuously changed from red to green as shown in Fig. 6.8a.

To understand this quenching in emission and bindingmechanism, optical absorp-
tion and emission studies, zeta potential, and DLS measurements were carried out.
From optical absorption studies, no change in the absorption spectrum of QDs
was observed after the addition of uranyl ion. Also, there is no spectral overlap
between the emission spectra of CdTe QDs and absorption spectra of uranyl. This
excludes the possibility of luminescence quenching by energy transfer mechanism.
DLSmeasurement and zeta potential studies suggest no change in particle size which
excludes the possibility of luminescence quenching via aggregation. Therefore the
only possibilitywhich arises is the complex formation between the uranyl ions and the
surface functional groups of MPA, because of which luminescence gets quenched
through photo-induced electron transfer. No binding of uranyl ion with CDs was
observed. The detection limit of the method was calculated to be 4 nM. Using this

https://pubs.acs.org/doi/10.1021/acsomega.7b01883
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(a) (b)

Fig. 6.8 a Ratiometric fluorescent spectra of CDs/CdTe QDs composite system (λex—365 nm)
on the addition of different concentrations of uranyl ions (0–250 nM). The inset photograph shows
the corresponding results under UV light excitation. b Photograph and structure of the device.
Reproduced with permission from ACS Publisher (Chen et al. 2018)

technology, they also developed an App for uranium detection in the 1–50 μM
concentration range that can be operated in a smartphone. The results are shown in
Figs. 6.8b and 6.9.

CDs have also been used for the detection of iodine. Iodine is a nuclear fission
product and 129I particularly is a matter of concern because of its long half-life of
~107 years. To detect it, Wang and Wu (2015) designed a fluorescent turn on–off–on
probe based on CDs and Hg2+.

The CD fluorescence was quenched on the addition of Hg2+ and assigned to the
electron transfer from QDs to Hg2+. On the addition of iodine, the fluorescence
recovered because of the formation of Hg–I complex and was proportional to the
amount of iodine added. Based on the Stern–Volmer plot the detection limit of the

Fig. 6.9 Modules of the “Concentration Detection” app, showing its various components. Repro-
duced with permission from ACS Publisher (Chen et al. 2018)



170 P. Singhal

(a)

(b)

(c)

Fig. 6.10 The effect of cation and anion interferences on iodine sensor performance under different
conditions Reproduced with permission from CSIRO Publisher (Wang and Wu 2015)

method was 46 nmol/L. Wang et al. (2016) have synthesized the CDs having both
hydrophilic and hydrophobic nature. On addition of iodine, the fluorescence was
quenched achieving a detection limit of 3.5 nmol/L. It was observed that the sensor
was sensitive for the detection of I2 only and both I− and IO3

− can be converted to I2
for their detection. This is shown in Fig. 6.10. It was observed that the amphiphilic
property of CDs and the electron transfer from CDs to I2 both are responsible for the
luminescence quenching of CDs and the detection of I2.

6.2.2 Uranium Sensing Using a Composite of NPs and DNA

Nowadays, numerous studies has been carried out on DNA as a sensor for uranium
because of its selectivity (Wu et al. 2013). Since DNA molecules are very specific
and selective to a particular metal ion, binding of uranium ions with DNA can induce
structural as well as conformational changes that can result in variable signal output.
In this line, researchers are associating various optically active molecules with DNA
where the optical property will serve as a sensor, and the selectivity of DNA for
uranium will make the probe specific. Wu et al. (2013) reported a DNAzyme-based
gold NPs (AuNPs) sensor. In this case, the NPs were functionalized with a DNA
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Fig. 6.11 Design of a fluorescent DNA enzyme sensor for the selective detection of UO2
2+ ions.

Reproduced with permission from ACS Publisher (Wu et al. 2013)

enzyme called 39E, the structure of which is shown in Fig. 6.11. This enzyme binds
with the NPs and quencher at 5′ and 3’ends, respectively. Herein, the binding of
uranyl ion with the DNA enzyme results in the release of fluorophore because of
which fluorescence signal appears that was missing in the absence of uranyl ion. The
intensity of the signal is dictated by the concentration of uranyl ion and because of
high sensitivity of DNA ultratrace level detection with high specificity is possible.
This is shown in Fig. 6.11.

Xiong et al. (2020) presented a probe based on DNA for the fluorescent detection
of UO2

2+. Herein, the DNA enzyme breaks in the presence of uranyl ion and this
cleavage results in either fluorescence enhancement or decrement. To utilize this
strategy, AuNPs and fluorophore were fixed at the DNA enzyme. In the presence
of target UO2

2+, DNA enzyme breaks down resulting in the release of fluorescent
molecules. Based on the sensitivity of the probe, the detection of the method was
pM. Zhu et al. (2019) developed an approach for uranyl ion detection using E-DNA,
cleaved substrate strand (S-DNA) and SYBR green I (SG). They also used DNA
cleavage technique in the presence of target ion and using the method achieved the
detection limit of 200 pM. Wang et al. (2019) used a different strategy. Instead of
labeling the dyes at the end, they have embedded the dyes in the middle of DNA.
It was found that in the presence of UO2

2+, fluorescence signal was significantly
quenched due to the base-stacking interaction. The method is shown in Fig. 6.12.

Fu et al. (Zhang et al. 2015) also presented a fluorescent biosensor for UO2
2+

sensing. They coupled molybdenum disulfide (MoS2) nanosheets with DNAzyme
wherein the DNA worked as a selective binder for UO2

2+ and MoS2 worked as
the fluorescence probe. When UO2

2+ interacts with the system, the DNA cleavage
occurs and, because of this cleavage, the released DNA gets adsorbed on the surface
of MoS2 nanosheets, resulting in a decrease in fluorescence signal and achieving a
detection limit of 2.14 nM. Yang et al. (2021) reported another sensor for UO2

2+

monitoring. The sensor worked on the principle of ratiometric fluorescence. Herein,
the sensor contained aDNAenzymeprobe (39E-DNAand 39S-DNA) and the split G-
quadruplex probes (39F-R and 39F-L). 39S-DNA helps to form a complex between
39F-R and 39F-L. When UO2

2+ interacts with the system, it induces the cleavage of
39S-DNA resulting in split 39F-R and 39F-L. Because of this, the fluorescence inten-
sity decreases and this change was linear with an increase in UO2

2+ concentration.
The results were fitted into the Stern–Volmer plot and detection limit of 0.08 μg/
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(a)

(b) (c)

(d)

Fig. 6.12 Interaction of DNA enzyme with UO2
2+ and corresponding change in fluorescence

emission intensity. Reproduced with permission from Elsevier Publisher (Wang et al. 2019)

L was achieved. Fu group (Zhang et al. 2017) reported a colorimetric biosensor
for uranyl ion detection using magnetic beads (MBs) and HCR. Initially, the MB
surface was immobilized with DNA enzyme. When UO2

2+ interacts, the enzyme
beaks which results in the release of ssDNA. This released ssDNA acts as a trigger to
capture a large amount of horseradish peroxidase (HRP) on MBs surface which, on
further interacting with TMB-H2O2 solution, results in a color change from colorless
to blue. The interaction mechanism is shown in Fig. 6.13.

In another study (Huang et al. 2016), a smart hydrogel based on Au NPs was
prepared and used as a sensor for UO2

2+ ion detection. The designed sensor was
rapid, portable, and sensitive. 50 μL of UO2

2+ was added to the hydrogel. Reaction
conditions such as incubation at 25 °C and shaking at 150 rpm for 2 h were followed.
Interestingly, after the reaction time, it was observed that the hydrogel changed its
color and became colorless, while a red color in supernatant solution was observed.
It was suggested that the UO2

2+ interacts with internal AuNPs because of which it
comes out of hydrogel leaving its colorless. The mechanism is shown in Fig. 6.14.
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Fig. 6.13 Schematic of the working principle of colorimetric biosensor. Reproduced with permis-
sion from Elsevier Publisher (Zhang et al. 2017)

Fig. 6.14 Working principle of the uranyl ion responsive hydrogel. Reproduced with permission
from Elsevier Publisher (Huang et al. 2016)

In another study, Zhou et al. (2013) proposed a resonance light scattering (RLS)
method for uranium detection. The technique is fast, simple, and has high sensitivity.
They have used a labeled DNA and AuNPs composite system for uranium sensing.
The schematic of the method is shown in Fig. 6.15. In the presence of uranyl ion,
change in the aggregation state of AuNPs occurs because of the cleavage of the
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Fig. 6.15 Schematic of detection of UO2
2+ ion. Reproduced with permission from Elsevier

Publisher (Zhou et al. 2013)

(a) (b)

Fig. 6.16 RLS (a) and absorption spectra (b) of DNAzyme–AuNPs–UO2
2+ system. CUO2

2+ (1–6)/
(×10−9 mol L−1): 0.0, 15.0, 25.0, 75.0, 100.0, 200.0. Reproduced with permission from Elsevier
Publisher (Zhou et al. 2013)

substrate strand of DNAzyme. This releases a shorter duplex and results in enhance-
ment in RLS intensity. This is shown in Fig. 6.16. The probe has been tested with
interfering ions such as Cu2+, Fe2+, Fe3+, Hg2+, and Tb3+ wherein no interferences
were observed.

In another study, Manochehry et al. (2018) developed a colorimetric DNAzyme-
based biosensor for uranyl ion detection using a litmus test. In this system, the DNA
complexwas immobilized on the surface of amagnetic bead. TheDNAenzyme binds
with the uranyl ion, and after this interaction, the cleavage occurs. In this cleaved
portion, urea and phenol red were added. During this process, hydrolysis of urea
occurs that releases ammonia which changes the pH of the system and finally the
color of phenol red changes.

Uranium sensing using chelating complexes—Many complexes have been
designed to detect uranium selectively and efficiently. In this line, Wu et al. (2020)
designed a sensor named W1H with the help of a rational design strategy. The
designed sensor changes color from red to blue and detects uranium selectively and
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with a limit in the nM range. The method was selective but Co2+ and Cu2+ interfere
with the analysis. The synthesis procedure of the sensor is shown in Scheme 6.3.

In another study, Akl synthesized a Schiff base derivative for uranium sensing
and incorporated it in a membrane (Akl 2022). A careful study of the membrane
constituents on detection efficiency was performed and an optimal composition for
optimal performance was designed. Interaction mechanism of the uranium with the
synthesized Schiff base is shown in Fig. 6.17.

Uranium sensing using metal–organic framework and covalent organic frame-
work—Among various sensors of uranium and actinides, metal—organic frame-
works (MOFs) have beenwidely explored due to their fascinating characteristics (Liu
et al. 2022). Many researchers have demonstrated uranium detection using MOFs.
In this line, Liu et al. (2022) synthesized [Cd3L2(bipy)(H2O)2]·H2O and observed a
quenching in emission luminescence. The detection limit was calculated using Stern–
Volmer plot and observed to be 0.9μg/L and resonance energy transfer fromMOF to
uranium was assigned as the possible mechanism for luminescence quenching (Liu

Scheme 6.3 Synthesis procedure ofWIH ligand for uranium sensing. Reproducedwith permission
from Elsevier Publisher (Wu et al. 2020)

Fig. 6.17 Interaction mechanism of the uranium with synthesized Schiff base. Reproduced from
RSC Publisher under Creative Commons Licence (Akl 2022)
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et al. 2022). In another study, Ye et al. (2017) synthesized the first efficient dual-
channel response luminescence 3DMOF; [Tb(BPDC)2]·(CH3)2NH2 (DUT-101) for
the detection of UO2

2+ ions. DUT-101 exhibits an intense green emission because
of the transition between Tb3+ levels and has been assigned to the energy transfer
from the ligand to Tb3+ ions. This has been confirmed by monitoring the emission
of the ligand only without Tb3+ ions wherein no green emission was observed but an
emission at 408 nm occurred due to the transition between ligand levels. On addi-
tion of UO2

2+ ions, the green emission gets quenched and the emission intensity at
408 nm increases. This was assigned to the binding of DUT-101 with uranyl ion
which inhibits both electron flow and energy transfer from ligands to Tb3+ centers.
This results in fast luminescence quenching and has been confirmed by the XRD,
TG, and EDX analyses. This has been shown in Fig. 6.18.

In another study, Yang et al. (2013) synthesized BTC-capped Tb-MOF-76 and
used it for the detection of uranium. Initially, the energy transfer from BTC to Tb3+

ions occurs resulting in the green emission. Interestingly, on addition of uranyl ion,

(a)

(c)

(b)

Fig. 6.18 Emission spectra of DUT-101 andH2BPDC ligand in the presence and absence of UO2
2+

and mechanism of the interaction depiction. Reproduced with permission from John Wiley & Sons
Publisher (Ye et al. 2017)
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(a) (b)

Fig. 6.19 a Interaction mechanism of UO2
2+ ions with MOF-76 and b corresponding change in

emission spectra. Reproduced with permission from RSC Publisher (Yang et al. 2013)

this emission quenched. It was postulated that the UO2
2+ ions interact with themicro-

pores or the surface of MOF-76. This interaction reduces the efficiency of energy
transfer process resulting in a decrease in the emission intensity. The interaction
mechanism is shown in Fig. 6.19.

Guo et al. (2019) synthesized Fe3O4-CMC @ ZIF-8 @ CDs nanocomposite and
used it for UO2

2+ detection. They observed that the fluorescence intensity decreaseds
gradually with increase in UO2

2+ concentration and 100mg/Lwas the detection limit
of the method. Qin et al. (2020) synthesized a fluorescent zinc-based MOF (HNU-
50) for the detection and extraction of UO2

2+. It was shown that the amide group
and two uncoordinated carboxyl oxygen atoms in HNU-50 are potential binding
sites for uranium binding and this in turn was confirmed by the IR and XPS studies.
The mechanism of interaction is shown in Scheme 6.4. On addition of uranyl ion to
HNU-50 quenching in luminescence was observed and is because of spectra overlap
between emission spectra of HNU-50 and absorption spectra of uranyl ion. The
method was found to be selective for most of the ions and a detection limit of 1.2 ×
10–8 M was observed. It shows that many studies have been carried out using MOF
as sensors. The field is in its nascent stage and many issues such as stability of the
probe, selectivity, and better detection limit needs to be achieved before it can be
realized into a commercial product.

Covalent organic frameworks (COFs) are another class of interestingmaterials that
have been used for uranium detection. Xu et al. (2022) synthesized a sulfone-based
COF (TAS-COF). The synthesis was done following the Schiff base condensation
reaction. Interestingly, this COF has high oxidation potential. This COF while inter-
acting with colorless 3,3′,5,5′-tetramethylbenzydine (TMB) solution under visible
light oxidizes it, turning it into a blue color solution. When UO2

2+ interacts with this
oxidized species, because of the binding with the imines, a clear color fading of the
sensing system was observed. This is shown in Scheme 6.5.
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Scheme 6.4 Mechanism of interaction of uranyl ion with HNU-50. Reproduced with permission
from ACS Publisher (Qin et al. 2020)

Scheme 6.5 Illustration for detectionofUO2
2+ usingTAS-COF.Reproduced fromMDPIPublisher

under Creative Commons Licence (Xu et al. 2022)

6.3 Conclusions

Numerous materials have been developed for uranium sensing as discussed above in
this chapter. In order to compare the performance, we have tabulated some of these
materials with their corresponding detection limit given in Table 6.1. It is interesting
to observe from Table 6.1 that many of the synthesized materials have low detection
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Table 6.1 Different optical materials used for uranium defection with their detection limits

Material Detection limit References

Arsenazo III pumped into a nafion microtube <20 ppb Collins et al. (2002)

Nile blue on modified glassy carbon electrode 0.19 ppb Zhou et al. (2022)

CdSe/CdS core–shell QDs 75 ppb Singhal et al. (2017)

Glucose-derived CDs 1.5 ppb Dewangan et al. (2019)

Composite system of CDs and CdTe QDs 4 nM Chen et al. (2018)

Composite of AuNPs and DNA tweezer probe 25 pM Xiong et al. (2020)

G-quadruplex-assisted enzyme strand 200 pM Zhu et al. (2019)

DNAzyme and molybdenum disulfide
nanosheets

2.14 nM Zhang et al. (2015)

Composite of DNAzyme (39E-DNA and
39S-DNA) and the split G-quadruplex probes

0.08 ppb Yang et al. (2021)

Schiff base derivative incorporated onto a
membrane

3.90 × 10−7 mol L−1 Akl (2022)

[Cd3L2(bipy)(H2O)2]·H2O 0.9 ppb Liu et al. (2022)

Fe3O4-CMC @ ZIF-8 @ CDs nanocomposite 100 ppm Guo et al. (2019)

Zinc-based MOF (HNU-50) 1.2 × 10−8 M Qin et al. (2020)

limit, much lower than the permissible limit in drinking water, making these probes
a great sensor for uranium monitoring. However, there are many factors that need to
be taken into account before realizing the potential of these probes commercially.

The cost of the method—It is an important factor to consider when scaling up the
product is considered. As discussed above and can be seen from Table 6.1 also that
many probes have shown superior properties for uranium detection in terms of their
detection limits, they involve costly reagents such as DNA. In that case, widespread
use of these probes is questionable. Also, in many of the cases, the synthesis involved
sophisticated equipments and high cost. This increases the overall cost of the process
and makes use of these probes difficult in a competitive market.

(i) Use of environmentally friendly materials—It is another important point to
be considered since these probeswill be directly used in the environment.Many
probes have been developed that use toxic chemicals and elements such as Cd
and Pd. Hence, the use of these probes in environment is not advisable. In
view of this, many materials have been developed which are environmentally
friendly such as CDs and can be synthesized from low-cost materials. Efforts
should be made in the direction to develop these materials and use them.

(ii) Stability of the probe—This is another importantmerit to be considered before
deciding the performance of a probe. There are many methods that have been
developed but the majority of them are not stable in real environmental condi-
tions. For example, uranium detection in tap water is completely different from
the detection in river and seawater. In all these water bodies, the concentration
of uranium, competing ions, ionic strength, speciation, and the prevailing pH
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conditions are different. Many of the probes do not work under such conditions
and collapse before detecting uranyl ion. They can only be used on lab scale
with pure water. Therefore, to use a probe commercially it is important to check
the environmental stability of the probe.

(iii) Selectivity, sensitivity, and response time—These are the other parameters
that decide the merit of a probe. Uranium detection in a water body involves
many other competing ions that may interact with the probe and give signal. In
that case, the probe gives a false signal and uranium detection by the method is
not reliable. Similarly, many probes detect uranium at high concentration and
it is desirable to achieve the lowest detection limit because of its high toxicity
so that a remedial action can be taken at a low concentration. Response time of
the probe is another important measure and it should be as prompt as possible
to take an action immediately.

With this, we conclude that optical materials have an advantage of visual detection
andmanymethods have been developed for the same still the probe that can be used in
real environmental conditions is yet to emerge and work is going on in that direction.
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Chapter 7
Triarylamines—A Versatile Molecular
Building Block for Optoelectronic
Materials

Muniappan Kalipriyadharshini, Arunachalam Raman, Joseph Ajantha,
J. B. Gowthaman, and Shanmugam Easwaramoorthi

7.1 Introduction

Molecular libraries are an integral part of the research which gives various chemin-
formatics approaches to the chemists to retrieve the synthetic methodologies, proper-
ties, and applications. Cheminformatics, in the coming years, becomes increasingly
important in the collections of small molecules which would mainly help in organic
synthesis, bioactivity, etc. Though no universal molecular library exists, several
searchable databases do exist and most of them were meant for the compounds
of importance in biology. For organic molecules, one of the prominent research
focuses is the development of newmolecules, synthetic methodologies, and catalysts
aiming at the pharmaceutically important molecules, wherein the largest number of
molecules belong to this class. On the other hand, an increasingly important area of
organic compounds in the past two decades would be functional organic materials.
“Functional organic materials” broadly represent the diverse π-conjugated organic
compounds having different chemical and physical properties such as dyes, semi-
conductors for organic electronics, molecular motors, machines, fluorescent probes,
photoswitches, nonlinear optical materials, and sensors. Numerous compounds with
extended π-conjugation as small molecules, oligomers, and polymers were devel-
oped in structurally diverse configurations andwere constructed using several molec-
ular building blocks. In general, the molecular building blocks are aromatics, poly-
cyclic aromatic hydrocarbons, heterocycles, and various electron-rich and -deficient
substituents. Indeed, the compounds with the combination of electron-rich (donor,
D) and -deficient (acceptor, A) motifs connected through intervening π-bridge are

M. Kalipriyadharshini · A. Raman · J. Ajantha · J. B. Gowthaman · S. Easwaramoorthi (B)
Inorganic and Physical Chemistry Laboratory, CSIR-Central Leather Research Institute, Adyar,
Chennai 600020, India
e-mail: moorthi@clri.res.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024
R. S. Ningthoujam and A. K. Tyagi (eds.), Handbook of Materials Science, Volume 1,
Indian Institute of Metals Series, https://doi.org/10.1007/978-981-99-7145-9_7

183

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7145-9_7&domain=pdf
mailto:moorthi@clri.res.in
https://doi.org/10.1007/978-981-99-7145-9_7


184 M. Kalipriyadharshini et al.

found to be attractive in providing the desired optoelectronic properties. The push–
pull effect in the molecule induces the intramolecular charge transfer interactions,
alters the electronic energy levels, modulates the redox properties, reduces the elec-
tronic energy gap, and so on. Not restricted to these, a little more complex donor–
acceptor compounds in DA2, DA3, AD2, and AD3 were also synthesized because of
their improved optoelectronic and nonlinear optical properties. In this regard, one of
the structural motifs that is capable of forming donor–acceptor systems in various
configurations is triphenylamine, a widely exploited structural building block by
several research groups to make numerous compounds toward specific applications.

Triphenylamine (TPA), central nitrogen connected with the three-benzene ring
through sp2 hybridized N–C bond and have the lone pair electron on nitrogen 2pz
orbital. Though all the N–C bonds are coplanar, the steric hindrance of three phenyl
rings makes them twisted to give TPA, a “propeller”-shaped molecule as shown
in Fig. 7.1. The propeller-shaped structure prevents intermolecular aggregation and
leads to the formation of isotropic amorphous films, an essential requirement for
a molecule to be used in organic electronic devices (Zhang et al. 2018). The N
lone-pair electron being delocalized over three phenyl groups resulted in the phenyl
group acting as an acceptor bearing a positive charge on the nitrogen with a negative
charge on the phenyl ring as depicted in Fig. 7.1. Notably, all three phenyl groups
have an equal probability to bear the negative charge, which is highly influenced by
the substituents present in the phenyl ring and will be discussed later. The delocal-
ization of N lone-pair prevents nitrogen protonation and TPA is generally a nonbasic
system. Derivatization of TPA is achieved through the substitution of one or more
phenyl rings in ortho, meta, and para positions. The impact of the substitution on
the electronic properties of the TPA core could be understood by analyzing the elec-
tronic structure of isolated TPA. The valency photoelectron spectra of TPAmeasured
in the gas phase and its comparison with the theoretical total and partial density of
states reveals that the highest occupied molecular orbital (HOMO) of TPA has about
33.34% contribution from pz orbital of the N atom (Zhang et al. 2018). For carbon
2p orbitals, ortho and para C, respectively, have 31.61 and 20.08%, whereas the
negligible contribution from the meta carbon (s + p total 2.75%) highlights that the
electron donation predominantly originates from N and the substituent at ortho and
para position could generate pronounced impact on optoelectronic properties when
compared to the meta position (Zhang et al. 2018). Incidentally, the majority of the
literature report on TPA derivatives belongs to para position as the substituents at
the ortho position create steric repulsions and adversely affect the electron-donating
property of N. Nevertheless, the strategy to use ortho positions in TPA has wisely
been used by connecting the two phenyl rings by a methylene bridge to make azatri-
angulenes, which possess enhancedπ-conjugation aided by the enforced coplanarity
(Krug et al. 2020; Ward et al. 2019).

TPA absorbs in the UV spectral region and any utility of these compounds is
only after substitution of different functional groups by extending the π-conjugation
pathway. The general trend for the TPA-based chromophores is the substitution is
at the para position and may be either one, or two, or all the phenyl rings. Notably,
the number of substitutions does have a paramount role in depicting the electronic



7 Triarylamines—A Versatile Molecular Building Block … 185

Fig. 7.1 a Single-crystal X-ray structure of TPA (CCDC—1,319,035), b For TPA, following the
nomenclature of benzene-derived compounds, the carbon atoms directly bound to the N atom are
denoted as Cipso. The carbon atoms binding to the Cipso are denoted Cortho followed further away
from the central N atom byCmeta and, outermost, by Cpara, cResonant electronic structures for the
N lone-pair electrons of TPA, d Structure of azatriangulenes with fused phenyl rings, and e HOMO
and LUMO of TPA (a-adopted with permission from International Union of Crystallography, b and
d are adopted with permission from reference 1, Copyright American Chemical Society)

properties. To simplify, consider TPA as a donor motif (D) and electron-deficient
systems as acceptor (A) motifs. If one of the phenyl rings is substituted with the
acceptor motif, the resultant configuration would be the simple donor–acceptor (D-
π-A) configuration. It is awell-known fact that the existence of electron-donating and
-withdrawing groups connected through intervening π-conjugation always resulted
in intramolecular charge transfer process (ICT) to form a charge transferred state,
D+-π-A−. This process accompanies the changes in the dipole moment between
the ground (μg) and the excited state (μe), experimentally detected using solvent
polarity-dependent spectral shift in fluorescence, fluorescence quantum yield, and
lifetime measurements. Considering the molecular symmetry of TPA at the ground
and excited states as shown in Fig. 7.2, the C2 rotational symmetry axis passes
through one of the phenyl’s para positions, and C–N bond remains intact. It has been
found that TPA with more than one acceptor unit improves the nonlinear optical
properties and solar cell efficiencies, thus leading to new molecular designs with
diverse structural and functional properties. Those molecules could be classified
based on the number of acceptor groups present in the system as shown in Fig. 7.2.
For instance, the simplest representation of such configurations A-π-D-π-A and
A-π-D(-π-A)2, respectively, denoted as quadrupolar and octupolar chromophores
and generally called multipolar chromophores. A well-defined, molecularly engi-
neered multipolar or multichromophoric arrays poses phenomenal improvement in
photonic, photovoltaic, and photocatalytic processes. A fundamental understanding
of the processes that happens upon photoexcitation such as charge transfer, exciton
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Fig. 7.2 Structure of TPA with different acceptor groups. The dotted line indicates the possible C2
rotational axis of TPA. The phenyl rings marked in blue are the spectator groups, which are not part
of TPA. (SP-CT Symmetry protected CT state; SB-CT Symmetry broken CT state)

localization or delocalization, and impact of the surrounding environment is essential
to realize the potential of these kinds of molecules. One of the crucial parameters
for their efficiency is highlighted as intramolecular charge transfer processes, nature
and stability of the charge transferred state and (de)localization of the charges are
considered to be crucial factors.

As discussed previously, the ICT formation of dipolar systems is straightforward,
can experimentally be measured, and quantified with various spectroscopic tech-
niques. But for the quadrupolar and octupolar molecules, there exists more than
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one pathway wherein the entire multichromophoric array might be involved in the
charge transfer process in whole or part. For instance, the quadrupolar system with
A-π-D-π-A configuration would form δ−A-π-D+-π-Aδ− having both the acceptor
involved in ICT with the charge being shared equally. This ICT leads to the dipole
moment changes equally by both the acceptors, but in opposite direction, hence
the net dipole moment change would be zero. Similarly, for octupolar system, one
of the probable ICT states would bear partial negative charges on all the accep-
tors, thus lead to the no or negligible dipole moment change with respect to ground
state upon photoexcitation. These charge transferred states are, respectively, called
quadrupolar and octupolar CT states, which could be understood experimentally by
observing no solvatochromism in fluorescence due to the absence of ground and
excited state dipole moment change. Importantly, the molecular symmetry axis of
TPA in the ground state remains intact even at the excited state; hence, it is repre-
sented as symmetry preserved CT state (SP-CT). On the other hand, upon photoex-
citation the CT process occurs between one of the donor–acceptor pairs and the
remaining acceptor would be the spectator group and would not be part of the CT
state, phenyl rings marked in blue in Fig. 7.2. Therefore, the radiative excited state
deactivation processes might originate from the sub-chromophoric units and not
from the entire molecule. Indeed, there is minimum of one acceptor that would not
be involved in the CT state but have an equal probability to become part of the
sub-chromophore upon excitation. Hence, a minimum of two and three canonicals,
CT states are possible, respectively, for quadrupolar and octupolar molecules and all
of them are isoenergetic and have equal probability to be part of the CT state. It is
understandable that these CT states accompany the dipole moment change and can
be experimentally determined by the solvatofluorochromism. A comparison between
the rotational symmetry of the ground and the CT states shown in Fig. 7.2 implies
that the original symmetry has been reduced after ICT processes. For instance, for
quadrupolar molecules, the C2 rotational axis passing through C–H of unsubstituted
phenyl and N–C bond in the ground state disappears after CT state formation, as
one of the acceptors is identical with the ground state, while the other one forms
quinonoid kind of CT state. Thus, the original symmetry is broken, and the CT states
formed by this method are called symmetry broken charge transferred state (SB-CT).
A careful evaluation of the light absorption and subsequent excited state processes
would be informative to unravel the formation of SB-CT states. Absorption of photon
happens in the femtosecond time scale and the charge delocalization is believed to
be throughout the molecule. Then the molecules undergo faster relaxation to form
the localization of exciton on one of the arms and the fast hopping of excitation
energy between the arms could lead to a faster relaxation process than the dipolar
analogous compounds. These processes are expected to be faster than the solvent
relaxation. On the other hand, solvent relaxation would also lead to the localization
of the CT state on one of the branches, thus undergoing SB. Several attempts were
made by different research groups to spectroscopically identify the SB process using
the femtosecond transient absorption measurements. While the electronic transient
absorption spectroscopy does not provide any conclusive evidence, the vibrational
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spectroscopy in the timescale of femtosecond unraveled the reaction course in polar
and nonpolar solvent environments.

The beauty of the TPA could be form D–A compounds in dipolar, quadrupolar,
and octupolar configurations, thus offering to establish a systematic structure–prop-
erty relationship. One of the important features that molecules with ICT character
offer is polarization of charge from one end to other end of the molecules, which
might result in the atoms adjusting to a newer environment of electron density distri-
bution, i.e., alters the bond length. Unfortunately, the excited state process being the
dynamic process, experimentswere carried out in the solution state, and experimental
identification became tedious in the absence of suitable time-resolved spectroscopic
techniques. But we believe that analyzing the single crystal X-structures of dipolar,
quadrupolar, and octupolar chromophores would offer preliminary guidelines about
the molecular properties. One such important property is the bond length alternation
(BLA) values, the difference between longer and shorter bonds of a carbon chain
which is significantly influenced by hybridization between the orbitals of separate
systems and charge transfer (Rusznyák et al. 2005). The BLA, δr values are calcu-
lated using the formula given in Eq. 7.1, and the typical bond lengths a, a’, b, b’, c,
c’ are denoted in Fig. 7.3.

dr =
{(

a + a′)
2

−
(
b + b′)
2

}
+

{
(c + c)

2
−

(
b + b′)
2

}
(7.1)

The best example is benzene, where all the C–C bond length is 1.39 Å, which
lies between the single and double bond lengths of 1.54 Å and 1. 34 Å, respectively.
The δr value of 0 for benzene indicates all C–C bonds are equal and any substitution
that would perturb the bond length alternation δr to become nonzero, for instance,
δr value of 0.08–0.10 is an indication for the full quinonoid form which can be
correlated to the extent of ground state charge transfer in the molecule (Thamarai-
selvi et al. 2020). A reasonable approximation could be arrived for the relationship
between BLA and electronic properties of themolecule which are useful in accessing
the nonlinear optical (NLO) properties, second-order polarizability β or third-order

Fig. 7.3 Notation of bonds which are used to calculate the bond length alternation values. Rings
“A”, “B”, and “C” denote the individual phenyl, wherein themono-substituted TPA, “A” phenyl will
be the one with substituent, for disubstituted, the two phenyl groups with substituent are denoted
as “A” and “B”; “A”, “B”, and “C” are equal for tri-substituted TPA
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polarizability γ. However, there are concerns raised by some studies that BLAmight
mislead in accessing NLO properties as the values obtained from crystal data do not
include the environmental effects such as solvent–solute, solute–solute interactions,
etc. Hence, it has been suggested to simulate the same environmental conditions used
to study the NLO properties and BLA calculation, thus most of the studies are based
on the computational methods. Nevertheless, values from crystal data are realistic
and provide valuable information on the relationship between BLA and electronic
properties, thus the BLA values are calculated from single-crystal X-ray structures
retrieved from the literatures and Cambridge Crystallographic Data Centre (CCDC).
The references are initially retrieved from SciFinder using the keywords “tripheny-
lamine” and refined with “crystal structure”. The most relevant structures and the
BLA values along with the respective CCDC number are summarized in Table 7.1.

A careful analysis of the BLA listed for TPA in Table 7.1 highlights that even
the simple TPA exhibit non-zero BLA with slightly different values for all the three
phenyl ringsA,B, andC,whichwouldhaveoriginated from thepropeller-shapedTPA
withNpz would have been alignedwith one of the phenyl rings. The para substitution
of cyano or CHOgroup in one of the phenyl rings leads δr value significantly different
for all the phenyl rings, but complete removal of the para hydrogen with the CN
leads to a closer δr value of all the phenyl rings. Over several structures analyzed,
no conclusive pattern has been arrived in terms of BLA in many cases. For instance,
in some of the molecules, the phenyl-bearing acceptor moiety shows a lower BLA
value compared to the other, particularly when the substituents comprise of aromatic
ring linked through extended π-conjugation. Another observation has been that for
TPA with one of the phenyls having a substituent, the remaining two unsubstituted
phenyls do have different BLA values, but higher than one with the substituent. This
feature would have arisen from the extended conjugation between the phenyl and the
substituent.Nevertheless, no systematic relationwith respect toBLAandground state
charge transfer character is arrived, the perturbations in δr values are an indication
of the influence of the substituent and subsequently the electronic properties.

Unfortunately, the absence of crystal structures of many of the structurally related
TPA derivatives renders it difficult in deducing the structure–property relationship
based on BLA. Thus, many groups attempted to obtain the BLA values based on the
computational methods, though the computed values were seemingly overestimated
compared to their corresponding crystal data, employing samemethodology to obtain
δr value for all the molecules is reasonable for rationalizing the ground state charge
transfer character. Accordingly, a systematic approach of increasing the number of
acceptor groups to have molecules in dipolar, quadrupolar, and octupolar configu-
rations, revealed that dipolar analogous have higher BLA compared to quadrupolar
and octupolar configurations. This feature suggests the existence of more quinonoid
character in the dipolar molecule than the multipolar molecules in the ground state.
Hence, if quadrupolar and octupolar chromophores undergo SB to form dipolar CT
state, the nature, and stability of the state may not be the same as that of their simple
dipolar analogues. Because the acceptors which are not part of the SB-CT state
would try to destabilize it and consequently impact the stability, which could be
understood from the electronic and photophysical properties. The electronic energy
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Table 7.1 Bond length alternation values calculated from single crystal X-ray structures of TPA
derivatives accessed fromCCDC. The values are obtained using Eq. 7.1 and the notation is indicated
in Fig. 7.3. The last column indicates the Cambridge Crystallographic Data Centre (CCDC) number
of the compound

S.No. Substituent δr (Å) CCDC
No

R1 R2 R3 A B C

1 H H H 0.0105 0.007 0.009 1,319,035

2 p-CN H H 0.0055 0.0165 0.013 963,776

3 p-CN p-CN p-CN 0.004 0.003 0.004 963,777

4 p-CHO H H 0.0105 0.0095 0.0115 994,493

5 p-NO2 H H −0.0195 −0.011 −0.017 1,812,891

6 H H 0.001 0.0095 0.0185 814,763

7 H 0.0015 0.0015 0.016 1,440,441

8 H 0.017 0 0.009 1,040,856

9 p-Br p-Br 0.018 0.005 0.0075 1,956,541

10 H H 0.0065 0.0065 0.01 968,916

11 H H H 0.0025 0.013 0.0155 793,942

12 0.008 0.0025 0 814,762

13 0.003 0.0025 0.0065 833,959

(continued)
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Table 7.1 (continued)

S.No. Substituent δr (Å) CCDC
No

R1 R2 R3 A B C

14 H H 0.005 0.011 0.0095 1,476,946

15 0 0.002 0.009 1,476,949

16 H H 0.005 0.0055 0.0115 973,275

level of TPA could be tuned with the different electron-deficient substituents such
as NO2, CHO, CN, and aromatic motifs as well as the number of the substituents.
A series of dipolar, quadrupolar, and octupolar TPA with NO2, CHO, and CN as
shown in Fig. 7.4 exerts solvent polarity-dependent fluorescence, a characteristic
feature of dipolar or SB-CT state, but the magnitude of spectral shift was found to be
dipolar > quadrupolar > octupolar. A quantitative correlation using the Lippert–
Mataga plot of Stokes shift versus solvent polarity parameter, orientation polariz-
ability wherein the larger the Stokes shift or slope value is an indication of higher CT
character. Although no systematic relationship has been derived, it can be assumed
that significant differences among the structurally similar dipolar CT state, from the
higher slope value for dipolar than their respective quadrupolar and octupolar coun-
terparts suggests, the significant difference among the identical dipolar CT states.
Among the substituents, the one with a strong electron-withdrawing nature induces
more CT character, a possible structure–property relationship can be derived using
the Hammett substituent constant (σ) and slope value of the Lippert–Mataga plot as
shown in Fig. 7.5 (Thamaraiselvi et al. 2020; Easwaramoorthi et al. 2014).

A mechanistic understanding of the possible excited state events for the
quadrupolar and octupolar TPA derivatives is essential to unravel the ICT behavior
of multipolar chromophores. As discussed previously, an essential state model for
dipolar and octupolar chromophores, respectively, have two and three isoenergetic
dipolar CT states with equal probabilities for their formation. The potential energy
diagram of the electronic states depicted in Fig. 7.5b indicates that the driving force
for the interconversion between the one canonical form to the other would be N–C
bond rotation of the phenyl ring to reach coplanarity with the N pz orbital, subse-
quently, it destabilizes the existing localized exciton on one of the arms, thus moving
the exciton to another arm. Any factors that influence the rotational motion of N–C
bond such as solution viscosity, temperature, solvent polarity, and local environ-
ment of the multipolar molecule are critical in depicting the stability of the CT state,
hence could be used as a probe to monitor several phenomena in biological and
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Fig. 7.4 Structure of TPA derivatives in dipolar, quadrupolar, and octupolar donor–acceptor
configuration

(a) (b)

Fig. 7.5 a A plot of Hammett constant versus slope value of the Lippert–Mataga plot of dipolar,
quadrupolar, and octupolar TPA derivatives b Potential energy diagram of feasible dipolar CT states
of octupolar (DA3) TPA

environmental samples. For example, N–C rotation slows down with increased solu-
tion viscosity thereby destabilization of SB-CT states of quadrupolar and octupolar
chromophores is minimized, thus leads to enhanced fluorescence intensity. Unfor-
tunately, all the SB-CT states are isoenergetic no discrimination between the states
and also interconversion between them could not be probed. Solvent polarity plays
an important role in the excited state of the SB process. The absorption process in
any solvent occurs along the vertical excitation from the ground state having all the
coordinates fixed at the equilibrium position, thus absorption spectra are not affected
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by the excited state symmetry breaking. On the other hand, the steady-state fluo-
rescence originates from the relaxed excited state which will be localized on one of
the SB-CT states in polar solvents (Terenziani et al. 2006, 2008). And, an increase
in solvent polarity further lowers the energy as understood from the strong solva-
tochromism in fluorescence. In nonpolar solvents, the ratio between the height of
the barrier separating the two or three equivalent minima of SB-CT and rotational
motions of N–C decides the chromophore’s behavior, higher barrier of the system
would be localized on one of the arms with the negligible tunneling, and symmetry
is broken effectively. If the barrier is low with respect to the N–C rotational motion,
tunneling is fast and effectively restores original symmetry. Both the processes could
have different spectroscopic signatures, and as for as TPA derivatives are concerned
there is symmetry breaking even in the nonpolar solvent as understood from the
linear relationship with the orientation polarizability of the solvent, pointing out the
changes in the excited state dipole moments.

7.2 Sensors

Developing molecules for chemical sensing is a timeless allure. New methods
empowered by the novel materials or molecules to work in simple test tubes to
hand-held devices are definitely the disruptive technologies to get away from the
expensive instrumentation and can be handled by anyone. The most important part
of any sensor is the sampling, but unfortunately, predominant studies report the
sampling method deviates from the practical situation and then renders the prac-
tical implementation. Nevertheless, those studies unravel the fundamental molecular
engineering aspects of sensor design, thus aiding the improvements in the worka-
bility in realistic conditions, sensitivity, and selectivity. Since, predominant contami-
nants or biomarkers exists at ultra-low concentration, higher sensitivity with stronger
signal are an intrinsic advantage. Chemical sensors always encounter the cross-
reactivity with other species, but recent developments highlight the unique pattern
being observed for the cross-reactions thus still making them employable and also
aiding the construction of sensor arrays aiming multiple targets on a single platform.
On material aspects, the motifs which exhibit excellent responsiveness in terms of
redox, colorimetric, and fluorescence properties which reflect the proximity changes
around it have been used as a transducer. TPA as a building block is not exceptional
in this regard. Diverse structural features inclusive of small molecules to framework
materials were explored for sensing from ionic species to neutral molecules.

The tuneable optoelectronic properties of TPA with judicious choice of the
substituent are promising features toward sensor applications. The generic molec-
ular design for the TPA-based sensor is given in Fig. 7.6, wherein the receptor
unit specific for the particular analyte is linked to the core covalently through π-
conjugation. Modulations in the electronic properties after analyte binding reflected
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Fig. 7.6 A generic TPA derivative as a sensor with the receptor for analyte binding. Sensing could
be detected by colorimetric, fluorescence, and redox properties changes

in terms of changes in color, fluorescence, and redox behavior act as a signaling
pathway. Difluoroboron β-diketonate substituted triphenylamine complexes 11 and
12 as shown in Fig. 7.7 exerts intense red luminescence and forms one-dimensional
nanofibril by adjusting the concentration, solvent/non-solvent ratio, and temperature.
The emission becomes quenched instantaneously and selectively when exposed to
gaseous amines such as n-butylamine, dibutylamine, tributylamine, triethylamine,
cyclohexylamine, hydrazine, aniline, and N,N-dimethylaniline. While a complete
quenching was observed for 11, the intense red emission becomes yellow for 12 in
the presence of amines. Mechanistically, in both the cases amines interact with the
boron through B…N interaction that leads to quenching, disturbing the interaction
by purging the air leads to fluorescence recovery, thus it could be usedmultiple times.
The higher sensitivity and low response time were attributed to the higher surface-to-
volume ratio of nanofibrils (Zhai et al. 2016; Zhang et al. 2012). Another systematic
approach by Cheng et al. by introducing one, two, and three benzothiadiazole rings
on the TPA to afford 13, 14, and 15 the intensely fluorescent compounds which also
undergo AIEE to form emissive aggregate in a thin film state (Shi et al. 2012). These
probes are sensitive to aniline vapor by turn-off fluorescence by virtue of photoin-
duced electron transfer and the quenching efficiency is seemingly impacted by the
number of benzothiadiazole units. Mechanistically, the HOMO level of 13, 14, and
15 are slightly lower than the aniline, thus the photoinduced electron transfer from
aniline to the photoexcited probes leads to fluorescence quenching. On the other
hand, the effect of quenching by 4-methylaniline is comparatively less, owing to its
higher HOMO energy level and also other aliphatic amines have lower HOMO levels
than the probes, thus do not quench the fluorescence from the compounds 13, 14, and
15. Interestingly, sensitivity towards aniline was poor in thin film state attributed to
the lower contact area and inferior vapor penetration. A morphological control with
aligned ZnO nanorods along with the thin film of 13, 14, and 15 eliminates the aggre-
gation and enhances the quenching efficiency owing to high surface-to-volume ratio
and 3D morphology. TPA motif could be used as a central structural core or terminal
donor, a tripodal chromophore 16 has been synthesized using triaminoguanidinium
cation as a central unit and the TPA has been linked through imine linkage (Xu and
Wang 2021). 16 form an organogel through intermolecular π–π interaction and is
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Fig. 7.7 Structure of TPA derivatives used for sensing different amines

responsive to Cu2+ ions and the gel becomes unstable in the presence of copper ions
while heating, but other metal ions do not have any impact. The sensor also detects
triethylamine and trifluoroacetic acid reversibly through both color change as well
as reversible gel–sol phase transition.
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(a)

(b)

Fig. 7.8 a Crystallographic structures of ����-Eu4L4 (left) and ����-Eu4L4 (right). The
structure of the ligand L is also given. bAsymmetric unit of 18 (symmetry codes: A= 1.5− x,− y,
0.5+ z; B= 1.5− x, 1− y, 0.5+ z). Insert shows the 3-connected bpba linker. The hydrogen atoms
are omitted for clarity. b Schematic of the [2 + 2] polycatenated structure in 1. Inset: highlighting
the interlocked hexagonal loop by a pair of edge-shared rings. (The crystal structures in “a” and
“b” are adopted from references 13 and 14 with permission, Copyright The American Chemical
Society (a) and Royal Society of Chemistry)

Inorganic–organic hybrid materials with rare earth metal ions as a coordination
center with the functionalized TPA ligands generate the three-dimensional architec-
tures with C2- or C3-symmetric ligands. The higher order structures create the porous
architecture with the recognition or reaction sites to interact with small molecules,
thus act as a sensor for several molecules. The selectivity, in this case, has been due
to the pore size of the framework materials, reactivity toward a specific target, and
coordination ability of the target with the metal center. In this line, TPA substituted
with the 4,4′,4′′-Tri(4,4,4-trifluoro-1,3-dioxobutyl)triphenylamine, 17 forms Eu4L4

tetrahedral cage having self-assembled by four Eu(III) ions as vertices, and four
C3-symmetric tris-β-diketones as faces as shown in Fig. 7.8 (Yao et al. 2020). The
β– diketones with CF3 make them acceptor units, and TPA is the donor unit, thus four
exerts fluorescence originated from the ICT interactions.A spin-coated thin filmof 17
exerts a turn-on fluorescence response in the presence of volatile amines owing to the
weak nucleophilic interaction and the selectivity and reversibility arise from the ICT
character of the ligand and cage-like structure.A two-dimensional, inorganic–organic
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hybrid system comprises of zinc and 4-(bis(4-(pyridin-4-yl)phenyl)amino)benzoic
acid (18), which features 2D+ 2D parallel polycatenation structure shown in Fig. 7.8
was developed through the mild hydrothermal process by Zheng et al. (Ji et al. 2018).
Photoluminescence of the 2D structure is intense when compared to the free ligand,
when it is exposed to the vapor phase amines, the fluorescence is quenched with
higher selectivity achieved for 4-aminophenol. The detection limit was down to
0.10 ppm, with a rapid response time of 30 s. Indeed, this real-time vapor sensor
could be regenerated by simply heating the sensor at 60 °C in a vacuum oven for a
minute, thus making them employable for continuous, real-time monitoring.

Nitroaromatics are a class of organic compounds having an extensive usage as
explosives and their widespread deployment necessitates the need for the portable
sensor, which is otherwise detected using non-field deployable, X-ray scanning and
ion mobility spectrometry. Thus, several chromophoric units have been deployed
for sensing the various nitroaromatics in different physical states using colorimetric,
fluorescence, and redox techniques. Vamvounis et al. synthesized triarylamine cored
dendrimers having phenyl branching unit with thiophene, 19 and bithiophene, 20 as
dendrons and dodecyl alkyl chain as surface groups (Vamvounis et al. 2013). The
structures of the dendrimer are given in Fig. 7.9. It has been demonstrated that the
emissive species could be altered from core to dendron, simply by replacing the thio-
phene with the bithiophene. The sensor works as turn-off sensors as the fluorescence
quenching of trinitrotoluene and its analogous 4-nitrotoluene, 2,4-dinitrotoluene,
1,4-dinitrobenzene and the plastic explosives 2,3-dimethyl-2,3-dinitrobutane. Inter-
estingly, when the emissive species is localized on the center, i.e., TPA core, the
sensing ability of nitroaromatics by 19 is slightly less than the tribiphenylamine,
suggesting that the dendrons on the dendrimer 19 are affecting the interactionbetween
the sensor and analyte. On the contrary, the quenching efficiency of dendrimer, 20
is comparable with its dendron revealing that chromophore–analyte interactions are
not affected when the emissive species is on the dendrimer surface. The higher
order, organized, hybrid structures with TPA as a structural building block have been
demonstrated to be a better framework material for sensing applications, including
nitroaromatics as analytes. The tripodal, TPA derivative as ligand aids the construc-
tion of metal–organic frameworks (MOF) with metals such as zinc, lanthanum,
etc., and the resultant MOFs are having unique porous architecture dictated by the
ligand as well as metal ion. Tricarboxytriphenylamine, 21 is versatile in constructing
various framework structures in combination with other ligands and their stoichiom-
etry. For instance, zinc and pimelic acid (pim) in {[Zn(21)pim0.5]2H2O·NO3}n is
a two-fold interpenetrating 3D framework containing four chiral (10,3)-a subnets
and {[Zn(21)pim]3H2O}n is merely a 2D + 2D → 2D entangled network (Yao
et al. 2019). The electronic properties of these materials arise from the intraligand
charge transfer process which are susceptible to undergo photoinduced electron
transfer with nitroaromatic compounds and resonance energy transfer with ofloxacin,
a fluoroquinolone drug used to treat bacterial infection. Ligand 21, in
combination with N, N-dimethylacetamide forms a three-dimensional MOF
[(Zn4O)(H2O)2(21)2]·8DMAhaving tetragonal channels and nanosized square chan-
nels as shown in Fig. 7.9 (Xie et al. 2021). The blue emission from theMOF has been
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(a)

(c)

(b)

(d)

Fig. 7.9 Structures of the dendrimer 19, 20 and the ligand tricarboxytriphenylamine employed to
construct theMOFs. a the 2D structure along the c axis and b the 3D supramolecular architecture of
21 in zinc-based MOF (adopted from reference 16) c ball-and-stick representation of a 1D square
channel and the space-filling 3D representation of MOF with 21 and DMA viewed from the [101]
direction (adopted from reference 17) d The crystal structure of terbium with ligand 21 (adopted
from reference 18). The figures used with permission, Copyright Royal Society of Chemistry (b and
c) and John Wiley and Sons (d)

quenched by the nitroaromatics, specifically picric acid has greater selectivity over its
other analogous and the sensor could be regenerated that lead to the usage of multiple
cycles. Unlike the previous case, the mechanism has been attributed to the energy
transfer from the electron-donating framework to electron-deficient nitroaromatics.
When zinc is replaced with terbium, ligand 21 forms Tb-21, MOF by solvothermal
method with emission at 540 nm and 435 nm corresponding to lanthanide and TPA-
based emission(Wu et al. 2011). While terbium sites act as Lewis acid and TPA sites
act as Lewis bases on MOF’s internal surfaces (Fig. 7.9), therefore facilitating both
Knoevenagel and cyanosilylation reactions in a size-selective fashion. Further, the
absorption through porous site-selective interactions between the aldehyde and Tb3+

ions resulted in the ratiometric fluorescence response, hence could be employed both
as sensor and catalyst.

An unconventional sensing methodology, i.e., photoelectrochemical sensing for
cysteine was evaluated using the basic principles of dyes-sensitized solar cells
(Wu et al. 2014). The photosensitizer, three anchored on the TiO2 surface through
the carboxyl group undergoes ultrafast charge injection to the conduction band of the
semiconductor to produce the photocurrent; any process that hinders the photocur-
rent generation could be detected instantly. The acrylic moiety is prone to undergo
Michael’s addition reaction thereby to form an sp3 hybridized carbon, which would
destroy the π-conjugation to the carboxylic group and decrease the photocurrent



7 Triarylamines—A Versatile Molecular Building Block … 199

response. A reaction of cysteine with the acrylic moiety prevents the end-to-end π-
conjugation in 3, thus decreasing the charge injection into the conduction band of
TiO2 and photocurrent response. Indeed, other amino acids, bithiols do not interfere
in the presence of cysteine owing to the selectivity and steric factors. A system-
atic study using TPA-rhodanine acetic acid in dipolar (23), quadrupolar (24), and
octupolar (25) configurations reported that these molecules were highly selective to
detect mercury and silver ions in aqueous solution. Interestingly, for mercury, all
of them form a 1:1 complex with similar binding constant values, though 24 and
25 have additional receptor sites available as further metal binding. This feature
suggests that the free binding site alone will not be enough for the binding, the
changes in the electronic properties of sensor–Hg2+ complex would have prevented
further binding; thus, a negative cooperative effect was observed (Thamaraiselvi
et al. 2019). The detection limit for these metal ions as in the order of ppb. Not
limited to the chemical entities, fluorescence sensors for the changes in the physical
parameters such as pressure and temperature have also been reported. For instance,
to measure the internal temperature of any organ and biological cell, conventional
thermometers could not be used. Compound 26, constructed with TPA as a central
core donor and terminal donor having ethyl rhodanine as an electron acceptor,
D–D–A configuration with ICT characters was developed (Ajantha et al. 2021).
The intervening biphenyl configuration between the two TPA units renders the inef-
fective π-conjugation throughout the molecule, thus 42C has two emissive species,
i.e., the terminal TPA and TPA-ethyl rhodanine moiety, wherein the former emits
from its local excited state and the emission from the latter has an influence from
the ICT characteristics, which cover all three primary color emissions, that is, red,
green, and blue (RGB). These multiple emissions from the sub-chromophoric units
undergo ratiometric changes when the sample is subjected to various temperatures.
At cryogenic temperatures, the lowest energy emission maximum red-shifted from
528 to 564 nm gradually but the higher energy emission remains almost intact,
thus serves as a reference point. A plot of temperature with the spectral maximum
provided a sensitivity of 0.3 nm K−1. Further, the ratiometric changes in the fluores-
cence are linear between 180 and 330 K with a temperature coefficient of 0.19 K−1.
Thus, 26 serves as a multiparameter temperature sensor without need for the external
reference. Mechanistically, the changes in the π-conjugation due to the arrest of the
C–C bond, and the subsequent impact on the ICT emissions are responsible for the
temperature-dependent phenomena (Fig. 7.10).

7.3 Aggregation Induced Emission (AIE)

Most of the donor–acceptor compounds are meant for optoelectronic applications
and are expected to work both in solution, solid/thin film state. Unfortunately, when
the studies are extended to solid state, compounds lose their luminescent properties
owing to aggregation caused quenching (ACQ) arising from strong intermolecular
interaction such as π–π stacking thus limiting their applications in organic light
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Fig. 7.10 Structures of TPA derivatives used as sensors for cysteine, mercury, silver, and temper-
ature. The scheme at the top describes the photoelectrochemical sensor principles of 22 (Adopted
from reference 19with permission, Copyright AmericanChemical Society). The spectra given at the
bottom are the fluorescence spectra of 26 inmethyl tetrahydrofuran solvent in different temperatures
(Adopted from reference 21 with permission, Copyright John Wiley and Sons)

emitting devices (OLED), organic field effect transistors (OFET), luminophores
and bio-imaging. The stronger intermolecular interactions are prevalent in many
chromophores as almost all of them are constructed with the planar π-conjugated
aromatics as a building block. A varying degree of ACQ has been reported when they
exist as aggregate or cluster. The excited state relaxation of luminophores which are
closely spaced owing to the π-π interactions opens up various non-radiative decay
pathways, thus ending up in emission quenching (Bünau 1970). In 2001, a new
concept of aggregation-induced emission (AIE) has been evolved by Professor Tang
wherein the1-Methyl-1,2,3,4,5-pentaphenylsilole in thedilution solution exertsweek
emission but acquires intense emission in the aggregated or solid state (Mei et al.
1940; Luo et al. 2001). This phenomenon is exactly opposite to the prevalently known
ACQ process and understandably the stronger intermolecular interactions facilitate
the emission process. A brief recall of the excited state deactivation channels and the
influencing factors would help to understand the basics of ACQ and AIE processes.
After photoexcitation, the molecule is excited to the Franck–Condon state, according
to theFranck–Condonprinciple the light absorptionprocess is a vertical transition and
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Fig. 7.11 Schematic representation of ACQ and AIEE

the molecular structure does not alter during the absorption process. Since Franck–
Condon state is highly unstable, the molecule should relax to a geometry with lower
energy. Various modes of structural relaxations such as E/Z isomerization, rotational
motion of the single bond, twisted intramolecular charge transfer, and excited-state
intramolecular proton transfer (ESIPT) are dynamic, energy consuming, and occur
at the excited state would affect both radiative and non-radiative decay pathways
which are highly interdependent. The larger proportion of the non-radiative decay
channels leads to themolecule to be non-fluorescent or weakly fluorescent. The inter-
play between the radiative and non-radiative decay channels could be controlled by
several external factors which could be rationalized based on the structure of the
luminophore (Fig. 7.11).

In general, the AIEgens are non-planar, conformationally flexible, propeller-like
conformation, highly twisted conformation which exerts dominant, dynamic, excited
state structural changes having weaker or no emission in the dilute solution. The
mechanistic insights for the origin of the AIE effect are broadly under three cate-
gories viz. restriction of intramolecular rotations (RIR), restriction of intramolecular
motions (RIM), and restriction of intramolecular vibrations (RIV) (Mei et al. 2014).
For RIM, the best example is hexaphenylsilole (HPS), a six-phenyl group decorated
with the five-membered silole core through single bonds, which renders them confor-
mationally flexible, propeller-like shape with twisted conformation, steric repul-
sion between the adjacent phenyl rings avoids dense packing and essentially no
π–π interaction in the solids state. However, the existence of strong intermolecular
C–H π interactions between the adjacent HPS synergistically constraints the HPS
in the crystal lattices, thereby suppressing the rotation of the phenyl ring in solid
and aggregated state to become a popular skeleton for AIEgens. Molecules such
as 10,10’,11,11’-tetrahydro-bi-5H-dibenzo[a,d]cycloheptene (THBA) which exerts
six normal modes of vibrations becomes three in the THBA cluster, thus leading to
the arrest of excited state non-radiative decay channels, leading to AIE effect owing
to RIV mechanism. When RIR and RIV are mutually responsible for AIE, then it
could be classified under RIM, where motion (M) comprises both vibrational and
rotational motions. It should be noted that RIR and RIV pathways are not mutually
exclusive, but could contribute together to restrict the intramolecular non-radiative
decay channels by virtue of structural rigidification to facilitate AIE phenomena.
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The requirement of molecular skeleton for the AIEgens could be generalized as
the molecules which have sufficient room for the intramolecular motions to dissi-
pate the excited state energy through non-radiative decay channels in the isolated
molecule and would have the twisted structures in the aggregates without the π-π
interactions. Ironically, extended π-conjugation is an essential structural require-
ment of almost all luminogens. Thus, molecular engineering of AIEgens should be
comprised of a judicious choice of different building blocks that aid AIE without
leading to ACQ. Accordingly, many AIEgens were developed by integrating AIE
and ACQmotifs to cover the entire visible–NIR spectra or functionalization specific
to particular processes. Apart from classical examples tetraphenyleneethylene (TPE)
and HPS, one of the predominantly explored structural motifs would be the TPA for
AIEgens. The excited state energy dissipating freely rotating three phenyl, propeller-
shaped non-planar structure that reduces the opportunity for the intermolecular π-π
interactions, provision to have D-A configuration to alter the electronic energy levels
cumulatively offer the TPA as versatile building blocks to construct the AIEgens. The
utility of TPA inAIEgens could be roughly classified based on the structure to be two,
one of the approaches has been that it is used as a terminal group along with the other
AIE motifs to alter the electronic properties and the other one would be that it plays
a central role to construct the D–A chromophores in various configurations. Experi-
mentally, theAIE phenomenon has been demonstrated bymeasuring the fluorescence
of the probe in solvent mixtures of different proportions. Both the solvents should be
miscible, but the probe should be soluble in one of the solvents and insoluble in the
other solvent. The solvent which solubilizes the probe is referred to as good solvent
and the insoluble solvent is called as bad solvent. Generally, when a solute particle is
introduced to a solvent, the solvent molecules surround the solute and orient them-
selves around it, forming a solvation shell. The orientation of the solvent molecules
is such that the polar or charged groups of the solvent molecules are facing the solute
while the non-polar groups are facing away from it. This arrangement allows the
solute to be stabilized and remain in a state of dissolution.When the proportion of the
bad solvent increases in the solution, since it is miscible with the other solvent, both
the solvent molecules become evenly distributed throughout the resulting solution.
The solvation spheres of each solvent overlap and the solute molecules interact with
both solvents simultaneously, whichwould lead to changes in the solubility of certain
solutes. Since the probe has a different solubility in these solvents, when the propor-
tion of the good solvent in its solvation sphere has been replacedwith the bad solvent,
the solubility of the probe is reduced in the solvent mixture. To adjust the reduced
solubility under a mixed solvent environment, the molecules tend to aggregate to
form higher order structures with distinctly different intermolecular interactions and
fluorescent properties. Tetrahydrofuran andDMSOare thewidely used good solvents
and the water has been the bad solvent. The aggregates are predominantly in water
and therefore extends their applicability in biological medium as well.

The classical AIEgen, HPS upon substitution of TPA at 2,6 position, 27 induces
ICT from TPA to silole, the yellow emissive AIEgen shows the solid-state emission
quantum yield of 42.5% which is non-emissive in dilute solution. The multilayer
OLED devices constructed with the aggregate exhibit the highest performance and
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also it could act as hole transport layers (Mei et al. 2012). Introducing the electron-
deficient benzothiadiazole between the TPA and HPS shifts the emission to the deep
red region with a maxima of 635 nm and a solid state quantum yield of 9% (Du
and Wang 2011) with the spectra spread over the NIR region. In fact, the work
on another classical AIEgen, TPE, 28 has been extensively modified with TPA in
diverse combinations to afford the simplest D-A chromophore to polymers with a
distinctly different electronic properties. TPA and methoxy substituted TPA directly
linked with the triphenylethylene, 29, 30 exerts ICT interaction owing to the D–A
configuration, which are the simplest examples for substituted TPE. Both 29 and
30 are weakly fluorescent in the solution state and become strongly emissive in
the aggregated and solid state with quantum yields of 98.3 and 91.1%, respectively
(Lin et al. 2019). In dilute solutions, weak emission is due to the rotation of all the
phenyl rings, which dissipates energy via non-radiative decay channels. Restriction
of intramolecular motions in the aggregated state leads to emission enhancement.
The single crystal data shown in Fig. 7.12 of 29, 30 highlights the C-H…π hydrogen
bonds with a distance of 2.766 Å could exist between the protons of TPA with the
TPA of neighboring molecules. These C-H…π hydrogen bonds efficiently lock the
RIM, thereby responsible for the intense solid-state emission (Lin et al. 2019). An
electrofluorochromic device was also constructed using 30 which shows a shorter
switching response time (Zhao et al. 2015). When all the phenyl groups of TPE are
replaced with TPA, the solid-state quantum yield of almost unity has been achieved.
The multiple TPAs offered better charge carrier mobility in OLED devices and the
emission spectra are sensitive to the solid-state packing; for instance, in the crystalline
face, it emits green fluorescence at 501 nm, and their grounded powder emits greenish
yellow at 531 nm. This phenomenon, referred as mechanochromism arises from the
changes in the intrinsic solid-state emission as a result of stressing, deforming, or
breaking of solids. The molecules 31–35 are the TPE substituted with TPA, but the
torsion angle between both the units is increased owing to the biphenyl configu-
ration which renders the relatively poor end-to-end π-conjugation. In addition, the
substitution at ortho, meta, and para positions also has an impact on the electronic
properties, and all the molecules are known to be blue emitters, except 31, where
both the substituents are at para positions (Huang et al. 2014). A core structural
change of TPE by replacing the phenyl with the heterocycle, thiophene affords 2,2-
(2,2-diphenylethene-1,1-diyl)dithiophene (DPDT), which has further been function-
alized with TPA through benzothiadiazoleπ-bridge.Molecules 36–39 pose symmet-
rically and asymmetrically substituted DPDT with one side donor TPA and the other
side D–A component TPA/TPE with benzothiadiazole as shown in Fig. 7.13. Asym-
metric structures 36 and 38 seemingly efficient to showbetter solid-state fluorescence
quantum yields and higher AIE in comparison to their respective symmetric counter-
parts. The initial addition of water to the THF solution of these compounds reduces
the fluorescence intensity because of ICT, after 50% water fraction, the aggregation
process started. These probes could be used as two-photon and one-photon excited
fluorescent probes for live cell imaging (Chang et al. 2016).

AIEgens constructed on the TPA core have diverse structural features ranging
from the simple functionalization at the para position of the phenyl ring to extended
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Fig. 7.12 Structures of AIEgens of TPA derivatives of classical AIEgens silole and TPE. The
bottom image indicates the crystal structures of 29 and 30 demonstrating the C-H…π hydrogen
bonds. (Crystal data adopted with permission from Reference 28, Copyright American Chemical
Society)

conjugation with several electron-rich or -deficient functional motifs. The struc-
tural diversity offers to generate a great number of AIEgen molecular libraries with
wider, visible-to-NIR spectral coverage and also its utility from bioprobes to charge
transport materials in organic electronic devices. Nitro substitution in chromophores
facilitates intersystem crossing (ISC) from an excited singlet state to a nonemissive
triplet state thereby quenching the emission. Nitro-substituted TPA, 40, 41 are not
exceptional and are weakly emissive in dilute acetonitrile solution. But, an amor-
phous, aggregated state in acetonitrile–water solution turns 40 and 41 into a yellow
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Fig. 7.13 Structures of AIEgens of TPA derivatives with benzothiadiazole and nitro-substituted
TPA. Theoretical calculations on the emissionmechanism of 40. a Crystal structure and intermolec-
ular interactions between 40 and its adjacent molecules. The torsion angle between nitrophenyl
group and other two phenyl groups is assigned to α and β, respectively. b Nature transition orbitals
of the lowest singlet excited state (S1) and triplet excited state (T3) of 40 in crystal. c, d Calculated
energy gaps, electronic configuration character, and related spin–orbit coupling constants in crys-
talline and free gas states. e Potential energy curves of S1 and Tn and spin–orbit coupling constants
(ξ) of related transitions from lowest S0 to Tn as a function of the torsion angle α (Adopted with
permission from Reference 32, Copyright Springer Nature under Creative Commons Licence)

emitting species, apparently indicating that ISC facilitated by the nitro group is
overcome by the aggregation leading to the solid-state luminescence (Zhao et al.
2018). Interestingly, both the compounds are non-emissive in crystalline state as
the nitrophenyl group facilitates the ISC channels to form a nonemissive triplet
state. Nevertheless, mechanical stimulus manipulates the crystalline morphology
and changes the molecular conformations, thus AIE effect dominates the photo-
physical properties to recover the emission. It has been demonstrated that the torsion
angles obtained from single crystal, and the calculated gaseous and amorphous states
reveal that the amorphous state as shown in Fig. 7.13 is considered to be closer to
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the gaseous state with similar molecular conformation. Consequently, the computed
energy gap between the triplet and singlet first excited state,�EST value corresponds
to 0.17 and 0.35 eV for crystalline and amorphous state, respectively, thus the higher
�EST values originated from the enforced conformational change in the amorphous
state become responsible for overpowering ISC with AIE. This on–off methodology
offers these molecules employability as intelligent materials in depicting sensitive
mechanoresponsive materials (Zhao et al. 2018). A hybrid luminogen of TPA with
salicylaldehyde with other electron-donating substituents infer the effect of AIE
on another important excited state deactivation process, excited state intramolec-
ular proton transfer (ESIPT). Compounds 42 and 43 are susceptible to ESIPT but
exerts weak emission characteristic of enol state. In an aggregate form, an approx-
imately 36-fold enhanced emission with the Stokes shift value of about 140 nm
was noted. The larger Stokes shift is due to the involvement of the ESIPT process
and the emission being originated from the keto form, which becomes advanta-
geous when considering its utility as bioprobes as it avoids the overlap with the
excitation light. Indeed, this biocompatible AIEgen was found to be specifically
staining the lipid droplets in cell in a wash-free manner and successfully employed
in in vivo imaging of lipid-rich tissues (Yin et al. 2020). Not restricted to the conju-
gated substituents, an sp3 hybridized linker between the TPA and acceptor seemingly
provides an interesting engineering of the excited state radiative process aided by the
aggregation. For instance, having sp3 carbon or oxygen between the electron-rich
TPA and electron-withdrawing groups effectively prevents the π-electron delocal-
ization, thus the aggregate in solution or polymer films show dual phosphorescence
at 77 K originated from largely localized donor and acceptor triplet emitting states;
at room temperature, a merged RTP band has been observed (Wang et al. 2021).
TPA-carboxylic acid, 44 prone to aggregation aided by the metal ion, Zn2+ which
electrostatically interacts with the carboxylate to form Zn-44 complex, which further
self-assemble to form vesicles which could accommodate the drugs for controlled
delivery. The TPA confined in the vesicle membrane depicts, AIE along with the
two-photon excited emission, thus capable to be used in theranostic applications,
cell imaging, drug carriers, and metal ion detection (Wei et al. 2018).

The prominent molecular engineering approach for TPA-based DA and AIEgens
is the extension of π-conjugation with aromatics as π-bridge. Structures of some of
the representative AIEgens are given in Fig. 7.14. Compounds 45–47 pose different
acceptor groups linked covalently through intervening phenyl bridge extending the
π-electron delocalization to induce the ICT character understood by the emission
maximum shifted to 668 nm and solvatochromism in fluorescence. The fluorescence
quantum yield of the aggregates in THF–water solvent mixture was enhanced to 72%
by the RIM mechanism. Being with DA configuration, the two-photon absorption
cross section up to 592 GM has been achieved (Liu et al. 2019a). A structurally
similar compound, 48 was also investigated for the detailed photophysical studies
and demonstrated that a large Stokes shift of about 202 nm was observed owing
to the TICT process. These molecules were found to be biocompatible, posses high
brightness, selectivity in labeling the lipid droplets, and excellent photostability. Two-
photon imaging of lipid dropletswith higher three dimension resolution, deeper tissue
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Fig. 7.14 Structure of D–A TPA compounds
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penetration, and choice of monitoring the localized polarity in mixed bulk samples
are some of the promising features for imaging the cell organelles or biosensing
(Jiang et al. 2017). The aromatic linker between the TPA and the acceptor unit has
a significant role in depicting the photophysical properties. A systematic study with
the replacement of linker phenyl with thiophene and furan, 49–51 in fact alters the
effective end-to-end π-delocalization. For instance, the linker phenyl ring forms a
biphenyl configuration with a definite dihedral angle owing to the steric hindrance
between the ortho hydrogens of the adjacent phenyl ring. But, the heterocycles thio-
phene and furan avoids the biphenyl configuration and facilitates the effective elec-
tron delocalization, which could be understood from red-shifted absorption from 465
to 510 nm while going from benzene to furan. These luminogens are weakly fluo-
rescent in methanol becomes strongly emissive with red-shifted spectral maximum
when in aggregate state in methanol–toluene solvent mixture, attributed to the RIM
mechanism and the mixing of non-bonding electrons of S and O with the π→π*
transition, subsequent alternations in ICT interactions respectively. Near IR emis-
sion centered around 700 nm and above has been noticed for aggregate as well as
in solid state that provide the superior resolution for the fluorescence imaging in
biological objects (Zhang et al. 2021a). Thiophene is one of the important motifs in
optoelectronic materials, a systematic variation with the number of thiophene and
its impact on the AIE and electronic properties is unraveled using molecules 52–58.
The emission maximum found for these molecules at 402 nm (violet) 482 nm (blue),
531 nm (green), 580 nm (yellow), 612 nm (orange), 649 nm (red), 667 nm (deep red),
and 724 nm (NIR) regions, suggesting the extremely wide emission color tunability,
which is ascribed to both of their varied π-conjugation and DA effect. It should be
noted that increase in emission with respect to bad solvent fraction is not always
linear and it depends upon the solvent combination and the excited state process of
the molecules. For example, some of the molecules wield decreased fluorescence at
initial stage which could be attributed to the other nonradiative excited state deacti-
vation process such as TICT, which could also accompany the red-shifted emission
maximum. Thus, TICT and AIE are competitive processes, and the dominance of
both processes could be controlled externally by the surrounding environment. The
single crystal also infers the twisted conformation of TPA with the intermolecular
distance >3.2 Å between the two parallel planes, avoiding intermolecular π–π inter-
actions and abundant C–H…O,C–H…C, and S…C interactions. All these factors are
cumulatively responsible for the restricted intramolecular motions thereby leading
to solid-state emission. These AIEgens are specifically employed for lipid droplet-
specific cell imaging and also generate reactive oxygen species when exposed to
white light leading to the photodynamic ablation of cancer cells (Xu et al. 2019).
The molecules 59–62 reveal the impact of acceptor groups and planarization of
the π–bridge, specifically the replacement of thiophene with thieno[3,2-b]thiophene
imparts increased planarity leading to enhanced molar absorptivity, ε. A neat DMSO
solution or the aqueous solution of the aggregates when exposed to 660 nm laser
irradiation exhibits increased temperature, but themagnitude of temperature is seem-
ingly higher for neat DMSO solution than the aggregate. This feature highlights that
the absorbed light energy is dissipated as thermal energy with more efficiency by
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isolated molecule than the aggregate. The temperature rise could be controlled by
the laser energy and repeated for several cycles, thus the AIEgens could be used
as photothermal agents for multifunctional phototherapeutics toward cancer therapy
(Wang et al. 2022a).

Cationization of the luminogens is one of the better approaches to improve the ICT
character as the combination of electron-rich and cation would offer much higher
charge separation than the neutral electron-deficient systems. Furthermore, it also
provides enhanced solubility in water, stabilization through ion–pair interactions,
and targeted binding in specific organelles which are essential for biological appli-
cations. Cationization of AIEgens is aimed to target the specific organelle, such as
mitochondria or cancer cells, and can not only be used as fluorescent label, could also
be used as a photosensitizer to initiate photodynamic or photothermal therapies. The
excited state of the AIEgen might undergo either direct electron transfer or energy
transfer process to generate localized reactive oxygen species, thus leading to targeted
therapies. Combination of dual-cationic triphenylphosphonium alkylated pyridinium
substitutedwith triphenylamine, 63 have a red emission andAIE characteristics; have
a selective targeted binding towards mitochondria or lysosomes of cancer cells. Not
limited, 63 exerts dark and photo-toxicity and generateswhite light-triggered reactive
oxygen species depending upon the phenyl substitution showing superior killing of
cancer cells and inhibiting tumor growth through synergistic effect (Ma et al. 2021).
Interestingly, the electronic properties of TPA-based pyridine can also be altered
by organic halides used to form pyridinium ion. Specifically, when benzophenone
substituted alkyl bromide is used to form pyridinium ion, 100 the resulting molecule
is a typical AIEgen with DA system that forms different aggregates characteristic of
various treatmentmethods. Green, yellow, and orange emissions from crystals, amor-
phous, or their mixer were noticed, which could be controlled by external stimuli of
fuming, crystallization, sonication, and grinding, thus 64 could be amechanochromic
luminophore (Yin et al. 2021). These materials could find applications in pressure
sensing, surface damage, rewritablematerials, andfinger print recordings.Compound
65 having dipyridinium cation with hydroxammic acid chelating group is designed
so that the pyridinium ions exert electrostatic binding with nucleic acids and the
latter acts a chelating group for zinc ions in the active center of histone deacety-
lases (HDACs). The AIE effect induces a strong fluorescence from 65 in biological
medium and can generate reactive oxygen species through photosensitization process
thereby efficiently damaging the nucleus DNA andmaking it an excellent inhibitor of
telomerase activity (Wang et al. 2022b). Another AIEgen, triphenylamine thiophen
pyridinium, 66 was used as a photosensitizer for the treatment of bacterial endoph-
thalmitis, an acute eye infection and potentially irreversible blinding ocular disease
(Fig. 7.15).

66 can selectively bind to bacteria over normal ocular cells owing to the combined
presence of cationic charge with hydrophobicity, subsequently kill the bacteria
through light-triggered reactive oxygen species. In addition, the efficient antibac-
terial behavior of 66 triggered an early immune response to the intraocular infection
andwas seemingly better than the commercially used roseBengal (Li et al. xxxx). The
structurally similar TPA-pyridinium ions 67, and 68–71 have also been employed to
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Fig. 7.15 Structure of cationic TPA AIEgens

demonstrate the photodynamic therapy and gene delivery (Tang et al. 2021; Liu et al.
2019b). Cationization significantly improves the photodynamic therapy and reactive
oxygen species generation to a greater extent in addition to the specific targeting
of mitochondria. The water-soluble AIEgen, 72 is nonfluorescent in pure water and
became intensely red fluorescent with the addition of poor solvent, ethyl acetate. The
fluorescence quantum yield has been increased by 129 times in aggregate form when
compared to water, and the aggregates were tested for solution phase visualization
of latent finger prints (LFP) on walls, bricks, and paper. When an aqueous solution
of 72 was sprayed on the surfaces having LFP, the molecules will adhere on the lipid
secretions in finger prints owing to the hydrophobic–hydrophobic interaction of the
lipid. Indeed, AIEgen 72, could provide levels 1–3 details of the fingerprint and the
solution possesses relatively better photo and thermal stability along with the good
shelf-life (Wang et al. 2020).
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Molecular engineering of TPA in combination with several planarπ-bridges such
as benzothiadiazole and dibenzo[a,c]phenazine in different donor–acceptor config-
urations are an interesting approach having ACQ and AIE motifs to develop novel
materials with unique photophysical properties. Benzothiadiazole is a well-known
electron deficient system and in combination with TPA would effectively reduce
π–π stacking and facilitate the emission in organic electronic devices. 73–76 with
different combinations of TPA, benzothiadiazole, and anthracene exhibit strong elec-
troluminescence in orange to red color with low turn-on voltage in non-doped OLED
devices. 73, could also work both as an emitting layer and hole-transport layer with
an efficiency comparable to the device with the standard molecule, N,N′-diphenyl-
N,N′-bis (1-naphthyl) (1,1′-biphenyl)-4,4′diamine (NPB) (Zhang et al. 2021b). An
NIR-emissive TPA-benzothiadiazole covalently linked with luminol through π-
conjugation affords 77, which could be converted to dots using Pluronic F127 surfac-
tant. The combination of these chromophores is based on the principle of combining
NIR emission with chemiluminescence, wherein the latter has high penetration with
external photoexcitation, thus promising for deep tissue imaging. Electron-deficient
benzothiadiazole and TPA ensure the NIR chemiluminescence emission in aqueous
solution and could be used for the detection of singlet oxygen in biological systems.
Indeed, NIR chemiluminescence emission is capable of penetrating through 3-cm-
thick pork ham as well as distinguishing tumor cells from normal cells (Liu et al.
2020).

7.4 Summary and Perspective

This article outlines the summary of the chemistry of triphenylamine-based
molecules and materials, their applications toward luminophores, sensing,
aggregation-induced emission, and framework materials. The bond length alterna-
tion of phenyl rings of TPA core and its impact upon substitution with electron
deficient or donating groups highlights the intramolecular charge transfer even in
the ground state. In fact, the number of substituents does have an impact on the
ICT strength. Though more than thirty crystal structures of TPA derivatives from
the CCDC database have been analyzed, unfortunately, no systematic correlation
could be arrived, which may also be due to the non-availability of crystal data of
closely related structures. Development of dipolar, quadrupolar, and octupolar chro-
mophores, respectively, with DA, DA2, and DA3 highlights that the emission wave-
length could be shifted to near-infrared region with simple substitutions and also
have a potential to be used as two-photon fluorescent probes. Fundamentally, when
the substitution is at para-position both quadrupolar and octupolar chromophores
undergo excited state symmetry breaking to form a symmetry-reduced ICT state,
similar to their, simple dipolar analogous. Nevertheless, all the ICT states of these
compounds are seemingly similar, still the excited state properties are distinctly
different which could be spectrally identifiable. Unfortunately, even the femtosecond
time scale transient absorption techniques were unable to through the light on the
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excited state symmetry breaking process, and still further systematic studies are
required to unravel the excited state processes. Applications of these probes towards
sensing were demonstrated using several chromophores for targeting several probes
including the toxic species in the environments, intermediates produced in living
systems during biological processes, and explosives. Mechanistically, the impact of
intramolecular charge transfer processes of TPA derivative upon analytes interac-
tion, which is directly related with the radiative excited state process is the sensory
tool in most of the cases. For instance, for explosives generally the nitroaromatics
and electron-rich amines, the turn-off fluorescent sensing owing to the quenching of
TPA derivatives excited state has been witnessed. Further, the complexation ability
of TPA derivative as a ligand or the reactive nature to construct the framework
materials such as metal–organic framework and covalent organic framework with
two- or three-dimensional, organized, stable, and porous framework, which provides
ample opportunities formaterials applications. Few examples discussed in this article
also highlight the combination of optoelectronic properties of the ligand and orga-
nized porous structure in achieving the selectivity of specific analytes over their
structurally similar analogous compounds. Another important field of developing
aggregation-induced emission enhancement is an important area in realizing the
solid state or aggregate state luminescent applications of TPA-based chromophores,
which are otherwise elusive in realizing real-life luminescent-based products. The
propeller-shaped structure, wobbly crystal packing aided by the C..H π-interactions,
arresting the rotational or vibrational motions in the aggregate state is responsible
for the intense luminescence. Perturbations in the intermolecular interactions either
by means of mechanical forces, pressure, or infusion of chemical vapor also resulted
in luminescent changes, thus leading to the development of mechanochromism and
vapochromism phenomena. Applications of AIEgens towards sensing, fabrication of
organic electronic devices, and two-photon fluorescent probes are also discussed.

Though large quantum work has been done with TPA-based molecules towards
materials for organic photovoltaics, charge transport materials, light emitters for
organic light-emitting diodes, sensors, AIEE, and framework materials, still the TPA
motif is found to show novel properties by adopting diverse chemistry. Fundamen-
tally, the ICT interactions are crucial for almost all the applications, but still the
formation and stability of the dipolar ICT state in multipolar molecules are elusive.
Further, TPA core could be altered to create a wide choice of ligands to construct
the framework materials, mechanistic understanding of kinetics, stability, and nucle-
ation of the ordered structure formation needs to be studied to develop higher order
structures. Thus, we believe that TPA motif could still be further explored in various
applications using the fundamental understanding that has been developed so far.
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Chapter 8
Lanthanide Ions-Doped Luminescent
Nanomaterials for Anticounterfeiting

Jyoti Yadav, Satish Kumar Samal, and Boddu S. Naidu

8.1 Introduction

Counterfeiting is a widespread problem all around the world. Though governments
and business agencies have made numerous efforts to prevent counterfeiting by
passing laws, counterfeiting goods in the apparel, medicine, food, and electronic
fields continue to find its place in our daily lives, posing a serious threat to prop-
erty safety, social stability, and even human health. The greatest approach to combat
counterfeiting is to prevent it for which a variety of modern security measures are
constantly being investigated (Kumar et al. 2017). As per the past reports, the world-
wide monetary losses brought about by counterfeiting might arrive at 1.82 trillion
USD in 2020 (Liu et al. 2010). Anticounterfeiting techniques, for example, lumines-
cent barcodes, watermarks, and two-dimensional codes have been explored to battle
counterfeiting, but these are easy to replicate. Figure 8.1 provides the number of
yearly publications on anticounterfeiting materials (Abdollahi et al. 2020).

The luminous patterns can work as promising warning indications for high-level
security and the protection of important information. Conventional fluorescent mate-
rials, for instance, organic dye molecules and semiconductor quantum dots (QDs)
can generate tunable colors, but poor stability, photobleaching, and high toxicity limit
their use in security applications (Yao et al. 2019). Due to the extraordinary optical
characteristics of luminescent materials, such as high emission intensity, multicolor
emission, prolonged lifespan, and numerous emissions in response to heat, light,
mechanical stimuli, etc., luminescence anti-counterfeiting has attracted a great deal
of interest (Yu et al. 2021).

Luminescent materials, often known as phosphors, are characterized as solids that
can emit light upon the application of specific form of energy (Campos-Cuerva et al.
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Fig. 8.1 The number of yearly publications on anticounterfeiting materials during the previous
20 years was found by searching for “anticounterfeiting” in the titles of papers and innovations
that were published on scholars’ websites and different technologies used for anticounterfeiting.
Reprinted with permission from ref. (Abdollahi et al. 2020) Copyright 2020, American Chemical
Society

2016). Among all phosphors, lanthanide-basedmaterials are significant and desirable
choices. Lanthanide ions (Ln3+) are frequently utilized as emitting species in various
phosphors because of their wide range of f-orbital configurations and can display
strong fluorescence emission via intra 4f or 4f-5d transitions (Campos-Cuerva et al.
2016). Since the f-f transitions of the Ln3+ are disallowed, direct excitation of the
same is not preferred. From this perspective, a doping technique is frequently used to
createLn3+-dopedmaterialswith desired photoluminescenceproperties. This process
entails incorporating a small amount of ions into the host matrix to produce hybrid
materials. The host lattice with Ln3+ offers the emitter a stable microenvironment.
An effective energy transfer (ET) from host or co-dopant to Ln3+ ions can occur when
they have suitable energy levels. In addition, Ln3+-doped inorganic nanomaterials
have the advantages of a large Stokes shift, long luminescence decay lifetime, a sharp
emission spectrum, low toxicity, and high chemical/photochemical stability when
compared to metal complex compounds, carbon dots, halide perovskites, quantum
dots (QDs), and organic dyemolecules (Gordon et al. 2008; Nichkova et al. 2022).

8.1.1 Basic Concepts of Luminescence

The term “luminescence” comes from the Latin word lumen, which means “light”.
The current understanding defines luminescence as the spontaneous emission of
light from an electrically or vibrationally stimulated entity that is not in thermal
equilibrium with its surroundings. (Valeur et al. 2011). Based on the form of excita-
tion energy, luminescent materials can be further categorized into several types such
as chemiluminescence, bioluminescence, photoluminescence, electroluminescence,
triboluminescence, crystaloluminescence, radioluminescence, thermoluminescence,
etc. The name of the luminescence is based on the type of excitation energy and
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Table 8.1 Various kinds of luminescent materials and corresponding excitation energy along with
examples

Type of luminescence Excitation source Example

Chemical Chemiluminescence Chemical reaction Firefly lucerin

Biological Bioluminescence Biochemical reaction Glow-worm

Physical Photoluminescence Light NaYF4:Eu

Electroluminescence Electric current ZnS:Cu

Mechanoluminescence Mechanical action Quartz glass

Crystaloluminescence Crystallization NaCI

Radioluminescence Ionizing radiation NaMgF3:Sm

Thermoluminescence Heat CaTi03:Eu

their examples are shown in Table 8.1. Among these luminescent materials, photo-
luminescent materials are well used in several fields such as photocatalysis, anti-
counterfeiting, solar cells, sensors, latent fingerprint visualization, bioassays, drug
delivery, photodynamic therapy, etc. There are several kinds of photoluminescent
materials such as quantum dots, halide perovskites, carbon dots, metal clusters,
lanthanide-doped materials. In this chapter, the main focus is on lanthanide-doped
luminescent materials due to their excellent properties (Kumar et al. 2016).

8.1.2 Lanthanide-Doped Luminescent Nanomaterials

The lanthanides, also known as “rare earths” are the 4f-block elements (La to Lu).
They share many similarities, such as ionic radius and oxidation state (III). Because
of their 4f electrons, these materials consist of rich energy levels as shown in Fig. 8.2,
which leads to showing excellent optical properties such as long luminescence life-
times (up to several milliseconds), strong emission peaks, narrow full width half
maxima, and upconversion luminescence over a range of wavelengths from near-
infrared to visible. Due to the fast developments in nanotechnology, especially the
progress of new design strategies for materials, great interest has developed in the
nanoscale controlled synthesis and luminescence properties of Ln3+-doped materials
for various applications. In comparison to their bulk counterparts, nanocrystalline
and nanostructured materials, which are commonly characterized as polycrystalline
materials with a particle size of 100 nm or less, may display unique optical, electrical,
magnetic, and thermodynamic properties. Due to the electronic structure of Ln3+

ions in solids, they can emit light from UV to infrared (IR). Based on the lumines-
cence emissionmechanism, lanthanide-doped luminescent nanomaterials are divided
into three categories: downshifting, upconversion, and quantum cutting luminescent
nanomaterials. The luminescence mechanism in these categories is discussed in the
following sections.
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Fig. 8.2 Energy levels diagram for the lanthanide aquo ions. The values of the energy levels are
given as multiples of 1000 cm−1. The red lines are the main luminescent levels, while the blue
lines are the ground state level. Reprinted with permission from ref. SeethaLekshmi et al. (2017)
Copyright 2017, Elsevier Publication

8.1.2.1 Downshifting Luminescence

In the downshifting luminescence (DSL) process, a low-energy photon is emitted
upon absorption of a high-energy photon as shown in Fig. 8.3. The corresponding
wavenumber shift between the maxima of the emission and absorption bands (E3–
E2) is identified as the Stokes shift. In DSL, the host lattice is commonly doped
with trivalent lanthanide ions. Nowadays, various kinds of rare earth-based host
materials like fluoride, phosphates, vanadates, oxides, and oxy-sulfide are reported
with excellent luminescence properties. Taking into consideration Eu3+-dopedYVO4

nano/microcrystals, there is a proficient energy transfer from VO4
3− groups to Eu3+

ions. The most commonly employed activators for DSL are Dy3+, Sm3+, Tb3+, Eu3+,
and all of which show numerous emission lines in the visible range when exposed
to UV light (Jia et al. 2009). Basically, low concentrations (≤ 5 mol percent) of the
activators are doped in the host material to minimize the quenching of luminescence
due to the concentration of dopants without changing the crystal structure of the
host material. Apart from the dopant concentration, synthesis conditions, calcination
temperature, particle size, and the host lattice also have an impact on the PL intensity
(Luwang et al. 2011).

To enhance the effective luminescence of Ln3+ (Ln = Sm, Dy, Tb, Eu) ions, the
Gd3+ and Ce3+ ions are often co-doped as sensitizers. There are various reports on
Ce3+− and Gd3+−sensitized downshifting luminescent nanomaterials. Regardless of
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Fig. 8.3 Diagrammatic
representation of the
downshifting luminescence
process

E1

E2

E3

the single-doping approach, codoping of activators with larger absorption coeffi-
cient sensitizers could prompt an efficient emission by using ET from sensitizer to
activator. For the desired luminescence characteristics in a typical lanthanide lumi-
nescent nanosystem, both sensitizers as light absorption centers and activators as light
emitting centers are essential and significant. The only sensitizers that are thought
to be the most effective across all sensitization systems are Yb3+ and Nd3+. As a
result, the matching excitation wavelengths are constrained to be between 980 and
808 nm. It is essential and advantageous to investigate more sensitization units that
have bigger absorption cross sections, higher energy transfer efficiency, and indepen-
dent excitation in order to enrich excitation wavelengths and increase luminescence
intensity.

8.1.2.2 Upconversion Luminescence

The upconversion (UC) emission process was first suggested by N. Bloembergen
(Ge et al. 2017). In upconversion, two or more low-energy photons get absorbed in
order to emit a high-energy photon (Ge et al. 2017). Often, the low energy-absorbed
photons are from the NIR region and high energy-emitted photons are in the UV or
visible region. UC luminescence has numerous advantages over DS luminescence,
such as the absence of background emission, long tissue penetration length without
damaging, etc. In general, to produce higher energy photons, upconversion employs
sequential absorption of numerous photons using a long excited state lifetime and
actual ladder-like energy levels of Ln3+ ions placed in a reasonable host material
(Kang et al. 2020).

Numerous forms of upconversion nanoparticles (UCNPs) have so far been
producedusing a variety of synthetic techniques. Figure 8.4a–f displays the schematic
designs of the upconversion process. UCmethods can be classified into the following
groups: energy migration-mediated upconversion (EMU), cooperative sensitization
upconversion (CSU), photon avalanche (PA), energy transfer upconversion (ETU),
and excited state absorption (ESA) (Zhou et al. 2020). ESA (Fig. 8.4a) is the most
fundamental method of UC luminescence. ESA is the easiest single-center UC
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Fig. 8.4 Diagrammatic representation of the upconversion luminescence process of Ln3+-doped
materials. Terms mentioned here are ground state (E0), excited states (E1, E2, and E3), ground
state absorption (GSA), excited state absorption (ESA), energy migration-mediated upconversion
(EMU), photon avalanche (PA), cooperative sensitization upconversion (CSU), cross-relaxation
(CR), energy transfer upconversion (ETU). Reprinted with permission from ref. (Zhou et al. 2020)
Copyright 2020, Elsevier Publication

process. By using ground state absorbance (GSA), the atom moves from E0 state
to E1 state and then by absorbing a second photon, it rises to E2 state. ESA is the
least effective, so ETU has been a far more popular method of providing UC lumi-
nescence (Fig. 8.4b) (Zhou et al. 2020). ETU consists mainly of an activator and a
sensitizer, both of them are excited to the E1 state byGSAwhen exposed to the proper
source of excitation. A variation of energy transfer (ET) is cross-relaxation (CR), as
seen in Fig. 8.4c. When two kinds of ions are excited simultaneously, one of them
gives energy to the other to excite it to a high energy state while relaxing to a lower
energy level without emitting radiation. The primary outcome of ion–ion interaction
is the CR process, and the efficiency of this method is directly correlated with the
amount of dopant present. Although it is the primary cause of the well-known “con-
centration quenching mechanism” of emission, it can also be purposefully employed
to modify the color output in UCNPs or build a reliable PA mechanism. CSU is
comparable to ETU, that uses two sensitizers and one activator (Fig. 8.4d). Pump
light excites two sensitizers, which may be the same or different, to the E1 state.
The energy is then transferred to the activator, which excites it to the E2 state and
emits UC photons. As a result of having quasi-virtual pair states during transitions,
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which must be explained in quantum physics with higher order disturbances. CSU’s
effectiveness is often orders of magnitude smaller than that of the ESA or ETU. The
pairing of ESA and CR is called photon avalanche (PA) (Fig. 8.4e). The occurrence
of CR between nearby ions causes a rapid, avalanche-like spike in the number of
electrons in the excited state. Basically, PA is a periodic method that entails the ESA
process of excitation light and the effective CR that produces feedback. EMU is
distinctive from the previous method (Fig. 8.4f). EMU is usually applied in core–
shell Ln3+-doped UCNPs, where a more efficient emissionmay result from the active
shell. Liu’s group (Su et al. 2012) initially reported on this upconversion mechanism.
This phenomenon involves the integration of four different types of luminescence
components, i.e., a sensitizer, an accumulator, a migrator, and an activator into a
single nanoparticle at various layers. Following laser irradiation, the nanoparticle’s
core undergoes the EMU process, which is followed by a gradual ET from the
accumulator to the activator, resulting in upconversion luminescence (Zhou et al.
2015).

8.1.2.3 Quantum Cutting Luminescence

Quantum cutting (QC) luminescence is an opposite process to the upconversion
luminescence. InQCL, two ormore low-energy photons are emitted by absorbing one
high-energy photon. Many ions, including Pr3+, Nd3+, Er3+, Ho3+, Tm3+, Tb3+, Ce3+,
Eu3+, Bi3+, and Eu2+ have been employed as donor ions in typical QC luminescence
materials because of their ladder-like energy levels, which make photon absorption
and consequent ET steps easier. Due to its NIR absorption and emission because of
the 2F5/2-2F7/2 transition, Yb3+ ion is typically utilized as an acceptor ion (Zou et al.
2016). Currently, the most effective QC luminescence has been obtained in certain
fluorides because the QC luminescence process demands low phonon frequency
host to prevent non-radiative losses (Fusari et al. 2008). With a quantum efficiency
of more than 100%, the quantum cutting materials open up new possibilities for
the improvement of robust security applications, cutting-edge display systems, and
solid-state lighting (Huang and Yu 2009). Dexter developed a theoretical foundation
for the quantum cutting phenomena (Dexter 1957). There are three different ways
that the quantum cutting process can be carried out using (a) host energy levels; (b)
single ions; and (c) ion pairs (Ronda 2002). For process (a), host material absorbs the
photons having at least double the energy of its band gap to create an e–h pair. These
excited e–h pairs generate two e–h pairs having energy nearly equal to the band gap of
the host through theAuger interaction process. In process (b), two conditionsmust be
satisfied: (1) to preventmulti-phonon relaxation, the energy gap between neighboring
levels has to be significant; and (2) visible emission branching ratio must be large.
There are several studies that go into great detail about the single-ion quantum cutting
procedure. Quantum cutting effect is first noticed in Pr3+-doped YF3, Sommerdijk
et al. (1974a, b). A few findings have so far been published in the literature and
the production of lanthanide fluoride nanoparticles is not an easy operation (Wegh
et al. 1999; Lorbeer et al. 1999). Numerous ways to make nanofluorides have been
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previously investigated. However, extra care must be taken to obtain quantum cutting
materials that are completely oxide-free because oxygen impurities can cause non-
radiative relaxation via Ln-oxygen charge transfer states, which can then result in
emission from these levels (Ghosh and Mudring 2016). Compared to other quantum
cutters, ion pairs-based quantum cutting (two or three ions) has attracted a lot of
attention recently.

In route (c), one of the pair ions has the capacity to exhibit the quantum cutting
phenomena through interaction with the other ion, some of the energy is trans-
mitted to the later ion. These QC nanomaterials are interesting since they split a
single high-energy photon into two visible photons with lower energies, and they
also increase energy efficiency. As a result, technically, nanomaterials can achieve
a quantum efficiency of about 200%. On the other hand, technologies for designing
nanoscale particles using room-temperature ionic liquid (RTIL) have gained appeal
and popularity. In ambient conditions, RTILs typically have low vapor pressure, but
their physicochemical characteristics can be modified by adjusting the length of the
alkyl chain, carefully choosing the cation–anion pair, IL concentration, etc. Thus,
these solvents are sometimes referred to as “green and designer” solvents. Curiously,
temperature and IL are being shown to have an impact on QC (Wegh et al. 1999).
Various possible transitions of trivalent lanthanide ionswhich lead to theDS,UC, and
QC luminescence are summarized in Table 8.2. Emission wavelengths and emission
intensity of the corresponding transitions are also given in the table.

8.2 Preparation of Ln3+-Doped Nanomaterials

The structure, size, and shape of host nanomaterials doped with lanthanides have a
significant impact on their luminescence properties. Thus, the desired optical charac-
teristics of luminescent nanoparticles are largely dictated by the process of synthesis.
To explore more of their potential applications, it is essential to design and synthesize
nanocrystals in the required shape and size. Various synthetic methods have tremen-
dous influences on themorphologies and structures of nanocrystals. In the past couple
of years, various efforts have been made to create various straightforward procedures
for the synthesis of photoluminescent nanocrystals with adjustable size and shape.
However, compared to the more traditional approaches like solid-state reactions,
which are frequently utilized for the development of luminescent nanocrystals, soft
chemical methods provide a lot of benefits, viz., (i) For preventing agglomeration,
soft chemical route is the most efficient way, where ligands are introduced on the
surface of the materials via dispersion in solvents of nonpolar or polar nature. (ii)
The synthesis circumstances, which include the raw materials, pH, temperature,
solvent used, concentration, additive, and reaction time, can change the shape and
size of nanocrystals. (iii) Soft chemical reactions enable the creation of luminescent
nanocrystals at large scales, low temperatures, and low cost. Due to these impor-
tant factors, soft chemical methods have been shown to be the most effective for
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Table 8.2 An overview of the fundamental transitions in the emission spectra of typical Ln3+ ions
used in the downshifting (DS), upconversion (UC), and quantum cutting (QC) photoluminescence
processes (Huang et al. 2012)

Ln Transitions Emission
wavelength
(nm)

Energy (cm_1) Intensity Remarks

Yb 2F5/2 → 2F7/2 980 10,204 Strong UC, QC and
DS

Er 4G11/2 → 4I15/2 380 26,316 Weak UC and QC
2P3/2 → 4I13/2 408 24,510 Weak UC
2P3/2 → 4I11/2 480 20,833 Weak UC
2H11/2 → 4I15/2 525 19,048 Weak UC and QC
4S3/2 → 4I15/2 545 18,349 Strong UC and QC
4S3/2 → 4I13/2 850 11,765 Weak UC and QC
4F9/2 → 4I15/2 665 15,038 Strong UC and QC
4I9/2 → 4I15/2 800 12,500 Strong UC and QC
4I11/2 → 4I15/2 980 10,204 Strong UC and QC
4I13/2 → 4I15/2 1540 6494 Strong QC

Tm 1D2 → 3H4 360 27,778 Medium UC and QC
1D2 → 3F4 450 22,222 Medium UC and QC
1G4 → 3H6 475 21,053 Strong UC and QC
1G4 → 3H4 650 15,385 Strong UC and QC
1G4 → 3H5 786 12,723 Weak UC and QC
3H4 → 3H6 800 12,500 Strong UC and QC
3F4 → 3H6 1800 5556 Weak QC

Ho 5S2,5 F4 → 5I8 540 18,519 Strong UC and QC
5S2,5 F4 → 5I7 749 13,351 Weak UC and QC
5S2,5 F4 → 5I6 1012 9881 Weak QC
5F5 → 5I8 644 15,528 Medium UC and QC
5F5 → 5I7 966 10,352 Weak QC
5I6 → 5I8 1180 8475 Strong QC

Pr 3P2 → 3H4 440 22,727 Weak QC
3P1 → 3H4 470 21,277 Weak QC
3P1 → 1G4 872 11,468 Medium QC
3P0 → 3H4 480 20,833 Strong UC, and QC
3P0 → 3H5 545 18,349 Weak UC and QC
3P0 → 3H6 606 16,502 Medium UC and QC
3P0 → 3F2 640 15,625 Weak UC and QC
1D2 → 3F4 1037 9643 Medium QC

(continued)
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Table 8.2 (continued)

Ln Transitions Emission
wavelength
(nm)

Energy (cm_1) Intensity Remarks

Nd 4D3/2 → 4I9/2 395 28,169 Weak UC and QC
2P3/2 → 4I9/2 388 26,316 Weak UC and QC
2P3/2 → 4I11/2 410 24,390 Strong UC and QC
2P3/2 → 4I13/2 452 22,124 Strong UC and QC
4G7/2 → 4I9/2 545 18,394 Weak to

strong
UC, and QC

4G7/2 → 4I11/2 587 17,036 Weak to
strong

UC and QC

4G7/2 → 4I13 655 15,267 Weak to
strong

UC and QC

4F3/2 → 4Ig/2 886 11,287 Weak to
strong

QC and DS

4F3/2 → 4I11/2 1064 9399 Strong QC and DS
4F3/2 → 4I13/2 1340 7463 Weak QC and DS

Sm 4G5/2 → 6H5/2 564 17,730 Medium DS
4G5/2 → 6H7/2 601 16,639 Strong DS
4G5/2 → 6H9/2 644 15,528 Medium DS

Eu 5D0 → 7F0,1,2,3,4 570–720 13,889–17,544 Strong UC and DS

Tb 5D4 → 7F6,5,4,3 480–650 15,385–20,833 Strong UC, QC and
DS

Dy 4F9/2 → 6H15/2 486 20,576 Medium QC and DS
4F9/2 → 6H13/2 575 17,391 Strong QC and DS
4F9/2 → 6H11/2 664 15,060 Weak QC and DS

the shape and size-controlled production of luminescent nanomaterials. Some soft
chemical techniques are discussed below.

8.2.1 Co-precipitation Method

Co-precipitation is one of the most effective and conventional approaches for the
preparation of Ln3+-doped nanomaterials. Due to its comparatively moderate reac-
tion conditions, affordable equipment requirements, straightforward protocols, and
quick reaction time, this approach is predicted to be more practical and advanta-
geous (Wang and Liu 2009). For the synthesis of doped nanomaterials, complex
oxides, sulfides, phosphates, fluorides, molybdates, tungstates, and solid solutions,
the co-precipitation method is highly suitable due to the simultaneous precipitation
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of constituent ions. Nanomaterials of NaBi0.9-xLaxEu0.1(MoO4)2 (0.0 ≤ x ≤ 0.9)
were prepared at room temperature by Pushpendra, et al. and the process is shown
in Fig. 8.5. Van et al. synthesized Ln3+-doped LaF3 (Ln = Ho, Nd, Er, and Eu)
(Stouwdam and Veggel 2002) nanomaterials using the co-precipitation process. This
method is further expanded to the fabrication of Ln ions-doped YbPO4 and LuPO4

nanocrystals as well as Ln-doped NaYF4 crystals (Lingeshwar Reddy et al. 2018).
By tuning the reaction conditions, there is a likeliness for the regulation of the size
and form of the nanomaterials produced using this process. However, the lumines-
cence intensity of these nanomaterials is modest and can be improved by heating
them at high temperatures, which removes the stabilizing ligand and decreases their
hydrophilicity.

The cubic-phasedNaYF4 crystals that are producedmainly by the co-precipitation
method have less intense UC emission and require post-processing by subjecting to
high-temperature calcination for producing hexagonal phase nanocrystals that are
highly UCL efficient (Lingeshwar Reddy et al. 2018). Co-precipitation method-
ology is much simpler and more practical than other methods, since it does not
require complicated procedures, expensive setup, or harsh reaction conditions. To
use these nanoparticles for the application of luminescent security ink, some relevant
surface changes are also required. The co-precipitation technique also has consider-
able industrial uses because of its environmental friendliness, high yield, low cost,
and applicability to synthetic materials. Nanomaterials of Bi0.95-xGdxEu0.05PO4 solid
solutions prepared by co-precipitation at 185 °C are shown in Fig. 8.6A. Microstruc-
tural analysis of GdPO4:Eu3+ nanomaterials made using the coprecipitation method

Fig. 8.5 NaBi0.9–xLaxEu0.1(MoO4)2 (0.0≤x≤0.9) nanomaterials synthesizedvia coprecipitation.
Reproduced with permission of ref. (Pushpendra et al. 2019) Copyright 2019, ACS Publication
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A B

Fig. 8.6 A PXRD patterns of Bi0.95-xGdxEu0.05PO4 solid solutions and B TEM images of
GdPO4:Eu3+ nanomaterials prepared at different temperatures. Reproduced with permission of
ref. (Pushpendra et al. 2021a, b) Copyright 2021, Elsevier Publication and American Chemical
Society

is displayed in Fig. 8.6B. By changing the reaction temperature from 100 to 185 °C,
the crystal structure of these nanomaterials changes from hexagonal to monoclinic.
All of these materials have distinct rod-shaped morphologies with increasing length
and width of nanorods by increasing temperature. The shape remains same even
though the crystal structure changes from hexagonal to monoclinic. The monoclinic
nanorods are stable in terms of structure and shape after calcination at 650 °C.

8.2.2 Hydrothermal/Solvothermal Method

The hydro/solvothermal technique is one of the most frequently used methods for
the preparation of nanomaterials, and it depends upon the reaction of precursors
in liquids at high pressure and temperature. In hydro/solvothermal synthesis, solid
precursors are dissolved in liquids and subjected to high pressure in specialized sealed
reaction vessels known as autoclaves. In comparison to other synthetic approaches,
this technique allows the production of highly crystalline nanomaterials under very
mild conditions. The reactants solubility is greatly increased and the reaction for the
production of nanoscaled particles is sped up when high pressure and temperature
are applied during the solvo/hydrothermal synthesis technique, which is typically
carried out above the critical point. However, this process uses a lower temperature
than thermal breakdown does.
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Fig. 8.7 PXRD patterns of
NaYbF4 materials
synthesized at 200 °C using
Na3Cit with diverse reaction
times. The standard JCPDS
files of hexagonal (#27–1427
(red)) and cubic
NaYbF4 (#77–2043 (blue))
are also given. Reproduced
with permission of ref. (Luo
et al. 2022) Copyright 2022,
Elsevier Publishing

This method is widely used since it is simple to utilize and requires little exper-
imental expertise. To simultaneously control the morphology, size, and crystalline
phases alongwith the desired surface functional groups, certain organic solvents and/
or surfactants, such as oleic acid (Yang et al. 2013), polyethyleneimine (Yang et al.
2013; Wang et al. 2013), oleylamine, ethylene glycol, cetyltrimethyl ammonium
bromide, etc., are typically added along with the precursors in a hydro/solvothermal
synthesis method. Although the hydrothermal approach has been used to produce
nanomaterials, there are still several issues that need to be resolved. First of all, since
most hydrothermal reaction circumstances allow for prolonged reaction times and
high reaction temperatures, the experiments are inherently dangerous. Second, the
majority of materials formed via the hydrothermal process are micron-sized crystals.
The PXRD patterns of hydro/solvothermally synthesized NaYbF4 nanomaterials are
depicted in Fig. 8.7. Initially, it forms a cubic phase and it converts into hexagonal
phase by increasing the reaction time.

The NaYbF4 forms irregular particles at a relatively short amount of reaction time
(Fig. 8.8a). Figure 8.8b shows that after 8 h of reaction time, non-uniformmicrodiscs
with distinct hexagonal cross sections start developing.With time, it becomes increas-
ingly apparent that the hexagonal prism top/bottom facet is not perfectly flat and has
a slightly concave center (Fig. 8.8c). In Fig. 8.8d, after 16 h, the product is made up
of mostly homogenous microprisms and undergoes a small overall morphological
change. The resulting sample comprises hexagonal microrods with projecting
centers after 20 h (Fig. 8.8e). Finally, when the reaction time is increased to 24 h,
uniformly shaped polyhedral microcrystals are produced (Fig. 8.8f) (Luo et al. 2022).
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Fig. 8.8 SEM images of NaYbF4 materials synthesized at 200 °C using Na3Cit with diverse reac-
tion times a 4 h, b 8 h, c 12 h, d 16 h, e 20 h, and f 24 h. Reproduced with permission of ref. (Luo
et al. 2022) Copyright 2022, Elsevier Publishing

8.2.3 Thermal Decomposition Method

Another technique that is frequently used is thermal decomposition, which involves
the decomposition of organometallic precursor chemicals that disintegrate at a high
temperature in organic solvents with high boiling points such as 1-octadecene, oleic
acid, tri-n-octyl phosphine oxide, and oleylamine for obtainingmonodispersed nano-
materials. Typically, organic acid salts of RE such as acetate, oleate, acetylacetonate,
and trifluoroacetate are employed as the organic precursors in a thermal breakdown
to generate the corresponding metal and fluoride ions. In addition to the high boiling
solvents, the thermal decomposition process also uses surfactants. The surfactant
covers nanocrystals’ surface, making them highly dispersive in organic solvents and
preventing nanoparticle agglomeration. Both oleic acid and oleylamine, which have
an organic functional group and a lengthy chain of hydrocarbon, act as surfactants and
organic solvents (Liu et al. 2013). By carefully adjusting reaction conditions such as
reaction time, amount ofmetal precursors, type of solvents, and reaction temperature,
it is possible to develop superior nanomaterials with variable sizes, good crystallinity,
and extraordinary optical properties (Liu et al. 2013). The thermal decomposition
process is categorized into the following groups based on the precursors to make the
topic easier to follow.
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8.2.3.1 Trifluoroacetate Precursor

The first report on the synthesis of oleic acid-capped lanthanum fluoride trian-
gular nanoplates appeared in 2005 by Yan and coworkers using thermal decom-
position of a La(CF3COO)3 single-source precursor (SSP) in a mixed solvent of
oleic acid and 1-octadecene (Zhang et al. 2005). Since, the La(CF3COO)3 precursor
supplies both the La3+ ions and the fluoride ions, the formation of LaF3 from SSP
is noticeably simple to regulate. As a result, the combination of metal and anions
as well as the breakdown of precursors both take place simultaneously. The effect
of concentration variation of both anion and cation from distinct sources can be
avoided. As a result, trifluoroacetate precursors can be used to create high-quality
metal fluoride nanomaterials (Gai et al. 2014). After this first report, numerous
publications on the thermal decomposition-based synthesis of Ln3+-doped nano-
materials with a variety of host lattices have been reported. This methodology
has gained increasing attention, particularly for the preparation of RE-based core–
shell nanomaterials. Synthesis and morphology of NaGdF4:Yb/Tm@NaGdF4:Ce/
Mn@NaYF4 nanostructures produced by this method are depicted in Fig. 8.9.

8.2.3.2 Acetate, Acetylacetonate, and Oleate Precursors

Due to the generation of toxic fluoride species resulting from the thermal breakdown
of trifluoroacetate,Chen and colleagues presented a non-toxic thermal decomposition
method for producing Ln3+ doped REYF4 nanomaterials using affordable RE oleate
and NaF as precursors (Liu et al. 2009; Wei et al. 2006).

It is interesting to note that by lowering the ratios of NaF to RE oleate from 20 to
4 in oleic acid and 1-octadecene mixture solvents, the shape and size of NaYF4:Yb,
Er/Tm nanomaterials can be modified from nanoplates (~200 nm) to nanospheres
(~18 nm) (Gai et al. 2014).

8.2.4 Sol–gel

Sol–gel method is a wet chemical synthesis route where the colloidal suspension of
the precursors is used to produce a variety of nanomaterials with complex chem-
ical compositions, excellent properties with uniform particle size distribution in a
straightforward manner. The creation of pure-phase multicomponent nanocrystals
with great crystallinity requires further heating at a high temperature. Despite the
lengthy procedures involved, the main advantage of the sol–gel technology is the
ability to create pure ceramic material near to room temperature. The primary use
of the sol–gel process is to synthesize various coatings and films (Kumar et al.
2019; Bandi et al. 2012). The sol–gel technique includes the following crucial steps:
hydrolysis, condensation, gelation, aging, drying, densification, and crystallization.



230 J. Yadav et al.

Fig. 8.9 a Schematic representation of synthesis b TEM image c–f Elemental mapping g HRTEM
image of NaGdF4:Yb/Tm@NaGdF4:Ce/Mn@NaYF4 multilayer nanomaterials. Reproduced with
permission of ref. (Liu et al. 2019) Copyright 2019, ACS Publication

P. N. Prasad’s group has also reported the production of lanthanide-based nanomate-
rials through an emulsion sol–gel procedure is also known as sol–gel emulsion (Patra
et al. 2003). Figure 8.10 shows XRD and SEM images of precursor gels for Ho, Tm,
Yb, and Lu, aluminum that had been calcined at 800 °C for five hours. As can be
observed, the calcination results include agglomerated hazy amorphous particles in
addition to crystallites of various shapes.

8.2.5 Ionic Liquid-Assisted Synthesis

The synthesis of fluoride-based inorganic nanoparticles benefits greatly from ionic
liquid (IL)-based synthesis. ILs are now significant in the fields of electrochemistry,
materials science, and chemistry. Because of their adaptable qualities, they have
recently attracted a lot of attention for numerous applications. Most ionic liquids can
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(a) (b)

Fig. 8.10 aXRDpatternsbSEM images ofHo3Al5O12, Tm3Al5O12, Yb3Al5O12, andLu3Al5O12.
Reproduced with permission of ref. (Dubnikova et al. 2011) Copyright 2019, Elsiver Publishing

be used in synthesis as a reaction medium, nanoparticle stabilizing agent, templating
agent, reaction partner, andmore due to their lowvapor pressure, lack of flammability,
and ability to serve as all of these additional roles. Ionic liquids are frequently referred
to as “designer” solvents because of their remarkable qualities, which allow chemical
and physical properties to be practically modified in accordance with the require-
ments of reaction circumstances. These ionic liquids’ main flaw is their extreme
sensitivity to ambientmoisture and protonic contaminants (Sharma andGhosh 2021).

8.2.6 Microwave-Assisted Synthesis

Microwave (MW)-assisted synthesis depends on dielectric heating, and it requires
dipolar and/or ionic molecules. Solid-phase nanomaterial synthesis with MW assis-
tance is a developing area for the advancement of material science in a variety of
fields. In most cases, microwave radiation of an appropriate wavelength cooperates
with the reaction material and produces the heat concurrently without leading to
any significant thermal destruction in the structure. In the solid phase system, this
method typically entails direct MW irradiation of the solid substrates in the MW
oven. Chemical changes are brought about in this MW oven by the interaction of the
solid precursors with the reflected MW from the cavity walls (Kumar et al. 2020).

8.2.7 Emulsion-Based Techniques

The ability to build “nanoreactors” with customizable dimensions by adjusting the
water-to-surface ratio made both the conventional and the reverse micelle approach
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popular. For instance, utilizing traditional and single microemulsion techniques,
monodisperse amorphous spheres, and homogeneous hexagonal and triangular single
crystals ofYF3 were produced.Using a reversemicelle technique,Ghosh et al. created
NaYF4 nanocrystals with a well-defined and controlled crystal phase (Sharma et al.
2017).

8.3 Various Types of Printing Techniques

Photoluminescence-based anticounterfeiting is a covert security feature where the
security pattern/image/letters made with the ink are invisible in normal daylight but
show color upon irradiation with a particular wavelength of light (UV/NIR). Surface
modification techniques are used to make stable dispersion of luminescent nanopar-
ticles in hydrophilic or hydrophobic solvents before they are widely used by various
printing processes (Lupo et al. 2013). Additionally, a variety of printing processes are
available to meet the requirements of generating anticounterfeit markings at various
levels. Theymaygenerally be divided into direct printing and template-based printing
and each technique has a different resolution and printing speed. The type of products
that need to be covered, nature of surface, cost, complexity, and desired resolution
all have a role in selecting the printing method. Various methods used to print the
anticounterfeiting patterns are shown in Fig. 8.11. All these printing methods are
discussed below in detail.

Printing 
Technology

Direct 
Printing

Templated 
Printing

Inkjet 
Printing

Aerosol Gel Photo-
lithography

Screen 
Printing

Fig. 8.11 Various types of printing techniques used in anticounterfeiting
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8.3.1 Inkjet Printing

In the inkjet printing process, a predetermined amount of ink is ejected from nozzles
during through an abrupt, quasi-adiabatic drop in the chamber’s volume caused by
piezoelectric action. A liquid-filled container contracts when an external voltage
is applied. A liquid drop ejects from the nozzle as a result of the abrupt reduc-
tion creating a shockwave in the liquid. Recent review studies have discussed and
partially explored this mechanism (Kumar et al. 2016). The ejected drop encounters
the substrate and travels toward it under the influence of gravity and air resistance till
contact is made. From that point, it spreads under the effects of kinematic momentum
and surface tension-assisted flow.When polymer solutions are printed using an inkjet
printer, non-Newtonian fluid behavior is typically observed. Usually, an elongating
filament holds a droplet of polymer solution to the tip formany hundredmicroseconds
(Tekin et al. 2007).

Inkjet printer’s practicality for generating security codes can be attributed to their
alluring features, such as:

(i) Its suitability for use with substrates with big surfaces.
(ii) The potential for entirely additive operation. Inks are applied based on their

requirement.

8.3.2 Aerosol Gel

Aerodynamic focusing is used in the aerosol jet printing process to deposit colloidal
dispersion and/or chemical precursor solutions with high resolution.

The fundamental system comprises two essential parts:

(i) A component that atomizes raw liquid ingredients.
(ii) The other module for depositing the droplets and concentrating the aerosol.

The QR (Quick Response) code printing procedure by an aerosol jet printer is
demonstrated in Fig. 8.12.

8.3.3 Photolithography

The primary technique used to create printed circuit boards (PCBs) andmicroproces-
sors is photolithography. In an essential microfabrication method, photolithography
is utilized to pattern substrates for contemporary electronics, sensors, and microflu-
idics. The interface of a wafer is coated with a light-sensitive polymer known as
a photoresist in this precise type of bespoke surface fabrication. In the production
of contemporary semiconductors, photolithography employs layers of photoresist to
image the mask on a silicon wafer using optical radiation.
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(a)

(b)

Fig. 8.12 Multilevel anticounterfeiting by using binary temporal upconversion codes of Mn2+-
activated nanoparticles. Reproduced with permission of ref. (Liu et al. 2017b) Copyright 2017,
under Creative Commons Licence

8.3.4 Screen Printing

In the process of screen printing, ink is transferred to a surface having a mesh, except
for locations where a blocking stencil has made the surface impervious to the ink.
The open mesh holes are filled with ink and then spread it across the screen with the
help of squeegee. Then, to make contact with the substrate along a line of contact, a
reverse stroke on screen will help. Figure 8.12a shows 2D designs generally formed
by using nanoparticles with various compositions. In contrast to rapid screening
of the patterns with a focused beam of lasers (64 W cm2), continuous irradiation
with a 980 nm laser (6 W cm2) causes the patterns to have multicolor properties. In
Fig. 8.12bi–vi under various irradiation scenarios, the emission characteristics of the
designs were captured (Liu et al. 2017a).

8.4 Lanthanide-Doped Nanomaterials
for Anticounterfeiting

Numerous anticounterfeiting techniques, such as holograms, luminescence, two-
dimensional codes, and barcodes have been investigated to stop counterfeiting. There
are several conventional anticounterfeiting methods, but they are simple to copy
and difficult to use. Since luminescence materials have excellent optical properties
such as huge emission intensities, long emission lifetimes, multiple emission colors,
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and a variety of emission methods including mechanoluminescence, chemilumines-
cence, and photoluminescence, they have become increasingly popular as anticoun-
terfeiting techniques. Currently, anticounterfeiting patterns made with lanthanide-
doped nanomaterial-based ink is the most effective luminescence anticounterfeiting
technique. According to the anticounterfeiting level, the luminescence anticounter-
feiting strategies can be divided into three categories: single mode, double mode,
and multimode anticounterfeiting (Yu et al. 2021).

8.4.1 Single-Mode Luminescence Anticounterfeiting

Single-mode luminescence, which has anticounterfeiting labels that change only
once in response to outside stimuli, is the most straightforward photoluminescence
anticounterfeiting technique. The single-mode luminescence anticounterfeiting can
be further subdivided into downshifting (DS), upconversion (UC), and chemilumi-
nescence anticounterfeiting methods based on the variation in luminescence modes.
Figure 8.13 shows the downshifting luminescence-based anticounterfeiting label
“SUST” made by the electrospinning method, which is transparent in daylight and
turns into green color under UV light.

Fig. 8.13 Single-mode anticounterfeiting depending on up- and downshifting photoluminescence.
Reproduced with permission of ref. (Gao et al. 2021) Copyright 2021, Elsiver Publishing
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8.4.2 Dual-Mode Luminescence Anticounterfeiting

Dual-mode photoluminescence is more sophisticated than single-level photolu-
minescence anticounterfeiting because, in double-mode anticounterfeiting labels
vary twice in response to external stimuli and luminescence lifetime regulation,
responding to raising the anticounterfeiting level. Based on means of decoding anti-
counterfeiting tags, the dual mode luminescence anticounterfeiting can be divided
into three parts: (1) regulation via excitation wavelength, (2) co-regulation by exci-
tation wavelength and photoluminescence lifetime, and (3) co-operatively regulated
by excitation wavelength and additional variables (e.g., heat, mechanical force,
and chemical reagents) (Yu et al. 2021). Dual-mode anticounterfeiting pattern made
with Ln3+-doped Na2CaGe2O6 (NCG) is shown in Fig. 8.14. Under 980 nm excita-
tion, the pattern looks like “381” with three colors, blue, green, and yellow, observed.
Additionally, the red “3” and “1” as well as the green “2” are visible in the presence
of a 254 nmUV light. Due to the continuous green emission of Tb3+ ions, the pattern
will retain a green “2” after the UV laser is removed, while other digital designs will
dissipate (Jin et al. 2022). Therefore, these phosphors with different luminescence
properties offer the potential for more sophisticated dual-mode anticounterfeiting.

Fig. 8.14 Dual-level anticounterfeiting luminescence with excitation light-dependent co-
regulation. Reproduced with permission of ref. Jin et al. (2022) Copyright 2022, Elsevier
Publishing
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8.4.3 Multimode Luminescence Anticounterfeiting

Anticounterfeiting based on multimode luminescence is the most sophisticated
method of anticounterfeiting in comparison to other modes of luminescence anti-
counterfeiting. Based on regulation factors, multimode luminescence anticounter-
feiting can be categorized into four types: (1) regulation via excitation light, (2)
co-regulation by excitation light and photoluminescence lifetime, (3) co-regulation
by excitation light and chemical reagents, and (4) excitation from heat and light
stimulation co-regulation (Wei et al. 2006). Figure 8.15 comprises the multiple anti-
counterfeiting image: a leafmade ofNCG:Pb2+,Mn3+,Yb3+ phosphor, a flower design
formedwithNCG:Pb2+,Tb3+ phosphor, and a butterfly pattern built ofNCG:Pb2+,Y3+

phosphors (Shi et al. 2019). The image printed on a typical cotton fabric is nearly
invisible under natural light, however, it is obviously apparent to the touch. The
green–blue leaf, the red-violet flower, and the white-blue butterfly can be easily seen
under 254 nm UV light. The next color change is performed by turning off the UV
light, which causes the blue fluorescence to suddenly dissipate and be replaced by a
green leaf, a red flower, and a deep-blue luminous butterfly. The final color variation
occurs under 295 nm excitation, which causes all components of the photo to switch
to the deep-blue color. It is obvious that the variety of luminescent patterns can drive
numerous innovative anticounterfeiting designs (Shi et al. 2019).

Fig. 8.15 Multimode luminescence anticounterfeiting co-regulated with different excitation wave-
lengths. Reproduced with permission of ref. Shi et al. (2019) Copyright 2019, American Chemical
Society
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8.4.3.1 Regulation by Excitation Light

By changing the wavelength of excitation light, irradiation mode, irradiation period,
and excitation power, it is easy to achieve multilevel luminescence anticounter-
feiting. This effective anticounterfeitingmethod does not require the use of additional
external stimuli.When activated by photonswith differentwavelengths, the anticoun-
terfeit label produces fluorescence in a variety of hues, achieving multilevel lumi-
nescence anticounterfeiting. The luminescence of anticounterfeiting labels can also
be controlled by excitation power in a similar way to that of excitation wavelength.

8.4.3.2 Co-regulation by Luminescence Lifetime and Excitation Light

By adjusting the excitation wavelength, irradiation mode, and irradiation time, it is
possible to achieve anti-counterfeiting that is also co-regulated by the photolumi-
nescence lifetime and excitation wavelength. On the other hand, due to the addition
of the time dimension, only one excitation wavelength may also achieve multimode
photoluminescence anticounterfeiting. Excitation light also affects anticounterfeiting
and it is possible to extend luminescence lifetime by adjusting the excitation wave-
length, irradiation period, and irradiation mode. The irradiation time is also another
useful control factor in multimode photoluminescence anticounterfeiting, which can
control both the fluorescence and phosphorescence of materials.

8.4.3.3 Co-regulation by Excitation Light and Chemical Reagents

Chemical reagents can also cause several modifications to labels that are intended
to prevent counterfeiting. The effectiveness of these anticounterfeiting techniques
shows that water is a powerful stimuli component that can take over the role
of other sophisticated chemical regulators in controlling the luminescence of
anticounterfeiting tags.

8.4.3.4 Co-regulation by Heat and Light Stimulation

Heat stimuli can cause thermoluminescence (ThL), luminescence quenching, and
alteration of luminescence color. The change in the heat can cause of discoloration
luminescence materials in addition to causing luminescence enhancement. This
makes heat stimulation unquestionably an essential stimuli factor inmultimode lumi-
nescence anticounterfeiting. Heat stimulus helps the anticounterfeit label’s fluores-
cence and color return. This anticounterfeiting tactic’s efficiency was demonstrated
by the numerous anticounterfeiting label variations that were co-regulated by heat
stimuli and excitation light.
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8.5 Conclusions

The widespread practice of forging crucial documents, including money, has turned
into a serious menace to society. This article examines current anticounterfeiting
application developments that are critically needed by the scientific community, busi-
nesses, government agencies, and consumers to safeguard their valuable documents.
Beginning with a historical overview of luminous nanomaterials, fundamental ideas
about the mechanism of luminescence, and a detailed explanation of the complete
process from the creation of desirable luminous nanoparticles, ink, and materials
synthesis and using various printing methods for security measures before exploring
anticounterfeiting applications. In this article, the selection of luminous nanoparticles
utilized in the creation of several types of security inks as well as their applications
are discussed. The four common printing methods, i.e., screen printing, aerosol jet
printing, inkjet printing, and photolithography that are utilized to print security codes
andgraphicswere thoroughly discussed. Themain aimof this article is to offer several
approaches for the use and selection of different types of luminous nanoparticles,
as well as how to make ink for high-level security printing to prevent the forging of
papers, banknotes, medicines, and other branded goods.
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Chapter 9
Thermally Activated Delayed
Fluorescence in Metal-Free Small
Organic Materials: Understanding
and Applications in OLEDs

Biki Kumar Behera and Neeraj Agarwal

9.1 Introduction

The first example of thermally activated delayed fluorescence (TADF) was observed
in the solid state by Perrin (1919) and in solution by Lewis (1941) (Randall John
Turton 1939; Lewis and Lipkin 1941). A few groups were still active in TADF
research; however, in 2012, it gained resurgence due to its applications in organic
electronics as shown byAdachi’s research group (Uoyama et al. 2012). They reported
the TADF mechanism to harvest the triplet excitons produced in the emitting layer
without heavy metal in organic light-emitting diodes (OLED). Owing to its applica-
tion inOLED,TADFhas been studied extensively to enhance efficiency.According to
the spin statistic theorem, direct charge recombination in electroluminescent devices
produces singlet and triplet excitons in 1:3 ratios, respectively. The triplet states
were considered to be non-emissive at room temperature. Therefore, harvesting non-
emissive triplet excitons became the center of attraction for researchers in academia
as well as in many industries (Dias et al. 2013). Conventional fluorescent material-
based OLEDs have shown excellent stability; however, they only harvest on singlet
excitons. On the other hand, heavy metal-based emitters (phosphors) can harvest
both singlet and triplet excitons; nevertheless, heavy metal (such as Pt, Ir, and Rh)-
based phosphorescent emitters are expensive, hazardous to the environment, and
thus are not the first choice for commercial usage. Pure organic emitters exhibiting
TADF with external quantum efficiency (EQE) comparable to the best-performing
phosphorescent emitters are now known so, TADF-based electroluminescent devices
have been the center of focus. Also, the electronic and photophysical properties of
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these TADF molecules can be altered by structural design. A lot of research has
been carried out to optimize the molecular designing of organic emitters showing
efficient TADF. Apart from TADF, other photophysical mechanisms, such as triplet–
triplet annihilation (TTA) and upper triplet crossing which is formally known as
“Hot Exciton”, have also been shown to harvest the dark triplet states. TTA is also
called P-type delayed fluorescence as it was first observed in pyrene and phenan-
threne solution. The mechanism of TTA was formulated by Parker and Hatchard
(Parker and Hatchard 1961). They observed that the intensity of delayed fluores-
cence in pyrene and phenanthrene was proportional to the square of the intensity of
absorption. The square-law dependence indicates the delayed fluorescence observed
in aromatic hydrocarbons is a biphotonic process

IPD ∝ I 2∝

�PD = Intensity of delayed fluorescence/intensity of absorption = Ia2/Ia = Ia.
Themechanism of the observed biphotonic delayed fluorescence process involves

the encounter of two triplets with energy transfer between them producing an inter-
mediate (X). In pyrene solution, the intermediate is considered to be dimeric, since
the characteristic emission of excimer was also observed along with P-type delayed
fluorescence. The intermediate excited state species dissociates to produce a singlet
excited state and a ground state. Further, the singlet state undergoes radiative decay.
The emission rate constant of P-type delayed fluorescence was observed to be
governed by the triplet state production.

T + T → (X) → S1 + S0 → S0 + hv f

The spin-exchange mechanism involved in the singlet production from two triplet
states is shown to be spin allowed

T (↑↑) + T (↓↓) → S0(↑↓) + S1(↑↓)

The maximum theoretical yield that can be obtained from TTA as the triplet
harvesting mechanism is 62.5%, whereas the maximum theoretical yield that can be
obtained fromTADF is 100%. TADFmolecules require small singlet–triplet splitting
(ΔEST ); however, it has been observed that devices with TADF molecules having
high ΔEST also exhibit high EQE (Liu et al. 2019). In these devices, hot exciton
transfer (Tn → Sn) RISC predominates over the cold exciton RISC (T1 → S1).
Excitons formed in the higher excited state (hot excitons) undergo rapid internal
conversion to the lowest excited states (S1 and T1) before the radiative decay as per
Kasha’s rule. When the rate of internal conversion (IC) and intersystem crossing
(ISC) are comparable then the ratio of singlet to triplet states changes due to the
ISC and RISC processes. This can result in a change in fluorescence efficiency (Pan
et al. 2014). Wang et al. reported that for a molecule having high S1-T1 and T2-T1

energy gaps, the T2 → S1 reverse intersystem crossing (RISC) competes with T2

→ T1 internal conversion (IC). Unlike phosphorescence and TADF-based emitters,
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hot exciton-based emitters do not undergo efficiency roll-off. Hence, a hot exciton-
based upper triplet transfer mechanism can be used as an alternate triplet exciton
harvesting route (Liu et al. 2019). The detailed photophysical processes in TADF
molecules were studied by Dias et al. (2017). They demonstrated the dynamic nature
of the reverse intersystem crossing (RISC) process in TADF. Apart from molecular
designing of TADF molecules, solvent effect or interaction with a host also plays
a significant role in determining the efficiency of emitters (Etherington et al. 2016;
Méhes et al. 2014; Sun et al. 2017).

9.2 Fundamentals of TADF

Photoexcitation of the ground state fluorophoremostly leads to singlet exciton forma-
tion which rapidly undergoes IC to the lowest singlet excited state (S1), and further it
undergoes radiative and/or non-radiative decay. In a conventional TADF molecule,
the ΔEST is small, and consequently the T1 state can be up-converted to the S1 state
by thermal activation, which can further undergo fluorescence emission to the ground
state (Figs. 9.1 and 9.2). Spectral properties of phosphorescence and fluorescence
are quite different but the emission spectra of TADF or sometimes also known as
delayed fluorescence (DF) and prompt fluorescence (PF) coincide exactly with a
larger lifetime for DF, implying that both processes involve emission from S1 state
(Dias et al. 2017).

The complex mechanism of TADF is best perceived when studied using time-
resolved methods following the photoluminescence measurements. Time-resolved
spectra of TADF molecules usually show a fast decay component corresponding

Fig. 9.1 Depiction of the diverse photophysical process involved between lowest singlet and
triplet excited states, where F, P, TADF, and TTA denote fluorescence, phosphorescence, thermally
activated delayed fluorescence, and triplet–triplet annihilation, respectively
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Fig. 9.2 Representation of
TADF kinetic mechanism
and electronic energy level
involved in it

to the prompt fluorescence and a long lifetime component that corresponds to the
delayed fluorescence. A high yield of triplet formation (�ISC) and a high yield of
singlet formation from RISC (�RISC) are often required to observe strong TADF
emission. These conditions are possible when the rate of RISC is much higher than
the combined rate of phosphorescence (kPh) and vibrational decay of triplet states
(kT IC) involved in TADF (Dias et al. 2017).

�rISC = krISC
krISC + kTIC + kPh

≈ 1

The total emission quantum yield of a TADF emitter can be expressed by the
following equation:

�F = �PF + �DF =
n∑

i=0

�PF(�ISC�rISC)i

The total fluorescence quantum yield approaches unity when the ratio of the
quantum yield of PF to the quantum yield of DF became four or greater than four(

�DF
�PF

≈ 4
)
where ΔEST was found to be less than 150 meV (Dias et al. 2016). In

such a simplified system, the yield of triplet production was given by the following
equation:

�ISC =
�DF
�PF

1 + �DF
�PF

= �DF

�PF + �DF
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The triplet yield (�ISC) of a strong TADF emitter can be calculated directly using
the above equation so it is very important to discuss different strategies to determine
the (�DF/�PF) ratio from their photophysicalmeasurements. The prompt and delayed
components of a TADF molecule can be measured directly from a single time-
resolved spectrum using a degassed sample. The fluorescence decay curve shows
two exponential decays from PF and DF as per the following equation (Dias et al.
2017):

I (t)Fl = APFexp

(
− t

τPF

)
+ ADFexp

(
t

τDF

)

�DF
�PF

can be calculated from the integral of PF and DF components.

�DF

�PF
= ADFτDF

APFτPF

The second approach includes the determination of (�DF/�PF) from steady-state
measurement. Since molecular oxygen (triplet) strongly quenches the triplet state of
the fluorophore, the delayed component gets suppressed in the presence of oxygen in
a non-degassed solution. In such cases, emission spectra will only contain the prompt
fluorescence component. Whereas the emission spectra obtained in a degassed solu-
tion will contain both the PF and DF components. The proportionality constant for
both �PF and �PF + �DF will be the same since emission in both the solutions orig-
inates from the same excited state (S1) (Dias et al. 2016). The

�DF
�PF

can be calculated
by taking the ratio of integrated fluorescence spectra as per the following equation:

∫
I degDF (λ)dλ

∫
I O2
PF (λ)dλ

= �PF + �DF

�PF
= 1 + �DF

�PF

The lifetime (τPF) and prompt fluorescence quantum yield (�PF) can be deter-
mined in a degassed solution or solid film. The radiative rate constant (kf ) can be
known by the determination of �PF and τ PF as per the following equation:

k f = �PF

τPF

If kf is much faster than the rate of internal conversion kIC , the internal quantum
efficiency (ηint) of a TADF molecule can be expressed as

ηint = ηr1S�PF + ηr1S�TADF + ηr1T
�TADF

�ISC

where ηr1S and ηr1T are the singlet and triplet production efficiency, respectively, and
�ISC is the triplet production quantum yield (Dias et al. 2017). For a TADF emitter
to have a high value of ηint both �PF and

�DF
�PF

need to be improved.
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τPF = 1

K f + KIC + KISC

The relationship between kf and absorption coefficient of fluorescent molecules
with large HOMO–LUMO overlap was given by Strickler and Berg as per the
following equation (Strickler and Berg 1962):

k f = 2.88 × 10−9n2〈v−3
f 〉−1

∫
ε(va)dln(va)

(ν−3
f )

−1 =
∫

f (ν f )dν f∫
f (ν f )ν

−3
f dν f

where υa is the absorption wavenumber, ε (υa) denotes the molar absorption coef-
ficient at υa, n is the refractive index, υ f is the fluorescence wave number, and f(υ f )
is the fluorescence spectra. The relationship between transition dipole moment (Q)
and oscillator strength (F) associated with the absorption was determined as

F = 4.32 ∗ 10−9n−1
∫

ε(νa)dνa = 8π2mec
(
ν f

)

3he2
|Q|2

whereme is the mass of the electron, υ f is the average fluorescence wavenumber, and
c is the speed of light. It was also reported that for molecules with small HOMO–
LUMO overlap, the calculated value of kf from the absorption spectra was found to
be the same as the value of kf calculated from the experimental value of τF and �PF.
In such cases, the oscillator strength and transition dipole moment of fluorescence
were the same as that of the oscillator strength and transition dipole moment of
absorption. Hence, high �PF can be achieved by high kf , which can be achieved by
improving F and Q. Also, when the RISC mechanism follows the Arrhenius model
and with the assumption that kf and kISC are much higher than kIC, then

�TADF
�ISC

can
be expressed as

�TADF

�ISC
= �PF�rISC

1 − �ISC�rISC
= �PF

krISC+knr
krISC

− �ISC

= 1
knr

krISC�PF
− 1

= 1

1 + knr

�PFA exp

(
−E ST

kT

)

where knr is the rate constant of non-radiative decay of T1 state to ground state S0. It
is evident that a small ΔEST is essential to have a high value of �TADF

�ISC
. So, molecular

designing of TADF should follow the requirement of small �EST and large Q and F
to have high internal quantum efficiency (Strickler and Berg 1962).
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9.3 Mechanism of Intersystem Crossing

In the mechanism of TADF a lower triplet excited state is up-converted by thermal
energy and further undergoes intersystem crossing to a radiative singlet state. Inter-
system crossing is a non-radiative decay pathway between two electronic states with
different spin multiplicities (Sj → Tk or Tk → Sp). A molecule of N atoms has 3N-
6 modes of vibrational degrees of freedom, and consequently, the potential energy
will be described by 3N-6 poly-dimensional hyperfaces. Radiation-less transition
happens at the isoenergetic points where energy for both curves will be the same. In
the theory of non-radiative transition, the states are coupled by the nuclear kinetic
energy operator ĴN, which is effective only between Born Oppenheimer states, where
electronic and nuclear motions are decoupled. Under the framework of non-radiative
transition theory, the probability of energy transfer between two states under the
influence of the perturbation ĴN is given by

Probability ∼
[∫

� f Ĵ�i dτe

]2

∼
[∫

� f Ĵ�i dτe

∫
χ v′

χ v′′
dτv

∫
S f SidτS

]2

where dτ e, dτυ , dτ s denote the configuration space for electronic, vibrational, and
spin motions, respectively. In the above expression, the electronic wave function
is only affected by the perturbation. The spin integral component determines the
allowedness of the transition. The spin integral term is one when the transition
happens between states of the same spin manifold and zero otherwise. However,
it may have a nonzero value due to spin–orbit interaction. The middle integral term
is the Frank–Condon overlap integral which defines the efficiency of the transition
along with the symmetric restrictions and spin multiplicity rules.

9.3.1 The Coupling Elements

Previously, it was believed that in organic compounds the spin-forbidden non-
radiative transitions are slow compared to their spin-allowed counterparts. However,
recent findings pointed out that the ISC process in organic compounds can compete
with IC (Penfold et al. 2018). Importantly, it has been established that the photo-
physics of fluorophore depends upon the coupling between electronic structure,
nuclear motion, and spin magnetic moment. The electronic Hamiltonian in Pauli’s
approximation is expressed as the sum of the Electronic Hamiltonian (ĤEL) and
Spin–Orbit Hamiltonian (ĤSO) (Penfold et al. 2018).

ĤEL = ĤES + ĤSO
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The spin-free electrostatic energy was contained in ĤES whereas the spin–orbit
operator, ĤSO couples the electronic orbitals and spin degrees of freedom. ĤEL and
ĤSO both depend upon nuclear coordinate and can be expressed as

H
∧

EL = ĤES(Q0) + ĤSO(Q0) +
∑

α

[
∂ ĤES

∂Qα

+ ∂ ĤSO

∂Qα

]

Q0

whereQ0 is the Frank–Condon geometry andα is the nuclear degrees of freedom.The
coupling element of the vibronic mixing of states with different spin multiplicities
depends upon the vibrational degrees of freedom (Penfold et al. 2018).

9.3.2 Spin–Orbit Coupling

The interaction between electron spin and its orbital motion around the nucleus is
known as Spin–Orbit Coupling (SOC). It is a relativistic effect, which allows the
mixing of electronic states with different spin multiplicities by the mixing of orbital
and spin degrees of freedom (Penfold et al. 2018). The SOCoperator can be expressed
in the most common Breit-Pauli form as

ĤSO
BP = 1

2m2
eC

2

∑

I

∑

i

Z I

r3I i

(
r̂i I × P̂i

)
· ŝi

− 1

2m2
eC

2

∑
i

∑
j �=i

1

r3j

(
r̂i j × P̂i

)
· (
ŝi + 2ŝ j

)

where r
∧

i I × P
∧

i denotes the angular momentum of ith electron with respect to the
nucleus I, r

∧

i j × P
∧

i denotes the angular momentum of ith electron with respect to jth
electron, and ŝi denotes the spin operator of ith electron. In the above equation, the
first term is a one-electron term that arises due to the interaction of the spin magnetic
moment of an electron with the induced magnetic moment by its orbital motion
in the electric field produced by the nucleus. The second term contains two parts,
(i) the spin-same-orbit coupling and (ii) spin-other-orbit coupling. Spin-same-orbit
coupling arises from the interaction of the spin angularmomentumof an electronwith
its orbital magnetic moment while the spin-other-orbit coupling part arises due to the
interaction of the spin magnetic moment of one electron with the orbital magnetic
moment of other electrons. The spin-other-orbit coupling term provides screening to
the one-e006Cectron term. The one-electron term increases rapidly with the atomic
number, so the contribution of one-electron term is dominant in heavier elements
(Pyykkö 2012). The SOC operator can be expressed in a one-center approximation
as
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H
∧eff

SO = 1

2m2
ec

2

∑

I

∑

i

Z e f f
I

r3I i
I
∧

i .s
∧

i

where the I
∧

i is the angular momentum and ŝi is the spin operator of the ith electron
and Zi

eff denotes the effective nuclear charge due to the screening effect of electrons
(Koseki et al. 1992). More importantly, we must consider the fact that the size of
SOC depends upon the integral over two states as

[
ĤSO

]

i j
=

〈
�Si |ĤSO|�Tj

〉
.

9.3.3 Spin-Vibronic Coupling

The static spin–orbit coupling described in the above section is limited only to
some specific nuclear configuration, but in reality, it is not constant and depends
on the vibrational degrees of freedom. In addition to SOC and non-adiabatic
coupling, we have to also consider the scenario where the states are coupled by
both spin–orbit coupling and vibrational coupling simultaneously (Penfold et al.
2018). Singlet–triplet coupling by spin-vibronic coupling mechanism is outlined by
Albrecht (Albrecht 1963). The full spin–orbit interaction up to the second order can
be expressed as

ĤSO = 〈ψSi 〈ĤSO〉ψTj 〉 +
∑

α

δ〈ψSi

∣∣∣ĤSO

∣∣∣ψTj 〉
δQα

Qα

+ 1

2

∑

α

∑

β

δ2〈ψSi

∣∣∣ĤSO

∣∣∣ψTj 〉
δQαδQβ

QαQβ

+
∑

n

〈ψSi

∣∣∣ĤSO

∣∣∣ψTn 〉〈ψTn

∣∣∣ĤSO

∣∣∣ψTi 〉
ET2 − ES1

+
∑

n

〈ψSi

∣∣τ̂N
∣∣ψSm 〉〈ψSi

∣∣∣ĤSO

∣∣∣ψT1〉
ES1 − ET1

(ψ—Molecular wave function for a particular state, τ
∧

N—vibronic mixing oper-
ator, ĤSO—spin–orbit coupling). The first term in the above equation denotes the
direct spin–orbit coupling. It is driven by the electronic character of the involved
states. The second term denotes vibrational spin–orbit coupling, whose magnitude
depends upon the motion along a particular nuclear degree of freedom. The third
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term denotes the first-order correction of vibrational spin–orbit coupling. The fourth
term denotes spin-vibronic coupling with vibronic coupling in triplet manifolds and
the last term denotes spin-vibronic coupling with vibronic coupling in the singlet
manifold (Albrecht 1963).

9.4 Simple Kinetic Picture of TADF

For simplicity purpose, the kinetics of TADF emitter with ηEL of near 100% is
considered. By ignoring the non-radiative channel, we can assume the emission
efficiency of the T1 to S1 (RISC) transition to be 100% which further simplifies the
kinetics picture of the TADF emitter. Considering the thermal equilibrium between
singlet and triplet states we can substitute the kISC (rate of intersystem crossing)
and kRISC (rate of reverse intersystem crossing) as k1 and k-1, respectively. The zero
field splitting (ZFS) energy is very small as compared to the singlet–triplet energy
difference (ΔEST), hence the triplet sublevels can be considered as degenerated. kT1
is neglected as compared to kS1, kISC, and kTADF. Using a three-levelmodel, the TADF
emission process can be visualized as per the above-mentioned assumption (Aizawa
et al. 2020)

T1 ←
k−1

k1→ S1
ks1→ S0 + hυ

dhν

dt
= k1kS1

k−1 + kS1
[T1]

Case 1:When kS1 >> kISC: This is the simplest casewhere the rate of fluorescence
decay is much higher than the rate of intersystem crossing. When the rate of T1

phosphorescence ismuch smaller than the rate of kISC therewill be no interconversion
of singlet and triplet states and thus S1 and T1 states decay independently. This
situation may predominate in fluorescence-based OLED and in devices optimized
to harvest triplet exciton via triplet–triplet annihilation (Ravinson and Thompson
2020). In these, S1 state undergoes fluorescence decay, and the triplet state undergoes
non-radiative decay.

Case 2: kISC >> kS1: Rapid ISC (high triplet yield) is a common situation in
transition metal-based emitters. Singlet and triplet states intermix due to the direct
spin–orbit coupling factors (Ravinson and Thompson 2020). Further assuming both
k1 and k-1 >> kS1 and can be simplifiedwith a pre-equilibriumapproximation (Aizawa
et al. 2020)

dhυ

dt
= k1ks1

k−1
[T1] ⇒ τT ADF = τS1

Keq
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It is evident that Keq (k1/k-1) is more relevant than the individual k1 and k-1. In
materials having very high fluorescence quantum yield, i.e., �PL ≈ 1 (non-radiative
decay pathways can be neglected), the value of rate constant can be directlymeasured
from the initial emission decay time. The ratio of emission intensity at the earliest
time (S1 emission) to emission intensity at a long time (>500 ns) is equal to Keq

(Aizawa et al. 2020). The kS1 can be determined by knowing the value of Keq and
τTADF (Aizawa et al. 2020). Furthermore, ΔEST can be calculated by Keq as per the
following equation (Ravinson and Thompson 2020):

Keq = k1
k−1

= 1

3
exp

(
−�EST

KBT

)
⇒ �EST = −kBT .ln(3Keq)

Case 3: kISC ~ kS1: When kISC and kS1 are comparable, a more complicated situ-
ation arises. This situation is predominant in organic TADF emitters. The principle
approach involves the minimization of ΔEST to enhance the rate of ISC. Various
strategies were adopted to minimize the ΔEST, which is further discussed in subse-
quent sections. The idea of maximizing the ISC rate by minimizing the ΔEST can be
rationalized by the following equation:

kTADF ∝
∑

n

(
Tn

∣∣∣H
∧

SOC

∣∣∣S1
)

ES1 − ETn
.〈S0|μ|S1〉

where ĤSOC is the spin–orbit coupling operator and μ is the dipole moment oper-
ator. In the above equation, only direct spin–orbit coupling between singlet and
triplet states and non-adiabatic mixing of T1 and S1 states are not considered. To
simplify the kinetics of these types of emitters, the non-radiative decay and slow rate
of phosphorescence are neglected which is consistent with efficient organic TADF
emitters.

τTADF = k−1 + kS1
k−1kS1

= 3e
�EST
kB T

(
1

kS1
+ 1

k−1

)

The simple treatment in the above equation illustrates that decreasing ΔEST has
a positive impact on TADF emission.

9.5 Emission Property of TADF in Organic Molecules

The necessary condition of smallΔEST for effective TADF can be achieved by sepa-
rating or minimizing the overlap betweenHOMO and LUMO. Physical separation of
donor and acceptor moieties in a single molecule is reported to be a common way of
doing it (Xu et al. 2021). It gives rise to charge transfer of electronic transition, which
affects the absorption and emission properties of organic donor–acceptor molecules.
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TADFmolecules have distinctive absorption and emission spectra alongwith a broad
featureless band corresponding to ground state CT absorption (Lee and Kim 2016).
Numerous factors affect the absorption and emission properties of TADF molecules
which are discussed briefly in the following sections.

9.5.1 Solvatochromism in TADF

In 1878, Kundt in Zurich studied the absorption of different fluorophores including
chlorophyll, fuchsin, quinizarin, aniline green, egg yolk, and cyanine in different
solvents of varying polarity and observed the bathochromic shift in absorption
spectra. It was assigned to the dispersion interaction of the solvent and the absorbing
species in the solution (Reichardt 2007). Later, in 1922, Hantzsch termed the
reversible change of absorption and emission spectra of molecules in different
solvents as the Solvatochromism effect. The electronic structures of the ground and
excited states ofmolecules are different and as a result the solvation energy alsodiffers
depending upon their interaction with surrounding solvent molecules resulting in the
shifting of absorption spectra which further results in the color change (Zuehlsdorff
and Isborn 2019).

According to Frank–Condon’s principle, solvent reorientation takes longer time
compared to the time taken for electronic excitation, and consequently the excited
state will experience the same ground state solvent coordination sphere (Zhang et al.
2020). If the excited state of absorbing species is more polar than the ground state
then it will be stabilized in a polar environment, and as a result, the emission peak
will shift to a longer wavelength. It is known as bathochromic shift or positive
solvatochromism. In contrast, a less polar excited state will be destabilized in a
polar environment which leads to the blue shift of emission spectra and is known as
hypsochromic shift or negative solvatochromism (Zhang et al. 2020). The π → π*
transition of C = O in the polar solvent will show a positive solvatochromic effect as
the excited state is more polarized than the ground state whereas n → π* transition
in the polar solvent will undergo a negative solvatochromic effect (Edwards and
Alexander 2017). In a less polar solvent, emission spectra display the contribution
from both 3LE and 1CT states. Further, the time-resolved spectra showed slow charge
transfer characteristics as an indication of weak electron coupling between donor and
acceptor 1CT states, whereas inmore polar environments a predominantCT emission
was observed in the steady-state photoluminescence spectra. It was proposed that fast
electron transfer and stabilization of separated charge character of excited states in the
polar environment resulted in the red-shifted emission spectra (Santos et al. 2016).
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9.5.2 Temperature Dependence of TADF

Rate constant for E-type delayed fluorescence exhibits temperature dependence as
shown by the following equation:

kTADF = 1

3
kFexp

[−�EST

kBT

]

In this,ΔEST is the activation energywhich corresponds to theS1-T1 energy differ-
ence. The smallΔEST can be overcome by providing thermal energy to vibrationally
promote the exciton from the relaxed triplet to an isoenergetic point to cross back
to the radiative singlet state. Since triplet state density increases due to the reduced
thermal activation of T1 state to S1 state, neat film photoluminescence spectra of
TADF molecules display a decrease in their PL quantum efficiency around temper-
atures below 100 K. Below 100 K, the triplet state intensity increases due to a lack
of RISC resulting in low PL efficiency of TADF at low temperature. At this low
temperature, TTA annihilation may act as a dominant non-radiative decay pathway
along with guest–host interactions (Lee et al. 2017).

Solid-state time-resolved emission of TADFmaterials consists of sharp decay and
a slow long tail (Niwa et al. 2014). The former was attributed to prompt fluorescence
while the latter was to the delayed fluorescence. The origin of the delayed fluores-
cence can be checked by taking the emission spectra at different temperatures. For
TADF originated mechanism, fluorescence intensity increases with the temperature
(Niwa et al. 2014). Prompt fluorescence slightly increases with a decrease in temper-
ature due to suppression of non-radiative decay pathways while delayed fluorescence
increases as RISC becomes the rate-determining step (Uoyama et al. 2012).

9.6 Effect of Regio and Conformational Isomerization
in TADF Emission

The substitution of donor, acceptor, and their relative position in the TADFmolecules
has a prominent effect on their photophysical properties (Xie et al. 2020). The charge
transfer properties of an organic TADF molecule with para-substituted carbazole on
a central acceptor were reported to be different from the meta-substituted conformer
(Zhang et al. 2019). Para-substituted carbazole was shown to have high oscillator
strength and highPLquantumyield,whereas themeta-connected system showed effi-
cient separation of electron and hole densities consequently exhibiting small ΔEST,
thus higher TADF contribution. The molecular conformation of fluorophores plays
a very important role in TADF emission as it intrinsically controls the CT prop-
erties of the excited state (Zhang et al. 2019). Wang et al. (2018) showed that in
pre-twisted molecules the more twisted conformation needs to have different excited
state conformation to minimize the frontier orbital overlap, consequently reducing
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ΔEST. TheΔEST forD-A-typemonomericmoleculeswere found to be less compared
to their dimer counterparts. It was attributed to the possibility of monomers under-
going more conformational changes in their excited state with respect to the dimer’s
excited state. The fluorophores with two stable conformations exhibit dual emis-
sions corresponding to each conformation. Absorption spectra of these fluorophores
showed high-energy intense absorption corresponding to the LE state and a low-
energy weak absorption band corresponding to the CT state. The former is due to
the near-planar conformation while the latter corresponds to near-orthogonal confor-
mation. Planar conformation with high HOMO–LUMO overlap only exhibits high-
energyfluorescencewhile near-orthogonalHOMO–LUMOexhibits TADFemission.
The S1 and T1 states of near-planar conformation can lie above the S1 and T1 states
of near-orthogonal conformer; as a result, the previously wasted triplet exciton in
near-planar conformation can be transferred to near-orthogonal conformer avoiding
exciton loss (Wang et al. 2018).

Different photophysical processes, including TADF and RTP, may be enhanced
by various conformers that dominate in the solids, as a result of studying the connec-
tion between the detailed photo-physics of MCL materials and specific conformer-
enriched phases (Data et al. 2019).Well-separatedHOMO–LUMOelectronic config-
uration in equatorial–equatorial conformation leads to small ΔEST compared to
the axial–axial conformation. Since the HOMO–LUMO overlap in the axial–axial
conformer is larger, the corresponding exchange interaction (J) destabilizes the 1CT
state, and consequently, it lies much above the 3LE state. So, thermally activated
delayed ISC could not be observed. Whereas in the case of equatorial–equato-
rial conformation, both PF and TADF could be observed due to the small energy
difference between 1CT and 3LE states (see Fig. 9.3) (Data et al. 2019).

Fig. 9.3 Schematic representationof the effect of different conformers on theΔEST.This is redrawn
and is adapted from RSC Publisher (Data et al. 2019)
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9.7 Solid Host for TADF

TADF molecules were intensively studied for their potential application in elec-
troluminescent devices like OLEDs. In these devices, the emitter molecules were
dispersed in a host material to avoid aggregation-induced exciton quenching. So, it
is important to discuss the photophysical characterization of the TADF molecules
dispersed in solid hosts. In this section, the guest–host interaction and its effects on
the electrical and optical properties of the TADF emitter are briefly reviewed. The
combination of host and emitter should decrease the RISC energy barrier for effi-
cient TADF property (Zhang et al. 2020; Li et al. 2022). A fundamental requirement
of choosing host material aims for the minimum interaction with the ground state
emitter to minimize their local exciton property (Xu et al. 2021). The triplet energy
of the host material should be higher than the triplet energy of the emitter to avoid
unwanted exciton quenching (Li et al. 2022; Méhes et al. 2020).

The TADF character of molecules is linked to their CT state and these states
are associated with larger dipole moments, their electronic states show a strong
dependence on the solvent. Large dipolar interaction between solute and solvents
re-orients the solvents, which leads to the bathochromic spectral shift observed in
CT emission with the increase of solvent polarity (Fig. 9.4) (Ward et al. 2016).
Solid-state solvation effects, analogous to solvent effects, are very important in the
context of OLED, where active emitting molecules are doped into an amorphous
organic thin film (Etherington et al. 2016). In solid state, solvent molecules are
sterically constrained in their respective position, which gives rise to local dipolar
interactions and leads to the expected spectral shift (Deng et al. 2019). When local
dipolar interactions are completely random, no shift is observed in their absorption
and emission spectra. Broadening of emission spectra is expected due to the large
dispersion in the absorption and emission energies (Etherington et al. 2016). Based
on a static state polarization model, Wang and Zhang proposed that the large S1 state
dipole moment and small electron–hole separation lead to reduced ΔEST, which is
helpful for solid-state solvation enhanced thermally activated delayed fluorescence
(SSSE-TADF). Apart from the static polarity effect, the dynamic effects in solid-state
TADF emission are also observed (Zhang et al. 2020; Lin et al. 2014).

Lin et al. (2014) explored the light-emittingmechanism theoretically using thefirst
principle calculations. The excited state dynamics of molecules in solvent and thin
film showed different behaviors corresponding to their reorganizational energy. They
projected the reorganizational energy on different vibrational modes and reported
that molecules where the low-frequency twisting motions (bending modes) mostly
contribute to the reorganizational energy get suppressed easily in solid state which
decreases the available non-radiative decay pathways and PLQY was improved in
thin film compared to in solvent. Molecules, where the reorganization energy comes
fromhigh-frequencyvibrationalmodes (C–Cbond stretchingmode), cannot be effec-
tively hindered in solid state, resulting in a little difference of PLQY in the thin film
compared to solvent.
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Fig. 9.4 aAschematic representation of static solid-state solvation effect depicting the stabilization
of CT state due to the polarity of the host. b Schematic depiction of the origin of the dynamic
stabilization of the CT state, where the solvent dipoles reorient to stabilize the CT excited state.
This is adapted from RSC publisher under Creative Commons Licence (Ward et al. 2016)

Recently Sun et al. (2017) reported the reduction ofΔEST due to the hybrid nature
of singlet and triplet excited states. Northey et al. (2017) reported that rigidity and the
ground state dipole moment of D-A-D-type TADF emitter molecules along with the
dipole moment of the host play crucial roles in determining the magnitude of SSSE.
They also proposed that conformational heterogeneity is a responsible factor for the
observed dynamic effect associated with SSSE. Time-dependent solvation dynamics
studies rule out the guest–host interaction as the dominant effect in the solvation
dynamics. Alternatively, they proposed that the charge redistribution of the emitter
at the picosecond time scale stabilizes the excited states. Further, the dispersion effect
of CT states stabilizes the CT state in the nanosecond time scale (Etherington et al.
2016).

9.8 Designing of TADF Molecules

Reverse intersystem crossing requires strong coupled T1 and S1 states in thermal
equilibrium. Assuming, the electronic transition from HOMO to LUMO is localized
on the donor and acceptor, respectively. The thermal energy barrier (ΔEST) can be
calculated in a two-state model as

ES1 = hH + hL + JHL + KHL

ET1 = hH + hL + JHL − KHL
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�EST = 2KHL

where hH, hL is the one-electron energy of HOMO and LUMO, respectively, JHL is
the columbic interaction term between electrons at HOMO and LUMO, and KHL is
the exchange energy term (Chen et al. 2015a).

JHL =
¨
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dr2H

(−→r1
)
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(−→r1
) 1

r12
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It is important to note that the exchange interaction energy (KHL) is directly
proportional to the spatial overlap of HOMO and LUMO (Chen et al. 2015a). From
the above equation, if the electronic transition is assumed to be purely HOMO–
LUMOtransition then spatially separating themcan result in vanishingly smallΔEST,
but the excitation corresponds to complex electronic configuration, so more factors
must be considered to calculate the value of ΔEST.

While designing TADF molecules, factors affecting delayed and prompt fluores-
cence have to be considered. To observe room temperature TADF, a small ΔEST and
high radiative decay rate of the S1 state are necessary. This can be achieved by mini-
mizing the orbital exchange interaction and increasing the oscillator strength and it
is not a straightforward process to optimize these contrasting properties. SmallΔEST

can be obtained byminimizing theHOMO–LUMOoverlap (Xu et al. 2021). This can
be achieved by (i) separating donor and acceptor moieties, (ii) maximizing the D-A
dihedral angle, (iii) introducing steric hindrance between donor and acceptor, and
(iv) twisted molecular structure with spiro-type D-A junction. Similarly, conditions
for high radiative rate are (i) large overlap density between S0 and S1electronic states,
(ii) large delocalization of molecular orbitals, (iii) increasing molecular rigidity, and
(iv) increasing the π conjugation length (Xu et al. 2021). Efficient blue TADF emit-
ters have been achieved by controlling the conjugation length along with the redox
potential of both the donor and acceptor (Zhang et al. 2012).

9.9 Theories of TADF

Initially the mechanism of TADFwas based on the thermal equilibrium of the lowest
singlet and triplet states and was explained by a simple Arrhenius-type equation.

kTADF = 1

3
kFexp

[−�EST

kBT

]

This model assumes thermal equilibrium between the lowest singlet and triplet
states and the rate constant of the RISC process (kRISC) is predominantly dependent
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on temperature. This model is used to describe TADF where detailed knowledge of
vibrational energy level density is absent. The equation shows that the ΔEST is the
most critical factor determining kRISC. A more rigorous approach, namely, Fermi’s
Golden rule employing first-order perturbation theory can be used to determine kRISC:

kRISC = 2π

hZ

∣∣∣
〈
� f |ĤSOC|�i

〉∣∣∣
2

qo
×

∑

jk

exp−βE j
∣∣〈v f k |vi j

〉∣∣2δ
(
Ei j − E f k

)

where
∑

jk exp
−βE j denotes the vibrational partition function in the initial elec-

tronic state and the coupling of electronic states with different spin multiplicities
is effectively achieved by the spin–orbit coupling operator (ĤSOC). Generally, elec-
tronic SOC dominates the coupling interaction but spin–spin coupling interaction
comes into play in case of weak interaction. Effective decoupling of electronic and
nuclear motion (Frank–Condon approximation) and coupling between the two states
involved in the excited state kinetics should be small as compared to their energy
difference. Intrinsic molecular factors along with adiabatic energy difference, the
magnitude of spin–orbital coupling matrix element (SOCME), and environmental
factors including temperature and specific solvent interactions are the determining
factors affecting the efficiency of ISC and RISC process in TADF emission (Dias
et al. 2017).

Due to the importance of CT states in TADF, it was assumed that the excited
states involved in the RISC process were to be CT (1CT and 3CT ) states. Spin–
orbit coupling between the two intramolecular CT states was shown to be zero
(Lim et al. 1981). The SOC operator contains both spatial angular quantum numbers
and spin magnetic quantum numbers. Since the RISC process involves a change in
spin multiplicity, coupling between states with the same spatial occupation is not
allowed. Consequently, SOC between singlet and triplet CT states is formally zero.
Independent tuning of the singlet and triplet excited state was reported to solve this
issue (Dias et al. 2017). As a result, the singlet and triplet states involved in the RISC
process could be different and spin–orbit coupling between them would be allowed
(Gibson et al. 2016). Chen et al. (2015b) proposed that the non-adiabatic effect
between low-lying excited states is responsible for the efficient T1-S1 up-conversion
process in organic TADF molecules. Recent work of Ward et al. (2016) showed that
the interplay of TADF and room temperature phosphorescence (RTP) was observed
by tuning the steric hindrance between the donor and acceptor group in a series
of D-A-D molecules. Moreover, restricting the rotation of the donor–acceptor bond
can potentially suppress the TADF emission indicating the dynamic nature of the
RISC process in TADF. This indicates the TADF mechanism possibly be promoted
by molecular vibration along a specific vibrational degree of freedom (Ward et al.
2016). Compounds 1 and 2 showed strong TADF emission whereas 3 and 4 showed
predominant phosphorescence emission (Fig. 9.5).

Theoretical calculation by Chen et al. (2015b) showed that the calculated rate
of krISC is not able to be explained by the spin–orbital coupling between 1CT and
3LE states. They explained this deviation as the absence of non-adiabatic coupling
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R, R’

i i

Fig. 9.5 Chemical structures of compounds 1–4

between 3CT and low-lying localized triplet states (3LE). Using the multi-reference
quantum chemistry method, Merien et al. (2016) showed that indeed the calculated
rate of RISC using only SOC coupling was not in agreement with the observed
high values of KRISC. Instead, they proposed that the mixing of multiple excited
states is involved in the RISC process through vibronic coupling along with SOC.
Ogiwara et al. (2015) probed the excited state population of 3LE and 1CT states by
electron paramagnetic resonance spectroscopy and proposed that the rate of RISC is
in agreement with the EPR signal of the mixed excited state (3LE and 1CT ). They
proposed that in addition to SOC-induced ISC (3LE → 1CT ), hyperfine coupling-
induced ISC (3LE → 1CT ) also plays a significant role in the ISC/RISC process in
TADF.

Gibson et al. (2016) performed thequantumdynamic simulationusing the vibronic
coupling Hamiltonian to give a dynamic picture of the ISC and RISC process and
the effect of vibronic coupling in kISC and kRISC . Interestingly, they found that by
removing the vibronic coupling between 3CT and 3LE from the Hamiltonian, the
population transfer to the 3LE state from the 3CT state becomes negligible, whereas
removing the hyperfine coupling between 3CT and 1CT state has very little effect
on the kinetics of ISC and RISC processes. They concluded that vibronic coupling
plays a critical role in the ISC process of TADFmolecules (Northey et al. 2017). This
could not be described in the limits of the first-order perturbation theory. A more
general description includes second-order perturbation theory as follows:

kRISC = 2π

�Z

∣∣∣∣∣∣
〈1ψ f

∣∣∣H
∧

SOC

∣∣∣3ψi 〉 +
〈1ψ f

∣∣∣H
∧

SOC

∣∣∣3ψn 〉〈3ψn

∣∣∣H
∧

vib

∣∣∣3ψi 〉
δ
(
3En − 3Ei

)

∣∣∣∣∣∣

2

δ
(
3Ei − 1E f

)
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The direct second-order coupling will have to involve the population transfer
between two CT States. In other words, first vibronic coupling between CT and LE
states will populate the 3CT state, which then transfers to 1CT state via hyperfine
coupling (HFC) but coefficients of HFC are very small and the observed values of
krISC cannot be explained by the magnitude of hyperfine coupling between 1CT and
3CT states. Whereas the two-step mechanism of RISC with large vibronic coupling
between 3LE and 3CT populates the 3LE statewith amuch faster time scale compared
to the RISC process, which further transfers to 1CT state through efficient SOC
between 3LE and 1CT. Consequently, the 3CT and 1CT states are coupled through
the second-order equation using 3LE as an intermediate state (Dias et al. 2017).

kRISC = 2π

�Z

∣∣∣〈3ψCT

∣∣∣H
∧

SOC

∣∣∣3ψLE 〉
∣∣∣
2 × δ(3ELE−3ECT )

kRISC = 2π

�Z

∣∣∣∣∣∣

〈1ψCT

∣∣∣H
∧

SOC

∣∣∣3ψLE 〉〈3ψLE

∣∣∣H
∧

vib

∣∣∣3ψCT 〉
δ(3ELE − 3ECT )

∣∣∣∣∣∣

2

× δ(3ECT − 1ECT )

The intersystem crossing process between 3CT and 3LE depends on the extent
of vibronic coupling and the adiabatic energy difference between them. Good vibra-
tional overlap between 3CT and 3LE states and efficient SOC between them are the
necessary conditions for an efficient RISC process in TADF molecules (Northey
et al. 2017). This explains the result obtained by Ogiwara et al. (2015) where they
demonstrated that the energy gap of 1CT and 3CT and 3CT and 3LE states must be
tuned to observe efficient TADF.

9.10 Organic TADF Molecules (Monomolecular System)

Generally, organic TADF molecules have an intramolecular D-A system with a
twisted structure or large steric hindrance between the donor and acceptor moieties.
Thesemolecules exhibit small�EST due to the distribution of HOMO and LUMOon
the electron-donating and electron-accepting units, respectively (Yang et al. 2017).
This helps in reducing the HOMO and LUMO spatial overlap. D-A molecules
having strong electron-donating ability increases the CT nature of electronic states,
so aromatic amines such as carbazole, phenoxazine, phenothiazine, and dipheny-
lamine, and their derivatives were used in designing TADF materials. In this section,
we will briefly review some of the reported TADF molecules.

Organic molecules with cyano-substituted aromatic acceptor units have been
widely employed as electron acceptors. A series of highly efficient organic emit-
ters with dicyanobenzene as electron acceptor and carbazole as electron donor was
reported by Uoyama et al. (2012). Steric hindrances between donor and acceptor
distort the carbazole unit from the dicyanobenzene plane consequently localizing
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the HOMO and LUMO on the donor and acceptor, respectively, resulting in a small
exchange interaction (K), leading to a small ΔEST . Moreover, they also reported
high photoluminescence efficiency as well as color tuning by varying the relative
position and number of substituents on the donor or acceptor. They also reported a
high EQE of OLED based on 2CzPN as the emitter. For this, high EQE (~13.6%) at
a low current density of (J = 0.01 mAcm−2) and EQE of 3.6% at a current density
of 10 mAcm−2 are observed. These results indicate efficient EML exciton confine-
ment with charge recombination at low current density, also it suggests the exciton
quenching at high current density. At high current densities, EQE is dominated by
singlet–triplet annihilation and triplet–triplet annihilation due to the long triplet life-
time of 2CzPN. Monkman et al. (2005) studied the details of TADF photo-physics
and their effects on OLED efficiency. They proposed that molecules with high EQE
possess small energy gaps between 1CT and the 3CT states. They proposed the
involvement of additional ISC channels by hyperfine coupling in the RISC process
of TADF. Excited-state dynamics of 2CzPN and 4CzPN molecules reported by
Uoyama et al. (2012), Hosokai et al. (2016) revealed that in some cases the two-state
model (S1 and T1) is not enough to explain the observed rate of the RISC process.
DCzIPN has been synthesized and characterized by Cho et al. (2015a). It showed
blue-shifted emission due to the weak ICT transition. A dual-core TADF molecule
(DDCzIPN) having high absorption coefficient resulted in a high EQE (18.9%) of
the TADF device. In this, steric hindrance between four CN units increased the
rigidity of the molecule, consequently shortening the delayed emission (Cho et al.
2015b). The effect of the twisting angle of D-A-type molecules was studied by Li
et al. (2014), they reported that a larger dihedral angle (60°) of 26IPNDCz results
in small ΔEST (0.06 eV) as compared to 35IPNDCz which has the dihedral angle
of 50° and correspondingly the ΔEST to be 0.14 eV. Kretzschmar al. (2015) studied
the effect of halogen substituent on carbazole units (4CzIPN-2Cl, 4CzIPN-2Br,
4CzIPN-2I). They reported the effect of halogen atoms on ISC and RISC and found
it proportional to the atomic weight of halogen atoms.

Lee et al. (2015) reported a molecule BTCz-2CN with benzothienocarbazole
as an electron-donating unit and reported better TADF performance compared to
2CzPN. Taneda et al. (2015) reported an ΔEST of 0.103 eV for a trigonal molecule
with three phenylamine units. Steric hindrance between the alternating benzene
substituent in 3DPA3CN resulted in the decrease of vibrational deactivation (Taneda
et al. 2015). An efficient blue TADF emitter CPC was designed by Liu et al.
(2015) with pyridine as the central unit. The results were comparable to the best
blue phosphor-based emitter. The introduction of a fluorine atom to the cyano-
substituted aromatic acceptor produces a soluble blue emitter. Compounds 3CzFCN
and 4CzFCN showed very low ΔEST (0.06 eV) and the solution-processed TADF
emitter 4CzFCN showed comparable EQE to vacuum-deposited blue emitter (Cho
et al. 2015c). The effect of tert-butyl substitution on the TADF performance of emit-
ters was studied by Zhang et al. (2016) They proposed that the tert-butyl group
increases the solubility and efficiency of the TADF emitter. In compounds 5CzBN,
4CzBN, 4TCzBN, and 5TCzBN, the tert-butyl group acts as a shield in 5TCzBN,
protecting the light-emitting core, consequently improving its stability.
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The effect of the linker between donor and acceptor was studied by Park et al.
(2016). They reported efficient TADF emitters with compounds Cz-VPN, Ac-VPN,
and Ac-CNP having angular linked D-A structure combining phthalonitrile with
various donor units. TADF molecules with donor–linker–acceptor (D-L-A) frame-
work with carbazole donor and cyano-substituted benzene acceptor were studied
by Vikramaditya et al. (2016). They reported compounds CTBN, CEBN with thio-
phene (conjugated) and ethylene (non-conjugated) linker, respectively. Furthermore,
they showed that the ΔEST of CTBN (non-conjugated linker) was smaller than the
�EST of CEBN (conjugated linker). The difference in the efficiency of Ac-VPN and
CEBN was proposed to be the result of reduced conjugation of donor and acceptor
units. The transmission of electronic information between orbitals of the donor and
acceptor is smaller in D-L-Amolecules with non-conjugate linker than in conjugated
linker. Endo et al. (2011) reported a TADFmolecule PIC-TRZ containing an indolo-
carbazole unit as the donor and an electron-deficient triazine unit as the acceptor. In
PIC-TRZ, the steric interaction between the biphenyl group and the bulky indolo-
carbazole unit localizes the HOMO and LUMO on the indolocarbazole and biphenyl
triazole unit resulting in a small ΔEST of 0.08 eV. A novel triazine derivative PIC-
TRZ2 exhibiting �EST of 0.003 eV was reported by Sato et al. (2013). A highly
efficient compound (CC2TA) was synthesized byYounLee et al. (2012) by replacing
the indolocarbazole unit with a bicarbazole unit and the resulted ΔEST was found to
be exceedingly small (0.06 eV).

Wang et al. (2015) reported the first-ever near-infrared TADF molecule TTA-
DCPP with a V-shaped D-π-A-π-D configuration. A small ΔEST value of 0.13 eV
and a high glass-transition temperature of 508 °C were observed for TTA-DCPP.
D-A-D-type molecules (DPA-DPS, tDPA-DPS, tDCZ-DPS) containing diphenyl
sulfoxide unit as acceptor were reported by Zhang et al. (2012) ΔEST values of
corresponding molecules as 0.54, 0.45, and 0.32 eV, respectively, were reported. It
was shown that the lower value of ΔEST of tDCZ-DPS was due to the stabilization
of CT State. The introduction of tert-butyl on the diphenylamine unit of tDPA-
DPS enhanced its electron-withdrawing ability consequently stabilizing theCT state.
The carbazole unit affected 1CT lesser than 3LE and reduces the ΔEST value for
tDCZ-DPS. Highly electronegative oxygen of the sulfonyl group gives the electron-
withdrawing properties of diphenyl sulfoxide and the limited conjugation to the
compound. The tetrahedral geometry of the sulfonyl group on diphenyl sulfoxide
makes it a good candidate for electron–acceptor units in D-A-D molecules.

Data et al. (2016) reported a series of U-shaped D-A-DTADFmolecules t-BuCZ-
DBPHZ, MeODP-DBPHZ, POZ-DBPHZ based on dibenzo-[a,j] phenazine
(DBPHZ) acceptor unit. A small range of ΔEST (0.02–0.2 eV) was observed with
efficient TADF properties. They revealed the efficient spin flip in the RISC process
and reasoned it to the coupling of a low-lying 3LE state with the 1CT state, which
provides the spin–orbit charge transfer (SOCT). They also showed that in the polar
medium the stabilization of the 1CT state with respect to the 3LE state results in the
reduction of ΔEST , hence enhancing the efficiency of TADF (Table 9.1).

Siddiqui et al. (2018) synthesized two donor–acceptor–donor (D-A-D) mate-
rials, Acr-CBz and Acr-CBz-CF3, for use in optoelectronic applications. These
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compounds consist of acridone as the acceptor unit and carbazole as donor, which
were synthesized. In Acr-CBz, carbazole was substituted at positions 2 and 7 of
acridone, while Acr-CBz-CF3 contained 3,6-trifluoromethylphenyl carbazole. The
researchers investigated the steady-state and time-dependent emission properties of
these materials to determine their potential for thermally activated delayed fluores-
cence (TADF). The singlet–triplet energy gap (�EST) was found to be as low as
0.17 eV for Acr-CBz and 0.15 eV for Acr-CBz-CF3, making them favorable TADF
materials. These compounds were effective green TADF emitters in OLED devices,
and interestingly TADF properties were observed in devices based on undoped Acr-
CBz and Acr-CBz-CF3, without the use of a host matrix, which is a departure from
themost commonly reported TADF emitters. In addition, the researchers observed an
exciplex emission at 465 nm in blends of Acr-CBz andAcr-CBz-CF3with polyvinyl
carbazole (PVK) in a 1:7 (w/w) ratio. OLEDs that used the blend of Acr-CBz and
Acr-CBz-CF3 with PVK as the active layer exhibited intense electroluminescence
at 465 nm, which was consistent with the exciplex photoluminescence. This study
demonstrated that acridone-carbazole derivatives, specifically Acr-CBz and Acr-
CBz-CF3, can exhibit variable electroluminescence as undopedTADFgreen emitters
and blue exciplex emitters when doped in PVK.

Awasthi et al. (2019) investigated the potential of a donor–acceptor–donor (D-A-
D) material for use in TADF and OLEDs applications. They synthesized and char-
acterized a compound called Acr-Naph, which is based on acridone as the acceptor
and naphthylamine as the donor. Acr-Naph is a fluorescent compound that emits in
the green region (550 nm), with an estimated energy gap between the ground and
the lowest excited singlet (S1) state of 2.55 eV. The energy gap between the CT
singlet and triplet states (�EST) was found to be approximately 0.3 eV. A delay of
100 μs was observed in the emission at 550 nm, which corresponded to the delayed
fluorescence inAcr-Naph. The TADF lifetime was determined to be 176μs. OLEDs
based on Acr-Naph were fabricated, and their intensity was found to be comparable
to that of many known TADF emitters, with a maximum intensity of nearly 17,000
Cd/m2 at 25 mA/cm2.

A recent study reported the TADF properties of xanthone derivatives (Xan-Cbz)
by Siddiqui et al. (2019). Blue TADF emission at 470 nm was observed in neat thin
films and further analyzed through delayed fluorescence and lifetime measurements.
The study also revealed that a blend of Xan-Cbz with NPD produces an exciplex
emission at 525 nm in a thin film. OLEDs based on Xan-Cbz were fabricated
with different device geometries. One device geometry (ITO/PEDOT:PSS/NPD/
Xan-Cbz/Bphen/LiF-Al) achieved a luminance of 1.96 × 104 Cd/m2 at a current
density of 50 mA/cm2 and VON of ~ 6 V. The electroluminescence showed features
of both the neat emission (470 nm) of Xan-Cbz and its exciplex (525 nm) with
NPD. Additionally, color tuning was observed as a function of applied voltage, and
the ratio of light intensity (I525/I470) of neat and exciplex emission decreased with
increasing voltage.

Dixit et al. (2022) synthesized and analyzed the photophysical and electrolumi-
nescent properties of donor–acceptor dyads containing secondary amine (carbazole
and diphenyl amine) linked to perylene through nitrogen, with and without phenyl.
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Their DFT studies revealed an almost orthogonal geometry between perylene and
carbazole for P-N-CBZ. The emission spectra of P-Ph-N-CBZ and P-N-CBZ in
dichloromethane had distinct structures, whereasP-Ph-N-BP and P-N-BP had broad
and featureless spectra, indicatingweaker electronic coupling in phenyl-linkeddyads.
P-Ph-N-CBZ and P-Ph-N-BP were demonstrated as active emitting materials in
OLEDs, with a high luminance of 4.3 × 103 Cd/m2 at a current density of 100 mA/
cm2 and a maximum EQE of 4.2% and a low turn-on voltage of ~4 V.

9.11 Conclusion

Since the potential of TADF in the harvesting of non-emissive triplet excitons in
purely organic emitters was discovered, it has been a hot area of research in both
academia and industry. The rate of RISC (krISC) based on the two-state model of
TADF showed that for efficient thermal up-conversion of triplet exciton small ΔEST

is necessary. The detailed mechanism of RISC presented by Fermi’s golden rule
signifies the effect of the Franck–Condon overlap integral and the SOC operator
along with the nature of the excited state involved in the light-emitting mechanism
of TADF. The discrepancies between the calculated and the observed values of krISC
were attributed to the Non-Born Oppenheimer effects. Further, the work of Gibson
et al. showed that vibronic coupling between the relevant excited states (3CTand 3LE)
involved in TADF plays a significant role in determining kRISC . Since the inclusion
of vibronic coupling in the expression of kRISC could not be explained by first-order
perturbation theory, a more elaborate description using second-order perturbation
theory was employed and it was shown that the relative ordering of excited states
corresponds to different mechanisms of the RISC process, which can be controlled
by the polarity of the host. So, the choice of host is critical for the performance of
a TADF emitter. Also, the designing of organic TADF molecules should look for
the tuning of energy gaps between 1CT and 3CT and 3CT and 3LE states instead
of ΔEST . Further investigation is needed to improve the optoelectronic performance
of TADF chromophores and to achieve efficient TADF emission in blue and red
regions. Most importantly the synthesis and characterization of large organic TADF
molecules are required for their potential use in cheap and large-area lighting.
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Chapter 10
Luminescent Materials for Radiation
Dosimetry

N. S. Rawat, B. S. Dhabekar, and B. K. Sapra

10.1 Motivation and Background

Nuclear technology has widespread peaceful applications in our daily life, the most
important being the production of green and clean electricity. The applications in
health care are well established, specifically for the treatment of most types of
cancers. Diagnostic techniques like positron emission tomography (PET), single-
photon emission computed tomography (SPECT), and computed tomography (CT)
scans are among the various applications of nuclear technology. Other industrial
applications include wide use of radioactive sources in smoke detectors, nucleonic
gauges (for thickness measurements, level detectors, etc.), well logging, etc. Radi-
ation (energetic electrons from accelerators) is also used for coloration of precious
stones. In agriculture, ionizing radiations are used to produce the improved seeds (in
terms of high yield, better resistance against deceases, shape, size, etc.) by genetic
mutation; radioactive tracers are used to optimize the use of water, fertilizers, and
pesticides. Food irradiation increases the shelf life of various food items like onions,
potatoes, mangoes, spices, meat products, etc. The nuclear technology is therefore
progressing by leaps and bounds with the advent of new facilities like synchrotron,
particle accelerators, nuclear reactors, production of radiation sources, etc. However,
indiscriminate use of ionizing radiation without adhering to proper safety procedures
may lead to excessive radiation exposure of radiation workers, which may increase
the risk of developing cancer (a stochastic effect) later in life, the probability of which
increases with increase in level of radiation exposure. Consequently, the monitoring
of occupational workers and ensuring their compliance with dose limits as stipulated
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by regulatory authorities is mandatory. Solid-state luminescence dosimetry tech-
niques like Thermoluminescence (TL) and Optically Stimulated Luminescence
(OSL) have emerged as the most viable option for assessment of radiation doses
received by the occupational workers. These techniques offer inherent operational
simplicity and cost-effectiveness. This article attempts to highlight the efforts made
by Bhabha Atomic Research Center (BARC), in the recent few years, to augment the
existing dosimetric techniques and to develop newmodalities for varied applications.

10.2 Introduction

Robert Boyle in 1663 was the first to record the TL response scientifically by
heating a diamond, giving a glimmering light (Boyle 1663). However, Wiedemann
and Schmidt (1895) of Germany were probably the first to report experimental and
radiation-induced TL in a wide variety of synthetic and natural materials, immedi-
ately beforeW.C. Roentgen discoveredX-rays. They showed that certain bodies emit
light after exposure to cathode rays or the electric spark, when they are heated to a
temperature much below that is required to cause incandescence (Rutherford 1913).
The study of radiation-induced TL received the much needed impetus from Curie
(1904)when shewrote her doctoral thesis whichmentioned the TL properties of fluo-
rite exposed to radium. In the late 1940s and early 1950s, Farrington Daniels and his
team at the University ofWisconsin (USA)made significant advancements in the use
of Thermoluminescence (TL) as a radiation dosimetry tool. Their pioneering work
focused on studying Lithium fluoride (LiF) as a TL material (Daniels et al. 1953).
Initially, LiF was employed as a dosimeter to measure radiation doses following
nuclear weapon tests. As more scientific groups began exploring TL dosimetry
(TLD), the idea gained momentum.

Cameron and Kenney (1963), Cameron et al. (1968) discovered that the desirable
TL properties in lithium fluoride were associated with complex defects resulting
from the presence of Ti and Mg. Their research eventually led to the patenting
of TLD-100 by Harshaw Chemical Company in 1963. The first application of TL
material to estimate an individual’s dose occurred through a unique collaboration
between Daniels and Marshal Brucer at the Oak Ridge Institute of Nuclear Studies.
The crystal of LiF was ingested by one of Brucer’s cancer patients undergoing 131I
treatment. After a few days, the crystal was retrieved and analyzed, estimating the
delivered dose to be 60 Roentgen (Frame 2005).

Luminescence is a phenomenon in which a material releases its stored excitation
energy in the form of UV or visible light. Unlike incandescence, luminescence does
not rely on high temperatures and typically does not generate noticeable heat. This
characteristic led to the term “cold light” being used to describe these emissions.

Thermoluminescence (TL) ormore accurately thermally stimulated luminescence
(TSL) is one of the many luminescence processes, viz., photoluminescence, electro-
luminescence, cathodoluminescence, etc. TL refers to the emission of light, beyond
the thermal radiation, by an insulator or semiconductor material that has previously
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been exposed to ionizing radiation. This emission occurs when the TL material is
heated, a process known as stimulation. TheTLphenomenon exhibits high sensitivity
to the presence of defect centers, which play a crucial role in the TL process. In a
study conducted by Townsend and Kelly (1993), it was quantified and estimated that
the TL technique is capable of detecting defect levels as low as 109 in the phosphor
material. This highlights the remarkable sensitivity of TL as a method for detecting
and quantifying defects in materials. The exceptional sensitivity of the TL process
allows us to accurately determine extremely low radiation doses, reaching levels as
minute as (μGy).

During TL readout, under favorable conditions, the intensity of light emitted from
a material is directly proportional to the absorbed dose caused by ionizing radiation.
Therefore, by experimentally measuring the quantity of emitted light, it becomes
possible to estimate the dose, which represents the energy absorbed per unit mass in
the material. This fundamental principle forms the basis of dosimetry.

10.3 TL and OSL for Radiation Dosimetry

10.3.1 Thermoluminescence (TL)

In general, the phenomenon of TL is exhibited by insulators, semiconductors,
or organic materials. However, for radiation dosimetry, the wide bandgap mate-
rials (insulators) are preferred, either in single crystal or polycrystalline form.
Figure 10.1a, b shows the schematic picture of an ideal crystal of an insulator and the
corresponding band structure. The well-defined band structure is a consequence of
long-range order in the ideal crystal. Such an ideal crystal is never found because of
the intrinsic defects. Two defects are always present in the real crystal. The first one
is the finite size of the crystal due to which its periodicity is broken at the surface thus
leading to imperfection. Also, at the temperatures above 0 K, the lattice vibration
leads to the imperfections like interstitials and vacancies to minimize the Gibbs free
energy. Apart from these two defects, the real crystals always have vacancies, inter-
stitials, grain boundaries, stacking faults, etc. During the synthesis of any TL/OSL
phosphor, defects are deliberately introduced in the crystal to create electron and hole
traps that render sensitivity to the material making it amenable for its use in radiation
dosimetry. Therefore, perfection of any phosphor material is neither achievable nor
many a times desirable. Figure 10.2a, b shows such a crystal and corresponding band
structure. It must be noted that the electron traps are empty and hole traps are filled
with electrons (represented by blue circle). The TL process consists of following
three-stages:

Excitation by Ionizing Radiation: During irradiation with ionizing radiation (exci-
tation) such as gamma rays, electrons from valence or any other inner shells receive
sufficient energy and are excited/pumped to the conduction band, creating a hole
(absence of electron) in the valence or any other inner shell band. Excitation from
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Fig. 10.1 a Band structure of an ideal crystal, b Schematics of an ideal crystal of an ionic solid
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Fig. 10.2 a Band structure of TL/OSL phosphor, b Crystal structure of a TL/OSL phosphor

the inner shells is an important aspect of TL/OSL process because it is due to this
excitation, the response of non-tissue equivalent phosphors is more than one, particu-
larly at low photon energies, where photoelectric effect is dominant. Both the valence
band and the conduction band contain mobile entities such as holes and electrons.
Typically, the recombination of electrons in the conduction band and holes in the
valence band leads to the phenomenon of radioluminescence. However, in excep-
tional circumstances, electrons in the conduction band can become trapped at specific
electron traps (ET) (Fig. 10.3a) and the corresponding holes (represented by green
circle) are trapped at hole traps (HT).

Latency Period: If the energy difference between the electron trap and the bottom of
the conduction band (Ee) and hole trap and top of the valence band (Eh) is sufficiently
large, these trapped electrons and holes are stable at the respective sites (Fig. 10.3a,
b). This stage is called as latency period or energy storage period. These trapped
entities will remain at these sites until they are stimulated either by heat (which leads
to TL) or by light (OSL). The life time of the trapped entities may vary from a few
seconds to millions of years depending upon the trap depth (Ee or Eh).

Readout: During TL readout, the temperature of the TL phosphor is gradually
increased (generally linearly). If the trapped electrons acquire sufficient energy
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Fig. 10.3 a Band structure of TL/OSL phosphor after irradiation, b Crystal structure of a TL/OSL
phosphor after irradiation
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Fig. 10.4 a Band structure of TL/OSL phosphor during readout, b Crystal structure of TL/OSL
phosphor during readout

they are stimulated to the conduction band. Once in the conduction band, these
electrons are free to move and can potentially combine with the trapped holes
(Fig. 10.4a, b). The energy released during recombination is converted in the form of
photons referred as TL. In case of OSL, the stimulation agent is light (usually blue).
After readout, the lattice is restored in its original state and hence ready for reuse. It
is an important aspect of TL/OSL-based dosimetry.

10.3.1.1 The TL Glow Curve

During TL readout, the intensity or brightness of the emitted light is typically plotted
against temperature, resulting in a TL glow curve. The simplified and phenomeno-
logical mathematical model describing TL was initially formulated by Randall and
Wilkins (1945a, b). This model considers a phosphor with a single type of defects
that produce a solitary electron trap level possessing a specific activation energy or
trap depth, denoted as E. At a given time t and temperature T (measured in Kelvin)
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following initial radiation exposure, this trap contains n electrons. The energy distri-
bution of electrons within the trap is determined by the Boltzmann distribution.
The probability of electron release or de-trapping (p) can be calculated using the
following Arrhenius equation:

p = s exp

(−E

kT

)
(10.1)

Here, k represents Boltzmann’s constant,
The symbol s represents the attempt-to-escape factor or frequency factor (often it

ranges from ~1012–1014 s−1 depending on nature of defect and host lattice).
The number of electrons released from this trap will be the product of number of

trapped electrons (n) and probability of release of an electron (p) from the trap, i.e.,

−
(
dn

dt

)
= np = ns exp

(−E

kT

)
(10.2)

where the number of electrons trapped (n) at any instance has the units of cm−3.
Once the electron is released from the electron trap, it has two possible paths. It can
either be re-trapped by the electron trap or it can recombine with a trapped hole.
According to Randall andWilkins’ assumption, once the electrons are released from
traps, they will combine with holes trapped at hole traps, resulting in TL with zero
probability of re-trapping. As a result, the rate of electron de-trapping/release is
directly proportional to the concentration of trapped charges (n) and is referred to as
“first-order” kinetics. In such a scenario, the intensity of the TL glow, represented
as I(t), is proportional to the rate at which trapped electrons are released and can be
mathematically expressed as follows:

I (t) = −C

(
dn

dt

)
= Cns exp

(−E

kT

)
(10.3)

where the constant C is related to TL efficiency and instrument parameters.
For linear heating profile the temperature varies as T (K) = T0 + β·t (s), where β

is heating rate and T is absolute temperature. The above equation then modifies to.

I (T ) = −C

(
dn

dT

)
= −Cns

β
exp

(−E

kT

)
(10.4)

Figure 10.5a shows theoretically simulated TL glow curve for E = 1 eV, s =
1012 s−1, and β = 0.5 K/s. The TL peak occurs at around 200 °C. The presence of a
peak indicates that two mutually opposing parameters dictate the TL phenomenon.
According to Eq. 10.3, the intensity of TL is influenced by two factors: the quantity of
trapped electrons (n) at a specific temperature and the probability of electron release
(p) from the trap. With increasing temperature, the trapped electrons are gradually
released (stimulated) and move to the conduction band. Hence, n decreases with
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Fig. 10.5 a Simulated curves for first-order kinetics and trap parameters E = 1 eV, s = 1012 s−1, β
= 0.5K/s showing (i) depletion of trapped charge carriers (n), (ii) TL glow peak, and (iii) Probability
of release of trapped charge carries (p) with temperature, b Variation of TL intensity with heating
rate. With increase in heating rate (β), the TL peak as well as entire curve shift toward higher
temperature

temperature. It is not difficult to comprehend that the second factor p increases with
increase in temperature. The variation of n and p with T is shown in Fig. 10.5a.

Figure 10.5b shows the simulated TL glow curves for different heating rates.
It is evident that the TL glow peak shifts toward higher temperature region with
increase in heating rate. The phenomenon of the shift of a TL glow curve with
heating rate is widely recognized and easily observed, as described by the model
proposed by Randall and Wilkins (1945a). It is noticed that the TL glow peak moves
toward higher temperatures, but occurs earlier in the time domain, as the heating rate
increases. Initially, this shift in the TL glow peak with a change in heating rate may
not be readily apparent. However, the empirical explanation of this observation was
proposed byKitis et al. (1993). To understand the shift qualitatively, let us assume two
heating rates β1 and β2 such that β2 > β1. Now, at lower heating rate β1, the phosphor
experiences an instantaneous temperature say T1, for longer duration compared to
β2. As a result, at lower heating rate, higher number of charge carriers (electrons or
hole) are stimulated and thermally released at arbitrary temperature T1. The extent of
stimulation depends on the lifetime of trapped charge carriers at given temperature.
The phosphor therefore absorbsmore energy from the heating systemat lower heating
rate as compared with that of higher heating rates. Hence, to release the same number
of charge carriers thermally at β2, a higher temperature T2 is necessary. Consequently,
the entire TL glow peak shifts toward the higher temperature region as the heating
rate increases. This shift is influenced by both the lifetime of charge carriers and
the duration spent at corresponding temperature. An alternative approach related to
effect of black-body radiation along with its mathematical formalism has also been
suggested by Rawat et al. (2014a). This approach qualitatively and quantitatively
explains shift in TL peak with increasing/decreasing heating rate.
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10.3.1.2 Limitations of TL

The TL attributes of any phosphor material critically depend on the type of defect
structure. The temperature-dependent stability of these defects decides the faithful
and reproducible extraction of dose-related information and hence the dosimetric
performance of the phosphor. Few materials exhibit sharp reduction in TL efficiency
at elevated temperatures. This reduction is attributed to dominant non-radiative relax-
ation process (Rawat 2012). The reduction in TL efficiency at elevated temperature
is called as thermal quenching that hampers the application of the TL material as a
dosimetric phosphor. However, heating of a sample and associated rise in temperature
being intrinsic to the TL process is inevitable. Moreover, the reuse or redeployment
of TL phosphor in radiation dosimetry necessitates the heat treatment of TL phos-
phor. This is required for resetting of the phosphor or zeroing of the dose before its
redeployment. The heat treatment is not completely a non-destructive process and
depending on the material may upset the defect structure and remarkably alter the
sensitivity and performance of the phosphor (Rawat 2012). Therefore, it is crucial to
maintain a precise and consistent heating profile during the TL process. Additionally,
repeated heating of a phosphor can negatively impact its chemical integrity. These
challenges necessitate a suitable solution in terms of a stimulation technique that is
based on a more user-friendly and convenient method, such as light stimulation.

10.3.2 Optically Stimulated Luminescence (OSL)

OSL refers to the emission of light that occurs when crystalline solids (insulators or
semiconductors), whichwere previously excited by ionizing radiation, are stimulated
with a different wavelength of light. The initial excitation places the entire crystalline
material in a metastable state, wherein electrons and holes become trapped at corre-
sponding defect levels (Rawat 2012).When stimulated by visible photons (light), the
trapped electrons and holes are released during the OSL process. This leads to the
recombination of electron and hole pairs and subsequent excitation of luminescence
centers within the crystalline solid. OSL involves the emission of photons as the
excited luminescence centers undergo radiative relaxation back to the ground state.

Earlier, OSL was not a popular technique and thus not used extensively unlike
TL technique in radiation dosimetry, as there was dearth of highly sensitive, low
effective atomic number luminescent materials with acceptable or negligible post-
irradiation fading characteristics. However, the introduction of α-Al2O3:C phos-
phor about 30 years ago, as a highly sensitive dosimetric material, has attracted
many researchers to work on its applications in OSL-based radiation dosimetry.
Bøtter-Jensen and McKeever (1996) has reviewed the potential of OSL for radiation
dosimetry.

Some nationally accredited service providers in the USA are utilizing OSL
dosimetry systems based on Al2O3:C (Botter-Jensen et al. 2003). This system
meeting American National Standards Institute (ANSI) criteria has largely replaced
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TL-based dosimetry systems. OSL-based system has also been introduced for
personnel monitoring in some other countries (Pradhan et al. 2008). It is estimated
that more than 25% of about 5 million badges worldwide are in fact OSL dosimeters
(Lee and Jai 2001). TheNational Council on Radiation Protection andMeasurements
(NCRP) has approved the use of Al2O3:C-based OSL dosimeters for dosimetry
of astronauts and the habitable areas of spacecraft (Yukihara et al. 2006a; Yuki-
hara and McKeever 2011). Additionally, OSL technique has emerged as a real-time
in vivo dosimetry tool for applications such as mammography, radiotherapy, and CT
scans. For the past three decades, OSL phosphors like BaFBr:Eu, etc. are extensively
used for storage plates, along with other applications like two-dimensional imaging
(Pradhan et al. 2008).

10.3.2.1 Merits of OSL Technique

OSL technique is all optical in nature and therefore obviates the need of heating.
As OSL measurements are carried out at room temperature, the problem pertaining
to thermal quenching, if any, does not arise unlike in TL. OSL is essentially a non-
destructive technique. However, TL is quasi-destructive as it involves heating that
may disturb the defect structure in material thus resulting in change of sensitivity and
usage for a limited number of cycles when compared to OSL. Due to heating require-
ment, the TL dosimeter cannot be encapsulated in an inexpensive plastic unlike OSL
dosimeter. Further, the TL dosimeter needs to withstand frequent administration of
harsh temperature cycle that prevents fabrication of thin TL dosimeters. Therefore,
thickness of TL dosimeter is usually high enough to ensure geometrical integrity
and prevent any buckling. This makes TL-based beta dosimetry a challenging task
and introduces uncertainty in measurement of beta doses. The problem can be over-
come by fabricating thin OSL dosimeters required for beta dosimetry. OSL offers
inherent simplicity and ease of instrumentation. By controlling stimulation intensity
and time, the OSL signal can be obtained in relatively lesser time, which offers fast
readout and hence high throughput can be achieved. The scenario of high throughput
is essential in case of routine personnel monitoring wherein large number of OSLD
badges need to be processed. Further, restricting OSL readout for few seconds paves
the way for multiple assessment of doses in continuous wave as well as pulsed mode
(Rawat et al. 2015). The detection of doses as low as sub-μGy can be achieved
using OSL technique (Rawat et al. 2014b, 2017). Two-dimensional dose imaging
with high spatial resolution can be attained using OSL film that can be used to assess
the legitimacy and genuine nature of the over-exposure cases in routine personnel
monitoring. Remote optical fiber-based dosimetry in real time is another advantage
of OSL dosimetry for medical applications.

Al2O3:C-based OSL dosimeter offers high sensitivity, low background, high
spatial resolution, and availability in various dimensions and shapes. Additionally,
it offers the capability of measuring absorbed doses in real time for both electron
and photon field, and temperature independence for the ease of calibration and use
(Pradhan et al. 2008). Although OSL offers several advantages, a few limitations of
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OSL include dark room conditions for handling. The OSLD badge also needs to be
light tight else the OSL signal will get erased to certain extent.

10.3.3 Salient Features of Luminescent Material
for Dosimetry

TL/OSL phosphors for dosimetric applications should possess the following
attributes (Rawat 2012):

• High TL/OSL efficiency, indicating a significant light output in relation to the
absorbed dose per unit mass.

• Long-term stability of trapped charge carriers, ensuring for the retention of the
stored signal at room temperature even after irradiation.

• Long-term stability of trapped charge carriers (post-irradiation) and therefore the
stored signal at room temperature.

• Very good shelf life of the phosphor, i.e., the TL/OSL sensitivity of the phosphor
should not exhibit any reduction when used after long duration.

• Chemical stability, enabling resistance to harsh climatic conditions including
pressure, temperature, and humidity.

• TL/OSL emission spectrum of the phosphor should match with spectral response
of readily available photomultiplier tube/detector system. For instance, it is desir-
able to have phosphors with characteristic light emission occurring in the high
efficiency region (preferably 300–500 nm) of photomultiplier tube. Similarly,
TL phosphors with negligible or low luminescence emission in infrared region
upon heating are suitable for radiation dosimetry. This is desirable as the lumi-
nescence signal can easily be segregated/filtered from background resulting from
black-body emission, which lies mostly in infrared region during heating.

• Near-tissue equivalent response is preferable. In other words, effective atomic
number (Z) of the phosphor should be close to that of tissue (Ztissue ~ 7.4).
This condition ensures that the measured dose is close to the dose absorbed by
the human body, particularly for low-energy photon (<200 keV) region where
photoelectric effect is dominant.

• It should have linear response over a wide dynamic dose range. This offers
the possibility of calibrating the dosimeters at a single dose value, making the
calibration process simpler.

In addition to the above, a few other desirable features for TL-based phosphors
are

• Simple glow curve structure with single glow peak around 200 °C. If the peak
temperature is too low (~100 °C), the TL signal is unstable as it will fade at room
temperature. If it is too high (~ 400 °C), there will be issues pertaining to high
infrared (IR) background.

• TL material should exhibit negligible influence of room light.
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• TL phosphor should not exhibit any thermal quenching.
• Reusable with simple annealing procedure, with no alteration/loss in sensitivity

with reuse as well as repeated annealing.

Generally, aforementioned requirements should be fulfilled for a desirable TL/
OSL dosimeter. However, as often the case, not all attributes can simultaneously be
achieved.

10.4 Widely Used Luminescent Materials for Radiation
Dosimetry

Ever since Farrington Daniels and his research group at the University of Wisconsin
(USA) initially proposed the use of TL as a radiation dosimetry technique, a signif-
icant number of TL/OSL phosphors have been synthesized (Bhatt and Kulkarni
2014). Figure 10.6 provides a chronological overview of some noteworthy TL/OSL
phosphors that have been developed. These phosphors are synthesized using various
techniques, including: (i) co-precipitation technique, (ii) solid-state diffusionmethod,
(iii) recrystallization from solution, (iv) melt process technique, (v) growing single
crystals from melt, (vi) Solution Combustion Synthesis (SCS) method, and (vii)
sol–gel method. (International Atomic Energy Agency 2004). Figure 10.6 gives a
chronological account of development of important TL/OSL phosphors.

10.4.1 CaSO4:Dy

CaSO4:Dy is the backbone of TLD-based country-wide personnel monitoring
program in India. Personnel monitoring is measurement of radiation doses received
by an individual from external and/or internal radiation, which also includes keeping
records of doses that have been determined. Individual monitoring is employed to
assess the efficacy of radiation control measures within the workplace. It serves the
purpose of detecting any alterations occurring in the workplace, validating or supple-
menting stationary workplace monitoring, identifying work methods that minimize
radiation exposure, and providing crucial information in case of accidental exposure
(International Atomic Energy Agency 2004; Pradhan et al. n.d.).

In India, the official centralized Personnel Monitoring Service (PMS) was started
in 1952 by BARC using the Film Badge (Pradhan et al. n.d.). Although the film
badge paved the way for personnel monitoring in India, it faced several limitations
like fogging caused by high temperature and light, complicated chemical process for
read out and non-reusability. This leads to the indigenous development of CaSO4:Dy-
based TLD system, which is a better dosimetry technique.
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Fig. 10.6 Chronological development of some important TL and OSL phosphors with potential
application in dosimetry

Yamashita et al. (1968, 1971) reported the synthesis of highly sensitive Dy- and
Tm-doped CaSO4 TL phosphor by recrystallization method. Analytical-reagent-
grade CaSO4.2H2O and reagent-grade rare oxides were dissolved in hot sulfuric
acid kept around 300 °C. This saturated solution of CaSO4 is boiled off to get small
crystallites of the material. The sensitivity of the phosphor material prepared by this
technique is about 35 times that of LiF:Mg,Ti. Although this method is straightfor-
ward, it is not the best for preparing the phosphor in large quantities, wherein evapo-
rating large quantity of conc. H2SO4 leads to problems of corrosion and pollution. In
the study conducted byRao et al. (1980), it was observed that the process of acid evap-
oration in an open-air environment leads to inconsistencies in TL sensitivity between
different batches, primarily due to contamination. A novel method was established
to standardize the TL phosphor production process. This method involves distilling a
saturated solution using air as the carrier gas, enabling the recovery of approximately
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98% of H2SO4. More than 90% of the recovered H2SO4 is of 35–36 N concentration,
which is then recycled for the preparation of new batches. The resulting crystalline
powder undergoes annealing at 700 °C for 2 h to eliminate any residual traces of
H2SO4 and enhance the TL characteristics for future reuse (Sunta 1984). This modi-
fied technique is employed for the commercial production of theCaSO4:Dy phosphor
(600 g per batch) (Bhatt and Kulkarni 2014). BARC also developed an indigenous
technique to fabricate PTFE (polytetraflouroethylene)-based CaSO4:Dy TLD disks
for routine application in dosimetry. The process of phosphor preparation in powder
form, preparation of PTFE-based disks, TLDbadges, and dosimetric procedureswere
standardized which led to transfer of technology to the private sector. This made the
decentralization of the PMS feasible and economically viable. Presently, 16 TLD
Laboratories (government and private) located in various parts of the country are
providing Personnel Monitoring Services (PMS) using the indigenously developed
TLD Badge System. This development initiated the replacement of Film Badge by
TLD badge starting from 1975 in a phased manner (Vohra et al. 1980; Pradhan 1981;
Kher et al. 1983; Lakshmanan et al. 1986).

A TLD badge comprises a TLD card inserted into a cassette that includes appro-
priate metallic filters. It consists of three PTFE-based CaSO4:Dy disks mechanically
clipped on a nickel-plated aluminum card (Fig. 10.7). The TLD cards are read out
in an indigenously developed semi-automatic TLD reader system (Fig. 10.8), which
can handle 50 cards in a single run. The readout process is very simple as compared
to that of film badge. TLDs offer a wider dose measurement range compared to film
badges. They can be read onsite, eliminating the need for sending them away for
developing. Moreover, TLDs can easily be reused. Thus, the introduction and advent
of TLDs completely revamped the personnel monitoring program of India.

Fig. 10.7 TLD Badge and
TLD Card used for
country-wide personnel
monitoring in India
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Fig. 10.8 TLD Badge Reader along with PC and other accessories

10.4.2 LiMgPO4: Tb, B (LMP)

The OSL is now popular as a luminescent dosimetric technique due to various
advantages over TL technique. However, not many commercial OSL phosphors are
available with exception of artificially grown Al2O3:C and BeO. Due to scarcity
of dosimetry-grade OSL phosphors, efforts were made to synthesize other OSL
materials. In BARC, LiAlO2:Tb/Ce (Dhabekar et al. 2008; Mittani et al. 2008),
ZnAl2O4:Tb (Sanjeev et al. 2008), MgAl2O4:Tb (Alagu et al. 2009) phosphors were
synthesized. However, LiMgPO4:Tb,B phosphor (LMP) proved to be a possible
dosimetric phosphor. The effective atomic number of LMP is Zeff ~ 11.44, which is
comparable to that of Al2O3:C Zeff ~ 11.28 (Bhushan et al. 2011). LMPwas prepared
by solid-state reaction between lithium hydroxide, magnesium nitrate, and ammo-
nium dihydrogen phosphate in air at 750 °C. The dopants were taken in the form of
terbium oxide and boric acid. After confirming the LiMgPO4 phase formation with
X-ray diffraction (XRD), LMP was characterized for its application in dosimetry.

The material exhibits a broadband around 240 nm in its photoluminescence (PL)
excitation spectrum. This band corresponds to 4f-5d transitions in Tb3+. Additionally,
sharp lines beyond 300 nm are observed due to forbidden f-f transitions in Tb3+. The
PL and OSL emission spectrums of LMP, as reported by Bhushan et al. (2011) and
Rawat et al. (2017), respectively, display multiple lines at approximately 380, 417,
440, 490, 545, and 585 nm. These lines correspond to various transitions, such as
5D3–7F6, 5D3–7F5, 5D3–7F4, 5D4–7F6, 5D4–7F5, and 5D4 -7F4, indicating the presence
of Tb3+ as a luminescent center in LMP.Of particular interest is the prominent 380 nm
OSL emission peak, which can be efficiently detected by the RISO reader system
utilizing a U-340 Hoya detection filter and a bi-alkali PMT. The OSL sensitivity of
LMP was found to be approximately 1.8 times that of Al2O3:C when integrating
OSL counts for the initial 1 s (Bhushan et al. 2011). The minimum detectable dose
for LMP was optimized to around 0.5 μGy (Rawat et al. 2017).

Furthermore, thePTFE-baseddisks preparedusingLMPwere found to be reusable
for up to 50 cycles. One unique characteristic of LMP is its linear dose versus
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OSL response, ranging from 1 mGy to 1 kGy. It is noteworthy that commonly used
TL phosphors such as LiF:Mg,Ti, LiF:Mg,Cu,P, and CaSO4:Dy, as well as gener-
ally employed OSL phosphors like Al2O3:C or BeO, do not exhibit such a wide
linearity. LMP thus is an important phosphor, which has tremendous potential in
food irradiation dosimetry.

In India, dosimetry for food irradiation generally involves the use of chemical
dosimeters like Fricke and Ceric cerous sulfate. However, these dosimeters require
careful handling during irradiation. For example, in Fricke dosimeters, insufficiently
clean glassware can lead to false background absorbance, especially at shorter wave-
lengths (Fricke et al. 1966). The alanine/EPR system is a powerful technique suitable
for awide range of radiation doses encountered during food irradiation.However, due
to the high cost of EPR spectrometers and the need for expertise and highly trained
personnel, this technique is not yet commonly used (Prakasan et al. 2014). Hence,
there is a need for an easily available, simple, fast, and cost-effective dosimetry system
that is insensitive to environmental conditions such as temperature and humidity, for
routine food irradiation dosimetry in the dose range of 0.01–1 kGy. OSL-based
dosimetry can serve as an alternative to chemical dosimeters for food irradiation
dosimetry. It offers advantages such as fast and automatic readout, resilience in
harsh environments, and ease of handling. The LMP-based OSL dosimetry system
possesses all these desirable attributes,making it a promising candidate for dosimetry
during phytosanitary applications of radiation in the low-dose range of 0.01–1 kGy.
This includes the irradiation of fruits like mangoes, onions, potatoes, garlic, and
others (Menon et al. 2019). However, the fading of the OSL signal up to 30% for
an extended period of time poses limitation, particularly if the time of irradiation is
unknown (Menon et al. 2018). In food irradiation dosimetry, the time of irradiation is
normally known and the correction factor for OSL fading can be applied to evaluate
the doses accurately. LMP exhibits three TL peaks at ∼130, ∼160, and ∼250 °C
(Fig. 10.9) when the TL is recorded up to 350 °C (Menon et al. 2018). Although the
first peak fades quickly within 1–2 days, the second TL peak around 160 °C is more
stable and is responsible for extended fading of OSL signal in LMP. Thus to have
better fading characteristics, the intensity of the second TL peak should beminimized
while keeping the intensity of the third peak (∼250 °C) almost same. Efforts were
made to reduce the intensity of the second peak by modifying the concentration of
dopants. It was found that the second TL peak is minimum in LiMgPO4:B (LMP-N)
with peak3/peak2 ratio of 2.7 as compared to 0.63 for LMP (Menon et al. 2018).
This modified version of the phosphor, LiMgPO4:B (LMP-N), retains all virtues of
LMP like high OSL sensitivity, linearity up to 1 kGy. It is also observed that LMP-N
exhibits better fading property as compared to that of LMP. The OSL signal in LMP
stabilizes (due to fading) at about 70% of initial OSL intensity, while in LMP-N it
stabilizes at 85%. Thus by utilizing appropriate procedures for fading correction,
LMP-N can be used for various dosimetric applications for a wide range of doses,
particularly in low-dose range of food irradiation dosimetry.

Apart from dosimetric characterization, efforts were also made to understand the
nature of TL and OSL of LMP. It was confirmed that the OSL signal in this phosphor
arises from five optically sensitive traps with different photoionization cross sections
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Fig. 10.9 Normalized TL
glow curves of LiMgPO4:B
and LiMgPO4:Tb,B
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and same traps are responsible for both TL and OSL in this phosphor (Singh et al.
2012). The OSL contributions from first, second, and third TL peak were reported
to be about 33%, 45%, and 22%, respectively (Munish et al. 2011).

10.4.3 Li2B4O7:Cu, Ag

Lithium Borate, i.e., Li2B4O7 (LBO) being tissue equivalent (Zeff ~ 8) is a very
useful TLmaterial. Further, this material has very intense emission for UV excitation
(Senguttuvan et al. 2002).

LBO doped with Cu has been found to be light sensitive, and exposure to sunlight
leads to significant fading of the TL signal (Takenaga et al. 1980; Lakshmanan et al.
1981). Although the reduction in TL signal due to sunlight exposure is considered
a disadvantage, it can be advantageous when using doped LBO as an OSL material
for radiation dosimetry. Single crystals of LBO:Cu grown using the Czochralski
technique do not exhibit a significant OSL signal when stimulated by 470 nm light
(Babita et al. 2010). However, Czochralski-grown single crystals of Li2B4O7:Cu,
Ag show a considerable OSL signal when stimulated by blue light (470 nm). In the
growth process, commercially available polycrystalline powder material of Li2B4O7

(99.99 + % pure) is used as a starting charge, and high-purity CuO and Ag2O
(0.25 wt% each) are mixed with the Li2B4O7 charge. Babita et al. (Babita et al.
2010) reported first-order kinetics for all the TL peaks exhibited by LBO:Cu, Ag.
The emission and excitation bands, peaked at 370 nm and 250 nm, respectively, are
attributed to the spin and parity forbidden 3d94s→ 3d10 transitions. LBO:Ag crystal
shows an emission band at 267 nm and an excitation band at 210 nm, with a mean
decay time of 10μs. The luminescence in this region is attributed to the 4d95s→ 4d10

transition of Ag+ ions. The emission spectrum of Ag+ overlaps with the excitation
region of Cu + , resulting in the predominant emission of Cu+ states at 370 nm in
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LBO:Cu, Ag. Consequently, Ag acts as a sensitizer when co-doped with Cu, leading
to an overall increased emission. Rawat et al. (2012) conducted OSL investigations
on LBO:Cu, Ag and reported it for the first time. Using the continuous wave (CW)-
OSL method, the Minimum Measurable Dose (MMD) in this material was found
to be approximately 10 mSv at room temperature. Furthermore, a correlation study
between CW-OSL and TL suggests that the third TL peak is responsible for the fast
OSL component, allowing for achieving an MMD as low as a few mGy (Rawat et al.
2012). The shallow traps delay the occurrence of OSL signal and thus extends the
acquisition time. The interference of these traps can be suppressed and minimized
by simultaneous application of elevated temperature and henceMMD and sensitivity
of LBO:Cu,Ag can be improved.

10.4.4 Al2O3:C

A highly promising phosphor TLD-500, i.e., α-Al2O3:C was originally developed
as a TL phosphor by Urals Polytechnic Institute, Russia (Akselrod et al. 1990).
This material exhibited excellent TL sensitivity. However, the fact that the storage of
this phosphor post-irradiation required protection from exposure to sunlight/ambient
light led a research group at Oklahoma State University to exploit the application of
Al2O3: C as a highly sensitive OSL phosphor for dosimetry of ionizing radiation.
This ceramic material possess extreme thermal, chemical, and mechanical stability.
Additionally, it possess a large photoionization cross section in the broadband of
stimulation wavelength ranging from 450 to 555 nm (Rawat 2012). The intrinsically
high cross section and sensitivity during OSL readout ensures that stimulation of
even a tiny fraction of all the trapped charges can yield sufficient luminescence
output allowing fast and multiple readout of the sample. Owing to these properties
of Al2O3:C, currently more than 1.5 million OSL dosimeter badges are routinely
used for personnel and environmental monitoring worldwide (Rawat 2012; Pradhan
et al. 2008).

Conventionally, the synthesis ofα-Al2O3:C is carried out usingCzochralski-based
crystal growth technique. The utilization of a “single crystal” approach is anticipated
to present certain challenges due to the specific temperature and growth rate require-
ments for crystal formation. During the crystal growth process, vacancies in the
aluminumoxidemelt tend tomigrate forward, resulting in an increased concentration
of defects along the growth axis. The region of the crystal that solidifies last typically
exhibits the highest concentration of F centers. Consequently, it becomes challenging
to control the level of carbon incorporation into the lattice and achieve uniformity in
both the nature and concentration of defects using this synthesis method. This lack
of control leads to undesired variations in the dosimetric properties across different
regions of the crystal (Rawat 2012; Gimadova et al. 1990). Another problem asso-
ciated with crystal growth route is that it demands expensive equipments and is
time-consuming, particularly during large-scale phosphor development. These limi-
tations of diverse nature have prompted and propelled the successful development
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of an indigenous, novel, and cost-effective pathway, i.e., melting of polycrystalline
Al2O3 in vacuum and reducing atmosphere, that has led to the synthesis of this highly
sensitive, multifunctional α-Al2O3:C phosphor (Rawat 2012; Muthe et al. 2016).
This highly economical technique of melt processing for synthesis of Al2O3:C is
very effective in generating defects that are dosimetrically relevant.

Melt Processing technique for large-scale production of α-Al2O3:C: This method
involves stacking of sintered pellets of polycrystalline alumina weighing ~ 50 gm,
which is placed in a graphite crucible (that acts as a source of carbon for doping in
alumina pellets). Subsequently, these pellets are melted in high-temperature vacuum
induction furnace, as depicted in Fig. 10.10, at 2000 °C, 10–6 Torr vacuum in a
controlled manner (Muthe et al. 2016). The furnace is allowed to cool down to
room temperature after reaching 2000 °C. The material thus formed is pulverized
and subsequently annealed at 650 °C for 1 h to remove the stress and luminescence
signal introduced during crushing and pulverization.

The TL andOSL sensitivity variation of different batches ofAl2O3:C, thus synthe-
sized, is within ±30% and its sensitivity is comparable to that of commercially
available α-Al2O3:C from Landauer Inc. USA. It exhibits negligible fading in TL/
OSL domain when stored for a duration of 2 months, compared to TL/OSL output
measured after 24 h of irradiation. The material showed linear response in the range
1 mGy to 5 Gy, and the MMD was found to be ~20 μGy (within 3σ).

Fig. 10.10 Inductively heated vacuum melting system



10 Luminescent Materials for Radiation Dosimetry 301

10.4.5 LiCaAlF6: Eu, Y (LCAF)

LiCaAlF6 is a scintillating inorganic phosphor, which has application in neutron
dosimetry (Okada et al. 2017). TL and OSL properties of the phosphor were inves-
tigated by doping it with various dopants. The TL properties of Ce-doped LiCaAlF6
were reported by Yerpude et al. (2016) while the OSL properties of Eu-doped
LiCaAlF6 phosphor were reported by More et al. (2015) with OSL sensitivity of
approximately one-third to that of LiMgPO4:Tb,B. Rahangdale et al. (2016, 2015)
reported the effect of co-doping on the OSL/TL properties of LiCaAlF6. The OSL
sensitivity of LiCaAlF6:Eu,Y (LCAF) synthesized by them was found to be about
eight times that of commercial Al2O3:C (Landauer) and detection threshold of
4.7μGy.Because of these promising features, the phosphorwas further characterized
at BARC in a more extensive way. For synthesis of LCAF, the analytical reagent-
grade lithium nitrate, calcium hydroxide, and aluminum nitrate were dissolved in
the stoichiometric ratios. Hydrofluoric acid (HF) was added drop-wise in the solu-
tion kept in a PTFE container to obtain the white precipitate of LiCaAlF6, which
was then washed multiple times with distilled water to remove the excess HF in the
solution, if any. The precipitate was dried on a hot plate at about 80 °C. Appropriate
quantities of europium oxide and yttrium oxide were added to the dried precipitate
of LiCaAlF6. The mixture was then melted at about 860 °C for about 10 min in an air
furnace and was quenched to room temperature. The particles in the range of 53–150
microns were selected for OSL measurements by crushing it and the mechanical
sieving. The annealing of the selected powder was carried out at 400 °C for 1 h to
remove the unwanted signal generated by mechanical grinding. The phase purity of
the as-prepared samples was confirmed by X-ray diffractometer. The concentration
of Eu was optimized to 0.1 mol % and that of Y to 0.5 mol % (Bhushan et al. 2017).

Photoluminescence studies show that when LCAF is excited by 300 nm, its emis-
sion band lies around 370 nm. Belsare et al. (2015) attributed the emission at 370 nm
in LiCaAlF6:Eu to the transition from the lowest level of 4f65d1 configuration to 8S7/2
level of 4f7configuration of Eu2+ ion. The excitation spectrum of LCAF consists of
multiple overlapping bands in 290–325 nm range due to the transitions from 8S7/2
level of 4f7configuration to the levels of 4f65d1 configuration of Eu2+ ions. Apart
from the band around 370 nm, sharp emission lines at 594 nm and 613 nm arising
from forbidden f-f transitions from 5Do→7F1 (594 nm) and 5Do→7F2 (613 nm) of
Eu3+ were observed. The excitation spectrum of sharp Eu3+ lines consists of multiple
lines in 300–400 nm range due to 7Fo→5L6 (392 nm), 7Fo→5G (380 nm), 7Fo→5D4

(365) nm, 7Fo→5H (325–335 nm), and 7Fo→5F (300–305 nm) transitions (Belsare
et al. 2015). The OSL emission spectrum of LCAF was recorded after exposing it
to about 100 Gy of Co-60. The OSL emission spectrum with 520 and 680 nm stim-
ulation exhibits broad 370 nm band due to transition in Eu2+ ion (Bhushan et al.
2017). No sharp lines corresponding to f-f transition in Eu3+ are observed in the OSL
emission spectrum. The 370 nm band corresponding to Eu2+ transition is observed
in both PL and OSL emission spectra of LCAF. This implies that Eu2+ ion acts as a
luminescent center in LCAF. The OSL sensitivity of LCAF is about 20 times that of
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commercially available Al2O3:C when compared on RISO reader using Hoya U-340
filter, with 0.5μGy ofMMD (Bhushan et al. 2017). One of the many possible factors
responsible for high OSL sensitivity is the existence of 370 nm OSL emission due to
divalent europium ion. This is because the Hoya filter allows most of the emission to
reach the PMT and this emission in this wavelength also matches with the spectral
response of the Bialkali PMT present in the RISO reader system. The phosphor is
reusable for the studied 50 cycles with no change in the OSL efficiency. The OSL
versus dose response shows linear response in the dose range of 1 mGy to 100 Gy
when irradiated with Co-60. Fading studies indicate a decrease of ~6% of OSL signal
till 9 days after irradiation, thereafter reaching stabilization (Bhushan et al. 2017).
Rawat et al. (Rawat et al. 2020) carried out temperature dependence of OSL on
LCAF. “It is found that the simultaneous application of thermal and optical stimula-
tion results inmore efficient and faster depletion of signal in comparison to the sumof
thermal and optical stimulations alone when carried out in isolation. Thus, simulta-
neous application of temperature and optical stimulation lead to increased synergistic
effect in terms of acquisition of luminescence signal” (Rawat et al. 2020).

10.5 Scope of Future Work

The scope of future work in luminescence dosimetry can be summed up in terms of
following existing challenges and pertinent solution for the same.

10.5.1 Materials for Neutron Dosimetry

Nuclear reactors and high-energy accelerators are intense sources of neutrons.
The neutron energy spectrum resulting from the fission of 235U has wide energies
extending from few keV to greater than 10 meV. These neutrons have average energy
of about 2 meV. In a research reactor, neutron beams emerging through the ports are
degraded in energy, as they pass through reactor core, coolant system as well as struc-
tural materials (Turner 2007). Therefore, personnel dosimetry at nuclear facilities has
become challenging and increasingly rigorous. It is necessary to study and investi-
gate the neutron response of dosimetric materials in the aforementioned energy range
using neutron beams that are well characterized. A few direct-reading dosimeters
exist but they are cost-prohibitive. A neutron dosimeter typically comprises albedo
dosimeter (that predominantly measures moderated and body-reflected neutrons).
The TLD Badge used in conjunction with it measures mixed gamma/neutron expo-
sures. The albedo neutron dosimetry has limitation, as it requires prior knowledge
and information about neutron energy spectrum of concern. The spectrum changes
even in the vicinity of human body due to scattering (Muthe et al. 2016; Okada
et al. 2017; Yerpude et al. 2016; More et al. 2015; Rahangdale et al. 2016, 2015;
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Bhushan et al. 2017; Belsare et al. 2015; Rawat et al. 2020; Turner 2007; Piesch and
Burgkhardt 1985; Gibson 1988; Haninger and Fehrenbacher 2007).

Despite very high sensitivity of Al2O3:C, the shortcoming associated with this
material is that it is insensitive to neutrons. It is due to the elemental composition of
Al2O3:C that offers negligible or practically insignificant thermal neutron absorption
cross section. This shortcoming can be addressed to certain extent by physicalmixing
or addition of neutron converters (like 10B, 6Li, 157Gd, etc.) to the OSL material.
However, the addition of neutron converters may result in alteration of effective
atomic number of OSL material, the limited range of secondary charged particles
(proton, alpha, tritium, etc.) due to self-absorption which can further hamper and
deteriorate the sensitivity of the material (Rawat 2012).

This limitation can be tackled by adopting alternate approach that involves opting
for a host lattice like lithium borate whose constituent elements possess large absorp-
tion cross section for neutrons. The secondary charged particles generated after inter-
action with neutrons will deposit their entire or substantial amount of energy inside
the host material. This enhances efficiency of detection, and therefore improvement
in sensitivity (Rawat 2012). However, the sensitivity is still not enough as natural
isotopic abundances of 6Li and 10B isotopes that render high thermal neutron absorp-
tion cross section aremerely ~7.5%and~19.5%, respectively. Thus, for improvement
in sensitivity, it is required to make Li- and B-based OSL phosphors that are enriched
in terms of 6Li and 10B. This being an expensive process, the availability of enriched
6Li and 10B for specialized and strategic applications is an issue.

10.5.2 High LET Radiation

External dosimetry for the personnel stationed on the earth is simple. The low Linear
Energy Transfer (LET, L) (<5 keV/μm) radiation normally encountered (photons and
betas) can bemonitoredwith TLDs/OSLDs,while high LET (>10 keV/μm) radiation
(fast neutrons) are monitored with Plastic Neutron Track Detectors (PNTD), e.g.,
CR-39. However, the situation for astronauts/cosmonauts is completely different.
Exposure to radiation occurs through three primary sources for astronauts: galactic
cosmic rays (GCR), solar particle events (SPEs), and charged particles trapped in
the Earth’s magnetic field (Earth’s Radiation Belts, ERB) (Yukihara and McKeever
2011). In addition, secondary particles generated by nuclear interactions between the
energetic primary particles and the astronaut’s surroundings, aswell as the astronaut’s
own body, contribute to individual doses. This makes the assessment of the total
absorbed dose in Gray for each astronaut challenging. Furthermore, to estimate the
health hazard posed by space radiation, the absorbed dose needs to be multiplied
by a quality factor (Q) to calculate the weighted dose in Sieverts (Sv), considering
the significant variation in Linear Energy Transfer (LET) of space radiation. Hence,
precise information on the Q is necessary.

In general, the efficiency of TLD/OSLDs decreases with increase in LET of radia-
tion for particles (Yukihara andMcKeever 2011; Yukihara et al. 2006b). Thus, TLDs/
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OSLDs should be used jointly with the detector that can evaluate doses from high
LET radiations with L values up to∼103 keV/μm, such as the PNTDs. Ideally, TLD/
OSLD should respond (ideally flat response) only to low LET radiation (L < 10 keV/
μm) and zero response to high LET radiation (L < 10 keV/μm) and vice versa for the
PNTD (respond to high L with no response to low L radiation). However, these two
dosimeters have overlapping responses, with TLDs/OSLDs having some sensitivity
up to very high LET radiations, and PNTDs having some response for low LET
radiation (up to ~5 keV/μm).

TL/OSL dosimeters are typically calibrated based on the absorbed dose to water
using gamma rays. However, it is important to note that the energy deposited in the
TLD/OSLD may not be identical to the energy deposited in water under the same
exposure conditions. Therefore, a thorough calibration of the dosimeters is crucial.
Considering these factors, space dosimetry poses significant challenges that need to
be addressed for accurate measurements.

In a few TLmaterials, some glow peaks are LET dependent, while others are inde-
pendent of LET. The varying LET efficiencies of the main glow curve peaks in these
materials can be advantageous in establishing an LET calibration curve. This enables
the determination of an “average” LET in mixed radiation fields. TLD materials like
LiF:Mg,Ti (in combination of TLD-100, TLD-600, and TLD-700) (Vana et al. 1996)
and CaF2:Tm (Hajek et al. 2008) are reportedly used for measurements of doses
using this high-temperature peak ratio (HTR) method. Similarly, the CW-OSL curve
tends to get steeper with increase in LET. Thus, the CW-OSL curve too can provide
some information about LET of the incident radiation. To study these effects, indige-
nously synthesized LiCaAlF6:Eu,Y and Al2O3:C TL/OSL phosphors in the form of
disks were characterized at the BARC-TIFR pelletron facility under the proton beam
with energy ranging from 8 to 20 meV. Identification of LET-dependent parameter
and dose response up to 20 mGy was investigated. It was found that the CW-OSL
curve becomes steeper with increase in LET. Two LET-dependent CW-OSL-based
parameters, ratio of initial to total OSL counts and the mean life of the CW-OSL
decay curve were identified. The dose linearity was also established up to 20mGy for
12 and 20 meV proton beams. However, further characterization of these phosphors
in other heavy ion beams is required to cover a wider LET spectrum.

10.5.3 Tissue Equivalent Material

Al2O3:C is an excellent OSL phosphor owing to its sensitivity, and other desirable
properties. However, its effective atomic number (Zeff) is 11.2 which is above the
effective atomic number for tissue. There are very few OSL phosphors that are close
to tissue in terms of their Zeff. BeO and Li2B4O7:Cu, Ag are few of those. However,
the problem with BeO is that it is toxic and poses difficulty in handling, particularly
when in powdered form. Similarly, Li2B4O7:Cu, Ag is hygroscopic and has far less
sensitivity. There is still a scarcity of tissue equivalent OSL material and efforts need
to be put in this direction.
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10.5.4 High-Dose Dosimetry

The high-dose radiation technologies have applications in radiation-induced poly-
merization, preservation of agriculture product, and sterilization of medical products
(Machi 1995). All these technologies use gamma emitters like 137Cs, 60Co or elec-
tron accelerators providing radiation doses as high as several kilo gray (Machi 1996).
For quality control and better effectiveness of radiation processing, there is a need
to measure associated doses due to ionizing radiation within stipulated uncertainty.
Hence, radiation dosimetry holds great significance in radiation processing, ensuring
it is conducted with precision, adherence to guidelines, and optimized procedures.
Moreover, high-dosemeasurements are necessary for nuclear power plants and liquid
sludge hygienization facilities. The widespread application of radiation in various
fields has driven extensive research toward creating an appropriate dosimetry system.
In pursuit of this goal, the development of lithium aluminate (LiAlO2) as a radiation
detection material has been a dedicated endeavor for over a decade, as evidenced by
Twardak et al. (2014a, 2014b) and Bhushan et al. (2008). Gupta et al. (2017) synthe-
sized LiAlO2-based phosphors using solution combustion method. They reported
linear dose response in TL domain for LiAlO2:Ce3+, LiAlO2:Dy3+, and LiAlO2:
Eu2+ phosphors up to 3 kGy, 3.5 kGy, and 10 kGy, respectively. However, issues
pertaining to sensitivity and fading remain unresolved. Bakshi et al. (2009) reported
the TL/OSL properties of indigenously synthesized CaF2:Mn which exhibits linear
TL response from 50 Gy to 3 kGy. They also claim that in the range of 500–1000 Gy
there was a little over response (~10%) which may be considered to be acceptable in
dosimetry applications. Apart from synthesizing phosphors for high-dose response,
certain techniques can also be devised that can extend linearity of TL/OSL phos-
phor on either side (lower as well as higher doses). One such technique is thermally
assisted OSL (TA-OSL) using which Soni et al. (Soni et al. 2013) has reported the
improvement in MMD extended dose linearity by more than one order of magnitude
in case of Al2O3:C.

10.6 Conclusions

CaSO4:Dy is the back bone and country-wide personnelmonitoring program in India.
The TLD-based dosimetry system, which includes synthesis of CaSO4:Dy phosphor,
PTFE-embedded CaSO4:Dy disks, and the TL reader system, is completely indige-
nous and is serving the nation successfully since its inception.However, due to several
advantages offered by OSL technique, there is a paradigm shift worldwide from TL-
to OSL-based dosimetry. This motivation led to the synthesis of several dosimetry-
grade OSL phosphors like LMP, LCAF, LBO, and Al2O3:C. Since ionizing radiation
has immense applications, there is a huge penetration of radiation-related technology
in daily life. For quality control and better effectiveness of radiation processing,
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there is a need to measure associated doses due to ionizing radiation within stipu-
lated uncertainty. Luminescent materials offer viable solution in this regard. Thus,
TL/OSL phosphors have potential application both in low-dose range like personnel
monitoring, environmental monitoring, diagnostic radiology, space dosimetry, etc.,
and in high-dose range like radiation therapy, food irradiation dosimetry, etc. TL/
OSL techniques have application in accident dosimetry and in archaeological and
geological dating too. Synthesis and characterization of dosimetry-grade TL/OSL is
still a vibrant and exciting field in material science, which is ever growing due to
several challenges like phosphors for neutron dosimetry, sensitive tissue equivalent
material, dosimetry in space, etc.
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Chapter 11
Carbon Material-Based Nanoscale
Optics and Plasmonics

Padmnabh Rai and Vivek Kumar Shukla

11.1 Introduction

High-speed and encrypted communication rely on the integration of photonic and
nanoscale electronic devices in the chip-scale circuitry (Ozbay 2006; Wang et al.
2020, 2018). Scaling down of electronic devices has brought their ultimate speed
and it is limited by short-channel and thermal effects in electronic interconnects
(Ozbay 2006). Optical interconnects possess large data-carrying capacity and may
offer interesting solution to this problem. Optical alternative may be attractive for
next-generation devices which comprise the architecture of electronic computing
units connected with high-speed links (Wang et al. 2020, 2018; Zia et al. 2006).
However, their integration is hampered due to large size disparity between elec-
tronic and dielectric photonic components (Zia et al. 2006). The size of dielectric
photonic components is limited by the fundamental laws of diffraction (about half a
wavelength of light) (Novotny and Hecht 2006). This size mismatch between elec-
tronic and photonic components presents major challenge to interface these tech-
nologies. Plasmonics is emerging as an alternate technology, which deals with prop-
agation and manipulation of electromagnetic wave on dielectric waveguide of size
at sub-wavelength regime (Zia et al. 2006; Novotny and Hecht 2006; Barnes et al.
2003).

Carbon-based materials (carbon nanotube, graphene, and single-crystal diamond)
have emerged as a potential material for developing electronic and optoelectronic
devices on the same platform (Rai et al. 2018; Bonaccorso et al. 2010; Aharonovich
et al. 2011a; Avouris et al. 2008). Carbon hybridizes into sp, sp2, and sp3 states of
atomic orbitals and gives a variety of allotropes such as graphite, graphene, carbon
nanotube (CNT), fullerene, and diamonds.Graphene, a two-dimensional (2D) atomic

P. Rai (B) · V. K. Shukla
School of Physical Sciences, UM-DAE Centre for Excellence in Basic Sciences,
University of Mumbai, Kalina, Santacruz (E), Mumbai 400098, India
e-mail: padmnabh.rai@cbs.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024
R. S. Ningthoujam and A. K. Tyagi (eds.), Handbook of Materials Science, Volume 1,
Indian Institute of Metals Series, https://doi.org/10.1007/978-981-99-7145-9_11

311

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7145-9_11&domain=pdf
mailto:padmnabh.rai@cbs.ac.in
https://doi.org/10.1007/978-981-99-7145-9_11


312 P. Rai and V. K. Shukla

layer of carbon atoms (sp2), has shown its application as tunable plasmonic and
optoelectronic devices (Bonaccorso et al. 2010). CNT is a rolled graphene sheet
in tubular form (1D) with distorted sp2 hybridization. Carbon nanotube field effect
transistor (CNTFET) has been applied as logic gate, light-emitting and detecting
devices bymanipulating the gate voltage in the same transistor (Avouris et al. 2008).A
nanoscale optical source basedofCNTFET launches surface plasmonpolariton (SPP)
in plasmonic circuitry, which opens the opportunity tomodulate optical signal at GHz
frequency in solid-state devices (Rai et al. 2013). Diamond is a sp3 hybridized form
of carbon atoms arranged in tetrahedral configuration. Due to its high bandgap (5.48
eV), the various color centers or atomic impurities in diamond matrix (NV, SiV, and
Cr) can be treated as individual qubits for encrypted data transmission (Aharonovich
et al. 2011a; Aharonovich and Neu 2014). Diamond-based qubits are quite stable
and having long life time at room temperature. The nitrogen vacancy (NV) center,
particularly the NV−, is the most explored optical center in diamond and it is crucial
for applications in quantum information science and optical sensors (Aharonovich
and Neu 2014; Balasubramanian et al. 2008; Aharonovich et al. 2011b).

11.2 Classification of Carbon Materials

Carbon-based materials, such as carbon nanotube (1D), graphene (2D), and single-
crystal diamond (3D) materials, have displayed their potential for next-generation
optoelectronics and photonic devices. Their theoretical developments are discussed
as follows.

11.2.1 Graphene

Graphene is a mono-layer derivative of graphite material. It is composed of a closely
packed single layer of carbon atoms forming a 2D honeycomb lattice with its thick-
ness ~0.35 nm. The graphene honeycomb lattice is depicted in Fig. 11.1a. Its unit
cell includes two atoms, called A or B sub-lattices as each of these two atoms
form hexagonal structure. The honeycomb structure of graphene does not belong to
Bravais lattices because the arrangement of atoms looks different when it is viewed
from A and B sites. The primitive vectors of single-layer graphene are indicated by−→a1 and −→a2 , , where the lattice constant (a) is ~0.246 nm and the nearest-neighbor
distance (acc) between two carbon atoms in the graphene sheet is a/

√
3 (~0.142 nm).

The reciprocal lattice structure and corresponding basis vectors,
−→
b1 and

−→
b2 , are

shown in Fig. 11.1b. The real and reciprocal space primitive vectors, respectively,
are related to each other as −→ai .−→b j = 2πδi j , where δi j is Kronecker’s delta defined
as δi j = 1(i = j) or δi j = 0(i �= j). The band structure of graphite is highly
anisotropic, which governs its electrical properties. The out-of-plane carbon bond
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(a) (b)

Fig. 11.1 aThehoneycomb lattice structure of graphene.Theunit cell, rhombus, definedbyvectors,−→a1 and −→a2 , containing two atoms belongs to sub-lattices A and B. b Reciprocal lattice structure of

graphene. The points K and K′ denote the position of Dirac points and
−→
b1 and

−→
b2 represent the

reciprocal lattice vectors. It is adapted with permission from APS publisher (Castro Neto et al.
2009)

is the result of weak van der Waals interaction and arises by delocalized π -orbitals,
whereas in-plane carbon–carbon bonds have a strong covalent bond known as σ -
bonds as a result of sp2 hybridization. Due to the overlap between the π-orbitals on
adjacent atoms, electron mobility within planes is high whereas the mobility perpen-
dicular to the planes is relatively low. The electronic band structure of graphene can
be determined by employing the tight-binding model. The Schrödinger equation for
tight-binding Hamiltonian is given as

Ĥψ(r) = Eψ(r) (11.1)

The wave function �(r) can be written as the linear superposition of atomic
orbital functions, �(r) = 1√

N

∑N
l cleik·Rlϕl(r), where N is the number of unit cells,

ϕl(r) = ϕ(r − Rl) is the ground state of 2 pz electron orbital of an isolated atom
located at lattice point Rl , and the index l runs over all carbon atom in graphene
lattice including identical sub-lattice points A and B (Fig. 11.1a). The non-trivial
eigenvalues corresponding to solution of Eq. (11.1) is obtained (Castro Neto et al.
2009) as

E(k) = ε ± γ0

√
√
√
√3 + 2cos

(√
3kya

)
+ 4cos

(√
3

2
kya

)

cos

(
3

2
kxa

)

(11.2)

where +ve and –ve signs indicate the conduction (π∗-band) and valance band (π -
band), respectively, and γ0 is overlap integral. Figure 11.2 shows energy dispersion
relation of graphene as described by Eq. (11.2). It depicts the constant energy contour
of conduction and valence bands of 2D graphene sheet. In the first Brillouin zone
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Fig. 11.2 Electronic dispersion relations for 2D honeycomb crystal lattice of graphene under the
tight-binding approximation and demonstration of six Dirac points. It is adapted with permission
from APS publisher (Castro Neto et al. 2009)

of graphene, the conduction and valence bands touch each other at six Fermi points
(K), known as Dirac points. At 
 point (k = 0), the eigenenergy is E= ε ± 3γ0,
where E = ε − 3γ0 corresponds to valence band for symmetric bonding orbitals and
E = ε + 3γ0 belongs to conduction band for antisymmetric bonding orbitals.

11.2.2 Carbon Nanotube

Carbon nanotube can be understood as hollow cylinder obtained by rolling of 2D
graphene sheet (Fig. 11.3). The carbon atom in a nanotube is sp2 hybridized. A
single-walled carbon nanotube (SWNT) consists of graphene sheet that is rolled
into a cylinder over a vector called “chiral vector” (

−→
Ch), whereas a multi-walled

carbon nanotube (MWNT) consists of multiple coaxial SWNTs. The geometrical
structure of SWNT is defined by the chiral vector (

−→
Ch), which is expressed as a

linear combination of real space primitive vectors −→a1 and −→a2 of graphene:

−→
Ch = n−→a1 + m−→a2 (11.3)

where n,m are integers known as chiral index and 0 ≤ |m| < n. In the x, y-
coordinates the real space primitive vectors of the hexagonal graphene lattice are−→a1 = 3

2 acci
∧

+
√
3
2 acc j

∧

and −→a2 = 3
2 acci

∧

−
√
3
2 acc j

∧

, respectively. The inner product

between −→a1 and −→a2 yields −→a1 · −→a1 = −→a2 · −→a2 = a2, −→a1 · −→a2 = a2

2 . The radius of a

SWNT is expressed in terms of chiral vector, |
−→
Ch |= 2πr .



11 Carbon Material-Based Nanoscale Optics and Plasmonics 315

Fig. 11.3 The geometrical structure of SWNT generated by rolling of 2D graphene sheet in tubular
form. It is adapted with permission from APS publisher (Charlier et al. 2007)

r = acc
2π

√
3
(
m2 + n2 + mn

)
(11.4)

The chiral angle is defined as the angle between chiral vector and the primitive
vector −→a1 .

θ = tan−1

( √
3n

2m + n

)

(11.5)

The set of integers (n,m) defines a unique way of rolling the graphene sheet to
form a carbon nanotube. Depending on the rolling direction, SWNT is categorized
into three groups such as armchair (n = m and θ = 30°), zigzag (m = 0 and θ =
0°), and chiral (0° < θ<30°) nanotube.

The electronic dispersion relation of a CNT (1D) is determined from the disper-
sion relation of graphene (2D) by imposing periodic boundary conditions in the
circumferential direction (

−→
Ch). The allowed wave vectors

−→
k are obtained from the

quantum condition,
−→
Ch · −→

k = 2 πq, where q is an integer. The permissible modes
of k values are represented by a discrete number of parallel lines that emerge as a
result of quantization in the reciprocal space of graphene (Dresselhaus et al. 2005).
These discrete lines are called sub-bands of a CNT (Fig. 11.4).

If these sub-bands pass through the Fermi points, then nanotube is metallic other-
wise it will be semiconducting. The condition for metallic nanotubes is

−→
Ch · −→kF = 2

πq.
Conductivity of CNT is determined by its index (n,m), when (n−m)/3 is integral

multiple of 3, then it will be metallic otherwise semiconducting. Thus, an armchair
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Fig. 11.4 a The unit cell structure of 2D graphene, b Reciprocal lattice structure of graphene and
c Reciprocal lattice diagram for (4,2) indexed nanotube. The parallel lines represent the allowed

values for the wave vector
−→
k . It is adapted with permission from Elsevier publisher (Dresselhaus

et al. 2005)

(n, n) nanotube is truly metallic whereas zigzag (n, 0) or chiral (n,m) could be
metallic or semiconducting. The bandgap of semiconducting nanotube is inversely
proportional to its diameter:

Eg = 2γ0acc
dt

(11.6)

where dt is the diameter of nanotubes and γ0(2.7 eV) is the overlap integral for
graphite.

11.2.3 Diamond

Diamond is a wide bandgap (Eg = 5.48 eV) semiconducting (Group IV) material
with a lattice parameter of 0.357 nm. Its lattice structure can be regarded as two
interpenetrating face centered cubic lattices, which are displaced from each other
along the body diagonal by 1/4 length of the unit cell. The distance between the C–C
atoms in the diamond lattice is 0.154 nm, which is 66% of Si–Si atoms distance
in silicon unit cell. The closeness of C atoms results in wide energy gap between
the bonding and antibonding orbitals and the strong covalent bond (C–C) makes
diamond the hardest material.

Diamond lattice may also incorporate other atomic impurities that alter the its
electronic and optical properties, including nitrogen, boron, silicon, hydrogen, and
many others (Aharonovich and Neu 2014; Aharonovich et al. 2011b). For instance,
even though a pure diamond is a perfect insulator, the incorporation of boron changes
its conductivity and transforms it into a p-type semiconductor (Groot-Berning et al.
2014). Nitrogen is themost abundant gas in the atmosphere and it is themost frequent
contaminant found in diamond matrix. It may incorporate as substitutional atom
within diamond lattice by replacing one carbon atom, denoted as Ns and usually
called the P1 center (Talbot-Ponsonby et al. 1997). The defect, which has no optical
activity, serves as electron donor in lattice system. If a nitrogen impurity is associated
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to a vacancy created in the diamond lattice, the defect becomes optically active and
is called N-V color center (Fig. 11.5a). NV center possesses C3v symmetry, which
implies 120° symmetrical rotation along the bond connecting the nitrogen atom and
vacancy. The neutral NV defect, often known as NV°, is formed by five unpaired
electrons, which is paramagnetic in nature. Additionally, the defect has the ability
to capture one or more electrons, forming the negatively charged NV– center due to
which the NV– center has an electron spin S= 1. In both charge states, NV center has
an atom-like structure which emits a broadband photoluminescence (PL) signal with
a zero-phonon line (ZPL) atλZPL = 575 nm (2.156 eV) andλZPL = 637 nm (1.945 eV)
for NV° and NV– states, respectively. The electronic state of NV– splits into two
energy levels due to spin–spin interaction with zero field splitting D = 2.87 GHz
between the singlet state of spin projection (along the NV center quantization axis)
ms = 0 of lower energy and the degenerate doublet states ms = ± 1 (Fig. 11.5b).

The parallel spin states (ms = ± 1) have an energy higher than the antiparallel spin
states (ms = 0) due to quadrupole coupling and nuclearmixing of the hyperfine states.
After being optically excited, the NV defect can relax either by the same radiative
transition that produces a broadband red PL or through a separate pathway involving
non-radiative intersystem crossing (ISC) to a singlet state. The PL emission of NV
centers is perfectly photostable at room temperature which enables the development
of highly robust single-photon sources operating at ambient conditions (Aharonovich
et al. 2011b; Le-Sage et al. 2013).

Fig. 11.5 a Depiction of NV center in tetrahedral diamond matrix and b Energy level diagram
corresponds to NV− center. It is adapted with permission from IOP Publishing (Aharonovich et al.
2011b)
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11.3 Synthesis of Carbon Materials

Chemical vapor deposition (CVD) plays a significant role in growth of CNT,
graphene, and single-crystal diamond (SCD). Considerable research has been done
on CVD process for synthesizing carbon-based materials. Single- and multi-walled
carbon nanotube has been grown in various architectural structures for electronic
and optoelectronic applications (Wei et al. 2002; Harutyunyan et al. 2009; Rai et al.
2008a; Hazra et al. 2009). Planar graphene (2D) grown on Cu and SiO2 substrate
plays vital role in optoelectronics and plasmonics (Zhu et al. 2010; Avouris and
Dimitrakopoulos 2012; Pandey et al. 2012). Homo- and hetero-epitaxial growths
of large area SCD are being explored for high-temperature electronic and quantum
devices (Aharonovich et al. 2011a; Schreck et al. 2017; Schwander et al. 2011; Tyagi
et al. 2006; Mohapatra et al. 2011). The CVD growth of carbon-based materials is
continued for the requirement of large area with precise control in its electronic and
optical properties.

11.3.1 Synthesis of Graphene

Graphene is synthesized by various methods including mechanical exfoliation and
CVD (Pandey et al. 2012; Novoselov et al. 2004). However, CVD is more versatile in
terms of precise control of electronic and optical properties of graphene. Graphene
and few-layer graphene are grownbyCVDmethod fromcarbon-containing precursor
gas on catalytic metal surface by surface segregation of C atom dissolved in Cumetal
(Pandey et al. 2012). The catalytic metals for graphene growth are selected based on
the solubility ofCatom intometalmatrix.Various parameters such as ratio ofmethane
to hydrogen, duration, annealing temperature, and cooling rate affect the growth of
graphene in low-pressure CVD (Cunha et al. 2014; Liu et al. 2015). Graphene on Cu
foil is grown by decomposing methane and hydrogen at elevated temperature ~900
°C. The schematic diagram of thermal CVD set-up for synthesis of graphene and
CNT is shown in Fig. 11.6a. Prior to growth, the copper foil (1 cm × 1 cm) was
immersed for 30 s in HNO3 (5.4%) and then cleaned with deionized water, acetone,
and isopropyl alcohol, respectively, followed by hot air drying. Further, the CVD
chamber was evacuated to a base pressure of 10–2 mbar after loading the copper foil.
The furnace temperature was then increased to 900 °C while maintaining the flow
of H2 (10 SCCM) and Ar (100 SCCM) through the CVD chamber. Once the copper
foil is heated up, it was annealed for 10 min under reducing ambient (150 SCCM,
H2 and 50 SCCM, Ar). After annealing, methane, H2, and Ar were introduced into
the chamber to initiate graphene growth for 15 min. After deposition, the substrate
was quickly allowed to cool by moving the quartz tube away from the hot zone while
keeping the flow rate constant unless the furnace temperature fell below 200 ◦C .
The sudden cooling decreases the graphene nucleation sites and thereby hinders
multilayer graphene growth.
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Fig. 11.6 a The schematic diagram of thermal CVD set-up employed for growth of graphene and
carbon nanotube and b A multi-mode microwave plasma CVD reactor for synthesis of diamond
and low-dimensional carbon-based materials

11.3.2 Synthesis of Carbon Nanotube

Like graphene, carbon nanotube is also grown by CVD process. Other methods
are also applicable to synthesize nanotubes, such as arc discharge and laser ablation
(Mann 2006). CNT can be grown in a variety of forms, such as powder, films, aligned
or entangled, straight or coiled nanotubes, or a desired architecture of nanotubes on
predefined sites of a patterned substrate (Rai et al. 2008a, b; Mann 2006). Nanotube
growth involves decomposition of hydrocarbon (~15 min) on catalytic material (Fe,
Co, Ni) at elevated temperature (800–1000 °C) in thermal ormicrowave plasmaCVD
reactor (Fig. 11.6) (Rai et al. 2008a, b; Misra et al. 2006a, b; 2007). The size of the
catalyst particle controls the diameter of the nanotube (Misra et al. 2006a, b, 2007).
The catalyst precursor may be used in any form (such as solid, liquid, or gas) and is
placed inside the reactor or fed from outside (Rai et al. 2008a, b). Pyrolysis of the
catalyst vapor at a suitable temperature liberates metal nanoparticles in situ, known
as floating catalyst method or the catalyst-coated substrates can be placed in the hot
zone of the furnace to catalyze the CNT growth. Hydrocarbon vapor initially breaks
down into carbon and hydrogen species when it comes into touch with the “hot”
metal nanoparticles; the hydrogen flies away while the carbon gets dissolved into
the metal. The dissolved carbon in the catalyst metal precipitates out and crystallizes
in the form of a cylindrical tubular network with no dangling bonds after exceeding
the carbon-solubility limit in the metal at that temperature (Mann 2006). Being an
exothermic process, hydrocarbon decomposition releases some heat to the metal’s
exposed zone whereas carbon crystallization takes heat endothermically from the
metal’s precipitation zone. The process continues due to the precise temperature
gradient within the metal particle.

The highly pure CNT is grown by either “tip-growth” or “bottom-growth” model
depending on whether the catalyst–substrate interaction is weak or strong, respec-
tively (Mann 2006). In both the models, hydrocarbon decomposes on the top of the
metal, and carbon diffuses down through the metal but in the former method, CNT
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precipitates out across the metal bottom, pushing the whole metal particle off the
substrate and CNTs continues to elongate. Therefore, the metal stops being catalytic
after the excess carbon has completely covered it, which also stops the formation of
CNTs. Whereas in the latter case, CNT precipitation fails to push the metal particle
up, so the precipitation is compelled to emerge out from the metal’s apex. Carbon
first crystallizes out as hemispherical dome and further extends up in the form of
seamless graphitic cylinder. As dissolved carbon diffuses upward, subsequent hydro-
carbon deposition occurs on the lower peripheral surface of the metal. As a result,
CNT grows up with the catalyst particle rooted on its base.

11.3.3 Synthesis of Diamond

Microwave plasma CVD is emerging as the most promising method for producing
large area (cm), high-quality diamonds at a reasonable cost using low-pressure
microwave plasma (Schreck et al. 2017; Tyagi et al. 2006; Mohapatra et al. 2011).
The advancement in the synthesis of diamond using CVD technique leads to grow
diamond in the bulk form or coatings on a variety of substrates (Tyagi et al. 2006;
Misra et al. 2006a, b). In this technique, carbon atoms that originate from the dissoci-
ation of a carbon-containing precursor gas are deposited on a substrate. The substrate
is either bulk diamond (natural or lab grown) or a non-diamond substrate (Tyagi et al.
2006; Misra et al. 2006a, b). There are many CVD techniques utilized for synthesis
of high-quality diamond materials such as hot filament, thermal, combustion-flame-
assisted, microwave plasma, and direct current arc plasma (Schwander and Partes
2011; Sussmann 2009). Microwave plasma chemical vapor deposition (MPCVD)
offers a clean environment to regulate and minimize the incorporation of contami-
nants during the growth process of diamond (Schreck et al. 2017; Tyagi et al. 2006;
Tallaire et al. 2020). In this depositionmethod, plasma is generated by themicrowave
heating (Fig. 11.6b). The role of plasma is to generate atomic hydrogen and appro-
priate carbon precursors for the synthesis of diamond. Atomic hydrogen is produced
by electron impact dissociation of molecular hydrogen. The carbon precursors, such
as methane, aliphatic or aromatic hydrocarbons, alcohols, ketones, amines, ethers, or
carbon monoxide, serve as the starting point for the growth of diamond. Methane is
utilized extensively in diamond growth process, because of its high purity and tetra-
hedral structure (sp3 bonding), which is identical to diamond structure. In MPCVD,
the plasma is created in resonant cavity by high-power (6–12 kW) microwave with
frequency (2.45 GHz or 915 MHz). In growth process of diamond, free radicals
particularly CH3 and atomic hydrogen play crucial role, which determine the quality
and growth rate.
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11.4 Characterization of Carbon Materials

Various characterization techniques such as electron microscopy, electron spec-
troscopy, X-ray diffraction, and Raman and photoluminescence spectroscopies are
employed to understand the structural, optical, and electronic properties of carbon-
basedmaterials, respectively.Ramanandphotoluminescence spectroscopies aremost
frequently used techniques to distinguish the various phases of carbon materials and
its optical properties (Rai et al. 2018; Dresselhaus et al. 2005).

11.4.1 Raman Spectroscopy of Carbon Materials

Raman spectroscopy offers a rapid and non-destructive method to characterize and
estimate the quality of the carbon-based materials. It is a versatile tool to identify
and characterize the chemical and physical properties of graphitic materials such
as graphene and CNTs (Cancado et al. 2004; Ferrari and Robertson 2000). The
characteristics of Raman spectra of carbon-based materials exhibiting sp2 (CNT and
graphene) and sp3 (diamond) hybridization are shown in Fig. 11.7.

Mono-layer graphene is the simplest crystal structurewith themaximumdegree of
symmetry and, thus, the simplest Raman spectra in the family of sp2 carbon systems.
The G- and G’-bands of graphene were used to address strain, charge transfer, and
disorder effects produced by doping via gate electrode and various types of substrates.
By measuring the dependence of the Raman spectra on the number of scattering in
graphene layers, Raman imaging is used to define the number of layers in different

Fig. 11.7 Raman spectra of carbon-based materials such as a graphene, b carbon nanotube, and
c diamond
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locations of a given graphene flake (Ferrari and Basko 2013; Wang et al. 2008).
Figure 11.7a shows the presence of the three characteristics Raman bands (D-, G-,
and G’-bands) of graphene. The G-band originates from doubly degenerate phonon
mode (E2g symmetry) and appears at ~1580 cm−1 whereas the D-band originates
from backscattering of phonons by disorder in graphene such as edges and defects
and occurs at ~1350 cm−1. Depending on the crystallinity of the material, the relative
intensities of these vibrations vary. The intensity ratio ofD- toG-bands (ID/IG) reflects
the purity of the sample. Apart from the G- and D-bands, there is an intense G’-band
that corresponds to a second-order process by involving two phonons near K point
and occurs at ~2700 cm−1, which exhibits a strong signature of graphene. The G’-
band is an overtone of the D-band and does not come from a defect but rather from
the backscattering of a phonon by an electron (Pandey et al. 2012; Ferrari and Bosko
2013).

The typical Raman spectrum of CNT recorded in the range between 100 and
3000 cm−1 is shown in Fig. 11.7b. The spectral feature of SWNTs is broadly
divided into three parts such as radial breathing modes (RBM) (100–500 cm−1),
disorder-induced D-band (~1350 cm−1), and tangential vibrational mode G-band
(~1580 cm−1). The electronic conductivity of CNT (metallic or semiconducting) is
determined by the nature of G-band. The RBM peak of Raman spectrum is used to
estimate the diameter of SWNTor inner diameter of double-walled carbonnanotubes.
InRBMofnanotube, carbon atomsvibrate in radial directionof cylindrical symmetry.
Due to involvement of one phonon in radial vibration of carbon atoms, it is called
first-order Raman scattering. The diameter of SWNT in a bunch of nanotubes is
determined by RBM frequency (Dresselhaus et al. 2005):

ωRBM
(
cm−1

) = 224

dt(mm)
+ A (11.7)

where ωRBM (cm−1) is the wave number corresponding to RBM, dt (nm) is the
diameter of the nanotube, and A = 14 cm−1 when SWNT exists in bunches and
zero for isolated SWNT. The defect induced (D-band) is known as a second-order
Raman scattering because it involves both an elastic scattering by the defect center
and a phonon. The G-band corresponds to Raman peak ∼1585 cm−1, and is an in-
plane bond stretching mode of the C–C bonds in the hexagonal lattice. All the sp2

hybridized carbon compounds exhibit theG-band. TheG’-band (or 2D-band) appears
at ∼2700 cm−1 which is another peak that may be found in the Raman spectra of the
majority of sp2 carbon nanotube.

The Raman spectrum of diamond is shown in Fig. 11.7c and the characteristics of
Raman peak corresponding to sp3 bond in diamond appear at 1332 cm−1. The sharp
(narrow FWHM) peak at 1332 cm−1 corresponds to SCD and precise measurements
of any shift of Raman peak relative to unstressed location provide information about
the stresses present in diamond. The strain present in the sample is significantly
affected by introducing dopants and defects into diamond matrix, which results in
small shifts in Raman band. The stress in the diamond film is estimated by using
dynamical calculation, σ = k (υm–υ0) GPa, where k = 0.34 GPa.cm is calculated
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empirically for diamond and (υm-υ0) corresponds to the shift in sp3 peak (Di Liscia
et al. 2013). In polycrystalline diamond, both sp3 and sp2 carbon contributions may
be observed in the spectra, where the intensity ratio of the diamond peak 1332 cm−1

to the G-band 1575 cm−1 is employed to evaluate the crystallite size.

11.4.2 Photoluminescence of Carbon Materials

Photoluminescence is a commonly used spectroscopy tool to determine the bandgap
and defect level present in semiconductor materials. Semiconducting carbon-based
materials such as carbonnanotube anddiamond showPLemission.Graphenebelongs
to semi-metals and does not show PL. Fluorescence emissions in graphene can be
obtained by generating bandgap within it. Numerous experimental approaches have
been utilized to introduce bandgaps in the graphene, such as cutting graphene sheets
into small pieces or modifying the π-electrical network to form quantum-confined
sp2 “islands” in a graphene sheet, both of which appear to involve the creation or
exploitation of structural defects (Bachilo et al. 2002).

Due to unique photo-physical properties, SWNT served as building blocks for
biosensors, functional materials, and devices. Direct bandgaps in semiconducting
CNTs display favorable optical emission properties. Figure 11.8 shows the PL spec-
trum of SWNT and single-crystal diamond in the IR region at the room temperature.
Semiconducting SWNT exhibits distinct and structure-dependent optical transitions
in PL emission (Hartmann et al. 2012). Compared with theoretical calculations, one
can assign the most prominent peak 980 nm to (6,5) indexed SWNT. The chirality of
(6, 5) is easily recognized by its luminescence spectra and can be excited efficiently
near their second-order resonance E22 using low-noise lasers (Hartmann et al. 2012).

Nitrogen impurities and other color centers in diamond are easily reflected in PL
spectra of diamond (Fig. 11.8) at room temperature. The signature of the nitrogen
vacancy centers, created by the zero-phonon line (ZPL) at 575 nm and 637 nm, corre-
sponds to neutral charge state (NV0) and negatively charged state (NV−), respectively
(Aharonovich et al. 2011b). The broad PL background also appears along with color
centers in diamond. A sharp intense peak at 521 nm corresponds to the first-order
Raman line which confirms high-quality sp3 structure. It occurs due to inelastic scat-
tering of the laser light by the diamond lattice. The second-order Raman feature at
554 nm is also observed in the given PL spectrum. A temperature-dependent ZPL at
503 nm originating from the 3H center is also present, which is usually ascribed to
some form of self-interstitial defects in diamond. It has been confirmed that the 3H
center, which is a negatively charged center present in diamond structure, acts as a
donor (Aharonovich et al. 2011b).
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Fig. 11.8 Photoluminescence of a single-walled carbon nanotube and b single-crystal diamond

11.5 Carbon Material-Based Nanoscale Optics

Themanipulation and propagation of electromagnetic field at sub-wavelength regime
is the current requirement of next-generation communication devices (Zia et al. 2006;
Novotny and Hecht 2006). Surface plasmon is coupled electromagnetic wave with
charge oscillation on metal surface that propagates along metal–dielectric interface.
Such SPP waves are supported by sub-wavelength-sized metallic waveguides in
photonic circuitry. The electrically and optically excited carbon-based nanoscale
devices have been demonstrated as nanoscale optical source (Bonaccorso et al. 2010;
Aharonovich et al. 2011a; Avouris et al. 2008; Rai et al. 2013). Therefore, carbon-
based nanoscale electronic and optoelectronic devices offer a chip-scale platform to
integrate the plasmonic circuitry based on these materials.

11.5.1 Nanoscale Optics

The optics at nanometer scale deals the propagation andmanipulation of electromag-
netic waves without any limitation of fundamental law of diffraction (λ/2, where λ

is wavelength). The propagation of light in free space is governed by the dispersion
relation,ω = ck, where ω, c, and k are angular frequency, speed of propagation, and
wavevector of electromagnetic wave, respectively. Uncertainty principle states that
the product of uncertainty in special position (�x) and component of momentum
(��kx ) of a microscopic particle in the same direction cannot become smaller than
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�/2. The uncertainty relation for photons is expressed as

�x .��kx ≥ �/2 (11.8)

Equation (11.8) can further be written as

�x ≥ 1/2�kx (11.9)

Themaximum possible spread in the x-component of wavevector, kx , is the length

of wavevector of a photon k = 2π/λ, where k =
√
k2x + k2y + k2z and λ is the

wavelength of a photon. This leads to the expression:

�x ≥ λ/4π (11.10)

Thus, the spatial confinement is limited by the spread of wavevector component
in the given direction and one can get the resolution better than Rayleigh diffraction
criterion (λ/2).

An electromagnetic wave that propagates along metal–dielectric interface and
coupled with electron oscillations of metal is known as SPP. Both energy and
momentum conservation should be fulfilled in order to excite SPP waves. A prop-
agating SPP along metal–dielectric interface is shown in Fig. 11.9a, where p-
polarized light excites the surface plasmon at metal–dielectric interface. The energy–
momentum conservation for SPP can be understood by its dispersion relation
(Fig. 11.9b). The SPP momentum is obtained (Novotny and Hecht 2006) as

kSPP = k0

√
ε1ε2

ε1 + ε2
(11.11)

where kSPP and k0 are the surface plasmon and free spacemomentumof light, respec-
tively, and ε1 and ε2 are real dielectric constant of metal and dielectric, respectively.

Fig. 11.9 a The SPP wave is propagating along the metal surface, which was launched by
electromagnetic wave with transverse magnetic mode. b The dispersion relation of SPP wave
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Fig. 11.10 The SPP excitation on the interface of metal–dielectric by a high numerical objective
in Kretschmann configuration, b grating coupler, and c metal nanoparticle placed over the metal
surface

It is evident from Fig. 11.9b that for a given energy �ω the wavevector kx of surface
plasmon is larger than wavevector k0 of light in free space. The increased momentum
of SPP is due to strong coupling between light and surface charges, where light field
must push the electron along the metal surface. To excite the SPP on metal surface,
one must increase the momentum of light by introducing a dielectric with refractive
index (n > 1) at metal surface (Fig. 11.9b). It is obvious from Fig. 11.9b that the
light line is tilted by a factor of n in this case because ω = ck/n. The additional
momentum in free space light, which is required to excite the SPPs on metal–dielec-
tric interface, is obtained by Kretschmann method and specially designed optical
grating (Novotny and Hecht 2006).

InKretschmann configuration, a thinmetal film is deposited over the base of prism
and SPP is excited at the metal–air interface by creating an evanescent wave at glass–
metal interface, which must penetrate the metal layer. Alternatively, Kretschmann
configuration can also be achieved by coupling the light to metal–dielectric interface
through high numerical aperture objective placed below the metal film as shown in
Fig. 11.10a.

The grating couplers and metal nanoparticles are alternate experimental
approaches to excite SPP on metal–dielectric interface (Fig. 11.10b, c). In grating
coupler method, the increase of necessary momentum to match the momentum of
SPP is provided by adding the reciprocal vector of the grating to the free space
wavevector. If a is the special periodicity of grating structure, then the new parallel
momentum can be expressed as kx ′ = kx + 2πn/a, with 2πn/a being a periodicity
of reciprocal lattice vector. In case of metal nanostructure, when light is incident
on metal nanoparticle, then there is huge distribution of momentum in the vicinity
of nanoparticle and metal film junction. Some of the momentums are matched with
SPP momentum and able to excite the SPP on the metal film surface.

Confocal scanning optical microscopy is employed for high accuracy measure-
ment in the field of nanoscale optics and plasmonics (Fig. 11.11). It employs far-field
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illumination and detection schemes to understand the optical and spectroscopic prop-
erties of individual nanoscale material or molecule. Various nanoscale optic-related
experiments, such as surface-enhanced Raman scattering or PL, single-photon emis-
sion (SPE) from quantum emitters (QE), and free space light coupling into surface
plasmon, employee the principle of confocal technique (Novotny and Hecht 2006;
Rai and Dubey 2018). In such instruments, the input laser light is spatially filtered
by pinhole or sending it through a single-mode optical fiber, which is a requirement
of perfect Gaussian beam profile. The spatially filtered laser light is allowed to pass
through a lens to convert into collimated beam with large diameter, so that it overfills
the back-aperture of microscope objective used to focus the light onto the sample
plane.

The lateral spot size (�x) of laser beam on the sample depends on numerical
aperture (N A) of microscope objective and the wavelength of light (λ) used for
illumination, which is limited by diffraction of laser light at the entrance aperture of
objective.

�x = 0.61
λ

N A
(11.12)

Fig. 11.11 Schematic diagram of confocal scanning optical microscopy set-up. DM and M stand
for dichroic mirror and mirror, respectively. The dichroic mirror transmits the light in restricted
spectral range, which is further filtered and passed through the pinhole before the entrance slit of
the spectrometer
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For N A = 1.49, the spot size for laser light (λ= 532 nm) is ~218 nm, which is less
than Rayleigh criterion limit (λ/2).

When the incident laser light interacts with the sample, it produces reflected
and scattered light at wavelength shifted with respect to the excitation. The same
microscope objective is utilized to illuminate the sample and collect the scattered
light. The Rayleigh light is cut-off before entering into detector of the spectrometer
by using dichroic mirror and notch filter in combination. In order to improve the
signal-to-noise ratio of the scattered light, a pinhole is placed in front of the slit of
the spectrometer. The pinhole arrangements allow the light emerging from the focal
point on the sample, while the laterally displaced or out-of-focal plane light beams
are blocked by the aperture. This is called confocal detection technique (Novotny and
Hecht 2006). Confocal detection technique provides better resolution and contrast
of confocal scanned images and thus it can be employed for detection of individual
molecules or quantum emitters.

11.5.2 Carbon Nanotube Plasmonics

The quasi-one-dimensional structure with direct bandgap and high carrier mobility
of SWNT makes it a suitable candidate for nanoscale electronics and optoelec-
tronics (Avouris et al. 2008; Rai et al. 2013). Its bandgap is altered by manipulating
the chirality of nanotube as evident in Eq. (11.6). Single-walled carbon nanotube
field effect transistor (SWNTFET) behaves as ambipolar transistor simply by the
changing the polarity of gate bias (Avouris et al. 2008). Moreover, the gate voltage
of SWNTFET plays a vital role in tuning the electronic and optoelectronic properties
of SWNT (Avouris et al. 2008). Recombination of electron–hole pair in nanotube
channel produces light emission, which can be manipulated and translated along the
channel by gate voltage. The light emission source produced by electrical excitation
method can be employed as nanoscale optical source in photonic and plasmonic
circuitry for launching the SPP (Rai et al. 2013). Plasmon launching and detection
in plasmonic circuitry can also be achieved by simply using PL of SWNT by laser
excitation method (Hartmann et al. 2012; Rai et al. 2012).

The directional excitation of propagating SPP on a thin metal film by PL of
individual SWNT is shown in Fig. 11.12 (Hartmann et al. 2012). Inverted confocal
opticalmicroscopewith an oil immersion objective (NA= 1.4) and linearly polarized
laser (λ = 565 nm) for excitation was employed for real space PL and SPP imaging.
The Fourier space image of SPP was acquired by same configuration with additional
lens to collimate the light coming due to leakage radiation from thin metal film
(Hartmann et al. 2012). For this experiment, (6,5) indexed enriched SWNT was spin
coated on SiOx spacer layer (35 nm) on top of thin gold film (25 nm) deposited over
cover-glass slip. Subsequently, certain area of the sample was scanned by confocal
imaging. The luminescent spot as shown in Fig. 11.12a is marked as (6,5) indexed
SWNT, which was confirmed by PL and Raman spectroscopies. The prominent
characteristic of SPP is confirmed by Fourier plane imaging of the emitted radiation.
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Fig. 11.12 a Confocal PL image of individual SWNT on a thin SiOx (35 nm) spacer layer on top
of a thin gold film (25 nm). The scale bar is 2.0 μm and laser polarization is indicated by in-plane
double-headed arrow. The Fourier space (k-space) image of PL spots marked as b, c, and d in a are
shown in (b–d). The two sharp arcs represent the excitation of SPP perpendicular to nanotube axis.
e–g The extended real space images of SPP with scale bar 4.0 μm. It is adapted with permission
from ACS publisher (Hartmann et al. 2012)

The half ring-shaped Fourier image (Fig. 11.12 (b-d)) confirms the signature of
plasmon radiating into the metal substrate. The half ring pattern of Fourier image
arises due to directional excitation of SPP.

The elongated distribution of emission is shown in Fig. 11.12e–g corresponding
to real space image recorded at the same location which indicates the nature of direc-
tional propagation of SPP. The phenomena of SWNT photoluminescence coupling
to surface plasmon are explained by radiating dipole into thin metal surface (Hart-
mann et al. 2012). The critical angle for effective index and propagation length of
propagating plasmon are 44.9° and 4.2μm, respectively, which is in good agreement
with theoretical calculation.

In the reverse process, surface plasmon can also excite the photoluminescence
and Raman scattering in nanotube (Rai et al. 2012). In this process, the SPP was
excited remotely (few microns away from nanotube) from the individually marked
nanotube on the plasmonic waveguide, where SPP gets coupled into PL and Raman
scattering of the nanotube (Fig. 11.13). The coupling efficiency depends on the
angle between plasmon propagation vector (kSPP ) and axis of the nanotube, lateral
distance of nanotube from the excitation point and transverse distance of the nanotube
from the line of propagation of SPP. The plasmonic wave guide of Au metal was
fabricated on ITO-coated cover-glass slip by electron-beam lithography and lift-off
process. The length, width, and thickness of the waveguide strips are 10–30 μm,
5 μm, and 35 nm, respectively. On the top of the waveguide, a thin oxide (SiOx)
layer (10 nm) was deposited to suppress the photoluminescence quenching by metal
film. A solution of (6,5) enriched SWNT was spin coated on the Au waveguide,
which is shown in Fig. 11.13a. A surface plasmon jet was launched by p-polarized
laser with excitation wavelength of 785 nm (Fig. 11.13b). An optical image shown in
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Fig. 11.13 a Scanning electron microscopy image of plasmonic waveguide, where nanotube is
spin coated on it and marked by white arrow, b Optical image of propagating surface plasmon
jets along kSPP shown by white arrow, c Coupling of SPP into PL/Raman scattering of nanotube
for p-polarized light, and d There is no light at the location of nanotube when the polarization of
incident light changed from p- to s-polarization. It is adapted with permission from The Optical
Society (Rai et al. 2012)

Fig. 11.13c was recorded by a combination notch and long pass optical filter, which
cut off the excitation wavelength 785 nm.

A light spot can be seen at the location of nanotube, it may be produced by the PL/
Raman scattering from the nanotube. It was further confirmed by changing the polar-
ization of incident light from p to s, for which, there is no plasmon propagating along
the waveguide and light at the location of the nanotube was absent (Fig. 11.13d). The
SPP coupling to optical excitation of SWNT is maximal when plasmon momentum
is parallel to nanotube axis. Plasmon excitation was found weaker when lateral and
transverse distance of nanotube from plasmon excitation point was beyond 7.2 μm
(plasmon propagation length) and 0.7 μm (FWHM of transverse Gaussian profile
of plasmon intensity), respectively. The SPP optical excitation of nanotube is medi-
ated by dipole–dipole interaction between the dipole moment of optically excited
nanotube and electric field of surface plasmon wave (Rai et al. 2012). This excitation
method can be employed for remote optical sensing of soft matter in the integrated
phonic circuitry, where the possibility of photo-bleaching can be minimized.

In plasmonic circuitry, conventional optical method of plasmon excitation cannot
be employed because of bulky laser system involved in the process. Electrical excita-
tion of surface plasmon is the necessity of next-generation chip-scale technology for
faster communication speed (Rai et al. 2013). Nanoscale optical source generated by
electroluminescence (EL) process in CNTFET can be employed for surface plasmon
launching in plasmonic waveguide created in electronic circuitry (Rai et al. 2013).
TheELprocess inCNTFET is generated by various electron–hole pair recombination
mechanism, such as impact excitation, recombination of carriers during ambipolar
transport, phonon-assisted process, and recombination from thermally populated
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Fig. 11.14 a The output and b transfer characteristics of SWNTFET. The SEM image of
SWNTFET is shown in the inset of (a). It is adapted with permission from APS publisher (Rai
et al. 2013)

electronic states (Avouris et al. 2008; Rai et al. 2013). For optical and plasmonic
applications, SWNTFET was fabricated on ITO-coated cover-glass slip by electron-
beam lithography and lift-off process. The electrical gating and plasmonic waveg-
uide were ensured by depositing 5–10 nm of Ti or Pd followed by 45 nm of Au by
electron-beam evaporation. A 250-nm-thick layer of SiO2 was deposited by thermal
evaporation method on ITO-coated cover-glass slip to ensure the gate electrode for
the CNT channel. The output (IDS-VDS) and transfer (IDS-VGS) characteristics of
SWNTFET are shown in Fig. 11.14a, b, respectively. The inset of Fig. 11.14a shows
SEM image of SWNTFET. The EL in CNTFET is produced by impact ionization
process, which is shown in Fig. 11.15a. The EL spots seem to spread along entire
nanotube channel of SWNFET.

To identify the transition mechanism for EL in SWNT, the EL spectra was
compared with PL spectra of same batch SWNT (Fig. 11.15b). The emission peaks
for EL and PL were found at 995 nm and 982 nm, respectively, which corresponds
to E11 transition of (6,5) SWNT. The small red-shift in EL spectra is caused due to
drain-induced doping in the nanotube. The intensity of EL process depends on bias
voltages (Fig. 11.15c, d), which shows that impact ionization process is responsible
mechanism for EL in SWNTFET.

Long-channel SWNTFET devices were made with extended electrode for
launching surface plasmon by electrical excitationmethod. The SWNTFET device is
made operational at VDS = 10V andVGS =−5V. Scattering of light is observed from
the edges of electrode in addition to EL spot at nanotube location (Fig. 11.16a). The
far scattering of light from the edges of electrode can only be possible if electrolu-
minescence gets coupled into surface plasmon. The further confirmation of plasmon
properties was confirmed momentum space mapping of scattered light (Fig. 11.16b),
which is signature of propagating plasmon bound at metal–glass interface.
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Fig. 11.15 a Electroluminescence from SWNTFET, b normalized PL and EL spectrums and c–
d plot of EL intensity and drain current versus bias voltages. It is adapted with permission from
APS publisher (Rai et al. 2013)

Fig. 11.16 a Electroluminescence coupled surface plasmon launching in electrode geometry of
SWNTFET and b Fourier space image of the corresponding EL-coupled SPP. It is adapted with
permission from APS publisher (Rai et al. 2013)
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11.5.3 Graphene Plasmonics

Graphene is an attractive 2D planar material from the prospective of its tunable
interbond transition in optical response by single particle excitation (electron) (Ju
et al. 2011). The linear dispersion relation of graphene demonstrates that its electron
behaves like massless Dirac fermions. Graphene plasmon can be understood in terms
of collective oscillation of its massless electrons and the plasmon frequency is modu-
lated by its electron density through bias voltage. The physical origin of plasmon
can be understood in terms of forced oscillation of collective charge in the presence
of external electric field (Fig. 11.17a). When electrons move to screen an externally
present electric field (due to electromagnetic wave) then electrons move slightly too
far. They are then pulled back by the disturbed charge and overshoot the equilib-
rium position, which is setting up a damped oscillation. The plasmon dispersion in
graphene can be understood in long-wavelength limit. The plasmon frequency in
doped graphene is expressed in long-wavelength limit (Grigorenko et al. 2012):

w(k) = √
8EFσk/�ε (11.13)

where EF ∝ n1/2 for massless electrons (Fermi energy), σ = πe2/2h (optical
conductivity of graphene, e and h are electronic charge and Plank’s constant, respec-
tively), k = 0.1kF , and ε is dielectric constant of the material. Thus, the plasmon
frequency varies as n1/4, where n is the carrier concentration of graphene. For a
typical doping in graphene, n = 1011 cm−2, the Fermi energy is ~37 meV and
the plasmon energy of graphene on SiO2 is ~16 meV for k = 0.6 × 105 cm−1

(Grigorenko et al. 2012). Graphene plasmon frequency lies in terahertz regime and
plasmon resonance-induced absorption in it is observed at low temperature (~4 K).
The tunable light–matter interaction together with excellent electronic properties of
graphene nano-ribbons makes it suitable for terahertz metamaterial application.

Graphene plasmonic can be probed experimentally by various techniques, such
as electron energy loss spectroscopy, scanning tunnelling spectroscopy, and optical
measurement. The schematic for tuning the graphene plasmon frequency by electrical
gating is shown in Fig. 11.17b, where the device is made on graphene micro-ribbons.
In this device, the graphene plasmon resonance varieswith bias voltage. Furthermore,
the plasmon frequency is also scaled down as 1/

√
w, where, w is width of graphene

nano-ribbons (Fig. 11.17c). The direct interaction of graphene plasmon with infrared
light is achieved by stacking of graphene micro-disk (Fig. 11.17d). By this method
the plasmon resonance frequency can be tuned by number of layers, disk diameter,
and gating. It was found that collective oscillation of massless fermions in graphene
is quantum mechanical phenomena, in which resonance frequency is scaled down as
n1/4.
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Fig. 11.17 a Schematic of graphene plasmon resonance excitation, b Plasmon resonances in gated
graphene micro-ribbons, c variation of resonance frequency with width of graphene micro-ribbons,
and d extinction measurement in stacked graphene for different number of layers. It is adapted with
permission from Springer Nature publisher (Ju et al. 2011, Grigorenko et al. 2012)

11.5.4 Diamond Quantum Emitters

The NV− centers in diamond matrix are emerging as potential single-photon emis-
sion, because it behaves like individual atom in solid-state system. Quantum infor-
mation processing (QIP) relies on QE present in solid-state system and should have
the following properties: (i) emit one and only one photon per excitation pulse,
(ii) photostable emission (blinking and bleaching free behaviors), (iii) narrow PL
linewidth (emission centered on ZPL), (iv) short excited state lifetime (ps < τ <
ns), (v) fully polarized excitation and emission channel, and (vi) two-level system
without metastable state (Aharonovich et al. 2011b).
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Fig. 11.18 Schematic diagram of a two-level and b three-level system,where |g > and |e > denote
the ground and excited states, respectively. c auto-correlation plot for SPE from diamond QE. It is
adapted with permission from IOP Publishing (Aharonovich et al. 2011b)

The light sources are distinguished by their photon statics such as Poissonian,
sub-Poissonian, or non-correlated statistics. It can be studied by measuring the
second-order auto-correlation function (g2(τ )) of emitted photons (Novotny and
Hecht 2006). The auto-correlation function measures the probability of detecting a
photon at a delay time τ , if it is given the probability of detecting a photon at time t .
The most intuitive pictures of ideal SPE can be described by two-level system but in
this case the photons reaching to the detector in bunches and leading to coincidences
at t = 0 due to thermal noise and coherency of the sources (Fig. 11.18a). The real-
istic view of QE is three-level system, where additional level modifies the correlation
between photons (Fig. 11.18b). The probability of getting two photons delayed by
time τ is obtained by using normalized second-order correlation function (Novotny
and Hecht 2006):

g(2)(τ ) = 〈I (t)I (t + τ)〉
〈I (t)〉2 (11.14)

where the symbol <> denotes the time average and I (t) represents the number of
coincidences at time t . Ideally its value will go to zero for τ = 0 delay but due to stray
light, APD dark counts, and contribution from neutral NV centers, one can get the
value in the range 0 < g(2)(τ = 0) ≤ 0.5 for single-photon emitters. Figure 11.18c
shows the quantum behavior (anti-bunching curve) of light emitted from individual
NV center emitter. It is related to the fact that the lifetime of metastable state is
longer than the excited state lifetime of the center, where the photons trapped in
this state create dark periods between the normal photon emissions from the excited
state. However, the high probability of emission at a given delay time indicates the
bunching behavior of photons for which g(2)(τ ) > 1.0.

The Hanbury Brown–Twiss (HBT) interferometer is employed to measure the
photon statistics of light (Fig. 11.19). The interferometer set-up includes two
avalanche photodiodes APD1 and APD2 for investigating the fluorescence intensity
correlation. SPE from an individual NV center was collected using an APD-based
single-photon counting module coupled to time-to-amplitude converter (TAC). The
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Fig. 11.19 The confocal optical scanning set-up for fluorescent imaging of NV centers present in
diamond samples. The two APDs connected through TAC represent HBT interferometer

photon counting and auto-correlation measurements were performed using a time-
correlated single-photon counting (TCSPC) module. In order to prevent optical cross
exchange, IR filters and pinholes are placed in front of each detector. Light collected
from the NV center passes though the 50/50 beam splitter and detected with an
APD. TAC helps to convert the time delay between the output pulses from the two
APDs into voltage amplitude that is linearly proportional to the delay. Amultichannel
analyzer records the number of events for each time delay to get the photon statistics.

Other than creating NV centers during growth process, various methods are avail-
able to create NV centers in diamond matrix, such as laser writing, ion irradiation,
and lithography process. Well-precise spatial distribution of NV centers is required
for photonic application. Laser writing is a controlled process to develop spatially
distributed NV centers in diamond (Chen et al. 2017). SPE from NV centers created
by laserwriting process is shown inFig. 11.20. The spatially distributed squarematrix
of NV centers (Fig. 11.20) is created by femtosecond laser with wavelength 790 nm,
pulse duration 300 fs, and energy range ~16–60 nJ. These vacancies are identified by
g2(τ )measurement in HBT interferometer. The g(2)(0) < 0.32 attributes to the pres-
ence of one color center, whereas 0.32 < g(2)(0) < 0.65 and 0.65 < g(2)(0) < 0.90
correspond to the presence of two and three color centers, respectively.

The quantum computing device based on NV centers requires integrating NV
centers in photonic circuity. Nano-photonics provides the platform where quantum
emitters can be placed inside the cavity without dropping the signal due to diffraction
loss at sub-wavelength regimes.

A NV center present in nano-diamond is integrated in photonic cavity
(Fig. 11.21a), which is addressed through Ta2O5 waveguides. The structure was
achieved through multi-step lithography process. In this structure, the NV center
was excited through port-2, single-photon counting was acquired through port-3,
and spectroscopic studies were performed through port-1 (Schrinner et al. 2020). The
multi-port characterization process enables efficient coupling of light into quantum
emitter in photonic waveguide. A PL spectrum is shown in Fig. 11.21b which
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Fig. 11.20 a g2(τ ) plot is showing single-photon emission from NV centers, b distribution of
single, double, and triple NV centers and c spatial distribution of multi-NV centers created by laser
irradiation. It is adapted with permission from Springer Nature (Chen et al. 2017)

Fig. 11.21 a Set-up for addressing NV centers in photonic cavity through waveguide, b Spectral
power distribution of emission from NV center, and c g2(τ ) plot for identifying the quantum
behavior of light. It is adapted with permission from ACS publisher (Schrinner et al. 2020)

confirms the ZPL of NV center present in photonic cavity. The photons emitted
from these optical centers show quantum behavior of light (Fig. 11.21c).

11.6 Conclusions

Since past three decades, growth, and electronic and optical properties of carbon-
based materials such as carbon nanotube (1D), graphene (2D), and single-crystal
diamond (3D) have been explored due to its quantum structures. The carbon-based
materials with desired physical properties can be grown by CVD techniques. Due to
reduced dimensionality, thesematerialsmaybecome the platform for next-generation
optoelectronic devices, where electronic and optoelectronic devices are integrated.

The direct bandgap in semiconducting SWNTmade it possible to use SWNTFET
as light detection and light-emitting devices. Nanoscale optical source produced by
electrical excitation method in SWNTFET launches surface plasmon in plasmonic
circuitry. These devices can be applied for frequency modulation of optical signal at
circuit level.

Graphene plasmon shows very attractive features such as extremely high localiza-
tion, strong confinement, and strong light–matter interaction. The tunable inter-band
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optical transition in graphene is useful for terahertz applications. Light manipulation
with intrinsic graphene plasmons in quantum optical regime promises a revolution
in optical computing.

The color centers (NV, SiV, etc.) in single-crystal diamond act as a source
of single-photon emission in solid-state system. Diamond quantum emitters are
highly stable and show longer life time at room temperature with high brightness.
It becomes the frontiers of quantum information processing and next-generation
quantum technology for twenty-first century.
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12.1 Introduction

Thanks to the recent technological advances in the field of photonic devices and
photonics based systems in which laser source is one integral and main workhorse.
Since the emergence of theworking laser from the realmof the Science fictionmovies
in the late 1950’s, where it has been shown as a weapon, the laser has found its way
into a wide range of the modern applications, including in sophisticated eye and
heart surgery to precise cutting ofmetal sheets in automobile industry (Noginov2005;
Wilson and Hawkes 1987; Townes 2002; Schawlow 1969; Rodberg and Thaler 1985;
Einstein 1905; Boltzmann 1884; Anderson 1958; Feynman et al. 1989; Wiersma
et al. 1995; Letokhov 1968; Markushev et al. 1986; Cao et al. 1999; Wu et al. 2004;
Livdan and Lisyansky 1996; Chen et al. 2013; Cao 2003). As it is well known that
laser light exhibit some interesting properties, including high monochromaticity,
high directionality, coherence and high intensity. These properties of laser light are
intricately related to its construction geometry, properties of the active medium and
employment of the process of stimulated emission for achievement of the emission of
amplified light (Townes 2002; Schawlow 1969; Rodberg and Thaler 1985; Einstein
1905). Therefore, in laser systems, randomness is strictly undesirable as it emits
light through the process of optical amplification based on the stimulated emission
of electromagnetic radiation (Wilson and Hawkes 1987; Townes 2002). The term
stimulated emission was first coined by the Einstein (Townes 2002) and according
to him if an electron is in a higher energy level and a photon comes along with an
energy equal to the difference between the electron’s energy and a lower energy the
photon will stimulate the electron to fall into the lower energy state, thereby emitting
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Fig. 12.1 a A Schematic of Carnot engine where a raw input energy is converted to more ordered
output. b A schematic of the conventional laser where raw energy of the atom is converted into
intense coherent output

a new photon. The most interesting fact is that the emitted photon will have the same
frequency and phase as those of the original photon.

One can compare laser with a Carnot engine (Schawlow 1969) where a raw input
energy can be converted to more ordered output energy (shown in the Fig. 12.1a).
Henceforth all such laser sources which contain formal optical cavity (i.e., a pair of
mirrors) is to be called as conventional laser.

In a conventional laser source, a complex system is needed to produce highly
monochromatic and coherent light. However, in random laser (RL), this complexity
can be avoided as it does not need any sophisticated amplification cavity and amplifi-
cation of the input can be obtained from the scattering of random system rather than
reflection from mirrors (Noginov 2005). So, there exist some distinctions between
conventional laser and RL in terms of their operating principles and their cavity
structure. In a conventional laser amplifying of light takes place due to back and
forth motion of propagating radiation in the gain medium due to the reflections in the
front and back mirrors of optical cavity. And thus, a highly collimated and coherent
beam of light is produced. In contrast, in RL, no mirror is required and it operates
by multiple scattering of light within the disordered medium. In RLs, the active
medium is typically consisting of powdered particles, solution of film containing
light-emitting particles or molecules and when they are excited by an external energy
source, such as a pump laser or an electrical current, the light emitted by the particles
undergoesmultiple scattering eventswithin the disorderedmedium.This randomness
in the scattering events leads to a broad spectral emission with large fluctuations in
its intensity distribution. However, another difference between conventional lasers
and RLs is the size and cost of their respective cavity structures. A conventional
laser requires highly precise and expensive mirrors to create a stable cavity structure,
whereas a RL can be made by using low-cost and easily available gain materials and
nanostructured materials as scatterer.
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It may be noted here that conventional laser sources are demonstrated to be very
much useful for various technological applications, but still there exist a lot of scope
for innovation. Consequently, a lot of stimulus has been given in the recent past by
various researchers for the improvement in properties and performances of RLs by
employing various luminescent materials as gain media and by using various types
of nanostructured materials for achieving efficient scattering (Cao 2003) but still
a lot of improvements are needed in understanding the principle of operations of
RLs, in the design and developments of innovative and flexible RL systems with low
lasing threshold tunable light emission. However, to fill the gap to some extent, in
this chapter for seeking the attention of the readers on some recent advances in the
fields of development of RLs for various applications is represented. In this chapter,
a brief theoretical background of RLs is presented as a mini review along with some
recent relevant works, particularly focused on improvement of lasing threshold of
RL by structural engineering of gain/scatterer media, by employment of innovative
external feedback system, and by employment of nature extricated gain/scatterer
molecules/systems etc. It is believed that the present chapter will act as a catalysts/
primer for new researchers and may open new possibilities for sustainable and bio-
inspired development of RLs for their novel applications in future RL based imaging,
sensing, and other photonic devices.

12.1.1 A Brief Theoretical Background

The basic component of a laser contains a gain medium, a mechanism to energize it,
and some mechanism to provide optical feedback as shown in the Fig. 12.1b. In most
of the cases a pair of highly polished parallel mirrors (Schawlow 1969) provides
the optical feedback. Light enters into the gain medium from a highly luminous
(pumping) source and then travels through the gain medium and then bounces back
and forth by themirrors and simultaneously gets amplified by the stimulated emission
from the gain medium. However, there are several conditions that must be fulfilled if
the laser is to operate successfully. These involve the gain and loss of the cavity and
the frequency. The cavity condition is so chosen that the total gain in the cavity is
larger than the losses, the system reaches a threshold and laser oscillation takes place.
The emission characteristics of lasing modes i.e., the directionality and its frequency
is determined by the cavity. In conventional laser any randomness is undesirable
because it drives the system away from the lasing condition (Noginov 2005; Wilson
and Hawkes 1987; Townes 2002; Schawlow 1969).

In secondary classes in school, it is often learned why the sky appears blue? It is
due to the scattering (Rodberg and Thaler 1985) of the sunlight by the molecules.
Thus, scattering plays a very important role in daily lives. Almost all objects which
appear opaque scatter light that means they reflect the light that illuminates them in
all directions. Scattering of classical wave in random medium has been studied for
centuries. The Brownian motion (Einstein 1905) which is a microscopic manifesta-
tion of the diffusion process (wave propagation) in the macroscopic level was first
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Fig. 12.2 A Schematic of
random lasing action with
active medium and scatterer

observed by Robert Brown in year 1827 while looking through a microscope at parti-
cles trapped in cavities inside pollen grains in water. In the nineteenth century and
the beginning of the twentieth century, Brownian motion was studied by Langevin
and Einstein (Einstein 1905). The diffusion equation has been obtained and with
the diffusion coefficient, the random walk of classical particles could be quantita-
tively studied. The classical non-equilibrium transport problem has been studied by
Boltzmann who developed the famous Boltzmann equation (Boltzmann 1884). In
the Boltzmann equation, the particle is a classical one, so when quantum effects are
important, one needs to reconsider the Boltzmann formulation. The reformulation of
the Boltzmann theory has been done by Anderson in 1958 (Anderson 1958), when
he first introduced the localization referring to a dramatic change in the propagation
of an electron when it is subjected to a spatially random potential.

The transmission of light in a strongly scattering domain can be analogous to
photons travelling in a random medium. The energy density follows a diffusion
equation over length scales longer than the scattering mean free path (lsc) associated
with this randomwalk, comparable to the Fick law (Feynman et al. 1989) for particle
transport. When compared to ballistic propagation in free space, the dwell period
associated with the transmission of light intensity within the medium is significantly
enhanced. Multiple scattering of light converts the disordered material into a virtual
cavity. This can be used to observe a lasing threshold in the presence of gain and
stimulated amplification of spontaneous emission (SE), like in the conventional laser.
Such a laser without mirrors is called a “random laser” (Wiersma et al. 1995).

A schematic of RL is illustrated in the Fig. 12.2 with an active medium and
scatterer. Here, the beam-like emission and the high degree of spatial coherence
characteristic of standard lasers is lost as the cavity is not well defined, and many
modes with uncorrelated phases can lase simultaneously. However, the complexity
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of the virtual disordered cavity turns out to be an advantage as it offers new degrees
of freedom to control freely laser emission.

Letokhov (1968) investigatedmultiple scattering of light in an amplified scattering
medium in 1968, using amodel established for diffusive light transport. He contended
that for any diffusion process with amplification, when the total gain is proportionate
to the volume and the losses are proportional to the whole surface, the process
is complete. It is therefore clear that there is a critical volume (Letokhov 1968) at
which gain exceeds loss and the intensity diverges. If the gain varies withwavelength,
this model predicts that the emission spectrum narrows over a specific threshold,
with a maximum intensity at the maximum gain wavelength. Moreover, relaxation
oscillations and lasing spikesmay be detected in a diffusivemodel. Several features of
random laser as predicted by Letokhov (Noginov 2005) are observed experimentally
if interference effect between the scattered waves are not considered. However, by
considering the interference effect between scattered light, RLs can be divided into
two kinds, (i) RL with incoherent feedback i.e., non-resonant feedback and RL with
coherent feedback i.e., resonant feedback (Markushev et al. 1986). In case of weakly
scattering regime, a photon entering into the disorderedmedium undergoes a random
walk. Moreover, if gain is introduced in the system, then the photon can initiate
stimulated emission in the system before leaving the system. In such a system it
is difficult to get the required feedback for the lasing oscillation. In case of the
strong scattering regime after multiple scattering photons may reach to the same
point from where it has started its journey. Thus, it forms a closed loop and in the
presence of the gain the amplification in the closed loop path overcomes the loss and
lasing oscillation starts. The back scattered photons interfere and determine the lasing
frequencies. This fulfils the requirement of the field feedback for laser oscillation
to occur and produced random lasing which is termed as coherent random lasing
(Cao et al. 1999). Further, there are a few length scales which describe the scattering
of photon in disordered dielectrics viz. scattering mean free path (ls) which is the
distance travelled by the photon before being scattered again. The transport mean
free path (lt) (Wu et al. 2004) is defined as the average distance a wave travels before
its direction of propagation is randomized. Another two important length scales are
gain length (lg) (Wu et al. 2004) and amplification length (lamp) (Wu et al. 2004).
The lg is described as the length over which the intensity is amplified by a factor
of e and lamp is the distance between the staring and end point of the lg. If L is the
smallest dimension of a 3D randommedium there are three regimes for light transport
(i) ballistic regime, L ∼ lt; (ii) diffusive regime, L >> lt >> λ; (iii) and Anderson
localization occurs at, klt ~ 1 (Wu et al. 2004; Livdan and Lisyansky 1996), where λ

is the incident wavelength of light and k (=2π
λ
) is the corresponding wave vector. The

lt in diffusive regime can be obtained by the following relation (Chen et al. 2013),

lt = 1/npσsca = L/ln(I0/I ), (12.1)
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where, np is the number of particles per unit volume, σ sca is the scattering cross
section, I0 is the incident laser pump intensity, I is the transmitted pump intensity
and L is the thickness of the sample. When the wavelength of the incident laser
radiation is greater than the particle size (r) one approximation of the scattering
cross section (σsca) using the Rayleigh scattering formula can be done, which is
given by Wu et al. (2004),

σsca = 8πr2

3
s4

(
n2 − 1

n2 + 2

)2

, (12.2)

where, s is the structure factor (2πr/λ) and n is the refractive index of the medium.
From Eq. (12.2), ls which is almost equal to lt can be approximated by the relation
(Wu et al. 2004),

ls ∼= lt = λ

4 f π4

(
λ

r

)4(n2 + 2

n2 − 1

)2

, (12.3)

where, f = 4πρr3

3 is called the filling factor and ρ is the density of the material. As
discussed earlier in case of the incoherent RL the only energy or intensity feedback
is present i.e., no field or phase feedback hold. In such a system the photon transport
equation can be written as (Cao 2003),

∂ϕ(r, t)

∂t
= D∇2ϕ(r, t) + v

lg
ϕ(r, t). (12.4)

where, ϕ(r, t) is the photon energy density; D = vlt /3, is the diffusion co-efficient, v
is the photon velocity. The solution of the Eq. (12.4) can be approximated as,

ϕ(r, t) =
∑
m

am∅m(r)e
−

(
Db2m− v

lg

)
t
, (12.5)

Here, ∅m(r) and bn are the Eigen value and Eigen function, respectively and am
is a coefficient and satisfy the relation,

∇2
∅m(r) + b2m∅m(r) = 0. (12.6)

Now at above threshold, Eq. (12.6) can be written as,

Db21 − v

lg
= 0. (12.7)

where, b1 is the lowest eigenvalue and can be approximated to ~1/L. So, with this
approximation and using the relationD= vlt /3 one can rewrite the Eq. (12.7) as (Cao
2003).
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L3
cri t = Vcrit =

(
lt lg
3

) 3
2

. (12.8)

Here, Lcrit and V crit are the critical length and volume, respectively. When the
gain volume of the system exceeds the critical volume as given by Eq. (12.8), the ls
becomes greater than the lg and gain overcomes the loss and system begins to lase
above threshold.

12.2 Some Emerging Areas of Random Lasers

12.2.1 Role of Structural Engineering and External
Feedback in Controlling Performance of Random
Lasers

The walk of photons in the disordered environment is an interesting topic of recent
photonic research. Photon transport processes for RL emission exclusively depend
on the types of scattering elements. In earlier reports, opaque or translucent mate-
rials have been used for RL generation (Zhang et al. 2013). For a strongly scattering
system, photons return to the same coherence volume via multiple light scattering.
Therefore, even with weak pumping, sufficient optical feedback for RL emission is
achievable (Wu et al. 2006; Andreasen and Cao 2011). However, attaining lasing
conditions in weakly scattering systems (Zhang et al. 2013) is tedious, and some-
time requires a repetitive feedback and elongated pump strip. Also, spectral and
spatial overlap in between the lasing modes is another hurdle in weakly scattering
regime. As a solution for demonstrating RL emission in a weakly scattering regime,
inhomogeneous gain medium is used by previous researchers for providing optical
feedback (Andreasen and Cao 2011; Frolov et al. 1999; Caixeiro et al. 2016). Also,
RL threshold can be reduced by using highly reflective scatterers (Kim et al. 1999;
Yashchuk et al. 2008). Although employment of reflective scatterers may cause extra
loss of pump energy, hence it may lead to the pump volume quenching. Contextu-
ally, intentional doping of microbubbles or sub-millimetre air voids inside a disorder
active medium helps in lengthening of the effective path length of emitted photons
to promote the photon multiplication process (Yashchuk et al. 2008). Likewise, RL
emission frompolymer films embeddedwithmicrobubbles andCdSe/ZnS core–shell
quantum dots (QDs) as gainmedium has been reported, as shown in Fig. 12.3a–c (Hu
et al. 2020) where microbubbles serve as the centres for total internal reflection to
amplify the photons.Not only in solid state polymermatrix, but also themicrobubbles
can help in light localization in the liquid disorder system. For example, application of
nano-micro bubbles as SPASER (surface Plasmon amplification by stimulated emis-
sion of radiation) element for generating super bright stimulated emission is already
known (Noginov et al. 2009). Although, the generation of microbubbles within a
liquid medium is experimentally tricky and sometime it requires an appropriate type
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Fig. 12.3 a FESEM image of the CdSe/ZnS core–shell QDs embedded polyvinyl alcohol (PVA)
film filled with air bubbles. b Mechanism of total internal reflection due to the presence of air
bubble. c Emission spectra of the air bubble incorporated RL device at different pump intensities.
(Hu et al. 2020, Copyright ACS, reproduced with permission) The schematic of the experimental
setup for d RL generation, and e pump-probe photography. f Identification of microbubble inside
liquid disorder active medium. (i) When θ i < θc, the microbubble appears to be faint due to the
refraction of incident light), and (ii) when θ i ≥ θc, the microbubble appears as bright spot due to the
total internal reflection. g Emission spectra of DCM in the presence of graphene flakes as passive
scatterer (number density NSC = 7 × 1016 nos./ml), when it is pumped using a CW laser of 532 nm
wavelength with various pump intensities. h Variation of emission intensity and FWHMwith input
pump intensity for (i) bare DCM and (ii) DCM in the presence of graphene flakes. (Pramanik et al.
2021a, Copyright Willey, reproduced with permission)

of catalyst material having a refractive index similar to that of the gain medium
(Okamoto and Yoshitome 2017). However, quite interestingly to generate RL emis-
sion in a weakly scattering regime, recently utilization of two-dimensional (2D)
graphene flakes (GFs) as the passive scatterer and thermo-catalyst for microbubble
generation inside liquid suspension of dye molecules is done (Fig. 12.3d–h). As
depicted in Fig. 12.3f, the existence of microbubbles as well as their role in RL
emission generation is confirmed through pump-probe photography experiment. The
phenomenon of total internal reflection is clearly observed, which helps in localiza-
tion and amplification of photons inside the lasing medium. Thus, RL emission at
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638.4 nm at a low lasing threshold, linewidth, and high quality factor (Q-factor)
of ~84 W cm−2, 2 nm, and 1127, respectively is demonstrated. The performance
of the GFs for RL generation in weakly scattering regime has been reported to be
superior over those of spherical shaped TiO2 and Ag nanoparticles (Pramanik et al.
2021a). The existence of localized bubbles under intense laser excitation has also
been proposed byother researchers to achieve the necessary effective feedback during
the RL emission from Graphdiyne (Jiang et al. 2020).

Also, structural engineering to provide external feedback is common for achieving
RL emission under optical pumping by continuous wave (CW) laser. A key issue
for CW pumped lasing is to avoid the accumulation of long-lived excited states
in the gain volume, causing induced absorption (Bornemann et al. 2006). Bravo
et al. have reported CW pumped upconverting single mode lasing at room tempera-
ture fromYb3+/Er3+-co-doped upconverting nanoparticles conformally coated onAg
nanopillar arrays (Fernandez-Bravo et al. 2019). Zhang et al., have used (PEA)2PbI4
thin flakes as the gain medium to achieve a CW vertical-cavity surface-emitting
single mode laser operation with an ultra-low threshold of 5.7 W cm−2 (Zhang et al.
2021).

12.2.2 Engineering Random Laser Action with Structural
Variation in Gain/Scatterer Media

Already, a number of research studies have been carried out over the past decades to
overcome the difficulties related to low photon confinement in the diffusive regime
under pulse optical pumping. In this regard, alternations of photon transposition in
a disordered medium by means of controlled structural deformation/reorganization
in the geometry of RL devices are reported extensively (Dey et al. 2022; Lee et al.
2019; Shen et al. 2014; Tong et al. 2019; Sznitko et al. 2014; Sun et al. 2015). Exper-
imental results shown in Fig. 12.4a–c demonstrate that the cavity path length of the
emitted photons can be controlled strongly by altering the curvature of the flexible
polymer film containing the scatterer and gain molecule (Lee et al. 2019). Therefore,
reduction in RL threshold as well as tuning in spectral position is possible to achieve.
Furthermore, it has been observed that engineering over the device architecture is an
effective method for producing RL emission with controllable properties. Chip-scale
RL action by employing the long-range random nanoscale wrinkles polydimethyl-
siloxane (PDMS) film has been reported (Shen et al. 2014). Prior to the discussion
on RL emission properties, authors have given a detail about the fabrication of the
wrinkled RL device, as shown in Fig. 12.4d–g. The optical amplification is achieved
via multiple scattering of photons at each of the PDMS wrinkle-dye interfaces. The
unique sinusoidal Bragg-grating-like random structure helps in lowering the RL
threshold. Additionally, randomness in the wrinkle structure has further offered a
tunable RL emission characteristic. Meanwhile, tuning of RL emission wavelength
from 561 to 578 nm by change in the excitation area along the thickness gradient
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of wedge-shaped dye doped polymer film resonator is demonstrated by Tong et al.
(2019), as shown in Fig. 12.4h–j. Notably, as the thickness of the wedge-shaped
dye doped polymer film is increased, the number of lasing modes is reported to be
increased. Therefore, not only wavelength tuning but also mode selective RL emis-
sion can be designed by varying the thickness of the disorder active medium. As
thickness of the active medium is increased, the effective number density of the scat-
terer under a fixed area of optical pumping decreased, and hence the gain photons
get enough room for forming coherent loops via multiple scattering. Therefore, more
number of coherent RL modes may appear. Similar type of mode tunable RL emis-
sion generation by altering the effective number density of scatterers under a fixed
pump area by stretching flexible active medium has also been reported earlier (Sun
et al. 2015), as depicted in Fig. 12.4k–l.

12.2.3 Employment of External Feedback (ExFB) Approach
for Controlling Threshold Pump Intensity of RL
Emission

It has been shown that, when L >> lt i.e., at a diffusive regime, pump volume amplifi-
cation inside the random active medium could be an effective way to achieve tunable
RL emission and reduced pump threshold (Ling et al. 2001; Soest et al. 1999). In
a recent work, indigenously designed external feedback (ExFB) based RL system
as shown in Fig. 12.5a, consisting of a quartz substrate as a front-facing mirror
(Pramanik et al. 2021b) is demonstrated. The substrate has been placed just after the
DCM@ZnO-MCs doped polymer film which acted as the active medium. A piece
of paper having typical thickness of 120–130 μm has been used as the spacer in
between the smooth surface of the Si substrate (acted as a mirror) and the polymer
film. A CW diode laser of 532 nm is used as a pumping source in the RL experiment.
To capture the emission spectra, a fiber optic detector (Avaspec) is placed at right
angles to the direction of incidence of the pump beam. In the previously reported
work (Pramanik et al. 2021b), the technique of pump volume amplification to reduce
the RL threshold is achieved by the following mechanisms.

(i) Changing the excitation spot area (A)

In general, with the increase in the value of the excitation spot area A the enhanced
amplification of the pump volume takes place and therefore RL emission at a low
pump threshold can easily be achieved. The capability of reduction of lasing threshold
through pump volume amplification in DCM@ZnO-MCs in a polyvinyl alcohol
(PVA) host is checked and the reduction in threshold intensity (ITh) has been observed
with an increase in A (Pramanik et al. 2021b). Theoretically; this dependence can
be realized according to the random resonator statistical framework proposed by
Apalkov and Raikh (Wang et al. 2019; Dhanker et al. 2014) and ITh can be written
as,
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Fig. 12.4 a Emission spectra for the ZnO based flexible RLwith the increase in the pump energy at
a bending curvature (k)= (i) 0.122, (ii) 0.105, and (iii) 0 mm−1; Corresponding digital photographs
of the flexible RL at different k values. b Characteristic behaviours of the RL threshold and the
slope efficiency as a function of k for the ZnO based flexible RL device. c The corresponding
power Fourier transform (PFT) spectra to derive the cavity path length Lc = πpm/nm; (Lee et al.
(2019) Copyright RSC, reproduced with permission) Where, pm is the peak of the Fourier plot,
n is the refractive index of the gain medium, and m is the order of the Fourier harmonic. d AFM
image of PDMS surface wrinkle patterns. e Preparation of the sandwich RL device using the dye
solution in ethylene glycol is drop casted on to the surface of a flat PDMS and then confined with
a wrinkled PDMS. f The front-view diagram of the sandwiched RL device. g Emission spectra
generated from the wrinkled PDMS based RL device, when pumped at different positions. (Shen
et al. 2014, Copyright AIP, reproduced with permission). h Schematic and i optical microscopic
image of wedge shaped Plasmonic RL device. j Emission spectra generated from the wedge shape
Plasmonic RL device, when pumped at different positions. (Tong et al. 2019, Copyright Elsevier
reproduced with permission) k SEM images of ZnO nanobrushes in low (left) and high (right)
magnifications. (il) Tuning of RL mode in the stretchable elastomer substrate consisting of ZnO
nanobrushes (Sun et al. 2015, Copyright ACS, reproduced with permission)
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Fig. 12.5 a Schematic of the external FB based RL system. b FESEM image of ZnO-MCs. c Emis-
sion spectra of FB based RL systems are collected during SE, ASE and RL emission. d Digital
images of the active medium are captured taken during SE, ASE and RL emission. e Variation of
output intensity and FWHM of the RL system with Ip. f Emission intensity of the lasing modes
as a function of number of measurements carried out for the ExFB based RL system, during (i)
SE, (ii) ASE, and (iii) RL emission. The value of intensity fluctuation coefficient ( f I = σ I /Imean
g Variation of f λ with IP for the ExFB based RL system. Microscopic images of the h TEM grid
and e Bio cell membrane (Allium cell) under the illumination of (i) RL, and (ii) CW He–Ne laser.
(Pramanik et al. 2021b, copyright Elsevier, reproduced with permission)

ITh ∝ exp

⎡
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⎛
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)
G

⎞
⎠
1/λ

⎤
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where, A0 is the two-dimensional area occupied by typical quasimode, and G is a
parameter reflecting the disorder strength of the random medium. The value of λ is
≥ 1, and it is dependent on the degree of disorder. In the limit of λ → 1, Eq. (12.9)
can be reduced to a simple power-law (Wang et al. 2019; Dhanker et al. 2014).

ITh ∝
(
A/

A0

)−1/G
(12.10)

In this case, the experimental data has been fittedwith Eq. (12.10), and the disorder
strength of the active medium (G) is extracted to be 0.76. In the experiment ~5 times
decrease in the CW RL threshold is also observed with ~3 times enhancement in A.
The value of 1/G reported inWang et al. (2019) is 0.7 and similar kind of observation
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is also reported by Dhanker et al., (Dhanker et al. 2014) for achieving random lasing
in organo-lead halide perovskite microcrystal networks at a low RL threshold.

(ii) Pump light reinjection in presence of external feedback

The characteristics of the light emitted from the designed RL systems which are
collected at different input pump intensities (Ip) can be seen from Fig. 12.5c. The
gain saturation in RL emission is observed due to mode competition and the sharing
of pumping energy among the adjacent modes. Moreover, the formation of multiple
fluctuating modes during amplified spontaneous emission (ASE), and a decrement in
the number of lasing modes thereafter during the RL emission due to mode competi-
tion, can be seen from Fig. 12.5c (left and right inset). In this context, the narrowing
in the linewidth (FWHM) is also observed during the transition from ASE to RL
as shown in Fig. 12.5e. Also, a change in the nature of the gain volume has been
observed during the transition from spontaneous emission (SE) to ASE and then to
the RL mode of emission, as shown in Fig. 12.5d. Moreover, Fig. 12.5e shows the
variations of the value of integrated emission intensity and FWHM of the collected
spectra as a function of IP. The “S” like behavior in the log–log plot is also a signature
of clear transformation from SE to ASE and finally to RL action followed by gain
saturation (Pramanik et al. 2021b). Furthermore, the loss of the pump photons as well
as their reinjection has been optimized by changing the effective cavity length (Leff).
Hence, with a Leff of 220 μm, a single-mode RL emission at 598 nm is obtained at a
pump threshold intensity of 58.8W/cm2, Q-factor of 1090 and efficiency (η) of 47%.
Also, a significant reduction of ~60% in I th in the FB based RL system compared to
that of the bare polymer films (PF) have been observed.

Previously, the transition from SE to RL (Pramanik et al. 2021b) has been iden-
tified by comparing the relative statistical fluctuation in the intensity of the emitted
radiation at different IP values. Herein, similar studies have been also carried out
and the results are showcased in Fig. 12.5f. The statistical measurement of emission
intensity (in every 1 s within a time window of 2 min) of the FB based RL has been
carried out at different IPs as shown in Fig. 12.5f, and in all cases, the mean intensity
is found to be increased, as is expected with increasing gain in the system (Pramanik
et al. 2021b). However, generation of multiple fluctuating modes (Pramanik et al.
2021b), leads to a highest value of f I just above the ASE threshold. Whereas, as
shown in Fig. 12.5g, a decrease in the value of f I on further increase in IP suggests
the mode competition via sharing of pumping energy. As a consequence, saturation
of one particular lasing mode intensity during the RL emission is observed. Further,
the RL system has been judiciously used for collecting images of Allium cepa cells
(Pramanik et al. 2021b) with ~ 88% reduction in the value of speckle contrast (C)
compared to that of a conventional CW laser and with other ordinary lights. Also,
as shown in Fig. 12.5h, the value of C for the ExFB assisted RL illumination is
demonstrated to be ~3 times lower compared to that of the RL light obtained from
bare dye doped polymer film, indicating the low spatial coherency of the former light
source (Fig. 12.6).
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Fig. 12.6 An overview of natural and bio-inspired frameworks for generating RL emission

12.2.4 Some Nature Inspired Scattering Structures
for Random Laser Generation

Consumption of naturally procured and bio-degradable constituents is increasing in a
day-to-day manner. The traditional malignant commodities used in laboratory-based
research activities have some limitations due to their toxicity, non-biodegradability,
impact on environmental parameters and as a result employment of these materials
have massive drawback for in-vivo research applications. Therefore, the applica-
tions of natural derivatives for general research methods are the one-step solution
with respect to those harmful vendible objects. Recently, a lot of research studies are
carried out with environment-friendly substances, for their successful employment in
potentially beneficial domains of research (Moura et al. 2017; Tadepalli et al. 2017;
Syurik et al. 2017). Biological tissues are a major type of scattering materials, and
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they have been demonstrated to be suitable for generating RL radiation. Significantly,
in ex-vivo dye infiltrated human tissue, emission spectrum alterations in malignant
tissue compared to healthy tissue have been discovered, presenting the intriguing
prospect to utilize random laser physics to create novel sensors for detecting biolog-
ical tissue disorders. Ex-vivo dye penetrated human tissue from the same person
was utilized to map the malignant and healthy sections. The finding is related to the
extremely active field of diffuse light biomedical imaging and takes use of the fact
that various tissues and bone types have various optical structures and mean free
paths. Thus, use of the gain medium which is bio-compatible and non-hazardous can
make a huge difference in in-vivo bio-imaging of the human tissue. Hence, biocom-
patible and non-hazardous gain/scattering media for lasing generation, in particular
for RL, is becoming a spotlight area in day-by-day manner (Pramanik et al. 2022).

12.2.5 Nature Extricated Gain/Scatterer Frameworks for RL
Applications

Usually, nature extracted or biologically inspired gain/scatterer media in RL have
huge advantages over commercially available objects, as they are less harmful, easily
procurable, biodegradable. In this section, discussions about some nature inspired,
biodegradable gain/scatterer configurations used for constructing various RL devices
and their fruitful applications in daily life is carried out.

Recently, spatial coherency of RL emission has been calculated in dye doped
transparent wood (TW) (Koivurova et al. 2018). TWs having high haze value (~95%)
and high transmittance (~90%) has complex hierarchical structure, consisting of
several components of hemicellulose, cellulose, lignin etc. Figure 12.7a shows the
construction of TW based RL arrangement with corresponding pumping scheme
as shown in Fig. 12.7b. The typical quasi-RL emission spectrum with incoherent
feedback is shown in Fig. 12.7c. The spatial coherency is measured by means of
double grating interferometer in the reported R6G dye doped TW based RL device,
where root mean square value of degree of spatial coherence (ϒ) is defined as,

ϒ
2 =

˜
I0(x − �x)I0(x + �x)|γ0(x − �x, x + �x)|2dxd�x

˜
I0(x − �x)I0(x + �x)dxd�x

(12.11)

The measured ϒ is shown in Fig. 12.7d. The overall degree of spatial coherence
is estimated to be as low asϒ= 0.16± 0.01, which is an indication of possible usage
of the apparatus in speckle free imaging devices.

In 2012, Zhang et al. have reported coherent RL emission from exotic nanopillar
structures in pomponia imperatoria cicada wing (Zhang et al. 2012). Figure 12.8a
shows the digital image of a pomponia imperatoria cicada and in Fig. 12.8b–c the
SEM images of cicada wings consisting of nanopillars, at different magnifications
are shown. The dye doped polymer film consisting of cicada wings can constitute
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Fig. 12.7 a Schematic representation of the TW-R6G sample, b Pumping mechanism on the TW-
R6G sample, c Typical emission spectra from TW-R6G sample, d Measured spatial coherency of
TW-R6G sample (Koivurova 2018, Copyright Optica, reproduced with permission)

coherent emission at ~605 nm with a threshold intensity value of 70.4 W/cm2. Basi-
cally, the nanopillars in the film provide sustainable feedback of amplified light by
recurrent multiple scattering, and thereby creating coherent loops. As a result, RL
emission has been achieved upon surpassing the overall loss with the net gain, as
shown in Fig. 12.8d, having mode line-width of <0.55 nm.

Another distinctive RL emission has been realized in RhB as the gain medium in
polymeric films with diatom frustule as the scatterer (Lamastra et al. 2014). Porous
nanostructures of diatomite, produced by solvent casting technique, as shown in
Fig. 12.8e provides intensity feedback of light for generation of incoherent RL emis-
sion. As shown in Fig. 12.8f, the lowest RL threshold intensity of 308 kW/cm2 has
been optimized by deliberately choosing the number of frustules (Lamastra et al.
2014).

The silk based scatterer for RL framework is another highly intense research
area and silk protein-based bio-microfiber disordered structures has been made from
Bombyx Moriemoth (Xie et al. 2020). They used a simple electrospinning technique
for preparation of the disordered structure and achieved coherent RL emission with
33 nm wavelength tunability with RL threshold energy of 2.68 mJ. Further, by fabri-
cating inverse photonic glass design in the silk based RL system, measurement of
intrinsic pH of NaOH solution has been demonstrated by Caixeiro et al. (2016). A
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Fig. 12.8 a A digital image of pomponia imperatoria cicada, b–c SEM images of cicada wing
nanopillars at different magnification. d Emission spectra from cicada wing nanopillar based
DCM:SU8 films (Zhang 2012 Copyright Elsevier, reproduced with permission). e SEM images of
a diatomite, f Normalised emission spectra from PMMA/RhB/DE20 sample at different excitation
power density (Lamastra et al. 2014, Copyright RSC, reproduced with permission)

nonlinear increase of FWHM from ~15–20 nm at pH = 7 to ~55 nm at pH = 13
attributes to deprotonation of the dye molecule.

12.2.6 Generation of Random Lasers in Hibiscus
Rosa-Sinensis Leaf Extract (HRLe) and Clitoria
Ternatea (CT) Dye

In general, the commercially available organic dyes are frequently used as gain
media for RL emission under pulse pumping owing to their high photoluminescence
quantum yield (PLQY). But these commercial dyes are not bio-compatible in most
of the cases; thus, they restrict the in-vivo bio-imaging application of RL emission. In
this regard, some natural dye containing chlorophyll (Chl) or other natural organic
ingredients such as Hibiscus rosa-sinensis leaves extract (HRLe), may fulfil the
requirements fabricating bio compatible RL devices (Hindman et al. 1977; Leupold
et al. 1990; Chen et al. 2016; Navarro andWerts 2013; Biswas andKumbhakar 2017).
Although laser emission generated under low power CW pumping is essential for
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some applications, but in most of the previous reports Chl lasers are designed under
pulsed lasers (Hindman et al. 1977; Leupold et al. 1990). And stimulated emission
from Chl under CW laser excitation is sparsely reported (Hindman et al. 1977;
Leupold et al. 1990; Chen et al. 2016).

Hibiscus rosa-sinensis is a perennial green plant that is widely cultivated
throughout the tropics and subtropics. The dark green colour of Hibiscus rosa-
sinensis leaves indicates its use as rich source of Chl (Zhang and Forrest 2011;
Hao and Schatz 2004). On the other hand, size and shape dependent Plasmonic
response of Au and Ag nanoparticles have created enormous research interest in the
past (Navarro and Werts 2013; Biswas and Kumbhakar 2017). As reported earlier
through resonant scattering experiments, scattering efficiency of Ag nanoparticles
is more in compared to that of Au nanoparticles of similar dimensions, as Ag has a
lower value of imaginary dielectric constant compared to that of Au nanoparticles.
In a recent work, Navarro and Werts (2013) have experimentally compared resonant
light scattering from different Au, Ag and Au–Ag alloy nanoparticles. In this regard,
similar to PLQY of fluorescent objects, they have formulated the resonant light scat-
tering efficiency (φsca). The light scattering efficiency is defined as, φsca = σ sca/σ ext

and it is mainly dependent on the excitation wavelength, which is unlike the case
for PLQY. Here, σ sca and σ ext are the scattering cross section and extinction cross
section, respectively. At optical frequencies, Ag nanoparticle interacts more strongly
than that of Au nanoparticles (Hao and Schatz 2004) and thus the Ag nanoparticles
have higher scattering efficiency.

Meanwhile, the absorption spectrum of triangular nanostructures of silver (TNS)
synthesized matches very close to the emission wavelength of 632.8 nm of the pump
CWHe–Ne laser. Moreover, it has been found that the quenching in the PL intensity
of the HRLe takes place in the presence of TNS. Thus, a judicious choice of gain
medium and scatterer is essentially needed to generate CW laser pumped emission.
Quite interestingly, demonstration of a low power CW He–Ne laser pumped RL
emission at ~674 nm in HRLe in the presence of TNS as the plasmonic scatterer
(Biswas andKumbhakar 2017) is reported. Additionally, ~2.54 times reduction in the
RL threshold is achievedwith the increase in number density ofTNS.For comparison,
a thin film of PVA doped with commercial MB dye and TNS has been prepared and
RL experiment is performed, similar to that with the liquid system, and a systematic
reduction in RL threshold with number density of TNS is observed. Notably, in both
cases, the variation of RL thresholdwith number density of TNS follows a power law.
Figure 12.9a shows the emission spectra of bare HRLe, which are obtained under
various pump laser intensities (IP). Whereas, Fig. 12.9b–f show the same but in the
presence of TNS at different number densities starting from 5 × 1014 to 8 × 1015

nos./mL (Biswas and Kumbhakar 2017).
It may be noted that irrespective of the pump laser intensity and number density of

TNS, the HRLe exhibits a central PL emission band at 674 nm along with two other
shoulder peaks at 720 and 648 nm. The lasing threshold for RL generation in HRLe
in the presence of the TNS scatterer of a given concentration has been determined
by plotting the output power emitted at 674 nm with the variation of the IP and the
results are shown in Fig. 12.10a–f.
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Fig. 12.9 a Emission spectra of HRLe without TNS scatterer. b–f Emission spectra of HRLe for
four different values of N of b 5 × 1014, c 1 × 1015, d 2 × 1015, e 4 × 1015 and f 8 × 1015 nos./
mL, when it is pumped by a He–He laser of 632.8 nm wavelength with various pump intensities
(Biswas and Kumbhakar 2017, Copyright RSC, reproduced with permission)

12.2.7 Generation of Random Laser in Clitoria Ternatea Dye

The application of flower-like ZnO nanostructure for the development of RL in
different gain media, such as commercially available MB dye, bio-compatible CT
flowers extract, and their mixture has been reported earlier. In (Kumbhakar et al.
2019), the demonstration of RL action at 660 nm in butterfly pea (Clitoria ternatea;
CT) flower extract (used as gain medium) has been made. In (Kumbhakar et al.
2019), flower-like ZnO NPs have been used as passive scatterer and a low power
CW He–Ne laser radiation of 632.8 nm has been used as excitation source of light.
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Fig. 12.10 Variations of emission intensity with pump intensity for RL generation in HRLe for
different concentrations of TNS a 0 b 5 × 1014 c 1 × 1015 d 2 × 1015 e 4 × 1015 f 8 × 1015 nos/
mL of TNS. (Biswas and Kumbhakar 2017, Copyright RSC, reproduced with permission)

For achieving low lasing threshold in these gain media, binary scatterers, such as Ag
and ZnO NPs have also been employed as passive scatterer. The resonance energy
transfer (RET) process between the two gain media to achieve tunable light emission
in RL experiments has been utilized.

The extraction of pigments from CT dye has been carried out by cutting them
into small pieces and dipping into a beaker with a particular volume of DI water.
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After 24 h, a blue coloured solution is extracted from the mixture by using a filter
paper (pore diameter ~50 μm), and then it kept in a separate container (Kumbhakar
et al. 2019). As depicted through the fourier transform infrared (FTIR) spectrum in
Fig. 12.11d, the blue colour solution contains several organic compounds such as
flavonoids, anthocyanins, polyphenolic compounds, monoglycosides, diglycosides
etc. (Kumbhakar et al. 2019).

Thereafter, the Plasmonic scatterer i.e., TNS have been introduced with the
random system consisting of CT dye and ZnO nanorods. The significance of TNS
on a random system is judged, by careful mixing of different concentrations of ZnO
and TNS in liquid as well as polymer matrix. Figure 12.12a–b show the RL emission
spectra of polymer films obtained under different pump powers, in the absence and
presence of Ag NPs, but for the same number density of ZnO NPs (Kumbhakar et al.
2019).

Fig. 12.11 a Optical absorption and PL emission spectra of the as extracted CT dye. Digital
photographs of CT flower and its extract is shown in (b) and (c), respectively. d FTIR spectra
of CT dye. (Kumbhakar et al. 2019, Copyright RSC, reproduced with permission)
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Fig. 12.12 The emission spectra of CT_MB medium in the presence of ZnO scatterer (nZnO = 7
× 1012) at different IP values of a without Ag NPs b with Ag NPs (nZnO = 20 × 1012 and CAg

= 36 × 1015 ml−1), respectively; inset shows the threshold behaviour of random system for RL
generation in MB dye. (Kumbhakar et al. 2019, Copyright RSC, reproduced with permission)

12.2.8 Generation of RL from Natural Micro-pillar Based
Scatterer in Bambusa Tulda Leaves

Exotic photonic structures found in different nature procured substances are often
found to be jaw-dropping due to their complex and astonishing optical properties. The
recent research studies from various researchers around the world have enriched the
knowledge such that nowadays the conventional bulky and complicated laser system
is being replaced by natural and biodegradable RLs. The optical feedbackmechanism
within this type of scatterer media occurs due to random scattering events from the
micro/nanostructured natural scatterer systems, when mixed with a suitable gain
medium, when illuminated by a pump source. Low lasing threshold intensity along
with the versatility of choosing the suitable gain medium/scattering materials have
made the natural scatterer based RL system a convenient and worthy replacement of
conventional lasers for imaging applications of any object.

In this section, presentation of work on an indigenous development RL system
made up of bambusa tulda (Indian bamboo) leaves (Dey et al. 2021) is reported.
An exotic RL arrangement has been made by coating the bamboo leaves with
Rhodamine-B (RhB) dye. The front surface of those bamboo leaves ismade of natural
micro-pillars with variable sizes and distances between themselves. Figure 12.13a
shows the image of a fresh bamboo leaf, whereas, the FESEM images of the upper
surface of a bamboo leaf is shown in Fig. 12.13b, which shows the micro pillar
structures. The interactive 3D surface plot of the FESEM image of the marked area
of the upper surface is shown in Fig. 12.13c which will make it easy to visualize.
These bamboo leaves are coated with specific concentrations of Rhodamine-B dye
and it has been pumped by a 532 nm CW laser. At low input intensities of the pump
laser, the broad spectra corresponding to the SE of RhB dye is obtained. However, as
the input intensity is further increased, emergence of spikes on top of the SE back-
ground is found. The occurrence of such spikes is the scattering of amplified light
around those natural micro-pillars and this type of RL emission occurs at ~ 582 nm
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Fig. 12.13 a Digital image of a fresh bambusa tulda leaf, b FESEM image of a clean leaf (Inset
shows the histogram plot of average micro pillar distances), c 3D surface plot of the yellow marked
area inFig. 12.13b, shows3Dnature of themicro pillars of bamboo leaves,dCOMSOLMultiphysics
simulation of electric field distribution around the micro-pillars due to scattering of amplified light,
eNormalized emission spectra from 2months old S3 sample (Inset shows the zoomed portion of the
marked spectra showing a RL mode at ~584 nm appearing at high Pin) (Dey et al. 2021, Copyright
Optica, reproduced with permission)

is achieved in RhB dye coated bamboo leaves. The threshold input intensity (ThPin)
of such a lasing action is calculated to be ~132 W/cm2.

Furthermore, the scattered electric field distribution of the amplified light around
those micro-pillars can be numerically simulated by the commercially available
COMSOL Multiphysics software. Such field is schematically shown in Fig. 12.13d.
Furthermore, this incoherent RL emission is used for speckle free or noiseless
imaging technique for better illumination of any object because of the very low
degree of coherency. The speckle contrast value for RL illumination was close to
zero with a value of 0.03. Hence, the present report (Dey et al. 2021) not only
describes simple and exclusive method for synthesizing environment friendly, non-
hazardous, plant-extracted RL system via a simple-route technique, but the interplay
of scattering by the ‘micro-pillar and amplified light’ duo can open up huge opportu-
nity to set new platforms for handy, low-cost and non-complex CW laser assisted RL
system for bio-imaging applications. Therefore, the synthesized RL system made of
dye coated bambusa tulda leaves is a promising candidate for advanced photonics
application in the future and it can surely be a breakthrough in the field of RL based
imaging apparatus (Dey et al. 2021).
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12.3 Applications of RL

As mentioned earlier that due to the recent advancement in materials science and
due to the improvement in understanding of the principle of operation of RL a lot
of researchers are working on it and a plethora of new application opportunities are
opening up and a thriving route for RLs additional basic research and applications in
the future are anticipated. The practical uses of RL have extended in the vast realm
of optical, medical, and commercial and defense sectors. Here, as mentioned in
brief about some recent advancement in the applications of RL systems for drawing
attention of the readers and some applications of RL in various fields are shown
schematically in Fig. 12.14.

One of the major utilizations of RLs are its speckle free imaging due to its low
spatial coherence properties (Redding et al. 2012). RLs have been used as a source
of imaging employing various nanostructures (Liu et al. 2019; Yang et al. 2019; Bian
et al. 2020). The speckle contrast (C) with a low value of 0.0241 has been obtained
in Liu et al. (2019), which shows that the generated RL illumination is highly useful
for imaging. Furthermore, RLs have also made their footprint in the medical sector
as well. Different diagnosis methods including cancer cell detection (Polson and
Vardeny 2004; Zhang et al. 2019), blood monitoring (Mendicuti et al. 2021), human

Fig. 12.14 A schematic
representation on different
applications of RL
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wearables (Ge et al. 2021) etc. have been reported, so far, by using different RL
systems. However, further implications of RLs include anti-counterfeiting (Ni et al.
2021; Su et al. 2020), refractive index sensor based on fiber RL (Shi et al. 2020),
flexible laser display (Hou et al. 2021), bit generation (Sznitko et al. 2021) etc. For
instance, the polymer gel containing R6G dye and Ag nanoparticle has been used
as a smart ink for detection of friend or foe i.e., anti-counterfeiting (Su et al. 2020).
Similar to luminescent quantum dots, array CsPbBr3 NCs/SiO2 of RLs has been
already applied for fabrication of flexible display planes (Hou et al. 2021). However,
excitationwavelength dependent biochromatic emissionof a dyemolecule such as the
3-(2,2-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole (DCNP) can be utilized
for generation of RL based optical random numbers (Sznitko et al. 2021). Notably,
Ismail et al., have developed a technique for sensing of dopamine by controlling the
aggregation of gold nanoparticles inside the RL media (Ismail and Liu 2016).

12.4 Conclusions and Future Scope

In this chapter, a mini review on various theoretical and experimental aspects of
RLs has been presented. In opposition with the tricky and fine textures present in
conventional lasers, RLs provides us the privilege to construct a lasing device based
on any random geometrical framework. Various engineered techniques of fine tuning
the emission regimes; with possible scopes for incoherent/coherent RL emissions
have been broadly discussed. The demonstration of generation of CW laser induced
microbubbles in presence of the GFs may lead to the application of 2D materials
as the nano-generator of microbubbles for RL generation in a weakly scattering
regime. On the other hand, use of ExFB in the dye and semiconductor scatterer
doped polymer film can be an inspiration for fabricating low threshold RL device
under CW pumping. Additionally, here the speckle free imaging application of RL
using a low-cost experimental technique is reviewed. Also, discussions on possible
way out for greener approaches for constructing biodegradable and environment
friendly gain/scatterer media are presented and it has been found that bio-pigment
extract can be used as the gain medium to achieve visible RL illuminations by using
some commercially available CW laser as the pump source. It has been shown that
the lasing threshold of RL emission can be reduced considerably in the presence of
triangular shaped nanoparticles of silver, i.e. TNS, due to its high scattering cross
section and through SPR enhanced photonmultiplicationmechanism. The Plasmonic
TNSs are shown to be utilized here as a suitable Plasmonic scatterer to generate RL
emission from a commercially available methylene blue dye and also from bio-
extracted CT dye. As the pigment extracted from bio sources are nontoxic and bio-
compatible, random lasing from such material can be used safely in bio-imaging
purposes in future. This craftsmanship of lower threshold intensity for RLs along
with tunability of emission regimes shall establish new pavements for futuristic,
scalable, and biocompatible RL devices for sensing and imaging applications in
future.
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Chapter 13
BODIPY: A Unique Dye for Versatile
Optical Applications

Soumyaditya Mula

13.1 Introduction

Fluorescent dyes are known for more than one and half a century, and still have
the prime attraction to the scientists from multidisciplinary arena. They are the key
elements in recent development of personal diagnostics, luminescent based organo-
electronic devices and many other hi-tech applications. Thus, demand for the next-
generation emissive dyes with tunable optical and electrical properties has increased.
Countless classes of fluorescent organic dyes known so far vary in absorptivity and
absorbance range, fluorescence colour and intensity, photo and chemical stability,
triplet conversion rate etc. These are used for widespread hi-tech applications, such
as laser dyes, chemical and bio-sensing, organic photovoltaics, OLEDs, cellular
imaging as well as for other biological applications etc. (Valeur and Berberan-Santos
2012). Few of the most popular dyes are Rhodamine, pyrene, perylene, squaraine,
cyanine, coumarin, boron-dipyrromethene (BODIPY), diketopyrrolo pyrrole (DPP),
etc. (Fig. 13.1). Among these BODIPY (boradipyrromethene, 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) dyes have superior optical and redox properties. The first
member of this class of compoundwas reported byTreibs andKreuzer in 1968 (Treibs
andKreuzer 1968), although relatively little attentionwas given to the discovery until
the end of the 1980s. After that, their potential applications were explored and the
BODIPY dyes have been established as one of the most versatile fluorophores.

Structurally, BODIPY is a boron complex of dipyrromethene unit which can be
considered as a “rigidified” monomethine cyanine dye (Fig. 13.1). This structural
rigidification results unusually high fluorescence yields of the BODIPY core (Ulrich
et al. 2008). The whole organic backbone is conjugated and extension of the conjuga-
tion is possible via attachment of different groups at various positions of one or both
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Fig. 13.1 Molecular structures of various organic dyes

pyrrole moieties. This helps to tune the fluorescence colour as well as the intensity of
the moiety, which leads to countless numbers of tailored dyes for multiple applica-
tions (Mula et al. 2015; Gupta et al. 2013). Other properties such as high absorption
coefficient, low triplet-state formation, good solubility in various organic solvents,
excellent thermal and photochemical stability, and chemical robustness have made
BODIPYs more attractive to the scientific fraternity (Mula et al. 2008).

13.2 Synthesis of BODIPY Dyes

Dipyrromethenes are synthesized by condensation of substituted/unsubstituted
pyrroles with acid chlorides (aromatic/aliphatic)/acid anhydrides, or with acetals/
aromatic aldehydes followed by oxidation using DDQ or p-chloranil. Then, BF2-
BODIPYs are synthesized by the complexation of corresponding dipyrromethenes
withBF3.Et2O in the presence of trialkylamine base (Et3Nor i-Pr2NEt). Similarly, the
dipyrromethenes can be reacted with BPh3 to get the corresponding BPh2-BODIPYs
(Scheme 1) (Ulrich et al. 2008; Loudet and Burgess 2007; Mula et al. 2009). It is
important to mention here that themeso-aryl/alkyl group can easily be chosen during
the dipyrromethene synthesis which gives the possibility of synthesizing an array of
BODIPY dyes with fluorescence in the UV–Vis region for different applications as
discussed vide infra.

Aza-BODIPYs (4-bora-3a,4a,8-triazaindacene dyes) are very interesting as they
have red shifted fluorescence in the far-red and near-IR region as compared to the
conventional BODIPYs discussed above. Aza-dipyrromethenes are synthesized by
reacting nitromethane with chalcone, followed by condensation with an ammonium
salt (Scheme 2) (Ulrich et al. 2008; Loudet and Burgess 2007). Finally, complexation
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Scheme 1. Synthetic procedures for BODIPY dyes: a acid chloride/CH2Cl2/25 °C; b acid anhy-
dride//25 °C; c acetal or aldehyde/TFA/CH2Cl2/25 °C; d p-chloranil or DDQ/CH2Cl2/25 °C; e Et3N
or i-Pr2NEt/BF3.OEt2/CH2Cl2/25 °C; f BPh3/toluene/90 °C

Scheme 2. Synthetic procedures for aza-BODIPY dyes: a CH3NO2, HNEt2, MeOH, �;
b NH4OAc; c BF3·OEt2, i-Pr2NEt, rt

of aza-dipyrromethene with BF3·OEt2 in the presence of i-Pr2NEt furnished the
corresponding BF2-aza-BODIPYs.

13.3 Chemistry of BODIPY Core

13.3.1 Electrophilic Substitution at the Pyrrole Moiety

2,6-positions of the BODIPY core are the most reactive sites for the electrophilic
substitutions. Treibs and Kreuzer first synthesized 2,6-disulfonic acid BODIPY dye
by electrophilic substitution using chlorosulfonic acid (Treibs and Kreuzer 1968).
This methodology was exploited later extensively to synthesize 2,6-dibromo/iodo/
nitro/formyl BODIPYs which were subsequently used for further synthetic modi-
fications (Scheme 3a) (Ulrich et al. 2008; Gupta et al. 2013; Loudet and Burgess
2007). Importantly, B-F bonds remain unaffected during these reactions and only 2,6-
substituted products are obtained. Thus, this is an important synthetic methodology
for regio-selective syntheses of functional BODIPYs. For example, water-solubility
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Scheme 3. a General procedure for eletrophilic substitution at 2,6 positions of BODIPY dyes:
Electrophiles: ClSO3H or NBS or NIS or HNO3 or POCl3/DMF; b Synthesis of alkenyl BODIPY
viaSonogashira coupling: (i) alkyne (2.5 equiv), Pd(PPh3)4,CuI, THF/NEt3 (5:1), 60 °C; cSynthesis
of BODIPY dyad: (ii) [Pd(PPh3)4] (6 mol%), benzene, Et3N, 50 °C

of the hydrophobic BODIPY dyes were increased by incorporation of the sulfonate
groups keeping the absorption and emission profiles unchanged, whereas substitu-
tions of nitro, bromo or iodo groups reduce the fluorescence drastically as compared
to their parent dyes. The reduced fluorescence quantum yields of the bromo and
iodo substituted BODIPYs is due to enhanced intersystem crossing (ISC) facilitated
via the heavy-atom effect (Kamkaew et al. 2013), whereas nitro-BODIPYs are low/
non-fluorescent due to Photoinduced Charge Transfer (PCT) discussed vide infra.

13.3.2 Metal-Mediated Cross-Coupling Reaction

Halogenated BODIPYs prepared from electrophilic substitutions discussed above or
synthesized from halogen substituted pyrroles are very good precursors for different
types of palladium-catalyzed coupling reactions such as Sonogashira, Suzuki, Heck
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and Stille coupling (Scheme 3b-c). Interestingly, the B-F bonds remain unaf-
fected during these cross-coupling reactions. These methodologies are extensively
used to extent the conjugation length of the BODIPY chromophores and to build
sophisticated dye structures with red shifted absorptions and emissions (Lu et al.
2014).

Additionally, 8-bromo/iodoaryl BODIPYs are used in similar kind of palladium-
catalyzed cross-coupling reactions to connect with another aryl/heteroaryl fluo-
rophore. The resultant multi component systems are used as efficient intermolec-
ular electron and energy transfer molecular assemblies for hi-tech opto-electronic
applications (Scheme 3c) (Mula et al. 2010).

13.3.3 Condensation at the Active Pyrrole-Methyl Groups

BODIPY dyes bearing methyl groups at 1, 3, 5, 7 and 8 positions are susceptible
for the Knoevenagel type condensation reactions. These pyrrole methyl groups have
higher acidity, thus deprotonate easily under mild conditions and the corresponding
nucleophiles can be condensedwith variety of aromatic aldehydes to synthesize styryl
BODIPY dyes (Scheme 4). The reaction condition can be modulated to synthesize
different regio-isomers andmulti styrylBODIPYdyeswith red shifted absorption and
emission spectra. This methodology has been used extensively to develop functional
BODIPYs emitting in the UV–Vis to NIR region for various applications (Lu et al.
2014; Shivran et al. 2011; Buyukcakir et al. 2009).

13.3.4 Modifications at the Boron Center

Substitution reactions at the boron center of the BODIPY dyes open the new arena
of functionalized BODIPY dyes. Fluorine atoms at the B-center can be replaced
using organometallic reagents (organolithium or Grignard reagents) to synthesize B-
alkyl/aryl/ethynylaryl/ethynyl BODIPYs (Scheme 5) (Bodio and Goze 2019; Gupta
et al. 2017; Jagtap et al. 2013). Due to the tetrahedral geometry of the B-center
the substituents at the B-center do not have any direct electronic conjugation with
the dipyrrin core. Thus, in contrast to the substitutions at the dipyrrin core, B-
substitutions do not affect much the absorption and fluorescence wavelengths, but
change the 3D structures of the molecules which helps to modify the other prop-
erties of the BODIPY dyes such as fluorescence quantum yield, redox properties,
photo and chemical stability, solubility, aggregation behavior etc. The modifications
at the B-center are highly useful for the preparing new dyads and cascade-type dyes
molecules as discussed vide infra.

The boron substitutions reaction conditions with Grignard reagents were modi-
fied further to increase the yield and to reduce the reaction time. A typical reac-
tion of BODIPY dye with EtMgBr furnished BEt2-BODIPY with 67% yield in
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Scheme 4. General procedure forKnoevenagel type condensation reactions ofBODIPYdyes: (i)p-
anisaldehyde/AcOH/piperidine/PhH/�; (ii) p-nitrobenzaldehyde/AcOH/piperidine/toluene/�; (iii)
p-anisaldehyde/AcOH/piperidine/toluene/�

Scheme 5. General methods of different substitutions reactions at boron center of BODIPY dyes:
(i) EtMgBr/Et2O/3 h/22 °C; (ii) BCl3/EtMgBr/Et2O/ 3 h/ 22 °C; (iii) Et2AlCl/CH2Cl2/25 °C/5 min;
(iv) Ph-C≡C-Li or Ph-C≡C-H/EtMgBr
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3 h (Scheme 5a). But the reaction becomes more facile with the use of Lewis acid
reagents. For example, in combination with the BCl3 and EtMgBr, the yield of the
BEt2-BODIPY increased to 98% (Scheme 5a) (Lundrigan et al. 2012). Further, with
the use of Lewis acid Et2AlCl, the reaction completes within 5 min to give high yield
(78%) of the desired product, BEt2-BODIPY (Scheme 5a) (More et al. 2014).

13.4 Photophysical Properties

BODIPY dyes are known for their outstanding photophysical properties which can
be tuned by the chemical modification of the dye core. High extinction coefficient
(εmax) and high quantum yield of fluorescence (�fl) are the trademark of the BODIPY
dyes. The nakedBODIPYwithout any substitutions at the pyrrole rings, 1 (Scheme 1)
shows absorption spectra with the longest absorption peak (λabs) at 503 nm for S0-
S1 transition and very low fluorescence with λem at 521 nm (Table 13.1). Both
the absorption and emission spectra shift bathochromically as the substitutions
increase around the pyrrole ring of the BODIPY core. For example, PM546 and
PM567 (Scheme 1) have λabs of 493 nm and 518 nm respectively and they show
bright greenish yellow fluorescence with λem of 504 nm and 534 nm respectively
(Table 13.1). Boron substitutions do not change the absorption and fluorescence
spectral position due to the tetrahedral structure of the boron center. Styryl BODIPY
dyes show highly bathochromic shift in absorption and fluorescence spectra, and
the bathochromic shift increases with the number of attached styryl groups. For
example, λabs of mono, bis, tri, tetra-styryl BODIPYs (9–12) (Scheme 4) show
>100 nm bathochromic shift. Mono and bis-styryl BODIPYs (9, 10) show orange
and red fluorescence whereas dyes 11 and 12 emit in the NIR region. Aza-BODIPYs
also show red shifted absorbance and fluorescence. Tetraphenyl aza-BODIPY, 2
(Scheme 2) shows red fluorescence whereas both the absorbance and fluorescence
of aza-BODIPY 3 (Scheme 2) are in the NIR region (Table 13.1). Absorbance and
fluorescence properties of other BODIPYs are discussed later during the discussion
about their applications.

13.5 Applications of BODIPY Dyes

13.5.1 Laser Dye

Apart from the high fluorescence quantum yields and high extinction coeffi-
cients of the BODIPY dyes, their low intersystem crossing (ISC) rate and low
triplet excitation coefficients over the laser spectral region made them highly
efficient laser dyes (Mula et al. 2008). Few BODIPY dyes are known to perform
better in terms of lasing efficiency and photochemical stability as compared to



376 S. Mula

Table 13.1 Photophysical parameters of the BODIPY dyes

Dye λabs (nm) εmax (M−1 cm−1) λem (nm) �fl

1a 503 54,000 521 0.05

PM546b 493 79,000 504 0.99

PM567c 518 71,000 534 0.84

2d 643 76,900 673 0.22

3d 710 108,600 732 0.46

9e 572 58,900 585 0.92

10e 645 116,400 660 0.37

11e 665 96,900 682 0.35

12e 689 127,900 710 0.34

a Data reported in toluene (Zhang et al. 2012)
b Data reported in MeOH (Gupta et al. 2013)
c Data reported in EtOH (Mula et al. 2008)
d Data reported in ACN (Wagner and Lindsey 1996)
e Data reported in CHCl3 (Buyukcakir et al. 2009)

widely used Rhodamine 6G (Rh6G). Boyer and Pavlopoulos are the pioneers in
exploring the lasing properties of the BODIPY dyes. Later on, during the late
1980s and early 1990s, Boyer and co-workers did extensive work to establish
BODIPY dyes as highly efficient laser dyes in green yellow to the red spectral
region (Shah et al. 1990; Boyer et al. 1993). Various BODIPY analogues were
synthesized by changing the substituents at C-2, 6 and 8 (meso) positions of the
dipyrromethene core (Fig. 13.2).Among these, pyrromethene567 (PM567, 1,3,5,7,8-
pentamethyl-2,6-diethylpyrromethene-difluoroborate complex), pyrromethene
546 (PM546, 1,3,5,7,8-pentamethylpyrromethene-difluoroborate complex),
pyrromethene 597 (PM597, 1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene-
difluoroborate complex) and pyrromethene 556 (PM556, disodium-1,3,5,7,8-
pentamethylpyrromethene-2.6-disulfonate-difluoroborate complex) are highly
efficient and most popular laser dyes in the green yellow region which are commer-
cially available (https://www.photonicsolutions.co.uk). Among these dyes, PM567,
PM546 and PM597 are used in organic solvents (mostly in ethanol), but PM556 is
water soluble, thus useful in water based laser systems.

Despite very good optical properties, there are two major drawbacks of the
BODIPY dyes such as their small Stokes shifts and low photochemical stability.
The low Stokes shifts effectively enhances ground state absorption (GSA) which
eventually decreases their lasing efficiency. On the other hand, faster phtodegrada-
tion reduces the laser operation life which is a big hurdle for the long-term operation
of BODIPY liquid dye lasers. This becomes more severe problem in case of high
average power and high repetition rate dye lasers (Mula et al. 2008).

It is suggested that the excited triplet state of the BODIPY dyes produced on
photoexcitation transfers the energy to surrounding triplet oxygen (3O2) to generate
singlet oxygen (1O2) which reacts at the C-8 olefin moiety of the dyes, leading to

https://www.photonicsolutions.co.uk
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Fig. 13.2 Chemical structures of BODIPY laser dyes

their degradation (Mula et al. 2008). The entire 1O2 generation process and photo-
chemical decomposition of BODIPY dyes is schematically depicted in Fig. 13.3.
The dye decomposition can be prevented by using a triplet quencher like benzo-
quinone (BQ) as well as trace amounts (1 wt% doping level) of antioxidants, such
as DABCO, Tin770 and TBP, which supports the proposed dye degradation mech-
anism. Especially, the highest efficacy of the singlet oxygen-quencher, DABCO,
amongst the additives strongly suggests 1O2 as the major causative agent for the dye
decomposition (Ray et al. 2007).

BODIPY dyes dispersed in solid matrix such as glass/polymer were also devel-
oped to enhance their laser output. In some of these matrices, BODIPY dyes showed
better photostability as compared to liquid dye lasers. This is probably due to
the unavailability of the oxygen in the solid matrix which reduces the chemical
breakdown of the BODIPY dye structures.

Attempts were taken to improve photostability of the BODIPY dyes by their
structuralmodifications.One such effort showed that substitution at themeso position
of pyrromethene 567 (PM567) laser dye by aryl group increased the photostability
(Mula et al. 2008). Especially, meso-trimethoxyphenyl BODIPY (19) (Fig. 13.2)
was twofold more photostable with similar lasing efficiency as compared to PM567
at a significantly lower concentration. The dye 19 generates less 1O2 due to low
reactivity of the triplet dye with triplet oxygen. Also due to more steric crowding at
meso-position, its reaction probability with the 1O2 is lower as compared to PM567.
All these enhance its photostability.

In other reports, boron substitutions were shown to enhance the photostability of
theBODIPYdyes. For example, dye 20a and 20b (Fig. 13.2)with 2,5-dioxaoct-7-yne
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Fig. 13.3 Mechanism of
singlet oxygen generation
and photochemical
decomposition of the
BODIPY dyes

substitutions at the boron center of PM567 andBODIPY 19 respectively,were of high
lasing efficientwith higher photostability as compared to their precursors (Jagtap et al.
2013). Detailed theoretical calculations and pulse radiolysis investigation established
that due to the boron substitutions, 1O2 generation capacity of these dyes and also their
rate of reaction with 1O2 reduced which effectively increased their lasing life time.
Further, the effect of solvent polarity change in the lasing efficiency andphotostability
of BODIPY dyes were investigated. The BODIPY dye 21 (Fig. 13.2) with propargyl
alcohol substitutions at the B-center showed high lasing efficiencywith higher photo-
chemical stability as compared to PM567 in both polar (ethanol) and non-polar (1,4-
dioxane) solvents (Gupta et al. 2017). The photostability of the dye 21 in 1,4-dioxane
is comparable to that of Rhodamine 6G in ethanol, considered to be the benchmark
for lasing photostability. The high photostability of dye 21 in the non-polar solvent
1,4-dioxane is mainly due to its low reactivity with 1O2 which was confirmed by
methylene blue-induced photo-degradation results, and this was further rationalized
by theoretical calculations. Thus, combination of the substitutions at the B-center and
use of non-polar solvents as lasing medium are useful to enhance the photostability
of the BODIPY dyes immensely keeping their lasing properties unaffected.

Ray et al. developed series of COO-BODIPY laser dyes with outstanding lasing
efficiencies and photostabilities (Ray et al. 2020). For example, dye 22 (Fig. 13.2)
showed ~68% lasing efficiency as compared to 48% lasing efficiency of the well-
known commercial laser dye, PM567 pumped under identical experimental condi-
tions. The dye is highly photostable, no decrease in lasing efficiency was observed
until 100,000 pumping pulses whereas 80% drop in lasing emission was found in
case of PM567 under the same pumping period and experimental conditions.

BODIPY PM650 (Fig. 13.4), a methylated BODIPY dye with the meso-cyano
group is a commercially available well known red-emitting BODIPY laser dye (λpeak

= 656.5 nm) (Belmonte-Vázquez et al. 2019). The electron withdrawingmeso-cyano
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Fig. 13.4 Chemical structures of red shifted BODIPY laser dyes

group lowers its reactivity with the singlet oxygen, responsible for the photodegrada-
tion mechanismwhich eventually makes it highly photostable (tolerance of≤6.3 GJ/
mol). Belmonte-Vázquez et al. synthesized a family of benzofuran-fused BODIPY
dyeswith bright fluorescence and high lasing efficiencies (>40%) toward the red edge
of the visible spectrum (Belmonte-Vázquez et al. 2019). Among these dye 23 has
better (43%) lasing efficiency as compared to PM650 (31%) in similar conditions,
and its photostability (tolerance of ≤7.4 GJ/mol) surpasses that of the reference dye
PM650.

Using the metal mediated cross-coupling reaction discussed vide supra, extended
π-conjugated dyes, 2,6-diacetylenyl and 2,6-bis(phenylacetylenyl)-BODIPY deriva-
tives (24 and 25) were synthesized for lasing applications in the red spectral region
(Fig. 13.4) (Maity et al. 2017). Dye 24 and 25 showed stable lasing efficiencies of
41% (tuning range: 561–580 nm) and 36% (tuning range: 602–617 nm) respectively
under continuous transverse pumping at 532 nm for 180 and 110 min respectively.

Zhang et al. synthesized a series of highly fluorescent red shifted BODIPY dyes
by increasingπ-conjugation length as well as tuning Intramolecular Charge Transfer
(ICT) effect (Zhang et al. 2011). These dyes showed stable laser emission with high
efficiencies in the green to near IR spectra region (570–725 nm) (Zhang et al. 2011).
Among these dyes, dye 26 and 27 (Fig. 13.4) showed 46% (λlasing: 559 nm, pumped at
532 nm) and 57% (λlasing: 596 nm, pumped at 570 nm) lasing efficiencies respectively.

Thus, tremendous molecular engineering was done to synthesize functional
BODIPY laser dyes applicable in the UV–Vis to NIR region. Different strategies
were also adopted to enhance their photostability to increase lasing life time.
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13.5.2 Chemical and Bio-sensors

Fluorescence based sensors are highly popular due to their high sensitivity, selec-
tivity, rapid response, simplicity, low sample requirements, non-destructiveness etc.
Organic dye based chemo- and bio-sensors are mostly relying on modulation of
their fluorescence properties upon trapping the analyte. These kinds of efficient
chemo- and bio-sensors are very useful in analytical chemistry as well as in clin-
ical, medical, and environmental applications. Fluorescence changes in these sensors
occur mainly via Photoinduced Electron Transfer (PET) or by Photoinduced Charge
Transfer (PCT) or by the Fluorescence Resonance Energy Transfer (FRET) mech-
anism. Thus, the key design of these molecules includes chemical attachment of
some pre-designed site capable of trapping the analytes which changes the fluores-
cence of the sensor. In this manner, recognition of the analyte can enhance (turn-on)
or decrease (turn-off) the fluorescence, but in conventional design, turn-on fluores-
cence of the sensor in the presence of an analyte is preferred. Change in fluorescence
colour of the sensor (ratiometric sensing) after trapping the analyte is also very inter-
esting. Potential of the BODIPY dyes as the molecular sensor was first explored by
Daub and Rurack and after that numerous examples of BODIPY-based fluorescent
chemo- and bio-sensors were reported (Boens et al. 2012).

BODIPY dyes containing p-(N,N-dialkyl)aniline subunit were used extensively
as pH sensors. These dyes are low/non-fluorescent due to PET from anilino group to
BODIPY core which can be prevented by protonation of the anilino moiety and thus
the dyes become fluorescent after protonation due to prevention of PET. For example,
meso p-(N,N-dialkyl)aniline substituted BODIPY 28 (Fig. 13.5) acts as highly effi-
cient “turn-on” type pH sensor in the greenish-yellow spectral region (Boens et al.
2012). Subsequently, red shifted 3,5-distyryl-BODIPY dye (29) (Fig. 13.5) were
synthesized via Knoevenagel type condensation reactions discussed vide supra. Dye
29was low fluorescent (λabs = 700 nm,λem = 753 nm,�fl = 0.18) in the neutral state
but in the presence of acid, both the absorption and emission bands hypsochromically
shifted and it lit up (λabs = 620 nm, λem = 630 nm, �fl = 0.68) (Ziessel et al. 2009).
It was covalently attached with the porous polyacrylate beads and efficiently used as
the solid-state colorimetric and fluorescent sensor for analysis of HCl in a gas stream
and aqueous solution.

Ratiometric pH sensor based on BODIPY dyes are also known. Imino-BODIPY
dye 30 (Fig. 13.5) showed dramatic colour change frompink to yellow in the presence
of acid due to the cleavage of its acid-labile imine group. This also resulted in change
in fluorescence from orange to green in the pH range of 1.8 to 7.4 (Gupta et al. 2013).

Several anilino substituted BODIPY dyes were also exploited for detection and
quantification of various metal ions as well as other important analytes. For example,
meso-ortho phenylenediamineBODIPY (31) is non-fluorescent due to photo-induced
electron transfers of amino lone pairs to the BODIPY core. But both the amine
residues are highly reactive towards nitric oxide (NO) to form dye 32which is highly
fluorescent (Fig. 13.6). This fluorescence enhancement of dye 31 in the presence of
NOwas used for efficient detection of in situ generated NO (Gabe et al. 2004). Nitric
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Fig. 13.5 BODIPY based pH sensors

Fig. 13.6 Reaction of
meso-ortho
phenylenediamine BODIPY
(31) with NO

oxide imaging in living cells using other BODIPY dyes is also discussed vide infra
in the cellular imaging section.

Adopting the similar strategy, anilino-BODIPY dyes with coordinating ligands
were used as sensor for different alkali and transition metal ions. For
example, BODIPY dye 33 (Fig. 13.7) with the 13-phenyl-1,4,7,10-tetraoxa-13-
azacyclopentadecane chelator is non-fluorescent, but after complexing with different
alkali (Li+, Na+) and alkaline-earth (Mg2+, Ca2+, Sr2+, Ba2+) metal ions, it became
highly fluorescent showing its capability as the metal sensor (Kollmannsberger et al.
1998). The metal specificity was tuned with a different chelator. BODIPY dye 34
(Fig. 13.7) with the meso-16-phenyl-1,4,7,10,13-pentaoxa-16-azacyclooctadecane
chelating group binds efficiently with Pb2+ ion showing turn-on fluorescence (Mbatia
et al. 2010).Chang et al. used amixedN/O/S receptor based ligand to synthesizewater
soluble BODIPY dye 35 (Fig. 13.7) which showed highly selective turn-on fluores-
cence in the presence of Ni2+. Dye 35 is capable of detecting intracellular Ni2+ and
did not show any fluorescence response with the other biologically abundant metal
ions (Dodani et al. 2009).

Different other strategies were also used to develop BODIPY basedmetal sensors.
BODIPY-phenanthroline conjugate 36 (λem = 535 nm) and BODIPY-acetylacetone
conjugate 37 (λem = 570.0 nm) (Fig. 13.7) were shown to have selective Cu2+

sensing ability where both the dyes showed turn-off fluorescence responses due
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Fig. 13.7 Metal sensitive BODIPY dyes

to BODIPY to metal charge transfers (More et al. 2017; Gorai et al. 2022). Xiao
et al. developed a highly selective near-infrared fluorescent probe for Hg2+ based on
thiophene containing aza-BODIPY 38 (λem = 782 nm) (Fig. 13.7) (Jiang et al. 2016).
Hg2+ ion coordinated with the C-8 N and S atoms of 1,7-thienyl groups inhibiting the
free rotations of the thienyl groups. This caused intramolecular charge transfer from
thienyl groups to the aza-BODIPY moiety leading to fluorescence quenching. The
probe was also shown to detect Hg2+ in living cells. Zn2+ ion sensing using BODIPY
dye and its application is discussed vide infra in the cellular imaging section.

BODIPYbased efficient bio-sensors are alsowell-known.BODIPYbased fluores-
cence techniques were developed for detection and quantification of proteins useful
for clinical applications. Chang et al. synthesized a mega Stokes shift BODIPY-
triazole dye (39) (Fig. 13.8) capable of very specific binding with human serum
albumin (HSA) as compared to other serum albumins showing 220-fold fluorescence
enhancement. Successful quantification of HSA in urine samples within the concen-
tration limits of micro-albuminuria using dye 39 showed its potential in clinical
application ability (Er et al. 2013).

BODIPY dyes are also extensively used for the detection of protein fibrils which
are highly important for the diagnosis and treatment of amyloid related neurological
diseases.Detection of self-assembly of diphenylalanine into nanofibers is very impor-
tant to get the mechanistic inside of the β-amyloid aggregation which is the central
cause for the Alzheimer’s disease. Quan et al. reported that the green BODIPY dye
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Fig. 13.8 BODIPY dyes used for detection of protein and protein fibrils

40 (Fig. 13.8) showed very high turn-on fluorescence with nanofibers of diphenylala-
nine, thus canbeuseful for early detection aswell as drugdevelopment ofAlzheimer’s
disease (Quan et al. 2019).

Nath et al. also developed a turn-on fluorescent based NIR-emitting BODIPY
glycoside probe for detection of matured insulin fibrils (Mora et al. 2021). Most
importantly the probe can also detect oligomers formation from the native protein.
The probe can be useful for the in vivo imaging of protein oligomers and matured
fibrils. In a separate report they also investigated the structure activity relationship
of a BODIPY-salicylaldimine Schiff base (41) (Fig. 13.8) and its corresponding
boron complex dye for their sensitivity towards amyloid fibrils from hen-egg white
lysozyme (Sen et al. 2022). The dye 41 showed high fluorescence enhancement as
compared to its boron complex upon binding with lysozyme fibrils.

13.5.3 Cellular Imaging

Outstanding fluorescence properties along with the easy cell permeability of the
BODIPY dyes (due to its hydrophobicity) made them highly useful candidates for
developing cellular imaging agents. Due to their relatively high lipophilicity, they
tend to accumulate in the subcellular membranes. Additionally, several molecular
engineering techniques were done to develop organelle specific imaging agents.

For example, BODIPY dye 42 (Fig. 13.9) showed preferential localization in the
endoplasmic reticulum (ER) confirmed by co-staining experiments (Jiao et al. 2010).
The commercially available ER-Tracker™ Red (BODIPY™ TR Glibenclamide) is
a highly selective ER staining dye. In this, green-fluorescent BODIPY™ TR dye is
attached with glibenclamide which is very specific to bind with the sulphonylurea
receptors of ATP-sensitive K+ channels present in ER.
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Fig. 13.9 BODIPY dyes for cellular imaging

Several mitochondria specific BODIPY dyes were also developed. As mitochon-
dria is negatively charged, the positively charged dyes tend to accumulate in it.
In general, BODIPY dyes are neutral, thus cationic moieties such as ammonium,
pyridinium, phosphonium moieties were chemically inserted in the BODIPY core to
synthesize positively chargedBODIPYdyes formitochondria imaging. For example,
the pyridinium BODIPY dyes 43 (Zhang et al. 2013) and 44 (Jiang et al. 2013)
(Fig. 13.9) are water soluble and photostable mitochondria targeting dyes useful for
imaging. Jiang et al. developed a red emitting distyrylBODIPYdye (45) (Fig. 13.9) as
an excellent alternative to the commercially available Mito Tracker Red (Wang et al.
2021). The ammonium groups increased its water solubility and the phosphonium
group enhanced its mitochondria targeting ability. The dye penetrates the cellular
and mitochondrial membranes and accumulates in mitochondria in high densities.
Additionally, it showed low photobleaching and phototoxicity as compared to Mito
Tracker Red which established it as an excellent mitochondria imaging dye.

Several BODIPY based viscosity probes were developed to visualize intracellular
viscosity changes. Molecular rotor based BODIPY dyes are used for this purpose as
these dyes showed restricted bond rotation in viscous medium which changed their
fluorescence properties. For example, dye 46 (Fig. 13.9) was synthesized to probe
lysosomal viscosity changes (Wang et al. 2013). The attached morpholine moiety
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made it lysosome specific dye and, reduction in PET from morpholine to BODIPY
core in lysosomal acidic environment as well as viscosity driven restricted rotation
of the meso-phenyl group turn-on its fluorescence.

The dye 47 (Fig. 13.9) was developed for the mitochondrial viscosity measure-
ment. The dye was designed in such a way that the attached phosphonium moiety
made it mitochondria targeting and the meso-coumarinylphenyl formed molecular
rotor structure which showed viscosity responsive turn-on fluorescence of BODIPY
core at 516 nm (Yang et al. 2013). The coumarin fluorescence (427 nm) remained
unchanged with viscosity change, thus the intensity ratio of BODIPY to coumarin
emission peaks showed linear response with increase in viscosity. Using this dye
mitochondrial viscosity in livingHeLa cellswas determined as 62 cPwhich increased
to 110 cP upon treatment with an ionophore like monensin or nystatin.

Nitric oxide (NO), an endogenously produced gaseous signaling molecule can be
visualized in cells by using a highly reactive dye. Reactivity towards NO and fluo-
rescence turn-on behaviour of o-phenylenediamine-BODIPY moiety was discussed
vide supra. A similar strategywas adopted for imaging ofNO in cells and tissues. The
NIR-fluorescent BODIPYs 48 and 49 (Fig. 13.9) were highly sensitive NO probes
showing >400-fold increase in fluorescence intensity in the presence of NO with
very low detection limit i.e. 2.1 nM and 0.6 nM respectively. Both the dyes were
cell-permeable and capable of NO imaging in living cells without any cytotoxicity
(Zhang et al. 2014).

13.5.4 Photodynamic Therapy

Cancer is the leading cause of death, accounting for millions of deaths every year
worldwide. Thus, research and treatment of cancer is an urgent topic where almost all
the developed countries are spending huge amount ofmoney every year.Most popular
tumor therapies are surgery, chemotherapy and radiotherapy. Compared to these,
photodynamic therapy (PDT) is relatively a new treatment modality for malignant
tumors which has many unique advantages such as (a) useful for the site/organ
unsuitable for surgery; (b) suitable for people (infirm, the elderly etc.) not fit for
surgery, chemotherapy and radiotherapy; (c) safe and effective reusability; (d) does
not suppress the immune system; (5) useable after or at the same time in a synergistic
way with surgery, chemotherapy and radiotherapy (Brown et al. 2004).

Photodynamic therapeutic agents are the triplet photosensitizers (PSs) in which
intersystem crossing (ISC) is very efficient. Thus, triplet photosensitizers absorb light
to excite to their singlet excited state and then eventually go to the triplet state via
efficient ISC. Then the radiative decay of the triplet state i.e. phosphorescence occurs
which has a long lifetime (microseconds and above). This radiative energy excites
the ground sate oxygen (triplet oxygen) to generate singlet oxygen (1O2) (Fig. 13.3)
which is highly reactive and subsequently generates different reactive oxygen species
(ROS). ROS including 1O2 are responsible for the killing of the cancer cells where
the triplet photosensitizers are accumulated.
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Currently, porphyrin derivatives, such as porfimer sodium (Photofrin), protopor-
phyrin IX, and temoporfin etc. are the most studied photosensitizers for PDT appli-
cations (Ethirajan et al. 2011). Although they have their own shortcomings such as,
small Stoke shift, low molar absorptivity (<2 × 104 cm−1 M−1 in the range of 650–
900 nm), high aggregation tendency due to strong π-π stacking which can reduce
the quantum yield of 1O2, synthetic inaccessibility which restricts the production in
large amount by conventional organic synthetic strategy etc. Other non-porphyrin
photosensitizers such as phthalocyanine, squarine dye and perylene diimide were
reported for PDT study, however poor chemical and photostability and, aggregation
in a polar environment restrict their practical applications (Wainwright 1996).

In the past decade, BODIPY class of dyes have been established as a promising
PDT agent due to their exceptional photophysical properties (Kamkaew et al. 2013;
Turksoy et al. 2019). The intersystem crossing (ISC) can be facilitated by the attach-
ment of heavy atoms which eventually increases singlet oxygen yield. Therefore, it
is a widely adopted strategy for the development of efficient PDT molecules. Thus,
similar strategy was also used to design BODIPY based PDT molecules. Chemi-
cally, all the positions of the BODIPY core are reactive for heavy atom (Br/I) addi-
tion without disrupting the planarity of the dye. Additionally, cellular localization of
these photosensitizers also can be ascertained by the fluorescent imaging technique.

O’shea et al. synthesized 2,6-dibromo aza-BODIPY chromophore (50, 51) which
showed efficient singlet oxygen generation at lower concentrations as compared
to their parent BODIPY dyes (Fig. 13.10) (Killoran et al. 2002; Gorman et al.
2004). Yogo et al. synthesized the simple 2,6-diiodo BODIPY dye 52 (Fig. 13.10)
which showed 1.34 times greater 1O2 generation as compared to well-known PDT
photosensitizer Rose Bengal (Yogo et al. 2005).

Further, different iodo-substituted BODIPY dyes were synthesized to check the
effects of halogen substitution patterns on the photosensitizing ability of BODIPY
dyes which eventually helped to increase the heavy atom effect (Ortiz et al. 2012).
The study showed that the substitution of iodine at 2 and 6 positions has the highest
impact on singlet oxygen generation (53, 54). Iodine substitution at 3,5-positions
(55, 56) did not show any distinct increase in singlet oxygen generation efficiencies
(Fig. 13.10).

Thus, 3,5-positions of BODIPY core were used to extend π-conjugation for the
synthesis of near-infrared (NIR) absorbing dyes useful for practical application in the
body’s therapeutic window (650–900 nm). Further, other functionalities were also
added to induce water solubility, cancer cell affinity etc. For example, Atilgan et al.
developed 2,6-dibromo/iodo-3,5-distyryl derivatives with or without polyethylene
glycol (PEG) side chains (57–59) (Fig. 13.10) (Atilgan et al. 2006). The halogens
were used to generate 1O2, styryl units extended conjugation to the NIR region
(650–680 nm) and water-soluble PEG groups enhance their solubility in aqueous
solutions, cell permeability and tumor targeting properties. Beside all these, PEG
helps in alleviating aggregate formation in aqueous condition which is the main
reason for inefficient formation and potential quenching of the triplet state of the dye
and singlet oxygen.Compound 59 (IC50 = 11 ngmL−1)was themost potent candidate
showing even higher photocytotoxicity as compared to the most used photosensitizer
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Fig. 13.10 Halogenated BODIPY dyes for PDT applications

porfimer sodium (IC50 = 4600 ngmL−1) under the same condition. This is probably
due to its low aggregation and high cellular uptake in the biological environment due
to attached triethylene glycol chains.

It is well established that the attachment of heavy atoms enhances dark toxicity,
decreases triplet state lifetime and, changes bio-distribution and pharmacokinetics
of the PDT agents. Thus, heavy-atom-free organic triplet photosensitizers (PSs) are
advantages for practical applications. Several heavy atom free BODIPY dyes are
also reported to be used as PDT photosensitizers. Shivran et al. synthesed water-
soluble BODIPY glycosides with different fluorescence colour and studied their
efficiencies as PDT agents (Shivran et al. 2016). Amongst them glycosylated mono-
styryl-BODIPY dye 60 (λabs = 573.8 nm and λem = 590 nm) (Fig. 13.11) showed
best PDT activities against theA549 cell line and importantly it is non-toxic to normal
lung cells.

Orthogonal BODIPY dimers (Bis-BODIPYs) are another class of heavy atom free
BODIPY dyes for potential singlet oxygen photosensitization (Cakmak et al. 2011).
As compared to their monomer (λabs = 530 nm), the dimer 61 (Fig. 13.11) showed
split band absorption maxima (490 and 560 nm) and large Stokes shift (>80 nm) with
decreased florescence quantum yield. High ISC from singlet to triplet excited state
resulted in high quantum yield of singlet oxygen production (0.4 in toluene and 0.5
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Fig. 13.11 Heavy atom free BODIPY dyes for PDT applications

in dichloromethane) whereas the monomer produces very low 1O2 (<0.1). On the
other hand, dimers 62 (Fig. 13.11) showed lower singlet oxygen quantum yield with
significant florescence emission and thus promising for dual use as therapeutic and
imaging agents.

Thus, both halogenated non-halogenated BODIPY PDT agents were developed.
Some of the dyes showed high photosensitizing ability. Further experimentations are
required to establish them as clinically applicable PDT agents.

13.5.5 Fluorescent-Positron Emission Tomography Probes

High resolution molecular imaging techniques are important for diagnostic and ther-
apeutic purpose i.e., in vivo imaging of specific biological pathways at the molec-
ular and cellular level. Various high-end imaging techniques are available such
as Computed Tomography (CT), Single Photon Emission Computed Tomography
(SPECT), Positron EmissionTomography (PET), bioluminescence, fluorescence and
Magnetic Resonance Imaging (MRI) etc. But all these molecular imaging techniques
have their own advantages and limitations in spatial and temporal resolution, depth
penetration, sensitivity and cost (Tsien 2003). Thus, fusion of two or more tech-
niques can be very useful to obtain synergistic effect avoiding these limitations of
each individual techniques. PET-CT, PET-MRI are the examples of such dual imaging
techniques. Similarly, PET-fluorescence dualmodality imaging technique could be of
highly beneficial for clinical applications. PET is a sophisticated imaging technique
useful for noninvasive diagnosis of cancer via locating the in vivo distribution of
radio labeled biomolecules. In contrast, fluorescence imaging is a superior technique
useful for intra operative tumor detection (Nguyen et al. 2010). Thus, due to these
complementary natures of PET and optical imaging techniques, PET/fluorescence
dual modality imaging technique might be greatly useful for both diagnosis and
therapeutic purpose of cancers. Noninvasive PET scans will be useful for locating
the lesion (diagnosis), and intra operative fluorescence image-guided surgery will be
helpful for the surgeons to identify the PET-detected lesions or smaller metastasis
(therapy).
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Scheme 6. Synthesis of 18F-BODIPY dye: (a) TMSOTf, 20 °C, 1 min; (b) 18F−, 20 °C, 1 min

BODIPY dyes are advantageous over other well-known fluorescent dyes for intra-
cellular imaging within living cells as discussed vide supra. Due to their neutral
nature, they efficiently penetrate the cell membranes Additionally, 19F/18F exchange
is possible at the BF2 group present in the central core to develop hybrid 18F PET/
optical imaging agents.

Few methods are reported to synthesize 18F-BODIPY, among them the easiest
method was described byMazitschek et al. First, activated BODIPY triflate (63) was
synthesized (1 min, near quantitative yields) followed by addition of free 18F− which
converts it to 18F-BODIPY (64) almost instantly (Scheme 6) (Hendricks et al. 2012).
The method is easily reversible, rapid, and efficient in incorporation of 18-fluoride
in the BODIPY core.

HyunjungKimet al. synthesized a red shifted 18F-BODIPYdye 65 (λabs = 580 nm
and λem = 590 nm) (Fig. 13.12) useful for PET/fluorescence imaging of brain (Kim
et al. 2019). PET/optical imagingdata showed that itwas suitable for brain penetration
with desirable brain pharmacokinetics of the radio ligand and thus can bewidely used
as a prosthetic group for the brain hybrid PET/optical imaging agent. Further 18F-
BODIPY dye (66) (Fig. 13.12) was developed by Giuseppe Carlucci et al. for dual-
modality optical/PET imaging of PARP1 in Glioblastoma (Carlucci et al. 2015). The
fluorescent component of 66 enables optical imaging with cellular resolution, while
the radiolabeled component helps whole-body deep-tissue imaging of malignant
growth. Thus, BODIPY dyes showed high promise as fluorescent-PET probes for
the development of PET/fluorescence dual modality imaging technique.

Fig. 13.12 18F-BODIPY dyes for PET/optical dual imaging
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13.5.6 Organic Photovoltaics (OPV)

Development of organic small molecules for efficient solar energy conversion into
chemical energy is a major contemporary challenge for chemists. In the photosyn-
thesis processes, natural photosynthetic organisms act as efficient antennas to absorb
photons in the visible spectrum and then funnel energy to the reaction center for
photosynthesis. Mimicking this, several BODIPY based light-harvesting systems
were developed. High extinction coefficient, wavelength tuning fromUV–Vis to NIR
regions, good electron mobility etc. are the positive elements which made BODIPY
to be considered for futuristic organic photovoltaics.

Ziessel et al. first developed synthetic strategies for polyaromatic appended
BODIPY dyes with the aim that the energies absorb by the ancillary light absorbers
will channel to the BODIPY core. In this way, several dual-dye systems (67–70)
(Fig. 13.13) were synthesized and efficient energy transfer (90%) were shown from
the attached aromatic polycycles to the BODIPY core (Ulrich et al. 2008).

Further, this concept was extended to develop highly sophisticated energy transfer
cassette 71 (Fig. 13.14) where dyads of pyrene and yellow fluorescent BODIPYs
are connected with NIR fluorescent BODIPY dye via 1,4-phenylene-diethynylene
moieties (Harriman et al. 2009). In 71, excitation of the pyrene moiety at 370 nm
resulted in bright red emission at 670 nm (� fl = 51%) which confirms highly
efficient energy transfer from blue fluorescent pyrene to green fluorescent BODIPY
to ultimately red fluorescent BODIPY fluorophore. This type of light-harvesting
system with wide absorption band are extremely useful for developing organic solar
cells.

Leclerc et al. developed strategies to synthesize ethynylene and vinylene bridged
dumbbell-shaped triazatruxene-BODIPY conjugates for bulk heterojunction (BHJ)
solar cells (Bulut et al. 2017). Both the dyes were used as electron donor in devices
formed in blending with phenyl-C71-butyric acidmethyl ester (PC71BM) as the elec-
tron acceptor. The ethylene bridged triazatruxene-BODIPYconjugate 72 (Fig. 13.15)

Fig. 13.13 BODIPY dyes attached with secondary polycycle chromophores as ancillary light
absorber
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Fig. 13.14 Light-harvesting system containing different coloured BODIPYs and pyrenes

showed high power conversion efficiency of 5.8%. Singh et al. synthesized dithi-
afulvalene decorated BODIPY core (BODIPY-DTF, 73) (Fig. 13.15) with efficient
electron donor capacity. The OPV devices fabricated by blending BODIPY-DTF and
PC71BM as electron acceptor showed highly efficient (7.2%) solar energy conversion
(Srinivasa Rao et al. 2017). Several other BODIPY based small molecules showed
excellent potential for being used as artificial light harvesters (Bessette and Hanan
2014).

13.5.7 Self-assembled Architectures

Soft materials and nanoparticles prepared from self-assembly of monomers show
diversified property useful for numerous applications. Gels, dendrimers, liquid crys-
tals, micelles, liposomes, microcapsules etc. are examples of different soft materials.
These kinds of soft materials were also prepared by self-assembly of functional
BODIPY based compounds for chemical, biological and optical applications. Ziessel
et al. did the pioneering work in this area by incorporating the pre-designed BODIPY
core into different supramolecular assemblies to develop coloured liquid crystals and
organogels.

For example, 1:2 complex of yellow fluorescent anionic dye (74) and red fluores-
cent cationic dye (75) formed liquid crystals on heating in room temperature to above
150 °C (Fig. 13.16) (Olivier et al. 2012). Highly efficient energy transfer from the
yellow fluorescent dye to the red fluorescent dye was observed in the mesomorphic
state, thus it can be used as the light harvesting array on solar cell applications.
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Fig. 13.15 BODIPY dyes for solar energy conversion

In another report, green and red emitting dyes were coupled with different
generations of dendrimers to develop differently coloured liquid crystals (76–79)
(Fig. 13.16) (Mula et al. 2015). The supramolecular assembly differs with the
dendrimers generation, such as smectic A and C phases were observed with first-
generation dendrimers whereas second- and third generation dendrimers showed
nematic and/or smectic A phases.

Self-assembled BODIPY nanoparticles were shown to have great potential as
sensors for important biological analytes. Amphiphilic BODIPY-O-glycoside dye
80 (Fig. 13.17) was reported to be self-assembled in aqueous solution to form non-
fluorescent nanoparticles (NPs) (Shivran et al. 2021). TheseNPs showedhighfluores-
cence enhancement in the presence of serum albumin, thus useful for selective detec-
tion and quantification of serum albumin. Human serum albumin (HSA) detection
in urine samples were also shown using these NPs. In another report, self-assembled
non-fluorescent nanoparticles (NPs) of BODIPY dye 81 (Fig. 13.17) showed selec-
tive turn-on fluorescence in the presence of Zn2+. This was used in detection and
quantification of Zn2+ in human hair (Jia et al. 2016).
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Fig. 13.16 Chemical structures of BODIPY based compounds showing liquid crystal properties

13.5.8 Photocatalysis

BODIPY dyes are also established as an efficient photocatalyst in various important
organic reactions as well as chemical processes. Triplet state of the dye is respon-
sible for the catalytic behaviour of the BODIPY dyes. During de-excitation of the
triplet state, singlet oxygens are generated (Fig. 13.3) which are shown to be effi-
ciently catalyzed organic reactions. For example, reaction of sulfides with singlet
oxygen produce sulfoxides which are important intermediates for the total synthesis
of biologically relevant molecules. BODIPYs are successfully used for photooxi-
dation of sulfides into sulfoxides. BODIPY dye 40 was used to oxidize thioanisole
(82) to corresponding methyl phenyl sulfoxide (83) quantitatively which took 24 h
to complete the reaction. But the corresponding diiodo compound 84 took only 3 h
to complete the reaction (Scheme 7) (Li et al. 2013). Dye 84 has higher ISC (triplet
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Fig. 13.17 Chemical structures of BODIPY dyes form self-assembled nanoparticles useful for
sensing important biological analytes

quantum yield 0.83%) i.e. it generates higher 1O2 generation as compared to 40
(triplet quantum yield 0.01%) which increases its photocatalytic activity.

BODIPY dye 84 is also very effective in photocatalytic oxidation naphthols to
corresponding naphthoquinones. For example, dye 84 under visible light excitation
(35 W Xe lamp) converts 1-naphthol to 1,4-naphthoquinone (86) in 1.5 h with 74%
conversion yield (Huang et al. 2013). The 1,4-naphthoquinone was further reacted
with substituted anilines and copper acetate to synthesize aminonaphthoquinones in
a one pot reaction. The adduction product 87 was obtained in very good yield (75%)
(Scheme 7). The yield of aminonaphthoquinone 87was higherwhenBODIPYdye 84
was used as a photocatalyst as compared to well-known photocatalyst, tetraphenyl-
porphyrin (TPP). The higher photocatalytic activity of 84 is probably its due to its
stronger visible light-harvesting ability.

Scheme 7. a 40/84, visible light, air, CH3OH; b 84 (2 mol %), visible light, air, CH2Cl2/CH3OH,
20 °C; c aniline, copper acetate, acetic acid, 65 °C, 3 h
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Fig. 13.18 Chemical structures of BODIPY based photocatalyst for hydrogen generation from
water

BODIPY dyes are very efficient in catalyzing the hydrogen generation fromwater
using visible light as energy source and converting it into chemical energy. In this
system, BODIPY dyes act as photosensitisers (PSs) to harvest light energy and then
transfer this energy into electrochemical energy by transferring electrons to a water
reduction catalyst (WRC) to catalyze the proton reduction step.

Beweries et al. showed application ofBODIPYdyes (88–90) (Fig. 13.18) as photo-
sensitizers useful for light-driven hydrogen production in a multicomponent cata-
lyst system comprising of BODIPY dye, bis(dichlorotriphenylphosphinppalladium)
[74]2, H2O and trimethylamine (Dura et al. 2015). The dye 88 is capable of H2

generation and its activity was further increased by iodination at the BODIPY dyes.
Iodination enhances the triplet conversion as well as increases triplet lifetime of 89
and 90 which are essential for the intermolecular electron transfer.

Weare et al. showed the photocatalytic activity of BODIPY—cobaloxime
complexes (91–93) (Fig. 13.18) for light-driven hydrogen evolution by proton reduc-
tion (Bartelmess et al. 2014). The triplet state of the BODIPY chromophores is
required to transfer the electron to cobaloxime catalyst to show the catalytic activity.
Thus, non-halogenated BODIPY—cobaloxime complex (91) was ineffective in
hydrogen evolution. As the halogenation enhances the triplet state of BODIPY dyes,
the hydrogen evolution efficiency of the complexes also increased with halogenation
of BODIPY (92, 93). Also the diiodoBODIPY—cobaloxime complex (93) wasmore
efficient than the corresponding dibromo BODIPY—cobaloxime complex (92).

Eisenberg et al. developed dyad 94 comprising of BODIPY and platinum diimine
dithiolate (PtN2S2) charge transfer (CT) chromophore which is very efficient in light
driven hydrogen generation from aqueous protons (Fig. 13.18) (Zheng et al. 2015).
This was attached with the TiO2 nanoparticle through the attached PO(OEt)2 groups
for rapid electron photoinjection into the semiconductor. The dye on photoexciataion
at 530 nm in water with ascorbic acid as electron donor, exhibited excellent H2
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production by generating ∼40,000 turnover numbers of H2 over 12 d (with respect
to dye).

13.6 Conclusions

Thus, BODIPY is a class of dyes with outstanding optical as well as electrical proper-
ties. Synthetic versatility of these dyes showed that their properties can be modulated
as per the requirement of different applications.All these attract scientists fromalmost
every discipline of science to utilize these dyes formultiple applications in chemistry,
biology, physics, materials science etc. Rational design of BODIPY dyes tuning their
properties to develop custom made materials for different applications are discussed
in this chapter. Several other applications of these dyes could not be incorporated
here. The popularity of the BODIPY dyes among the scientific community clearly
established them a unique dye for versatile optical applications.

But, still there are some lacuna/unfulfillment in different fields which need to be
addressed in future. Several BODIPY dyes with high lasing efficiency are available
from green-yellow-red to far red region. But low photostability is still a bottle-
neck for their continuous lasing applications. More focused studies are required to
enhance their lasing lifetime. Efforts also need to develop water soluble BODIPY
laser dyes for easy and safe operation. Similarly, development of high intensity and
photostableBODIPY-based probes for single-molecule imaging and super-resolution
microscopy is also required to visualize and analyze the localization and dynamics
of individual proteins and biomolecules. Water solubility and aggregation of the
BODIPY dyes in polar environment still remain a major problem for their appli-
cations in cellular imaging and photodynamic therapy of cancers. Despite many
highly efficient BODIPY based triplet photosensitizers, they are still far from clin-
ical applications as PDT agents. Priority research should be done to develop cancer
cell specific BODIPY dyes targeting the over-expressed cell-surface receptors in
tumor cells. Similarly, BODIPY based fluorescent-PET probes are still in the initial
stages which need to develop. This can change the present cancer diagnosis and
therapeutic scenario.

Numerous chemo/bio-sensor are reported, but water solubility, specificity of the
sensors can be further improved for precise applications. Although abundant cation
(metal) sensors are reported but sensors to detect quantify physiologically important
anions in an aqueous environment are still lacking. BODIPY based photovoltaics
showed good promise for future energy conversion devices. Dedicated research is
needed to develop commercial small molecules based organic photovoltaics to fulfill
the dream of the material chemists. Future development in all these areas will defi-
nitely happen as BODIPY class of dyes have all the required properties for these
advancement which will further solidify their uniqueness in the world of fluorescent
dyes.
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Dye-Decorated Functional Materials
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Abbreviations

ACQ Aggregation-caused-quenching
AIE Aggregation-induced emission
AMP Adenosine mono-phosphate
ADP Adenosine di-phosphate
ATP Adenosine tri-phosphate
ALP Alkaline phosphatase
AuO Auramine-O
BODIPY 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
BBR Berberine
BSA Bovine serum albumin
BSPOTPE 1,2-Bis(4-(3-sulfonatopropoxyl)phenyl)-1,2-diphenylethene
BTASE N,N′-Bis[4-[[3-(trimethylammonio)-thyl]oxy]salicylidene]-

ethylenediamine
CBn Cucurbit[n]uril
CD Cyclodextrin
Ct-DNA Calf-thymus deoxyribonucleic acid
CXn Calix[n]arene
DLS Dynamic light scattering
DHXP 3-Dihydro-1H-xanthene-6-ol
DHNp 2,6-Dihydroxynaphthalene
DASPE 2-(4-(Dimethylamino)styryl)-1-ethylpyridinium

G. Chakraborty (B) · P. N. Jonnalgadda
Laser and Plasma Technology Division, BARC, Mumbai 400085, India
e-mail: gchak@barc.gov.in

P. N. Jonnalgadda · H. Pal (B)
Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India
e-mail: hpal@barc.gov.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024
R. S. Ningthoujam and A. K. Tyagi (eds.), Handbook of Materials Science, Volume 1,
Indian Institute of Metals Series, https://doi.org/10.1007/978-981-99-7145-9_14

401

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7145-9_14&domain=pdf
mailto:gchak@barc.gov.in
mailto:hpal@barc.gov.in
https://doi.org/10.1007/978-981-99-7145-9_14


402 G. Chakraborty et al.

HEPES N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid
HOMO Highest occupied molecular orbital
Hp Heparin
IR Infra-red
ICT Intramolecular charge transfer
LUMO Lowest unoccupied molecular orbital
LCG Lucigenin
MB Methylene blue
MV Methyl viologen
Nd-YAG Neodymium dopped yttrium aluminum garnet
NMR Nuclear magnetic resonance
Pr Protamine
PMA Pyrene methyl ammonium
PSS Polystyrene sulfonate
PQ Paraquat
PSV Poly(sodium vinylsulfonate)
PTS Pyrene tetrasulfonate
QN Quinine
SCE Saturated calomel electrode
SEM Scanning electron microscopy
TC 3,3′-Diethylthiacyanine
TEM Transmission electron microscopy
TFPB Tetrakis(4-fluorophenyl)borate
ThT Thioflavin T
TPE Tetraphenyl ethylene
TP Tetraphenylthiophene
TPB Tetraphenylborate
TO Thiazole orange
Tris-HCl Tris(hydroxymethyl)aminomethane (THAM) hydrochloride
UV Ultra-violet

14.1 Introduction

Organic dye molecules generally consist of two functional units, one is the chro-
mophore unit, the main color-producing moiety, and the other is the auxichrome,
which is capable of either intensifying or reducing the color of the dye molecule.
During absorption and emission processes, when an electron undergoes a transi-
tion from electronic ground state (HOMO) to electronic excited state (LUMO) and
vice versa, the chromophoric molecule displays its characteristic color. Appearance
of this color can take place anywhere between far UV to near infra-red region,
depending upon the energy spacing between HOMO and LUMO states of the
concerned dye molecule. Interestingly, optical properties (absorption and emission)
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of a dye molecule are possible to be tuned quite effectively by modifying the ener-
gies of HOMO and LUMO states, particularly their energy gap, by introducing
different substituents in the molecule, especially the auxichromes, which can expand
the opportunities of any specific class of the dyes for their wider applications. Optical
properties of various chromophoric dyes can also bemodulated quite significantly by
changing the solvent environments suitably. Other option is to involve supramolec-
ular dye-host interactions that can alter microenvironment of the dye, modulating
its optical properties. The supramolecular modulations especially offer the chro-
mophoric dyes to enhance their sensing abilities for various analytes, especially those
having different biological relevance. In the forthcoming sections, various method-
ologies have been systematically discussed, which are applied usefully inmodulating
the optical properties of different chromophoric dyes for their better applications.

14.2 Incorporation of Suitable Substituent at Proper
Position of a Chromophoric Moiety

Incorporation of substituents at the chromophoric moiety of organic dyes can be
achieved through various chemical reactions, using suitable reagents and appro-
priate reaction conditions. These substituents can modulate the electronic states of
the chromophoric molecules involving various physiochemical processes like reso-
nance, intramolecular charge transfer, electron delocalization, hydrogen transfer, and
so on (Thakare et al. 2018; Díaz et al. 2009). Accordingly, such substituted organic
dyes can show notable changes in their optical properties as compared to their unsub-
stituted counterparts. This strategy has been adopted for various class of organic dyes
to improve their absorption and emission features, along with their other attributes
like photo-stability, emission quantum yield, excited-state relaxations, lasing effi-
ciency, etc. (Thakare et al. 2018; Díıaz et al. 2009). In this regard, one of the most
notable examples is the derivatization of the pyrromethene class of dyes, commonly
known as BODIPY dyes. These dye molecules are one of the most extensively used
chromophoric systems in dye laser applications, due to their sharp absorption and
emission profiles, high fluorescence quantum yield, low singlet to triplet conversion
efficiency, etc. Further, these dyes are also used quite extensively in bio-sensing and
bio-imaging applications, due to their excellent bio-compatibility (Batat et al. 2011;
Boens et al. 2012). In the absence of any substituents, the basic fluorinated boron-
dipyrromethene chromophore, usually referred as the BODIPY core, absorbs and
emits light in the green region of visible spectrum (Bañuelos et al. 2012). Various
substituent groups can, however, be introduced to the basic BODIPY core, causing
suitable modifications in absorption and fluorescence characteristics for the resultant
derivatized BODIPY molecules, as may be desirable depending upon the applica-
tions aimed for such systems. Typical examples of such spectral shifts introduced by
various substituents are clearly indicated for the derivatized BODIPY dyes shown in
Fig. 14.1.
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Fig. 14.1 Derivatized BODIPY dyes having different alkyl substituents. Characteristic absorption
(λabs) and emission (λem) peak positions and fluorescence quantum yield (φ) values are also noted
along with

As indicated from Fig. 14.1, the presence of alkyl substituents like ethyl and
tertiary butyl groups, at the 2 and 6 positions of two pyrrole rings of BODIPY core,
leads to substantial bathochromic shift for absorption and emission profiles of the
concerned pyrromethene derivatives. This happens mainly due to +I effect of the
alkyl substituents, which significantly modulates the electron delocalization in the
BODIPY core and thereby reduces the energy gap among the HOMO–LUMO states
for the chromophoric moiety (Bañuelos et al. 2012). In another example, as shown
in Fig. 14.2, with the introduction of the styryl substituents at the electron deficient
3 and/or 5 positions of BODIPY core, absorption as well as fluorescence spectra
undergo significant shifts in the red region. The extended resonance offered by the
styryl groups results in stabilization of the LUMO states of the dyes to larger extents.
This reduces the energy difference between HOMO and LUMO states significantly,
thereby shifting the spectra towards the red region. There are many other examples
of this kind of substituent-induced modifications in the optical properties of various
classes of organic dyes, which are however, beyond the scope of the current chapter.

14.3 Solvent-Mediated Tuning of the Optical Properties
of Chromophoric Dyes

The dye molecules that are having substantial dipolar characters, especially those
with notable difference between their dipole moments in the ground state and excited
state (μg and μe, respectively), are generally very prone to show large modulations
in their absorption and emission features upon alteration in solvent polarity. This is
commonly referred as the solvatochromic behavior of the dye molecules. Commer-
cially available BODIPY dyes generally do not show any significant solvatochromic
behavior, due to their similar dipolar characteristics either in the ground state or in the
excited state (Bañuelos et al. 2012). However, incorporation of suitable substituents
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Fig. 14.2 BODIPYdyeswith different styryl substituents at the 3 and/or 5 positions of theBODIPY
core. Absorption and emission spectral positions are also indicated

in the BODIPY core can make these dyes susceptible to display substantial solva-
tochromic behavior. In one of the investigations, it has been shown that attachment
of the benzimidazole groups at the 2 and/or 6 positions of BODIPY core, as shown
in Fig. 14.3, makes the derivatized dyes highly responsive towards solvent polarity
as compared to the unsubstituted dye counterpart (Thakare et al. 2018). Detailed
investigations have revealed that for benzimidazole substituted BODIPY molecules,
namely Dye 1 and Dye 2, as depicted in Fig. 14.4, a large extent of intramolecular
charge transfer (ICT) occurs from the benzimidazole unit to the BODIPY core, intro-
ducing substantial dipolar character to these dyes. Evidently, thus, both Dye 1 and
Dye 2 show significant extent of red shifts in their absorption as well as emission
spectra with the increasing polarity of the solvents from non-polar to polar region.
Representative emission spectra of Dye 1 and Dye 2, recorded in solvents of varying
polarities, are shown in the left and right panels of Fig. 14.4, respectively. Photo-
physical properties as observed for the two dyes in different solvents are also listed
in Table 14.1 for comparisons.

Another class of polyene-based laser dyes, known as hemicyanine dyes, often
show negative solvatochromism, a quite uncommon feature for most other organic
dyes. This unusual behavior of the hemicyanine dyes is due to their higher ground

Dye 1 Dye 2

Fig. 14.3 Mono and di-substituted BODIPY dyes with benzimidazole groups at 2 and 6 positions
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(a) (b)

Fig. 14.4 Normalized emission spectra of Dye-1(left) and Dye-2 (right) in different solvents. The
spectra show gradual bathochromic shift as the solvent polarity is increased. This figure is replicated
with permission obtained from Elsevier (Thakare et al. 2018)

Table 14.1 Photophysical features of Dye-1 and Dye-2, as estimated in different solvents. This
table is adapted with permission obtained from Elsevier (Thakare et al. 2018)

Dye/
solvent

λabs (nm) λem (nm) �λ

(nm)
εmax (104 M−1 cm−1) � τ (ns)

Dye-1

Toluene 516 567 51 4.14 0.47 4.19

EtOAc 513 569 56 3.40 0.22 2.96

THF 516 571 55 3.07 0.21 2.93

DCM 511 567 56 4.66 0.30 3.46

EtOH 506 553 47 4.17 0.19 1.99

ACN 508 574 66 3.60 0.09 1.66

DMF 514 579 65 3.51 0.07 1.49

DMSO 514 581 67 3.88 0.08 1.40

Dye-2

Toluene 540 595 55 0.69 0.33 3.55

EtOAc 535 592 57 3.83 0.27 2.88

THF 538 589 51 3.97 0.21 2.89

DCM 532 594 62 1.78 0.29 2.89

EtOH 522 577 55 5.46 0.15 1.57

ACN 529 586 57 4.13 0.09 1.42

DMF 537 591 54 4.46 0.07 1.40

DMSO 535 598 63 4.94 0.07 1.24
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state dipole moment than excited state. Accordingly, these dyes display atypical
red shift in their absorption as well as emission spectra on decreasing the solvent
polarity (Seth et al. 2009). Sarkar et al. reported this negative solvatochromism for
a near-IR hemicyanine dye, LDS-798 (Doan et al. 2017). Detailed insight of such
anomalous solvatochromism for hemicyanine dyes containing charged push–pull
polyene (CPPPs) systems was explained by Hynes and co-workers (Laage et al.
2003), considering the mixing of the two associated valence bond structures of the
dye molecules, grossly represented as the Donor–bridge–Acceptor+ and Donor−–
bridge–Acceptor type of the canonical structures. To be mentioned here that even
though the solvatochromic responses of the dye molecules is largely modulated by
the dielectric constant of the solvents, there are also other solvent parameters like
polarizability, acidity, basicity, refractive index, etc., which can also significantly
influence the solvent dependent properties of the dyes. Thus, along with the solvent
polarity arising through the orientational polarizationof the solvents, the other solvent
effects are also needed to be considered appropriately during the selection of a solvent
system for a dye molecule aiming for its specific application. It is commonly found
that the dye molecules which are highly fluorescent in organic solvents, often suffer
fromdramatic fluorescence quenching in aqueous solutions. This happensmostly due
to the participation of dye-water H-bonding process and/or the enhancement in the
ICT-mediated non-radiative deexcitation process in the excited dye, assisted by the
high polarity of water as the solvent. Both of these processes introduce additional
non-radiative deexcitation channels for the excited dye molecules, making them
poorly emissive in nature (Sarkar et al. 2010). In a work by Sarkar et al., it is shown
that the LDS-698 dye, which is fairly emissive in polar aprotic solvents, suffers from
a severe fluorescence quenching in highly polar protic solvent like water (Seth et al.
2009). In this respect, the Rhodamine B dye, which is recognized as an important
laser dye, has its fluorescence quantum yield as ~0.7 in ethanol solution, but its
quantum yield gets reduced to ~0.32 in aqueous medium, due to both dye-solvent
H-bond formation and enhanced ICT process in the dye (Mohanty et al. 2010). Quite
similar observations have also been observed for coumarin dyes along with various
other chromophoric molecules (Gupta et al. 2012).

14.4 Modulation in the Photophysical Properties Through
Supramolecular Interactions

14.4.1 Modulation Through Conventional Host–Guest
Complex Formation

One of the most convenient ways of modulating physicochemical features of organic
chromophoric molecules is the involvement of supramolecular host–guest interac-
tions, where a dye molecule (guest) interacts non-covalently with a suitable receptor
molecule (host) to produce a supramolecular complex with unique architecture and
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significantly improved physicochemical attributes relative to the free state of the dye
in a solution. Number of non-covalent processes, namely hydrophobic interaction,
hydrogen bond formation, van der Waals interaction, electrostatic interactions (e.g.
dipole–dipole, ion–dipole and ion-ion interactions), and so forth, can easily lead
to the construction of supramolecular complexes/architectures with largely modu-
lated characteristics of the guest dyes. The most important aspect of supramolec-
ular modulation is that it does not require any tedious chemical synthesis. Just
mixing of the required molecular components together in a solution with appropriate
proportions can simply lead to the materialization of the desired supramolecular
host–guest complex. Since these complexes involve simple non-covalent interac-
tions, their formation is highly reversible in nature, making them quite susceptible
towards different external stimuli, such as pH, temperature, ionic strength, etc. Such
reversible nature of the host–guest assemblies has indeed promptedmany researchers
from all over the globe to study their minute details, which are having direct rele-
vance towards their applications in different areas such as drug formulation, targeted
drug delivery, enzymatic assay, development of fluorescent sensors, catalysis, dye
laser systems, electronic devices, nano-medicines, functional materials, etc. (Wang
et al. 2016; Ma and Zhao 2015; Monti and Manet 2014; Amabilino et al. 2017). All
these utilizations necessitate easy availability of the desired hosts that can bind guest
dyes suitably with high affinity and substantial selectivity. In this regard, various
research groups have designed and synthesized several macrocyclic hosts, which are
capable of forming substantially stable host–guest assemblies by inclusion of suit-
able guest dyes into their cavities. Among different host molecules, the notable ones
to mention are cyclodextrins (CDs), calix[n]arenes (CXn), cucurbit[n]urils (CBn),
crown ethers, pill[n]arenes, cylophanes, and so on. These host molecules, depending
upon their chemical constitution, cavity size, shape, and other specific characteristics,
can interact significantly with various organic dyes/drugs, to form supramolecular
dye-host complexes with improved fluorescence quantum yield, photostability, solu-
bility, drug efficacy,modulated redox properties, changed chemical reactivity, altered
acid-basic properties, and so on (Boraste et al. 2017, 2018; Chakraborty et al. 2021a;
Zhang et al. 2021; Guo et al. 2011).

As discussed in the earlier sections, photophysical properties of the chromophoric
dyes are influenced largely by the solvent environments around the dyes. Forma-
tion of inclusion complex markedly changes the solvent microenvironment around
the dyes due to their transfer from bulk solution phase into the host cavity. This
causes a significant alteration in the properties of the dyes in their excited states,
especially the dynamics of their excited state deexcitation processes. In most fluo-
rescent dyes, the internal conversion (IC) process, which is one of such excited state
non-radiative deactivation pathways, is greatly hampered by the formation of host–
guest supramolecular complexes. It is well known that the IC process depends very
strongly on the solvent polarity around the dye. Decrease in the polarity for the
solvent microenvironment around the dye due to its entrapment into the host cavity
significantly retards the IC rate, making the dye more fluorescent in its host-bound
state. Additionally, structural rigidization that experiences by the dye inside the host
cavity also results in a dramatic reduction in vibrational and rotational flexibility for
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the dye molecule, which eventually impedes the non-radiation excitation processes
of the excited dye significantly (Boraste et al. 2017, 2018; Chakraborty et al. 2021b).
Furthermore, dye encapsulation inside host cavitymakes the dyemolecule physically
isolated from the bulk solvent environment and thus provides protection to the dye
from the reactive species (mainly singlet oxygen) present in the bulk solvent phase,
enhancing the overall stability of the dye (Boraste et al. 2018; Mohanty et al. 2007).

A very notable example of host–guest complexation-induced enhancement in
the stability of a chromophoric dye is the realization of ultra-stable rhodamine B
(RhB) solution in water in the presence of cucurbit[7]uril (CB7) host, as reported
by Mohanty and Nau (2005). Encapsulation of RhB into CB7 cavity shields the dye
molecule from bulk aqueous medium, leading to a substantial enhancement both in
its photo and thermal stability. Taking a lead from these observations, Mohanty et al.
have shown that CB7 encapsulated RhB dye in aqueous solution can demonstrate
almost comparable lasing efficiency as that of the dye in ethanolic solution (cf.
Fig. 14.5) (Mohanty et al. 2010). Moreover, it is also shown by these authors that
the intensity distribution in the beam profile of the aqueous RhB-CB7-based dye
laser system is far more homogeneous and symmetric as compared to that of the
ethanolicRhB-based dye laser system.This particular observation can be attributed to
superior thermo-optical characteristics (heat capacity, thermal conductivity, thermal
expansion, thermal coefficient of refractive index, etc.) of water as compared to that
of ethanol. It is worth mentioning that RhB-CB7 system in water provides very
efficient lasing action, which is otherwise not possible for an aqueous solution of
RhB, in the absence of the host. It is thus demonstrated that supramolecular dye-host
complexation can help in a greatway in the development of aqueous dye laser systems
with better stability and superior quality as compared to the dye laser systems based
on organic solvents (Mohanty et al. 2010).

(a) (b)

Fig. 14.5 (a) Laser tuning curves of (1) RhB in only ethanol and (2) in water containing 200 μM
CB7. The pump laser energy (Q-switched Nd-YAG laser, 10 Hz, 532 nm) was 6.3 mJ for both the
cases. (b) Variations in the output energy for both the dye laser systems with respect to the pump
laser energy. The figure is adapted with the permission obtained from Wiley–VCH (Mohanty et al.
2010)
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In the same line of RhB-CB7 system, the laser dye coumarin 1 (C1) alone in
aqueous solution is seen to have very low quantum yield of fluorescence (�f ~ 0.04).
However, upon complexationwith CB7 host, the dye registers a huge enhancement in
its fluorescence yield (�f ~ 0.52), which effectively becomes quite comparable to its
�f value in ethanolic solution (� ~ 0.54) (Gupta et al. 2012). Table 14.2 lists different
photophysical properties of C1 dye, taken alone in ethanol and water solutions, and
also in aqueous solution in the presence of CB7 host. Results in the table clearly
indicate substantial changes in the photophysical characteristics of the dye caused
by its complexation with the CB7 host.

Megyesi et al. have reported an unusually large enhancement (~500 fold) in the
fluorescence intensity of an important alkaloid family of chromophoric molecule,
berberine (BBR), upon its encapsulation into CB7 cavity (Megyesi et al. 2008).
Since CB7 portal is highly electron rich because of the presence of highly polarizable
multiple carbonyl groups, the host can form a very strong supramolecular complex
with cationic BBR molecule, involving strong ion–dipole interaction along with
the usual hydrophobic interaction arises due to the dye encapsulation into the CB7
cavity. The decrease in the rotational and vibrational flexibility for the dye along with
the decrease in its propensity to undergo ICT process inside the hydrophobic host
cavity significantly retards the radiationless deexcitation for the excited dyemolecule,
causing a significant escalation in its fluorescence intensity (Megyesi et al. 2008).
Similarly, encapsulation of BBR into homologues cyclodextrin (CD) cavities also
causes an increase for the fluorescence intensity of the dye, though in these cases, the
enhancements are not as large as it happens upon association of the dyewithCB7host.
This is attributed to the relatively weaker binding interaction of BBR with CD hosts
because in these cases only hydrophobic interaction is involved for the formation of
the dye-host complex in the solution. In a recent study, however, it has been shown that
on using a sulfated derivative of β-cyclodextrin (βCD) as a host, which is designated
as SCD, the complexation of BBR with the host becomes very strong and results in
~130 fold enhancement in fluorescence intensity for the dye (cf. Fig. 14.6). For
BBR-SCD system, since positively-charged BBR experiences strong electrostatic
interaction with the negatively-charged sulfate groups of SCD which participates
in cooperation with hydrophobic interaction arises due to dye encapsulation by the
SCD cavity, the dye-host binding effectively becomes very strong for the present
dye-host system (Chakraborty et al. 2021a).

Table 14.2 Photophysical parameters of Coumarin 1 in Ethanol, Water, and Water with the Host
CB7. This table is reproduced with permission obtained from the American Chemical Society
(Gupta et al. 2012)

Dye/CB7
molar ratio

Solvent λabs
(nm)

λem
(nm)

�f τf
(ns)

τr
(ps)

kr
(108 s − 1)

knr
(108 s − 1)

1:0 Ethanol 373 448 0.54 3.09 90 1.75 1.49

1:0 Water 380 468 0.04 0.4 72 1.0 24.0

1:20 Water 396 468 0.52 5.1 290 1.02 0.91
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[CB7] [SCD]

(a) (b)

Fig. 14.6 Modulations in emission spectra of BBRwith the addition of (a) CB7 from 0 to 15.8μM
and (b) SCD from 0 to 114.4 μM. The figure in panel (a) is replicated from ref. (Megyesi et al.
2008) and that in panel (b) is replicated from ref. (Chakraborty et al. 2021a) with the permissions
obtained from American Chemical Society and Elsevier, respectively

It is to be noted in the present context that encapsulations of guest dyes inside
host cavities do not always give an enhancement for the fluorescence intensity for
the bound dye molecules. There are in fact examples where dye molecules are seen
to experience a reduction in their fluorescence intensity upon binding with some
supramolecular hosts (Boraste et al. 2017; Guo et al. 2011). Such quenching in fluo-
rescence intensity is ascribed to the phenomena like ICT between the dye and the host
molecules, formation of H-bonds between participating dye and host, and encapsu-
lation of multiple dye molecules into the cavity of a larger size macrocyclic host
to form a higher order complex. All these phenomena can cause excited-state dyes
to suffer an additional non-radiative deexcitation process to dissipate their excited-
state energy, making them to be feebly emissive, or simply non-fluorescent in nature
(Boraste et al. 2017; Guo et al. 2011).

Sun and co-workers have shown that binding of methylene blue (MB) dye with
CB8 host brings about a large reduction in fluorescence intensity for the dye. Since
CB8 cavity is fairly larger, two MB molecules can simultaneously bind strongly
into a CB8 cavity, leading to the 2:1 dye-host inclusion complex formation (Sun
et al. 2014). Due to non-fluorescent nature of dimeric MB, a substantial quenching
in fluorescence is observed for the dye on its dimeric association with CB8 cavity.
Nonetheless, a large fluorescence reversal has been observed for theMB-CB8 system
upon addition of analyte, paraquat (PQ), a well-known herbicide, into the solution of
the MB-CB8 complex. In this case, added PQ competitively binds to the CB8 cavity,
releasing the MB molecules from the CB8 cavity into the bulk solution, and thus
restoring the fluorescence intensity for the dye, as shown schematically in Fig. 14.7.
It is thus suggested that MB-CB8 system can be suitably deployed as a fluorescence
‘Off–On’ sensor for the detection of PQ in the geological environments as well as in
other bio-systems (Sun et al. 2014).

In a study, it has been demonstrated that interaction of the molecule, quinine
(QNH+), a well-known antimalarial drug, with the CB7 host, at pH ~ 7, results in
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Fig. 14.7 Schematic presentation of the fluorescence ‘Off–On’ response of MB-CB8 system
towardsPQas the analyte. Thefigure is adaptedwith permissionobtained from theNaturePublishing
Group (Sun et al. 2014)

a notable reduction in its fluorescence intensity. Such fluorescence quenching of
quinine fluorophore is attributed to charge transfer interaction between electron-
donating quinoline moiety of the drug, whose oxidation potential is moderate
(~0.99 V against SCE), with the electron-accepting carbonyl groups present at the
portals of the CB7 host (Boraste et al. 2017). Similarly, Nau and coworkers have
shown that chemiluminescent probe, lucigenin (LCG), binds very strongly with
calix[4]arene (CX4) host, with a binding constant (Ka) as ~2.8× 107 M−1, leading to
a large reduction (~140 fold) in fluorescence intensity for LCG dye (Guo et al. 2011).
Conversely, addition of protamine, an important neurotransmitter, which is also used
as an antidote for heparin, an anti-coagulating agent, to the solution of the LCG-CX4
assembly, leads to fluorescence recovery of the dye. The present system, thus, repre-
sents detection of protamine in living cells via indicator displacement assay (Guo
et al. 2011). Since protamine is having very high binding affinity towards CX4, its
binds very strongly with this macrocyclic host (Ka ~ 1.24 × 109 M−1), releasing the
LCG dye from the CX4 cavity and thus restoring the dye fluorescence.

14.4.2 Photophysical Modulations Through Host-Assisted
Dye Aggregations

Host-assisted nano-aggregate formation for chromophoric dyes is one of the impor-
tant topics in contemporary supramolecular research fields, and this aspect is very
useful for tuning the photophysical features of the dye molecules. Because of their
excellent attributes, such as improved repeatability, self-correction and ordered
pattern, such dye nano-aggregates are widely used in various areas in physical
sciences, chemical sciences, pharmaceuticals, electronics, material sciences, and so
on (Lou andYang 2018; Kwok et al. 2015). Formost of the dyemolecules, it is gener-
ally found that formation of nano-aggregates in most cases leads to a quenching of
their fluorescence intensity, due to the detrimental effect towards radiative process,
usually referred to be the aggregation-caused-quenching (ACQ). However, in 2001,
Tang’s group unraveled a new direction to the fluorescence spectroscopy and its
applications by their discovery of aggregation induced emission (AIE), a reverse
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phenomenon of ACQ. The AIE effect is caused by the formation of dye nano-
aggregates, which leads to a large restriction for the intramolecular non-radiative
processes occur through structural relaxation of the dye molecules, enhancing their
fluorescence yield (Kwok et al. 2015). In this perspective, Shi et al. have reported the
AIE phenomena for a tetraphenyl ethylene (TPE) derivative, namely TPESO3Na, in
aqueous solution, resulting in the enhanced blue emission due toAIE (Shi et al. 2019).
While γCD was added to this solution, it led to the disappearance of AIE following
the formation of 1:1 TPESO3Na−γCD inclusion complex. Conversely, addition of
α-amylase to the latter solution resulted in the cleavage of α-1,4-glycosidic bonds of
γCD, restoring the blue emission of the solution due to AIE, caused by the reforma-
tion of the TPESO3Na aggregates again, as schematically shown in Fig. 14.8 (Shi
et al. 2019). Thus, the TPESO3Na−γCD system can suitably be used for detection
as well as quantification of α-amylase, which is an important biomarker and plays a
crucial role towards carbohydrate digestive physiology in human.

In a study, almost a reverse phenomenon than just discussed above has been
reported. Thus, interaction of an anionic sulfonated derivative of TPE dye, Su-TPE,
with a cationic amino substituted βCD host, AβCD, is seen to cause a significant
surge in the fluorescence intensity of Su-TPE, due to the AβCD-assisted formation
of dye aggregates (Chakraborty et al. 2021c). The anionic Su-TPE dye at the vicinity
of the positively charged portal of AβCD host causes a substantial charge neutraliza-
tion and thus diminishes the intermolecular electrostatic repulsion between the dye
molecules, helping the dye molecules to assemble together to form π-π stacked dye
aggregates (cf. Fig. 14.9). Formation of such dye aggregates significantly impedes
the radiationless decay channels for the excited dyes, making the dye molecules to

α-amylase 

-Cyclodextrin Oligoglucose α-amylase 

α-amyylase

-Cyclodextrin Oligoglucoseα-amylase 

Fig. 14.8 Schematic presentation of the emission response of TPESO3Na probe in determining
α-amylase activity. The figure is redrawn based on the concept obtained from Wiley–VCH (Shi
et al. 2019)
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Fig. 14.9 Pictorial presentation of the sensing mechanisms for ATP by Su-TPE-AβCD complex
as a fluorescence probe at pH 4.5. In the schematic, the seven −NH3

+ units at the narrower rim of
the AβCD host have been denoted by (+) signs. The figure is adapted with the permission obtained
from American Chemical Society (Chakraborty et al. 2021c)

be highly emissive in nature (Chakraborty et al. 2021c). Further, it has also been
observed that the introduction of adenosine tri-phosphate (ATP) to the same solution
drastically reduces the fluorescence of the solution, due to disintegration of the dye
aggregates in the presence of ATP, because the multi-anionic ATP has a stronger
binding affinity towards cationic AβCD host as compared to the Su-TPE dye. In a
similar study, it has also shown the formation ofAβCD-assisted aggregation of pyrene
tetrasulfonate (PTS) dye, triggering large modulation in its emission profile and life-
time (Chakraborty et al. 2021d). The system is also found to be highly responsive to
the external stimuli, such as pH, temperature, and ionic strength. This system has also
been utilized for the quantification of ATP using ratiometric fluorescence method,
following the same mechanism as discussed above with respect to the Su-TPEAβCD
system.

Lau and Heyne have reported that the cationic dye, thiazole orange (TO), under-
goes H-type aggregate formation, assisted by the strong electrostatic interaction
of the positively-charged dye with the anionic SO3

− groups existing at the wider
terminal of the sulfated calixarene derivative (SCX4), used as the host (Lau and
Heyne 2010). The supramolecular interaction in the present system leads to the
development of host–guest complex with 3:1 dye-to-host stoichiometry. In a similar
study, Awasthi and Singh have reported J-aggregate formation of a molecular rotor-
based amyloid probe, auramine-O (AuO), at the vicinity of polyanionic portal of the
sulfated β-cyclodextrin derivative, SCD, used as the host (Awasthi and Singh 2017).
Themechanism is very similar to what we have elucidated for Su-TPEAβCD system,
except that for the current system the dye and the host are just oppositely charged as
compared to the Su-TPEAβCD system. Evidently, the strong electrostatic attraction
of a charged dye with a suitably derivatized oppositely charged host can cause a
substantial charge neutralization of the dye molecules, leading to the formation of
the adequately arranged (H-type or J-type) dye aggregates. Since the formation of
such aggregates largely reduces the torsional relaxation of the dye molecules, there
is a consequent reduction for non-radiative deexcitation processes of the dye excited
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Fig. 14.10 Increase in
fluorescence intensity for
AuO solution with increasing
concentration of SCD host.
Inset shows the increase in
the fluorescence intensity at
560 nm as a function of SCD
concentration. λex was
410 nm. The figure is
adapted with permission
obtained from American
Chemical Society (Awasthi
and Singh 2017)

state, and accordingly a large increase in the fluorescence intensity of the dye (cf.
Fig. 14.10). It is worth mentioning that the AuO—SCD system is also found to
display extremely good sensitivity towards external stimuli like ionic-strength, and
temperature, making this system highly useful for detection and quantification of
various analytes.

Along with the macrocyclic host-assisted nanostructured assemblies of chro-
mophoric dyes, there are many other kinds of aggregated chromophoric species
that have many technological advantages as the fluorescence sensors for various bio-
analytes like protein, DNA, enzymes, etc. and can be used also in bio-imaging appli-
cations as well as in the developments of molecular logic gates, stimuli-responsive
functionalmaterials, and soon. In this context, Zhao et al. (2009) haveutilized theAIE
property of a silole-based cationic probe having quaternary ammonium substitution,
for detection as well as quantification of ATP. Substituted silole is non-fluorescent in
aqueous buffer solution, because of its highly torsional motions and its tendency to
undergo twisted ICT state (TICT state) formation. However with gradual addition of
ATP, a negatively charged bio-analyte, there is the formation of silole-ATP adduct,
which makes the complex electrically neutral as a whole, leading eventually to the
formation of quite strongly emissive silole aggregates in the solution. Formation of
the aggregates dramatically reduces the TICT state conversion of the probe and also
restricts its molecular torsional motions, making the probe to be highly fluorescent
in nature. Therefore, the emission intensity enhancement for the silole derivative
with increasing ATP concentration forms the basis for ATP quantification using this
probe. To be noted, however, that no significant AIE was witnessed with adenosine
monophosphate (AMP) and adenosine diphosphate (ADP) as the analytes, which
are the hydrolyzed products from ATP. It is suggested that the high selectivity for
the studied silole derivative towards ATP is because of the tetra negative charge
in the ATP analyte along with the presence of a nucleoside unit in its structure,
a combination of which effectively induces aggregation for the studied silole-based
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Quarternay ammonium salt of silole 
 

Fig. 14.11 ATP detection and phosphatase assay utilizing aggregation-induced emission property
of ammoniated silole derivative. The figure is adopted with permission obtained from American
Chemical Society (Zhao et al. 2009)

chromophoricmolecule. Further, on addition of phosphatase to the fluorescent silole-
ATP complex, there is a substantial quenching in the fluorescence intensity for the
concerned solution. Thus, the present system can be used as a useful fluorescence
switch with the ability to detect suitably charged bio-analytes (cf. Fig. 14.11).

In another study, Wang et al. (2008) have also used the same silole derivative
for the detection of heparin (Hp), the common blood anti-coagulating agent used
not only to treat and prevent blood clots under certain medical conditions but also
before the procedure of open-heart and bypass surgery, especially, to reduce the
risk of blood clots. Overdose of Hp in these cases is known to cause fatal conse-
quences like critical hemorrhage and thrombocytopenia. Thus, careful monitoring of
Hp concentration in blood is of utmost necessary under the aforementioned condi-
tions. Since, Hp is a highly negatively charged bio-macromolecule, its addition to the
solution of cationic silole derivative induces strong aggregation of the probe, leading
to a large enhancement (~90 fold) in the probe fluorescence. Accordingly, following
this fluorescence enhancement, detection of Hp is possible with the detection limit
as ~23 nM in a buffer (HEPES) solution. In the similar line, Tong and coworkers
(Liu et al. 2014) have synthesized a novel salicylaldehyde azine derivative with
ammonium group functionalization, namely, N,N′-bis[4-[[3-(trimethylammonio)-
thyl]oxy]salicylidene]-ethylenediamine (BTASE), as an AIE probe, for the quan-
tification of Hp (cf. Fig. 14.12). The cationic probe BTASE forms aggregates with
incremental addition of Hp in the studied solution. This probe is also found to be
useful in detecting Hp even in dilute horse serum sample, which clearly indicates
the potential application of this probe for Hp detection even in complex biological
matrices.

In an independent study, Tang and coworkers have used number of tetraphenyl
ethylene (TPE)-based cationic AIE probes for sensing of bioanalytes like BSA
(bovine serum albumin) and ct-DNA (calf thymus DNA) (Tong et al. 2006). In
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(a) (b) 

Fig. 14.12 (a) Schematic presentation heparin detection usingAIEcharacteristics ofBTASEprobe.
(b)Modulation in the fluorescence characteristics of 30μMBTASEsolutionwith increasing amount
of heparin (from 0 to 22 μg/mL) in 10 mM Tris–HCl buffer at pH = 7.0. The λex = 391 nm. The
figure is adopted with permission obtained from Elsevier (Liu et al. 2014)

aqueous buffer solution, these probes are found to be practically non-emissive in
nature, but they display substantially strong fluorescence light-up on binding with
protein and DNA molecules, involving hydrophobic and/or electrostatic kinds of
non-covalent interactions. At pH ~ 7, since both ct-DNA and BSA are negatively
charged species, addition of these bio-analytes to the solutions of the TPE probes
induces aggregation for the probe molecules, leading to the large enhancements in
their fluorescence intensity (cf. Fig. 14.13).

Hong et al. (2010) and Wang et al. (2012) have reported the use of an anionic
TPE derivative, BSPOTPE, and a distyryl antharecene derivative, BSPSA, respec-
tively, as the efficient fluorescence turn-on sensors, with the prospective detection of
serum albumins. These dye molecules having large hydrophobic/non-polar groups
in their structures tend to aggregate in aqueous medium, in order to reduce their
surface area exposed to polar bulk aqueous solvent. When albumin proteins are

Fig. 14.13 Schematic
presentation ct-DNA and
bovine serum albumin (BSA)
detection using AIE
characteristics of the cationic
TPE derivatives in a solution
at pH 7. The figure is
replicated with permission
obtained from Royal Society
of Chemistry (Tong et al.
2006)

a b
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Fig. 14.14 Schematic presentation of the AIE characteristics of anionic TPE derivative (I) and
distyryl anthracene derivative (II) inside BSA cavity. The figure is adoptedwith permission obtained
from American Chemical Society and Royal Society of Chemistry, respectively (Hong et al. 2010;
Wang et al. 2012)

added to the aqueous solution of these dyes, the dyemolecules are readily transferred
from bulk solution to the hydrophobic regions of the proteins, due to their strong
hydrophobic character. Since volumes inside the conventional binding pockets of
the albumin proteins are less in comparison to the dimension of these probe dyes, the
dye molecules tend to aggregate at suitable hydrophobic regions of the proteins (cf.
Fig. 14.14). Due to such aggregation, there is a dramatic reduction in the intramolec-
ular torsional motions of these dye molecules, triggering a large escalation in the
fluorescence intensity.

Apart from the bio-analyte induced dye aggregations, various other kinds of AIE
effects for chromophoric dyes have also been described in the literature. In this
connection, Chien et al. (2012) have reported theAIE phenomenon for an ammonium
derivative of a tetraphenylthiophene (TP)-based dye, TP-NH3

+, due to its aggrega-
tion in the presence of polyelectrolytic polymer, poly(sodium vinylsulfonate), PSV,
assisted by long range electrostatic interaction between oppositely charged probe
dye and polymer species. The authors have shown that the fluorescence quantum
yield for TP-NH3

+ − PVS system can be increased quite substantially by changing
the polymer to dye molar ratios from 1 to 4. Further, an increase in the NaCl concen-
tration to the TP-NH3

+− PVS solution leads to the disintegration of the dye-polymer
aggregates. Accordingly, there is a decrease in the fluorescence yield of the studied
system. In the presence of the salt, due to the screening of the electrostatic attrac-
tion that operates between polymer species and the dye results in the disintegration
of the previously formed TP-NH3

+ − PVS complex in the solution. Formation and
dissociation mechanisms of the TP-NH3

+PVS complex as revealed in this study are
conceptually shown in Fig. 14.15.
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Fig. 14.15 Conceptual presentation of the construction and disintegration of the TP-NH3
+PVS

complex under different conditions. The figure is redrawn based on the concept obtained from
Wiley–VCH (Chien et al. 2012)

Quite similar to the above study, Singh and co-workers have also reported aggrega-
tion of highly flexible thioflavin T (ThT) dye in the presence of polyanionic polymer,
polystyrene sulfonate (PSS), triggering a large augmentation (~80 fold) in fluores-
cence intensity of the dye (Mudliar et al. 2020). Electrostatic attraction between
anionic PSS and cationic ThT leads to the charge nullification of ThT and thus
assisting the stacking of the dye molecules in a co-axial fashion, giving rise to the
H-type of aggregate formation (cf. Fig. 14.16). Decrease in intramolecular torsional
motions of the dye molecules due to such aggregation causes a substantial escala-
tion for the dye fluorescence at the vicinity of PSS. Further, the ThT−PSS system
is appeared to be very sensitive to ionic strength of the solution, which enables the
authors to use this system as an efficient ‘turn off’ probe for protamine (Pr) sensing,
with the limit of detection as ~18 nM. Protamine being highly positively charged
bio-analyte, it disintegrates the ThT−PSS complex due to its competitive binding
towards PSS, leading to a large decline in fluorescence intensity for the ThT−PSS
system. Singh and co-workers have also reported the aggregation of a cationic pyrene
derivative, pyrene methyl ammonium, PMA, in the presence of PSS, resulting in a
large ratiometric change in the fluorescence behavior of PMA. Further, they have
utilized the PMA–PSS system as an efficient ratiometric probe for the detection of
basic amino acids (Pandey and Singh 2020).

Similar to the TP-NH3
+−PVS complex, as discussed previously, Yao et al. (2011)

also documented formation of H-aggregates of the cationic 3,3′-diethylthiacyanine
(TC) dye, induced by tetrakis(4-fluorophenyl)borate (TFPB) anion as an additive, in
an aqueous solution containing a neutral polymer as the stabilizing agent for the so
formed dye aggregates. The authors have shown that along with the modulation in
the optical properties, the morphology of the aggregated nanoparticles formed in the
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Fig. 14.16 Schematic presentation of the formation ThT-PSS complex and its protamine-induced
dissociation. The figure is adopted with permission from Elsevier (Mudliar et al. 2020)

system also depends largely on the molar ratios of the dye to the counter ion used
in this study (cf. Fig. 14.17). Thus, with an increase in the dye to counter ion molar
ratio (r) from 1 to 4, the distribution of the nanoparticle sizes decreased gradually
from 40–90 nm range (r = 1) to 30–60 nm range (r = 2), to 15–40 nm range (r = 4).
Such decrease in the nanoparticle sizes with the increasing r value is ascribed to the
surplus adsorption of anionic TFPB onto the initially formed nanoparticle surfaces,
which thus inhibits the larger growth of these nanoparticles (Yao and Ashiba 2011).
It is suggested by the authors that the increase in the surface adsorption of TFPB
leads to the surface tension diminution for the nanoparticles, causing the reduction
in the particle size.

In another study, Yao et al. (2009) have reported the nanoparticle forma-
tions involving the association of well-known cationic fluorescence probe,
2-(4-(dimethylamino)styryl)-1-ethylpyridinium (DASPE), with the species like
tetraphenylborate (TPB) or tetrakis(4-fluorophenyl)borate (TFPB) anions, using the
stabilizing agent like poly(vinylpyrrolidone). In contrast to previous example of TC-
TFPB system, particle size for DASPE-TPB/TFPB systems changes very slightly,
though the size distribution of the nanoparticles increases quite significantly with
the increase in the molar ratios of the dye to counter ion (TPB or TFPB) present in
the solution. The fluorescence quantum yields for the DASPE-TPB/TFPB systems
are found to increase substantially with an increase in the particle size, which is
attributed to both restricted intramolecular rotations around styryl single bonds of
the dye and a reduced polarity effect caused by the TPB or TFPB matrix, decreasing
the formation of non-fluorescent TICT state for the dyemolecules in their aggregated
states (Table 14.3).

Tohnai and coworkers (Hinoue et al. 2012) have investigated the crystal structures
of aggregated species of anthracene-1,5-disulfonate dye and revealed that depending
upon the nature (size and branching) of the counter ammonium cations, the dye
aggregates can adopt different types of crystal arrangements, comprising face-to-
face, zig-zag stacked, slipped column, and brick-like motifs, with substantial π-π
overlaps between the dye molecules in each of these arrangements. The optical
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Fig. 14.17 (a) Emission
spectra of TC nanoparticles
formed at r = 1, 2, and 4,
along with that of TC only in
water (λex = 407 nm). The
inset represents enlarged
emission spectrum of
monomeric TC in water.
(b) Excitation spectra of TC
nanoparticle keeping
monitoring wavelength at
480 nm. The inset depicts the
photographs taken under
365 nm UV light irradiation
for the solutions containing
nanoparticles formed with r
values of 0 to 4. The figure is
adopted with permission
obtained from Royal Society
of Chemistry (Yao and
Ashiba 2011)

    

Table 14.3 Effect of counter ion (TPB or TFPB) on the size and emission quantum yield (�) of the
formed nanoparticles in the DASPE-TPB and DASPE-TFPB systems. This table is adopted with
the permission of the American Chemical Society (Yao et al. 2009)

Samples Phase Size (nm) �

DASPE Aqueous – (3–5) × 10–3

DASPE Chloroform – 0.036

DASPE-TPB (r = 1) Nanoparticle 31.4 ± 3.05 0.085

DASPE-TPB (r = 2) Nanoparticle 72.6 ± 6.46 0.092

DASPE-TFPB (r = 1) Nanoparticle 46.5 ± 4.09 0.080

DASPE-TFPB (r = 2) Nanoparticle 98 ± 12.74 0.12

properties (absorption, emission, fluorescence yield, and lifetime) of these crystals
are seen to be substantially dependent on the formation and meticulous control of
the fluorophore arrangements, which is controlled by the selection of the counter
ions and dye-counter ion stoichiometry. It is revealed that instead of the electronic
properties of the ammonium cations, the arrangement of the fluorophores in the
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Fig. 14.18 Schematic presentation of action of alkaline phosphate of NIR dye (DHXP). The figure
is adopted with permission obtained from American Chemical Society (Tan et al. 2017)

aggregates largely determines the optical properties of the concerned systems. Thus,
such study is a very prominent example that demonstrates the correlation between
the arrangements of the chromophoric moieties and the concerned photophysical
properties, especially involving the dyes representing the organic salts.

Alike the earlier studies, Sun and coworkers (Tan et al. 2017) have synthesized a
phosphate derivative of the dye 3-dihydro-1H-xanthene-6-ol dye (DHXP) and used
as a sensitive near infrared (NIR) probe for detection of alkaline phosphatase (ALP)
activity under both in vitro and in vivo conditions. The authors have shown thatDHXP
registers about 66-fold enhancement in fluorescence intensity upon incubation with
ALP, with detection limit for ALP as ~0.07 U/L. Initially, the probe was soluble
in aqueous buffer, but after removal of the highly polar phosphate group from the
probe, due to the action of ALP, the probe molecules undergo aggregation among
themselves due to their hydrophobic interaction, which significantly suppresses the
intramolecular torsional motions for the dyes, causing an increase in their emission
intensity. The schematic of this phenomenon is shown in Fig. 14.18.

In the similar manner, Lin et al. (2019) have reported AIE phenomenon involving
aTPE-based cyanostilbene dye forALPdetection. They have developed a fluorescent
probe introducing a strong electron withdrawing cyano group in the molecule at one
of its ethene carbon, and incorporating the phosphatase recognizing biphenyl-based
moiety with a phosphate group at the terminal. The synthesized probe dye has a
typical donor–acceptor-donor type of structure having a comparatively high degree
of conjugation with excellent water solubility. When water solubilizing phosphate
group from the probe is cleaved by the action of ALP, the dye undergoes aggrega-
tion in the solution and thereby displays a strong AIE feature. The modulations in
emission intensity thus monitored against the ALP concentration, form the basis of
ALP detection by the developed probe.
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14.5 Supramolecular Polymers and Nanostructures
as the Exotic Functional Materials

Formation of supramolecular polymers and related other supramolecular nanostruc-
tures are the topics of intense investigations in contemporary research areas of chem-
ical andmaterial sciences. These assemblies are considered as the exotic supramolec-
ular functionalmaterials, having promising applications, not only inmaterial sciences
but also in different other areas in physics, chemistry, biology, pharmaceutics, elec-
tronics, and so on. In this respect, Kim et al. (Kim et al. 2016) have reported a highly
emissive supramolecular polymer system comprising of 1-methylpyridium substi-
tuted cyanostilbene (Py+–CNSB–Py+) derivative as the chromophoric guest and CB8
as themacrocyclic host. The free Py+–CNSB–Py+ molecule is almost non-fluorescent
in nature due to its large structural flexibility and its tendency to form TICT state,
causing very efficient non-radiative deexcitation for excited dyes. Nonetheless, the
dye solution registers a substantial escalation in fluorescence upon its binding with
CB8 host, primarily because of the formation of linear and significantly rigid polymer
assembly. Due to the presence of positive charges on both the 1-methylpyridinium
end groups of Py+-CNSB-Py+ dye, either of its end groups can undergo very strong
complexation with the host, CB8. Further, since CB8 cavity is reasonably larger in
size, it can suitably act as an anchor to simultaneously encapsulate twoPy+ endgroups
of two independent dye molecules, approaching along the two opposite portals of
the host cavity. Such mode of binding subsequently continues at both ends of the
so-formed complex in a sequential manner, giving the eventual construction of the
unique supramolecularly formed polymeric system. It is interestingly observed by
these authors that the other stilbene derivative that does not contain the cyano substi-
tution at its ethene unit did not undergo the formation of supramolecular polymer,
but results in the formation of 2:2 cyclic CB8–(Py+-CNSB-Py+)2–(CB8) species,
giving rise to fluorescence quenching instead of fluorescence enhancement, as asso-
ciated with the supramolecular polymer formation. The fluorescent supramolec-
ular polymeric system, as obtained for Py+-CNSB-Py+ derivative in the presence
of CB8 host, is predicted to find usages in chemical and biochemical sensing in
addition to bioimaging applications. In a similar line, Pang and coworkers (Xu et al.
2011) have also reported that interaction of aqueous thiazole orange (TO) with CB8
induces linear supramolecular dye polymerization. The authors have suggested that
the supramolecular polymerization process in the studied system is governed by both
hydrophobic andπ–π interactions among the building blocks (cf. Fig. 14.19). Several
experimental evidences, such as atomic forcemicroscopy, viscosimetry, electrospray
ionization mass spectrometry (ESI–MS), nuclear magnetic resonance, and dynamic
light scattering were used in this study to obtain the supports for the development of
TO–CB8 based linear supramolecular polymer.

Jeon et al. have documented the formation of huge supramolecular vesicles, driven
by CT complex formation of two complementary dye molecules inside a CB8 cavity
(Jeon et al. 2002). In this study, simultaneous encapsulation of a methyl viologen
(MV) derivative, having either 12-carbon-long or 16-carbon-long aliphatic chains
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Fig. 14.19 (a) Chemical structure of TO dye and schematic for the formation of TO–CB8 assem-
blies. In the structure of TO above, its counter ion, p-toluene sulfonate, has been avoided deliberately
for clarity of presentation. (b) Molecular modeling of the TO–CB8 polymer, where CB8 structure is
displayed by the brown sticks for the clarity of the supramolecular assembly. The figure is replicated
with permission obtained from Royal Society of Chemistry (Xu et al. 2011)

(MV-C12 and MV-C16, respectively), along with one 2,6-dihydroxynaphthalene
(DHNp) molecule, inside a CB8 cavity, resulted in the formation of MV–DHNp
CT complex. Since, the supramolecular complexes thus formed possess a long
hydrophobic tail, in the form of C12 and C16 alkyl chains, along with a polar head
group consisting of CB8 encapsulated MV–DHNp complex, they show very strong
amphiphilic character. The so-formed complex thus undergoes self-association in
aqueous solution to produce large vesicles, confirmed through SEM, NMR, mass
spectroscopy, and TEM techniques. The mean diameter of the vesicles formed in the
case of MV-C12 derivative is found to be ~20 nm. In the case of MV-C16 derivative,
however, vesicles are indicated to be formed with much larger size, having ~400 to
~950 nm diameters. The study has clearly indicated that size of these supramolecular
vesicles can be tuned suitably by varying the length of the associated alkyl chains.

Differential interactions of a CT type of amphiphilic dye containing pyridinium-
functionalized anthracene (AnPy) moiety with CB7 and CB8 hosts have been
reported by Assaf et al. (2018). In these cases, formation of the dye-host complexes
ultimately led to the assembling of either supramolecular nanoparticles or nanorods,
depending upon the size of the host cavities. The dye, AnPy contains a cationic pyrid-
inumgroup at one terminal and electron-rich hydrophobic anthracene ring at the other
terminal, separated from each other by an alkyl unit. For theAnPy-CB7 complex, due
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Fig. 14.20 (a) Schematic
presentations of the
structures of CB7 and CB8
hosts and AnPy dye. (b,
c) Pictorial illustrations of
the formations of
supramolecular assemblies
of AnPy derivative assisted
by CB7 and CB8 hosts,
respectively. The figure is
adopted with permission
obtained from Royal Society
of Chemistry (Assaf et al.
2018)

(a)

(b)

(c)

to smaller cavity size, the CB7 host can engulf only the cationic pyridium group of
AnPy dye, leaving its electron rich anthracene group exposed to bulk aqueous phase.
These dangling anthracene groups, which are hydrophobic in nature, then interact
with each other through π–π stacking, leading to the construction of stable nanopar-
ticles having diameters in range of ~400 to ~1000 nm, confirmed through DLS and
TEM(transmission electronmicroscopy)measurements. Conversely, due to its larger
cavity size, the host CB8 can accommodate both pyridium and anthracene groups of
twoAnPymolecules simultaneously, causing a strongCT interaction between the two
encapsulated units, which eventually leads to the construction of supramolecularly
formed polymeric chains of AnPymolecules, via simultaneous incorporation of pyri-
diniumand anthracene units of twodifferentAnPy into oneCB8cavity in a successive
manner.Hence, the formedpolymeric chains can also interactwith one another subse-
quently, resulting in the construction of supramolecular nanorods. Various types of
nanostructures formed through the involvement ofAnPy–CB7andAnPy–CB8-based
polymeric systems are schematically presented in Fig. 14.20. The formed assemblies
show strong stimuli-responsive behavior and can be assembled and stripped off in
the presence of suitable external stimulus like temperature, competitive binder, etc.,
indicating the potential of the studied nanostructured systems for stimulus responsive
drug delivery applications, especially.

14.6 Future Scopes

To summarize, it is quite evident to realize that the supramolecular dye–host complex-
ation can lead to the formation of exotic molecular assemblies that can display many
interesting properties, quite different than the isolated dye molecules in the solu-
tion. Such supramolecular systems, especially the ones having fluorogenic dyes as
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one of the ingredients, can bring out very intriguing changes in the physiochemical
properties of the dyes, especially in the optical properties, offering their widespread
applications in different fields like fluorescence sensors, bioimaging, optoelectronics,
dye lasers, and many others. Accordingly, such supramolecular studies have occu-
pied a special position in the realm of fluorescence spectroscopy and its applica-
tions. The special class of the chromophoric dyes, designated as AIEgens, which
are having no emission in their monomeric states, but produce quite large enhance-
ment in their emission intensity by virtue of their aggregation, either on their own,
or under the effect of various supramolecular hosts, like, macrocyclic molecules,
proteins, enzymes, and so on, have garnered a significant research interests in recent
years. Such AIEgen molecules are realized to have applications in various scientific
areas ranging from chemical, biological and environmental sciences. Moreover, the
physicochemical properties of these supramolecular assemblies alongwith the devel-
oped new photophysical characteristics of the associated dyes and AIEgen systems
can also be modulated effectively under the influence of various stimuli like ionic
strength, pH, temperature, etc. Therefore, the supramolecular systems that are deco-
rated with various chromophoric dyes can be utilized very efficiently in different
fundamental and applied areas, including drug formulation, targeted drug delivery,
enzymatic assays, development of fluorescent sensors, catalysis, dye laser systems,
electronic devices, nano-medicine, functional materials, etc. In fact, the supramolec-
ularly assisted dye aggregates are presently considered as the futuristic functional
materials that can promise many interesting and diverse applications in physics,
chemistry, material sciences, biology, and environmental studies.
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3D Three-dimensional
2D Two-dimensional
1D One-dimensional
0D Zero-dimensional
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DMSO Dimethyl Sulphoxide
MQWs Multi-quantum wells
QWs Quantum wells
LP-VASP Low-Pressure Vapor-assisted Solution Process
FF Fill factor
WBH Wide-bandgap halide
FESEM Field emission scanning electron microscopy
RH Relative humidity
Voc Open circuit voltage
GIXRD Grazing Incidence X-ray diffraction
FTO Fluorine-doped tin oxide

15.1 Introduction

In the era of the Internet of Things, artificial intelligence, machine learning, and the
rapid development of the world, the use of electronic devices relentlessly demands
alternative, renewable, and carbon–neutral energy sources. In recent years, the world
storage of coal, crude oil, natural gas, and other non-renewable energy sources are
impacting climate change and the environment’s global warming issue. With time,
the problem of energy shortage is becoming more severe for the development of
the global economy. Against this background, most countries continuously focus
on harvesting energy using alternative sources like wind, geothermal, photovoltaics,
hydrogen generation, solar thermal power plants, etc. All these types of renewable
energy sources could effectively promote economic growth, enhance energy secu-
rity, increase energy access, and reduce carbon footprint (Satapathi 2022). Among
different renewable energy sources, solar energy is the largest available source that
has the potential for scaling up to meet future energy demands. The solar energy
supply to the earth’s surface is gigantic: 3 × 1024 J per year (Grätzel 2001). In prin-
ciple, the complete conversion of solar energy that strikes the surface of the globe
in 1 h into electricity can fulfill the current global energy consumption of an entire
year required for humanity. It is predicted that harvesting less than 0.02% of the solar
energy that falls on the earth’s surfacewould satisfy the present needs (Hammarström
and Hammes-Schiffer 2009). Solar cells can straightforwardly transform light into
electricity through the photovoltaic effect, and currently, silicon solar cell is the most
sophisticated commercialized technology. Nevertheless, because of the complexity
of the fabrication technique and the excessive cost of silicon materials, it remained a
bottleneck for the absorption of the technology to ground level. Despite this present
Si-based photovoltaic technology, finding alternative cost-effective materials and
methods to fabricate economical solar cells is necessary. The dye-sensitized solar
cells (DSSCs), CZTS-based solar cells, organic solar cells, and quantum dot solar
cells are some of the alternative types of solar cells, which are focused on for the
last couple of decades. However, even after the success so far achieved with solar
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cells, their low photo conversion efficiency (PCE) and lack of low-cost solution
processing techniques still remain a bottleneck. In the last decade, hybrid perovskite
halide-based solar cells have developed as an emerging era of promising low-cost
solution-processed photovoltaic technologies.

The most studied inorganic–organic hybrid perovskites like MAPbI3, FAPbI3,
and CsPbI3 and their compositions have attracted considerable attention due to their
superior electronic and optoelectronic properties resulting in spectacular successes in
solar cell applications. Various strategies are used to improve the PCE of PSCs from
3.8% to 25% through the optimization and processing of various device architec-
tures (Cell-Efficiency n.d.). The PSCs are the first category based on ultra-low-cost
fabrication via low-temperature solution processing techniques with high efficiency
close to commercial Si solar cells of 25% and have a high potential for integrated
photovoltaics (Liang et al. 2021; Gangadharan and Ma 2019). Unfortunately, these
conventional hybrid perovskite materials are sensitive to humidity, thermal cycling,
ultraviolet radiations, and ion migration due to the volatile nature of the organic
group (Schileo and Grancini 2020; Sheikh et al. 2015, 2017). This instability of 3D
perovskite halides under extreme ambient conditions like moisture, heat, oxygen,
and a significant roadblock remains to be the ultraviolet light for the commercializa-
tion of perovskite-based photovoltaic technology. Therefore, even after surpassing
the photoconversion efficiency of PSCs, issues regarding ambient stability need
to be resolved. Over the past decade, the PCE of PSCs performance and stability
was improved by numerous strategies employed by the researchers including device
encapsulation techniques (Ma et al. 2022), compositional and solvent engineering
(Jeon et al. 2015, 2014a), dopant/additive incorporation (Ugur et al. 2017), selection
and modification of charge transporting materials/layers (Haque et al. 2017), imple-
mentation of novelmetal electrodes (Lee et al. 2019), and dimensional engineering of
perovskite film (Krishna et al. 2019; Zhang et al. 2018). Among these, the research on
engineering of low-dimensional perovskite materials has drawn tremendous interest
because of the remarkable progress made in both device efficiency and the stability
of PSCs.

This chapter is focused on the fundamental understanding of dimensional engi-
neering of perovskite halides and explored recent advances reported in the literature.
In the dimensional engineering strategy, one can modify the size and shape of the
material at the nanoscale by tuning the processing parameters and precursors. Further,
introduced the basics of 3D perovskite and 2D perovskite materials and elaborated
on their use in PSCs. Recent research demonstrated that 2D perovskite materials are
more stable as compared to 3D perovskite materials under the influence of oxygen,
light, and humidity. Attaining high solar cell efficiency and ambient stability simul-
taneously with a mixed dimensional strategy necessitates a delicate balance in the
composition of 2D and 3D perovskite along with the structural motifs for achieving
optimized contribution from each of the 2D and 3D perovskite phases. Two major
protocols are envisaged for the combination of 2D and 3D perovskites viz. mixed
2D + 3D perovskite, i.e. incorporation of 2D perovskite in bulk 3D perovskite and
bilayer 2D/3D thin films, i.e. surface treatment with 2D perovskite phase on a 3D
perovskite film. However, depending on the type of synthesis techniques, segregation
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of the 2D and 3D perovskite phase in thin films, and type of 2D and 3D perovskite
materials, there is a significant influence on the PCE and ambient stability of 2D/3D
PSCs.

15.2 Introduction to Perovskite Halides

GustavRose in 1839first coined the term “perovskite” for theCaTiO3 mineral, named
after the Russian nobleman and mineralogist Count Lev Alekseyevich von Perovski.
Victor Goldschmidt in the year 1926, first used as a general term for describing
the crystal structure group (Akkerman et al. 2018). The perovskite crystal lattice is
defined as a network of corner-sharing BX6 octahedra that crystallize with a general
ABX3 stoichiometry (where A = CH3NH3

+, FA+, and Cs; B = Pb, Sn, and X =
I, Br or Cl). The standard depiction of the aristo-type cubic perovskite represented
either with all the atoms (up) or the BX6 octahedral network only and the A atoms
(down) as depicted in Fig. 15.1a. The typical lattice structure of perovskite material
lies in the 3D-perovskite category (Akkerman andManna 2020). Hybrid perovskites
halide were first reported in 1893, but it took around 100 years for researchers to use
this material for light-emitting devices and transistors due to their intriguing optical
and electronic properties (Shamsi et al. 2019). In the year 2009, the real potential of
these materials was tested and discovered for the first time in the field of solar cells
(Kojima et al. 2009). Here afterward, the family of PSCs showed promising PCE in
a short period.

15.2.1 Dimension-Dependent Types of Perovskite Halides

The dimensionality of perovskite materials engineered by adding/substituting alter-
native A-site cations, which can modify the 3D perovskite lattice structure either to
2D (layered), 1D (columnar), or 0D (quantumdots) nanostructures. The dimensional-
dependent schematic depiction of the crystal structures of perovskite halides to (i)
3D, (ii) layered (2D), (iii) 1D nanorods/nanotubes, and (iv) 0D colloidal nanoparti-
cles is demonstrated in Fig. 15.1b. Among these various nanostructures, this chapter
is focused on 2D perovskite halide structures for solar cell applications. Therefore,
it is introduced here about the 2D perovskite in detail for the reader’s reference.

Most commonly employed 2D halide perovskite is fabricated by slicing analo-
gous 3D perovskite in the (100) plane, resulting in the formation of 2D perovskites
with different numbers of organic layers as depicted in Fig. 15.2. (Ma et al. 2018).
Depending upon the type of large chain organic cations selected, 2D perovskites are
categorized into three, i.e. Ruddlesden-Popper (RP), Dion-Jacobson (DJ), and alter-
nating cations in interlayer (ACI) (Soe et al. 2018, 2017). Weak van der Waals gaps
are observed between each bilayer of monovalent cations and adjacently located two
lead halide sheets in the RP-phase 2D perovskites. The difference between the crystal
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(a)
(i) (ii)

(iii) (iv)

(b)

Fig. 15.1 a The lattice structure of ABX3 perovskite structure with two different approaches.
b Dimensional-dependent classification of perovskite halides into (i) 3D hybrid organic–inorganic
metal halides, (ii) Layered (2D) hybrid organic–inorganic metal halides, (iii) 1D metal halides, and
(iv) 0D hybrid organic–inorganic metal halides. [reprinted with permission from Akkerman and
Manna 2020; Copyright 2020 American Chemical Society)

structures of 3D to quasi-2D to 2D perovskite is shown in Fig. 15.2. The composi-
tions of RP are generally described by L2An-1BnX3n+1, (Mao et al. 2018) where L
is a long-chain organic cation (spacer) examples include phenyl–ethyl-ammonium
(PEA+) and butylammonium (BA+), A is a short-chain organic cation that is typi-
cally Methyl ammonium (CH3NH3

+) ion (MA+), or Formamidinium (HC(NH2)2+)
ion (FA+), B is a divalent metal cation like Sn2+ or Pb2+, X is a halide anion I−, Br−,
or Cl− and n defines the number of inorganic layers held together. Typical PSCs
employ 3D ABX3 structures, where a monovalent “A-site” cation in the cubocta-
hedral site bonds with the BX6 octahedra. It is worth noting that when the number
of inorganic layers held together n = ∞ represents a 3D perovskite, when n = 1,
it represents the perovskite of pure 2D, and when n = 2 to 5, it represents a quasi-
2D perovskite. A blend of 3D perovskite and lower-n phases (n ≤ 3) or higher-n
phases (n = 30–60), can lead to the formation of a quasi-3D perovskites (Mei et al.
2014). The parameter “n” in the general formula is equal to the number of octahedral
layers. There will be one octahedral layer between two organic layers when n = 1.
Whereas the inorganic layers contained in this structure behave as a quantum well
for the charge carriers while the organic layers act as the barrier (Younis et al. 2021).
An alternative to 3D perovskites is quasi-2D perovskites for solar cell application.
The quasi-2D perovskites address critical issues of stability faced by the 3D PSCs
with high PCE performance. The inspiring achievement sprouted from the develop-
ments in the scientific understanding of synthetic chemistry of 2D perovskites and
the advancements in the fabrication of stable PSC devices.
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  3D Perovskite ABX3   2D Perovskite L2An-1BnX3n+1

B

Fig. 15.2 Schematic representation of crystal structure transformation from 3D perovskite to 2D
perovskite with the different values of n

15.3 Synthesis of Perovskite Halides and PSCs

Solution-based methods for the deposition of 2D-layered perovskites suffer due to
the formation of multiple quantum wells mixtures having a good width (n number)
in a random distribution. These factors have substantially hindered the progress in
the field of 2D-layered perovskites (Quan et al. 2016; Tsai et al. 2018). Therefore,
the deposition of quasi-2D-oriented thin films is still a critical challenge on the
thermodynamics of the stability compounds in a solution state.

The perovskite halide materials with 3D, 2D, and mixed dimensional 2D-3D can
be synthesized with the most common synthesis process, which is schematically
summarized in Fig. 15.3a. They include spin coating, deep coating, screen printing,
slot-die coating, and vapor deposition techniques. The hybrid method represents
the synthesis method involving intermixing among these techniques. Similarly, the
deposition of the electron transporting layer (ETL) and hole transporting layer (HTL)
was carried out by deposition techniques including, spin-coating, spray-pyrolysis,
hydrothermal, sputtering, and hybrid, which is a combination of these methods. The
synthesis methods for the deposition of ETL and HTL are summarized in Fig. 15.3b.
In general, perovskite films prepared using vacuum deposition have several advan-
tages such as films with high phase purity, uniformity, pin-hole free and smooth as
compared to the films that are processed through solutions. However, this method has
disadvantages like a slow deposition process and the requirement of a meticulously
controlled vacuum environment. This could be one of the reasons for the few studies
reported on the vapor deposition of perovskite andETL/HTL as compared to the solu-
tion processes. As the present chapter is devoted to the engineering of dimensional
perovskite halides, the following section covered the synthesis of low-dimensional
perovskite in detail. The synthesis protocols for the synthesis of 2D perovskite and
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Fig. 15.3 Summary of various synthesis techniques used for the deposition of a perovskite halide
thin films and b electron transport layers (ETL)/hole transport layers (HTL). c The important steps
involved in the fabrication of perovskite solar cells

different processing strategies for the combination of 2D and or 3D perovskites in
PSCs for improved PCE and robust stability are discussed in the following sections.

15.3.1 Synthesis of 2D Perovskite Thin Films

There are several processing strategies by which scientists explore 2D perovskite
thin films for application in solar cells. Some of the techniques based on litera-
ture are discussed herewith. As demonstrated by Tsai et. al. in (BA)2(MA)3Pb4I13;
where, n= 4; (BA= butan-1-ammonium), the 2D perovskites were deposited by hot-
casting method (Tsai et al. 2016). In the described method, the initial hot precursor
is deposited using a spin-coater on a pre-heated substrate, which is called the hot
casting method. They observed that better crystallinity was achieved by hot-casting
film at an optimized temperature of 110 °C, further confirmed by Grazing Incidence
X-ray diffraction (GIXRD) patterns. However, the hot-casting method suffers from
reproducibility because of the difficulty in maintaining a uniform temperature for
the deposition in large-area substrates. The method is further modified by Zuo et.
al. (2019) and demonstrated a process of substrate-heated drop-casting to deposit
2D perovskite. They also achieved the deposition of the 2D perovskite film in large
area by developing a method of slot-die coating. A slightly modified method was
also proposed byWu et. al. through slower post-annealing process for the deposition
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of the (BA)2(MA)3Pb4I13; where, n = 4 (BA = butan-1-ammonium) 2D perovskite
(Wu et al. 2019a). 2D perovskite with structure (PEA)2MA4Pb5I16, (n= 5) synthesis
is reported by Hu et. al. using vacuum poling treatment which resulted in uniform
nucleation during crystallization for obtaining the arranged inorganic sheets (Zhang
et al. 2019a). The synthesis of (PEA)2MA4Pb5I16 perovskite thin films is reported by
Gao et. al., which uses a simple spin-coating process. In this method, the growth of
highly orientated 2D perovskite films under optimized solvent parameters resulted in
improved optoelectronic properties. The optimized solvent composition was (5:5) a
mixture of dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) compared
to the film prepared in pure DMF (Gao et al. 2019). Zhang et. al. (Zhang et al. 2017a)
explored a single-step spin coating technique for the deposition of a highly crystalline
vertically oriented perovskite thin-films of 2D layered (BA)2(MA)n−1PbnI3n+1 (BA
= CH3(CH2)3NH3, MA = CH3NH3, n = 3, 4) with the additive, ammonium thio-
cyanate (NH4SCN). Further, as lead (Pb) is a toxic element, Cao et. al. (2017) have
reported the synthesis of 2DRP (CH3(CH2)3NH3)2(CH3NH3)n−1SnnI3n+1 perovskite
using a single step spin-coating method. In brief, the perovskite precursor solu-
tion was prepared using 1 mL of DMF over a magnetic stirrer with constant stir-
ring having either 0.2 M of (BA)2(MA)2Sn3I10 (0.367 g, 0.2 mmol) or 0.2 M
of (BA)2(MA)2Sn4I13 (0.474 g, 0.2 mmol) mixed with 0.2 M of SnF2 (0.031 g,
0.2 mmol) at 70 °C for 1 h. For the triethylphosphine, 5μL corresponding to 0.034M
was directly added to the perovskite solution mixture of 1 mL DMF. Spin-coating
process for the deposition of the perovskite solution on mesoporous TiO2 substrates,
which was preheated at 120 °C at 3000 rpm for 30 s resulted in the 2D films. The
films were then annealed at 75 °C for 5 min. and subsequently allowed to cool to
room temperature.

15.3.2 Synthesis of 2D + 3D Mixed Perovskite Layer

The 2D + 3D mixed perovskite layer is also known as the bulk incorporation
method. This method involves the incorporation of the spacer organic cationic
compounds in the identical precursor solution containing the components of the 3D
perovskite (PbI2, PbCl2, MAI, FAI, CsI, RbI, etc.). This single precursor containing
the cations and anions of both 2D and 3D perovskite is spin-coated on the substrate
followed by annealing to get the desired thin film of 2D + 3D perovskite phases.
Therefore, several parameters like length of organic cation, solvent, concentration,
annealing temperature, and annealing time need to be optimized for the high quality
of 3D bulk-incorporated 2D perovskite film. A mixed dimensionality perovskite of
BA0.05(FA0.83Cs0.17)0.95Pb(I0.8Br0.2)3 is reported by Wang et. al. with the addition of
BA+ into FA0.83Cs0.17Pb(IyBr1-y)3 3D perovskite (Wang et al. 2017).

A low-pressure vapor-assisted solution deposition process also known as LP-
VASPmethodwas applied byLi et. al. for the first time. It was used for the preparation
of several 2D/3D hybrid perovskite films. The method uses a low-pressure heating
oven to spin coat the substrate with phenyl ethyl-ammonium iodide (PEAI)-doped
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lead iodide (PbI2) followed by a reaction with methyl-ammonium iodide (MAI)
vapor. In this process, the authors investigated PEAI/PbI2 ratio ranging from 2 to 0
to realize the effect of the ratio of doping PEAI in MAI-vapor-treated perovskites as
plays a significant role on the crystallinity, morphology, optical absorption, and the
resultant device performance (Li et al. 2018).

In another report, Chen et. al. incorporated 2D PEA2PbI4 [PEA =
C6H5(CH2)2NH3] in 3D MAPbI3 [MA = CH3NH3] fabrication through the Lewis
acid–base adduct method. They termed this mixed dimensionality perovskite as
(PEA2PbI4)0.017(MAPbI3)0.983 thin films. According to the authors, this thin film
contains a structure of nanolaminate,which ismadeupof layeredMAPbI3 nanobricks
produced in the presence of 2D PEA2PbI4 (Chen et al. 2017). For increasing the
stability of α-CsPbI3, EDAPbI4 (EDA = ethylenediamine) was used by Zhang et. al.
to obtain 2D perovskite. In thismethod, authors reported the α-CsPbI3 is stabilized by
the ethylenediamine (EDA) cation using a little amount of 2D EDAPbI4 perovskite
for avoiding the undesirable formation of the non-perovskite phase (Zhang et al.
2017b). Further, deposition of (MAPbI3)1-x[(PEI)2PbI4]x 3D/2D mixed perovskite
films through spin coating process is also reported by Yao et. al. (2015). In the
two-step deposition, PbI2 was initially deposited along with precursor solution of
PEI·HI (polyethyleneimine hydroiodide) followed by the deposition of CH3NH3I.
The formation of (PEI)2PbI4 in the first step lowers crystallization rate of the 3D
perovskite and promotes the growth of the 2D perovskite phase among the grains
of the 3D perovskite phase. A dip coating with two-step approach was proposed
by Koh et. al., which lead to the formation of (IC2H4NH3)2(CH3NH3)n−1PbnI3n+1
(Koh et al. 2016). Briefly, the first step involved spin-coating of a pure 2D perovskite
(n= 1) with a precursor solution containing PbI2 and IC2H4NH3I in a particular stoi-
chiometric ratio, which was subsequently followed by the dipping of the substrate
in the MAI solution for different time intervals, i.e. varying from 1 min. to 5 min.

Mohite and co-workers in 2016 reported the hot-casting method, which is a new
and efficient approach. In the hot casting technique, the substrate consisting of FTO/
poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT: PSS) was heated
at ≈150 °C before the spin coating process of the perovskite. A superior quality
thin film having favored out-of-plane alignment of (BA)2(MA)3Pb4I13 was achieved
(Stoumpos et al. 2017). The authors observed that the PSCs prepared using this
method had improved the stability and efficiency of the 2D/3D PSCs.

Grancini et. al. have proposed a method for possible engineering of the inter-
face between the composite of AVA2PbI4 2D perovskite and MAPbI3 3D perovskite
halides (Get and al. 2017). Authors prepared 2D-3D perovskite thin films of different
compositions through the mixing of different quantities of 1.1 M solution of
AVAI:PbI2 in the ratio of 2:1 and MAI: PbI2 precursor solution molar ratio of 0,
3, and 5%, respectively. These mixed solution blends are infiltrated in a mesoporous
oxide scaffold using a one-step deposition process. The authors observed that the slow
drying process allowed the restructuring of the 2D and 3D perovskite phase compo-
nents in themixedAVA2PbI4/MAPbI3 filmbefore solidification. Finally, according to
the authors, a high PCE is obtained for the devices preparedwith 3%AVAI perovskite
film.
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15.3.3 Synthesis of 2D/3D Perovskite Layer

Generally, for the preparation of 2D/3D perovskite bilayers, the two individual
precursors containing components of 2D perovskite and 3D perovskite are deposited
separately to form individual layers of 2D/3D perovskite thin films. Enhanced
stability, a long carrier lifetime, and lower trap densitywere achieved in 2Dperovskite
films upon application on the surface of the 3D perovskite film which is further
sandwiched to other charge-collecting layers in multi-stacked PSCs (Koh et al.
2018). Spin-coating process of the long-chain alkyl ammonium halides dissolved
in isopropanol was used for the deposition at the surface of 3D perovskite film. The
presence of water-resistant bulky organic groups at the top of the 3D perovskite
films promotes the formation interfacial layer of 2D perovskite for an enhanced
stability (Liu et al. 2019a). Deposition of PEA2PbI4 2D perovskite film on the top of
Cs0.1FA0.74MA0.13PbI2.48Br0.39 device was achieved by Nazeeruddin et. al. having an
efficiency of 20.1% (Cho et al. 2018). The fabricated device had long-term stability as
proven after 800 h under the ambient condition at 50 °C sustaining 85% of the initial
efficiency. A post-deposition treatment of 3D perovskite by applying an isopropanol
solution of penta-fluorophenyl-ethyl ammonium iodide (FEAI) was achieved by Liu
et al. (2019b). In another work, the deposition of 2D perovskite film on the top of
3D perovskite film using a mixed solvent o-dichloro benzene and iso-propanol in
the 97:3 v/v ratio with n-hexyl trimethyl ammonium bromide (HTAB) as demon-
strated by Jung et. al. (2019a). A transparent 2D perovskite deposition on the top
of 3D perovskite film was achieved using the dissolution of precursor strategy with
alkylammonium bromide dissolved in chloroform by Yoo et. al. (2019). A synthetic
approach for the fabrication of a bilayer structure of the type 2D PEA2SnI4 along
with 3D MASnI3 perovskite (PEA = phenethylammonium; MA = methylammo-
nium) is reported by Choi et. al. The formation of the bilayer structure was achieved
through a sequential vapor process combined with vacuum deposition and followed
by vapor reaction. The advantage of the vapor process lies in ensuring the deposition
of the uniform upper layer of the 2D perovskite thin film layer without damaging
the lower 3D perovskite thin film layer (Choi et al. 2020). But later Joker et. al.
(2021) reported a solution processing-based sequential method of deposition using
hexafluoro-2-propanol as a solvent for the on the top of the 3D layer deposition of
eight bulky ammonium cations to form a 3D/quasi-2D layer preventing themoistures
and acting as a protecting layer of the tin perovskite grains.

Yukta et. al. (2022) recently reported the synthesis of 3D MAPbI3 perovskite
passivated by NH4SCN followed by the deposition of the capping layer of 2D
perovskite with organic xylylene diammonium iodide cation. For the deposition
of 3D perovskite + NH4SCN, an adequate amount of NH4SCN was added to the
3D perovskite precursor solution and stirred for 12 h at 60 °C before use. This
mixed precursor solution was spin-coated with chlorobenzene drip @ 1000 rpm for
10 s. and continuously at 6000 rpm for 30 s. which was followed by annealing at
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100 °C. For fabrication of a 3D/2D heterojunction, 100 μL of p-xylylene diammo-
nium iodide/isopropyl alcohol solution was spin-coated on the 3D perovskite +
NH4SCN perovskite surface at 3000 rpm for 30 s and annealed at 100 °C for 10 min.

The synthesis of 2D-3D graded perovskite was reported by Garai et al. (2021).
The 2D-3D graded perovskites use a multifunctional 4-(aminomethyl)benzoic acid
hydrogen bromide (ABHB) molecule synthesized strategically for the treatment
surface in the fabrication process. Briefly, MAPbI3 precursor solutions consisting
of dissolved MAI and PbI2 in 1:1 ratio in a mixed solvent system containing Gamma
butyrolactone (GBL)/Dimethyl Sulphoxide (DMSO) (7:3, v/v) were spin-coated at
750 rpm for 20 s and 4000 rpm for 60 s with 160 ml anhydrous Toluene dripped
after 20 s as antisolvent and annealed at 80° C for 10 min. Different concentrations
of ABHB solution in isopropanol containing 1, 2, and 3 mg/mL were spin-coated
at 4000 rpm for 30 s above the perovskite layer. The ABHB-treated perovskite film
was annealed further at 80° C for 5 min. This could effectively form 2D perovskite
thin film over MAPbI3 3D perovskite thin films for solar cell applications.

With the above examples, it can be concluded that different processing approaches
are used for only 2D, 2D + 3D mixed, and 3D/2D bilayer perovskite thin film
depositions for solar cell applications. However, it has been observed that in all
these types of thin films, the growth of 2D and 3D perovskite is different, and an in-
depth analysis of growth mechanisms needs to be explored. This is because synthesis
techniques play a key role in the formation of perovskite layers with different crystal
structures, different lattice orientations, and the distribution of 2D and 3D perovskite
material. All these changes in the perovskite thin films affect the charge transport
mechanism and in turn, decide the photovoltaic performance of the solar cell devices.
It is also important to note that the synthesis is also sensitive to the type of initial
precursors like the size of organic cations, additives, solvents, humidity, and substrate
temperature.

15.4 Fabrication of PSCs with Different Perovskite Phases

The in-depth procedure for the fabrication of a general perovskite solar cell is elab-
orated as follows. The important steps involved during the fabrication of perovskite
solar cells are schematically depicted in Fig. 15.3c. The step-by-step process for
fabricating perovskites solar cells is discussed herewith. Zinc metal powder and 2 M
HCl were utilized for etching FTO-coated glass substrates followed by washing
with deionized (DI) water. Further, the etched substrate was subjected to ultra-
sonic cleaning using detergent, DI water, acetone, and ethanol, which was then dried
finally using dryer. The hydrophilicity of the substrate surface was enhanced by UV-
ozone treatment for a few minutes. The electron transporting material (ETM) can be
deposited with any suitable method mentioned in Fig. 15.3. In general, techniques
like spin-coating and/or spray-coating followed by annealing of thin films were used
to deposit ETM thin films. The popularmetal oxide-based electron transportingmate-
rials are TiO2, SnO2, and ZnO (Haque et al. 2017), whereas (Gangadharan and Ma
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2019; Gangadharan and Ma 2019)-phenyl C61 butyric acid methyl ester (PCBM)
(Xiao et al. 2014), C60 and their derivatives (Liang et al. 2014) have been used as
n-type type charge carriers. In the next step, depending upon the type of perovskite
materials, a precursor solution discussed in the previous section needs to be prepared
separately. This precursor solution can be deposited on the ETM layer-coated FTO
substrates. Here, note that depending upon the type of perovskite thin film, i.e. pris-
tine 2D, pristine 3D, mixed 2D + 3D, or 2D/3D bilayer thin films, the precursor
solution can be prepared as discussed in the above sections. Again, the perovskite
layer can be deposited with any solution processing techniques or physical vapor
deposition methods discussed in the above sections. This perovskite layer is required
to deposit in the inert and controlled humidity conditions, which were found in the
glove box. The fabrication of high-quality perovskite thin films depends on many
processing parameters and hence is highly sensitive to the photovoltaic performance
of perovskite solar cells. The various methods investigated in the literature for 2D,
2D + 3D, and 2D/3D perovskite layers have been discussed in this chapter later.

Next, the perovskite layer was covered by the deposition of the HTL, which could
consist of either organic or inorganic materials. The most common way of deposi-
tion of HTL is again the spin coating technique for all types of organic materials.
For inorganic materials, physical vapor deposition techniques were also used. One
precaution required to take during the HTL deposition is to protect the perovskite
thin film layer. The most efficient and widely used organic hole transport mate-
rials are poly(3,4-ethylenedioxythiophene) polystyrene sulphonate (PEDOT:PSS)
(Xiao et al. 2014; You et al. 2014), 2,2′,7,7′-tetrakis(N,N-pdimethoxyphenylamino)-
9,9′-spirobifluorene (spiro-OMeTAD) (Sheikh et al. 2015, 2017, 2019), poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (Jeon et al. 2014b; Yang et al. 2015),
and poly(3-hexylthiophene-2,5-diyl) (P3HT) (Conings et al. 2014) in PSCs. Finally,
metals like gold or silver thick layers were deposited using the thermal evaporator
on the top of HTL, which acts as the top electrode.

In the early work, the device design of PSCs is based on solid-state DSSCs. The
two most promising device architectures include mesoporous electron transporting
layer-based PSCs and planar PSCs, which were initially focused on the optimization
of the efficiency of the PSCs. In mesoporous perovskite solar cells, the mesoporous
(scaffold) layer of inorganic metal oxides like TiO2, Al2O3, SnO2, SrTiO3, etc. was
deposited on a FTO substrate with a compact TiO2 thin film-coating. The perovskite
layer was deposited on this mesoporous layer followed by the HTL layer. In the case
of planer perovskite solar cells, the perovskite thin film was deposited directly on
the compact TiO2 thin film-coated FTO substrate followed by deposition of the HTL
layer. More details about the device architecture can be found in a recent review
article (Ge et al. 2020).

This part is focused on the dimensional engineering of the perovskite layer and its
impact on the performance of the device and ambient stability. It was observed from
the literature that researchers explored various combinations of 2D and 3Dperovskite
materials for optimizing the device performance with higher stability. Some of the
most common device architectures are schematically represented in Fig. 15.4, which
will be discussed in this chapter. As observed apart from 3D perovskite, 2D, 2D
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Note: ETL=Electron Transpor�ng Layer HTL=Hole Transpor�ng Layer FTO=Fluorine doped Tin Oxide

Fig. 15.4 Schematic representation of the device structure for a 3D perovskite solar cell, b 2D
perovskite solar cell, c 2D+ 3Dmixed perovskite solar cells, and d 2D/3D layered perovskite solar
cells

+ 3D mixed perovskite, and 2D/3D layered perovskite-based solar cells have been
fabricated and tested in the literature. As denoted in Fig. 15.4, only the perovskite thin
film with its different dimensional phases has been changed and all other layers are
required to complete the solar cell device. The photovoltaic properties of the PSCs
having a similar structure shown in Fig. 15.4 are discussed in the section below.

15.5 Photovoltaic Properties of 3D, 2D, 2D + 3D, and 3D/
2D-Based PSCs

The following section has reviewed the recent work on the key issues that affect
enormously the performance of 3D, 2D, 2D+ 3D, and 3D/2D perovskite-based solar
cells. First, the device configuration structures and properties of 3D, 2D, 2D + 3D,
and 3D/2D perovskites will be introduced briefly and the photovoltaic performances
are summarized.

15.5.1 3D Perovskite Halide-Based Solar Cells

The journey of hybrid perovskite halide-based solar cells has started with the 3D
perovskite halide materials for sunlight harvesting due to their excellent optoelec-
tronic properties. The first report on 3D PSCs has been published by Miyasaka and
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co-workers in the year 2009 with modest PCE of 3.8% (Kojima et al. 2009). As a
breakthrough in the field was observed when the PCE of PSCs was improved from
10 to 20% in a short period (Saliba et al. 2016; Li et al. 2016). Over the past few
years, PSCs have undergone a miraculous journey, showing continuous and rapid
progress the PCE of PSCs reached a recent record value of 25% (Green et al. 2020).
This indicates that the PCE achieved in 3D PSCs, which are competing with the
commercial silicon solar cells. However, the PSC technology faces the most crucial
issue of ambient long-term atmospheric instability. In addition to solar cells, the
perovskite halides have shown promising applications in light-emitting diodes (Kim
et al. 2022), photocatalysis (Deshpande et al. 2021), and gas sensors (Sheikh et al.
2022; Bhosale et al. 2023).

Several attempts (Sheikh et al. 2015, 2017; Ugur et al. 2017; Haque et al. 2017)
to explore the impact of atmospheric moisture, atmospheric oxygen, atmospheric
UV light, and temperature have been made for understanding the degradation of
PSCs. Despite the innovations for improving PSC stability under various environ-
mental conditions, the stability of 3Dperovskite halidematerials againstmoisture and
temperature is still the focus of researchers working in the area of PSC development.

15.5.2 2D Perovskite Halide-Based Solar Cells

According to recent studies, the 2D perovskite halides have higher ambient condition
stability as compared to those 3D perovskite halides. The presence of bulky organic
spacer in the 2D perovskite structure contributes to more hydrophobicity. Further,
highly oriented lattice structures and compact packing density lead to the reduction in
the grain boundary density, minimizing the direct contact of water molecules with the
2D perovskite layer. (Ortiz et al. 2019) In addition to this, the layered 2D perovskites
structure shows higher thermal stability and larger cations hamper internal ionic
motion which further improves the stability (Smith et al. 2014a). However, the wide
optical bandgaps and limitations in the charge transport of the 2D perovskites, the 2D
perovskite-based solar cell shows limited performance. The PCE of 2D perovskite
material is required to be enhanced compared to the performance of 3D perovskite-
based solar cells. The multi-functional role of the 2D perovskites in a solar cell
is as a capping layer, as a passivating layer, as a prime cell absorber and as an
absorber in the hybrid 3D/2D perovskite-based solar cells. Recently, the production
by a spatially disconnected 3D structure with a “protective” species, incorporation of
emerging 2D-layered perovskites, provides a promising solution to the environmental
stability issue of 3DPSCs (Gangadharan andMa2019). Therefore, 2D-layeredmetal-
halide perovskites have generated the highest research interest and as one of the
best materials for the fabrication of long-term, operationally stable with high-
performance PSCs because of their desirable optoelectronic properties (Quintero
et al. 2018; Zhou et al. 2017).

The most relevant works of literature on the fabrication of 2D/quasi-2D PSCs are
tabulated in Table 1. Some significant points are briefly summarized as follows. The
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first quasi-2D perovskites (PEA2MA2Pb3I10) were demonstrated by Karunadasa et.
al. in mesoscopic PSCs with an efficiency of 4.73% in 2014 (Smith et al. 2014b).
A hot-casting method by Tsai et. al. was the first method reported for the prepara-
tion of 2D perovskite (BA)2(MA)3Pb4I13 (n = 4), achieving a PCE = 10% for the
first time (Tsai et al. 2016). Zuo et. al. have achieved a PCE of 14.9% for the solar
cell based on self-assembled 2D (BA)2(MA)3Pb4I13 perovskite films with uniform
and oriented, deposited using the drop-casting method on hot substrates (Zuo et al.
2019). A slow post-annealing processwas proposed byWu et. al. for the deposition of
BA2MA3Pb4I13-based 2D PSCs having PCE of 17.26%, a favorable bandgap energy
alignment within the 2D perovskite was achieved owing to the vertical distribution of
different perovskite phases in gradient (Wu et al. 2019b). According to the authors,
these slow post-annealing processed devices exhibit satisfactory stability with less
than 4.5% of degradation after 2000 h in N2 environment without encapsulation.
Similar efforts have been carried out to improve the performance and stability of
2D PSCs (Cheng et al. 2018; Lai et al. 2018; Yao et al. 2016). Another strategy
reported by Zhang et. al. uses vacuum poling treatment for arranging variable-n-
value nanoplates, enforcing homogenous nucleation in the process of crystalliza-
tion (Zhang et al. 2019b). This approach yielded (PEA)2MA4Pb5I16-based PCE of
18.04%. As observed different reports focused on various growth mechanisms of
2D perovskite and observed different PCE values. Thus, insight mechanistic studies
of the crystallization process of hot-casting or solvent processing are emphasized
for deeper understanding (Zhang et al. 2020). Soe et. al. (Soe et al. 2018) reported
deposition of highly oriented 2DRP perovskite (n-butyl-NH3)2(MeNH3)4Pb5I16 thin
films from dimethyl formamide/dimethyl sulfoxide mixture solvents using the hot-
casting method. As per the data, the PSC prepared with this method shows a PCE
of 10% with an open-circuit voltage of ≈ 1 V. The photovoltaic devices based on
(BA)2(MA)2Pb3I10 and (BA)2(MA)3Pb4I13 perovskite using the precursor’s BAI:
methylammonium iodide: PbI2: NH4SCNmolar ratio composition of 2:2:3:1 showed
average PCE of 6.82% and 8.79%, respectively, as reported by Zhang et. al. (2017a).
Both the devices without shielding performed with excellent stability with a constant
PCE during the time span of the storage in a glove box purged with purified N2. The
lead-free 2D perovskite-based PSCs were reported by Cao et. al. (2017), however,
the PCE is found to be 2.5% and needs more investigation to further increase the
PCE.

According to Liang et. al. and co-workers (Liang et al. 2021), the 2D thin films
deposited using the conventional halide spacers result in thin films having a mixture
of random well with width (n number) distribution and multiple quantum wells,
which are treated as multi-quantum wells (MQWs). They have designed a strategy
that can deposit phase-pure metal-halide perovskite quantum wells (QWs), which
have highly oriented lattices. The schematic representations of the structure of the
multi-phase and the pure-phase 2D perovskite film are shown in Figs. 15.5a, b,
respectively. Figure 15.5c, d shows the XRD patterns of the pure phase 2D perovskite
film deposited using BAI and BAAc, respectively. In multi-phase 2D perovskite
film deposited using BAI, clear periodic 2D crystallographic planes (001) and (010)
are observed for n = 1 and n = 2 film, respectively. However, according to the
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authors, for the largely mixed-phase films with n≥ 3, the 2D crystallographic planes
disappear. In contrast, all the deposited films having n = 2, 3, 4, 5 with BAAc show
a clear periodicity of the 2D crystallographic planes (0k0), which confirms the high
phase purity. The authors analyzed surface morphologies of the films, which were
characterized using SEM as shown in Fig. 15.5e, f. These results indicate to obtain,
smooth surface having a controlled large average grain size of ~10 μm a phase-pure
QW films should be used, while for smaller grains of ~1–2 μm and recognizable
pinholes, the MQW films should be used. A cross-sectional SEM demonstrates the
architecture of the device: ITO/SnO2 (~50 nm)/layered perovskite (~500 nm)/spiro-
OMeTAD (~200 nm)/MoO3 (~5 nm)/Au (~80 nm) is shown in Fig. 15.5g. The J-V
characteristics of the best-performing PSCs are shown in Fig. 15.5h. As observed
the PCE of the phase pure QW-based PSC and the MQW-based PSC, as 16.25% and
13.81%, respectively. Further authors claim that these solar cells are stable for 4,680 h
after keeping at 65 ± 10% humidity. Only less than 10% efficiency degradation was
reported after keeping them for 1100 h in a continuous light illumination condition.

(d) (e)

(a) (b)

(c)

(g) (h)(f)

Fig. 15.5 Schematic structure of the multi-phase (a) and the pure phase (b) 2D perovskite film.
The XRD patterns of the multi-phase (c) and pure phase (d) 2D perovskite films. The SEM images
of the multi-phase (e) and pure phase (f) 2D perovskites thin films and (g) cross-section SEM image
showing the device architecture. (h) Comparative current density vs voltage measurements of the
best-performing PSCs with multi-phase and the pure phase 2D perovskite film. (Reprinted with
permission from Ref. 79; Copyright 2020 Springer Nature)
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15.5.3 Halide-Based 2D/3D Perovskite Solar Cells

The 3D perovskite-based solar cell is more advantageous than the 2D perovskite-
based solar cell. The 2D perovskite-based solar cell shows a lower efficiency as a
result of hindrance in the charge carrier transport because of the presence of bulky
organic cations in the crystal structure. On the other hand, the highly efficient 3D
perovskite solar cell suffers from low environmental stability. The incorporation of
2D perovskite into the 3D perovskite structures together can lead to balancing of
the problems of a solar cell device, i.e. stability and efficiency (Krishna et al. 2019;
Manjunath et al. 2022; Kim et al. 2021). The integration of 2D and 3D perovskite
can be done in two main types either by blending/mixing the precursors of 2D and
3D or by layer-by-layer sequential method of deposition to obtain an engineered 2D/
3D bilayer structure. The progress of combining 3D perovskite and 2D perovskite
strategies reported in the literature has been explored in the following sections.

15.5.3.1 2D + 3D Perovskite-Based Solar Cells

The disadvantage of 2D perovskite as compared to 3D perovskites is the limitation in
the performance of pure 2Dperovskite-based solar cells. Someof themarementioned
herewith. After the transformation of 3D perovskite to 2D perovskite, the organic
spacers used in such solar cells, form thin insulating layer sandwiched between the
two slabs of conductive metal halide, leading to a reduction in conductivity of the
current in the 2D perovskite films and impedes the extraction of charge as compared
to 3D perovskites. Similarly, in comparison to 3D perovskite, 2D perovskite has a
relatively higher optical band gap (≈2.5 eV), which requires a shorter spectral range
for light absorption. Also, the binding energy of 2D perovskite is higher than that
of 3D perovskite. Therefore, to overcome these issues of 2D perovskite, mixed 2D-
3D or 2D + 3D perovskite films are preferable for fabricating PSCs, which could
offer both high photovoltaic performances from 3D perovskite and superior device
stability due to 2D perovskite.

In 2014, mixed 2D/3D multidimensional perovskite-based PSCs were conceptu-
ally achieved for the first time by Smith et. al. wherein MA cations were mixed with
a large amount of PEA to produce a Ruddlesden–Popper structure with a compo-
sition: (PEA)2(MA)2[Pb3I10] (Smith et al. 2014a). Despite the low PCE of 4.73%,
the mixed 2D + 3D perovskite of (PEA)2(MA)2[Pb3I10] composition-based device
showed a high Voc of 1.18 V. The work also achieved long-term stability of 46 days
of air exposure subjected to relative humidity (RH) of 52%, for the 2D/3D mixed
perovskite film while the PSCs prepared with MAPbI3 completely degraded. Li et.
al. (2018) proposed a device that consists of FTO/C-TiO2/m-TiO2/PEAI-MAPbI3/
Spiro-OMeTAD/Ag prepared with the LP-VASP method. In this device, according
to the authors, it is proposed the MAPbI3 perovskite grain is surrounded by the
PEAI-containing perovskite grain, which improves their grain growth. The fabri-
cated device based on (PEAI/PbI2 = 0.05) was able to achieve the PCE of 19.10%
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with a Jsc of 21.91 mA/cm2, Voc of 1.08 V along with a excellent fill factor (FF) of
80.36%. However, the authors have not reported their ambient device stability. Simi-
larly, Hu et. al. used an antisolvent engineering method for the PEA incorporation
in the 2D/3D Pb–Sn alloyed perovskite solar cell and observed the highest PCE of
15.93% for the device of 2D/3D PEAxMA1-xPb0.5Sn0.5I3 (Zhang and Hu 2020).

Koh et. al. reported a perovskite solar cell based on 2D+ 3Dperovskitewith excel-
lent stability in the air at a controlled relative humidity of 70–80% for both encapsu-
lated and non-encapsulated are observed for the perovskite thin films obtained within
5 min. of dipping time. An outstanding 9% (Jsc = 14.88 mA/cm2, Voc = 0.883 V,
and fill factor (FF) = 0.69) power conversion efficiency under AM 1.5G condition
was achieved (Koh et al. 2016). Stoumpos et. al. reported a solar cell device in which
hot casting of (BA)2(MA)3Pb4I13 was done on PEDOT: PSS coated FTO substrate
(Stoumpos et al. 2017). This work demonstrated a major advancement in the device
PCE of 12.5% for the first time. The 2D material incorporation for stability is also
validated in this work, as the non-encapsulated device fabricated using a mixed-
dimensional perovskite was found to retain 60% of the initial efficiency up to 2250 h
at room temperature in a continuous incident light exposure condition. Further, this
work also reports an improved tolerance to 65% relative humidity compared to 3D
perovskites.

Grancini et. al. reported a highly stable and robust device based on mixed 2D
(HOOC(CH2)4NH3)2PbI4 and 3D CH3NH3PbI3 perovskite thin films (Get and al.
2017). A schematic representation of PSC with and without HTM is shown in
Fig. 15.6a. As observed authors prepared one device consisting of regular spiro-
OMeTAD-based HTL followed by the metal electrode and in the other PSC device
the conducting carbon was used, which works as an efficient hole transporting layer
and no need for the metal electrode. Figure 15.6b shows the J-V plot and charac-
teristics of 2D/3D perovskite solar cell with an optimized 3% AVAI mixture and
Spiro-OMeTAD/Au. The device with HTM shows PCE of 14.6% for mixed 2D/3D
perovskite and 15% for 3D perovskite thin film. The comparative time-dependent
variation of normalized PCE of the PSC devices with standard 3D andwith themixed
2D/3D perovskite is shown in Fig. 15.6c. The PSCs with mixed 2D/3D perovskite
exhibit a better performance in the stability of the device as compared to the pristine
3D CH3NH3PbI3 cells as observed in Fig. 15.6c. The stability study carried out by
the authors indicated the PCE of mixed 2D/3D perovskite halide achieved 60% of
the initial value in argon atmosphere even after 300 h of continuous illumination
and is more stable as compared to the standard 3D perovskites. Further, the PCE of
PSC prepared with this optimized mixed perovskite in a carbon-based architecture
observed a yield of 12.9% efficiency. The authors demonstrated the up-scaling by
fabricating a solar module of the dimension 10 × 10 cm2 using an industrial-scale
printable process. The solar module delivered 11.2% efficiency and a stability of
410,000 h. Further, it observed under controlled standard conditions a zero loss in
the performances as shown in Fig. 15.6d.
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(c) (d)

(a) (b)

Fig. 15.6 a Schematic representation of PSCwith andwithout theHTM b J-V curves for the 2D/3D
PSCswith 3%HOOC(CH2)4NH3I,AVAIhereafter,with device statistics andpicture of the cell in the
inset. cComparative stability curves of PSCswith the standard 3Dand themixed 2D/3Dperovskites.
d Typical module stability test under 1 sun AM 1.5 G conditions at a stabilized temperature of 55 ºC
and short circuit conditions. [Reprinted with permissions from Ref. 44; Copyright 2017 Springer
Nature under Creative Commons License]

15.5.3.2 2D/3D Bilayer Perovskite-Based Solar Cells

In this strategy, the 2D perovskite layer was deposited over the top of a 3D perovskite
layer, which ultimately protects the 3D perovskite from moisture. This section elab-
orated on recent work so far conducted on 2D/3D bilayer perovskite-based solar
cells.

As developed by Cho et. al. (2018), a two-step deposition method was used to
fabricate perovskite solar cells of 3D MAPbI3/2D PEI2PbI4 bilayers (Grancini and
Nazeeruddin 2019). The dynamical spin deposition of isopropanol solution of PEAI
over themixed halide 3D perovskite with excess PbI2 induced layer-by-layer growth.
Segregation of the excess PbI2 was observed over the top of the 3D perovskite. Thus,
the in-situ reaction of PEAI with PbI2 at the top surface leads to the deposition of a
thin layer of 2D on the top of the 3D layer. Thus, the 2D perovskite lies at the interface
with the hole transporting material (HTM) forming the top surface which reduces the
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interfacial charge-carrier recombination leading to the rise PCE over 20%, which is
retained even after 800 h exposure at 50 °C using 1 Sun illumination under suitable
environmental conditions. Significantly, these results provide encouraging develop-
ments toward achieving significantly improved stability without compromising the
PCE. Further, the base surface of n–i–p devices architecture can be developed using
2D perovskite anchored on the TiO2 surface. In a recent development, an ultrathin
wide-bandgap halide (WBH) was used to achieve a double-layered halide architec-
ture by Jung et. al., i.e. 2D perovskite halide stacked on a narrow band-gap light
absorbing halide layer resulting in a 3D perovskite halide, prior to HTM deposition.
The insertion of the WBH layer was found to effectively reduce the charge recom-
bination at the interface of perovskite and P3HT. Therefore, an enhanced PCE of
around 23% with long-term (1370 h) operational stability with 1 Sun illumination
with 95% of the initial efficiency at room temperature was achieved (Jung et al.
2019b).

Garai et. al. (2021) reported the 2D ABHB-3D MAPbI3 graded perovskite
heterostructure-based perovskite solar cells. The authors observed that after precise
treatment with ABHB, the surface of MAPbI3 3D perovskite converted into a supe-
rior quality 2D/3D perovskite heterojunction film with a reduced grain boundary
and better surface coverage. The ABHB-dependent variation in the J-V character-
istic of the solar cell is shown in Fig. 15.7a. A PCE of 15.14% was observed for the
device without modification while the device after 2 mg/mL ABHB treatment shows
improved efficiency of 21.18%. The reproducibility of the process was checked with
15 fabricated devices using the process and plotting of all the parameters of the
device in the form of a box chart. The histogram plot, Fig. 15.7b shows the optimum
distribution of the device parameters for 15 individual cells with and without ABHB
treatment. The images of the films with and without ABHB treatment captured by
FESEM are shown in Fig. 15.7c, d. From the images, it was observed that ABHB
treatment helps to improve the average grain size and compactness of the thin film
morphology. Therefore, better surface coverage, higher quality perovskite films with
a reduction in the grain boundary are achieved by ABHB treatment. These factors
are responsible for the increase in the PCE of ABHB-treated films as compared to
pristine films. In addition to this, the authors claim the role of carboxylic acid and
amino groups for effective reduction in the trap states while the halide vacancies
are filled by the bromide ions incorporated into the perovskite lattice of 3D MAPbI3
thin film surface. This type of 2D-3D perovskite-based solar cells is able to minimize
effectively the carrier recombination, enhances charge transport and a higher genera-
tion rate as compared to pristine 2D or 3D perovskite-based solar cells. As expected,
the 2D layer on top devices showed improved stability in ambient conditions owing
to better hydrophobicity as shown in Fig. 15.7e. Finally, the device stability was
measured by authors for PSCs with and without treatment of ABHB measured at
different time spans as shown in Fig. 15.7f. The storage of the devices was main-
tained at room temperature at a relative humidity range of 40–50%. The improved
environmental stability was co-related with the hydrophobicity of the ABHB-treated
perovskite.
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Fig. 15.7 a J-V curves, b histogram, c, d SEM images of pristine and varying concentrations
of ABHB treated devices, e measured contact angle of pristine and ABHB treated films, f time-
dependent normalizedVoc, Jsc, FF and efficiency of pristine andABHBmodifieddevices. (Reprinted
with permission from Ref. 87; copyright 2021 The Royal Society of Chemistry)

The NH4SCN passivated 3D MAPbI3 perovskite active layer with a further 2D
perovskite capping layer using xylylene diammonium iodide organic cation thin films
was used for the fabrication of perovskite solar cells by Yukta et. al. (2022). The
NH4SCN passivated MAPbI3 perovskite-based solar cell device has shown 19.6%
PCE, which is higher as compared to pristine MAPbI3 perovskite solar cells (PCE
= 17.18%). Further, the author reported the highest PCE of 20.74% for the 2D/3D
perovskite heterojunction-based solar cells. According to the authors, reduced defect
density and most significantly inhibition of losses due to nonradiative recombination
attributed to the improved PCE of the 2D/3D PSCs. Additionally, the exceptional
ambient stability of the as compared to pristine 3D perovskite-based PSCs is because
of the hydrophobic 2D capping layer on the 2D/3D heterojunction perovskites. The
above discussion identifies that the top 2D perovskite layers improve the surface
robustness of the 3D perovskite layer by passivating the surface defects, inducing
hydrophobicity, and reducing surface charge recombination (Bouduban et al. 2019).
This improvement could ultimately improve the photovoltaic performance of the 2D/
3D perovskite-based solar cell devices.
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15.6 Conclusions

In conclusion, the present chapter provides in-depth knowledge about the funda-
mental concepts of not only perovskite solar cells but also to engineer the perovskite
materials at mixed dimensionality successfully. This chapter explored the intro-
duction to dimensional-dependent structural properties of perovskite halides. The
various synthesis methods explained how to prepare the devices with different solar
cell device architectures. The summary of the chapter is schematically illustrated
in Fig. 15.8. This figure indicates that the 3D perovskite halide materials are most
promising to provide high efficiency but are highly sensitive to environmental param-
eters. As a result, as far as commercialization of the 3D PSC-based technology, there
is no balance of PCE and stability (Fig. 15.8a). Further, by reducing the 3Dperovskite
to 2D perovskite, the properties of the 2D materials get changed significantly. More-
over, there is a significant increase in the band gap and exciton binding energy due
to which pristine 2D-based PSC performance is limited. However, the large organic
spacers in the 2D perovskite allow higher hydrophobic surface, which makes them
more robust compared to 3Dperovskite. This is schematically presented inFig. 15.8b,
where, the stability of the 2D perovskite gained more weight compared to its PCE
performance. The mixed halide strategy provides a promising opportunity where the
balance between the ambient stability and PCE of the PSC could be obtained. As
depicted in Fig. 15.8c, the combination of 2D and 3Dperovskite could synergistically
provide high efficiency and high stability.

Overall present chapter attracts the attention of readers towards dimensionality
tuning of the perovskite in particular the low-dimensional perovskites with greater
stability against moisture as compared to their standard three-dimensional native

(a) (b)

(c)

High Efficiency

decreasing dimensionality

increasing band-gap and 
exciton binding energy

High Stability

Mixed Halide Perovskite

Low EfficiencyHigh Stability
2D Halide Perovskite

Low EfficiencyHigh Stability

3D Halide Perovskite

Fig. 15.8 Graphical Illustration of the summary of the PCE and stability of perovskite solar cells
prepared with a pristine 3D, b 2D, and c mixed-dimensional 2D/3D perovskites
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structures. Thus, a deeper understanding of the fundamental relationship of structure–
property of different 2D perovskite phases in combination with 3D perovskite phases
is necessary for developing new strategies to design and fabricate a durable, high-
performing photovoltaic device. The diversity in the composition of 2D perovskites
along with property-dependent choice of novel organic spacer cations provides a
huge scope for further scientific exploration. Understanding the mechanism of the
organic spacer cations influencing the structures and properties relationship of the
2D perovskites is the necessary step in the advancement of designing better mate-
rials for high performance with decisively high stability for optoelectronic applica-
tions. The investigation of novel HTLs for inverted PSCs could influence leading
to a wider range of new developments with significant improvements in the device
performances. Moreover, the proposed studies based on the development and opti-
mizations of novel materials remain important to use cost-effective HTLs for further
improvement in the stability of the quasi-2D PSCs.

It has been observed that the robustness of 2D PSCs is higher but has limited
PCE. However, the dimensional engineering of perovskite materials plays a multi-
functional role in the field of solar cells, like the capping layer, passivating layer,
hydrophobic layer, absorbers, and high PCE. This chapter explores recent devel-
opments and accomplishments involved in combining 3D and 2D perovskites for
improving both the device efficiency along with ambient stability. This approach will
provide the way ahead for research in the field of mixed 3D and 2D perovskite-based
solar cells and their commercialization.
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Chapter 16
Calcium Aluminate-Based Phosphors
for Persistent Luminescence
and Radiation Dosimetry

Moirangthem Nara Singh and Anurup Gohain Barua

16.1 Introduction

All persistent luminescent materials are known to exhibit thermoluminescence (TL),
providing an attractive and rich field for various basic and applied scientific and tech-
nological applications. In addition, clinical and environmental dosimetry measure-
ments are examples of TL dosimetry applications (Matsuzawa et al. 1996; Dong
et al. 2012; Olko 2010). According to the report of Smet et al. (2015), about 276
Glow-in-the-Dark phosphors have been prepared, and most of those in Chinese labo-
ratories develop the remarkable green persistent luminescent SrAl2O4:Eu2+, Dy3+.
Scientists have been developing better phosphors by heat and trial methods which is
evident from several recent reviews. However, the fundamental problems pertaining
to the exact process and the optimal trapping levels of the materials remain unsolved.
They have been optimized for persistent luminescence by appropriate doping (Smet
et al. 2015), followed by bandgap tailoring, which is a recent strategy to prepare
new persistent luminescent materials (Wei et al. 2017) which develop such materials
by optical absorption, photoconductivity, thermally stimulated luminescence (TSL),
and deep-level transient spectroscopy are most the most frequently used techniques
to authenticate or identify trapping levels of these materials.
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16.2 Luminescence

Theword luminescencewas first introduced by theGerman physicist EilhardtWiede-
mann which was derived from the Latin word lumen meaning light (Wiedemann
1888). During this process, the radiation interacts with a material and a portion of
the energy gets reemitted as light with a wavelength different from the incident radia-
tion, like infrared (IR), visible, or ultraviolet (UV) light (Murthy and Virk 2014). The
characteristic time (τc), called lifetime or decay time, is defined as the time required
to decrease the amplitude from the maximum to 1/e of its maximum value. The lumi-
nescence phenomenon is divided into two classes based on the characteristic time
(τc) spent during energy absorption (excitation) and emission.

(a) Fluorescence (τc ~ 109 s)

The excited electron returns to the ground state quickly, or it could take as long as
a fraction of a microsecond, accompanied by light emission after getting stimulated
by radiation.

(b) Phosphorescence (τc > 103 s)

The electron excited by radiation from the ground state to the excited state makes a
delayed return to the ground level, where the delay is caused by its transition to a
metastable level.

The mechanism of fluorescence and phosphorescence in phosphors can be
explained in simple terms following the fundamental work of Jablonski (1935),
which is crucial to provide for eventual works which are reused in research papers
and books.

Many experimental results of phosphors which result, e.g., afterglow, can be
treated quantitatively by calculations based on this model. The afterglow of common
phosphors ranges from milliseconds to minutes. In the case of persistent lumines-
cent phosphors, it is usually much more about in hours. The lifetime (τ) of charge
(electron/hole) in the metastable state decides the afterglow duration. Lifetimes (τ)
evaluated at the room temperature of 300 K for some commercial phosphors rele-
vant to persistent luminescence are found to be in minutes to hours, depending on the
values of the trapping parameters (Mashangva et al. 2011). The phosphorescence has
been divided into short and long periods. Thermoluminescence (TL) and Optically
Stimulated Luminescence (OSL) phenomena belong to the long-period phosphores-
cence (McKeever 1985). The overall phenomenon of luminescence can be classified
into subclasses according to the nature of the excitation, as shown in Table 16.1.
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Table 16.1 Types of luminescence

Designation Excitation Trigger Acronym

Thermoluminescence Photons, charged particles Heat TL

Photoluminescence UV, visible photons – PL

Radioluminescence Photons, charged particles UV RL

Cathodoluminescence Energetic electrons – CL

Electroluminescence Electric field – EL

Mechanoluminescence Mechanical energy – –

Chemiluminescnce Chemical energy – –

Bioluminescence Biological energy – –

Sonoluminescence Sound waves – –

Optically stimulated
Luminescence

Photons, charged particles Visible/IR Photons OSL

16.3 Luminescence-Based Dosimetry

The principle of luminescence-based dosimetry states that the intensity of light
emitted is proportional to the amount of energy deposited by radiation on a phos-
phor. It is because such phosphors release electrons that may be trapped at defect or
activator sites in the crystal lattice (Olko 2010; Karzmark et al. 1965).

Luminescence-based dosimetry is classified into three classes, viz., thermolu-
minescence dosimetry (TLD), optically stimulated dosimetry (OSLD) and radiolu-
minescence dosimetry (RPLD) (Olko 2010). Luminescence-based dosimeters have
numerous benefits, including their small size, high sensitivity, good storage quali-
ties, wide dose range, and approximative tissue equivalence, and they are becoming
increasingly popular in dosimetry. Currently, luminescence-based dosimeters have
substituted radiographic films, which were frequently employed in the previous
century but had limitations in the personal monitoring services provided to radiation
workers (Olko et al. 2006).

16.4 Thermoluminescence (TL)

16.4.1 Theory of Thermoluminescence

Thermally stimulated luminescence or thermoluminescence is the emission of light
fromon/after heating awide bandgapmaterial (an insulator or semi-insulator) that has
previously been exposed to the radiation from which it has stored energy (McKeever
1985). Thermoluminescence is a two-step process. In the first step, valence band
(VB) electrons are excited by exposing them to ionizing radiations; these electrons
jump to the conduction band (CB) and move to a metastable state. In the second step,
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Fig. 16.1 Mechanism of the thermoluminescence process (Redrawnwith permission fromElsevier
Publisher (Rivera 2012))

trapped electrons are stimulated by heating. Then, electrons and generated holes are
combined at the recombination centre, which leads to light emission (Fig. 16.1).
The materials exhibiting TL have specific defects in their regular structure in wide
bandgap materials, e.g., semi-insulators and insulators. Metals (Conductors) do not
exhibit TL properties as they do not have a forbidden gap where electrons could fall
into a trap.

During irradiation, some of these free electrons are trapped in the defect centres,
and the luminescence emission during thermal stimulation by the trapped charge
carriers (electrons and holes) is proportional to the quantity of radiation. Once TL
materials are stimulated to emit luminescence, they cannot reemit light by just chilling
and reheating. It is possible after re-irradiation to an ionizing radiation again.

16.4.2 Thermoluminescence Analysis

Thermoluminescence equations are complex and contain many parameters, viz.
activation energy E , the frequency factor s, the recombination probability Am

(cm3sec−1), and the retrapping probability An (cm3sec−1). Randall and Wilkins
(1945), Garlick andGibson (1948), andMay and Partridge (1964) have been involved
in the development of TL equations for first, second, and general orders, respectively,
to simplify the complex TL data. Most workers have followed Chen’s general order
kinetics equation (Chen 1969) and Pagonis et al. (2006) for practical purposes. It can
be presented as

I (T ) = n0s′′exp
(

− E

kT

)[
1 + s′′(b − 1)

β

∫ T

T0

exp

(
− E

kT ′
)
dT ′

]− b
b−1

(16.1)
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where I (T) = intensity at temperature T; n0 = number of trapped charges at time t
= 0 (m−3); E = the activation energy or trap depth (eV); k = Boltzmann’s constant
(eVK−1); T = the absolute temperature (K); N = the total trap concentration (m−3);
b = order of kinetics, (1 ≤ b ≤ 2); s’ = effective pre-exponential factor for general
order kinetics (m3(b−1)s−1); s ′′ = s ′n(b−1)

0 = effective frequency factor for general
order kinetics (s−1); β = linear heating rate (Ks−1), and T0 = temperature at time
t = 0 (s).

16.4.3 Determining Trap Parameters

Conventional classicalmethods usedmainly by new researchers can provide themain
kinetics parameters (E , s, and b). However, they have limitations in calculating the
lifetime (τ ) of the trapped charge in the trap levels. Developments of variousmethods
by different researchers with observations are shown in Table 16.2. The table covers
the milestones in the development of the interval of evaluation of electron traps in
solids from 1948 till date.

All luminescent materials have their device performance related to the presence
and absence of certain definite trapping levels introduced/suppressed by suitable
doping of activators, co-activators and elimination of quenching. The large band
gap of the semiconductor/insulator serves as the benevolent host. Determination
of the trapping levels in phosphors can be traced to the early pioneering works of
Randall and Wilkins (1945), Garlick and Gibson (1948), May and Partridge (1964),

Table 16.2 Summary of the development of methods of analysis of TL data

Method Year References Observations

(i) Urbach’s
formula

1948 Urbach (1930) It critically assessed the most basic
formula for calculating trap depth

(ii) Initial rise
method

1948 Garlick and Gibson
(1948)

It is quick, simple, and independent of
kinetic order, giving a reasonable
estimate of trap depth (E)

(iii) Various heating
rates

1958 Hoogenstraaten (1958) Though accurate in well-separated
peaks, it can make significant errors in
complex TL curves

(iv) Peak shape
method

1969 Chen (1969) For well-separated peaks, it is quick,
simple, and reliable. Several
peak-shaped methods were developed
between 1950 and 1960

(v) Curve fitting 1990-
Till

Horowitz and Yossian
(1995), Horowitz and
Moscovitch (2013),
Horowitz (2014)

For practical purposes, it is the most
reliable method of determining the
main kinetic trapping parameters (E,
s, b)
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and Hoogenstraaten (1958), who investigated phosphors based on sulphide and sili-
cate host lattice that are relevant even today. These have been optimized for persis-
tent luminescence by suitable doping, followed by band gap tailoring, a technique
routinely followed in recent times for novel persistent luminescent materials.

16.4.4 Lifetime of Trapped Charge

The development of the remarkable green persistent luminescent SrAl2O4:Eu2+,
Dy3+, the routes followed have been essentially on a trial-and-error basis till today.
Several reviews have appeared over the last decade. However, the fundamental ques-
tions of the exact mechanism, as well as the appropriate trapping levels of the mate-
rials, have remained unanswered. There seems to be confusion amongst the material
scientists in evaluating the trap depth (E) and the critical trapping parameters that
decide the lifetime (τ ) of the charge, which is related to the equations.

τ = s−1exp

(
E

kT

)
(16.2i)

τ = s−1 exp(
E
kT )

(b − 2)
(16.2ii)

where E is the trap depth (eV), s is the frequency factor (s−1), and b is the order of
kinetics (1 ≤ b ≤ 2).

Equation (16.2i) is applicable for first order (b = 1) TL peaks, while Eq. (16.1
(ii) holds for non-first order kinetics (b �= 1). Equation (16.2ii) has been recently
derived by Singh and Gartia (2011). Recent papers have discussed its importance in
the physical basis of persistent luminescence (Gartia and Chandrasekhar 2014).

16.4.5 Thermoluminescence Experiments

The following are the processes for the TL experimental setup for persistent
luminescence and dosimetric applications.

1. Different heating rates (β) were used to get TL data, ranging from 0.01 to 5°
Cs−1. Low heating tests have received particular attention since the problem of
thermal lag is eliminated in such a setting.

2. Phosphors have been excited by ionizing and non-ionizing radiation, including
visible photons in liquid nitrogen and room temperature (RT).

3. All persistent luminescent materials have outstanding TL, which may be tested
using simple homemade equipment. Dosimetric experiments have been carried
out using typical commercial TL readers.
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16.4.6 Implications of TL Peak Position

Conventional classical methods of determination of electron trap parameters failed
to calculate the lifetime (τ) of charges trapped in the trap levels. The lifetime (τ)
of trapped electrons associated with peak positions in the scintillator, persistence
luminescence, dosimetry, and dating are shown in Fig. 16.2. TL peaks having a few
years lifetime at temperatures 200–300 °C are helpful in dosimetry. Low-temperature
peaks are unstable due to fast fading. High-temperature peaks might contain noise
due to black body radiation. The lifetime of trapped electrons within a few minutes
to hours is relevant to the persistence of luminescence. The glow peaks at a high
temperature above 300 °C are expected to be helpful in dating. In addition to these
applications, Gartia (2014) has reported that thermoluminescence could be used
for designing scintillators. The depth position of the electron and hole traps in the
host lattice are significant for afterglow endurance. Shallow traps generally cause
an afterglow that is quite bright at first but rapidly fades. On the other hand, deep
traps have the potential to produce an afterglow that is initially much weaker but
lasts a longer time than shallow traps. All persistent luminescent materials display
outstanding TL that can be measured using simple TL equipment, the pool of TL
data on persistent luminescent materials is rather extensive.

Fig. 16.2 Estimate of lifetime corresponding to glow peak temperature with TL applications
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16.4.7 TL Dosimeter Phosphors

The most effective TL material among naturally occurring substances is calcium
fluoride (CaF2). Many researchers have worked to find and develop TL phosphors
for dosimetry. Phosphors having a wider bandgap enables multiple applications.
These phosphors are relevant to radiation dosimetry and persistent luminescence,
respectively, because shallow and deep traps are present inside the forbidden gap.
The TL phosphors with different dopant types used in TL dosimetry are summarised
in Table 16.3 (Christensen et al. 1982; Kortov 2010; Omanwar et al. 2014; Bhatt and
Kulkarni 2014).

16.4.7.1 Basic Requirements for Materials Relevant to TLD

The basic required properties of TLmaterials used in radiation dosimetry (McKeever
1985; Cameron et al. 1968; McKinlay 1981; Horowitz 1984; Mahesh et al. 1989;
McKeever et al. 1995; Furetta and Weng 1998; Furetta 2006) are the following.

(a) The phosphor should have a single, sharp, isolated glow peak at temperatures
(180–250 °C).However, complex glowcurves should have at least the prominent
dosimetric peak and be more dominant than the remaining hump peaks.

(b) The phosphors should have high sensitivity, efficiency, and the minimum
threshold dose for low radiation field measurement (Pradhan 1981).

(c) The phosphors should be stable at high temperatures, have mechanical and
radiation strength, and be chemically inactive.

(d) The TL responses of the phosphors should not affect any climatic conditions
and factors such as room temperature and humidity.

(e) It should be non-toxic and tissue-equivalent, essential in clinical and personal
dosimetric applications (Kortov 2007).

(f) The dose response should be linear in an extensive range of radiation-absorbed
doses.

(g) It should have minimum or negligible energy dependence on radiation.
(h) The phosphor should have good stability, i.e., minimum fading.
(i) The emission spectrum from the TL phosphor during heating should match the

sensitivity of the photomultiplier tube (PMT).

16.4.8 Applications of Thermoluminescence

16.4.8.1 Persistence Luminescence

In persistence luminescence, when the exciting ionizing or non-ionizing radiation
source is removed, the light emission lasts for a long time, from a few seconds to
several days. The ancient Chinese Song dynasty (960–1279 A.D.) reported on the
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Table 16.3 Dosimetric characteristics of some common TLD phosphors (Gartia 2014; Christensen
et al. 1982; Kortov 2010, 2007; Omanwar et al. 2014; Bhatt and Kulkarni 2014; Cameron et al.
1968;McKinlay 1981; Horowitz 1984;Mahesh et al. 1989;McKeever et al. 1995; Furetta andWeng
1998; Furetta 2006; Pradhan 1981; Sun et al. 2018; Lin et al. 2019; Konopka et al. 2017; Aitken
1985; Daniels et al. 1953)

Material Effective
atomic
number
Zeff

Prominent
peak (˚C)

Emission
maximum
(nm)

Relative
sensitivity

Fading (at
25 °C kept
in the
dark)

Linearity dose
range

LiF:Mg,Ti 8.14 200 400 1 5%/year 20 μGy–10 Gy

LiF:Mg,Cu,P 8.14 210 368 40 5%/year 0.2 μGy–10 Gy

LiF:Mg,Cu,Si 8.14 240 384 55 Negligible 1 μGy–20 Gy

Li2B4O7:Mn 7.30 220 605 0.4 4%/month 0.1 mGy–3 Gy

Li2B4O7:Cu 7.30 205 368 8 10%/
2 months

10 μGy–103 Gy

Li2B4O7:Cu,In 7.30 210 368 0.7 6% in
3 months

10–4 Gy to
103 Gy

BeO 7.10 190 330 ~1 8%/
2 months

0.1 mGy–0.5 Gy

CaF2:Mn 16.3 260 500 5 16%/
2 weeks

10 μGy–10 Gy

CaF2 (natural) 16.3 260 380 23 Very slight 10 μGy–50 Gy

Al2O3:C 10.2 190 420 60 5%/year 0.1 μGy–10 Gy

MgB4O7:Dy/
Tm

8.40 190 490 6–7 4%/
months

5 μGy–50 Gy

Mg2SiO4:Tb 11.0 200 380–400 40–53 Very slight 10 μGy–1 Gy

CaSO4:Dy 15.3 220 480–570 30 1%/
2 months

2 μGy–10 Gy

CaSO4:Tm 15.3 220 452 30 1–2%/
2 months

2 μGy–10 Gy

CaF2:Dy 16.3 215 480–570 15 8%/
2 months

10 μGy–10 Gy

CaSO4:Tm/Dy,
Ag

15.3 350 445–570 40 <1% in
1 month

2 μGy to 10 Gy

SrSO4:Eu 30.3 210 380 >40 15% in
30 days

Up to 10–2 Gy

LiCaBO3:Tm 18.5 233 455 3 15% in
1 month

1 Gy to 103 Gy

LiMgBO3:Tb 10.2 250 544 4 negligible 1 mGy to
103 Gy

MgB4O7:Dy,Na 8.40 190 480, 570 6 8% in
3 months

10−4 Gy to
40 Gy
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applications of persistent luminescence. However, numerous commercial persistent
luminescence materials have been doped with rare earth elements since the 1990s
(Matsuzawa et al. 1996).

In the case of persistent luminescent materials, most researchers need to esti-
mate trap levels using TL. It is a technique noted for its simplicity and sensitivity
(Mashangva et al. 2011). Furthermore, when the heating rate is 1°Cs−1, most persis-
tent luminescent materials have displayed strong TL above room temperature (RT)
with minor TL above 250 °C (Gartia and Chandrasekhar 2014).

One can notice in public places safety symbols marked as emergency exits for
awareness when power fails, which is a unique example of long-lasting persistence
luminescence applications.

Many literature reports have been on the applications of persistence luminescence
nano phosphors (PLNPs) for deep tissue bioimaging. Scientists have faced critical
problems in medical applications of persistence luminescence due to many factors.
Phosphors having small and uniform sizes, illuminated initial, and long PL durations
have been preferred in medical applications. Most PLNPs have been typically doped
with rare earth element ions, the primary concern for health side effects. Finally,
excitations of phosphors have also been a significant concern in bioimaging and
therapy. The deep sides of tumours need a high penetration mode of radiation like
X-rays, which are highly promoted to reactivate PLNPs (Sun et al. 2018; Lin et al.
2019).

16.4.8.2 Radiation Dosimetry

The timelines for the discovery of TL dosimeter phosphors are presented in Fig. 16.3.
In the last seven decades, different TLD phosphors have been introduced on large
scales but with only a few applications (Konopka et al. 2017). TL phosphors have
been used in dosimetry applications in many fields, especially in radiation protection
and dose estimation. Technically, TL dosimetry experiments and results differ vastly
from persistence luminescence applications. In dosimetry experiments, the heating
rates are higher, and the suitable peak position should be in the range of 200–300 °C
(Aitken 1985).

In 1953, Farrington Daniels and his research team used LiF phosphor to apply
thermoluminescence in radiation dosimetry (Daniels et al. 1953). In 1963, Cameron
and his colleagues (Cameron et al. 1963) enhanced the sensitivity of LiF by doping
it with Mg and Ti, and Harshaw Chemical Company patented TLD-100, which has
been extensively used in radiation dosimetry applications for many years.

In 1978, Nakajima et al. (1978) first reported a thermoluminescence study of
LiF:Mg,Cu,P phosphors along with LiF: Mg, Cu, Si, and LiF: Mg, Cu, B. In 1999,
LiF:Mg,Cu,Na,Si with better TL sensitivity, about two times that of LiF: Mg, Cu, P
was first synthesized by Nam et al. (1999). In 2002, Tang et al. (2002) also described
LiF: Mg, Cu, Na, Si phosphor, which is more sensitive, around thirty times higher
than TLD-100.
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Fig. 16.3 Milestones of TLD phosphors in dosimetry applications (Redrawn and adapted by
literature review)

Aluminium oxide (Al2O3) has been used as a radiation dosimeter. It is commonly
found as a naturally occurring mineral component like Ruby and Sapphire. Many
researchers have studied aluminiumoxide dopedwith different elements based onTL
phosphors such as Al2O3: Si, Ti (Mehta and Sengupta 1976), Al2O3: Mg, Y (Osvay
and Biró 1980), A12O3: Cr, Ni (Pokorny and Ibarra 1993), α-Al2O3:C (Akselrod
et al. 1990), A12O3: C, Mg (Saharin et al. 2014).

In 1963, Li2B4O7:Mn was first introduced by Schulman and his colleagues
(Schulman et al. 1967), a tissue equivalent material phosphor. In 1980, Li2B4O7:Cu
was prepared by Takenaga et al. (1980), which had better TL sensitivity than
Mn-doped lithium tetraborate.

TLDs have been widely used in the personal dosimetry of radiation workers and
medical physics (radiotherapy, radiology, and nuclear medicine). Widely explored
TLD phosphors include sulphates, borates, fluorides, perovskites, alkali borates and
sulphides, alkaline earth borates and sulphides, metal oxides phosphates and halo-
phosphates, and different types of glasses (Azorin Nieto 2016).

TLD has been applied in the personal monitoring of radiation workers who work
in medical institutions, nuclear reactors, particle accelerators, x-ray machines, and
radioactive sources, and the radiation dose delivered to cancer patients has been
evaluated.

In India, dysprosium-activated calcium sulphate (CaSO4:Dy3+) phosphors have
been used as personal monitoring phosphors for radiation workers in medical insti-
tutes, radiation facilities and nuclear reactors. In clinical dosimetry, TL dosimetry
has been used to estimate delivered radiation doses to patients and peripheral doses
measured in diagnostic radiology and radiotherapy departments. International orga-
nizations like International Atomic EnergyAgency (IAEA) conduct postal dosimetry
worldwide to ensure proper dose delivery of the radiation therapy unit.
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Fig. 16.4 Application of
thermoluminescence
dosimetry

Thermoluminescence dosimetry applications are used in many fields, such as
personal dosimetry (Rivera 2012; Hajek et al. 2004; Vohra et al. 1980), clinical
dosimetry (Duggan et al. 2004; Rudén 1976), space dosimetry (Mukherjee 2018),
and accidental dosimetry (Wahib et al. 2019; Mesterházy et al. 2012), as shown in
Fig. 16.4.

16.5 Thermoluminescence of Calcium Aluminate

Calcium aluminate (CaAl2O4) is the primary component of cement used in construc-
tion industries because of its mechanical strength and chemical stability. Besides,
CaAl2O4-based phosphors are commonly used as blue-emitting long-lasting phos-
phors, and a fewworks have reported the possibilities of dosimetry applications. This
study reviews the TL studies on undoped and doped calcium aluminate (CaAl2O4),
presented in Table 16.4, which present the possible luminescence applications of
calcium aluminate in persistent luminescent and radiation dosimetry.

Many workers have studied the thermoluminescence of calcium aluminate doped
with rare earth elements in the last two and half decades. Most of those studies
have been on persistent luminescence applications. Madhukumar et al. (2006) have
reported the possibility of the dosimetry aspect of calcium aluminate doped with rare
earth elements.

16.5.1 Synthesis of CaAl2O4 Based Phosphors

Over the two decades, various methods have been reported for preparing calcium
aluminates for thermoluminescence studies. Many workers have reported various
methods of calcium aluminate synthesis, as shown in Fig. 16.5, according to infor-
mation from Google scholars from 1988 to 2021. The solid-state reaction and
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Fig. 16.5 Various preparation methods of calcium aluminate with the publication years 1988 to
2021 (Redrawn and adapted information from Google scholars)

combustion methods have played significant roles in the synthesis process of TL
phosphors.

Traditionally, a high-temperature solid-state reaction has been used to prepare the
calcium aluminate. Due to numerous drawbacks of the solid-state reaction method,
many workers have opted for alternative methods of creating calcium aluminate
in recent years. The combustion method has been the most efficient because it
is inexpensive, uses conventional techniques that consume less energy and time,
does not require a high-temperature furnace for the annealing process, has a high
degree of purity, and produces environmentally friendly byproducts (Fumo et al.
1996; Kingsley and Patil 1988). The starting materials of the combustion method are
metal nitrates and different organic fuels (Urea, Sucrose). Meanwhile, the solution
combustion synthesis process is complex due to mixing starting materials and fuels
in stereometric portions.

16.5.2 Structural and Morphological Analysis of CaAl2O4

Calcium aluminate is an inorganic material belonging to the family of alkaline earth
aluminates. Because of its hydration-contributing capabilities, CaAl2O4 is the major
component of calcium alumina cement (Iftekhar et al. 2008). Furthermore, calcium
aluminate is employed in optical information storage devices (Zawrah and Khalil
2007). The unit cell of CaAl2O4 exhibits Ca2+ occupying three crystallographic
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Fig. 16.6 aThe crystal structure ofCaAl2O4 (Reproducedwith permission fromElsevier Publisher.
(Kaur and Khanna 2021)) b XRD of calcium aluminate (Reproduced with permission from Trans
Tech Publications Ltd Publisher (Selyunina and Mishenina 2015))

positions, as shown in Fig. 16.6a. Two Ca ions are octahedrally coordinated with
oxygen ions (CaO6), while the third Ca ion is in nine coordinates with oxygen
(CaO9). Furthermore, Al3+ occupies six positions, each having four-coordination
with oxygen (AlO4 units) (Kaur and Khanna 2021).

The effect of heat treatment after synthesis observed with the XRD pattern is
shown in Fig. 16.6b. In the XRD diffraction patterns of calcium aluminate, fine
and high-intensity peaks were observed along with a small segment of the amor-
phous phase at an annealed temperature of 900 °C. These imply enough preci-
sion in the crystal structure. Verma et al. (2017) have reported the XRD pattern
of the CaAl2O4:Eu3+ Gd3+ annealed at 1000 °C. They have observed monoclinic
phase crystalline behavior unaffected by doping and co-doping in the host lattice’s
crystal structure. Giilgun et al. (1994) have reported that the phase distribution of
calcium aluminate during preparation depends on resin content, time, temperature,
and furnace atmosphere during calcination. In particular, the effects of calcination
temperature at 800 °C or below and above 800 °C have been amorphous and crys-
talline, respectively. With increased calcination time at 900 °C, the presence of other
phases has been gradually reduced, and after three hours of calcination time, XRD
patterns have consisted mainly of the mono calcium aluminate phase.

16.5.3 Applications of Calcium Aluminate Based Phosphors

Calcium aluminate (CaAl2O4) belongs to the family of alkaline earth aluminate,
MAl2O4 (M=Ca, Sr, Ba), that are known to be excellent phosphorswhen dopedwith
Eu2+ (Palilla et al. 1968; Abbruscato 1971). They became excellent luminescence
phosphors upon suitable R3+ co-doping (Sakai et al. 1999; Katsumata et al. 1998,
1997).
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16.5.3.1 Persistence Luminescence

Nd3+ co-doped CaAl2O4:Eu2+ has emerged as a benchmark commercial persistent
phosphor. Several workers have attempted to improve the persistent luminescence
or modify the emission bands in CaAl2O4:Eu2+Nd3+ afterglow phosphor. Among
these have been the works of Xu et al. (2009a, b, 2010) that have not yielded any
positive results. However, they have reported TL of CaAl2O4:Eu2+, Nd3+ and Sr2+ at
105 °C for a heating rate β = 1 °C/s. CaAl2O4:Eu2+, Nd3+, and Mn2+ reported a TL
peak at 103 °C, while for Pr3+ co-doping, it occurs at 79 °C. As routinely argued in
many works, Xu et al. have justified persistent luminescence in their phosphors due
to the TL peaks around 100 °C. TL peaks have been observed by Jia et al. (2002b),
indicating the existence of numerous trapping levels that may cause afterglow at
room temperature (300 K), lasting from seconds to hours.

Halefoglu et al. (2018) have reported that CaAl2O4:Eu2+, Nd3+ phosphors exhibit
TL peaks above 200 °C, indicating dosimetric possibilities. Shallow peaks have
disappeared soon compared with the higher temperature peaks. Liu et al. (2018)
have shown changes in the peak temperature with different doping concentrations of
Eu2+. Wako et al. (2014) have reported TL of different concentrations of Eu2+ and
Nd3+ doped in the CaAl2O4 phosphor. They have noticed that the intensity of glow
peaks increases with the shifting of peak positions. The effect of the change in the
concentration of Nd3+ has resulted in a peak deeper than that of Eu2+. Eu2+ and Nd3+

dopants have enhanced the number of charged particles in shallow and deeper traps.
Calcium aluminate (CaAl2O4) is an excellent phosphor when doped with Eu2+. It

becomes an excellent persistent phosphor when suitably co-dopedwith R3+ (Aitasalo
et al. 2004b, 2006). Many workers have studied these materials using thermolumi-
nescence to identify the trapping levels which are relevant to persistent luminescence.
Aitasalo et al. (2003, 2004a, b, 2006) have extensively studied the TL of CaAl2O4:
Eu2+, R3+ where R = Ce, Dy, Ho, Nd, Tb, Tm, Pr, Er, La, Lu, Gd, Yb, Y, Sm, at
below and above the room temperature and documented TL peak temperatures.

Aitasalo and his group (Aitasalo et al. 2003, 2004a, 2004b) have reported a few
findings in CaAl2O4: Eu2+, R3+ as persistent luminescent materials, as shown in
Fig. 16.7a, b, and it has covered the entire range of rare-earth co-activators in
CaAl2O4:Eu2+R3+. The realistic classification of TL peaks of this phosphor has
involved at least three peaks around 80 ± 19, 120 ± 18, and 290 ± 30 °C. Since it
has covered all possible R3+, there has been scope for inter-comparisons of global
data documented by others using different heating rates, different methods of sample
preparation, and composition.

Zhang et al. (2014) have reported TL of CaAl2O4:Eu2+ & Eu2+, Re3+ (Re = Nd,
Dy & Tm) after a delay of 48 h (Fig. 16.8). After 48 h gap between excitation and
measurement, TL peaks have been observed to decay entirely at the low temperature
(<350 K). In the case of higher temperatures (>350 K), TL peaks have sustained a
certain amount of intensity. CaAl2O4:Eu2+ and Tm3+ have shown the highest inten-
sity than other doped ones, revealing the maximum storage capacity of the trapped
charges.
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Fig. 16.7 a Low and b High-temperature TL glow curves of CaAl2O4:Eu2+, R3+ (Reproduced
with permission from Elsevier Publisher (Aitasalo et al. 2004b))

Fig. 16.8 TL of CaAl2O4:Eu2+ & Eu2+, Re3+ (Re = Nd, Dy, Tm), and after a delay of 48 h
(reproduce with permission from Elsevier Publisher (Zhang et al. 2014))

Undoped CaAl2O4 without annealing has been reported by Zhai et al. (2019)
to have a blue afterglow, and a broad TL band maximum has been observed at
about 82 °C. In addition, Zhai et al. (2020) have reported the effect of annealing
on the TL of undoped CaAl2O4 from 20–200 °C, showing broad TL peaks. TL of
undoped CaAl2O4 before annealing has been shown to have a broad peak at about 72
°C. Annealing undoped CaAl2O4 has two peaks, at about 63 and 126 °C. Significant
changes in the afterglow parameters have been reported for undoped CaAl2O4 during
annealing, extending the length of the blue afterglow to a seven-fold increase in
afterglow lifetime.

Nara and Gartia (2021) have reported TL data of undoped calcium aluminate
irradiated with UV. The TL peaks have been most suited in the temperature range
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of RT to 200 ºC, which agrees with Zhai et al. (2019, 2020). Suitable doping can
enhance afterglow intensity and can be used as long-lasting phosphors.

16.5.3.2 Radiation Dosimetry

Most workers have studied CaAl2O4:Eu2+ phosphors in the persistence lumines-
cence perspective analysis of TL glow curve up to 200 °C. Ziyauddin et al. (2015)
have reported that gamma-irradiated CaAl2O4:Eu2+ shows a stable peak position
and hence found it eligible for dosimetry. Madhukumar et al. (2006) have studied TL
glow curves of CaAl2O4:Re3+ (Re=Dy, Sm, and Ce), which explain the possibilities
of CaAl2O4 phosphor synthesis with solid-state reaction. The peak temperature of
CaAl2O4: Ce2+ phosphor at 295 °C has shown better stability than other doping (Dy
and Sm).

Thermoluminescence glow curves of CaAl2O4 phosphors undoped and doped
with Dy3+, Sm3+, and Tm3+ (Fig. 16.9), prepared by using the combustion method,
have been reported by Nara et al. (Singh et al. 2021a). Among these four phosphors,
CaAl2O4: Sm3+ has been found to have the most significant sensitivity. However,
repairment of the defect centres of the host material CaAl2O4 by the rare earth
dopant elements has suppressed the TL sensitivity of the doped phosphors (Guler
et al. 2018).

According to Nara et al. (Moirangthem et al. 2019), CaAl2O4:Dy3+ TL peaks at
high temperatures should be suitable for radiation dosimetry. Gartia et al. (2020)

Fig. 16.9 TL glow curves of calcium aluminate undoped and doped with Dy3+, Sm3+, and Tm3+

(Reproduced with permission from Elsevier Publisher (Singh et al. 2021a))
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have reported multiple trap distributions in undoped calcium aluminate host lattice
irradiated with the gamma radiation. CaAl2O4:Mn2+ irradiated with UV has been
reported by Kaur et al. (2012), which shows an intense dosimetric peak at 358 °C.

16.6 Conclusions and Future Status

In the thermoluminescence of calcium aluminate, the combustion synthesis method
has gradually replaced the traditional preparation method due to many factors. Post
synthesis annealed effect has revealed that crystallinity increases with the annealing
temperature. These phosphors have been primarily used as long-lasting phosphors.
Commercially, CaAl2O4: Eu2+ Nd3+ has been used as a persistent commercial phos-
phor. The possibility of radiation dosimetry application of calcium aluminate is due
to the deep traps in lattices.

Nowadays, TL dosimetry is used in personal monitoring, patient dose estimation,
retrospective dosimetry, and high radiation fields. Initially, TLDs were routinely
applied to measure doses of low linear energy transfer (LET) radiations like x-rays,
gamma-rays, and electron beam radiations in medical applications. Nevertheless,
in the last few decades, high LET radiations (protons, carbon ions, etc.) have been
increasingly used in cancer therapy. So, the dosimetric studies of TLDs will have to
be extended to high LET radiations (Salah 2011). Newhighly sensitive TL dosimetric
phosphors are needed to be developed for expanding the list ofTLphosphormaterials.
Applications in quality control, micro-dosimetry, mixed radiation fields, and neutron
dosimetry are the challenges in TL dosimetry, commonly used in nuclear power units
and medical-clinical-oncological dosimetry (Horowitz 2014).
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Niittykoski, J., Strȩk, W.: J. Solid State Chem. 171, 114–122 (2003)
Aitasalo, T., Durygin, A., Hölsä, J., Lastusaari, M., Niittykoski, J., Suchocki, A.: J. Alloys Compd.

380, 4–8 (2004a)
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Chapter 17
Silicon-Based Nanocomposites
as Photoluminescent Materials:
A Perspective and Advantages
of the Radiation-Assisted Synthetic
Approach

Apurav Guleria and Soumyakanti Adhikari

17.1 Introduction

Silicon (Si) is a non-metallic element and a member of the carbon family (Group 14
[IVa]) of the periodic table. After oxygen, Si is the most abundant element (~27.7%)
in the Earth’s crust (Croissant et al. 2017; Ghosh and Shirahata 2014; Liang et al.
2019). The name silicon is derived from the Latin silex or silicis, which means “flint”
or “hard stone.” Si, in addition to being a semiconductor, possesses three important
characteristics: natural abundance, low toxicity, and cost-effectiveness. Additionally,
Si is although a trace element but belongs to an essential category as it is involved
in our metabolic processes. Most people consume Si-based substances, like silica,
through their vegetables, grains, and seafood (Croissant et al. 2017; Ghosh and Shira-
hata 2014; Liang et al. 2019). These characteristics of Si undoubtedly make it one of
the most sought-after elements with applications of the utmost significance, particu-
larly in the communication and electronics industries. However, optical applications
of Si were not previously considered due to its indirect band gap (bulk crystalline Si
band gap ~ 1.1 eV) wherein direct electron–hole pair recombination probability is
low (Morozova et al. 2020; Song and He 2019; Cheng et al. 2014; Li and Jin 2017).
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(a) (b)

Fig. 17.1 Schematic illustration of energy (E) versuswave vector (k) plots for direct (a) and indirect
(b) band gap semiconductors

As shown in Fig. 17.1, the minimum of the conduction band and the maximum of the
valence band are located at distinct wavevectors in the reciprocal space. Radiative
recombination across the band gap therefore requires at least a phonon, rendering
it an inefficient 2nd-order process. Some of the common semiconductors used for
manufacturing luminescent nanoparticles (NPs) are mentioned in Table 17.1 along
with the nature of their band gap and band gap energy values.

Researchers have long desired to gain light from Si.Moreover, taking into account
the advantageous properties of Si, there is no doubt that remarkably efficient light-
emitting or amplifying materials based on Si will be of enormous value in both
commercial applications and fundamental scientific research.

Canham’s discovery of luminescence in porous Si in the 1990s provided evidence
of alternations in its structure at smaller dimensions (Canham1990). The significance
of quantum confinement to the observed phenomenon was quickly recognized by the
scientific establishment. Essentially, nanoscale dimensions alter the indirect character
of the band gap, which raises the possibility that electron and hole wave functions
will overlap in the Brillouin zone (Li and Jin 2017; Yu et al. 1999;Warner et al. 2005).
These effects become noticeable in Si nanomaterials (NMs) when their dimensions
approach the exciton Bohr radius of bulk Si (~4.2 nm) (Song and He 2019; Li and
Jin 2017). The revelation of such a phenomenon led to a surge in the interest of the
researchers to synthesize Si-based NMs with variable morphologies, composition,
and surface properties. In the last three decades, researchers have made great efforts
to comprehend and control the photoluminescence processes of Si-based NMs in an
attempt to provide a substitute for quantum dots (QDs) manufactured of cadmium
and lead as well as other hazardous and unstable organic dyes (Ghosh and Shirahata
2014; Cheng et al. 2014; Li and Jin 2017). Furthermore, theoretical predictions
indicate that the emission tunability range of Si NPs could be one of the widest
among commonly used semiconductors (see Table 17.1), ranging from 1.1 eV in
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Table 17.1 Type of band gap
and band gap energy values of
common semiconductors

Material Type of band gap Band gap energy (eV) at 300 K

Si Indirect 1.12

Ge Indirect 0.66

ZnS Direct 3.54

ZnSe Direct 2.58

ZnTe Direct 2.25

ZnO Direct 3.35

CdSe Direct 1.74

CdS Direct 2.42

CdTe Direct 1.5

InP Direct 1.35

InAs Direct 0.36

InN Direct 0.70

GaAs Direct 1.42

GaN Direct 3.36

GaP Indirect 2.26

α-SiC Indirect 2.99

PbSe Direct 0.27

PbS Direct 0.37

PbTe Direct 0.29

the near-infrared (NIR) to over 3.5 eV in the ultraviolet (UV), as can be observed
from Fig. 17.2a. However, experimentally very few studies have demonstrated it,
while such deviations from the predicted trend are often related to the presence of
defects or strain. Nonetheless, with the advancement in the synthetic methods, the
photoluminescence quantum yields (QYs), as well as the tunability exhibited by
Si-based NMs, have improved a lot (Ghosh and Shirahata 2014; Cheng et al. 2014;
Kang et al. 2007, 2009; Mastronardi et al. 2012a; Dasog et al. 2014; Dohnalová et al.
2014). For instance, there are few reports in which researchers have demonstrated
an astonishingly wide range of tunability in the emission colour of Si NMs ranging
from near UV to near-IR region (Fig. 17.2b, c) (Kang et al. 2009; Dasog et al. 2014;
Dohnalová et al. 2014; Shirahata 2011).

The fabrication of Si NPs with high photoluminescence quantum efficiency (QE)
(up to ~90%) and colour-tunable emission has accelerated research and develop-
ment of a broad spectrum of luminescent Si-based NMs, such as, organosilica,
silsesquioxane, silica mixed oxide, mesoporous silica NPs and so on (Croissant
et al. 2017; Ghosh and Shirahata 2014; Cheng et al. 2014; Shirahata 2011; Teo
and Sun 2007). In recent times, these NMs have been explored as active materials
for their applications in sensing, thermoelectronics, light-emitting diodes (LEDs),
phototherapeutics, lasers, solar cells, photodetectors, biomedical imaging, and drug
delivery (Croissant et al. 2017; Ghosh and Shirahata 2014; Liang et al. 2019; Song
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Fig. 17.2 a Potential band gap energy tunability for representative semiconductor nanocrystals
via size control. Reproduced from Shirahata (2011) with permission from the RSC Publisher.
b Photograph of H-terminated Si QDs (left, red emission) and seven water-soluble Si QDs under
UV light (exhibiting 7 distinct emission colours). c Photoluminescence spectra of H-Si QDs (curve
1) and Si QDs after 0.5, 1.5, 3.5, 6, 9, 14, and 24 h oxidization (curves 2–8), respectively (λexc =
360 nm). Images b and c: Adapted with permission from John Wiley and Sons (Kang et al. 2009)

and He 2019; Cheng et al. 2014; Teo and Sun 2007). In comparison to other conven-
tional semiconductor-based luminescent QDs, the inherent advantages of Si make
it a potentially better candidate for such a wide-ranging applications. However, in
contrast to conventional QDs, the origin of the optical properties of Si-based NMs
is still a matter of contention (Li and Jin 2017; Dasog et al. 2014; Dohnalová et al.
2014). This may be because the properties of Si and its NMs are in general extremely
sensitive to the surface chemistry—to an extent not observed in other conventional
semiconductors QDs.

In this article, the photoluminescence properties of Si-based NMs along with their
origin andmechanismhavebeendiscussed.The role of quantumconfinement, surface
properties, and defects in influencing the photoluminescent behaviour of Si-based
NMs has been highlighted. This is followed by a discussion of the various types of
Si-based NMs and their synthetic methodologies. The advantages of the radiolytic
approach in the preparation of Si-based NMs have been presented, and some of
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the recent works carried out are briefly discussed. In the subsequent section, the
potential applications of Si NMs have been summarized, followed by the challenges
and prospects that lie ahead in the field of Nano-Si research.

17.2 Photoluminescence in Si NMs: Size Versus Surface

Typically, conventional QDs are composed of semiconductors with a direct band
gap, and follow the effective mass approximation (EMA) model where the variation
of the optical band gap (Eg) with the size (d) of the QDs can be fitted by the Brus
equation (Ghosh and Shirahata 2014) shown below,

Ed = Eg + (hπ)2

2d2

[
1

me
+ 1

mh

]
− 1.786e2

εr d
(17.1)

where ‘d’, ‘e’, and ‘εr’ represent the size/diameter of the QD, the electron charge,
and the relative permittivity, respectively. The effective masses of the electron (e)
and the hole (h) are represented by me and mh, respectively. However, as mentioned
already, unlike the conventional direct band gap semiconductors, bulk Si possesses
an indirect band gap. Consequently, bulk Si can hardly emit light. But the scenario
changes when the average size of the Si NPs is lesser than the Bohr exciton radius
(Li and Jin 2017; Dasog et al. 2014; Dohnalová et al. 2014; Canham 2020; Gupta
et al. 2009). Essentially, the delocalization of carriers in k-space caused by geomet-
rical confinement at the nanoscale allows for zero phonon optical transitions, and
greatly improves their (i.e., zero phonon transitions) oscillator strength in small Si
nanocrystals (probable mechanism illustrated in Fig. 17.3). Not only do the NPs
exhibit photoluminescence, but the emission colour could be varied with their size
(Ghosh and Shirahata 2014; Dasog et al. 2014; Dohnalová et al. 2014; Canham
2020; Gupta et al. 2009). Various methods have been adopted by the researchers for
tuning the emission of Si NMs across the whole NUV–VIS–NIR region, as shown
in Fig. 17.4. The mechanism behind this incredible photoluminescent behaviour is
still under debate.

For better understanding, the photoluminescence pattern of Si NMs has been cate-
gorized into two regions: NUV–blue (λem = 300–500 nm) and green–NIR emission
(λem = 500–950 nm) region. In general, the emission in the green-NIR region has
been attributed to the quantum confinement effect, whereas NUV–blue emission
is assigned to be originated from oxide-based defects (Ghosh and Shirahata 2014;
Dasog et al. 2014; Dohnalová et al. 2014).

According to the quantum confinement model, the band gap of NPs widens as
its size shrinks. This can be noticed from the blue shift in the photoluminescence
maximum of nanocrystalline Si/SiO2 nanocomposites with increasing HF etching
time (Fig. 17.5a), which is attributed to the quantum confinement effects resulting
from decreased particle size (Hessel et al. 2006). Another study by Hessel et al.
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Fig. 17.3 Schematic illustration of the possible emission scenarios according to the quantum
confinementmodel. The valence and conduction bands are denoted as “VB” and “CB”, respectively.
The ‘Gamma (�)’ point refers to the centre of the Brillouin zone

Fig. 17.4 The emission range exhibited by Si QDs prepared by different methods. Reprinted
with permission from Taylor & Francis Publisher under Creative Commons Licence (Ghosh and
Shirahata 2014)

(2012) showed that as the size of Si NPs decreased from about 10 nm to <2 nm, the
photoluminescence peak wavelength blue shifted from 1000 to 600 nm (Fig. 17.5b).
Aside from this, the reported influence of size on the photoluminescence QE also
provided vital evidence for the existence of quantum confinement effects in Si NPs.
Mastronardi et al. (2012b) observed high photoluminescence QE reaching up to
~43% in the near-infrared region for a larger size NPs (about 2.5 nm, as measured
from PXRD). However, a monotonic decrease in the QE, as well as a blue shift
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(a) (b)

(c)

Fig. 17.5 a Photoluminescence spectra of pentane solutions of red-, orange-, yellow-and green-
emitting Si QDs. Inset: photos of Si QDs pentane suspension in UV light (365 nm). Reprinted
(adapted) with permission from Hessel et al. (2006). Copyright (2006) American Chemical
Society. b Room temperature photoluminescence (λexc = 420 nm) and PLE (measured at emission
maximum) spectroscopy of Si nanocrystals with different sizes. Reprinted (adapted) with permis-
sion from Hessel et al. (2012). Copyright (2012) American Chemical Society. c Size-dependent
photoluminescence absolute quantum yields of Si NPs with decreasing sizes. Reprinted (adapted)
with permission from Mastronardi et al. (2012b). Copyright (2012) American Chemical Society

of photoluminescence to the visible regime, was noticed by these researchers with
further reduction in the size of Si NPs (Fig. 17.5c).

However, as mentioned earlier, unlike the case of direct band gap semiconductor
QDs, photoluminescence spectral tuning in the case of Si NMs cannot only be
discussed based on the quantum confinement effect. Essentially, Si is highly prone
to oxidation. Consequently, oxidation of Si NMs results in the formation of oxygen-
related surface/interface states within the band gap, which eventually plays a signifi-
cant role in influencing their photoluminescence properties. For example, Gupta and
Wiggers (2011) reported the photoluminescence transformation of freshly etched
Si QDs (fabricated by etching) from red to blue region as a result of oxidation (see
Fig. 17.6a, b). These researchers concluded from their experiment that the blue emis-
sion was caused by defect states at the newly formed Si oxide surface, whereas red
emission was connected to the quantum confinement effect. In addition, the optical
properties of Si NMs are highly sensitive to the chemical nature of the surface motifs.
Several studies have shown that the emission spectrum of Si QDsmay shift as a result
of surface functionalization. Dasog et al. (2014) reported the preparation of 3–4 nm
size colloidal Si nanocrystals as well as strategies for their functionalization with
amine, alkyl, acetal, and phosphine groups (Fig. 17.6c, d). The main highlight of this
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Fig. 17.6 a Photo of Si QDs dispersion under UV light: freshly etched (left) and after 1 day of
air exposure (right). b Photoluminescence spectra of freshly etched Si QDs as a function of air
exposure time. Images a and b: Adapted with permission from Gupta and Wiggers (2011). Copy-
right IOP Publishing, 2011. All rights reserved. c Photograph of toluene dispersed Si nanocrystals
functionalized with various surface groups under UV light. From left to right, the functionalization
of the Si nanocrystals is as follows: blue, dodecylamine; blue-green, acetal; green, diphenylamine;
yellow, TOPO; orange, dodecyl (air); red, dodecyl (inert). d Photo showing the H-terminated Si NPs
with different organic moieties and the corresponding emission colours. Images c and d: Reprinted
(adapted) with permission from Dasog et al. (2014). Copyright (2014) American Chemical Society
under Creative Commons License

work was the effective tuning of Si nanocrystals photoluminescence across the entire
visible spectral range by rational changes in the surface moieties while restricting
the variations in the particle size.

Undoubtedly, surface modification of Si QDs with an organic monolayer can
suppress long-term oxidation while imparting more stable photoluminescence prop-
erties. Additionally, it has been noticed that Si NMs prepared using colloidal solution
methods typically exhibit blue-green, whereas red emission is primarily obtained
when using high temperature or etching methods (Ghosh and Shirahata 2014; Li and
Jin 2017; Dasog et al. 2014; Dohnalová et al. 2014; Hessel et al. 2012; Gupta and
Wiggers 2011). Furthermore, a short fluorescence lifetime (on the order of ns) in Si
NMs is frequently attributable to the presence of defects or surface sites. In contrast,
the quantum confinement state of conventional Si QDs exhibits longer lifetimes on
the order of microseconds.

To summarize, the origin of photoluminescence in Si NMs is still controversial,
however, there is consensus that photoluminescence is generally determined by two
factors: the quantum confinement effect and surface/defect states surrounding the
NPs. Nevertheless, the unique intrinsic photoluminescence properties of Si nanos-
tructures, such as, bright emission, long fluorescence lifetime, wavelength-tunable



17 Silicon-Based Nanocomposites as Photoluminescent Materials … 499

luminescence, and photostability, make them desirable for biomedical imaging,
efficient LEDs, optical amplifiers, and sensors.

17.3 Different Types of Luminescent Si-Based NMs

The versatile and promising inherent properties of Si have attracted tremendous
attention in the nano-world. Therefore, numerous reports could be found in the liter-
ature on the fabrication of Si-based NMs using a range of physical and chemical
synthetic techniques (Croissant et al. 2017; Ghosh and Shirahata 2014; Liang et al.
2019; Morozova et al. 2020; Cheng et al. 2014; Dohnalová et al. 2014; Teo and Sun
2007; Hessel et al. 2006; Guleria et al. 2017, 2020, 2021a, b, 2022). Apart from
the morphology, and the surface characteristics, the composition of Si-based NMs
holds great significance in deciding their applications. For instance, mesoporous
silica (SiO2) NPs gained attention due to their huge potential in the areas of drug
delivery, and catalysis (Croissant et al. 2017; Morozova et al. 2020; Song and He
2019). Another category of Si-based NMs is silsesquioxanes, which are basically
cage-like or polymeric materials that have Si–O–Si linkages along with tetrahedral
Si vertices and organic moieties (Croissant et al. 2017; Morozova et al. 2020; Song
and He 2019; Hessel et al. 2006). Silsesquioxanes are generally represented with the
general formula, (RSiO1.5)n—where R represents an organic group, i.e., alkoxy, aryl,
alkyl, or H. These NMs have a range of properties, i.e., high thermal and chemical
resistance. Other Si-based NMs include organic–inorganic siliceous NPs that have
been designed to acquire desirable properties of the siloxane matrix. Figure 17.7
illustrates various groups of bio-based degradable siliceous NMs (Croissant et al.
2017). Herein, a brief overview summarizing the recent works on the synthesis of
different types of photoluminescent Si-based NMs has been presented.

Since the first discovery of photoluminescence from porous Si, researchers have
made directed efforts to devise strategies for manufacturing highly luminescent Si-
based NMs with variable dimensions and compositions. For instance, Nishimura
et al. (2013) developed a novel method based on chemical etching to synthesize
photostable fluorescent zero-dimensional (0D) Si NPs for fluorescence imaging and
single-molecule tracking. Li et al. (2016) synthesized nitrogen-capped 0D Si NPs
with high photoluminescence QE of up to 90% and narrow emission bandwidth. In
contrast to 0D NMs, 1D nanostructures (in general) have been observed to possess
higher multiexciton generation efficiency, which is a vital requirement for innovating
high-performance optical sensors. Taking this into account, 1D Si NMs could be very
promising for the development of high-performance optical sensors. Few reports are
there on the synthesis of high-quality fluorescent 1D Si nanostructures, which may
be due to relatively complicated synthetic procedures. Song et al. (2016) prepared
size-tunable fluorescent Si nanorods (NRs) with a relatively high photoluminescence
QE of ~15% and excellent photostability through a microwave synthesis route. In
addition to 0D and 1D NMs, various other luminescent nanocomposites of Si have
been reported by researchers. For example, luminescent Si carbide (SiC) NPs with
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Fig. 17.7 Schematic illustration of various families of bio-related degradable siliceous NMs:
a silicon, b silica, c organosilica, d silsesquioxane, and e inorganically doped mesoporous silica
NPs. Reprinted with permission from Croissant et al. (2017) ©2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim

excellent stability, optical properties, and water solubility were synthesized by Yang
et al. (2020) using a dielectric barrier discharge (DBD) plasma-based method. Dasog
and Veinot (2012) reported the preparation of highly luminescent, freestanding Si
nitride nanocrystals via in situ nitridation of magnesium followed bymetathesis with
silica particles (sol–gel derived). Luminescent polyhedral oligomeric silsesquioxane
(POSS) nanostructures have found applications across various fields, especially
as sensors with high sensitivity, selectivity, and stability. Zhao et al. (2018) used
simple “Azide-acetylene” click chemistry reaction to prepare white-light-emitting
POSS-based single molecular nano-hybrid. Chandra et al. (2017) reported one-pot
facile preparation of highly fluorescent water-soluble silica NPs and demonstrated
their applications in bioimaging. One-step hydrothermal synthesis of blue emitting
polymer-like coated organosilicaNPs (OSiNPs) (QE~ 73.3%)was reported byLiang
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et al. (2021) and illustrated their applications for white-light-emitting diodes and
fingerprint recognition.

With this brief overview of photoluminescent Si-basedNMswith different dimen-
sions and compositions, their futuristic demand in various areas of energy, health-
care, sensing, and the environment is bound to increase. Therefore, it is imperative to
explore and further improvise the existing synthetic protocols for Si-based NMswith
more eco-friendly traits and large-scale production facilities. The existing synthetic
strategies primarily employed by numerous researchers for the preparation of photo-
luminescent Si-based NMs have been discussed in the following section with a brief
mention of their advantages and disadvantages.

17.4 Synthesis of Si-Based NMs

Numerous studies demonstrating progress in the preparation of Si-based NMs with
desirable morphologies and compositions can be found in the literature. Themethod-
ologies can generally be categorized into physical and chemical methods. Generally,
the majority of physical routes are top-down, involving primarily plasma-assisted
synthesis and laser ablation. While both top-down (such as, electrochemical etching
and decomposition of precursors) and bottom-up protocols are used in chemical
methods (such as, Zintl phases oxidation and reduction of Si halides). These strategies
are represented in Fig. 17.8.

In addition to the physical and chemical-based methodologies, the biogenic
approach is also being exploited by researchers in recent times. A brief discussion
of the strategies mainly used in the synthesis of Si-based NMs has been provided
below.

(i) Laser pyrolysis: Laser pyrolysis is one of the primary techniques for gener-
ating freestanding Si NMs. Herein, laser irradiation leads to a high tempera-
ture of up to 1000 °C near the point where the beam intersects the silane gas,
resulting in Si nanocrystals formation. Werwa et al. (1994) prepared photolu-
minescent Si QDs by laser pyrolysis approach wherein Si wafer was ablated
at very low pressure, yielding 2–3 nm Si QDs. There are various other reports
in which the formation of colour-tunable Si QDs has been shown as a function
of their size by varying the parameters of ablation in a gaseous helium envi-
ronment (Ghosh and Shirahata 2014; Liang et al. 2019; Morozova et al. 2020;
Cheng et al. 2014). Nonetheless, despite the initial success of this strategy, Si
NMs with strong photoluminescence were formed only in a few cases, espe-
cially where the pyrolysis products were further etched with HF. Moreover,
the yield of the final product was generally very low.

(ii) Plasma-assisted synthesis: In this method, precursor molecules, such as
SiH4, undergo dissociation by plasma electrons at high temperatures. Subse-
quently, the nucleation, and growth of the particle core through anion-
molecule interactions occur. As particle density increases and ion density
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Fig. 17.8 Schematic representation of the typical synthetic strategies of Si NMs. Reprinted with
permission from Morozova et al. (2020). Copyright 2020 Frontiers in Chemistry under Creative
Commons License

decreases, the growth rate slows. This is a significant distinction from other
pyrolysis methods (e.g., laser or thermal) in which there is no mechanism to
stopparticle growth.Nonetheless, the plasmamethodhas beenused toproduce
both embedded (in thin films) and freestanding Si NPs (Ghosh and Shirahata
2014; Liang et al. 2019; Morozova et al. 2020; Cheng et al. 2014; Shirahata
2011). This approach, however, requires the use of specialized instrumentation
and the involvement of stringent experimental conditions.

(iii) Microwave-assisted synthesis: Microwaves are the electromagnetic waves
with frequencies ranging from 300 MHz to 300 GHz. Although the energy of
a microwave photon is low, the corresponding radiations are used for efficient
heat transfer throughdielectric heating. Themicrowave-assisted technique has
a significant place today in the domain of nanoscience and nanotechnology.
Researchers have used this technique for the synthesis of various Si-based
NMs (Ghosh and Shirahata 2014; Liang et al. 2019; Morozova et al. 2020;
Cheng et al. 2014; Shirahata 2011; Gupta et al. 2009). For example, hollow
nano-silica spheres with porous morphology have been reported by using
this approach. Further, rice husk was utilized as an inexpensive precursor for
producing Si NPs with a QE of ~60% by rapid microwave heating (Ghosh
and Shirahata 2014; Liang et al. 2019; Morozova et al. 2020; Cheng et al.
2014; Shirahata 2011). These materials showed strong photostability and
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storage stability. The microwave-assisted approach has many advantages,
i.e., quick reaction times, low energy consumption, and high reaction effi-
ciency. However, it also has some limitations, such as, high costs for dedicated
microwave reactors and scale-up issues.

(iv) Electrochemical etching: In general, the electrochemical preparation of Si-
based NMs employs a Si wafer as the cathode, while graphite is used as an
anode (Ghosh and Shirahata 2014; Liang et al. 2019; Morozova et al. 2020;
Cheng et al. 2014; Kang et al. 2007; Shirahata 2011). Typically, porous Si
is electrochemically etched with the aid of ultrasound and a solution of HF
and H2O2. Etching leads to the creation of a ‘luminescent colloidal suspen-
sion’ containing Si NPs. Kang et al. (2007) reported another variant of the
etchingmethod that involved a graphite rod andSiwafer as anode and cathode,
respectively. The novelty in their design was the use of electrolytes generally
consisting of aqueous HF with HNO3 or H2O2 and different additives (e.g.,
polyoxometalates) with a unique ability to simultaneously act as an electron
donor and acceptor. By varying the current density, themorphology of theNPs
could be controlled with 1–4 nm size range and emission peaks between 450
and 700 nm. Because of its facileness, this method quickly gained attention
and is now widely used. However, the use of HF and other harsh conditions
poses a high safety risk.

(v) Zintl salt oxidation: Herein, Zintl salts (MeySix, Me=Na, K, Mg, etc.) react
with Si halides, ammonium bromide, or gaseous bromine in a boiling glyme
solution (Ghosh and Shirahata 2014; Cheng et al. 2014; Shirahata 2011).
Although this method offers the benefits of scalability and accessibility, it
primarily results in Si nanocrystals formation with photoluminescence in the
blue-green region of the spectrum.

(vi) Reduction of Si halides: This is a rapid approach to synthesize Si nanocrystals
by reducing SiCl4 with agents, such as, lithium aluminum hydride, sodium,
sodium naphthalenide, or tetraethylorthosilicate (Ghosh and Shirahata 2014;
Liang et al. 2019; Morozova et al. 2020; Cheng et al. 2014; Shirahata 2011).
However, one of the main shortcomings of this methodology is the wide
particle size distribution. Further, this method yields mainly blue luminescent
colloidal Si nanocrystals, but high QE of up to 90% have been reported herein
(Li et al. 2016).

(vii) Decomposition of Si-containing precursors: This strategy involves
the decomposition of Si-containing precursors followed by re-assembly
processes, which eventually led to the formation of Si NMs. For example,
hydrothermal decomposition of 3-aminopropyl trimethoxysilane (APTMS),
or 3-aminopropyl triethoxysilane (APTES) in the presence of reducing chem-
icals (i.e., NaBH4, sodium citrate, and LiAlH4) leads to Si QDs formation
(Ghosh and Shirahata 2014; Cheng et al. 2014; Shirahata 2011). Nanocrystals
with highQEof up to 65–85%have been reported by varying the experimental
conditions, such as, reaction time, temperature, and the type of reducing agent
as well as precursor material. Supercritical fluids have also been used for the
thermal degradation of Si precursors into size-monodisperse Si nanocrystals.
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Nonetheless, some limitations of this method are the requirement of high
temperature, specialized instruments, and the use of toxic chemicals.

(viii) Sol–gel method: The sol–gel process, also known as the Stöber method, has
been widely used to produce Si-based NMs, especially Silica NPs. It involves
hydrolysis and condensation of metal alkoxides, such as, tetraethylorthosil-
icate (TEOS, Si(OC2H5)4) in the presence of a catalyst, which is generally
a base or an acid. Various modified versions of the sol–gel method have
been explored by researchers to prepare luminescent Si-based NMs (Crois-
sant et al. 2017; Ghosh and Shirahata 2014; Liang et al. 2019; Morozova et al.
2020; Cheng et al. 2014; Shirahata 2011). For example, photoluminescent
nanotubes and nanodisks of silica have been synthesized using the reverse
micelle sol–gel approach. Nevertheless, long reaction/processing time and
scale-up production issues are some of the disadvantages of this method.

(ix) Biogenic method: Nature resembles a large “bio-laboratory,” with plants,
algae, fungi, yeast, and other biomolecule-based organisms. In recent times,
these naturally occurring biomolecules have gained a lot of interest in the
domain of nanoscience. Many researchers are exploring these biomolecules
for the synthesis of NPs with various shapes and sizes, paving the way for
innovating greener, safer, and eco-friendly synthetic protocols. The synthesis
of strongly luminescent and water-dispersible Si NPs has been reported from
silane compounds using green reducing agents, such as, Citrus limon (L.),
Fusarium oxysporum, Actinobacter sp. Bacterium, etc. (Ghosh and Shirahata
2014; Liang et al. 2019; Morozova et al. 2020; Cheng et al. 2014; Shirahata
2011; Tiwari et al. 2019). Although there have been tremendous developments
in the field of microorganism-produced NPs, longer synthesis times and poor
control over the particle size and morphology are some of the limitations of
this methodology.

(x) Radiation-assisted approach: The majority of the aforementioned nano-
synthetic routes require corrosive, toxic, and/or flammable chemical reagents
(such as, stabilizers, reducing agents, and precursors) and harsh experimental
conditions (such as, high temperature, inert atmosphere, etc.). However, for
the impending application ofNMs, it is essential to design anddevelop sustain-
able methods that are economical, time-efficient, environment friendly, and
scalable. In this context, the synthesis of NMs using ionizing radiations (e.g.,
e-beam, γ-rays) is a well-established approach that does not require any of the
stringent experimental conditionsmentioned above (Guleria et al. 2017, 2020,
2021a, b, 2022). Furthermore, by selecting appropriate experimental param-
eters (such as the dose rate, absorbed dose, and host matrix), the nucleation
and growth of NPs can be influenced. Additionally, because the solutions can
be irradiated in typical industrial accelerators or γ-ray plants that are typically
used to sterilize medical kits and other items, this technique has the poten-
tial to produce NMs on a large scale. The mechanism of radiation-assisted
formation of NPs is followed by the radiolysis of an aqueous solution, which
is represented by the following equation:
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The solvated electrons, e−
solv and H

• are strong reducing agents with redox poten-
tials of −2.9 and −2.3 V, respectively. The OH• radicals are highly oxidizing in
nature with a redox potential of +2.7 V (in acidic media). In general, NPs formation
proceeds via solvated electrons, e−

solv reaction with the precursor ions. Of course, the
yield of e−

solv plays a crucial role in the NPs growth kinetics and depends primarily
on the reaction medium. To scavenge H• and OH• radicals produced during aqueous
solution radiolysis, tert-butanol is added to the reaction mixture. Their scavenging
would allow only the e−

solv to react with precursors, causing the reaction to proceed
as follows:

CH3(CH3)2COH + OH•(H•) → •CH2(CH3)2COH + H2O (H2)

Depending on the reactionmatrix, other free radicalsmay react with the precursor.
In some cases, even OH• radicals have been attributed to the formation of NPs.
Nonetheless, a diagrammatic depiction representing the general scenario of the
radiation-mediated synthesis of NMs is shown in Fig. 17.9.

Owing to the advantages of the radiation-induced approach over conventional
methods, many researchers have investigated its potential to produce a wide range of
NMs (metals, metal oxides, semiconductors, ceramics, etc.) with distinct morpholo-
gies, compositions, and photophysical properties (Guleria et al. 2017). Surprisingly,
despite its many advantages, the radiation-assisted approach for the preparation of
Si-based NMs in aqueous media is relatively unexplored. Recently, Si-based NMs
synthesis in aqueous media using γ-rays and electron-beam irradiation have been
reported (Guleria et al. 2017, 2020, 2021a, b, 2022). Interestingly, Si NMs obtained
comprised of unique features (such as, amorphous and porous characteristics), which
otherwise require meticulous synthetic procedures via conventional methodologies.
The highlights of the research work carried out in this regard are presented in brief
in the following sections.

Fig. 17.9 Diagrammatic depiction of a general scenario representing the radiation (e−, γ) induced
synthesis of NMs
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Si QDs coated with Si oxides (SiOx, 0 < x < 2) shell were obtained by γ-ray irra-
diation of an aqueous mixture of (3-Aminopropyl) trimethoxysilane (APTS) acting
as a Si precursor (Guleria et al. 2017) (Fig. 17.10).

The NMs were found to be porous and amorphous, with an estimated average
size of less than 2 nm. By varying the absorbed dose, the QDs size could be conve-
niently tuned. Further, the QDs exhibited blue photoluminescence under UV light.
Comprehensive studies indicated that the blue photoluminescence could be attributed
to the defects present in the oxide shell as well as at/or near the Si/SiOx interface.
The QDs were found to be non-cytotoxic and showed robust and highly sensitive
thermosensing behaviour. Further, the potential use of these QDs was demonstrated
in anticounterfeiting applications.

In another work, photoluminescent organosilicon oxide NPs (OSiNPs) were
synthesized in aqueous media using electron beam (sourced from 7 meV LINAC)
irradiation approach (see Fig. 17.11A) (Guleria et al. 2020).

This method allows for the commercial-scale production of NPs in timely manner
without the use of toxic/hazardous reducing or stabilizing agents. Furthermore, pulse
radiolysis studies were carried out to examine the mechanism of OSiNPs formation.

Fig. 17.10 Schematic representation of the γ-ray assisted synthesis of Si QDs (embedded within
SiOx shell, 0 < x < 2). Other highlights of this work, including blue emission, amorphous and porous
characteristics, as well as the potential applications of these NMs, are depicted. Reprinted (adapted)
with permission from Guleria et al. (2017). Copyright (2017) American Chemical Society
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Fig. 17.11 A Schematic representation of the formation of OSiNPs by electron beam irradiation.
B Photographs of fingerprints developed with L-Glu@OSiNPs (under UV light) on various objects:
(a) Al foil, (b) glass beaker, (c) CD/DVD, (d) Al metal sheet, and (e) CD/DVD plastic cover.C Fluo-
rescence microscopy image of A549 lung cancer cells using a colloidal solution of L-Glu@OSiNPs
with a pH ~ 6.5. The inset image illustrates the nuclear localization of L-Glu@OSiNPs. Reprinted
(adapted) with permission fromGuleria et al. (2020). Copyright (2020) American Chemical Society

It was observed that, contrary to the generally reported solvated electron (e−
sol) driven

process (in the case of majority of other NMs), the synthesis of OSiNPs takes place
through the reaction of the hydroxyl radical (•OH) with the precursor species. In
addition to this, OSiNPs were functionalized with L-Glutathione (L-Glu or GSH), a
biocompatible ligand, which significantly improved their emission QE (up to 25%)
and colloidal stability. The applications of L-Glu@OSiNPs were demonstrated in
fingerprinting (Fig. 17.11B) and cancer cell imaging (Fig. 17.11C). Nonetheless,
it indicates their broad range of applications, which can be explored further as a
replacement for costly and toxic materials currently in use in the respective areas.

As mentioned earlier, the optical properties of Si NMs are highly sensitive to
the nature of ligands present on their surface. Various biocompatible ligands such
as cyclodextrin, polyethylene glycol (PEG), and Triton X-100 (TX-100) were used
to functionalize the Si NMs. Importantly, functionalization was carried out in situ
during the irradiation of the reaction mixture as a one-pot approach. Although the
same precursor (APTS)was used in the respective reactionmixtures, the composition
and photoluminescence properties of the NMs differed significantly. For instance,
SiO2 NPs were formed in the presence of α-cyclodextrin (α-CD). The photolumines-
cence properties of as-synthesized α-CD functionalized SiO2 NPs (i.e., α-CD@SiO2

NPs) could be tuned from blue to green by merely changing the absorbed dose
(see Fig. 17.12a). And, it was ascribed to the creation of a particular type of ‘defects’
at a proportionately absorbed dose (Guleria et al. 2021b). The maximum QE of α-
CD@SiO2 NPs was determined to be ~21%. Using the TX-100 micellar medium,
the photoluminescence QE of radiolytically synthesized OSiNPs enhanced from ~9
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to ~55% (schematic illustration shown in Fig. 17.12b). Also, the NPs were found
to be comprised of silica (SiO2) and siloxane/silicone like units as the predominant
constituents (Guleria et al. 2021a). In another work, the presence of PEG-10000 in
the reaction mixture resulted in the formation of Si oxide nanocomposites (SiONCs)
on irradiation (Fig. 17.12c). Multiple characterization studies pointed to the pres-
ence of structures, such as, (Si(CH3)2-O-)n (as present in polysiloxane) and SiOx

(where x < 2), in the SiONCs. The maximum photoluminescence QE of SiONCs
was determined to be ~49%. In addition to the cell imaging applications, the PEGy-
lated SiONCs exhibited highly sensitive and selective sensing of Cr (VI) ions (limit
of detection, LOD ~ 0.74μM), as can be seen from Fig. 17.12d (Guleria et al. 2022).

In recent times, there has been a lot of focus placed on Si-based NMs in the fields
of nanoscience and nanotechnology. However, various challenges are associated
with their production, thereby limiting their wider applicability. In this perspective,
the radiation-assisted technique shows promise as a simple, time-efficient, envi-
ronmentally benign, and cost-effective sustainable approach for the production of
photoluminescent aqueous-soluble Si-based NMs.

(a) (b)

(d)

(c)

Fig. 17.12 a Schematic illustration of the radiation-assisted preparation of α-CD@SiO2 NPs along
with the absorbed dose-dependent photoluminescence tunability displayed by these NPs. Reprinted
fromGuleria et al. (2021b), Copyright (2020), with permission fromElsevier.bSchematic represen-
tation of the synthesis of blue photoluminescent OSiNPs in TX-100 micellar medium by electron-
beam irradiation approach. Reprinted from Guleria et al. (2021a), Copyright (2021), with permis-
sion from Elsevier. c Schematic representation of the synthesis of PEGylated SiONCs by irradiation
method along with their applications in Cr (VI) sensing and cell imaging. d Plot of F/F0 versus
metal ions, showing maximum photoluminescence quenching of PEGylated SiONCs by Cr (VI)
ions. Reprinted from Guleria et al. (2022), Copyright (2022), with permission from Elsevier
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17.5 Perspective Applications of Si-Based NMs

As previously stated, the NMs of Si have generated tremendous interest in the scien-
tific community owing to their key properties, such as, abundance, less toxicity, cost-
effectiveness, and compatibility with CMOS technologies. Si NMs have emerged as
a viable alternative to other semiconductor NMs in a variety of healthcare, energy,
and environmental applications. Nonetheless, the primary potential applications of
Si-based NMs based on their photoluminescence properties are discussed below.

(a) Light-Emitting Diodes (LEDs)

Although many QD-based optoelectronic structures, such as LEDs or displays, have
been realized over the last two decades using direct band gap materials. However, the
majority of these materials are expensive, less abundant (Se, Te, In), and highly toxic
(containing elements such as As, Pb, and Cd). All these aspects give an advantageous
edge to Si-based NMs (Ghosh and Shirahata 2014; Morozova et al. 2020; Cheng
et al. 2014; Mastronardi et al. 2012a; Dohnalová et al. 2014; Teo and Sun 2007).
The foremost aspects of LEDs are luminance (L), turn-on voltage (VT ), and external
quantum efficiency (EQE), which is linked with the diode efficiency. EQE can be
represented by the equation shown below (Morozova et al. 2020):

EQE (%) = q × P

J × E
× 100 (17.2)

where the terms q, J, P, and E are the electron charge, current density, optical power
density, and photon energy emitted by the LED, respectively. In recent times, some
of the best EQE values of red-emitting QD light-emitting diodes (QLEDs) with
conventional as well as inverted structures have been reported to be 20.5% and
18.0%, respectively (Ghosh and Shirahata 2014; Morozova et al. 2020; Cheng et al.
2014; Mastronardi et al. 2012a; Dohnalová et al. 2014; Teo and Sun 2007). However,
these values are obtained using cadmium-based QDs as optically active (or emission)
layers. Compared to these, the work on Si NMs-based LEDs has garnered a lot
of interest and improvisation in the last decade. For instance, the fabrication of
electroluminescent devices employing size-separated Si nanocrystals (ncSi) as light-
emittingmaterial was reported byMaier-Flaig et al. (2013) (see Fig. 17.13). The EQE
up to 1.1% was obtained for red-emitting ncSi. There are other reports also with a
record value of EQE up to 8.6% for near-infrared emitting Si QDs (Ghosh and
Shirahata 2014; Morozova et al. 2020; Cheng et al. 2014; Mastronardi et al. 2012a;
Dohnalová et al. 2014; Teo and Sun 2007). Nonetheless, a lot of efforts are being
put to increase the EQE by improvising the synthetic protocols with better control
over the surface and the morphology of the Si NMs. In addition to that, several other
ways are being explored by the researchers for improving LED characteristics, such
as maneuvering the thickness of Si QDs, using an inverted structure device instead of
a direct one, polyTPD layers (as the hole transport layer), and using aromatic ligands
rather than the aliphatic ones (Morozova et al. 2020).
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Fig. 17.13 a Schematic representation of ncSi-based LED stack. b Photographs of two encapsu-
lated ncSi-based LEDs featuring strong red and orange luminescence that can be easily operated
under ambient conditions for several hours. Reprinted (adapted) with permission from Maier-Flaig
et al. (2013). Copyright (2013) American Chemical Society

(b) Lasers

Si-based lasers have the potential to radically transform future microchips, enabling
light-speed processing and massive energy savings. However, despite concerted
efforts by the scientific community, a satisfactory Si-based laser has not yet been
developed. Essentially, the optical gains of Si are low due to its indirect band gap
feature. Nonetheless, nanostructuring Si leads to an improvement in optical gain.
Recently, Wang et al. (2018) reported the fabrication of an all-Si laser device which
was optically pumped. The active medium comprised of hydrogen silsesquioxane
(HSQ) with a high spatial density of Si nanocrystals, followed by hydrogen passiva-
tion at high pressure for a longer duration. Upon optical pumping, the active layer
of the Si nanocrystals displayed very high optical gains. Characteristics of lasing
suggested the realization of an optically pumped all-Si laser. However, there are
still many challenges associated with the technical feasibility of lasers based on Si
NMs. One of the primary obstacles is the broad size distribution, which results in
a poor energy resonance between excited Si QDs (Dohnalová et al. 2014). Further,
minimizing high scattering losses, and high QE Si NMs are some of the other prereq-
uisites. Nonetheless, the pursuit for an all-Si laser remains an unresolved task and a
challenging problem for the scientific community.

(c) Sensors

Si NMs provide a lot of scope in the development of efficient and cost-effective
sensors. Various reports could be seen in the literature on the biological and chemical
sensing applications of Si-based NMs. In addition to that, Si NMs have gained atten-
tion in sensing humidity and gas. For instance, the use of Si nanowires in the fabrica-
tion of chipless RFID (radio frequency identification) humidity sensor tags has been
reported (Ahoulou et al. 2021). Furthermore, highly sensitive sensing of toxic heavy
metal ions, such as, Cd2+ and Hg2+ ions by using field-effect transistors based on
single Si nanowire has been shown. Si NMs with photoluminescence have been used
as fluorescent probes for detecting low concentration levels of toxic heavy metal ions
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(e.g., Hg2+ detection, Fig. 17.14a), explosives containing nitroaromatic compounds,
and various biomolecules (such as, DNA (see Fig. 17.14a), proteins, glucose, etc.)
(Xie et al. 2014). Chu et al. (2016) reported the first demonstration for real-time
and long-time intracellular measurement of pH in live cells by using fluorescent Si
NPs-based sensors. As seen in Fig. 17.14b, pH sensors were developed using modi-
fied Si NPs that contained both pH-sensitive dopamine molecules and pH-insensitive
rhodamine B isothiocyanate (RBITC) molecules. Wang et al. (2020) demonstrated
europium (Eu3+)-doped Si NPs (Eu@SiNPs) based nanothermometer for sensing of
intracellular temperature with high accuracy in living cells (Fig. 17.14c). Based on
these exciting works, it can be stated that Si NMs can provide a cost-effective and
reliable analytical platform for sensing/monitoring various compounds of distinctive
nature.

(d) Energy Conversion (Solar Cell)

Si QDs have a lot of potential in photovoltaics (PV). Additionally, colloidal QDs
have many benefits because they can be deposited using low-temperature and low-
cost methods like spin coating, stamping, printing, spraying, etc. Various ways are
being explored by the scientific community to improve the efficacy of solar cells
based on Si NMs (Ghosh and Shirahata 2014; Mastronardi et al. 2012a; Dohnalová
et al. 2014; Canham 2020; Pucker et al. 2012). These are briefly discussed as follows.
By controlling the size of the QDs, band gap energy can be optimized to maximize
the efficiency of solar cells (single-junction based). Meanwhile, efficiency can also
be enhanced by arranging or stacking cells with different band gaps into a tandem
pattern. Furthermore, to boost the efficiency of the solar cells, photoluminescence
downshifters can be used with Si QDs with strong emission in the visible-red portion
of the solar spectrum. In fact, Sgrignuoli et al. (2012) have demonstrated a 6% relative
enhancement in solar cells efficiencybyusingSiQDsas spectral down-converters and
shifters. In addition to these, it is well known that the relaxation of excited carriers
in QDs is slowed down relative to bulk material as the distance between energy
states increases (Ghosh and Shirahata 2014; Mastronardi et al. 2012a; Dohnalová
et al. 2014; Canham 2020; Pucker et al. 2012). Therefore, solar cell’s open-circuit
voltage can be increased by extracting the charge carriers in the dot prior to their de-
excitation. This concept is explored in the hot carrier solar cell designs. The formation
of multiple excitons in Si QDs is another phenomenon that has been investigated for
usage in solar cells. If these multiple excitons are effectively retrieved, they would
result in an increased current in the solar cell (Pucker et al. 2012). Various reports on
solar cells based on NMs derived from Si have been encouraging thus far; however,
further in-depth research is required considering the benefits of Si.

(e) Bioimaging

Undoubtedly, fluorescent bioimaging is one of the most effective non-invasive
methods for a wide range of biological and biomedical studies. For the afore-
mentioned use, high-quality fluorescent probes are required, and they must have
favourable biocompatibility, robust photostability, excellent aqueous dispersibility,
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Fig. 17.14 a Schematic of the construction of a Si nanowire (NW)-based fluorescent sensor for the
detection of DNA and Hg2+. Reproduced from Xie et al. (2014) with permission from the Royal
Society of Chemistry. b Construction of Si NPs based intracellular pH sensor. (A) Schematic illus-
tration of the synthesis of Si NPs based-sensor. (B) photos of Si NPs (1), dopamine (2), rhodamine
B isothiocyanate (RBITC) (3), and modified Si NPs (4) in an ambient environment and under UV
irradiation (λex = 360 nm) as well as TEM image of dual-modified Si NPs (DMSiNPs). Inset shows
the enlarged HRTEM image of a single DMSiNPs. (C) Schematic illustration of cellular internal-
izations of DMSiNPs. Inset in part C presents the charge-transfer mechanism of DMSiNPs at acidic
or basic conditions. Reprinted (adapted) with permission from Chu et al. (2016). Copyright (2016)
American Chemical Society. c (a) Schematic illustration of fabricating Eu@SiNPs-based nanoth-
ermometer for intracellular temperature detection. The process consists of three typical steps. Step
1: synthesis of Si NPs. Step 2: fabrication of a dual-emission Eu@SiNP-based nanothermometer.
(b) Local coordination process between SiNPs and Eu complex. Step 3: temperature response
process of Eu@SiNPs and their application in the detection of temperature in a living cell. (c)
Photographs under UV irradiation and corresponding photoluminescence spectra of Eu@SiNPs
at different temperatures. Reproduced from Wang et al. (2020) with permission from the Royal
Society of Chemistry

and high fluorescence quantum yield. The use of organic dyes in biological and
biomedical research has generally been extensive, but their poor photobleaching
abilitymakes themunsuitable for long-term and real-time bioimaging. In this pretext,
the potential of photoluminescent Si NMs for bioimaging applications has garnered a
lot of interest in recent times. For instance,Warner et al. (2005) demonstrated cellular
uptake of blue photoluminescent Si QDs with no acute cellular damage detected. He
et al. (2009) demonstrated the use of highly luminescent oxidized Si nanospheres
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(O-SiNSs)/antibody bioconjugates for immunofluorescent cell imaging. Zhong et al.
(2013) demonstrated long-term imaging of cell nuclei with Si NPs (for up to 60 min)
with no photobleaching. As shown in Fig. 17.15A, Si NPs-labeled nuclei exhibited
stable fluorescent signals over 60-min continuous monitoring, whereas the signals
due to fluorescein isothiocyanate (FITC) fluorescent labels almost vanished shortly
due to severe photobleaching. In another study, Wu et al. (2015) used C. elegans as
well-known animal model to illustrate the feasibility of Si NPs-based dual-colour
bioimaging in vivo. Figure 17.15B shows the digestive and reproductive systems of
C. elegans that have been microinjected with blue- and red-emitting Si NPs. Further,
the photoluminescence from the blue- and red-emitting Si NPs can be observed
from the gut lumen and intestinal cells, and in the uterus of C. elegans, respectively.
There are various other studies where photoluminescent Si NMs have been used for
in vivo bioimaging. For example, Park et al. (2009) demonstrated in vivo imaging
by injecting photoluminescent bare porous Si NPs (LPSiNPs) and dextran-capped
LPSiNPs (D-LPSiNPs) dispersions into the left and right flanks of a nude mouse. As
can be seen in Fig. 17.15C, a considerable amount of bare LPSiNPs was eliminated
through renal clearance, while the remainingNPs accumulated in the spleen and liver.
In contrast, D-LPSiNPs slowly accumulated and degraded in the liver in comparison
to bare LPSiNPs. Nonetheless, based on the literature reports, it can be stated that
photoluminescent Si-based NMs can be a great tool for noninvasive high-contrast
and high-sensitivity optical imaging. However, there are some limitations also. For
example, the majority of the synthetic strategies yielding luminescent Si-based NMs
face the issue of poor aqueous dispersibility and thus require laborious procedures
of further surface modification with hydrophilic ligands. Besides, scaling issues still
exist with these methodologies. Nevertheless, in order to establish Si-based NMs
as versatile candidates for bioimaging applications, it is essential to address these
fundamental challenges.

17.6 Conclusions and Outlook

Nano-Siwith its inherent advantages can offer amultitude of applications in the fields
of healthcare, energy, and environment. This chapter provides an overview of Si, its
significance, and nanoscale applications. A discussion of the origin of the photolu-
minescence properties of Nano-Si has been provided along with the role of quantum
confinement, its surface properties, and defects. Various types of Si-based NMs have
been discussed, especially those having photoluminescence properties. Synthetic
strategies mainly developed for luminescent Si-based NMs have been presented
with a special focus on the advantages offered by the radiation-assisted approach.
The work carried out on the radiation-assisted synthesis of photoluminescent Si-
based NMs using different bio-compatible ligands and their applications has been
discussed in brief. In the last stage of this overview, various prospective applications
of NMs based on Si have been presented. To summarize, an attempt has been made
to provide a glimpse of the considerable signs of progress carried out in the field of
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Fig. 17.15 A Photos of laser scanning confocal microscopy images of immunofluorescent cells.
(a) Left: nuclei are distinctively labeled by Si NPs (excitation: 405 nm, detection window: 450–
510 nm); middle: microtubules are distinctively labeled by FITC (excitation: 488 nm, detection
window: 515–550 nm); and right: superposition of the two fluorescence images. (b) Time-dependent
stability comparison of fluorescence signals of Hela cells labeled by Si NPs (blue) and FITC (green).
Scale bar= 5μm. Reprinted (adapted) with permission from Zhong et al. (2013). Copyright (2013)
American Chemical Society.B Si NPs-based dual-colour bioimaging in vitro and in vivo. (a) and (b)
Photos of dual-colour immunofluorescent cell images. (I: nuclei are distinctively labeled by blue-
emitting Si NPs; II: microtubules are distinctively labeled by red-emitting Si NPs; III: superposition
of the two fluorescence images. Scale bars of (a) are 20 μm. The scale bars of (b) are 10 μm.) (c)
Representative confocal images of the as-prepared Si NPs in C. elegans by microinjection. The
uterus (left) and gut lumen (right) are stained with red- and blue-emitting Si NPs, respectively (I).
II and III are enlarged views of the corresponding to the boxed areas in I; I: scale bars = 20 μm; II
and III: scale bars = 15 μm. Reprinted (adapted) with permission fromWu et al. (2015). Copyright
(2015) American Chemical Society. C (a) In vivo fluorescence image of luminescent porous Si
NPs (LPSiNPs) (20 μl of 0.1 mg ml−1) injected subcutaneously and intramuscularly on each flank
of a mouse. (b) In vivo images of LPSiNPs and D-LPSiNPs. The mice were imaged at multiple
time points after intravenous injection of LPSiNPs and D-LPSiNPs (20 mg kg−1). Arrowheads and
arrows with solid lines indicate liver and bladder, respectively. Adapted/translated by permission
from (Springer Nature Customer Service Centre GmbH): (Springer Nature) (Nature Materials)
(Park et al. 2009), (Copyright) (2009)

Nano-Si ranging from its synthetic methodologies to prospective applications with
special emphasis on its optical properties.

Despite advances in Nano-Si research, there are some issues that must be
addressed to realize their luminescence-based practical applications. For example, a
clear and convincing explanation of the photoluminescence mechanism of Nano-Si,
which is still a matter of debate, is necessary in order to provide valuable direction
for the synthesis of Si NMs with controllable fluorescence characteristics. Further,
the development of eco-friendly and time-efficient methodologies for the large-scale
synthesis of monodisperse Si NMs with high photoluminescence QE is highly desir-
able. In this perspective, the radiation-assisted approach may play a significant role.
Moving ahead, the synthesis of novel Si precursors is needed not only for preparing
high-quality NMs but also for improving the safety standards of the protocols. For
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example, most conventional chemical methods employ dangerous materials, such as,
Si tetrahydride (silane) gas to create photoluminescent Si NMs. More exploration is
required in designing and developing rational surface modifications of Si NMs with
well-defined structures and special functionalities.

Undoubtedly,with the intense efforts being put into the preparation and processing
techniques of Nano-Si, its commercialization may very well be realized in the
near future, with a positive impact on both sustainable development and the global
economy.
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Chapter 18
Graphene and Graphene-Based
Nanocomposites: From Synthesis
to Applications

Heera Lal Kewat, Rahul Kumar Sharma, Ubaid Sidiqi, and Pushpal Ghosh

18.1 Introduction

Recently, graphene, its derivatives, and graphene-based nanocomposites have drawn
huge curiosity in nanoscience and nanotechnology as they are being extensively
employed for numerous applications including optoelectronic, magnetic, catalysis,
photocatalysis, photothermal therapy, sensing, imaging and solar cells, etc. (Wei et al.
2012; Choi et al. 2010; Ambrosi et al. 2014; Mondal et al. 2021). As the chemical
and physical properties can be tuned via soft chemical methods, graphene/graphene-
based materials become an interesting area of research (Wei et al. 2012). It is well-
known that graphene is a single atom thick, sp2 hybridized, two-dimensional material
with a honeycomb-like structure (Wei et al. 2012; Choi et al. 2010; Ambrosi et al.
2014; Mondal et al. 2021). Graphene has few overwhelming properties as compared
to other nanoscale materials. It has high current density, very good thermal conduc-
tivity, ballistic transport, and chemical inertness (Choi et al. 2010; Ambrosi et al.
2014;Mondal et al. 2021; Geim andKim 2008). In addition, it has good optical trans-
mittance and super hydrophobicity at the nanometer regime too (Mondal et al. 2021;
Geim and Kim 2008). However, it is highly susceptible for physical and chemical
changes. To synthesize the graphene and graphene-based nanocomposites, numerous
methods like mechanical exfoliation, chemical oxidation and reduction, CVD, and
epitaxial growth on metals, etc. have been explored to date (Ambrosi et al. 2014;
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Jariwala et al. 2011). Though graphene is usually a zero-band gap material; its band
gap can be judiciously controlled by altering the size, functionalization onto its
surface with various organic and inorganic moieties, etc. (Choi et al. 2010; Ambrosi
et al. 2014; Jariwala et al. 2011). For instance, graphene can be turned into graphene
oxide (GO) via oxidation in the presence of oxidizing agent. In another case, the
incorporation of fluoride ions moiety onto the surface of graphene through fluori-
nation processes is called fluorinated graphene (FG). Subsequently, a new class of
nanomaterials such as graphene-based nanocomposites (i.e., semiconductor and rare-
earth doped nanomaterials), quantum dots, heteroatoms (N, S, Se, B, P, etc.) doped
graphene can be designed (Balaji et al. 2019). In the case of nanocomposites, the
blending of two materials results in properties of two materials in a single nanocom-
posite (Sharma et al. 2022). Recently, several nanocomposites of graphene oxide
and semiconductors i.e.,—CdS (Bera et al. 2015), ZnO, CuO, and SnO2 (Bramhaiah
et al. 2017), Fe3O4 (Shi et al. 2011), NiO (Xia et al. 2011), Cu–TiO2/GO, Ag–
TiO2/GO, Pd–TiO2/GO (Lertthanaphol et al. 2021), etc., have been prepared. When
semiconductors are attached onto the surface of graphene, as a result, photocatalytic
efficiency, and sensing ability have been significantly enhanced. However, lumines-
cence property of semiconductors is quenched in the presence of graphene (Sharma
et al. 2022). Similarly, nanocomposites of graphene/graphene oxide with rare-earth
(RE3+)-doped lanthanide (Ln)-based oxide andfluorides nanoparticles have also been
prepared for several applications (Sharma et al. 2022). In the case of nanocompos-
ites of graphene/GO and RE3+-doped Ln fluorides, two types of lanthanide fluorides
are exclusively studied: one is binary (LnF3/MF2) fluorides and other is ternary
(MLnF4/MLnF5) fluorides (Wei et al. 2012; Sharma et al. 2022; Wang et al. 2013a).
In addition, graphene/graphene oxides have also been functionalized with RE3+ ion
complexes to meet numerous applications including photothermal therapy, optoelec-
tronic, sensing of biomolecules, etc. (Wei et al. 2012; Choi et al. 2010; Ambrosi et al.
2014; Mondal et al. 2021). Moreover, several organic matrices including, Hyper-
branched Polyamide-Amine (HPAMAM), microcrystalline cellulose (MCC) (Liu
et al. 2022), glucose (Tsujimura et al. 2014), etc. have also been incorporated with
graphene to form nanocomposites.

In this chapter, different synthesis methods of graphene, GO, GO/graphene–
semiconductor-based nanocomposites, GO/graphene and RE3+-doped binary and
ternary fluorides-based nanocomposites, etc. have been emphasized (Fig. 18.1).
Finally, various applications of these group of materials are highlighted.
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Fig. 18.1 Toolbox of graphene-based nanocomposites

18.2 Synthesis Methods of Graphene and Different
Characterization Techniques

18.2.1 Chemical Vapor Deposition Method

Now-a-days, chemical vapor deposition (CVD) is a very important synthesis protocol
used in the semiconductor industry to prepare highly pure materials of importance.
CVD is a vacuum deposition method and normally a wafer is used as a substrate and
is exposed to the volatile precursors which after reaction or decomposition produce
the desired product. Graphene or its derivatives are also prepared by these techniques,
where carbon species are formed when the gaseous precursor undergoes pyrolysis.
Now the deposited carbon species on the surface goes for nucleation and carbon
structure of graphene is produced. Sometimes a catalyst may be used to enhance the
decomposition of the precursor or to reduce the reaction temperature. Along with
thermal CVD, where heating is the important force for the reaction, plasma enhanced
CVD or PECVD can also be used as it requires less pyrolysis temperature (Jariwala
et al. 2011). Along with these, APCVD (atmospheric pressure CVD) and LPCVD
(low-pressure CVD) are also used. The final quality of the as-produced graphene by
these methods depends on reaction pressure, temperature, growth time, and on the
flow rates too.

Nickel was one of the first substrates on which the first attempt at large growth
of graphene by CVD was done (Obraztsov et al. 2007). Polycrystalline nickel films
are used and they are annealed at high temperature (900–1000 °C) and in inert (Ar/
H2) atmosphere before synthesizing to increase the grain size and to reduce the
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surface oxide. Normally CH4 is used as carbon feedstock for the growth onto the Ni
film. As methane decomposes to carbon species and Ni has high carbon solubility,
carbon species are dissolved on the Ni film at elevated temperature, and by cooling
carbon atoms diffuse to form the Ni-C solid solution. After precipitation on the Ni
surface, graphene films are formed. Interestingly, by controlling the cooling rate,
multiple or single-layer graphene grows on Ni surface. But graphene layers may not
be homogeneously placed as excess carbon may get out at grain boundaries which
leads to multiple layer nucleation (Ambrosi et al. 2014; Jariwala et al. 2011).

After Ni, people tried several metal substrates such as Cu, which showed different
catalytic effects and carbon solubility. In particular, the polycrystalline Cu filmswere
used by Li et al. (2009) for the high quality of single-layer graphene growth. This
method garnered tremendous attention due to its precise control of the graphene layer,
low cost, and transferring ability. As lesser quantity of carbon atoms is accumulated
on the Cu substrate, only single-/double-layer graphene is generated during cooling.
In another method, a hot wall furnace is used to grow graphene films on 25 μm
thick Cu foils (Li et al. 2009). The Cu foil was initially annealed in a hydrogen
atmosphere at 100 °C and then a mixture of H2/CH4 was incorporated to initiate the
graphene growth. After continuous graphene growth, the latter was cooled down at
room temperature which resulted in the formation of the graphene layer (Li et al.
2009).

18.2.2 Mechanical Exfoliation

Recently, mechanical exfoliation (also called mechanical cleavage) techniques are
used for the production of graphene sheets (Choi et al. 2010). It is a useful method
of isolating single-layer graphene (Choi et al. 2010). Graphene sheets are comprised
together by van der Waals force. The major challenges are to avoid the damaging of
layers and avoid the re-agglomeration of the graphene sheets that have been exfoliated
during the process (Choi et al. 2010).

This process was discovered by Geim and Novoselov in 2004 and this discovery
eventually gave them Nobel Prize (Geim and Kim 2008). This method produces
high quality; minimum defects graphene sheets which cause high mobility of elec-
trons. Exfoliation is a repeated peeling technique that is used for the breaking of
weak bonds (forces) at the stacked layers and to separate individual sheets. Highly
oriented pyrolytic graphite (HOPG) with 1 nm thickness was exfoliated by Viculis
et al. (2003). However, single to few-layer graphene in mm size domain is also
exfoliated. Solution phase exfoliation using ultrasonication of aqueous suspension
and by reduction of hydrazine were proposed by Stankovich et al. (2007). Simi-
larly, Hernadez et al. (2008) and Lotya et al. (2009) also explored the exfoliation of
graphene. As there are very weak van der Walls forces between interlayers, exfoli-
ation method can be easily performed for graphene layered structure. Yi et al. have
recently discussed the advantages and optimization of the exfoliationmethod (Yi and
Shen 2015). The major advantage of this exfoliation method is cheap, simple, and
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possibility of large quantity production. However, there are some disadvantages too.
The major disadvantage of this method is no control of the size and quality of crys-
tallinity of graphene sheets. In mechanical exfoliation, a normal mechanical force is
dominated, that provides a good quality and large-scale graphene flakes. However,
this method is extremely time consuming and laborious, and for this reason, it is
limitedly used in research laboratory and large-scale industrial production (Yi and
Shen 2015).

18.2.3 Chemical Oxidation and Reduction Methods

Chemical oxidation and reduction methods have been used to chemically extract
without the exfoliation step from graphite to graphene. Chemical oxidation is a well-
known approach to expand few layers using a strong oxidizing agent. Brodie et al.
used potassium chlorate in 1859 (Brodie 1859). In the chemical oxidation process,
the dissemination of various oxygen functional groups happens on the graphitic
layer (Brodie 1859). Oxidation method was improved by several groups such as
Staudenmaier (1898), Hoffman and Koning (1937), Hummers and Offeman (1958)
etc. On the other hand, reduction methods involve higher temperatures in the range
of ~1000 °C, to create gaseous species interacting with the interlayer of the graphene
oxide (GO) structure. Here in this process, pressure is increased and O2− (oxygen)
functional group are eliminated. During the reduction, small molecules like—CO2,
CO, and H2O are added to the surface of graphene. Hoffman and König used a
hydrazine hydrate reducing agent for the reduction of graphene oxide (Hofmann and
König 1937). Some other reducing agents (NaBH4, LiAlH4, etc.) are also employed
by several groups (Ambrosi et al. 2014).

18.2.4 Epitaxial Growth Using Metals

Single and multilayer graphene could be prepared by exploiting epitaxial growth
on metals. At high range of temperatures, these metals exhibit catalytic activity for
hydrocarbon decomposition. The ultrathin growth of graphite films epitaxially has
been carried out using this technique (Jariwala et al. 2011). Normally, growth occurs
by CVD technique on the catalytic metal surface at high temperature (Jariwala et al.
2011). Generally, high carbon solubility in the metal lattice is noticed, when the
lattice is placed not only in high temperature but also in high vacuum too which
eventually leads to the segregation-controlled growth. After that, the metal crystal
cools slowly and results in a decrease in solubility. Thus, the segregating carbon
on the surface grows into the graphene film. The concentration of surface carbon
adatoms have a significant effect on the rate of graphene nucleation and growth.
There are several limiting factors behind the growth of graphene using this tech-
nique. Among them, the attachment of carbon to the graphene islands compared to
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the surface diffusivity of carbon adatoms is important. Another factor is the orienta-
tion and arrangement of carbon atoms at the edges of the island and their attachment
with the substrate. Normally, ultra-high vacuum chambers are used to characterize
epitaxial graphene films on metallic single crystals. Some techniques to mention
are: Low energy electron microscopy (LEEM), angle-resolved photoelectron spec-
troscopy (ARPES) Raman spectroscopy, etc. (Yazdi et al. 2016). The most widely
studied epitaxial growth happens on Silicon carbide (SiC) (Yazdi et al. 2016). In
this process, graphene is grown on silicon carbide substrates by heat treatment at
Ultra-high vacuum conditions (Jariwala et al. 2011; Balaji et al. 2019; Sharma et al.
2022; Bera et al. 2015; Bramhaiah et al. 2017; Shi et al. 2011; Xia et al. 2011; Lert-
thanaphol et al. 2021; Wang et al. 2013a; Liu et al. 2022; Tsujimura et al. 2014;
Obraztsov et al. 2007; Li et al. 2009; Viculis et al. 2003; Stankovich et al. 2007;
Hernandez et al. 2008; Lotya et al. 2009; Yi and Shen 2015; Brodie 1859; Stauden-
maier 1898; Hofmann and König 1937; Hummers and Offeman 1958; Yazdi et al.
2016; Emtsev et al. 2009). Here, the silicon atoms sublimate to give an exposed layer
of carbon atoms which will further reorganize to generate an epitaxial graphene
layer. Judicious tuning of sublimation temperature will result in the formation of
the graphite layer, usually a single sheet. Higher temperature (1650 °C) and inert
atmosphere (Argon) are prerequisites for coating of monolayer graphene in wafer
scale under ultra-high vacuum conditions (Emtsev et al. 2009). The graphene film
grown from SiC is generally different from the mechanical exfoliation methods.
Substrate-induced corrugations and irregular orientations of the graphene layer are
themain responsible for it.However, the transfer of epitaxial grapheneon the arbitrary
substrate is still a challenge. Thereby, commercialization of this growth procedure is
difficult at the present scenario (Jariwala et al. 2011; Yazdi et al. 2016; Emtsev et al.
2009) (Fig. 18.2).

18.2.5 Different Characterization Techniques

Different characterization techniques may be used to understand the formation
of graphene and graphene-based nanocomposites (Fig. 18.3). For example, using
powder X-ray diffraction pattern, difference between graphite, graphite oxide, and
graphene oxide can be determined. In addition, nanocomposites formation between
GOandother inorganic compounds can also be understood alongwith their crystallite
size determination, etc. (Sharma et al. 2022). Using electron microscopy like Trans-
mission Electron Microscopy (TEM) and Scanning Electron microscopy (SEM),
distribution/attachment of nanomaterials on graphene/graphene oxide sheet can be
observed. Atomic Force Microscopy (AFM) can be used for depth analysis and
surface analysis. Elemental analysis can be evidenced by energy dispersive X-ray
(EDX) or X-ray Photoelectron Emission (XPES). Functional group analysis can be
done using Fourier Transform Infra-Red (FTIR) spectroscopy.
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Fig. 18.2 Different synthesis methods for graphene

Fig. 18.3 Different characterization techniques used for graphene and graphene-based materials

18.3 Various Nanocomposites Made of Graphene

18.3.1 Graphene/Metal Nanocomposite

Recently, researchers have exploited metals for designing graphene composites and
graphene metal nanoclusters (NCs). Different metals like Au, Pt, Pd, Ru, etc. have
been inserted into graphene and the resulting composites are used for different
applications in sensing and imaging (Liu et al. 2018).
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Synthesis of Co9S8 nanoflake using metal–organic framework on reduced
graphene oxide sheet for making efficient sodium-ion battery anode has recently
reported. They revealed that the rGO/Co9S8 composite electrode delivers a high
discharge capacity of 55/mAhg−1 at 0.1 Ag+, a good rate capability of 10 Ag−1,
and effective cyclic stability of 500 cycles. Incidentally, rGO/Co9S8 promises for
practical application in Na3V2(PO4)3K rGO/Co9S8 cells too (Huang et al. 2018). A
three-dimensional porous patterned graphene-silver nanocomposite is prepared and
reported by Xuan et al. (2018). The developed electrode demonstrated high, uniform
electrical conductivity. In addition, incorporation of Pt and Au nanoparticles on 3D
porous Nitrogen-doped graphene-copper nanocomposite is fabricated and character-
ized recently, which contains a resistance of 0.16 μ � cm at room temperature and
is much lower than that of copper. Interestingly, this material has very high thermal
conductivity (538 W m−1 K−1 at 25 °C) even greater than copper. There are many
other Graphene/metal composites used for different purposes (Zheng et al. 2018).

18.3.2 Nanocomposites Made of Graphene/Transition Metal
Oxide (Hydroxide)

Preparing efficient electrodematerials for supercapacitors etc. draws a huge attention
and various metal oxides (transition metal) like MnO2, Mn3O4, RuO2, Co3O4, etc.
can be exploited as electrode materials for the same (Wei et al. 2011; Hu et al. 2006;
Zhou et al. 2011). Just to mention, MnO2 is a potential material with its advanced
electrochemical efficiency, environmental benignness, lowpreparation cost, etc. (Wei
et al. 2011). Likewise, RuO2 contains very good charge storage capacity as it has high
electronic as well as protonic conductivities. In addition, it also contains a significant
extent of redox process reversibility over a large potential range (Hu et al. 2006).
But pure metal-oxide-based electrodes has also some limitations due to their lesser
electrical conductivities and agglomeration tendencies that leads to the incomplete
reaction during the redox process. To solve these issues and obtain enhanced elec-
trochemical properties, various transition metal-oxide/carbon composite electrodes
are exploited which can exploit complete advantage of double-layer and pseudo-
capacitance. This leads to enhanced energy density and extended life cycle. In
this regard, preparing hybrid films (based on graphene metal oxide nanocompos-
ites) is important. As an example, by reducing permanganate on graphene results
in graphene-MnO2 composite electrodes with a significant specific capacitance
(Wei et al. 2011). Graphene-MnO2 nanocomposites synthesized by electrodeposition
method also depicted a high specific capacitance of ≈315 Fg−1. MnO2 nanowires/
graphene, graphene nano-plate/MnO2, and porous graphene/MnO2 have also been
investigated. As MnO2 has an insulating nature, the synthesis of graphene/MnO2

nanocomposites needs higher graphene amounts. This can influence the top density
and high electrolyte uptake. To avoid such issues and keeping lower concentration
of graphene in the composite, accurate design and synthesis are required. With an
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alternative to Graphene/MnO2 nanocomposites (Wei et al. 2011); Graphene/RuO2

(Hu et al. 2006); Graphene-Co3O4 (Zhou et al. 2011); Graphene-Fe3O4 (Shi et al.
2011); Graphene-SnO2 (Bramhaiah et al. 2017); Graphene-NiO (Xia et al. 2011);
Graphene-ZnO (Bramhaiah et al. 2017) and many others have also been designed
with improved electrochemical capacitance.

Multimetal-oxide contains more than one unit cell structure like perovskite
(ABO3) and pyrochlores (A2B2O7) (Jariwala et al. 2011; Gupta and Subramanian
2014). Similarly, a novel perovskite basedCsPbBr3 andCsPbBr3/GOnanocomposite
materials are reported by Xu et al. (2017). Recently several groups synthesized noble
metal-based (Pd, Pt, etc.), rGO/oxide based ternary compositematerials using a facile
and environmentally benign protocol. Any toxic and hazardous reducing agents such
as hydrazine, sodium borohydride, etc. are not used in the synthesis (Liu et al. 2018;
Zheng et al. 2018).

18.3.3 Nanocomposites Made of Graphene and Transition
Metal Nitrides (or Sulfide)

Along with transition metal oxide (hydroxide) nanocomposites with graphene, tran-
sition metal nitrides (e.g., TiN, MoNx, etc. (Lu et al. 2014; Nandi et al. 2014)) and
transition metal sulfides (e.g., CoS, NiS, MoS2H2, etc. (Cong et al. 2015)) are also
important nanocomposite made with graphene. They can also be used in supercapac-
itors for their significant specific capacitance, very good electrochemical parameters,
and high electrical conductivity (Lu et al. 2014; Nandi et al. 2014; Cong et al. 2015).
But both the oxides in their pure form suffer from irreversible oxidation reactions, that
cause low chances of cyclability. Thereby metal nitrides or sulfides in conjugation
with conductive carbon like graphene, can resist the oxidation reaction and improve
the cycle ability of these nanocomposites. Just tomention, poly (vinyl alcohol) (PVA/
LiCl) based solid electrolyte, graphene-Fe2N anode, and graphene-TiN cathode, and
generated an irreversible capacitance of about 58 Fg−1 at 4 Ag−1 (Dong et al. 2020).
In addition, this value of capacitance was comparatively stable up to 20,000 cycles.
Likewise, very good cycling stability with high capacitance value and retention over
3000 cycles is reported for the graphene/CoS nanocomposites, that is higher than
pure CoS (Zhou et al. 2015).

18.3.4 Graphene/RE3+-Doped Binary and Ternary Fluorides
Nanocomposites

Nanocomposites made between RE3+-doped binary or ternary fluorides and
graphene/graphene oxides have also been explored to further improve the appli-
cations in various fields. However, very limited literatures are available in the case
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of binary or ternary fluorides nanoparticles and GO-based nanocomposites (Wei
et al. 2012; Sharma et al. 2022; Wang et al. 2015; Li et al. 2018; Sun et al. 2019;
Lingamdinne et al. 2019). For example, to increase the photocatalytic activity of
ternary fluorides nanoparticles especially in near infrared (NIR) region of spec-
trum, β-NaYF4:Yb3+, Tm3+ and N-doped P25 nanocomposites are supported onto
the surface of graphene. When graphene is attached, the photocatalytic activity of
nanocomposites is significantly increased in the NIR region of light. The increased
photocatalytic efficiency in the presence of graphene is due to the increasing prox-
imity of nanoparticles, increasing absorption of light, and separation of photogen-
erated electron–hole pair (Wang et al. 2015). On another side, Wang et al. have
synthesized the core–shell structure of α-NaYF4:Yb3+, Tm3+@TiO2 in a nanoscale
regime. Then this core–shell nanostructure are attached onto the surface of reduced
GO. As a result, nanocomposites are formed which exhibit photocatalytic activity in
the NIR region of light (Wang et al. 2015). Additionally, upconverting nanocrystals
are decorated on the surface ofGO to enhance the photothermal conversion efficiency
of bare graphene oxide. Li et al. have depicted that the GO/NaYF4: Yb, Er nanocom-
posites prepared by hydrothermalmethod exhibit significantly enhanced light-to-heat
conversion efficiency of 13.9% compared to graphene oxide itself (Li et al. 2018).
As a result, graphene oxide/NaYF4: Yb, Er nanocomposites can be potentially used
in photothermal and photodynamic therapy. For example, Sun et al. have synthe-
sized β-NaYF4:Yb (25%), Tm(0.3%)@TiO2@GO nanocomposites for synergistic
photothermal and photodynamic therapy (Sun et al. 2019). In addition, graphene
oxide-binary fluorides nanocomposites have also been synthesized. Lingamdinne
et al. have functionalized the LaF3 on the graphene oxide surface to obtain the
porous flower-like graphene oxide-lanthanum fluoride (GO-LaF3) nanocomposites
(Lingamdinne et al. 2019). Thereafter, the nanocomposite is utilized for adsorp-
tive removal of Arsenic [As (V)]. The adsorption-based removal of As is attributed
to mixed processes (i.e., electrostatic, ion-exchange, and surface complexation);
however, electrostatic interaction between As and nanocomposites, has played a
crucial role in the adsorption of As (Lingamdinne et al. 2019). Furthermore, Sharma
et al. have prepared the RE3+ (Ce3+ or Ce3+/Tb3+ or Tb3+)-doped binary fluorides–
GO nanocomposites using ionic liquid (IL)-assisted hydrothermal method (Sharma
et al. 2022). Herein, 1-butly-3-methylimdidazolium tetrafluoroborate [C4mim][BF4]
IL is employed as a source of fluoride ion, reaction medium, and capping/templating
agent. In the synthesis, IL is exploited as a source of fluoride (F−) ion to form binary
fluorides. Numerous binary fluorides-GO nanocomposites such as BaF2:Ce3+-GO,
BaF2:Ce3+/Tb3+-GO, CeF3:Tb3+-GO, LaF3:Ce3+/Tb3+-GO and GdF3:Tb3+-GO are
prepared in this method (Fig. 18.4).

Formation of graphene oxide, BaF2:Ce/Tb-GO nanocomposites are understood
using several characterization techniques like PXRD, SEM, TEM, etc. (Fig. 18.5).
During synthesis, GOhas played a crucial role in controlling the structural and optical
properties of RE3+-doped binary fluorides. In another word, in the presence of GO,
the size of RE3+-doped BaF2 nanoparticles is quite similar. Moreover, it is found that
in the presence of GO, excitation and emission spectra of Ce3+ ion are significantly
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Fig. 18.4 Schematic representation of synthesis of nanocomposites made by rare-earth doped
binary fluorides and GO using [C4mim][BF4] IL-assisted via solvothermal method. Part of this
is reproduced with permission from ACS publisher under Creative Common Licence (Sharma et al.
2022)

Fig. 18.5 a PXRD patterns: (i) BaF2 standard, (ii) BaF2:Ce/Tb, (iii) BaF2:Ce/Tb-GO, b low-
magnification FESEM image of as-prepared graphene oxide, c high magnification FESEM images
of as-prepared BaF2:Ce-GO, d low-magnification TEM image of BaF2:Ce/Tb-GO NCMs formed
by one-pot synthesis using the [C4mim][BF4] IL-assisted hydrothermal method
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shifted toward the lowerwavelength side (Sharma et al. 2022). For enhancing the dye-
sensitized solar cell’s efficiency, the composite of TiO2–NaYF4:Er3+/Yb3+–graphene
was used as a photoanode to enhance the interfacial electron transfer of FTO/TiO2

(Li et al. 2012).

18.3.5 Graphene/Lanthanide Oxides Nanocomposites

In addition to transition metal oxides/sulfides, graphene or graphene derivatives can
also form nanocomposites with lanthanide oxide nanoparticles especially CeO2,
Eu2O3, Gd2O3, and so on, and the application of nanocomposites is significantly
improved (Bai et al. 2014; Mo et al. 2012). For instance, graphene/CeO2 nanocom-
posites are extensively studied for numerous applications in photocatalysis, catalysis,
electrode material for supercapacitors, luminescence, etc. (Bai et al. 2014; Nia et al.
2019;Deng et al. 2017). In addition to graphene, a highly stable andmethanol tolerant
electrocatalyst of nitrogen-doped graphene/nano ceria nanocomposites has also been
synthesized for oxygen reduction (Soren et al. 2016). Ju et al. have prepared graphene/
Y2O3/LiMn2O4 hybrid materials, where firstly, LiMn2O4 microspheres were coated
with Y2O3 and then graphene oxide was added to it for forming the composites. This
graphene/Y2O3/LiMn2O4 composites were applied as a cathode material for Li ion
battery (Ju et al. 2014). Jafari et al. have prepared the europium oxide/reduced GO
(EuONP–rGO) nanocomposite for electrochemical sensing of several biomolecules
in the various range of concentrations of ascorbic acid, dopamine, and uric acid,
etc. (Jafari et al. 2018). On the other hand, Xue and co-worker have first prepared
oleic acid-capped Gd2O3 nanoparticles which are further modified with two-photon
graphene quantum dots (GQD) leading to the formation of Gd2O3/GQD nanocom-
posites. Thereafter, the Gd2O3/GQD nanocomposites are employed for dual-mode
MRI contrast and cell labelling agent (Wang et al. 2018).

18.3.6 Graphene Oxide-Rare Earth Metal Complexes

The beauty of graphene oxide is that its surface is enriched with oxygen containing
functional group. During the formation of GO-rare earth metal complexes, func-
tional groups assist in the functionalization of the RE3+ ions containing complexes
leading to the GO-rare earth metal complexes. There are numerous examples which
have shown that rare earth metal complexes can be noncovalently functionalized
on the surface of graphene oxide (Sharma et al. 2022; Nia et al. 2019; Deng
et al. 2017; Jafari et al. 2018). For instance, Cao et al. have synthesized the
[Eu(DBM)2(Phen)(SA)](DBM = dibenzoylmethane, Phen = 1,10-phenanthroline,
SA = stearic acid) via a noncovalent approach (Cao et al. 2011). According to this
preparation method, GO sheets (GOS) were bound to the Eu3+-based complexes
via noncovalent interaction. As a result, red luminescent GOS–RE complex hybrids
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were formed. Employing a similar preparative method, Wang et al. also prepared
the GOSs/Eu-acac-phen complexes which emit in the red region (Wang et al.
2013b). Liu et al. have synthesized graphene oxide-La(BTC)(H2O)6 (H3BTC =
1,3,5-benzenetricarboxylic acid) metal–organic framework at room temperature. In
this composite (LaMOF-GOn), n is varied in the range of 1 to 6 and corresponds to the
percentage of GO at 1, 2, 3, 4, 5, and 10%. Thereafter, this composite was employed
for selective adsorptionof haemoglobin (Hb) (Liu et al. 2014).Multifunctional nanos-
tructures were synthesized by functionalization of rGO with Eu3+-ion complex and
vancomycin (Van). On irradiating with near-infrared region of light, the resulting
nanostructures were used for detecting and photothermal killing of drug resistant
bacteria (Yang et al. 2014). Gupta et al. have complexed the Eu3+-ion with graphene
via oxygen containing functional groups. On exciting this complex using 314 nm
wavelength, red emission was found at 614 and 618 nm. This complexed graphene
exhibits dual functionality wherein the emission of rhodamine B is quenched but
shows its own hypersensitive emission in red region (Gupta et al. 2011).

18.4 Applications

18.4.1 Sensors and Bio-sensors

Graphene and graphene-related materials are extensively used to design efficient
chemical, biological, and electrochemical sensors (Ambrosi et al. 2014). The unique
properties of graphene materials and its ease of functionalizing the graphene surface
with the specific elements help their uses in different purposes. Graphene and its
derivative can be used for different applications related to sensors and biosensors: (a)
Clinical applications e.g., for the detection of glucose, cholesterol, H2O2, dopamine,
and uric acid; (b) Environmental applications e.g., for the detection of heavy metal
ions likeCd2+, etc.; pesticides such asmethyl parathion and (c) Food applications e.g.,
detection of erythromycin, and tryptamine (Krishnan et al. 2019).An electrochemical
sensor based on a glassy carbon electrode with copper nanoparticles and graphene is
suggested for the detection of glucose (Luo et al. 2012). Recently several graphene-
based electrochemical enzymatic biosensors on graphene electrodes were used for
the detection of glucose, cholesterol, etc. (Krishnan et al. 2019; Luo et al. 2012).

18.4.2 Glucose Biosensor

Now-a-days, diabetes is a common disease that is affectingmillions of people around
the world. The high levels of glucose in the blood are considered diabetic. The phys-
iological presence of glucose in blood after ~8 h of fasting confirms the severity



530 H. L. Kewat et al.

Fig. 18.6 Schematic diagram of graphene-based glucose biosensors

of diabetes. Fasting blood glucose levels in the 70–99 mgdL−1 (from 3.9 to 5.4
mmolL−1) range is accounted as normal, while blood glucose levels from 100 to
125 mgdL−1 (from 5.6 to 6.9 mmolL−1) are accounted as pre-diabetes, and a blood
glucose level of 126 mgdL−1 (7.0 mmolL−1) or higher confirms the presence of
diabetes (Krishnan et al. 2019). To detect the precise and rapid glucose level in blood
is very important for continuous point-of-care. The first report for monitoring blood
glucose levels by using glucose oxide (Gox) based enzyme electrodes was done
by Clark and Lyons (1962). The electrochemical glucose sensors can be explained
by categorizing them into three generations. In the first generation, determination
depends on oxygen consumed, specifically the reaction between glucose and the
Gox enzyme electrode in the presence of oxygen to produce H2O2. After a while,
the level of glucose was checked through the amount of enzymatically produced
H2O2 (Fig. 18.6). The second generation depends on a process called mediated
electron transfer (MET). In this process, the usage of electrical mediators to expe-
dite the electron transfer process between the Flavin adenine dinucleotide (FAD)
active site of Gox and the electrode’s surface is emphasized (Chen et al. 2013a).
However, no mediators are used for third-generation enzymatic biosensors to obtain
direct electron transfer (DET) between FAD-Gox and the electrode surface (Chen
et al. 2013a; Rafighi et al. 2016). In particular, carbon nanotubes (CNT) (Wooten
et al. 2014); carbon nanodots (Zhao et al. 2015); porous carbon (Tsujimura et al.
2014), and graphene (Kim et al. 2017) are preferred nanostructures for the efficient
immobilization and improved DET characteristics. Among these, graphene is highly



18 Graphene and Graphene-Based Nanocomposites: From Synthesis … 531

advantageous due to its high surface area (2630 m2g−1 for single-layer graphene),
excellent electrochemical properties, and biocompatibility. Last but not the least,
graphene and graphene oxide (GO) are paying more attention and act as promising
electrode material for the electrochemical glucose biosensing and immobilization of
enzymes (Luo et al. 2012; Clark and Lyons 1962; Chen et al. 2013a; Rafighi et al.
2016; Wooten et al. 2014; Zhao et al. 2015; Kim et al. 2017).

18.4.3 Photocatalysis

Recently, synergy strategy-based emerging technology has received great attention
in controllingwater-based pollution (Mondal et al. 2021; Bera et al. 2015;Wang et al.
2013a, 2015; Gupta and Subramanian 2014; Sun et al. 2019; Xiong et al. 2021). The
adsorption and photocatalysis of organic pollutants and industrial wastewater are
currently an important area of research. Among degrading pollutants, the photocat-
alytic oxidation treatment via various metal oxides is also considered the most effi-
cient and cleanmethod owing to its non-toxic nature, low cost, excellent eco-friendly
nature with high chemical stability and photocatalytic activity (Mondal et al. 2021;
Bera et al. 2015; Wang et al. 2013a, 2015; Gupta and Subramanian 2014; Sun et al.
2019; Xiong et al. 2021).

A wide bandgap of TiO2 (~3.2 eV) shows significantly high photocatalytic effi-
ciency, which absorbs ~5% in the ultra-violet region. In case of doping TiO2 with
other metals or nonmetals, the bandgap is further reduced, and absorption of light is
further extended in the visible region (Xiong et al. 2021). Semiconductor nanocrys-
tals can be incorporated into chemically modified GO and rGO to make efficient
nanocomposites. Specially, nanocomposites based on semiconductors and transition
metal nanoparticles open new ways for the dissociation of various organic dyes into
H2O and CO2 (Mondal et al. 2021; Bera et al. 2015; Wang et al. 2013a, 2015; Gupta
and Subramanian 2014; Sun et al. 2019). In addition, GO, rGO, and metal nanopar-
ticles can efficiently inhibit the recombination rate of electron–hole pairs. It has
been proven that the TiO2/rGO composite has effectively reduced the bandgap and
recombination rate, hence it has improved the photocatalytic activity (Xiong et al.
2021). In addition, GO acts as a charge separating on the TiO2 surface as GO has
a conjugated 2D backbone structure, in case of TiO2/GO nanocomposites. In the
presence of a pi (π) electron, GO makes a bond (Ti–O–C) with the Ti atom of TiO2.
Hence, GO acts as an electron acceptor/transporter, resulting in improving catalytic
activity (Bramhaiah and Bhattacharyya 2022). Lertthanaphol et al. also studied the
photoreduction ofCO2 to ethanol by usingTiO2/GO,Ag-TiO2/GO,Pd-TiO2/GO, and
Cu-TiO2/GO-based nanocomposite (Lertthanaphol et al. 2021). Xiang et al. studied
the photocatalytic activity of rGO/TiO2 based on a composite made of GO and TiO2.
They observed 41% hydrogen generation of methanol/water by 1% (weight) rGO
loaded with TiO2 (Xiang et al. 2011). The photocatalytic activity in the visible region
is studied by Lee et al. and rGO/TiO2 shows remarkable degradation of methylene
blue (MB) compared to bare TiO2 and Degusa P25 (Lee et al. 2012). Methylene blue
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(MB) is a highly soluble organic dye and is widely used in various industries such
as textile, dyeing, printing, etc. The removal of MB from wastewater is studied by
Nguyen et al., using cellulose nanofiber/GO composite (Nguyen et al. 2022). Simi-
larly, Zhang et al. also studied the degradation of MB using P25-rGO/TiO2 under
UV and visible regions (Zhang et al. 2010). Wang et al. depicted the mechanism
of photodegradation of MB dye in the presence of TiO2/graphene nanocomposite.
During photodecomposition of MB dye, graphene plays a crucial role in the separa-
tion of photogenerated charge carriers and enhances the adsorption of pollutants onto
its surface, leading to enhanced photocatalytic activity of TiO2 nanosheets (Wang
et al. 2012). It is noted that the gaseous oxygen and water participate in the photo-
catalytic reaction process. Herein, the mechanism of heterogenous photocatalytic
activity of nanoparticles, (NPs)-graphene nanocomposites is illustrated in Fig. 18.7.
First of all, NPs harvest the incident light resulting in generation of charge carriers
(Step a), excitation of electron (e−) to the conduction band (CB) and hole (h+) in
the valance band (VB). When the further recombination of generated charge carriers
takes place, the emission occurs. In the photocatalytic reaction, the dissolved gaseous
O2 reacts with electrons of CB leading to the formation of superoxide radical (O2

−)
(Step b). This superoxide radical further reacts with H+ ions to form HO2 radical.
Thereafter, the formation of H2O2 and O2 are taken place from two HO2 radicals. On
theVB, adsorbedH2O (as a solvent) or hydroxide ion (OH−) reactswith hole and then
the formation of hydroxyl (OH) radical takes place (Step c). Finally, hydroxyl radi-
cals react with organic pollutants to further degrade into non-toxic products (Step d)
(Wang et al. 2012). Formation of hydroxyl radicals can be confirmed using tereph-
thalic acid, as terephthalic acid serves as hydroxy radical scavenger. As it reacts
with hydroxy radical in the presence of light, the formation of hydroxyl terephthalic
acid occurs which emits light (λem = 425 nm) on exciting at λex = 315 nm. And
the emission intensity of hydroxyl terephthalic acid depends on its concentration
(Sharma et al. 2017).

Pradhan et al. also found 67% degradation of phenol using α∼ Fe2O3/rGO
nanocomposite (Pradhan et al. 2013). On the other hand, Li et al. synthesized
metal-sulfide-based nanocomposites such as CdS/rGO where hydrogenation is seen
5 times faster compared to CdS (Li et al. 2011). Chen et al. prepared rGO/ZnInS4
and have shown the important role played in photocatalysis (Chen et al. 2013b).
When Bi2Ti2O7 is doped with rGO (1% wt), hydrogenation is increased 3 times
and photocatalytic efficiency of 130% compared to Bi2Ti2O7 itself (Gupta and
Subramanian 2014). Several transition metals like—Fe3+/Cr3+/Mn2+, or Bi2Ti2O7,
Sr2Ti2O7−x, etc., based RGO nanocomposite enhanced the photocatalytic activity
(Lee et al. 2012; Mukherji et al. 2011). The deposition of ZnO, Cu2O, and CdS
nanoparticles on the rGO surface and graphene sheets are demonstrated (Bramhaiah
and Bhattacharyya 2022). The photoreduction approaches on rGO-TiO2 were well
studied by Williams et al. (2008). Also, the photocatalytic reduction approach was
studied on ethanol using UV-irradiation. A liquid–liquid interface approach toward
the oxidation of rhodamine B (RhB) was applied by Bramhaiah and John (2013).
Several groups synthesized various types of nanocomposites including rGO-noble
metals; rGO-semiconductor (Fe2O3,Ag2S, ZnO,CuO, andRGO-Ni(OH2), etc. (Bera
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Fig. 18.7 Schematic representation of the mechanism of photocatalytic activity caused by
nanoparticles/graphene nanocomposites

et al. 2015; Bramhaiah et al. 2017; Shi et al. 2011; Xia et al. 2011; Pradhan et al.
2013). Acrylamide/GO (Am-GO-SA) hydrogel-based nanocomposite was proposed
and successfully employed for the degradation of crystal violet (CV) dye (Pashaei-
Fakhri et al. 2021). For the first time, (rGO-Au NP) nanocomposite was successfully
photo synthesized by using aqueous plant leaves, Nile banks Persicaria salicifolia
(Pluchea salicifolia) which provides higher efficiency than Au NP. In addition,
rGO/AuNP act synergistically to promise several unique physiochemical properties
(El-Maghrabi et al. 2021).

18.4.4 Solar Cell

In the last decade, Dye-sensitized solar cells (DSSCs) have drawn huge interest as
potential alternatives to the widely used, expensive silicon-based solar cells due to
their low cost, facile fabrication techniques, and less impact on the environment.
However, large-scale and commercial applications of DSSCs are still constrained by
their low power conversion efficiencies (PCEs) and poor long range term stability.
Since the attributes of themanyDSSCcomponentsmaybe tailored byusing strategies
like the introduction of novelmaterials and new synthesis techniques, this has sparked
a significant interest among the researchers in the realization of high-performance and
sustainable devices. Recently graphene-based materials have been used as photoan-
odes, transparent conducting electrodes, semiconducting layers and dye-sensitizers,
or counter electrodes in DSSCs (Fig. 18.8). Graphene and its composite materials
have superior optoelectronic, mechanical, thermal, and chemical capabilities, huge
specific surface area, flexibility, and excellent stability. Also, these are low cost
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Fig. 18.8 Schematic
representation of
construction of a solar cell

and non-toxic. All these properties gives plenty of potential to replace the conven-
tional materials that are often employed in the creation of the various DSSC compo-
nent, which results in a substantive enhancement in power conversion efficiencies
(PCE) from ~0.13 to 12% (Muchuweni et al. 2020). Due to its versatile multifunc-
tional properties, Graphene has also been used in quantum dot sensitized solar cells
(QDSCs), solid-state solar cells, DSSCs; and in Organic photovoltaics (OPVs), etc.
(Muchuweni et al. 2020). Recently perovskite and silicon (ps) solar cell also have
gained a great attention in photovoltaic products, with low temperature processing
(200 °C), that shows solar cell efficiency 13.56% (Hang et al. 2021).

18.4.5 Photonic and Bio-photonic

Graphene and its derivatives (i.e., graphene quantum dots (GQDs), functionalized
graphene, etc.) have shown potential for photonics and bio-photonics applications.
Themajor advantages of GO are tunable fluorescence and its fluorescence quenching
capability. In addition, the inherent photophysical properties of GO, and the interac-
tion of electron donor and acceptor molecule with graphene are used to control its
optoelectronic properties via charge transfer. The tunable optical properties of GO
can also act as excellent candidates for various metals, atoms or ions, and lanthanide
metals (Wei et al. 2012; Sharma et al. 2022; Mo et al. 2012; Wang et al. 2018; Gupta
et al. 2011).Owing to their intense optical emission and chemical stability, rare-earth-
based bio-probes are ubiquitous in bioimaging. On graphene sheets, RE metals such
as Eu, Gd, Yb, andNd show low diffusion barriers and comparatively high adsorption
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energy (Wei et al. 2012; Sharma et al. 2022; Mo et al. 2012; Wang et al. 2018; Gupta
et al. 2011). With the advancement of nanotechnology, miniaturization of devices is
important for increasing the myriad of applications in various fields. For instance,
graphene quantum dots are luminescent forms of graphene which emit in green or
blue regions. The beauty of GQDs is that it can be bound with other molecules, and
nanoparticles which turn out to be in nanocomposites (Bacon et al. 2014). As a result,
avenue of applications is increased to many folds (Bacon et al. 2014). Along with
this, graphene-based nanocomposites can also be used for optical limiting appli-
cation. Nonlinear optical limiter is required to protect the eye and optical sensor
from the powerful pulsed laser. There are basically two roles of an optical limiter:
first, it interrupts the transmission of the powerful laser pulse and second, it limits
the output in safe level (Hollins 1999). Therefore, a number of graphene/GO-based
nanocomposites have been developed as optical materials. For instance, Wei et al.
have developed the newGO-basedupconverting (GO–NaYF4:Yb/Er) optical limiting
materials which work in the NIR region (Wei et al. 2012). In this nanocomposite, GO
serves as an optical limiter, and using a 980 nm laser, its optical limiting is focused
on the 532 or 1064 nm wavelength. Another group has studied the OL performance
of the GO–Fe3O4 nanocomposites. In this study, it is found that OL performance of
the pristine GO is significantly improved on forming the nanocomposites with Fe3O4

nanoparticles. Thus, it can be concluded that GO as well as GO-based nanocompos-
ites can play a crucial role as optical limiting materials (Zhang et al. 2011). Sharma
et al. have explored the influence of GO on the luminescent property of RE3+-doped
binary fluorides and GO-based nanocomposites (Sharma et al. 2022). The excita-
tion and emission spectra of bare BaF2:Ce3+/Tb3+ and CeF3:Tb3+ NPs are compared
to their respective nanocomposites BaF2:Ce3+/Tb3+-GO and CeF3:Tb3+-GO NCMs.
The results depict that the emission of bare NPs is quenched in the presence of GO
(Fig. 18.9a, b). However, on illuminating the BaF2:Ce3+/Tb3+-GO and CeF3:Tb3+-
GO NCMs at 254 nm excitation wavelength using the 6 W lamp, dark green color
emission is observed, that can be even seen with bare eyes. This indicates that the
NPs are still luminescent even in the presence of GO (Fig. 18.9c, d).

Recently, bio-photonic applications based on graphene and graphene oxide
nanocomposites have drawn tremendous attention and played a promising role in
both clinical and research areas (Wei et al. 2012; Mo et al. 2012; Wang et al. 2018;
Ferrer-Ugalde et al. 2021; Robinson et al. 2011). Better stability, good photolumines-
cence properties, and high mobility of charge carrier of graphene and its derivatives
enable these classes of materials for bio-applications (Fig. 18.10) (Wei et al. 2012;
Sharma et al. 2022; Ferrer-Ugalde et al. 2021; Robinson et al. 2011; Gu et al. 2019).
Besides these, graphene and graphene-based derivatives play as attractive materials
for detecting and recognizing various biological aspects such as antibacterial activity,
tissue therapy, therapeutic gene delivery, intracellular mRNA or DNA imaging, live
cell imaging (in vivo and in vitro), etc. All these happen due to better stability of
graphene quantum dot (GQD) based bio-probe with live cells and tissues (Ambrosi
et al. 2014;Wang et al. 2018; Ferrer-Ugalde et al. 2021; Robinson et al. 2011;Gu et al.
2019). Over the last decades, graphene and graphene nanocomposite-based nanoma-
terials were employed for cytotoxicity assay in human kidney cell line imaging. In
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Fig. 18.9 PL spectra: a emission spectra of BaF2:Ce3+/Tb3+ NPs and BaF2:Ce3+/Tb3+-GONCMs,
b emission spectra of CeF3:Tb3+ NPs and CeF3:Tb3+-GONCMs, c and d BaF2:Ce3+/Tb3+-GO and
CeF3:Tb3+-GO are illuminated using UV lamp (6 W). It is reproduced with permission from ACS
publisher under Creative Common Licence (Sharma et al. 2022)

Fig. 18.10 Schematic diagram of targeted attachment of graphene and graphene-based derivatives
with DNA/RNA, protein, and other ligands for biocellular imaging purposes

vitro cell imaging by functionalized Gd2O3/GQD two-photon probe demonstrated
the dualmodal imaging agent asmagnetic resonance imaging (MRI) andfluorescence
probe (Wang et al. 2018). Similarly, Ferrer-Ugalde et al. reported almost 90% in vitro
cytotoxicity of HeLa cell usingGO-I-COSANbased nanocomposites (Ferrer-Ugalde
et al. 2021). The recognition of targeted cancer cell imaging in vivo and in vitro is
demonstrated by using PEGylated NGO by Dai and co-workers (2011). Graphene-
grafted quantum dot functionalized via poly (L-lactide PLA) and polyethylene glycol
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(PEG) are used as simultaneous intracellular micro-RNA (miRNA) imaging and
enhance the therapeutic efficiency of gene delivery (Dong et al. 2015). A better inhi-
bition was observed for miRNA and surviving targeted agent. Furthermore, selective
recognition of β cell lymphoma is noticed by employing NGO-PEG-Anti-CD20.
Similar approach is taken for the recognition of U87 MG cancer cells using peptide
target-modified NGO-PEG with Arg-Gly-Asp (Dong et al. 2015). Likewise, Kalluru
et al. explored a novel nanocomposite of GO-PEG-FA for the visualization of tumors
of the cancer cell (Kalluru et al. 2016). Fan et al. demonstrated the boron-dopedGQD
used for the detection of biomarkers via cellular imaging (Fan et al. 2014). Similarly,
the On–Off mechanism using NIR fluorescence probes for the bioimaging of cancer
cells and small animals like mice using transferrin functionalized gold nanoclusters
(Tf-Au-NCs/GO) are also studied (Wang et al. 2013c). Antibacterial activity as well
as bacteria imaging on nanoscale is performed by usingRGO@Eu+3 and vancomycin
(Eu-Van-RGO) nanocomposite (Yang et al. 2014). In addition, a heteroatom (F/Cl)
doped carbon quantum dot-based fluorescence probe is used for cell imaging and
antioxidant activity and studied by Marković et al. (2020).

18.5 Conclusion and Future Scopes

In this chapter, different synthesis methods for preparing graphene and its derivatives
are highlighted. As these are versatile materials, their chemical and physical proper-
ties can be tuned via functionalization with different organic and inorganic moieties.
In order to enhance the range of applications, it can be attached with different inor-
ganic nanomaterials and lanthanide complexes too, leading to the formation of novel
nanocomposites. The nanocomposites comprise the properties of both graphene and
nanoparticles. In this way, graphene and its derivatives can be attached with different
nanomaterials like metallic, transition metal oxides, sulfides, nitrides, and RE3+-
doped binary/ternary fluorides nanoparticles, etc. to form the nanocomposites with
desired properties. In nanocomposites, graphene provides the platform to bring about
chemical and physical changes. And thus, these properties of nanocomposites have
opened newavenues of applications in different fields such as sensing, photocatalysis,
photonics, bio-photonics, solar cells, etc.

Though a significant development has been achieved so far related to graphene
and its derivative, still there are challenges which remains in the field. For example,
specific attention is required for facile synthesis, functionalization, and high quality
with controlled processing. Various aspects of green chemistry must be maintained
during the preparation of graphene or its derivative. In addition, a complete under-
standing of theGOstructure at themolecular level, and further exploration of the elec-
tronic properties of GO specially after functionalization with different heteroatoms
or others is extremely important. Likewise, a clearer understanding of the effect of
defects on the GO is necessary for effective and judicious applications in different
photonic and bio-photonic domains.
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Chapter 19
Quantum Dots as Optical Materials:
Small Wonders and Endless Frontiers

Sisir K. Sarkar

19.1 Introduction

The current lifestyle has embraced optics and photonics technologies in various
ways spanning from communication, computation, energy sector, medical science,
to entertainment. The last decade haswitnessed advances in optical fiber communica-
tions, which led to a 100-fold increase in the amount of communicable information
enabling a society-transforming internet to blossom. Charles Kao pronounced in
his 2009 Nobel Prize lecture that our present daily lives have been transformed by
fiber communication. Truly such communications have enabled us to visualize a
“flat world” and the present internet would not have existed without optics (National
Academies Press 2013).

The year 2015 celebrated the International Year of Light (IYL) and light-based
technologies for promoting sustainable development to global challenges in energy,
education, agriculture, health care, and security. In the last decade, advances in trans-
mitting information, on the one hand, have enabled internet service, and on the other
hand, provided the displays on our smartphones and computing devices. This is
surely a promising trend for the world’s economy.

Optics affecting energy conservation globally is best exemplified by the invention
of light-emitting diodes (LEDs) for lighting purposes. Another prominent develop-
ment is to create white light by combining blue LEDs based on gallium nitride (GaN)
with fluorescent phosphors containing rare earth elements like europiumand terbium.
Synthetic biology has emerged as a new amazing field. This has helped genetically
engineered specific optical properties to be incorporated into living organisms and
effectively produce optically active materials.

Materials are playing a significant role in the technological evolution catering
to new types of solar cells, sensors, and imaging of cellular functions. It is known
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from the literature that the pace of material development has always been a slow
albeit costly process. But, with the rise of awareness of the importance of certain
materials and advent of engineeredmaterials, material research has assumed strategic
significance. These days, key optoelectronic materials are playing a significant role
in negotiations between countries.

In recent years, low-dimensional materials having strong nonlinear optical prop-
erties such as quantum dots (QDs) and core–shell quantum dots (CSQDs), have been
the subject of intense research and development. Novel materials like II–VI group
semiconductor quantumdots exhibit size and shape-dependent various physicochem-
ical properties, which led to many fascinating application areas in optoelectronics,
sensors, and medicines (Tong and Wang 2020; Efros and Brus 2021). Cadmium
selenide, CdSe, is a vital member of this group having band gap energy, Eg of
1.75 eV at room temperature. Since this band gap matches well with the solar energy
spectrum, the flexibility to tune its optoelectronic properties make them a very useful
material (Peng et al. 2005).

The current synthetic methods employ rigorous conditions of temperature, pres-
sure, passive atmosphere, toxic reducing agents, etc. However, a one-step synthesis
method employing the electron beam (EB) has provided a simple efficient green
method. Herein, the synthesis of CdSe quantum dot (QD) in homogeneous (water)
as well as inmicroheterogeneous systems (water-in-oil microemulsions, ionic liquid)
using EB irradiation was reported (Singh et al. 2013a).

Next, advance in this area centered on core–shell architecture, which provided an
efficient approach for QDs’ surface passivation. In this architecture, the robust shell
effectively isolate the core QDs from the adjoining environment and suppress the
formation of surface defects/traps. Besides, by appropriately selecting the core and
shell materials, it is possible to control the band structure of such core–shell QDs
(CSQD). The desired nonlinear optical properties can be achieved by varying the
size/shape, and chemical composition of core and shell materials. In this overview,
some of the interesting optical properties of QDs, as well as of CSQDs are assessed,
such as nonlinear refraction, optical limiting, saturable absorption, reverse saturable
absorption, etc. Various tailored optoelectronic devices including solar cells, light-
emitting diodes, optical switch/limiter, QD laser, and biological/chemical applica-
tions are discussed. These successes have maintained the momentum of this subject
area catering to a wide-ranging group of scientists and technologists to work for
future prospective applications, which are conversed at the end (Huang et al. 2020).

The expression “optics and photonics” stated above is actually the manifestation
of light’s dual nature (i) a propagating electromagnetic wave, and (ii) a collection of
traveling particles called photons, with similar impact potential like electronics. The
best examples of these enablers are laser and associated burgeoning activities. At this
point, it may be briefly stated that laser is a source of light that can be (i) coherent,
meaning that a group of photons can act as a single unit, and (ii) monochromatic,
meaning that the photons can have a well-defined single color. Subsequently, some
more often-used terms like optics, electro-optics, optoelectronics, and photonics are
described in the literature (Brown and Pike 1995).
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Optics, the science of light, is based on several ideas like transmission of light,
principle of least time, and well-known law of refraction. These ideas were conse-
quently reinforced in nineteenth century by several path-breaking discoveries such as
interference of light (Hooke, Young, Boyle), diffraction (Grimaldi, Fresnel), polar-
ization (Huygens), corpuscular theory (Newton), and, undoubtedly, by Maxwell’s
theory on electromagnetic fields. End of this century ushered in the age of quantum
optics practically ending the field of classical optics. Max Planck introduced the
concept of light quanta, marking the beginning of quantum theory. With the inven-
tion of the first ruby laser in 1960, many apparently detached principles forwarded
by Einstein, Bose, and others were systematized.

The terms “Electro-optics” and “optoelectronics” describe the interaction of light
with electrical fields. John Kerr in 1875 established that the refractive index of mate-
rials is a function of an electric field. However, the “electro-optics” term became
popular in the literature only by the early 1960s and a society called “Lasers and
Electro-Optics Society” was formed in 1985 thus legitimizing the name profession-
ally. The field of “optoelectronics” seems to be a subfield of electro-optics studying
electronic devices for making source, detection, and control of light. Commonly,
“optoelectronics” term refers to the quantum effects of light on semiconductor
materials. Electron multiplication in Si and Ge p-n junctions were demonstrated in
1953 and then semiconductors started gaining importance in optics. Subsequently,
Neumann indicated the possibility of building a semiconductor laser amplifying the
stimulated emission of radiation.

The term “photonics” started appearing in literature around 1981 through reports
from Bell Laboratories and Hughes Aircraft Corporation. The renowned Interna-
tional Society for Optics and Photonics (SPIE) organized in 1995 a huge conference
in optics and photonics where photonics was showcased as the “engineering appli-
cations of light.” It was involved in the detection, transmission, storing, process
information, display, and generation of energy. However, presently, photonics and
optics have become synonymous in the technical literature. Interestingly, based on
this development, the “Lasers and Electro-Optics Society” also changed its name to
“IEEE Photonics Society” in 2008.

19.2 Back to Basics: Big Excitement by Working Small

The genesis of nanotechnology is associatedwith two events: first, the famous lecture
entitled “There’s plenty of room at the bottom” by Nobel Laurate Richard Feynman
at the American Physical Society meeting in 1959 (Feynman 1960), and secondly,
the talk “On the basic concept of Nanotechnology” by Norio Taniguchi at the Inter-
national Conference on Production Engineering in Tokyo in 1974 (Taniguchi 1974).
Feynman predicted that one day, researchers will have just the right size tools for
directly manipulating atoms and molecules.
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This was a historic prediction in which Feynman forecasted the creation and
modification of materials at a fundamental level besides reworking on nature’s prod-
ucts. But, scientists have to wait till the last few decades to start directly working
in this strange world. The excitement of working in this nano regime rests on the
different behavior of materials at ultra-small levels. It is possible to control the
materials’ fundamental properties like color, melting temperature, hardness, conduc-
tivity, strength, etc., (Montanarella and Kovalenk 2022; Pietryga et al. 2016) at
nanometer-scale structures.

Comparing thedimensions of an atom(10–10 m), a nanoscalematerial is essentially
an assembly of a few atoms or molecules. Over the years, scientists have explored the
properties of micrometer-sized bulk substances. It was shown, of late, that material
properties become dependent on its size and shape (1–100 nm). New properties
are perceived due to a lack of symmetry at the interface or electron confinement at
the nanometer scale. Thus, properties of collections of atoms or molecules at the
nanoscale are different from the individual constituents and also the bulk. The total
fraction of atoms on the nanoparticle surface increases with decreasing the size of
the particle and can be estimated by the relation: P = 4 N−1/3 × 100, where P is
the percentage of surface atoms versus N, the total number of atoms in the particle.
One can have better insight by taking an example of a 3 nm iron particle, which
has 50% of its atoms on the surface, whereas 10 and 30 nm particles have just 20%
and 5% atoms on the surface, respectively. Since the properties depend instead on
the nature of the material, on the size, a single material can provide a consistent
and continuous range of properties. Typically, gold and silver nanostructures have
absorption in the visible region, while CdSe quantum dots of different sizes can have
emissions covering the whole visible region.

In 1980, Russian Physicist Ekimov working at the Vavilov State Optical Institute
discovered QDs in solids (glass crystals) (Ekimov et al. 1980). In late 1982, the
same phenomenon was discovered by American Chemist Brus at Bell Laboratories
while working with colloidal solutions (Rossetti et al. 1983). As the crystal grew
over a period of days, a change in the wavelength of absorbed or emitted light
was observed. This phenomenon was conceptualized in the framework of electron
confinement ascribing the quantum mechanical nature of the particle.

QDs are mostly used in all kinds of applications requiring precise control of
colored light. As an illustration, when a thin filter made of quantum dots fixed on
top of an LED lamp, one can obtain light from a redder shade to a blueish color.
Quantum dots are now replacing conventional pigments, dyes, and hi-tech reflective
paints, and by embedding in another matrix, incoming light of one color can be
emitted as entirely different color light.

Valence electrons of bulk phase semiconductors excited to a higher energy conduc-
tion band, energy difference being the band gap, relaxes to its ground state by emitting
a photon equivalent to band gap energy. A typical semiconductor quantum dot has
a core encircled by a layer of organic ligands (Fig. 19.1a) (Shiang et al. 1995). The
stacking of atoms in a representative 20 nm QD consisting of 100,000 atoms is
presented in Fig. 19.1b (Shiang et al. 1995).
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(a) (b)

Fig. 19.1 a Schematics of a QD with a core (2–20 nm) and a passivating organic ligand shell.
bHigh-resolution TEM image of a CdSe nanocrystal showing the array of atoms. Reproduced with
permission from ACS Publications (Shiang et al. 1995)

As pointed out already, the optical properties of QDs are heavily dependent on
their size. This size dependence was first observed with QD grown by molecular
beam epitaxy method. 2D quantum wells having thickness comparable to the Bohr
exciton radius,modifies the density of stateswith fewer band edge states and shifts the
bandgap towardblue. Further investigationswere continued tomakeone-dimensional
(1D) quantum wires/rods and zero-dimensional (OD) quantum dots. As the QD size
gets smaller than the Bohr exciton radius, the photo-excited carriers experience the
boundary. This leads to discrete electronic states converting the continuous density
of states of the bulk. Figure 19.2 presents the quantum confinement effect in the
transition from bulk (3D) materials to quantum dots (0D). Thus, QDs are termed
as “artificial atoms” and the quantum dot problem can treated as “particle-in-a-
sphere” model. It is shown in the figure that strong confinement results in higher
bandgap energy, which in turn shifts the prospective photoluminescence toward blue
(Fig. 19.3).

The principle of size-dependent tunability is illustrated in Fig. 19.3a while such
tunability of absorption is shown in Fig. 19.3b for the well-studied CdSe quantum
dot. It can be seen that the first absorption feature gets red-shifted as the size becomes
larger. It is to be noted that the corresponding photoluminescence (PL) always follows
the same trend as in emission. Russian researchers used this level-quantization effect
in QDs to modify the color of glasses by controlling the size of QDs in silicate
glasses. They used a combination of CdSe and CdS QDs put into silicate glasses
to produce a range of colors from red to yellow. In the last few decades, synthesis
strategies were developed to get precise control of QDs’ sizes to make the process
commercial, and M/s Quantum Dot Corporation, USA started selling QD products
in 1998. Many advanced applications started appearing in the market revolutionizing
the industries of display, solar cells, and health care, especially in cancer treatment
(Efros and Brus 2021).



550 S. K. Sarkar

Fig. 19.2 Quantum confinement effect in transition from bulk (3D)materials to quantum dots (0D).
Atom-like states are generated owing to confinement in all three dimensions. Reproduced from PhD
Thesis (Steckel 2006)

(a) (b)

Fig. 19.3 a Principle of the size-tunability for QDs. Decrease in size increases the splitting of states
and b absorption spectra for 2–15 nm CdSe nanocrystals. Reproduced from PhD Thesis (Yen 2007)
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M/s Sony advanced the first display in 2013 employing CdSe quantum dots.
It improved the backlighting of light-emitting diode (LED) for LCD televisions
achieving better color range. Following this, QD-based displays started appearing in
the market and M/s Samsung pioneered the upmarket displays acquiring QD Vision
in 2016 under the brand “QLED” (using InP instead of CdSe) (Dai et al. 2017).
Soon, such displays are expected to infiltrate the market, where quantum dots will be
used as color filters/converters. Further, they are also working on the combination of
QLED with organic-LED technologies (Palomaki 2022). QDs are expected to play
a central role in developing micro-LEDs, flexible displays, and electroluminescent
displays (Yang et al. 2021). Besides, researchers are also engaged in developing
infrared emitting quantumdots for commercial deployment.M/sQuantumSolutions,
currently selling the colloidal materials (i.e., PbS nanocrystals) and M/s Ember ion,
has started putting them in infrared cameras and many solid-state devices. Judging
from overall rapid deployments, nanotechnology is expected to play a crucial role
in the next-generation devices useful in medicine (Shi et al. 2017; Bobo et al. 2016)
and photonics (Novotny and Hecht 2006; Mohamed et al. 2021).

With this comprehensive discussion of the basic concept, we now venture into the
areas of synthesis, characterization, and applications of QD first and then of CSQD.
We will finally explore the future developmental issues and usages of upcoming
QD-based optoelectronic devices (Huang et al. 2020).

19.3 Synthesis of QD in Batch Reactors

The motivation for chemical synthesis in solution-phase is to develop a large-scale
robust method for producing QDs. It should be pointed out that term “large-scale
synthesis” is a comparative concept, where some authors report the production of
several grams while others several hundreds of grams. However, a robust large-
scale synthesis method should operate under mild conditions with ease of scaling up
irrespective of the yield in one batch process.

First, we will take up various batch processes involving hot-injection
organometallic synthesis, aqueous synthesis, andbiosynthesis approaches. Further, in
this context, work is described toward developing a one-step efficient green synthesis
method using an electron beam (EB). Using this methodology, CdSe quantum dots
(QDs) are synthesized in homogeneous (aqueous) and also in microheterogeneous
systems (water-in-oil microemulsions and ionic liquid) and they are characterized by
the proven instrumental techniques. The radiolytic processes are shown to proceed
through the reactions facilitated by hydrated electrons (eaq−). Elegant pulse radiol-
ysis technique is used to investigate the formation dynamics of these nanoparticles.
Later, a few continuous methods for reproducible large-scale production of QDs are
discussed.
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19.3.1 Hot-Injection Method

A customary batch reaction pioneered by Murray et al. (1993) for the synthesis of
QDs is accomplished by rapidly injecting semiconductor precursors into a hot solvent
and organic ligand system. A typical setup is shown in Fig. 19.4 (Murray 1995).

The formation of QDs goes through three stages. First, the reactive monomers
are formed by rapid decomposition of the precursors and the monomer concentra-
tion continues to grow till a critical supersaturation occurs. This induces energetic
nucleation and such nucleation surge lowers themonomer concentration relieving the
supersaturation partially. In the intervening time, the existing concentration ensures
growth onto the nascent nuclei. When monomer concentration becomes very low
due to the continuous reaction depletion, Oswald ripening occurs. Small particles
start to dissolve for compensating the growth of large particles and eventually, the
growth gets defocused. High-quality, monodisperse QD samples are produced by
purposefully controlling the reaction in the growth-focusing region, by adjusting
the precursor’s amount, the growth time, and multiple injections to keep relatively
high monomer concentrations. The relatively high temperature (~300 °C) annealing
was found to remove surface trap states following which PL intensity is enhanced.
Annealing is believed to first carry out rearranging of semiconductor material and
organic ligands at the surface leading to fewer surface trap states. This is also found
to passivate the surface and increase the PL efficiency. In subsequent sections, we
will have an in-depth discussion on CSQD (Sect. 19.9).

The established technique of solvent/nonsolvent extraction is done repeatedly
to obtain the QDs from their original growth solution. Typically, the addition of
methanol-induced flocculation of nanocrystals and butanol was added to mix the
growth solution with methanol. Precipitated materials are further processed by

Fig. 19.4 Schematics of a
hot-injection organometallic
synthesis of CdSe quantum
dot. Reproduced with PhD
Thesis (Murray 1995)
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Fig. 19.5 Illustration of narrow and bright emission from perovskite CsPbX3 QDs (X = Cl, Br, I)
covering the entire visible region; awithUV lamp illumination (λ= 365 nm);bfluorescence spectra
on excitation with 400 nm, and 350 nm for CsPbCl3; c optical absorption and fluorescence spectra.
Reproduced with permission from ACS Publications under Creative Common License (Protesescu
et al. 2015)

centrifugation and dispersed in hexane. This method is also good for size-selective
precipitation, by gently adding a limited amount of non-solvent (methanol).

Working with appropriate sources and synthetic parameters (Abe et al. 2013), this
technique has been extended to a large variety of semiconductor QDs, such as PbS,
PbSe, InP, Ag2S, and Ag2SxSe1−x. Of late, the interesting all inorganic highly lumi-
nescent perovskite QDs CsPbX3 (X = Cl, Br, I) has been synthesized by injecting
cesium oleate precursor solution into PbX2 (X= Cl, Br, I) solution (Protesescu et al.
2015). The fluorescence properties (Fig. 19.5) of as-prepared perovskite QDs have
comparable high luminescence of CdSe QDs. Further,Wang et al. (2016) have devel-
oped a facile solution-phase hot injection method for shape-controlled production of
lead-free and stable single-crystalline perovskite derivative Cs2SnI6 QDs.

19.3.2 Aqueous Synthesis

The hot-injection organometallic synthesis usually requires additional phase transfer
steps in water for producing QDs required in biological and clinical applications. It
is worth mentioning that the disposal of a large volume of organic solvents used in
large-scale production pose environmental hazards. To alleviate these issues, work
was initiated on aqueous synthesis which has proved to be a potential alternative to
the organometallic routes. This aqueous synthesis is also considered to be a green
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process offering several advantages: (1) surface functionalization required for biolog-
ical applications, can be done during the synthesis step and (2) lower reaction temper-
atures (usually <100 °C). Incidentally, water-based synthesis was attempted in the
early 1980s, when CdS QDs were prepared.

Later, Vossmeyer et al. prepared QDs by aqueous synthesis approach using
Cd(ClO4)·6H2O, H2S, and 1-thioglycerol. This work reported the size-dependent
UV–visible absorption spectra of CdS QD but did not mention any photolumi-
nescence data (Vossmeyer et al. 1994). The first photoluminescence investigation
through this route was published by Weller and coworkers (1996) on CdTe QDs.
The CdTe QDs were made by refluxing a mixture of Cd2+ with NaHTe at 96 °C for
several hours. Following this, aqueous synthesis route became popular and many
II–VI QDs, such as CdTe, CdSe, HgTe, CdHgTe, and PbS, were synthesized. Later,
this route witnessed several advances such as hydrothermal synthesis, microwave
irradiation, and ultrasonic treatment. Recently, Yakoubi et al. (2016) have produced
excellent qualityCdZnSandCu-dopedCdZnSQDs through a facile andmild aqueous
approach. The latter one, a highly emissive QD is made using novel capping agents
like 3-mercaptopropionic acid (MPA) or N-acetylcysteine (NAC).

19.3.3 Biosynthesis

Biosynthesis or biomanufacturing is another promising route for the synthesis of
metal sulfide QDs like CdS, ZnS, PbS, and Ag2S (Prasad and Jha 2010) utilizing
metal and sulfide ions as precursors and employing the intrinsic enzymaticmachinery
of microorganism. These ions using the magnesium or manganese transport system
first enter into the cell cytoplasm and then get converted into nanocrystals by the
intracellular enzymes located in the cytoplasm. Another route was developed known
as extracellular synthesis where synthesis of QDs is caused by the enzymes occurring
on the cell membrane or excreted to themedium.A single CdSeQDwithin yeast cells
has been produced via genetic engineering of intracellular redox conditions. Further,
it has been demonstrated that psychrotolerant, oxidative stress-resistant bacteria from
Antarctic microorganisms are able to biosynthesize CdS QDs at low temperatures.
Using an engineered strain of stenotrophomonasmaltophilia (SMCD1), biosynthesis
of CdS and PbS QDs was carried out reproducibly (Yang et al. 2016a). SMCD1 is
capable of the direct extracellular biomineralization of CdS QD from a buffered
aqueous solution of cadmium acetate and L-cysteine (Fig. 19.6) (Yang et al. 2016a).

In this route, L-cysteine performs both as a sulfur source and the capping agent.
The optical properties of theQDcan conveniently be controlled by varying the growth
time. The progress of this low-temperature, aqueous phase synthesis route clearly
indicates its superiority over chemical synthesis. This inherently green synthesis
route has the potential to cut down production costs and lead to QDs with new/
improved functionality (Yang et al. 2016a).
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Fig. 19.6 a Components for biosynthesis of CdS QDs; b its high-resolution TEM image; c the
visible fluorescence under UV illumination. Reproduced with permission from ACS Publications
(Yang et al. 2016a)

19.4 Synthesis in Continuous Reactors

Typically, many reaction parameters were required to be controlled such as tempera-
ture, stirring rate, precursor injection position, and mixing to achieve good quality of
the QDs. Gram-to-sub-kilogram quantities of QDs have been made in a single batch
with proper process control. Recently, Bang et al. (2017) reported the single-batch
gram-scale preparation of InP QDs using white phosphorus (P4) as the precursor.
However, in a traditional batch reactor, achieving proper control of the reaction
parameters is challenging. To alleviate this, a continuous reactor concept is adopted
where the reactants are fed continuously into the reactor and the product is continu-
ously taken out. Since the parameters like temperature, pressure, and residence time
are better controlled, a more consistent quality product is obtained.

19.4.1 Synthesis of QDs in Microfluidics

Microfluidic reactor has attracted attention as a promising technology for QDs
synthesis since the first report in 2002 (Bang et al. 2010). Microfluidics are essen-
tially continuous reactors integrated with heaters and fluid control elements. This
arrangement provides much better control than in conventional macroscale batch-
type reactors. Currently, such synthesis in microfluidic reactors is gaining much
prominence.

Kikkeri and coworkers (2010) developed the microfluidics method to synthesize
surface-functionalized CdSe and CdTe QDs (Fig. 19.7). The chemical reactions are
similar to organometallic synthesis of QDs in batch reactors (Sect. 19.3.1). The most
striking feature is its operation at a lower temperature (160 °C) than in a batch reactor
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Fig. 19.7 Microfluidic
reactor incorporating
continuous-flow synthesis of
functionalized QDs (OA:
oleic acid; TOP: tri-n
octylphosphine).
Reproduced with permission
from Wiley Publications
(Kikkeri et al. 2010)

(~300 °C). Both CdSe/CdTe core and ZnS shell can be made in such continuous-flow
microchannels. The sizes of the QDs can be tweaked by varying the reaction time in
the reactor.

19.4.2 Thermospray Synthesis

This synthesis route requires organic ligands which get coated on the nanoparti-
cles’ surface preventing the agglomeration of QDs to make them highly dispersed
in liquid solutions or solid composites. High-quality semiconductor QDs can be
obtained by such spray-based method (Amirav et al. 2005). Using a thermospray
nebulizer, aqueous or organic precursor solutions of semiconductor salts are first
sprayed (Fig. 19.8) as monodispersed droplets. The precursor reaches over satura-
tion as the droplets move forward and spontaneous condensation occurs due to the
solvent evaporation. The ensuing QDs are free-standing, unsupported, and uncoated
since each semiconductor dot is produced from a single spray droplet. Nanocrys-
tals obtained using spray-based methods include the II–VI group like CdS, ZnS,
and MnS, the IV–VI group PbS, and the metal sulfide such as MoS2. Thermospray
synthetic approach looks very attractive for all applications where films of uncapped
and packed QDs are required.
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Fig. 19.8 a Production of CdS nanocrystals thermospray synthesis; b TEM image of CdS QDs
(5.1 nm). Reproduced with permission from ACS Publications (Amirav et al. 2005)

19.5 Green Approach Using Electron Beam Irradiation

Radiation-assisted synthesis of nanomaterials is a very promising technique having
several advantages: (a) simple, fast, and efficient method under moderate conditions,
(b) commercial scale production, (c) since electron being a very strong reducing
species (Ered = −2.9 V) does not require any external reducing agents, and (d) size
controlling can be achieved by proper dose and irradiation time.

Sea urchin-like shapedCdSe nanoparticle is produced by this approach in aqueous
solutions using citric acid (CA) as a capping agent. The sea urchin-like shaped
nanocrystals being 3D in nature exhibit several novel properties, like good conduc-
tivity and a larger surface area and useful in several application areas of gas sensors,
catalysis, and photovoltaics. Different shapes and sizes of the nanoparticles have
been obtained depending on the types of templates or capping agents used during
the growth (Liang-Shi et al. 2001). Elias et al. have reported the urchin-like nanos-
tructures of ZnO, which holdgreat promise for photovoltaic applications (Elias et al.
2010). Moreover, compared with the 1D nanomaterials (i.e., nanorods, nanowires,
nanotubes, and nanobelts), 3D ordered nanostructural materials can be regarded
as the self-assembly of 1D nanomaterials, thereby increasing structural complexity
and endowing the possibility of greater functions for some unique applications.
Nonetheless, the concentrations of the individual precursors and the CA were opti-
mized keeping in view the desired characteristics of the nanomaterials, i.e., colloidal
stability, monodispersity, size tunability, and good PL properties. In the following
sections, various techniques are presented which are normally used to characterize
QDs. All these investigations along with the transient absorption studies performed
by pulse radiolysis technique provided insight into the possible mechanism of such
nanoparticle formation (Singh et al. 2013a).
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19.5.1 Experimental Details

The precursor solutions were prepared with nanopure water. Sodium selenosulphate
(Na2SeSO3), precursor for Se was made from 1 g Se powder, 10 g Na2SO3 in 50 ml
nanopure water by refluxing the solution at 70 °C for 7 h. An appropriate amount of
25% ammonia was added to CdSO4 solution, precursor for Cd till a clear ammoni-
ated solution resulted. Subsequently, to this solution was added first freshly prepared
Na2SeSO3 solution and then tertiary butanol. The capping agent CA was added to
the reaction mixture just before the irradiation. This reaction mixture was irradiated
with an electron beam from 7 meV linear electron accelerator (LINAC) at 12 pps
rep rate delivering a dose of 140 Gy/pulse. Since the added tertiary butanol scav-
enged the radiolytically produced OH radicals, the coproduced eaq− interacts with
the precursors inducing the synthetic reaction. The solution turned greenish-yellow
or reddish-orange in color on irradiation, demonstrating the formation of the CdSe
nanoparticles. The concentrations of CA and the precursor solutions were controlled
appropriately to achieve the preferred morphology and the desired optical properties
of the nanoparticles.

19.5.2 Pulse Radiolysis Technique

Elegant technique of pulse radiolysis was used to investigate the formation dynamics
of the CdSe nanoparticles with a kinetic spectrometer. The aqueous solutions of both
precursors containing equimolar (1 mM) amount mixed with 5 mMCA and 1M tert-
butanol. The transient speciesweremonitored usingwhite light fromanXe lamp (450
W) placed orthogonally to the electron beam. The dose measurement was carried out
with a potassium thiocyanate, KSCN chemical dosimeter. The time-resolved kinetic
traces of the generated intermediate species were recorded (Fig. 19.9) (Singh et al.
2013a).

N2-purged solutions were used for all the experiments. Figure 19.9 exhibits two
distinctive absorption peaks one at 380 nm (band-I) and the other at 510 nm (band-II).
It may be noted that the band-I showed weaker absorbance compared to the band-II.

These observations corroborate well with the report of radiolytic formation
dynamics in aqueous solution (Singh et al. 2011a). A plausible reaction mechanism
for the synthesis of CdSe nanoparticles can be given:

e−
aq + [Cd(NH3)4]2+
→ [Cd(NH3)4]•+ (k = 3.1 × 1010 M−1 s−1)

e−
aq + [SeSO3]2− → [SO3]2− + Se•−

(k = 2.3 × 109 M−1 s−1)

[Cd(NH3)4]•+ + Se•− → (CdSe)solvated → (CdSe)np
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Fig. 19.9 The time-resolved
kinetic traces of the
generated intermediate
species: [precursor] = 1 mM;
[CA] = 5 mM and absorbed
dose = 25 kGy. Reproduced
from American Scientific
Publishers as author of this
work (Singh et al. 2013a)

TheCAmolecules facilitate in attaining a sea urchin-like structure by chelating the
primary nanoparticles formed which could be due to their tridentate capping nature
and short chain length. It may be noted that during the production of nanoparticles,
many complex transient species are also generated similar to those reported in Singh
et al. (2011a):

[
Cd(NH3)4

]2+ : Se•−; [
Cd(NH3)4

]•+ : [SeSO3]
2−; and

[
Cd(NH3)4

]•+ : Se•−

19.6 Characterization of QD

19.6.1 Optical Absorption

The unirradiated solutions containing precursors (1mMeach of Cd and Se precursor)
and CA (5 mM) did not show any absorption in the 350–700 nm region (Fig. 19.10).
However, the solutions on irradiation showed a clear excitonic peak at around 420 nm.
This result confirms that the formation of CdSe nanoparticles takes place by electron
beam irradiation. Three important parameters, namely, absorbed dose, precursors’
concentrations, and the capping agent, CA were optimized. The solutions irradiated
at an absorbed dose of 25 kGy (containing 5 mM CA) changed color from pale
yellow to dark orange, as the precursors’ concentrations were increased from 1 to
10 mM. These changes are clearly visible in the camera-ready pictures as shown in
the top panel (I) of Fig. 19.11 (Singh et al. 2013a).

Itmaybementioned that aqueous synthesis ofCdSenanoparticles using equimolar
ammoniated CdSO4 and Na2SeSO3 solutions, through electron beam irradiation, has
been previously reported (Singh et al. 2011b). Therefore, the present investigation
expected to produce CdSe nanoparticles was confirmed by XRDmeasurements. CA
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Fig. 19.10 Absorption spectra of unirradiated (1) and irradiated (2, 3) reaction mixtures (25 kGy)
containing different equimolar precursor concentrations with a fixed concentration of CA, 5 mM.
Precursor concentrations in mM: (1) 0.5 (2) 0.5 (3) 1.0. Inset: Tauc plot of (α′hυ)2 versus hυ for
band gap (Eg) determination. Reproduced from American Scientific Publishers as author of this
work (Singh et al. 2013a)

Fig. 19.11 Camera-ready pictures of CdSe prepared by electron beam irradiation. IAbsorbed dose
is kept constant at 25 kGy, [precursors] in mM: (A) 1 (B) 5 (C) 10; II fixed [precursors] = 1 mM,
fixed [CA] = 5 mM, absorbed doses in kGy: (A) 10 (B) 25 (C) 40. Reproduced from American
Scientific Publishers as author of this work (Singh et al. 2013a)
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is also known to be a good reducing agent (E =−1.1V vs. Ag/AgCl) and therefore its
concentration was optimized in order to avoid any chemical reduction process. It was
further observed that the CdSe particles precipitate at a concentration of precursors
higher than that of CA, which could be due to the fact that the available concen-
tration of the capping agent was not able to cap the as-grown CdSe nanoparticles
efficiently. Therefore, the concentration of the precursors was optimized at 1 mM,
where the nanoparticles do not settle down through further agglomeration. Besides,
it was noticed that CAwith a concentration≤5mM, produces well-separated smaller
spherical nanoparticles. Further, a higher concentration of CA could lead to destabi-
lization effect and induce coalescence, hence was avoided in this study. From these
observations, optimized concentrations of precursors and CAwere found to be 1 and
5 mM, respectively.

Using the absorption spectra and modified Brus equation the primary CdSe
nanoparticles’ sizes were calculated and are listed in Table 19.1

Eg = Eg(0) + α/d2

whereα = 3.7 eV nm2,Eg(0)= 1.75 eV, d = particle size in nm, andEg = band gap in
eV. Since this is a direct band gap semiconductor the band gap valueswere determined
from the Tauc plot of (α′hυ)2 versus hυ (inset of Fig. 19.10). The symbol “α”
represents the absorption coefficient multiplied with the concentration of the CdSe
nanoparticles, calculated from the relation (2.303 A/l), where “A” is the absorbance
and “l” represents the cell length (10 cm) and the term “hυ” is the photon energy.
The estimated values of the particle sizes were between 2.07 and 2.70 nm.

The dependence of absorbed dose on the particle formation was investigated
under optimized concentrations of CA and precursors. The camera-ready pictures
(showing the dose effect) of the irradiated sol containing the CdSe nanoparticles
are shown in the bottom panel (II) in Fig. 19.11. A pale yellow color of the sols
with no difference in all three cases is apparent. However, from Fig. 19.10, it is
evident that the absorbance increases with the increase of dose (10–25 kGy) and
then starts decreasing up to 40 kGy. This was associated with a slight red shift in
the excitonic peak position. Correspondingly the particle size increased from 2 to

Table 19.1 Optical absorption measurements yield the CdSe band gap (eV) and nanoparticle size
(nm) synthesized with electron beam irradiation (Singh et al. 2013a)

Absorbed dose (kGy) [Precursor] (mM) [CA] (mM) Eg (eV) Particle size (nm)

25 0.5 5 2.54 2.08

25 1.0 5 2.56 2.07

25 5.0 5 2.25 2.59

25 10.0 5 2.20 2.70

10 1.0 5 2.62 2.00

25 1.0 5 2.56 2.07

40 1.0 5 2.45 2.22
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2.22 nm. Instantaneous agglomeration of the particles was observed when the dose
exceeded 25 kGy possibly due to radiolytic degradation of CA. Therefore, under
the present experimental conditions, 25 kGy seemed to be the optimum dose for the
precursors’ concentrations of 1 and 5 mM for CA.

19.6.2 TEM, SEM, and XRD

Various characterization techniques TEM, SEM, and XRD were applied for CdSe
nanoparticles. The TEM images (Fig. 19.12a) indicated an agglomerated form of
CdSe nanoparticles of size about 500 nm, closely resembling sea urchin-like shapes
(Singh et al. 2013a). However, the primary nanoparticles were within 3 nm in size.
These valueswere inwell agreement with those obtained from the absorption studies.
The small angle electron diffraction (SAED) patterns of these nanoparticles show
their amorphous nature. The SEM images shown in Fig. 19.12b, also confirm the
existence of particles with sea urchin-like shapes and these agglomerates consisted
of smaller units of identical patterns (Singh et al. 2013a).

Miller indices for the diffraction patterns aremarked in the figure (Fig. 19.13a) and
are attributable to those of CdSe (JCPDSCardNo. 19-0191) (Singh et al. 2013a). The
broadening in the peaks specifies the amorphous nature of synthesizedCdSe nanopar-
ticles. The growth process is restricted by the capping agent, CA and so, smaller size
(<3 nm) CdSe nanoparticles could be obtained by electron beam irradiation method.
However, the primary CdSe nanoparticles being ultra-small and amorphous in nature
possess high surface energy, and therefore undergo oriented aggregation of nanopar-
ticle subunits assisted by the CA molecules. In fact, CA is a tridentate chelating
ligand having three carboxylic groups and one hydroxyl group, thereby expectedly
acting as a structure-directing molecular-coordination stabilizer. Consequently, the

(a) (b)

Fig. 19.12 aTEMand bSEM image of synthesizedCdSe nanoparticleswith electron beam irradia-
tion. The parameters are: [precursor]= 1mM, [CA]= 5mM; absorbed dose= 25 kGy. Reproduced
from American Scientific Publishers as author of this work (Singh et al. 2013a)
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(a) (b)

Fig. 19.13 aRoom temperatureXRDpattern of as-grownCdSe nanoparticles.bScheme1 showing
different growth patterns upon EB irradiation in the presence and the absence of capping agent (CA).
Reproduced from American Scientific Publishers as author of this work (Singh et al. 2013a)

chelating ability of this molecule for the initially formed amorphous nanoparticles
is most likely leading to a 3D anisotropic morphology closely resembling that of
sea urchins (Fig. 19.13b; Scheme 1). Basically, seeded growth process along with
the kinetically driven mechanism lead to the anisotropic shapes of the nanoparticles.
Thus, the phenomenon can be described on the basis of the interaction between the
stochastic diffusive forces arising out of nucleation and growth of initially formed
primary CdSe nanoparticles into spherical aggregates. They subsequently re-orient
into the radially expanding sea urchin-like shapes (see Scheme 1), under the directive
forces of CA molecules.

This is further corroborated by the mechanism proposed by Kamat (2008) where
it had been shown that initially a few seeds of CdSe nanoparticles are formed, which
strongly complexwith the citrate anions. It reaches an optimal size by gradual growth
of the agglomerates and after reaching that stage further aggregation is prevented by
the strong repelling layer of citrate. Subsequently, the Ostwald ripening process
produces larger particles. However, in the absence of capping agents, the bare CdSe
nanoparticles do not exhibit any preferred morphology, rather settled in disordered
agglomerated structures. The uncappedCdSenanoparticleswere found to be unstable
upon exposure to air/oxygen (see Fig. 19.13b; Scheme 1), while the capped nanopar-
ticles synthesized in the above studies were found to be quite stable. Therefore, it
is recognized that the CA molecules help in achieving the stabilized sea urchin-
like shaped nanoparticles and prevent them from reacting with oxygen unlike that
observed in the case of bare CdSe nanoparticles (Singh et al. 2010).
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19.6.3 Photoluminescence (PL)

The emission spectra of the freshly prepared as-grown CdSe nanoparticles clearly
showed 520 nm band gap photoluminescence (BG-PL) and 600 nm trap state photo-
luminescence (TS-PL), and was found to be independent of the excitation wave-
lengths at room temperature. The trap states are probably due to unsaturated surfaces
involving dangling bonds arising from high dose rate encountered in this synthesis
process (Singh et al. 2010). CA is also capable of altering the surface properties
thereby reducing the surface defects, which result in obtaining BG-PL in these
nanoparticles.However, the uncappednanoparticles synthesized in aqueous solutions
containing similar precursors do not exhibit anyPL (Singh et al. 2011b). Interestingly,
the CdSe nanoparticles formed in cetyl trimethyl ammonium bromide (CTAB) based
water-in-oil microemulsions via electron beam irradiation exhibit strong TS-PL at
room temperature (Singh et al. 2013b). However, the CdSe nanoparticles formed
through a similar synthesis route in the present study exhibit both BG-PL as well as
TS-PL. This demonstrates that CA plays a dual role in stabilizing these nanoparti-
cles under ambient conditions and enhancing the radiative decay pathways for the
photoexcited carriers in these nanoparticles.

Using the TCSPC instrument, the time-resolved PL measurements were carried
out at room temperature, the excitation and the emission wavelengths, respectively,
being 445 and 580 nm (Fig. 19.14).

Assuming tri-exponential decay, the profile was best fitted with the parameters
shown (in red) in the figure. The weighted average lifetime was estimated to be
350 ps. The short lifetime component may be due to the BG-PL, whereas the other

Fig. 19.14 Lifetime emission decay curve (red dots) and IRF (black dots) and the best fitted curve
for electron beam synthesized CdSe nanoparticles. The parameters are: [precursor] = 1 mM, [CA]
= 5mM, dose= 25 kGy; and λexc = 445 nm, λemi = 580 nm. Reproduced fromAmerican Scientific
Publishers as author of this work (Singh et al. 2013a)
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two arise from the trap states. The decay pattern indicates the existence of different
deep and shallow trap states in these nanoparticles. A similar trend of PL lifetime
values was seen in case of synthesis in CTAB-based water-in-oil microemulsions
(Singh et al. 2013b), but the contribution from the BG-PL was quite less compared
to the present case. The weighted average lifetime is found substantially longer
(4.1 ns) and possibly due to the variance in the surface structure in these two cases.

19.6.4 Raman Spectroscopy

Raman spectroscopy reveals the composition, crystal quality w.r.t. orientation,
symmetry, and lattice stress/strain effects of II–VI semiconducting nanomaterials.
Room temperature Raman spectra of as-grown CdSe nanoparticles capped with CA
(Fig. 19.15) comprises of fundamental longitudinal optical (LO) phonon peak at
206.9 cm−1 and its overtone (2LO) peak at 411 cm−1, respectively. An additional
shoulder indicating transverse optical (TO) phonon mode is shown near 168 cm−1

(Mauro et al. 2008). In addition, the spectrum contains background, which reveals
the luminescent nature of as-grown nanoparticles.

A weak wide peak at ~250 cm−1 seen in the Raman spectra is due to the small
size (2–3 nm, Table 19.1) of these nanoparticles along with their amorphous nature
(from XRD spectra and SAED pattern). The appearance of the surface optic (SO)
modes near 250 cm−1 can be attributed to the extra atoms present on the surface
compared to the bulk. There is a red shift observed for LO peak of CdSe nanoparticles
from its bulk position at 210–213 cm−1. The size reduction is mostly controlled by
quantum confinement but dimensional effects like surface reconstruction and lattice
contraction also play some role.

Fig. 19.15 Raman Spectra
of electron beam synthesized
CdSe nanoparticles. The
parameters are: [precursor]
= 1 mM, [CA] = 5 mM, and
absorbed dose = 25 kGy.
Reproduced from American
Scientific Publishers as
author of this work (Singh
et al. 2013a)
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The reduced dimensions bring about competition between confinement and strain
effects. Consequently, LO peaks experience red shift with respect to their bulk
when phonon confinement or strain effect occurs. However, the present observed
red shift is due to the phonon confinement effect because the primary nanoparticles
(between 2 and 3 nm; Table 19.1) reasonably smaller than the Bohr exciton radius
of CdSe (5.6 nm). Further, the LO peak asymmetry with its broadening is sign of
the phonon confinement and the structural disorder on the surface. This structural
disorder responsible for the rise of surface defects, is corroborated from the broad PL
spectra of as-grown CdSe nanoparticles. However, XRD analysis indicated tensile
stress leading to lattice contraction. The lattice constant value, “a” was found to
be 5.97 Å, which is slightly lower than cubic CdSe (6.07 Å). The reason for this
lattice contraction is probably due to the surface tension-induced reconstruction on
the surface. In effect, the red shift in the LO peak relative to the bulk appears to be the
combined result of the phonon confinement and tensile stress. However, the former
effect seems to have the dominant role in the observed shift.

19.7 Shape Evolution of Nanomaterials
in Microheterogeneous Media

Since QDs’ shape is crucial in deciding newer material properties, synthesis of CdSe
nanomaterials is investigated in microheterogeneous media (i.e., water-in-oil type
microemulsions) using the surfactant, cetyl trimethyl ammonium bromide (CTAB)
and cyclohexane as the oil. The central interest is to examine whether the shape
evolution of the QDs in such a medium is different compared to an aqueous solution.
The investigations were carried out under two different experimental conditions
(Singh et al. 2013c): (i) by normal chemical route at room temperature and (ii)
by 7 meV electron beam irradiation route. In both the routes, CdSe nanomaterials
were produced first in isotropic spherical shape and then evolved to anisotropic rod-
like structures. However, the photoluminescence of the CdSe nanomaterials was
found to be remarkably different in two cases. In the chemical route, initially, the
band gap photoluminescence was observed which changed with aging. After a day,
two distinct BG-PL along with TS-PL were recorded. On the other hand, radiation
chemical synthesis provided dominant trap state photoluminescence (TS-PL), which
persisted even after aging.

In-depth mechanistic investigation on the electron beam synthesis of CdSe nano-
materialswas carried out inwater-in-oil typemicroemulsionswith lesswater content,
(w0 < 20). It is well established that water undergoes radiolysis and yields threemajor
primary radial species, out of which eaq− and H are reducing and OH is oxidizing
in nature (Spinks and Woods 1976). Tert-butanol (CH3 (CH3)2COH) added in the
aqueous solution leaves behind hydrated electrons, eaq− after scavenging the OH/H
radicals. This can be termed as a perfectly reducing condition where the reduction is
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done through the eaq− species. This reduction of precursor ions produced CdSe nano-
materials (Singh et al. 2011a). Thus, under the above conditions, the steps involved
are similar to that described in Sect. 19.5.2:

Followed by

OH • (H•) + CH3(CH3)2COH → •CH2(CH3)2COH + H2O (H2)

e−
aq + [

Cd (NH3)4
]2+ → [

Cd (NH3)4
]•+

e−
aq + [SeSO3]

2− → [SO3]
2− + Se•−

Cd•+ + [SeSO3]
2−/ Se•− → (CdSe)intermediate → (CdSe)np

The radiolytic synthesis turns the colorless microemulsion into a greenish-yellow
color. TheTEMimage of the as-grownCdSe sols showed isotropic spherical nanopar-
ticles (<5 nm) which agglomerated to relatively bigger sizes. The optical absorption
spectra showed an intense 450 nm peak. However, the TEM image of the sol recorded
after a day’s aging, confirmed the rod-shaped CdSe nanomaterials and its absorption
peak showed a slight red shift as seen in Fig. 19.16a. It can be seen that the room
temperature PL peak at 600 nm (TS-PL) dominates over the hump at 525 nm (BG-
PL) (Fig. 19.16b), which gets further augmented with aging. As already shown, this
observation was quite different from the result of the chemical route. This is possibly
due to the combined effect of internal structure and the defect sites. It is known from
the literature that radiation-induced synthesis normally produces nanomaterials with
disordered structures with low crystallinity and higher defect density (Singh et al.
2010, 2011b; Kamat 2008). Therefore, the observed photoluminescence behavior
may be ascribed to the above factors.

19.8 Shape Evolution in Room Temperature Ionic Liquids
(RTIL)

Room temperature ionic liquids (RTIL) have many distinctive properties like very
low vapor pressure, good ionic conductivity, large polarity, and stability. These class
of compounds have recently been used as media for the nanomaterials synthesis.
Though a couple of reviews have already appeared in the literature (Ma et al. 2010),
the literature is sparse regarding the role of in-built structure of IL in regulating
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(a) (b)

Fig. 19.16 aOptical absorption spectra b photoluminescence spectra of electron beam synthesized
CdSe nanoparticles in water-in-oil type microemulsions with water content (w0 = 10); [precursor]
= 10 mM; spectra recorded at different times to check the stability. It is reproduced from the
International Association ofAdvancedMaterials as author of this work and under Creative Common
License (Singh et al. 2013c)

the nanoparticles’ growth and morphology. For a better understanding in this area,
the synthesis of CdSe nanoparticles is investigated in a well-studied IL, 1-ethyl-3-
methyl imidazolium ethyl sulfate ([EMIM][EtSO4]). The RTIL played three roles in
the synthesis such as (i) solvent, (ii) stabilizer, and (iii) shape directing template. The
primary nanoparticles produced (2–5 nm range) were characterized by HR-TEM.
Then these nanoparticles evolve as nano flake-like units. They further self-assemble
and appear as a mixture of 2D sheets and 3D flower-like patterns as revealed by the
SEM technique. The stability of these coexisting nano morphologies identifies the
inherent microheterogeneity of the RTIL (Guleria et al. 2014).

Figure 19.17 represents the TEM images of the as-grown nanoparticles (Guleria
et al. 2014) while its polydispersity (2–5 nm range; average size ∼2 nm) is shown in
Fig. 19.17b representing the HRTEM image. The most interesting aspect revealed is
the self-assembling into some type of superstructures (Fig. 19.17a). Self-assembling
was further probed with SEM recorded at different regions (Fig. 19.18) (Guleria
et al. 2014). In the inset of Fig. 19.18a, the energy-dispersive X-ray analyzer (EDX)
spectrum confirmed the formation of nanoparticles. One unusual peak indicating Si
is possibly due to the Si-wafer substrate used in the analysis. Figure 19.18a indicated
the globular shape of the primary nanoparticles which later evolve as nano flake-like
(NF) structures (arrows in Fig. 19.18b). Later, the formation of a mixture of 2D
nanosheets and 3D nanoflower structures from self-assembling of NFs is presented
in Fig. 19.18c, d. It is to be noted that the morphologies were quite stable over a long
time period. This is indicative of the excellent stabilizing effect of RTIL in preserving
the nano morphologies.

SEM images reveal that due to the high surface area of the NFs, they assemble
non-homogeneously to form 2D and 3D nano or even micro-organizations. The
multilayered 2D sheet structures (10–15 μm long and 1–2 μm wide) (marked in
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Fig. 19.17 a TEM (50 nm scale) and b HRTEM image (2 nm scale) of the CdSe nanoparticles
made in neat RTIL. The inset of (b) presents the lattice fringe pattern (0.18 nm interplanar distance,
plane 201) of the CdSe hexagonal phase. Reproduced with permission from RSC Publications as
author of this (Guleria et al. 2014)

Fig. 19.18d) originate from the fusion of NFs. It may be worth mentioning that this
field is growing at a rapid rate where recent syntheses assisted by RTILs are reported
for ZnS nanoparticles, flower-like MoS2, PbS nanocubes, and CdSe hierarchical
dendrites.

Furthermore, FT-IR andRaman spectroscopic investigations indicateπ–π stacked
aromatic geometry and the hydrogen bond network between the nanoparticles and
RTIL cation/anion. Few control experiments were carried out in dilute RTIL with
varying water content. The morphology was examined as a function of water content
and time. A probable mechanistic scheme is shown in Fig. 19.19 (Guleria et al. 2014)
depicting the formation and evolution of the whole series of events employing the
RTIL structure and its fluidic aspects.

19.9 Core–Shell Quantum Dots

Two major factors, quantum confinement and surface effects, as discussed in earlier
sections influence the QDs’ properties. These effects are realized in the develop-
ment of optoelectronic devices and medical applications. Many basic bulk material
properties like melting point, solubility, reactivity, plasticity, magnetism and conduc-
tivity, etc., get transformed when QDs are formed. These QDs get easily dispersed
in solvents and can be functionalized at their surface. It may be stated again that
capping the surface is vital for obtaining luminescent and stable QDs. There are two
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Fig. 19.18 The different transient stages of as-grown CdSe nanostructures recorded with SEM
after 5 h of the reaction. They are a globular shape bNF structure c 3D flower-like pattern and d 2D
nanosheet-like structures (scale bar is 3 μm for (a)–(d)). Reproduced with permission from RSC
Publications as author of this (Guleria et al. 2014)

ways of achieving such capping (i) organic route and (ii) inorganic route (Fig. 19.20)
(Bera et al. 2010).

Capping action of organic molecules is provided by binding with surface atoms.
The benefits of the above passivation result in monodispersity, colloidal suspension,
and bio-conjugation. However, because of large organic capping molecular size, it
is not always possible to passivate cation and anion surface sites and achieve full
coverage of the surface. But the other strategy namely the inorganic passivation can
fully passivate surface trap states by growing another semiconductor layer over the
QD. In subsequent sections, the resultant substance called core–shell QDs (CSQD)
will be dealt with in detail. In such CSQD, fluorescence QY and photostability
are considerably improved. By selecting suitable core and shell materials and their
dimensions, the absorption and emission spectra, and other desirable properties can
be controlled. However, if there is a considerable mismatch of core and shell lattice
structures, the resulting lattice strain produces defect sites. The thicker shell also
generates misfit dislocations, which increase the non-radiative processes further and
decrease the fluorescence QY.
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Fig. 19.19 Mechanistic scheme depicting the formation and evolution of the whole series of events
in RTIL, ([EMIM][EtSO4]), as a function of time and mole fractions of water. Reproduced with
permission from RSC Publications as author of this (Guleria et al. 2014)

Fig. 19.20 Passivation of QD a organic way b core–shell QD by inorganic way and c energy band
offsets of CSQD. Reproduced from MDPI Publications under Creative Common Licenses (Bera
et al. 2010)
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Fig. 19.21 a Type I, b type II, c quasi-type II, and d reverse type I CSQD materials: and their
band alignment. Electron wave function is denoted by blue and the hole wave function by red color.
Reprinted with permission from RSC publications (Zhou et al. 2018)

19.9.1 Classification of Core–Shell Quantum Dots

Three categories of CSQDs, namely, type I, reverse type I, and type II are obtainable
depending on the energy bandgap offset (Fig. 19.21). Type I material is represented
conveniently where Eg,shell > Eg,core and the charge carriers are enforced within the
core. In reverse type Imaterial, the above bandgaps are in reverse order and the charge
carriers get partially or completely delocalized within the shell. Finally, in type II,
either valance or conduction band edge of shell material lies inside the bandgap of the
core material. Consequently, upon photoexcitation, the charge carriers are spatially
quarantined in a ditinct region of core–shell heterostructure (Reiss et al. 2009; Zhou
et al. 2018).

Additionally, there is an intermediate type of core–shell structure, termed quasi-
type II core–shell QDs. The most considered in this category is CdSe/CdS CSQD,
although essentially, it is a type I structure. Here the electronic wave function gets
delocalized over the entire nanocrystal, while the core material contains the hole
wave function (Reiss et al. 2009; Zhou et al. 2018).

19.9.2 Type-I Core–Shell Structures

The major transformation of semiconductor QD is the strongly enhanced band gap
fluorescence compared to the bulk phase. When all surface valences are satisfied
during synthesis, the surface is termed as well-passivated and QY gets enhanced
drastically. In the case of weakly bound capping agents, a dynamic equilibrium of
adsorption/desorption results, and they are also sensitive to post-synthetic treatments.
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Thus robust method of passivating the surface is needed to produce stable QDs with
pronounced quantum yields.

Innovative investigations were conducted where a significant enhancement of QY
of CdS QDs obtained by treating with hydroxide ion in the presence of excess Cd2+.
A passivating Cd(OH)2 shell formed around the QD prevents the movement of free
charge carriers to surface trap states.

Most of the CSQDs are synthesized in high-boiling organic solvents following
the procedure of Murray et al. (1993). This organic solvent synthesis provides less
polydisperse material compared to the aqueous synthesis route. The first successful
shellmade ofZnSoverCdSeQDswas achieved in 1996 byHines andGuyot-Sionnest
(1996) followed by further work on CdS/CdSe QDs.

The above twoCSQDswith high fluorescenceQYhave been investigated in detail,
and are treated as “hydrogen atom” for QDs. Standard core material, CdSe (band
gap of 1.7 eV; 728 nm), is chosen for using the entire visible radiation with 1.7–6 nm
QD size. Based on two different reasons ZnS and CdS are commonly used as shell
materials on CdSe core. Since ZnS has a large band gap (3.7 eV), it is possible to
confine the free charge carriers in the core even with a thin shell configuration. But
its synthesis via epitaxial growth route is rather difficult due to lattice mismatch in
CdSe–ZnS. However, CdS over CdSe offers relatively low lattice mismatch, even
with moderately thick shells. But its smaller band gap (2.5 eV) compared to ZnS,
leads to less effective electronic passivation for a certain shell thickness.

Figure 19.22 represents the absorption and emission spectra of CdSe/CdS CSQD.
Two key inferences can be drawn from the above spectra: (i) with increasing shell
thickness, the first absorption maximum gets red-shifted and (ii) the QY of the core–
shell configuration is higher compared to the bare QD. These are due to both the
charge carriers’ relaxation into the CdS shell, while the QY increase is due to surface
trap state passivation. For ZnS shell, the observations are similar but the red shift of
the absorption maximum is less prominent. It may be noted that the QY reaches a
maximumwith 1.8monolayers thickZnS shell. Suchmaximum inQYhappens due to
considerable lattice mismatch. Subsequently, extensive works have been carried out
to achieve simple control of the shell thickness for making better devices. Presently,
other than the above two, a large variation of type-I CSQDs have been prepared
(Hines and Guyot-Sionnest 1996; Li et al. 2003), which include CdS/ZnS, and InP/
ZnS.

It may be noted that due to their significant photo and chemical stabilities plus
high QY, type-I CSQDs are fast replacing the organic dye molecules in bio-labeling.
This kind of in-vitro or in-vivo biolabeling is quite useful in detecting/monitoring
the photoluminescence (PL) of the QD (cf. Sect. 19.11.6). In particular, the greatly
enhanced photostability along with narrower emission line width compared to the
organic dyes,make theseCSQDsprospective candidates for evenmulticolor labeling.
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Fig. 19.22 Left: TEM images of bare CdSe and CSQD with CdS shell of 1, 3, and 5 monolayers
thick; right: spectra (absorption and emission) of all the configurations. Reprinted with permission
from ACS publications (Li et al. 2003)

19.9.3 Type-II Core–Shell Structures

It has been discussed (Sect. 19.9.1) that characteristics of type II core–shell structures
arise due to the shell material’s valance or conduction band edge lying inside the core
material’s bandgap. Therefore, the charge carriers produced on photoexcitation are
spatially restrained in distinctive regions of the core–shell heterostructure (Hines
and Guyot-Sionnest 1996; Li et al. 2003). In effect, the electron and hole being in
two different locations undergo remarkably slower recombination rate prolonging
the luminescence lifetime.

Usually, type-I nano heterostructures have better performance than core QDs
in regard to their fluorescence QY and photostability. But, type-II heterostructures
behave differently compared to type-I or core QD material. In this case, due to stag-
gered band alignment, spatially indirect transition occurs at energies lower than both
core and shell materials’ band gaps. Therefore, the emission of type-II materials
occurs at different wavelengths than either type-I or core QDs. Moreover, the lumi-
nescence lifetime of type-II heterostructures is observed to be shorter than type-I
material.

A promising application of type-II materials namely QD laser has recently been
demonstrated. The band alignment and slight charge carrier wave functions’ overlap
make the exciton-exciton interaction repulsive. Interestingly this behavior is appro-
priate for building QD laser based on the principle of amplified stimulated emission
(ASE).Thefirst such system reported is colloidal type-II (CdTe/CdSe)materialwhere
the band offsets allow the electron to be located in the shell CdSe and the hole in the
core CdTe. Moreover, the spatially indirect valance (CdTe) to the conduction band
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(CdSe) transition affects the absorption and emission wavelengths to be red-shifted
compared to pure CdTe. Thus, it is possible even to emit wavelengths not accessible
with core and shell materials and the emission was achievable up to 1000 nm.

Klimov et al. studied CdS/ZnSe core–shell nanoparticles in detail and success-
fully demonstrated their use for ASE (Klimov et al. 2007). The first observation
is that shorter emission wavelengths compared to the band gaps of core and shell
materials (CdS = 2.5 eV; ZnSe = 2.7 eV). The initial emission spectrum has two
components assigned to a very fast decay of doubly excited particles and to a long-
lived decay of singly excited particles. The difference between these two transitions
is about 100 meV, having a doubly excited transition shifted toward higher ener-
gies. Both findings can be correlated to the type-II structure. On the contrary, in
type-I nanocrystals where the electrons and holes are constrained in the same space,
the exciton-exciton interactions are typically weak and attractive. This provides the
doubly excited transition small shift toward lower energies.

The ASE behavior on examination yields some interesting features. Type-I mate-
rials can produce ASE at the doubly excited transition wavelength, while the type-
II materials produced ASE at the central emission wavelength originating from
the singly excited transition. Due to this effect, the type-II systems have a lower
pump energy threshold for ASE compared to type-I systems. Consequently, this
conduct makes type-II CSQD materials favorable candidates for laser development
(Sect. 19.11.5).

19.9.4 Synthesis of Core–Shell QDs

Core–shell QDs can be synthesized involving a two-stage process where the first
stage produces core QDs and the second stage makes the shell. We have already
dealt in detail the synthesis of core QDs in Sects. 19.3, 19.4, and 19.5. The material
and its thickness are two critical parameters for growing the shell. As for the mate-
rial, generally, semiconductors are chosen for the core and shell with minor lattice
mismatch. This mismatch is kept nominal to avoid lattice strain and defect states.
These defect states are responsible for trapping the charge carrier and detrimental in
lowering PL QY.

Next, the thickness of the shell material decides the effectiveness of the surface
passivation. While thin shell material may lead to inadequate passivation, the thicker
ones are likely to produce more defect states arising from lattice strain. Using the
following simple scheme, the proper shell thickness can be estimated. First, the shell
material volume, V shell is calculated for the deposition of “m” monolayers of shell
thickness:

Vshell = 4

3
�

[
(rc + m × dML)

3 − r3c
]
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Table 19.2 Important parameters for bulk II–VI semiconductors

Semiconductor Structure (300 K) Egap (eV) Density (g cm−3) Lattice parameter (A0)

CdTe Zinc blende 1.43 5.870 6.48

CdSe Wurtzite 1.74 5.810 4.3/7.01

ZnTe Zinc blende 2.39 5.636 6.104

ZnSe Zinc blende 2.69 5.266 5.668

CdS Wurtzite 2.49 4.820 4.136/6.714

ZnS Zinc blende 3.61 4.090 5.41

where rc is the core radius and one monolayer shell thickness is dML expressed in
nm.

Knowing V shell, the material nshell in moles is assessed for depositing “m” mL
shell

nshell = Vshell × Dcore × NA × nQD
MWcore

where MWcore and Dcore are the molecular weight and density of the core material,
NA is the Avogadro number, and nQD represents core QDs in solution in moles

After estimating the required shell thickness, successive ionic layer adsorption
and reaction (SILAR) technique is employed for deposition. This technique involves
careful introduction of anionic and cationic precursors into the core solution and
one monolayer is deposited at a time. Repeating the above procedure, the requisite
number of monolayers can be deposited on the core QDs’ surface. Core–shell QDs
having monodispersity and high luminescence yield are obtained by this technique.

A list of important material parameters is given in Table 19.2 for some useful bulk
II–VI semiconductors.

19.9.5 Hydrothermal Process for CdSe–CdTe Core–Shell
QDs

A two-stage hydrothermal process (Ramalingam et al. 2022) is used to prepare
CdSe–CdTe QDs where CdSe nanoparticles are prepared first and then added to
the precursors of CdTe. The materials required are (i) cadmium nitrate tetrahy-
drate (Cd(NO3)2·4H2O), (ii) sodium selenite (Na2SeO3), (iii) hydrazine hydrate
(N2H4·H2O), and (iv) ammonia (NH3·H2O).

Aqueous solutions of cadmium nitrate tetrahydrate and sodium selenite were
made separately. The Cd2+ ion in cadmium nitrate solution was converted into Cd
(NH3)42+ ion by treating with ammonia. On the other hand, Na2SeO3 is dissociated
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by mixing with hydrazine hydrate to produce hydrogen selenide (H2Se) where the
oxidation state of selenium changed to Se2−. By mixing together these solutions,
CdSe cluster is formed which is next added to the CdTe precursor solution prepared
by the following method. The key precursor NaHTe is prepared freshly by mixing
NaBH4 with Te (2: 1 molar ratio):

4NaBH4 + 2Te + 7H2O → 2NaHTe + Na2B4O7 + 14H2 ↑

Stoichiometric amount of NaBH4 is transferred to an ice-chilled flask, followed
by the addition of H2O and Te powder. The black Te powder gets dissolved in sodium
borohydride solution after 2 h of vigorous stirring, to produce sodium tetra borate
(Na2B4O7) as white precipitate and supernatant NaHTe. The pressure build-up from
generated hydrogen is released carefully through a vent provided.

This freshly prepared NaHTe solution is used to dissolve cadmium nitrate tetrahy-
drate (Cd(NO3)2·4H2O) and then 1.2 g of L-cysteine (C3H7·NO2S) as a capping
agent in 25 ml of deionized water and CdSe is added gradually. The overall reaction
is represented as

NaHTe + Cd(NO3)24H2O + CdSe
L−Cysteine−→ CdSe − CdTe ↓ + NaOH

+ N2O ↑ + 4H2O + 2O2 ↑

The solution is relocated in a teflon-lined autoclave and heated at 180 °C in an
oven for six hours. Figure 19.23 illustrates the step-wise hydrothermal synthesis
process of CSQD (Ramalingam et al. 2022).

The solution is transferred to a flask from the hydrothermal reactor. Under
refluxing conditions (at 110 °C), different durations produced controllable sized

Fig. 19.23 Schematics of CdSe–CdTe quantum dots synthesis. Reproduced from De Gruyter
Publications under Creative Common Licenses (Ramalingam et al. 2022)
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CSQD. The refluxed solution is subjected to centrifuge and the precipitate is repeat-
edly washed with deionized water/ethanol. The precipitate was finally isolated using
vacuum filtration and exposing it to 110 °C for three hours. The crimson-colored
CdSe–CdTe core–shell QD obtained is characterized with XRD, SEM–EDX, TEM,
and SAED techniques (Ramalingam et al. 2022). All these techniques are now
regularly used for characterization of QDs and CSQDs.

19.10 Characterization of Core–Shell QDs

As-prepared nanocomposites are characterized with powder XRD patterns with
nickel-filtered (monochromatic) CuKα radiation (1.5406 Å with a 0.02°/s scanning
rate). Morphology of the materials is obtained using a scanning electron micro-
scope (SEM) and energy-dispersive X-ray analyzer (EDX). Microscopic images of
nanostructures is obtained through a transmission electronmicroscope (TEM, 200kV
acceleration voltage). Additionally, selected area electron diffraction pattern (SAED)
is recorded with a 120 cm camera. UV–Vis–NIR spectrometer (200–900 nm) is used
to characterize the absorption spectrum of the nanocomposite while the emission
spectrum is obtained using a spectrometer (300–600 nm) with 380 nm as excitation
wavelength.

19.10.1 X-Ray Diffraction (XRD) Studies

Nanocomposites are characterized by powder XRD technique with nickel-filtered
(monochromatic) CuKα radiation (Fig. 19.24) (Ramalingam et al. 2022).

Fig. 19.24 XRD patterns of
CdSe–CdTe CSQD.
Reproduced from De
Gruyter Publications under
Creative Common Licenses
(Ramalingam et al. 2022)
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XRD patterns revealed the synthesis of hexagonal CdSe and cubic CdTe poly-
crystalline compounds. CdSe hexagonal phase formation is characterized by the
peaks at 24.19° (002 plane), 27.62° (101 plane), 42.28° (112 plane), and 56.95° (002
plane). The other recorded peaks at 13.70, 24.19, 35.38, and 39.87° are due to CdTe
cubic phase (100, 111, 211, and 220 planes). The diffraction peaks are matched with
standard literature corresponding to CdTe and CdSe, respectively. The constrained
particle size is reflected in wider signature peaks. Interestingly, even when CdSe is
enclosed by CdTe, the diffraction peaks of CdSe cubic structure can be recognized.
Williamson-Hall method can be used to find the size (D) and the induced strain (ε):

β cos θ = Kλ

D
+ 4ε sin θ,

where λ is the wavelength of the X-ray used, β is the intensity FWHM, θ is Bragg’s
angle, and K is the shape factor. Using this formulation, the estimated 12.6 nm
grain size of CdSe/CdTe confirmed the formation of a quantum dot. Further, SEM–
EDX and TEMmeasurements revealed the shape and presence of the compositional
elements.

19.10.2 SEM–EDX Analysis

Figure 19.25a presents the SEM image of CdSe–CdTe CSQD (Ramalingam et al.
2022). The monodispersed spherical nanoparticles are found without agglomera-
tion. TEM analysis provides the precise measurement of the QD size and uniform
particle size (10–20 nm) was found from the surface morphology. The EDX spec-
trum (Fig. 19.25b) indicates the presence of elemental Cd, Se, and Te in the QD. The
result of the high weight and atomic percentage of Cd (shown in the Fig. 19.25b)
indicate that both Se and Te are bonded to Cd.

19.10.3 TEM Analysis

Figure 19.26a–e represent the TEM images of CdSe–CdTe CSQDs (Ramalingam
et al. 2022). The TEM images (@50–100 nm scale) (Fig. 19.26a, b) are indicative of
vastly monodispersive and spherical nanoparticles. Further magnifications (@20 nm
scale) (Fig. 19.26c) show the accurate particle size (~8–10 nm), which corroborates
the XRD and SEM observations.

At higher magnifications, the TEM morphology and SEM morphology corrob-
orates each other showing freestanding particle. The employed capping agent L-
cysteine aided in size tuning of QDs and also refining the agglomeration.With higher
magnifications (@5 nm scales), the surface indicates the unification of two crystal
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Fig. 19.25 a SEMmorphology and b EDX spectrum of CdSe/CdTe. Reproduced from De Gruyter
Publications under Creative Common Licenses (Ramalingam et al. 2022)

Fig. 19.26 TEM images (a–e) and SAED pattern (f) of CdSe/CdTe CSQD. Reproduced from De
Gruyter Publications under Creative Common Licenses (Ramalingam et al. 2022)

structures probably due to CdSe QDs encircled with CdTe QD patches (Fig. 19.26d,
e). In Fig. 19.26d, the CdSe surface and covering compound CdTe are shown by
circles.
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Fig. 19.27 Growth orientation (a) and electron–hole trapping (b) at the interface of CdSe–CdTe
CSQD. Reproduced fromDe Gruyter Publications under Creative Common Licenses (Ramalingam
et al. 2022)

These heterojunction CSQDs have significant advantages when effective exciton
production/dissociation is combined with transporting separated charge carriers
through discrete channels. It is now feasible to make heterojunction CSQDs with
atomic-level control for efficient photovoltaic applications. The core and shell
components are recognized by recording the SAEDpattern shown in Fig. 19.26f. The
inner and outer circular regions are ascribed to the CdSe (002) plane and CdTe (100)
plane respectively. Further growth orientation of CdSe–CdTe CSQDs and electron–
hole trapping at the interface is schematically presented in Fig. 19.27a, b (Rama-
lingam et al. 2022). The nonpolar interfaces (1010) of the surface facet are guided
toward the wurzite (0001) direction as shown in Fig. 19.27a; the figure also shows
the trapping of a fraction of holes at the CS interface (Fig. 19.27b).

19.10.4 Optical Absorption and Photoluminescence (PL)

Figure 19.28 represents the absorption and emission spectra of CdSe–CdTe QDs
(Ramalingam et al. 2022). The absorption spectra (200–800 nm) consists of an exci-
tonic peak at 560 nm and photoluminescence peak at λemi ~ 585 nm. When the PL
maximum is nearer to its absorption onset, an increase in emission is observed owing
to the direct recombination of HOMO and LUMO charge carriers. The CdSe–CdTe
QDs obey type II characteristics and the observed optical absorption together with
PL emission conforms the exciton nature of the type II material.

The observed emission in the λemi ~ 560–590 nm range arises due to several
structural defects in the CSQDmaterial. The plausible reason for the emission is due
to the significant surface-to-volume (S/V) ratio, which normally creates interstitials
and vacancies resulting in trap level. PL intensity is boosted due to low-concentration
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Fig. 19.28 CdSe–CdTe
CSQDs: (A) Optical
absorption and (B) PL
spectrum. Reproduced from
De Gruyter Publications
under Creative Common
Licenses (Ramalingam et al.
2022)

CdTe doping, where radiative recombination takes place at extra centers of CdSe.
Three different phenomena are considered based on the optical properties: (i) reduced
strain at the graded situations, (ii) lower defect concentration at the interface, and
(iii) charge transfer cascading. These factors enhance the charge separation yield
and charge carrier mechanism, which are utilized in photovoltaic device to enhance
its efficiency (Ramalingam et al. 2022). Of late, some energy storage devices have
started incorporating electrodes made with similar uniform spherical CdSe–CdTe
CSQDs.

19.11 Applications of Core–Shell QDs

Currently, these CSQDs having excellent properties like size selected bandgap
tunability, large PL having narrow FWHM, extended lifetime of excited-state, and
good stability are being utilized for numerous applications. Some selected areas like
solar cells, light-emitting diodes (LEDs), and biomedical applications will be dealt
with in detail in the following sections.

19.11.1 Solar Cells

Quantum dots have revolutionized the area of making efficient solar cells. The tradi-
tional solar cell relies on sunlight photon knocking electrons out of a semiconductor
into a circuit and producing electric power. However, the process efficiency is quite
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low, which can be enhanced (typically 10% more efficient) by producing more elec-
trons (or holes) for each solar photon that strikes QD materials. QD devices offer
the added advantage of miniaturization in applications like CCDs (charge-coupled
devices) and CMOS sensors.

In the initial developments, various QDs such as II–VI (CdSe, etc.) and IV–VI
(PbSe, etc.) materials are employed as sensitizers in making the solar cell (Klimov
2006). However, as pointed out earlier, core–shell QDs offer superior qualities of
controllable bandgap tunability along with photo-bleaching stability. Presently, type
II material provides better cell efficiency though all three types of CSQDs are in use
for various solar cell fabrication.

The QD-sensitized solar cell comprised of photo anode, counter electrode, and
liquid electrolytes (Fig. 19.29a) (Pan et al. 2018). The photoanode is made of fluorine
or indium-doped tin oxide (FTO or ITO) glass on which deposited a large bandgap
semiconductor (ZnO, or TiO2, etc.) material serving as a light absorber. Basically,
solar photon excitation produced the charge carriers, i.e., electrons in the conduction
and holes in the valance band of the QD. Then, the electrons are quickly introduced
into the conduction band of TiO2 and transported to the counter electrode via the FTO
substrate. Meanwhile, reduced species of redox couple in the electrolyte neutralize
the oxidized QD while the oxidized species of redox couple get reduced by the
electrons from the counter electrode. The resulting photocurrent is measured via an
external circuit.With the help of the characteristic J–V curve and the equation below,
the power conversion efficiency (PCE) is calculated:

PCE =
Imp · Vmp

Pin
= Jsc · Voc · FF

Pin

where Pin is incident power density, Imp and Vmp are photocurrent and photovoltage,
V oc is the open-circuit voltage, Jsc is the short-circuit density, and FF represents the
fill factor given by the ratio of specific value Pmax to V oc and Jsc (Fig. 19.29b) (Pan
et al. 2018).

First use of core–shell QDs (inverted type I CdS-CdSe) as a sensitizer in solar cell
was reported in 2009 (Lee and Lo 2009) where PCE value of 4.22% was obtained.
After this, a large number of CSQDs are employed in the fabrication of the solar cell.
Following years witnessed a new class of solar cells employing type I CdSe–ZnS
CSQDs to sensitize TiO2, where significantly improved stability of photo anode is
reported. Improved PCE to the level of 9.48% was achieved using a novel type I
CdSeTe/ZnS CSQDs, which is better than bare CdSeTe QD (8.02%) (Yang et al.
2015).

Further development occurred with the utilization of type II ZnSe/ZnS CSQDs.
Due to the better charge separation process, it registered a high PCE efficiency.
Synthesis of alloys like CdSexTe1–x/CdS core–shell QDs by microwave-aided
aqueous method produced 5.04% PCE. PCE was enhanced to 6.76% by sensitizing
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Fig. 19.29 QD-sensitized solar cells (a) typical J–V graph (b). Reprinted with permission from
RSC Publications (Pan et al. 2018)

Fig. 19.30 Comparative performances of three types of solar cells based on CdSe QD, ZnTe/CdSe,
andCdTe/CdSeCSQD: a J–V characteristics and b IPCE characteristics. Reprintedwith permission
from RSC Publications (Jiao et al. 2015)

with CdTe/CdSe CSQDs and further to 7.17% by employing ZnTe/CdSe CSQDs,
both type II materials (Fig. 19.30) (Jiao et al. 2015).

19.11.2 Light-Emitting Diodes (LEDs)

Quantum dots offering several important advantages, are quickly put to use into
computer screens and displays. The typical liquid crystal display (LCD) produces the
image made by tiny red, blue, and green crystals. They perform as color filters which
can be switched off and on using electronic control and they are also illuminated by a
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bright backlight. However, QD-based displays look much more realistic and energy
efficient since the quantum dots’ color can conveniently be tuned and they do not
need any backlight. These advantages are important in fabricating portable devices
like mobiles where robust battery life is needed. Further quantum dots being much
smaller than liquid crystals, they provide a much higher resolution image. It may be
mentioned that since the brightness of typical quantum dots is higher compared to
organic LEDs (OLEDs), theywill possibly replaceOLEDdisplays as well. Summing
up, QDs can be employed to make brighter TV screens with accurate colors of red,
green, and blue pixels than in traditional LCD or competing OLED screens.

Presently, LEDbased onQDs (QLEDs) have gainedmuch attention for its superior
brilliance (~200 kilo cd m−2), color purity (fwhm < 30 nm), and small working
voltage (<2 V). The QLEDs are built with components like cathode, anode, QD
films, electron/hole transport layers (ETL/HTL) (Fig. 19.31) (Choi et al. 2018).
Applying a potential between the electrodes, electrons, and holes are introduced into
ETLs and HTLs. Additionally, the charge carriers introduced into the QDs undergo
radiative recombination. Above-charge transport materials (ETL/HTL) are crucial
for the stability and efficient performance of QLEDs.

QLEDs normally use type I CSQDs because of their broader bandgap shell mate-
rial confining the exciton and also minimizing surface defect states. This leads to
increased quantumefficiencydue to better PLQYand stableQD. Itmaybe noted such
enhanced PL QY not necessarily indicative of its electroluminescence (EL) perfor-
mance. Detrimental processes like Augur recombination and inter-particle energy
transfer are dominant with the interface structure and thus modification of structure
becomes a critical issue (Choi et al. 2018). Better EL performance has been obtained
with an enriched intermediate shell of ZnSe or CdS for CdSe/ZnS structure.

Highly stable QD with desired blinking properties can be made either by thick
shell or multi-shell coverage on the QDs. This procedure enhanced PL QY and
efficient suppression of the charge instability leading to superb device performance.

Fig. 19.31 a QLEDs device structure b energy-level illustration depicting charge introduction
scheme. Reproduced from Springer Nature under Creative Common Licenses (Choi et al. 2018)
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Recently, excellent green luminescent CdSe/ZnSCSQDs have beenmade employing
a thick ZnS shell covering CdSe (Hao et al. 2019).

19.11.3 Optical Switching and Optical Limiting

It has been pointed out that quantum confinement makes QDs a potential third-
order nonlinear optical materials (NLO). In recent times, CdSe QDs, have attracted
attention in applications like optical switching and optical limiting. These effects are
demonstrated using Z-scan measurement carried out with 532 nm nanosecond laser
(Valligatla et al. 2016). It showed that at lower intensities, saturable absorption (SA)
dominates while higher intensities recorded reverse saturable absorption (RSA). The
SA is essentially ascribed to bleaching of the ground state and RSA arises due to
free carrier absorption (FCA) of CdSe QDs.

Figure 19.32 presents the intensity-dependent open-aperture Z-scan curves of
CdSe QDs in the input intensities (532 nm) ranging from 90 to 450 MW/cm2 (Valli-
gatla et al. 2016). It can be seen that in the range of 90–140 MW/cm2, the SA
becomes stronger with a concomitant broad Z-scan curve. Increasing the intensity
further, RSA becomes dominant with a decrease in the transmittance. Under such
intense excitation, resonant second photon absorption takes place lifting the excited
electron in the conduction band to a still higher conduction band level. This process
is known as free carrier absorption (FCA), which contributes to RSA. Thus, at higher
intensities, SA of lower excited states competes with FCA resulting in RSA over SA.

Thus, the optical limiting behavior in working with nanosecond lasers depends
on both FCA and thermal nonlinearities. This performance is utilized in mode-
locking laser systems as saturable absorption at lower intensities while based on RSA
behavior at high intensities. Therefore, CdSe QDs can have many applications like
optical pulse compression, optical switching, and optical pulse narrowing. Extending
the open aperture Z-scan studies of nanosecond laser to picosecond regime, a similar
shift of SA to RSA is observed. In nanosecond laser excitation, contribution arises
from thermal nonlinearities while electronic contribution with picosecond laser exci-
tation. It may be worth pointing out that signs of nonlinearities owe to their origins
such as a negative sign for thermal and a positive sign for electronic contribution.
It is also found that optical nonlinearities tend to be always higher in nanosecond
compared to pico-second laser excitations (Valligatla et al. 2016).

19.11.4 Optical Gain and Lasing

Investigation of optical gain in QDs led to a key development in demonstrating laser
action in such a medium. With size-tunable quantum dots, stimulated emission with
sufficient gain can be achieved at convenient wavelengths. With continued R&D in
this area, QDs are now routinely synthesized comprising 100–10,000 atoms, having
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Fig. 19.32 Nonlinear absorption curves of CdSe QDs as a function of intensities of 532 nm
nanosecond laser. Reproduced with permission from Elsevier Publications (Valligatla et al. 2016)

various sizes (1–10 nm), shapes (spherical, elongated, hollow, branched, etc.), and
compositions (IV, II–VI, I–III–VI, I–II–VI–VI group materials). Such custom-made
CSQDs are getting a lot of attention for development of active medium of micro-
laser. Critical parameter for the achievement of laser action is to boost the optical
gain determined by the difference in rates of absorption and stimulated emission.
Recently, extensive investigations are being pursued on colloidal nanocrystals for
laser development.

High performance and stable optical gain media have been worked out using
tailored CdSe core (spherical; 2.4 nm) and CdS shell (rod; 39 nm) QDs and one- or
two-photon pumping schemes. The attractive feature of such a configuration is to
obtain tunable laser radiation by controlling the core and shell dimensions.Moreover,
the 39 nm long nanorod shell provides a 2–4 times higher two-photon absorption
cross-section compared to spherical CSQD. It may be even possible to achieve a
still higher two-photon absorption cross-section by optimizing the dimensions and
composition of CSQDs. Nanorods are capable of two-photon pumped lasing action
even using a spherical optical cavity. Such smart engineering of heterostructures, in
turn, offers promising opportunities for application inmore areas.With these exciting
developments, CSQDs are placed at the center stage of nanotechnology and are
eloquently employed for making newer nanodevices using II–VI group compounds,
particularly CdSe and CdTe.
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19.11.5 Colloidal Quantum Dot Laser (Park et al. 2021)

For spherical QD particles having radius R, the quantum confinement-induced shift
of its band gap is given by 	Econf = Eg − Eg,bulk, where Eg,bulk is the band gap of
the bulk material and is proportional to R−2. The size-dependent band gap permits
easy tuning of the emission wavelength, which has been utilized in televisions and
displays based on colloidal quantum dot (CQD). Proof-of-principle investigations
have been carried out about 20 years back when CQD lasing was demonstrated
(Park et al. 2021). Presently, CQD nanostructures are being used as commercial-
grade optical and optoelectronicmaterials to build various devices like TVs, displays,
and luminescent sunlight collectors. Researchers are now working to beat the non-
radiative Auger recombination for the development of CQD laser. Let us now have
a look at the working of CQD laser.

Light amplification in strongly confined CQDs resembles a simple 2-level system
having a pair of electrons with opposite spins in its valence band (VB) state
(Fig. 19.33) (Klimov et al. 2000).An exciton (single e–h pair) is generated by exciting
an electron into the conduction band (CB). Such a state is capable of emitting light
but cannot amplify the radiation, since the probability of stimulated emission by the
CB electron is the same as photon absorption by the remaining electron in the VB.

This situation is similar to “optical transparency” (Fig. 19.33, middle), however,
CQD can amplify radiation when the second VB electron is also excited to the CB
achieving the population inversion required for lasing action. In effect, CQD starts
lasing when an appreciable fraction of the QDs produce biexcitons (two e–h pairs)
(Fig. 19.33, right).

Fig. 19.33 Simple two-level description of CQD laser. When both electrons are excited into a
biexcitonic state, the incident photon can induce stimulated emission. This is adapted from Springer
Nature (Klimov et al. 2000)
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Of late, two schemes have been employed to beat the Auger decay: (i) nonbiex-
citonic mechanisms are single-exciton gain, implemented with type II CQDs, and
(ii) charged-exciton gain, using photochemical or electrochemical CQD doping. The
incentive is to effectively reduce the degeneracy of band-edge states so that biexcitons
are not required to achieve optical gain.

Recent investigations have several demonstrations of direct control of Auger
decay by making compositionally graded interiors of CQDs. It was implemented
with continuously graded CQD material CdSe/CdxZn1−x Se/ZnSe0.5 S0.5 which
boosted the biexciton PL QYs to about 45%. Interestingly, Auger decay was heavily
suppressed but still preserving large quantum confinement, with 	Econf of about
10 kBT at room temperature. Further, R&D in Auger decay engineering led to the
demonstration of optical gainwith direct-current electrical pumping (Lim et al. 2018)
for the first time.

Currently, CQDs are attracting attention as cheap and scalable optical-gainmedia.
Further, recent insight and control of processes impeding light amplification have
resulted in several breakthroughs. They are optically pumped cw laser, optical
gain with dc-injection, and the demonstration of dual-function electroluminescent
devices.

19.11.6 Biological and Chemical Applications

Quantum dots are making rapid strides in various medical fields like cancer treat-
ments. Anti-cancer drugs bound to dots are made so that they get accumulated in
particular parts of the body and deliver them. The big improvement over conven-
tional drugs is that they can be precisely targeted at single organs such as liver,
kidney, etc. This in effect reduces the undesired side effects associatedwith traditional
chemotherapy.

Quantumdots are fast replacing organic dyes inmedical applications aswell. They
can be used like nanoscopic light sources to illuminate and such color-specific cells
can conveniently be studied under a microscope. Chemical and biological warfare
agents such as anthrax can be detected using them.Unlike organic dyes, QDs produce
a very bright desired color and are also photostable. Based on the knowledge of light
dependence on plant growth, experiments have been undertaken using quantum dots
to concentrate different colored lights for maximizing plants’ growth.

Biological systems are quickly adopting the nanometric approach in their applica-
tions. Due to the similarity in size scales, appropriate QDs can be accurately designed
and incorporated into many proteins having about tens of nm sizes. It is well known
that biological systems being complex, their synthesis, structure, function, etc., are
seldom understood in detail. Rational design of QD structures of the same size
mimicking biological molecules will also provide a handle to probe and modify
biological systems. Rapid entrance of nanostructures is taking place in the field of
labeling, sensors, and drug delivery. In subsequent sections, detailed discussion will
be made about some of their optical, biological, and chemical applications.
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Around 1990, the QDs started playing a crucial role in biomolecular imaging,
sensing, gene and drug delivery, and photodynamic therapy (Martynenko et al. 2017).
QDs have many attractive features like size, surface chemistry, spectral properties,
and finally, their stability. With all these features, they are being utilized for in-
vitro and in-vivo detection/imaging in biological systems. While the parameters like
emission wavelengths, stokes shift, and large absorption cross section can easily be
controlled with changes in their size or composition, but their biocompatibility can
be retained.

19.11.6.1 Biosensing

In medical science, with the help of specific biomarkers, it is possible for early
detection/therapy of diseases and QDs are finding extensive use in such applica-
tions. Biosensing is done by looking at the quenching of QDs’ luminescence. For
example, investigations are carried out on heme iron absorption and clofazimine-
protein interaction (Yang et al. 2016b) by employing core–shell biosensor. For this,
Förster resonance energy transfer (FRET) scheme is employed with CdZnSeS/ZnS
alloyed CSQD as energy donor. Alongside, another scheme is used by first capping
of multifunctional polymer and followed by functionalizing with cyanine 3-labeled
human serum albumin (HSA) (Yang et al. 2016b) known as the direct ligand method.

19.11.6.2 Gene and Drug Delivery

The medical applications recently have seen increased demand for gene and drug
delivery. Many benefits are recognized by using drug-formulated QDs providing
targeted drug delivery, better cellular uptake, and long lifetime. Various in-vivo and
in-vitro studies have been made with new bioconjugated QDs (Matea et al. 2017).
Recently, the drug paclitaxel (PTX) has been used for human cancer therapy with
CdTe/CdS/ZnS core–shell QDs. The PTX drug loaded on ZnSe:Mn/ZnS CSQDs
and hybrid silica nanocapsules are used for fluorescence imaging and chemotherapy
(Zhao et al. 2017). Recently, antibacterial and anticancer nano-drugs have been
developed by quercetin (QE)-loaded CdSe/ZnS CSQDs.

19.11.6.3 Therapy

Both in-vitro and in-vivo photodynamic therapy have seen enormous progress
using QDs either alone or with efficient photosensitizers such as phthalocyanines,
porphyrins organic dyes, inorganic complexes, etc. It may be noted that photo-
dynamic therapy proceeds through singlet oxygen and various reactive oxygen
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species (ROS) (Biju et al. 2010). Initially, it was found that QDs have poor effi-
ciency in producing singlet oxygen, however, later ~70% enhancement in effi-
ciency was obtained by conjugating choline e6 with QDs. But, further progress
in bio-applications is stalled due to cytotoxicity of cadmium in QDs.

19.12 Summary and Future Prospects

The present overview provides a broad perspective for II–VI semiconductor CSQDs,
especially their chemical synthesis and their prospective applications in solar cells,
LEDs, biomedical, etc.

It is reasonably tough making forecasts of future technology. It is worth
mentioning the way the quality of life improved worldwide with blue GaN LED
for solid-state lighting. Further combining this LED with luminescent QDs led to
another influential technology. These inexpensive and energy-efficient devices are
capable of producing pure colors as well as broad-band white light. They are utilized
both in macroscopic and microscopic scale area lighting with white LEDs (Osram)
and micro-LEDs.

Future QDmaterials are best suited for high-quality pictures in TVs andmonitors.
QD technology started penetrating the TV market from 2015, and by 2018, the sale
of QD TVs reached $18.7 million. The forecast indicates (Peach 2015) (Fig. 19.34)
that QD technology will be adopted by 2025 for TVs (60%) and monitors (51%).
Further, QDs have strategic use in defense or counter-espionage, by integrating QDs
into dust to track enemies.

Two break-through application areas with QDs are worth revealing:

Fig. 19.34 Sale ($ million) forecast for QD devices/components during 2016–2026. Reproduced
from Internal (Peach 2015)
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Table 19.3 Li-Fi versus Wi-Fi technologies (Kaushik et al. 2017)

Item Li-Fi Wi-Fi

Speed 1–3.5 Gbps 54–250 Mbps

Range 10 m 20–100 m

Spectrum range 10,000 times than Wi-Fi Radio spectrum range

Data transfer medium Light used as carrier Radio spectrum

Frequency band 100 THz 2.4 GHz

Safety Non-hazardous Hazardous

(a) Li-Fi Technology:With fast capabilities, LEDs, are being utilized in transferring
data between computers. Li-Fi (Light Fidelity) technology uses visible light as
the carrier in data transmission/networking, whereas Wi-Fi uses radio wave-
length. Li-Fi is attractive as one futuristic technology where every bulb can be
converted into a whole new Wi-Fi hotspot. With this innovation, information
can be networked at a speed as fast as about 10 Gbps. It is contemplated that
Li-Fi may be employed soon with its unique properties (Table 19.3) in aircraft,
hospitals, and underwater communications (Kaushik et al. 2017).

(b) Quantum Information Science: Currently, the computers are getting faster and
smaller with advanced technology, but eventually, the physical limits of mate-
rials will impede the activity, till we find completely different technologies.
As already discussed one possibility is to store and transmit information with
photons in place of electrons, i.e., the technology of photonics. It is knocking
at the door to build optical computers using QDs in a similar way the present
computers are built upon transistors for memory chips and logic gates. Optical
computers are expected to be realized soon depending on the progress made
by computer scientists. It may be pointed out that quantum computer works on
quantum bits stored by “entangled” atoms, ions, electrons, or photons and they
can work on different problems in parallel.

From our previous discussion on CQDs, it may be quite easy to incorporate
either single QD or QD arrays. Current insight of such a system is continuously
improving about their quantum coherent effects to use them as podiums for quantum
information science. CQD designing has the flexibility to achieve control of quantum
mechanical properties like charge and spin. Investigations are progressing at a fast
rate for optically addressable qubits usable in quantum computation, simulation, and
sensing.

Summarizing, R&D on QD is progressing at a great pace. It is working at the
cross-roads of chemistry, physics, materials science, and engineering. Development
in this area over the last 20 years has parallel in bulk semiconductor technology during
mid-twentieth century. In the end, it may bementioned that the halide perovskiteQDs
are the latest entrant having many more promising features. Researchers all over the
world are hopeful in mitigating the cytotoxicity issue of cadmium, lead, etc.; these
small wonders will have endless frontiers.
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Chapter 20
XAFS Characterization
of Materials—A Realistic Evaluation

Debdutta Lahiri

20.1 Introduction

X-ray Absorption Fine Structure (XAFS) is a synchrotron-based contemporary tech-
nique for the simultaneous determination of chemical and structural information for
selected element in condensed matter (Koningsberger and Prins 1988). XAFS is
essentially a subgroup of x-ray absorption experiments, in which incident x-ray
energy is tuned around the binding energy (E0) of a component element of sample.
RepresentativeXAFS spectrum (for Cu foil) is presented in Fig. 20.1a. In the simplest
experimental setup (inset of Fig. 20.1a), absorption coefficient μ(E) is measured by
the attenuation of x-rays passing through the sample, governed by Lambert–Beer
law: It = I0e−μt ; I0 and It are incident and transmitted intensities of x-ray and

t = sample thickness. XAFS experiments involvemeasurement ofμ(E) α ln
(

I0
It

)
, as

function of incident x-ray energy E (tuned around E0). XAFS spectrum (Fig. 20.1a)
displays a sharp rise at E0—the so-called “absorption edge,” resembling “resonance”
phenomenon. This is followed by a smooth decreasing background, modulated by
oscillations, called “fine structure” of x-ray absorption.XAFSoscillations are divided
into two sub-regions, marked in Fig. 20.1a: (a) X-Ray Absorption Near Edge Struc-
ture (XANES), within 30eV of edge and (b) Extended XAFS (EXAFS), beyond
30eV past edge. XANES and EXAFS, respectively, contain valence state informa-
tion of the x-ray excited atom and “local” structural information around this atom
(within 10Å). Figure 20.1b depicts the extraction of XAFS oscillations [χ(k)], as
function of photoelectronwave-vector (k); Fig. 20.1c depicts the Fourier transformof
χ(k) into radial distribution function |χ(R)| for extraction of structural information.
XAFS technique has dramatically evolved over decades as a unique and versatile
tool, for its powerful advantages such as (i) simultaneous information of structure
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and chemical state, e.g., in catalysis (Grunwaldt and Frenkel 2009; Timoshenko
and Frenkel 2019); (ii) element-resolved information, e.g., for alloys (Frenkel et al.
2000), [A vs. B]—sites in AB O3 perovskites (Lahiri 2010, Lahiri et al. 2019), doped
superconductors (Haskel et al. 1999, 2001); (iii) sensitivity to amorphous structure,
e.g., metallic glass (Zhang 2019), liquid (Filipponi 2001), soil (Lim et al. 2015); (iv)
sensitivity to “local” disorder, e.g., around dopants in crystalline materials (Haskel
et al. 1999, 2001); (v) flexibility for diverse sample conditions viz. bulk (surface)
information depth, e.g., multilayer (Ramanan et al. 2013), liquid (Zhang 2019),
ppm-low concentration (Ranieri-Raggi et al. 2003), low temperature (Ramanan et al.
2015a), high temperature (Smith et al. 2019) and high-pressure (Pascarelli andHaskel
2016). These advantages enabled the undertaking of novel research problems and
unlocking of under-explored areas such as glass (Cheng et al. 2009; Fujita et al.
2009; Haskel et al. 1999; Lahiri et al. 2014), ultra-small nanosystems (Lahiri 2010),
biology (Ascone et al. 2005), environment (O’Loughlin et al. 2010; Suzuki et al.
2002; Thomas et al. 2019), advanced mineralogy (Lahiri et al. 2020), where the
scope of diffraction and microscopy techniques are limited.

XAFS has also revolutionized the understanding of fundamental scientific
phenomena (e.g., magneto-transport phenomena) by presenting the role of
“local disorder” (vis-à-vis long-range-order). Since the length-scale of local
disorder

(
∼ 10

◦
A
)
coincides with that of charge transport, magnetic, and chemical

interactions, any perturbation within this distance can significantly modify macro-
scopic properties. The concept of local disorder has resolved several paradoxes:
(i) Anomalous mismatch between crystallographic (from diffraction) and magneto-
transport phase boundaries is often observed (Haskel et al. 1996; Shibata et al.
2002a). This anomaly can be resolved with XAFS detection of “hidden” phases,
such as locally tilted cuprate octahedra in Cuprate superconductor (Haskel et al.
1996) and nanoscale clustering of Sr in CMR materials (Shibata et al. 2002a).
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Fig. 20.1 Representative Cu K-edge XAFS spectrum [μ(E)] for Cu foil; XANES and EXAFS
regions marked. a The simplest (transmission-mode) XAFS setup is shown in inset, in which
sample is inserted in x-ray path and attenuation of x-rays through sample is measured; b XAFS
oscillations [χ(k)] is extracted from μ(E), as function of photoelectron wave-vector (k); c χ(R)| =
Fourier transform of χ (k), in which different peaks correspond to different bond-lengths around
the excited atom (Cu, in this case)
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These local deviations are responsible for the (observed) persistence of supercon-
ductivity/magnetism even beyond crystallographic transition. (ii) Stabilization of
counter-intuitive ground states—(a) metallic ferromagnetic ground state (vis-à-vis
antiferromagnetic insulator) was stabilized in manganite nanoparticles (Lahiri et al.
2012), despite the detrimental presence of Jahn–Teller distortion. This paradox was
resolved with XAFS detection of inter-octahedral orientational disorder—the latter
promotesmetallic ferromagnetismbydestroyingorbital orderingwhich is the precon-
dition for anti-ferromagnetism. (b) Significantly higher experimental spin polariza-
tion (vis-à-vis theoretically predicted value) in spintronic materials could be under-
stood with XAFS detection of the anti-site disorder (Lahiri et al. 2010b). The latter
modifies near—neighbor bond parameters and density-of-states favorably, thereby
increasing the polarization. These two examples defy the conventional detrimental
notion of disorder and present novel beneficial perspective of the disorder. This
provides optimism for the development of materials that had been long toiling on
minimizing defects. (iii) Paradoxical sensitivity of magnetism to supposedly non-
magnetic element (A) in AB O3 perovskites (Lahiri et al. 2010a, 2019)—(A, B)

site-resolved XAFS study resolved this paradox by demonstrating the magnetostruc-
tural route viz distortion of AO6 ⇒ rotation of B O6 [via A − O − B coupling] ⇒
modification of B − O − B angle for superexchange magnetic interaction. Some
of these works are vividly addressed in a later section. These solutions convey the
indispensability of disorder consideration along with basic crystalline structure and
thereby, inspired the integration of XAFS probe into fundamental research at large.

Several books besides the basic book (Koningsberger and Prins 1988), review
articles and tutorials of XAFS have been dedicated to the development of theo-
retical and experimental understandings of XAFS (https://xafs.xrayabsorption.org).
The present article revisits these concepts with non-XAFS community in mind, who
often approach XAFS for supplementary support in their research problems. This
presentation is tailored to address their queries, e.g., the suitability of XAFS for
their scientific problem, the scale of information that can be extracted with XAFS,
selection of samples, importance of good sample and data quality, analytic strategies
and the uniqueness of XAFS solution. The ultimate fulfillment of this article lies
in inspiring non-XAFS groups to integrate XAFS technique into their mainstream
research scheme.

The article is organized into the following sections; each section assumes certain
precursory knowledge at the readers’ end, as listed along with:

(1) Theory of XAFS—basic theories of quantum mechanics (Schiff 1949,) e.g.,
wave functions, perturbation, scattering, semiclassical treatment of radiation,
interference phenomenon.

(2) XAFS Data Processing—mathematics of Fourier transform (James 2011)
(3) XAFS Data Fitting—principles of data fitting and error analysis (Bevington

1969)
(4) XANES—Bond-Valence-Sum rule of coordination chemistry (Brown and

Altermatt 1985), density-of-states (Mermin and Ashcroft 2003).

https://xafs.xrayabsorption.org://xafs.xrayabsorption.org
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(5) Experimental Configuration—This section is very briefly covered, since exper-
iments are handled by synchrotron-expert beamline scientists and is beyond the
scope of non-XAFS users.

(6) Application Examples.

20.2 Theory of XAFS

XAFS is a subgroup of absorption experiments, inwhich energy (E) of the incident x-
rays is tuned around E0—the binding energy (BE) of core electron of any element of
the sample. Since E0 is the atomic number (Z )-dependent, i.e. E0 ∼ Z2 (Viswanathan
2018),XAFSprobe is element-specific, so that information around different elements
(A, B) of sample AB can be separately extracted by exciting (A, B) elements in turn.
BE or the so-called “edge energy” (E0) extends over 5−100 keV across the periodic
table (Z = 22− 92) (http://www.csrri.iit.edu/periodic-table.html). Depending upon
which core electron is excited, XAFS spectra are termed as K -edge (1s electron),
L1, L2, L3-edges (2s, 2p 1

2
, 2p 3

2
electrons), etc.

Absorption over 5−100 keV is dominated by photoelectric effect (Veigele 1973).
The scheme of photoelectric effect is depicted in Fig. 20.2a. When an isolated atom
is excited by x-rays of energy E(≥ E0), the specific core electron is promoted
to unoccupied states of continuum and leaves behind the core hole. The theory of
absorption is based on the perception of excited photoelectron as a wave, rather
than particle that propagates with kinetic energy (E − E0) through the material
(blue circles in Fig. 20.2b). The whole event resembles “resonance” phenomenon of
quantum-mechanics that is demonstrated as sharp jump in atomic absorption [μ0(E)]
at the “absorption edge” (E0), followed by smooth decrease at higher energies.

(b)

Outgoing Photoelectron

(c)

Outgoing Photoelectron

Backscattered
Photoelectron

(a)

Fig. 20.2 a Photoelectric effect—the underlying physics ofXAFS. Core electron ( e.g. K-shell)
is excited by x-rays of energy equal to binding energy (E0) of the electron and ejected into
continuum.The trajectoryof spherical photoelectronwave is depicted for b isolated atom: thewave
travels outward fromthe absorbingatomand propagates freely (blue solid line); c condensedmatter:
thewave is backscattered by neighboringatoms and returns to the original atom(red dashed line).
Interference of original (blue) and backscattered (red)waves gives rise to XAFS oscillations of
finalwave vector. Analysis ofXAFS oscillations reveals information of neighboring atoms: atomic
species (Z), radial distance (R), coordination (N), disorder (σ2)

http://www.csrri.iit.edu/periodic-table.html
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Quantification of μ0 is guided by Fermi’s Golden Rule (Schiff 1949)—μ0 is
proportional to the absorption matrix:

|〈i0|H | f0〉|2 (20.1)

|i0〉 = Initial state = [x-ray + core electron + no photoelectron],
| f0〉 = Final state = [no x-ray + core hole + photoelectron].

H = Electron-photon interaction =
(

⇀
p − e

⇀

A
mc

)2

(Schiff 1949);
⇀

P = electron momentum vector,
⇀

A = vector potential of electromagnetic field ∼ A0ei �q.
⇀
r �
ε,

⇀
q = photon wave

vector.
Following certain approximations (not shown), H can be simplified into:

Hα (ε̂.
⇀

P) (20.2)

For real materials (vis-à-vis isolated atoms), the photoelectron gets backscattered by
neighboring atoms and returns to the original atom (red circles in Fig. 20.2c). The
original outgoing | f0〉 and backscatteredwaves |� f 〉 interfere to construct oscillatory
final state vector | f 〉 = | f0〉 + |� f 〉. This is the origin of XAFS oscillations in
absorption spectra [μ(E)] (Fig. 20.1a).

μ(E) = |〈i | H | f 〉|2 ≈ |〈i0 | H | f0〉|2
[
1 + 〈 f0 | H |i0〉∗〈i0 | H |� f 〉

|〈i0 | H | f0〉|2
+ CC

]

= μ0(E)[1 + χ(E)] (20.3)

Equation 20.3: CC = complex conjugate; since |〈i0|H |� f 〉|2 the term is very
small, it has been neglected; |i〉 = |i0〉, since the core electron is tightly bound to the
absorbing atom and is unperturbed by the presence of other atoms. From Eq. 20.3,

χ(E)α〈i0|H |� f 〉 (20.4)

χ(E) = XAFS represents the fractional deviation from background atomic
absorption.

Although XAFS is an obvious signature of the presence of neighboring atoms
(vis-à-vis isolated atom), it took three decades until the late 1970s to convert it into
practical structural information. The development of the current XAFS theory is
credited to Stern, Sayers and Lytle (Koningsberger and Prins 1988).



602 D. Lahiri

20.2.1 Conceptualization of Perturbation Term [χ(E)]
in the Absorption Matrix

In the case of isolated atom, e.g., monatomic gas, freely propagating photoelectron

may be represented by final state | f0〉 = ψ
(
∼ eikr

kr

)
. Origin is set at the absorbing

atom. Photoelectron wave-vector (k) is related to the kinetic energy (�E) of the
photoelectron:�E = E−E0 = �

2k2

2m or alternatively, k = 0.069
√

�E . The outgoing
free wave (| f0〉 = ψ) for isolated atom is depicted by solid blue lines in Fig. 20.2b.
For realmaterials, thiswave (| f0〉 = ψ) travels to neighboring atoms (ψ → ψA), gets
backscattered (ψA → ψB) and returns to the original atom (ψB → ψ f ) (Fig. 20.2c).
The backscattered wave is depicted in red lines in Fig. 20.2c. The perturbation term
|� f 〉= ψ f , so that Eq. 20.4 reduces to:

χ(E)α〈i0|H |� f 〉 ∼ 〈
i0|H |ψ f

〉
(20.5)

Therefore, the task ofχ(E) determination is essentially reduced to the formulation
of ψ f . Since the absorption matrix is non-zero only in the region where |i0〉 = 0,
i.e., at origin, it is sufficient to determine ψ f at origin.

20.2.2 Assumptions for Derivation of χ(E)

The formulation of ψ f is simplified by a set of approximations that are valid over
the EXAFS regime:

(i) “Single electron approximation”—absorption matrix is calculated only for
the excited electron, as the remaining electrons of the atom are assumed to be
unperturbed by the transition of core electron.

(ii) “Dipole approximation” (Schiff 1949) i.e., core electron size (de) << wave-
length of incident photon (λp)—this eventually simplifies H term [α(ε̂.

⇀

P)]
of Eq. 20.2 into (ε̂.�r)∼ cos θ [intermediate steps are not shown]; θ = angle
between x-ray polarization (ε̂) and electron position (r̂) vectors (Fig. 20.3a).

i.e.,

H ∼ cos θ (20.6)

Absorption matrix of Eq. 20.5 reduces to

χ(E) α 〈i0 | H |� f 〉 ∼ 〈
i0

∣∣ cos θ |ψ f
〉

(20.7)

(iii) The next stage of simplification assumes K -edge absorption [i.e., core electron
= 1s], so that |i0〉 = s-wave (l = 0) has no angular dependence (l = angular
momentum). Since < cos θ >avg= 0,

〈
i0

∣∣ cos θ |ψ f
〉
matrix of Eq. 20.7 will
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Fig. 20.3 Parameters ofXAFSequation:aAngle (θ) of photoelectron propagation direction relative
to electric field direction; b Muffin tin potential– spherical at atomic positions and constant in
interstitial region; c Backscattering amplitude [t(k)] and phase shift [δ (k)] for high-Z (Cu) vs.
low-Z (O) elements and universal λ(k) curve for mean free path of photoelectron

be non-zero only if ψ f is cos θ -dependent [
〈
i0

∣∣ H |ψ f
〉 ∼< cos2 θ >avg =

0].
This is satisfied by ψ f of p (l = 1) symmetry, i.e., s → p electron transition.
Dipole approximation stands valid for all “deep” core electronic shells (e.g.,
K , L , M) and could be used for derivation of χ(E) at these edges as well.
The approximation breaks down for shallow electronic levels of size de ∼ λp

(e.g., valence shell), so that XAFS formulation for such edges is ruled out.
(iv) To first order, polycrystalline samples with randomly oriented unit cells are

assumed so that site-averaged absorption matrix
〈
i0

∣∣ H |ψ f
〉 ∼〈

cos2 θ
〉 = 1

3 .
This prevents complicated angular-parameterization of χ(E). On the other
hand, polarization-dependent XAFS scheme has been envisaged for judicious
exploitation of angular-dependence of XAFS to resolve inter-planar informa-
tion of anisotropic systems, e.g., layered high-Tc superconductors (Haskel
et al. 1999, 2001).

(v) Muffin-tin scattering potential (Fig. 20.3b), which is spherical at atomic posi-
tions and constant in the interstitial region (Hartmann and Lauterbach 1998).
This warrants that photoelectron is scattered only at atomic sites and travels
freely over the interstitial region.
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(vi) “Small atom approximation,” i.e., atomic diameter (D) << near neighbor
distance (R)—this allows the curvature of a spherical wave to be neglected
and incoming and scattered waves to be approximated as plane wave (Schiff
1949).

(vii) De Broglie wavelength of photoelectron
(= 2π

k

)
<< near neighbor distance

(R) so that k R >> 2π .
(viii) Energy (and k) of photoelectron is assumed to remain invariant throughout the

event. This warrants coherence of states, which is a fundamental precondition
for interference phenomenon (explained later).

(ix) Preliminary structural model consists of only one neighboring atom at
distance R.

(x) Single scattering—photoelectron scatters from neighboring atoms and returns
to the absorber.

20.2.3 Formulation of Basic ψ f → χ(E)

Successive stages of photoelectron waveform
[
ψi → ψA → ψB → ψ f

]
are formu-

lated, based on these approximations.

(i) Photoelectron wave, emanating from the absorbing atom at origin: ψ∼ eikr

kr .
(ii) Its value at the neighboring atom position, at distance (R) from the absorbing

atom: ψA = eik R

k R .

(iii) After backscattering: ψA → ψB
(= ψAt (k)eiδ(k)

) = t (k)eik(R+δ(k))

k R [t (k), δ(k)] =
backscattering factor and phase shift (Schiff 1949), specific to the species (Z)

of backscattering atom and transferable between different samples (Teo and
Lee 1979).
Figure 20.3c demonstrates the contrast of [t (k), δ(k)] between low-Z and
high-Z atoms: slow k-dependent decay for low-Z atoms (Z < 40) vis-à-vis
pronounced features at higher k for high-Z atoms (Z > 40) that is attributed
to the Ramsauer–Townsend effect of quantum mechanics (Schiff 1949).

(iv) Backscattered wave (ψB) travels distance ∼ R, back to the absorbing atom.
Its value at the origin:

ψ f

(
= ψB

eik R

k R

)
=

[
t (k)eik(2R+δ(k))

(k R)2
+ CC

]
α

t (k)

(k R)2
sin[2k R + δ(k)]

(20.8)

Inserting this into the expression for χ(E) in Eq. 20.7, the simplest form of XAFS
can be derived:

χ(E) = t (k)

(k R)2
sin[2k R + δ(k)] (20.9)
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Henceforth, χ(E) will be referred to as χ(k). A few facts are imminent from the
expression of χ(k):

(a) The sinusoidal function of χ(k) is responsible for XAFS oscillations in μ(E).
As E (or k) increases, the sine function oscillates between positive and negative,
depending on whether [2k R + δ(k)] is even and odd multiple of π .

(b) The frequency of oscillation (2k) is inversely proportional to the near—neighbor
distance (R). Slow (fast) oscillations correspond to short (long) bond-lengths.
Thus, the frequency of oscillations can be potentially converted into informa-
tion of discrete bond-lengths, by Fourier transform of χ(k) → χ(R) = radial
distribution function.

(c) The amplitude of χ(k) is proportional to [t (k), δ(k)], whose Z -sensitivity can
be exploited to identify the species of the neighboring atom.

Thus, basic χ(k) provides firsthand quantitative theory of the origin of XAFS and
its structural implications. The next stage of refinement of χ(k) is for real structure,
consisting of multiple neighbors of multiple species at multiple distances.

20.2.4 Refinement and Finalization of χ(k)

(i) Higher coordination of neighbors (N > 1) contributes multiplicative coeffi-
cient (×N ): χ(k)αN .

(ii) At any finite temperature, the positions of the atoms are smeared by the
thermal and static disorder. For small disorders, the corresponding bond-length

(R) distribution can be assumed to be Gaussian:
exp

(
−(r−R)2

2σ2

)

√
2πσ

; σ 2 = mean-
square-displacement for bond-length R. This contributes dampening factor(

e−k2σ 2
)
into χ(k). Detailed derivation of Gaussian and non-Gaussian disorder

components (Bunker 1984) of χ(k) is beyond the scope of this chapter.
(iii) Coherence of |i0〉 and

∣∣ψ f
〉
were assumed for the preliminary formulation of

χ(k). In reality, the traveling photoelectron loses energy through inelastic scat-
tering, e.g., plasmon, electron–hole pair. Backscattered photoelectronmay also
fail to return to the absorbing atom before |i0〉 changes by filling of core hole
through Auger or fluorescence processes in 10−15s (Rahkomen and Krause
1974). Such coherence-limiting factors lower the probability of interference
(XAFS), which is duly accommodated into χ(k)with exponential decay factor(

e− 2R
λ

)
. Mean free path length (λ) represents the distance to which a photo-

electron can travel before it scatters inelastically and before core hole is filled.
Universal λ(k) curve has been empirically constructed (Fig. 20.3d), based on
photoemission and Auger emission results (Powell 1974). Figure 20.3d reveals

that λ ≤ 30
◦
A; in other words, λ

(
∼ 30

◦
A

)
defines the maximum distance from

which XAFS information can be obtained. This is the key factor responsible
for transforming XAFS into a local probe – its unique strength. It essentially
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eliminates the dependence upon long-range order (vis-à-vis diffraction), which
makes it uniquely sensitive to amorphous structure. It may be cautioned that
core widths can be as large as several eV for the deeper core states of heavy
atoms, washing out the fine structure.

(iv) In principle, the initial and final states in the absorption matrix should encom-
pass all (n) electrons of the atom: 〈i n | H | f n〉. The n-electron states can be
disentangled into that of 1 core-electron and n − 1 passive electrons, so that
〈i n | H | f n〉 = 〈

i n−1
∣∣ H | f nN−1

〉〈i | H | f 〉. Under “single electron approxi-
mation,”

〈
i n−1

∣∣ H | f nN−1
〉
was ignored since these n − 1 “passive” electrons

were assumed to be unperturbed by the transition of core electron. In reality,
atomic potential changes slightly after the creation of core hole and “passive”
electrons adjust to this new potential by relaxing to states different from

∣∣i n−1
0

〉
(Meldner andPerez 1971). This is equivalent to the loss of coherence that lowers
the probability of XAFS. This limitation is accommodated in χ(k) through the
amplitude reduction factor S2

0 =∣∣〈i n−1
∣∣ H | f nN−1

〉∣∣2= 0.7 − 0.9. S2
0 is exper-

imentally determined through the fitting of XAFS spectra of standards (Kelly
et al. 2009). The relieving aspect of multielectron excitation is that they do not
produce EXAFS. Considering the two-electron excitation mechanism, conser-
vation of energy requires that the sum of the two energies be constant, although
the energy of each electron can vary from zero up to the maximum possible
energy. The EXAFS from this process will have contributions from electrons
with varying energies that will tend to smear out the oscillations. Thus, one
expects the main contribution from the single-electron excitation.

(v) Different sets of neighbors exist at different bond-lengths (R j ) with distinct
(N , Z , σ 2, θ) j , termed “coordination shells.” Nearest neighbors, second-
nearest neighbors, etc., are, respectively, termed first shell, second shell, and
so forth.

The final XAFS equation, summed over all bonds, stands as:

χ(k)α
∑

j

S2
0

N j t j (2k)

(k R j )2
e−k2σ 2

j e− 2R j
λ sin

[
2k R j + δ j (k)

]
(20.10)

20.2.5 χ(k) → χ(R)

Representative CuK -edge experimental μ(E) for Cu foil and corresponding χ(k)

are presented in Fig. 20.1a, b. In Fig. 20.1b, χ(k) contains superimposed structural
information, as described in Eq. 20.10. This is decoupled by Fourier transform of

χ(k) into radial distribution function χ(R)

[
=

kmax∫
kmin

χ(k)kwei2k Rdk

]
, presented in Fig. 20.1c.
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χ(R) is complex number, with real (Re[χ(R)]) and imaginary (Im[χ(R)]) compo-

nents. However, |χ(R)| = [|Re(χ)|2 + |Im(χ)|2] 1
2 is used as the first-hand guide to

the atomic distribution around absorbing atoms (Fig. 20.1c).
To the first order, each peak of |χ(R)| represents a specific bond. Correlation of

bond parameters (R, N , σ 2, Z) with [χ(k), |χ(R)|] is demonstrated in successive
Fig. 20.4a–h. [χ(k),|χ(R)|] were simulated for Cu–O and Cu-Cu bonds, as function
of various bond parameters.

(i) Bond-length (R): Figure 20.4a–b presents [χ(k),|χ(R)|] for Cu–O bond-
lengths (R = 2.5 Å,R = 2.7 Å). In Fig. 20.4a, χ(k) demonstrates kα 1

R depen-
dence, i.e., slow (fast) oscillations correspond to short (long) bond-lengths.
Corresponding |χ(R)| in Fig. 20.4b demonstrates that bond-length (R) is
primarily correlated with centroid of the peak. Centroid of |χ(R)| is shifted
(−0.5 Å) relative to R, which is due to linear k-dependence of δ [δ ∼ −k] in
sine term of XAFS equation: sin(2k R + δ)= sin(2k R − k)= sin 2k(R − 0.5).
This generates effective bond-length Ref f = (R − 0.5) Å that accounts for
the observed displacement of peak. During modeling, the centroid of the
peak (+0.5 Å) of experimental |χ(R)| serves as the preliminary estimate of
bond-lengths of the sample. R is secondarily correlated with peak amplitude:
χ(k)α 1

R2—for the same coordination, |χ(R)| for shorter distance has a higher
peak amplitude than for longer bond-length.

(ii) Coordination (N ): Figure 20.4c, d demonstrate that coordination (N )multiplies
[χ(k),|χ(R)|] by ×N factor.

(iii) Debye–Waller factor (σ 2): Figure 20.4e, f presents [χ(k),|χ(R)|] as a function
of σ 2. Figure 20.4e demonstrates the inhomogeneous dampening and broad-
ening effect of σ 2 on χ(k), i.e., larger effect at higher k, consistent with e−k2σ 2

factor of χ(k) expression. Dampening and broadening of χ(k), respectively,
lead to reduced amplitude and increased width of peak in |χ(R)| (Fig. 20.4f);
the centroid remains fixed.

(iv) Atomic species (Z): Figure 20.4 g, h presents [χ(k),|χ(R)|] for Cu − O
vis-à-vis Cu − Cu bonds of the same bond-length and coordination. χ(k)

for [Cu − O ,Cu − Cu] in Fig. 20.4g replicate backscattering factors t (k) for
(O, Cu), respectively, (Fig. 20.3c).χ(k) forCu−O decays fastwith increasing
k while χ(k) for Cu −Cu displays beat-like effect. This contrast distinguishes
low-Z vis-à-vis high-Z neighboring atoms. Experimental χ(k) can be used for
the identification of near-neighbor species during modeling. The contrast leads
to distinct |χ(R)| peaks for [Cu − O ,Cu − Cu], wrt amplitude and centroid
(Fig. 20.4 h).

Individual bond parameters are actually retrieved by concomitant fitting of
[Re[χ(R)], Im[χ(R)] components of χ(R). This can be straightforward for simple
systems, e.g., binary alloys, simple oxides, but generally non-trivial due to diverse
combinations of (R + N + σ 2 + Z) parameters in the structure of materials.
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Fig. 20.4 [χ(k), | χ (R)|], as function of bond parameters—atomic species (Z), coordination (N),
bond-length (R) and disorder (σ2). a, b same (Z, N, σ2), variable R; c, d same (Z, R, σ2), variable
N; e, f same (Z, R, N), variable σ2; g, h same (N, R, σ2), variable Z

20.2.6 Multiple Scattering

The simple formulationofχ(k)wasbasedon the assumptionof single scattering (SS),
i.e., photoelectron scatters from one neighboring atom and returns to the absorber.
In reality, the photoelectron can be scattered from one neighboring atom (B) toward
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another neighboring atom (C) before returning to the absorbing atom (A), covering
total distance Rtotal = RAB + RBC + RC A (Fig. 20.5a). This phenomenon is called
“multiple scattering (MS).” XAFS term for MS:

χM S(k) = t (θB)t (θC)

k R1R2RBC
sin[k(RAB + RBC + RC A) + δtot (k)]; δtotal = δB + δC

(20.11)

To first order, (A, B) atoms are assumed to be located on the first shell so that
RAB = RC A = R1;

χM S(k) = t (θB)t (θC)

k R2
1 RBC

sin[k(2R1 + RBC) + δtot (k)] (20.12)

Two factors from the expression warrant that the first-shell SS peak is unambigu-
ously devoid of MS contribution:

(i) sin[k(2R1 + RBC)+ δtotal] ∼ sin[2k(R1 +0.5RBC )+ δtotal ] ⇒ effective bond-
length RM S

(= R1 + RBC
2

)
> R1

(ii) Relative contribution of MS (vis-à-vis first-shell SS):
(

χM S

χSS

)
I

∼
(

t
RBC

)
< 1,

since t ≤ 1.

Fig. 20.5 Scheme of Multiple Scattering (MS). a MS geometry; b backscattering amplitude, as
function of MS angle θ; c MS paths for linear Cu–O–Cu configuration: Cu-Cu single scattering
(SS), Cu–O-Cu double scattering (DS), Cu–O-Cu–O triple scattering (TS); d corresponding |χ(R)|
for [SS, DS, TS] paths and their cumulative contribution [SS + DS + TS]
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However, the same is not obvious for second or higher shells, where RC A(R2) =
RAB(= R1) + �

χM S(k) = t (θB)t (θC)

k R1R2RBC
sin

[
2k

(
R2 + RBC − �

2

)
+ δtot (k)

]
(20.13)

(i) RM S could be displaced or equal to R2, depending on RBC −�

2 . This indicates a
finite probability for overlap between second shell (SS, MS) peaks.

(ii)
(

χM S

χSS

)
I I

∼
(

t
RBC

× R2
R1

)
: Since R2 > R1,

(
χMS

χSS

)
II
can assume any value,

depending on the exact values of parameters. χMS α t (θ), which is strongly
peaked in the forward direction (θ = 0o) and drops rapidly with increasing θ

(Fig. 20.5b). Therefore, MS contribution becomes considerable for near-linear
(θ ≈ 0o) arrangement of (A, B, C) atoms (Fig. 20.5c)—the “focusing” effect.
The atomic configuration of Fig. 20.5c consists of Cu − O − Cu chain of
length R2 = 2R1. The photoelectron undergoes a plethora of scatterings from
the second shell: Cu − Cu(SS), Cu − O − Cu double scattering (DS) and
Cu − O − Cu − O triple scattering (T S). Corresponding |χ(R)| are featured
in Fig. 20.5d—their centroids coincide, demonstrating contamination of higher
shell SS with M S. Net amplitude [SS + DS + T S] > SS, which could decep-
tively signify SS with higher coordination andmust be carefully avoided during
fitting. Higher amplitude of MS is due to the intrinsic mathematical degeneracy
of scattering paths, e.g., (Cu − O − Cu) = (Cu − Cu − O).

One of the unique applications of M S is the detection of interstitial H atom
(Lengeler 1984). XAFS detection of H (SS) is impractical due to its low backscat-
tering coefficient (t). However, if H is the intervening atom B between (A, C) atoms,
the focusing effect introduces a detectable increase ofXAFS relative to SS ofC atom.
Further, M S-based analysis is routinely used in the determination of buckling angle
along magneto-transport path of materials (Lahiri et al. 2010a, 2012, 2019; Haskel
et al. 1996, 1999, 2001; Shibata et al. 2002a). Detailed description of M S-based
analysis of buckling angle is presented in the later section.

20.3 XAFS Data Processing

XAFS data analysis is formulated with the ultimate goal of extraction of
(R, N , σ 2, Z) fit parameters from experimental data. This involves two main stages
(i) Data processing—conversion of raw experimental XAFS data: μ(E) → χ(k) →
χ(R) and (ii) Fitting of [χ(k), χ(R)] with (R, N , σ 2, Z) fit parameters.

Data processing is aimed at the extraction of the best and reliable spectra
[χ(k),χ(R)] for fitting. Data processing algorithm is standardized and oper-
ated with ATHENA program (http://cars9.uchicago.edu/~ravel/software/doc/Ath
ena/html). Screenshot of ATHENA is presented in Fig. 20.6a. The steps of data

http://cars9.uchicago.edu/~ravel/software/doc/Athena/html
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Fig. 20.6 a ATHENAprogramfor data processing; b RawCu K-edge μ(E) for Cu foil; c Edge
energy (E0 = 8986.7 eVeV) is set at half of the edge step,marked by small circle. Pre-edge region
(E < < E0) is fit with linear equation (green line) that is extrapolatedinto post-edge (E < < E0) region;
d After pre-edge subtraction fromthe entire spectrum, baseline ofμ(E) is reset to 0.Normalization
range is defined over�E= 80–300 eVeV beyond E0. Boundaries of normalizationrange aremarked
by orange circles; e Normalized μ(E) is shown. Background (smooth) spline fit for Rbkg = 1Åis
plotted in orange. (Abrupt) backgroundspline for Rbkg = 1.8 Å is shown in inset. Degeneration of
backgrounddue to variation ofRbkg control parameter is demonstrated; f Background-subtracted
χ k and g | χ (R)|, correspondingto [Rbkg = 1 Å, Rbkg = 1.8 Å]. f, g demonstrate spectral
distortiondue to incorrect backgroundsubtraction

processing are demonstrated for XAFS of Cu foil (Fig. 20.6b–g). As these subtle
steps determine the accuracy of structural solution, data processing could be rigorous,
demanding the discretion of experienced analyst and 20−30% of total analysis time.

20.3.1 Importing and Pre-processing Raw Data

CuK -edge experimental XAFS data for Cu foil [μraw(E)] is imported intoATHENA
and presented in Fig. 20.6b. Most datasets are rarely of such high quality; they are
susceptible to glitches, statistical noise, and systematic errors due to unfavorable
experimental conditions, e.g., low sample concentration, inefficient detectors, higher
harmonic content of beam, and glitches from monochromator. Superimposition of
such artifacts on XAFS spectra can distort the amplitude and/or period of XAFS
oscillations. These artifacts transform into unreal peaks in χ(R) that overlap with
the real peaks of interest and generate incorrect structural results. Hence, they are
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eliminated to the best extent with subprograms of ATHENA, e.g., removal of single-
point glitches, reduction of statistical noise by averaging multiple reproducible scans
and smoothening by interpolative iterative smoothing algorithm.

20.3.2 Determination of Edge Energy (E0)

E0 is defined as the energy at half of the edge step (Fig. 20.6c, E0 = 8986.67eV ).

20.3.3 Pre-edge Subtraction (User Input = Pre-edge Fit
Range)

[μraw(E)] is divided into two regions by E0(Fig. 20.6c): (a) pre-edge region, with
background contribution from Compton scattering, etc., and (b) post-edge region,
containing XAFS oscillations. ATHENA generates a linear fitting equation [μ =
A+ B ∗�E] for pre-edge spectra over user-defined energy range (Fig. 20.6c,�E =
(−150)eV − (−30)eV ). The pre-edge fit range is selected such that it is close to
E0 and free of artifacts. The fit line is extrapolated over the whole energy range
and subtracted from μraw(E). This exercise resets the baseline of the spectrum to
zero, representing μ(E) with zero background (Fig. 20.6d). μ(E) = real absorption
spectrum of interest: μ(E)= μ0(E)[1 + χ(E)].

20.3.4 Normalization (User Input = Normalization Range)

This step determines the normalization constant [μ0(E)] of the equation:
μ(E) = μ0(E)[1 + χ(E)]. Edge-step normalization approach is adopted in which
μ0(E) is approximated with μ0(E0)—the value of post-edge background line at
E0(Fig. 20.6d). ATHENA generates a linear fitting equation [μ = C + D ∗ �E] for
datapoints over user-defined normalization range beyondXANES region (Fig. 20.6d,
�E = 80 − 300eV ). The line is extrapolated to the edge (i.e., �E = 0) and corre-
sponding μ0(E0) = C(= 2.85) is the normalization factor (Fig. 20.6d). Normalized
spectrum μnor (E) is generated by dividing μ(E) with the normalization factor:

μnor (E)
(
= μ(E)

μo(E0)

)
, presented in Fig. 20.6e. Normalization is important, since it

scales the post-edge background line of μnor (E) to 1 for all datasets. This enables
direct visualization of relative variations between XAFS datasets.
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20.3.5 Post-Edge Background Subtraction (User Input =
Data Range and Rbkg)

Following normalization, XAFS equation stands as: χ(E) = μ(E)−μ0(E)

μo(E0)
. At this

stage, only atomic absorption μ0(E) or “background” remains to be determined
over the desired data range (�Ebkg/�kbkg). Homogeneous approximation of μ0(E)

[= μ0(E0)] in Step 4 is justified only for normalization purpose; it does not repre-
sent the true slowly varying μ0(E) function. Construction of the correct μ0(E) is
the most difficult and critical step of data processing, since incorrect background
subtraction can seriously distort χ(E). AUTOBK algorithm (Newville et al. 1993)
of ATHENA is based on the understanding that μ0(E) is the slowest oscillatory
component of μ(E) and corresponds to the shortest distance Rbkg(< R1) in χ(R),
i.e., shorter than first-shell bond-length, since kα 1

R .μ0(E) is approximated by spline
function, with a number of knots (Nknot ) determined by user-defined [Rbkg,�Ebkg]

parameters: Nknot = 2Rbkg�kbkg

π
, by Nyquist criterion (Brillouin 1962). The knots are

set to be equally spaced in k to ensure a single frequency. Ordinates of the knots
are fit to minimize |χ(R)| of background-subtracted data [μ(E) − μ0(E)] over
R ≤ Rbkg. The choice of (�Ebkg, Rbkg, kw) for the best-fit spline often requires
the discretion of an experienced analyst. ATHENA allows visual inspection of
the spline (red line in Fig. 20.6e). (�Ebkg, Rbkg) are varied until (a) the spline is
smooth and non-oscillatory; (b) XAFS oscillations are approximately even about the
spline; (c) minimum |χ(R)| over R ≤ Rbkg. Background variation, via control of
Rbkg = 1Å → 1.8Å, is demonstrated in Fig. 20.6e. Rbkg = 1.8Å is a poor choice
since it encroaches into the tail of the first shell. Spline for Rbkg = 1.8Å is discontin-
uous at its lower boundary (inset of Fig. 20.6e).We demonstrate the distortion of data
due to incorrect background in Fig. 20.6e –g. Background-subtracted χ(E)→ χ(k)

is generated onto an even grid of 0.05Å
−1

(Fig. 20.6f). Figure 20.6f demonstrates
the sensitivity of χ(k) at lower k to variation of background spline.

20.3.6 χ(k) → χ(R)(User Inputs = Transform Range
(kmin, kmax) and kw)

Reproducible, clean, and artifact-free portion (kmin − kmax) of χ(k) is selected

from within �kbkg and Fourier transformed into χ(R)
[
= ∫ kmax

kmin
χ(k)kwei2kRdk

]
.

Figure 20.6 g demonstrates the sensitivity of |χ(R)| to variation of background
spline. Incorrect spline contributes significant background to |χ(R)|.

Figure 20.7a–d demonstrates the importance of window kw in [χ(k),|χ(R)|], as
it selectively emphasizes different regions of k-range.
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(i) χ(k)kw is presented in Fig. 20.7a, forw = 0−3. It is clear that lower (higher)w
emphasizes lower (higher) k-region. Thus, kw can be strategically exercised to
(de)emphasize k-regions of (poor) high spectral quality during data processing
and fitting.

(ii) |χ(R)| for w = 0 − 3 are presented in Fig. 20.7b; first-shell is commonly
rescaled to 1 for all w. Relative intensities and overlap of different higher shell
peaks display sensitivity to variation of kw, which can be strategically exploited
to emphasize or resolve the peaks of interest during fitting.

(iii) [t (k), δ(k)] has been earlier shown to exhibit Z -dependence (Fig. 20.3b)—
large t (k) at higher k for high-Z atoms (vis-à-vis low-Z atoms) is routinely
exploited to distinguish between (low, high)-Z neighbors. This task becomes
more efficient with the application of kw, since high-Z peak grows significantly
for higherw. Figure 20.7c, d demonstrates this for [Cu−O vis-à-visCu−Cu],
as a contrast of |χ(R)| becomes significantly more pronounced for w = 3
(Fig. 20.7d). Different kw can be strategically exercised for selective fitting of
low-Z (low w) and high-Z (high w) peaks.

Following steps 1–6, the best-processed [χexp t (k), χexp t (R)] is ready for fitting.

Fig. 20.7 a, b [kwχ(k), |χ (R)|] for Cu foil; w= 0–3. k-weights (w) selectively emphasize different
regions of χ (k): lower (higher) w = = low (high) k-region. The first peak of |χ(R)| is rescaled to
1. w = 0–3 resolves peaks selectively; c, d [χ (k), k3χ (k)] and corresponding |χ (R)|, for Cu–O
and Cu-Cu scattering paths. It is clear that higher k-weight (w = 3) brings out maximum contrast
between low- and high-Z backscattering atoms
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20.4 XAFS Data Fitting

The flowchart for modeling and fitting programs (Newville 2001) is presented in
Fig. 20.8, for the particular example of Cu-foil. The present example elucidates
first-shell (Cu − Cu) bond fitting.

20.4.1 Modeling Program FEFF6.0 Algorithm

Potential atomic distribution model (R, N , Z) j is input into feff.inp file. This is
demonstrated in this example for Cu − Cu path—absorbing (Cu) and backscat-
tering (Cu) atoms are specified by potential [0, 1], absorption edge (K ) is
specified by HOLE 1.0. FEFF6 program identifies scattering paths, e.g., Cu −
Cu and generates their ab initio XAFS scattering contributions: [χFEFF(k)] =
Njtj(2k)
(kRj)

2 e− 2R j
λ sin

[
2kRj + δj(k)

]
. The program assumes

[
S2
0 = 1; σ = 0

]
and takes

[t (k), δ(k), λ] values from its integral database. Output χF E F F (k) is stored in
feffxxxx.dat file, e.g., feffCuCu.dat.

20.4.2 Fitting Program FEFFIT Algorithm

FEFFIT is programmed for the correction of FEFF6 model and the determination
of best-fit values and uncertainties of bond parameters. Program file feffit.inp is
constructed with.

(a) experimental datasetχexp t (k), with user-definedfit range [kmin−kmax, kw, Rmin−
Rmax], e.g., k = 2.5 − 11 Å

−1
;k3;R = 1 − 2.8Å (Fig. 20.8).

(b) χF E F F (k), assigned a set of correction variables x[(δR, N ′, σ 2,�E0)]
δR = Bond-length correction; [N ′, σ 2] = multiplicative factors for coordination

and Debye–Waller factor;
�E0 = Energy correction term, to account for possible inaccuracy in the

determination of E0.
FEFFIT allows for refinement of x variables, until the difference ( fi ) between

experimental [χexp t (k)] and theoretical XAFS [χF E F F (k)] is minimized over all
“i” data points (Marquardt 1963). The minimal value is defined as χ2

0 = ∑
i f 2i

= ∑
i

[
χexp t (R) − χF E F F (R)

]2
i . Uncertainty (�x) of each fit parameter is calcu-

lated as the tolerable statistical deviation from best-fit value, within χ2
0 + 1. The

figure-of-merit of fit is defined by R− factor =
∑

i {|Re( fi )|2+|Im( fi )|2}∑
i {|Re(χexp t )i |2+|Im(χexp t )i |2} . Best-fit

solutions [x ± �x, R − f actor ] are stored in feffit.log file; |χ f i t (R)| is compared
with |χexp t (R)|.
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Fig. 20.8 Fitting algorithm for XAFS spectra of Cu foil is outlined schematically with arrow direc-
tions. FEFF6 program converts structural model of feff.inp into XAFS oscillation [feffCuCu.dat].
Theoretical XAFS [feffCuCu.dat] and experimental χ(k) are input into feffit.inp file, both marked
by red boxes. FEFFIT program minimizes the difference between feffCuCu.dat and experimental
χ (k), over user-defined fit range. The best-fit values of path variables (marked by red box) and
their uncertainties are recorded in feffit.log file. Experimental and best-fit |χ(R)| are compared over
fit-range, defined by vertical lines
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In the example of Fig. 20.8, the best-fit values of variables are marked. Note
that N ′(= 10.5) actually represents S2

0 N ; since experimental S2
0 = 0.88, the real

coordination N = N ′/S2
0 = 12, i.e., reproduces the expected coordination of f ccCu

foil.

20.4.3 Fitting Conditions

While the above section outlines the basic algorithms for fitting, the success of fit
ultimately rests with the discretion of analyst. This comprises (i) selection of reliable
data range (kmin − kmax); (ii) distinguishing real peaks from artifacts in |χ(R)|; (iii)
selection of fit range [Rmin − Rmax] over real and analyzable peaks; (iv) choice of
kw for resolution of overlapping peaks; (v) correct starting model ( feffnnnn.dat),
guided by distribution of peaks in |χ(R)|; (vi) reduction of uncertainties (�x) of
fit parameters with strategic fitting; (vii) resolving degeneracy of solution (x) with
strategic fitting, physical intuition or theoretical model-based analysis; (viii) realistic
assessment of the solution. Fit with R-factor< 0.02 is considered as good but this is a
mathematical conclusion, not physical. Therefore, the solution has to be evaluated for
actual physical credibility; (ix) parallel consideration of several reasonable models.
Uncertainties (�x) of fit parameters, as defined above, are ofmathematical origin and
do not represent the physical variation between models. Model-dependent deviation
of parameters from the best-fit condition should be incorporated into the error bars
that will reveal the robustness of the best-fit model. Some of the intrinsic problems
of fitting are described in detail.

(i) Finite information content:

Information content is limited by the number of data points in the spectra (Brillouin

1962):
[

Ninf o = 2(kmax−kmin)(Rmax−Rmin)

π
+ 2

]
. This constrains the number of variables

(Nvar) to be lower than Ninf o. In the example of Fig. 20.8, [k = 2.5 − 11 Å
−1
;R =

1 − 2.8Å], i.e., [(�k × �R) = 8.5 Å
−1 × 2.8Å] generates Ninf o = 17 data points

that can accommodate maximum 17 variables. For fitting the single Cu − Cu peak
of Fig. 20.8, 4 variables

[= (δR, N ′, σ 2,�E0)
]
are sufficient, so that Nvar < Ninf o

condition is satisfied.However, complicated fitting cases, e.g., single peakwithmulti-
atomic contributions, involve larger number of variables (Nvar > Ninfo) whereby
fitting is disallowed. Collection of reliable spectra extending to high kmax is strongly
recommended in such cases, in order to increase Ninf o. Alternatively, strategies
may be exercised to artificially inflate Ninf o or reduce Nvar: (a) simultaneous fit of
[χ(k), kχ(k), k2χ(k), k3χ(k)], with the same variables. This increases Ninf o(×4)
for the same Nvar; (b) constraining common bond parameters, e.g., Cu − Fe during
simultaneous fitting of [Cu, Fe]K -edge χ(k).
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(ii) Peak overlap:

The peak of interest may have contribution from the tail of adjacent peaks which is
common for higher shells. The peaksmay be decoupled bymanipulation of (k-range/
kw) or alternatively, the two adjacent peaks may be jointly fit.

(iii) Intrinsic ambiguity of modeling:

Distribution of peaks in |χ(R)| is used as the first-hand guide to modeling. However,
interpretation of |χ(R)| has to be carefully based on the understanding that XAFS
is essentially an interference phenomenon and not a simple addition of χ j (k) contri-
butions from different scattering paths. χ j (k) could interfere unpredictably and their
net contribution χtot (k) could generate a net peak |χtot (R)| of unreal magnitude and
positions. Two examples are cited to demonstrate that |χtot (R)| = |χ1(R)|+|χ2(R)|.

Case A (Fig. 20.9a, b)—closely spaced bonds, e.g., Jahn–Teller distorted octa-
hedra: [χ1(k),χ2(k)] in Fig. 20.9a are contributed by [Cu − O1, Cu − O2] bonds at
(R1, R2); R2 − R1 = 0.2Å. [χ1(k),χ2(k)] are slightly out-of-phase; their net oscil-
lation χtot (= χ1 + χ2) generates peaks in |χtot (R)| that are of lower magnitude and
displaced relative to |χ1(R1)| and |χ2(R2)| (Fig. 20.9b). |χtot (R)|-based indiscrete
modeling of coordination and bond-lengths could generate incorrect fit results.

Case B (Fig. 20.9c, d)—multi-atomic bond, e.g., alloys: χ1(Cu − O) and
χ2(Cu −Cu) in Fig. 20.9c are contributed by distinct neighbors (O, Cu) of the same
bond-length. Their net contributionχtot (= χ1+χ2) generates a single |χtot (R)| peak,
with higher amplitude than |χ1(R)| and |χ2(R)| (Fig. 20.9d). This practically resem-
bles the peak of single elemental component with higher coordination. Modeling of
|χtot (R)| with a single element would be deceptive in such cases.

Fig. 20.9 a, b [χ(k), |χ(R)|] for closely-spaced [Cu-O1, Cu-O2] bond-lengths.Net | χ tot(R) |
fromthe interference of XAFS oscillations of two paths is of lower amplitude and displaced, relative
to |χ 1(R)|; c, d [χ (k), |χ (R)|] are compared for [Cu–O, Cu–Cu] paths of the same bond-length.Net
| χ (R)| fromthe interference of [Cu–O, Cu–Cu] oscillations is distinct fromsimple addition of
individual paths
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(iv) Correlation between different variables:

(S2
0 Ne−k2σ 2

) is present as a multiplicative product in the XAFS equation so that
several combinations of (S2

0 , N , σ 2) could potentially reproduce the same spectra.
Out of these, S2

0 is pre-determined by fitting χ(k) of relevant standards (Kelly et al.
2009). For example, Cu foil serves as the standard for CuK -edge XAFS experi-
ments of Cu-based samples. χ(k) for Cu foil is fit by constraining (N , σ 2, R) to
crystallographic values and varying S2

0 . This value of S2
0 is fixed during the fitting

of χ(k) for the samples of interest at the same edge. In the next step, the correlation
between (N , σ 2) is resolved by strategies such as (a) simultaneous (k-weighted) fit of
χ(k), exploiting kw-sensitivity of σ 2 (vis-à-vis insensitivity of N ), (b) simultaneous
fit of temperature (T )-dependent datasets with common N but variable σ 2 (since it
is sensitive to T ).

(v) Local minima:

The computational techniques do not warrant “global” minimum of χ2
0 but “local”

minima based on the initial values of variables (Michalowicz and Vlaic 1998).
This could potentially generate non-unique solutions, in worst cases. Such ambi-
guity is resolved by apt fitting strategies, physical intuition of parameter values, and
theoretical model-based analysis.

We finally remark that despite these difficulties, XAFS fit has been able to solve
a wide range of complex structures in diverse systems. Some of these case studies
will be presented in a later section.

20.5 XANES

XANES shares the same basic physics as XAFS, except that the kinetic energy of

photoelectron is low (�E ≤ 30eV ; k < 2.5Å
−1

) with the outcome of complex
structural interpretation:

(i) De-Brogliewavelength of the photoelectron is large
(

∼ 100
◦
A

)
at this low energy

(Schiff 1949). The photoelectron extends over several bond-lengths so that it
loses resolution to detect local structure.

(ii) Assumptions, e.g., hard-sphere scattering potential, plane-wave approxima-
tion, single scattering, for the formulation of simplified solvable XAFS
equation, are not valid at low energy (Schiff 1949).

(iii) Photoelectron of low kinetic energy is susceptible to multiple scattering of
all orders—infinite in principle—that is ultra-sensitive to the angular distribu-
tion of atoms (Koningsberger and Prins 1988). Structural modeling therefore
becomes very critical in XANES regime.
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(iv) In XANES region (k < 2.5
◦−1
A ), photoelectron mean free path increases to λ(k) =

30
◦
A (Fig. 20.3c) and the dampening factor (e−k2σ 2

) becomes negligible. These
factors jointly increase XANES sensitivity to long distances covering ∼ 300
atoms, as a result of which simulations become cumbersome.

These problems render the structural formulation of XANES impractical. On the
other hand, slow photoelectron becomes advantageously sensitive to the surrounding
potential that is defined by the coordination chemistry of the absorbing atom. This
enables the detection of the valence state and molecular geometry of the absorbing
atom, with widespread applications in catalysis (Grunwaldt and Frenkel 2009; Timo-
shenko and Frenkel 2019) including in-situ monitoring of redox reactions (Timo-
shenko 2021), binding of elements in diverse matrices (Thomas et al. 2019), specia-
tion for toxicity (Ramanan et al. 2015b). However, quantitative modeling of XANES
could be inconclusive, since it is (i) a complex convolution of structure (coordina-
tion, bond-length, symmetry) and charge, and (ii) ultra-sensitive to subtle details
of potential. This essentially implies non-converging iterations of model refinement
for reproduction of whole XANES spectra. Although recent program FEFF8.0 has
successfully reproduced XANES of known metals and oxides, ab-initio fitting of
XANES spectra for unknownmaterial is still unreported. Hence, a practical approach
is adopted by fingerprinting valence state for the sample of interest, relative to stan-
dards, based on 2 − 3 points of XANES spectra viz edge energy (E0); whiteline
(WL) or the first post-edge maxima of μ(E); pre-edge (PE) peak.

XANES analysis scheme is demonstrated for Fe-doped silicate glass (unpub-
lishedwork) in Fig. 20.10, based on the reference of [Fe(0),FeO(+2),Fe3O4(+2.+
3),Fe2O3(+3)]. FeK -edge XANES spectra for these standards are presented in
Fig. 20.10a. Since XANES is an integral part of XAFS spectra, it requires no inde-
pendent processing.XANES spectra for Fe-doped silicate sample is not shown, since
the work is unpublished. We remark that since valence orbital of Fe has d symmetry,
FeL3-edge (p) XANES should be ideally measured to probe (d) valence holes via
p → d transition, as per the dipole selection rule. This would extract valence state
informationwith themaximumsensitivity.However, inaccessibility of FeL3-edgeX-
rays compels one to measure FeK -edge XANES, which probes p-final state instead
of the direct valence (d) state. FeK -edge XANES spectra, fortunately, demonstrate
valence dependence, with reasonable clarity (Fig. 20.10). Valence-dependence of
(E0, WL, and PE) for the reference spectra is used to calibrate the valence of Fe in
silicate (Fig. 20.10b–d); the latter is denoted by “S.”

20.5.1 Edge Position (E0)

Edge position (E0) is the effective binding energy (E0αZ2) of the absorbing atom
(Z), defined at half of the edge step or inflection point, i.e., maxima of dμ

d E . E0

increases (decreases), with increasing (decreasing) valence state (V ) (Wong et al.
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Fig. 20.10 a FeK-edgeXANES spectra are presented for standard iron compounds, corresponding
to different valence states of Fe. Edge position (E0) is marked by dotted vertical line. Whiteline
(WL) and pre-edge (PE) peaks are marked as (A, B) respectively; b–d [E0, WL, PE] fit results are
derived from the spectra of (a). Results for Fe-doped silicate are marked by “S”

1984)—this is conceptually understood to be due to the increase (decrease) of effec-
tive nuclear charge [Z → Zef f (= Z ± �)], following the loss (gain) of elec-
tron: E0 ± �E0αZ2

e f f . In Fig. 20.10a, E0 for the spectra are marked by vertical
dashed lines. From Fe(0) → Fe2O3(+3), E0 increases by 4.5eV (Fig. 20.10b),
i.e., @�E0 = 1eV per valence state. For “S,” E0 is intermediate between
FeO(+2) and Fe2O3(+3) that suggests intermediate valence state of Fe in sili-
cate. For fixed valence (V ), E0 can be secondarily correlated with first-shell bond-
length (R1):E0α

1
R2
1
, i.e., E0 increases (decreases) for shorter (longer) bond-lengths

@|�E0| ∼ 0.3eV/0.01Å(empirical). The scheme is consistent with “particle-
in-a-box” representation, in which energy levels α 1

R2
1
;R1 = box radius (Schiff

1949).

20.5.2 Whiteline (WL)

Whiteline (WL) is the first post-edge maxima of μ(E), representing the density
of empty states (or hole density ρV ) of final state | f 〉 (Wong et al. 1984). WL for
FeK -edge XANES is marked as A in Fig. 20.10a.

WL is a prominent marker of valence state (V ), since hole-density (ρV ) increases
with higher valence (V ) due to lower electron content: WL αρV αV . “Peak fitting”
module of ATHENA allows fitting of WL with Lorentzian, superimposed on the
arctangent line shape of the main edge. Fit values for WL [centroid, area] for the
standards are plotted in Fig. 20.10c. WL for Fe(0) is non-trivial and therefore, not
analyzed.WL area demonstrates (×4)-fold increase from FeO(+2) → Fe2O3(+3)
@�W L = 1.3eV per valence state (Fig. 20.10c). In principle, WL area for “S”
should be intermediate between [FeO ,Fe2O3], to be consistent with E0 conclusion.
Smaller WL area for “S” than FeO (Fig. 20.10c) could be due to the smearing effect
of disorder, consistent with the amorphous character of the sample.

For fixed valence (V ), WL could be secondarily correlated with structure. WL
broadens for shorter bond-lengths (R1) due to the broadening of energy levels and
increases with ligand coordination (N ) via density-of-states (Giachini et al. 2010).
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This is demonstrated by FeK -edge WL for [FeO ,Fe3O4] in Fig. 20.10c—Fe in
has comparable valence (∼ +2) but distinct coordination geometry in these oxides:
[N = 6,R = 2.14Å]FeO vis-à-vis [N = 4,R = 1.89Å]Fe3O4 . WL area for Fe3O4

is significantly smaller and broadened, due to lower coordination and shorter bond-
length.

20.5.3 Pre-edge (PE)

Although the main absorption rise of XANES is dominated by the dipole transi-
tion rule (�l = ±1), weaker pre-edge features for �l = ±2 could emanate via
orbital hybridization. PE peak (B) of Fe K -edge XANES (Fig. 20.10a) represents
s → pd (hybridized) transition. Hybridization is conditional upon the presence of
non-centrosymmetry, so that PE intensity progressively increases from octahedral
(FeO) → distorted octahedral (Fe2O3) → tetrahedral (Fe3O4) symmetry. Corre-
lation between (centroid, integrated area) of PE is standardized (Wilke et al. 2001),
shown in Fig. 20.10d. This is exploited for the calibration of (valence state, coordi-
nation geometry), consistent with the Bond Valence Sum rule (Brown and Altermatt
1985). In Fig. 20.10d, PE centroid for “S” coincides with Fe3O4 while PE area is
smaller than Fe3O4 [instead, closer to Fe2O3]. This implies that Fe is of mixed
valence state as for Fe3O4 (which is consistent with E0 in Fig. 20.10b) and exists in
distorted FeO6 configuration or mixed configuration of tetrahedra and octahedra.

In summary, [E0, W L , P E] analysis reveals the existence non-equivalent Fe-
sites in silicate as expected for amorphous systems, both wrt valence (+2,+3)
and geometry (FeO4, FeO6). For non-amorphous mixed systems, ATHENA allows
fitting of XANES (X) with weighted (wi ) linear combination of XANES (Xi ) for
standards: X = ∑

i wi Xi (wi = variable) so that net valence and configuration
of the system is their weighted combination. These results demonstrate the unique
strength of XANES viz quick fingerprinting of the complete coordination chemistry
of atoms (vis-à-vis XPS, EXAFS techniques) to a reasonable extent. The strength
is multiplied by its flexibility for diverse sample conditions (vis-à-vis XPS) and
ease of measurement due to strong signals. XANES is less sensitive to noise, and
therefore, its measurement is less demanding wrt alignment and detectors (vis-à-vis
EXAFS). These factors jointly contribute to the galloping popularity of XANES -500
publications per year.

20.6 Experimental Configuration

The primary criteria for X-ray source in XAFS experiments are (1) energy tunability
for excitation of a wide range of atomic species and (2) high photon flux or ~ 103

signal-to-noise ratio for good data quality, both of which are efficiently satisfied by
synchrotron source (vis-à-vis laboratory X-ray source). Synchrotrons have therefore
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emerged as the indispensable seat for modern XAFS experiments (https://lightsour
ces.org). The evolution of the power of XAFS has paralleled that of synchrotrons,
as increasing brilliance and decreasing emittance of the source have extended
detection limits to ultra-dilute (ppm) samples (Ascone et al. 2005; Suzuki et al.
2002; Thomas et al. 2019; O’Loughlin et al. 2010; Ranieri-Raggi et al. 2003) and
supported advanced adaptations of XAFS, e.g., X-ray Magnetic Circular Dichroism
(XMCD) for the determination of spin/orbital moments (Laan and Figueroa 2014),
polarization-dependent XAFS for layered structures (Haskel et al. 2001, 1999) and
High-Pressure XAFS (HPXAFS) for micro-sized samples (Pascarelli and Haskel
2016).

XAFS is measured in either of 2 modes.

20.6.1 Transmission-Mode XAFS

This is the standard and simplest XAFS configuration, in which the sample is
inserted in the path of X-rays and absorption is measured from the attenuation

of X-rays through sample αln
(

I0
It

)
; (I0, It ) are incident and transmitted inten-

sities of X-rays. Logarithmic nature of signal imposes stringent sample condi-
tions such as uniformity, fair concentration, and optimal thickness (http://gbx
afs.iit.edu/training/XAFS_sample_prep.pdf). Precision of lengths, e.g., (sample
thickness, inhomogeneity) is scaled to 1.5t ; t = distance over which X-ray
intensity is 37% attenuated. Distance (t) varies with sample composition and
energy edge: 1

t (cm−1) ≈i= ρM(gm/cm3)
∑ mi

M σ i (cm2/gm) (http://gbxafs.iit.
edu/training/XAFS_sample_prep.pdf); σi = X-ray absorption cross-section and(
ρM

mi
M

) = atomic density
(= ρM

mi
M

)
of the constituent atoms; ρM = density of the

material, mi
M = atomic mass fraction. Rigorous sample preparation method involves

pre-calculation of t and tailoring the particle size by grinding, sample thickness, and
sample uniformity to within 1.5t .

20.6.2 Fluorescence-Mode XAFS

This is a flexible but expensive configuration, in which absorption is measured indi-
rectly through detection of fluorescence photons emitted by the excited atom α

I f

I0
.

Incident and fluorescence detectors are positioned perpendicular to each other and the
sample is fixed in an intermediate position at 450. Linear signal eliminates the strin-
gent sample conditions and therefore, flexible. However, fluorescence signal within
simultaneously thick and concentrated samples is susceptible to “self-absorption”
that leads to non-linear distortion of XAFS spectra (Laan and Figueroa 2014). This
imposes sample restriction for fluoresence-mode, to this extent. Sample preparation
is reasonably flexible within this limit, in contrast to transmission mode. Feasibility

https://lightsources.org
http://gbxafs.iit.edu/training/XAFS_sample_prep.pdf
http://gbxafs.iit.edu/training/XAFS_sample_prep.pdf
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of this mode is reliant on the fluorescence yield of the elements which is low for
Z < 30 and the detection efficiency of fluorescence photons, whichmandates expen-
sive detectors, e.g., multi-element Germanium detector. Guidelines for the choice of
measurement mode and samples are prescribed in Tables 20.1 and 20.2, respectively.

Description of surface XAFS, e.g., TEY, grazing-angle XAFS is bypassed due to
space limitation.

Instrumentation forXAFS experiments is standardized, consisting of the sequence
of (a) cryostat-cooled monochromator/polychromator, usually Si in the hard X-ray
regime, to filter out the required energy range from the entire synchrotron spec-
trum; (b) harmonic rejection mirror to reject the higher harmonics of the funda-
mental energy; (c) high-Z material slits to define the beam; (d) translation stage
for positioning sample on beam and (e) detectors, e.g., gas-filled ion chamber for

Table 20.1 Transmission versus fluorescence modes of XAFS

Transmission Fluorescence

Geometry Linear 90°

Signal Logarithmic Linear

Species of an excited atom Z < 30 Z > 30

Non-uniform sample No Yes

Dilute sample No Yes (>PPM)

Concentrated sample Yes (>5%) Yes (but thin)

Sample thickness 1.5 absorption lengths Depends on concentration

Sample preparation Critical; calculated Not critical

Detector Ion chamber Lytle detector; single- and multi-element
solid-state detectors

Expensive NA High

Convenience of setup Yes No

Table 20.2 Sample considerations for XAFS

Sample composition AB (in principle, multi-component systems can be measured)

Species of excited atom (A) Z > 22 for hard X-ray beamlines

Elemental contrast of (A, B) �Z > 1 (else, (A, B) edges overlap)
�Z > 5 (for analysis)

Sample form Powder (most convenient), liquids, thin ribbon

Sample concentration >ppm

Sample thickness ∼ 1.5 absorption lengths (≤ 30μm)

Safety factors Non-radioactive/non-toxic

Precharacterizations XRD/neutron diffraction/TEM

Analytic feasibility Preliminary idea, e.g., whether bond-lengths are resolvable
within analytic limits of XAFS
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transmission and Lytle detector (Stern and Heald 1979)/solid-state detectors for
fluorescence-mode experiments.

Experimental beamtime at synchrotron is allocated through an online proposal
submission system. The waiting queue for XAFS beamtime is typically ∼ 1 −
3 months. Ultra-sensitivity of XAFS spectra to statistical noise, as explained in Data
Analysis Section, mandates precise (±10μm) alignment at every stage to intercept
the best portion of beam.Detailed description of alignment is outside the scope of this
article. XAFS alignment consumes > 80% of the allocated time, leaving < 20% for
data collection. The number and priority of samples should be accordingly planned.

20.7 Application Examples

Most of the users from non-XAFS backgrounds are unaware of the scale of problems
that can be adequately solved with XAFS. Several papers in diverse research areas
have evaluated the success and limitations ofXAFS in solving their specific problems.
The present section presents a compilation of representative problems that demand
specific analysis strategies. These exampleswill initiate non-XAFSusers into solving
such non-trivial problems, besides providing realistic guidelines for defining XAFS
problems and sample selection.

20.7.1 Alloys

Empirical Vegard’s law (Vegard 1921) has been the standard predictor of alloying
behavior for solid solutions viz linear variation of lattice parameters varywith compo-
sition. This is based on the assumption that atomic volume is conserved, independent
of the extent of the mixing. In reality, breakdown from this assumption is immi-
nent due to local chemical ordering, atomic size mismatch, and valence instability
(Timoshenko and Frenkel 2019; Tonquesse et al. 2019). These generate diffraction-
insensitive local distortions, which can be detected with XAFS. Thus, the charac-
terization of atomic-scale alloying or generic mixing is one of the unique areas
where XAFS technique could be indispensable. The formulation of XAFS analysis
for alloys is credited to Frenkel et al. (2000). The criterion for alloy composition
is elemental contrast wrt atomic number and/or atomic sizes, since XAFS monitors
the degree of alloying through fractional composition and/or bond-length of the first
coordination shell. For Ax B1−x alloy, consisting of [AA, AB, B B] atomic pairs,
(A, B)-edge XAFS can be formulated as the cumulative weighted contribution from
different atomic pairs.

A : χA = yAAχAA + yABχAB; yAA + yAB = 1

B : χB = yB AχB A + yB BχB B; yB A + yB B = 1
(20.14)



626 D. Lahiri

In order to reduce uncertainties of results, simultaneous fit of
[A, B]-edge XAFS is encouraged with constraints for common bonds:[

RAB = RB A; σ 2
AB = σ 2

B A; yAB

yB A
= 1−x

x

]
. These relationships are defined in feffit.inp

file, following which independent variables are fitted. Detailed description of such
formulation is beyond the scope of this chapter. Two extreme cases are presented:

(a) Alloy of metals with contrasting atomic number but similar atomic sizes, e.g.,
Aux Ag1−x .

For such alloys, coordination composition, rather than bond-length, serves as a
marker of alloying.

Au(L3) : NAu = (yAu Au + yAu Ag)N ; RAu Au = RAu Ag

Ag(K ) : NAg = (yAg Ag + yAg Au)N ; RAg Au = RAg Ag
(20.15)

Independent variables (yAu Au, N , RAu Au, σ
2
Au Au, σ

2
Au Ag, σ

2
Ag Ag) arefit, fromwhich

the rest of the parameters are solved. In particular, yAgAu result is used to quantify the
pairing tendency of (Au, Ag) atoms with R = ( yAg Au

x

) = ratio of fractional compo-

sition, e.g., yAgAu, relative to stoichiometric abundance (x).

⎛
⎜⎝

R = 1

R > 1

R < 1

⎞
⎟⎠, respectively,

represent random pairing, affinity, and repulsion of (Au, Ag) atoms.

(b) Alloy of metals with similar atomic number but contrasting atomic sizes, e.g.,
Pdx Ag1−x .

For such alloys, coordination composition cannot be resolved due to identical
backscattering amplitude and phase of (Pd, Ag) atoms. Lattice parameters of
(Pd, Ag) are fortunately different [RPdPd = 2.75Å vis-à-vis RAgAg = 2.88Å]; their
alloy (Pdx Ag1−x ) can generate conceivable change in lattice parameters [relative to
Pd or Ag], which can be exploited as a marker of alloying by Vegard’s law.

Pd(K ) : RPd = yPd Pd RPd Pd + yPd Ag RPd Ag

Ag(K ) : RAg = yAg Ag RAg Ag + yAg Pd RAg Pd
(20.16)

Independent variables
(

yPd Pd , RPd Pd , RPd Ag, RAg Ag, σ
2
Pd Pd , σ

2
Pd Ag, σ

2
Ag Ag, N

)

are fit, from which the rest of the parameters are solved. yAg Pd result is used to

quantify pairing tendency of (Pd, Ag) atoms with R = yAgPd
x

⎛
⎜⎝

= 1

> 1

< 1

⎞
⎟⎠, respectively,

represent random pairing, affinity, and repulsion of (Pd, Ag) atoms.
XAFS analysis of alloying has unraveled novel understandings, e.g., bending/

stretching force constant-dependent anomalous bond relaxations in ternary alloys
(Mayanovic et al. 1990), bond-specific discrete mixing behavior due to asymmetry
of pair potential (Frenkel et al. 2000), undermining of chemical pressure in solid
solution (Mukherjee et al. 2014), the role of anti-site defects in control of magnetic
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Fig. 20.11 a Transmission and b Fluorescence-mode of XAFS measurements

polarization (Lahiri et al. 2010b). The schemes of alloying analysis with XAFS are
not necessarily limited to bulk butmay be generalized for genericmixing phenomena.
The following subsection “Nanocomposites” presents the extension of these schemes
to decipher complex nano-configurations (Fig. 2.11).

20.7.2 Nanocomposites

The behavior of clusters is markedly different from bulk due to the presence of
surface. Surface-free energy, which is comparable with lattice energy, generates
anomalously large dynamical fluctuations resulting in the formation of defects,
depression of melting point, and faster diffusion rate (Sakai 1996; Mori et al. 1994).
Surface energy contribution can induce deviations from bulk phase diagrams of
mixing and introduce chemical heterogeneitywithin clusters, e.g., one of the elements
may preferentially segregate at the surface in order to lower surface energy (Wautelet
et al. 2000). Such deviations, relative to bulk, become large at smaller cluster sizes
(D) due to increasing surface fraction. Nanocomposites of practical interest, e.g.,
bimetallic, metal–semiconductor, semiconductor–semiconductor could materialize
in a plethora of configurations, e.g., core@shell, interfacial alloy, segregated phase
(Fig. 20.12). Resolving these atomic-scale details is crucial to their synthesis control
and scientific understanding. While HRTEM and electron diffraction are equipped
to decipher clusters down to D ∼ 3nm size, XAFS becomes indispensible for
D ≤ 3nm.

The generic scheme for mixing analysis (subsection I) can be exercised for
nanocomposites, but with due incorporation of modulations due to cluster size and
shape. The formulation of XAFS analysis for nanocomposites is credited to Anatoly
(Frenkel 2007, 2012) and Lahiri et al. (2014). Cluster size and shape lay their signa-
ture on XAFS coordination through the presence of broken bonds or loss of coor-
dination at surface; surface coordination (Nsur f ) is lower than core coordination
(Ncore). Net XAFS coordination for the cluster (Nef f ) is the weighted average of
core (Ncore) and surface (Nsur f ) contributions: Nef f = [

(1 − x)Ncore + x Nsur f
]
;

x = surface fraction of atoms, dependent upon cluster size (D) and shape (AR).
The baseline model for nanocomposite is a spherical cluster (A) of size D

(Fig. 20.12a). Assuming f cc symmetry and surface plane = 111, surface fraction
(x) of atoms is plotted as a function of cluster size (D) in Fig. 20.13a. Detailed
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Fig. 20.12 Pt (red)—Ag
(blue) nano-composite
models. a Bare Pt core of
size D; b Pt-core@Ag-shell
[core size = d, shell
thickness = t]; c Ag atoms
intercalating into Pt core.
[The interface is shown as
light violet ring];
d Segregation tendency

(a) (b)

(c)
(d)

derivation of x from D and unit cell parameter is beyond the scope of this article.
Assuming [Ncore = 12,Nsur f = 8.3] for f cc clusters, cluster coordination (NAA) is
plotted as function of cluster size (D) in Fig. 20.13b. NAA increasingly deviates from
Ncore at lower cluster sizes, due to increasing surface fraction (x). In the next stage,
A-core@B-shell model (Fig. 20.12b) is considered with A-core size (D) and B-shell
thickness (t). Based on [xA, xB] = surface atomic fraction of [A-core,B-shell], XAFS
coordination can be formulated:

A-edge XAFS:NAA = [12(1 − xA) + 8.3xA],NAB = 3.7xA
Total coordination: NA = (NAA + NAB) = 12

B-edge XAFS:NBA = 3.7xB; NBB = [12(1 − xB) + 8.3xB]
Total coordination: NB = (NBA + NBB) < 12 (20.17)

(NAA,NAB) and (NBA,NBB) are plotted as function of cluster size (D) (Fig. 20.13b)
and shell thickness (t) (Fig. 20.13c), respectively. These plots reveal maximum
surface/interface sensitivity of XAFS at smallest (D, t), which is the size range of
maximum scientific interest and at which TEM characterization fails.

For D ≥ 3nm, core-size (D) and shell-thickness (t) are typically well-
characterized by TEM. In these cases, XAFS analysis is projected to resolve the
degree of interfacial mixing, undetected by TEM. [NAA, NAB, NBA, NBB]cal are pre-
calculated from the plots of Fig. 20.13b, c, based on (D, t) information from
TEM. In parallel, [NAA, NAB, NBA, NBB]expt are independently fitted for (A, B)-edge
experimental XAFS spectra. Mismatch between experimental and pre-calculated
[NAA, NAB, NBA, NBB] is used to identify deviation from the robust core–shell model.
Two special configurations are cited:

Intercalation of B atoms into A core (Fig. 20.12c):

[
[
(NAA)exp t < (NAA)cal; (NAB)exp t > (NAB)cal; (NB B)exp t < (NB B)cal

]
.
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Fig. 20.13 a Surface
fraction of atoms, as function
of core size (D).
Pt-core@Ag-shell:
coordination calculations are
shown for b Pt–Pt and
Pt–Ag, as function of core
size (D); c Ag–Ag, as
function of shell thickness (t)
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Incomplete B-shell or partial wetting (Fig. 20.12d):
[
[
(NAB)exp t < (NAB)cal; (NAA)exp t = (NAA)cal; (NB B)exp t = (NB B)cal

]
.

The most poorly TEM-resolved core@shell clusters are of D ≤ 3nm—it is
unclear if observed cluster sizes represent D or (D + t). For such systems, XAFS is
projected to address:

(a) Speciation of core (A) vis-à-vis shell (B) element via coordination analysis:
[NA = 12, NB < 12].

In Pt − Ag composite (for example),

[
NPt = 12, NAg < 12

] ⇒ Pt core@Ag shell[
NAg = 12, NPt < 12

] ⇒ Ag core@Pt shell

This is also true for interfacial mixing (Fig. 20.12c) while both (NPt , NAg) < 12
for partial wetting (Fig. 20.12d).
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(b) [Core size (D), shell thickness (t), degree of mixing (y)] can be reverse-
constructed from simultaneous experimental (NAA, NAB, NB A, NB B) fit results,
based on the correlations of Fig. 20.13b, c. In reality, such direct reconstruction
is non-unique due to practical cluster size distributions: Di ( fi ); fi = respec-
tive fraction. XAFS coordination fit results (N ) actually represent ensemble-
average = ∑

i fi Ni ; reverse reconstruction from N (= ∑
i fi Ni )⇒ Di ( fi )

is non-unique. For example, the distribution D = 1 − 5nm could generate
ensemble averaged N = 10.8 that corresponds to D = 2nm in Fig. 20.13b.
The probability of such discrepancy (e.g., D = 1 − 5nm vis-à-vis D = 2nm)
is the highest for small clusters (D ≤ 3nm), since N varies most rapidly over
this cluster size range. Therefore, cluster size control with narrow dispersion is
crucially important for unambiguous XAFS analysis of small clusters.

An indirect but practical approach toward the solution for such compli-
cated systems is based on Di ( fi ) information from TEM. Ensemble averaged
(NAA, NAB, NB A, NB B)cal is calculated for this distribution, under the preliminary
assumption that the observed clusters represent core size (D)), coupled with possible
combinations of [t, y]. Refinement (δ) of core size may be accommodated through
[D − δ, t + δ].

The best-fit [D, t, δ, y] combination is selected for which (NAA, NAB , NB A, NB B)cal

reproduce experimental result (NAA, NAB , NB A, NB B)exp t . In this context, high spectral
quality and range is strongly recommended to minimize uncertainties (±5%) of N
fit results for unambiguous correlation with [D, t, δ, y]. In difficult cases, molecular
dynamics simulations-based modeling may be considered to fit XAFS results. These
analytic schemes for spherical clusters may be generalized to any cluster shape
(Doudna et al. 2003).

XAFS investigations of nano-composites in numerous publications have
unearthed a wealth of exciting science. Very few of these but fundamental ones are
being cited due to space limitation, e.g., noble metal in clusters become positively
charged at ultra-small sizes with potential applications in drug-binding (Lahiri et al.
2003), defect-mediated room-temperature alloying in clusters (Shibata et al. 2002b),
non-stoichiometric recipe of cluster synthesis, for surface segregation-protected
stability (Lahiri et al. 2005).

20.7.3 Metallic Glass

In principle, glass or generic amorphous structure offers a unique scope for XAFS
application, since most techniques are insensitive. XAFS analysis of the particular
subgroup of metallic glass will be discussed. The basic motifs of metallic glass are
Voronoi polyhedral clusters. In Ni − Al − Zr glass (for example), Ni-centered
cluster may consist of (Ni − Ni, Ni − Al, Ni − Zr ) bonds, denoted by “ij”; [i =
Ni, j = (Ni/Al/Zr)]. Cluster parameters are defined as (a) composition (Ni j )
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and (b) total coordination Ni (= ∑
j Ni j ) [fractional composition fi j = Ni j

Ni
]; (c)

cluster bond-lengths (Ri j ), so that mean cluster radius Ri (= ∑
j fi j Ri j ) and cluster

distortion= the difference between the shortest and longest bond-lengths; (d) cluster
symmetry. The distinguishing feature of glass (vis-à-vis crystalline) is the intrinsic
degeneracy of cluster parameters. For example, Ni-centers can host a plethora of
cluster configurations, so that cluster-averaged results and inter-cluster variance are
both important for the representation of glass structure. The role ofXAFS is primarily
extraction of cluster-averaged parameters around (Ni, Zr) sites with (Ni, Zr) K -
edge XAFS, respectively. XAFS is incapable of resolving individual clusters and
therefore, unable to detect inter-cluster variance. Fortunately, the variance is small
(�N = ±2) as per “quasi-equivalent” clustermodel, so thatXAFS results reasonably
approximate the ensemble. Out of the cluster parameters, bond-length and distortion
information are directly retrieved from XAFS. On the other hand, interpretation of
XAFS coordination and composition is intrinsically ambiguous for glass (Fig. 20.9a,
b) as cluster coordination N = 11 − 12 could generate XAFS coordination N =
2− 3. Derivation of coordination is therefore indirectly approached by model-based
fitting (Lahiri et al. 2014), in which bond-lengths (e.g., RNi Ni , RNi Al , RNi Zr ) and
coordination ratio (xNi Ni : yNi Al : zNi Zr ) are constrained from model. Common
coordination multiplicative factor (F) and Debye–Waller factor (σ 2) for each bond
are varied; XAFS fit result for F generates coordination: NNi Ni = FxNi Ni , NNi Al =
FyNi Al, NNi Zr = FzNi Zr . Thus, XAFS directly or indirectly delivers near-complete
information on (Ni, Zr) center-specific clusters viz size, distortion, coordination,
and composition. The only gap of information XAFS leaves is cluster symmetry,
since XAFS is angle-averaged.

The contribution of XAFS to the understanding of glasses is simply unique, as
it provided the first evidence of the existence of short-range order in glass. Site-
resolved analysis provided further understanding of the relative roles of atomic size
and chemical order upon preferential glass-formation ability (Cheng et al. 2009;
Fujita et al. 2009; Lahiri et al. 2014), with implications for composition designing.

20.7.4 Magneto-electronic systems

Representative subgroups of magneto-electronic materials are covered:

(i) Perovskites of formula AB O3, pervading a wide spectrum of systems, e.g.,
Ruthenates (Lahiri et al. 2010a), multiferroics (Lahiri et al. 2019), manganites
(Shibata et al. 2002a; Lahiri et al. 2012; Booth et al. 1998). Unit cell of AB O3

consists of A-cation at the body-center and corner-shared B O6 (Fig. 2.14a);
charge transport or magnetic coupling advances via B − O − B path.

(ii) Layered high-Tc superconductors, e.g., Cuprates (Haskel et al. 1996, 1999,
2001a, b; Lahiri 2006), their basic building block consisting of alternate
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conducting (B − O − B) and spacer (A − O − A) layers (Fig. 2.14b). Super-
conductivity is induced (destroyed) by doping spacer (conducting) layers. B O6

consists of 4O atoms in B − O − B plane and 2 bridging O atoms along
the vertical axis. Polarization-dependent XAFS measurement can be employed
to decouple these in-plane and axial contributions for a clear overview of the
transport mechanism (Haskel et al. 1999, 2001a, b; Lahiri 2006).

The crystalline structure of both these groups is well-defined and in principle,
readily solvable by diffraction technique. The necessity of XAFS emanates from the
presence of local defects, e.g., around dopants; since the length-scale of charge trans-
port or magnetic interaction≤ 2nm, any perturbation within this distance can signif-
icantly modify macroscopic magneto-transport properties. Such deviations generate
paradoxical mismatch of crystallographic and magneto-transport phase boundaries
(Haskel et al. 1996, Shibata et al. 2002a; Lahiri et al. 2012), which is the driving
motivation for XAFS. Since magneto-transport advances along B − O − B path, the
structural parameters of interest mainly involve (a) B O6 unit (Fig. 20.14c) and (b)
inter-unit B − O − B coupling (Fig. 20.14d).

(a) B O6: Themost relevant attribute of B O6 is its distortion, e.g., Jahn-Teller distor-
tion, with implications for polaron formation (Haskel et al. 1999, 2001a; Lahiri
et al. 2012). The scheme of undistorted vis-à-vis Jahn-Teller distorted B O6

is presented in Fig. 20.14c. It has been shown in Fig. 20.9a that interference
between XAFS oscillations from closely spaced multiple bond-lengths gener-
ates beats in the net XAFS spectra. This phenomenon is exploited in the detec-
tion of distortion (or not) of B O6. XAFS contribution from B O6 unit [χ(q)]
may be filtered out from the total XAFS spectra by back-transformation [χ(R)

→ χ(q)] of B − O peak, using ATHENA. If no beat is observed in χ(q), it
implies that B O6 is undistorted and χ(R) can be fitted with single B − O path
of N = 6, mean bond-length (R) and (small) spread

(
σ 2

)
. If beat exists, B O6

is distorted. In that case, the phase derivative method (Piamonteze et al. 2005)
can be employed to obtain an approximate estimate of the distortion or bond-
length split (�) from the phase ϕ of χ(q): � = π

2kb
; kb = inflection position

(kb) of ϕ. Subsequent quantification strategy of B O6 distortion is determined
by pre-estimated � value.

To the first order, binomial B − O bond-length distribution is assumed to repre-
sent distortion: [BO1(R1),BO2(R2)]; � = R2 − R1. For � ≥ 0.2Å, [BO1,BO2]
peaks are well-resolved; these can be fit with [R1,�, N1, σ

2
1 , σ 2

2 ,�E0] variables
and constraints [R2 = R1 + �;N2 = 6 - N1], i.e., � can be directly extracted from
fit. For mixed systems such as manganites (Lahiri et al. 2012) with coexistence of
distorted and undistorted B O6 units, determination of the fraction of distorted sites
(xdist ) becomes an additional task. For such systems, it is preliminarily assumed
that (1 − xdist ) undistorted B O6 units share the same radius as BO1 (R1) so that
coordination fit constraints for [O1,O2] can be reformulated:

NO1 = (N1 × xdist ) + [6 × (1 − xdist )]; NO2 = [6 − N1] × xdist (20.18)
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Fig. 20.14 Structures of a Perovskites (ABO3), consisting of inter-connected BO6 units and
b Layered superconductors, consisting of alternate conducting (B-O-B) and spacer (A-0-A) layers.
BO6 units and B-O-B compiling are marked by dashed vertical and solid horizontal circles respec-
tively; c BO6 units-undistorted vis-à-vis distorted (stretched along vertical axis); d Inter-unit
coupling B-O-B for collinear (θ = 0) and non-collinear (θ = 0) configurations

Similar constraints can be formulated for bond-lengths. We remark that the
distorted (or undistorted) sites cannot be correlated with valence state, e.g.,
[Mn+3, Mn+4] based on only XAFS results, since XAFS provides site-averaged
results. This correlation can be drawn from electronic structure considerations and
the scope of the crystal field effect.

For � < 0.2Å, a large overlap of [BO1,BO2] peaks precludes unambiguous
fitting. In such cases, indirect approach may be adopted by truncating k-range below
kb, i.e., bypassing the beats. This strategy diminishes spatial resolution to an extent
that [BO1,BO2] become indistinguishable and enables the representation of B − O
distributionwith single B−O path of N = 6,mean bond-length (R) and spread

(
σ 2

)
.

The spread
(
σ 2

)
then represents distortion of B O6. With reference fitting of [σ 2

0 , σ 2
1 ]

for end compounds [xdist = (0, 1)], σ2 can be a marker of xdist in the unknown
compound, as σ2 = (1 − xdist )σ

2
0 + xdistσ

2
1 .
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(b) B − O − B coupling (Fig. 20.14d): XAFS analysis of B − O − B angle is based
onmultiple scattering (M S), as demonstrated for the example of collinearCu −
O − Cu configuration (θ = 0o) in Fig. 20.5c. The photoelectron covers path
length R ≈ 2.5− 5Å in M S process, which defines the fit range for M S fitting.
M S analysis could be complicated by the presence of other peaks over this fit
range. The analysis for collinear B − O − B configuration (θ = 0o) is relatively
straightforward. The relevant paths are generated by FEFF6 program:

Cu − Cu[feffSS00.dat]; SS = Single scattering

Cu − O − Cu[feffDS00.dat];DS = Double scattering

Cu − O − Cu − O[feffTS00.dat];TS = Triple scattering

These are input as separate paths into feffit.inp. As M S parameters are correlated
with SS, e.g., amplitude of M S is determined by SS coordination, these correlations
are constrained in feffit.inp: (NDS′, NT S′) = (4, 2)NSS ′; �RDS,T S(0) = �RSS;
σ 2

DS,T S = σ 2
SS; �e0DS,T S = �e0SS . The variables are thereafter solved.

In reality, configuration deviates from collinear (i.e., θ = 0o). M S anal-
ysis becomes significantly intriguing, with θ as the additional variable. θ is
determined, exploiting the angular dependence of backscattering amplitude t (θ).
Pre-parameterization of angular dependence is credited to Haskel (1998):

t (θ) = t0 + θ2(γ t0) (20.19)

As t = t0 + θ2γ t0, XAFS from non-collinear configuration may be represented
as the sum of θ -independent and θ -dependent components:

f e f f DS.dat = f e f f DS00.dat + θ2 f e f f DStheta.dat; f e f f DStheta.dat = −γ f e f f DS00.dat

f e f f T S.dat = f e f f T S00.dat + θ2 f e f f T Stheta.dat; f e f f T Stheta.dat = −γ f e f f T S00.dat
(20.20)

Detailed derivation is bypassed in this short chapter. During fitting,
[ f e f f DS00.dat, f e f f T S00.dat] and [ f e f f DStheta.dat, f e f f T Stheta.dat]
paths are disentangled in feffit.inp, in 1 : θ2 degeneracy ratio. Bond-length correc-
tion �R(θ) = �R + aθ2 is also accommodated. FEFFIT solves θ2 with an intrinsic
error bar ±3o, defined by the width of t (θ) around θ = 0o (Fig. 20.5b). Thus,
XAFS has poor angular resolution relative to X-ray or neutron diffraction. Since
magneto-transport ground states often switch within θ < 3o, diffraction techniques
may be better suited to detect angular correlation than XAFS. The significance of
XAFS emerges for heterogeneous, e.g., doped systems, to differentiate the coupling
between host and dopant sites (Haskel et al. 2001a). The other significance of XAFS
is its sensitivity to rotational disorder of B − O − B path (vis-à-vis diffraction) via
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σ 2
DS,T S = σ 2

SS (Lahiri et al. 2012). In reality, B O6 units are rotated relative to each
other, unlike the assumed parallel alignment of Fig. 20.14d.

The impact of XAFS in the understanding of magneto-electronic phenomena has
been brilliant. It has foremost established the importance of local disorder that has
resolved anomalies of phase diagrams (Haskel et al. 1996, 2001a; Shibata et al. 2002a;
Lahiri et al. 2012 Booth et al. 1998). Novel scientific perspectives have emerged for
(i) perovskites (AB O3)—active involvement of supposedly non-magnetic ′ A′ ions
in magnetism (Lahiri et al. 2010a, 2019), correlation between (A, B)-site distortions
(Lahiri et al. 2019), significance of distortions rather than actual bond-length values
(Lahiri et al. 2010a, 2012, 2019; Shibata et al. 2002a), role of orientation disorder in
phase stabilization (Lahiri et al. 2012); (ii) layered superconductors—spatial corre-
lation of carriers with dopant sites (Haskel et al. 2001a, 1999), distortions specific
to superconducting vis-à-vis metal–insulator transitions (Haskel et al. 1999, 2001a,
b; Booth et al. 1998; Lahiri 2006), correlation of orbital anisotropy of carriers with
phase transition (Booth et al. 1998).

The above coverage over a wide spectrum of systems viz alloys, nanocomposites,
metallic glass, perovskites, and layered superconductors constructs a comprehensive
review of XAFS analysis strategies. In principle, these strategies may be judiciously
exercised to solve XAFS problems for any system. These examples optimistically
convey that XAFS problems are challenging at times but solvable to a large extent,
with rewarding scientific output.

20.8 Conclusions

The article has presented the theory, experimental scheme, and analytic strategies of
XAFS, mainly with the non-XAFS community in mind. The uniqueness, versatility,
and vast domain of XAFS (vis-à-vis other techniques) have been duly highlighted.
Guidelines for the choice of samples, formulation of XAFS problem and its solution
have been prescribed. These should inspire users into undertaking challengingXAFS
problems for novel and exciting science.
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Chapter 21
High-Resolution Molecular Secondary
Ion Mass Spectrometry for Absolute
Quantification of Materials
in Low-Dimensional Structures:
Foundation, Perception and Challenges

Purushottam Chakraborty

21.1 Introduction

Importance of materials research twigs from increasing applications of advanced
materials, low-dimensional structures and smart materials. Rapidly developing areas
are thin films for microelectronics, anti-reflective coatings for corrective lenses and
camera lens elements, photonic materials for optical data storage, ion-beam modi-
fied surfaces with high resistance to wear and corrosion, wood-based materials,
composites and plastics, etc. Criterion for these materials demands spatially resolved
chemical and structural analysis. For two-dimensional materials, it is important to
map lateral and in-depth distributions of chemical composition with high resolu-
tion at near-surfaces and interfaces. Sputtering-based micro-sectioning techniques
combined with surface analytical methods are frequently applied for the analysis of
materials. These methods can have depth resolution down to a few atomic layers over
a depth of several microns, thus facilitating the quantitative analysis of thin films,
superlattices and quantum-confined structures.

Depending on the domination of physical or chemical effects caused in the mate-
rial, interaction of ion beam with surfaces may lead to ‘physical sputtering’ or
‘chemical sputtering’. In physical sputtering, the impinging ions collide with target
atoms and initiate ‘collision cascades’ (Thompson 2004) within the material due to
“momentum transfer” between ions and target atoms. At higher ion energies, one or
more ‘collision cascades’ are initiated. Some of the cascades recoil back towards the
surface. If a part of the ‘collision cascade’ moving in the upward direction reaches
the surface with energy greater than “surface binding energy”, an atom or a molecule
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is ejected from the surface. This phenomenon is known as “sputtering”. Three basic
points are important in collision cascade-induced sputtering; (1) A collision cascade
is confined to a cylindrical volume of ~10 nm diameter and ~10 nm depth from the
surface. (2) Average rate of arrival of primary ions (at the highest primary ion-current
density, i.e. 1mA/cm2) is ~10–14 s per ion, which ismuch greater than the lifetime of a
collision cascade. (3) Cascades that are generated by individual ions are independent
of one another (linear collision cascade).

The “sputter yield”, defined as “number of ejected atoms per incident ion”,
depends on several parameters; angle of incidence of primary beam, masses and
energy of primary ions, masses and surface binding energy of target atoms, etc. If
the target is crystalline, the orientations of axes are additional factors of importance.
According to the theory of simple collision cascade, sputter yield increases linearly
with ‘energy density of cascade’ deposited to the surface region. In “linear collision
cascade” regime, sputter yield is proportional to the number of recoil-atoms, which is
also proportional to the energy deposited per unit depth in nuclear process, in which
the particle velocity is much less than Bohr velocity (velocity of the electron in the
first Bohr orbit of the hydrogen atom; 2.18 × 106 m/s). At low energy densities,
the linear dependence matches the experimental data, but at higher energy densities,
the results exhibit a sharp transition from linear to nonlinear dependence, indicating
the onset of some collective process, known as ‘thermal spike’ (Davies 1984). In the
thermal spike model of sputtering, it is assumed that the energy is deposited instantly
in a very small localized region, producing a sharp increase in the temperature of
that region, which then spreads and dissipates according to the laws of classical heat
conduction in a continuum.

Binary collisions between primary ions and target atoms follow the principles
of classical mechanisms and can be applied to describe the sputtering process.
Depending on the primary ion energy, elastic or inelastic collisions take place.
Elastic collisions govern interactions in the keV range and can be described by
nuclear-stopping power expressed as

(
dE
dx

)
n
, and defined by the “energy loss of the

primary particle per unit path-length”. Nuclear stopping predominates at the low ion
energies and contributes to the collision cascade causing permanent displacement
of the atoms in the solid. These displacements can cause a change in the physical
and mechanical properties of the material such as “radiation damage”, formation of
defect clusters or microstructural changes, amorphization, etc. Ion-tracks are essen-
tially the damage-trails that are created by impinging ions penetrating through solids
and are irregular in nuclear stopping. An impinging primary ion whilst traversing
through the material loses its energy by three processes; (1) direct collisions with
the target atoms, (2) excitations and ionizations of the target atoms and (3) produc-
tion of phonons due to lattice vibrations. Dominance of one particular process over
the others depends on ion-target combination, ion-beam parameters, bombardment
conditions, etc. A combination of computer simulations and experimental observa-
tions is needed to explain many of the complex processes that take place during ion
irradiation. Computer simulations enable the depth of damage, lateral spread and
sputtering yields to be predicted fairly accurately. Broadly, the programmes fall into
two categories (Harrison et al. 1968): the binary collisions and molecular dynamics
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approach. The ‘molecular dynamics’ simulations follow the history of every particle
generated in a collision cascade arising from an individual ion-trajectory by a solu-
tion of the equations of motion, whereas in ‘binary collision approximation’, an
interaction between two colliding particles is treated as an individual event. Sputter
yield Y (atoms/ion) can be estimated from a simple expression: Y

(
atoms
ion

) = 0.042Sn(E)

U ,
where U is “surface binding energy” of the target atom (often equated to the heat

of sublimation); α is
[
f
(
M1
M2

, cos(θ)
)]

—a dimensionless parameter and a function

of (M1/M2) and cos(θ); Sn(E) is “nuclear stopping cross-section”; θ is the angle of
incidence with the surface normal. M1 and M2 are respective masses of interacting
atoms.

At low energies, sputtering occurs at a threshold of energy, below which the ions
transfer insufficient energy to the target to overcome the “surface binding energy”.
Sputter yield then rises as the incident beam energy increases and eventually at high
energies, it decreases as the recoil cascades are formed deeper within the material
and thus cannot reach the surface. At very high ion energies (MeV), the inelastic
collisions start dominating and the number of collisions increases with the rise of
energy. The corresponding parameter to describe this interaction is the electronic
stopping power, defined as

(
dE
dx

)
e
. In inelastic collisions, electrons are removed

from the nuclei leading to ionizations along the ion tracks confined to cylindrical
damage regions of a few nanometers in diameter. These ion tracks are straight and
can be studied by Rutherford backscattering spectrometry (RBS), transmission elec-
tron microscopy (TEM), small-angle neutron scattering (SANS), small-angle X-ray
scattering (SAXS), etc. As the sputtering causes the removal of atoms from the top
monolayers of a solid, ‘depth resolution’ in the order of monolayer thickness is
realizable. However, sputtering results from complex interaction processes between
ions and surfaces and may lead to distortions in surface morphology and material
composition.

Secondary Ion Mass Spectrometry (SIMS) has placed its exclusive standing
amongst all analytical methods. A minute fraction of sputtered particles is ionized
positively and/or negatively in the SIMS process and these ions are dubbed as “sec-
ondary ions”. The effective thickness of a sputtered layer lies in the order of atomic
dimensions and can be estimated from the expression of sputter yield involving the
parameters like “information depth”, “average energy of the sputtered particles” and
“nuclear stopping power” (Brundle et al. 1992). The emitted particles originating
essentially from the outermost (~1–3) atomic layers provide the information about
the composition of the surface and near-surface regions. The sputter-products consti-
tute electrons, atoms,molecules, clusters andmolecular fragments. Aminute fraction
of these sputtered species is excited above respective ground states and subsequently
undergoes any of the following processes:

1. De-excitation through radiative electronic transition, leading to photon emission
in the ultraviolet to a visible optical range.

2. Non-radiative electronic transition leading to the emission of Auger electrons.
3. Ionization of sputtered species via ‘tunnelling of electrons’ between these species

and the valence band of the solid, both in resonant energy states.
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The above dynamic charge-transfer processes can be more complex due to ion-
induced electronic and structural perturbations. A fingerprint mass spectrum in
SIMS consists of almost all elements present on the top surface of the material.
The secondary ions constitute singly- or multiply-charged atomic-, molecular- and
cluster-ions. Exact charge-state formation mechanism can be understood in terms
of “symmetric and asymmetric collisional effects” on singly- and doubly-charged
ion formation in the sputtering process (Mondal et al. 2012). The kinetic energy
distributions of secondary ions emitted from the Si surface suggested that Si+ ions
are largely formed in the upper surface layers and Si2+ ions are produced owing to
the Si 2p shell vacancies created under target–target symmetric collisions, followed
by Auger-electron emission (Mondal et al. 2012).

In general, sputtered-ions have large kinetic energy distributions that are mostly
peaked at around 2–5 eV. The energy-selected ions are mass analysed and detected
using a combination of a suitable mass spectrometer and appropriate ion-collection
optics, thus allowing us to get a variety of information about surfaces, sub-surfaces
and sample composition. As ion-bombardment goes on, the material is continuously
eroded atomic layer by atomic layer, thus providing in-depth quantitative informa-
tion about material constituents through dynamic SIMS. As a material is irrevocably
consumed in this mode of SIMS analysis, it is a consumptive process. However, this
problem is principally compromised at the expense of the highest “detection sensi-
tivity”, allowing the technique to provide maximum information from infinitesimal
volumes of materials. Figure 21.1 represents a typical experimental arrangement for
surface and in-depth analysis of materials using ion beams (Baio et al. 2020).

The localized surface chemistry plays a crucial role in ‘ionization cross-section’
of a sputtered atom or molecule, thus governing the strong dependence of the matrix
effect on the intensity of secondary ions of that particular element. For example, an
electronegative element like oxygen or fluorine present on the surface of a hostmatrix
increases the emission intensity of positive ions by several orders of magnitude.
The stronger is the electronegativity of that influencing element with respect to a
matrix element, the higher is the positive ion emission yield of that matrix element.
Similarly for a surface exposed under some electropositive alkali element like Cs or
Li, an enhanced emission of secondary negative ions and concurrently a decreased
emission of secondary positive ions of matrix element is observed. Therefore, the ion
yield variation of a particular element in a matrix with varying surface chemistry will
not be linear with the concentration of that element in the matrix. This phenomenon
is named as “Matrix Effect”.

Although this ‘matrix effect’ is an artefact of SIMS, this is often consciously used
in the quantification of materials containing elements of extremely low ion yields.
Obviously, in order to estimate the exact concentration of a certain species present
in a material, “matrix effect” needs to be corrected. The correction is done using
“calibration standards” or by the determination of “relative sensitivity factor” (RSF).
However, the strong dependence of “ionization probability” on surface chemistry
imposes on using acceptable standards in the quantitative analysis. In this scenario,
‘ion-implanted standards’ have gained pre-eminence, allowing precise quantification
(Chakraborty 2002). From an analytical point of view, the motivation towards the
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Fig. 21.1 Schematic diagram of the principal arrangement of an instrument used for sputter-depth
profile analysis. Reproduced with permission from RSC Publications (Baio et al. 2020)

reduction of matrix effect led to the discovery of “secondary neutral mass spectrome-
try” (SNMS). Non-dependence of secondary neutral yield on the local surface chem-
istrymakes the SNMS technique directly quantitativewithout the need for calibration
standards (Oechsner and Gerhard 1972). Furthermore, SNMS has the potential to
measure depth distributions of elements ignoring the preferential sputtering artefacts,
as contrary to the electron spectroscopic techniques. Although SNMS has detection
limits and dynamic ranges much poorer to that of SIMS, it has some consequen-
tial implications in the routine analysis of thin films. Oechsner and Gerhard (1972)
described an experimental arrangement for the SNMS analysis of sputtered neutrals
using low-pressure hydrogen fluoride (HF) discharge.

If an alkali element, referred to as “A”, exists in the immediacy of the probing
matrix element (M), a quasi-molecular ion can form through the attachment of this
alkali ion with the probing atom leading to (MA)+ formation in the SIMS process.
The formation of this (MA)+ molecular ion is strongly correlated with the ‘atomic
polarizability’ of the element M. Since the emission of resputtered species (M0) has
no connectionwith (MA)+ ion formation,monitoringof these (MA)+ ions are strongly
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effective in minimizing the ‘matrix effect’. This is very similar to the analysis by
SNMS. Caesium, compared to other alkali elements, is strongest in electro-positivity
and hence the MCs+ ions are highly preferred in SIMS analysis. Formation of the
MCs+ molecule canbeunderstood in the light of fundamental attractive force between
a Cs+ ion (resputtered) and the “dipole moment” of the polarized neutral atom of
the matrix (M), analogous to Van der Waals interactions between hydrogen bonds.
The dipole moment occurs due to the polarization of a neutral atom caused by the
electric field of Cs+ ion in their close proximity, and thus the polarization is directly
proportional to the attractive electric field between Cs+ and M0. Consequently, the
polarizability of an element plays the most significant role in forming the (MCs)+

molecular ion. A detailed understanding of the formation mechanism of this MCs+

molecular ion can explore its analytical capability in materials quantification. For a
large variety of semiconductors, MCs+ yield has been found to quadratically depend
on the atomic polarizability of the element (M) (Chakraborty 2002).

Quantitative SIMS analysis using (MCs)+ and (XCs)+ ions (whereMandXdenote
matrix element and impurity element, respectively) was found to be realizable in
the cases where the Cs surface coverage was kept below 5% (Wittmaack 2013). A
great success in the complete suppression of the matrix effect has been achieved
using “alkali ion-based molecular SIMS” approach (Saha and Chakraborty 2013).
Although the MA+ molecular ions have found their applicability in direct materials
quantification in SIMS, these ions generally suffer from low yields. In such a case,
(MA)2 + ions provide a detection sensitivity higher by several orders of magnitude, as
these (MA)2 + ions have been found to be of much higher yields. The “recombination
coefficient” of MA+ or MA2

+ ions, respectively, depends on whether M is electro-
positive or electro-negativewith respect toA.Apart from the effect of surface binding
energy, the changes in ‘local surface work function’ are seen to have a significant
effect on the formation of these molecular ions.

SIMS technique for its extremely high detection sensitivity is enormously
powerful to quantify ultra-trace elements with concentrations below parts per billion.
It has two operation modes; “Static SIMS” and “Dynamic SIMS”. In order to have
molecular information of organic or biological materials, an extremely low dose of
primary ions is required to strike only a few numbers of surface atoms so that sputter
erosion of surfaces can be exceptionally low (≤1012 ions per cm2). This mode of
operation is referred to as “Static SIMS”. On the other hand, “Dynamic SIMS” uses
comparatively higher ion doses to make rapid depth profiling of inorganic materials.
Use of cluster ions has allowed the profiling of organic and biological materials,
as these clusters provide significantly high secondary ion yields with considerably
low surface damage. SIMS with “gas cluster ion beams” (GCIBs) have opened
possibilities for bio-imaging and molecular depth profiling. Thousands of atoms
in a cluster created in supersonic expansion can desorb target molecules with high
emission yields and negligible fragmentation (Winograd 2018). The kinetic energy
of the cluster consisting of ∼1,000 to ∼10,000 constituent atoms or molecules is
uniformly distributed amongst all constituents, so that the kinetic energies of indi-
vidual constituents are reduced to energies comparable to chemical bond strengths.



21 High-Resolution Molecular Secondary Ion Mass Spectrometry … 645

This considerably reduces the probability of fragmentation, surface damage and ion-
induced mixing, etc. This is unlike the situation with smaller cluster projectiles, such
as Bi3+ or C60

+, as kinetic energy per atom in that case ranges from a few hundreds
to a few thousands of electron volts (Winograd 2018).

Whilst characterizing polymer or biological materials using static SIMS, the total
ion dose accumulated during spectral acquisition is insignificant, yielding an insignif-
icant amount of material consumption. This makes the static SIMS poor in detection
sensitivity. As the detection sensitivity scales with the analytical volume consumed
in-depth profiling (Haag et al. 1995), dynamic SIMS (primary current density ~ μA/
cm2) obviously has exceedingly high detection sensitivity, a few orders of magni-
tude higher compared to static SIMS (primary current density ~ pA/cm2). Dynamic
SIMSprovides the foremost scientific impact in routine in-depth analysis of low-level
dopant concentrations in semiconductor materials. The advantages due to controlled
sputter-sectioning and large dynamic ranges havemade the dynamic SIMS extremely
sensitive for quantification of surfaces, thin films, multilayers, superlattices and low-
dimensional structures. However, the main problem in the composition analysis of
surface layers with minimal damage is to ensure that a sufficient signal is obtained
with minimal incident ion flux. This has been found realizable with a combination
of pulsed-ion sources and time-of-flight (TOF) mass spectrometers. TOF–SIMS is
significantly resourceful for the acquisition of spectral data with considerably high
mass resolution and detection sensitivity. Its applications have increasingly expanded
frommicroelectronics tomaterials science to biology (Brison et al. 2010). Thebiolog-
ical applications of TOF–SIMS have increased with the development of cluster-ion
sources. Polyatomic primary ions, such as Binq+ (n = 1–7, q = 1 and 2) and C60

q+

(q = 1–3), can produce a significant increase in the secondary ion yields even in the
high mass region of the spectrum.

Thepresent chapter addressed the fundamentals andgeneral perspectives of SIMS,
conceptual understanding of MCsn+ (n = 1, 2, ….) molecular ion complexes and the
phenomenal challenges of “alkali element based molecular ion SIMS” approach in
materials quantification without calibration standards. Figure 21.2a and b schemat-
ically represent the SIMS process and experimental layout of a quadrupole-based
SIMS setup, respectively (Chakraborty 2002). Figure 21.2c gives a schematic repre-
sentation of a typical quadrupole mass filter, composed of four cylindrical electrodes
arranged in a symmetric manner that can filter charged species based on its specific
charge, if driven by a mix of constant (DC) and time-varying (RF) potentials. The
dynamics of charged particles inside a quadrupole mass filter are governed by the
Mathieu’s differential equation, represented as d2y

dx2 + (a − 2q cos(2x))y = 0; which
for a certain charge-to-mass ratio (e/m) defines an infinite number of stability-regions
accomplished by combinations of DC voltage, RF amplitude, RF frequency and
quadrupole geometry, resulting in stable trajectories of the charged particles inside
the quadrupole field.
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(a)

(b)

(c)

Fig. 21.2 a Schematic representation of secondary ion mass spectrometry process. Reproduced
with permission from a book published by Nova Science Publisher (Chakraborty 2002). b
Schematic representation of SIMS setup (Hiden EQS1000). It employs a triple-quadrupole filter and
a 45°-sector-field electrostatic energy analyzer with a DC quadrupole input focussing lens. Repro-
duced with permission from a book published by Nova Science Publisher (Chakraborty 2002).
c Quadrupole mass filter selects positive or negative ions based on their mass-to-charge ratios by
a suitable combination of radio-frequency (RF) and DC potentials. Reproduced from internet link
(https://attic.gsfc.nasa.gov/huygensgcms/MS_Analyzer_1.htm)

https://attic.gsfc.nasa.gov/huygensgcms/MS_Analyzer_1.htm


21 High-Resolution Molecular Secondary Ion Mass Spectrometry … 647

21.2 Secondary Ion Emission Phenomena: Various Models

Simplistically, ionization potential (I) and electron affinity (A) are two important
parameters for positive and negative ionizations, respectively. For a metal target, the
domineering parameter is “work function” (φ). The quantity (I-φ) is the minimum
energy required to positively ionize a free atom by transferring an electron from
the atom to the surface. Similarly, (φ-A) is the minimum energy required by a free
atom to form a negative ion by capturing an electron from the surface. Hence, the
probability for the formation of a secondary ion, either positive or negative, has a
functional relationship with these three quantities; I, A and φ. The surface work
function φ is affected by the modification in the surface chemistry causing thereby
significant changes in the secondary ionization probabilities. Although a universal
ion emission model is still non-existent, a simple picture can be assumed to be valid
for the sputtered ion-flux (n+ and n−) that scales approximately as:

n+ = B exp (φ − I)/K

n− = B′ exp(A − φ)/K′

where B, B′, K and K′ are suitable constants. Andersen and Hinthorne (1973) were
the first to make a convincing demonstration of such scaling. They applied a thermo-
dynamic approach for the quantitative interpretation of the intensities of the positive
ion signals for various species sputtered from a single matrix. The linearity of the
plots with the ionization potentials of the sputtered species was found to be restricted
to elements with ionization potentials in the range 5–10 eV. From the similarity of the
data to those which could be theoretically obtained from a high-temperature plasma
in thermal equilibrium with relative ion populations governed by an equation of the
form,

n+

n0
∝ exp

(−I

kT

)
(21.1)

the sputtering site is proposed to resemble a plasma in the state of “local ther-
modynamic equilibrium (LTE)”. Ions, electrons and neutral atoms in the plasma
exist in a state of thermal equilibrium with energy distributions following Boltz-
mann’s velocity distributions. Here, k is the Boltzmann constant and T is the plasma
temperature. Expression (21.1) essentially gives the secondary ion emission cross-
section for positive ions considering the applicability of the LTE model. Andersen
and Hinthorne (1973) applied the concept of LTE using the Saha-Langmuir equation
for thermal ionization and included the electron density term, ne, for the calculation
of the dissociation constant of the form

n+ne
n0

= u+(T )

u0(T )
2
(2πmkT )3/2

h3
e

−(E−�E)

kT (21.2)
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where n+, n0 and ne are the plasma densities of positive ions, neutral atoms and
electrons, respectively. Here, u+, uo and 2 are the partition functions of the ions, atoms
and electrons, respectively, in the plasma. I is “ionization potential” and (�I) is the
depression in ionization potential due to plasma. T is equivalent to “temperature”.
The product kT has the dimension of energy reflecting the average energy of an atom
in the collision cascade.

The expression for the positive ionization probability β+ (= n+/n0), as derived
from Eqs. (21.1) and (21.2), is thus

β+ ∝ n−1
e exp

(−I

kT

)
(21.3)

Equation (21.3) explains the increase of positive ionization probability for oxides,
thus explaining the matrix effect. The increase in electronic work function for an
oxygen-covered surface or for an oxide surface causes a decrease in the electron
density ne in the local plasma, thereby decreasing the probability of neutralization
of the emitted positive ions. Similarly, the decrease in work function for a caesium-
coated surface causes an increase of ne giving rise to a decrease in the positive ion
emission or an increase in the negative ion emission. Therefore, the LTE model
explains the matrix effect quite effectively. However, since this model evolves essen-
tially from a thermodynamic approach, it does not envisage a strong yield depen-
dence on ion emission velocity. Furthermore, the model formidably fails to explain
the varying nature of kinetic energy distributions of sputtered atomic-, molecular-
and cluster-ion species, in contrast to the Boltzmann distributions.

Another approach is the “bond-breaking concept” (Slodzian 1983,) which
explains the matrix effect in ionic solids. The concept was found to be applicable
for oxides (Williams 1979), where the bonds have partial ionic characters. Consid-
ering the sputtering site to be disordered, the electronic nature of the sputtering site
was discussed. If the ion is assumed to be initially in the ground state, the prob-
ability of ion emission will depend on whether the ion-state remains energetically
favoured over the neutral state (Williams 1979). This depends on a critical distance
at which the potential energy surfaces of the ion and the neutral cross each other. If
this crossing occurs at the surface atom separation of less than 10 Å, there will be a
mixing of the ion and neutral states. The charge-exchange will occur at the crossing
of the covalent potential curve M0 + X0 and the ionic potential curve M+ + X− at
the critical distance (Rc) from the surface, leading to the conversion from covalent
to ionic bonding between the metal and the oxygen atoms. The short-ranged cova-
lent force makes the covalent potential energy curve independent of R in the region
of crossing. The ionic potential energy curve is given by the Coulomb attraction
between M+ and X− ions. From the covalent and ionic potential energy curves, it
is observed that at infinity the ionic curve lies above the covalent curve by (I-A),
where ‘I’ denotes the ionization potential of the metal and ‘A’ denotes the electron
affinity of oxygen-surrounded vacancy. This energy difference is exactly balanced
with the Coulombic potential at the crossing point and thus, the “crossing distance”
Rc simply becomes equal to (I-A)−1 in atomic units. The probability of transition
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from covalent to ionic is inversely proportional to the escape velocity (v) with which
the system (quasi-molecule) moves through the crossing region, so that the prob-
ability of dissociation as ions is P+ ∝ exp(−1/v). The transition matrix element
H12 that essentially dictates the probability of electron-transfer depends on Rc and
is expressed as H12 ∝ exp(−Rc). The features which influence the crossing distance
are (a) ground state energy of the associated species, (b) the difference between
ionization potential and electron affinity and (c) the range of electrostatic interac-
tion. Sometimes, gas-phase ion-pair interactions have been used to understand the
effects. In SiO2 system, the level crossing has been seen to occur in the gas phase of
SiO2. Effect of oxidation on ion yield can then be thought in terms of curve-crossing
movement further from the surface (Vickerman and Walls 1989).

Ionization through the breaking of chemical bond is qualitatively comparable to
ion-pair dissociation of polar molecules according to the Landau–Zener treatment
(Zener 1932). Based on this concept, Yu and Mann (1986) have described enhanced
emission of metal-positive ions from metal oxides. Sputtering of metal atom M
through the breaking of oxide bond creates an oxygen-surrounded cation-vacancy X
at the surface. This oxygen-surrounded vacancy, with electron-affinity A, strongly
attracts an electron from the ejected particle M, causing enhancement of positive ion
yields. Analogous arguments hold for the increased negative ion emission under the
effect of Cs. For a few tens of eV, the positive ionization probability β+ approximately
follows a power-law dependence on ion energy. The model, however, is restricted to
positive ion emission, whereas its applicability to negative ions, molecular ions and
multiply-charged ions is not established.

Electron tunnellingmodel (Yu et al. 1991;Weg andRol 1965) is based on “survival
probability of an escaping ion” describing the ionization probability for both posi-
tive and negative ions. Figure 21.3 schematically represents the electron tunnelling
phenomenon (Yu et al. 1991). Conceptually, this model is framed on the basis of the
crossing of the discrete electronic level of the sputtered ion with “continuum states”
of the solid. The main feature of this continuum is the Fermi level that separates
the occupied and unoccupied states. The Fermi level EF (Fermi energy) decides the
survival probability of the escaping ion above the surface (Chakraborty 2002). A
variation in image potential and chemical force of the system causes a variation in
ionization energy of the atom Ea with the separation z between the atom and the
surface. At the crossing point (Ea = EF), electrons from metal can tunnel out to
occupy the atomic level of the ion through “resonant electron tunnelling”, leading to
the neutralization of the positive ion. If Ea(z) varies rapidly with z and crosses EF at
the crossing distance zc from the surface with a large slope, the survival probability
(P) of an ion has an exponential dependence on both �(zc) and v⊥:

P ∼= exp

[
−2�(zc)

�γ v⊥

]
(21.4)

where zc is the distance of the crossing point from the surface and �(zc) is atomic
level-width at the crossing point. v⊥ is the normal component of ion emission velocity.
The functional dependence of P on ion emission velocity v will be according to
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Fig. 21.3 Schematic representation of an ion sputtered from a metal surface. The work function
(ϕ) is the energy difference between the Fermi level εF and the vacuum level. The ionization energy
of the emitted ion (εa) is related to its separation (z) from the surface. For a free atom, at a distance
far from the surface, εa is the ionization potential I of the element. At the crossing point (zc) where
εa = εF, the width 2�(z) decides the electron tunneling probability. The energy width 2�(z) is
obvious according to uncertainty principle. Redrawn from a book published by Springer (Yu et al.
1991)

the variation of Ea and �(z) with z. For a small change of surface work func-
tion φ, the positive and negative ionization probabilities are respectively expressed
(Chakraborty 2002) as:

β+ ∝ exp

[
− I − φ

v⊥

]
(21.5)

β− ∝ exp

[
−φ − A

v⊥

]
(21.6)

Equations (21.5) and (21.6) clearly exhibit the importance of Fermi level in
the ionization probabilities. Thus, the electron tunnelling model has convincingly
described the role of surface work function and ion emission velocity on ionization
efficiency for atoms sputtered from metallic surfaces.
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21.3 Quantification

21.3.1 Matrix Effect in SIMS: Theoretical Concepts

Ideally, the number of sputtered ions of a species, irrespective of bombarding condi-
tions, should be linearly related to the fractional concentration of that species in
the sample and should be independent of the sample composition. Regardless of
the secondary ion formation mechanism, quantification through depth profiling is
achieved by converting a secondary ion current I(t) of a given species measured as
function of time (t) into the concentration of the same species C(z) measured as
function of depth (z). Considering sputtering conditions and erosion rate throughout
themeasurement to remain unchanged, depth calibration becomes straightforward as
the total time of erosion can be directly converted to the eroded depth of the sample.
However, in reality, the linearity of time-to-depth conversion appears inoperative, as
the ion-induced erosion introduces a spread in the actual depth by rearrangement of
target atoms and subsequent changes in surface topography. Considering an equilib-
rium state in surface composition, secondary ion current of a species (x) in a target
matrix (m) can be related to the fractional concentration of the species (x) in the form
of the following expression (Chakraborty 2002):

I±x = IpYtot β
±
x, mf(�E) f(��) Tx,mηx,mCx (21.7)

where Ix± (positive or negative) is secondary ion current of isotope-corrected species
(i.e. Ix± = Ixi±/xi, Ixi± is the measured ion current of isotope i of element x, and xi
is its isotopic abundance). Ip is the primary ion current (= jp.S, where jp is target
current density and S is the bombarded area). Ix and Ip are expressed in units of ions/
second. The combined subscript (x, m) relative to a certain parameter in Eq. (21.7)
indicates a possible dependence of those parameters on the nature of both sputtered
entity (x) and target matrix (m). Generally, sputtering from a multi-component target
is influenced by preferential sputtering and surface segregation, creating an altered
layer whose composition is different from that of the bulk. However, despite the
differences in yields of individual species, partial sputtering yield of species (x) is
ignored in Eq. (21.7); as in the steady-state (sputter equilibrium), the surface compo-
sition is identical to that of the bulk material. This is the basic concept underlying
all quantitative analytical techniques that monitor the sputtered flux.

Ytot is global sputtering yield of the target matrix (total number of atoms of all
species sputtered from the matrix per incident ion); an estimation of which can be
made following any of the standard techniques of sputter yield measurements.

β±
x, m is positive or negative “ionization probability” of species (x) sputtered from

the matrix (m). The parameter β±
x, m depends strongly on the nature of the sputtered

entity and local surface chemistry of the sample, thereby causing a great difficulty
in SIMS quantification. The product (Ytot.β±

x,m) is the ion yield of the species (x)
sputtered from the target matrix (m).
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T is transmission of instrument (mass spectrometer); f(�E), f(�) are fractions
of ionized particles entering into energy- and solid-angle acceptance-windows of
the mass spectrometer; η is detector efficiency and Cx is fractional concentration of
element x (atomic density of x atoms/atomic density of the matrix, i.e. nx/nm).

The characteristics of SIMS concerns the dramatic variation of ion yields from
element to element. Moreover, the secondary ion yield for a certain element present
in a matrix depends strongly on the presence of another element in the same matrix.
Dependence of ionization probability on local surface chemistry (“matrix effect”)
is established by the fact that an electro-negative species (like oxygen) present on a
surface enhances the secondary emission of positive ions of thematrix element signif-
icantly (Yu 1987). The enhancement is larger, the stronger is the electro-negativity
(Canteri et al. 1991) of the species with respect to the emitted element. For example,
fluorine, compared to oxygen, provides a larger positive ion yield enhancement. An
equivalent effect occurs for negative ion emission from a surface when exposed to
electropositive element, like Cs. A similar enhancement in the positive- or negative-
ion emission occurswhen the surface is subjected to oxygen or caesium ion bombard-
ment, respectively. The fact that ionization efficiency can abruptly change from
matrix to matrix has been evidenced through an estimate of the matrix effect in a
two-element Zr-containing alloy by a TOF–SIMS analysis. Zr ionization efficiency
was found to strongly vary in Al, Si and Cu matrices (Priebe et al. 2020); higher by
more than four times in Si matrix than in Cu matrix and over two times higher when
compared to the results obtained in the Al matrix.

The matrix effects, however, constitute serious drawbacks to the analytical capa-
bilities of SIMS method, because they are, in general, not very well characterized
and predictable.Whilst determining the interface positions accurately by SIMSdepth
profiles of organicmaterials using negative secondary ions, the extent ofmatrix effect
was found to strongly influence the interface positions (Havelund et al. 2018). The
shape of the intensity profiles obtained at FMOC/Irganox 1010 and Irganox 1010/
FMOC interfaces was seen to be strongly influenced by matrix effects that slightly
got reduced by ion-induced surface roughening of long wavelengths, equivalent to a
root-mean-square value of 2.5 nm (Havelund et al. 2018). Whilst doing SIMS depth
profiling of a delta layer of an organic material, an enhancement or suppression of
ion yield due to matrix effect was found to vary widely from element to element and
was not related to the energy of the secondary ions (Shea et al. 2016). From the above
discussions, it is obvious that ‘matrix effect’ is detrimental to actual quantification
and needs to be appropriately compensated.

21.3.1.1 Compensation of Matrix Effect: Relative Sensitivity Factor

The fractional concentration Cx of the species x (Eq. 21.7) is defined as the ratio nx/
nm, where nx is the atomic density for the species (x) in the matrix (m) and nm is
the atomic density of the matrix element itself. Obviously, Cx = 1 for a pure single-
component matrix. As discussed above, the exact estimation of Cx using Eq. 21.7
is difficult because of the ‘matrix effect’. Therefore, the compensation of ‘matrix
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effect’ is necessary. Considering only the case of positive ions, Eq. (21.7) can be
written as.

I+x = ρx · Cx (21.8)

where ρx
(= IpYtotβ

+
x f, with f = f(�E) f(��) Tx,mηx,m

)
is called the “absolute

sensitivity factor” (ASF) for the species x. Equation (21.8) gives an estimate of the
fractional concentration Cx (or atomic concentration nx) of the species x in a given
matrix m from secondary ion current, provided ρx is known.

Whilst undertaking the depth profile of a certain species (x), Eq. (21.8) can be
expressed as

Ix(t) = ρ ′nx(t) (21.9)

where nx(t) is the atomic concentration of x in the sample at a depth z corresponding
to a sputtering time t and ρ’ is the ‘calibration constant’.

In Eq. (21.7), f(�E) is the fraction of secondary ions with energies in the range E
and E+�E entering into the mass spectrometer, f(��) is the fraction of secondary
ions accepted by the mass spectrometer in a solid angle��), Tx,m is the transmission
factor of the mass spectrometer for ions of mass m of a species x, and ηx,m is the
detection efficiency of the detector or ion-collection optics for ions of mass m of a
species x. The instrumental factor f can be taken as constant for a particular mass
spectrometer and its associated instrumentation.

The ‘absolute sensitivity factor’ contains the term β±
x, m, an exact evaluation of

which is necessary for quantification. In other words, the matrix effect needs to
be compensated. The lowest detectable concentration in a given matrix that can be
measured bySIMS is called the ‘detection limit’. In order to eliminate the fluctuations
in Ix+, β±, Y, f, etc., and to correct for the matrix effect, the secondary ion current is
normalized with a reference or matrix current Im+ (Chakraborty 2002). From Eq. (8),
the fractional concentration Cx = I+x /ρxor

Cx = I+
x

IpYβ+
x f

(21.10)

Similarly, for the matrix m

Cm = I+
m

IpYβ+
m f

(21.11)

In order to eliminate the fluctuations in Ix+, β±, Y, f, etc., and to correct for the
matrix effect, the secondary ion current is normalized with a reference or matrix
current Im+ (Chakraborty 2002). Therefore, from Eqs. (21.9) and (21.10),
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(Cx)min/Cm =
(

(Ix)
+
min

I+
m

)
/

(
β+
x

β+
m

)
(21.12)

or

(Cx)min =
(

(Ix)
+
min

I+
m

)
/

(
β+
x

β+
m

)
(since Cm = 1) (21.13)

Since Im or Imatrix is related to the material consumption and expressed as
[k · (dz/dt) · S]matrix, the detection-limit or the minimum detectable fractional
concentration (Cx)min, as obtained from Eq. (21.12), can be expressed as

(Cx)min =
( (

I+
x

)
min(

k. dzdt S
)
matrix

)

/

(
β+
x

β+
m

)
(21.14)

where (dz/dt) is the erosion-rate or layer-thickness sputtered per second, S is the
target area hit by the primary beam and k is a constant depending on the sample and
the ion-optics of the mass spectrometer. Therefore, atomic density nx (atoms/cc) of
a certain species (x) can be expressed as

nx = nm
I+
x

I+
m

/
β+
x

β+
m

= (RSF)x
I+
x

I+
m

(21.15)

where (RSF)x = nm
β+
m

β+
ẋ
, defined as “Relative Sensitivity Factor” for a given species

(x) in a certain matrix (m). The advantage of RSF over ASF is that the RSF actually
takes care of the instantaneous fluctuations in the parameters Ix+, β±, Y, f. As obvious
from Eq. (21.14), the lowest detectable concentration is inversely proportional to the
erosion-rate or material consumed in SIMS depth profiling, thus signifying dynamic
SIMS to be of higher detection sensitivity compared to static SIMS. Equation (21.15)
gives an estimation of the atomic concentration of a certain species in a given matrix,
provided the value ofRSFof that species is known.Thevalue of this factor canbe indi-
rectly extracted through a calibration process like ‘implantation standard method’,
which involves accurately preparing a “local standard” by implanting a controlled
quantity of a species (x) with a known dose Fx (atoms/cm2) into another sample of
the same matrix. This ‘local standard’ is then used to calibrate the SIMS signals. The
value of (RSF)x in this method can be calculated by integrating Eq. (21.9) over total
sampling time T.

T∫
0
Ix(t)dt = ρ ′

[
Z∫
0
nx(z)dz

]
1

ż
(21.16)

where, ż = dz
dt is the sputter erosion rate. From Eq. (21.16),
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ρ ′ = ∫T
0 Ix(t)dt

Fx

Z

T
(21.17)

where

Fx =
[
Z∫
0
nx(z)dz

]
(21.18)

Here, Fx is the total dose of implanting ions. Z is crater-depth measured after
the bombardment time, assuming a constant sputter rate. Equation (21.17) gives the
value of ρ’, thus measured from the SIMS profile (secondary ion current Ix versus
time). As nx = Ix/ρ’ (from Eq. (9)), the atomic density nx of the species x at any
depth of the sample can be measured using Ix and the estimated calibration constant
ρ′.

Now, from the measured nx and using Eq. (21.15), (RSF)x can be expressed as

(RSF)x = Fx T Im

Z
T∫

0
Ix(t) dt

(21.19)

where Im is the secondary-ion current of the matrix element (m). Z is the erosion-
induced crater-depth and

∫ T
0 Ix(t)dt is obviously a measure of the total area under

the depth-integral curve of the secondary ion-current Ix over a span of the total time
of depth-profiling.

There are several other approaches towards quantification without standards. One
such is “infinite velocity approach” (Wittmaack 1999), which uses the plots of
‘secondary ion intensity’ as a function of ‘inverse of ion velocity’, calculated directly
from the energy distributions of secondary ions. The basic idea is that the survival
probability of a secondary ion increases exponentially with decreasing ‘inverse ion
velocity’. Therefore, all sputtered ions in the limit of infinite velocity remain fully
ionized. That means, secondary ions with large emission velocities are not affected
by any change in local surface chemistry. Or, in other words, the matrix effect is fully
removed. However, the difficulty is that the secondary ions have extremely low inten-
sities at the high energy tails of the energy distributions. The kinetic energy distribu-
tions of secondary ions, mostly peaked at few eVs, have quite long ranges extending
up to several kilo-electron volts. The ion-intensities in such keV regions drop down
to the background level and are almost undetectable. Another interesting study was
on secondary ion yields and ionization probabilities with the use of slow (few keV/
u; u stands for atomic mass unit), highly charged primary ions (such as Xe44+ and
Au69+) (Schenkel 2002). It was observed that ion emission exceeded by orders of
magnitude the values obtained in conventional sputtering with singly-charged ions
(Schenkel 2002). Furthermore, the ionization probabilities for secondary positive-
ions from UO2 and GaAs (100) as a function of projectile charge-states showed a
strong decoupling of ion production from ionization probability. This established the
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“highly-charged ion-based SIMS” as an analytical technique free from the matrix
effect (Schenkel 2002).

21.3.1.2 Compensation of Matrix Effect: MCsn+ (N = 1, 2, …..)
Molecular Ions and Their Formation Mechanisms

Although quantification of a material is possible by using ‘standards’ having compo-
sition nearly identical to that of the material, it is difficult to quantify or interpret data
across the interfaces of different materials, likemetal/semiconductor, metal/polymer,
metal/ceramic, etc. In view of this, the alkali element-based molecular MA+-SIMS
approach has been found remarkable for the reduction of the matrix effect (Gao et al.
1995). Caesium has the highest reactivity amongst all alkali elements, as its outer-
most electron is more loosely bound than the outermost electron of the other alkali
metals. Therefore, Cs+ ions are preferred inMA+-SIMS approach and themonitoring
of MCs+ ions in SIMS analysis is known as MCs+-SIMS technique (Chakraborty
2002). M is referred to “matrix element”. Under steady-state condition, MCs+ ion
flux reflects the atomic concentration of element M in the matrix. For a variety of
semiconductors, MCs+ yield quadratically depends on “atomic polarizability” (α) of
element M (ion yield ∝ αn), where n≈ 2 (Gnaser and Oechsner 1994a), establishing
the fact that polarizability ofMgoverns the formation of theseMCs+ ions. In this case,
the ion and ion-induced dipole moment of neutral species interact with each other.
Modelling of the binding strength betweenM and Cs+ in terms of polarizability of M
was done on the basis of an interaction potential between M and Cs+ (Gnaser 1999).
Kinetic theory was applied to investigate the force of attachment between polariz-
able neutral atoms and slowly moving ions in a constant field of force (Gnaser 1999).
In a study on the influence of isotopic mass difference on the yields of MCs+ ions
through energy distributions of secondary ions of two or more isotopes of a partic-
ular element, a pronounced light-isotope enrichment in the flux was observed with
atomic ions M+, whereas the isotopic effects for MCs+ molecular ions were found
to be negligible. The relative insensitivity of MCs+ signals with respect to sample
compositions was evidenced in a study of the oxygen concentration dependence of
the intensities of various secondary ions (Ge+, Cs+, GeCs+, GeOCs+, etc.) sputtered
from Ge1-xOx samples (Gnaser and Oechsner 1994b). Whilst Ge+ intensity exhib-
ited a monotonic increase with oxygen concentration, Cs+ and GeCs+ were found
to remain almost invariant. In an additional measurement, the energy distribution of
GeCs+ sputtered from a Ge1-xOx sample was found to be identical to that from a pure
Ge sample. The reasonable insensitivity of GeCs+ ion intensity from Ge1-xOx with
varying oxygen concentration and the identical energy spectrum of GeCs+ ions for
pure Ge and Ge1-xOx samples demonstrated the relative inertness of MCs+ against
specimen composition. TheMCs+-SIMS technique was found to be extremely useful
whilst analysing a metal/semiconductor interface (Fig. 21.4). An absence of ‘matrix
effect’ was established inMCs+-SIMS analysis of a thin (0.3μm) gold film on GaAs
substrate (Gao et al. 1995). The appearance of a large hump of Au+ signal across the
interface is a characteristic of interface-peak due to the possible presence of native



21 High-Resolution Molecular Secondary Ion Mass Spectrometry … 657

Fig. 21.4 a SIMS depth-profiles of gold layer (0.3 μm thick) on GaAs substrate. a Au+ ions under
O2 bombardment, b Au− ions with an off-set of 80 eV in the same bombardment condition, c Au−
under Cs bombardment, d Au0 atoms (SNMS) under O2 bombardment, e AuCs+ ions under Cs
bombardment. Reproduced with permission from Elsevier Publications (Gao et al. 1995)

oxygen or some other electronegative species at the interface. This interface peak
that essentially appeared due to ‘matrix effect’ was found to be successively reduced
under different conditions and completely disappeared whilst AuCs+ signals were
monitored (Fig. 21.4e).

MCs+ ion formation mechanisms and the suitability of MCs+-SIMS method in
analytical applications have been systematically examined (Saha et al. 2008). Taking
account of all experimental observations, MCs+ ions have been predicted to form
via recombination of sputtered neutral M atoms and resputtered Cs+ ions. For such
a formation mechanism to be valid, the intensity ratio I(MCs+)/I(Cs+) is expected
to vary linearly with sputter yield of M and inversely with the mean velocity of M
(Gnaser and Oechsner 1994b)

I
(
MCs+

)
/I

(
Cs+

) ∝ YM/ < vM > (21.20)

where <vM> is the mean velocity of sputtered M atoms accounting for the density
of M atoms in the combination volume. Normalized MCs+ intensity has been found
to depend exponentially with the change in surface work function (Gnaser 1999).
A close agreement between the variation of AgCs+ and Cs+ intensities with the
variation in surface work function indicated a direct correlation between Cs+ and
MCs+ intensities.
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As the ionization probability P+ depends on surface work function as well as
ionization potential I of sputtered atom, Eq. (21.5) can be expressed as

P+ ∝ exp[−(I − φ)/ε0] (21.21)

where, the parameter ε0 is related to the normal component of the velocity of the
emitted secondary ions. The normalized Cs+ counts versus “surface work func-
tion changes” (�φ) agreed well with the theoretical prediction for ε0 = 0.29 eV
(Wittmaack 2013). The leading parts of energy distributions of secondary ions are
connected with the instantaneous surface chemistry of the sample, and the trailing
parts reflect the kinematics of secondary ions. Therefore, the changes in the slopes of
the leading edges of energy distributions reflect the surface work function changes
that essentially arise due to the variation in surface chemistry (Saha et al. 2008).
Figure 21.5 represents a scheme of estimating the surface work-functions from the
Cs+ energy distributions at varying oxygen pressure. The leading parts of the energy
distributions have variations in the slopes, as seen from the tangents drawn at the
leading edges (Saha et al. 2008).

Under the joint influence of caesium and oxygen on a silver surface, AgCs+ inten-
sity (normalized) was found to be directly proportional to Cs+ intensity (normal-
ized), and in good agreement with theoretical predictions for all oxygen exposures in
the sputter region (Wittmaack 2013). This observation perceptibly authenticated the
concept that MCs+ ions form via the recombination of sputtered neutral M0 atoms
with resputtered Cs+ ions. The electric field of Cs+ ion in close proximity of the M-
atom polarizes the neutral M0 atom and creates a dipole moment which subsequently
interacts with the Cs+ ion. The intensity of MCs+ molecular ions is expressed as

Fig. 21.5 A scheme for
surface work functions as
estimated from Cs+ energy
distributions. The tangents
drawn at the leading edges of
ion-energy distributions meet
at different points on the
energy-axis. The relative
changes in the intercepts on
the energy-axis provide the
estimates of relative changes
in surface work function.
Reproduced with permission
from Elsevier Publications
(Saha et al. 2008)
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Fig. 21.6 Yields of MCs+

molecular ions emitted from
various elements as a
function of atomic
polarizability of M. The solid
line is a linear least-squares
fit with n = 2.07 ± 0.20.
Reproduced with permission
from Elsevier Publications
(Gnaser and Oechsner
1994a)

I(MCs+) = βCs(γMCs) kM
(
CCsCM/C2

total

)
(Ytotal)

2Ip (21.22)

where, βCs is the ionization cross-section of Cs, γMCs denotes the recombination
coefficient of M0 with Cs+; CCs and CM are fractional concentrations of Cs and M,
respectively; Ctotal is the total concentration; Ytotal is the global sputtering yield; Ip
is primary ion current; kM is a constant (≈ 1). The recombination coefficient for
MCs+ is found to be greater for elements with higher electro-positivity. The fact
that the emission intensity of MCs+ molecular ions depends linearly with the atomic
polarizability of the element M has been established from the measurements of
MCs+ ion yields fromsilicon-containing various low-concentration elements (Gnaser
and Oechsner 1994a). The results showed that the ratio I(MCs+)/I(SiCs+) increased
monotonically with the atomic polarizability of M. Figure 21.6 shows the yields of
MCs+ ions sputtered from various elements as a function of atomic polarizability.

AlthoughMCs+-SIMS approach explains the nonappearance ofmatrix effects, the
experimental foundation is still obscure. In an application of MCs+-SIMS approach
under Cs+ primary ion bombardment to in-depth quantitative compositional anal-
ysis of AlGaAs/GaAs multilayer structures, the linear behaviour of the MCs+ ion
yield evidenced the fact that the analysis was independent of the matrix effect. The
compositions were determined with an absolute accuracy better than 2% and the
depth resolution was smaller than 100 Å (Gao 1988). Most notably, the ion signals
for the major elements exactly matched the actual atomic densities of those elements
in the layers.

Although MCs+-SIMS has potential in quantification of materials without the
need for calibration standards, it suffers from low yields of MCs+ ions. In that case,
working with MCs2+ molecular ions can offer much higher detection sensitivity,
as MCs2+ ion yields have been found to be much stronger. This happens when the



660 P. Chakraborty

Fig. 21.7 SIMS depth
profiles of Si a wafer,
implanted with fluorine at
fluence of 8 × 1015 atoms/
cm2, monitored with FCs+

and FCs2+ molecular ions.
The implantation
profile-peak corresponds to a
dopant concentration of 2.5
× 1021 atoms/cm3, which is
almost close to the expected
value. Reproduced with
permission from Elsevier
Publications (Gao et al.
1995)

elements (M) have higher electronegativity with respect to caesium. In MCs+-SIMS
analysis of a fluorine-implanted Si-wafer, FCs2+ ion yieldwas seen to be significantly
higher compared to FCs+ (Fig. 21.7) (Gao et al. 1995).

Studies on kinetic energy distributions of MCs2+ ions and their constituents are
extremely important in the understanding of their formation mechanisms (Sarkar
et al. 2004). From the nature of the dependence of energy distributions of MCs2+

molecules on the surface binding energies of the constituents, it was evident that
the sputtered neutral M atoms have a strong role on MCs2+ formation (Mootz et al.
1996). The formation mechanisms of these molecular ions depend on the nature of
the element M. Two possible mechanisms (Mootz et al. 1996) are

M0 + Cs+2 → MCs+2 (21.23)

MCs0 + Cs+ → MCs+2 (21.24)

While the first mechanism seemed to dominate for electropositive elements M,
the second one was important for electronegative elements, thus exhibiting the
enhanced yield (Marie et al. 1995) of MCs2+. The formation of MCs0 molecule
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(Eq. 21.24) results from the neutralization of an MCs+ ion by electron capture (Saha
and Chakraborty 2007). According to process (Eq. 21.24), the intensity of MCs2+

molecular ions can be expressed (Saho et al. 2008) as

IMCs+2 ∝ YcMY 2(cCs)
2P+fMCs+ fMCs+2 (21.25)

where, Y is global sputter yield; CCs is Cs-concentration in the matrix; CM is concen-
tration of M; P+ is ionization probability of Cs+; fMCs+ and fMCs2+ are formation
probabilities of MCs+ and MCs2+ molecular ions. For a certain element M, cM and
the formation probabilities for MCs+ and MCs2+ molecular ions can be considered
as constant (Saha and Chakraborty 2007). Therefore, Eq. (21.25) can be rewritten as
IMCs2

+ ∝ P+. Thus, intensity of AgCs2+ molecular ions is expected to vary linearly
with ionization probability of caesium. This has been evidenced in the exponential
dependence of normalizedAgCs2+ intensitywith the change in surfacework function
(�φ) (Saha et al. 2008). Those experimental data substantiated the conjecture that
MCs2+ molecular ions form via recombination of MCs0 molecules with Cs+ ions in
the near-surface region (Eq. 21.24). The same argument can be equally applicable
for the intensity of MCs+ ions which varies exponentially with the change in surface
work function (�φ) (Saha et al. 2008). The formation probability for MCsn+ (n = 1,
2,…..) is proportional to “spatial and temporal correlation factor” ofMCsn+ (n= 1, 2,
….). The constant of proportionality is related to the square of atomic polarizability
of M, expressed as (Marie et al. 1995),

fMCs+n = γ
pol
M 0 �MCs+n (21.26)

Figure 21.8 shows the special and temporal correlation factors for MCs+ and
MCs2+ molecular ions for different oxygen environments. As presented in the figure,
the formation probability for MCs2+ is higher by two orders of magnitude compared
to MCs+ and both remain unchanged under varying oxygen exposure. This observa-
tion has also authenticated the higher emission cross-section for MCs2+ molecular
ions compared to that of MCs+ ions.

21.3.2 Composition Analysis of Multilayers, Superlattices
and Quantum-Wells

During the analysis of a multilayer structure, special care is taken to obtain the best
depth resolution for which the selection of parameters such as high-mass primary
ions, low-impact energy and high angle of incidence is necessary so as to minimize
the erosion rate. The quantification of matrix constituents in a multilayer structure
(e.g.measurement of the value of x inAlxGa1-xAs layers in aGaAs/AlxGa1-xAsmulti-
layer) is complex, as sputter-ion yields vary not only from one matrix to the next
but also in an unknown manner in the interfacial regions. It has been shown that for
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Fig. 21.8 Formation
probabilities (spatial and
temporal correlation factor)
of MCs+ and MCs2+

molecular ions as a function
of oxygen pressure in the
target chamber. Unpublished
data from author

the AlxGa1-xAs system the Al+ and Ga+ intensities vary linearly with the aluminium
content (up to x= 0.5). Based on this observation, the approach is to prepare a series
of standard AlxGa1-xAs samples of known compositions and to measure Al+ and Ga+

ion intensities from those standards by SIMS. A plot of Al+/Ga+ ratios versus (x/1-x)
then produces a straight line from which any unknown value of x (Al concentration)
and its depth distribution in an AlxGa1-xAs matrix can be determined. This method
has many limitations and obviously cannot provide the true compositional profiles of
the interfaces in a multilayer structure in general. Depth-resolution can be improved
to a great extent by reducing the bombarding-ion energy (which reduces ion-induced
collisional mixing) and choosing the correct bombardment conditions, as an addi-
tional surface roughening is caused by the oblique incidence of the primary beam
(Chakraborty 2002), giving rise to profile broadening. A relatively smooth crater-
bottom is seen to be collapsed into a pronounced ripple structure (Chakraborty 2002)
at an oblique incidence of the primary beam.

Figure 21.9 represents the SIMS depth profile of an 80-period Si/Fe neutron
mirror with layers of 1.8 nm thick using normally incident 1.5 keV O2

+ primary ions
(100 nA). As neutrons are electrically neutral, they have an exceptional ability to
penetrate any material and are less reflected. The neutrons are scattered by nuclei
and the refractive index of a material for neutrons depends on the number of nuclei
and neutron scattering cross-section of the material. ‘Scattering length’ is the ability
of a nucleus to scatter a neutron. Therefore, the neutron refractive index of any
material is a function of scattering power, defined as “scattering length density” and
the neutron wavelength. Total reflection occurs when neutrons pass from a medium
with a higher refractive index to one with a lower refractive index. Since the neutron
refractive indices of most of the materials are only slightly less than that of air or
vacuum, total external reflection of neutrons normally takes place instead of total
internal reflection. This property is very similar to the electromagnetic radiation that
falls in the wavelength region of soft X-rays to extreme ultraviolet. Therefore, the
design conditions of the Si/Fe multilayer structure are fulfilled in order to reach
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Fig. 21.9 SIMS depth-profile of an 80-period Si/Fe neutron mirror, with layers of 1.8 nm thick,
analysed using normally-incident 1.5 keVO2

+ primary ions (100nA).Reproduced from internet link
(https://www.hidenanalytical.com/applications/surface-analysis/contamination-with-silicone/)

the maximum reflectivity of neutrons at near-normal incidence, similar to that in the
layered synthetic microstructures used for X-UV reflecting devices. The SIMS depth
profile shows that layer thicknesses are highly consistent with depth and have almost
no loss of depth resolution over the entire multilayer stack. Low-impact ion energy
and appropriate bombardment conditions have reduced the ion-induced collisional
mixing to a great extent thereby increasing the depth resolution substantially.

21.3.3 Metallic Multilayer

Large free energies existing at the interfaces in metallic multilayers are respon-
sible for interfacial mixing and subsequent formation of interfacial alloys, provided
those free energies are comparable to or larger than “formation enthalpy”. In the
case of immiscible metals, mixing is hindered by energy barriers caused by “posi-
tive mixing enthalpy”. Whereas for miscible metals in multilayer systems, various
metastable alloys can form because of negative enthalpies of formation, the values
of which can be close to each other. Because of interfacial mixing that essentially
arises out of interdiffusion, metastable alloys were found to form across Au/Cu
interfaces of an Au/Cu multilayer structure grown by magnetron sputtering. In that
case, high quench rate and hyperthermal atoms present in magnetron sputtering
systems were effective in the formation of metastable alloy phases across the inter-
faces (Sarkar et al. 2005). Interfacial confinement in such a structure was the main
driving force behind the formation of metastable D023 phase of Cu3Au alloy across
the interfaces (Sarkar et al. 2005). Figure 21.10 summarizes the observations of
such a phenomenon. Figure 21.10a shows the high-resolution cross-sectional TEM
image of a 10 bi-layered Cu/Au structure grown on glass substrate and Figure 21.10b
shows the SIMS depth profile of an identical 2 bi-layered Cu/Au structure grown
on Si substrate, indicating Au, Cu and Si signals prominently. The depth resolution

https://www.hidenanalytical.com/applications/surface-analysis/contamination-with-silicone/
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Fig. 21.10 a Cross-sectional TEM image of the (Cu/Au)10/Si multilayer, b SIMS depth profiles
showing Au, Cu and Si signals in a (Au/Cu)2/Si film, (inset) SIMS depth profiles showing Cu and
Cu2Au alloy fragment signals in the same film, c XRD spectrum of the (Au/Cu)10/glass multilayer,
and d crystal structures of L12 and D023 phases of Cu3Au. Reproduced with permission from
Springer Nature Publications (Sarkar et al. 2005)

of SIMS was good enough to distinguish the various alloy fragments like AuCu,
Cu2Au and Au2Cu that are formed and spatially separated across each interface.
One such alloy fragment like Cu2Au at the interfaces is indicated in the figure (inset
of Fig. 21.10b). Figure 21.10c presents the X-ray diffraction spectrum of (Au/Cu)10
/glass multilayer indicating a small sharp peak in the vicinity of Au (111) peak and
that the new peak is a characteristic of the Cu3Au alloy phase (D023). Figure 21.10d
represents the crystal structures of the L12 and D023 phases of Cu3Au.

21.3.4 Semiconductor Quantum-Well

Interdiffusion across interfaces can cause interfacial broadening in a quantum-
well structure. The phenomenon was evidenced in an InP/In0.33Ga0.67As/InP/
In0.33Ga0.67As/InP double-quantum well grown by metal–organic vapour phase
epitaxy (MOVPE) (Sarkar et al. 2000). SIMS and XRDmeasurements together with
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Fig. 21.11 SIMSdepth profiles of In, P,Ga andAs in an InP/In0.33Ga0.67As/InP/In0.33Ga0.67As/InP
double quantum-well structure.Reproducedwith permission fromJohnWiley andSonsPublications
(Sarkar et al. 2000)

a simulation programme (Sarkar et al. 2000) evidenced the interdiffusion of phos-
phorus into the quantum-wells and the presence of a 10 nm thick intermixed region
of In, As and P formed in between the cap-layer and the subsequent quantum well. A
combination of these two techniques together with a simulation programme was an
innovative approach towards the quantification of in-depth compositional variation
in quantum wells. For the indium content present at its maximum in InP layers, the
interdiffusion of In from QWs to InP layers was ruled out. Therefore, it was only
phosphorus that inter-diffused from InP-layers into the QWs. The shallow valley of
phosphorous signal in QW layers supported the phenomenon. Ga and As peaks with
equal peak-widths appeared at the same position in the SIMS profile (Fig. 21.11),
representing the characteristics of the double quantum-well structure.

A high-resolution X-ray diffraction experiment provided the stoichiometry of the
composition in the quantum well layers through the measurement of absolute lattice
parameters of the substrate and the phases grown in the deposited layers. A simula-
tion programme, based on the ‘kinematic theory of reflection’ (Warren 1969), was
developed to reproduce the experimental high-resolution diffraction pattern of the
double quantum well in the Born approximation scheme (Sarkar et al. 2000). The
interplanar spacings were obtained from the measured X-ray data. The scattering
amplitudeneeded for simulationdepends on the relative concentrationof the elements
present in the sample, and thus would change with depth throughout the stack due to
the variation of in-depth elemental composition. From the study of high-resolution
XRD around the (004) Bragg peak as a function of qz (= (4π/λ) sinθ), interplanar
spacings (d-values) in In0.33Ga0.67As and InP layers were determined to be around
1.428 Å and 1.495 Å, respectively. Applying the Vegard’s law (Adachi 1982) for a
quaternary material like A1-xBxCyD1-y constructed from four binary compounds like
AC, AD, BC and BD, and using the model based on a linear interpolation scheme,
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a ‘quaternary material parameter’ was framed that was essentially regarded as the
interplanar spacing, which varies almost linearly with the stoichiometry of the mate-
rial composition. Applying the above law, the desired composition In0.33Ga0.67As
of the QWs cannot have the interplanar spacing of 1.428 Å in the (004) direction.
On the contrary, assuming the proportions of In and Ga to remain unaltered and
an interdiffusion of phosphorus into the QWs, a reconstructed composition, such as
In0.33Ga0.67As0.62P0.38, was rather found to match well with the estimated interplanar
spacing 1.428 Å (Sarkar et al. 2000).

21.3.4.1 Reconstruction of Depth Profiles: MRI Simulation

Ageneral observation inSIMSdepth profiling of semiconductormultilayer structures
is an asymmetry in ‘leading’ and ‘trailing’ parts. Such an asymmetry in the slopeswas
observed in depth profile analysis of a delta-layer ofAlAs onGaAs andwas explained
by MRI (Mixing, Roughness and Information-depth) simulation model (Hofmann
1993). Ignoring the effect of preferential sputtering, the slope of the leading part
was determined by considering the quantities like “surface roughness” and “infor-
mation depth”, whereas the slope of the trailing part was determined by considering
the extent of “atomic mixing” (Hofmann 1993). TheMRImodel is a semi-empirical
model to explain “depth resolution function” (DRF),whichwasdevelopedusing three
fundamental parameters: atomic mixing (w), surface roughness (σ) and information
depth (λ). “Atomicmixing” considers a full atomic redistribution creating a homoge-
neously mixed region of thickness w. “Surface roughness” is a Gaussian distribution
with a standard deviation, σ. “Information depth” is essentially the effective depth of
information determined by the mean escape depth (λ) of analytical information. For
example, the escape depth in SIMS is the mean information depth of secondary ions
and typically ~1–2 monolayer). Therefore, the MRI model is characterized by the
“partial resolution functions” of these three parameters (w,σ,λ), such as f(w), f(σ) and
f(λ), which act on each other establishing the complete DRF for depth-profile recon-
struction. An appropriate choice of these three parameters enables the calculation
of DRF, which depends mainly on a detailed understanding of the physicochemical
processes during sputtering. By comparing theMRI modelling of depth profiles with
experimental data, the calculated DRF enables the deconvolution of the measured
profile. By a realistic choice of these three parameters (mixing (w)= 1.0 nm, surface
roughness (σ) = 0.6 nm, Auger electron escape-depth (λ) = 0.4 nm) for 600 eV
Ar+ ion sputtering, the MRI model was found to perfectly match the measured AES
depth profiles of a GaAs (8.8 nm)/AlAs (9.9 nm) superlattice structure (Hofmann
1994). Figure 21.12 represents the extracted Al-concentration (mole fraction) in a
GaAs/Al0.2Ga0.8As/GaAs multiple quantum well (MQW) structure through SIMS
depth profile using 1.5 keV Cs+ primary ions (Otomo et al. 2006). As evident, the
MRI-convoluted profile perfectlymatches the actual SIMS profile. The reconstructed
Al profile gives an accurate measure of the quantum-well layer thicknesses, with a
difference between the sputtering rates of GaAs and Al0.3Ga0.7As within ~5%.
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Fig. 21.12 Al-concentration as a function of depth in aGaAs/Al0.2Ga0.8As/GaAsmultiple quantum
well (MQW) structure, fitted with MRI (mixing, roughness, information) model. The simulated
values: w (atomic mixing) = 2.0 nm, σ (surface roughness) = 1.0 nm, λ (information depth) =
0.4 nm. Reproduced with permission from Elsevier Publications (Otomo et al. 2006)

21.3.5 SiGe Alloy and Si/Ge Superlattice Structures:
Composition Analysis Using MCs+-SIMS Approach

Silicon–germanium(SiGe) alloy is highly compatible in silicon-based semiconductor
technology. Because of poor thermal conductivity compared to silicon and high elec-
tron/hole mobility, SiGe is potential in fabricating electronic devices, such as transis-
tors, photodetectors, solar cells, thermoelectric devices and high-speed microelec-
tronic devices. Since this alloy comprises of germanium having a band gap smaller
than silicon, the alloy band gap is also smaller than that of silicon, irrespective of
silicon-to-germanium content ratios. The narrow band gap of SiGe decreases the
thickness of bipolar transistor base without any loss in current gain, thus improving
the speed of bipolar transistors. Optimization of such technology is only possible by a
precise control of Ge–Si interdiffusion and an accurate determination of Ge concen-
tration in SixGe1-x in its complete stoichiometry range. MCs+-SIMS method was
successfully employed for the estimation of Ge concentration up to 23.5% (Prudon
et al. 1997) in SiGe alloys. Quantification in the higher range of Ge concentration
in SiGe at low sputtering energies was also reported using MCs+-SIMS (Marseilhan
et al. 2008a; Holliger et al. 2002; Gavelle et al. 2008). However, for SiGe layers with
Ge contents higher than 50%, consistent results were not obtained in the analysis
with theMCs+-SIMSmethod. Irrespective of incident Cs+ ion energies, MCs+-SIMS
methodology was found to be a full-proof procedure for exact quantification of Ge
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concentration in MBE-grown Si1−xGex (0 <x< 0.72) alloys, in which the “matrix
effect” was completely blocked for all Ge concentrations (Saha et al. 2012). The
innovative methodology was thus found to be successful in quantitative composi-
tion analysis of Si/Ge multilayer structure (Saha et al. 2012). The lattice parameters
extracted from alloy- peaks in X-ray diffraction were utilized to estimate the alloy
compositions using Vegard’s law. The results were found to be in good agreement
with that obtained independently from energy-dispersive X-ray analysis (EDX).

MCs+ intensity in MCS+-SIMS analysis for a species M (Gnaser 1995)

IMCs+YcM YcCsP
+fMCs+ (21.27)

where Y, P+ and fMCs+ are total sputtering yield, ionization probability of caesium,
and formation probability of MCs+ molecular ions, respectively. cM and cCs are the
fractional surface concentrations of M (matrix) and caesium, respectively. Consid-
ering the formation probability fMCs+ to be constant for both germanium and silicon,
Eq. (21.27) can be rewritten as

IGeCs+

ISiCs+
= K

cGe
cSi

(21.28)

where the constantKcanbe treated as “relative sensitivity factor” (RSF). Figure 21.13
shows the intensity ratios (IGeCs+/ISiCs+) obtained from MCs+-SIMS as a function of
concentration ratios (cGe/cSi) obtained from EDX for various impact energies (Saha
et al. 2012). For all primary ion energies, the linearity of the graphs, irrespective of
germanium and silicon contents in SiGe alloy films, clearly reveals the absence of
matrix effects for all possible Si1−xGex compositions; whereas some studies reported
the absence of matrix effect only for impact energies lower than 1 keV and for
germanium content less than 50% (Gavelle et al. 2008). The complete compensation
of matrix effect irrespective of impact ion energy was attributed to a low steady-
state surface concentration of caesium due to larger primary impact angle (Saha
et al. 2012), signifying the achievement of MCs+-SIMS technique in quantitative
materials analysis without the aid of calibration standards. The linearity of the graph
IGeCs+/ISiCs+ as a function of cGe/cSi in the case of MCs2+-SIMS analysis provided
a much better perception in respect of its slope, compared to that in the case of
MCs+-SIMS analysis.

In order to understand the motivation of synthesizing Si/Ge superlattice, some
basic points are needed to be addressed. Silicon has an indirect bandgap undergoing
indirect optical transitions. That means, electrons in conduction band and holes in
valence band can recombine only with the help of phonons. Si is an inefficient light
emitter, as the interaction probability between electrons and phonons in silicon is
low. As “quantum confinement effects” are particularly effective in silicon, light
emission from silicon is prominent at ambient condition especially when silicon is in
the form of low-dimensional systems like porous silicon, silicon nanocrystals, silicon
quantum dots (QD), superlattices, etc. If QD size < exciton Bohr radius, the excitons
are squeezed to dominate quantum confinement effects, resulting in controllable
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Fig. 21.13 Normalized GeCs+ intensity as a function of germanium concentration ratio. Repro-
duced with permission from Springer Nature Publications (Saha et al. 2012)

electronic and optical properties. Two fundamental quantum effects occur when Si
size is reduced; (1) bandgap increases and the conservation of momentum breaks
downbecause the “localization of charge-carriers in space” causes the “delocalization
of those charge-carriers in momentum space”. (2) As the emission properties of
silicon nanocrystals depend on their size, silicon behaves as “quasi-direct bandgap
semiconductor”. In that case, phonons are not needed to conserve momentum during
recombination of electrons and holes.

An exciting approach is to create a superlattice structure of alternating numbers
of extremely thin Si and Ge monolayers by epitaxial method, so that positive holes
are confined in the flat Ge islands and electrons are located in the Si spacer layers.
Molecular Beam Epitaxy (MBE) is an epitaxial method of thin film deposition of
single crystals, in which the growth of a crystalline film is suitably oriented onto
a substrate. Therefore, the epitaxial films are thin films with highly ordered atomic
arrangements following that of the substrates. In a strained Si/Ge superlattice grown
by MBE, a complex structure of minibands can occur due to overlapping of electron
wave functions in real and k-space, yielding stronger luminescence with a faster
transition. The strain in Si layers corresponds to biaxial tension and the strain in Ge
layers corresponds to biaxial compression. Si band-edge dominates in the conduction
band and Ge band-edge dominates in the valence band. Such a p-n heterostructure
can be used as an infrared emitter at room temperature.

The potential of the MCs+-SIMS was applied for direct compositional analysis
of an MBE-grown Si/Ge superlattice structure, with a nominal thickness of ∼10 nm
for each Si/Ge bilayer (Sharma et al. 2011). Using Eq. (21.28), the RSFs for Ge were
calculated from the slopes of the variation of IGeCs+/ISiCs+ (MCs+-SIMS approach)
with cSi/cGe (EDX) for different ion-impact energies. From the concentration profiles
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obtained through MCs+-SIMS, the electron density profile ρe as a function of thick-
ness (z) of the multilayer was obtained using the following expression (Saha et al.
2012),

ρe(z) = NA

∑

M=Ge,Si

ZM cM (z)

AM
(21.29)

where, NA—Avogadro number of constituent element M (Si or Ge); ZM—atomic
number of constituent element M (Si or Ge); cM(z) — “concentration versus depth
profiles” for Ge and Si; AM—mass number of constituent element M (Si or Ge).
Figure 21.14 represents the electron density profiles (EDP) of the multilayer stack
extracted fromMCs+-SIMS data (red circles) and from X-ray reflectivity (blue solid
line) (Saha et al. 2012). As obvious from the figure, the interface positions of the
multilayer are well matched as reflected by these two measurements. However, the
discrepancy between the absolute values of electron densities obtained from X-ray
reflectivity and MCs+-SIMS was attributed to sputter-induced distortional effects
across interfaces during SIMS analysis (Saha et al. 2012).

The linearity of intensity ratios (IGeCs+/ISiCs+) as a function of cGe/cSi in the case
of MCs2+-SIMS analysis provided a much better perception in respect of its slope,
compared to that in the case of MCs+-SIMS analysis. Figure 21.15 presents (IGeCs+/
ISiCs+) as a function of (cGe/cSi) for a set of standard GexSi1-x samples in the MCs+-
SIMS and MCs2+-SIMS analysis modes. As evident, there is a good linear corre-
lation between the ratio of secondary ion intensities I(GeCsn+)/I(SiCsn+) and the
composition ratio [Ge]/[Si], as determined by X-ray diffraction in both the cases.
Obviously, there is a perfect one-to-one match between intensity-ratios (GeCs+/
SiCs+) and concentration-ratios (cGe/cSi) in the case of MCs2+-SIMS analysis, thus
establishing the superiority of MCs2+ molecules over MCs+ molecules in precise
quantification of SiGe alloys of any stoichiometry.

Fig. 21.14 Electron-density
profiles of a Si/Ge
superlattice, as obtained from
X-ray reflectivity (blue solid
line) and MCs+-SIMS (red
circles). Two vertical dashed
lines indicate the depth
positions for expected buffer
and cap layers. Reproduced
with permission from
Springer Nature Publications
(Saha et al. 2012)
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Fig. 21.15 Variation of the
intensity ratio I(GeCsn+)/
I(SiCsn+) as a function of the
composition ratio [Ge]/[Si]
for MCs2+ and MCs+ ions
using CAMECA -5F SIMS.
Reproduced with permission
from Elsevier Publications
(Marseilhan et al. 2008b)

21.4 Photoconductive ZnO and ZnS/ZnO Nanowalls:
MCs+-SIMS Analysis

ZnO nanostructures exhibit a range of beneficial optoelectronic properties including
good transparency, high electron mobility, wide direct band gap, etc. In bare ZnO
nanowalls, sputtering of Zn atoms through breaking of oxide bonds creates oxygen-
surrounded vacancies at the surfaces. These oxygen-surrounded vacancies strongly
attract the electrons from the ejected Zn+ ions, enhancing the secondary positive
ion yield. Thermal effect of microstructural modifications in self-assembled ZnO
nanowalls grown on Al-substrates was reported (Bayan and Chakraborty 2014). X-
ray diffraction evidenced the hexagonal wurtzite crystal structure of ZnO and Al2O3

layer formation at the interfaces of Al substrates and ZnO nanowalls. Figure 21.16
represents SIMS spectra of unannealed and vacuum-annealed ZnO nanowalls grown
onZn substrates, indicating no considerable changes in Zn+ intensity under heat treat-
ment (Bayan and Chakraborty 2014). The luminescence features of ZnO nanowalls
were seen to depend on surface adsorbates like O2

− and OH−, the presence of which
was established bySIMSanalysis, which also established a large deficiency of lattice-
oxygen in vacuum-annealed nanowalls (Marseilhan et al. 2008b). EDX and SIMS
study of SnO-coated ZnO needle-like nanostructures (Bayan and Chakraborty 2014)
revealed the formation of SnO-phase on ZnO surface. Luminescence response of
heterostructured SnO/ZnO system revealed the quenching of defect-related emis-
sion through surface passivation of ZnO. The hetero-structured material with lower
Sn:Zn molar ratio exhibited higher photoconductive response compared to bare
ZnO. Enhancement in photocurrent was explained in the light of carrier separa-
tion and carrier multiplication occurring at SnO-ZnO heterojunctions (Bayan and
Chakraborty 2014).

The conventional SIMS analysis of bare ZnO- and heterostructured ZnS/ZnO
nanowalls indicated ZnS-phase present on ZnO surfaces. MCs+-SIMS analysis
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Fig. 21.16 SIMS spectra for
Zn+ ion emission from
unannealed and
vacuum-annealed ZnO
nanowalls. Reproduced with
permission from Elsevier
Publications (Bayan and
Chakraborty 2014)

suppressed the matrix effect and efficiently made a semi-quantitative estimation of
Zn and O surface–atom concentrations in both systems (Marseilhan et al. 2008b).
Local surface work function was extracted through MCs+-SIMS and was found
lower in the heterostructure supporting the presence of sulphur species of ZnS
on top of ZnO nanowalls. Higher electron density on sulphide surface lowers the
local surface work function leading to decrease in positive ionization probability,
thereby reducing Zn+ ion intensity in ZnS/ZnO nanowalls. The results authenticated
that “Matrix Effect—corrected MCs+-SIMS” technique provided a comprehensive
picture of surface chemistry in ZnS nanoparticle-decorated ZnO nanowalls (ZnS/
ZnO hetero-structured systems) (Bayan et al. 2014).

Luminescence responses of ZnS/ZnO heterostructures strongly depend on the
degree of ZnS-phase over ZnO. Such heterostructures fabricated with smaller ZnS
nanoparticles exhibited higher luminescence responses, explained in terms of a
process of charge-carrier transfer from ZnS to ZnO (Bayan et al. 2014). Figure 21.17
represents the SEM images and EDX spectra of bare ZnO nanowalls and ZnS/ZnO
hetero-structured nanowalls. ThemagnifiedSEM image in Fig. 21.17e clearly depicts
the formation of ZnS nanostructures on the top of ZnO nanowalls. Figure 21.18
represents the depth distributions of ZnCs+ to OCs+ intensity ratios in the MCs+-
SIMS mode. The steady intensities of these molecular ions with depth confirmed
the homogeneity of ZnO film. On the contrary, the intensity variation of SCs+ indi-
cated a momentary existence of ZnS in the heterostructure network. According to
MCs+ mode of analysis, IZnCs+

IOCs+
∝ cZn

cO
. Therefore, the higher intensity ratio IZnCs+/

IOCs+ designates the higher concentration ratio cZn/cO thus signifying the increase in
Zn concentration compared to O due to the ZnS decoration on the top of the ZnO
surface.
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Fig. 21.17 a SEM image of the ZnO nanowall film, b magnified image of the nanowalls, and c
EDX spectra of the nanowalls. d, e SEM images of the nanowalls after ZnS growth in 5 and 10
cycles. Inset of (e) depicts the magnified view of ZnS nanostructure formation over the top of ZnO
nanowalls. f EDX spectra of the ZnS-decorated ZnO nanowalls. Reproduced with permission from
John Wiley and Sons Publications (Bayan et al. 2014)

21.5 Photocatalytic Material

Semiconductor-based photocatalysis is an effective method of utilizing the energy
of natural sunlight to break water molecules into hydrogen and oxygen. During this
process, photons from sunlight excite the electrons of valence band to move to the
conduction band, thus creating holes in the valence band. Titanium dioxide (TiO2) is
considered one of the promising photocatalytic materials to eradicate environmental
pollution via photocatalysis. TiO2 is also considered ‘green catalyst’ as it is environ-
mentally compatible. A substantial improvement in the visible-light photocatalytic
activity in oxygen-deficient TiO2 nanotubes was observed by narrowing the band gap
and effective charge-carrier separation (Choudhury et al. 2016). Doping of cerium
has extended the photocatalytic activity of TiO2 nanoparticles to the visible region of
illumination (Choudhury et al. 2011). Doping-induced disorder of the TiO2 surfaces
can extend its light absorption in the visible region (Choudhury et al. 2011; Devi
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Fig. 21.18 Variation of the
intensity ratio of
ZnCs+-to-OCs+ ions with
sputtering time. Reproduced
with permission from John
Wiley and Sons Publications
(Bayan et al. 2014)

and Kavitha 2013). Doping of nonmetal or metal ions into TiO2 introduces new elec-
tronic states into the band gap of TiO2 making it narrower and also lattice-defects into
TiO2. These defects act as “carrier-recombination centres”. The oxygen vacancies,
introduced into hydrothermally processed TiO2 nanotubes by vacuum calcination,
modify the local coordination in TiO2, as revealed by Raman spectroscopy and SIMS
(Choudhury et al. 2016). Figure 21.19 presents the TEM images of pure (TT) and
degraded (DTT) TiO2 (Choudhury et al. 2016). The high-resolution TEM images of
TT and DTT show the inner and outer diameters of the nanotubes.

In such a degraded crystalline system, the sputtering yield is usually higher as
the bonds can break more easily. So, the highest Ti+ emission from disordered
TiO2 nanostructures was due to the increase in total sputtering yield of titanium
under vacuum calcination. Similarly, the highest 64TiO+ emission (Fig. 21.20) from
vacuum-calcined TiO2 systemwas attributed to the increased sputter emission of TiO
fragments. However, in contrast to the Ti+ emission, TiO+ emission from air-calcined
samplewas slightly lower compared to that in uncalcined sample, confirming the idea
that air-calcination leads to the improvement in crystal quality of the TiO2 nanotubes.
The emission of other isotopes of Ti, such as 49Ti and its corresponding oxide 65TiO,
followed the similar trend in the SIMS measurements (Choudhury et al. 2016).

The photocatalytic activity of nanostructures essentially originates from the native
defect states and is largely influenced by the surface adsorbents. In a recent work,
an extensive SIMS study of ZnO nanostructures (nanowires, nanowalls, etc.) has
been correlated to their photocatalytic responses (Bayan et al. 2015). The pres-
ence of surface-adsorbed H+, O2

−, and OH− species on the surfaces of nanos-
tructures and the relative changes in substrate coverage under varying reaction
times have been evidenced through SIMS and substantiated by SEM observation.
Compared to nanowires, oxygen adsorption on ZnO surfaces and subsequent oxygen
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Fig. 21.19 TEM images of
a pure TiO2 (TT) and b
degraded TiO2 (DTT).
High-resolution TEM
images of c TT and d DTT
show the inner and outer
diameter of the nanotubes.
Reproduced with permission
from Elsevier Publications
(Choudhury et al. 2016)

in-diffusion were found to be more prominent for the nanowall-like structures and
highest for the nanowalls which were grown at lower reaction time. Furthermore,
the nanowalls were found to exhibit higher photocatalytic activities, which were
attributed to higher adsorption of oxygen (Bayan et al. 2015). Photocatalytic decom-
position reactions were investigated through TOF–SIMS to understand the details of
reaction pathways occurring in nanocrystalline TiO2 films (Gnaser et al. 2006).Upon
irradiation with UV light under atmospheric conditions, the surface composition was
found to be pronouncedly changed, an observation ascribed to photocatalytic reac-
tions induced by UV photons: the amount of the parent molecule was diminished,
whereas the intermediate reaction products were identified at the TiO2 surfaces.
Eventually, the parent molecule and the characteristic fragment species disappeared
completely upon extended exposure to UV light (Gnaser et al. 2006).

21.6 Optical Waveguides

Lithium niobate (LiNbO3), a widely used dielectric material for integrated optics, is
characterized by low propagation loss (−0.1 dB/cm), wide transparency band from
visible to mid-infrared (0.4–50 μm), minimal optical dispersion in this transparency
band, ease in fabrication, etc. Because of its high electro-optic figure-of-merit, it
is used for high-speed modulation, switching, and routing of optical signals. The
enhancement in the refractive index of LiNbO3, necessary for optical waveguiding,
is done by titanium doping locally in the crystal at high temperature or by using
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Fig. 21.20 a SIMS
spectrum of uncalcined TiO2
nanotube b SIMS-depth
profile of Ti+ and c TiO+ for
unannealed, air-annealed and
vacuum-annealed TiO2
nanotube. Reproduced with
permission from Elsevier
Publications (Choudhury
et al. 2016)

erbium-doped lithium niobate crystals produced by Er–Li ion-exchange process.
More recently, a complete evolution of electro-optical (EO) lithium niobate optical
waveguides has been reviewed from Ti-indiffused waveguides to photonic crystals
(Courjal et al. 2018).

A combination of SIMS and Near-Field (NF) radiative methods was applied to
study Ti in-diffused LiNbO3 optical waveguides (Caccavale et al. 1995a). SIMS was
used to measure the in-depth Ti-concentration as a function of diffusion process
parameters, where an anisotropy in the diffusion rate for X- and Z-cut crystal direc-
tions was observed. The propagating-mode NF method was applied to the refrac-
tive index profile reconstruction for single-mode optical channel waveguides. As
expected, a sharp change in the refractive index at the air-guide interface was
observed. The dependence of refractive index change on Ti concentration was found



21 High-Resolution Molecular Secondary Ion Mass Spectrometry … 677

to be nonlinear, such as quadratic, approximately. Combining electro-optic properties
of LiNbO3 with laser-active ions offers the possibility of extra functionality, such as
the integration of a high-speed modulator with a waveguide laser to produce an inte-
grated mode-locked laser. Interestingly, Cr is a laser-active ion that has a broad emis-
sion spectrum. Combining this property with the electro-optic properties of LiNbO3

offers the possibility of high-speed electro-optic tuning of the laser thereby producing
a wavelength-active laser. Furthermore, with Cr ions, it is possible to pump the mate-
rial at around 670 nm with a laser diode. SIMS measurements provided the depth
distribution of Cr concentration. The fluorescence spectrum and upper laser level
lifetime of chromium-diffused proton-exchanged and chromium/titanium-diffused
lithium niobate waveguides were measured. A simple model was used to estimate
the performance of such structures as waveguide-based optical amplifiers and lasers
(Almeida et al. 1995). In another work (Caccavale et al. 1995b), the effect of Mg
diffusion in pure LiNbO3 and titanium-diffused LiNbO3 optical waveguides was
investigated. SIMS provided the in-depth concentration profiles of Mg and Ti in the
systems. A numerical study, based on the semi-vectorial finite difference method,
determined the coupling loss between single-mode fibers and Ti/Mg: LiNbO3 optical
waveguides. The use of Mg was found to reduce the asymmetry-induced coupling
loss to almost zero (Caccavale et al. 1995b). Figure 21.21 shows the profile of the opti-
mized Ti/Mg: LiNbO3 refractive index change (�n). As obvious from the figure, the
refractive index change is purely Gaussian in the case of Mg-Ti in-diffused LiNbO3

optical waveguides (Caccavale et al. 1995b). Recently, TOF-SIMS analysis using a
low-energy (500 eV) Cs+ sputter-beam and a 25 keVBi3+ analysis beam, in combina-
tion with Wavelet-Principal Component Analysis (w-PCA) method, has been found
extremely efficient in the quantitative depth profiling of organic light-emitting diodes
(OLED) (Noël et al. 2019). The w-PCA helped reduce the mass spectra complexity
arising out of the characteristic molecular fragments in the organic layers in OLED.

21.7 Photonic Metamaterials: Negative Refractive Index

Photonic metamaterials have emerged as engineered optical materials containing
low-dimensional structures, which give extraordinary optical properties. These
structures are often made from at least two different materials, involving metals
and dielectrics. They are periodic, with the periods being smaller than optical wave-
lengths. Therefore, the special optical properties do not arise from photonic bandgaps
as for certain photonic crystals, but rather from an interaction similar to that of
atoms or ions in a normal solid medium. These artificial electromagnetic materials
of subwavelength periodicity have a negative refractive index (n1 < 0) that behaves
contrary to the conventional “right-handed” interaction of light found in conventional
optical materials. Hence, these are often called as left-handed materials or nega-
tive refractive index materials. All highly anisotropic semiconductor metamaterials
provide a straightforward path to negative refraction in the mid-infrared. However,
their applicability is restricted by strong frequency dispersion and limited spectral
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Fig. 21.21 Optimized Ti/Mg: LiNbO3 refractive index change profile; a 3D plot, b contour plot,
c horizontal section and d vertical section. Reproduced with permission from AIP Publications
(Caccavale et al. 1995b)

bandwidth. Enhanced bandwidth and reduced dispersion through stacking multiple
optical metamaterials were reported by Escarra et al. (2011). They constructed mid-
infrared metamaterials by designing periodic structures formed with alternating
layers of highly n-doped InGaAs and intrinsic (undoped) InAlAs, with thickness
of each of the layers in the sub-wavelength region, approximately 100 times smaller
than the wavelengths. Experiments were conducted on single-stack, two-stack and
four-stack metamaterials, grown back-to-back by MBE on undoped InP substrates.
Each stack consisted of 80 nm thick highly Si-doped In0.53Ga0.47As layers inter-
leaved with 80 nm thick undoped In0.52Al0.48As layers. The InGaAs and InAlAs
layer compositions were lattice-matched to the InP substrate. These metamaterials
exhibited strongly anisotropic dielectric responses (Escarra et al. 2011).

An accurate free-carrier doping level in each stack of the structure is the most
critical parameter to achieve a broadband, flat-response metamaterial. Periodicity in
X-ray diffraction (XRD) peaks confirmed the high-quality growth of the epitaxial
layers, whereas the SIMS measurements provided precise in-depth quantification of
Si, Al, Ga, and In atom concentrations in the growth direction. SIMS depth profiling
revealed one, two, and four distinct regions with different Si atom densities in the
InGaAs layers, for the one-, two- and four-stack samples, respectively (Escarra et al.
2011). In order to extract free carrier density from the SIMS-measured Si atom
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density, the conversion efficiency of Si atoms to free electrons is required to be esti-
mated, which still remains a challenge. The calculated beam-shifts of the transmitted
light versus wavelength (beam-shift is defined as the distance light translates in the
plane of the stacks, as it passes through the sample) are shown in Fig. 21.22 for a p-
polarized light (TMmode) for single-stack, two-stack and four-stack metamaterials.
These stacked metamaterials have shown enhanced bandwidth of negative refraction
and reduced dispersion (Escarra et al. 2011).

Shelby et al. (2001) presented the experimental scattering data at microwave
frequencies on a structured metamaterial that exhibits a frequency band where the
effective index of refraction is negative. They fabricated a prism using a metama-
terial consisting of a two-dimensional array of repeated unit cells of copper strips
and split ring resonators on interlocking strips of standard circuit board material
and measured the scattering angle of the transmitted beam through the prism. The
measured effective refractive index was found to be appropriate to Snell’s law. The
experiments confirmed the predictions of Maxwell’s equations that n is given by
the negative square root of the product of ε and μ, for the frequencies where
both the permittivity (ε) and permeability (μ) were negative (Shelby et al. 2001).
Hoffmann et al. (2009) reported a novel class of semiconductor metamaterials that
exhibit a strongly anisotropic dielectric function to achieve negative refraction in the
mid-infrared region (∼8.5–13 μm) of the spectrum. They presented highly doped
quantum-well superlattices that are highly anisotropic.Using transmission and reflec-
tion measurements and by modelling the highly-doped quantum-well superlattices,

Fig. 21.22 Calculated beam shift of transmitted light versus wavelength for a single stack, two-
stack and four-stack metamaterials. These metamaterials have enhanced the bandwidth of negative
refraction and reduced dispersion in that region. Inset: Illustration of a two-stack metamaterial,
where blue and pink represent the regions with different doping in the InGaAs (darker) layers.
The black and red arrows represent two possible beam paths through this material, for different
wavelengths, that result in the same beam shift �. Reproduced from Optica Publications under
Creative Commons License (Escarra et al. 2011)
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they demonstrated anomalous reflection due to the strong anisotropy of the material
(Hoffmann et al. 2009). This new class of semiconductor metamaterials has great
potential in materials science, especially for waveguiding and imaging applications
in the long-wave infrared region.

21.8 Conclusions

The extremely high detection sensitivity and exceptional depth resolution have made
the secondary ion mass spectrometry to be one of the most powerful techniques
for the analysis of low-dimensional materials, interfaces of thin films and superlat-
tices. Time-of-Flight (TOF)-SIMS is highly surface sensitive, able to provide both
elemental composition and molecular information on a top surface as well as in the
depth. It has the potential to provide detailed insight into the 3Dchemical composition
for a largemass range (0–10,000 amu) for all elements in the periodic table, organics,
small molecules, polymers (polymeric films, polymer blends, polymer composites)
and biological materials (Mei et al. 2022). On the other hand, dynamic SIMS has the
highest detection sensitivity (below parts per billion) and is used to determine the
elemental composition and the levels of ultra-trace impurities and dopants in solid
materials at any depth.

However, the major limitation of SIMS lies in the materials quantification owing
to its strong ‘matrix effect’. Although quantification in a given matrix is achieved
by using ‘calibration standards’, it is very difficult to quantify the cross-interfaces
composed of matrices of different natures. Continuous attempts have been made
towards exploring the possibilities of ‘matrix effect compensation’ so that accu-
rate quantification is possible without the use of calibration standards. Out of
several existing techniques for achieving reduced or ‘no matrix’ effect, the MCsn+-
SIMS (n = 1, 2, ……) approach using MCsn+ molecular ions is the most useful and
beneficial for the precise quantification of quantum structures. In parallel, consider-
able attempts have been made to conceptually understand the formation mechanisms
of these MCsn+ molecular ions through theoretical models.

Since SIMS is essentially a sputter depth profiling technique, it is very important
to consider the most significant detrimental effects, such as ‘surface roughening’,
‘ion-beam induced atomic mixing’ and ‘broadening in the information depth’ for the
correct evaluation and quantification of depth profiles across the interfaces even under
optimized experimental conditions. An understanding with accurate estimation of
these three fundamental parameters usingMRI (Mixing, Roughening, Information
depth) simulation model is extremely useful to construct a depth resolution func-
tion (DRF) which has a significant role in depth-profile reconstruction. However, the
effects due to nonlinear behaviour such as preferential sputtering, interface segre-
gation, etc. are not yet fully understood so as to make a more refined prediction of
DRF.

Interface analysis of multilayers is of continued interest in materials science.
In particular, problems in semiconductor technology have been a driving force.
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Dynamic SIMS has shown its tremendous applications in various multilayer systems
including semiconductor Bragg mirrors and quantum wells. Interfacial diffusion
across interfaces is a natural process causing compositional changes across the
interfaces in layered structures. In combination with other measurements like X-
ray reflectivity, X-ray diffraction, etc., dynamic SIMS has been found to be useful
for compositional analysis of the interfaces in semiconductor multilayers. In metallic
multilayers, the formation of interfacial alloys can exhibit various crystalline struc-
tures. The structure of a particular alloy phase at the interface is determined by many
parameters, interfacial energies, composition and ordering conditions. Moreover, the
strong confinement effect at the interfaces may give rise to a novel interfacial alloy
phase that could have a crystal structure completely different from that in the bulk.
SIMS andXRDanalyses together can effectively probe such novel ‘interfacial alloys’
in metallic multilayer systems.

Although there have been enormous instrumental and methodological develop-
ments in SIMS for surface and interface analysis in condensed matter systems in
general, the futuristic application range of this sputter-induced surface analytical
technique is not very clear at this moment. An in-situ SIMS analysis with an extreme
level of optimization in-depth resolution during a controlled film growth will be a
useful attempt to make a real-time analysis of an interface providing a much better
understanding of the interfacial behaviour. Furthermore, adequate flexibility and
improvisation in the SIMS instrumentation could possibly lead to an extension of this
technique towards new directions, such as analysis of the instantaneous ‘layering of
liquid’ or ‘surfacemelting’ states, highly doped quantum-well superlattices formeta-
materials, LiNbO3 optical waveguides, etc. Of course, multi-technique approaches
are very much essential in which a novel combination of SIMS with other analytical
techniques can be useful for the analysis of complex soft condensed matter systems
such as colloids, functional materials, supra-molecular organic assemblies, liquid
crystals, crystalline polymers, granular media and various sensing materials.

References

Adachi, S.: J. Appl. Phys. 53, 8775–8792 (1982)
Almeida, J.M., Boyle, G., Leite, A.P., De La Rue, R.M., lronside, C.N., Caccavale, F., Chakraborty,

P., Mansour, I.: J. Appl. Phys. 78, 2193–2197 (1995)
Andersen, C.A., Hinthorne, J.R.: Anal. Chem. 45, 1421–1438 (1973)
Baio, J.E., Graham, D.J., Castner, D.G.: Chem. Soc. Rev. 49, 3278–3296 (2020)
Bayan, S., Chakraborty, P.: Appl. Surf. Sci. 303, 233–240 (2014)
Bayan, S., Satpati, B., Chakraborty, P.: Surf. Interface Anal. 47, 37–44 (2014)
Bayan, S., Choudhury, B., Satpati, B., Chakraborty, P., Choudhury, A.: J. Appl. Phys. 117, 095304–

095310 (2015)
Brison, J., Muramoto, S., Castner, D.G.: J. Phys. Chem. C 114, 5565–5573 (2010)
Brundle, C.R., Evans, C.A., Wilson, S.: In: Brundle, C.R., Evans, C.A., Wilson, S. (eds.)

Encyclopaedia of Materials Characterization. Butterworth-Heinemann, MA, USA (1992)
Caccavale, F., Chakraborty, P., Quaranta, A.,Mansour, I., Gianello, G., Bosso, S., Corsini, R.,Mussi,

G.: J. Appl. Phys. 78, 5345–5350 (1995a)



682 P. Chakraborty

Caccavale, F., Chakraborty, P., Capobianco,A.,Gianelio,G.,Mansour, I.: J. Appl. Phys. 78, 187–193
(1995b)

Canteri, R., Moro, L., Anderle, M.: In: Benninghoven, A. (ed.) Proceedings of SIMS VIII. Wiley,
NY, USA (1991)

Chakraborty, P.: Dynamic secondary ion mass spectrometry. In: Chakraborty, P. (ed.) Ion Beam
Analysis of Surfaces and Interfaces of Condensed Matter Systems (Chap 7), pp. 217–265. Nova
Science Inc., New York (USA) (2002)

Choudhury, B., Borah, B., Choudhury, A.: Photochem. Photobio. 88, 257–264 (2011)
Choudhury, B., Bayan, S., Choudhury, A., Chakraborty, P.: J. Colloid Interface Sci. 465, 1–10 (2016)
Courjal, N., Bernal, M.P., Caspar, A., Ulliac, G., Bassignot, F., Manuel, L.G., Suarez, M.: Lithium

niobate optical waveguides and microwaveguides. In: You, K.Y. (ed.) Emerging Waveguide
Technology, pp. 153–175. Intech Open (2018)

Davies, J.A.: High energy density collision cascades and spike effects. In: Williams, J.S., Poate,
J.M. (eds) Ion Implantation and Beam Processing, pp. 81–97 (Chap 4). Elsevier Inc. Amsterdam
(1984)

Devi, L.G., Kavitha, R.: Appl. Catal. B Environ. 140, 559–587 (2013)
Escarra, M.D., Thongrattanasiri, S., Charles, W.O., Hoffman, A.J., Podolskiy, V.A., Claire, G.: Opt.

Express 19, 14990–14998 (2011)
Gao, Y.: J. Appl. Phys. 64, 3760 (1988)
Gao, Y., Marie, Y., Saldi, F., Migeon, H.N.: Int. J. Mass Spectrom Ion Proc. 11–18 (1995)
Gavelle, M., Bazizi, E.M., Scheid, E., Armand, C.: Mater. Sci. Eng. B 154, 110–113 (2008)
Gnaser, H.: Surf. Sci. 342, 319–326 (1995)
Gnaser, H., Oechsner, H.: Surf. Sci. 302, L289–L292 (1994a)
Gnaser, H., Oechsner, H.: Surf. Interface Anal. 21, 257–260 (1994b)
Gnaser, H., Orendorz, A., Ziegler, C., Rowlett, E.: Appl. Surf. Sci. 252, 6996–6999 (2006)
Gnaser, H.: Low-energy ion irradiation of solid surfaces (Springer Tracts in Modern Physics, vol.

146). Springer, Berlin, Germany (1999)
Haag, M., Gnaser, H., Oechsner, H.: Fresenius J. Anal. Chem. 353, 565–569 (1995)
Harrison, D.E., Levy, N.S., Johnson, J.P., Effron, H.M.: Appl. Phys. 39, 3742–3761 (1968)
Havelund, R., Seah, M.P., Tiddia, M., Gilmore, I.S.: J. Am. Soc. Mass Spectrom. 29, 774–785

(2018)
Hoffman, A.J., Sridhar, A., Braun, P.X., Alekseyev, L., Howard, S.S., Franz, K.J., Cheng, L., Choa,

F.S., Sivco, D.L., Podolskiy, V.A., Narimanov, E.E., Gmachl, C.: J. Appl. Phys. 105, 122411–
122417 (2009)

Hofmann, S.: Appl. Surf. Sci. 70–71, 9–19 (1993)
Hofmann, S.: Surf. Interface Anal. 21, 673–678 (1994)
Holliger, P., Laugier, F., Dupuy, J.C.: Surf. Interface Anal. 34, 472–476 (2002)
https://attic.gsfc.nasa.gov/huygensgcms/MS_Analyzer_1.htm
https://www.hidenanalytical.com/applications/surface-analysis/contamination-with-silicone/
Marie, Y., Gao, Y., Saldi, F., Migeon, H.N.: Surf. Interface Anal. 23, 38–43 (1995)
Marseilhan, D., Barnes, J.P., Fillot, F., Hartmann, J.M., Holliger, P.: Appl. Surf. Sci. 255, 1412–1414

(2008a)
Marseilhan, D., Barnes, J.P., Fillot, F., Hartmann, J.M., Holliger, P.: Appl. Surf. Sci. 255, 1412

(2008)
Mei, H., Laws, T.S., Terlier, T., Verduzco, R., Stein, G.E.: J. Polym. Sci. 60, 1174–1198 (2022)
Mondal, S., Gnaser, H., Chakraborty, P.: Eur. Phys. J. D 66, 197–203 (2012)
Mootz, T., Adriaens, A., Adams, F.: Int. J. Mass Spectrom. Ion Process. 156, 1–10 (1996)
Noël, C., Tuccitto, N., Busby, Y., Berger, M.A., Licciardello, A., List-Kratochvil, E.J.W., Houssiau,

L.: ACS Appl. Polym. Mater. 1, 1821–1828 (2019)
Oechsner, H., Gerhard, W.: Phys. Lett. A 40, 211–212 (1972)
Otomo, S., Maruya, H., Seo, S., Iwase, F.: Appl. Surf. Sci. 252, 7275–7278 (2006)
Priebe, A., Xie, T., Bürki, G., Pethö, L., Michler, J.: J. Anal. Spectrom. 35, 1156–1166 (2020)

https://attic.gsfc.nasa.gov/huygensgcms/MS_Analyzer_1.htm
https://www.hidenanalytical.com/applications/surface-analysis/contamination-with-silicone/


21 High-Resolution Molecular Secondary Ion Mass Spectrometry … 683

Prudon, G., Gautier, B., Dupuy, J.C., Dubois, C., Bonneau, M., Delmas, J., Vallard, J.P., Bremond,
G., Brenier, R.: Thin Solid Films 294, 54–59 (1997)

Saha, B., Chakraborty, P.: Nucl. Instrum. Methods Phys. Res. B 258, 218–225 (2007)
Saha, B., Chakraborty, P.: Energy Proc. 41, 80–109 (2013)
Saha, B., Sarkar, S., Chakraborty, P., Gnaser, H.: Surf. Sci. 602, 1061–1065 (2008)
Saha, B., Chakraborty, P., Gnaser, H., Sharma, M., Sanyal, M.K.: Appl. Phys. A 108, 671–677

(2012)
Sarkar, S., Chakraborty, P., Gnaser, H.: Phys. Rev. B 70, 195427–195431 (2004)
Sarkar, S., Datta, A., Chakraborty, P.: J. Mater. Res. 20, 2639–2646 (2005)
Sarkar, S., Chakraborty, P., Sanyal, M.K., Caccavale, F., Arora, B.M.: Surf. Interface Anal. 29,

659–662 (2000)
Schenkel, T.: Surface analysis of slow, highly-charged ions like Au69+: TOF-SIMS and the probing

of nano-environments. In: Chakraborty Purushottam (ed) Ion Beam Analysis of Surfaces and
Interfaces ofCondensedMatter Systems (Chap8).NovaScience Inc.,NewYork (USA), pp. 267–
310 (2002)

Sharma, M., Sanyal, M.K., Mukhopadhyay, M., Bera, M., Saha, B., Chakraborty, P.: J. Appl. Phys.
110, 102204–102208 (2011)

Shea, M.P., Havelund, R., Gilmore, I.S.: J. Phys. Chem. C 120(46), 26328–26335 (2016)
Shelby, R.A., Smith, D.R., Schultz, S.: Science 292, 77–79 (2001)
Slodzian, G.: Phys. Scripta T6, 54–66 (1983)
Thompson, M.W.: Phil. Trans. r. Soc. Lond. A 362, 5–28 (2004)
Van der Weg, W.F., Rol, P.K.: Nucl. Instrum. Meth. 38, 274–276 (1965)
Vickerman, J.C.: Static secondary ion mass spectrometry. In: Walls, J.M. (ed.) Methods of Surface

Analysis, pp. 169–215. Cambridge University Press, Cambridge (1989)
Warren, B.E.: X-ray Diffraction. Addison Wesley Publishing Company Inc., Reading,

Massachusetts (USA) (1969)
Williams, P.: Surf. Sci. 90, 588–634 (1979)
Winograd: Annu. Rev. Anal. Chem. 11, 29–48 (2018)
Wittmaack, K.: Surf. Sci. 429, 84–101 (1999)
Wittmaack, K.: Surf. Sci. Rep. 68, 108–230 (2013)
Yu, M.L.: In: Benninghoven, A. (ed) Proceedings of SIMS VI, Wiley, NY, USA (1987)
Yu, M.L.: Charged and excited states of sputtered atoms. In: Behrisch, R., Wittmaack, K. (eds.)

Sputtering by Particle Bombardment III, pp. 91–160. Springer-Verlag, Berlin (1991)
Yu, M.L., Mann, K.: Phys. Rev. Lett. 57, 1476–1479 (1986)
Zener, C.: Proc Roy Soc A 137, 696–702 (1932)



Chapter 22
Scintillator Single Crystals

D. S. Sisodiya, S. G. Singh, G. D. Patra, A. K. Singh, S. Pitale, M. Ghosh,
M. Sonawane, and Shashwati Sen

22.1 Introduction

Radiation detection and counting is the basis of many applications like nuclear
medicine, homeland security, high-energy nuclear physics, nuclear non-proliferation,
etc. (Knoll 2010). Radiation detectors have played a major role in research on funda-
mental physics like in Rutherford’s gold foil experiment, God particle (Higgs Boson)
experiment, dark matter detection, neutrino oscillations, etc. For the detection of any
ionizing radiation several detectors are available like ionization chambers, propor-
tional counters, Geiger Muller (GM) counter, scintillators, etc. Scintillation is the
process in which an ionizing radiation such as alpha, beta, gamma, X-ray, neutron, or
any high-energy charge particle; interactswith the scintillatingmaterials and converts
its energy tovisible photons or low-energyphotons.This scintillationprocess is oneof
the convenient and widely used methods available for the detection and spectroscopy
of a wide range of radiations.

The barium platinocyanide (Ba[Pt(CN4)]) one of the first scintillator materials,
empoweredRontgen to get the firstNobel prize in Physics in 1901 for the discovery of
X-rays, that started a chain of discoveries (Patton 1993). The first scintillator detector
was built by Sir William Crookes in 1903 and used ZnS as a scintillating material
(Crookes 1874). The former made a device known as spinthariscope which was used
to convert the scintillation light into visible light that can be seen by naked eyes.
Same technique was used in the famous Rutherford gold foil experiments which led
to the discovery of the nucleus and started a new era in modern physics. In 1944,
Curran and Baker developed the photomultiplier tube, which totally replaced the
naked eye measurement of scintillation light. This was the first step in the era of
modern scintillator detectors.
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In the present day, scintillators play an important role in our day-to-day life. They
find use in X-ray scanning and imaging for both medical and security applications. In
the other extreme, they are used as radiation detectors for the detection of particles
in high-energy particle accelerators. Also, scintillators find application in modern
nuclear medicine and diagnostic applications like Positron Emission Tomography
(PET) and single-photon emission computed tomography (SPECT) (Melcher 2000).

There are twomain classes of scintillators: inorganic and organic. Organic scintil-
lators are generally the liquid scintillators and plastic scintillators. Inorganic scintilla-
tors are halide or oxide single crystals. Inorganic scintillators are generally brighter
but with a slower decay time than organic ones. Each scintillator material has its
advantages and drawbacks. Thus, no “ideal” scintillator exists and the choice depends
on the application.

This chapter will deal with the fundamentals of the scintillation mechanism, a
brief description of the different scintillator materials and an in-depth discussion on
various single-crystal inorganic scintillators.

22.2 Fundamentals

Before explaining the scintillation process, one has to understand the interaction
of radiation with matter. It is well understood that for the detection of any kind of
radiation, it must interact with the detector’s material. Radiation can be categorized
into two types: Charged and neutral. Charged particles interact with the electrons of
the material by the Columbic interaction.

Charged particles like alpha, beta, or heavy ions continuously interact with the
electrons of the scintillator medium causing atomic excitation or ionization. The
rate of energy loss (−dE/dx) for charged particles is strongly energy dependent. It is
described by the Bethe-Bloch formula for incoming particles in theMeV-GeV range,
with atomic shell corrections at lower energy and radiative loss corrections at higher
energy.

On the other hand, neutral particle like neutron directly interacts with the nuclei
of the scintillating material (Knoll 2010). But to detect neutrons, it has to undergo a
direct interaction with the nucleus producing recoil protons or spallation fragments,
which will then transfer their energy to the medium in the same way as primary
charged particles. For the detection of neutrons using a scintillator, a matrix having
6Li, 10B or 136Gd is used. These isotopes have very high interaction cross-sections
with a thermal neutron. The absorption cross-section of 6Li is ~ 940 barns for thermal
neutrons. The reaction is given by 6Li (n, α)3H; where a neutron gets absorbed to
give an alpha particle and a tritium with ‘Q’ value energy of 4.8 MeV approx. The
released alpha particle deposits their energy-producing electron–hole pairs which is
similar to the other scintillation phenomenon. Thus, the absorption of each neutron
results in a burst of photons.
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The fundamental reactions of neutron are

n + 6Li (7.5%) → 3H (2.75 MeV) + 4α(2.05 MeV), σ = 940 b (22.1)

n + 10B (20%) → 7Li (1.0 MeV) + 4α(1.8 MeV) BR 7% (22.2)

→ 7Li ∗ (0.83 MeV) + 4α(1.47 MeV) + γ (0.48 MeV),

BR 93%, σ = 3800 b
(22.3)

(The natural abundance of the given isotope is given in %, interaction cross-
sections are σ in the barn at 25 meV), and relevant branching ratios BR).

In case of gamma rays, the interaction is basically through three processes;
Compton scattering, photo-electric effect, and pair production. Gamma rays deposit
full or partial energy in the detection medium via these interactions. Here, the above
three processes of gamma interactions with the matter have been discussed briefly.

22.2.1 Interaction of Gamma Rays with Materials

(i) Photo Electric Absorption

In photoelectric absorption, incident X-ray or gamma ray photon gets absorbed by an
atom of the absorbing material. The transferred energy during this process in general
exceeds the binding energy of the electron in the host atom and as a result electron
is ejected with high kinetic energy. After the ejection of electron, there is a vacancy
in the electron shell, which is then refilled by a nearby free electron. This filling
process again liberates a characteristic X-ray photon, which again gets absorbed
by less bounded electrons and produces additional fast electrons. The overall effect
of photo electron absorption is the complete deposition of energy of the ionizing
radiation. Because, photoelectric effect is the full energy deposition process, it is in
some sense an ideal conversion step. The photoelectric absorption probability for a
material is proportional to

τ ∝ constant × Zn

E3.5
γ

(22.4)

Here, Z is the effective atomic number, and Eγ is the energy of ionizing radiation.
The exponent n varies between 4 and 5. Photo-electric interaction is the dominant
process at low energy (up to a few hundred keV) for high Z materials.
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(ii) Compton Scattering

In Compton scattering the incoming gamma-ray, photons get deflected by an angle θ

with a single free electron in absorbing material. In this process, gamma photons
transfer some portion of its energy to the recoiled electron depending upon the
deflection angle. The probability of Compton scattering is related to the electron
density in the medium and increases linearly with the atomic number of the absorber,
favoring, therefore, high Z materials. Since scattering of photon is possible in all
possible directions, the recoil electrons are produced with a continuum of energies
ranging from zero to maximum which is represented by the backscattering. The
energy of a photon or recoil can be calculated by the conservation of energy and
momentum. The energy of deflected photon is given by

hν ′ = hν

1 + hν
moc2

(1 − cosθ)
(22.5)

Here, ν and ν ′ are the energy of the photon before and after the scattering and mo is
the rest mass of the recoil electron. At energies above a few hundred keV, Compton
scattering becomes predominant depending on the Zeff of the absorbing material.

(iii) Pair Production

This process is energetically possible onlywhen the incoming photon energy is above
1.02 meV. In this process, a gamma photon disappears in the presence of a nuclear
field of the absorber material and produces an electron–positron pair. The excess
energy of gamma photon appears as kinetic energy of electron and positron. Further,
the emitted positron participates in a pair annihilation process with the electron of
the material and produces two photons.

22.2.2 Scintillation Mechanism

When radiation passes through an ordered material like a single crystal, another
mechanism also takes place. When the radiation deposits its energy in the crystal
lattice, it leads to the formation of secondary electrons due to the above mentioned
three phenomena (Schotanus et al. 1989). These electrons in the keV range, start to
interact with the electrons of the atoms of the crystal lattice and excite the electrons
from the occupied valence or core bands to different levels in the conduction band.
Each of these interactions results in an electron–hole pair formation. If the energy of
the electron is higher than the ionization threshold, free carriers are produced, which
moves randomly in the crystal until they are trapped by a defect or recombine at a
luminescent center. In case the ionization threshold is not reached, the electron and
the hole release part of their energy by coupling to the lattice vibration modes until
they reach the top of the valence band for the hole and the bottom of the conduction
band for the electron. In some materials, they bound and form an exciton whose
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energy is slightly smaller than the bandgap between the valence and the conduction
bands. These excitons lose their energy at luminescent centers through energy or a
charge transfer mechanism.

The above described scintillation process can be divided into five main steps
(Lecoq et al. 2017):

1. Interaction of ionizing radiation with atoms of the scintillation material and
creation of primary charge carrier (electrons and holes).

2. Interaction of charge carrier with the bulk of material. Production of secondary
charge carrier.

3. Thermalization of charge carrier via diffusion towards low ionization density
region.

4. Energy transfer to the luminescence centers.
5. Light emission by luminescence centers.

In this discussion, the scintillation mechanism is in detail and also elaborates
some specific scintillation processes. Scintillation is the collective phenomena of
many radiative and non-radiative transition channels that produce the scintillation
light. The following paragraphs discuss all the possible channels and elements that
cause the scintillation.

For a material to be a scintillator it must contain luminescent centers. The lumi-
nescent centers are either extrinsic, generally dopants or co-dopants, or intrinsic like
molecular orbitals of the lattice or of defects of the lattice, which possess a radia-
tive transition between an excited and a lower energy state. Moreover, the energy
levels involved in the radiative transition must be smaller than the forbidden energy
bandgap, in order to avoid re-absorption of the emitted light or photo-ionization of
the center.

A simple scheme of scintillation process with respect to electronic transition
between bands is represented in Fig. 22.1. This figure shows one core band with
maximum energy Ec and bandwidth ΔEc. The valence band is shown with energy
maxima at Ev = 0 and bandwidth ΔEv. The conduction band is shown with energy
minima at Eg. The whole scintillation mechanism can be expressed in five steps
happening in different time scales.

In the first step, when high energy (E>Eg) ionizing radiation interacts with the
scintillationmedium, it creates primary hot (energy >2Eg) charge carriers in the form
of holes and electrons in the inner core bands and the conduction bands respectively.
In a very short time scale (of the order of 10–16–10–14 s) multiplication of the charge
starts via inelastic electron–electron scattering and Auger process. Secondary charge
carriers are produced in the form of holes in the core and valence band and electrons
in the conduction band. This multiplication process ends when all the electrons in
the conduction band have energy less than the e-e scattering threshold (2Eg) and all
the holes occupy the valence band.

The second step is the thermalization of charge carriers which happens in the time
scale of 10–14–10–12 s. In this process charge carriers lose their kinetic energy due to
interaction with phonons of the lattice and the energy of the electrons comes in the
minima of the conduction band and holes at the maxima of the valence band.
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Fig. 22.1 Schematic representation of electronic excitation and relaxation processes in an insulator.
In the diagram the different symbols are denoted as follows e is electrons, h is holes, ph is phonons,
hν is photon energy, Vk is self-trapped holes, STE is self-trapped excitons and cn is ionic centers
with charge n. Density of states is represented by red and black areas for electrons and holes,
respectively

In the next step, charge carriers get localized through their interaction with
lattice defects and impurities of the material and form exciton, self-trapped exci-
tons (STE), self-trapped holes (Vk centers), etc. This process happens in the time
scale of 10–12−10–10 s.

In the next stage, the relaxed charge carriers migrate in the scintillation medium
and recombine radiatively or non-radiatively.

In the final step, the electronic excitations transfer their energy to the luminescence
centers and emit photons, which can be detected by photomultiplier tube (PMT).

22.2.3 Scintillator Terminology

Before going into a detailed discussion about scintillation, one has to understand the
basic terminologies which are used to characterize a scintillator material.

(i) Scintillation Yield

Light yield or scintillation yield of a scintillator (Y) is defined as the number of light
photons produced by the scintillator per unit of energy deposited by ionizing radiation
in the medium. Production of scintillation light depends on the five-scintillation
process discussed in the earlier section, so the light yield can be defined as.
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Y =
∏

yi = Eγ

β.Eg
S.Q (22.6)

Here, yi is the yield of each scintillation process, β is the conversion factor, Eg is the
band gap of material, and Eγ is the absorbed energy. This expression is based on a
simple model of scintillation; it becomes complex if energy losses, surface losses,
and band structure are taken into account.

(ii) Non-Proportionality

Non-proportionality is the nonlinear relationship between scintillator light yield
and energy of ionizing radiation. The light yield of any scintillator is not linear
to the absorbed photon energy. In the scintillation mechanism, non-proportionality
comes into the picture during the production of secondary charge carriers inside the
scintillator material. This process is probabilistic and may take place via different
channels for the same absorbed energy (Moses et al. 2008). So, the origins of
non-proportionality are not well understood.

(iii) Energy Resolution

Energy resolution of a scintillator is the ability to distinguish between two incoming
radiations with slightly different energy. This is generally applicable in single-crystal
inorganic scintillators. This value is given in percentage and defined as.

Energy Resolution (E.R.)% = 	E

E
× 100 (22.7)

Here, 	E is the full width at half the maximum of the photopeak located at the
energy E. Good energy resolution (low value of ER) is the major criteria for finding
a new scintillator material. Energy resolution of a scintillator depends on various
parameters as given by the following equation (Moses et al. 2008):

R2 = R2
np + R2

inh + R2
tr + R2

lim (22.8)

Here, Rnp is the factor of non-proportionality. Rinh is the inhomogeneity factor of the
single crystal, which leads to local variation in scintillation light. Rtr is related to the
efficiency of the light collection by the PMT. Rlim is the factor of intrinsic resolution
of the detector which can be described by the Poisson law.

Rlim = 2.35

√
1 + ν(PMT )

Nphe
(22.9)

where, ν (PMT) is the variance of photomultiplier tube’s gain andNphe is the number
of photoelectrons emitted by the PMT.
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Therefore, for finding a scintillator with better energy resolution, one has to keep
in mind all the above factors that affect the energy resolution. Some factors can be
controlled, like the inhomogeneity of crystal, by controlling the single crystal growth
process or tuning the growth parameters.Also, for better homogeneity one can choose
a material, which has intrinsic luminescence centers like CeBr3 (Lempicki 1995).
Light collection efficiency can be improved experimentally by using high-quality
reflector and equipments. The major factors that affect the energy resolution are the
non-proportionality and light yield (a number of photons emitted by PMT depends
on light yield).

(iv) Decay Time

Time between the introduction of radiation on the scintillator’s surface and the release
of light is called the decay time of a scintillator. In simple words, it is the time taken
by the scintillator to complete the full scintillation process. Scintillation decay time
explicitly depends on the scintillation process (five steps), which has been discussed
earlier.

(v) Pulse Shape Discrimination

The pulse shape discrimination is the ability of a scintillator material in which it
produces different decay pulse shapes due to different scintillation decay kinetics
followed by the excitation radiation inside the material. Generally, it is observed in
scintillators which have fast and slow decay components. The relative ratio of these
components depends on the nature of ionizing particle. Subsequently, the shape of
the decay pulse can be used to differentiate the ionizing radiations. This technique
has been employed in many materials like CsI(Tl) (Longo et al. 2022).

22.2.4 Important Scintillator Parameters

A perfect universal scintillator material doesn’t exist in nature which can fulfill
all the requirements of practical applications. Currently, researchers have studied
the scintillation mechanism in-depth and developed new concepts for tailoring the
scintillation properties according to specific requirements. This section deals with
some of themost important scintillator parameters, which are relevant from the user’s
point of view for the development of a new scintillating material (Knoll 2010).

1. High density and High Zeff

To detect gamma rays efficiently, scintillator should have high density and high
effective Z (Zeff ). High density reduces thematerial size required to slow high-energy
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γ photon and electrons. High Zeff increases the photoelectric interaction probability,
which is used in gamma-ray spectroscopy. Both high density and Zeff offer high
stopping power for the incoming radiation in order to have a compact-size detector.
Inorganic scintillators can have high density up to 8 g/cm3.

2. Energy Resolution and Fast Response

The influencing factors for scintillating materials are the high energy resolution and
fast response of the detector. High-energy resolution is required for isotope identifi-
cation whereas fast response is required in advanced nuclear physics measurement of
nuclear excitation and for the detection of rare events in particle physics. Inorganic
scintillator provides both high energy resolution and fast response simultaneously
like CeBr3 (Sisodiya et al. 2022), LaBr3 (Singh et al. 2018a). These features are not
available in plastic scintillators and HPGe detectors.

3. Particle identification

Some specific inorganic scintillators have unique features that they have different
pulse shapes or responses for different particles, this feature is used in particle iden-
tification. This unique feature is used to identify particles and gamma photons in
fluxes of mixed products.

4. Radiation Hardness

A radiation detector should not get affected or should have good stability in the pres-
ence of intense ionizing radiation. In general, inorganic single crystal-based scintil-
lators don’t have this problem. This property of inorganic scintillator is important
for high-energy physics experiments where the luminosity is very high.

5. Durability of Physical and Chemical Parameters

For a long life of a radiation detector, the chemical and physical parameters of
scintillator must not change with time. So, for long-run experiments, single crystal-
based inorganic scintillator detector are required which has high structural quality
and have stable chemical composition.

However, experimentally it is impossible to have a scintillator, which can fulfill all
requirements simultaneously, one need to tailor the properties according to demand.
Commercially, a wide range of scintillator detectors are available that can fulfill
several requirements of users. Still there are many challenges (cost, handling, and
durability) for the development of the inorganic scintillator material which are unfa-
vorable for users. Researchers of the scintillator community are working with the
aim of solving these challenges.
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22.3 Classification of Scintillators

From a composition point of view, scintillators can be divided into two types: organic
and inorganic (Koshimizu 2022;Weber 2002). Further, they can be divided into solid,
liquid, and gas phases. The classification is given in Fig. 22.2 and described in the
following section.

22.3.1 Organic Scintillators

(i) Organic single crystals

Organic scintillators are aromatic hydrocarbon compounds, which contain benzene
ring structures interlinked in various ways. Their luminescence typically decays
within a few nanoseconds (Koshimizu 2022). In the organic systems, the scintillation
arises upon transition of the charge carriers between an excited molecular level and
the corresponding electronic ground state. Due to this fact, the decay time is much
less in these materials.

Themost commonorganic scintillator crystals are anthracene (Leo 1994) (C14H10,
decay time≈30 ns), stilbene (Leo 1994) (C14H12, 4.5 ns decay time), and naphthalene
(C10H8, few ns decay time). They are very durable, but their response is anisotropic
due to anisotropic crystal field (which spoils energy resolution when the source is
not collimated). Further, they cannot be easily machined, or can be grown in large
sizes; hence, they are not very often used. Anthracene has the highest light output of
all organic scintillators and is therefore chosen as a reference. The light outputs of
other organic scintillators are sometimes expressed as a percent of anthracene light.

Fig. 22.2 Schematic showing classification of scintillators
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(ii) Organic liquids

Organic liquids scintillators are liquid solutions of one or more organic scintil-
lators in an organic solvent. The typical solutes are fluors such as p-terphenyl
(C18H14), C20H14N2O, C24H22N2O, 2,5-Diphenyloxazole commonly known as PPO
(C15H11NO), and wavelength shifter such as POPOP or 1,4-bis(5-phenyloxazol-
2-yl) benzene (C24H16N2O). The most widely used solvents are toluene, xylene,
benzene, phenylcyclohexane, triethylbenzene, and decalin. Liquid scintillators are
easily loaded with other additives such as wavelength shifters to match the spectral
sensitivity range of a particular PMT. These liquids are loaded with 6Li or 10B to
increase the neutron detection efficiency of the scintillation (since these materials
have a high interaction cross-section with thermal neutrons).

(iii) Plastic scintillators

In a plastic scintillator, the primary fluorescent emitter, called a fluor, is suspended in
a solid polymer matrix called the base. This is synthesized by dissolution of the fluor
in the monomer matrix followed by bulk polymerization. The biggest advantage of
plastic scintillators is the ease of fabrication into very large sizes and any shapes.
The other advantages are high light output and a fast decay time of 2–4 ns (Moser
et al. 1993).

22.3.2 Inorganic Scintillators

(i) Gaseous Scintillators

Gaseous scintillators consist of nitrogen and the noble gases helium, argon, krypton,
and xenon. The scintillation process is due to the de-excitation of single atoms
excited by the passage of an incoming particle. These scintillators find application
in nuclear physics experiments where gaseous detectors have been used to detect
fission fragments or heavy charged particles.

(ii) Glasses

The most common glass scintillators are cerium-activated lithium or boron silicates.
Since both lithium and boron have large neutron cross-sections, glass detectors are
particularly well suited to the detection of thermal (slow) neutrons. Lithium is more
widely used than boron since it has a greater energy release on capturing a neutron and
therefore greater light output. Glass scintillators are, however, sensitive to electrons
and γ rays as well (pulse height discrimination can be used for particle identifica-
tion). Being very robust, they are also well-suited to harsh environmental conditions.
Their response time is ≈10 ns, their light output is however low thus limiting their
application (Knoll 2010).



696 D. S. Sisodiya et al.

(iii) Inorganic Single-crystal scintillator

Themost important type of inorganic scintillator is a single crystal based (Singh et al.
2011). They are used in most of the applications because of their novel detection
performance and the rest of the chapter will discuss this category of scintillators in
detail. In the inorganic crystals, scintillation arises from thermalized electrons and
holes, which move to the bottom of the conduction band or the top of the valence
band respectively, by scattering from the initially produced fast charge carriers. Single
crystals of inorganic scintillators have very good energy resolution and high density.
Thus, they find applications in high-energy radiation detection and spectroscopy.

The most commonly used inorganic scintillator is NaI:Tl (thallium-doped sodium
iodide); its scintillation light emission is in the blue region. Other inorganic alkali
halide crystals are: CsI:Tl, CsI:Na, CsI, KI:Tl, LiI:Eu, LaCl3:Ce, LaBr3:Ce (Vaněček
et al. 2022). Oxide-based scintillators commonly used are Bi4Ge3O12, CaWO4,
CdWO4, Y3Al5O12:Ce, Gd2SiO5:Ce, Lu2SiO5:Ce (Kim et al. 2021).

These inorganic scintillators are single crystals with a small amount of dopant
which acts as a luminescent center. They are grown in high-temperature furnaces.
Before going further it’s important to understand why inorganic scintillators are
required in single crystal form and how they are grown.

22.4 Why Single Crystal?

Single crystal is the material which has a systematic and periodic arrangement of
atoms with no grain boundaries. Crystal structure is made of space lattice and basis,
space lattice is defined as imaginary points, which are arranged in space such that
each point has identical surroundings. An atom or a group of atoms is called a basis
which acts as a structural unit that completes the crystal structure.

Inorganic scintillators are used in many physical forms like single crystal, glass,
polycrystalline ceramics, and thinfilm.But for the effective andquantitative detection
of wide energy range of ionizing radiation single crystal-based inorganic scintillator
detectors are used (Kim et al. 2021). The physical properties of single crystal-based
scintillators which make them a popular choice for radiation detection are:

(i) Absence of Grain Boundary

The presence of grain boundaries in the scintillator detector leads to scattering of light
photons and decreases the light yield. This leads to losses of information about the
incoming radiation. Thus, for high light yield and no loss of information good-quality
single crystal are required for the scintillation detection.

(ii) High Atomic Density

High atomic density leads to high stopping power for the ionizing radiation. Single
crystal is a closely packed system so it has high atomic density compared to power
or liquid scintillators so that one can use it in high-energy radiation field.
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(iii) Transparent to own Luminescence

Generally single crystals are transparent to their luminescence means there is no or
less self-absorption of light in the scintillation medium. This leads to a full transmis-
sion of information about ionizing radiation. A single crystalline scintillator has a
high light yield compared to the same polycrystalline pellet because of transparency
and absence of grain boundaries.

(iv) Uniform Crystal Field Across Activator Ions

Single crystals are the periodic arrangement of elements, so each incoming radiation
sees the uniform crystal field. In activated scintillators, distribution of activators is
important, uniform distribution leads to a uniform crystal field across the activator
or uniform electronic perturbation in an electronic density of ions. Non-uniform
distribution of activator leads to poor photo peak shape and less efficient pulse shape
discrimination.

(v) Durability in Chemical and Physical Parameters

Single crystals have good chemical stability compared to liquid and powder because
of its periodic and closed packing arrangement of atoms. Powder or liquid form can
easily get contaminated or reacted, whereas single crystal doesn’t have this issue.

22.4.1 Single Crystal Growth

Single crystal growth is the first order-controlled phase transformation from a disor-
dered fluid phase into a highly ordered solid phase (Markov 2016). Phase transfor-
mation phenomena take place close to the thermodynamic equilibrium. For crystal
growth, the necessary condition is that the change in total Gibbs free energy must
be negative. The fundamental entity of the single-crystal growth is the nucleation.
The growth starts from a single point which is called a nucleus or small embryo or
seed crystal. For the formation of the nucleus of the new phase, it has to pass the
thermodynamic energy barrier called the interfacial energy barrier. Interfacial energy
which has a positive contribution to the total energy depends on the surface area and
volume of the nucleus. At the initial state of nucleation; the surface area is more than
the volume so the nucleus has less stability. Once the volume term starts to dominate,
contribution of interfacial energy decreases, stable nucleation takes place. There is
an intermediate size of nucleus (at r = r*) at which the total free energy of the system
is minimum. This is known as the critical size of the nucleus. This effect is known as
the Gibbs–Thomson effect. Mathematically one can calculate the critical size of the
nucleus, using the fundamentals of thermodynamics (Gunther 2003). The change in
Gibbs free energy associated with the formation of a spherical embryo of radius r is
given by
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	G = −4

3
πr3	GV + 4πr2σ (22.10)

Here, σ is the interfacial energy per unit area and 	GV is the change in volume
energy. Pictorially, this effect can be understood as shown in Fig. 22.3. When the
size of the embryo is very small (r < r*) the surface energy term, given by 	Gs

dominates. As	Gs is a positive term,	G is positive and the embryo is unstable. As
r increases further,	Gv , the volume energy term starts dominating and	G becomes
negative and the embryo gets stabilized. The critical radius can then be calculated
by differentiating the above Eq. (22.10) with respect to r.

r∗ = 2σ

	GV
(22.11)

There are two types of nucleation “Homogeneous” and “Heterogeneous.” For an
efficient radiation detection, large size single crystals are required, so the growth
rate must be faster as compared to the nucleation rate. For the prevention of multin-
ucleation sites, several techniques are used like slow cooling of melts, temperature
gradients, and introduction of seed crystals. Three basic techniques are used for the
growth of single crystals (Pimpinelli and Villain 2010).

1. Growth from Liquid Phase
2. Growth from Solution
3. Growth from Vapour.

Fig. 22.3 Dependence of
the Gibbs free energy as a
function of the radius of the
nucleation during the crystal
growth process
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The basic theory for the growth of a single crystal in all techniques is the same. In
this chapter, focus on single-crystal growth from melt which is the main technique
employed for the growth of scintillator single crystals. In the melt growth technique,
the polycrystalline powder of the desired materials is melted by heating to a high
temperature and slowly cooling it in a controlled way. Around 80% crystal growth
community use the melt growth technique for the growth of single crystals. Melt
growth is only applicable to materials that melt congruently and have no destructive
phase changes. One of the major advantages of the melt growth technique is the high
volume growth rate. Chart of classification of crystal growth techniques is shown in
Fig. 22.4.

Fig. 22.4 Broad classification of all crystal growth techniques
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22.4.2 Growth from the Melt

Melt growth is the process in which the melt of desired material recrystalize via
cooling the liquid below its freezing point in a controlled way. This method is
commercially used for the growth of technologically important single crystal growth.
Thegrowth frommelt can be classified into various techniques (Pimpinelli andVillain
2010). (In a small bracket principal of technique is mentioned).

1. Verneuil method (“flame fusion”).
2. Kyropoulos technique (“top seeding”).
3. Bridgman method (“directional solidification”).
4. Czochralski method (“pulling”)
5. Floating Zone.
6. Laser-heated pedestal growth.
7. Micro pulling.

Verneuil process is also called flame fusion and it was the first commercially
successful method for manufacturing synthetic gemstones developed in 1902 by the
French chemist Auguste Verneuil (Barvinschi et al. 1999). This process is considered
the founding step of the modern industrial crystal growth technology and shown in
Fig. 22.5. In this process, the alumina powder is loaded in a furnace with a very
small outlet. The alumina powder mixed with O2 comes out from the outlet where a
hydrogen–oxygen torch ismaintained tomelt the incoming alumina. Drops ofmolten
alumina are formed at this outlet which falls on a pedestal of seed crystal where the
growth of a single crystal takes place.

Fig. 22.5 Schematic of
Verneuil crystal growth
process for the growth of
sapphire crystals. (Source
Wikipedia)
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Among the melt growth techniques, most of the scintillator single crystals are
grown using the Bridgman, Czochralski, and float zone methods. These techniques
are described in the following section.

(i) Bridgman Method

This technique was named after its inventor Bridgman in 1925 and Stockbarger in
1938 (Jeffrey 2015). The basic principle of this technique is the directional solid-
ification of melt by translating it from a hot zone to a cold zone of the furnace.
Bridgman furnace as shown in Fig. 22.6 has two zones “Cold” and “Hot.” The hot
zone is maintained above the melting point and the cold zone is maintained below the
melting point of the material which is to be grown into a single crystal. In between
there is a temperature gradient where the crystal growth takes place. For the growth
via the Bridgman technique, the material is sealed and loaded in an ampoule which
is loaded in the hot zone of the furnace. The material of the ampoule is chosen so that
it should withstand high temperatures and should not react with the material of the
crystal. In general quartz, graphite, or nobel metals are used as ampoules. Once the
ampoule is heated to a temperature above the melting point of the material, the whole
ampoule is translated from a hot zone to a cold zone of furnace. Schematic diagram
of the Bridgman furnace has been shown in Fig. 22.6a. A photograph of a typical
Bridgman growth furnace which has been designed to growth 2-inch diameter and
3-inch length single crystal is shown in Fig. 22.6b. This technique is used for the
growth of mixed halide single crystals like CsI(Tl), LiI(Eu), CeBr3, etc. (Singh et al.
2015). In case of material that has to be grown under inert conditions, the ampoule
is evacuated and sealed under a high vacuum ~10–5 mbar.

(a) (b)

Fig. 22.6 a The schematic of a Bridgman crystal growth furnace showing the hot zone and the
cold zone b Photograph of a typical Bridgman furnace at crystal technology lab TPD BARC
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Advantage

1. Growth furnace of the Bridgman technique is less expensive.
2. Vacuum-sealed ampoule permits the growth of hygroscopic material.
3. Selection of the appropriate ampoule can produce a crystal of assigned diameter.

Disadvantages

1. Difficult to retrieve the grown crystal from the ampoule.
2. There is a chance of reaction between the ampoule and the melt.
3. In this technique nucleation starts at the tip of the crucible so there is lesser

control on nucleation.
4. As the crystal growth takes place inside the crucible, stress is generated inside

the crystal which may deteriorate its quality.

(ii) Czochralski Method

Czochralski crystal growth (also called CZ technique) was developed by Jan
Czochralski in the early 1900s as a method to solidify desired material in a single
crystal boule by pulling it from a melt (Müller 2007). In this method, the charge is
melted and maintained slightly above the melting point and a pulling seed crystal
is lowered to just touch the melt for starting the nucleation and the crystal is pulled
slowly. The pulling rate depends on thermal conductivity, latent heat of fusion,
viscosity of melt, and cooling of the pulling crystal. For uniform cylindrical shape
of crystal, the seed is rotated during the growth. Shape and size of the crystal can be
controlled by the melt temperature, pulling rate and rotation of the seed. Schematic
of Czochralski technique and the actual photograph of a CZ puller is shown in
Figure 22.7. Figure 22.7b is the photograph of an indigenously developed CZ puller
atBARC.This has an induction furnace capable of growing single crystals of diameter
2 inches and melting point upto 2000°C. Also, one can use different environments
like ambient gas flow and pressure which will be favorable for the growth of the
single crystal. This method is widely used to commercially grow single crystals.

Advancements in crystal pulling have allowed for increased reproducibility,
restively rapid growth, and high levels of control of the growth parameters. Scin-
tillation community uses this technique for the oxide scintillator single crystals like
Bismuth Germinate (BGO), YAP, tungstate, etc. (Singh et al. 2011).

Advantage

1. Better control over nucleation, shape, and growth rate.
2. Can be used for the growth of large-size crystals.
3. As there is no direct contact between the crucible walls and the crystal, the chance

of crystals cracking and stress inside the growing crystal is reduced.
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(a) (b)

Fig. 22.7 a The schematic of a Czochralski crystal growth furnace showing the induction furnace,
growing crystal, and the melt. b Photograph of a typical Czochralski crystal growth furnace at
crystal technology lab TPD BARC

Disadvantages

1. There is a chance of growth in different phases other than the expected one.
2. Special type of atmosphere or running vacuum required during the growth.
3. It is a very expensive and sophisticated technique as compared to Bridgman.
4. There is some probability of evaporation of constituent in many cases.

22.5 Selected Examples of Inorganic Scintillators Single
Crystal: Growth and Application

This section discusses the scintillation mechanism and growth technique of a few
important inorganic scintillating materials. Most of the inorganic scintillators can
be classified into two broad categories: Halide scintillators and Oxide scintilla-
tors. Halide scintillators are in general grown by the Bridgman technique but can
also be grown by the CZ technique. Few halide scintillators are CsI, NaI, LaBr3,
SrI2, etc. They have low melting points and thus their growth is easy as compared
to oxide scintillators. Some examples of oxide scintillators are Bismuth germinate
(BGO), PbWO4, Gd3Ga3Al2O12(GGAG), LuYSiO5 (LYSO), etc. Oxide scintilla-
tors have high density, mechanical hardness compared to the inorganic ones. PbWO4
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has been adapted for multiple large-scale high-energy physics experiments, such as
Proton Antiproton Detector Array (PANDA) at GSI (Gesellschaft für Schwerio-
nenforschung) facility in Darmstadt, Germany as well as Compact Muon Solenoid
(CMS) and A Toroidal LHC Apparatus (ATLAS) at CERN. These scintillators can
be further categorized on the basis of the dopants or activator ions, which acts as the
basis of the scintillation mechanism. In the following section, various scintillators
based on the dopant ion and thus scintillation mechanism are grouped together.

22.5.1 Tl-Doped Alkali Halides

Tl doped alkali halides like NaI(Tl), CsI(Tl), and KI(Tl) have wide applications in
various fields of nuclear physics and these scintillators are commercially available.

(i) NaI:Tl

It is the most widely used single-crystal scintillator. It is a conventional scintil-
lator having application in homeland security like area monitoring, in gamma spec-
troscopy, in nuclear physics experiments (Suerfu et al. 2020). NaI melts congruently
at 661 °C, so a single crystal can be grownby theBridgman technique and have 3.67 g/
cm3 density. NaI:Tl has emission maxima at 415 nm which is excellently matching
with the PMT response function. NaI:Tl has good scintillation performance, it has a
decay time around 230 ns, 6.8% energy resolution at 662 keV and has a light yield
of 38 Ph/keV. It can be grown in very large sizes. The main advantage of NaI:Tl
scintillator is low cost of material and easy growth. NaI:Tl single crystal is grown
using the Bridgman technique in a quartz ampoule. However, this is a highly hygro-
scopic material and highly prone to cracking {cleavage plane <100>}. This makes it
very difficult to handle and has to be hermetically sealed for any application. Crystal
Technology Section (CTS) of the Technical Physics Division (TPD), Bhabha Atomic
Research Center (BARC) has been involved in the growth of NaI:Tl single crystal
for various radiation detection application. Figure 22.8a shows the photograph of a
grown NaI:Tl single crystal of diameter 50 mm and length 50 mmmounted on PMT.
The pulse height spectra of this crystal measured for 137Cs and 60Co gamma source
is given in Fig. 22.8b.
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(a)

(b)

Fig. 22.8 a Photograph of NaI:Tl single crystal, diameter 50 mm and length 50 mm mounted on
PMT b Pulse height spectra measured using a NaI:Tl scintillator detector for gamma source of
137Cs (left) and 60Co (right)

(ii) CsI:Tl

This is one of the best suitable materials for a scintillator detector because of its less
hygroscopicity, easy and scalable single crystal growth, ease of detector fabrication
and it’s machinable nature. CsI has a melting point of 620°C and its high density
4.5 g/cm3 makes it suitable for efficient radiation detection. CsI:Tl has emission
maxima at 550 nm, which is matching with the Si-based photodetectors. In terms of
scintillation performance CsI:Tl has a high light yield compared to NaI:Tl 54 (Ph/
KeV), 1000 ns decay time, and have 7% energy resolution at 662 keV (Singh et al.
2012).

Figure 22.9a shows the photograph of the CsI:Tl single crystal (size 2′′ dia × 2′′
length) grown at CTS, TPD using the Bridgman method (Desai et al. 2012; Patra
et al. 2020; Tyagi et al. 2015). The growth has been carried out in a Bridgman furnace
shown earlier in Fig. 22.6b. The CsI:Tl has an emission at 550 nm thus under UV
illumination, it gives yellow color as seen in Fig. 22.9a. To show that the nature
of dopant leads to the change in the emission characteristics we have shown the
photograph of a CsI:Na crystal under UV illumination. The emission of CsI:Na is
420 nm thus giving blue color.
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(a)

(b)

6.5%

Fig. 22.9 a Photograph of processed CsI:Tl (yellow color) and CsI:Na (blue color) single crystal
of diameter 50 mm and length 50 mm under UV-illumination. b Pulse height spectra measured
using a CsI:Tl scintillator detector for gamma source of 137Cs

Further, larger size single crystal of 3′′ diameter and 4′′ length has been grown in
carbon-coated quartz crucible as shown in Fig. 22.10a. Figure 22.10b shows a hand-
held gamma spectrometer developed using the 3′′ CsI:Tl single crystal for detection
of gamma radiation (Tyagi et al. 2015).

The scintillationmechanismofCsI:Tl is very complex and canbe briefly explained
as follows. In CsI(Tl) scintillator, one Cs+ ion is replaced by the Tl+ ion. Tl+ is a
well-known luminescence center and has 5d10, 6s2 electronic configuration which
gives rise to 1s0 ground states and 1p1, 3p0, 3p1, 3p2 excited states (Dietrich and
Murray 1972). The luminescence occurs due to the 3p0 to 1s0 transition which
is spin forbidden. This is why the Tl-doped scintillator has a slow decay profile.
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33 inch
diameter
CsI:Tl
crystal

(a) (b)

Fig. 22.10 a As grown CsI:Tl single crystal of diameter 75 mm and length 100 mm and processed
scintillator single crystal b A USB-based hand-held gamma spectrometer developed with 3′′
diameter CsI:Tl scintillator single crystal

When ionizing radiation interacts with the scintillator matrix and deposits its energy,
the formation of e–h pairs takes place. Here, e and h are thermalized carriers. The
different charge states of Tl ion that exists in the CsI matrix are Tl0, Tl+ and Tl++. The
lifetime of Tl0 and Tl++ states is longer than the radiative lifetime of Tl+ (Rogulis
et al. 2004). So, apart from other self-trapping mechanisms, there is also a finite
possibility that the generated e and h can be captured by different Tl ions. Trapping
mechanism can be expressed as

(i) e + T l+ → T l0 e trapped at T l+
(ii) h + T l+ → T l+ h trapped at T l+
(iii) h → Vk h self − trapping
(iv) Vk + T l+ → T l++ Vk dissociation

These trapped charge carriers can recombine in both radiative and non-radiative
ways. Also, these processes depend on the temperature. The recombination channels
are listed below:

(v) T l0 + h → hν Trapped ewith free h
(vi) T l++ + e → T l+ + hν Trapped h with free e
(vii) Vk + e → hν Free ewith Vk

(viii) Vk + T l0 → T l+ + hν Vk with trapped e
(ix) T l0 + Vk → hν Trapped ewith Vk

Some recombination channels like No. 9 are observed only at low temperatures.
Other possibilities of scintillation channels are the direct excitation and ionization
of Tl+ by secondary electron and excitation by excitons.

(x) T l+ + esec → (
T l+

)∗ → hν Direct excitation
(xi) T l+ + esec → T l++ ; T l++ + e → (

T l+
)∗ → hν Direct ionization

(xii) T l+ + ex → (
T l+

)∗ → hν Excitation by Exciton
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All these 12 channels produce the scintillation light at different rates and decide
the decay scheme of CsI:Tl scintillator (Mikhailik et al. 2015).

22.5.2 Intrinsic Fast Inorganic Scintillators

(i) BaF2

BaF2 is one of the fastest inorganic scintillator materials with high effective atomic
number (Z = 52.7), which makes it attractive for scintillator detectors where high
detection efficiency per unit volume and fast response are required. Melting point
of BaF2 is 1368 °C and it can be grown by the vacuum Bridgman and Czochralski
technique (Kamada et al. 2005). With the Czochralski technique, BaF2 can be grown
in any crystal orientation and the largest grown crystal by this technique is 8′′ φin size.
BaF2 has 4.88 g/cc density and has emission maxima at 220 nm (fast component)
and 310 nm (slow component) (Diehl et al. 2015). It has 2 decay components 0.8 ns
and 630 ns. The energy resolution of BaF2 is 9.8% at 662 keV and light yield is 8
ph/KeV. Photograph of a 30 mm diameter BaF2 single crystal grown at CTS, TPD
is shown in Fig. 22.11.

Scintillation mechanism in BaF2 is different from other activated halide scintil-
lators. When ionizing radiation interacts with the BaF2 single crystal electrons get
excited from the lower band (core and valence band) to the conduction band. Hole
in the upper core band relax very fast and occupy the upper end of the core band
instantly and recombine with an electron from the valence band via a core-to-valence
transition. This special kind of intrinsic luminescence is called “cross luminescence”
and has a decay time in the order of ps. Cross-luminescence process is dominantwhen
the electron energy is not sufficient for the excitation of Auger electrons from the

(a) (b)

Fig. 22.11 a Photograph of a processed BaF2 single crystal of diameter 30 mm. b Schematic for
the scintillation mechanism in BaF2 scintillator
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Fig. 22.12 LaBr3:Ce single crystal grown at crystal technology section (left: diameter 25 mm and
length 50 mm, right: diameter 50 mm and effective length 50 mm)

valence band. The excited and slowly relaxed electrons in the conduction band can
recombine via self-trapped exciton formation with a hole in the valence band. This
process is slow compared to the previous one. So, BaF2 has two decay components.
The schematic diagram of the scintillation mechanism in BaF2 is shown in Fig. 22.12
(Kamada et al. 2005).

(ii) Pure CsI

CsI:Tl has been known as a scintillation for more than half century, which exhibits
high light yield at room temperature. Pure CsI is also known as a scintillator but have
different properties. It has very fast emission 10 ns but very low light yield at room
temperature. At 77 K temperature, the light yield of CsI increases by more than one
order of magnitude. This makes CsI an attractive scintillator for detector applications
at low temperature (Mikhailik et al. 2015). Low-temperature luminescence studies
shows that the main emission features in CsI are due to the radiative decay of self-
trapped excitons (STE). Two types of STE exit in CsI: on-center STE and off-center
STE. The excited states of these STEhave singlet and triplet configurations in thermal
equilibrium. Thus, the principal features of CsI luminescence can be interpreted in
terms of changing populations of these states with time and temperature (Seema
Shinde et al. 2014).
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22.5.3 Trivalent Rare-Earth Doped Scintillators (Ce3+)

Themain criteria for the search for new scintillatormaterial are high energy resolution
as well as fast response time. Tl+-doped halide scintillators (NaI:Tl, CsI:Tl) have
high light yield but their response is slow (around 1 μs). Other scintillator materials
like CsI, BaF2, and CeF3 have fast response time (in ns) but light yield is very
less compared to Tl doped, which degrades the energy resolution. Rare-earth ions
are often used as activating luminescence ions. The main focus of the present day
research is to find a bright and fast scintillator can be achieved by using rare-earth
ions as a luminescent center. Lanthanides ions as dopants give luminescence due to
an allowed 5d−4f electric dipole transitionwhich is a fast transition. Experimentally,
only two rare earth trivalent ions, Ce3+ and Pr3+, are acceptable activators with high
light output and fast scintillation. Most of the fast scintillators, which have attracted
attention in the last few years for their attractive scintillation properties are Ce3+

doped both halide and oxide scintillators.

(i) LaBr3:Ce

Newly developed rare-earth doped halide scintillators are lanthanum chloride and
lanthanum bromide doped with cerium. They are both very hygroscopic but offer
excellent light output and energy resolution. The scintillation yield of LaBr3:Ce
is 63 photons/keV for γ radiation and a fast response of 16 ns. It also has excel-
lent linearity, and a very stable light output over a wide range of temperatures. In
addition, LaBr3:(Ce offers a higher stopping power for γ rays (density of 5.08 g/
cm3 (Quarati et al. 2007)). Thus LaBr3:Ce is one of the most promising advanced
scintillators. However, the main disadvantages of this material are its hygroscopicity,
difficult crystal growth, and intrinsic activitywhich prohibit its use in lowbackground
applications.

Figure 22.8 shows the photograph of LaBr3:Ce (Diehl et al. 2015) single crystal
grown at the Crystal Technology Section of Technical Physics Division BARC.
LaBr3: Ce single crystal has been grown via the Bridgman technique with vibration-
free translation and controlled by the PLC system. The furnace is designed so that
the temperature gradient between the top and bottom zone is 25 °C/cm. Figure 22.13

Fig. 22.13 The gamma
spectrum for 137Cs source
measured using a 2′′
diameter LaBr3:Ce
scintillator
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is the pulse height spectrum recorded using the 2-inch diameter and 2-inch length
LaBr3:Ce single crystal grown at CTS. An energy resolution of 3.45% at 662 keV
for 137Cs gamma source is achieved.

(ii) Cerium Halide

Cerium halide scintillator is a good choice for the scintillator material because of
their relatively high atomic number, fast scintillation response (17 ns) and they are
intrinsic scintillators. Scintillation mechanism in Cerium halide is quite simple due
to the simple structure of the energy level diagram of Ce3+. CeBr3 scintillator crystal
is the best choice for high count rate coincidence measurement because of its high
energy resolution 3.6%at 662 keVand fast decay time 17 ns (Markov 2016) also it has
an outstanding timing resolution which is better than BaF2. Growth of CeBr3 single
crystal is challenging due to its hygroscopic nature and prone to cracking. These
challenges have been addressed using various dopants in the CeBr3. Improvement in
hygroscopicity of CeBr3 has been reported using Ba2+ doping (Sisodiya et al. 2022).
Figure 22.14 shows a single Crystal growth of Pure CeBr3 (Size: 25 mm dia × 35
mm length) grown by employing the Bridgman technique.

Apart from the inorganic scintillators, there are oxide-based materials available,
which show scintillation characteristics.

Fig. 22.14 Photograph of a 25 mm diameter and 35 mm length pure CeBr3 scintillator single
crystal
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(iii) YAG:Ce and YAP:Ce

YAl5O12:Ce (yttrium aluminum garnet also called YAG) and YAlO3:Ce (yttrium
aluminumperovskite also calledYAP) scintillator single crystals havemanyattractive
properties (Baccaro et al. 1995). YAG doped with ions such as Nd3+, Er3+, and Yb3+

have been used to develop YAG-based laser material. With Ce3+ doping YAG and
YAP are used as scintillator material. Both these scintillators have high density with
YAG:Ce 4.57 g/cc & YAP:Ce of 5.37 g/cm3. They have good mechanical hardness
and high chemical stability. Both the composition melts congruently at a temperature
slightly less than 2000 °C and can be grown by the Czochralski technique. YAG:Ce
has been grown in both reduction and non-reduction medium using iridium crucible.
The growth of YAG is favorable along <100> and <111>. Figure 22.15 shows the
photograph of a typically grown YAG:Ce and YAP:Ce single crystal at CTS. The
YAP:Ce crystal is grown in an Ir crucible of 50 mm φ under Ar ambient. The pull
rate was varied between 0.7 and 1 mm/h and the rotation rate 10–15 rpm. After the
growth was completed, the crystal was subjected to post-growth cooling: 40–50 °C/
h. The dimension of the grown crystal is 30 mm diameter for both YAG:Ce and
YAP:Ce.

Fig. 22.15 Photograph of a 30mmdiameter and 50mm length YAG:Ce (Left) andYAG:Ce (Right)
scintillator single crystal grown by Czochralski technique at CTS, TPD
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(iv) Lu2SiO5:Ce

Lutetium oxyorthosilicate; Lu2SiO5 (LSO) activated with cerium has many appli-
cations in high energy physics and medical imaging societies because of its high
density (7.41 g/cm3), fast decay 45 ns and high light output (about 25,000 ph/MeV)
(Mao et al. 2013). The Emission wavelength is at 420 nm which is well matched
with the gain of PMT. The melting point of LSO crystal, however, is 2150 °C. It is
also grown by CZ method. The crystal has been grown in CTS in Ir crucible under
Ar ambient. The pull rate employed was 1 mm/h and post-growth cooling rate was
20–30 °C/h. Figure 22.16 is the photograph of the as-grown and processed LSO:Ce
single crystal under day-light condition as well as UV radiation.

22.5.4 Divalent Rare-Earth Doped Scintillators (Eu2+)

Besides, the trivalent rare-earth ions, divalent rare-earth ion Eu2+ is also a highly
used activator with high light output. Eu2+ has relatively slow kinetics with τr= 1 μ

s (Singh et al. 2012), and gives luminesce due to the 5d 1 → 4f 7 electronic transition.
SrI2:Eu and LiI:Eu are two commonly used Eu2+ doped halide scintillators.

(i) SrI2:Eu:

SrI2:Eu is the best halide-based scintillator in terms of energy resolution, it has
2.8% energy resolution at 662 keV and has 70 ph/KeV light yield which is excel-
lent for gamma-ray spectroscopy. It can be used for low energy detection because
SrI2:Eu doesn’t have intrinsic background issues like LaBr3. SrI2 melts congruently
at 518°C. Single crystal growth of SrI2 is challenging because of its distorted Pbca
orthorhombic structure and easily hinder by the presence of foreign elements. The
detailed study of nucleation control, material, and crucible purity (Patra et al. 2020)
on the growth of SrI2 has been studied by Patra et al. (2022). The successfully grown
SrI2 2′′ φsize single crystal after optimizing the crucible design is shown in Fig. 22.17.
Figure 22.17 also shows the pulse height spectra of a typical SrI2:Eu single crystal.
5% Eu doped SrI2 crystal of diameter 2 inches can be grown using this technique.

(ii) LiI:Eu

LiI:Eu scintillator detector is mainly used for the detection of thermal neutron detec-
tion. 6Li has large cross-section (around 1000 barn) for the thermal neutron, thermal
neutron interacts with the neutron and produces alpha and tritium with Q value 4.8
MeV as described in Eq. (22.4). Here, Eu works as an activator in LiI matrix. LiI
has a melting point of 469 °C and can be grown by the Bridgman technique in a
carbon-coated quartz crucible. Figure 22.18 shows a 2-inch diameter and 2-inch
length LiI:Eu single crystal. A neutron detector has been fabricated at CTS using
the grown crystal and detection of thermal neutron has been demonstrated (Singh
et al. 2017, 2018b). Figure 22.18b shows the pulse height spectrum recorded using
the LiI:Eu scintillator for thermal neutron and gamma radiation.
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Fig. 22.16 Photograph of a 30mm diameter and 40 mm length Lu2SiO5:Ce scintillator single
crystal. The top photograph is that of as-grown crystal and the bottom photo is cut and processed
crystal. On the left, we have shown the crystal under daylight illumination and the right panel the
crystal is photographed under UV illumination
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Fig. 22.17 Photograph of a 2′′ diameter and 2′′ length SrI2:Eu scintillator single crystal and the
gamma spectrum for 137Cs source

(a)

(b)

Fig. 22.18 a Photograph of a 2′′ diameter and 2′′ length LiI:Eu scintillator single crystal b Energy
spectrum recorded using a LiI:Eu single crystal for thermal neutron and gamma radiation
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22.6 Conclusions

To summarize, the application of scintillator material is increasing every day with
the emergence of new technologies and applications in different fields. With this, the
requirement for a scintillator with higher density, high light output, and fast decay
is increasing many folds. This chapter has described briefly the physics behind the
scintillation process, the characteristics, which make a material a good scintillator.
Further emphasis has been given on the growth of inorganic scintillator single crystals
and in-depth discussion on few important scintillators has been presented.
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Chapter 23
Total Reflection X-ray Fluorescence:
Suitability and Applications for Material
Characterization

Sangita Dhara and N. L. Mishra

23.1 Introduction

X-Ray Fluorescence (XRF) analysis is based on the principle of sample irradiation
by a beam of X-rays having sufficient energies and measuring the energies as well
as intensities of the X-rays of the individual atoms of the sample, thus excited. It is a
near-surface (100μm)analysis technique, performedwithout sample consumption or
destruction. It is a fast, multi-elemental, versatile, and sensitive method with reason-
ably good accuracy as well as precision for elemental analysis. For these aforemen-
tioned reasons, today XRF has emerged as a very well-established technique world-
wide, for the spectrochemical analysis of materials having technological importance
in almost all areas of life. It is in fact, a complementary technique to equally versatile
phase analysis X-ray methods which include, Ray Diffraction (XRD) and X-Ray
Absorption Spectroscopy (XAS) used for material characterization.

Two German scientists, Kirchhoff and Bunsen (1859), a physicist and a chemist,
respectively, laid the foundations of spectrochemical analysis ofmaterials, when they
made a flame spectroscope. Later, with a series of highly significant discoveries, such
as radiowaves by Hertz (1887), X-rays discovered by Roentgen (1895), radioactivity
by Becquerel (1896) and both, M. Curie and P. Curie (1898) and cosmic rays by Hess
(1910), the level of spectrochemical analysis has advanced drastically. Roentgen’s
discovery ofX-rayswas found to have invaluable potentialities in the areas of science,
technology, and medicine. The remarkable discovery of this invisible unknown radi-
ation, by Wilhelm Conrad Röntgen, took place after 40 years of the discovery of
spectroscopy by Bunsen and Krichhoff (Franks 1997). For this novel discovery, the
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first Nobel Prize in physics was conferred to Röntgen, in the year 1901. The foun-
dation of XRF was established by Moseley (1913), using the well-known Moseley’s
law, which is an empirical law correlating the frequency /wavelength of characteristic
X-rays to the emitted atom (Moseley 1913). Later, Barkla (1917) demonstrated that
composition of a given sample could be determined by their characteristic X-rays,
and for this great research, he was awarded the Nobel Prize in the year 1917. The
first XRF spectrometer, which was commercially available consisted of an open X-
ray target and a revolving crystal with a photographic plate for detection of X-rays
and was built by Siemens and Halske, a German electrical engineering company,
in 1924. At present, the number of XRF instruments used worldwide, is more than
~15,000 of which, one fourth operate in energy-dispersive (ED) mode and the rest
in wavelength-dispersive (WD). WithWDmode, the detection of light elements was
optimized using suitable X-ray tubes, detectors with ultrathin windows, and analyzer
crystals providing very high resolution. However, at present, EDXRF spectrometers
are more frequently built as trends are for miniaturization of spectrometers, fast
acquisition of the spectrum, and development of high-performance semiconductor
detectors, in order to extend the application towards the lowZelementswith improved
sensitivity and spectral resolution.

An important advancement inXRFwas achievedby the ingenious efforts ofArthur
HollyCompton,whodiscovered the incoherent photon scattering, knownasCompton
effect, in 1923. He is also responsible for discovering an unusual phenomenon in X-
rays known as total external reflection (Compton 1923). This invaluable discovery, in
fact, had resulted in the evolution of another very efficacious variant of XRF. Yoneda
and Horiuchi, two Japanese scientists, in 1971 (1971) presented another innovative
idea of utilizing the principle of total external reflection of X-rays for excitation, in
XRF spectrometry. They proposed a method for microanalysis of materials, applied
on an optically flat highly reflecting sample support with a glancing angle of the
X-ray beam which is incident on the sample being nearly 0.01°. An energy disper-
sive detector was placed directly over the sample support for measuring the emitted
X-rays. This technique subsequently developed as an advanced version of EDXRF
called Total Reflection X-Ray Fluorescence (TXRF), which is nothing but a geomet-
rical variation of EDXRF with exceptionally good detection limits (Yoneda and
Horiuchi 1971). In contrast to the conventional EDXRF, where the incident beam of
X-rays hits the sample at nearly 45o angle, in TXRF the glancing angle of the inci-
dent X-rays is less than 0.1° and the shape of the incident X-ray beam is like a paper
strip, owing to this grazing incidence. The instrumental arrangement for the conven-
tional EDXRF and TXRF spectrometers, which differs slightly from each other, is
illustrated in Fig. 23.1. Since its first reported application for trace element determi-
nation in 1971, TXRF has evolved remarkably as a high-performance sophisticated
alternative of the traditional EDXRF. It has detection limits at pg to sub-pg level
and can analyze all elements irrespective of metals or non-metals, except the very
light elements (Z < 6). Moreover, TXRF analysis does not encounter the notorious
matrix effect, which is quite severe in classical XRF, and the TXRF limits of detec-
tion can be compared with the other well-established trace element analysis tech-
niques such as, Electro Thermal Atomic Absorption Spectrometry (ET-AAS), and
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(a)

(b)

Fig. 23.1 Comparison of the geometries of instrumentation for conventional EDXRF (a) andTXRF
(b). This is redrawn and adapted from John Wiley and Sons Publisher (Klockenkämper and von
Bohlen 2015)

the plasma-based techniques such as Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) and even, Inductively Coupled PlasmaMass Spectrometry
(ICP-MS), which ranks the highest among these competitive techniques. In fact, in
the last 50 years, TXRF has acquired a high rank among these competitive trace
element determination methods.

Today, TXRF is extensively applied for microanalysis as well as trace elemental
analysis of materials in almost every field of science and technology (Dhara and
Misra 2019; Pahlke et al. 2001; Moens et al. 1194; Marguí et al. 2010). Samples
in small quantities, mostly in the form of solutions or suspensions, are placed on
optically flat sample supports.

After evaporation, the residue formed with a thickness of a fewmicrons is excited
under a fixed grazing incidence below the critical angle of the support and the X-rays
emitted from the individual atoms in the sample aremeasured by an energy-dispersive
semiconductor detector. The high reflectivity of the sample supports and low penetra-
tion of the primary beam into the supports eliminate spectral background to almost
negligible amount and lowers the detection limits by 4–5 orders of magnitude, in
comparison to the classical XRF. Although this technique does not offer an entirely
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non-destructive analysis, but it definitely offers many new possibilities in ultra and
trace micro analysis. Further, its low detection limits, simplified quantification using
a single internal standard and negligible matrix effect due to the minute residue
or thin sample layers, makes this technique really unique and attractive among the
analytical scientists.

Another new application of TXRF was opened up in 1980s by its essential appli-
cation in the near-surface layer analysis. This was possible due to the dependence of
fluorescence intensity of emitted X-rays from different layers, below the substrate’s
surface, on the angle of incidence, when it is varied in the range at which total reflec-
tion of X-rays occurs. This field of spectrometry is known as Grazing Incidence
X-Ray Fluorescence (GI-XRF). This effect was applied to investigate the impurities
in the surface, near-surface layers, layered wafers, etc. (von Bohlen 2009). With the
increase in the diversity of materials and their applications, combinations of different
spectroscopies with excitation under the total reflection condition have emerged as a
multidisciplinary analytical tool. Some of these hyphenated techniques include, Total
Reflection X-Ray Diffraction (TR-XRD) and Total Reflection X-Ray Absorption
Fine Structures (TR-XAFS). All these hyphenated methods have greater capabilities
and improved sensitivity with a requirement of very small sample making them very
useful in areas where sample availability is limited. Moreover, these combinations
are capable of structural as well as speciation studies along with the determination
of elemental composition for micro-samples and thin films.

23.2 Principle of Total External Reflection of X-rays

The incident, reflected, and refracted rays are coplanar and normal to the interface
boundary. The angle of glancing incidence (α1),which the angle between the incident
beam and the interface surface, is always equal to that of the glancing angle of the
reflected beam (α∗

1) as given below:

α1 = α∗
1 (23.1)

The relation between the angle of glancing of incident as well as the refracted
beam (α2) is established by the well-known Snell’s law, which states that:

v2cosα1 = v1cosα2 (23.2)

where, v1 and v2 are known as phase velocities of the X-rays in different mediums.
Phase velocity is defined as the velocity of the planes of constant phase, of an elec-
tromagnetic radiation, propagating in a medium. This velocity is dependent on the
specific medium and the wavelength/frequency of the propagating wave. However,
in vacuum, the phase velocity is same as the velocity of light (c0) and is independent
of the wavelength/frequency.
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Refractive index (n) is defined as the ratio of the phase velocities in vacuum and
a specific medium. In vacuum, refractive index has the value of 1. Now, considering
that n1 is the absolute refractive index of medium 1 and n2 is the same for medium
2, then these indices can be denoted as given below:

n1/2 = c0
υ1/2

(23.3)

So, the above equation (Eq. 23.2) can be rewritten as:

n1cosα1 = n2cosα2 (23.4)

Now, if n2 > n1, i.e., medium 2 is optically more dense, then the refracted beam
in the medium 2 will be deflected away from the interface as shown in Fig. 23.2a.
However, if n2 < n1, i.e., medium 1 is optically more dense, then the refracted beam
in medium 2 will be deflected towards the interface as shown in Fig. 23.2b.

The value of refractive index, which is dependent on the phase velocity of the
radiation, can be obtained from the Lorentz theory. This theory assumes that the
electrons, which are quasi-elastically bound to the atoms, oscillate forcefully in the
presence of the radiation field of the incident beam. Hence, the oscillating electron
also emits radiation, but with a different phase. So the Phase velocity of primary beam
is altered because of the superposition of both these radiations. This superposition
causes a slight modification in the values of the refractive index, which now deviates
from the value in vacuum, which is 1, by δ and it is called decrement. Hence, the
refractive index ‘n’ now has a complex form having a real (δ) as well as an imaginary
part (β) and written as:

n = 1 − δ − iβ (23.5)

(a) (b)

Fig. 23.2 Representation of the path of X-ray beam at the interface of two media with refractive
indices n1 and n2 (a) n2 > n1 and (b) n1 > n2. This is redrawn and adapted from John Wiley and
Sons Publisher (Klockenkämper and von Bohlen 2015)
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The real part in the above equation (n′ = 1 − δ), in fact, measures the deviation
in the refractive index. Since, n′ is related to the phase velocity (from Eq. 23.3),
ν ≈ c0/n′, this velocity can exceed velocity of light. Only the velocity by which a
real signal is transmitted cannot be greater than c0, however, the phase velocity can
be. The value of δ, for X-rays having energies more than the absorption edge of the
elements in medium, can be expressed as:

δ = N

2π
r
Z

A
ρλ2 (23.6)

where, N: Avogadro’s number (6.022 × 1023 atoms/mol), r: classical radius of elec-
tron (2.818× 10–13 cm),Z: atomic number of the elements in the medium, ρ: density
(in g/cm3), A is the atomic mass of the elements in the medium (in g/mol) and λ:
wavelength of the beam. The value of δ is very small and varies from 0.005 to
0.0000002 (Klockenkämper and von Bohlen 2015).

The imaginary part (β), is the value of the attenuation, and written as:

β = λ

4π

(
μ

ρ

)
ρ (23.7)

where, μ/ρ: mass absorption coefficient (g/cm2).
For X-rays, air medium is optically more dense than any solid medium (n <

nair ≈ 1). So, as the X-ray beam passes from the air to any solid substrate, then the
refracted beam gets deflected toward the interface of the two mediums (Fig. 23.2b),
which is in contrast to the visible light which gets deflected away from the interface.
Therefore, for X-rays travelling from air to any solid medium, n1 is nair ≈ 1, and
Eq. 23.4 becomes,

cosα1 = n2cosα2 (23.8)

Now, for a fixed value of n2 as α1 decreases, α2 also decreases. Further, as the
value of α2 approaches zero, cosα2 ≈ 1, and at this point, the X-ray beam which is
refracted, will appear tangentially in the interface. The glancing angle of incidence,
at which this phenomenon occurs, is known as the critical angle, α1 = αcrit. At αcrit

the above equation becomes,

αcri t = n2 (23.9)

For angles, α1 < αcrit, α2 does not exist, because the value of cosine cannot be
more than 1. Hence, at this angle, the X-ray beam does not penetrate into the solid
and the interface between both the medium becomes an ideal mirror, which reflects
the entire incident beam of X-rays back into the air medium. This process is known
as total external reflection or total reflection of X-rays.



23 Total Reflection X-ray Fluorescence: Suitability and Applications … 725

There are three parameters, which define the phenomenon of total external
reflection of X-rays in TXRF spectrometry. These are:

(a) Critical Angle
(b) Reflectivity
(c) Penetration depth.

23.2.1 Critical Angle

The critical angle is defined as that glancing angle, having the highest value, where
refracted beam becomes non-existent and total reflection of the incident beam occurs.
It is calculated from the abovementioned equation (Eq. 23.9), and expressed as

cosαcri t ≈ 1 − α2
cri t

2
. (23.10)

The above equation can be further simplified with the combination of Eq. 23.5 as

αcri t ≈ √
2δ. (23.11)

From Eq. 23.6, the above equation can be further approximated to.

αcri t ≈ 1.65

E

√
Z

A
ρ (23.12)

where, Z: atomic number, A: atomic mass of the elements of the medium (g/mol),
ρ: the density (g/cm3), E: energy of the primary beam (keV) and the value of αcr i t

will be obtained in degrees.

23.2.2 Reflectivity

The ratio of the intensities of the reflected and the incident beam is called Reflectivity
(R). The reflectivity depends on the angle between the incident beam and the surface
of the medium. For angles, having values more than the critical angle (>than 1°), the
reflectivity is in the order of 0.1%. As the glancing angle decreases, the reflectivity
increases and at a critical angle, it reaches almost 100%, abruptly. For Si or quartz,
the reflectivity shows a distinct steep transition with respect to the glancing angle
and for this reason, these materials are mostly used as sample supports in TXRF
analysis. A highly reflective sample support is used because the spectral background
is proportional to 1 − R.
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23.2.3 Penetration Depth

The penetration depth describes that depth, which a beam can penetrate, in a homo-
geneous material, such that its intensity decays to 37% of the original value. The
penetration depth decreases with decreasing glancing angle, with values ranging
from 0.01 μm to 10 μm, till it reaches the critical angle. When critical angle is
reached, the penetration depth decreases drastically to 2–5 nm and below the critical
angle, it attains the same constant value irrespective of the glancing angle.

The effect of total reflection appears onlywhen the substrate or the sample support
is optically flat or smooth. Besides optical flatness, high reflectivity is also very
essential. The roughness should be of the order of <5 nmwith in the area of 1mm2and
the waviness should be <0.001o within an area of 1 cm2. These properties can be
checked by a profilometer. Table 23.1 gives the values of these abovementioned
parameters, for the commonly used sample supports in TXRF measurements, for
different incident energies of X-ray beam.

23.3 Instrumentation

The first commercially available TXRF spectrometer was built in 1980 by Rigaku
Corporation, Japan (Model: EXTRAN). Though the instrumentation of TXRF is very
similar to traditional EDXRF spectrometers, there is a difference in the geometric
arrangement as in TXRF it should provide total external reflection of the incoming
beam. Further, it should also ensure that there is interference between the incoming
and completely reflectedbeam,which results in standingwaves, just above the surface
of the sample support (Bedzy 2013).

In TXRF analysis, the following criteria for instrumentation are required to be
followed to ensure the aforementioned conditions:

1. The glancing angle of incident beam needs to be very small, less than the critical
angle, to provide a total reflection of the incoming X-ray beam. For primary

Table 23.1 Values of critical angle, reflectivity, and penetration depth for different sample supports
and incident X-ray energies commonly used for TXRF measurements (Klockenkämper and von
Bohlen 2015)

Medium Critical angle at photon
energies in (°)

Reflectivity at photon
energies in (%)

Penetration depth at
photon energies in (nm)

8 keV 17 keV 35 keV 8 keV 17 keV 35 keV 8 keV 17 keV 35 keV

Plexiglas 0.16 0.08 0.04 87.9 93.2 94.8 132 241 319

Glassy carbon 0.17 0.08 0.04 88.4 93.9 95.0 130 255 311

Quartz glass 0.21 0.10 0.050 73.4 85.5 91.4 42 83 146

Silicon 0.21 0.10 0.051 67.3 81.5 89.5 32 62 115
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X-ray beam having energy of 10 keV, the critical angle is nearly 0.1–0.2°and it
is further less for higher energies (Table 23.1).

2. The primary X-ray beam should be in the shape of a paper strip, obtained by a
line-focus tube. Further, the aperture in the tube should be such that it restricts the
beam height to approximately 10–20 μm and the width should be nearly 10 mm.

For the analysis of the sample in the form of granular residues, the measurement
is carried out at a fixed glancing angle setting with the following two conditions:

1. The glancing angle should be set at nearly 70% value of critical angle and the
divergence of the beam should be restricted to below 0.01°.

2. The bremsstrahlung continuum, which is the high-energy portion of the beam,
should be removed, so that total reflection can take place at a smaller angle.
Though under a larger glancing angle the high energy X-rays will not be totally
reflected, but it would definitely result in an increased undesirable background.
If a band pass or low pass or filter is positioned between the source and the
sample, it will prevent the background by cutting off the high-energy part of the
beam. Use ofmonochromators can also be extremely helpful as it produces X-ray
beams of narrow energy band and this arrangement eliminates the background
drastically.

For depth profilemeasurements usingTXRF, the angle-dependent intensity profile
has to be recorded. So, instead of a fixed angle measurement, the glancing angle has
to be varied and the TXRF spectrum is recorded at each angle. Following are the
prerequisite for carrying the measurements:

1. The angle of glancing must be varied between 0 and 2o with very high precision
in steps of 0.01°. A very great accuracy of fine-angle control better than 0.005o

is necessary for such measurements. This can be obtained by tilting the sample
around an axis.

2. The primary beam should be monochromatic in order to ensure an angle-
dependent, clear, and distinct intensity profile for thin-layered samples.

The basic design of a TXRF instrument includes a fine-focused X-ray tube having
collimator slits, monochromators or low-pass filters, sample holders, and an energy-
dispersive detector unit. The charge pulses produced by the detector are processed
using electronic registration unit. The commonly used target materials for X-ray
tubes are, Mo, Rh, Pd, and W for excitation of elements from Al to U, and for low Z
elements, below Ti, Cr and Cu targets are used. Also, dual targets X-ray tubes such
as Mo/W, are commercially available. The efficiency of X-ray tubes is very low, as
very little of the electric power (0.1%) is actually being converted into X-rays and
the rest of it is transformed as heat. Hence, cooling of these tubes is very essential.
The X-ray tubes of high power, which operate at 3–5 kW, require continuous cooling
with chilled water at the rate of 5 L/min when in operation. The average life span
of these tubes is about 4000 operational hours. Rotating anode X-ray sources can
operate at very high power (30 kW) with chilled water supply of 15 L/min. These
tubes provide high brilliance and intensity many folds higher than the conventional
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X-ray tubes. Compact low power table top spectrometers, powered by 50–200 W
X-ray tubes, are also gaining importance due to their compactness and simplicity.
These spectrometers with peltier-cooled detectors and low-power X-ray tubes do not
require any liquid nitrogen cooling for detectors or water chillers for the X-ray tubes,
which makes them very compact with negligible maintenance. Moreover, with the
introduction of interchangeable X-ray tubes having low power, determination of all
the elements above Z = 6 (Carbon) is possible using a single XRF instrument (Sanyal
et al. 2016). The scientific community, using synchrotron radiation as X-ray source
for research, is also growing steadily since the mid-1980.The synchrotron radia-
tion has many features which includes high brilliance which surpasses that of X-ray
tubes, by many orders of magnitude, high collimation, variable polarization, broad
tunable energy spectrum, etc. (Meirer et al. 2010). Synchrotron radiation-induced
Total reflection X-ray Fluorescence (SR-TXRF) offers analytical sensitivity in the
range of femtograms, besides applications such as SR-TXRF-XAFS (Synchrotron
Radiation-Total Reflection X-ray Fluorescence-X-Ray Absorption Fine Structures)
(Meirer et al. 2010). Further, due to pulsed nature of the radiation, it also allows
to perform experiments at the timescale of micro and nano-seconds with very high
resolution, both lateral and temporal. Use of tunable monochromators for alloy/dual
target X-ray tubes e.g. Highly Oriented Pyrolytic Graphite (HOPG) and multilayer
monochromators of W-C, W-Si, Ni-C, Mo-B4C, Pd-B4C, etc., results in high inten-
sity monochromatic excitation sources of X-rays. There is also a possibility of using
evacuated or helium-flushed sample chambers to eliminate air from the chamber,
which causes Ar-Kα interferences, as well as loss of the low energy X-rays in the air
atmosphere. Initially, lithium drifted silicon, energy dispersive solid state detectors,
also known as Si(Li) detectors were used. These detection systems required contin-
uous liquid nitrogen cooling. Recently, detectors have become the most dynamic
and vital field for R&D in XRF, in particular, TXRF spectrometry. As a result, the
introduction of Silicon Drift Detector (SDD) arrays has improved the sensitivity for
low-energy X-rays along with better spectral resolution and no requirement of liquid
nitrogen cooling (Rachevski et al. 2016). This has lead to miniaturization of detector
size, for compact table top spectrometers. A basic schematic diagram of a TXRF
spectrometer showing its operating parts is shown in Fig. 23.3.

23.3.1 Analytical Performance of TXRF for Material
Characterization

As TXRF is an advanced version of EDXRF, it shares all convenient features of
conventional EDXRF such as the complete spectrum being recorded simultane-
ously within a few 100 s and all the elements, from Na to U, present in the sample
are displayed making it a very fast analytical technique. With advancements in the
programming for the acquisition of spectra, automatic peak identification, and fitting
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Fig. 23.3 A basic schematic diagram of a total reflection X-ray fluorescence spectrometer. This is
redrawn and adapted from John Wiley and Sons Publisher (Klockenkämper and von Bohlen 2015)

of the interfering elements, calculation of the area under the peak is possible very
precisely, thereby enhancing the ease of a qualitative as well as quantitative analysis.

Now, with improvements in detection systems and using vacuum sample chamber
coupled with ultrathin window detectors, elements with atomic numbers as low as
6 (Carbon) can be detected and analyzed by TXRF. Further, a visual comparison of
two or more complete spectra enables a fingerprint analysis of different elements
within no time.

TXRF analysis is a method of microanalysis with restricted sample size of 2–
100 μL or 200–1000 ng. Consequently, TXRF is now recognized as a method of
microanalysis by the International Union of Pure and Applied Chemistry (IUPAC)
(Klockenkämper and von Bohlen 2015). Because of the restriction in sample size,
it can seldom analyze a complete sample received as it is. Samples in the form of
solutions can be analyzed directly, whereas those in the form of suspensions and fine
powders require sample processing, prior to analysis. Since a small specimen repre-
sentative of the bulk sample is analyzed in TXRF, sample must first be homogenized.
Further, solid bulk samples need cutting, sawing, grinding to fine powder followed by
suspending them in a suitable solvent or digesting them, prior to analysis. Thin films
of biological tissues are analyzed by freeze-drying and cutting. Placing of individual
particles directly, laser ablation for small area analysis, collection of air particulate
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matter by impaction, Q-tip method of sample collection and direct contamination
control of wafers, are some of the sampling techniques for solids (Klockenkämper
and von Bohlen 1999). Sample preparation and presentation on the sample support,
prior to analysis, necessitate an extremely clean space for working, mostly a clean
bench or room of class100 is sufficient for trace and ultra-trace analysis. Recently,
TXRF has gained immense popularity for applications in environmental, geological,
chemical, petroleum, and nuclear industries as well as in biological, biochemical,
medical, and pharmaceutical (Dhara et al. 2015a; Joshi et al. 2021; Antosz et al.
2012a; Hauser et al. 2022). A complete quantitative analysis is feasible with only a
few ng of samples, the troublesome matrix effect is negligible and the quantification
can be performed by adding a certified standard, which serves as an internal stan-
dard. These features of TXRFare the reason for its popularity. The different analytical
steps involved in the sample preparation in TXRF for trace elemental determination,
shown in Fig. 23.4.

In case of solid samples, where addition of internal standard is not possible,
a semi-quantitative analysis can be performed by calculating the concentration in
percentage, with respect to an element which is present in the sample. A direct
method for thin or multilayer sample analysis is, by grazing incidence XRF (GI-
XRF). In this method, as discussed above, the glancing angle of the incident beam
is varied within the critical angle and the peak intensity of the analytes is recorded
simultaneously. The angle-dependent intensity profiles of the analytes give the details
of elemental concentrations, in different layers of the sample. Since, quantification

Fig. 23.4 Different steps of sample preparation in TXRF analysis. This is redrawn and adapted
from John Wiley and Sons Publisher (Klockenkämper and von Bohlen 2015)
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of the elements in such samples cannot be carried out using an internal standard, an
algorithm called the fundamental parameter method is used. Fundamental parameter
is based on creating mathematical models to calculate the exact peak intensities of
characteristic X-rays, while theoretically correcting the matrix effects as well. The
fundamental data can be obtained from literature or partly be calculated by use of
complex mathematical equations.

23.4 Calibration and Quantification

A qualitative analysis refers to the detection of the elements, which are present in a
sample at a concentration level above their detection limits. Using energy dispersive
detection systems, it can be performed rapidly and simultaneously, as in EDXRF.
XRF analysis gives the details about the elemental composition of a sample, by
measuring the energies of the characteristic X-ray peaks and correlating them to the
elements. A spectrum of a dilutedMerck ICPMulti-Elemental Standard Solution–IV
(ICP-MES Solution-IV), measured by a TXRF spectrometer is shown in Fig. 23.5.
The figure shows that the elemental X-ray peaks are in compliance with Moseley’s
law with respect to their energies. Further, the figure shows that the X-ray spectrum
has relatively fewer peaks, than the optical spectra, thereby showing the simplicity of
XRF spectra. For the determination of the elemental concentrations quantitatively,
the net intensities of the analyte X-ray peaks (N) are obtained by calculating the area
under the peak, after correcting the area of overlapping peaks and the background,
using a suitable peak deconvolution program. In an ideal case, linearity should exist
between the net intensities of the analytes and their concentrations (c).

N = S ∗ c (23.13)

where, S: proportionality constant also known as absolute sensitivity. The plot
obtained from this equation is called the calibration plot, and it is linear with slope
defined by S. The slope is different for different elements, hence indicating that each
element has a different sensitivity value. However, this ideal case is seldom obtained
in classical XRF analysis. The discrepancy is due to the presence of matrix, which
affects the intensities of analytes and is called the matrix effect.

InTXRF, very small sample residues are analyzed and suchminute samples having
negligible mass as well as thickness meet the criteria of ideal conditions required for
XRF analysis. Since there is very less samplematrix, thematrix effects are negligible,
and therefore, for specific excitation source with constant instrumental conditions,
the calibration does not change with the composition of the matrix. However, during
TXRF analysis it is not possible to fix the sample geometry, because a small sample
amount is drop casted or deposited on polished a quartz support and dried. After
drying the shape of the sample can differ depending on many factors such as density,
drying temperature,mode of drying, etc. So, the actual sample area facing the primary
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Fig. 23.5 TXRF spectrum of multielement standard solution having elemental concentration of
10 μg/mL (10 μL solution deposited on sample support)

beam may differ in different measurements. This may lead to different X-ray inten-
sities of elements in the same sample, but different specimens. In order to take care
of this anomaly a certified standard of an element, is added initially, into the sample
(Fig. 23.4). This strategy of adding a standard into the calibration standard as well as
sample solution is called internal standardardization, and it makes the procedure for
elemental quantification very simple. The requirement for an element to be internal
standard is that, the element should be absent in the sample. The ratio of absolute
sensitivities of an element and the internal standard is known as relative sensitivity
and it remains constant even if the intensity of the elements changes, due to the
exposure of different sample area, in different specimens having same elemental
concentrations. For estimation of relative sensitivity values, a certified standard of
multielement is usedor single elements canbemixed tomake amultielement standard
and then used. If the concentration of the standard solution containing the internal
standard is high (1000–500μg/mL), then it has to be diluted (100–10μg/mL) and an
aliquot ranging from 2 to 100μL is drop cast on pre-cleaned support. After complete



23 Total Reflection X-ray Fluorescence: Suitability and Applications … 733

drying, the supports are finally taken for the measurements. The relative sensitivity
values of the elements are determined using the formula given:

RSx = Sx

/
SIS = Nx

N IS
∗ C IS

Cx
(23.14)

where, RSx: Relative sensitivity of the element (x) with respect to internal standard
(IS). Sx: sensitivity of element (x),Nx: net peak area of element (x), and Cx: concen-
tration of element (x) and SIS,: sensitivity of the internal standard,NIS: net peak area
of the internal standard and CIS: concentration of for the internal standard.

Figure 23.6 shows the change in the values of relative sensitivity with respect to
the atomic numbers. For the evaluation of the relative sensitivity values, K X-ray
lines were used for medium Z elements and L X-ray lines were used for high Z
elements. The values of relative sensitivity, for the elements, which were absent in
the standards, were derived by interpolating this relative sensitivity curve (Fig. 23.6).
Moreover, for a definite set of instrumentation such as, mode of excitation, applied
current and voltage, sample support and geometry, the values of relative sensitivity
remain constant and quantification can be carried out in the samples irrespective of
the composition of the matrix. Any modifications in the instrumental conditions will
require an entirely new set of calibration and relative sensitivity values. The method-
ology based on internal standardization, for elemental determinations in TXRF anal-
ysis, is quite straightforward and reliable. Mostly, Ga, which is usually absent in the
samples, is chosen as internal standard. Further, the elements whose K-lines can be
used as analytical lines are preferred as internal standard, because of their higher
fluorescence intensities. Light elements have less X-ray energies and low fluores-
cence yields, which make them unsuitable as internal standard. For determination
of elemental concentrations, the net intensities of the analytes as well as the internal
standard are calculated from the TXRF spectra, using a suitable peak deconvolu-
tion program. Then, by rearranging the Eq. 23.14, the elemental concentrations are
determined using the equation given below

cx = Nx

NI S
∗ CI S

RSX
(23.15)

For microanalysis of samples in the form of fine powder, pellets, grains, or smears
of metals, in which internal standard cannot be added, the quantification is done with
respect to an analyte, which is already present in the sample, considering it as an
internal standard as discussed above in Sect. 23.4. It is a semi-quantitative anal-
ysis, which provides the relative concentration values of the detectable elements,
present in the sample (Klockenkämper and von Bohlen 1999). However, there are
some conditions and limitations for such analysis. The prerequisite condition is, a
very minute sample should be deposited as a thin layer so that the matrix effects
are negligible. Further, the specimen thickness, density, particle size, and area get
restricted firstly due to the geometry of excitation as shown in Fig. 23.7. The height
of the incoming beam is generally 20–30 μm, which is restricted by the slit in the
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Fig. 23.6 Plot of relative sensitivity values determined with respect to Ga vs. atomic number. (K
X-ray lines (for Medium Z elements) and L X-ray lines ( for High Z elements)

X-ray tubes. This value is usually 100μm for synchrotron sources. The height of the
triangular region with standing wave, formed due to the intersection of the incident
and totally reflected beam, htriangle is approximately hbeam/2. So, the specimen thick-
ness gets restricted to 10–15 μm. The second limitation comes due to the counting
capability of the detector. The maximum limit values of sample specimen have been
experimentally determined for three typical matrices depending on their densities
(ρ). If the approximate densities (ρ) of dried organic tissues is 0.2 g/cm3, mineral
powders it is 1–2 g/cm3, and metallic smears is 8 g/cm3 then, the upper limits for
mass per unit area (mmax) works out to be 250 μg/cm2 for organic tissues, 140 μg/
cm2 for mineral powders or salts, and 8 μg/cm2 for metallic smears. This is a rough
estimation of the corresponding thickness dmax, where.
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Fig. 23.7 Intersection of the incident and totally reflected beam on a flat substrate. This is redrawn
and adapted from John Wiley and Sons Publisher (Klockenkämper and von Bohlen 2015)

dmax = mmax

ρ
, (23.16)

and this quantity dmax is approximately 4 μm for organic tissues, 50 nm for mineral
powder, and 2 nm for metallic smears (Klockenkämper and von Bohlen 1989).

TXRFhas gained popularitymainly because of its low detection limits, in compar-
ison to the traditional XRF. It is possible to detect as well as quantify all the elements
with atomic numbers greater than 6 (carbon), using different excitation conditions
and environment. With special conditions of instrumentation such as detectors with
ultrathin windows or windowless detectors, vacuum atmosphere, and low energy
excitation source, low Z elements can be analyzed (C to Ti), whereas with high
energy excitation, high and medium Z elements can be analyzed (Al to U) (Sanyal
et al. 2016). For determination of detection limits (DLi), a diluted MES solution is
drop-casted on TXRF sample support and measured for 1000 s. Using the obtained
TXRF spectrum, the DLi are determined using the below-given formula:

DLi = Concentat i on ∗ 3 ∗ √
Background

Peak Area
. (23.17)

The detection limits of different elements measured using optimized excitation
source and atmospheres are tabulated in Table 23.2.
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Table 23.2 The TXRF detection limits of the elements excited using optimized source and
atmospheres (Sanyal et al. 2016)

Elements Atomic number
(Z)

Excitation source
Analytical line
Sample atmosphere

Detection limit
(Picogram)

C 6 Cr Kα

Kα lines
Vacuum atmosphere

58,000

F 9 5190

Na 11 1026

Mg 12 753

Al 13 403

S 16 96

K 19 55

Sc 21 29

Ti 22 29

K 19 Rh Kα

Kα lines
Air atmosphere

3392

Sc 21 1723

Cr 24 615

Co 27 311

Ga 31 133

Se 34 71

Y 39 50

Cd 48 Rh Kα

Lα lines
Air atmosphere

8756

Gd 64 1737

Ho 67 1170

W 79 1534

Bi 83 285

U 92 202

23.5 Applications

The unique and advantageous analytical features of TXRF have substantially
promoted its applications in various fields for different types of sample matrices.
Its area of application includes environmental and geological studies of soil, water
samples, airborne particulates, etc. These studies help to monitor and prevent the
factors, which contribute to environmental pollution. Pure water such as rain and
drinking water can be analyzed directly by TXRF, however, water samples with high
total dissolved salt (TDS) such as river, pond, and seawater, require some sample
preparation prior to analysis. In case of high saltmatrix, the salt load in the sample can
cause matrix effect, so prior to analysis, the analytes have to be separated either by
complexation or chromatographic adsorption followed by elution. The biological and
biochemical applications include analysis of plant samples, vegetable and essential
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oils, milk, tissues, and blood samples. These analyses are required for bio-monitoring
of hazardous elements as well as nutrients, which are present in the organic samples.
Generally, it is very difficult to analyze these samples directly. But, samples such
as tea, juices, and wines can be analyzed directly using TXRF. There are several
investigations reported on the determination of heavy metal content in medicines by
TXRF. Due to the toxicity of these analytes, its determination in the medicines help
to fix the required dose and intake duration of these medicines for proper and effec-
tive treatment. Monitoring of elemental contents in blood, urine, hair, etc., shows the
signs of heavy metal poisoning and can be helpful in forensic investigations. In fact,
recently TXRF has come as a great assistance in such investigations. Because of its
versatility, sensitivity, and multi-elemental analysis capability, TXRF has become
highly suitable for the analysis of industrial samples as well. Most of the industrial
materials require stringent quality control, with sampling and analysis carried out
during several stages of its fabrication and synthesis. As a versatile technique, TXRF
has many applications in almost all the industries including petroleum, ultra-pure
chemicals, and solvents, semiconductor, nuclear, art and forensic. In fact, TXRF has
been successfully utilized to solvemany important and difficult unconventional prob-
lems, and hence it has become competitive with many well-established techniques
of ultra trace and trace elemental analysis.

The users of TXRF are distributed all over the world which include a wide
variety of research institutes, universities, industries, etc. They use different exci-
tation sources which include synchrotron beam lines as well as laboratory-based
excitation sources like X-ray tubes. In a survey which was carried out in 2014, it was
observed that nearly 700 individual units of TXRF are present in the world, which
is distributed among 57 countries and 6 continents with more than 40% present in
Europe itself. A pie chart showing the percentage applications of TXRF spectrom-
eters in different fields for elemental analysis is given in Fig. 23.8 (Klockenkämper
and von Bohlen 2014).

23.5.1 Environmental Applications

There are numerous applications of TXRF for environmental samples as shown in
Fig. 23.8, carried out to monitor the level of pollution in the environment. TXRF
has been applied successfully for ultra-trace and trace analysis of waters, airborne
particulate matter, soils, sediments, etc. (Marguí et al. 2010; Kayser et al. 2022; Garg
et al. 2022).

Water quality is of high concern to scientists for human health and environmental
pollution. TXRF has evolved as a full-fledged analytical technique for the quantita-
tive determination of elemental concentrations in rain, river, and seawater samples.
Highly pure water samples such as rain, drinking and ground water (small salt load)
can be analyzed directly by adding an internal standard, however, if a troublesome
matrix load is present then the trace element has to be separated and pre-concentrated
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Fig. 23.8 The percentage applications of TXRF spectrometer in different fields for elemental anal-
ysis of materials is shown in the pie chart. It is redrawn and adapted from Elsevier Publisher
(Klockenkämper and von Bohlen 2014)

by various methodologies like solvent extraction, complexation, solid phase extrac-
tion, etc. (Shukla et al. 2020; Sanyal et al. 2020; Maksimova 2022). A unique and
simple methodology developed is functionalization of the extractant on the quartz
sample support, which has several advantages. The main advantage of this method-
ology is, the quartz supports functionalized with extractant can be directly put into
the solution for equilibration and then removed and directly measured using TXRF
(Sanyal et al. 2023).

The elemental analysis of airborne particulate matter is of very high relevance to
the modern society as it helps to predict the influence on climatic changes, environ-
mental pollution, and in turn, the human health. The industrial emission of particulate
matter cause serious effects on human health, in the form of several diseases such
as asthma, respiratory disease, and even lung cancer. Coarse particles are gener-
ally obstructed by the hairs in the nose while breathing, and gets collected in the
nose itself. But, finer particles enter the bronchi and penetrate and pass through the
lung. Different sample preparation methodologies are proposed to collect the partic-
ulate matter for analyzing by TXRF. Cascade impactors help in the collection of
size-resolved airborne matters, directly on the TXRF sample support (Kayser et al.
2022). Collection and filtration of the airborne particulate on filter paper followed
by micro-wave assisted digestion gives the total concentration of all the elements
present, irrespective of its particle size (Shaltout et al. 2014).In fact, GI-XRF, where
the excitation conditions are varied in a controlled and reliable manner than in TXRF,
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has been found to be more reliable for analysis of samples of particulate matter.
For non-destructive determinations, samples of soil and sediments should be dried,
homogenized, and the passed through sieves of nearly 100μmafter grinding. Then, a
few mg of the fine powder is suspended in water solution containing a surfactant and
after sonication, a fewmilliliters is drop casted on quartz supports for measurements.
The presence of surfactant in the suspensions lowers the sedimentation of particles
and increases the homogeneity of the sample solution. This is a unique simple and
fast technique for sample screening. In one such studies, the analytical results of
two different sample preparation methods: microwave acid digestion and suspension
of fine solid particles in 1 wt.% Triton in Milli-Q water, were investigated. A good
agreement was obtained between the analytical results of these two different sample
preparationmethods, especially for the transition elements (Fabjola et al. 2013). This
proves that non-destructive, simple sample preparation methodology, which avoids
acid handling, can be very successfully used for such analysis.

23.5.2 Biological and Biochemical Applications

Biomonitoring is the study of the uptake of trace elements into the biological
ecosystem, alongwith the understanding of their partition and assimilation, inside the
body. Such studies have an impact on both the environmental and nutritional factors.
The environmental factors deal with the level of hazardous elements, which are
present in the environment, whereas the nutritional factors deal with the uptake and
effect of these hazardous elements on the metabolism of an organism. The biochem-
ical applications are generally of medical and pharmaceutical significance. Estima-
tion of the elemental contents, in various organic systems, also helps in investigating
the connection between the elemental concentrations and the associated disease or
disorder in the body (Mirji et al. 2018). In one such study, the trace elements were
determined in the normal as well as malignant tissues and compared in 30–70 years
age group, using TXRF (Mirji et al. 2018). The studies revealed that some of the
trace elements such as P, S, Cl, K, Fe, and Sr were present in larger concentrations,
in malignant tissues of people in the age group upto 60 years, however Pb was found
to be more in the age group of 61–70 years old. Though, there are numerous methods
available in literature for TXRF determination of biological samples, such as micro-
tomes, slurries, freeze drying, microwave digestion, etc., the suitability of these
methods depends on the purpose of the analyses and on the nature of the biolog-
ical samples (Mishra 2022; Carvalho et al. 2022). Direct sample analysis (DSA)
methods by TXRF are interesting as it is fast, relatively simple and avoid possible
contamination during sample preparation. However, themain drawback is the sample
homogeneity. Another drawback is the difficulty in addition of an internal standard
for quantitative determinations. Therefore, using the ratio of net intensity of the
analyte and scattered peak (Rayleigh/Compton), the in-homogeneities in density as
well as thickness, of the sample, can be taken care of as reported in some literature
studies (Wróbel et al. 2017).
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The chemical quality control of impurities, in samples of pharmaceutical impor-
tance, is very important due to their potential toxic effects. Due to the advantageous
features of TXRF methodology described above, it has emerged as an ideal tech-
nique for determination of residual metals in the ingredients of pharmaceutical and
the intermediate products. In fact, in a study it has been reported that the analytical
results of TXRF, were in good agreement with the ICP-MS values and statistical
analytical results have indicated that the two technologies are equivalent in terms
of analytical parameters at the 95% confidence level for pharmaceutical samples
(Antosz et al. 2012b; Mishra and Dhara 2022).

23.5.3 Industrial and Nuclear Applications

Nowadays, TXRF is one of the best methods of choice for chemical quality control of
several industrial materials in various sectors such as chemical, petroleum, mining,
pharmaceutical, electronics, cosmetics, as well as nuclear. In fact, the features of
TXRF are highly suitable for nuclear industry as thematerials involved are frequently
radioactive, and a faster analysis with minimum sample amount is imperative. Some
high-purity acids, bases, solvents, etc. can be analyzed nearly directly down to the
elemental concentration of level of 0.1 ng/ml using TXRF. In the petroleum industry
occurrence ofmetallic impurities, even at trace level, in the distillates as well as crude
oil can detrimentally affect the engines and turbines that process the oil, in addition to
the contributions to pollution of environment. Some sample treatment methods, e.g.,
microwave digestion, sulfate ashing, dilution in various organic solvents, and solvent
extraction methods, are used for the separation of matrix in oil-based matrices, for
analysis of trace elements. However, these methods suffer many limitations such as
poor detection limits, the need of matrix matched standard, undesirably poor ratio
for preconcentration, etc. Recently, a TXRF-based methodology has been developed
and validated for the determination of trace elements in jet fuel and gasoline samples
using surfactant-free microextraction method. This TXRF-based method overcame
most of the abovementioned drawbacks (Spanu et al. 2021).

Ceramics are inorganic solids with crystalline structure, having high melting
points, chemical and electrical resistance, and hence, used as refractory materials
and electrical insulators as well as for applications in the nuclear industry. The pres-
ence of trace impurities strongly influences the abovementioned properties of the
ceramics. For determination of trace elemental impurities, digestion of these mate-
rials is required for analysis by Atomic Absorption Spectrometry (AAS), Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). Further, digestion process requires addi-
tion of corrosive acids, a long sample preparation time, which in turn can lead to
addition of contaminants and also results in the loss of analytes. Direct solid anal-
ysis (DSA) using slurry sampling and suspension, are two promising methods of
nondestructive determination of trace impurities in refractory materials using TXRF.
These methods have been very efficiently utilized for the determination of trace
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elements in archaeological ceramic shards, and samples of Al2O3, SiC, BN, BC,
etc., having light element matrix elements. Slurries with good stability were obtained
using polyethylenimine at a concentration of 0.1% and a pH of 4. In Table 23.3, a
comparison of the results for trace metallic impurities in boron carbide samples,
obtained by nondestructive TXRF method and ICP-OES method after dissolution of
the sample is given (Ambergera 2009).

Probably, the industry that beneficiated most by TXRF is the semiconductor
industry. Silicon wafers are the main product of the semiconductor industry, which
requires extremely pure ingots of Si sliced into wafers less than 0.75 mm thick.
The total fabrication process for a wafer can take several weeks and is performed
in clean rooms of highly specialized plants. But all of these steps are susceptible to
infiltration of contaminants, and for that reason contamination control of Si wafer
is indispensable. TXRF is a highly suitable method for direct examination of wafer
and is capable of detection of 107 atoms/cm2. Most studies reported are concerned
with contamination from transition metals on Si-Ge and Ga-As wafers, analyzed
by TXRF. In fact, during the past decade, TXRF has become a routine online and
inline tool for monitoring impurities on the wafer surface. Other merits of TXRF
are, it can be utilized for stratified structures and multilayers, for depth profiling,
and thickness measurements below and above the critical angles by scanning the
glancing angles (Pahlke et al. 2001). The combination of vapor phase decomposition
(VPD), for contaminants preconcentration, and TXRFmeasurements, is a destructive
method but highly sensitive for elements on and in the uppermost layers of silicon
wafers (Hellin et al. 2006). A recent development in direct analysis of the whole
wafer for contamination is the TXRF measurements recorded in sweeping mode.
The wafer is moved step by step automatically and an elemental mapping is obtained
(Hellin et al. 2006).

Table 23.3 Analytical results of trace metallic impurities determined using TXRF and ICP-OES
techniques in boron carbide samples (Ambergera 2009)

Elements Detection limits Concentrations of trace
impurities determined

TXRF method:
direct solid analysis

ICP-OES method: acid
digestion

TXRF ICP-OES

Concentrations in (μg/g)

Ca 1.2 0.01 86 ± 2 91 ± 6

Ti 0.6 0.7 206 ± 33 194 ± 22

Cr 0.3 0.3 5.0 ± 0.9 5.2 ± 0.6

Mn 0.3 0.03 4.7 ± 0.5 4.7 ± 0.3

Fe 0.2 0.4 333 ± 18 370 ± 28

Co 0.1 0.5 2.1 ± 0.2 2.4 ± 0.2

Ni 0.1 0.6 14.1 ± 0.9 15.2 ± 1.1

Cu 0.1 0.2 6.20 ± 0.02 6.2 ± 0.6
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Nuclear materials are a class of materials having high technological importance,
used for power generation and related applications. The materials used have to
undergo very stringent chemical as well as physical quality control during the various
steps of their production, fabrication as well as after irradiation inside the nuclear
reactor called post-irradiation examination. The specific advantage of TXRF anal-
ysis such as, the requirement of minute sample for analysis, non-consumption of
the sample during analysis, simple and rapid elemental detection and quantification
for elements above carbon, insignificant matrix effect, etc. has made this technique
very unique as well as highly suitable method (even superior in some respects to the
existing methods) for the elemental characterization of radioactive samples (Dhara
and Misra 2019; Dhara et al. 2015a). Moreover, management of the radio-analytical
waste, produced after radioactive sample analysis, is also a very essential part of the
sample analysis. Since the amount of sample required for TXRF analysis is very less
and does not require the addition of any reagents (as required in electroanalytical
methods), the radio-analytical waste generated during TXRF analysis is also less.
In addition, the spectral modifications, such as use of continuum or selective exci-
tation, have been found very helpful in solving many analytical challenges faced
in the analysis of nuclear materials. Heavy water (D2O) is a material of immense
importance in the nuclear industry as it is used as a coolant as well as a moderator
in pressurized heavy water nuclear reactors. The presence of indium as an impurity
in heavy water is undesirable as it gives secondary gamma rays after irradiation in a
reactor when used as a coolant. In one such study, for the determination of indium in
the sample of heavy water, the Bremsstrahlung continuum from the X-ray tube (Mo
tube) was used. A band of energy range, from 25 to 35 keV, was selected and aligned
for excitation of the sample using themonochromator. For quantitative determination
of indium in D2O, In Kα (Kabs at 27.94 keV) was used as analytical line. Since the
monochromatic Mo Kα (Mo Kα = 17.47 keV) X-rays from the Mo target used in
the spectrometer could not excite In Kα, the aforementioned continuum strip was
used. The desired energy band required to excite indium was obtained by modifying
the angle of incidence of the incoming X-ray beam on the surface of the multilayer
and the total reflection on quartz support was achieved by changing the inclination
of the X-ray tube. After preconcentration of the sample by evaporation and with
continuum excitation, the detection limit obtained for indium was as low as 1 ng/
mL (Dhara et al. 2015b). The spectrum of a preconcentrated (by evaporation) water
sample spiked with a 50 ng/mL multi-elemental standard of Ag, Cd, and In and
measured by TXRF, is shown in Fig. 23.9.

23.5.4 Archeological and Forensic Applications

Valuable works of historical art and heritage are investigated for their restoration
and conservation as well as for their dating and detection of forgeries. Analyt-
ical techniques requiring very less sample amount and causing negligible damage
to the artifacts are prime requirements for analysis of such materials. In the area
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Fig. 23.9 TXRF spectrum showing the X-ray Kα peaks of Ag, Cd, and In having a concentration
50 ng/mL each in a heavy water sample excited using the continuum band

of forensic science, the sample available may be in the range of mg or μg level.
Consequently, TXRF as a micro- or ultramicro-analytical tool is highly suitable for
the abovementioned applications. Inks and pigments used for painting and writing
historical documents, illuminated manuscripts, etc., are valuable cultural heritage.
They allow insights of historical and archaeological relevance. The key elements in
the color pigments consist of metals in the form of oxide, hydroxide, sulfides, or
their mixtures and the metals present in them can be characterized by TXRF. The
key element used in the pigments for green color are oxides of Co and Zn, for red
Hg and white Pb, in some the cases, of the white color was a mixture of Ba, Ti,
and Pb. TXRF is a rapid and convenient systematic screening method applied for
the detection of elements present in the coloring pigments, so that the restoration
work can be carried out accordingly (Moens et al. 1194). Ink analysis is also impor-
tant in forensic applications as it can be used to differentiate the forged documents.
Atomic spectroscopic techniques such as Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS), Graphite Furnace Atomic Absorption spectrometry (GF-AAS),
Particle-InducedX-ray Emission (PIXE) andX-Ray Fluorescence (XRF) are applied
in identifying as well as quantifying metals in historical inks. However, due to the
remarkable sampling methods, which is very gentle, causes no visible damage, and
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requires only micro-samples, the TXRF technique is very unique and preferred one,
over the other techniques. The sampling procedure involves using a dry cotton wool
bud to rub gently over the required surface containing the paint, without any visible
destruction to the surface, and removing a very small amount of the paint. This small
paint particle is then transferred on a quartz sample support and analyzed by TXRF
(Klockenkämper et al. 2000). The average amount, which gets transferred on the
sample support is about 0.1–0.5 μg, which is very small to be weighed, therefore it
is impossible to calculate the absolute concentration of the elements present in the
paint sample. However, the relative concentrations of the elements with respect to
a specific element can be determined by this method. Another method utilizes the
analysis of small flakes of varnish that can be taken out by means of a clean scalpel.
This is a destructive method in which the sample is weighed and then digested in
a mixture containing nitric acid and hydrogen peroxide. Finally, it is analyzed by
TXRF. Any hard surface can be simply touched and rubbed gently on the TXRF
quartz support which is similar to the ancient and famous nondestructive technique
called touchstonemethod, and then analyzed byTXRF for determining the elemental
compositions, approximately.

The forensic applications include investigations and ultra-microanalyzes of hair,
blood, semen traces, paints, glass fragments, drug powders, currencies, gunshot
residues, etc. (Ninomiya et al. 1995). Sometimes, two similar samples have to be
compared with respect to their elemental composition and their identical nature
must be either confirmed or rejected. For this purpose, minute samples are placed on
a glass support and normally analyzed by TXRF without any further sample prepa-
ration. These TXRF spectral patterns are then used as fingerprints of the samples
and compared. In routine examination of the inks of counterfeit currencies, color of
inks, the luminescence as well as absorption are evaluated. These methods differ-
entiate the inks in less objective way. However, if it is required to characterization
them in a more objective way, elemental determination are required. The elemental
determinations in inks can also be used effectively to distinguish the currencies.
Rare-earth elements are generally absent in the inks which are commercially avail-
able and therefore, spiking of the inks with different rare-earth can be favorably used
to distinguish them (Dhara et al. 2010). The TXRF spectra of ink samples tagged as
well as untagged with rare-earths of La, Pr, Nd, Sm, and Eu are shown in Fig. 23.10.
The sample specimens were prepared by removing the inks from different printed
documents, gently with a scalpel in such a way that no damage was done to the
printed paper. Then a few micrograms of the removed ink sample which was in
the form of powder was transferred on the quartz sample support and analyzed by
TXRF. The tagged and untagged inks were clearly distinguished using this method.
For determination of the rare earths concentration, nearly 20 mg of printed paper
portion containing the rare-earth tagged inks, was digested in a mixture of HNO3

and HClO4, and after complete digestion, it was analyzed quantitatively using TXRF
(Dhara et al. 2010).

Gunshot residues can occur on neighboring surfaces surrounding the discharge
of the firearm. The most probable surfaces may include the hand, fingers, nails,
face, and also the chest of the person using the firearm. A gunshot residue typically
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Fig. 23.10 Differentiation of two ink samples by TXRF analysis. It is reproduced with permission
from Elsevier Publisher (Dhara et al. 2010)

consists of the elements Pb, Ba, and Sb in it. For TXRF analysis, the traces of
samples were taken from the abovementioned body parts of expert shooters. The
sampling procedure involved extraction of the gun residue powders using cotton
swabs embedded in 5% nitric acid and then its leachate in sub-boiling nitric acid
(Sarapura et al. 2019).

23.6 Trends and Future Prospects

TXRF is no doubt a novel variant of EDXRF having numerous applications in wide
areas. The principle, instrumentation, analytical performance, and applications have
been discussed in the previous sections of this chapter. Now, in this final section,
the present trends and future scopes of TXRF will be considered. The trends are
mostly developments in the instrumentations in order to extend the analytical capa-
bilities of TXRF. The future prospects mostly include the combination of various
X-ray methods performed in total reflection mode aimed to overcome the analytical
limitations of TXRF.

Excitation using synchrotron radiation reported in various studies have helped
in achieving lowest detection limits which could never have been achieved using
laboratory-based X-ray tubes. Apart from high brilliance and flux, synchrotron radi-
ation provides a broad energy range of theX-rays,which can be tuned. In addition, the
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spectral backgroundwhich is already reduced by total reflectionmode of excitation is
further lowered because of the polarization. These features of synchrotron radiation
resulted in improved limits of detection, which are almost 3–4 orders of magnitude
lower compared to the traditional tube excitation. Recently, a new synchrotron beam
line end station has been commissioned at the Elettra Sincrotrone, in Trieste, Italy
jointly with the International Atomic Energy Agency (IAEA), for multiple applica-
tions of X-ray spectrometry. The special feature of this endstation is that it has an
ultrahigh vacuum sample chamber containing a seven-axis motorized sample manip-
ulator. This chamber can be operated at a very low pressure (less than 10–8 mbar)
(Karydas et al. 2018). The silicon drift detector, having a special window of super
light element made of an ultrathin polymer with thickness of nearly a few tens of nm
and protected by aluminum layer mounted on Si grid, was used in this facility. The
synchrotron beam line delivers X-ray beam of energy in the range of 4 to 14 keV by
the means of double crystal monochromator of Si [111]. It has three multi-layers one
each for low (0.7–1.8 keV), medium (1.5–8.0 keV) and high energy (3.6–14.0 keV)
X-rays (Sanyal et al. 2020). The spectra of a zircaloy disc excited with X-rays of 14.0
and 1.9 keV energies, from the IAEA beamline in TXRF geometry and processed
by peak deconvolution software, PyMca, is shown in Fig. 23.11.

The expansion in the range of detectable elements using a single instrumentation
with TXRF was a challenging as well as an interesting task. A novel table top TXRF
spectrometer with a sample chamber and two easily interchangeable X-ray tubes of

Fig. 23.11 TXRF spectra of a zircaloy sample excited using 14.0 and 1.9 keV energies at IAEA
beamline commissioned at Elettra Sincrotrone, Trieste. It is reproduced with permission fromWiley
Analytical Science Publisher under Creative Common License (Sanyal et al. 2020)



23 Total Reflection X-ray Fluorescence: Suitability and Applications … 747

low power for the elemental detection as well as quantification was developed, which
can analyze elements from carbon to uranium using a single TXRF spectrometer
(Wobrauschek et al. 2015). The sources of X-rays in this spectrometer were two
lightweight, low-power, 35W air-cooled, X-ray tubes, which can be easily mounted.
The targets of the tubes were made of anodes: Cr ( for Z = 6–22) and Rh ( for Z =
13–92). Further, a small Peltier-cooled detector is placed very near over the sample.
These features permits this spectrometer with compact dimensions to be mounted
on a tabletop without the requirement of water cooling chiller for the X-ray tubes
or cooling of detectors with liquid nitrogen. This spectrometer has the provision to
provide vacuum (3 mbar) in the sample chamber for the analysis of low Z elements.

The lowest detection limits achieved using this table top spectrometer was 150,
12, and 3.3 ng for C, F, and Na, respectively, using Cr Kα excitation under vacuum
conditions. The lowest achievable detection limits was 90 and 200 pg for Sr and U,
respectively, when excited using Rh target, in ambient atmospheric conditions.

Another advanced feature of TXRF mode of analysis is Grazing Exit XRF (GE-
XRF), which opens up an entirely a new field for determining the elemental concen-
trations as a function of depth in samples of multiple layers in the regime of 100 nm
to a few nm. In this method the X-rays emitted from the sample at grazing exit are
measured,whereas the primary incident beam ismade to fall on the sample at an angle
of 90o with respect to the sample. GE-XRF can compete very well with the well-
establishedmethods of depth-profiling, likeSecondary IonizationMassSpectrometer
(SIMS) and Rutherford back scattering spectrometry (RBS). It is nondestructive and
does not require ultrahigh vacuum or conducting sample during the analysis unlike
the other two methods mentioned above. The feasibility of 3D-XRF spectrometry
using 300μmbeamandGE-XRFgeometrywas also demonstrated using a laboratory
setup (Tsujia and Delalieux 2003). Measuring the elemental distribution using micro
X-ray beams at different exit angles of 0.8 and 4°, enabled the reconstruction of 3D
elemental distributions in the sample. In another study, a simple conical pinhole was
successfully used for micro-TXRF analysis of wafers for two-dimensional surface
analysis (Tsuji et al. 2006). Further, coupling of TXRF with X-ray Absorption Spec-
troscopy (XAS) opens up the possibility of speciation studies along with elemental
characterization of micro-samples. In TXRF analysis elaborate sample preparation
is not required. Samples are slightly rubbed on the quartz support and the TXRF-X-
Ray Absorption Near Edge Spectroscopy (TXRF-XANES) analysis of the material
is carried out. In one such study carried out to explore the different oxidation states
of uranium in various uranates using the U L3 edge, TXRF hyphenated XANES was
used (Sanyal et al. 2017). In this study, the oxidation states of uranium in different
mixed valent oxide compounds were evaluated. Moreover, their relative amounts
in these oxides were also determined in this study. The studies have revealed that
inU3O8, uranium exists in a mixed valent state consisting of U (+5) and U (+6), in
70 and 30% amounts, respectively, and in U3O7U (+5) and U (+6), are present in
66% and 34%, respectively. The obtained results were in concordance with the theo-
retically calculated values. In Fig. 23.12, normalized spectra for various compounds
of uranium, recorded in TXRF-XANES mode, are shown. The chemical shift in the
energies of different oxides of uranium is also seen clearly in this figure.
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Fig. 23.12 The spectra of
various compounds of
uranium recorded in
TXRF-XANES mode. It is
reproduced with permission
from ACS Publisher (Sanyal
et al. 2017)

Thus, from the abovementioned studies it can be concluded thatwhen excitation of
the sample byX-rays in total reflectionmode is combined with several other methods
of spectroscopy, many information can be obtained for large variety of samples with
negligible sample andminimumsample preparation in a very simplemanner. Someof
the experiments can be performed using lab-based X-ray tubes, while others require
synchrotron radiation source. An overview of different combinations of total reflec-
tion coupled with different methods of spectroscopy is summarised in Fig. 23.13.
Different methods of spectral analysis presented in this figure are based on fluores-
cence, diffraction, and absorption of X-rays in totally reflected mode. These combi-
nations are applicable to specific tasks, required for some analytical challenges,
different from the conventional requirements. So, apart from ultra-trace and trace
determinations in micro samples, and their distribution over the sample surface can
also be studied usingmicro-TXRF. GI-XRF andGE-XRF are related to TXRF geom-
etry and used for thin film, surface characterization as well as depth profiling. Using
Total reflection X-Ray Reflectrometry (XRR), the absolute analysis of sample thick-
ness, its density and even the roughness in layered materials can be studied. In X-ray
Absorption Fine Structure spectroscopy (XAFS), different elemental species i.e.,
the oxidation state or valence of elements, chemical state and coordination, bond
lengths and the structure of molecules can be established. The absorption spectra
can be recorded in absorption mode or fluorescence mode. In total reflection mode
the TXRF-XAFS is carried out in fluorescence mode as the sample amount used
is very less (Sanyal et al. 2017). TR-XRD (Total Reflection X-Ray Diffraction) or
GIXRD (Grazing Incidence X-Ray Diffraction) have emerged as a powerful tool for
evaluating thin near-surface layers and crystal structures of minute samples owing to
the low penetration of the incoming X-ray beam into the sample, at total reflection
condition. Similar to GI-XRD, GE-XRD (Grazing Exit X-Ray Diffraction) is used
for thickness, density, and surface roughness determination by variation of the exit
angle.
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Fig. 23.13 Anoverviewof different combinations of total reflection coupledwith differentmethods
of spectroscopy

23.7 Conclusions

Thus, it can be concluded that TXRF is a novel technique for multi-elemental anal-
ysis of materials which has inexhaustible applications in various areas of scientific
research and development. Due to its non-destructive/non-consumptive capability,
high sensitivity toward analysis of samples up to nano gram levels and features
of depth profiling, this technique has emerged as a highly competitive method of
spectral analysis for characterization of materials. Further, with the introduction of
synchrotron radiation source, the achievable detection limits have improved dras-
tically along with the possibility of many other studies which include speciation,
structure determination, etc., along with ultra-trace determinations. At present, it is
intensively used in the field of semiconductor industries, for process control of Si
wafers, but with improvements in the excitation and detection technologies, this tech-
nique is gaining its suitability for many other applications of newer scientific areas
for material characterization.
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