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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 and materials 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. IIM entered into a partnership with Universities Press, Hyderabad, in 20006,
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&D with 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
coordinate with professionals with rich experience in the respective filed from various
reputed academic and R&D institutions to provide state-of-the-art articles of high
relevance. I have no doubt that this book will be a rich treasure for those who 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



Current Series Information

To increase the readership and to ensure wide dissemination among global readers,
this new chapter of the series has been initiated with Springer in the year 2016. The
goal is to continue publishing high-value content on metallurgy and materials science
and engineering, focusing on current trends and applications. So far, eleven impor-
tant books on state of the art in metallurgy and materials science and engineering
have been published and three books were released during IIM-ATM 2022 at Hyder-
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Preface

The growth of human civilization has always depended on materials. 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 of materials science as the need for advanced materials in various areas like engi-
neering, electronics, communications, health care, societal sectors, natural resources
management, generation of wealth from waste 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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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 of Materials
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 and matter 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.
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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: oo
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 SnO,, ZnO, Y,0s3,
etc. The absorbance (A) is defined as: A = ecl = log(1/T). Where T = transmittance
(I11p), and I and I are the light intensity before and after interaction with material. ¢,
¢ and | 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
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(a) (b)
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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/cm? 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
(i) 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 a material 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, organic molecules
and elementals (SnO,, ZnO, ZnS, PbSe, Si, Ge, organic molecules) having band gap
in the range 0.1-4.0 eV. SnO,, TiO,, ZnO, Zn3P,, 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,
photoluminescent materials, electro-luminescence devices, 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 YPO, (band
gap, E;~8.6 eV), NaAF4(A =Y, Gd, Lu, E,~8-10 eV), YF3(E;~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 (CHy, H,C = CH;) 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 KC1 with F-centre can absorb light and emit emission (Gold-
stein 1968; Seitz 1946). ZnO and SnO, 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
YVO,, CaMoO,, UO,%*, metal-porphyrin, protein-I,, cellulose-I, complex. YVOy, or
LaVO,4 or GAVO4(V-0O CT) can absorb light in the range of 280—-320 nm (Wangkhem
etal. 2021; Perala et al. 2021a, 2021b; Okram et al. 2014; Singh et al. 2012; Luwang
etal. 2011). CaMoO4 (Mo—O CT) or StMoQO4 or CaWO, can absorb light in the range
of 250-270 nm (Wangkhem et al. 2018; Soni et al. 2018; Singh et al. 2014a, 2014b).
UO,%*(U-0 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-I, and
cellulose-I, 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 KCI: Tl, CaS: Bi**and host: Bi** (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: Mn?* or Cr**. 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, ZnGa,04:RE, SnO,:RE, TiO;:RE,
ZnO:RE, ZrO,:Eu**, Y,03:RE, La,05:RE and NaYF,:RE. Here, RE = Ce**, Eu?*,
Gd**, Pr*, Sm3*, Ho**, Dy3+, Tb3*, Er**, 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. Ce** 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 5s>
and 5p® outermost electrons of RE ion. Eu** ion shows various absorption peaks in
UV region (322, 395, 460, 530 nm) and visible region (460, 530 nm). Gd** ion has
absorption peaks at 278 and 310 nm. Other examples are Pr’* (205 nm), Sm** (363,
377 and 405 nm), Ho>* (369, 450, 1100 nm), Dy** (350, 370, 390 nm), Tb** (350,
378 nm), Er** (370, 519, 542, 651, 800, 980, 1530 nm), Nd** (808, 885, 1054, 1344,
1858 nm) and Yb** (980 nm).

(ix) Low-dimensional materials

Low-dimensional materials are the materials, whose dimensions are reduced from 3
to 2D, 1D or OD. These materials are considered as nanomaterials. In many cases,
band gap increases with decrease in dimensions. 0D materials are known as quantum
dots (QDs) whose particle size is less than that of exciton Bohr’s radius. PbSe bulk
(E; = 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 pum in-plane
sizes have been prepared (Wang et al. 2008). PbSe dendrites and cubes grown by a
solvothermal method show different 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, AM, layers (MoS,, MoW,), 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 OD). Interestingly, the MoS, can be transformed to
the 2D materials 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 MoS,
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
and Singh 2003; Huang et al. 2015; Liang and Wang 2020; Grzybowski and Majewski
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 6; and 6, 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 (n; and n,) as:

nn; = Sind;/Sinb;

This relationship is known as Snell’s law. It is shown in Fig. 1.2. It can also be
represented by taking 6;, n; for medium 1 and 6,, n, 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 (6;) is more than that of refraction (6;) when
light is passing from medium 1 to medium 2. It means that the refractive index of a

=
4;0. 0. ! €  Refractive index (n,)
%\ : 6 Medium 1 (say Air)
2%, >
9%\ : Angle of incidence

T2 (6, 0r6,)
1\ S
LN % Angle of refraction
19\ ©
1 r O‘: (er or 62)
[} %

Refractive index (n,) \ 6,

Medium 2 (say Water) ' Snell’s law:

n,Sin®, = n,Si6,

[ S S e —

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
from medium 2 to medium 1, angle of incident (6;) is lower than that of refraction (6;).
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 (8.). The different materials have their respective 6. 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

n,>ny

Rarer (n,)

Denser (n,)

Incident rays

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(Iy/I) =ecl (1.1)
where Iy 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 “I” is the path length of the sample (in cm). The “¢” is the molar

absorptivity (molecular extinction coefficient) and its unit is m> mol~".
The transmittance (T) of a sample is expressed as

T = 1/l (1.2)
The relationship between A and T can be

A = log(1/T) (1.3)

L

B = Breadth, H = Height, L = Length of Quartz Cuvette
I, = Intensity of Incident Light
I = Intensity of Light after Interaction with Sample Solution

Fig. 1.4 Schematic diagram illustrating passage of light through a liquid/solution in a cuvette
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Energy (E)

Ethylene
H H 1,3-buta-diene 1,3,5-hexatri-ene

>=<H N /\/\/

H

Decrease in HOMO-LUMO gap (AE) on increase in the number of conjugated m-orbitals in the system

Fig. 1.5 Schematic diagram demonstrating the electronic transitions in H,C = CH,, H,C = CH-
CH = CH3, H,C = CH-CH = CH-CH = CHa. Highest occupied molecular orbital = HOMO.
Lowest unoccupied molecular orbital = LUMO

The electronic transitions in double bond (sigma, o and pi, T bonds) containing
molecules (H,C = CH,, H,C = CH-CH = CH,, H,C = CH-CH = CH-CH = CH;)
take place between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). With increase of conjugated m-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 (A = 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 ()).

Pool/A* (1.4)
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In case of Mie scattering, size of particles must be comparable with wavelength of
light. Examples are the scattering of ultraviolet to visible light (A = 200-700 nm) by
nanoparticles (5—-100 nm). The probability (P) of scattering is inversely proportional
to square root of wavelength ().

Pool /A2 (1.5)

When particle size is much bigger than that of wavelength of excitation, the
probability (P) of scattering is independent of wavelength (\) 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/A*+ B/A>+ 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 y-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
(¢) that is falling on the surface.

d = d(A) + () + PR) (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 O 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 J. to the irradiance E. (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, CsPbl;) are unstable to long exposure of light (UV
light). Whereas, inorganic compounds such as NaYF,: RE, YF;: RE and CaF,: 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



1 Basic Concept of Optical Materials: Classification, Properties ... 13

Types of Photoluminescence [ (Exciteastate) |
1« H
i
o ] :  Emissi
(C)electron Absorption i mission
I i ') )
Absorption ! il : N
: : mission Abso rptlon :
L i@hote D1 @2
E, (Ground State) | E, (Ground State) |
[ Down-Conversion ] [ Up-Conversion ]

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, E,) upon absorption of resonance
energy of light and reaches the excited state (—ve, E;). 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, E,)
upon absorption of resonance energy of light and reaches the excited state (—ve,
E;). Absorption of electron takes place within 10~ s. If lifetime of excited electron
at a particular level (E)) 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 (E;), from which 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 () is the ratio of the emitted light to the absorbed
light. The quantum efficiency (¢) 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 (Y, Os3: Eu**) 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.
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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 @shelll @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 plasmonic materials beyond Au, 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 (S;) and triplet (7';) states, where the rate constant for reverse inter-
system crossing (kgjsc) 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 (*CT) and
triplet local exciton (LE) 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.

Inchap. 15, dimensional engineering of perovskite halides from 3 to 2D or mixture
3D/2D for an efficient and stable solar cells is provided. The perovskite halide mate-
rials have the general formula of ABXj3 (where A = CH3NH3* (methyl ammonium
ion, MA), FA* (Formamidinium (HC(NH,),") ion), and Cs; B =Pb, Sn, and X =1,
Bror Cl). A few examples are MAPbI;, CsPbl; FAPbI;, 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: LA, 1B, X3n+1, where L is a long-chain organic cation (spacer), examples
include phenyl-ethyl-ammonium (PEA*) and butylammonium (BA*). Whenn = 1,
2D materials are formed, whereas when n = o, 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 quantum confinement 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 (Ey) 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 of material, 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 0.1° 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: Gouck ko
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, SnO,, TiO;, YVO,4, CaMo0Oy,
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 Morkog¢ 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: ZnO,:Ln**, SnO,:Ln**, ZrO,:Eu**, TiO,:Ln**,
CaMoOy:Ln**, AVO,:Ln* (A =Y, La, Gd, Lu), and APO,: Ln**, etc. (Ningthoujam
et al. 2007b, ¢, 2008a, b, 2009a, b, c; Gajbhiye et al. 2008; Singh et al. 2008a, b,
2009b, ¢, 2010, 2012,20144a, b, 2015; Rao et al. 2008; Srinivasu et al. 2009; Yaiphaba
etal. 2010a, b, ¢; 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, Ln* =
Ce3*, Eu’*, Gd3*, Pr3t, Sm*t, Ho, Dy3+, Tb3*, Er’*, Yb*. 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
(ABO:3) 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(NH;),PbBr;, CsPbX; (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. 201 1a; Sahu et al. 2014). Ce>* 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, Tb>* 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 Ce?*, its luminescence intensity at 350 nm is absorbed by
Tb>* ions and thus an enhanced luminescence intensity from Tb** can be obtained.
In general, Forster 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 (t) are observed from
the different materials: ns (nanoseconds), s (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 pws—ms range. Some insulators doped with Ln**, Mn?* or Cr** can exhibit
lifetimes in minutes 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 NaYF,:Er, Yb, NaGdF,:Er, Yb, and LaF3:Ho-Yb, etc. (Auzel 2004). Under
980 nm excitation, visible emission is observed. Similarly, organic compounds
([Ru(dmb)3]**/DPA system; 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-
rials will be discussed with many examples. The quantum cutting 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 optical materials are materials, 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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Types of Photoluminescence
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Fig. 2.1 Two types of photoluminescence process: a Frequency down-conversion and b Frequency
up-conversion

of emitted light (Aem > hex). 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 (Eg — E;), hole is formed
at the ground state and excited electrons at E; can come back to the ground state
radiatively or non-radiatively. If there are defects or impurities, excited electrons
stay sometime at the level (Ep), which is just below E;. 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-organic molecule 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, 7t- 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. CoHg, CoHy and C,H; molecules have C-C, C
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= C and C=C bonds, respectively. Hybridization of C in C,Hg, C,H4 and C,H,
molecules form sp?, sp? and sp, respectively. Benzene molecule is having 3 -bonds
and 6 o-bonds in adjacent bonds to form 6 carbon atoms ring. In resonance, these 3
nt-bonds form a ring inside 6 carbon atoms ring. Absorption band shifts to a longer
wavelength with an increase of - 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.

r :; 2 3 nr
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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 by Dexter (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 Pr** doped LaF;, YF; and NaYF,
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 1S)-3P, (4f-4f transition
of Pr’*) and is related to quantum cutting (QC) process because half of 400-410 nm
is 200205 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 'Sy. 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 'Sy. Here, 5d levels are split
into tp, and e, levels. Then excited energy is transferred to 5d levels non-radiatively,
and the transition from 'Sy becomes weaker. This was observed in CaF, and oxide
compounds doped with 1 at.% Pr3*. Instead of this, other transitions above 450 nm
occur. If energy of excitation is less than 'S, 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 Tb**—Yb**, Tm3*—
Yb*, Pr*-Yb**, Ce**-Yb**, Er’*~Yb**, Ce*-Tb*-Yb*, and Gd**-Eu’*, etc.
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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 (Bi**=Yb?*). 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 Gd** doped LiYF, (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
VUYV, electrons at ground state 834/ goto the excited state 6Gj. Then excited electrons
come to the lower energy levels such as °Dj, ®I; and °P; through radiative or non-
radiative processes or mixing. Then radiative transition from °G; to °P; produces
visible light. The transition from °G; to S/, at 205 nm, °I; to 8S7, at 275 nm and
6Pj to 8S7, 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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after excitation at b 228.8 (Cd lamp) and ¢ 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™! range for
Gd** 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.% Gd>* upon excitation at 202.1 nm &S7p
— 6Gj) at 300 K. It is reproduced with permission from American Physical Society (APS) Publisher

(Wegh et al. 1997)
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Fig. 2.8 UV emission spectrum of LiYF4:5 at.% Gd3* upon excitation at 194.7 nm BS7p— %Gisp)
at 300 K. It is reproduced with permission from American Physical Society (APS) Publisher (Wegh

et al. 1997)
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Visible quantum cutting is observed in LiGdF4:Eu** 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 of UV 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. (IIT 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 Gd**-Eu* system, showing the
possibility of visible quantum cutting by a two-step energy transfer from Gd>* to Eu**
(Wegh et al. 1999). In Gd** -Eu** system (Eu** doped LiGdF;), emission intensity
coming out from >Dy 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 Gd** (°G;)
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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)
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Fig. 2.10 Schematic diagram illustrating energy levels of the Gd>*-Eu* pair with the possibility
of quantum cutting in the visible range through a two-step energy transfer from Gd>* to Eu*. Here,
Gd>* 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 Eu* (7Fj) go to excited state (’Dy). This is known as cross-relaxation. Then
visible red emission from Dy level occurs. Simultaneously, the remaining excited
electrons at °P; of Gd** are transferred or migrated to the excited states of D; of
Eu*. The visible red emission occurs. In this way, two photons (left from Eu**
due to cross-relaxation and right from Eu** due to energy transfer or migration in
Fig. 2.10) in visible red region occur. Here, one Gd>* ion acts as sensitizer and 2
Eu’* ions act as activator. In case of excitation at 273 nm (6Ij), excited electrons
go to the higher excited state of Gd>* (6Ij) and come to a lower energy level (6Pj)
through non-radiative process. Then excited electrons at 6Pj of Gd** are transferred
or migrated to excited states of 3 D; of Eu’*. The visible red emission occurs. In this
way, one photon in visible red emission occurs.

In Yb*-Tm?*" system (YPO,: Yb-Tm), an emission peak of 647 nm due to
Tm3* occurs after excitation at 475 nm excitation (direct excitation of Tm>*) (Xie
et al. 2009). When amount of Yb3* increases, emission intensity of Tm3* decreases,
whereas the emission intensity due to Yb** in 970-1000 nm increases. There is an
energy transfer from Tm** to Yb3*. This was supported by a decrease in the lifetime
of 647 nm peak after addition of Yb**. 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 Bi**-Yb** system (Gd,0j3: Bi-Yb), emission spectrum of Yb** in 900—
1100 nm is observed after excitation through Bi** (320-390 nm) (Huang and Zhang
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Fig. 2.11 Emission spectra of YPOy,: Yb-Tm after excitation at 475 nm: a emission spectra of Tm>*
in visible range and b emission spectra of Yb>* in NIR range. It is reproduced with permission
from American Institute of Physics (AIP) Publisher (Xie et al. 2009)
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Fig. 2.12 a Decay profiles of the ' G4 — 3H, transition of Tm>* 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 Yb>*, emission in 400-700 nm occurs and this is due to the transition
from 3P, excited state to 'S, ground state of Bi**. With increase of Yb** amount,
emission intensity of Bi** decreases, whereas emission intensity of Yb** increases.
This is related to QC effect. Here, the lifetime of Bi’* after excitation at 347 nm
decreases with an increase of Yb** amount. This transfer of energy from Bi** 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, ngyg) is calculated using the following:
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Fig. 2.13 a PL excitation spectra of (Gdg.99Big.01)203 sample (solid line) monitored emission at
506 nm (Bi>* emission peak) and (Gdg 94 Ybo.05Big.01)203 sample (dashed line) monitored emission
at 977 nm. b PL spectra of (Gd 99-x YbxBig 01)203 samples in visible—NIR range after excitation at
347 nm (Bi** excitation/absorption peak). It is reproduced with permission from American Institute
of Physics (AIP) Publisher (Huang and Zhang 2010)
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Fig. 2.14 Decay profiles of Bi’* (*P; — !'Sp) emission peak upon excitation at 347 nm in
(Gdp.99-x YbxBig 01)203 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)
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Fig. 2.15 Schematic diagram illustrating energy levels of ions (Bi** and Yb>*) in Gd,O3 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, f Ligypdt and f Iyaypdt are luminescence intensities of sensitizer (Bi**) in
the presence of activator (Yb**) and of sensitizer (Bi**) in the absence of activator
(Yb**), respectively.

The quantum efficiency (QE, ngg) of activator (Yb**) is calculated by the
following relation:

noe = ngi(1 — nere) + 20ypNETE (2.2)

where, ng; and 1y, are the quantum efficiencies of Bi** and Yb3", respectively. If
their values become 100% or 1.0, the equation (2.2) can be written as

noe = (1 —nere) +2nerE (2.3)

Lanthanide doping in metal halide perovskite nanocrystals (CsPbX3:Ln** (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 Ca,Ga,GeO7:Pr**, Yb** (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 energy or frequency is less than that
of emission (Eep > Eexe OF Vem > Vexe) (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 (hem < Nexc). Figure 2.1b shows the up-conversion process schematically.
At initial stage, an electron at the ground state goes to the excited state (Ey —
E|) by absorption of energy (preferably laser source) with decay lifetimes of a few
microseconds. Absorption takes place within 107" s. Before coming down to the
ground state, excited electron at E; is hit by another electron, which absorbs energy
(if continuous wave laser is used). Now, excited electron at E; jumps to higher
excited level E, (E; — E»). From higher excited level (E,), electron comes back to
the ground state (E;). 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
(E; — Es, E; — E4, ---) by multi-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-conversion mechanisms 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,
(1) deep tissue photothermal therapy, (m) photodynamic therapy, etc.
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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 in UV to visible by absorbing suitable light in the whole
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 = So® to the first excited
state ('ES™ = 'S;*). This excited energy is transferred to its triplet state CES" =
3T,*) through inter-system-crossing (ISC). The energy of *T,*® is absorbed by the
triplet state (*Acceptor” = 3T,?) 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 (*T;*—
3T,*) 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 (! Acceptor”,
i.e., from GS ('Sy?) to ES ('S;?)). 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 ('S;?) to ground state ('Sy?). 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. Itis to be noted that triplet excited state has a relatively longer lifetime (s
to ms), which helps in triplet—triplet annihilation. Absorption of light by sensitizer
takes place within 1073 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 m-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)z(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 x 10~ M) gives threefold enhancement in
up-converted emission as compared to [Ru(dmb),(bpy-An)]>*. 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)\;]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
CH;CN 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),(bpy-An)]**,
[Ru(bpy)g]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);]**
and 9, 10-diphenyl-anthracene in CH3CN solvent (Singh-Rachford and Castellano
2010).

2.2.2.2 Transition Metal Ions (d"*) 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 Mn”*,
Cr**, Re**, V3*, Mo**, Ni?*, and Ti**, etc. However, they are extensively investi-
gated at cryogenic temperatures except for Mn?* and Cr** 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 Ln** ions. Also, there are large energy gaps between
the ground state (°A; (Mn?*) or *A, (Cr**)) and its first excited states (i.e., emitting
levels = *T; and *T, (Mn?*) or 2E (Cr**)) in cases of Mn?* and Cr>* ions. The energy
gaps of about 10,000-20,000 cm™! are observed and this reduces multi-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),(bpy-An)]** (solid squares) in deaerated
CH3CN (3.5 x 10 M) measured 9 ws after a 450 nm excitation (power of 60 pJ 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)
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Fig. 2.19 Chemical structures of [Ru(drnb)z(bpy—An)]2+, [Ru(bpy);]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]** 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 d*, d> and d® 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(Ga0)3(BO3)4: Yb**-Mn?* (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 Yb** pairs (CYGB: Yb) and 2nd peak is related to the transition of super-
exchange coupled Yb** — Mn?* pairs. There is no resonance energy transfer between
coupled Yb** — Mn?* pairs. However, UC mechanism 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 Mn?*, Ca3Y(Ga0);(BOj3)4:Yb** shows emission
at 503 nm due to emission from virtual level of Yb** by 2 photon absorption process
(Fig. 2.23) (Xie et al. 2020).

2.2.2.3 Lanthanide Ions (Ln™) Based Frequency Up-Converters

Lanthanides include the elements having 4f" 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 (d?, d> and d®). 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)
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Fig. 2.22 Upper portion: normalized PL spectra (UC) for samples CYGB:0.01Yb>*, 0.45Mn?*
and CYGB:0.01Yb>* after excitation at 980 nm. Lower portion: PL spectrum (DC) for sample
CYGB:0.01Yb>*, 0.45Mn?* 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
Yb** and Mn?* in

CazY(Ga0)3(BO3)4:
Yb3*-Mn?* phosphor under
980 nm excitation. It is A -
reproduced with permission 26, AT, (4G)> b
from ACS Publisher (Xie I°F772. *T1(*G) YN
et al. 2020) IR
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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 4 3 or 4 4 depending on the oxidizing
environment. Sm, Eu, Tm and Yb can exhibit + 2 or + 3 depending on the reducing
environment. Nd can have + 2 or 4 3 or 4+ 4. The ground state electronic configuration
of Lnis 1s2, 2s22p°®, 3s23p®3d!0, 4524p4d104fr orn+l 552506541 070 652 (0 <n > 14).
La, Ce, Gd, and Lu have [Xe] 4", 5d', 6s? and the remaining Ln elements have [Xe]
41 652, In case of Ln3*, the ground state electronic configuration is 1s2, 2s22p6,
3523p®3d'0, 4524p©4d'%4f", 5525pS since 3 electrons from outer orbitals such as 6s?
and 5d' or 4f™*! are removed.

What types of electronic transition can take place in 4f"? 4f" electron can go
to higher excited states such as 4f or 5d. The 4f" to 4f"~!5d' transition occurs at
vacuum UV (hexe <200 nm) or UV (hexe = 200-300 nm) region. However, 4" to 4{™
transition occurs from UV to visible to NIR region. In general, 4f" to 4f" transition
produces a sharp peak absorption, whereas, 4" to 4"~!5d' transition produces a
broad peak absorption because 5d' degeneracy is lifted due to the crystal field from
ligands present in around Ln** ion. 4f" to 4f" 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). Ln**
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ions with 4f electrons of n = 1 or 14 (Ce** or Lu**) do not undergo f-f transition
in UV-visible-NIR range. Gd** 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 NaYF,: Er-Yb, NaYF4: Tm-Yb, CaF,: Er-Yb, LaF;: Er-YDb, etc. (Auzel 2004;
Chen et al. 2004; Borse et al. 2022).

2.2.2.4 Actinide Ions (Ac"*) 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 Ac** ions doped samples are U** (5f2) ions doped ThCl, or ThBr,4 and
ZnCl, 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 U** ions. LaClz:U*
(5f%) shows the red emission under green laser excitation. Cm>* 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
P" (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, NaYF,:2 at.%Er, 10 at.%Yb). Similarly, excited state absorption
(ESA) up-conversion materials (for example NaYF,4: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 LaCl; or LaBr; crystal doped with
4.8 at.% Pr** is exposed to simultaneous IR light at 4.5 wm 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/cm?, 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: Pr** ion has the ground state energy level
3H, and metastable excited states start from >Hs, >Hg, *Fa, 3Fs, 3F4, Gy, 'Ds, 3Py,
3Py, 1 to 3P,. The energy levels are shown in Fig. 2.24 (Chivian et al. 1979).

When Pr** is exposed to IR at 4.5 wm, 4f> -electrons in ground state *Hy; go
to next higher excited state *Hs. Further excitation with laser at green wavelength,
excited electrons go to 3P; level (higher level). Possible emission transitions such as
3P, Fa, 3Py—F,, *Py—>Hg 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 (P.). At or above P, 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
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Fig. 2.24 Schematic energy levels of Pr** in LaCl3 and LaBrs. Here, simultaneous IR light at
4.5 pm 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)
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Fig. 2.26 Cross-relaxation among 2 Pr** ions a and b, which helps in population of excited
electrons at >Hs level. It is redrawn and adapted from AIP Publisher (Chivian et al. 1979)

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

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. Thickness may vary from 1 nm to a few microns.
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. Itis 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 shelll
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 B-NaYF,, B-NaGdF, and doped samples), the layer-
by-layer epitaxial growth can be performed. Sometimes, metal nanoparticles, SiO,,
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).



2 Photo-Luminescent Materials: Down-Conversion, Quantum Cutting ... 51

(a)

Shell-4
Shell-3 I|

Shell-2 =
Shell-1.//X

Layer-by-layer epitaxial
growth

Core: active UC

Shell-1: inactive
Shell-2: inactive
Shell-3: inactive

(b)

Layer-by-layer epitaxial
growth

Core: active UC
Shell-1: inactive
shell-2: active UC-2
Shell-3: inactive
Shell-4: active UC-3

Layer-by-layer epitaxial
growth

Core: UC

Shell-1: UC-2

Shell-2: UC-3 or inactive
Shell-3: inactive
Shell-4: UC-4

Shell-4L inactive
Inactive = NaYF,
= undoped host

UC, UC-2 and UC-3 can
have different dopant  Active UC: NaYF4+-Er-Yb
ions or similar ions Active: host 1s having rare-earth 1ons

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 Possible ways for layer-by-layer epitaxial growth of core and shell materials. 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 @shelll @shell2, core @
shelll @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 system UCNPs (up-conversion nanoparticles) of NaYFy:
2 at.% Er**-10 at.% Yb**, 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 NaYF,:Er-Yb@
NaYF;, NaYF,;@NaYF,4:Er-Yb, NaYF,:Er@NaYF,-Yb and NaYF;:Yb@NaYF,-
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)

(a) (b) (c)

-4 M= Au, Ag, Pd, Cu, CuS Nanoparticles:

Shel|—3\ Spherical, rods, cages. cubes, tetrapods, star

Shell
i
shell2  \ 7 —~

smuq_% N f/Cc:re
\ o 2

Layer-by-layer partly epitaxial Layer-by-layer partly epitaxial Layer-by-layer partly epitaxial

growth growth growth
Core: active UC .
Core: active UC i alc we Core: UIF ‘
Shell-1: M Shell-1:M Shell-1:inactive
ki shell-2: UC-2or inactive Shell-2: M
Shell-2: inactive . M
Shell-3: inactive Shell-3: uc-3 Shell-3: inactive
. Shell-4: UC-3 or inactive Shell-4: UC-2 or inactive

Shell-4L inactive
Inactive = NaYFs
= undoped host

UC, UC-2 and UC-3 can
have different dopant
ions or similar ions

Active UC: NaYF4-Er-Yb
Active: host is having rare-earth ions

Fig. 2.33 Possible ways for layer-by-layer partly epitaxial growth of core and shell materials. Here,
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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 (shelll @shell2, shelll @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, Fe,03) or insulators SiO,. Inorganic shells can
be semiconductors or insulators (ZnS, LaF3, B-NaYF,:Yb**, Er**, YVO,-Eu®*). It
can be happened with opposite trends.

Examples of inorganic@inorganic materials are Au@Ag, Au@SiO,, Au@
C, Au/CdS, Zn@ZnO, Fe;04@Au, Au/Fe,03, Fe;0,@8Si0,, PbS@PbSe, ZnS/
CdSe, ZnS:Mn/ZnO, Gd,03:Tm* @Si0,, NaYF,;:Ln@NaYF,;, NaYF,Ln@
NaGdF;, NaYF;Ln@CaF,, Fe;04@ NaYF,;:Yb-Er, B-NaYF,:Yb**-Er’*@B-
NaYF,, B-NaYF;:Yb-Tm@@B-NaYF,:Yb-Er, LaF; @Eu,,LaggF3, LaPO4:Eu** @
LaPO,, YVO4-Eu**@YVO,, YVO,:Ln@SiO, Au@SiO,@Y,0;:Eu**, Fe;0,@
Si0, @Al,03, Fe;0,@8Si0, @TiO,, CdSe,Te ., @ZnS@Si02, CdSe@CdS@ZnS,
v-Fe,O3 @NaYF,:Yb-Er, etc.

2.4.2 Inorganic@QOrganic Materials

Core is inorganic materials such as metals, semiconductors or insulators. Metals are
Au, Ag and Fe. Semiconductors are Fe;O4, Fe;O3, ZrO,, PbSe, PbS. Insulators are
Si0,, NaYF,:Ln, CaF,: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 TiO,, Fe3O4, metal chalcogenide ZnS) or insulators
(Si0,).

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 (Shelll @Shell2, Shelll @Shell2@
Shell3 and So On)

Core particle is made of inorganic or organic material. Shelll 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@SiO,@
Y,05:Eu’*, LaF;:Eu@LnF;:Eu’* @La(NO3);3, CdSe@CdTe @ZnSe, CdSe@CdS @
ZnysCdosS@ZnS, InAsyP|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, Fe;0, @PGMA @
PS (here PGMA = poly(glycidyl methacrylate), PS = polystyrene), Fe;O4/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(CH2CH20)20(CH2CH(CH3)O)70(CH2CH20)20H), y—FeZO3 @PEI +
PEO-PGA (PEI = poly-(ethylene amine), PEO-PGA = poly-(ethylene oxide)-poly-
(glutamic acid)), iron oxide@SiO, composite@PS, CoFe,0,@DTPA-CS (DTPA
= Diethylenetriamine pentaacetate, CS = chitosan), Sb,O3 @PMMA @PVC (poly-
methyl methacrylate (PMMA) and polyvinyl chloride (PVC) polymer blend, PEG@
Si@ Al composite oxide, PS@TiO, @SiO,, PS @styrene and MPS hybrid copolymer,
etc.
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2.4.6 Liposome Based Formulation

Liposome is a spherical vesicle in which the core is having aqueous medium 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 nm or 100-300 nm). If two or more lipid bilayers exist, this is known as multi-
lamellar (diameter = 1-5 pwm). Between lipid bilayers, aqueous medium exists. 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 Fe;O4 nanoparticles dispersible in water can be prepared in the core of liposome.
Oil soluble Au or Fe;0O4 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
NH, 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 particular medium or gas medium
or laser medium, either core or shell can be removed. Using SIMS experiment 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 Co** or Fe?*/
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 from ground 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 Ny is the number of electrons in the ground state and its excited rate is
K 4, the number of excited electrons will be ;. Decay rate of the excited electrons
will be determined by radiative rate (Kg) and non-radiative rate (K yg) (Ningthoujam
etal. 2012; Curie 1963; Blasse and Grabmaier 1994; Lakowicz 2006). At a particular
time (t), the number of excited electrons can be determined by

dN,/dt = K ,No—(KrN1+KnyNrN1) 2.4)
When photon of constant intensity is excited, it can achieve a steady state of
equilibrium.
Here, dN;/dt = 0.
It implies that

Ni= KsNo/(Kr+Knr) (2.5)

And amount of decay at a particular time (t) is given by
Ni()= Niexp(—K 41) (2.6)
where K4 = Kg + Kng.
Ni(1)/N = exp(—K a1) 2.7)

When K g =0, N; = K4No/Kg. In this, lifetime of excited electrons is considered
as natural lifetime or intrinsic lifetime (ty), which is defined as:

™ = 1/Kg (2.8)

And K4 = Kp.
Intrinsic decay takes place due to collisional interactions among excited electrons.

Ni(1)/N1 = exp(=Kgty) (2.9)

N;()/Ny = exp(—1) =0.36 (2.10)
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The nature lifetime (ty) is equal to the time required to decay excited electron
population to 36%.
The experiment lifetime (7.,) is generally less than the natural lifetime (z ).

Texp = 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 = Kr/(Kr + Kngr) (2.13)
QY = 7oy /TN (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 Kngr
<<< Kg, 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: NaYF,:Er-
Yb@NaYF,4; and YVO4:Eu and YVO4:Eu@YVO,) (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/cm?) 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 oo
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, (¢(w) = &'(w) + ie”(w)), that is commonly
characterized by the Drude model (Maier 2007) as,

w? o’y
_ )4 . )4
e(w) = (1— w2+y2> +l(a)3—|—a)y2> 3.1)

Here w is the angular frequency of light, y is electron collision frequency and w,, is
the bulk plasma frequency of the metal (w, = me f; , where ¢y is the permittivity
of free space, N is the electron density, m.y is the effective mass of an electron
and e is the electron charge). When the frequency of incident light is above w,, 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 (¢/(w)) is positive, and light is either
transmitted or absorbed due to interband transitions. When the frequency of light is
below w,, the free conduction electrons oscillate in a phase opposite to that of the
incident electromagnetic field. In this case, &'(w) 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

S. Dutta Choudhury (B<1)
Radiation & Photochemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India
e-mail: sharmidc @barc.gov.in

Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India
© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 69

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_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7145-9_3&domain=pdf
http://orcid.org/0000-0003-4000-4930
mailto:sharmidc@barc.gov.in
https://doi.org/10.1007/978-981-99-7145-9_3

70 S. Dutta Choudhury

(e)

o O

Transmission * Reflection -t = F -
Bulk Plasmon Localized Surface Plasmon Surface Plasmon Polariton
(b) @ ()

»15 nm o
3 / Light transmit

SPP created

[ €" (loss)

€' (reflytrans)

Scatter

Absorption

| Absorption
(1]

F) dispr 4 K 1

Fig. 3.1 a Interaction of light with bulk metal at frequencies below and above its plasma frequency,
wp, and b complex dielectric of the metal. ¢ Localised surface plasmons (LSPs) in metal 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).

The LSPs are collective oscillations of surface electrons that arise when 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 (o) of a metal nanosphere, of volume V in a medium of dielectric
constant, &(w)gier, s (Link and El-Sayed 2003):

S(w);;lelal (32)

(8()perar + Ze(w)diel)z + (8(60);/%;5:1)2

w
Oext = 9 ; (8 (a))diel)3/2 Vv

When the real part of the dielectric constant, &(w) e, 1S Nnegative and satisfies
the condition, &(w) merar = -2&(w)gier, and the imaginary part is small (e(®)” erar
~ 0), the denominator in Eq. 3.2 vanishes, leading to strong plasmon resonance
at wrgp = ﬁ The extinction coefficient (o.y) 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 o, 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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w 8(w)me al + g(w)diel
kspp = — : (3.3)
c (@) merai €(@) diel
The resonance condition for SPPs is, wspp = ——=2—Maier 2007; Lakowicz

] . V1t+e(@)gie ]
2006a). Evidently, kspp is greater than the wavevector of the photon in free space

(ko = ?2). 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 the momentum of the incident light to match with the SPP. The wavevector
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
etal. 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.
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Fluorescence is characterized by two important parameters; the fluorescence
quantum yield (@) and the fluorescence lifetime (t), which are expressed in terms
of the radiative decay rate (k) and nonradiative decay rate (k,,) (Lakowicz 2006b).

k,
b= — 34
kr + knr GH
1 (3.5
T=———— .
kr + knr

The nonradiative decay rate (k,, = k;. + kjs.) includes both intersystem crossing
(isc) and internal conversion (ic). Most of the commonly known fluorophores have
aromatic structures or conjugated carbon chains. Apart from molecular 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),

1,
CR = kop—2o¢ (3.6)
14+ 1,/1

Here, k. is the light collection efficiency of the optical system, /. is the excitation
rate, o is the absorption cross-section and I is the saturation intensity (I, = (k, +
knr)/ [0(1 ~+ kyy/ kp)], where k), 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
afundamental level by modifying 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 interaction with 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 improving fluorescence 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 o ,; (iil) 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, & is
expressed as, & ~ E,,. X E,,, where E,,. corresponds to the excitation enhancement
and E ., 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, W;.

2

Here p; is the transition dipole moment connecting the initial (7) and final ( j) states
and p(v;;) 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 (a) (b)
Jablonski diagram showing

the changes in excitation and S 1A
radiative rate for a
plasmon-coupled

fluorophore. b Schematic ‘
representations of the ,

simultaneous increase in Ex kic

intensity and decrease in kr kr(metal)
lifetime

Increase
in fl. Int.

Fl. Int.

A

Decrease
in fl. lifetime

Counts

Time

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 (@) and decrease of fluorescence lifetime (T 1)
(Egs. 3.8 and 3.9) (Lakowicz 2005; Khatua et al. 2014).

kr + kr(metal)
kr + kr(metal) + knr
1

Tmetal = (39)
! kr + knr + kr(metal)

Dperal = (38)

Here k(e 1s 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, &, 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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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, &, 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. ¢ 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 sized Au nanorod with
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 107, 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 and LSP resonance for Au nanorods having different 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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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, n,, the wavevector of light increases to k = kon,
(where kg = w/c is the wavevector in air). The component along the metal surface is
given as k, = kon,sinf, where 0 is the angle from the surface normal. At a certain
angle 0,, the value of kyn,sinf becomes equal to kspp.

a)\/E(w)meml + e(@)aiel (3.10)

kon ,sinb, = kspp = —
V4 sp SPP
& (w)metalg(a))diel

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 6, 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. 3.6¢. In the KR approach, fluorophores are excited
by light incident through prism side. When light with excitation wavelength, A, is
incident at the correct angle (6p..,), 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, ¢ and d RK- and KR-configurations for SPCE

subsequently couple back with SPPs and radiate at a different angle (6p..») corre-
sponding to the emission wavelength, A.,, (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. ¢ 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 6,,, 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 dispersion map 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. ¢ 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

each OM (Fig. 3.8d) (Dutta Choudhury et al. 2015a). The emission from fluorophores
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(IIl) 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
spectroscopy with 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
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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. ¢ 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 binding matrix
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 a DNA
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 the material. To quantify plasmonic performances of materials, several metrics
a)(da(a))’/da))
2e(w)”
(FOM = ;?{f}“;)) (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.

have been defined such as the quality factor (Q = ) or the figure-of-merit
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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
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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 (Garcia 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;/HAuCl,) 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 Stober 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 Stober method, where the silica
shell is porous, the SHINs have compact and thin dielectric shells (You et al. 2020).
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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. ¢ TEM
image of an Au nanomatryoshka. Lower panel shows schematic for dye doped in the interstitial Si0;
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 reaction mixture. Silver island films (SIFs) can be prepared
in this manner by the well-known silver mirror reaction, where AgNOj3 is used to
form Tollen’s reagent, Ag(NH3),OH, 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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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

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. ¢ 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 SiO 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 SiO, 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 single metal, 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 from UV 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 HAuCly, which led to
the spontaneous replacement of Ag with Au (Fig. 3.15). This nanocomposite material
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 e with respective intensity scales. Adapted with permission
from Dutta Choudhury et al. 2012b. Copyright 2012 American Chemical Society
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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-based methods. 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, fluorescence microscopes 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 HSN1 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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Recently, Choi et al. have used the MEF strategy to detect cell-free DNA (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-
Casl2a 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
dsDNA strand (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 nm Au nanoparticle. This plasmon-coupled fluorophore
is situated at an optimum distance to exhibit MEF, 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
H5NI1 virus by aptamer
sensing, based on MEF.
Reprinted with permission
from Pang et al. (2015).
Copyright 2015 Elsevier. ¢ 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
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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).

Single molecule 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.
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Fig. 3.19 Application of SPCE for in situ monitoring of the growth of metal-organic framework
(MOF) layer. Reprinted with permission from Xu et al. (2022). Copyright 2022 American Chemical
Society



94 S. Dutta Choudhury

N Electron njection by 1LF)
r Bﬂ aa Liectron Fasaport Wper | Al
N
E — P s g W b anagiort ryee [Cube)
i Ameaiana Coupieg bt
— 8 ) = Aot (70
- — st (gl

p-n junction metallic nanoparticles LSPR-mediated LEDs
: + — =
s g H
: i e
= _/L ) = A ] ) )
Ay Ay h
wavelength (nm) wavelength (nm) wavelength (nm)
>
o
=
8
S
lighting display panels in chips »
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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 emission with 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 sensing with 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.

Acknowledgements The author gratefully acknowledges the support received from Bhabha
Atomic Research Centre (BARC), Mumbai and the encouragement from Dr. A. K. Tyagi, Director,
Chemistry Group, BARC, Dr. A. Kumar, Head, Radiation & Photochemistry Division, BARC, and
Dr. A. C. Bhasikuttan, Head, Molecular Photochemistry Section, BARC. The author also thanks
Prof. J. R. Lakowicz for introducing her to the world of plasmonics in fluorescence.

References

Akbay, N., Lakowicz, J.R.: Ray K (2012) Distance-dependent metal-enhanced intrinsic fluorescence
of proteins using polyelectrolyte layer-by-layer assembly and aluminum nanoparticles. J. Phys.
Chem. C 116, 10766-10773 (2012)

Aouani, H., Mahboub, O., Bonod, N., Devaux, E., Popov, E., Rigneault, H., Ebbesen, T.W., Wenger,
J.: Bright unidirectional fluorescence emission of molecules in a nanoaperture with plasmonic
corrugations. Nano Lett. 11, 637-644 (2011)

Atwater, H.A.: The promise of plasmonics. Sci. Am. 17, 56-63 (2007)

Badugu, R., Szmacinski, H., Ray, K., Descrovi, E., Ricciardi, S., Zhang, D., Chen, Y., Huo, Y.,
Lakowicz, J.R.: Fluorescence spectroscopy with metal—dielectric waveguides. J. Phys. Chem.
C 119, 6245-16255 (2015)

Bardhan, R., Grady, N.K., Cole, J.R., Joshi, A., Halas, N.: Fluorescence enhancement by Au
nanostructures: nanoshells and nanorods. ACS Nano 3, 744-752 (2009)

Botequim, D., Silva, L.I.R., Serra, S.G., Melo, E.P., Prazeres, D.M.E.,, Costa, S.M.B., Paulo, PM.R.:
Fluorescent dye nano-assemblies by thiol attachment directed to the tips of gold nanorods for
effective emission enhancement. Nanoscale 12, 6334-6345 (2020)

Cao, S.H., Weng, Y.H., Xie, K.X., Wang, Z.C., Pan, X.H., Chen, M., Zhai, Y.Y., Xu, L.T., Li,
Y.Q.: Surface plasmon coupled fluorescence-enhanced interfacial “molecular beacon” to probe



96 S. Dutta Choudhury

biorecognition switching: an efficient, versatile, and facile signaling biochip. ACS ApplBio
Mater 2, 625-629 (2019)

Chen, Y., Zhang, D., Han, L., Rui, G., Wang, X., Wang, P., Ming, H.: Surface-plasmon-coupled
emission microscopy with a polarization converter. Opt. Lett. 38, 736-738 (2013)

Choi, J.H., Lim, J., Shin, M., Paek, S.H., Choi, J.W.: CRISPR-Casl2a-based nucleic acid
amplification-free DNA biosensor via Au nanoparticle-assisted metal-enhanced fluorescence
and colorimetric analysis. Nano Lett. 21, 693—699 (2020)

Dutta Choudhury, S., Ray, K., Lakowicz, J.R.: Silver nanostructures for fluorescence correlation
spectroscopy: reduced volumes and increased signal intensities. J. Phys. Chem. Lett. 3, 2915—
2919 (2012a)

Dutta Choudhury, S., Badugu, R., Ray, K., Lakowicz, J.R.: Silver—gold nanocomposite substrates
for metal-enhanced fluorescence: ensemble and single-molecule spectroscopic studies. J. Phys.
Chem. C 116, 5042-5048 (2012b)

Dutta Choudhury, S., Badugu, R., Lakowicz, J.R.: Surface-plasmon induced polarized emission
from Eu(III)—a class of luminescent lanthanide ions. Chem. Commun. 50, 9010-9013 (2014)

Dutta Choudhury, S., Badugu, R., Lakowicz, J.R.: Directing fluorescence with plasmonic and
photonic structures. Acc. Chem. Res. 48, 2171-2180 (2015a)

Dutta Choudhury, S., Badugu, R., Ray, K., Lakowicz, J.R.: Directional emission from
metal—dielectric—metal structures: effect of mixed metal layers, dye location, and dielectric
thickness. J. Phys. Chem. C 119, 3302-3311 (2015b)

Fontaine, N., Picar-Lafond, A., Asselin, J., Boudreau, D.: Thinking outside the shell: novel sensors
designed from plasmon-enhanced fluorescent concentric nanoparticles. Analyst 145, 5965-5980
(2020)

Garcia de Abajo 2014 Garcia de Abajo, F.J.: Graphene plasmonics: challenges and opportunities.
ACS Photon. 1, 135-152 (2014)

Gryczynski, 1., Malicka, J., Gryczynski, Z., Lakowicz, J.R.: Radiative decay engineering 4. Experi-
mental studies of surface plasmon-coupled directional emission. Anal. Biochem. 324, 170-182
(2004)

Gu, X., Qiu, T., Zhang, W., Chu, P.K.: Light-emitting diodes enhanced by localized surface plasmon
resonance. Nanoscale Res. Lett. 6, 199 (2011)

Gutiérrez, Y., Brown, A.S., Moreno, F., Losurdo, M.: Plasmonics beyond noble metals: exploiting
phase and compositional changes for manipulating plasmonic performance. J. Appl. Phys. 128,
080901 (2020)

Hageneder, S., Jungbluth, V., Soldo, R., Petri, C., Matthias, P., Kreivi, M., Weihaiisel, A., Jonas, U.,
Dostalek, J.: Responsive hydrogel binding matrix for dual signal amplification in fluorescence
affinity biosensors and peptide microarrays. ACS Appl. Mater. Interfaces 13, 27645-27655
(2021)

Hao, Q., Du, D., Wang, C., Li, W.,, Huang, H., Li, J., Qiu, T., Chu, P.K.: Plasmon-induced broadband
fluorescence enhancement on Al-Ag bimetallic substrates. Sci. Rep. 4, 6014 (2014)

Jiao, X., Wang, Y., Blair, S.: Plasmonic enhancement of UV fluorescence. In: Geddes, C.D., (ed.),
Surface Plasmon Enhanced, Coupled and Controlled Fluorescence, Chap 18, pp. 295-308. John
Wiley & Sons, Inc. USA (2017)

Khatua, S., Paulo, PM.R., Yuan, H., Gupta, A., Zijlstra, P., Orrit, M.: Resonant plasmon enhance-
ment of single-molecule fluorescence by individual gold nanorods. ACS Nano 8, 4440-4449
(2014)

Kinkhabwala, A., Yu, Z., Fan, S., Avlasevich, Y., Miillen, K., Moerner, W.E.: Large single-molecule
fluorescence enhancements produced by a bowtie nanoantenna. Nat. Photonics 3, 654-657
(2009)

Lakowicz, J.R.: Radiative decay engineering 3. Surface plasmon-coupled directional emission.
Anal. Biochem. 324, 153-169 (2004)

Lakowicz,J.R.: Radiative decay engineering 5: Metal-enhanced fluorescence and plasmon emission.
Anal. Biochem. 337, 171-194 (2005)



3 Advances in Plasmonic Substrate-Coupled Fluorescence 97

Lakowicz, J.R.: Plasmonics in biology and plasmon-controlled fluorescence. Plasmonics 1, 5-33
(2006a)

Lakowicz, J.R.: Principles of Fluorescence Spectroscopy, 3rd edn. Publisher, Springer, Singapore
(2006b)

Li, M., Cushing, S.K., Wu, N.: Plasmon-enhanced optical sensors. Analyst 140, 193—406 (2015)

Li, J.E, Li, C.Y., Aroca, R.E.: Plasmon-enhanced fluorescence spectroscopy. Chem. Soc. Rev. 46,
3962-3979 (2017)

Link, S., El-Sayed, M.A.: Optical properties and ultrafast dynamics of metallic nanocrystals. Annu.
Rev. Phys. Chem. 54, 331-366 (2003)

Liu, J., Jalali, M., Mahshid, S., Wachsmann-Hogiu, S.: Are plasmonic optical biosensors ready for
use in point-of-need applications? Analyst 145, 364—384 (2020)

Lu, X., Ye, G., Deep, P., Chiechi, R.C., Orrit, M.: Quantum yield limits for the detection of single-
molecule fluorescence enhancement by a gold nanorod. ACS Photon. 7, 2498-2505 (2020)
Luan, J., Morrissey, J.J., Wang, Z., Derami, H.G., Liu, K.K., Cao, S., Jiang, Q., Wang, C., Kharasch,

E.D., Naik, R.R., Singamaneni, S.: Light: science & applications 7, 29 (2018)

Maier, S.A.: Plasmonics: Fundamentals and Applications. Publisher, Springer, USA (2007)

Matveeva, E.G., Gryczynski, Z., Malicka, J., Lukomska, J., Makowiec, S., Berndt, K.W., Lakowicz,
J.R., Gryczynskia, I.: Directional surface plasmon-coupled emission: application for an
immunoassay in whole blood. Anal. Biochem. 344, 161-167 (2005)

Mishra, P., Debnath, A.K., Dutta Choudhury, S.: Titanium nitride as an alternative and reusable
plasmonic substrate for fluorescence coupling. Phys. Chem. Chem. Phys. 24, 6256-6265 (2022)

Naik, G.V,, Shalaev, V.M., Boltasseva, A.: Alternative plasmonic materials: beyond gold and silver.
Adv. Mater. 25, 3264-3329 (2013)

Neumann, T., Johansson, M.-L., Kambhampati, D., Knoll, W.: Surface-plasmon fluorescence
spectroscopy. Adv. Funct. Mater. 12, 575-586 (2002)

Okamoto, K., Funato, M., Kawakami, Y., Tamada, K.: High-efficiency light emission by means
of exciton—surface-plasmon coupling. J. Photochem. Photobiol. C Photochem. Rev. 32, 58-77
(2017)

Orozco, C.A., Liu, J.G., Knight, M.W., Wang, Y., Day, J., Nordlander, P., Halas, N.J.: Fluorescence
enhancement of molecules inside a gold nanomatryoshka. Nano Lett. 14, 2926-2933 (2014)
Pang, Y., Rong, Z., Wang, J., Xiao, R., Wang, S.: A fluorescent aptasensor for HSN1 influenza virus
detection based-on the core—shell nanoparticles metal-enhanced fluorescence (MEF). Biosens.

Bioelect. 66, 527-532 (2015)

Ray, K., Badugu, R., Lakowicz, J.R.: Distance-dependent metal-enhanced fluorescence from Lang-
muir Blodgett monolayers of alkyl-NBD derivatives in silver island films. Langmuir 22,
8374-8378 (2006)

Rycenga, M., Cobley, C.M., Zeng, Z., Li, W., Moran, C.H., Zhang, Q., Qin, D., Xia, Y.: Controlling
the synthesis and assembly of silver nanostructures for plasmonic applications. Chem. Rev. 111,
3669-3712 (2011)

Sathish, S., Kostov, Y., Rao, G.: High-resolution surface plasmon coupled resonant filter for moni-
toring of fluorescence emission from molecular multiplexes. Appl. Phys. Lett. 94, 223113
(2009)

Schuller, J.A., Barnard, E.S., Cai, W., Jun, Y.C., White, J.S., Brongersma, M.L.: Plasmonics for
extreme light concentration and manipulation. Nat. Mat. 9, 193-204 (2010)

Semeniak, D., Cruz, D.F., Chilkoti, A., Mikkelsen, M.H.: Plasmonic fluorescence enhancement
in diagnostics for clinical tests at point-of-care: a review of recent technologies. Adv. Mater.
2107986 (2022)

Song, H.Y., Wong, T.I., Guo, S., Deng, J., Tan, C., Gorelik, S., Zhou, X.: Nanoimprinted thrombin
aptasensor with picomolar sensitivity based on plasmon excited quantum dots. Sens Actuat. B
Chem. 221, 207-216 (2015)

Su, Q., Wesner, D., Schonherr, H., Noll, G.: Molecular beacon modified sensor chips for
oligonucleotide detection with optical readout. Langmuir 30, 14360-14367 (2014)



98 S. Dutta Choudhury

Su, Q., Jiang, C., Gou, G., Long, Y.: Surface plasmon-assisted fluorescence enhancing and
quenching: from theory to application. ACS Appl. Bio Mater. 4, 4684-4705 (2021)

Wang, Y., Huang, C.J., Jonas, U., Wei, T., Dostalek, J., Knoll, W.: Biosensor based on hydrogel
optical waveguide spectroscopy. Biosens. Bioelectron. 25, 1663—-1668 (2010)

Wang, R., Zhang, D., Zhu, L., Wen, X., Chen, J., Kuang, C., Liu, X., Wang, P., Ming, H., Badugu,
R., Lakowicz, J.R.L.: Selectable surface and bulk fluorescence imaging with plasmon-coupled
waveguides. J. Phys. Chem. C 119, 22131-22136 (2015)

Wang, M., Wang, M., Zheng, G., Dai, Z., Ma, Y.: Recent progress in sensing application of metal
nanoarchitecture-enhanced fluorescence. Nanoscale Adv 3, 2448-2465 (2021)

Winkler, PM., Regmi, R., Flauraud, V., Brugger, J., Rigneault, H., Wenger, J., Garcia-Parajo, M.F.:
Optical antenna-based fluorescence correlation spectroscopy to probe the nanoscale dynamics
of biological membranes. J. Phys. Chem. Lett. 9, 110-119 (2018)

Xu, L.T., Chen, M., Weng, Y.H., Xie, K.X., Wang, J., Cao, S.H., Li, Y.Q.: Label-free fluorescent
nanofilm sensor based on surface plasmon coupled emission: in situ monitoring the growth of
metal—organic frameworks. Anal. Chem. 94, 6430-6435 (2022)

You, C.Y., Lin, L.H., Wang, J.Y., Zhang, F.L., Radjenovic, P, Yang, Z., Tian, Z.Q., Li, ].F.: Plasmon-
enhanced fluorescence of phosphors using shell-isolated nanoparticles for display technologies.
ACS Appl. Nano Mater. 3, 5846-5854 (2020)

Yu, H,, Peng, Y., Yang, Y., Li, Z.Y.: Plasmon-enhanced light-matter interactions and applications.
Npj Comput Mater 5, 45 (2019)

Zang, F., Su, Z., Zhou, L., Konduru, K., Kaplan, G., Chou, S.Y.: Ultrasensitive Ebola virus antigen
sensing via 3D nanoantenna arrays. Adv. Mater. 1902331 (2019)

Zhang, J., Fu, Y., Mahdavi, F.: Bimetallic nanoshells for metal-enhanced fluorescence with broad
band fluorophores. J. Phys. Chem. C 116, 24224-24232 (2012)



Chapter 4
Lanthanide-Doped Materials for Optical oo
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 RE**
ions with their respective ground states. The electronic configuration of these
elements is [Xe]4f"5d*!6s?> where n varies from O to 14 when going from
lanthanum to lutetium. Xe (xenon) has 54 electrons with electronic configuration
as 1522s%2p®3s23p®4s23d'04p®5s24d'°5p°. 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]3d'4s? for Sc and [Kr]4d'5s? 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., Sm>*, Yb?* and Eu®*) and +4 (e.g., Ce** and Tb*") 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 4f" configu-
ration displays unusual characteristics (Chen et al. 2016a; Dhoble et al. 2019). The
energy levels corresponding to this 4f" configuration are usually very large in number
and are relatively isolated from the 4f"~!5d 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 Ground state
(Ln*) (Ln*)
Lanthanum La 57 [Xe] 4f° 1S,
Cerium Ce 58 [Xe] 4f! 2Fsy
Praseodymium Pr 59 [Xe] 42 3H,
Neodymium Nd 60 [Xe] 43 Top
Promethium Pm 61 [Xe] 4f* Sy
Samarium Sm 62 [Xe] 4 SHs/,
Europium Eu 63 [Xe] 41° "Fo
Gadolinium Gd 64 [Xe] 4f’ 8S7
Terbium Tb 65 [Xe] 4f 7Fe
Dysprosium Dy 66 [Xe] 4f° %H,sp
Holmium Ho 67 [Xe] 4f10 STy
Erbium Er 68 [Xe] 4f!1 Tisp
Thulium Tm 69 [Xe] 4f12 3He
Ytterbium Yb 70 [Xe] 4f!3 2R
Lutetium Lu 71 [Xe] 4f14 IS,

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 host matrix 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 5s? and 5p® 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 Ce*
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 peak wavelength (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 transition metal-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 A,O3 (A =Y,
La, Gd), AF; (A =Y, La, Gd), KAF; (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 Ln** activated inorganic phosphors, the absorption, as well as emission
spectra are very narrow and weak, 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. The mechanism
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 (S;) state is transferred to the triplet (T}) 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 (Sy), organic ligands absorb UV light and get excited to the first
excited singlet state (S;). The molecule in the excited singlet state then undergoes
a fast internal conversion (IC) and thus occupies the lowest vibrational state of the
S; level. The molecules from the S; state can either relax radiatively to the ground
state Sy or it may undergo a non-radiative (NR) intersystem crossing, from the S,
state to some vibrational level of the triplet state (T;). A weak phosphorescence
(PS) can be observed from the forbidden transition T — Sy 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 ORGANIC LIGAND STATES LANTHANIDE
scheme of photo-physical ION STATES
energy transfer processes in
lanthanide complex.
Reprinted with permission

from ref. (Kido and Okamoto e
2002). Copyright©2002, . d
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excited organic molecule 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 Yb** 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
B—NaY78—xGdx YbgEr g2 Fs (x = 0and 30%) hybrid UCNPs (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%) Gd** 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 NaGdF,:Yb>*/Er** @NaGdF,:Yb**/Nd** 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 NaGdF,:Yb**, Er** @NaGdF,:10% Yb**, 30% Nd** 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 NaYF,:Yb**/X3* @NaYF,;:Nd*/Yb** (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 Nd** and Yb?* that are simultaneously
incorporated into the core—shell nanostructure results in Forster energy transfer by the
dye to acceptors (Nd* and Yb>*) incorporated into the shell and subsequently transfer
to Yb** 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 between metal nanoparticles and UCNPs plays a crucial role in effi-
ciency enhancement. Singh et al. successfully coupled the silver (Ag) nanoparticles
on the surface of the Yb**/Er**: La, 03 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 Yb**/ Er**: La,O3 @ Au NPs. Their
result revealed that the efficiency enhancement is correlated with a decrease in the
decay time of 4S5, and *Fyy, levels of Er** with the incorporation of AuNPs. Simi-
larly, Yuan et al. developed the NaYF,: Yb, Er@SiO, @ Ag core—shell nanostructure
and observed the effect of SiO; 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 the Au—Ag/NaYF,: Yb**, Tm>*/Er®* 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-enhanced UCNPs @ quantum dots (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 NaY 73-xGdx Ybg20Ero 02F4. Reprinted with
permission from ref. (Hu et al. 2020). Copyright©2020, American Chemical Society. ¢ 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 w1l 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 Eu’*, the Yb**/Er’*-
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 ¢ 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)(0x)os(H>O),], (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_NH, nanocomposite (Li et al. 2015). To enhance the stability and biocom-
patibility, the resulting nanocomposite was conjugated with NH,-PEG-COOH
(PEG). The decreasing T, relaxation time and also the brightness of T, weighted
image with increasing concentration of Fe ions suggested that PEG conjugated
UCNP@ Fe-MIL-101_NH, nanocomposite can be utilized for imaging purposes.
Ling et al. have designed the NaGdF,:Yb, Er@NaGdF,, Yb, and Tm@NaYF, fabri-
cated with Fe-Tetrakis porphine (Fe-TCPP) (Ling et al. 2022). The emission wave-
length of Er** Tm? is in resonance with the absorption wavelength of Fe-TCPP,
therefore efficient energy transfers from UCNPs to Fe** lead to the formation of
oxygen singlet (0,) 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);-MOF where Eu(IlI),
acts as a connecting node and Ru(phen)s; as a linker (Yan et al. 2018). These
types of Ln-MOFs are synthesized for the catalysis of CO, reduction. It’s inter-
esting to observe that the Eu-Ru(phen);-MOF demonstrates a remarkable rate of
321.9 pmol h~! mmolyor~! for selective CO, photoreduction to formate under the
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Fig. 4.6 a PL emission spectra of Eu** doped Er’*/Yb>*-MOF recorded at different temperatures.
b Variation of DC emission peaks with temperature. ¢ UC emission spectra of Eu* doped Er’*/
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Reprinted with 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);-
MOF is notable for being the only one to demonstrate a highly efficient material
for selective CO, photo-reduction. Additionally, an in-situ electron paramagnetic
resonance (EPR) investigation shows unequivocally that the Eu(Ill), clusters turn
into active catalytic centers after accepting photo-excited electrons. Chowdhuri et al.
prepared NaF,:Yb**, 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 the Ag,Se QDs coupled with core—shell UCNPs to conquer the inadequacy
of UCNPs (Song et al. 2019). Here, Ag,Se QDs with high extinction coefficient act
as a sensitizer (antenna) under 808 nm laser excitation and efficiently transfer their
energy to Nd** or Yb** 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 NaYF,;@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 Er** ions to CdS nanoparticles as shown in Fig. 4.7b
(Kumar et al. 2018). The whole nano-system (NaYF,@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 NaYF,@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 NaYF,@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 (CsPbBrj3) perovskite QD in CsPbBr3;-NaYF,:Yb*/
Tm?* 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 CsPbBr; at 522 nm
using the 980 nm laser excitation, specifying the low luminescence efficiency and
the weak energy transfer rate of a-NaYF,. However, at 300 °C, due to the phase
transformation from cubic to hexagonal (B-NaYF,), an intense green emission peak
was observed in UC luminescence spectra which corresponds to an efficient energy
transfer from B-NaYF, to CsPbBrj;. 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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hybrid nanostructure nurtures the stability and luminescence of CsPbBr; 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
Eu**/Dy3* doped CsPbBr; by optimized Eu** and Dy>* 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 laser materials. 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 to make the world colorful. Synthesizing materials 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 the materials to achieve outstanding optical behavior by selecting
a different host and doping different organic and inorganic ions into them.

For example, a composite of NaYF;:Yb**, Tm** @NaYF4/CsPb(Brysslo45)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*, Tm?* based UCNPs emission consists of emission
peaks in the blue region while CsPb(Bry 551y 45)3 shows emission in the yellow region
at575 nm as shown in Fig. 4.8d and e. The schematic of white light captured through a
UV/IR cut-off lens is indicated in Fig. 4.8a. The appearance of white light without 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, Eu**-doped CsPbBr3/Cs4PbBrg 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 Im/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
Nd**-ion doped CsPbBr; is reported for the blue LED with PLQYs of 91% in the
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Fig. 4.8 a Schematic illustration of NIR triggered UC white light capturing UV/IR cut-off lens, and
digital camera, b output light without using UV/IR cut-off lens, and ¢ 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 N aYF4:Yb3*, Tm3* @NaYF4/CsPb(Bry s5/1) 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 Nd**-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
NaCaTiTaOg:Dy>* 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).
Eu’*-doped CaSc, 04 phosphor is used for the red LED and WLED. 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 CaGdSbWOg:Sm**
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),

Im = 1 + Aexp(—E,/kT) @D

where A is the constant, k is the Boltzmann’s constant, E, is the exciton binding
energy, and the PL intensity at room temperature is represented by I 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)

I AE
FIR = - = Aexp( —— 42
L exp( kT) 4.2)

where, 1}, I, are the peak intensities corresponding to two thermally coupled levels,
AE 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 (S,) and relative (S;) sensitivity is given as

S d(FIR) FIR AE (4.3)
= — = X —_— .
: dT kT?
S 1 d(FIR) AE 44
r = X = e .
FIR dT kT?

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
Eu’* complex formed by the dibenzoyl methane and 1,10-phenanthroline
(Eu(DBM);Phen) 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 Dy — ’F, transition
in Eu* ions.

Similarly, due to the high stability of the oxide perovskite (ABOs: A, B = metals
ions), lanthanide-doped oxide perovskites have also been widely used for temperature
sensing applications over the last few decades. For example, Er**-Nd**-Yb**:CaTiO;
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shows a noticeable thermal response in the luminescent intensity in the tempera-
ture range 303-575 K with S, value between 0.008-0.011 K~! (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 Er**-Yb** co-doped
CaMoO, shows a thermal response in the range of 293 to 473 K with a maximum
S, value of 1.388% K~! at 473 K and S; value of 1.631% K~! at 293 K (Ran et al.
2022).

The comparative study of the temperature sensitivity in bulk and nanopar-
ticle of Er**, Yb*" co-doped CaMoQ, is reported in the temperature range 305-
575 K (Singh et al. 2022). The maximum value of S; for the bulk and nano
Cag.79Erg 01 Ybo2MoO, phosphors are 0.0061 K~! (at 305 K) and 0.0094 K~! (at
299 K), respectively. Whereas, the maximum value of S, are 0.0150 K~! (at 348 K)
and 0.0170 K~! (at 398 K), respectively. These results indicate that the nano-sized
Cag79Erg 01 Ybp2M0oO,4 phosphor shows better sensitivity as compared to the bulk
counterpart. Similar work is done in Cag Y 47Li020Er0.003Ybo.15(VO4)7 phosphor
(Sharma et al. 2022). The obtained maximum S, value is 0.0125 K~ at 513 K and
maximum S; is 0.012 K~! at 300 K. Wang et al. studied temperature response in
Er**/Yb** doped NaLa(WO,), (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 S; value is
0.014 K~ 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 region with
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 study with dual modes of thermal sensing.
In Eu**-doped CsPbCl,Br; QDs, the variation of luminescence intensity with the
temperature between 80—440 K was performed (Yu et al. 2021). The maximum value
of S, reported is 0.0315 K~!. 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 Eu**-doped CsPbCl,Br; 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 Yb**, Er’** co-doped double perovskites Cs,AgInClg
and Cs;AgBiClg in the temperature range 100-600 K (Rao et al. 2022). The S,
values reported are 0.0130 and 0.0113 K~!, respectively for the Cs,AgInClg and
CsAgBiClg.

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

study of the core/shell NaYF4:Yb**, Er**/NaYF, UCNP is performed in the temper-
ature range of 293 to 358 K (25-85 °C) with the excitation light 975 nm laser (Jurga
etal. 2022). The core/shell structure NaYF,4:Yb**, Er**/NaYF, UCNP is synthesized
using the three different types of reacting precursors (RE chlorides, RE acetates, and
RE oleates). The temperature sensitivity of the NaYF,:Yb**, Er’**/NaYF; UCNP
depends on the precursor type (used in the synthesis process). The S; value of
NaYF,:Yb**, Er**/NaYF, UCNPs synthesized by using RE chlorides, RE acetates,
and RE oleates reacting precursors are 1.44%, 1.39%, and 1.28% K-! at 358 K.
Ding et al. carried out the thermal sensitivity study in the fluoride f-NaYF,:Yb**,
Er** core, and B-NaYF,: Yb**, Er** @NaGdF, core—shell structure in the tempera-
ture range 100—400 K (Ding et al. 2022). The luminescent intensity of the B-NaYFy:
Yb**, Er** @NaGdF, core-shell structure is higher than B-NaYF,:Yb>*, Er**. For
the comparison of the thermal sensitivity, the S, value is calculated using the lumi-
nescent intensity ratio (LIR) of both samples and found that the core—shell structure
has a higher S; value than core only. Also, the LIR of the thermally coupled Stark
sub-level (Stark-LIR) technique is used to calculate the S; value in B-NaYF,:Yb**,
Er** @NaGdF, core—shell structure. The S, value obtained using the LIR techniques
is 10.9 x 1073 K~!, while using Stark-LIR techniquesis 17.8 x 1073 K~!in -NaYF;:
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Yb3*, Er¥* @NaGdF, 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 application widely due to their unique color on external stimulation
(Xie et al. 2022; Yang et al. 2022b; Molina-Gonzdlez 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 the SP@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 on UV light stimulation. Whereas, the pseudo-code doesn’t reflect
the color change. When the UV 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 NaYF,:Yb**, Tm?**@NaYF, UCNPs, and CsPb(Bry ss/
Io.45)3 PeNCs onto the PMMA surface. The letter “K” is encrypted by NaYF,:Yb**,
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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 4 UV light to encrypt/extract the information. Reprinted with permission from
ref. (Naresh et al. 2022). Copyright©2021, Elsevier Ltd. ¢ 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)

Tm** @NaYF; UCNPs, “M” is encrypted using CsPbBr; and letter “U” using
NaYF,:Yb**, Tm** @NaYF,/CsPb(Br 55/1y45)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 Tm>* of the NaYF;:Yb**, Tm* @NaYF, UCNPs
structure). The letter ‘M’ does not emit any color which is made up of CsPb(Br ss/
Io4s)s PeNCs. Where the letter ‘U’ emits a magenta color from the composi-
tion NaYF,:Yb**, Tm3* @NaYF./CsPb(Bry ss5/1y45)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
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NIR light the dual color emission from the letter ‘U’ is observed. The efficiency of
the emission intensity monitored for the CsPb(Br s55/Ip45)3 PeNCs under UV light
irradiation is higher than the UC emission.

Similarly, the B-NaYE;: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 B-NaYE;:RE3+ (RE =Ce, Tb, Eu, Yb, Er, and Tm)
phosphors are prepared with polyvinyl alcohol (PVA) and distilled water (DI) (Zhang
etal. 2019). The multicolor anti-counterfeiting ink such as B-NaYF,:RE** phosphors
with green (RE = Ce/Tb), red (RE = Ce/Tb/Eu) color DC anti-counterfeiting ink,
and B-NaYF,:RE** 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 the many obstacles of the scientific world,
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 GdScOj is one of the
good candidates for laser materials (Peng et al. 2018; Zhang et al. 2021b; Li et al.
2021). The Dy** doped GdScOs 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 x 1072! c¢cm?. For this absorption band, FWHM is calculated
to be about 9 nm (at 300 K). This also shows emission at 577 nm (*Fo», — °Hj3p
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Fig. 4.11 a As-grown single crystal of Dy: GdScOsz, b Fluorescence decay curve of Dy:
GdScOs3 crystal, ¢ 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 Dy** ion shown in Fig. 4.11c. The stimulated emission cross-section
for this transition is 4.1 x 102! cm? and relatively long fluorescence lifetime (see
Fig. 4.11b) with high radiative quantum efficiency. These outstanding properties of
Dy** doped GdScO; 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(IIl) 1,2-phenylenebis(diphenylphosphine
oxide)  [Eu(hfa);(OPPO),], tris(hexafluoroacetylacetonato)  europium(IIl)
1,1’-biphenyl-2,2’-diylbis(diphenylphosphine ~ oxide) [Eu(hfa)3(BIPHEPO)],
tris(hexafluoroacetylacetonato) europium(IIl)  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);Phen dispersed in poly
(methyl methacrylate) [PMMA] was carried out by 405 nm laser diode excitation.
The Eu(DBM);Phen shows a sharp emission peak at 611 nm transition from 3Dy
— "F, in Eu** 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);phen 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 Ln** ion is efficiently supported by the organic ligands DBM and Phen through
the antenna effect. The Ln(DBM);phen complex gives three emission peaks at 880,
1060, and 1340 nm. The 880 nm emission is the transition from the *Fs/, to *Igp,
1060 nm is from *F3) to *I,1/,, and the 1340 nm emission peak results from the *F3/,
to *I,3,, transition in Nd** ion. Among these three emissions, 1060 nm emission is
of high intensity and suitable for laser application. The Ln**/DBM/Phen co-doped
luminescent hybrid gels are also reported as the possible laser material (Sun et al.
2005). Both, the ternary Ln(DBM);Phen complexes and Ln**/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 Ln** ions.
The transition in Nd** ions from level *F3, to *I;;, 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
depending upon the upconverted/down-converted fluorescence molecule 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 Ba;LuF;: Yb*/ Er**/Ho*" (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 (Ceb6) 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 U7MG 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