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Preface

The diverse range of optical, electrical and chemical properties exhibited by metal
oxides makes them potential materials for fundamental research and technological
applications. The intriguing electronic structure of metal oxides has found their
applications in different areas such as microelectronics, sensors, fuel cells, coatings
and catalysts.Wide band gap semiconducting oxides such as SnO2, ZnO and TiO2 are
widely being used as optical components, transparent conductors and gas sensors.
Besides, millions of dollars’worth of metal oxides are employed in the chemical and
petrochemical industries as catalysts. Metal oxides are also under constant use as
catalysts for the removal of toxic gases for controlling environmental pollution.Many
potential applications are still being explored, and novel as well as facile synthesis
methods are being developed. The advent of nanotechnology has triggered the
development of nanostructures or nano-arrays with special properties when compared
to their bulk or single-particle counterparts. Nanostructured materials exhibit unique
physical and chemical properties due to confinement effects at smaller sizes and a high
density of corner or edge surface sites. The notable change in average particle size in
turn alters the band gap of metal oxides which strongly influences their intrinsic
electrical conductivity and chemical reactivity. The less coordinated atoms at
corners/edges of metal oxide nanostructures or the presence of O vacancies create
occupied electronic states just above the valence band of the corresponding bulk
material, thereby enhancing the chemical activity of the nanostructures. In general,
this book covers the fundamental science, synthesis, characterization, optoelectronic
properties and applications of metal oxide nanomaterials. The basic aspects of syn-
thetic procedures and fabrication technologies are discussed, and the experimental
techniques are explained. The current status of nanostructured oxide materials and
related devices from a technological point of view is reviewed.

In this book, the two major aspects of metal oxide nanostructures, namely their
optical and electrical properties, have been dealt with in detail. Each chapter is
content-wise stand-alone though it shares a conceptual concurrence with the rest
of the chapters in terms of the optoelectronic properties of oxide nanomaterials. The
first five chapters help in understanding the optical characteristics of materials,
especially metal oxides at nanoscale. A comprehensive idea on the luminescence
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observed in metal oxides and their wide-scale use in ACTFEL devices is included.
The shift in research focus from sulphide-based phosphors to oxide-based light
emitters is briefly outlined. Various binary and ternary oxide-based phosphor system
matrices are presented in detail. In the second chapter, different upconverted lumi-
nescent nanomaterials along with the existing mechanisms of upconversion are
summarized. Reviews on the applications of upconverted materials in solar cell,
bioimaging and security printing are also detailed in the discussions. The colloids
synthesized via liquid phase-pulsed laser ablation help in the growth of nanoparticles
without any surfactants. The luminescent surfactant-free nanoparticles grown by
LP-PLA technique can be used for bioimaging. The fabrication of symmetric and
asymmetric quantum well structures based on ZnO with ZnMgO and CuGaO2 as the
barrier layer was realized by pulsed laser ablation technique. Moreover, the book
edifies another interesting phenomenon, surface-enhanced Raman scattering
(SERS), exhibited by specially designed metal oxides nanostructures as substrates
and their application as portable devices in the areas of sensing and bioimaging.

The electrical properties of metal oxides are found to span from insulators and
semiconductors to metals and even superconductors. Nanostructured metal oxides
that exhibit a high optical transmittance along with high electrical conductivity,
referred to as transparent conductive oxides, have also gained immense attraction in
the field of solar cells, gas sensors, field emitters, light-emitting diodes (LED),
photo-catalysts, piezoelectric nanogenerators and nano-optoelectronic devices. This
book compiles the reach of oxide materials in the form of nanoparticles, nanorods,
nanowires, nanofibers, etc. for various device applications. A brief review explains
the different growth techniques developed for fabricating one-dimensional ZnO
nanostructures and their applications in conventional two terminal devices like
diodes, LEDs, solar cells, etc., three terminal devices like transistors and other
devices like energy generators and memory devices. The chemiresistive nature of
metal oxides as efficient gas sensors, the interesting change in the magnetic
structure of metal oxide thin films as dilute magnetic semiconductors for spintronic
applications and the role of epitaxial growth of dielectric thin films for microwave
applications are the other major highlights of this book. The gas-sensing mecha-
nism of oxide-based sensors including heterojunction sensors like p–n junction,
Schottky junction, etc. is elaborated along with some interesting results of the
ethanol response characteristic of p-CuO/n-ZnO junction sensor. The book also
gives an insight into the correlation of various experimental results on ZnO-based
dilute magnetic semiconductors with supporting theories and ab-initio calculations.
In addition to a generic overview on metal oxide-based thin-film transistors, the
book has also accommodated an exclusive detailed description of the calculation of
trap density states in the band gap of semiconductors using temperature-dependent
measurements. In short, the book is addressed focussing active researchers and
academicians in the area of material science and semiconductor technology,
especially nano-photonics and electronics.

Kochi, India M. K. Jayaraj
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Chapter 1
Oxide Luminescent Materials

K. Mini Krishna and M. K. Jayaraj

1 Introduction

The emission of light has been a source of fascination, philosophical speculation
and scientific investigation since time immemorial. Light emission by matter falls
into the two basic categories of incandescence and luminescence. Bodies that emit
light solely because of their temperature are defined as incandescent. Luminescence
refers to light emissions deriving their excitation energy from nonthermal sources.

In 1888, Wiedemann devised the term ‘luminescence’ from the Latin word mean-
ing ‘weak glow’ [1]. Vavilov defined ‘luminescence’ as the emission of light pro-
duced by a material over and above its thermal radiation. It generally befalls when
an excited electronic state relaxes to a lower energy state, the lifetime of which is
much larger than that of light vibrations (10−10 s). Luminescence, depending on the
mode of excitation, is mirrored in terms such as photo-, radio-, bio-, electro-, chemi-,
thermo-, sono- or triboluminescence. In practice, the excitation is most probably via
X-rays, cathode rays or UV emission of a gas discharge. Hitherto, the position of
the band in a spectral output is seldom dependent on the mode of excitation but on
the interlevel spacing. Numerous radiationless processes, arising from interactions
with the lattice or a transfer of energy between ions, always compete in reducing the
luminescent radiation.

Two other terms quite often used to classify luminescent materials are fluores-
cence (τ <10ms) and phosphorescence (τ >0.1 s). The decay lawof luminescence is
exponential in fluorescence and hyperbolic or still more complicated for phosphores-
cence. With the advent of quantum theory, they were defined via the emission-based
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quantum mechanical mechanism for the orbital angular momentum multiplicity of
the emitted electron. Fluorescence was henceforth defined as a photoluminescent
emission that arises from the singlet electronic state and phosphorescence as that
originating from the triplet electronic state. The latter, being 10–10,000 times longer
thanfluorescence, appear to emitmuchbeyond the removal of the excitation radiation.

Delayed fluorescence is yet another singlet state emission with a much longer
lifetime than normal. In this rare phenomenon, the electron responsible for the emis-
sion crosses over from the singlet state to the triplet state, but eventually returns to
the singlet state before emission.

2 Photoluminescence (PL)

The Italian alchemist, Vincenzo Cascariolo, was the first to observe the phenomenon
of ‘photoluminescence’ from the mineral barite on exposure to sunlight. A mate-
rial photoluminesces when excited by photons (most commonly in the wavelength
ranges of infrared, ultraviolet or visible light) with a spectrum broad enough to
overlap the ion absorption bands. The fundamental processes involved include exci-
tation, emission together with radiationless transitions. The emission and absorption
bands overlap significantly in case of a weak ion–lattice interaction, as is for the f
electrons in rare earth (RE3+) ions. A stronger interaction, as the one observed in
transition metal ions, causes a redshift in the emission band relative to the absorption
band, as explicated by Stokes law [2]. If the system is conducive to radiationless de-
excitations, it exhibits an increase in temperature along with a reduced luminescent
output.

The phenomenon of photoluminescence is pictorially illustrated in Fig. 1. The
configuration curves [3] convey the energy versus interionic distance relation of

Fig. 1 Configuration coordinate diagram (left) and Jablonski diagram (right)
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energy levels. The electronic states of a molecule and the transitions between them
are depicted on a Jablonski diagram (named after the Polish physicist Aleksander
Jabłoński). The electronic states are scaled vertically by energy and grouped hor-
izontally by spin multiplicity. Squiggly arrows are used to indicate non-radiative
transitions, and straight arrows indicate radiative transitions on the diagram. The
vibrational ground states of each electronic state are depicted by thicker lines,
whereas thinner lines illustrate the higher vibrational states.

In 1852, Irish physicist George G. Stokes reported the theoretical basis for the
mechanism of absorption (excitation) and emission.When a system (be it a molecule
or atom) absorbs a photon, it gains energy and gets excited to a higher energy state.
The fluorescence lifetime of this excited state is about 10−8 s. Henceforth, the system,
after losing a small amount of energy through vibrational relaxation, returns to its
ground state emitting energy in the radiative or non-radiative form. The re-emission
of lower frequency (longer wavelength) radiation by a molecule absorbing photons
of higher frequency (shorter wavelength) is referred to as Stokes fluorescence. Even-
tually, positions of the band maxima of the absorption and emission spectra of the
same electronic transition shall not coincide. This difference (in units of wavelength
or frequency) is called the Stokes shift. If the emitted photon is more energetic (emit-
ted at higher frequency or lower wavelength), the difference in energy is called an
anti-Stokes shift. The excess energy in an anti-Stokes transition is extracted from the
dissipation of thermal phonons in a crystal lattice, thereby cooling the crystal in the
process. Such exchanges of energy radiation (absorption or emission) are unique to
a molecular structure.

There are numerousmechanisms of non-radiative transitions observed in a system,
as depicted in Fig. 1.When the excited state relaxes to its lowest vibrational level, we
refer to it as the vibrational relaxation. This cannot occur in isolated molecules as it
involves a release of energy from the molecule to its surroundings. Internal conver-
sion (IC) is another kind of non-radiative transition where a vibrational state of an
electronically excited state can couple to a vibrational state of a lower electronic state.
Intersystem crossing (ISC) is yet another form where the transition involves states of
a different spin multiplicity. The latter is more predominant in molecules that exhibit
large spin–orbit coupling, which may subsequently give rise to phosphorescence.

2.1 Emission Kinetics

In between two energy levels, the excitation and emission processes are temporally
separated by an interval, which is the lifetime of the excited state (~10−8 s or more).
It is during this extremely short time span that the system acclimatizes itself with the
excited electronic state. This encompasses shifting of the contiguous (ligand) ions to
a new equilibrium state, relocating of the interionic distance and relaxation into the
lowermost of the vibrational levels (~10−12 s) of the excited electronic level. When
the system relaxes between the levels, say m and n (m > n), the lifetime τm is given
by
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τm = 1
(∑

Amn + ∑
Cmn

) (1.1)

where Amn andCmn refer to the probability for radiative and non-radiative transitions,
respectively. The summation is pertinent to all transitions that occur over a single or
several sub-adjacent levels. The fraction of emission transitions in comparison with
the entire emission and radiationless transitions gives the quantum yield η:

η =
∑

Amn(∑
Amn + ∑

Cmn
) (1.2)

If there are Nm photons in the excited state initially, the exponential law of
luminescence decay states that after a time t

N (t) = Nme
−t / τm (1.3)

A direct relation exists between the emission intensity and the probability Amn of
emission transition given by

Iem = Nmhνmn Amn (1.4)

Thus, if the lifetime of the excited state is shorter, more intensive shall be the
glow. The greater the probability Cmn of radiationless transition, lesser shall be the
intensity of glow and hence the quantumyield. Also, for a given transition, the greater
the oscillator strength, the higher shall be the intensity of the emission, provided
radiationless transitions are absent.

2.2 Intrinsic Luminescence

Photoluminescence is broadly classified into intrinsic and extrinsic type based on the
nature of the electronic transition involved in generating emissive radiation.

Band-to-band luminescence, exciton and cross-luminescence are the three intrin-
sic varieties.

(a) Band-to-band luminescence:

This kind of luminescence occurs when an electron in the conduction band recom-
bines with a hole in the valance band. It is specific to pure crystals at relatively high
temperatures. Band-to-band luminescence is observed in elements like Si and Ge,
IIIb-Vb compounds such as GaAs and devices such as light-emitting diodes and
semiconductor lasers.
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(b) Exciton luminescence:

An exciton translates into a crystal transmitting energy. It luminesces due to the
recombination of the electron and the hole. Excitons are of two types: Wannier
exciton and Frenkel exciton.

The Wannier exciton model articulates an exciton as a bound electron-hole pair
in the conduction and valence band, respectively, mediated by Coulomb interaction.
The span of a Wannier exciton wavefunction is much larger than the lattice constant.
This is perceived in inorganic semiconductors such as IIIb-Vb and IIb-VIb com-
pounds. Wannier excitons are stable only at relatively low temperatures where the
excitonic binding energies are much above the respective thermal energy. At higher
temperatures, Wannier excitons are no longer stable and band-to-band luminescence
overtakes instead.

The expanse of the electron-hole wave function is lesser than the lattice constant
in a Frenkel excitonic model. Typical examples are organic molecular crystals and
inorganic complex salts. In such systems, the excited state of an isolated molecule
or a complex ion relocates from molecule to molecule or from complex ion to ion
mediated by dipole-dipole interactions. The luminescence behavior is quite similar
to that of secluded molecules or complex ions.

(c) Cross-luminescence:

Cross-luminescence refers to the recombination between an electron in the valence
band and a hole formed in the outermost core band [4]. This occurs only when the
energy difference between the two bands is lesser than the bandgap energy, or else,
an auger process happens selectively. Cross-luminescence is observed in a number
of alkali and alkaline earth halides and double halides.

The spectral span and shape reflect the blend of molecular orbitals in the clusters
comprising of cations with a hole in the core-shell and nearest neighbour halide ions.
For multi-cationic crystals, the spectrum gives evidence not only about the ‘active’
cation carrying the core hole but also about the other cations as well. Fast decay time,
of the order of nanoseconds or less, is a distinguishing feature of cross-luminescence.
Henceforth, such luminescent systems are suitable for use as scintillators.

2.3 Extrinsic Luminescence

Extrinsic luminescence is caused by intentionally assimilated impurities (or acti-
vators) into a host matrix. Most of the observed types of luminescence allied with
practical applications fit into this class. Extrinsic luminescence in ionic crystals and
semiconductors can be categorized into two: localized and unlocalized.

(a) Unlocalized type:

In the unlocalized type, free electrons in the conduction band and free holes in the
valence band of the host matrix participate in the luminescence process (illustrated
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Fig. 2 Radiative recombination involving impurity levels: a conduction band–acceptor-state tran-
sition, b donor-state-valence band transition, c donor-acceptor recombination and d bound-exciton
recombination

in Fig. 2). Luminescent transitions of this kind include (a) the transition of a free to
a bound carrier and (b) the transition of a bound electron at a donor to a bound hole
at an acceptor. These luminescent behaviours are seen in compound semiconductors
such as IIIb-Vb and IIb-VIb compounds.

(b) Localized type:

In this kind, excitation and emission processes are narrowed to a localized lumines-
cent center. Various metallic impurities intentionally merged into ionic crystals and
semiconductors frequently act as efficient localized luminescence centers. They are
further classified into allowed and forbidden transition types based on electric dipole
transitions. The electric dipole transition befalls between energy levels with a parity
change given by �l = ±1, ‘l’ being the azimuthal quantum number. The incorpo-
ration of atoms and ions into a system perturbs the crystal electric field. This can
occasionally modify the forbidden character of the dipole transitions transforming
them into allowed kinds to a certain extent.

(i) Allowed transition type:

1. s ↔ p transition—F center ↔ (an electron trapped at an anion vacancy), Tl0

2. s2 ↔ sp transition—Tl+, Pb2+, Sn2+, Bi3+, Sb3+

3. f ↔ d transition—Eu2+, Ce3+

The oscillator strength needed to effect such transitions lies in the range 10−1 to
10−3. The spectral outcome presents a broad bell-shaped form.

(ii) Forbidden transition type:

1. d ↔ d transition—Ti3+, Cr3+, Cr2+, Mn4+, Mn2+, Fe3+, Fe2+

Iron group ions luminesce in the visible to IR region due to their 3dn* ↔ 3dn (n
→ 2–8) transitions. Among them, ions with 3d3 (Cr3+ and Mn4+) and 3d5 (Mn2+)
configurations are vital for phosphor applications. Spectra of transition metal ions
consist of either broadbands or characteristic lines.
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2. f ↔ f transition—Pr3+, Nd3+, Sm3+, Eu3+, Tb3+, Tm3+, Dy3+ (and other RE3+

ions)

Most RE3+ ions luminesce in the visible to NIR region and give off an efficient line
spectra (both absorption and emission spectra) due to their 4fn* ↔ 4fn transitions.
Amidst many of them, Eu3+ ion (red) and Tb3+ ion (green) are excellent activators.
The 4f energy levels, being well secluded by the 5s5p shells, are weakly subjective
to crystal field perturbations. Hence, their emission does not get much amended on
varying the host lattice. These allowed transitions happen at oscillator strengths of
the order of 10−4 to 10−8.

3 Sensitization

Whenever the phosphor host matrix itself is luminescent (self-activated lumines-
cence) or when there are two or more activators incorporated into a phosphor host
lattice, an interaction happens between the luminescent centers which shall be artic-
ulated in their emission spectra. As a consequence, the absorption spectra shall be
a superposition of their respective absorption spectra. The lines in the emission
spectra, on the other hand, do not change position but exhibit any of the following
modifications:

• The luminescent intensity of one ion can gain in strength at the expense of the
diminishing intensity of the other.

• An ion, though not radiant in one system, becomes luminescent in the presence of
another ion in a novel matrix.

• An ion, not luminescent as such, shall luminesce upon excitation in the absorption
band of another ion, or in other words, turns luminescent in the presence of the
other ion.

• An ion may also give an intensified output along with complete quenching of the
other.

These varieties of luminescent expressions revealed by ions excited upon energy
transfer from other ions that are excited in their absorption band are termed as
sensitized luminescence.

There are activators in phosphor matrices, such as Mn2+ and RE3+ ions, which
rarely possess suitable excitation bands. In these ions, either band-to-band excitation
is feasible only at extremely high energies. or very narroworweak absorption lines are
concomitant with forbidden f-f transitions. This limitation can often be overwhelmed
by incorporating a sensitizing ion into the system that is equipped with a suitable
absorption band. Conversely, Cr3+, RE2+ and other ions themselves have the ability
to present broad intensive absorption bands suitable for inducing luminescence.

In sensitized luminescence, the energy absorbed in the absorption band of the
sensitizer ion is released in the emission band of the activator ion. This requires a
significant overlap between the absorption band of the activator ions and the emission
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Fig. 3 Sensitized luminescence: a emission reabsorption, b resonance radiationless and c non-
resonance radiationless

band of the sensitizer ions. Such kind of an energy transfer from the sensitizer (S)
ion to the activator (A) ion is illustrated in Fig. 3 in three disparate ways [3]. Here,
S is the sensitizer (energy donor), and A is the activator (energy acceptor); asterisks
denote their excited states.

3.1 Emission Reabsorption

In emission reabsorption, the light emanated by the sensitizer ion (referred to as
primary luminescence) is reabsorbed and later released (referred to as secondary
luminescence) by the activator ion. This demands both sensitizer and activator to
possess strong absorption bands and act as independent systems that can directly
interact with each other. The more the proximity between the emission energy of
one and the absorption energy of the other, the more probable is the chance for
energy transfer. For example, the luminescence of Nd3+ ion is found to intensify in
the presence of Sm3+, Eu3+, Tb3+ and Dy3+.

3.2 Resonance Radiationless Energy Transfer

The mechanism is more frequently observed between interacting ions that together
perform like a single entity. This neither requires the sensitizer to be necessarily
emissive nor the activator to have strong absorption bands capable of inducing lumi-
nescence. Still, the broad absorption bands of the sensitizer and the luminescent
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transitions of the activator together create a system that is capable of rendering a
luminescent response. The resonant radiationless energy transfer mechanism amid
an allowed transition in the sensitizer and a forbidden transition in the activator
is responsible for sensitized luminescence to occur even in inorganic luminescent
systems.

The process relies on dipole-dipole or dipole-quadrupole interactions among ions,
the probability of the energy transfer being proportional to r−6 or r−8, respectively,
where ‘r’ is the mean distance between the interacting ions. Also, the lesser duration
and diminished quantum yield of the sensitizer emanation are compensated by the
longer extent and larger quantum yield of the activator emission. The possibility of
energy transfer further improves with the decrease in the mean distance between
ions, diminution of the lifetime of the sensitizer in an excited state and the larger
overlap amidst activator’s absorption and sensitizer’s emission. The decay curve, in
the place of being purely exponential, will be a summation of exponential curves.

3.3 Non-resonance Radiationless Energy Transfer

This mechanism is often observed whenever there is a substantial nonconcurrence
of distances among the levels of ions transferring and receiving energy. Such a non-
resonancenon-radiative kindof energy transfer is seenover shorter spans and involves
exchange interactions between ions. In such a scenario, sensitization is achieved
through lattice modifications or by doping. The energy then gets transported to any
of the acceptor levels (which may be short-lived or non-emissive) lying closer to the
energy transferred by the sensitizer. By way of rapid radiationless transitions, the
energy is finally transmitted to those energy levels from which the final emission
takes place.

4 Concentration Quenching (Self-quenching)

Inmany activators, a change in luminescent intensity or quenching of luminescence is
observed due to the transfer of energy from a radiating energy level to a non-emissive
center. Usually, the emission intensity, with the increase in the concentration of the
activator, is found to reach a maximum and then diminish. The interaction between
similar activator ions profoundly influences the luminescent expressions.

• The emission reabsorption energy transfer among similar ions can lead to self-
absorption, for example, as observed in Cr3+ ions.

• Themost dominant form of concentration quenching, as found inmany of theRE3+

ions, is the non-radiative resonancemultipole energy transfer between similar ions.
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• An exchangemechanismof concentration quenching is seen to occur in ionswhose
emissive and non-radiative levels of transitions have no profound differences in
their energy (as in Eu3+ ions).

5 Advantages of PL Technique

Luminescent studies provide some of the most sensitive and specific analysis with
the possible exception of radioactive labelling procedures. The PL technique is a
nondestructive and highly sensitive procedure with a high degree of repeatability. It
offers several advantages, as listed below:

High sensitivity—The sensitivity of the PL technique is approximately 10,000 times
greater than absorption spectroscopy. The luminescence can be detected from con-
centrations as low as one part per billion to one part per trillion. In the spectropho-
tometric method, the absorbed radiation is measured indirectly via a comparison
between the incident and transmitted lights. Thus, absorption can only be obtained
by measuring a small decrease in signal within a larger one, therefore resulting in a
corresponding increase in noise. But in fluorescent techniques, the sample itself is the
source of emission and luminescence is measured directly. Even a small luminescent
emission captured from the sample can be electronically amplified with only a minor
introduction of noise.
Good selectivity—The process of luminescence is highly selective and specific.
Compared to one in absorptive spectroscopy, there are two wavelengths, one excita-
tion and the other emission, in fluorescent spectroscopy. It is a rare chance for two
substances to share a common excitation and emission wavelength.
Environmental qualitative information—The longer lifetime of electronic transi-
tions involved in the process of luminescence makes it more sensitive to the local
environment than absorbance. This makes luminescence an excellent probe to the
crystal field environment. This technique unveils the local polarity, viscosity, pH and
temperature effects in a nondestructive and noninvasive fashion.
Large linear quantitative range—Luminescence instruments have a greater linear
measurement range for quantitative analysis over spectrophotometers. The range of
a typical spectrophotometer is in between 0.1 and 3 absorbance units (less than 3
orders of magnitude). Also, the absorbance errors are progressive into the extremes
where they even exceed 50%. On the other hand, fluorescence instruments present
a greater linear range of 6–7 orders of magnitude with a diminutive error at the
extremes.
Multidimensional information—A PL spectrum gives information regarding two
separate electronic transitions-excitation and emission spectra of a given substance.
This provides us twice the amount of facts conveyed via absorbance spectra. The
PL technique is, thereby, quite beneficial in substance identification. The retrieved
information can be displayed in various formats such as excitation–emission matrix
stacked plots, contour plots or synchronous scan spectra.
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Fig. 4 Schematic representation of display evolution

6 Luminescent Displays

Displays, especially electronic, are now an indispensable part of everyday life. The
revolution of the electronic display industry starts with the veteran cathode ray
tubes (CRTs) advancing through vacuum fluorescent displays, liquid crystal dis-
plays (LCDs) and organic light-emitting diodes (OLEDs). Though the mature CRT
technology was inexpensive and reliable, its bulkiness paved the way to the advent
of thin, light portable flat panel displays (FPDs). Light-emitting diodes (LEDs), vac-
uum fluorescent displays (VFDs), plasma display panels (PDPs), liquid crystal dis-
plays (LCDs), thin-film electroluminescent (TFEL) displays, organic light-emitting
diodes (OLEDs), field emission displays (FEDs) and nano-emissive displays (NEDs)
comprise the flat panel display technologies. Among the above-mentioned FPD tech-
nologies, except LCD, all are emissive displays. However, the most dominant tech-
nologies that are competing with CRT are LCD and PDP. OLEDs will be dominating
tomorrow’s display industry, but the manufacturing cost is very high compared to
LCD technology. A schematic representation of the display evolution is presented in
Fig. 4.

7 Why TFEL?

Electroluminescent (EL) displays have developed as the most dependable emissive
display technology due to its unique features, as stated below:

Solid-state nature and ruggedness: An EL device can be fully assimilated onto
the substrate of the drive electronics owing to its solid-state assembly. The extreme
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ruggedness of the solid-state nature makes it more resilient to shocks, vibrations
and wide temperature variations. Their ability to withstand aggressive environments
(heat, cold, dust, wind, sunlight, etc.) ensures the feasibility of using them in harsh
environments, for military equipments and spacecrafts and for portable applica-
tions. Emission in a solid-state environment also excludes the risks adhered to the
maintenance of vacuum or plasma backgrounds, as in the case of VFDs, PDPs or
FEDs.
Wide viewing angle and operating temperature: The emissive TFEL displays can
be operated over a wide viewing angle of more than 160°, a problem inherent with
LCDs. This ability is due to the absence of optical elements in the path of the emission
(excluding the glass substrate). Also, EL panels can function over a wide range of
temperature, say 25–60 °C (restricted by the drive electronics). They neither freeze
nor slow down at lower temperatures. These properties make EL displays suitable
for critical military, medical and industrial applications.
Long life: The lifetime of TFEL display panels is over 50,000 h with less than 10%
change in their luminous response.
High contrast: EL displays are ‘readable’ in a high ambient luminous environment,
making them very effective to be used in industrial instrumentation.
Better display qualities: Reduced pixel size and subsequently high resolution are
other features of TFEL displays. Their quick response to even operate at video rates
makes them suitable for engineering high information content FPDs which possess
the same image quality of that of the CRT.

The exceptional performance and visual features of high-performanceELdisplays
make it an ultimate solution for the most demanding and challenging applications
where other display technologies are merely inadequate. TFEL displays are suited
for small area displays and displays requiring operation in harsh environments. TFEL
technology is also promising owing to its wide viewing angle, high brightness, small
pixel size, lightweight and addressing simplicity. These features have gained TFEL
displays access to a small niche in medical and instrumentation industry. Equip-
ment and system designers prefer EL displays to quench the mounting demand for
improved image quality, longer lifetime and higher reliability. ACTFEL displays
overrule LCDs in their ability to pattern much smaller pixels, performance over a
wide temperature range, full-viewing angle and readability with much higher inten-
sity background light. The acceptance of TFEL technology shall be far-reaching once
the power, cost and full-colour performance limitations are overcome.

Colour TFEL technology has the potential to produce a high-performance color
flat panel displaywithout the complexity of the TFT color LCD approach. Significant
progress has been made in the development of multicolor and full-colour TFEL
displays. Several prototype multicolor EL panels have been fabricated. In 1993,
based on an inverted, filtered thin-film EL structure, the first commercial multicolor
thin-film EL panel was placed into the market. The advent of a pure blue-emitting
phosphor made of rare earth thiogallates paved the way for the realization of the first
prototype full-color EL panel the same year. However, the first commercial full-color
EL display monitor was introduced into the market in 1994. These reports triggered
interests in color thin-film EL displays. Some of the TFEL displays in use are shown
in Fig. 5.
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Fig. 5 TFEL displays for use in industrial, medical, transportation, military, public safety and other
demanding applications (Courtesy Lumineq) (left) and transparent TFEL display (right)

In TFEL devices, the generation of light is by the impact excitation of light-
emitting centers by high-energy electrons accelerated by an electric field. Even poly-
crystalline films could serve as the active component in high-field EL, which was a
major disadvantage for thin-film EL displays. On account of the drive voltage wave-
form and phosphor configuration, high-field EL devices have been classified into
four: alternating current-driven thin-film EL (ACTFEL), alternating current powder
EL (ACPEL) and direct current thin-film/powder EL (DCEL). DCEL displays are
widely used in automobiles, namely for displaying yellow fixed messages and also
as backlights. The merits of alternating current electroluminescence have opened up
a whole new world. Figure 1.6 outlines some comparative remarks on the four kinds
of EL devices.

Personal laptops and word processors equipped with ZnS:Mn-based ACTFEL
displays and liquid crystal displays supported by ACPEL backlights are today com-
mercially available. Powder electroluminescent displays have immensely unlimited
potential, such as uniform luminous emission, a skinny profile and little power

Fig. 6 Comparison between the four types of EL displays
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consumption [5]. Architectural and decorative lighting, LCD backlights in cellu-
lar phones, personal digital assistants (PDAs) and palmtop computers have been
equippedwith powder EL lights. However, they also possessmultiplexing limitations
and suffer from low luminance, high operating voltage, poor contrast and significant
luminance degradation over a fairly short time (~500 h). There are reports [6, 7] on
flexible EL devices that can be made on paper as well as polyethylene terephthalate
(PET)-coated transparent substrates.

The advances in thin-film process technology in the 1960s further triggered the
research trends toward developing thin-film EL devices, which was otherwise vested
on powder EL devices. Moreover, thin-film phosphors offered several benefits in
comparison with the powders, such as high lateral resolution from smaller grains,
superior thermal stability, reduced degassing and improved adhesion to the solid
surface [8]. However, one had to compromise on brightness and efficiency while
using phosphor thin films over bulk powder materials, these properties primarily
being dependent on factors such as internal reflection, the small interaction volume
between the incident beam and solid and absorption of generated light by substrate
materials.

8 The Phenomenon of Electroluminescence (EL)

Electroluminescence is the extraction of luminous energy from a material subjecting
it to a very high electric field. In 1936, G. Destriau was the first to observe this
phenomenon [9] in ZnS, when a large electric field was applied to it. There are two
classes of EL devices. One is the injection luminescence which is observed in light-
emitting diodes (LEDs) where light is generated by electron-hole pair recombination
at a p–n junction. The other is the high-field EL where light is generated by impact
excitation of a luminescent center (also called activator) by high-energy electrons.
Typical electric fields through which electrons are accelerated are nearly 106 V/cm.
So, this type of luminescence is also referred to as high-field luminescence.

8.1 EL Device Structure

There are three general configurations (as illustrated in Fig. 7) for thin-film EL
device structures. One is the conventional standard structure that comprises ofmetal–
insulator–semiconductor-insulator-metal (MISIM) structure. The second one is an
inverted-type structure, and in the third configuration, the insulator used is usually
a thick dielectric/ceramic. In the standard MISIM structure, the active phosphor
layer is sandwiched amid two insulators (or dielectrics) with an opaque top electrode
(generally, Al/Au/In) and a transparent bottom electrode (normally, ITO). In contrast,
the top and bottom electrodes are reversed in the case of an inverted structure and
hence luminous emission occurs in the opposite direction via the substrate. The
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Fig. 7 Three general configurations of TFEL devices—a MISIM-structured, b inverted MISIM
and c dielectric/ceramic substrate-based

additional advantage of the latter over the former is that opaque substrates like silicon
can withstand higher temperatures as against the low processing temperatures dealt
with glass substrates.

Also, some researchers adopt the structure shown in Fig. 7c where a single insu-
lator acts as both substrate and insulator. The ceramic insulator cum substrate is
0.2 mm thick, whereas all other layers are in the nm/μm regime. The opaque elec-
trode is deposited on the rear side of the dielectric sheet, and light extraction from
the structure is through the transparent top electrode. This simple configuration also
offers the additional advantage of employing high post-deposition annealing temper-
atures (1100 °C) that could eventually increase the crystalline quality of the active
phosphor layer which cannot be accomplished with glass substrates.

8.2 Ideal ACTFEL Device

An ideal device can be demonstrated by an equivalent circuit model, as shown in
Fig. 8. In this circuit, insulators are depicted by perfect capacitors. The phosphor
layer is illustrated by a capacitor below the threshold and a pair of back-to-back
diodes above threshold [10]. This simple circuit very well demonstrates the essential
phenomenological physics of a thin-film EL device.

Below the threshold voltage V th, the model portraits a TFEL device as three
capacitors in series, the voltage drop across each being proportional to the thickness
of the layer and the dielectric constant of its material. The two insulating layers, with
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Fig. 8 a Equivalent circuit of an ideal ACTFEL device and b ideal I–V characteristics of the
nonlinear resistor of the phosphor layer

capacitances per unit areaCI1 andCI2, respectively, are assimilated into one effective
insulating layer. The effective capacitance per unit area CI is, henceforth, given by

CI = CI1CI2

CI1 + CI2
(1.5)

Below V th, the active phosphor layer is also treated as a capacitor characterized
with a capacitance per unit area CEL. Above the threshold, real (dissipative) currents
flow through the active layer resulting in luminous emission. Thus, the phosphor layer
is equivalent to a capacitor in parallel with a nonlinear resistor, the I–V characteristic
of which is shown in Fig. 8b. Back-to-back Zener diodes simulate the nonlinear
resistor in an ideal case. The model weighs the device performance based on the
amounts of charge density transferred, the power dissipated and luminance output.
These are, in turn, dependent on device parameters like thickness, dielectric constant
and dielectric breakdown strength of each layer, luminous efficiency and threshold
field.

The voltage applied, V a, across the device is given by

Va = VI + VEL (1.6)

where V I and VEL depict the voltages across insulating and phosphor layers, respec-
tively. When V a < V th, the applied voltage is capacitively divided. When V a > V th,
current flows through the resistive branch (accompanied by luminous emission) to
discharge the voltage through the phosphor capacitor back to the threshold level. The
instance at which the electron injection commences in the ideal device, the entire
magnitude of externally applied voltage drops across the dielectric layer(s) main-
taining the voltage across the phosphor layer a constant. Now, the resistive branch
delivers current to charge the insulating layer capacitor by an equivalent voltage.
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8.3 The Basic Mechanism

The basic processes involved in electroluminescence [5] as in the case of the standard
MISIM structure are depicted in Fig. 9.

An alternating current TFEL device is externally triggered by various waveforms
such as sine, trapezoidal, triangular or square. By convention, a positive voltage is
applied to the bottom opaque (Al) electrode. No free charge carriers are generated
when the voltage applied is below V th. Now, the entire voltage is dropped across the
phosphor and dielectric layers due to their capacitive nature. When V a reaches V th,
the field across the active layer increases and charges commence to flow through the
device. Beyond V th, the working of the device operation can be visualized using the
energy band diagram shown in Fig. 9.

Due to the lattice mismatch at the insulator–phosphor boundary, numerous
allowed electronic states are found within the phosphor band gap at the interface.
Ideally, these are regarded as single discrete trap levels with a large carrier concen-
tration. When the external field applied increases beyond a specific threshold value,
these trapped carriers start to tunnel into the conduction band of the phosphor, as
shown in the process (1) of the figure. These electrons, experiencing a large electric
field in the conduction band, drift across the active phosphor layer (depicted by pro-
cess 2). As electrons drift to higher energy levels in the conduction band, they gain
kinetic energy from the electric field. A sufficiently energetic electron excites into a
higher energy state (process 3) on colliding with a luminescent center. The rest of
the electrons navigate through the phosphor field, collide randomly with the atoms
of the lattice and lose energy in every bump, before regaining energy from the field.

Fig. 9 Energy band diagram of ACTFEL device
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Fig. 10 The typical device structure of a TFEL device. A pixel on display is lit by applying a voltage
to the row and column electrodes, thus causing the area of intersection to emit light

These electrons continue to pass through the phosphor layer under the influence of
the external electric field and ultimately arrive at the conduction band discontinuity
between the phosphor and dielectric layers on the anodic side of the device. Here,
they thermalize and release heat energy to the lattice, move to the bottom of the
conduction band and are re-trapped in a deep energy level at the phosphor–dielec-
tric interface on the anodic side (process 4). Meanwhile, those carriers excited to a
higher energy state on collision with a luminescent impurity relax back to the ground
state (process 5), in due course emitting a photon, making an emissive transition.
These photons are out-coupled from the device (process 6) through the transparent
electrode end of the device. (Figure 10 depicts that, on applying voltage, the pixel at
the area of intersection of the row and column electrodes on display gets lit.)

As the electrons drift through the active phosphor layer from the cathodic to
the anodic end of the device, a net negative charge adds to the anodic interface
and a net positive charge builds up at the cathodic interface, thereby introducing a
polarization charge effect. This polarization field induces a negative feedback effect
making the injection of more electrons from the cathode difficult. Another effect
of the polarization charge is that whenever the applied voltage drops to zero, the
polarization field turns prominent. It triggers the electrons trapped at the anodic end
to re-emit back into the phosphor layer, and this is referred to as the leakage charge.
When the subsequent negative pulse is applied to the device, the external field gets
amplified by the polarization field. Thismakes the phosphor active at a lower external
applied voltage than the threshold. The new reduced phosphor threshold is termed
as turn-on voltage. Now, electrons start to tunnel at a lower external voltage; trap
occupancy improves and more charge is transported across the device than during
the previous one. This creates a larger polarization field, further reducing the turn-on
voltage and amplifying the transferred charge. This process continues until a steady-
state operating condition is achieved. In an ideal process, the steady-state operation
may be attained after only a few cycles.



1 Oxide Luminescent Materials 19

8.4 Space Charge in EL Devices

The generation of space charge within the phosphor layer is another cause for amajor
deviation from the ideal operation of an ACTFEL device. In an ACTFEL device, a
positive space charge can arise in many ways. Within the phosphor, traps can get
ionized by thermal or field emission or by means of electron impingement. The
detached electrons are swept away by a high field applied across the phosphor layer.
Now, the trap gets positively charged and forces the energy band to bend locally
downward. The ionized centers can be an intentionally added impurity acting as a
donor due to valencymismatchor a luminescent impuritywhose excited states lie near
the conduction band or a point defect or a vacancy. Band-to-band impact ionization
of the lattice can also create space charge. In band-to-band impact ionization, a hole
is left or formed in the valence band while an electron moves to the conduction band
as a delocalized charge carrier. The holes drift toward the cathode just before getting
trapped, resulting in a localized positive charge pulling the band downward.

The space charge-induced curvature of phosphor layer energy bands under device
bias is shown in Fig. 11. The dotted lines denote the spatial spread of the phosphor
layer energy band in the absence of space charge. The straight line indicates that in
the absence of space charge, a uniform electric field subsists throughout the active
phosphor layer. For an externally applied constant value of voltage, the electric field
near to the cathode is higher for a phosphor layer with space charge than that without
it. This is due to the fact that the tunnel emission rate of electrons is a function of
the electric field.

Fig. 11 Space charge-induced band bending of the phosphor layer in ACTFEL device
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On the other hand, the electric field near the anode is lesser due to the reduced
field experienced by the presence of space charge. The lesser density of energetic
electrons in this region reduces the possibility of impact excitation but effects hot
electron-induced damage in the phosphor-insulator boundary. The reduced field at
the anodic edge may also lead to efficient carrier trapping that is not noticeable at
the high-field cathodic region. For every phosphor system, the mechanism of space
charge creation and luminous emission has apparent effects in device operation.

Based on the nature of spatio-temporal distribution, the space charge developed
in ACTFEL devices may be either static or dynamic. Usually, the space charge
generated gets annihilated, by either recombination of an electron with an ionized
trap or the re-emission of the trapped hole, at some specific rate. If the annihilation
proceeds at a slower pace than the driving waveform, the space charge progresses
into a steady-state or static distribution. Dynamic space is that part of the entire space
charge is not in steady-state, but both created and annihilated within one period of
the drive waveform.

In a nutshell, the existence of space charge lowers the driving voltage, in turn
improving reliability and efficiency. On the contrary, if the space charge is dynamic,
the energy exhausted making and maintaining the space charge lowers efficiency.

9 Material Requirements for ACTFEL Devices

Substrate—The primary requisites of a substrate are surface smoothness, trans-
parency, the capability to endure thermal treatments and cheap. The most frequently
used substrate is glass. The choice of the substrate is very significant in device fabrica-
tion as the properties of the substrate often put restrictions on subsequent fabrication
steps, such as high-temperature annealing and chemical cleaning. Also, the surface
smoothness of the substrate impacts adhesion as well as the optical properties of the
ACTFEL stack.
Electrodes—They are of two types: transparent and opaque. The transparent elec-
trode should be necessarily conducting, transparent to the entire visible region of
the electromagnetic spectrum, and must be able to withstand thermal procedures
adopted for subsequent layers. A 200-nm-thick indium tin oxide (ITO) is widely
used as a transparent electrode. Another material that is used as a transparent elec-
trode inACTFELdevice is ZnO:Al. The critical requirements for an opaque electrode
are that it should be highly conducting, must be well adhesive to the insulating layer
and must exhibit no propagation breakdown. Aluminum (Al) is the most commonly
used electrode. Aluminum is cheap and easily deposited by thermal evaporation and
has a lowmelting point enhancing the likelihood for self-healing breakdown. Typical
thickness of an opaque electrode lies in the range of 100–200 nm.
Insulators—The prime objective of an ACTFEL insulating layer is to shield the
phosphor layer fromcatastrophic breakdownunder high electric fields. The insulating
material shall also possess the following requisites:
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1. A high dielectric constant, ε0εr
2. A high dielectric breakdown electric field
3. The minimum number of pinholes and defects
4. Excellent adhesion
5. Low loss factor, tanδ.

The high dielectric constant and breakdown electric field of the insulating layer
ensures maximum drop of the applied voltage across the phosphor below the thresh-
old which, in turn, maximizes ACTFEL device performance. Since the capacitance
of a layer is inversely proportional to its thickness, it is also logical to reduce the
layer thickness to improve the capacitance of the insulator layer instead of selecting
high dielectric constant material. However, as defect and pinhole density increase
on lowering the thickness, it shall not be wise to lower the layer thickness beyond a
certain limit. Moreover, the breakdown field strength is inversely proportional to the
thickness of a layer (E = V /d). It is generally observed that materials with higher
dielectric constant have a small breakdown strength and vice versa. Also, an insu-
lator must be chemically compatible with the bottom electrode and should possess
excellent thermal stability as it will have to undergo the same thermal processing as
the phosphor layer.

In the propagation breakdown (PB) mode, if a small part of the insulator breaks
down, a short circuit is formed through the insulator that heats up and grows in
size, causing catastrophic failure. In the self-healing breakdown (SHB) mode, the
microscopic breakdown becomes open-circuited and hence does not grow in size.
Usually, the high dielectric constantmaterial tends to exhibit propagation breakdown.
Possible ACTFEL insulating materials include Al2O3, SiO2, Y2O3, TiO2, TaO5,
BaTiO3, PbTiO3 and hybrids of these materials. Table 1 lists some of the commonly
used insulators for ACTFEL displays [11].

Phosphor layer—The phosphor layer, also referred to as the ‘central’ or ‘active’
layer of an ACTFEL device, generally consists of a host lattice and an activator
or luminescent center. The host matrix provides an environment to incorporate a
luminescent center or activator where the absorbed energy is converted into visible
light. Sulfides are commercially viable host materials used in most of the ACTFEL
devices. However, oxides are widely investigated for use as hosts in ACTFEL devices
owing to their distinctive advantages over sulfides. The requirements for a phosphor
host are:

• The band gap of the host must be wide enough not to absorb any emanation from
the luminescent center. To be capable of transmitting the entire visible range, the
band gap must be at least 3.1 eV.

• The host must be insulating below the threshold to maintain a voltage drop and
withstand the resulting electric field, ensuring a subthreshold capacitive nature for
the phosphor.

• The host must possess high dielectric breakdown strength to permit efficient
acceleration of electrons. A breakdown field of at least 1 MV/cm is generally
recommended.
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Table 1 Insulators commonly used for ACTFEL applications and their characteristics [11]

Material Deposition
method

εr EBD 108 V/m εoεrEBD
(μC/cm2)

Breakdown
mode

SiO2 Sputtering 4 6 2 SHB

SiOxNy Sputtering 6 7 4 SHB

SiOxNy PCVD 6 7 4 SHB

Si3N4 Sputtering 8 6–8 4–6 SHB

Al2O3 Sputtering 8 5 3.5 SHB

Al2O3 ALE 8 8 6 SHB

Y2O3 Sputtering 12 3–5 3–5 SHB

Y2O3 EBE 12 3–5 3–5 SHB

BaTiO3 Sputtering 14 3.3 4 SHB

Sm2O3 EBE 15 2–4 3–5 SHB

HfO2 ALD 16 0.17-4 – SHB

Ta2O5–TiO2 ALE 20 7 12 SHB

BaTa2O6 Sputtering 22 3.5 7 SHB

Ta2O5 Sputtering 23–25 1.5 3–7 SHB

PbNb2O5 Sputtering 41 1.5 5 SHB

TiO2 ALE 60 0.2 1 PB

Sr(Zr,Ti)O3 Sputtering 100 3 26 PB

SrTiO3 Sputtering 140 1.5–2 19–25 PB

PbTiO3 Sputtering 150 0.5 7 PB

EBE Electron beam evaporation, ALE atomic layer epitaxy, PCVD plasma chemical vapor
deposition, ALD atomic layer deposition

• The host must have good crystallinity and a low phonon coupling coefficient to
minimize electron scattering.

• The active layermust be able to endure post-annealing procedures, if any, required.

The activator/luminescent center strongly influences the emission characteristics
of a phosphor. A phosphor host lattice can also modify the colour emitted by an
activator ion. This is because the crystal field environment that a host provides is
specific for any activator. For example, in transition metals (Mn2+, Cr3+, Ag+, Cu+,
Ti4+, etc.), the impact of the crystal field environment is significant as ‘d shell’
electrons participate in the luminescence process. But, for rare-earth ions (Eu3+,
Dy3+, Tm3+, Tb3+, Ce3+), it is the ‘f shell’ electrons that participate and are seldom
affected by crystal fields. The prerequisites of an excellent luminescent material to
suit TFEL device applications include:

1. Ensure proper assimilation into host material and must emit in the visible range.
2. Must possess a large cross section for impact excitation.
3. Must be stable in the high electric field (>106 V/cm).
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10 Inorganic Luminescent Materials

Inorganic luminescent emitters are the main prerequisite toward realizing efficient
lighting and display systems. Luminescent materials, generally referred to as phos-
phors, are light emitters in the visible expanse of the electromagnetic spectrum under
nonthermal excitation. The performance of display products very much depends
upon phosphor efficiencies, their spectral distribution and long-term stability. The
researches for primary colour phosphorswith the best luminous efficiency andhighest
luminance still continue.

A phosphor may have two parts: a host material which dominates its electrical
properties and a luminescent center or activatorwhich dominates its optical properties
or both. If not self-luminescent, the material chosen as the host matrix must be
capable of providing a lattice for the adequate incorporation of the activator atoms.
The activator concentration is of the order of one percent of the host material, which
is several orders of magnitude larger than that typically used for semiconductor
doping. The essential requisites of a phosphor host material are a large enough band
gap to emit visible light without significant absorption and low defect density. The
luminescent impurity must be stable enough to be properly incorporated into the host
material and must possess a large cross-section for impact excitation.

The efficient incorporation of the activator atoms into the host lattice is ensured
primarily by the crystalline quality and stoichiometry of the phosphor host matrix
itself, which in turn influence the efficiency of light emission. The choice of the
phosphor host lattice is very significant as each host offers its own unique local
crystal field, in particular, both field symmetry and field strength. The crystal field
or even a small perturbation highly contributes to the spectral output and the nature
of the luminescent transition that the phosphor makes.

For instance, the 4f orbitals being chemically non-interacting, their luminescent
transitions (characteristic of rare-earth ions) are comparatively unresponsive to the
crystal field presented by the host lattice, and they are hence being referred to as the
‘shielded’ transitions. Hitherto, there are luminescent centers such as Mn2+ that are
highly sensitive to the crystal field offered by the host lattice because in such ions, the
luminescent transition arises from the outermost electronic shell. These luminescent
transitions are also strongly reliant on the choice of the host lattice, permitting a
possibility to amend the output color spectrum arising out of subtle changes in the
crystal field.

The nature of the luminescent impurity or activator also determines the spectral
emission from a phosphor. An excellent match between the ionic radii and valency of
the activator ion and the host lattice cation that it replaces ensures effective incorpo-
ration of the activator ion into the host matrix. The larger the ionic size of the activator
ion, the more challenging is the ionic diffusion into the host matrix hindering poly-
crystalline grain growth. On the other hand, smaller the size, these ions function as
interstitial impurities and may act as non-radiative centers, thereby affecting device
stability and consequently dropping the device luminance and efficiency.
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Whenever a mismatch in valency occurs, compensation of charge has to be
achieved either intrinsically by vacancy creation (Schottky defects) or extrinsically
by co-doping with monovalent ions (like Na, K or Li) replacing divalent cationic
sites. These extrinsic impurity ions utilized for compensating charge are termed co-
activators. A co-activator performs the functions of a flux agent, a compensator or at
times aid in modifying the luminescent properties of the phosphor host. They may be
non-isovalent with any of the atoms of the host and hence create vacancies, which in
turn help in improving the atomic diffusion and the crystallinity of the host. On using
co-activators, a colour shift is perceived in the luminescence spectra. For example,
blue colour-emitting Ce3+ and Cu+ serve as efficient luminescent co-activators for
red-emitting Eu2+, since these activator ions absorb blue light intensely. There are
also constituents like Fe, which function as ‘killer centers’ degrading the overall
performance of the phosphor host.

10.1 Phosphor Materials

There are several families of materials being explored to develop efficient EL phos-
phors. The entire ACTFEL technology is built around sulfide phosphors, almost
exclusively due to the success of ZnS:Mn, the prototypical ACTFEL phosphor. In
addition, SrS:Cu and SrS:Ce are extremely important phosphors for the realization of
full-colour ACTFEL displays. ZnS:Mn with color filters in conjunction with SrS:Ce
phosphors can be used to realize multicolor ACTFEL displays. The characteristics of
some of the best reported ZnS:Mn and SrS:Ce ACTFEL devices are given in Table 2.
The luminescence, efficiency and CIE coordinates required for primary colours so
as to be used in multicoloured TFEL applications [12] are given in Table 3.

Table 2 Performance characteristics at 60 Hz of the best reported ZnS:Mn and SrS:Ce phosphors
[11]

Phosphor L40 (cd/m2) η40 (lm/W) CIEx CIEy

ZnS:Mn 310 2.0–3.0 0.50 0.50

SrS:Ce (greenish) 180 1.0 0.28 0.50

SrS:Ce (bluish) 155 1.0 0.20 0.38

Table 3 Target luminescence, efficiency and CIE coordinates at 60 Hz for high luminescence
full-color ACTFEL display [12]

Color L40 (cd/m2) η40 (lm/W) CIEx CIEy

Red 155 1.0–1.5 0.65 0.35

Green 310 2.0–3.0 0.30 0.60

Blue 52 0.3–0.5 0.15 0.10
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The two properties unique to sulfide phosphors are excellent charge injection and
polycrystallinity at low processing temperatures. The charge injection characteristics
are due to the fortuitous combination of a high density of interface states at the proper
energy for tunnel emission at readily attainable driving voltages. The melting points
of binary sulfides are several hundred-degree centigrade lower than the corresponding
oxides. Eventually, the possibility for sulfide compounds to exhibit polycrystallinity
at normal ACTFEL processing temperatures was more probable than their oxide and
nitride counterparts. Also, the deposition of sulfides is far less intricate than that
of nitrides and oxides, sulfur being considerably more condensable than nitrogen
and oxygen. This in turn complements the evaporation of sulfides which do not
henceforth need the use of a gaseous species to compensate for the lost anionic
atoms. The bulk of the binary sulfide materials are thermodynamically stable, and
their thermodynamic formation energies are less than those of their corresponding
oxides.

Insufficient band gap and moisture sensitivity were the core factors limiting the
usage of sulfides in ACTFEL applications. Among the sulfide compounds, only
CaS, SrS, BaS, ZnS and Ga2S3 and their ternary thiogallates exhibited properties
compatible for ACTFEL applications. Although the number of sulfide phosphor
hosts is quite limited, CaS, SrS and ZnS are known to be versatile phosphor hosts in
terms of the number of potential activators.

In the family of selenide phosphor hosts, the alkaline earth selenides such as
MgSe (5.6 eV), CaSe (3.87 eV), SrSe (3.73 eV) and BaSe (3.2 eV) are better choices
as potential ACTFEL phosphors. The band gap and dielectric constant of selenides
are correspondingly lower than their analogous sulfides. The main limiting factor
in terms of ACTFEL application for selenides is their moisture sensitivity. Most
of the binary alkaline earth compounds are moisture sensitive because of the ther-
modynamic stability of the alkaline earth hydroxides and carbonates. Moreover, a
serious issue in the synthesis of Se compounds is the toxicity of this element and its
compounds.

EL has been demonstrated in lanthanide andMn-doped halide phosphors. Halides
are attractive for ACTFEL applications because they crystallize at very low temper-
atures and have low dielectric constants due to their high ionic character. Also, their
threshold voltage is not as abrupt as for sulfide phosphors. The main limiting fac-
tors in terms of ACTFEL application for tellurides are extremely large band gaps,
relatively weak chemical bonding (affects film density as weakly bound compounds
tend to nucleate poorly) and severe moisture sensitivity. An ACTFEL device with
GaP:Pr active layer possesses sufficient band gap to transmit red light.

Owing to their band gap range and relatively stable nature in the presence of
moisture, the III-V nitride materials—AlN, GaN, InN—are worthy choices used
in fabricating bright and efficient blue-green LEDs. But the refractory nature of
these binary nitrides necessitates extreme high-temperature sintering of sputter and
evaporation sources, ideally in NH3 atmosphere, and poses difficulty in achieving
polycrystalline grain growth at standard ACTFEL structure processing temperatures.
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11 Oxide Phosphors

Due to the inherent disadvantages of the commercially accepted sulfide phosphors
such as deficiency of primary colors, vacuum instability, lesser chemical, mechani-
cal and thermal stability, emission of corrosive gases under electron bombardment, a
quest for a substitute that could satisfy the demands of the display industry was insti-
gated. In the early 1990s, research groups shifted domain from the then commercially
well-established sulfides to a much better alternative—the oxide phosphors. Several
binaries, ternaries and complex oxide phosphors were proposed, and researches for
new efficient oxide phosphor materials still continue. Oxide phosphors are thermo-
dynamically stable and moisture insensitive. They are hence not sensitive to storage
and handling in the open air. Compared to other species ofmaterials that require toxic
reactive gases for their synthesis, annealing and sintering processes, oxide phosphor
synthesis procedures are muchmore easier and harmless during which reactive gases
are least used.

Ternary oxides used in phosphor applications include borates, phosphates, vana-
dates, tungstates, molybdates, aluminates, silicates, sulfates, germinates, gallates,
niobates, titanates and tantalates. More studied groups are the silicates and gallates,
the phosphates and germanates to follow.

The main drawbacks of oxide phosphors are their refractory nature and non-
abrupt device thresholds. Owing to their refractory nature, annealing temperature
over 1000 °C is needed during fabrication of ACTFEL devices to achieve a high
degree of polycrystallinity. Since deposition on glass substrates is not feasible, the
inverted structure with a high-temperature tolerant substrate and a refractory insula-
tor and bottom electrode becomes essential during fabrication of ACTFEL devices.
Also, the refractory nature of oxide phosphors also restricts their deposition by ther-
mal evaporation using a conventional resistively heated source. It is observed that this
crystallinity issue may be alleviated through the addition of grain growth-promoting
flux agents. The threshold of oxide ACTFEL devices is typically quite gradual com-
pared to the abrupt threshold of sulfide ACTFEL phosphors. This is because of the
large band gaps and effective masses, leading to inefficient carrier injection, which
in turn causes non-abrupt device thresholds and enhances the need for larger driving
voltages.

The silicate family of materials has been long known as efficient fluorescent
lamp phosphors. Cd2SiO4, Zn2SiO4 (5.4 eV) and Y2SiO5 (>5.6 eV) are some of the
most interesting phosphors of the silicate family suitable for ACTFEL applications.
Zn2SiO4:Mn2+ and Y2SiO5:Ce3+ are widely investigated as low-voltage green and
blue phosphors, respectively.

Table 4 gives some of the primary and white color-emitting oxide phosphors.
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Table 4 Emission color of
certain oxide phosphors

Color Reference

ZnGa2O4 Blue [26]

ZnGa2O4:Ce3+ Blue [77]

Y2SiO5:Ce3+ Blue [153]

Y3Al5O12:Tm3+ Blue [153]

BaMgAl10O16:Eu2+ Blue [153]

TaZn3O8 Blue [154]

Ga2O3:Mn2+ Green [155]

ZnGa2O4:Mn2+ Green [77]

ZnGa2O4:Tb3+ Green [156]

Zn2GeO4:Mn2+ Green [157]

Zn2SiO4:Mn Green [158]

Y3Al5O12:Tb3+ Green [153]

Zn3Ta2O8:Tb3+ Green [159]

Ca3Sc2Si3O12:Ce3+ Green [160]

CaSc2O4:Ce3+ Green [161]

TaZn3O8:Mn Green [154]

ZnAl2O4:Mn Green [17]

Y3Al5O12:Eu3+ Red [153]

ZnGa2O4:Cr3+ Red [162]

Ga2O3:Eu3+ Red [163]

Y2O3:Eu3+ Red [100]

Zn3Ta2O8:Eu3+ Red [159]

LiInO2:Eu3+ Red [164]

CaIn2O4:Eu3+ White [143]

KSrPO4:Eu2+ White [165]

SrIn2O4:Dy3+, Pr3+, Tb3+ White [144]

Sr2SiO4:Eu2+, Ce3+ White [139]

CaMgSi2O6:Eu2+, Mn2+ White [140, 166]

CaAl2Si2O8:Eu2+, Mn2+ White [141]

SrZn2(PO4)2:Eu2+, Mn2+ White [142]

La0.827Al11.9O19.09:Eu2+, Mn2+ White [167]

Ca2P2O7:Eu2+, Mn2+ White [168]

12 Review on Oxide Phosphor Hosts in ACTFEL Devices

The gallate phosphor hosts suitable for ACTFEL applications are ZnGa2O4 and
CaGa2O4. The ternary germanate oxide phosphor Zn2GeO4:Mn2+ has been exten-
sively studied as an efficient green phosphor. The alkaline earth phosphates are rarely
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a good choice for alternating current TFEL applications since both its constituents
(binary alkaline earth oxides and P2O5) and compounds are sensitive to moisture.
They are hence better for CRT and fluorescent lamp applications because they exist
in an evacuated space for these applications.

In 1990, Minami et al. first reported the fabrication of a bright electroluminescent
device with an efficiency of 0.15 lm/W by sandwiching a thin film of Zn2SiO4:Mn2+

between a BaTiO3 sheet and a transparent conducting electrode ZnO:Al [13]. Since
then, advanced research efforts toward developing highly efficient and highly stabile
oxide EL phosphorswere triggered.Ouyang et al. [14] reported on the fabrication of a
multilayered rf-sputteredTFELdevice usingMn-activatedZn2SiO4 andCe-activated
Y2SiO5. It was observed that the processing temperature could be considerably low-
ered on replacing Si by Ge. Stuyven et al. [15] report on the fabrication of ACTFEL
devices using the green-emitting Zn2Si0.5Ge0.5O4:Mn2+ phosphor on glass substrates
(0.44 lm/W @ 60 Hz) and BaTiO3 ceramic sheets.

An efficiency of 0.45 lm/W has been reported [16] for Zn2GeO4:Mn active ACT-
FEL devices fabricated on NEG/ITO/ATO substrates. Some of the other phosphors
widely studied include ZnAl2O4:Mn [17], BaAl12O19:Tb [18],Mg2SnO4:Mn (green)
[19], Sr2CeO4 (blue) [20] and SrTiO3:Pr (red) [21, 22]. Recently, red-emitting ACT-
FEL devices have been realized on transparent ITO/ATO glass substrates using
Ga2O3:Eu [23]. TFEL devices with higher luminous efficiencies of up to 10 lm/W
have been reported using yellow-emitting Y2O3:Mn and (Y2O3)1−x(GeO2)x:Mn as
active layers [24, 25].

Some of the oxide phosphors forACTFEL and their characteristics driven at 1 kHz
sine wave are given in Table 5. Some of the potential EL phosphors investigated
in the author’s laboratory were ZnGa2O4:Mn2+, ZnGa2O4:Dy3+, Zn2GeO4:Mn2+

and Y2O3:Eu3+. A detailed account of each of these matrix systems, along with
the relevant findings, is presented here.

12.1 Zinc Gallium Oxide—ZnGa2O4

Zinc gallate is a ternary oxide phosphor widely proven as an efficient host mate-
rial for EL devices. It was Itoh et al., in 1991, [26] who first reported on this new
spinel phosphor system—ZnGa2O4. Zinc gallium oxide crystallizes in the normal
spinel structure [space group is Fd3m(Oh7)] [27]. It is a mixed oxide of ZnO and
Ga2O3 composed of only the fourth-row cations. The n-type semiconducting [28]
zinc gallate is unique, being a material with cubic symmetry and possessing a direct
band gap of 4.4 eV, and renders transparency in the ultraviolet (UV) region. Itoh
et al. utilized this matrix in the making of VFDs [26] as it exhibited low-voltage
cathodoluminescence (LVCL), an attribute that could reduce damage to filaments
in VFDs, unlike conventional sulfide phosphors. Bulk ZnGa2O4 phosphor prepared
at various firing temperatures gave a bluish luminescence at 470 nm characterized
by the colour coordinates (x, y) = (0.17, 0.13). A 30 V dc driven VFD fabricated
with zinc gallate active layer showed excellent stability and luminous efficiency of
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Table 5 Oxide phosphors for ACTFEL applications and their characteristics (all devices driven
with a 1 kHz sine wave)

Color Phosphor V th Lmax (cd/m2) ηmax CIEx CIEy

Red Ga2O3:Cr 175 375 0.04 0.654 0.293

CaGa2O3:Eu 225 215 0.026 0.687 0.331

ZnGa2O3:Cr 250 196 0.02 0.584 0.398

Ga2O3:Eu 210 152 0.02 0.587 0.385

Y2O3:Eu 130 144 0.14 0.573 0.393

ZnGa2O3:Eu 175 62 0.009 0.584 0.398

CaO:Mn 390 55 0.016 0.603 0.391

GeO2:Mn 180 7 0.018 0.521 0.413

Gd2O3:Eu 235 4.9 0.002 0.524 0.352

Yellow CaGa2O4:Mn 150 2790 0.25 0.479 0.518

CaGa2O4:Dy 215 30 0.02 0.479 0.518

Green Zn2Si0.75Ge0.25O4:Mn 170 4220 0.75 0.272 0.662

ZnSiO4:Mn 160 3020 0.78 0.251 0.697

Zn2Si0.7Ge0.3O4:Mn 110 1751 2.53 0.271 0.671

Ga2O3:Mn 110 1018 1.7 0.116 0.676

ZnGa2O4:Mn 135 758 1.2 0.082 0.676

Zn2GeO4:Mn 55 341 0.08 0.331 0.645

ZnAl2O4:Mn 130 21 0.006 0.150 0.708

White SrP2O7:Eu 145 5.6 0.005 0.334 0.270

Blue ZnSiO4:Ti 280 15.8 0.017 0.142 0.115

Y2SiO5:Ce 235 13.2 0.054 0.176 0.138

CaO:Pb 470 5.5 0.001 0.166 0.113

0.7 lm/W [26]. Since ZnGa2O4 has a wide band gap, it has been investigated as a
UV-transparent electronic conductor [28].

Pristine and doped ZnGa2O4 bulk phosphor was synthesized using various tech-
niques like solid-state reaction [28–34], hydrothermal synthesis [35–38], microwave
synthesis [39, 40], solgel route [41], citrate gel process [42], oxalate gel method [43],
aerosol pyrolysis [44], multistage precipitation [45] and microencapsulation meth-
ods [46]. Omata et al. explored zinc gallate as a UV-transparent conducting oxide
[28].

(a) Crystal Structure

ZnGa2O4, a cubic AB2O4 spinel, is generally a blend of zinc blende and rock salt
structures. In this close-packed frame, anions occupy half of the octahedral lattice
positions and cations fill one-eighth of tetrahedral positions (Fig. 12).

A normal spinel is one in which A2+ ions occupy tetrahedral sites and B3+ ions fill
octahedral sites. In the inverse spinel structure, A2+ ions fill octahedral sites and B3+
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Fig. 12 Spinel structure of ZnGa2O4

ions occupy tetrahedral aswell as octahedral sites in 1:1 ratio. If the cation distribution
is intermediate between the two, we refer to it as the mixed spinel. ZnGa2O4 is a
normal spinel with Zn2+ and Ga3+ ions aligned at tetrahedral and octahedral sites,
respectively, and the lattice constant is 8.37 Å. The oxygen ions are arranged in an
fcc closed packing. A single subcell of ZnGa2O4 has four atoms with tetrahedral
to octahedral interstices in the 1:2 ratio. Thus, a total of twelve interstices shall be
filled with one divalent and two trivalent cations. Eight such elementary cells are
assembled to make a ZnGa2O4 unit cell of 32 oxygen ions, and 8 tetrahedral and 16
octahedral cations.

(b) PL Response of ZnGa2O4 matrix

Pure ZnGa2O4 gives an intense blue emission on excitation with an ultraviolet light
or low-energy electrons due to transitions in a self-activated center. In ZnGa2O4

spinel, Ga3+ ions act as the sensitizer [33].
The wave functions associated with S, P, D… terms differ from those of their

respective s, p, d… orbitals in the way they transform in a particular point group. For
instance, in an octahedral environment, p orbitals transmute as T1u and the P term
derived from ‘d’ configuration transforms as T1g. The interactions between orbitals
of the transfigured p term with those of the six oxygen ligands lead to a shift in the
energy levels of individual orbitals, lifting off the degeneracy and resulting in the 3d
energy-level splitting. The influence of the strength of ligand field leads to splitting
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Fig. 13 Ga3+-level splitting
in an octahedral environment

of Ga3+ levels in an octahedral environment, which on tagging using spectroscopic
terms 4A2, 4T1, 4T2 and 2E is depicted in Fig. 13.

On excitation with UV light of wavelength 260 nm, zinc gallate shows a broad
fluorescence band, attributed to the self-activatedGa3+ ions at the octahedral site,with
a peak maximum at 432 nm. Jeong et al. have studied the effect of compositional
variations, ZnGaxO1+1.5x with x (Ga/Zn ratio), on the luminescence of solid-state
synthesized zinc gallate [33]. His group reports that the intensity of the blue broad
emission band improves with Ga/Zn ratio, attributing the increase to the abundance
of oxygen vacancies due to excess Ga2O3 in these compounds. When Ga/Zn ratio
was increased much beyond 2:1, the excitation spectra, in addition to a low intense
excitation peak at 260 nm, showed a shoulder peak at 246 nm. The emission spectral
maximum blue-shifted to 360 nm, which may be considered to originate from β-
Ga2O3. Since most of the spinels make a solid solution with oxides of the form
B2O3, the solubility of Ga2O3 in spinel ZnGa2O4 lattice is anticipated. Finally, they
established that the 432-nm emission in response to the 260-nm absorption could
be accredited to the transitions in octahedral Ga–O whereas the 360-nm emission
corresponding to 246 nm could be correlated with the self-activated optical centers
of the tetrahedral Ga–O group.

The randomness of the spinel structure with the configuration
(A1−xBx)IV(B2−xAx)VIO4 is reported, randomness being determined by X-ray
and neutron diffraction experiments. The lack of an adequate disparity amid X-ray
scattering powers of Zn and Ga made this impossible. IR spectral studies of zinc gal-
late reveal the presence of vibration peaks at 420 and 570 cm−1. But distinguishing
the peak of tetrahedral Ga–O from that of octahedral Ga–O was still cumbersome.
Studies also showed that there is a possibility for Ga3+ ions to occupy the tetrahedral
sites when the zinc gallate phosphor is synthesized with β-Ga2O3-rich environment.
It was these Ga3+ ions that gave an excitation band at a shorter wavelength (peaking
at 246 nm) and the fluorescence band at 360 nm. Furthermore, tuning of colour has
been observed in ZnGa2O4 phosphor via oxidation or reduction processes. The color
oscillates between ultraviolet (360 nm) and blue (430 nm). The ultraviolet emission
of reduced ZnGa2O4 always accompanied the 680-nm emission originating from
single oxygen vacancies (VO*). Also, an increase in the difference in binding energy
between Ga3+ and O2+ was observed in reduced ZnGa2O4 indicative of the fact that
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the configuration of octahedral sites gets distorted due to VO* generation and it
becomes more ionic shifting the emission band from 430 to 360 nm.

Dopant incorporation in ZnGa2O4 significantly affected its spectral response.
When doped withMn2+ or Cr3+, zinc gallate luminesces in the green and red regions,
respectively [45–48]. Here, the Ga–O group serves as a sensitizer that transfers the
excitation energy in a non-radiative manner from the host lattice to the activator ion.
Annealing in a reducing ambient improved the purity of the green emission, as this
promotes the conversion of Mn4+/Mn3+ to Mn2+. Yu and Lin stated the presence of a
very weak red emission at 666 nm when excited at 325 nm [29]. The green emission
peaking at 508 nm is credited to the 4T1–6A1 transitions of tetrahedrally coordinated
Mn2+ ions. The excitation spectra of the phosphor examined at 508 nm revealed
bands at 245 nm and 290 nm, respectively, allocated to the direct excitation of the
Ga–O group and the direct excitation or the charge-transfer band of the Mn2+ ions.
Tran et al. report that the low-temperature emission could be assigned to the presence
of Mn2+ ions at tetrahedral Zn site or at Zn2+ site with distorted tetrahedron or at
octahedral Ga3+ site [47]. Uheda et al. investigated the long-term phosphorescence
in ZnGa2O4:Mn and attributed it to the formation of numerous trap states, mainly
Zn vacancies, in the energy range 0.48–0.71 eV above the valence band of the host
[30].

Luminescent intensity enhancement can also be accomplished in ZnGa2O4 via co-
doping. For instance, co-doping with Ge and Li is found to increase the luminescent
output of ZnGa2O4:Mn by 5%. An effective change in crystal field was found to red-
shift the emission in Cd co-doped ZnGa2O4:Mn bulk phosphor. Choi et al. reported
a tunable color emission from 350 to 520 nm in Zn1−xCdxGa2O4 [32]. The PL and
CL emission intensities were found to increase also with In2O3 doping [33].

(c) Review on ZnGa2O4 thin films for device applications

Pristine and doped ZnGa2O4 thin films could be grown on amorphous or single crys-
talline substrates using the common physical vapour deposition techniques such as
pulsed laser deposition [49–61], rfmagnetron sputtering [62–73], solgel process [74],
solvent evaporation [75] and electrophoretic deposition [76]. Thin films were grown
via PLD on various substrates such as Al2O3, MgO and Si. Jeong et al. demonstrated
MgO as a promising substrate to grow high-quality crystalline thin films of ZnGa2O4

[53]. He also reported that Se doping could further enhance the luminescent output
of ZnGa2O4:Mn phosphor thin films by a factor of 3.1 [53]. Bae et al. reported that
Al2O3 (sapphire) is more suited for growing high-quality thin films instead of Si
[54]. Yi et al. reported growth of pulsed-laser-ablated epitaxial ZnGa2O4:Mn thin
films onto MgO substrates that exhibited a bluish-white luminescence for a Zn/Ga
ratio of 0.4 [55].

Several groups used PLD for fabricating high-quality crystalline epitaxial thin
films,whereasmanyothers employed rfmagnetron sputtering to growpolycrystalline
thin films of doped and undoped ZnGa2O4. Hseih et al., who observed LVCL in rf-
sputtered ZnGa2O4 thin films also investigated the effect of substrate temperature
and post-deposition annealing [61].
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Chung et al. studied how the use of various substrates such as ZnO:Al/glass,
ZnO:Ga/glass, ZnO/ITO/glass and ITO/glass profoundly influenced the surfacemor-
phology and luminescent response of sputtered ZnGa2O4 thin films. Post-deposition
annealing was found to affect the luminescent output and Zn/Ga ratio more than the
surface morphology of these films [62]. Sputtered ZnGa2O4 films onto Si substrates
exhibited lower grain size and better PL response than those deposited on ITO/glass
substrates [64].White light-emitting crystalline films of ZnGa2O4 could be deposited
when an In2O3 buffer layer was employed [66]. Kim et al. demonstrated that the ener-
getic particle bombardment dramatically affected the cross-sectional microstructure,
surface morphology, degree of porosity and film density of ZnGa2O4:Mn phosphor
thin films grown by rf planar magnetron sputtering [67, 68]. The films deposited at
600 °C showed a better response, and post-deposition annealing was found to better
enhance the PL and CL performance of the phosphor.

ZnGa2O4 is also an excellent host material for the fabrication of multicolour-
emitting ACTFEL devices. Minami et al. fabricated ACTFEL devices by sputter
depositingMn, Cr, Ce, doped ZnGa2O4 onto 0.2-mm-thick ceramic sheets of BaTiO3

[77]. ZnO:Al/ITO andAl/Agwere used as transparent and opaque electrodes, respec-
tively. Post-annealingof as-deposited devices [76–79]was found to improve their per-
formance further. Deviceswere also fabricated employing dip coating [80] and chem-
ical vapor deposition [81] techniques for growing the active layers. Flynn et al. [82]
investigated the possibility of improvising the EL characteristics of ZnGa2O4:Mn-
based TFEL devices on post-annealing at lower temperatures. ACPEL devices with
luminescent efficiency of up to 15 lm/Wwere fabricated by several groups using Mn
(Cr)-activated ZnGa2O4 as the active layer [83, 84].

12.2 Zinc Germanate—Zn2GeO4

Zinc germanate, Zn2GeO4, is a ternary oxide luminescent material with a band gap
of 4.57 eV that crystallizes at a low temperature. The bulk material is affirmed to be
an intrinsically defect phosphor [85]. On doping withMn, Zn2GeO4 emits an intense
green band with a peak maximum at 535 nm.

There are works on thin-film growth of Zn2GeO4:Mn2+ deposited by rf magnetron
sputtering [16, 86–88] and PLD [89]. Annealing after deposition is found to improve
the luminescent response of the phosphor. Thin films of Zn2GeO4:Mn2+ emit green
even at moderate annealing temperatures (650–700 °C) in a furnace and at 125 °C
using a hydrothermal furnace [90]. ACTFEL devices could be fabricated, making
use of an rf-sputtered Zn2GeO4:Mn as luminescent layer [16, 87–89]. Minami et al.
report that a high luminance of 1536 cd/m2 could be observed in Zn2Si0.5Ge0.5O4 at a
drive frequency of 60Hz fromTDEL devices designed on ceramic BaTiO3 substrates
[88]. The choice of substrates and various deposition parameters also was found to
influence the emissive responses from laser-ablated Zn2GeO4:Mn profoundly, so
studied byWilliams et al. [89]. A green-emitting ACTFEL device was reported to be
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fabricated on glass substrates by Lewis et al. using rapid thermal annealing (RTA) of
the active layer at 860 °C. Baker et al. have grown EL devices on Si substrates with
sputtered Zn2Si0.5Ge0.5O4 as the luminescent layer [90].

12.3 Yttrium Oxide—Y2O3

Crystals doped with a few percentage of rare-earths emit characteristic lines and not
bands in the visible spectrum under irradiation with UV, X-rays or electron beams.
This is because the emissive transitions in the 4fn shell are well sheltered by the 5d
and 6s shells.

It wasLevine andPalillawho proposed the usage ofYVO4:Eu as an activematerial
for the primary red colour inTVscreens [91] and claimedenhanced colourfidelity and
brightness. Other oxide materials used as red-emitting phosphors include YVO4:Eu,
Y2O3:Eu, Gd2O3:Eu and Y2O2S:Eu of which Y2O3:Eu caught much attention of
researchers around the globe.

(a) Crystal structure

Yttrium oxide, an fcc C-type metal oxide, is compliant with the space group Ia3 (T7
h).

Each cation, in an ideal fluorite structure, is bounded by eight anions located at the
eight corners of a cube. Yttria crystallizes into amodified fluorite structure. A quarter
of the oxygen atoms are discarded to preserve charge neutrality, and the remaining
one is redistributed at the cube corners. Thus, each yttrium atom is bounded by six
oxygen atoms creating two kinds of distorted octahedral configurations, S6 and C2

Fig. 14 Two different types
of crystal structures in Y2O3
unit cell; C2 (vacancies
along the face diagonal) and
S6 (vacancies along the body
diagonal)
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sites in the unit cell (see Fig. 14), with a lattice constant of 10.60 Å. Eight yttrium
atoms occupy the S6 symmetry, and 24 atoms are in the C2 symmetry [92].

(b) PL Response of Y2O3 matrix

In Y2O3:Eu3+, absorption and subsequent emission mechanisms include direct exci-
tation of the dopant ionic site, excitation via a charge-transfer state amid Eu3+ and
neighbouring O2− ions or excitation via the host lattice [93]. The photoluminescent
spectra have several lines in the range 580–700 nm, assigned to 5D0–7FJ, J = 0, 1,
2, 3 transitions of Eu3+ ions, and could be further partially resolved into various mJ

transitions. These emission lines correspond to inner f–f transitions and are electric
dipole forbidden. From the emission spectrum, one can speak about the local crystal
environment of Eu3+ ion, especially analyzing the relative intensity ratio of 5D0–7F1
and 5D0–7F2 emission lines [94]. The former transition is an electric dipole forbid-
den one and almost unresponsive to the local environment, whereas the latter is an
electric dipole allowed transition very much sensitive to the local crystal field and
symmetry [95].

Eu3+ ions are supposed to replace Y3+ ions in the host lattice, thereby creating a
charge-transfer state (CTS) with neighbouring oxygen atoms. On luminescent exci-
tation, these CT states absorb light andmake a resonant transfer to Eu3+ ions resulting
in red PL emission. The emission spectrum consists of several lines which give infor-
mation about Eu3+ site symmetry in the lattice. The optical transitions among Eu3+

energy levels are more probable to happen in the C2 site rather than in S6 site as the
former is more stable with inversion symmetry [94]. S6 sites are more prone to mag-
netic dipole transitions, whereas electric dipole transitions are favoured at C2 sites.
For Eu3+ ion, the lines in between 538 and 585 nm 5D1–7F1 are related to magnetic
dipole transitions while 5D0–7Fj (j = 0–4) lines in the 590-715 nm span is attributed
to electric dipole transitions. In the emission spectra of Y2O3:Eu3+, the lower density
of S6 sites gives less intensemagnetic dipole transitions and hence 5D0–7Fj lines with
a peak maximum at 615 nm are more prominent. The PL spectra also confirm that
Eu3+ ions are assimilated into the host lattice predominantly replacing Y3+ ions with
C2 symmetry.

Bulk Y2O3:RE can be synthesized using solid-state method [96–99], flame
fusion process [100], ceramic method [101], citrate gel acid method [102], simul-
taneous addition method [103], combustion method [104] and self-propagating
high-temperature synthesis [105].

Chang et al. report a stimulated emission from single crystals of Y2O3:Eu [100],
and Nazarov et al. propose a UV-excited white emission from Y2O3:Eu, Sm for
white LEDs [101]. Enhanced CL emissions have been observed from Y2O3:Eu on
co-doping with La, Li and Zn [98, 99, 102].

Doped and pristine Y2O3 thin films can be grown by spray pyrolysis [106, 107],
sol-gel technique [108–110], MOCVD [111], rf magnetron sputtering [112–115],
electron beam evaporation [116] and pulsed laser ablation techniques [117–129].
Pulsed laser deposition is widely used to grow high-quality thin films of Y2O3.
Suyama et al. report the fabrication of Y2O3:Eu active MISIM-structured ACTFEL
device [130]. Due to low electron transport in Y2O3, EL could be observed onlywhen
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ZnS was employed as accelerating layers in a multilayered Y2O3:Eu/ZnS/glass/ITO-
structured device. Yellow-emitting high-luminance TDEL devices with efficiencies
up to 10 lm/W using Y2O3:Mn2+ and combination of {(Y2O3)1−x(GeO2)x:Mn2+}
have been reported by Minami et al. [24, 25, 131, 132].

13 White Phosphors

White light-emitting EL displays have stimulated much interest as they are primarily
used to fabricate full-colour FPDs using filters as well as word processing white
screen displays. In the latter, it would ease the tension on eyes, especially to a person
viewing back and forth continuously on a black-on-white text and screen [133].

Two parallel possibilities are explored for realizing colour EL: (1) the growth of
efficient broadband or white phosphor that can be filtered to create an RGB display or
(2) the synthesis of highly efficient primary colour EL phosphors. The former main-
tains a simple sequence during the fabrication of a monochrome TFEL display, and
RGB colours are achieved by laminating a patterned colour filter onto the EL device
at the last stage. Also, compared to using three structurally dissimilar phosphors for
an RGB or white display, the use of filters is much simpler.

It was Tanaka et al. (1987) who first reported on white EL phosphors based
on rare-earth-doped alkaline earth sulfides for filtered color TFEL devices [134].
Since then, several white displays were fabricated using singly and doubly activated
alkaline earth sulfides as the active luminescent material [135–137]. Devices were
also fabricated stacking combinations of phosphor layers: SrS:Ce/CaS:Eu [133],
SrS:Ce/SrS:Eu or SrS:Ce/ZnS:Mn [138]. The highest luminance of 470 nits@ 60Hz
has been reported byPlanar International using atomic layer epitaxy (ALE)-deposited
dual layers of SrS:Ce/ZnS:Mn.

Oxide phosphor matrices used to realize white light luminescence were CaIn2O4,
Sr2SiO4 and SrIn2O4. The partial energy transfer fromCe3+ to Eu2+ is liable for white
light generation in Sr2SiO4:Eu2+, Ce3+ [139]. Eu2+ efficiently sensitizes and transfers
energy to Mn2+ creating a white light emission on near-UV excitation in several
phosphor host matrices [140–142]. CaIn2O4:Eu3+ [143] radiates white by a wise
choice of the concentration of the dopant. The blend of multicolour emissions from
a single active center is reported to lead to white light generation in SrIn2O4:Dy3+

[144].

14 Summary of Work Done in Laboratory

Luminescent studies in zinc gallate and zinc germinate oxide phosphors activated
with transition and rare earth elements were extensively studied in our laboratory.
Most of the works were focused on the deposition of transparent oxide phosphor thin
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films at lower processing temperatures so as to promote the use of glass substrates
in display applications.

Bulk ZnGa2O4 with its intrinsic blue emission and its doped variants were syn-
thesized using the conventional high-temperature solid-state reaction technique.
A singly activated single-phase white oxide phosphor—dysprosium (Dy)-doped
ZnGa2O4—was identified [145]. A host to activator non-radiative resonant energy
transfer was proposed to explain the simultaneous occurrence of multicolour dopant
emissions in ZnGa2O4:Dy3+ matrix. The 2.5 atomic % Dy3+-doped sample gave
the best white emission with chromaticity coordinates (0.31, 0.33) matching well
with that of achromatic white (0.33, 0.33). Transparent well-adhesive thin films
of ZnGa2O4:Dy3+ were grown on quartz substrates by rf magnetron sputtering
technique [146]. The as-deposited films at room temperature exhibited the spinel
(311) peak, and their luminescent response could be improved by substrate heating
prior to deposition. The maximum PL intensity was reported for the film deposited
at 600 °C which gave white luminescence with chromaticity coordinates (0.34,
0.28). An all-oxide white-emitting alternating current-driven thin-film electrolu-
minescent (ACTFEL) device was fabricated on a commercial glass substrate—
glass/ITO/ATO/phosphor/BaTa2O6/Al—with ZnGa2O4:Dy3+ phosphor as the active
layer [147]. The intensity of the EL emission could further be improved by inserting
a highly crystallized interfacial layer of ZnO between the substrate and the phosphor
layer [147] as is evident from Fig. 15.

Thin films of ZnGa2O4:Mn2+ were deposited on quartz substrates using rf mag-
netron sputtering of a 2 atomic %manganese-doped powder target [148]. It could be
observed that apart from bulk phosphor behaviour, Mn incorporation and the sub-
sequent luminescent outcome are strongly influenced by the dopant source. Green-
emitting ACTFEL devices were fabricated on commercial glass substrates [149] in
the conventionalMISIMstructure usingZnGa2O4:Mn2+ as the active layer, the results
of which are consolidated in Fig. 16. In contrary to earlier reports, the EL emissions

Fig. 15 EL emission spectra of NEG/ITO/ATO/ZnGa2O4:Dy3+/BTO/Al (Device A) and
NEG/ITO/ATO/ZnO/ZnGa2O4:Dy3+/BTO/Al (Device B) at a drive frequency 1.5 kHz for vari-
ous applied voltages V (left) and luminance–voltage (L–V ) curve of Devices A and B along with
the L versus V−1/2 semilog plot (right)
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Fig. 16 XRD patterns of the active ZnGa2O4:Mn2+ layer deposited at 600 °C on quartz substrates
for a duration of (a) 45min, (b) 60min, (c) 90min, (d) 120min and (e) at 500 °C for 90min (left-top)
EL spectra of the ZnGa2O4:Mn2+ active ACTFEL devices fabricated with different phosphor layer
thicknesses (right-top) and L–V curves of the devices fabricated (left-bottom) EL spectra of ZGO-4
device recorded for various applied voltages when excited at 1 kHz (right-bottom)

could be recorded without any post-deposition treatments. The colour chromaticity
diagrams are given in Fig. 17.

Mn2+-activated Zn2GeO4 thin films were deposited on quartz substrates using the
rf magnetron sputtering technique [150]. The crystallinity and green luminescent
emission were found to improve on inserting a ZnO buffer layer between the sub-
strate and the phosphor layer. Nanoparticles of bulk and Eu-doped ZnGa2O4 were
hydrothermally synthesized varying the process parameters, such as the volume ratio
of the cation precursor solutions, temperature and time of growth, and dopant con-
centration. High-resolution transmission electron microscopic images confirmed the
formation of spherically shaped ZnGa2O4:Eu3+ nanoparticles of particle size 8 nm
[151].

Room-temperature deposition of ZnGa2O4 phosphor thin filmswas reported using
pulsed laser deposition (PLD) technique [59]. Tin (Sn) doping was found to enhance
the electrical conductivity of ZnGa2O4 spinel [58]. The conductivity of PLD-grown
ZnGa2O4:Sn thin films on fused quartz substrates at room temperature could be
further improved on reduction [58]. Red-emitting Y2O3:Eu3+ thin films were also
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Fig. 17 Chromaticity coordinate diagram indicating the CIE coordinates of the
fabricated ACTFEL devices NEG/ITO/ATO/ZnO/ZnGa2O4:Dy3+/BTO/Al (left) and
NEG/ITO/ATO/ZnGa2O4:Mn2+/BTO/Al (right)

pulsed laser deposited onto amorphous fused silica substrates [152] which exhibited
a preferred orientation along the (111) plane, irrespective of oxygen partial pressure
and substrate temperature.
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Chapter 2
Upconversion Nanophosphors:
An Overview

Kurias K. Markose, R. Anjana and M. K. Jayaraj

1 Introduction

Luminescent materials have a wide range of potential applications in our day-to-day
affair which includes the optical displays we use, biomedical applications, security
printings, bioimaging, and many more [1]. Materials which glow in darkness after
exposing it to light have been known as phosphors. The Greek word phosphor means
light bearer. In history, there are many reports on glowing phosphors. In 1603, Vin-
cenzo Casciarolo discovered the famous Bologian phosphor (impure barium sulfate,
BaSO4) [2]. Even before that, the Japanese had prepared phosphorescent paints from
seashells. It is reported that Spanish botanist and physicianNicolasMondres (the year
1565) had used the blue emission from an infusion of a wood (lignum nephriticum)
for treating kidney and urinary diseases. In 1852, SirGeorgeGabriel Stokes described
the term fluorescence (in his book “On the change of refrangibility of light”) as the
ability of materials like flurospar and uranium glass to convert shorter wavelength
UV to long-wavelength visible emission [3], which was doubtlessly state of the art in
the history of photoluminescence [1]. In 1888, Eilhard Wiedemann first introduced
the term “Luminescence” for both fluorescence and phosphorescence. The word
luminescence having Latin origin from the word “lumen” which means light [4]. In
general, luminescence is the spontaneous emission of radiation from an electroni-
cally excited species (or from a vibrationally excited species) which is not in thermal
equilibrium with its environments. Fluorescence and phosphorescence can be distin-
guished based on the duration of emission after the end of excitation. Fluorescence
almost occurs simultaneously with excitations, and on the other hand, phosphores-
cence is a slow process. Nevertheless, there are materials which show long-lived
fluorescence and materials which show short-lived phosphorescence. Fluorescence
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Fig. 1 Images of various a–c upconversion emissions and d luminescence from perovskite material

and phosphorescence can also be defined in terms of the change in the spin multi-
plicity. The spin multiplicity will not change in the case of fluorescence, whereas
in phosphorescence, it changes from triplet to singlet or vice versa. Figure 1(a)-(c)
shows the photograph of upconversion emissions when excited with 980 nm laser.
Figure 1(d) shows the photograph image of luminescence observed from perovskite
material under UV excitation.

For most of the luminescent materials, the energy of the exciting photon is greater
than the energy of the emitted photon, and it is known as Stoke’s emission. The energy
difference between the emitted and excited photon is called Stoke’s shift. If the emit-
ted photon has an energy greater than the absorbed photon, it is called anti-Stoke’s
emission. According to the physical mechanism involved, anti-Stoke’s emission can
be divided into a single-photon process or multiphoton process. The single-photon
process is usually observed in Raman spectroscopy (e.g., silicon crystals [5]), where
higher-energy photons are radiated with the aid of phonons from the host matrix.
Multiphoton conversion is a process in which light of higher energy (shorter wave-
length) is emitted by absorbing low-energy (larger wavelength) light mainly by the
sequential absorption of two or more low-energy photons (anti-Stoke’s emission).
The other two processes, which also gives anti-stokes emission, are simultaneous
two-photon absorption (STPA) and second harmonic generation (SHG). Figure 2
shows the schematic diagram of all the three possible anti-Stoke’s emission process.

In simultaneous two-photon absorption process, as the name indicates, two low-
frequency photons are absorbed to excite the molecule to an excited state. It is a
third-order nonlinear process arises from the third-order susceptibility of thematerial.
This phenomenon was originally predicted by Maria Goeppert Mayer [6]. The first
experimental confirmation of STPA processes was reported in europium-doped CaF2
crystal by Kaiser and Garrett [7]. Second-harmonic generation is often shown by
hyper polarizable materials [8], where the incident photons are effectively combined
by the nonlinear property of the material to create photons with twice the energy
of incident one (e.g., KH2PO4 crystals). In 1961, Peter Franken, A. E. Hill, C. W.
Peters, and G. Weinreich were the first to demonstrate second harmonic generation
[9]. Since this process requires high-energy excitation, usually it occurs under laser
incidence.

STPA and SHG encompass virtual intermediate states, while in UC, real interme-
diate states are involved (see Fig. 2). The phenomenon of upconversion comprises of
obtaining population in an excited state and consequent emission of a photon, whose
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Fig. 2 Anti-Stoke’s emission processes: a STPA, b SHG, and c UC

energy is greater than that of the pump excitation photon. UC process often relates to
a nonlinear process. The materials, which show upconversion, are generally called as
upconversion nanophosphors/nanoparticles (UCNP). The unique optical properties
of these UC phosphors open many potential applications, predominantly in novel
display technologies [10], lasers [11], solar energy harvesting [12–15], quantum
cryptography [16], 3D-data storage [17], and bioimaging [18]. In the initial years of
the research, the major focus was on crystalline upconversion materials. Later with
the advent of nanotechnology, upconversion nanoparticles have been made, and it
has a wide variety of applications in biological science in which biological imaging
is the most studied one. As an emerging probe for molecular imaging in vitro and
in vivo, upconversion nanophosphors (UCNPs) have many exceptional advantages
over conventionally used organic dyes. It has high photostability, narrow bandwidth
emission, tunable emission, a long lifetime and high resistance to photobleaching.
With the excitation of near-infrared (NIR) light, the emitted light from an UCNP
can be tuned from the ultraviolet (UV) to the NIR region, which can be applied for
multicolour imaging.Among the various upconverted emissions, imaging usingNIR-
to-NIR (using NIR excited light and emitting NIR light)-based UCNPs has gained
increasing attention, as both the excitation and emission NIR light can penetrate the
“optical transmission window” of tissues, thus providing a powerful direct tool for
visualizing the biodistribution of UCNPs in vivo.

The utilization of these materials in a solar cell for efficiency enhancement is
an influential application for energy harvesting. UCNPs can convert the unabsorbed
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Fig. 3 Schematic diagram showing the applications of upconversion nanoparticles

infrared (IR) radiation by the solar cell to useful light radiation that can be subse-
quently absorbed by the solar cell [19, 20]. Another promising application of UCNPs
is in security printing. Nowadays, enormous research interest in upconversion-
based security inks can also be witnessed [21]. The vast and diverse applications
of upconversion phosphors ground the remarkable scientific attention that the field
has received in recent years. Figure 3 schematically shows the various applications of
UC phosphors. This chapter deals with upconversion luminescence, the mechanisms
involved in UC, synthesis of upconversion phosphors, and its various applications.

2 Mechanisms Involved in Upconversion Phosphors

The first suggestion of upconversion phenomenon was published by Bloembergen
in 1959 while explaining the infrared detectors through sequential absorption of the
light photon within the levels of a given ion [22]. This mechanism was later called
as excited-state absorption (ESA). In reality, the upconversion process is a com-
plicated one, and several mechanisms are involved. Different upconversion lumi-
nescence mechanisms have been recognized either alone or in combination, such
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as excited-state absorption (ESA), energy transfer upconversion (ETU), cooperative
upconversion, energy migration, cross-relaxation, and photon avalanche (PA) which
are discussed below. Not only this, but organic molecules also show upconversion
luminescence through triplet-triplet annihilation (TTA) [23] and cooperative energy
pooling mechanisms (CEP) [24]. However, details on TTA and CEP are not included
in this chapter since they are beyond the scope of this chapter.

2.1 Excited-State Absorption

In the ESA process, the first absorption populates a metastable intermediate reservoir
level, and the successive absorption of pump photon fills the emitting level of a single
ground-state ion. The diagram (Fig. 4) shows the general ESA process for a three-
level system [25]. The ion 1 is excited from the ground state G1 to the intermediate
level E1, and a successive pump photon promotes it to the higher energy state E2
before it decays to the lower energy state. The lifetime of the intermediate level
should be about microseconds to observe an efficient ESA mechanism [26]. The
upconversion emission occurs from the level E2 as shown in Fig. 4.

ESA is commonly observed in transition metal-doped crystals which are nor-
mally broadband media. ESA process is found less for rare-earth-doped crystals due
to their relatively narrow bandwidth for transitions. In ions like erbium, thulium,
holmium, and neodymium with ladder-like energy levels, ESA is more likely to be
relevant. Y3Al5O12:Ce3+, MgAl2O4:Mn2+, and CaWO4 are some examples of mate-
rials showing ESA [27–30]. In these materials, laser action is completely quenched
by excited-state absorption. The efficiency in an ESA process is independent of the
dopant concentration due to its single-ion characteristics.

Fig. 4 Excited-state
absorption. G1, E1, and E2
represent the ground level,
intermediate level, and the
excited state, respectively
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2.2 Energy Transfer Upconversion

In 1966, Auzel [31] discovered and formulated the energy transfer upconversion
(ETU) mechanism.

Energy transfer upconversion (ETU) (also known as addition de photon par trans-
fertsd’energies, APTE effect [31]) involves sequential absorption of two photons to
populate the metastable reservoir state as in the case of ESA (Fig. 5). The major
difference between the two processes is that in ETU, two nearby lanthanide ions
are involved while for ESA, it happens within a single lanthanide ion. ETU is the
most efficient upconversion process. In this process, ion 1 that is excited first called
usually as a sensitizer (S) and the second one, ion 2 is called as an activator (A) to
which energy is transferred. In ETU, the sensitizer (S) ion absorbs pump photon and
excited to the level E1, and this harvested energy is then transferred to the ground
state G1 and the excited state E1 of the activator (A) ion. The electron in the E1
level of activator will excite to its upper emitting level E2. When the activator (A)
and sensitizer (S) are near enough, energy can be transferred from S to A. Here, the
energy is transferred through Coulombic interaction, and the probability of interac-
tion drops off as R−6, where R is the distance between the ions [31]. It is required
that the concentration of ions is sufficient to allow energy migration between ions
since it determines the average distance between the dopant ions. ETU mechanism
also does not depend on the pump power of the laser.

For example, in NaYF4:Yb3+, Er3+ UCNP, red, blue, and green emissions were
resulted through this process. The Yb3+ ion, with its excited state 2F5/2, has an energy
comparable to 4I11/2 (Er3+), which can act as a sensitizer for Er3+ and transfers its
energy to Er3+ ion in ground state through the energy transfer process: 2F5/2 (Yb3+)
+ 4I15/2 (Er3+) → 2F7/2 (Yb3+) + 4I11/2 (Er3+). Further, cross-relaxation and phonon-
assisted process is obtained by the 4F9/2 {2F5/2 (Yb3+)+ 4I13/2 (Er3+)→ 2F7/2 (Yb3+)+
4F9/2 (Er3+)} transition resulting in red emission (~654 nm). The blue (~408 nm) and
green luminescence emissions (~526 and ~533 nm) are caused by transitions from

Fig. 5 Energy transfer
upconversion (ETU). G1, E1,
and E2 represent the ground
level, intermediate level, and
the excited state, respectively
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Fig. 6 Energy-level diagram of Er3+/Yb3+ co-doped system

2H9/2 to 4I15/2 and 2H11/2–4I15/2 (also 4S3/2–4I15/2) levels in similar ways, respectively.
The schematic of the possible energy transitions in Yb3+/Er3+ system is shown in
Fig. 6.

Most of the efficient UCNPs utilize ion pairs (S/A) of Yb3+/Tm3+, Yb3+/Er3+ and
Yb3+/Ho3+ for enhanced excitation at ~980 nm. Here, Yb3+ acts as the sensitizer. It
has a sufficiently large absorption cross-section in the near-infrared region (980) nm
and the majority of the works have been devoted to developing Yb3+-sensitized
UCNPs. In the case of single lanthanide ion-doped UCNPS like LiYF4:Er3+ (excited
at 1490 nm) [32] and NaGdF4:Ho3+ (excited at 1200 nm) [33], the single lanthanide
ions itself act as the sensitizer also. The sensitizers Nd3+, Ho3+, and Ce3+ were used
to improve the Tm3+ blue emission band, Tm3+ NIR emission band, and Ho3+ red
emission band, respectively [34–37].

2.3 Cooperative Sensitization Upconversion

Cooperative sensitization upconversion (CSU) involves interactions either between
two ions or between a pair of ions and a third one, as shown in Fig. 7 [31]. Some
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Fig. 7 Cooperative
sensitization upconversion

of the theoretical predictions of upconversion by energy transfers and cooperative
upconversion are analogous to each other. When a photon of sufficient pump power
incident on ions 1 and 3, they will be excited to the level E1. Both the ions, ion 1
and ion 3, simultaneously interact with the activator ion 2 and excite it to the higher
energy level E1. When the ion 2 undergoes radiative relaxation to the ground state,
the upconverted photon is emitted. Even though ETU and CSU have some analogous
nature, CSU involves quasi-virtual levels, which can be theoretically described in a
higher-order perturbation. Therefore, the efficiency of CSU is of lesser magnitude
than that of ESA and ETU process. For Yb3+/Tb3+, Yb3+/Eu3+, and Yb3+/Pr3+ ion
pairs, CSUmechanism has been reported [38–40]. Figure 8 shows a typical example
of CSU mechanism reported in NaYbF4:Tb@CaF nanophosphors [38].

In order to understand the UCmechanism involved in populating the 5D4 and 5D3

states of the Tb3+ ions, double log plot of emission intensity versus pump power had
plotted (Fig. 8a, b) and the dependence was calculated. According to the equation
IUC = KPn , the UC emission intensity depends on the power n of the excitation
pump power, where n is the number of excited Yb3+ ions engaged in the process
(see Sect. 3). For the emissions centered at 380, 414, and 435 nm, the n values
were calculated as 2.94, 2.92, and 2.95, respectively (Fig. 8a). These “n” values
show a cubic dependence of excitation laser power on the emission intensity. That
means the transition involves three Yb3+ ions. Similarly, for the visible emissions
centered at 487, 541, 587, and 622 nm, the n values calculated were 2.34, 2.29,
2.31, and 2.32, respectively. Figure 8c illustrates the CSU mechanism between the
Yb/Tb pair. Pumped by a 980 nm excitation, Yb3+ ions got excited from ground level
2F7/2 to excited level 2F5/2. As shown in Fig. 8c, when a couple of excited Yb3+ ions
concurrently transmitted the energy to a Tb3+ ion at ground state, it was excited to the
5D4 energy level. In addition, some Tb3+ in the excited level 5D4 might still accept
energy and even pumped to a higher 5D1 energy level. The Tb3+ ion then de-excites
through non-radiative transition to the 5D3 energy level. Finally, radiative emission
from the 5D3 energy level to the 7FJ(j = 3, 4, 5, 6) transitions results in various emission
as depicted in Fig. 8 [38].
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Fig. 8 a, b Double log plots of CSU emission of Tb-doped NaYbF4 as a function of excitation
power. c The schematic diagram of the CSU mechanism in NaYbF4:Tb phosphor. Reprinted with
permission from [38] Copyright © 2016, American Chemical Society

2.4 Cross-Relaxation

Cross-relation (CR) has more considerable significance since it is regarded as a
crucial process in upconversion mechanisms. Since decades ago, people have been
investigating the cross-relaxation (CR) phenomenon. It is a special case in which the
ion 1 losses its energy by attaining ground level and the energy is transferred to ion 2.
Ion 1 and ion 2 can either be of the same species or different. It is a reverse process of
energy transfer upconversion. Typically, for upconverting phosphors, energy trans-
fer upconversion is a wanted process while cross-relaxation is considered as a loss
process. For both the ETU and CR mechanism, it is not necessary that both the ions
should be identical. If the ions are same, cross-relaxation will result in “concentra-
tion quenching mechanism” which leads to the quenching of emission intensity (see
Fig. 17a). Figure 9 illustrates the cross-relaxation energy transfer between Tm3+ ions.
Even though the cross-relaxation process is considered as deleterious, researchers
have used this CR mechanism to achieve pure red emissions [41]. Thus, by this
mechanism of cross-relaxation, one can tune the emission colour by increasing or
decreasing the dopant concentration (see Fig. 17d–h).
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Fig. 9 Schematic of cross-relaxation energy transfer between Tm3+

2.5 Photon Avalanche

Chivian et al. [42] first discovered the photon avalanche (PA) upconversion in Pr3+

infrared quantum counters. PA mechanism involves an ESA of the incident photon
and CR process. A threshold excitation intensity is required for PA upconversion,
abovewhichupconversion luminescence is produced.Below this threshold limit, very
small UC luminescence is generated, and the UCL intensity increases with excitation
intensity above the threshold limit and therefore least observed UC scheme.

Figure 10 shows the simplest energy transfer scheme for the PA process. Through
a non-resonant ground-state absorption (GSA), the energy level E1 of ion 2 gets
populated. It should be noted that the pump wavelength is only resonant between
the metastable state E1 and higher energy level E2. Then, excitation of ion 2 from
E1 level to the emitting energy level (E2) occurs with ESA process. An active CR
process follows between ion 1 and ion 2, which makes two ions (ion1 and ion 2) in
the E1 state, as shown in Fig. 10. That is, two ion at E1 state can act as senzitizer ions
and produce another four ions through this circle mechanism and the four ions will
result in another eight ions. Continuing like this, the population at E1 level increases
(avalanche effect) and hence the UC emission fromE2. Therefore, PA process takes a
long time and has a threshold intensity limit.
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Fig. 10 Photon avalanche
upconversion

2.6 Energy Migration Upconversion

Energy migration upconversion (EMU) is a complex process mainly observed in
core-shell structures. Four ion kinds, known as a sensitizer (ion-1), accumulator
(ion-2), migrator (ion-3), and activator (ion-4), are involved in this process. Figure 11

Fig. 11 EMU upconversion
mechanism observed in
core–shell structures
(core–shell regions are
shown in different colors.
The “nx” indicates random
hopping through many
type-3 ions). Adapted with
permission from [43],
Copyright @ 2011, Springer
Nature
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shows the schematic of EMUmechanism. The sensitizer ion 1 gets excited when the
incident photon is absorbed, and the energy is transferred to the accumulator, ion
2. Subsequently, the migrator ion 3 receives the energy from the accumulator. The
excitation energy then migrates through the sublattice of migrator ion via core–shell
interfaces. Finally, the activator ion 4 captures the energy that migrates and emits the
upconverted radiation (see Fig. 11). Wang et al. [43] reported tunable UC emissions
in NaGdF4:Tm3+, Yb3+/NaGdF4:Ln3+ core–shell nanoparticles, through the energy
migration via the sublattice of gadolinium for a vast range of lanthanide ions (Tb,
Eu, Dy, or Sm). In their work, the sensitizer ion, activator ion, and the migrator ion
were spatially confined in different layers of the core-shell structure in order to tune
the energy exchange between the accumulator and the activator. This also helped to
eliminate the cross-relaxation process. Besides, to bridge the energy transfer from
the accumulator to activator ions, arrays of migrator ions were distributed throughout
the core-shell interface. Through this, theywere able tomanipulate the energy transfer
in UCNPs.

3 The Category of the Upconversion Materials

Upconversion phosphors mainly consist of an inorganic host material (host matrix)
and emission centers, which are doped intentionally or not. Generally, the concentra-
tion of dopants should be small since more concentration will result in the quenching
of luminescence emission. One can obtain new UC luminescence materials by either
(a) by choosing new host materials or (b) by varying the doping concentration of the
dopant ions [44]. Changes in the host materials will influence the radiative and non-
radiative energy transfer mechanisms [15]. Oxide and fluoride have larger phonon
energy than that of chloride, bromide, and iodide host materials (Table 2), which
will accord to radiative energy transfer mechanism. However, these materials are
hygroscopic, and their chemical and thermal stability is low compared to oxides and
fluorides. Any specific optical or magnetic properties of the host material can also
influence the luminescence emission from the dopant ions. Thus, one can interplay
with host materials and dopant ions for new and unparalleled upconversion prop-
erties. Major upconversion phosphors are (a) rare earth upconverters (b) transition
metal upconverters, and (c) mixed rare earth–transition metal systems.

3.1 Rare Earth Upconversion Phosphors

Today, most of the fluorescent lamps, light-emitting diodes (LEDs), and many dis-
play devices have trivalent rare-earth ions as the active component. It is primarily
owing to the purity of the colour that has been emitted. Although the technology
has shifted from cathode ray tube (CRT) to liquid crystal display (LCD) and LED
displays, the light source still includes lanthanide ions. The luminescence emission
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from the lanthanide ions extends over the spectral range, visible to the NIR, and
many lanthanide ions have peculiar spectral characteristics in the visible region [45],
which make them essential in many applications.

Generally, the term lanthanide (Ln) is associated with the group of elements in the
periodic table (fifth period in periodic table) from lanthanum (Z = 57; 5 s2 5p6 4f0

5d1 6 s2) to lutetium (Z= 71; 5s2 5p6 4f14 5d1 6 s2), while the term rare-earths include
the group of lanthanides and the elements scandium (Z = 21) and yttrium (Z = 39).
The theory of optical spectroscopy in rare-earth ions was discussed in many works,
by Henderson et al. [46] and by García et al. [47]. Lanthanides can occur as doubly
or triply charged ions in solids, but they more essentially exist in their most stable
oxidation state as trivalent ions (Ln3+). Therefore, trivalent rare-earth ions are more
commonly studied. In Ln3+ ions, all the electrons in the 5d1 6s2 orbits are removed.
Furthermore all these trivalent lanthanides have similar electronic configurations
([Xe]4f N ) with the 4f shell unfilled (4f N , N = 1–14) (see Table 1), exceptions are
lanthanum with an empty 4f shell and lutetium with a completely filled 4f shell.

Besides other properties, these rare-earth ions feature unique optical properties
due to many possible radiative transitions between the energy levels of the partially
filled 4f shell. The 4f electronic shell, which is almost independent of its surrounding
crystal- field due to the screening by 5 s and 5p electron shells, determines the optical
properties of lanthanides. Because of this, there exists only weak interaction between
optical centers and the crystal field, i.e., the electron-phonon coupling is weak. Weak
interactions between the 4f electrons and the host crystal fieldwill produce a verywell
resolved Stark structure of the levels, which varies slightly in one host to another. Due

Table 1 Rare earth elements Element RE RE3+

La 4f05d16s2 4f0

Ce 4f15d16s2 4f1

Pr 4f35d06s2 4f2

Nd 4f45d06s2 4f3

Pm 4f55d06s2 4f4

Sm 4f65d06s2 4f5

Eu 4f75d06s2 4f6

Gd 4f85d06s2 4f7

Tb 4f95d06s2 4f8

Dy 4f105d06s2 4f9

Ho 4f115d06s2 4f10

Er 4f125d06s2 4f11

Tm 4f135d06s2 4f12

Yb 4f145d06s2 4f13

Lu 4f145d16s2 4f14
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to the same reason, trivalent rare-earth ions have very narrow electronic transitions
and demonstrate very weak phonon bands.

The spectral characteristics of optical transitions of lanthanides ions in the host
matrix are determined by the below-mentioned factors.

1. The number of Stark levels, which is determined by Stark splitting of the
degenerated energy levels.

2. The host material, determining the magnitude of the splitting.
3. Homogeneous and inhomogeneous line broadening mechanisms.

Every lanthanide has excited states besides the ground state. Total degeneration
(D) for a given electronic configuration of an element with a configuration of 4f n is
given by,

D = (4l + 2)!
(4l + 2 − n)!n! = 14!

(14 − n)!n! (For l = 3) (1)

The electron behavior in an atom or ion can be represented by a wave function,
which is a solution of the Hamiltonian (H) of the system. Then Hamiltonian for the
lanthanide system is given by,

H = HO + HC + HSO + HCF + HZ (2.2)

where HO is the kinetic energy contribution of electrons, HC is the Coulomb inter-
action amoung electron–electron, HSO is the contribution from spin–orbit coupling,
HCF is the crystal field (CF) contribution and HZ is the contribution from the Zeeman
effect. The HO contribution is constant for all electrons, therefore not contributing
in lifting the degeneracy of energy levels. Therefore, HO can be treated as constant.
When the lanthanide ion is doped into a host matrix, the Coulombic, spin–orbit, and
crystal field (CF) interactions remove the degeneration of the free ion levels as shown
in Fig. 12. This leads to the splitting of the free ion levels into 2S+1L energy levels,
which have (2S + 1)(2L + 1) fold degeneracy.

The Coulombic interaction results in the splitting of 2S+1L terms in the order
of 104 cm−1. Similarly, the spin-orbit interactions arising from the electromagnetic
interaction between the electron spin and the magnetic field created by the electron’s
motion split each 2S+1L into (2J + 1) states denoted by 2S+1L J . The typical splitting
of the 2S+1L J terms is of the order of 103 cm−1. The crystal field effect results in
symmetry-dependant splitting of energy levels. If we consider the typical value of
energy splitting in a d-block element, it ranges from15,000 to 25,000 cm−1. However,
in the case of lanthanide ions, the splitting is in the range of 100–500 cm−1 [43]. The
CF interaction results in the Stark splitting of the 2S+1L J terms into (2J + 1) terms
(if the number “n” of the 4 f n electron is even) or (J + 1/2) terms (if “n” is odd)
represented by 2S+1L J,μ.

In 1960, Dieke et al. [48] measured the characteristic 2S+1L J energy levels of Ln-
dopedLaCl, later resulted in the elaboration of theDieke diagram,which becomes the
reference of the energy levels of the multiplet manifolds of trivalent lanthanide ions
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Fig. 12 Different interactions reasonable for the loss of degeneration of lanthanide 4f free ion
(HC–Coulombic, HSO–spin–orbit, and HCF–crystal field interactions)

embedded in any host. Later Orgasawara et al. [49] extended the Dieke diagram to
higher energies. In Fig. 13, thewidth of each state designates the crystal field splitting
and the center of each multiplet estimates the location of the free ion 2S+1L J energy
level.

Concluding, f electrons in the Ln3+ ions display a large number of degenerate
states in the absence of any interactions. Perturbations such as Coulomb interactions,
spin-orbit coupling, crystal field effects, and magnetic field interaction result in the
lifting of the degeneracy and the advent of several non-degenerate levels.

Fig. 13 Dieke diagram: partial energy diagrams for the lanthanide ions
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Fig. 14 Typical host lattice with activator alone and activator and sensitizer

(a) Selection of suitable dopants and host materials

An inorganic upconversion phosphor is a crystalline host material doped with low
concentrations of lanthanide ion. The lanthanide dopant ion acts as the luminescent
center, and the host lattice provides a matrix to bring these centers into optimal
position with suitable crystal field. The distance between dopant ions and the par-
ticular arrangement of them are important. Many lanthanide-doped host materials
can give upconversion emission under NIR excitation, but a highly efficient upcon-
version luminescence can be achieved by tuning between host lattice, dopant ions,
and dopant concentration. Generally, an upconversion phosphor is consist of a host
material, luminescence centre called activator. In order to increase the absorption of
the incident photon, sometimes a sensitizer ion will also be doped along with the
activator ion (Fig. 14).

Host lattice: Selection of appropriate host materials is essential in the synthe-
sis of UC phosphors with high UC efficiency and controllable emission profile. An
ideal host material should be chemically stable and transparent in the spectral range
of interest having high optical damage threshold. The host material can affect UC
efficiency through the phonon dynamics and local crystal field. Ideal host materials
should also have low lattice phonon energies, which is a requirement to minimize the
non-radiative loss and maximize the radiative emission. UC emissions are very sen-
sitive to the distribution of phonon density of states in UCNPs. The cut-off phonon
energy of the host lattice is a good indicator of the number of phonons required. In
general, if larger, the number of phonons needed to convert the excitation energy
into non-radiative transitions; the lower is the efficiency of the non-radiative pro-
cess. Hence, to enhance the emission efficiency by reducing the non-radiative rate,
it is desirable to have the lanthanide ions incorporated into a dielectric host of very
low-frequency phonons. Oxides exhibit high chemical stability, with cut-off phonon
energy larger than 500 cm−1 due to the stretching vibration of the host lattice. Com-
paring with oxides, fluorides have low phonon energy (350 cm−1) thus are often used
as an efficient host material for UC.
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Table 2 Maximum phonon
energy in the different
inorganic host

Host �ωmax (cm−1)

Iodide 160

Bromide 175–190

Chalcogenide 200–300

Fluoride 500–600

Tellurite 600–850

Germinate 800–975

Phosphate 1100

Borate 1400

LaCl3 250

NaYF4 370

LaF3 350

Y2O3 600

YAlO3 550

YVO4 890

Y2BaZnO5 966

The non-radiative relaxation rate in the phosphors can be estimated with the
exponential energy gap law developed by van Dijk and Schuurmans [50, 51]

knr = βel exp[−α(�E − 2�ωmax)] (3)

where knr is the multiphonon relaxation rate, βel and α are constants for a given host
lattice,�E is the energy difference between the energy levels considered and �ωmax
is the maximum phonon energy. Hosts with low phonon energy may decrease the
probability of non-radiative transitions, subsequently leading to high luminescence
efficiency. The maximum phonon energies of different inorganic host materials are
summarized in Table 2.

The crystal structure of the host materials can significantly influence the optical
properties of nanocrystals. A less symmetric crystal structure is favourable for high
UCefficiency [52]. In the typical case, hexagonal-phaseNaYF4:Yb, Er bulkmaterials
display about an order of magnitude improvement in UC efficiency relative to their
cubic phase counterparts [53].

Similarly, monoclinic ZrO2 nanoparticles exhibit higher UC emission than their
tetragonal phase [54]. The phase-dependence of optical properties of phosphors can
be ascribed to the different crystal fields around trivalent lanthanide ions inmatrices of
different symmetries. In a low symmetry host, the crystal field contains more uneven
components around the dopant ions compared to the high symmetry counterparts. In
a non-centrosymmetric lattice, the parity selection rules are relaxed. The perturbation
due to theodd-order termsof the crystal fieldwill force theparity forbidden transitions
to become allowed. The electronic coupling between 4f energy levels and higher
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electronic configuration is enhanced by the uneven components, and subsequently, f –
f transition probabilities of the dopant ions will increase. That is, when the symmetry
at the dopant ion site is lower, the higher the transition probability. In addition, the
decrease in cation size of the host will cause an increase in the crystal field strength
around the dopant ions, and UC efficiency will be enhanced. Yao et al. [55] reported
the enhanced emission intensity in β-NaGdF4:Yb3+, Er3+ by Bi3+ co-doping, and
Bi3+ co-doping induced structural disorder which leads to the enhanced emission.
Development of multifunctional luminescent materials has gained much attention. A
multifunctional material that combines light emission with other intrinsic properties
of the host such as ferroelectricity, magnetism, piezoelectricity will be a promising
candidate for future biomedical applications.

As all trivalent rare-earth ions exhibit similar chemical properties and have com-
parable ionic radii, their inorganic compounds are ideal host materials for upconver-
sion doping with lanthanide ions. Some alkaline earth ions (Ca2+, Sr2+, and Ba2+)
and transition metal ions (Zr4+ and Ti4+) also have ionic size close to lanthanide
ions. Therefore, inorganic compounds of these ions are also frequently used as host
materials for UC processes. However, lanthanide doping in these nanocrystals is
accompanied by the formation of crystal defects like interstitial anions and cation
vacancies to maintain charge neutrality.

A single crystal host will be much efficient for UC. The dopant concentration
should be stringently controlled to synthesize a single crystal host. In order to allow
full visible light transmission, hostmaterials for display andLEDapplications (oxide,
sulfide, fluoride, etc.) must have a wide bandgap. Hence, usually, insulators are
selected as hosts. As long as the luminescent excited state does not overlap with the
conduction band leading to luminescence quenching, semiconductors can also be
used as hosts for optically active ions. Therefore, wide bandgap semiconductors, like
ZnS, GaN, and ZnO, have extensively been utilized as hosts for rare-earth doping for
optical and electronic applications. However, it is still debatable whether lanthanide
ions are occupying within the crystal lattice of these host materials due to a largely
mismatched ionic size between the host and dopant ions. The dopant ions can be
occupied at the grain boundaries of host lattice [52]. In ZnO doped with Er and Yb,
thedopant ions are not replacingZn in the crystals but occupying thegrain boundaries.
The host material should have excellent mechanical and chemical stability.

Figure 15 shows the upconversion luminescence from the host materials YF3,
YOF, and Y2O3 co-doped with Yb3+/Er3+ ions. The oxide and oxyfluoride host were
prepared by annealing the fluoride host at higher temperatures. The emission spectra
of all the three host materials doped with Yb/Er showed emissions around 660 and
540 nmcorresponding to the 4F9/2 → 4I15/2 and 2H11/2, 4S3/2 → 4I15/2 transitions of the
Er3+ ion (see Fig. 16) respectively. For the YF3 UC phosphor host, a weak emission
at (blue) 410 nm was also detected corresponding to the 2H9/2 → 4I15/2 transition in
Er3+ ions (inset Fig. 15). However, these blue emission bands were absent in the case
of YOF and Y2O3 UC phosphor host material. This is because of the high phonon
energy of oxide and oxyfluoride host material [15].

As the host material is changed from fluoride to oxyfluoride and then to oxide,
the red emission becomes more prominent. As the oxygen environment in the crystal
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Fig. 15 UC luminescence spectra of Yb3+/Er3+ co-doped aYF3, bYOF and cY2O3 under 980 nm
laser illumination and d the intensity ratio of red and green bands are shown at a laser power of
16.6 mW. Reprinted with permission from [15] Copyright © 2018, Elsevier)

lattice had increased when the host material was changed from fluoride to oxide, the
transition to 4F9/2 energy levels was preferred, resulting in an increase in the R/G
ratio. It should also be noted that the lifetimes of the intermediate levels 4S2/3 and
4F9/2 had a significant influence in the emission colour.

(b) Activators

The requirement of multiple metastable levels for UC luminescence makes the lan-
thanides well suited for this application. The f –f transitions are Laporte forbidden,
and hence, intra-4f transition probabilities are less and the excited states are substan-
tially long-lived (up to 0.1 s). The lanthanide ions except for La3+, Ce3+, Yb3+, and
Lu3+ have more than one exciting 4f energy level. As a consequence, UC emission
can be expected in most lanthanide ions. In order to generate efficient UC emission,
the energy difference between each exciting level and its lower-lying intermediate
level (ground level) should be close enough to facilitate photon absorption and energy
transfer mechanisms involved in UC processes. Ions like Er3+, Tm3+, and Ho3+ have
ladder-like arranged energy levels and are the commonly used activators (see Fig. 13).
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Fig. 16 Schematic diagram shows the energy transfer in Yb/Er co-doped system under 980 nm
excitation. Reprinted with permission from [15] Copyright @ 2018, Elsevier

(c) Sensitizers

The distance between two neighbouring activator ions and the absorption cross-
section of the ions are two major concerns in upconversion phosphors, which are
lightly doped. On the other hand, high doping levels can lead to cross-relaxation,
resulting in quenching of excitation energy. Therefore, it is important to keep the
concentration of activator ions low and precisely adjusted to avoid the quenching
effect. Mostly, lanthanide activator ions have low absorption cross-sections, leading
to low pump efficiency. Therefore, the singly doped nanocrystals have relatively
low UC efficiency. So, generally, in order to have high UC, a sensitizer ion with
larger absorption cross section in the NIR region is co-doped along with the activator
ion, which utilizes the efficient ETU between sensitizer and activator. For example,
trivalentYb possesses an extremely simple energy level schemewith only one excited
4f level of 2F5/2. The absorption band of Yb3+ that is located around 980 nm due to
the 2F7/2 → 2F5/2 transition has a larger absorption cross-section than that of other
lanthanide ions. Additionally, the 2F7/2 → 2F5/2 transition of Yb3+ is well resonant
with many f –f transitions of typical upconverting lanthanide ions (Er3+, Tm3+, and
Ho3+), thus facilitating efficient energy transfer fromYb3+ to other ions. These optical
characteristicsmakeYb3+ suitable for using as aUC sensitizer. The sensitizer content
is normally kept high (20 mol%) in double or triple doped nanocrystals, while the
activator content is relatively low (<2 mol%), minimizing cross-relaxation energy
loss.

The key factors one should take care of while choosing a suitable phosphor are
(1) the sensitizer should have adequate absorption cross-section in the near-infrared
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Fig. 17 Dependence of upconversion emission on sensitizer concentration. a Upconversion lumi-
nescence spectrum obtained from 2% Er3+, x% Yb3+: YF3, b variation of red/green intensity ratio
on Yb3+ concentration, and c CIE color coordinate diagram showing the variation of emission color
with Yb3+ concentration, photographs of emission from 2% Er3+, x% Yb3+:YF3 for x = d 0, e 2,
f 6, g 10, h 20

region, (2) it must have characteristic overlaps with the absorption band of the acti-
vator ion, and (3) the sensitizer should not have any absorption at any region where
upconversion is expected.

The variation of luminescence emission on sensitizer concentration is shown in
Fig. 17. The red emission intensity was increased with Yb3+ concentration due to the
cross-relaxation between 4I11/2 and 4F7/2 levels of Er populating the red-emitting level
more. Also, more concentration of dopants could result in concentration quenching.

3.2 Transition Metal Upconverters

The availability of valance d orbitals in the transition ions makes them appealing
for new novel upconverting materials. In transition metals, the valance d orbitals are
spectroscopically sensitive to environmental perturbation than rare-earth ions. So,
one can manipulate the photo-physical properties of these materials by providing
external stimuli like chemical, magnetic, electric, redox, etc. The spectroscopically
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actived orbitals are strongly affected by the crystal field effect,which in turn influence
the energy level lifetime, multiphonon relaxation rates, electron-phonon interaction
strengths etc. [26].

One of the first examples of an upconversion phosphor containing transition met-
als as active ion was discovered by Auzel [31] and his co-workers in the form of
single- crystallineMgF2:Ni2+. This phosphorwas important, because of its broadband
characteristics of the d–d emission of Ni2+, through ESA mechanism. MgF2:Ni2+

was efficient mainly at a lower temperature, for at higher temperature quenching
of emission become dominant. Gamelin and Gudel et al. [56] through methodical
investigation synthesize many low phonon energy halides (bromide, fluoride, and
chloride) with Cr4+, Ti4+, Re4+ [57], and Os4+ as a doped anion. These halides are
hygroscopic.

3.3 Mixed Rare Earth–Transition Metal Upconverters

The combination of trivalent rare-earth (Ln3+) and transition metal (TM) ions in the
same host lattice introduces new cooperative upconversion mechanisms involving
both ions. Since the absorption properties of TM ions are sensitive to the environmen-
tal changes like ligand and the coordination geometry, these materials are promising
for a variety of applications. Through the choice of host lattice, we can tune to some
extent, the energetic positions of absorption and luminescence. This will lead to the
development of upconversionmaterials with sharp line excitation in the near-infrared
region and broadband emission in the visible spectral region and vice versa. Such
materials are interesting for the development of new visible laser sources and display
devices.

Two fundamentally different upconversion schemes in mixed Ln3+/TM com-
pounds are possible: lanthanide-sensitized transition metal upconversion lumines-
cence, or transition metal-sensitized lanthanide upconversion luminescence [44]. It
is possible to design a rare-earth transition metal dimer sensitizer as well to selec-
tively enhance a particular luminescence from rare-earth ion. For example, Mo6+

co-doping in Er3+, Yb3+ doped samples will enhance the green emission of Er3+. The
enhancement in the green emission is due to the formation of a Yb3+–MoO4

2− dimer
sensitizer as shown in Fig. 18 [58].

The optimum doping of sensitizer and activator is essential for maximum upcon-
version efficiency. As the activator concentration increases, the emission intensity
also increases, and however, higher doping concentration will lead to concentration
quenching by cross-relaxation between adjacent ions.
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Fig. 18 Schematic energy-level diagram and energy transfer mechanism of Er, Yb, Mo co-doped
system © IOP Publishing. Reproduced with permission [58]. All rights reserved

4 Upconversion Efficiency

The conversion efficiency of a phosphor, usually expressed as either quantum effi-
ciency or energy efficiency, is an important consideration in practical applications.
The quantum efficiency (or quantum yield) is the ratio of emitted photons to the input
photons contributing to the desired optical process. In contrast, energy efficiency is
the ratio of the output power to the input power.

ηUC = Pem

P IR
abs

(2.4)

where ηUC is the upconversion efficiency, Pem is the power of the upconversion light
emitted, and P IR

abs is the power of the fraction of incident light that is absorbed.
Generally, in a luminescence process, the excited-state decay process is a com-

bination of both the radiative and nonradioactive processes, and the relative rate of
these processes determines the quantum efficiency. In molecules, the non-radiative
processes, such as vibrational relaxation and collisional quenching instead of emit-
ting photons, can also dissipate the excited-state energy. Suppose, kr and knr be the
radiative and non-radiative decay rates, N be the population density of luminescence
activators in the excited state. Then, the temporal evolution of the excited state is
given by:
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dN

dt
= −(kr + Knr )N (5)

The luminescence decays exponentially with a time constant τwhere

τ = 1

kr + knr
(6)

The observed luminescence lifetime, τ , measures the combined rate of the radia-
tive and non-radiative pathways. The fraction of the excitation contributing to radia-
tive decay processes is kr/(kr + knr ). Thus, the quantum efficiency (ηPL) can be
calculated using the following formula

ηPL = kr

kr + knr
= τ

τR
(7)

Here, τR = 1
kr
is the radiative lifetime, namely the lifetime of the excited state in

the absence of non-radiative decay processes. The lifetime, τ , can be calculated from
the intensity decay curve. However, the radiative lifetime, τRS, is usually estimated
by the use of Judd–Ofelt theory as it is not easy to determine experimentally.

The upconversion photoluminescence has a nonlinear dependence on the excita-
tion light intensity,

IUC = K Pn (8)

where IUC is the photoluminescence intensity, P is the pump power, K is mate-
rial constant, and “n” is the number of excitation photons required to reduce for
upconversion luminescence. The log-log relation of Eq. (8) gives the value of “n.”
However, at high-intensity excitation, the value of “n” could have calculated as a
non-integral value due to the saturation effect. Therefore, while determining the UC
process, saturation effect should be avoided.

Figure 19a illustrates the excitation power dependence on the intensity of UC
emission bands centered at 520 and 650 nm in a Yb/Er co-doped Y2O3 phosphor.
It can be observed that as the excitation intensity increases, the emission intensity
also increases. Using Eq. 5, the nonlinear dependence of UC emission on the pump
power was calculated by plotting log-log plot of intensity versus power. For the green
emission band, the “n” value is calculated as 2.07, and for red emission band, the “n”
value is calculated as 1.93. Since the values are greater than 1, it can be confirmed
that the mechanism involved is two photons absorption.
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Fig. 19 a UC emission intensity dependence on excitation power (980 nm) in a Yb/Er co-doped
Y2O3 phosphor and b log–log plot of intensities of the 650 nm (green) and 520 nm (red) emission
bands versus excitation power (980 nm)

5 Synthesis Methods for Upconversion Phosphors

Theupconversion luminescence properties highly dependon the structuralmorpholo-
gies, size, host lattice, synthesis conditions, etc. A large number of synthesis methods
have been developed during the past decades. Soft chemical routes are widely used
for the synthesis of nanomaterials. Since these methods provide an easy way to intro-
duce ligands to the surface of the nanomaterials for preventing agglomeration. Also,
one can easily control the size and shape of the phosphors by changing the precursor
pH, temperature, and reaction time. Some of the important synthesis methods for
upconversion phosphors are listed below.

5.1 Hydrothermal/Solvothermal Method

This method is widely used for the synthesis of a wide variety of nanomaterials. In
the solvothermal method, the reaction is carried out in a teflon-lined autoclave under
high pressure and moderate temperature. The high pressure will increase the reagent
solubility and reactivity and increases the rate of reaction. The reaction tempera-
ture will be above the critical point of the solvent. This method is, therefore, more
suitable and efficient for designing and synthesizing high-quality nanoparticles with
different morphologies. In the synthesis of upconversion nanophosphors, most of the
precursor solvents are either nitrates or chlorides. HF, NH4F, NaF, and NaBF4 are
commonly used fluoride sources. The solvent mainly used are ethanol and ethylene
glycol (EG). The physicochemical properties of the solvent can significantly influ-
ence the reactivity, solubility, and diffusion behaviour of the reagents and different
solvents can influence and control their morphology and size. When water is used as
the solvent, it is termed as hydrothermal, which has several desirable advantages like
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low cost, high yield production, and non-toxic. Organic surfactants like oleic acid
(OA), polyethylenimine (PEI), ethylenediaminetetraacetic acid (EDTA), and cetyl
trimethyl ammonium bromide (CTAB) are used to control the size and shape of the
nanomaterials. The pH of the precursor solution is also important, and it affects the
crystallinity and the morphology of the phosphors.

5.2 Sol–gel Method

The sol-gel is a promising route for the synthesis of lanthanide-based UC phosphors.
It involves the conversion of solutions into a colloidal sol and then the colloidal
sol to a gel. Further heating at high temperatures results in the formation of pure
phase nanoparticles with high crystallinity. The main steps involved in any sol-gel
process are hydrolysis, condensation, gelation, ageing, drying, and densification. In
this method, metal precursors such asmetal nitrates, metal chlorides, and acetates are
initially dissolved in aqueous solutions, after that the chelating agent such as citric
acid or salicylic acid is used to form stable metal complexes. Also, polyhydroxy
alcohols like polyethylene glycol (PEG) or ethylene glycol (EG) is used as a cross-
linking agent for the formation of homogeneous polymeric resin at the molecular
scale. This gel will reduce the segregation of particular metal ions and confirms
the homogeneity of the composition. The gel is sintered at high temperatures to
eliminate the organic additives and form the final product with pure phase and good
crystallinity.

5.3 Co-precipitation Method

The co-precipitation method is one of the oldest and well-developed methods for the
synthesis of lanthanide-based nanomaterials. The size and shape of the nanomaterials
synthesized by thismethod can be tailored by controlling the reaction conditions. But,
these nanomaterials exhibit a weak luminescence that can be enhanced by sintering at
high temperatures which carbonizes the capping agent and reduces the hydrophilicity
of nanoparticles. Consequently, surface modifications are needed before using these
nanoparticles for security ink application. Nevertheless, the co-precipitation method
has important industrial applications due to its low cost, high yield, environmental
benignancy, and synthetic suitability.

Figure 20 is the SEM images of oxide (Y2O3), oxyfluoride (YOF), and fluoride
(YF3) host materials formed by co-precipitation method followed by annealing from
a single source in our laboratory [15]. The synthesis precursors were yttrium nitrate,
ytterbium nitrate, erbium nitrate, and ammonium fluoride. In deionized water, a sto-
ichiometric amount of precursors was dissolved, and ammonium fluoride was added
slowly while stirring at 90 °C. The precipitate after proper cleaning was annealed at
different temperatures to form different upconversion nanomaterials. YF3 phosphor
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Fig. 20 SEM images of Yb3+/Er3+ co-doped a YF3, b YOF, and c Y2O3 UCNPs synthesized by
co-precipitation method followed by annealing process (scale: 300 nm, inset is the magnified view).
Reprinted with permission from [15] copyright @ 2018, Elsevier

was obtained by annealing at 500 °C while YOF and Y2O3 phosphors were obtained
by annealing at 800 °C and 1300 °C, respectively. As observed in Fig. 16, the mor-
phology of the phosphors had an explicit dependency on the annealing temperature.
When the temperature had increased, the phase transition occurred. Orthorhombic
YF3 phosphor changed to rhombohedral YOF and cubic Y2O3 phosphors. The YF3
UCphosphors shown a quasi-spherical structure, andwhen the temperature increased
to 800 °C, the growth mechanism was influenced by the presence of oxygen. The
self-assembly process resulted in the formation of YOF particles by the incorporation
of oxygen in the growth process. Also, slightly larger particles were observed for the
high-temperature annealed YOF and Y2O3 phosphors.

5.4 Thermal Decomposition Method

Thermal decomposition is a method used widely for the synthesis of luminescent
nanomaterials. This method generally employs the organometallic compounds taken
as precursors, which decompose at an elevated temperature in high boiling point
organic solvents. Organic acid salts of rare earth such as trifluoroacetate, oleate,
acetylacetonate, and acetate are the organic precursors used in thermal decompo-
sition. Commonly used organic solvents are oleic acid (OA), oleylamine (OM),
tri-n-octylphosphine oxide (TOPO), and 1-octadecene (ODE). However, ODE is
most commonly used as a solvent in thermal decomposition due to its high boiling
point (315 °C).More than this, surfactants are also used in the thermal decomposition
method. The surfactant will act as a coating in the surface of nanoparticles preventing
aggregations, and hence, the particleswill be highly dispersible in organic solvents. In
addition to this, the surfactant plays a vital role in controlling the growth of nanopar-
ticles. High-quality nanomaterials with a narrow size distribution, good crystallinity,
and exceptional optical properties can be synthesized by carefully varying the nature
of the solvents, the concentration of metal precursors, reaction temperature, and
reaction time.
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6 Application of Upconversion Phosphors

The unique optical properties of upconverting nanomaterials have a great deal of
attention; they are used as spectral converters in photovoltaic devices, security print-
ing, bio-imaging applications, etc. Various applications of upconversion phosphors
are discussed below.

6.1 Solar Energy Harvesting

The photovoltaic effect is a phenomenon in which voltage or electric current gen-
erated in a material upon the exposure to light. French physicist A. E. Becquerel
first experimentally demonstrated the photovoltaic effect in 1839, and he built the
world’s first photovoltaic device [44]. The fundamental principles behind all pho-
tovoltaic cell are (a) generation of electron-hole pairs in a semiconductor material
by the absorption of light and (b) the charge carriers are separated, transported, and
extracted into an external circuit. In 1954, when the silicon revolution had spanned
the world, scientists Darly M. Chapin, C. S. Fuller, and G. L. Pearson of Bell labo-
ratories demonstrated the first practical silicon solar cell which has an efficiency of
6% which gave new hope of using limitless energy of the sun for mankind [59]. The
main attraction of these solar cells at that time was in space application (Explorer
6, launched in 1959 by the USA had wing-shaped solar systems). The high price of
the solar cell was the main challenge which mainly dominated by the semiconductor
industry. Later new technological leap toward an integrated system resulted in the
lowering of price.

Most of the photovoltaic cells are based on semiconductors like silicon and ger-
manium. New approaches like dye-sensitized solar cells (DSSC), organic solar cells,
quantum dot solar cells, and perovskite solar cells [60], also contributed to price
deduction and better efficiency. However, silicon is the most prominent and widely
used solar cell material because of its better efficiency. The heart of any solar cell
is the light absorbing-material. One must have to tune these materials such that it
should have characteristics that match with the solar spectrum in order to absorb it.
Unfortunately, no photovoltaic cell can absorb the complete solar spectrum. More-
over, they cannot convert all the absorbed light into useful electricity due to some
losses which occur during the process of photovoltaic generation. Also, losses due to
reflection, recombination losses (due to interface defects/poor material quality), lat-
tice thermalization losses (excess photon energy is transformed into heat), junction,
and contact voltage losses limit the solar cell efficiency (Fig. 21).

In 1961William Shockley and Hans Queisser calculated the maximum efficiency
of the solar cell. They calculated the maximum efficiency, which can be attained for a
single-junction Si solar cell as 30% and is called Shockley–Queisser (SQ) limit [61].
The energy conversion efficiency of a solar cell is defined as the percentage of the
total power of sunlight converted into electricity. Later, modern SQ limit calculation
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Fig. 21 Solar spectral loss due to various mechanisms in the solar cell

predicts 33%maximum efficiency for any single-junction solar cell. There have been
several strategic approaches to beat the SQ limit. Some of them are (a) using more
than one type of semiconductor material (multijunction photovoltaic cells/tandem
solar cells), (b) concentrating sunlight (using Fresnel lens), (c) intermediate band
photovoltaic, (d) hot electron capture (thermo-photovoltaic conversion), (e) multi-
exciton generation, (f) photon upconversion, and (g) photon downconversion.

One possibility to reduce these transmission losses is the so-called impurity pho-
tovoltaic effect, i.e., the insertion of impurities with energies located in the bandgap
of a solar cell material (tandem solar cells), which was proposed by Wolf in 1960
[62]. Another method to reduce the transmission losses is by upconverting the trans-
mitted low-energy photons from the solar spectrum to higher-energy photons, which
can then be utilized by the solar cell. Usually, the upconverter layer is located behind
a solar cell, and it can absorb the transmitted sub-bandgap photons. The sequential
absorption of photons will populate the excited state in the upconverter from which
photons are emitted, which can be absorbed by the solar cell and generates electron-
hole pairs. The energy conversion efficiency of this system within the radiative limit
is calculated for cells of totally diverse geometries and different illumination con-
ditions employing an elaborated balance model. It is shown that by restricting the
widths of the bands in the upconverter, the conditions of photon selectivity and com-
plete absorption of high-energy photons can be met simultaneously in this system.
It is the only method that does not require any specific engineering. Upconversion
material can be coupled to any type of solar cell, crystalline, amorphous, thin-film,
organic solar cells, hybrid solar cells, and dye-sensitized solar cell (DSSC).

For c-Si solar cells, the transmission loss of the incident solar energy amounts to
about 20%, and no conventional methods could reduce this loss. Figure 22 shows the
schematic diagram of how UC phosphor based spectral upconverter works in a c-Si
solar cell. Trupke et al. [63] theoretically showed that the upper limit of the energy
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conversion efficiency by using UC materials as 63.2% for concentrated sunlight and
47.6% for non-concentrated sunlight.

In 1996, Gibart et al. [64] demonstrated the feasibility of this concept experimen-
tally by stacking rare earth-doped vitro ceramic (Er3+–Yb3+ A/S) behind a substrate-
free ultrathin GaAs (1.43 eV) solar cell. The cell efficiency was 2.5% upon exci-
tation of 256 kW/m2 monochromatic sub-bandgap (1.391 eV) laser light (1 W on
0.039 cm2 cell area). Many research groups then developed various upconversion-
based PV system to enhance the solar cell efficiencies. Richards and Shalav [65]
showed a 3.4% of external quantum efficiency (EQE) in the c-Si solar cell by using
NaYF4:Er3+ upconverter when excited at 1523 nm. Some of the works are listed in
the table below. Struempel et al. [66] suggested BaCl2:Er3+:Dy3+as a better accord
for NaYF4 systems due to their low phonon energy and high excitation spectrum. Yb,
Er, sensitizer–activator coupled host materials are considered as the most efficient
upconversion phosphors. Crystalline silicon (c-Si) has absorption in the 920–980 nm
wavelength. So, Yb sensitizer cannot be used in c-Si solar cells. Er3+, Ho3+ doped
UC materials, which can absorb long-wavelength near-infrared light and emit near-
infrared light is good for narrow bandgap solar cells, especially C-Si solar cell. On
the other hand, for wide bandgap semiconductors, like GaAs and a-Si:H solar cells,
Yb3+–Ln3+ couples can be effectively utilized.

Later Badescu et al. [67], with a detailed model of solar cell and upconverter,
confirmed the results of Trupke et al. [63]. They have taken into consideration the
refractive index of the solar cell and the upconverter. An upconverter should have
lower refractive index than the cell, and similar materials can improve efficiency by
about 10%. Recently Atre et al. [68] endorse the above findings. In their study, radia-
tive recombination, non-radiative relaxation, and non-ideal absorption were taken

Fig. 22 Schematic diagram
showing how the
upconversion layer works in
solar cell
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into consideration. They also underline that wide bandgap solar cell would be the
best nominees for upconverters.

The position of the upconverter layer in cell architecture is also important. From
theoretical and experimental results, the best design is to place the upconverter on
the rear side of the cell with a mirror layer. One of the major problems in these
upconversion spectral converters is their narrow absorption range. Most of these UC
phosphors have Yb3+ sensitizer, which has absorption around 980 nm. Therefore, it
is necessary to broaden the absorption range of these phosphors by secondary doping
or using multiple sensitizers.

(a) Upconversion in c-Si solar cells:

In the 800–1100 nm spectral region, the c-Si solar cells work most efficiently, but
they show very low spectral response in the short-wavelength sunlight. Therefore,
the most desirable upconverters for c-Si solar cells are those that are able to absorb
light above 1100 nm and convert it into emission around 1000 nm. Therefore, the
development of UC materials with absorption below 1100 nm and the upconverted
emission in the range of ~800–1100 nm are best suitable for a c-Si photovoltaic
(PV) cell. Sensitizers likeYb3+ or Nd3+ are not recommended for use in c-Si cells
since they have absorption at ~980 and ~800 nm where the semiconductor silicon
has high spectral responses. In principle, an upconverter for c-Si solar cells should
satisfy the following requirements: (i) the excitation range longer than 1100 nm (Eg

1.12 eV); (ii) the emission range shorter than 1100 nm; (iii) good response under
low-intensity excitation; and (iv) high conversion efficiency and high transparency
toward the upconverted light.

Considering all these, single Er3+-doped UC materials are best suitable for c-
Si solar cells. Er3+ has absorption at 1480–1580 nm (4I15/2 → 4I13/2) and shows
upconversion luminescence at ~980, ~540, and 650 nm. In 2005, Shalav et al. [69]
studied NaYF4:20% Er3+ microcrystals as an upconverter in bifacial c-Si solar cells.
The NaYF4:20% Er3+ phosphors in acrylic adhesive were deposited on the rear of a
bifacial c-Si solar cell. They have obtained an external quantum efficiency of 2.5%
under excitation at 1523 nm (5.1 mW laser power). Later, Fischer et al. [70] also
investigated bulk NaYF4:20% Er3 and obtained an external quantum efficiency of
0.34% at 1522 nm (power density: 1090 Wm−2).

Lahoz et al. [71, 72] successfully demonstrated the use of single Ho3+ ion [absorp-
tion band in the region 1150–1225 nm (5I8 → 5I6) and UC emission at ~910 nm
(5I5 → 5I8), and at ~650 nm (5F5 → 5I8)] doped upconverting oxyfluoride glass
ceramics in a c-Si solar cell. In another work of theirs, Ho3+–Yb3+ co-doped upcon-
version phosphors were used as spectral converters for a c-Si solar cell. They found
that the Ho3+–Yb3+ co-doped upconverter was much efficient than that of the single
Ho3+-doped UC phosphor. Because the Ho3+ ions in the excited 5I5 state can sensi-
tize Yb3+ ions at the ground 2F7/2 state, resultingin both Ho3+ and Yb3+ UC lumi-
nescence. Therefore, the c-Si incorporated with Yb–Ho co-doped UCNP produced
a more enhanced response in the NIR region compared to the single Ho3+-doped UC
phosphor. They also demonstrated a double layer design with Ho3+ UC layer posi-
tioned at the rear side of a bifacial C-Si cell followed by Er3+ UC layer and amirror. In
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2012, Chen et al. [33] proposed another design where Er3+ and Ho3+ activators were
incorporated into the core and shell layer of a nanoparticle separately. This core–shell
structure could extend the excitable NIR wavelength range and also minimize the
luminescence quenching through cross-relaxation energy transfer between the two
ions. They fabricated NaGdF4:Er3+/NaGdF4:Ho3+/NaGdF4 core-shell nanoparticles
and intense UC emissions from both the ions were obtained. The other major works
on the upconversion layer for improving solar cell efficiency of c-Si solar cells are
summarized in Table 3.

(b) Upconversion for wide bandgap solar cells

Compared to the traditional c-Si solar cells,wide bandgap solar cellswould advantage
rather more from the integration of an upconverting layer owing to the dominant
transmission losses. The wide bandgap solar cells, including GaAs, amorphous Si,
organic solar cells, and dye-sensitized, will work well in the visible region. However,
their absorption is generally limited to a maximum wavelength of 900 nm. Figure 23
shows the bandgap of various solar cell absorbers and their efficiency comparison.

(c) GaAs solar cells

In 1995, Gibart et al. [64] reported the application of Yb/Er co-doped vitro ceramic
UC phosphor in GaAs solar cell. They have obtained a power conversion efficiency
of 2.5% under 891 nm illuminations. Lin et al. [73] used of Y6W2O15:Yb3+, Er3+

UC phosphor layer of thickness 300 μm to the rear of a GaAs solar cell and obtained
a maximum output power of 0.339 × 10−6 W under 973 nm laser illumination.
The Tm3+–Yb3+activator sensitizer couple giving a NIR-to-NIR upconversion lumi-
nescence (980 nm excitation, 800 nm emission) is likely to be more suitable for
application in GaAs solar cells (Eg = 1.43 eV; 867 nm) compared with other acti-
vator–sensitizer couples like Er3+–Yb3+, due to a larger emission and absorption
spectral overlap of the former.

(d) Amorphous silicon solar cells

Due to their low price, simple preparation and outstanding chemical stability, amor-
phous Si (a-Si:H) solar cells have been regarded as a promising alternative for c-Si
solar cells. At approximately 1.75 eV bandgap, amorphous Si has a bigger bandgap
than c-Si, which limits it to absorb light smaller than 700 nm. This means that
upconverting materials with absorption above 700 nm should be appealing for uses
in amorphous Si solar cells. In 2010, Zhang et al. [74] reported the use of NaYF4:18%
Yb3+, 2% Er3+ nanocrystal in an amorphous Si solar cell for spectral upconversion.
The material shows visible emissions at around 655 (red), 525, and 540 nm (green)
under 980 nm illuminations. The incorporation of this UC layer in an a-Si:H solar cell
resulted in an increase in short-circuit current density by 6.25.DeWild et al. [75] used
β-NaYF4:Yb3+/Er3+ UC phosphor to improve the power conversion efficiency of an
a-Si:H solar cell. The upconverter powder was mixed with polymethyl methacrylate
and a layer 300 μm thick was placed at the rear of an a-Si:H solar cell. They have
obtained an external quantum efficiency of 0.02% at 980 nm. In addition, Er3+-doped
β-NaYF4 powders were also applied to a-Si:H solar cell by Chen and co-workers
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Table 3 Selected lanthanide-doped upconversion materials used for PV applications

Solar cell Upconverter Excitation
wavelength

Remarks References

a:Si β-NaYF4:Yb3+, Er3+ 980 nm 28 mW/cm2

EQE: 0.03%
Yb3+

(18%):Er3+

(2%)

[94]

a:Si β-NaYF4:Yb3+, Er3+ 980 nm 10 mW
Enhancement
in
Jsc:10 μA/cm2

[75]

a:Si NaYF4:Yb/Er/Gd–Au 980 nm 1100 mW
EQE: 0.14%
(core/shell
nanostructured)

[77]

Bifacial Si NaYF4:Er3+ 1550 nm 200 mW/cm2

EQE: 1%, EQE
= 0.6%

[95]

Bifacial Si NaYF4:Er3+ 1523 nm 2.4 W/cm2

EQE: 3.4%,
IQE = 5.7%

[65]

Bifacial Si NaYF4:Er3+ 1523 nm 5.1 mW
EQE: 2.5 ±
0.2%, IQE =
3.8%

[69]

Bifacial Si NaYF4:Er3+ 1522 nm EQE = 0.34%
(1090 W/m2)

[70]

Bifacial Si NaYF4:Er3+ 1523 nm EQE = 0.47%,
1629 W/m2

[96]

C-Si Gd2O3:Er3+ 1550 nm Increase in
photocurrent,
4% (p-type
abs.)

[97]

Dye-Sensitized α-NaYF4:Yb3+, Er3+ Simulated solar
light

100 mW/cm2

Conv.
Efficiency:
2.84%

[98]

Dye-Sensitized Y2O3: Er3+ 980 nm the
light-to-electric
energy
conversion
efficiency of
7.0 %

[99]

Dye-Sensitized LaF3:Yb3+, Er3+ 980 nm AM 1.5 sun,
ISC 2.4%
increase

[82]

(continued)
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Table 3 (continued)

Solar cell Upconverter Excitation
wavelength

Remarks References

Dye-Sensitized NaYF4:Yb3+, Er3+ 980 nm 2.4 W, ISC
11.2% increase
Conv.
Efficiency
10.6% increase

[100]

Dye-Sensitized NaYF4: Er3+:Yb3+ +
NaYF4

976 nm AM 1.5 sun,
Over all Conv.
Efficiency
11.9% increase
(core-shell
nanoparticles)

[101]

Dye-Sensitized YF3:Yb3+, Er3+ 980 nm [102]

Dye-Sensitized YAG::Yb3+,Er3+ 980 nm One order
magnitude
increase in
external
quantum
efficiency

[103]

Dye-Sensitized Lu2O3:Yb3+, Tm3+ 980 nm light-to-electric
energy
conversion
efficiency
increases by
11.1 %

[104]

Dye-Sensitized YbF3: Ho3+ 980 nm 23%
enhancement in
the overall
conversion
efficiency, 19%
improvement in
the
photocurrent

[105]

Dye-Sensitized Y2O3: Yb3+,Er3+ 1 sun AM 1.5
PCE increment
ratio: 12.4%

[106]

Perovskite LiYF4:Yb3+, Er3+ 980 nm 6.2 W/cm2

IQE: 5.72%
[107]

Organic
(PCDTBT:PCBM)

Y2BaZnO5: Yb3+,
Ho3+

986 nm 392 mW/cm2

UC EQE:
0.0052%

[92]

InGaP Gd2O2S, Y2O3,
NaYF4 Yb3+, Er3+

Broad
illumination
(890–1045 nm)

2.7 KW/m2

Found increase
in photocurrent

[108]

GaAs Y6W2O15: Yb3+,
Er3+

973 nm 145.65 W/cm2 [73]
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Fig. 23 Semiconductor
bandgap and efficiency
comparisons of different
solar cell absorbers

[76]. They observed an improved current of 0.54 μA in solar cell, when illuminated
with 980 and 1560 nm laser simultaneously. Recently, Li et al. [77] achieved a 72-
fold enhancement in photocurrent of a a-Si:H solar cell, when NaYF4:Yb3+, Er3+,
Gd3+ nanorods-modified electrodes were used (980 nm excitation). Recently, our
group had incorporated oxide, oxyfluoride, and fluoride UC phosphors of yttrium in
a-Si:H solar cell and obtained a maximum enhancement of 7.5% in the short-circuit
current density for fluoride host material [15].

The J-V characteristic curve of the solar cells with different UC phosphors based
on incident intensity is shown in Fig. 24a–c. It can be seen that as the incident
intensity had increased the short-circuit current density also increased. When YF3
UC phosphor layer was incorporated in the a-Si:H solar cell, the short-circuit current
density improved to0.35mA/cm2 from0.175mA/cm2 as the IRpower increased from
17.3 to 24.8 mW. Similarly, for YOF UC layer, the JSC improved to 0.235 mA/cm2,
and for Y2O3 UC layer, JSC increased to 0.207 mA/cm2 for the same change in the
incident power Fig. 24d shown the comparison of J-V characteristics of a-Si:H solar
cell with UC phosphors incorporated measured under AM1.5 G alongside with NIR
illumination. Also, undoped Y2O3 incorporated a-Si:H solar cell was also measured
under the same conditions. It was observed that the YF3 incorporated solar cell
showed an improvement of nearly 1 mA/cm2 in short-circuit current compared to the
reference cell. The superior performance of the a-Si:H with YF3 spectral converter
was attributed to high UC efficiency for the YF3 host compared to YOF and Y2O3

hosts [15]. It should also be noted that solar cells with UC phosphors could larger
influence in countries with direct Sun’s irradiation. In addition, a holding factor
of UC phosphors for solar cell application could be the nonlinear response of UC
phosphors to incident intensity. However, the application of plasmonic and photonic
architectures with UC phosphors can further improve the in solar cell performance.

(e) Dye-sensitized solar cells
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Fig. 24 J-V characteristics of a-Si:H solar cell with a YF3 UC phosphor, bYOFUC phosphor, and
c Y2O3 UC phosphor with 980 nm IR illumination. d J-V characteristics of a-Si:H solar cell with
the three Yb3+/Er3+ doped phosphors, undoped host material under AM 1.5 M illumination along
with 980 nm NIR radiation. Reprinted with permission from [15] copyright @ 2018, Elsevier

Dye-sensitized solar cells (DSSCs) or Grätzel cell were first reported by Grätzel [78]
in 1991. Because of its appealing characteristics such as low cost, ease of manu-
facture, eco-friendliness, semi-transparent, and flexible design, the DSSC offers an
alternative idea that is technically and economically viable to today’s photovoltaic
intersection. A typical DSSC is composed of a porous layer of titanium dioxide
nanoparticles, concealed with a molecular dye that absorbs the sunlight. However,
improving the conversion efficiency of a DSSC is always a difficult job owing to the
limited absorption spectrum of dyes used [79–81]. The most commonly used dyes in
DSSC are ruthenium-based ones, such as N3 ([Ru(dcbpyH2)2-(NCS)2], dcbpyH2 =
2,2′-bipyridyl-4,4′-dicarboxylic acid), N719 ([(C4H9)4N]2[Ru(dcbpyH)2(NCS)2]),
and N749 ([(C4H9)4N]3-[Ru(tcterpy)(NCS)3]. 3H2O, tcterpy = 4,4′,4′′-tricarboxy-
2,2′:6′,2′′-terpyridine), etc., has bandgap (HOMO and LUMO) usually higher than
1.8 eV. Therefore, photons with wavelengths of less than 700 nm can only be
absorbed by these cells. Most of the solar energy in the IR region is, therefore,
unabsorbed. Efforts to produce panchromatic sensitizers for DSSCs have been ham-
pered by bad injection effectiveness, and competing recombination of charges when
the sensitizer’s absorption spectrum is stretched to the IR region.
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Fig. 25 A typical schematic configuration of a DSSC equipped with upconverters

Photon upconversion is an alternative approach by absorbing IR radiation and
emitting high-energy photons, which in turn absorbed by the sensitizing dyes. A
typical structure of a DSSC cell with upconversion phosphor is illustrated in Fig. 25.

Demopoulos et al. [82] first reported aDSSC device incorporatedwith lanthanide-
doped UCmaterial. They have used Yb3+, Er3+co-doped LaF3-TiO2 nanocomposites
to develop the electrode structure. Under IR illumination, the upconverted phosphor
incorporated DSSC device shows some response. They also deposited micro-sized
β-NaYF4:Yb3+, Er3+ UC phosphors on the rear side of a counter electrode [83]. This
device architecture provides a double benefit of both light reflection and NIR light
harvesting. In 2012, Yuan et al. [84] used colloidal β-NaYF4:2%Er3+/20% Yb3+

nanoparticles in DSSC. The synthesized nanocolloidal particles had size less than
20 nm. Because of this, the nanoparticles could diffuse through the mesoporous
TiO2 and can effectively interact with the dyes. Later, Yang and co-workers [85]
used YF3:Yb3+, Er3+ particles for spectral upconversion, and the power conversion
efficiency was increased from 5.18 to 6.76%.

Zhang et al. [86] used core shell core-shell NaYF4:Er3+, Yb3+/TiO2 nanocompos-
ite as the photo-anode. Zhao et al. [87] grown an SiO2 layer between TiO2 and the
UCNP to prevent the recombination loss. They have obtained an improvement of
29.4% in efficiency. Demopoulos et al. [88] investigated β-NaYF4:Yb3+, Er3+/TiO2

submicron UC and the optimized layered DSSC structure shown a 16% relative
enhancement in power conversion efficiency. Important results of UC phosphor
incorporated DSSC device are summarized in Table 3.

(f) Organic solar cells

Because of its low price, lightweight, flexibility, and easy manufacturing methods
for large-scale manufacturing, organic solar cells are regarded as one of the most
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promising applicants in new generation solar cells [89, 90]. One of the major chal-
lenges of organic solar cells is the spectral mismatch of the donor organic molecule.
Bulk heterojunction (BHJ) solar cells with a large HOMO-LUMO difference are
able to absorb only the visible sunlight. Recently, low-bandgap polymer mate-
rials such as PCPDTBT (poly-[N-9′-heptadecanyl-2,7-carbazole-alt-5,5(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadia-zole]) and its derivatives are utilized to enhance the
spectral response of the solar cell in NIR region.

On the other hand, upconversion phosphors are more dedicated to further extend-
ing more the NIR spectral response. Wang et al. [91] demonstrated the feasibility of
LaF3:Yb3+, Er3+UC phosphors to improve the NIR response of P3HT:PCBMorganic
solar cells. Following excitation at 975 nm, an upconverted photocurrent density of
~16.5 μA/cm2 was observed. In 2012, Wu et al. [73] applied NaYF4:Yb3+, Er3+

nanoparticles on the rear of a P3HT:PCBM organic solar cell. An increase in the
short-circuit current by 0.5 μA was observed when illuminated by 980 nm laser.

Adikaari et al. [92] utilized multinary Y2BaZnO5:Yb3+, Ho3+ UC phosphors
in PCDTBT:PCBM organic solar cells. Under 986 nm laser illumination with
an excitation density of ~390 mW/cm2, photocurrent density of 16 μA/cm2 was
obtained. Guo et al. [93] also used a similar technique to enhance the NIR repose
of polymer BHJ solar cells. They have mixed UC NaYF4:Yb3+, Er3+phosphor along
with PCDTBT:PCBM. Table 3 summarizes the major work in the application of
upconversion in different types of solar cell.

6.2 Biological Applications

The extensive potential applications in the biomedical field are one of the main rea-
sons for the exponential increase in research based on luminescent materials [109].
Recently, upconversion luminescent materials gained much attention toward biolog-
ical applications because of some advantages compared to conventional lumines-
cence materials. The main appeal toward the biological application of upconversion
materials is large anti-Stoke’s shift which helps to differentiate between excitation
and emission wavelength, high resistance toward photobleaching, low background
auto-fluorescence since biomolecules have no fluorescence with IR excitation, low
toxicity to a biological system and high penetration depth. With all such advantages,
upconversion luminescent nanoparticles have emerged as a new generation bio probe
[110, 111]. The main challenge in the implementation of these materials as bio-
probes is the lack of a general method to make water-dispersible, biocompatible, and
surface-functionalized nanoparticles [109].

Currently,most of the synthesizemethods of upconversionnanoparticles (UCNPs)
make use of organic materials as medium and hence, the prepared particles will be
capped with hydrophobic organic ligands. Suitable surface modification is necessary
to obtain biocompatible UCNPs for potential biomedical applications. The parti-
cle can be made hydrophilic by coating the surface with silica, but further surface
modification is required to attach functional groups on the silica surface. In most of
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the cases, the surface is modified using –NH2, –SH, and –COOH functional groups
for effective bioconjugation [109]. Hydrophilic molecules like poly vinylpyrroli-
done (PVP) [112, 113], polyacrylic acid (PAA) [114–116], polyethylenimine (PEI)
[117], aminohexanoic acid (AA) [118, 119], and polyol [120, 121] are the common
choice for surface modification since they control the growth of particle and provide
the functional group for further bioconjugation. Ligand exchange [113, 122, 123],
ligand attraction [124], ligand oxidation [125], layer-by-layer assembly [126], and
silanization [127–129] are the commonly used methods to convert the hydropho-
bic nanoparticles to the hydrophilic ones. Along with such method, one can go for
photosynthesis ligand oxidation with ozone [130] or ligand-free treatments [131] for
surface treatment and bioconjugation [109].

In the ligand exchangemethod, the hydrophobic ligands on the surface of prepared
nanoparticles are displaced by other polymeric molecules, which could provide a
hydrophilic surface [132]. The new ligand molecules should have an affinity as
strong as possible to the nanoparticle in order to quickly and effectively replace the
hydrophobic original surfactant molecules [44].

Direct ligand oxidation method is the oxidation of the unsaturated carbon-carbon
double bonds of the capping hydrophobic organic ligands into carboxylic acid groups
to generate water-soluble UCNPs [44]. Li and co-workers [125] first demonstrated
this technique by converting oleic acid capped NaYF4:Yb3+, Er3+ NPs into water-
soluble ones using the Lemieux-von Rudloff reagent. The Lemieux-von Rudloff
reagent would selectively oxidize a carbon-carbon double bond (R–CH = CH–R′)
to carboxylic acids. The ligand oxidation method is turned very simple and easily
handled for surface modification of hydrophobic nanophosphors (NPs) [130]. How-
ever, it was applicable only to ligands which contained unsaturated carbon–carbon
double bond [44].

In the ligand attraction approach, the nanoparticle with a hydrophobic lig-
and is allowed to interact with an amphiphilic polymer. This method works
based on hydrophobic–hydrophobic van der Waals interactions between the chosen
amphiphilic polymers and original hydrophobic ligand, which realize the conversion
of hydrophobic UCNPs to water-soluble ones.

In layer-by-layer assembly, the electrostatic attraction between oppositely charged
species is used to achieve successful surface modification. Surface silanization is a
powerful technique for covalent surface modification of nanoparticles. Silanization
can be achieved either by treating the particle with a silane reagent to have a silane-
modified surface or by treating the particle with tetraethyl orthosilicate to have a layer
of silica on the surface of the particle. The resulting UCNPs were of low toxicity and
can be well dispersed in aqueous solution. The silica layer will protect the UCNPs
from undesired external effects such as quenching or penetrating [44].

There are many non-targeted applications of UCNPs in biological systems.
Still, the biocompatible UCNPs will not have that specific functional group or
biomolecules in the surfaced that can selectively recognize the analyte molecule,
which limits their extensive applications as an imaging probe. Therefore, to improve
selective targeting, the UCNPs are conjugated with bioactive ligand moieties, having
a strong affinity to specificmolecular targets in living systems. Thus, ligand-modified
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UCNPs will be specifically trapped at the targeting region, and hence target-specific
imagingwill be possible; on the other hand, unmodifiedUCNPswill not have an affin-
ity toward the target and will not accumulate during circulation. The most commonly
used ligand moieties are small organic molecules, peptides, proteins, antibodies or
their fragments [19].

Mader et al. [133] had tried to correlate the different possibilities of surface mod-
ification of NPs for biomedical applications and imaging. In their view, it is possible
to adsorb the biomolecule on the surface of NP physically. However, the covalent
linkage is preferred since desorption is not possible in this case, and hence the num-
ber and orientation of the immobilized reporter molecules can be well controlled.
There is no universal method which can be adopted in any of the many applications
of bioconjugated UCNP. In a covalent surface modification, carboxy, thiol, or amino
groups are introduced on the surface of nanoparticles. The carboxy-modifiedNPs can
make a carbodiimide bond with biomolecules like proteins or oligomers containing
amino groups. Thiol-functionalized NPs can make a disulfide bridge with disulfide-
modified oligonucleotides. Amino-modified NPs can be attached to a large variety of
amino-reactive entities by forming succinimidyl esters. A schematic diagram show-
ing a surface modification of amine-functionalized upconversion nanoparticles using
different biomolecules is shown in Fig. 26 [134].

Zijlmans et al. [135] were the first to use upconversion nanoparticles for
imaging applications. They imaged human prostate tissue using submicron-sized
Y2O2S:Yb3+, Tm3+ particles. Upon exciting with 980 nm laser, they observed low
auto-fluorescence and no photobleaching even after continuous exposure. The first
report on in vivo imaging applications of NaYF4 UCNPs was by Chatterjee et al.
[136]. They injected polyethylenimine (PEI)-functionalized UCNPs into the abdom-
inal skin and thighmuscles of rat, and the back skin of the rat showed visible emission

Fig. 26 Surface modification of amine-functionalized upconversion nanoparticles using different
biomolecules. Reagents: succinimidyl iodoacetate (SIA), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC), succinimidyl ester (NHS), andN-succinimidyl 3-(2-pyridyldithio)
propionate (SPDP) [134]
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on 980 nm excitation. Later, Nyk et al. [137] reported the high contrast whole-body
imaging using UCNPs, which was the foundation for the development in advanced
whole-body imaging.

The main issue to be addressed while using rare earth-based materials for
biomedical applications is the cytotoxicity. These particles can be implemented for
biomedical applications only after testing the toxicity and biocompatibility. Assays
like MTT (methyl thiazolyl tetrazolium) and MTS ((3-(4,5-dime-thylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, sodium salts)) can
be used to test cytotoxicity of UCNPs. The studies show that within a limited incu-
bation time, UCNPs are not cytotoxic. The in vivo cytotoxicity of UCNPs was also
studied for its advanced biomedical applications. Zhao et al. [138] evaluated in vivo
toxic effects and found that the survival rate of mice after thirty days was 100% for
Gd/Mn-doped UCNPs. It is also possible to develop luminescent nanoparticles of
biocompatible host material for future biomedical applications. Hydroxyapatite and
fluorapatite are excellent biomaterials with good biocompatibility [139].

Nyk et al. [137] used NaYF4:Tm3+, Yb3+ for in vitro and in vivo bioimaging using
975 nm excitation source. The emission they used for imaging was at 800 nm since
both the emission and excitation wavelengths are in the NIR range, and they obtained
remarkably high optical contrast because of the absence of auto-fluorescence and
decreased light scattering. Cellular imaging was done using human pancreatic cells,
for which cells were cultured in essential media and UCNPs were introduced to it.
The UCNPs were also used for whole-body imaging of mice, and the signal was
readily detectable through the skin. The in vivo and in vitro images obtained by Nyk
et al. [137] using UCNP are shown in Fig. 27.

In 2011, cancer cell imaging and therapy using UCNPs were reported by Wang
et al. PEGylated (poly (ethylene glycol)) UCNPs were synthesized and loaded

Fig. 27 a In vitro cell imaging and b in vivo imaging of mouse using UCNPs where red color
indicates emission from UCNPs. Reprinted (adapted) with permission from [137] Copyright @
2008, American Chemical Society



88 K. K. Markose et al.

with a chemotherapy molecule, doxorubicin (DOX). The drug released is based
on pH-dependent mechanism. Folic acid-modified UCNPwas used for targeted drug
delivery [140].

Cheng and others [141] synthesized multifunctional Gd3+ doped NaYF4 UCNPs,
which can be used for imaging and photo thermal therapy. The UCNPs is having
ultra-small superparamagnetic Fe2O3 on its surface, a thin layer of gold on top and
further functionalized with PEG. The surface plasmon resonance absorption and the
consequent heat produced by gold shell have been utilized for photothermal abla-
tion of cancer cells. Dual modal imaging, which contains luminescence imaging and
magnetic resonance imaging with the particle, was further demonstrated with in vivo
animal imaging experiments. Such UCNPs can be effectively used for multimodality
imaging. Gd3+-doped UCNPs can be extensively used for magnetic resonance imag-
ing (MRI), photoinduced emission tomography (PET), and computed tomography
(CT) imaging.

Hollow mesoporous luminescence materials are attractive due to its multi-
functional capabilities like imaging, targeted diagnosis, and drug delivery. In
2013, Yang et al. [142] synthesized hollow NaYF4:Er3+, Yb3+nanospheres and
used for carrying the anti-cancer drug doxorubicin. Folic acid-modified UCNP
could be selectively uptaken by cancer cell through receptor-mediated endocy-
tosis and release the drug inside the cell (Fig. 28). There are several reports
based on porous upconversion nanoparticles [143, 144]. A novel aptamer-guided
nano drug carrier based on the mesoporous metal-organic framework shell and
upconversion luminescent NaYF4:Yb3+/Er3+ core was reported by Deng et al.
[145] in 2015. Such organic-inorganic hybrid materials can be effectively used
for targeted imaging and drug delivery. There are different varieties of core-shell

Fig. 28 Schematic diagram of showing multifunctionality of porous UCNP in the diseased cell
[142]
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nanoparticles designed and studied for imaging applications. For example, core-
shell structure NaYF4:Yb3+:Er3+/NaYF4:Yb3+/NaNdF4:Yb3+/NaYF4/NaGdF4 with
NaYF4:Yb3+:Er3+ core and four outer shells can be designed for multimodal imag-
ing, and the shell structure will help to avoid back energy transfer between the Er3+

and Yb3+centers. Furthermore, the undoped outer shell could reduce the quenching
due to surface states [146].

Förster resonance energy transfer or fluorescence resonance energy transfer
(FRET) is a non-radiative process in which electron excitation energy from a chro-
mophore is transferred to a nearby acceptor material likemetal nanoparticles through
long-range dipole-dipole interaction. FRET-based biodetection has gained much
attention in the previous years. A UCNPs-based FRET system can be developed
for avidin detection in which amino-functionalized NaYF4:Er3+, Yb3+ conjugated
with biotin as a donor and biotin-modified gold nanoparticles as acceptor. The spe-
cific binding between avidin and biotin is used for detection. The luminescence
intensity of UCNP will decrease with increasing avidin concentration, and hence,
the concentration of avidin can be found out from the linear relationship between
fluorescence intensity and avidin concentration [126]. Schematic diagram of analyte
detection using FRET sensor is shown in Fig. 29.

Chen and co-workers [125] usedwater-soluble and carboxylic acid-functionalized
UCNPs for DNA detection. The carboxyl functionalized the particles with were fur-
ther modified with streptavidin, carboxyl group onUCNPs form of amide bonds with
streptavidin. In the sensor, they had used two small oligonucleotides to detect a longer
target oligonucleotide. One of the short oligonucleotides, DNA 1, is linked to biotin
and the other DNA 2 to TAMRA (N,N,N ′,N ′-tetramethyl-6-carboxyrhodamine)
whose excitation spectrum overlaps with the green emission of UCNPs. TAMRA can
absorb the emission fromUCNPs when they are in close proximity. In the absence of
a target, DNA 1 and DNA 2 are far apart and UCNPs emission can observe because
non-radiative energy transfer from UCNP to TAMRA is negligible. By the addition

Fig. 29 Analyte detection
using FRET-based energy
transfer
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of target DNA, the UNCP and TAMRA will be in close proximity, and hence, the
emission will be quenched.

Even though the biological applications of these particles are widely studied and
highly progressed, there exist muchmore challenges yet to be addressed. Since the f –
f transitions are forbidden in RE3+ ions, the absorption cross-section of UCNPs will
be very less, and lasers are usually required to have intense emission. Improvement
in UC emission behaviour is always required. During the preparation of smaller
particle, the defects will be higher, which will decrease luminescence. More defect-
free methods are required for the production of better particles with good emission.
The surface modification will further reduce the emission. Hence, synthesis methods
have to be developed in which surface modification is less required [147].

The main challenge in biological application of these particles is the narrow
excitation wavelength tunability. 980 nm excitation used most commonly is highly
absorbed by water in the tissue, which will cause tissue heating. New strategies
have to be developed to overcome such difficulties for better imaging using UCNPs
[148, 149].

6.3 Upconversion in Security Applications

Security printing is a major concern in today’s world, where it is significant for
corporate, federal, and state organizations [150]. It is widely used for document
authentication, counterfeit applications, labels for products, etc. Within the security
printing sector, a plethora of technical techniques implemented, including water-
marks, intaglio printing, microprinting, and fluorescent ink printing [151]. Most of
the photoluminescent products presently used in security applications are based on
luminescence downconversion for which excitation of short wavelength generates
emission of long wavelengths. UV excitations are used to read these downconver-
sion printings. UCNP inks are considered as the next-generation luminescent security
inks. Fabrication of luminescence inks with stability, good dispersion of nanomateri-
als in the ink medium, high UC luminescence intensity, the convenience of printing,
adhesiveness to various surfaces, and low cost are important for its commercial appli-
cation. The appropriate choice of ink medium is an important aspect for the fabri-
cation of luminescent inks in which the luminescent nanomaterials can be dispersed
homogeneously and consequently form colloidal suspensions without forming any
cluster or settling down at the bottom. Some of the reports on UC inks are reviewed
below.

Photolithographic patterns of α-NaYF4:Yb3+, Er3+ (green) and α-NaYF4:Yb3+,
Tm3+ (blue) upconversion nanophosphors have been produced byAnh and et al. [21].
Later, Blumenthal et al. [152] demonstrated that covert, monochrome luminescent
upconversion patterns could be generated with high resolution in a one-step printing
process using inks activated with β-NaYF4:17% Yb3+, 3% Er3+ nanocrystals. The
UC ink has toluene as the ink medium and 2 wt% of upconversion nanoparticles,
oleic acid as a capping agent, and polymethyl methacrylate (PMMA) as a binding
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agent along with enough methyl benzoate. They had printed these upconversion ink
using both direct-write printing and screen printing technique. These printed features
are invisible in normal light, but they can be easily seen by the naked eye when these
printed objects are excited under the light of 980 nm wavelength. Meruga et al.
[153] created RGB additive-color printing system that produces extremely resolved
pre-defined patterns that are invisible beneath close lighting, however that is seeable
as light multicolor pictures beneath NIR excitation. The patterns are generated by
freelance deposition of the primary colours (red, green, and blue) upconversion inks
exploiting an Optomec Aerosol Jet® direct writing printer. The red, green, and blue
inks are activated with β-NaYF4:10% Er3+, 2% Tm3+, β-NaYF4:17%Yb3+, 3% Er3+

and β-NaYF4:25% Yb3+, 0.3% Tm3+ nanocrystals, respectively. The primary colour
inks are written as isolated and overlapping options to supply pictures that at the
same time emit red, green, blue, cyan, magenta, yellow, and white upconversion
luminescence once excited employing a single NIR supply. The ink was made by
dissolving UCNP in PMMA solution (Fig. 30).

Meruga et al. [154] used inks comprised of Yb3+/Er3+- and Yb3+/Tm3+-doped
NaYF4 nanoparticles capped with oleic acid in toluene and methyl benzoate with
poly(methyl methacrylate) (PMMA) as the binding agent was used to print quick
response (QR) codes. Wang et al. [155] demonstrated the detection of fingerprints
over various surfaces which are stained with NaYF4:Yb3+, Er3+ UC phosphor. Zhang
et al. [156] reported the use of multicolour emitting UC β-NaF4 micro-rods for
anti-counterfeiting application. Later, You et al. [157] demonstrated the use of both

Fig. 30 Photographs of different step involving in the printing of UC security ink QR code and the
printed QR code prototype. Reprinted with permission from [154] Copyright © IOP Publishing,
2012. All rights reserved
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hydrophobic and hydrophilic UC phosphors for anti-counterfeiting and produce pat-
terns with simple inkjet printing. Sangeetha et al. [158] presented three-dimensional
(3D) QR codes which were formed using upconversion nanophosphors by atomic
force microscopy (AFM) nanoxerography. In another interesting study, Ramos et al.
[159] suggested 3D security ink stamps or fluorescent labels for visual identifi-
cation of orthodontic adhesives, which exhibit visible luminescence upon infrared
light. Another interesting result was reported by Barideet al. [150], and they fabri-
cated NIR-to-NIR upconversion security inks based on Yb3+/Tm3+-doped β-NaYF4
nanophosphors. The printed QR codes were invisible under ambient conditions, and
the NIR luminescent images (800 nm) of QR codes could be easily captured by using
a CCD camera. Yao et al. [160] synthesized core-triple-shell Ln3+ ions doped NaYF4
and developed colloidal suspension for screen printing. The screen-printed patterns
show multicolour display under 980 and 808 nm excitations. One of the main ques-
tions that needs to be addressed is the readability of these UC inks. Generally, high-
power laser is used to demonstrate UC ink-printed images or counterfeit applications.
Development of high-efficiency UC inks and UC ink based on water is necessary
for commercial applications. Nowadays, many works are going on to develop sta-
ble ink with upconversion nanophosphors with water as the dispersion medium and
can use in inkjet printers [161]. Recently, Liu et al. [162] reported high-resolution
images printed using luminescence ink. They have incorporated the upconversion
phosphors in plasmonic nanoresonators for tunable color emission. The outstanding
optical properties of upconversion nanophosphors over pigments and dyes, like high
photo- and thermal stability, less toxicity and chemical stability make them a pos-
sible replacement for the conventional security inks. These upconversion inks were
demonstrated printing on various substrates also.

7 Conclusions

In this review, fundamentals for upconversion luminescent materials as spectral con-
verters are presented. These materials have promising applications in solar cells, dis-
ease diagnosis, and security printing. The challenge in designing solar cell devices
is to minimize energy losses due to the spectral mismatch between the absorption
spectrum of solar cell and incident solar spectrum. Tomake use of the complete solar
spectrum, upconversion, quantum cutting, and downshifting luminescent materials
have to be used. Even though these methods are in the infancy stage, these materi-
als will be useful as spectral converters to reduce the spectral mismatch losses and,
consequently, boost the efficiency of solar cells. Using upconversion phosphors can
harvest the sub-bandgap sunlight. Proof-of-concept experiments have been widely
performed for Er3+-doped upconverters (for c-Si solar cells) and Ln3+–Yb3+ (Ln =
Er, Tm, and Ho) co-doped upconverters (for wide bandgap solar cells). However,
there are two major drawbacks associated with this approach that currently limit the
practical application of upconverters for solar cells. First, the efficiency of current
Ln3+-doped upconverters investigated for solar cells is generally low (less than 3%).
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The upconversion efficiency may be enhanced by using plasmonic resonance or pho-
tonic crystals. High excitation density can lead to high upconversion efficiency, but
it will require concentrated sunlight. The challenge in biomedical applications of
UCNP is the proper surface modification. Even though the IR excitation has high
tissue penetration, the absorption of IR by water has to be addressed. These materials
have to be explored more in the security printing aspect as well.
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Chapter 3
Optical Properties of Metal,
Semiconductor and Ceramic
Nanostructures Grown by Liquid
Phase-Pulsed Laser Ablation

P. M. Aneesh and M. K. Jayaraj

1 Introduction

Nanostructured materials have gained extensive research interest in the last few
decades owing to its exceptional chemical, optical, electronic and magnetic proper-
ties different from their bulk counterparts. In last few decades, extensive researches
were carried out in the synthesis of colloidal nanoparticles because of their versatile
properties promising for application in various fields like drug delivery [1, 2], imag-
ing [3–6], diagnostics [7–10] and for the growth of nanocomposites with peculiar
optical, mechanical or bioactive properties [11–14]. Pulsed laser ablation (PLA) was
first developed as technique for the growth of thin films in the 1960s, shortly after the
invention of the pulsed ruby laser. Since then, the growth of thin films by laser abla-
tion in vacuum and in various gases ambient has been studied by many researchers.
Wide variety of thin films of high-temperature superconductors [15, 16], metals,
semiconductors, oxides, diamond-like carbon [17, 18] and other ceramics [19, 20]
can be deposited using different targetmaterials and gaseous atmosphere, and varying
parameters such as the laser fluence, laser wavelength and pulse duration.

Pulsed laser ablation is considered as the promising and most flexible technique
because almost all kinds of materials can be ablated at ultra-high-energy density. The
process parameters like irradiation time, energy density, wavelength, etc. during the
growth process can be controlled very easily [21, 22]. Patil and co-workers in 1987
first reported the pulsed laser ablation on solid–liquid interface by ablating a pure
iron target in water to form iron oxides with metastable phases using pulsed laser
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beam [23]. This method is known as liquid phase-pulsed laser ablation (LP-PLA),
and the laser beam is focused on the solid target surface through the liquid. This
pioneering work based on PLA of solids in various liquids opened new routes for
the synthesis of materials and LP-PLA method has been used to produce a wide
variety of novel materials, such as metallic nanocrystals, nanodiamond and related
nanocrystals, nanocrystal alloys and metal oxides with peculiar properties.

LP-PLA techniques have become a promising and versatile growth technique for
nanostructures that allows one to choose suitable solid targets and confining liq-
uids. LP-PLA technique has many advantages over the other conventional physical
methods such as pulsed laser ablation in vacuum, sputtering and evaporation and
chemical methods such as sol–gel and co-precipitation. It is a chemically simple and
clean synthesis process. One of the advantages of LP-PLA technique is that since the
final product is usually obtained without any by-products and hence further purifi-
cation is not required. The other advantage of this technique is that it requires only
inexpensive equipment for controlling the ablation atmosphere, and the parameters
can be controlled very easily. Also, the amount of chemical quantity required for
synthesis is minimum as compared to the other conventional chemical process. The
extreme confined conditions, induced high temperature and pressure region during
the processes, favor the formation of metastable phases. Thus, nanostructures of
metals and semiconductors can be easily synthesized by this technique.

Commercially available colloids are usually synthesized by sol–gel or salt pre-
cipitation processes, and in these processes precursor, additive and surfactant sys-
tems need to be designed for each type of nanoparticles. Metal acetates and car-
bonates are the commonly used chemical precursors for every synthesis process in
nanochemistry. Oxidation of metal and hydroxylations of ceramic samples are the
other drawbacks of these kinds of synthesis techniques. The unreacted precursors and
substituents get agglomerated and remain as sediments in the final colloidal product
[24]. These days, large endeavors are being made for an efficient and systematic
purification and removal of these contaminants [25].

Regardless of the advancement in the field of wet chemistry, the potential of sol–
gel chemistry, particularly product diversity, have not been utilized adequately [26].
Furthermore, the products are often constricted to thermodynamically stable crystal
structures, as a result of which the fabrication of hard ceramics like alpha aluminum
oxide and tetragonal zirconium dioxide becomes complicated. Also, as the required
forces increase exponentially with smaller particle size, it is not possible to form
nanoparticles from these hard materials by mechanical milling. Likewise, milling
processes may introduce contaminants from grinding media [27]. But the develop-
ment and growth of new nanomaterials with LP-PLA technique require comparably
little effort. The limitations of LP-PLA technique are the low yield that is mostly
restricted to about (0.01–0.1) µg/min [28], and there are knowledge deficits on the
physical and chemical processes involved.

LP-PLA technique involves focusing a high-power laser beam onto the surface of
a solid target, which is submerged in a liquid. During this process, the interaction of
laser beamwith the surface of target leads to vaporization of surface and generates an
ablation plume,which containsmany species such as atoms, clusters and ions, rushing
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Fig. 1 Experimental setup
for the LP-PLA technique

out with high kinetic energy. These intermediate species in the plume collide and
react with molecules of the surrounding liquid, thus resulting in the formation of new
compounds containing atoms from both the target and the liquid. Focusing of a high-
power laser beam in nanosecond time scales results in the instantaneous increase in
temperatures and pressures (many thousands of K at tens of GPa) within the reaction
volume. LP-PLA technique which creates high-temperature, high-pressure and high-
density conditions in a localized area thus leads to the formation of novel materials
impossible by other conventional techniques. The experimental arrangement for the
synthesis of nanostructures by LP-PLA techniques is shown in Fig. 1. The necessary
condition for the formation of nanoparticles under ablation in liquid environment is
the melting of the solids which occur at adequately high laser fluence relying upon
the absorption efficiency of the material at the laser wavelength.

During the past decades, extensive research studies were performed in the for-
mation of nanoparticles (NPs) employing laser ablation of solids, either in gas or
in vacuum. This process of pulsed laser ablation can be controlled by understand-
ing the mechanisms of cluster formations, and this technique is now being widely
used for the growth of a large variety of compounds. LP-PLA can be considered as
the extension of this concept. In both laser ablations in vacuum and at the solid–
liquid interface, the interaction of laser beam with the target material is the same.
Also, plasma will be produced in both types of laser ablation process and during
the ablation; a strong confinement of ejected particles will be created as a result of
electron–ion recombination. But the difference is that, for normal PLA the expan-
sion of plasma occurs freely in vacuum, whereas in LP-PLA process, the plasma
is confined by a liquid layer. Additionally, the presence of liquid layer delays the
expansion of plasma, creating a high plasma pressure and temperature leading to the
formation of novel materials. Another favorable aspect of LP-PLA process is that



106 P. M. Aneesh and M. K. Jayaraj

the final product may contain the atoms of the solid target material and the liquid, as
both are vaporized during the LP-PLA process. LP-PLA is a flexible and versatile
technique for the synthesis of various novel nanoparticles and can be considered as a
substitute to the well-known chemical vapor deposition (CVD) method. Besides, the
generation of NPs through laser ablation of solid targets in liquid environment avoids
surface functionalization and formation of counter-ions or surface-active substances
[29, 30]. Thus, this LP-PLA offers the advantages of both pulsed laser deposition
(PLD) and other chemical routes. The colloidal dispersion of nanoparticles obtained
during LP-PLA process is found to more stable than that prepared by other chemical
methods. In addition, the materials with complex stoichiometries can be grown by
ablation process very easily. Moreover, materials which can only be synthesized at
high pressure can also be grown by pulsed laser ablation in a liquid medium. Briefly,
thematerialwill be ejected and evaporated upon irradiating the targetwith high power
over 0.1 GW/cm2. A maximum pressure of several GPa generated by shock waves
will be obtained with a laser power density of several GW/cm2 [31]. But processes
involved in the nucleation and transition of nanosystems in the LP-PLA technique
are not clear. Some of the nucleation thermodynamics, the phase transition and the
growth kinetics of nanocrystals by laser ablation of liquids are given by Yang [32].

Generally, LP-PLA is regarded as a quick and far-from-equilibriumprocess. In this
process, the final product may contain all stable andmetastable phases formed during
the different stages of bulk to nanoparticle transition, especially for any metastable
intermediate phases [32, 33]. Specifically, in LP-PLA process, the quenching time is
very short so that themetastable intermediate phaseswhich form during the transition
from bulk to nanoparticle conversion can be frozen in, and final products will be
formed. Berthe and co-workers [34] have mentioned that species ejected from the
solid target surface have a large initial kinetic energy during the very initial stage
of interaction of the high-energy laser with the solid–liquid interface. Due to the
covering effect in the vicinity of the solid–liquid interface, the ejected species will
form a dense region. This stage is similar to that of laser-generated plasma plume in
vacuumor low-pressure gas. The plasma expands adiabatically at supersonic velocity
leads to a shockwave in front of it as the plasma created inLP-PLAprocess is confined
in the liquid. The shock wave thus generated will induce an extra, instantaneous
pressure as it passes through the liquid. This laser-induced pressure will result in
the increase in temperature in the plasma [35, 36]. Therefore, the plasma formed
in LP-PLA is at higher pressure and higher density than that produced in PLA in
gas or vacuum. The localized high temperature will also result in the vaporization
of small amount of the surrounding liquid to form bubbles within the liquid. The
bubbles will expand when more material is vaporized until at a certain combination
of temperature and pressure, and finally, they will collapse. During the collapse of
bubbles, the nearby species are subjected to temperatures of thousands of kelvin (K)
and pressures of several gigapascal (GPa), and these extreme conditions result in the
formation of novel materials [37].

LP-PLA has been used to produce nanoparticles (NPs) of many different metal
elements including silicon [38, 39], titanium [40, 41], zinc [42, 43], cobalt [44, 45],
silver [46, 47], copper [48, 49] and gold [50, 51]. This technique can also be used
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to prepare NPs of compound materials such as TiC [52, 53], TiO2 [54, 55] and CoO
[44] in water and ZnSe and CdS in various solvents, including water [56–58]. The
use of this method opens up the possibility of studying newmaterials at the nanoscale
range for various new applications. LP-PLA has gained much attention recently for
its ability to form more complex, higher-dimensional nanostructures, and a lot of
research is going on the study of dynamical processes among laser–solid–liquid
interactions. A summary of the nanostructures grown by LP-PLA technique is listed
in Table 1.

The synthesis of various metal, semiconducting and ceramic nanostructures by
LP-PLA techniques and their optical properties is discussed in the following sections.

Table 1 Summary of nanostructures grown by LP-PLA technique

Target Medium Laser source Products References

Ag Water Nd:YAG laser
(532 nm)

Ag nanoparticles [46]

Ag Ethanol Cu vapor laser
(510.5 nm)

Ag nanoparticles [52]

Au Water Nd:YAG laser
(532 nm)

Au nanoparticles [46]

Au Alkane liquid Nd:YAG laser
(532 nm)

Au nanoparticles [59]

Co Water Nd:YAG laser
(355 nm)

Co3O4 nanoparticles [44]

Hexagonal BN Acetone Nd:YAG laser
(532 nm)

Cubic-BN
nanoparticles

[60]

Graphite Water Nd:YAG laser
(532 nm)

Diamond
nanoparticles

[61]

Pt/TiO2 Water Nd:YAG laser
(355 nm)

Pt/TiO2
nanoparticles

[62]

Sn Water + SDS Nd:YAG laser
(355 nm)

SnO2 nanoparticles [63]

Ti Water + SDS Nd:YAG laser
(355 nm)

TiO2 nanoparticles [64]

Zn Water + SDS Nd:YAG laser
(1064 nm)

ZnO nanoparticles [65]

ZnO Water Nd:YAG laser
(355 nm)

ZnO nanoparticles [66]

ZnS Water Nd:YAG laser
(266 nm)

ZnS nanoparticles [67]
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2 Metal Nanoparticles by LP-PLA Technique

The synthesis of noble metal nanoparticles such as silver, gold and copper by LP-
PLA is widely studied, and the colloidal nanoparticles of these noble metals exhibit
a very intense color, which is absent in the corresponding bulk counterpart as well
as in the individual atoms. This coloration is due to the surface plasmon resonances
(SPRs), and it is the collective oscillation of the free conduction electrons induced
by the interacting electromagnetic fields [68]. This makes metal nanoparticles a
prominent material for a wide range of applications, including nonlinear optical
devices, biosensors, telecommunication and data storage [69, 70]. The size and shape
of the nanoparticles play a key role in tuning its optical and electrical properties [71].
Severalmethods are available for controlling the size and shape of nanostructures and
which include chemical reduction, ultrasonic reduction, and photolysis of salts [72,
73]. But these chemical reductionmethods result in by-products that contaminate and
affect the stability of the nanostructures. In this context, methods like laser ablation
of solid target in liquid media have got considerable attention because of its safety
and simplicity [74].

Mafune et al. explained the mechanism of nanoparticle growth during liquid
phase-pulsed laser ablation [75], and according to this model, an electrical bilayer is
formed around the nanoparticles, while the plume expands in the media like water
[76]. In these media, the OH group on the nanoparticles generates surface charge and
thus results in an electrical bilayer. The electrostatic repulsion between the charged
nanoparticles prevents further growth and results in stable nanoparticles.

The nanoparticles of gold and silverwith high quality can be synthesized by focus-
ing second harmonics of a neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser (532 nm) operating at a repetition rate of 10 Hz onto a high-purity gold and
silver target immersed in 15 mL of deionized water. The laser fluence dependence on
the formation of these nanoparticles was studied by varying the fluences from 1.2 to
3.8 J/cm2 with an ablation time of 1 h. The dependence of duration of laser ablation
on the formation of nanoparticles has been investigated at particular laser fluence
(1.2 J/cm2), and concentrations of nanoparticles can be measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analysis.

The UV-Vis absorption spectra will give information about the position of surface
plasmon resonance in metal nanoparticles, and it can be monitored using JASCO
V570 spectrophotometer in the wavelength region 200–1000 nm. Figure 2 shows the
SPR peaks of gold and silver nanoparticles colloids prepared at 1.2 J/cm2 which are
in the visible region of the electromagnetic spectrum: 520 nm and 404 nm for gold
and silver, respectively. According to Mie theory, a single SPR peak in the lower
wavelength region for Au nanocrystals indicates the presence of spherically shaped
Au nanocrystals which can be confirmed by TEM images. It is also found that the
absorbance of the gold colloidal nanoparticles at a particular experimental condition
is found to be smaller than silver nanoparticle colloids, and it indicates the increased
concentration of the silver nanoparticles than the gold nanoparticles in water. This
is due to the fact that ablation threshold is different for different materials since it
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Fig. 2 The UV-Vis
absorption spectra of silver
and gold nanoparticles
grown by LP-PLA technique
at a laser fluence of
1.2 J/cm2 for 1 h

depends upon the work function of the material. Work function may be defined as
the minimum energy required for an electron to escape from the solid surface. For
dragging an ion, out of the target electron requires an additional energy larger than or
equal to the ion binding energy. Thus, the ablation threshold for metals is defined as
the electron energy in the surface layer that must equal to the sum of atomic binding
energy andwork function. Assuming that during the laser–matter interaction process,
the number density of the conducting electrons is unchanged and the condition to
reach the ablation threshold is obtained as [77],

Fm
th ≈ 3

8
(Eb + Eesc)

λne
2π

(1)

where Fm
th is the threshold laser fluence for ablation of metal, Eb is the ion binding

energy, Eesc is the work function, λ is the laser wavelength and ne is the number
density of the conduction electrons in the metal.

The work function of silver and gold is 3.7 eV and 4.7 eV, respectively, that
results in higher ablation rate for silver than gold at particular laser fluence. ICP-
AES analysis shows that the concentration of the silver and gold nanoparticles for
a particular laser fluence is 3.8 ppm and 2.75 ppm, respectively, and it confirms the
dependence of work function on the ablation rate of the metal targets.

Figure 3 shows the UV-Vis absorption spectra of gold nanoparticles prepared at
different laser fluences varying from 1.2 to 3.8 J/cm2. All the samples show a strong
surface plasmon peaks only in the visible region (518–530 nm), and according to
Mie theory, it is a property shown by spherical Au nanoparticles and it corresponds
to the transverse mode of oscillation of the free electron cloud. Non-spherical par-
ticles, such as nanorods, exhibit an additional plasmon mode at higher wavelength
(800 nm) and which correspond to the longitudinal mode of oscillation [78]. The
absorption maxima of gold nanoparticles prepared at different laser fluencies show
a redshift from 518 to 530 nm, and it indicates an increase in particle size [79]. For
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Fig. 3 UV-Vis absorption
spectra of colloidal Au
nanoparticles prepared at
different laser fluences

larger particles, light cannot polarize the nanoparticles homogenously as the local-
ization of the d band electrons in larger clusters increases the screening of the ions
by surface electrons, thereby reducing the polarizability near the surface, and the
retardation effect led to the excitation of higher-order modes [78]. This was regarded
as an extrinsic size effect that results in redshift of SPR peak with an increase in
nanoparticle size.

The amplitude of the SPR peak is found to increasewith an increase in the ablation
power, which can be attributed to the increased concentration of gold nanoparticles
in water. The broadening in the SPR absorption band with decreasing particle size
corresponds to the increased damping known as Landau damping [70]. There is no
contribution to the observed broadening when the particles are apart, but when the
volume fraction of the Au nanoparticles increased, an inter-particle interaction came
into play.

Figure 4 shows the UV-Vis absorption spectra of silver nanoparticles grown at
different laser fluences. The SPR bands peaking at 400 nm in the absorption spectra
confirm the presence of nanosized silver particles. The plasmon band around 400 nm
is attributed to the longitudinal surface plasmon resonance of the free electrons in the
silver nanoparticles. A small shift from 403 to 406 nm is observed in the absorption
peak with an increase in the ablation laser fluence, indicating only a small increase
in the particle size which can be confirmed by TEM analysis (Fig. 6).

Transmission electron microscope (TEM) will tell about the size and shape of the
synthesized metal nanoparticles and was performed with JEOL, TEM working at an
accelerating voltage of 200 kV. For TEM measurements, the sample was prepared
by drop-casting a drop of the colloidal nanoparticle solution onto a regular carbon-
coated copper grid. Figure 5 shows the TEM, high-resolution transmission electron
microscopy (HRTEM), selected area electron diffraction (SAED) patterns and size
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Fig. 4 UV-Vis absorption spectra of silver nanoparticles prepared at different laser fluences

Fig. 5 a and d TEM, b and e size histograms, inset of b and e HRTEM, c and f SAED patterns of
Au nanoparticles prepared at 1.2 (top row) and 3.8 J/cm2 (bottom row)

histograms of gold nanoparticles grown at 1.2 and 3.8 J/cm2. TEM image confirms
the formation of uniformly distributed spherical gold nanoparticles in the aqueous
media, as observed in the UV-Vis absorption spectra. The average particle sizes of
the Au nanoparticles are 4 and 6 nm for 1.2 and 3.8 J/cm2, respectively. The d-
spacing values obtained from the SAED pattern are well-indexed and matches with
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the (220), (200) and (400) planes of gold. The HRTEM displays the atomic planes
corresponding to the (111) plane of gold with d-spacing of 2.35 Å.

Figure 6a and b shows the HRTEM image and SAED pattern of Ag nanoparticles
grown at 1.2 J/cm2. Similarly, Fig. 6c and d shows the HRTEM image and SAED
pattern of silver nanoparticles grown at 3.8 J/cm2. Inset of (b) and (d) shows high-
resolution image showing parallel lines of atoms of silver. The d-values from high-
resolution images and corresponding SAED pattern match with various planes of
Ag. The nanoparticles grown at fluences 1.2 J/cm2 and 3.8 J/cm2 have an average
size of about 4 nm and 7 nm, respectively.

The ICP-AES analysis shows that the concentration of the Au in the colloidal
solution increases with an increase in the duration of laser ablation. Au nanoparticles
of different concentrations such as 3.45, 4.25 and 7.65 ppmwere synthesized at laser
ablation durations of 1, 2 and 3 h, respectively. Presence of Au-NPs was confirmed

Fig. 6 HRTEM of Ag nanoparticles grown at a laser fluence of a 1.2 J/cm2 and c 3.8 J/cm2. b and
d represent the SAED pattern of Ag nanoparticles (inset shows the parallel lines of atoms)
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from the UV-Vis absorption spectra (Fig. 7), showing strong SPR peak at 520 nm. It
was observed that with an increase in the duration of laser ablation, a gentle increase
in the amplitude of the SPR peak is also visible. This corresponds to the increase in
the concentration of the Au nanoparticles in the colloidal solution as noticed from
the ICP-AES analysis. The plasmon peak remains at almost same wavelength owing
to the fact that the particle size remains consistent with duration of laser ablation.

Figure 8 shows theUV-Vis absorption spectra of Ag nanoparticles grown at differ-
ent duration of ablation by keeping particular laser fluence. Similar to gold nanoparti-
cles, here also the amplitude of SPRpeak is increasingwith an increase in the duration
of laser ablation and it is attributed to the increase in number of silver nanoparticles
in water. It also shows that the SPR peak has a blue shift with an increase in the

Fig. 7 UV-Vis absorption
spectra of Au nanoparticles
grown at various duration of
ablation

Fig. 8 UV-Vis absorption
spectra of silver
nanoparticles grown at a
laser fluence of 1.2 J/cm2 for
different durations of
ablation
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duration of laser ablation, and it corresponds to the reduction in particle size due to
the efficient radiation absorption by the previously ablated particles [80].

3 Semiconducting Nanoparticles by LP-PLA

ZnO nanoparticles were synthesized by employing a mosaic target of ZnO (99.99%)
sintered at 1000 °C for 5 h. The target material was immersed in 15 mL of the liquid
media with different pH and was irradiated by third harmonic of Nd:YAG laser
(355 nm, repetition frequency of 10 Hz, pulse duration of 9 ns) at room temperature.
A lens was used to focus the laser beam, and the ablation was done at a laser fluence
of 15 mJ/ pulse. The spot size of the laser beam is about 1 mm. The duration of
ablation was kept constant at 1 h. As a result, highly transparent dispersions of ZnO
nanoparticles in liquid media were prepared by this simple LP-PLA technique at
room temperature.

Transmission electron microscop e (JEOL, TEM)working at an accelerating volt-
age of 200 kV was used to confirm the formation of ZnO NPs. The sample for TEM
was prepared by dropping ZnO nanoparticle colloidal solution onto standard carbon-
coated copper grids and dried before recording the micrographs. TEM studies con-
firm the resulting product after laser ablation in different media contains particles in
the nanoregime. The concentric rings in selective area electron diffraction (SAED)
pattern correspond to formation of hexagonal ZnO. The result clearly proves the
formation of crystalline ZnO NPs, and the formation of molecules like Zn(OH)2 or
ZnO/Zn core shell was not observed from these studies. The formation of ZnO con-
stitutes the reaction of ejected molten material from the target with ambient medium
at the outer surface [81]. Thereafter, the ejected plasma gradually cools down result-
ing in the formation of ZnO itself. The nanoparticles will be charged because there
are many surface oxygen deficiencies. Since the isoelectronic points of ZnO (~9.3)
are well above the pH (7.0) of pure water, it is observed that the as-grown ZnO
nanoparticles by LP-PLA in pure water are normally charged [82]. As a result, this
surface charge prevents the further aggregation, forming self-stabilized nanoparticles
even in the absence of surfactant. Oxygen deficiency in the ZnO NPs synthesized by
LP-PLA will also lead to positive charge which may prevent from agglomeration. It
is found that there is a linear increase in the mean size of the particle with fluence of
the laser pulses and is shown in Fig. 9.

However, higher laser fluence results in generation of bigger size particles with
broad size distribution. Whereas, when the duration of ablation was increased main-
taining lower fluence, the size of the NPs did not increase, but resulted in the increase
in the particle density. But, even for ablation duration of more than 3 h at a laser
energy of 45 mJ/pulse, the transparency of the ZnO nanoparticle colloid remained
as such. While maintaining transparency, a maximum concentration of 17.5 µg/mL
was obtained for ZnO nanoparticles [66].

Figure 10a details the TEM image of ZnO samples after laser irradiation with
energy 25 mJ/pulse in the water (pH ~ 7). The observation indicates the formation
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Fig. 9 Variation of size of
the LP-PLA grown ZnO NPs
with laser fluence [83]

of ZnO particles in the nanoregime. The particle size distribution of ZnO NPs was
observed in a small range (Fig. 10b), and most of the particles are prone to have
size of 7 nm. The HRTEM image (Fig. 10d) with inter-planar d-spacing value of
0.26 nm corresponds to the (002) plane of wurtzite ZnO. The particle size distribution
was found to be nearly uniform. The selective area electron diffraction (SAED)
pattern (Fig. 10c) displays sharp concentric rings corresponding to (100), (002),
(102), (110) and (103) diffraction planes of hexagonal ZnO. Apparently, the results
confirm the formation of crystalline ZnO NPs exhibiting random orientations. The
high-resolution TEM image (inset Fig. 10d) clearly depicts the formation of ZnO
NPs having hexagonal shape and the stacking of about 85 hexagonal unit cells makes
7-nm-sized NPs.

The TEM image shows that the particles are in spherical shape and it has an
average size about 7 nm and the colloid is transparent in nature. The average particle
size of Zn/ZnO composite nanoparticles grown by Zeng et al. [84] was 18 nm, and it
was colored due to turbidity. Also, the ZnO NPs grown under oxygen bubbling into
the water during laser ablation of ZnO targets are found to exhibit bigger size, while
the size of the particles remains the same during nitrogen bubbling into water which
is same as that grown in pure water. TEM images of the ZnO NPs grown in both
oxygen and nitrogen atmosphere are shown in Fig. 11a. Figure 11b and c clearly
shows that the NPs prepared in nitrogen atmosphere, keeping the other parameters
of the experiment fixed have same size as those prepared in neutral water. But the
oxygen bubbling during the ablation process results in increased amount of dissolved
oxygen and promotes the growth of ZnO. This results in bigger ZnO NPs, whereas
nitrogen bubbling in the solution during the LP-PLA process does not create any
additional oxygen other than that produced by the laser interaction with the ZnO
target. As a result, it is observed that the size of the particles remains the same as
those obtained by LP-PLA in pure water.
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Fig. 10 a TEM image of ZnO NPs; b histogram representing size distribution; c SAED patterns
matching hexagonal ZnO NPs prepared by LP-PLA technique with a fluence of 25 mJ/pulse in
water. d HRTEM image for a single ZnO nanoparticle showing (002) crystalline plane and inset
shows the stacking in hexagonal close-packed mode [66]

Fig. 11 TEM image of zinc oxide NPs grown by LP-PLA in water a oxygen atmosphere; b with
nitrogen atmosphere and c without any gases [83]
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Fig. 12 a PL emission spectra of ZnO NPs grown without (curve I) and with (curve II) oxygen
atmosphere at an excitation wavelength of 345 nm. c The photograph of synthesized transparent
ZnO NPs and d its yellow PL emission under UV excitation. b The bluish-violet PL from the NPs
grown in oxygen atmosphere [66]

Photoluminescence (PL) spectra were recorded using Jobin Yvon Fluoromax-3
spectrometer equipped with xenon lamp (150 W). PL measurement of NPs dis-
persed in neutral media was performed at an excitation wavelength of 345 nm. It was
observed that the ZnO NPs dispersed in water show deep yellow luminescence as
shown in Fig. 12. Figure 12c clearly pictures the photograph of ZnO NPs dispersed
in water, which is highly transparent and its yellow emission under UV excitation
(Fig. 12d). The origin of this yellow luminescence can be associated with the native
oxygen defects [66] of the as-prepared ZnO NPs.

Oxygen bubbling experiment into the water during laser ablation of ZnO target
was carried out to further confirm the origin of yellow luminescence due to oxygen
vacancy. Bubbling of oxygen into water during laser ablation is found to suppress
the yellow emission, resulting in PL emissions at 408 nm and 427 nm in the violet-
blue region as shown in Fig. 12a (curve II). Photographic image displaying the deep
bluish-violet emission is shown in Fig. 12b. The defect density was considerably
reduced tending to more stoichiometric ZnO NPs due to the bubbling of oxygen into
water during ablation, whereas the ZnO NPs grown under nitrogen atmosphere has
similar size and PL emission characteristic as of those grown in neutral water without
any gas bubbling. According to Lin et al. [85], the energy interval from valence band
to zinc interstitials is found to be 2.9 eV. The PL emission at 427 nm for the ZnO
NPs is very well consistent with these results. The weak Raman peak of the solvent
corresponding to OH vibration was not detected in the PL spectra mainly because
the PL emission intensity was very intense.
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The ZnO NPs grown by LP-PLA method do not exhibit any green emission.
However, the origin of green emission is still debatable. Nevertheless, there is strong
evidence that it is presumably located at the surface [86]. And the absence of green
PL emission proposes the desirable presence of Zn(OH)2 on the surface of ZnO NPs
grown through LP-PLA technique [87].

The growth mechanism of ZnO NPs by LP-PLA can be modeled as follows. The
plasma on interaction of the laser beam with the ZnO target consisting of ionic and
neutral species of Zn and oxygen [88] along with water vapor produced at the solid–
liquid interface. High temperature (104–105 K) and pressure of few GPa [34] in the
volume are produced due to the high intensity of the laser beam in the nanosecond
scales. The adiabatic expansion of high-temperature plasma leads to the formation of
ZnO which further interacts with the solvent water creating a thin layer of Zn(OH)2
as ZnO is highly sensitive to H2O environment [89]. As a result, a thin passivation
layer of Zn(OH)2 will be formed in ZnO NPs grown by LP-PLA in water. And the
increase in the amount of dissolved oxygen due to oxygen bubbling into the water
during the ablation process is found to promote the growth of ZnO NPs. This leads
to the formation of bigger sized ZnO NPs. However, nitrogen bubbling into water
does not make any extra oxygen other than that in the plasma produced by the laser
interaction with the ZnO target. Hence, the particle size remains the same as those
observed by LP-PLA in pure water.

Figure 13a shows the high-resolution transmission electron microscopic
(HRTEM) image of the ZnO samples grown in acid media (pH ~ 5). The parti-
cles that have an elliptical shape with 15 nm size in the elongated region and 11 nm
in the compressed region are observed from the HRTEM image. The SAED pattern
(Fig. 13b) of the ZnO NPs prepared in acid media keeping all other experimental

Fig. 13 a HRTEM image and b SAED pattern of ZnO NPs synthesized in acid media by LP-PLA
method [83]
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Fig. 14 a HRTEM image and b SAED pattern of ZnO NPs synthesized in basic media by LP-PLA
method

parameters the same shows a ring pattern corresponding to the (002) plane of the
wurtzite ZnO.

HRTEM and the SAED pattern of ZnO NPs prepared by pulsed laser ablation
in basic media (pH ~ 9) are shown in Fig. 14a and b. Spherical particles having
a size of about 4 nm were observed in the HRTEM image (Fig. 14a). SAED ring
pattern indicates the (002) plane corresponding to thewurtzite ZnO.Altogether, these
characterization results confirmed the formation of crystalline ZnO NPs by pulsed
laser ablation in liquids.

The size of the ZnONPs grown by LP-PLA in the acidic medium (pH= 5) shows
relatively bigger than that synthesized in pure water under identical experimental
conditions. Due to the higher dissolution rate of hydroxide in acidic medium, the
formation of thin passivation layer of Zn(OH)2 on the surface of the ZnONPs during
the cooling of laser plasma interacting with the liquid medium may be slower, thus
favoring the formation of larger sized ZnO NPs. Whereas, the size of the ZnO NPs
grownby ablation in alkalimedium is smaller because the growth ofZn(OH)2 is being
favored by providing hydroxyl groups in the alkali medium. Thus, in conclusion,
the thermodynamic conditions formed by the laser ablation plume in the liquid are
localized to a nanometer regime which is not affected by the pH of the medium.
Bigger sized NPs are formed with the increase in the energy of the laser beam due
to ablation of large quantity of the material. The formation of hydroxide passivation
layer is greatly determined by the pH of the solution which further alters the growth
and size of the particles. As observed in the case of ablation of zinc metal targets in
aqueous solution, no agglomeration of the particles was observed with the particles
grown in neutral, acidic and alkaline media. Rather these particles were found to be
well dispersed [90]. However, in the present study oxygen bubbling into water leads
to the formation of bigger sized particles and agglomeration. As a result, the studies
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suggest that the surface charge of ZnO NPs is mainly due to oxygen deficiency and
less pronounced effect from pH of the medium.

4 Ceramic Nanoparticles by LP-PLA Technique

Optical imaging [91] is a powerful technique for imaging tissues or intracellular
structures than magnetic resonance imaging [92] and radioactive molecular imaging
(MRI) [93] because of its advantages such as low cost, high sensitivity and easy
manipulation. The commonly used probes in optical imaging are fluorescent organic
molecules and the other fluorescent nanoparticles. Traditional fluorescent dyes have
limitations such as low fluorescence intensity and low photostability for using it as
labeling agents [94].

There has been research interest in various luminescent semiconducting nanopar-
ticles of CdSe, CdS, ZnS, InP, InAs, etc. as biological probes in diagnostic or tar-
geted therapeutic applications. But many of these quantum dots are not suitable for
medical application because of the presence of toxic materials such as cadmium
or selenium, poor solubility and disposal issues. In this context, research has pro-
gressed to synthesize more suitable materials for medical and various biological
applications. Researcher’s main challenge is to develop a nanometer sized, highly
biocompatible and biodegradable luminescentmaterial for in-vivo imaging of human
cells. Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a typical green natural material
because calcium phosphate is the inorganic mineral in bone and teeth. Lanthanide
ions such as europium and terbium have interesting luminescence properties and
which can be utilized for biological applications [95]. These rare-earth-doped mate-
rials exhibit narrow emission bands, and the emission color depends only on the
dopant and doping concentration of lanthanide ions and not on the particle size. As
pure hydroxyapatite is not able to exhibit substantial photoluminescence emissions,
there is an ongoing research interest in the development of fluorescent lanthanide-
doped hydroxyapatite which will demonstrate as promising materials for biomedical
applications such as detection of tumor cells and as drug delivery vehicle to target
tumor tissues or cells [96].

Nanoparticles of europium-doped HAp can be easily synthesized by the LP-
PLA technique, and these nanoparticles emit light under UV and visible excitations.
Fluorescent nanoparticles with visible excitation are ideal candidates for imaging
of living cells. Pulsed laser ablation of a europium-doped HAp target immersed in
15 ml of water results in fluorescent HAp nanoparticles. Third harmonic of Nd-YAG
laser (355 nm) with a repetition rate of 10 Hz is used for the LP-PLA experiment.
Laser beam is focused on the target by using lens with a focal length of 20 cm. The
target position was fixed at a position just before the focal point of the lens in order to
avoid the pitting of target surface. The dependence of various processing parameters
such as laser fluence, duration of ablation and the europium concentration on the
properties of nanoparticles can be studied.
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HRTEM image of the Eu-doped HAp sample shown in Fig. 15 confirms the
formation of spherically shaped nanoparticles, and the average size of the nanopar-
ticles is about 13 nm. The crystalline nature of the Eu-doped HAp nanoparticles is
observed from the selected area electron diffraction (SAED) pattern, and the ring
pattern corresponds to various planes of monoclinic structure of hydroxyapatite.

The dependence of laser fluence on the luminescence emission is studied by
varying laser fluence from 1.9 to 5.7 J/cm2. The variation of luminescence intensity
with laser fluence is shown in Fig. 16. Eu-doped HAp nanoparticles exhibit PL
emissions at 531, 572, 601 and 627 nm with an excitation wavelength of 325 nm.
These emissions are originated from electronic transitions within the f-subshell and
are assigned to 5Dj–7Fj transitions that are parity forbidden [97] by the Laporte
selection rule. The emission line at 531, 572, 601 and 627 nm corresponds to 5D1–
7F0, 5D0–7F0, 5D0–7F1 and 5D0–7F2 transition, respectively. This PL emission from
the nanoparticles confirms the inclusion of europium in the HAp host lattice. These
luminescence transition levels are due to the spin–orbit coupling of six electrons in
the f-subshell, and the transitions are assigned to the mixing of odd terms due to the
crystal field [98]. Unlike other Eu3+ phosphors, the PL peak corresponds to 5D0–7F0
transition centered at 572 nm which is found to be stronger than that of 5D0–7F1,2
transitions. It is also found that luminescence intensity increases with laser fluence
(inset of Fig. 16) and is attributed to the increase in the production of nanoparticles.

The dependence of duration of ablation on the intensity of emission is also studied,
and it is shown in Fig. 17. Here, the luminescent intensity decreases with duration of
ablation, and it is shown in the inset of the figure. The nanoparticles formed during
the LP-PLA process may absorb the incident photon energy leading to secondary
processes such as heating/melting and welding/sintering and result in larger particles
for longer duration of ablation [99]. The decrease in luminescence intensity with the
increase in laser ablation time from 1 to 4 h is due to the increase in the particle size

Fig. 15 HRTEM image (left) and SAEDpattern (right) of Eu:HAp nanoparticles grown byLP-PLA
technique
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Fig. 16 PL emission spectra of Eu-doped HAp nanoparticles grown at different laser fluences.
Inset shows the variation of PL intensity with laser fluence

Fig. 17 PL spectra of Eu-doped HAp nanoparticles grown for different duration of ablation. Inset
shows variation of PL intensity with duration of ablation

of the nanoparticles from 15 to 60 nm and which can be confirmed from the TEM
images shown in Fig. 18.

Luminescent HAp nanoparticles with visible light excitation have applications in
imaging of living cells for studying the change in situ at real time. Figure 19 (right)
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Fig. 18 TEM images of Eu-doped HAp nanoparticles grown at different duration of ablation. a 2 h
and b 4 h

Fig. 19 Luminescence
excitation (left) and emission
(right) spectra under visible
excitation of Eu-doped HAp
nanoparticles

shows the PL spectra of Eu-doped HAp nanoparticles under visible excitation of
459 nm. It shows PL emissions at 572 nm, 601 nm and 627 nm and corresponds to
the 5D0–7Fj (where j = 0, 1, 2) transitions of Eu3+ ion, respectively. A luminescence
excitation spectrum monitored at emission wavelength 572 nm is shown in Fig. 19
(left). Excitation spectra showing a maximum at 459 nm correspond to the direct
excitation of Eu3+ from the ground state to the higher level in the 4f6 configuration
and can be assigned to 7F0–5D2 transition.
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5 Conclusions

Liquid phase-pulsed laser ablation (LP-PLA) is an excellent technique to synthesis
nanoparticles of metals, semiconductors and ceramics without the addition of any
surfactants. The properties of the particle can be modulated very easily by changing
the parameters such as time of ablation, laser fluence, and pH of the medium. In
summary, nanosized, chemically pure, gold (Au), silver (Ag), zinc oxide (ZnO) and
europium (Eu3+)-doped Hydroxyapatite (HAp) nanoparticles were prepared through
LP-PLA technique by varying the process parameters. The dependence of the work
function on the ablation rate was explained using the example of LP-PLA of gold and
silver nanoparticles. The ablation ratewas found to increasewith the decrease inwork
function. The size of the nanoparticles was found to increase with the increase of
laser ablation fluence. The structural and luminescence properties of biocompatible
ZnO and Eu3+-dopedHAp nanoparticles were studied in detail. These surfactant-free
luminescent nanoparticles synthesized in water are ideal candidates for imaging of
tumor cells and living cells and also for targeted drug delivery.
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Chapter 4
Optical Properties of QuantumWell
Structures

P. M. Aneesh, R. Reshmi and M. K. Jayaraj

1 Introduction

A quantum well is a layer of few nanometer thick which can confine electrons or
holes (particles) in the dimension perpendicular to the surface of the layer, whereas in
the other dimensions the movement is not restricted. Quantum wells can be realized
by sandwiching a thin layer (confinement layer) of small bad gap semiconductor
between the wider band gap semiconductors. It is a heterojunction between the
smaller and the wider band gap semiconductors that creates a potential well confin-
ing the electrons and the holes in the smaller band gap material, and these structures
are called type I quantum well. But in a type II quantum well, the electrons and
the holes are confined in different layers. The band diagrams of type I and II quan-
tum well structures formed with n-type semiconductors are shown in Figs. 1 and
2. Accordingly, the motions of the carriers, electrons and the holes are restricted in
one dimension (along the thickness direction) and when the electrons are present in
conduction band, it corresponds to a two-dimensional electron gas (2DEG) system.

The inherent band structure of semiconductors gives an insight into the optical
properties of the bulk material. However, the carrier motion is restricted to quasi-two
dimensions in quantum well structures. Also, the quantum confinement of carriers in
the nanometer regime results in quantum size effects and hence reflected in the optical
properties. The quantum well (QW) structures have very small volume. Therefore,
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Fig. 1 Band diagram of type I quantum well structures formed by n-type semiconductors

Fig. 2 Band diagram of n-type semiconductors forming type II quantum well

high concentration of free carriers will be observed when carriers are injected into
a QW structure. As a result, high radiative efficiency is formed in QW structures at
high free carrier concentrations as the non-radiative deep-level transitions are less
likely to occur. Because of the small volume of active region in QW structures, small
carrier density is required to achieve population inversion in QW lasers. Hence, the
QW structures have low threshold current density. As compared to bulk material,
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surface recombination is insignificant in QW structures because in QW structures,
carriers cannot reach the surface as they are trapped by the QW. Multiple quantum
well (MQW) consists of more than one well and offers better carrier confinement
due to higher injection efficiency into the MQW. Band filling is one of the major
problems associated with single QW structures. As a result, luminescence saturation
will occur at high current densities if the QW is filled with carriers. MQW structure
not only preserves the benefits of single QW structures but also can be operated even
at high current densities due to its larger volume of active region.

Over the past decades, intriguing research studies have been tremendously made
in single or multiple quantum wells based on wide band gap semiconductors used
as the active region in lasers. Compared to the usual double heterostructure lasers,
quantum well lasers offer enhanced performance with lower threshold current and
lower spectral width. In quantum wells, one can independently vary compositions
and widths of barrier and confinement layers that result in optical confinement and
electron injection. It is to be noted that the confinement factor of the optical mode is
significantly smaller for the single quantum well compared to the multiple quantum
well lasers. Thus, the threshold current and carrier densities for single quantum well
lasers are very high; however, by using a graded-index cladding structure the con-
finement factor of single quantum well lasers can be significantly increased [1]. The
emission from the quantum well structures is defined by the quality of confinement
and barrier layer and the interface between these layers. Thus, epitaxial layers are
commonly used for the device applications.

The fabrication of single quantumwell (SQW) andmultiple quantumwell (MQW)
has given rise to novel optical and electrical devices together with new physical
phenomena [2]. Dingle and co-workers explored the optical properties of quantum
wells for the first time [3]. The potential application of quantum well structures
in semiconductor laser diodes [4, 5] has attracted ample attention because of their
superior properties, such as low threshold current density [6–8], low temperature
dependence of threshold current [9, 10], excellent dynamic properties [11, 12] and
tunability of lasingwavelength. The electron and holewave functions can bemodified
by controlling the width of the quantum wells, which leads to the modification of
material parameters. This leads to the improvements in the laser characteristics, as
well as introduction of new concepts to semiconductor optical devices.

Total energy of the electron in quantum well can be considered as the sum of
the kinetic energy due to its free motion along two directions (say x and y) and the
allowed energies associated with the motion of these carriers along the confinement
direction (say z-direction). Thus,

ETotal = Enz + �
2

2ma2
(kx2 + ky2) (1)

where “a” is the thickness of the confinement layer corresponding to the width of
the potential well, nz is quantum number having values 1, 2, 3, etc., and kx and
ky represent the wave vectors along x- and y-directions. Thus, in QW structure the
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Fig. 3 Schematic
illustration of quantum well
structures and density of
states

quasi-continuous energy band changes to discrete energy levels as a result of the
confinement of the electron in one direction.

Density of states is the number of energy states present in a unit energy interval
per unit volume. Density of states of a single QW is given by

ρc(E) =
∞∑

n=1

mc

π�2
H [E − Enz] (2)

whereH[x],mc andEnz are theHeaviside function, effectivemass of the electrons and
quantized energy levels of the electrons in the nth sub-band of the QW, respectively.
When the barriers are sufficiently high and barrier thickness is sufficiently large, then

Enz = (nzπ�)2

2mcL2
(3)

where L is the thickness of QW (Fig. 3).
The density of states of multiple quantum well structure is different from that

of single QW. When the barrier layers between the confinement layers are thick
enough, then each well is independent. In such cases, density of states of MQWwith
N number of QW is N times the density of states of electrons in a single QW [13].

ρc(E) = N
∞∑

n=1

mc

π�2
H [E − Enz] (4)

If the barrier layer between the confinement layers is thin and the barrier height
is small enough so that coupling between the adjacent wells is substantial, then the
quantized energy levels are no longer degenerate and each single well level splits
into N different energy levels. Density of states of electrons in this type of MQW is
given by
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ρc(E) =
∞∑

n=1

N∑

k=1

mc

π�2
H [E − Enzk] (5)

where k = 1, 2, 3, …, N corresponds to the splitting of energy level from the single
well energy level. The density of states is constant within certain energy intervals for
a quantum well with a rectangular profile.

Semiconductor lasers (or laser diodes, LDs), first demonstrated in 1962 and in
those days, the entire laser industry is classified bymany as industry of semiconductor
lasers. The overall compactness andwall-plug efficiencymake laser diodes a superior
laser source. Major milestones in the development of semiconductor lasers include
double heterostructure confining charge carriers in the active area and emitted light
in the guiding layer. The extremely narrow active region of quantum well (QW)
structures results in quantization of motion of carriers, electrons and holes and that
results in a sharper density of state distribution in the energy domain and eventually to
higher output efficiency.Wavelength selection and tunability with built-in diffraction
gratings are the advantages of QW lasers. Distributed feedback (DFB), distributed
Bragg reflector (DBR) lasers, quantum cascade (QC) lasers, etc., are some of the
developments in this direction. Here, quantum tunneling resonances are responsible
for the efficient population of the top energy level and depopulation of the bottom
level. So, the wavelength range covered by semiconductor lasers can be increased
through the introduction of new material systems.

QW laser is a promising light source for various applications, and thus consider-
able effort has been devoted to fabricate high-quality QW lasers. QW structures are
used in optical modulators, optical bistable devices, p-i-n QW photodetectors, Q-
switching laser light sources, etc. Multiple quantum wells (MQWs), with a spacing
typically chosen large enough to avoid overlap of the corresponding wave functions,
can be used if a large amount of optical gain or absorption is required.

2 Epitaxy

The word epitaxy comes from Greek in which epi means “above” and taxis means
“in ordered manner.” The word epitaxy was first used by a French scientist L. Royer
in 1928. Epitaxy is defined as the growth of single-crystalline material on single-
crystalline substrate. This phenomenon exists in the natural minerals itself where two
crystals growwith a particular crystallographic orientation. Later in laboratory, some
alkali halideswere grown on alkali halides andmica,metals onmetals and nonmetals,
etc. The epitaxial growth of semiconductors opened new era in the field of thin-film
technology in the 1950s. The epitaxial films of superconducting, ferroelectric, trans-
parent conducting oxides are used in many day-to-day life devices such as Josephson
junctions [14, 15], memory components [16, 17] and optoelectronic devices [18, 19].
Sophisticated techniques such as high-resolution X-ray diffraction and transmission
electron microscopy are used for the analysis of these epitaxial films in terms of the
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phase identification, composition determination, structure determination, defects in
the crystals, orientation relationship, etc.

Epitaxy is in general classified into two categories, viz. homoepitaxy and het-
eroepitaxy. Homoepitaxy refers to a system with both substrate and the film of the
same material. Epitaxial growth of ZnO films on ZnO substrate is considered as
homoepitaxy. But if films of a particular material are epitaxially grown on another
material, it is called heteroepitaxy. The epitaxial growth of ZnO on Al2O3 substrate
is an example of heteroepitaxy. The crystal systems and the lattice parameters of
the two phases determine the epitaxial growth of the material. In homoepitaxy, the
lattice parameters of both substrate and film are the same. So, there will be no lattice
strain at the interface. But in heteroepitaxy, there is generally a mismatch between
the lattice parameters of film and substrate and the interface between them can be
strained or relaxed depending on the difference between them. A film may grow on
the substrate with a preferred orientation or may not have a preferred orientation in
such a way that the interface energy must be a minimum. Lattice mismatch between
the film and substrate is given by

f = af − as
as

(6)

where af and as are the lattice parameters of the film and substrate, respectively.
The lattice mismatch in the heteroepitaxial growth can be minimized by rotating

the planes of film with respect to substrate, or some plane of the film may align with
the substrate plane. Another way to reduce the mismatch is by tilting the growth
plane of the film with respect to that of the substrate by an angle.

3 Band Gap Tuning of ZnO

ZnO has been studied widely for the past years because of the intriguing optical
properties and their applications in the optoelectronic devices. ZnO is a II–VI wide
band gap (3.3 eV) semiconductor. It has a wurtzite structure with lattice constants of
a = b = 3.25 Å and c = 5.21 Å. The high excitonic binding energy of ~60 meV is
unique and represents excitonic contribution leading to fundamental absorption even
at room temperature. Band structure modification by alloying is an important field
of research for the fabrication of wide band gap heterostructures in ZnO. Like other
semiconductors, ZnO also shows a possibility to tune its properties by substituting
(alloying) bivalent metals like Cd, Mg, Be, etc., in place of Zn in the ZnO. The
variation of band gap at room temperature of AxZn(1−x)O alloy as a function of
lattice constant is shown in Fig. 4. This plot indicates that theoretically the band
gap of the AxZn(1−x)O alloy can be tuned from 0.9 eV (CdO) to 10.3 eV (BeO) by
varying theA concentration [20]. The band gap of ZnO is found to be decreasingwith
alloying of Cd, while it increases on alloying with Mg. This shows the possibility of
band gap-engineered heterostructures for optoelectronic applications.
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Fig. 4 Variation of band gap
at room temperature of
AxZn(1−x)O alloy and its
lattice parameters [21]

The band gap Eg(x) of the ternary semiconductor AxZn1−xO (where A = Mg or
Cd) can be calculated by

Eg(x) = (1−x)EZnO + xEAO−bx(1−x) (7)

where b is the bowing parameter and EZnO and EAO are the band gaps of binary com-
pounds ZnO and AO, respectively. The bowing parameter depends on the difference
in electronegativities of ZnO and AO.

Researchers are mainly focusing on the ternary ZnMgO and ZnCdO to fabricate
devices based on ZnO heterostructures. The band gap can be tuned between 2.8 and
4 eV by alloying ZnO films with MgO or CdO (Fig. 5), which facilitates band gap

Fig. 5 Band gap energies of
ZnO and 5 at.% Mg and
Cd-doped ZnO thin films
grown by PLD [22]
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engineering in ZnO. Zinc oxide (ZnO) generally shows hexagonal wurtzite structure,
whereasmagnesium oxide (MgO) is cubic in nature. However, the ionic radii ofMg2+

(1.36 Å) and Zn2+ (1.25 Å) are almost equal, that allows some replacement in either
structure. ZnO shows an excitonic binding energy of ~60 meV which results in the
efficient excitonic emission, and based on these properties of ZnO, room-temperature
lasing has been reported in thin films andmicro-crystallites of ZnO [23]. Zn1−xMgxO
films with wurtzite structure have been grown by pulsed laser ablation, and these
films show a band gap tuning between 3.36 and 3.87 eV with increasing doping
concentration of Mg atom resulting in ultraviolet photoluminescence at 4.2 K [24].

The understanding of ZnMgO alloy is much difficult because of the incompatible
electronic configuration and crystal structure of ZnO (hexagonal structurewith lattice
constants a= 3.24Å and b= 5.20Å) andMgO (NaCl structurewith lattice constant a
= 4.24 Å). The solid solubility ofMgO in ZnO is found to be less than 4mol%which
is evident from the phase diagram of the binary system ZnO–MgO [25]. However,
these experimental outcomes are in contradiction with the standard semiconductor
alloying like in AlGaAs and AlGaN, in which two or more components in the alloy
have the same crystal structure so that the final alloy also has the same crystal
structure.

The maximum achievable band gap without phase separation for hexagonal
ZnMgO (Mg= 37 at.%) thin films is 4.28 eV. Further increase ofMg dopant concen-
tration in Zn(1−x)MgxO alloy results in the mixing of hexagonal and cubic phases.
Pure cubic phase Zn(1−x)MgxO (c-ZnMgO) appears when Mg composition in the
thin film exceeds 62%, and depending upon the Zn/Mg content in the film, the band
gap of the cubic MgZnO varies from ~5.4 to 7.8 eV [26]. Impurity in wide band
gap semiconductors often causes dramatic changes in their electrical and optical
properties [27–29].

The narrowing of the band gap results in the tuning of the emission wavelength
into visible which is desirable for future optoelectronic devices. The incorporation
of Cd into ZnO results in the narrowing of band gap efficiently because of the
smaller band gap of cadmium oxide (CdO) (2.3 eV) than ZnO (3.3 eV), keeping
the crystalline structure and lattice parameter close to ZnO. The incorporation of
Mg or Cd into the ZnO lattice does not affect the overall transmission in the visible
spectral range (Figs. 6 and 7). CdO generally shows cubic structure, whereas ZnO
has hexagonal wurtzite structure. Li et al. studied the growth and optical properties
of ZnCdO nanorods grown on copper substrate [30]. The effect of Cd incorporation
on the microstructural and optical properties of ZnO thin films was investigated by
Pillai et al. [31] and Mahmoud et al. have studied the dependence of temperature on
the structure of Cd-doped ZnO nanopowders [32].

In order to design ZnO-based devices, it is imperative to have a clear understand-
ing of band gap engineering to devise quantum wells and barrier layers in device
heterostructures. The band gap of ZnO can be red shifted to blue or even to green
spectral range with the doping of proper amount of Cd to ZnO, while keeping the
crystalline structure and lattice parameter close to ZnO. ZnO-based light emitters
and detectors based on the ZnO/Zn(1−x)CdxO heterojunction or superlattice can be
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Fig. 6 Transmission spectra
of Zn0.8Mg0.2O,
Zn0.9Mg0.1O and ZnO films
grown on quartz substrate by
PLD

Fig. 7 Transmission spectra
of ZnO and 5% Mg and
Cd-doped ZnO films grown
by PLD [22]

fabricated by the proper incorporation of Cd into ZnO. Because of the low thermo-
dynamic solid solubility of Cd in ZnO bulk materials (2 at.%), the phase separation
between wurtzite ZnO and rock salt CdO in a ZnCdO alloy is a major problem [33].

4 ZnO-Based Symmetric and Asymmetric Multiple
QuantumWell Structures

Band gap engineering is an important research area for further ZnO-related appli-
cations. ZnO and its alloys have high luminous efficiency, high thermal conduc-
tivity, and mechanical and chemical robustness which makes it a good candidate
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for optoelectronic device applications spanning from UV to red of the electromag-
netic spectrum [34–36]. As compared to bulk semiconductors or III–V QWs, the
excitons in ZnO-based quantum well (QW) heterostructures exhibit strong stability
owing to the increase in the binding energy [37–39] and the reduction of the exciton–
phonon coupling [40, 41] ascribed to quantum confinement. As a result, excitons are
expected to play a substantial role in ZnO-based quantum wells. In order to design
high-performance ZnO-based optoelectronic devices, it is necessary to have a deep
understanding of the band gap engineering so as to forge barrier layers and quantum
wells in heterostructure devices.

The ternary alloy semiconductor, Zn(1−x)MgxO, is found to have larger band gap
energy than ZnO with a lattice parameter exactly matching that of ZnO. Therefore,
Zn(1−x)MgxO is predicted to be a promising candidate as barrier material for ZnO
quantum wells. Recently, ZnO/ZnMgO multiple quantum wells (MQWs) are fabri-
cated and studied forUV light-emitting applications [42–47].Ohtomo et al. have used
laser molecular beam epitaxy to grow ZnO/ZnMgO MQWs on lattice-mismatched
sapphire substrates; however, no photoluminescence was observed above 150 K
[48, 49]. Due to the poor quality of the grown MQW structures, quantum confine-
ment effects could not be observed through optical absorption spectroscopy [49].
Krishnamoorthy et al. [50] fabricated single quantum wells of ZnO/ZnMgO on sap-
phire substrates using the pulsed laser deposition, and they reported size-dependent
quantum confinement effects at 77 K employing pulsed PL measurements. A dis-
tinctive enhancement in the structural and optical characteristics of ZnO MQWs
was accomplished by employing a lattice-matched substrate ScAlMgO4 (SCAM)
instead of lattice-mismatched sapphire substrates and was clear from their signifi-
cant room-temperature photoluminescence [51] and apparent photoabsorption fea-
tures [52]. However, compared to the sufficiently available sapphire substrates, the
ScAlMgO4 substrates are scarce and costly. It was therefore essential to refine and
enhance the growth techniques of ZnO MQWs on sapphire substrates for efficient
room-temperature PL studies.

Many semiconductor devicesmust take advantage ofmultiple quantumwell struc-
tures for improved device performance. Many efforts must be devoted toward the
understanding, design and fabrication of ZnO/ZnMgO MQWs for various opto-
electronic applications. One of the major considerations regarding the design and
fabrication of these MQW structures is to achieve maximum quantum efficiency,
i.e., to maximize the optical emission from the confined states in the well regions
and to minimize the optical losses outside the well regions. Recent studies on
ZnO/ZnMgO MQWs have revealed that their structural and optical properties were
greatly enhanced through the incorporation of lattice-matched substrates.

A ten-period Zn0.9Mg0.1O/ZnO/Zn0.9Mg0.1O symmetric MQWwas deposited by
pulsed laser deposition (PLD) on Al2O3 substrates using the third (355 nm) and
fourth (266 nm) harmonics of the Nd:YAG laser [53]. ZnO targets were prepared by
hot-pressing high-purity ZnO powder and sintering at 1300 °C for 5 h in air. The
hot-pressed Zn0.9Mg0.1O target was prepared by sintering the mixture of ZnO and
10 at.% of MgO powder at 1300 °C.
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Laser ablation experiments were carried out using Q-switched Nd:YAG laser of
wavelengths 355 and 266 nm having repetition frequency 10 Hz with a pulse width
of 6–7 ns. To avoid pitting of the surface, the target was rotated and the laser beam
was concentrated on the target surface to a spot size of 2 mm. The growth chamber
was evacuated by using turbo molecular pump backed with diaphragm pump to a
base pressure of 10−6 mbar, and then O2 (99.99% purity) was introduced as working
gas, maintaining the pressure at 10−3 mbar. Oxygen pressure is required for the
growth of crystalline films. The growth of crystalline films at high vacuum is very
difficult due to the fact that the high energetic adatoms in the ablation plume will
knock out the atoms which are already deposited on the substrate. The introduction
of oxygen into the chamber increases the collisions of the ablated species. Thus,
the energy of the ablated species reduces, thereby facilitating the oriented growth.
However, the presence of large amount of oxygen pressure would largely reduce the
energy of the species, thus restricting the movement of these species on the surface
of the substrate to positions of least energy. So, a very high oxygen pressure also
reduces the crystallinity. The target to substrate distance was 6 cm, and the substrate
temperature of 600 °C was maintained. The laser ablation was performed at constant
laser energy of 2 J/cm2 for all the depositions. ZnO and ZnMgO targets were ablated
independently, and stylus profiler was employed to measure the thickness of the
deposited film. A growth temperature of 750 °C or higher is needed for the growth
of crystalline and optical quality ZnO films on sapphire substrate [54, 55] through
domain epitaxy [56], but the ZnO/ZnMgO hetero-interfaces and ZnMgO alloy are
chemically stable only below 650 °C [57]. To accomplish these contradictory growth
requirements, a buffer-assisted growthmethodology has been used [54]. To eliminate
the lattice mismatch, a 50-nm ZnO buffer layer was first grown on Al2O3 substrate
at 700 °C by pulsed laser ablation. Ten periods of Zn0.9Mg0.1O/ZnO/Zn0.9Mg0.1O
layer were deposited on this ZnO buffer layer maintaining a substrate temperature of
600 °C, whereas all the other deposition parameters were kept constant. This assures
the formation of high crystalline quality barrier and quantum well layers along with
the physically and chemically sharp interfaces. The thickness of Zn0.9Mg0.1O barrier
layer was kept at 8 nm and that of ZnO confinement layer was varied from 2 to 6 nm.
All the layers were deposited sequentially without breaking the vacuum.

Figure 8 represents the schematic of the ZnMgO/ZnO/ZnMgO symmetric system
and corresponding band diagrams. The band diagram of the ZnMgO contains the
band diagram of ZnO, and hence ZnMgO/ZnO heterojunction is considered as type I
(straddling) heterojunction. The band diagram indicates that for a symmetric MQW,
the confinement is in the ZnO layer for both the carriers.

The energy shift due to the quantum size effects can be easily determined from
luminescence emission measurements. Since the last decades, the band-edge pho-
toluminescence in bulk, thin films, quantum wells and other nanostructures of ZnO
have been extensively investigated and these studies have proposed the emergence
of the PL spectra in the near-band gap region [53, 58–61]. The PL spectra near the
band-edge emission are contributed from the transitions of free and bound excitons at
low temperatures, followed by the appearance of shoulder peak on the lower energy
side which is identified as their longitudinal optical phonon replica [62, 63]. Due
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Fig. 8 Band diagram of the ZnMgO/ZnO/ZnMgO symmetric MQW systems grown by PLD [38]

to strong inhomogeneous broadening and thermal broadening, the near-band-edge
PL spectra become broad at room temperature. Makino and colleagues investigated
the band-edge PL emission of ZnO multiple quantum wells and reported that exci-
ton recombination governs the photoluminescence emission at room temperature
[43]. Furthermore, the weak PL spectrum due to thermal annihilation suggests that
non-radiative recombination is dominant at room temperature compared to radiative
recombination.

Room-temperature PL emission of ZnMgO/ZnO/ZnMgO symmetric MQW
grown by third harmonic Nd:YAG laser (λablation = 355 nm) shown in Fig. 9 has
a broad peak with small spikes. The PL peak at 352 nm corresponds to the band edge

Fig. 9 Room-temperature
PL emission (λex = 266 nm)
of ZnMgO/ZnO/ZnMgO
symmetric MQW grown
with third harmonic of
Nd:YAG laser
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Fig. 10 Low-temperature PL (a 77–160 K and b 180–280 K) of symmetric ZnMgO/ZnO/ZnMgO
MQW at an excitation of λex = 266 nm

of ZnO. The large FWHM (~39 nm) and small spikes in the PL spectra are ascribed
to the interface roughness and fluctuations in the well layer thickness.

Figure 10a and b represents the temperature-dependent PL spectra of
ZnMgO/ZnO/ZnMgO symmetric MQW grown with third harmonic (λablation =
355 nm) of Nd:YAG laser. For symmetric MQW, the integral intensity of PL was
found to decrease with increase in temperature. Thermal quenching of PL emission
can be explained by [64]

I (T ) = I (T = 0)/1 + C exp(−Ea/KT) (8)

where I(T ) is the integrated PL emission intensity at temperature T, C is a constant
describing the capture of carriers at center and Ea is the activation energy of the
quenching process. The activation energy Ea can be obtained by fitting the PL inten-
sity variation with temperature using Eq. (8). Ea was found to be comparable to the
excitonic binding energy of ZnO, and its value was 46.57 meV. The decrease in Ea

in the case of MQW may be due to quantum confinement effect.
The symmetric ZnMgO/ZnO/ZnMgO MQW grown by fourth harmonics of

Nd:YAG laser with 2-nm confinement layer (ZnO layer) thickness shows a sharp
PL emission peak centered at 362 nm at room temperature corresponding to the
band edge of the ZnO (Fig. 11). The small peak at 350 nm can be attributed to the
band-edge emission from the ZnMgO barrier layer [65]. The PL peak has smaller
FWHM (~20 nm) compared to MQW grown by ablating with 355 nm (~39 nm), and
spikes are absent in the spectrum which indicates the improvement in the layer qual-
ity. These investigations affirm the superiority of fourth harmonics of the Nd:YAG
laser over third harmonics for the growth of MQW structures.
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Fig. 11 Room-temperature
PL emission of
ZnMgO/ZnO/ZnMgO
symmetric MQW grown
with fourth harmonic of
Nd:YAG laser (λex =
266 nm)

The enhanced quality of barrier and confinement layers and the interface between
these layers can be regarded to be the cause of improved PL emission from the
MQW structure. Also, the improved properties of the layers can be associated with
the laser ablation using fourth harmonic of Nd:YAG laser (λablation = 266 nm). Higher
absorption coefficients of the targetmaterial at shorterwavelength lead to the ablation
of a thin surface layer of the material and are presumably noticed from the lower
growth rate of materials during the ablation with fourth harmonic (λablation = 266 nm)
of Nd:YAG laser at a laser energy of 2 J/cm2 than with third harmonic (λablation

= 355 nm) of Nd:YAG laser. The lower laser wavelength, i.e., at higher incident
photon energy, results in the highly energetic ablated particles, which improves the
crystallinity of the layers.

Low-temperature PL measurements of the symmetric ZnMgO/ZnO/ZnMgO
MQW structures having stronger electronic quantum confinement (i.e., ZnO thick-
ness = 2 nm) are shown in Fig. 12. The peak intensity and the integral intensity of
the PL emission were found to decrease with increase in temperature for symmetric
MQWs. Thermal quenching of PL emission can be described by Eq. (1).

The integral intensity of the PL emission of symmetric MQWs with temperature
is shown in Fig. 13. The activation energy of the carriers is calculated by fitting
the experimental data with the theoretical equation given in (8). For the symmetric
MQW structures, the activation energy was 24.6 meV. The constant C for symmetric
MQW structures was 2.2 × 1010.

Figure 14 shows the temperature dependence of PL peak position of the symmet-
ric MQWs. A redshift in the PL peak position is observed with temperature which is
ascribed to the temperature-induced band gap shrinkage. The full width at half max-
imum (FWHM) of PL peak also increases with temperature for symmetric MQWs
(Fig. 14). The line width of PL peak of MQW gradually increases up to 200 K
and then exponentially up to RT. The predominance of acoustic phonon scattering
at lower temperatures is signified from the linear dependence of line width below
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Fig. 12 Low-temperature PL emission of symmetric ZnMgO/ZnO/ZnMgO MQW grown by PLD
[53]

Fig. 13 Variation of PL
integral intensity with
temperature of the
ZnMgO/ZnO/ZnMgO
symmetric MQW grown by
PLD [53]

200 K [66]. The exciton–longitudinal optic (LO) phonon interaction explains the
exponential increase in PL line width at higher temperature range [67].

Figure 15 represents the room-temperature PL spectra of symmetric MQW struc-
tures for two different thicknesses of ZnO confinement layer (2 and 6 nm). As the
thickness of ZnO well is reduced from 6 to 2 nm, a blueshift in the PL peak emis-
sion is observed as a result of the quantum confinement effect. As the confinement
layer thickness is reduced, an increase in the FWHM of the PL bands is observed,
which can be attributed to the fluctuations in well thickness or due to roughness at
the interface for thinner wells.
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Fig. 14 Variation of FWHM
and PL peak position of
ZnMgO/ZnO/ZnMgO
symmetric MQW with
temperature [53]

Fig. 15 Room-temperature
PL emission spectra of
ZnMgO/ZnO/ZnMgO
symmetric MQWs for ZnO
confinement layer thickness
2 and 6 nm [53]

Semiconducting optoelectronic devices making use of asymmetric quantum well
heterostructures is a novel concept of band gap engineering. Initial results on lasers
using asymmetric MQW heterostructure were described early in 1991 [68, 69]. In
recent years, asymmetrical multiple quantum well systems have been the subject of
extensive research interest because many new optical devices based on inter-sub-
band transitions are being developed. This feature could facilitate the demand for
adequate sources of coherent mid-infrared radiation having potential applications
in several areas, such as communications, radar and optical electronics. Fabrica-
tion and application of quantum wells with varying widths and compositions give
additional degrees of freedom to impose required laser regimes. Asymmetric MQW
heterostructures are also used to investigate the dependence of the carrier relaxation
and transport process on the quantum well parameters and laser structure design and
to study the carrier distribution across the active region of the laser. Advantages of
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asymmetric quantum wells [70] are that the electron–hole distance and hence the
strength of the electron–hole interaction can be controlled by applying electric field
perpendicular to the layer. Tsuchiya et al. reported the magnetic field dependence of
the luminescence inGaAs/AlGaAs asymmetric quantumwell as a function of applied
electric field [71]. The luminescence emission studies of asymmetric quantum well
structures based on ZnO are rare.

Normally, there are no electrons in the conduction band of semiconductors but
upon excitation they can reach conduction band. When excited using optical radi-
ation, the electron gets excited into the conduction band, leaving behind a hole in
the valence band, thus forming exciton pairs. The excess energy present in the pho-
ton after the formation of exciton will be released as a phonon (heat). Usually, the
energy corresponds to ground state in each well which is degenerate in nature. When
an electric field is applied across the layers of the MQW, the degeneracy is lost and
the potential appears as a slanted step function. When a photon have excess energy
than that is needed for the formation of an exciton, it can cause an electron jump to
a neighboring well having higher potential. Even if the energy of the photon is less
than that required to excite an electron, an exciton can be formed by subsequently
jumping the electron to a well with a lower ground-state potential. This type of car-
rier injection is prominent in p and n barriers in asymmetric MQW structures than
in symmetric MQWs.

CuMO2 (M = Ga, Al) is p-type transparent conducting oxide which finds appli-
cations in the field of transparent electronics [72–75]. CuGaO2 is a direct band gap
(3.4–3.6 eV) p-type semiconductor. In CuGaO2 having delafossite structure, lay-
ers of A cations are linearly coordinated to two oxygen atoms and are alternatively
stacked between layers of edge-shared B3+O6 octahedra oriented perpendicular to
c-axis. Band structure calculations reveal a possibility of an indirect gap at 0.95 eV
[76, 77]. The origin of p-type conductivity in delafossite structure arises from the
+1 valence state of the Cu cation. The film will be a mixture of CuGaO2, Cu2O
and CuGa2O4 at relatively low growth temperatures with a main phase of CuGaO2

at higher temperatures. However, the challenge in the growth of CuGaO2 thin films
is in controlling and reducing the formation of impurity phases, mainly Cu2O and
CuGa2O4, induced by the variable valence states of Cu cations.

CuGaO2/ZnO/Zn0.9Mg0.1O asymmetric multiple quantum wells were success-
fully fabricated by laser ablation of ceramic targets in O2 ambience. ZnO target was
prepared by hot-pressing high-purity ZnO powder and sintering at 1300 °C for 5 h
in air. On the other hand, Zn0.9Mg0.1O target was synthesized from the mixture of
ZnO and 10 at.% of high-purity MgO powder and then subjected to sintering at
1300 °C. Ultimately, through solid-state reaction of CuO and Ga2O3 powder, the
CuGaO2 target was developed which was followed by the sintering at 1100 °C in
argon atmosphere.

Similar to the ZnMgO/ZnO/ZnMgO symmetricMQW, fourth harmonics of theQ-
switchedNd:YAG laser (266 nm)were used for fabrication of CuGaO2/ZnO/ZnMgO
asymmetric MQW with repetition rate of 10 Hz and a pulse width of 6–7 ns. Laser
beam was focused on to the surface of the target material to a spot size of 2 mm and
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Fig. 16 Sample cross sections and band diagram of the asymmetric MQW CuGaO2/ZnO/ZnMgO
structure grown by PLD [53]

was rotated in order to avoid the non-uniform pitting of the target material. Employ-
ing turbo molecular pump backed with diaphragm pump, the growth chamber was
evacuated to a base pressure of 10−6 mbar. Once the base pressure is attained, O2

(99.99% purity) was introduced into the chamber, preserving the pressure at 10−3

mbar. The distance between the target and substrate was kept constant at 6 cm, and
the substrate temperature was maintained at 600 °C. For all the depositions, the
laser ablation was performed at constant laser energy of 2 J/cm2. The targets, ZnO,
ZnMgO and CuGaO2, were laser ablated separately, and the deposited film thick-
ness was calculated using stylus profiler. To eliminate the lattice mismatch-induced
effects, 50-nm ZnO buffer layer was first grown on Al2O3 substrate at 700 °C by
pulsed laser ablation. Then, at a substrate temperature of 600 °C, ten periods of
CuGaO2/ZnO/Zn0.9Mg0.1O layer were grown on this ZnO template maintaining all
the other deposition parameters the constant. The experiment confirmed the forma-
tion of high-quality crystalline barrier as well as ensured physically and chemically
sharp interfaces between various layers. The thickness of Zn0.9Mg0.1O and CuGaO2

barrier layer was kept at 8 nm and that of ZnO confinement layer was varied from 2
to 6 nm. All the layers were deposited sequentially without breaking the vacuum.

Figure 16 shows the schematic representation of the CuGaO2/ZnO/ZnMgO asym-
metric MQW structure and corresponding band diagrams. As the valence band of
the smaller band gap material (ZnO) lies below that of the larger band gap material
(CuGaO2), the CuGaO2/ZnO heterojunction can be advised as type II (staggered)
heterojunction. The band diagram indicates clearly that the holes will move to the
CuGaO2 side and electrons to the ZnO side in the asymmetric MQW.

The thickness of the individual layers of the MQW is affirmed by exploiting
the cross-sectional images acquired using high-resolution transmission electron
microscopy (HRTEM). Figure 17 represents the typical HRTEM image of the asym-
metric MQW structure having confinement layer (ZnO layer) thickness 2 nm. The
image shows the confinement layer has a thickness of 8 nm and the barrier layer
has thickness of 16 nm. A divergence in the thickness was observed for asymmetric
MQW measured from the rate of growth and the actual thickness.

Figure 18 signifies the low-temperature PL measurements of asymmetric MQW
CuGaO2/ZnO/ZnMgO structures from 77 K up to room temperature (T = 293 K)
having confinement layers of thickness 6 nm. However, with increase of temperature
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Fig. 17 Cross-sectional
TEM image of the
asymmetric MQW
CuGaO2/ZnO/ZnMgO
structures grown by pulsed
laser deposition [53]

Fig. 18 Low-temperature
PL of asymmetric
CuGaO2/ZnO/ZnMgO
MQW grown by PLD [53]

in MQWs, it is noticed that the peak intensity and the integral intensity of the PL
emission decrease. Thus, the thermal quenching of this emission line can be explained
by Eq. (8).

Figure 19 shows the temperature dependence of integral intensity of the PL emis-
sion from the MQWs. The activation energy of the carriers is calculated by fitting
the experimental data with the theoretical equation given in (2). The value of the
activation energy for the asymmetric MQW structure was 32.71 meV. The constant
C for asymmetric MQW structures was 22.03.

Figure 20 represents the temperature dependence of PL peak position of asym-
metric MQWs. A redshift is observed in the PL peak position with increasing tem-
perature ascribed to the temperature-induced band gap shrinkage. The variation of
FWHM of PL peaks (Fig. 20) is found to increase with temperature. A progressive
increase in the line width of PL peak of MQWs is noticed up to 200 K and further
exponentially up to RT. The linear increase in line width below 200 K signifies the
scattering of acoustic phonons at low temperatures [66]. The exciton–longitudinal
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Fig. 19 Temperature-
dependent PL integral
intensity of
CuGaO2/ZnO/ZnMgO
asymmetric MQW grown by
PLD [53]

Fig. 20 Variation of FWHM
and PL peak position of
CuGaO2/ZnO/ZnMgO
asymmetric MQW with
temperature [53]

optic (LO) phonon interaction results in the exponential increase in line width at
higher temperature range [67].

Figure 21 shows PL spectra from the asymmetric MQW structures for two differ-
ent thicknesses of ZnO confinement layer, 2 nm and 6 nm. As the thickness of ZnO
well is reduced from 6 to 2 nm, a blueshift in the PL peak emission is noticed as a
result of the quantum confinement effect. The FWHM of the PL bands increases as
the confinement layer thickness is reduced which can be attributed to the fluctuations
in well thickness or due to roughness at the interface for thinner wells.

Using infinite well approximation, the quantum energy state of carriers in the
valence band well and the conduction band well is calculated. By taking into account
the QW as an infinite well, it is feasible to analyze the energy shift of the PL emission
with respect to the one in bulk ZnO as a function of the well thickness from the
following expression
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Fig. 21 Room-temperature
PL emission from
asymmetric MQW
CuGaO2/ZnO/ZnMgO with
ZnO confinement layer
thickness of 2 and 6 nm [53]

En = �
2

2m∗

[
(n + 1)π

LQW

]2

(9)

wherem* andLQW are the effectivemass of electron in bulk ZnO and the confinement
layer thickness, respectively, while n is an integer that refers to the different excited
states within the well (n equal to zero corresponds to the energy of the lowest energy
state) [78].

On employing this simplemodel, it was observed that the confinement layer thick-
ness of symmetric ZnMgO/ZnO/ZnMgO and asymmetric CuGaO2/ZnO/ZnMgO
MQW structures obtained from the PL peak position was found to be larger than
that obtained using the growth rates. As calculated from the rate of growth, the
2-nm-thick confinement layer in the asymmetric MQW CuGaO2/ZnO/ZnMgO is
found to exhibit a thickness of 8 nm as noticed from the TEM images and is con-
sistent with that calculated from the PL peak position. Accordingly, a comparably
small blueshift in the PL peak positions was observed due to the larger thickness of
the confinement layer.

Room-temperature PL emission of asymmetric CuGaO2/ZnO/ZnMgO and sym-
metric ZnMgO/ZnO/ZnMgO MQWs having confinement layer thickness of 2 nm
at an excitation wavelength of 266 nm is shown in Fig. 22. Also, for comparison,
the typical spectra of ZnO thin film deposited on Al2O3 substrate by PLD with a
thickness of 150 nm are bestowed. A sharp PL emission centered around 361 nm is
observed for symmetricMQWcorresponding to the band edge of ZnO. The observed
blueshift in the PL peak position comparable to the bulk is assigned to quantum con-
finement effects [79]. The shoulder peaks in the PL spectrum at shorter wavelengths
(≈350 nm) correspond to the emission from the ZnMgO barrier layer [65]. A similar
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Fig. 22 Normalized
room-temperature PL spectra
of ZnO film,
CuGaO2/ZnO/ZnMgO
asymmetric and
ZnMgO/ZnO/ZnMgO
symmetric MQW structures
[53]

line shape is noticed for the PL spectrum of the asymmetricMQW sample with a red-
shift corresponding to the higher thickness of the confinement layer than calculated
from the rate of growth using Eq. (9).

5 Conclusions

Pulsed laser deposition has demonstrated an effective way to grow epitaxial metal
oxide thin films. It allows the growth of the films in a high oxygen-rich environment.
Efficient room-temperature photoluminescence emission and temperature depen-
dence on the PL peak position, FWHM and integral intensity of PL emission were
observed from the CuGaO2/ZnO/ZnMgO asymmetric and ZnMgO/ZnO/ZnMgO
symmetric multiple quantum well structures grown by buffer-assisted pulsed laser
deposition using the fourth harmonic of a Nd:YAG laser. Ascribed to quantum con-
finement effects, a blueshift in the PL peak position was clearly noticed with the
variation in the ZnO confinement layer thickness from 6 to 2 nm. Also, the FWHM
of the PL bands increases with decreasing thickness of the confinement layer. Also,
a blueshift in the PL peak position was observed for asymmetric and symmetric
ZnO-based MQW than that of 150-nm-thick ZnO thin film.
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Chapter 5
Metal Oxides-Based SERS Substrates

Kudilatt Hasna and M. K. Jayaraj

1 Introduction to Surface Enhanced Raman Scattering

Surface-enhanced Raman scattering (SERS) is a process in which Raman signal of
molecules is enhanced when the molecule is adsorbed to metal nanostructures. In
1974, the group Fleischmann, Hendra and McQuillan [1] observed that the inten-
sity of Raman signals from pyridine molecule is anomalously enhanced when it is
adsorbed to roughened silver electrode and later the effect was termed as surface-
enhanced Raman scattering. It was Jean Maire and Van Duyne [2] and Albrecht and
Creighton [3] who showed that the anomalous enhancement in intensity could not
be attributed to increased surface area, but due to new phenomena that give rise to the
idea of SERS cross section. It was discovered that enhancements in Raman intensity
was due to strong electromagnetic field induced by excitation of localized surface
plasmons present on nanoscale noble metals. The discovery of SERS has opened a
capable way to overcome the traditional low sensitivity problem in normal Raman
spectroscopy.

Surface-enhanced Raman scattering spectroscopy offers many advantages over
other spectroscopic or spectrometric techniques including Fourier transform infrared
(FT-IR) spectroscopy, fluorescence, UV-Vis-near infrared (NIR) absorption, nuclear
magnetic resonance (NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS)
andmass spectrometry. SERS can extract a significant amount of information directly
from complex environments such as biological fluids, living tissues and cells without
any need for prior sample preparation. They also offer high sensitivity for small
structural changes in macromolecules, non-invasive sampling capability, minimum
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sample preparation and high spatial resolution. Simply, it can be said that SERS
combinesmolecular fingerprint specificity with potential single-molecule sensitivity.
Therefore, the SERS technique is identified as a potential tool for sensing trace
amount of molecules within the field of chemical and biochemical analytics.

In order to enhance the Raman signal, the molecule must typically be adsorbed on
themetal surface, or at least be very close to it (typically up to 10 nm). The energy pro-
duced due to enhanced electromagnetic field is transferred to the molecules located
near the surface of the metal nanostructures. The magnitude of induced field is
thus increased and results in the enhancement of Raman scattering efficiency dras-
tically. It is accepted that the dominant effect in SERS is electromagnetic effect
(EM) and EM enhancement is due to the electromagnetic property of metal nanos-
tructures. The Raman signal enhancements in SERS span over several orders of
magnitude compared to normal Raman scattering and the detection limit is down to
the single-molecule level [4].

The field enhancement during LSPR is given by the equation [5]

Eout = E0 ẑ − αE0

[
ẑ

r3
− 3z

r5
(
x x̂ + y ŷ + zẑ

)]

where α is the metallic polarizability given by α = ga3, a being the radius of
the sphere and g defined as

g = εin − εout

εin + 2εout

where εin and εout represent dielectric function of metal and external environment,
respectively. When εin = −2εout, denominator of the equation approaches to zero
and this is the condition for the occurrence of maximum electric filed enhancement.
According to Mie theory, the condition εin = −2εout occurs during localized surface
plasmon resonance and occurs in visible region for coinage metals such as silver,
gold and copper. The electric field enhancement in metal nanostructures with various
shapes is given in Fig. 1.

In addition to the contribution of electromagnetic effect,molecular resonances and
charge transfer transitions also contribute to Raman enhancement and are termed as
chemical enhancement (CE) [6]. CE depends on the chemical interaction between
adsorbed molecules and the SERS substrate and it amounts only about 2–3 orders of
magnitude. Even though it is difficult to separate CE fromEM enhancements, several
studies have been focused on CE mechanism. Studies reveal that CE enhancement is
a kind of resonance Raman scattering. The most acceptable mechanism is the charge
transfer mechanism between adsorbate and metal due to the formation of metal-
adsorbate complex. New electronic states arise as a result of direct covalent bonding
of adsorbate to the SERS substrate. Then, the charge is transferred from Fermi
level to lowest unoccupied molecular orbital (LUMO) or from highest occupied
molecular orbital (HOMO) of adsorbate to Fermi level of the metal [7].
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Fig. 1 Field enhancement in
metal nanostructures (red
colour represent region of
enhanced electric field)

Polarised light

“Hot spots”

2 Metal Nanostructures as SERS Substrates

Metal nanocolloids with controlled size and shape, nanoparticles on solid substrates,
or lithographically patterned metal nanostructures on solid substrates are the cur-
rently available SERS-active substrates [8]. Though the first SERS-active substrates
were electrochemically roughened silver (Ag) electrode [1], later with the advance-
ment of nanotechnology, colloidal suspensions of Ag nanoparticles were found to
have similar properties that even single-molecule resonance measurements could
be carried out for rhodamine 6G (R6G) using metal nanocolloids. The detection at
single-molecule SERS is attributed to closely spaced nanoparticle dimers, or “hot
spots”. Therefore, the design of SERS-active substrates with “hot spots” has been
in progress. Though colloidal nanoparticles are easy to synthesize, they suffer from
poor reproducibility due to the inhomogeneous size distribution, dimer spacing and
orientation with respect to the excitation polarization.

Different types of solid support SERS substrates such as templated colloidal
crystal films, deposited metal island films and lithographically defined thin films
have been reported with better performance than colloidal SERS substrates in repro-
ducibility and sensitivity. Themost promisingmanufacturingmethod for fabrication,
reported over more than two decades is nanolithography. Various nanolithographic
techniques include nanosphere lithography, electron beam lithography, nanoimprint
lithography and focused ion beam milling. Some of them are lithographically pat-
terned and etched microscale pyramidal pits in silicon coated with thin metal layers,
gold nanopyramid arrays with nanoscale sharpness tips; however, they bear limited
number of scattering hot spot sites. Even though a remarkable progress has been
observed over the last three decades, still there is strong demand for SERS substrates
that possess large number of “hot spots” accompanied by high reproducibility and
stability in the SERS enhancement.
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Further, fine-tuning of interparticle gap is possible by combining with electro-
chemical methods. Halas and co-workers [9] succeeded in generating nanobridges
on the tip of array of bowtie structures by electromigration that allows creation of
gaps of widths ranging from 1 nm to a few nm. This method of electromigration
has benefits of relatively high yield and reproducible fabrication of SERS hot spots,
with enhancement factor easily reaching the 108 range. Combining electron beam
lithography (EBL) with bottom-up methods is a fascinating way to fabricate exact,
parallel hot spots over surfaces. Gopinath et al. [10] decorated aperiodic patterns
of EBL-fabricated Au posts with Au spheres which allow creation of SERS-active
hot spots. Replacing the aperiodic substrate with a periodic surface again enhances
the electromagnetic interactions and thus could be extended for the fabrication of
controlled size gaps down to 1–2 nm size range.

Our group fabricated patterned SERS-active substrate using arrays of nanotrian-
gular pillars by combining electron beam lithography with nanoimprinting technique
[11]. Arrays of nanotriangular pits were fabricated in silicon by electron beam lithog-
raphy (EBL). The disadvantages of EBL are that the fabrication technique is time
consuming and expensive. Hence, nanoimprinting technique was employed for the
replication of patterns from silicon into PMMA so that arrays of nanotriangular pil-
lars are generated. Figure 2a shows field emission scanning electron microscopic
(FESEM) image of silicon with nanotriangular pits of edge length 200 nm and depth
250 nm. The gap between the triangles is designed at 200 nm. The large area view and
depth view are clearly shown in Fig. 2b, c. Figure 2d confirms the successful repli-
cation of patterns in silicon into PMMA. For the fabrication of SERS substrate, the
PMMA substrate with arrays of triangular pillars is coated with silver film of thick-
ness 60 nm. The SERS characterization of nanotriangles-based SERS substrate using
benzene thiol (BT) molecules shows an enhancement factor of 2.9 × 1011, which is
the highest reported value for a patterned SERS substrate. The highest SERS activity
is achieved for the SERS substratewith triangles of edge length 200 nmand is given in
Fig. 3. The spectrum is reproducible from sample to sample and is also uniform over
the substrate. Therefore, the SERS substrate using nanotriangular pillars performed
as an efficient SERS substrate with uniform and reproducible Raman enhancement
and highest enhancement factor. The multiple productions of replica from a single
EBL silicon master offer a cost-effective technique for the fabrication of patterned
SERS substrates.

3 Metal-Metal Oxide Hybrid Structures as SERS
Substrates (SERS EM Enhancement Effect)

A very efficient way to increase the “hot spot” density is the development of 3D
hybrid structures of metal oxides such as TiO2 and ZnO. 3D hybrid structures are
far superior to conventional substrate due to their potential to extend the arrange-
ment of “hot spots” along the third dimension and thus enhance the “hot spot”
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Fig. 2 FESEM images of silicon master with triangular pits with edge length 200 nm a top view,
b large area view, c depth view and d its replica in PMMA

Fig. 3 SERS spectra of 103

M BT on nanotriangular
pillar arrays of edge length
200 nm
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density. They also supply increased surface area for adsorbing higher number of
probe molecules. This cost-effective method for fabrication of renewable nanorod
array is well known and noble metal nanoparticles can be decorated onto the arrays
via simple electroless plating/seeding method. First report by Rijana and co-workers
on SERS effect from semiconducting TiO2 nanoparticles advances the growth of
more and more semiconductor-noble metal nanocomposites-based SERS substrate
such as Ga2O3-Ag, ZnO-Ag and TiO2-Ag core-shell structures.

Marcin Pisareket al [12] introduced TiO2 andAl2O3 nanoporous oxide layers dec-
oratedwith silver nanoparticles as aSERS-active substrate.Avery large enhancement
factor comparable to that of roughened silver surface was achieved for Ag/Al2O3,
but low value was achieved for Ag/Ti substrate. It was proposed that porous alu-
mina interacts with Ag and effects the electronic structure of the Ag nanoparticles
and hence enhances the Raman signal. These enhanced Raman signals are useful
to detect the presence of small amounts of certain organic compounds and their
interaction with composite substrates. With the manifestation of SERS intensity, the
probe molecules can sense slight changes on distribution of the Ag deposit on the
nanotubular structures.

3D self-assembly method is one strategy for producing 3D hierarchical SERS
substrates. But poor control and reproducibility of this method make the essentiality
of another template method. Various reduction methods are emerged for decorating
noble metal nanoparticles on to 3D nanoscaffolds or nanorods structures. The exam-
ples are Au or Ag nanoparticles decorated onto the surface of metal oxide nanorods,
anodic aluminium oxide (AAO) tubes and carbon nanotubes. Usually, arrays of ver-
tically aligned nanowire or nanorods arrays are unsuitable for SERS-active appli-
cations because of limitation in massive amounts of loading of metal nanoparti-
cles. Besides, the propagation of excitation light into the decorated nanoparticles is
limited owing to significant scattering and adsorption which effectively decreases
enhancement factor and the detection limit. To overcome these deficiencies, instead
of vertical aligned structures, branch type substrates are designed that can expose
the hot spots to excitation light. The emerged substrate includes branched scaf-
folds in ZnO nanorod arrays. The uniform spatial distribution of the branched scaf-
folds can efficiently supply the hot spots to SERS enhancement and thus improved
sensitivity and reproducibility. ZnO/CuTCNQ nanotree arrays (TCNQ = 7,7,8,8-
tetracyanoquinodimethane) are employed as SERS substrate in which trees are fab-
ricated through chemical vapour deposition (CVD) route. ZnO nanorod arrays or
graft of aligned ZnO nanorod arrays have been exploited as a universal backbone
for the growth of branched structures. But with CVD, the density of CuTCNQ struc-
tures was low which do not provide favourable environment for the attachment of
nanoparticles. Thus, silicon (Si) nanomaterial branches with dominant properties
such as biocompatibility, stability and chemical properties are developed. JianHuang
et al. [13] developed a SERS substrate-based on silver nanoparticles decorated on
the graft of Si nanoneedles which is supported onto surface of ZnO nanorod arrays.
In the report, instead of CVD, a catalyst-assisted vapour–liquid–solid (VLS) growth
mechanism was employed for the graft of silicon needles onto ZnO nanorods. The
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decoration of Ag nanoparticles was carried out using galvanic displacement reac-
tion. An enhancement factor of 8.7 × 107 and a detection limit of 10−16 M were
achieved for the as-designed SERS substrate. The possibility of integrating such
ordered Si/ZnO/Ag structures on a lab-on-chip device for label-free detection of
chemical and biomolecules is also proposed.

3D SERS substrate was developed based on arrays of cone-shaped ZnO nanorods
[14] for rapid detection of trace polychlorinated biphenyls. Cone-shaped ZnO arrays
were fabricated by electrodeposition technique, and physical ion-sputtering was
employed for the uniform deposition of silver nanoparticles. Due to the unique mor-
phology of as-fabricated SERS substrate, three types of hot spots were formed by:
(1) coupling between the small Ag nanoparticles (NP) that are grown on the same
ZnO nanorod; (2) coupling between Ag nanoparticles growing on the two adja-
cent ZnO nanorods; (3) interaction between the large Ag spheres on the top ends
of two neighbouring ZnO nanorods. Electroless plating method, photo-deposition
method or galvanic reduction were also employed for decoration of metal nanopar-
ticles onto ZnO nanorods. Alternatively, the surface was modified with amino or
mercapto groups which promote the formation of Au-NP/ZnO-particle and Au- or
Ag-NPs/ZnO-multipods hybrid structures. Li et al. [15] fabricated a multifunctional
high sensitive recyclable SERS substrate of Au-coated TiO2 nanotube arrays. The
recyclable property of TiO2 nanotubes eliminates single use of traditional SERS sub-
strate. Additionally, as compared to ZnO, TiO2 is more stable and the as-fabricated
recyclable SERS substrate has been widely used for detection and degradation of
organic pollutants.

Our group has fabricated metal-metal oxide nanocomposite via decorating sil-
ver nanoparticle onto TiO2 nanorods. TiO2 nanorods are grown by hydrothermal
method which is a cost-effective non-vacuum technique. Silver nanoparticles are
decorated onto the nanorods by chemical reduction method. In a typical growth of
TiO2 nanorods, initially, compact thin layers of TiO2 nanoparticles were deposited
onto the well-cleaned fused silica substrate by dip coating in an alcoholic titanium
tetra-isopropoxide (TTIP) solution at room temperature followed by annealing at
800 °C for 1 h in air ambient. This TiO2 layer acts as a seed layer for growth of TiO2

nanorods by the solvothermal process. The steps involved in growth of TiO2 nanorods
are as follows: 0.6ml of titanium tetra-isopropoxide (TTIP), Ti{OCH(CH3)2}4 (97%;
Alfa Aesar) was added to a mixture of 25 ml of de-ionized water and 25 ml of con-
centrated hydrochloric acid (HCl, 36.5% by weight). Then, mixture was transferred
into a Teflon-lined autoclave and kept at 180 °C for 3 h.

The decoration procedure of silver nanoparticle onTiO2 nanorods is schematically
represented in Fig. 4. TiO2 nanorods were dipped in [Ag(NH3)2]+ solution for 5 min
and subsequently dipped in de-ionized water for several seconds. Then, [Ag(NH3)2]+

were reduced with 0.1 M glucose solution followed by dipping once again into the
de-ionized water to remove any glucose molecule. This decorating procedure was
repeated for several cycles to control the density and the size of silver nanoparticles
on the surface of the TiO2 nanorods. The Ag-TiO2 samples prepared by one, two,
three, four, five, six and seven cycles are named as C1, C2, C3, C4, C5, C6 and C7,
respectively.
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Fig. 4 Schematic of decoration of Ag on TiO2 nanorods

The FESEM image of TiO2 nanorod synthesized by hydrothermal method is
shown in Fig. 5. From Fig. 5a, b, it can be seen that the nanorods are grown in an
inclined direction with the substrate and are grown from the seed layer uniformly
over the substrate. This inclined growth is favourable for increasing density of silver
nanoparticles with “hot spots” in detection volume. The average diameter of nanorod
is about 80 nm.

The decoration of silver nanoparticles on TiO2 nanorods is confirmed with trans-
mission electron microscopic (TEM) image given in Fig. 6. TEM image of sample
C1, C6 and C7 is shown in Fig. 6. As the number of cycles increases from one to six,
size and number of silver nanoparticles increases. It is also observed that nanopar-
ticles are arranged with nanogaps so that “hot spots” are generated in the junction

Fig. 5 FESEM image of TiO2 nanorods synthesized via solvothermal method
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Fig. 6 TEM image of TiO2 nanorods decorated with silver nanoparticles for a decoration cycle of
a one, b six and c seven

between the nanoparticles. But for a decoration cycle of seven, tiny gaps combine to
form bigger nanoparticles.

The SERS activity of Ag-TiO2-based SERS substrate using 10−5 M rhodamine
6G molecules (R6G) is shown in Fig. 7. All characteristics peaks of R6G can be
clearly identified in the spectra and the Raman peaks at 611, 771, and 1125 cm−1 are
associated with C–C–C ring in-plane, out-of-plane bending, and C–H in-plane bend-
ing vibrations, respectively. The Raman bands at 1189, 1360, 1508 and 1649 cm−1

are assigned to symmetric modes of in-plane C–C stretching vibrations [16, 17]. As
the number of Ag decoration cycles increase to six, the SERS activity also increased
from 160 counts to 16,700 counts. It is because of high density of silver nanoparti-
cles with “hot spots” and is consistent with TEM results. For a decoration cycle of
seven, SERS activity is decreased showing the reduction in Raman peak intensity.

Fig. 7 SERS activity of Ag-TiO2 using 10−5 M R6G molecules
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The variation in SERS activity with Ag decoration cycles is given in the inset of
Fig. 7.

The recycling capability of as-prepared Ag-TiO2-based SERS substrate is
schematically represented in Fig. 8. The SERS activity of as-prepared Ag-TiO2 using
10−5 M R6G molecule is carried out and for the recycling of the SERS substrate,
the samples were exposed to UV light (366 nm) for photodegradation. The corre-
sponding SERS measurements are carried out and the spectrum does not show any
signature of R6G which confirms complete degradation of the molecules and the
corresponding spectrum is given in Fig. 9.

The SERS activity of Ag-TiO2 substrate after photodegradation is checked for
10−5 M R6G and is compared with SERS activity of as-prepared Ag-TiO2 (Fig. 10).
The SERS substrates exhibit similar SERS activity before and after photodegradation
which indicates the recyclable nature of Ag-TiO2-based SERS substrate. The sub-
strate possesses an average enhancement factor of about 2×108 with single-molecule
detection capability.

The uniqueness of the present Ag-TiO2-based SERS substrate over already
reported TiO2 nanorod array-based SERS substrate [15, 18] is the very large enhance-
ment factor. The excellent performance of as-prepared Ag-TiO2 is due to the forma-
tion of different types of “hot spots”. In the as-prepared SERS substrate, nanorods are
grown not vertically aligned which promotes the formation of “hot spots” in between
adjacent nanorods. Also, the growth of nanorods is such that “hot spots” generated
on the side wall of nanorods can efficiently contribute to total SERS intensity.

SERS

Ar ionlaser
(514.5 nm)

Photo catalysis
UV light (λλ<400nm)

Ar ion laser
(514.5 nm)

No
SERS

Recycled

Immersed in
10-5 M R6G

Self-cleaning

Fig. 8 Schematic of recycling nature of Ag-TiO2-based SERS substrate
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Fig. 9 Raman signal from
Ag-TiO2-based substrate
after photodegradation

Fig. 10 SERS spectra of 10−5 M R6G molecule from as-prepared substrate and recycled substrate

4 Metal Oxide as SERS-Active Substrates (SERS Chemical
Enhancement Effect)

One of the clearest experimental proofs for SERS chemical enhancement (CE) is
photo-induced charge transfer (PICT) process between adsorbate and metal and is
usually seen in semiconductor nanostructures such as ZnO, ZnS, CdS, CuO, CdTe
and TiO2. Initially, the growth of SERS-active substrate is focused on noble coinage
metals and transition metals; nowadays, considerable research has been centred on
semiconductor materials-based SERS-active substrates. Oxides such as NiO, ZnO,
TiO2, Fe3O4 and Cu2O have been demonstrated as SERS-active substrates. The
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SERS study on semiconductor-based substrate is significant from the semiconduc-
tor’s point of view. Because SERS investigation of adsorbed species on surfaces and
interfaces facilitates the analysis of semiconductor device. Semiconductor nanos-
tructures are building blocks of novel nanodevices; hence, the performance of these
devices depends critically on the properties of surface and interface features. SERS
explore a spectroscopic means to investigate the integration of organic, inorganic
and biological nanostructures to build novel functional systems. Therefore, SERS
studies on semiconductor are an excellent spectroscopic analyzing tool in the field
of nanoscience.

Quagliano et al. [19] were first in observing SERS effect from III-V semiconduc-
tor quantum dots nanostructures. The study explores the development of interesting
SERS substrate based on metal oxides. Quagliano et al. [19] observed enhanced
Raman signal for pyridine molecules on epitaxial InAs quantum dots. A new Raman
band appeared corresponding to chemisorption ofmolecule to the semiconductor sur-
face. It is also observed that magnitude of enhancement strongly depends on probe
interfaces. This suggested that it is possible to study adsorption and reactions of
molecules on the surfaces of III-V semiconductor quantum dots by means of SERS.
A SERS-active substrate was fabricated using monolayers of haematite (α-Fe2O3),
a n-type semiconductor, that finds application as catalysts, gas sensors, materials
for optical and electromagnetic devices and also as medicine carriers. An enhance-
ment factor of 104 is obtained and a correlation connecting morphology and SERS
enhancement is observed. Thus, Fu et al. [20] proposed an enhancement mechanism
relating structure and composition of surfaces and interfaces in non-metallic systems.

SERS studies were also conducted using CuO nanocrystals and 4-
Mercaptopyridine (4-Mpy) complex system which again describe the possibility
of SERS spectra for understanding chemisorption and reaction mechanism on the
surface of semiconductor nanostructures. Wang et al. [21] conducted SERS studies
on ZnO nanostructures using 4-Mercaptopyridine (4-Mpy) as adsorbed species and
an enhancement factor of 103 was achieved. With the advancement in nanotechnol-
ogy, investigation is extended to nanostructures of Titania. Rajh and co-workers [22]
observed enhancement in Raman intensity of biomolecules such as neurotransmitters
by adsorption onTiO2 surface and a size-dependent Raman intensity is also observed.
Later, Yang et al. [23] proposed TiO2-to-molecule charge transfer mechanism for the
Raman enhancement. Another important observation is that not only Raman signal
of adsorbed species enhanced but also phonon modes of TiO2 is enhanced due to
adsorption of probe molecules. The studies on Raman enhancement of formic acid
and dopamine on TiO2 nanoparticles by Tarakeshwar and group [24] showed that
vibronic coupling strengthen charge transfer from the HOMO of the molecule to the
conduction band of the quantum dot and hence contribute to Raman enhancement.
Xue et al. [25] explored enhanced phonon modes of semiconductor after molec-
ular adsorption on semiconductor nanoparticles by observing Raman signal from
4-Mercaptobenzoic acid (4-MBA) TiO2 nanoparticles complexes. With the support
of highly monodispersed and controlled nanosized TiO2 particles, a profile of Raman
signal as a function of particle size is constructed. Using the profile it is observed that
the phonon modes of TiO2 and the molecule lines were enhanced simultaneously.
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SERS studies on TiO2 nanoparticle by Xue et al. [25] reveal that particle size
is a critical parameter the effect SERS enhancement factor. In the study, Raman
spectra of 4-MBA chemically bonded to TiO2 nanostuctures of different particle size
is investigated. A charge transfer resonance between the valence band of TiO2 and
the lowest unoccupied orbital of the molecule is observed in nanoparticle of size
10.9 nm. The correlation of particle size of semiconductor with Raman intensity
enables to determine configuration of nanoparticle that contributes to advancements
in the field of semiconductor-based sensors as well as solar cells. In order to design
highly efficient solar cell, nanostructures that provide high rate of charge transfer
is preferable, whereas to design a high sensitive sensor, nanostructure that provides
excellent Raman enhancement property is desired. Yang et al. [26] observed SERS
enhancement property of TiO2 nanoparticle and a charge transfer mechanism is
proposed for SERS effect of TiO2 nanostructures. It is also proposed that surface
defect states present in nanostructure promotes charge transfer between adsorbate
and surface. Hence, the intrinsic nature of the adsorbed molecules and the surface
property of semiconductor effect charge transfer process.

In order to improve the charge transfer effect, Yang et al. [23] incorporated silver
onto TiO2 through a photoreduction method. On a comparison between Ag-TiO2

and pure TiO2 surfaces, it is concluded that Ag-TiO2 exhibits higher enhancement
factor. The enhancement can be attributed to the fact that besides the intrinsic CT
contribution of TiO2-to-molecule, incorporation of Ag brings additional electrons
into themolecules adsorbed on the TiO2 surface through the conduction band of TiO2

nanoparticles due to the localized surface plasmon resonance of silver. This work is
significant both as development of a promising, nontoxic and biologically compatible
SERS-active substrate and as a study of the CT mechanism between Ag and TiO2

for the improvement of performance in photochemical and photo-electrochemical
applications.

Various reports on enhancement mechanism in metal oxide show that the SERS
enhancement is not attributed to electromagnetic enhancement mechanism. Because
their SPR position lies in IR region of electromagnetic spectrum. Hence, it is
impossible to obtain EM contribution from semiconductor under visible excitation.
Therefore, the enhancement mechanism in semiconductor-based SERS substrate is
described to chemicalmechanismof SERS.Whenmolecule is adsorbed to the surface
of semiconductor, the molecules interact with the atoms of the substrate surface. As a
result of such interaction, electron density distribution is varied that could affect the
Raman scattering cross section of the molecular vibrational modes which enhances
selectively various vibrational modes of molecules. The possible chemical enhance-
ment is chemical bonding enhancement, photon-induced charge transfer enhance-
ment (PICT) and surface complexes resonance enhancement. In these three mecha-
nisms the enhancement in Raman scattering intensity would depend on the change
of molecular polarizability of adsorbed species. In chemical bonding enhancement,
increase in effective molecular volume and ground state polarizability due to partial
charge transfer resulted in magnification of Raman scattering cross section. In the
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second type of surface complexes resonance enhancement mechanism, new HOMO
and LUMO levels are generated owing to new surface complexes. Thus, a resonant
enhancement can be produced in these surface complexes under suitable excitation.
The third type, PICT enhancement mechanism is the most appropriate mechanism
for metal oxide-based SERS substrates.

In order to observe PICT enhancement mechanism, it is not essential to have
molecules to be chemisorbed on to the SERS substrate. However, for the thermo-
dynamically feasible CT, the HOMO and LUMO of the molecule should match the
energy levels of valence band (VB) and conduction band (CB) of the substrate. The
possible routes for PICT are between the molecule and the semiconductor substrate.
Thus, during PICT, charge transfers either from semiconductor substrate to molecule
or from molecule to semiconductor substrate. During the PICT process, an electron
in VB of semiconductor is transferred to the CB by stimulation of incident light
which creates a hole in valence band. The excited electron is quickly tunnelled to
a matching energy level above the LUMO of the molecule through resonant trans-
fer process (Fig. 11a). The transferred electron eventually is transferred back to
VB of semiconductor and recombines with the hole. Similarly, an electron can be
transferred from HOMO to LUMO level by incident light energy. Then, the excited
electron transits quickly to CB of the semiconductor through resonant tunnelling
(Fig. 11b). Finally, the electron is de-excited to a ground vibrational energy level
of the molecule. Suppose the excitation wavelength is not sufficient to excite the
electron from valence band to conduction band or from LUMO to HOMO level,
surface defect states present in metal oxides mediate charge transfer between SERS
substrate and adsorbed molecule (Fig. 11c). It happens in wide bandgap materials
where excitation of electrons happens under UV excitation only.

Our group investigated SERS effect in TiO2 nanoparticles synthesized via chemi-
cal route. Procedure for the synthesis of TiO2 nanoparticles (TiO2 NPs) is as follows.
A mixed solution of 50 ml distilled water, 5 ml titanium isopropoxide and 15 ml
isopropyl alcohol was kept at 100 °C until all the solvent gets evaporated. XRD
shown in Fig. 12a confirms the anatase of TiO2 nanoparticles and the average size of
nanoparticles is estimated to be about 8 nm from FESEM image is given in Fig. 12b.
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Fig. 11 Possible charge transfer during PICT
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Fig. 12 a XRD spectra of TiO2 nanoparticles and b FESEM image of TiO2 nanoparticles

4-Mercaptobenzoic acid (4-MBA) is used as Raman probe and 10−3 M 4-MBA is
chemically bonded to TiO2 nanostructures using the procedure as follows. Amixture
of 20 mg TiO2 nanostructures and 20 ml 4-MBA, (1× 10−3M) ethanol solution was
stirred for 2 h. Then, the precipitate was centrifuged at 10,000 rpm for 30 min and
rinsedwith de-ionizedwater. Finally, the solution ismade into 3ml by adding ethanol.
A model for TiO2 nanostructures modified by 4-MBA is given in Fig. 13.

Figure 14 compares the SERS spectra of 10−3 M4-MBAusing TiO2 nanoparticles
with the normal spectra of 4-MBA. The intensity and the position of Raman peaks in
SERS spectrum of 4-MBA adsorbed on TiO2 are different from the normal Raman
spectra of 4-MBA solid powder. The SERS spectra are dominated by bands at about
1581 and 1073 cm−1, which are assigned to ν8a (a1) and ν12 (a1) aromatic ring
characteristic vibrations, respectively [26]. The chemical bonding of 4-MBA with
TiO2 surface is confirmed by the presence ofweak bands at about 1141 cm−1 (ν15, b2)
and 1172 cm−1 (ν9, a1) corresponding to theC–Hdeformationmodes. The number of
molecules in detection volume during normal Raman spectrum measurement is 8.7
× 109 and that corresponding to SERS measurement is 1.5 × 109. Hence, it is clear
that the Raman signals of 4-MBA adsorbed on TiO2 nanostructures are remarkably

Fig. 13 Model for
adsorption of 4-MBA
molecules onto TiO2
nanoparticles
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Fig. 14 Normal Raman
spectra of bulk 4-MBA and
SERS spectra of 10−3 M
4-MBA

enhanced relative to 4-MBA in bulk. Presence of extra peak at 1144 cm−1 confirms
the charge transfer due to the chemical bond formation of 4-MBA with TiO2.

514.5 nm of Ar ion laser is used as excitation wavelength for SERSmeasurement.
The bandgap of synthesized TiO2 nanoparticle is 3.16 eV. Therefore, the photo-
induced charge transfer is not possible between valence band or conduction band
of TiO2 and HOMO or LUMO level of 4-MBA. The photoluminescence from TiO2

nanorods with an excitation 517 nm exhibits an emission at 564 nm (Fig. 15) which
confirm the presence of surface defect states in TiO2 nanoparticles which mediates
the charge transfer between TiO2 and 4-MBA. The role of surface defect states is
confirmed by annealing the TiO2 at 200, 400 and 600 °C in the presence of air. The
SERS activity of TiO2 decreases with increase in annealing temperature which is
due to the decrease in number of surface defect states with annealing. The decrease
in SERS activity with increase in annealing temperature is shown in Fig. 16. Hence,
the photo-induced charge transfer depicted as in Fig. 17.

Fig. 15 Photoluminescence
spectra from TiO2
nanoparticles under 517 nm
excitation
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Fig. 16 SERS activity of
TiO2 nanoparticles for
different annealing
temperatures

Fig. 17 Model for PICT
mechanism in TiO2-4-MBA
complex

The bandgap of TiO2 nanoparticles is 3.16 eV. Therefore, an electron in VB could
not move to CB on excitation with 514.5 nm (2.4 eV). The presence of surface defect
level state at 2.4 eV in TiO2 nanoparticles mediates the charge transfer between TiO2

and 4-MBA. Hence, an electron in VB is transferred to this surface defect states by
stimulation of incident excitation laser which creates an electron in defect states and
a hole in the valence band. The excited electron is quickly tunnelled to a matching
energy level above the LUMO of 4-MBA through the resonant process. The excited
electron eventually moves back to VB of TiO2 and recombines with the hole. Hence,
charge transfer between the metal oxide and adsorbate occurs and the SERS occurs
due to CE effect in metal oxide nanostructures.

5 Applications of Metal Oxide-Based SERS Substrate

Compared to traditional SERS substrate, semiconductors possess high stability, bio-
compatibility and are highly sensitive to configuration and environment. Since the
enhancement of certain Raman bands during SERS strongly depends on orientation
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of the molecule with the metal surface and also on the distance between its func-
tional groups from the surface on which it was adsorbed. The SERS spectra can be
utilized for gathering specific information on chemical structure of adsorbed species
and also its orientation with metal surface. Hence, semiconductor-based SERS sub-
strate has been explored for potential applications both in fundamental studies and
for biochemical detections.

5.1 Investigation of Semiconductor/Adsorbate Interface

SERS enhancement from semiconductor surface is attributed to charge transfer
between the semiconductor and adsorbate complexes. Therefore, SERS signal allows
study on semiconductor/adsorbate interface which provides important information
about the surface science of the semiconductor and the chemisorption process of
the adsorbate. Among the various techniques available, SERS is found to be very
effective technique to investigate the semiconductor/adsorbate interface. Taking the
performance of TiO2-based dye-sensitized solar cell (DSSC), the nature of bind-
ing of dye on the surface of TiO2 substrate determines its efficiency. Greijer et al.
[27] investigated mechanism of thiocyanato to ligand exchange in DSSC via reso-
nance Raman scattering and Leon et al. studied the interaction between ruthenium
polypyridyl complexes andmesoporous TiO2 via SERS and observed that ruthenium
polypyridyl dyes could interact with metal ions via their carboxyl groups in several
ways. These investigations allow deeper understanding on sensitization phenomena
that can help to improve performance of solar cell. Therefore, recently researchers
have been focusing on investigation on chemisorption and reaction mechanisms of
molecules adsorbed on the semiconductor surface in practical systems via SERS.
SERS is one of the well-developed techniques for probing these CT processes in
microelectronic devices. Nature of contact, i.e., ohmic and schottky contact, play an
important role in performance of (opto) electronic devices and which can be easily
investigated via SERS. The studies on micro-nanoscale charge transfer (CT) in such
junction are important to both the frontier of fundamental science and applications
in molecular electronics.

5.2 Realization of Biochemical Detection

As SERS is high sensitive, selective and non-destructive detection method, the tech-
nique is widely applied in the field of biochemistry and biomedicine. Due to non-
toxicity and biocompatibility, metal oxide SERS substrates are expected to be more
suitable in such applications. The information on enhanced Raman signal of impu-
rities via PICT transfer process provides an efficient method to eliminate impurities
in practical system. The studies conducted by Musumeci et al. [28] on dopamine
(DA) and TiO2 system are utilized for eliminating the presence of DA in biologically
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active enediol molecules. Zhang et al. [29] conducted SERS studies of cytochrome
c (from bovine heart) and spores of the bacterium Bacillus subtilis using nanostruc-
tured aluminium/aluminium oxide-based SERS substrates. The aluminium oxide
film formed under ambient conditions is biocompatible and is suitable for stabi-
lizing lipid bilayers which is one of suitable method of the surface modification of
biospecies. This experiment has demonstrated the practical utility of a nanostructured
aluminium/aluminium oxide platform for biosensing.

Research has been focused on environmental problems such as detection of
organic pollutants related to wastewater and polluted food as well as treatment of
various pollutants. The organic dyes, organic pesticides, food adulterants, organic
herbicides accumulate in living organism and causes carcinogenicity and acute toxi-
city. Among wide variety of detection method, SERS is one of the attractive spectro-
scopic tools for detection of organic pollutant. Tang et al. [14] demonstrated detection
of polychlorinated biphenyls using Ag nanoparticles decorated on cone-shaped ZnO
nanorods. It is possible to detect a kind of persistent organic pollutants PCB-77with a
detection limit as lowas 10−11 M. JianHuang et al. [13] fabricated nanoparticles deco-
rated zinc oxide/silicon heterostructured nanomace arrays-based SERS substrate and
is employed for detection of different concentrations of melamine aqueous solution
(from 10−4 to 10−10 M). It was possible to establish relation between SERS inten-
sity and the melamine concentration. Detection of melamine residual in pure milk is
also successfully demonstrated. The result explores the potential of semiconductor-
based SERS substrate in food inspection and in environmental protection. Li et al.
[15] demonstrated multifunctional recyclable SERS substrate using Au-coated TiO2

nanotubes. Since TiO2 possesses photocatalytic activity, self-cleaning of adsorbed
dye is possible under UV irradiation. Detection and photodegradation of herbicide
4-chlorophenol (4-CP), persistent organic pollutant (POP) dichlorophenoxyacetic
acid (2, 4-D) and organophosphate pesticide methyl-parathion (MP) are success-
fully demonstrated which show promising application of multifunctional recycle
SERS substrate for detecting other organic pollutants.

6 Conclusions

This chapter provides an overview of metal oxide-based SERS substrate by introduc-
ing traditional metal-based SERS substrate and their limitations, discussing fabrica-
tion of both metal and metal oxide-based SERS substrates, and some of its primary
applications. It has been shown that an efficient recyclable metal oxide-based SERS
substrate can be developed by decorating TiO2 nanorods with silver nanoparticles.
SERS chemical enhancement mechanism is also investigated using TiO2 nanostruc-
tures in which it is seen that surface defects mediate a photon-induced charge transfer
between the substrate and the analyte. The SERS technology based on metal oxide
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nanostructures progress towards its applications in both fundamental science and bio-
chemical detection.Hence, the study and development ofmetal oxide nanostructures-
based SERS substrates would advance SERS technology as a facile and vital tool in
future.
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Chapter 6
One-Dimensional ZnO Nanostructure:
Growth & Device Applications

L. S. Vikas, K. A. Vanaja and M. K. Jayaraj

1 Introduction

The ever-increasing demand for efficient, lightweight and compact electronic devices
is a driving force for today’s technology. The integrated circuit idea introduced by
Kilby and Noyce [1–7] started the revolution in the electronic industry in 1959
itself. Their studies paved the way for the development of large-scale integrated cir-
cuits (LSI) and very large-scale integrated circuits (VLSI). The next milestone was
the development of heterojunction devices, which was introduced by Z. I. Alferov
in 1960s [8]. These developments reduced the size of computers which occupied
an entire room to the size that can be fit into our pocket. Such complicated elec-
tronic devices require the use of materials with nanoscale dimensions and thinfilms.
Intel has already succeeded in developing a number of processors with the size of
transistors ranging up to 14 nm, and they are constantly trying to reduce the size
even further to 10 nm, 7 nm or 5 nm with the help of new 3D transistor design
[9–12]. Development of nanomaterials and nanotechnology has helped to achieve
these goals faster. The invention of scanning tunnelling microscopy (STM) by Gerd
Binning and Heinrich Rohrer in 1981 triggered the emergence of nanotechnology.
STM technique was modified later to a more general area called scanning probe
microscopy (SPM). Various new probing techniques created different flavours of
SPM like atomic force microscopy (AFM), Kelvin probe force microscopy (KPFM),
lateral force microscopy (LFM), etc. Along with SPM techniques, development
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Fig. 1 a The total number of publications based on various oxide materials in the past 28 years.
b The rising trend in a number of publications of ZnO

of various electron microscopic techniques like field emission scanning electron
microscope (FESEM), high-resolution transmission electron microscope (HRTEM),
focused ion beam microscope (FIB), etc. enabled scientists to visualize materials
and devices even below nanometre scale. These recent developments have helped to
create and characterize materials and devices in nanoscale.

Last few decades saw a tremendous increase in research on oxidematerialsmainly
because of its stability and ruggedness. The contribution of research publications
from various oxide materials in the last 28 years is shown in Fig. 1a. Among various
oxides, ZnO has a major role. The number of publications (obtained from the web of
knowledge via keyword search) showed a steep increase in the last few decades as
shown in Fig. 1b. The sudden increase in research interest is aided by the development
of nanotechnology.

The large increase in surface to volume ratio is observed for nanostructures, which
also possess properties different from that of the bulk material. Among various forms
of nanostructures, one-dimensional (1D) nanostructures offer a surface to volume
ratio second to zero-dimensional (0D) nanostructures. Onemajor problem associated
with nanostructures, while using in electronic devices, is its grain boundaries. Grain
boundaries offer barriers for the smooth flow of electrons. Since a number of grain
boundaries are more for zero-dimensional nanostructures, their use in an electronic
device can adversely affect its performance. One way to overcome this problem is
by using 1D nanostructures, which has lesser number of grain boundaries compared
to 0D nanostructures. Growth of vertically aligned 1D nanostructures directly over a
substrate is hence advantageous for electronic devices for the smooth flow of carriers
along the length of rods (Fig. 2).

2 1D Nanostructure Growth Techniques

A number of growth processes are developed for the growth of 1D nanostructures of
ZnO. Depending on the process conditions and method, the quality of nanorods vary.
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The bottom-up approach inwhich the growth proceedswith atomby atom attachment
is generally used for the fabrication of nanorods. Earlier studies were concentrated
onmetalorganic chemical vapour deposition (MOCVD), chemical vapour deposition
(CVD) and vapour–liquid–solid (VLS) techniques, in which a suitable precursor was
made to react to form ZnO molecules. Precise control of experimental conditions
made the formation of ZnO nanorods possible. Recently, solution-based processes
have started to dominate the ZnO nanorod growth techniques, as they are simple and
easy to control.

2.1 Chemical Vapour Deposition

In chemical vapour deposition (CVD) method, vapour-phase precursors are allowed
to react at the reaction zone to form ZnO, which is then transported to a substrate
using a carrier gas. While growing ZnO nanorods by CVD technique, a Zn source
is kept at a higher temperature. The Zn vapour starts to flow from this source to the
substrate. Since chemical reaction takes place in the reaction zone, it will be kept at
a suitable elevated temperature, whereas condensation happens near the substrate,
so that it will be kept at a reduced temperature. Usually, the substrate is coated with
a seed layer. ZnO nanorods thus formed will be longer near the source and shorter
away from the source [13]. Usually, the CVD-grown nanorods are perpendicular to
the substrate, and a seed is required to initiate the growth. In general, metallic islands
are used as seeds for starting the nucleation process [14].

The diameter and length of c-axis oriented zinc oxide nanorods can be controlled
by manipulating the O and Zn content in the reaction chamber [15]. Depending on
the precursors used, the CVD technique is further classified intometalorganic chemi-
cal vapour deposition (MOCVD) [16–19] where organometallic precursors are used,
vapour-phase epitaxy (VPE) [20], halide vapour-phase epitaxy (HVPE) [21], met-
alorganic vapour-phase epitaxy (MOVPE) [22], etc. Such techniques could grow
the materials epitaxially. The diameter of the nanorods in MOVPE can be changed
by changing the temperature during growth. Increasing the growth temperature
decreases the diameter of the grown nanorods [22].
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ZnO nanorods formed using these techniques are highly crystalline nanorods, and
different types of devices can be fabricated using these nanorods.

2.2 Vapour–Liquid–Solid Growth

The vapour–liquid–solid (VLS) technique uses a metal catalyst (usually Au) to grow
the nanorods. Zn vapour is produced by heating the sample in a boat. ZnO can also be
reduced to Zn vapour in the presence of graphene andCO/CO2 [23]. As the Zn vapour
interacts with the metal catalyst, a Zn/Au alloy will be formed. As time increases,
the Zn content in this alloy will saturate and then it reacts with oxygen to form ZnO.
The ZnO formedmoves below the Zn/Au alloy and nucleates. This process continues
until a ZnO nanorod with Zn/Au alloy is formed on the tip. Changes in the diameter
of ZnO nanorods can be achieved by changing the thickness of Au.

2.3 Solution Growth

ZnO is an amphoteric oxide which can react with both acids and bases. In a basic
solution, a zinc salt hydrolyses to form an unstable zinc complex like zinc hydroxide.
Under suitable pH conditions, these complexes recrystallize via dehydration to form
ZnO. While forming crystalline ZnO in wurtzite structure, the termination in [0001]
direction will be either Zn2+ or O2−. Because of the high energy of the polar surfaces,
new incoming elements easily get adsorbed on the polar surface. In one cycle, if
the terminating element is Zn2+, an O2− will try to stick there in the next cycle,
it is succeeded by an incoming Zn2+. This cycle continues, and ZnO is crystalized
[24]. Hence, the growth rate of ZnO in [0001] direction is faster than other crystal
directions. The faster growth rate in one crystal plane easily results in the formation
of crystalline ZnO nanorods.

In order to grow ZnO nanorods from solution, suitable salts like zinc nitrate
(Zn(NO3)2) [25–27], zinc acetate (Zn(COOH)2), zinc sulphate (ZnSO4) [25], etc.
are dissolved in suitable solvents, and it is then allowed to react with materials like
sodium hydroxide (NaOH) [25], ammonium hydroxide (NH4OH), dimethylsulphox-
ide (C2H6OS) (DMSO), hexamethylenetetramine (C6H12N4) (HMTA) [26–28], etc.
Initially, spontaneous nucleation occurs in the saturated solution under suitable pH,
and then, nanorods are formed on these self-generated nucleation sites. Hence, the
nanocrystals will be in powder form. If a suitably seeded substrate is kept in this
precursor solution, the crystalizing ZnO tries to nucleate over the seeds, which may
result in the growth of nanorods over the substrate.
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2.4 Hydrothermal

Hydrothermal synthesis is a solution-based growth process, where the growth of ZnO
nanorods takes place at an elevated temperature and pressure in a special container
called autoclaves. The autoclave is Teflon-lined steel containers, which canwithstand
an enormous amount of indigenously developed pressure inside. The material of the
container should be inert to the precursors used. Zinc containing material is used
in the precursor solution along with some oxidizing agents to form intermediate
unstable complexes like zinc hydroxide. The precursor solution is kept inside an
airtight autoclave and on increasing the temperature, the pressure inside the autoclave
increases to the range of megapascal. Under this elevated pressure and temperature,
normally insoluble ZnO dissolves and a supersaturated zinc hydroxide is formed,
which again recrystallizes to ZnO. There are many reports on the formation of ZnO
nanorods via hydrothermal synthesis.

The hydrothermal synthesis of bulk ZnO crystal was reported in the 1950s by
Laudise and Ballman [29]. The synthesis of ZnO rods was reported only in 1990
by Andre et al. by the hydrolysis of zinc chloride in the presence of HMTA [30,
31]. Later in 2000, Vayssieres et al. reported the formation of ZnO rods over a
substrate using zinc nitrate and HMTA [32]. The water-soluble HMTA is thermally
degraded to release hydroxyl ions. These ions will react with Zn2+ to form ZnO.
Researchers used various combinations like Zn(NO3)2 and HMTA [13, 33–35], zinc
acetate and ammonium hydroxide [36–38], zinc sulphate and ammonia [39], etc. as
the precursors for the growth of ZnO by hydrothermal technique.

The pH of precursor solutions for hydrothermal synthesis ranges from 7 to 12.
A pH of 9 is preferred for the growth of ZnO nanorods using zinc acetate and
ammoniumhydroxide. The initial chemical reactions involvingZn2+ andNH3 results
in the formation of Zn(NH3)

2+
4 complex. This Zn(NH3)

2+
4 complex will eventually

decompose to form ZnO.
Aneesh et al. reported that during hydrothermal synthesis presence of NH4OH

with Zn(COOH)2 will result in the formation of nanorods, whereas the use of NaOH
instead of NH4OH will result in the formation of ZnO nanoparticles [36, 40, 41].

The zinc salt, zinc acetylacetonate (Zn(C5H7O2)2), can act as a single-source
precursor for the synthesis of ZnO nanorods [42]. Along with precursor solution,
various surfactants such as polyvinyl alcohol (PVA), polyethylene glycol (PEG),
sodium dodecyl sulphate (CH3(CH2)11OSO3Na), cetyltrimethylammonium bromide
(CTAB) [43], carbamide, potassium iodide and hydrazine hydrate are used for con-
trolling the morphology and size of the nanorods. Anodized alumina, amphiphilic
block copolymers, etc. are used as templates for ZnO nanorod growth.

Major advantages of this technique are the better yield, simple technique, cheap
process and control over nanostructure formation. Because of these advantages, there
is a real boom in this topic for the last few years. This technique is perfect for the
growth of aligned ZnO nanorods over suitable substrates. Thewafer-scale production
of ZnO nanorods was already reported, even with aligned growth of nanorods over a
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substrate [44]. Using suitable hydrothermal condition, even nanorods can be grown
epitaxially [35, 45].

2.5 Electrodeposition Growth

The electrodeposition is an electrochemical process in which ZnO is deposited at
the cathode of an electrochemical cell using a suitable precursor solution. In this
process, ZnO nanorods can be grown over any conducting substrate. The conducting
substrate is to be kept as the cathode in the electrochemical cell. Usually, a three-
terminal electrochemical cell is used. The cathode will be the working electrode,
the counter electrodes may be a stable noble metal like Pt or Au and the saturated
calomel electrode serves as the third reference electrode. The major advantage of
electrodeposition is that irrespective of the substrate shape (flat, curved, flexible,
etc.), nanorods can be grown over a conducting surface of the substrate. Because an
electric potential is driving the growth process, uniform growth of nanorods over a
large area can be achieved, and hence, it is a promising technique for wafer-scale
production of nanorods over a substrate. Themajor disadvantage of electrodeposition
is that it is impossible to grow or deposit a material over a non-conducting substrate.

FormationofZnObyelectrodeposition involves two steps. In thefirst step, hydrox-
ylation of Zn occurs, and a zinc hydroxide complex is formed. In the second process,
the zinc complex formed is decomposed to form crystalline or amorphous ZnO.

Zn2+ + 4OH− −→Zn(OH)2−4 (1)

Zn(OH)2−4 −→ZnO + 2H2O (2)

The growth rate of crystalline ZnO is different for each crystal directions. The
maximumrate is, along the<0001>direction.Hence, usually electrodeposition yields
nanorods with <0001> crystal direction along its longitudinal direction. By chang-
ing the deposition condition, growth rate along various crystal planes can be altered,
which can lead to the formation of various nanostructures. Xu et al. reported the for-
mation of hexagonal rods, woven nanoneedles, rhombohedral rods, etc. using zinc
nitrate-based precursor solution using different salts such as KCl, NH4F, ethylenedi-
amine (C2H4(NH2)2) (EDA) and CH3COONH4 [46]. The concentration of the pre-
cursor solution also has a dependence on the shape of nanostructures formed. The use
of two-step electrodeposition can also yield various hierarchical ZnO nanostructures
[47]. Under suitable conditions, hexagonal ZnO nanorods can be fabricated using
various precursor solutions such as ZnSO4 and Na2SO4 along with H2O2 [48], ZnCl2
with KCl solution [49, 50] and zinc acetate with DMSO [51].

According to Cui et al., the growth rate and nucleation density are more for sam-
ples grown from ZnCl2-based electrolyte under an applied potential of −1.2 V [52].
The nucleation density can also be controlled by providing a ZnO seed layer. The
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seed layers are usually deposited by spin coating, chemical bath deposition, sputter-
ing, etc. The cyclic voltammetry studies also confirmed that a potential of −1.2 eV
is essential for the formation of ZnO from the electrolyte. The temperature of the
electrolyte during electrodeposition is also a critical conditionwhich decides themor-
phology of the grown nanorods. Nanorods grown under suitable conditions showed
good transparency, especially in the visible range. In a recent study, T. Frade et al.
showed that better control on growth of well-defined ZnO nanorods with low coa-
lescence and more homogenous distribution of nanorods can be achieved by using
pulse electrodeposition [53]. The crystalline quality and other properties of these
nanorods were comparable to that observed for nanorods obtained from conven-
tional techniques. The major advantage when compared to other techniques is the
uniform growth of nanorods with even distribution.

Though the use of any kind of template is not necessary for the formation of ZnO
nanorods by electrodeposition, modified processes utilized template-assisted tools
also. Lai et al. reported the growth of ZnO nanorods at the nuclear track found in
the porous polycarbonate membrane [48]. ZnO nanorods were also electrodeposited
from zinc sulphate and H3BO3 solution using anodized alumina template [54].

2.6 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is an effective tool for creating good quality thin films
with a composition which exactly matches the target. Most other deposition tools
lack this property. By controlling the chamber pressure during ZnO growth time,
ZnO nanorods were successfully grown by PLD. The nanorods thus formed had a
few hundred nm diameters and about 2 µm length [55, 56].

2.7 ZnO Nanotube Formation

ZnOnanotubes are generally grownby a two-step process. Initially, theZnOnanorods
are grown using any of the above-mentioned processes. Since the [0002] crystal
direction of ZnO is polar in nature, the etch rate is faster in the direction compared
to other crystal planes for an acidic or basic solution. If the etch rate can be suitably
controlled, ZnO nanotubes can be formed easily. ZnO nanotubes also can be grown
by a VLS process, directly from ZnO/Zn mixture [57].

2.8 Patterning Techniques

Patterning processes cannot be used to make ZnO nanorods directly, rather most
reports use patterning as a tool for the selective and controlled growth of ZnO
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nanorods over a particular substrate. Patterning processes utilize conventional litho-
graphic processes like X-ray, UV, visible, ion beam lithography [58–60] and some
of the latest techniques like monolayer assembly to decide where ZnO nanorods
need to be grown. Patterning techniques or lithographic techniques which use the
top-down approach for creating nanostructures from bulk are rarely used for ZnO
nanorod fabrication.

The ZnO seed layer can be deposited using the above-mentioned techniques like
spin coating, sputtering, PLD, etc. The produced thin film is then patterned and
selectively etched using wet, dry or ion etching. This pattern acts like a patterned
seed layer structure above which further ZnO nanorods can be grown using other
growth techniques. Still, a major challenge associated with such techniques is the
limitation of resolution of patterning. Recent techniques like interference lithography
have greatly improved the resolution limit. Due to the technical limitations, e-beam
lithography is usually preferred over photolithography.

Most recent advancements in lithographic tools allow skipping the masking pro-
cess, by electronically controlling and directly writing the desired structure. FIB is
an example of such a technique, where the ion beam is electronically controlled and
exposed directly over the active material without any sacrificing layer. Hence, a good
resolution can be achieved. Yet one major setback to this technique is its low yield.
Depending on the depth of the nanostructure and the area over the substrate where
the nanostructures are formed, the processing time may increase enormously.

Inkjet printing is another simple, economical method for the growth of the seed
layer. The seed layer solution is kept as ink and can be printed in the predefined
pattern. On drying, ZnO particles will remain on the printed substrate as a pattern.
ZnO nanorods can be grown over this patterned seed layer to get patterned ZnO
nanorods [61].

Monolayers of spherical-shaped particles can be self-assembled by themselves
over a suitable substrate. Using this monolayer as a pattern, the seed layer can be
deposited on the voids found in between the spheres. Growth of ZnO nanorods over
these patterned surfaces helps to achieve growth of ZnO nanorods at the selected
area [62–64].

Nanoimprint lithography (NIL) is the latest addition to this process, and here,
pattern over a master is created and is transferred to a substrate. Later, ZnO nanorods
are grown over this patterned substrate [65, 66]. Resolution can be improved dra-
matically, and the yield is also high in this process. Recently, self-assembly is also
used to fabricate ZnO nanorod-based solar cell [67].

3 ZnO 1D Nanostructure-Based Devices

ZnO is a wide bandgap semiconductor with large exciton binding energy. ZnO
intrinsically shows n-type conductivity, because of the oxygen vacancies and zinc
interstitial donor levels. At the same time, inducing p-type conductivity in wide
bandgap oxides is very difficult. Though p-type conduction has been reported in
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ZnO, its reproducibility is still a problem. This led to the development of ZnO-based
heterostructures with n-ZnO and various p-type materials like GaN, Cu2O, etc.

3.1 Heterojunction

One of the most studied applications of ZnO nanostructures is the formation of het-
erojunctions. Since n-type conductivity is easily observed and is stable, the majority
of such heterojunction devices have ZnO as the n-type layer. The p-layer may be
CuO, GaN, MgAl2O4, ScAlMgO4, p-Si [31, 68, 69], NiO [70, 71], etc.

A heterojunction is realized by combining a p-type material with another n-type
material. For an n-type semiconductor, the Fermi level is near the conduction band,
and for a p-type semiconductor, the Fermi level is near the valance band.

As the two semiconductors are made to intimate contact on the atomic scale,
the Fermi level of both the semiconductors try to align, forcing the valance band
and conduction band edges of both the semiconductors to bend near the junction
as shown in Fig. 3a. Due to the bending of energy bands, the charge carriers see
the barriers which stop the flow of majority carriers, which is why heterojunctions
show rectifying behaviour. The charge conduction through the device is completed
by diffusion and drift of charge carriers through the semiconductor.

The dependence of junction current (I) on biasing voltage (VD) is given by the
ideal diode equation

I = I0
(
e

VD
nVT − 1

)
(3)

where I0 is the saturation current, VT = kT
q denotes the thermal voltage, k is Boltz-

mann constant, q the electric charge and T is the temperature in absolute scale and
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Fig. 3 a Band diagram and b V–I characteristics of p-CuO/n-ZnO heterojunction
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n is the ideality factor or quality factor, its value is 1 or 2 for ideal diodes. The value
of VT at room temperature (300 K) is 25.85 mV. The constant current observed in
reverse bias is the reverse saturation current I0. Extrapolation of the linear region of
the curve to the x-axis in the forward bias region will give the turn-on voltage or knee
voltage (Vk) which is also a built-in potential (V bi).

Any p-typematerials like CuO can be deposited over n-ZnO nanorods to form a p-
CuO/n-ZnO nanorod-based heterojunction. Band diagram of such a heterojunction is
shown in Fig. 3a, and the plot of J versusVD of the heterojunction is shown in Fig. 3b.
The theoretically predicted band diagrammatches with experimentally observed I–V
characteristics. The knee voltage observed was 0.65 V.

Though proper ohmic contacts were provided at the two ends of the heterojunction
device, there still will be some residual contact resistance. Also, the semiconductor
region itself will offer some resistance. Altogether the different resistance (Rs) values
can be added together and can be considered as the series resistance of the diode.
When a current passes through the heterojunction device, there will be a potential
drop of IRs across this resistance. Moreover, at the junction, there will be a potential
drop of Vk . The applied voltage V will be distributed to IRs and Vk .

So, the applied voltage

V = Vk + IRs (4)

The potential drop due to the series resistance of the heterojunction is IRs =
V − Vk . Hence, plotting �V = V − Vk versus the current I in the forward bias
region will give a straight line with slope Rs. Determining the slope of the straight
line region of this curve will give the series resistance (Rs) of the heterojunction
device. For the heterojunction shown in Fig. 3b, the series resistance was 17 k�.

For VD > knee voltage, the junction current is given by the equation

I = I0e
VD
nVT (5)

or

log(I ) = qVD

nkT
+ log(I0) (6)

From the plot of the log(I) versus VD of the forward region of V–I character-
istics of the biased heterojunction, the slope of the linear region of this curve can
be calculated, which is mathematically equal to slope = q

nkT = 1
nVT

. From this

relation, the ideality factor of the heterojunction can be found out as n = 1
slope×VT

.
Oxide heterojunctions especially n-ZnO nanorod-based heterojunctions are gener-
ally reported to have an ideality factormuch greater than 2, due to poor heterojunction
interfaces. Yet an ideality factor of around 2 can be obtained for carefully crafted
p-CuO/n-ZnO-based heterojunctions [50].
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Fig. 4 Capacitance–voltage
characteristics of the
p-CuO/n-ZnO nanorod
heterojunction

A heterojunction diode under reverse bias works as a dielectric sandwiched
between two electrodes, which is simply a capacitor. Hence, it is possible to evaluate
the heterojunction capacitance for various reverse biasing voltages (Fig. 4).

For an abrupt step junction, the junction capacitance can be connected with the
expression [72],

C j = Ksε0A[
2Ksε0
qND

(Vbi − V )
]1/2 (7)

Or we can write

1

C2
j

= 2

qNDKsε0A2
(Vbi − V ) (8)

Hence, plotting the 1
C2

j
versus the applied voltage V will give a straight line hav-

ing a slope which is inversely proportional to the carrier concentration ND at the
junction. Thus, the carrier concentration ND can be calculated from the slope of the
heterojunction.On extrapolation, the above curvewill intercept atV b.When calculat-
ing the carrier concentration and other electrical properties of an asymmetric abrupt
heterojunction, the heavily doped side of the heterojunction can be ignored, as the
depletion regionwill be extending towards the lightly doped semiconductor region of
the heterojunction. Hence, the carrier concentration of lightly doped semiconductor
for this heterojunction can be determined from the above relation. As an example,
for an-ZnO/p-CuO heterojunction, the carrier concentration of lightly doped semi-
conductor (ZnO nanorod) is determined from the capacitance characteristics as 8.75
× 1014 cm−3. This is an indirect method to measure the carrier concentration of ZnO
nanorods.
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Apart from the use of a heterojunction as a rectifier, carefully crafted hetero-
junctions can perform as light-emitting diodes (LEDs), light sensors (detectors),
etc.

3.2 Light-Emitting Diode (LED)

Light-emitting diodes (LED) are one of the widely used illumination sources mainly
due to its high efficiency and low power consumption. The use of LEDs from small-
scale signal sources to large-area illumination sources even in the industry was pos-
sible only after the development of high-power white-light LEDs. LEDs are nothing
but a semiconductor heterojunction, where the energetic electrons in conduction
band combine with holes in valence band by releasing the energy in the form of
photons. Depending on the specific band structure of the device, emission wave-
lengths ranging from IR to UV can be generated. While the forward bias voltage
increases beyond turn-on voltage, a large amount of current starts to flow through
the heterojunction, carrier recombination rate increases and in turn, the number of
photons generated also increases which increases the intensity of emission. For an
LED, the region where recombination of holes and electrons takes place is critical,
since it decides the quality of the light emission. If the interface crystalline quality is
poor, non-radiative recombination will dominate, resulting in a drastic reduction in
emission. Hence, it is extremely important to choose the right method and condition
for the fabrication of an LED device.

ZnO and GaN are wide bandgap materials, and most of the emissions that arise
from ZnO/GaN heterojunction is due to the band-to-band transition, which is in
the UV region [73]. Band structure modification or additional use of phosphors [74]
is another technique employed to obtain visible emissions. ZnO is intrinsically rich
with various defect levels. GaN also has its due share when it is doped with materials
like Mg, which is used to induce p-type conductivity. Selectively participating in the
right energy levels for the emission process results in longer wavelength emissions.

The emission threshold in p-GaN/n-ZnO of LEDs demonstrated by Wu et al. is
greater than 10 V, and they also studied as from where the p-GaN/n-ZnO heterojunc-
tion the light emission originate [38]. They demonstrated the growth of ZnO with
the defect-free interface over GaN by hydrothermal method. They investigated the
influence of seed layer on the quality of ZnO grown and its impact on the perfor-
mance of the devices and observed that the emission originates from the p-GaN side
for ZnO/p-GaN heterojunction devices where the ZnO nanorods were grownwithout
any seed layer. At the same time, for devices, where ZnO nanorods are grown over
the sol–gel deposited ZnO seed layer, the emission is originating from ZnO [38].
Since emission originates from different materials, the emission properties of these
devices will also be different. Similarly, Ng et al. studied the dependence on the inter-
face and its quality by using different seed layer and different growth techniques for
the growth of ZnO nanorods over GaN substrate [75]. It has been observed that on
GaN/ZnO heterojunction devices, even slight variations induced at the interface can
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result in dramatic variations in its electroluminescence (EL) emission. Here, though
the photoluminescence was same for all the devices, its electroluminescence proper-
ties vary as the GaN/ZnO interface changes. Seed layers are employed to change the
interface states, which triggered the fluctuations in interfacial band alignment which
again reflects in the emission spectra.

The quality of the interface between the n-type semiconductor and p-type semi-
conductor is crucial for achieving light emission. Schuster et al. studied the emis-
sion dependence on the polarity of terminating ion in ZnO nanorod while forming
GaN/ZnO heterojunction [76]. They theoretically proposed that by choosing suit-
able polarity, even UV lasing is possible with such structures. Hence, it is essential
to study the growth dynamics as well as the terminating atom on the surface while a
nanostructure is grown.

Visible emissions like violet [39, 77], blue [17, 78, 79], yellow [78, 80], red [74],
etc. have been achieved from ZnO nanorod-based LEDs. Recent research attention
is on white-light LEDs due to its wide applications as an illumination source. ZnO
nanorods has also shown its potential in white-light LEDs [17, 78] using GaN as a
p-type substrate. Some devices have shown UV and broad visible emission similar to
characteristic luminescence from ZnO semiconductor [70]. Apart from GaN-based
LEDs, p-Si/n-ZnO have also shown a broad visible emission [68, 81]. GaN/ZnO
heterojunction LED recorded an external quantum efficiency of ~2.5%, and they
also showed stable operation for about 90 h [82].

The wavelength of EL emission also depends on ZnO nanorod length. Due to the
light interference inside the nanorod interfaces, emission wavelength does change in
a periodic manner with the length of the nanorod [83]. This property adds another
parameter to tune the emission wavelength of ZnO/GaN heterojunction LED. At the
same time, the intensity of light emission increases with the diameter of the nanorod,
but it shows a saturation trend [84].

Chen et al. fabricated a heterojunction using n-ZnO and p-GaN which showed
white emission on doping ZnO with Ga, whereas devices without Ga doping emitted
bluish light [17]. ZnO layer formed via thermal CVD process reduced the turn-on
voltage to as low as 1 V compared to the devices fabricated by other techniques.
Lupan et al. showed that the emission will shift from the UV region to the violet
region on a similar device structure. Here, the ZnO nanorods are grown by solution
processes like hydrothermal synthesis and electrodeposition, and the turn-on voltage
was around 4 V [39].

Light emission has also been observed in ZnO/p-GaN heterojunction even under
reverse bias [34, 80, 85]. Wang et al. believe the emission under reverse bias is due
to tunnelling breakdown due to hot carrier injection and associated recombination
which occur predominantly in the GaN region of the heterojunction. Zhang et al.
also reported white emission under forward bias, while emission colour shifts from
yellow to blue and then to UV emissions as the reverse bias increased from 3 to 7 V
[78].

Contrary to the majority of the researchers, Du et al. studied the electrolumines-
cence emission perpendicular to the polar axis [86]. With a simple preparation step,
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they showed UV/blue emission perpendicular to c-axis. Here, it can be seen that the
junction is also formed perpendicular to the c-axis.

If the LED is fabricated on a transparent device with fully transparent structure,
the light emission on both sides is possible. Wang et al. demonstrated this on a
structure with p-NiO/n-ZnO heterojunction [70]. According to Abbasi et al., adding
aNiO layer in between ZnO andGaN interface results in an enhancement in emission
properties for both nanorods and nanotubes [87].

An important characteristic of 1D ZnO nanorod-based LED is the light coupling
efficiency due to thewaveguide nature of the nanorod. Since the generated light inside
the nanorod possesses multiple total internal reflections inside the nanorod, the light
emission can be expected from the end faces of the nanorods. ZnO nanorod-based
LEDs also offer enhancement in light emission due to its waveguide nature [88, 89].
The possibility to couple optical fibre to the end face of the nanorod improves the light
extraction efficiency. Further enhancement of light emission is possible using ZnO
microcylinder [90]. The microcylinders in effect collect the light from side walls of
nanorods and reduce scattering. This enables the emitting light to get confined in it to
a solid angle giving an improvement in light emission efficiency. There are also the
reports suggesting the replacement of nanorod with cone-shaped semiconductors,
which reduces the total internal reflections, which results in enhancement of output
light [91].

Most of the earlier studies showed that the heterojunction interface affects the
overall performance of the heterojunction. Hence to study the effect of crystallinity
on the performance of the heterojunction, we have fabricated a n-ZnO nanorod/p-
GaN heterojunction. ZnO nanorods were grown hydrothermally over a c-cut p-
type GaN:Mg substrate, to form the heterojunction. ZnO nanorods over the single-
crystalline GaN:Mg substrate and followed the crystal structure of the substrate. The
nanorods showed no twinning or twisting while growing over the substrate. Thus,
nanorods with less interfacial defects between n-ZnO and p-GaN:Mg substrate were
obtained. After providing sufficient metallic contacts, the electrical studies were per-
formed. The device emitted light, and the emission threshold was as low as 5 V. Two
types of devices were fabricated, one with as-grown ZnO nanorods (GZn) and one
with annealed ZnO nanorods (GZnA). On annealing, apart from the slight increase in
crystallinity, there was a tremendous change in defect states of ZnO nanorods, which
is visible from the photoluminescence studies as shown in Fig. 5a. As-prepared ZnO
nanorods showed a broad deep-level defect emission apart from the band edge emis-
sion. On annealing, the defect emission almost suppressed completely leaving only
the band-to-band transition. Corresponding devices showed a significant change in
emission properties also. The GZn device showed white-light emission, whereas
on annealing, the device (GZnA) showed UV-blue emission. Almost all white-light
emissions were suppressed as it is seen in photoluminescence emissions. In this case,
the wavelength of emission was able to be tuned by selectively changing the defect
states in ZnO because the defect states in ZnO actively participate in the emission
of light from the device [92]. While considering the application as an LED the most
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Fig. 5 a Photoluminescence emission from GaN:Mg substrate, ZnO/GaN heterojunction, before
(Zn) and after(GZnA) annealing. b Electroluminescence from as-prepared (GZn) and annealed
(GZnA) devices

important parameter is the spectral purity. The colour quality of the device is repre-
sented by finding its CIE coordinates, which is calculated on the perception of human
colour vision.

Due to the piezophotonic effect of ZnO nanorods, emission intensity increases
with the piezopower, while the peak positions remain the same. Yang et al.
demonstrated 17 times enhancement in emission on applying compressive stress
[93].

The light emission is also observed from SnO2/ZnO/PEDOT structure, in which
the PEDOTacts as the organic p-layer [94]. The hybrid LEDhad a threshold emission
at 6 V. The device had a strong emission around 390 nm and a broad emission in the
visible-NIR region.

Wei et al. demonstrated white-light LED from ZnO nanorod/polymer blend het-
erojunction device [95]. They have shown that such devices can have superior
chromaticity values compared to GaN–ZnO-based LEDs.

Schottky LEDs based on ZnO nanorods and nanotubes which emit white light
have also been reported [96]. For higher voltages like 20 V, 350 mA junction current
is observed, which is very close to the silicon technology. Hence, achieving higher
efficiency is possible.

3.3 Photodetector

In the case of a detector, the quality parameters include responsivity and fastness. For
a photodetector to work, it should record the presence of even a feeble light signal
as fast as possible. Here, the responsivity can be defined as the ratio of change in
response to the original dark response value. Higher the order of response, the better
is the device.
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The fastness of the detector can be found out in a number of ways. One simple way
is to illuminate the detector with suitable light, and the change in junction current is
recorded over time. This technique has a serious drawback as the current measuring
device (usually source measure unit (SMU)) has a low temporal resolution. Typical
data acquisition rate is few milliseconds. To record the response of detectors which
are faster than such devices, a chopper mechanism can be used as shown in Fig. 6.
Here, an optical chopper is used to chop a continuous laser beam. By controlling the
speed and width of the chopper blades used, the temporal width of the laser light
pulse can be adjusted. The digital multimeter connected in this circuit can record the
voltage variation across the resistor Rwhich is a function of heterojunction current as
shown in Fig. 6. Yet another powerful approach is to use a nanosecond/femtosecond
pulsed laser light.Again, the junction response to the short laser light pulse is recorded
(Fig. 7).
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Fig. 6 Schematic diagram of the arrangement for measuring the response of the detector
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After acquiring the junction response data, mathematical fitting is done on the
response curve and decay constants can be found out using the equation,

Y = Y0 + A1 exp

(
− t

t1

)
+ A2 exp

(
− t

t2

)
(9)

Depending on the mechanism of working of a device, single, double, triple or
more decay time constants can be present. In this equation, two decay constants
t1 and t2 are considered. Each time constants can be attributed to different charge
transfer/transport mechanisms. This method of calculating time constants is used
especially when the device takes a longer time to respond for an incident light signal
or if stable response level is not achieved at all. Mathematically, we can see that the
rise/decay time is the time required by the device to respond between the 1/eth level
of response and 100% level. The industry standard is to measure the time taken for
the device to respond between its 90 and 10% response value. Thus, the rise time is
the time taken by the device to respond from its 10% level to 90% response level,
and the time for transition from 90 to 10% is the decay time. At present microsecond
or even nanosecond responding devices are on production.

Another parameter is the spectral selectivity of the detector. Here, light with
multiple wavelengths are illuminated over the device with one wavelength at a time,
and the corresponding photoresponse can be recorded. This measurement tells us
which wavelength region will give better performance for the device. It also suggests
whether the device can be used for its intended use. The response of the device
for different intensity of incident light is yet another measure. The fluctuations in
the response parameter are usually plotted as a function of incident power. This
measurement gives the efficiency of the device to convert an incident photon to an
electron. This measurement will give information on the threshold (the least light
energy required to produce a minimum response from the device) and saturation
levels (the maximum incident light energy or intensity that can be converted to a
corresponding response) of the device.

Initial attempts to develop ZnO-based photodetector were carried out with ZnO
in thin film form [97–100]. Such structure generally utilizes the resistivity variation
of ZnO on the absorption of light, especially UV light. There was even attempt using
ZnO microrods as UV detectors in the resistive mode [101].

MOCVD-grownZnO:As-based detectors respondwithin 2ms for 368 nm, 10mW
light source. The p-type ZnO:As and n-type GaN constitute a heterojunction. The
device shows a response to both visible and UV light, but the response to UV is
superior to visible light [102].

In yet another approach, Pt wire is wound over the ZnO nanowire in n-ZnO
nanowire/NiO heterojunction to form a 3D photodetector. This setup will respond
to UV light and tensile stress. It couples piezoelectric and heterojunction properties
together. The piezoelectric properties seem to enhance light sensing properties [19].

Another novel idea includes the fabrication of Si/ZnO surface acoustic waves
(SAW) oscillator, in which the light detection is triggered by a shift in SAWoscillator
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frequency [103]. A frequency shift of 1017 kHz is recorded for UV light having an
intensity of 551 µW/cm2.

Single-nanorod-based UV photodetector has been fabricated by Das et al. [104].
The Schottky junction fabricated showed a reasonable response to UV light even
at a low light intensity. For lower power detection, such structure is a promising
technology.

Among the various reports mentioned above, heterojunction devices offer better
performance compared to resistor devices. GaN/ZnO is a promising heterojunc-
tion, which offered good UV detection capabilities. Zhang et al. reported GaN/ZnO
nanorod-based UV photodetectors with pin structure recorded response time less
than one second [105]. CVD-grown ZnO nanorods over GaN can produce much
faster UV response. Zhang et al. recorded a 64 ms rise time and a 270 ms decay
time for UV response on ZnO/GaN heterojunction [14], and the ZnO/GaN hetero-
junction barriers are suggested as the reason for such large rise/decay time. Thus, an
improvement on the interface can increase the performance of the heterojunction.

As already discussed, performance of a heterojunction depends on the quality
of the p-n junction interface. The sophisticated growth techniques like MOCVD,
CVD, VLS, etc. are generally used for fabricating good quality ZnO heterojunc-
tions. Though several efforts based on solution process and hydrothermal synthesis
methods were employed for the growth of ZnO, the UV detection capabilities of such
devices were inferior compared to heterojunction fabricated by a process like CVD.
Inferior crystalline quality is one of the reasons for the poor performance of such het-
erojunctions fabricated using solution techniques. We have demonstrated a simple
technique for fabricating n-ZnO nanorods over p-GaN:Mg single-crystalline sub-
strate. Hydrothermal synthesis using zinc nitrate and ammonium hydroxide aqueous
solution is used to grow nanorods over GaN:Mg. Field emission scanning electron
microscope(FESEM) studies revealed hexagonally shaped vertically aligned ZnO
nanorods, as shown in Fig. 8a. The crystalline quality of such nanorods was anal-
ysed using high-resolution X-ray diffraction studies. Independent (0002) peaks cor-
responding to GaN and ZnO are visible under the rocking curve analysis. Similarly,
the reciprocal space map shows two ring structures. The most compact concentric
ring corresponds to GaN, and the second concentric ring structure is from ZnO. The
reciprocal space map proves the excellent crystalline quality of ZnO (Fig. 8b). The
ZnO rings are also as compact as the GaN substrate suggesting its high-quality crys-
tal structure similar to GaN substrate. The FESEM studies also reveal no twinning
between nanorods. Pole figure analysis of the nanorods also suggested no twinning
observation. Thus, the above studies suggest that nanorods follow the crystal struc-
ture of the GaN:Mg substrate. Hence, the interface between ZnO and GaN have
minimum crystalline defects.

The performance of the heterojunction is analysed to check the effect of crys-
tallinity on device performance. The device showed rectifying nature and showed a
change in junction current on light illumination. Further study on the response time
of the device is performed usingUV light pulses from aHe-Cd laser source (325 nm),
as shown in the experimental setup in Fig. 6. The response of the device for UV light
pulses gave change in response as shown in Fig. 9a. The rise time and fall time were
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(a) (b)

ZnO

GaN

Fig. 8 Well-ordered hexagonal facets of ZnO nanorods grown by hydrothermal synthesis over
Mg:GaN substrate (a). The high-resolution reciprocal space map of (0002) peak of ZnO nanorods
over GaN substrate (b)

Fig. 9 a UV response of ZnO/GaN heterojunction for UV light pulses of 325 nm He-Cd laser light
and b the photoresponse of the device for various wavelengths

calculated as 288 µs and 323 µs, respectively. The faster UV response of the device
is due to the improvements made on the crystalline quality.

The photoresponse of the device for each incident wavelength of light is also
performed as shown in Fig. 9b). The device showed a maximum response at UV
wavelength suggesting its selectivity property. The selective response of the device
may be due to the high bandgap of ZnO and GaN. Table 1 indicates that the present
device shows the fastest response from a solution-grown ZnO nanorod-based UV
light detectors.

Vertically aligned ZnO nanocones showed promising anti-reflection capabilities.
Such structure was successfully applied over an MIS photodetector, which showed
a 15 times increase in the photodetection capabilities [106].
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Thus, the above results also suggest that the heterojunction devices offer much
faster responses compared to resistor devices. Current research trend shows the suc-
cessful implementation of ZnO nanorod-based photodetectors with response time in
microsecond time scale. With the improvements made on the heterojunction inter-
face quality, the heterojunction devices showed improvements in response time. The
device recorded a rise time and fall time well below 1 ms as shown in Table 1.
The device showed a responsivity of a few A/W, which is also comparable to similar
solution-grown devices. The overall performance of this device is on par with similar
devices formed using expensive and sophisticated growth techniques.

3.4 Solar Cells

Organic solar cells fabricated using ZnO nanorods grown by VLS technique, com-
bined with Poly(3,4-ethylenedioxythiophene) (PEDOT), shows an open-circuit volt-
age of 0.9V [23].Dependence of piezotronic effect on the open-circuit voltage ofZnO
nanorod/Poly(3-hexylthiophene-2,5-diyl) (P3HT) solar cells showed an increase in
hundreds of millivolts even for stress lesser than 0.35% tensile or compressive stress
[127].Rao et al. reported solution growth-basedmethod to fabricate self-assembled c-
axis oriented ZnO nanorods, which gave an efficiency of 3.2% and a fill factor of 50%
[67]. They observed that on UV ozone treatment, the device shows an improvement
in device performance.

Even before the development of dye-sensitized solar cell, Gerischer and Tributsch
proposed that ZnO can be used as an effective photoanode [128]. ZnO has a similar
bandgap and higher electron mobility compared to TiO2. Due to the higher electron
mobility, the number of recombinations can be reduced if ZnO is used as a photoanode
[129–132]. A lot of effort is being made to improve the efficiency of ZnO-based
DSSC. ZnO-based nanostructures were investigated to understand its light collection
ability and to be used as an effective photoanode.

Recently, solution-grown ZnO nanorod-based perovskite solar cell showed a
remarkable photon to the current conversion efficiency of 11% [133]. The effect of
the seed layer on the growth of ZnO-based nanorods and eventually on the efficiency
of the solar cell is fabricated using those nanorods [134]. By controlling the nanorod
growth condition, they were able to observe photoconversion efficiency (PCE) of
14%, which is a promising result in this field. Hussain et al. showed that the length of
ZnO nanorod has an impact on the efficiency of CuO/ZnO nanorod-based solar cells
[135]. The optimum length observed for them was 2 µm. Similarly, Sharma et al.
showed 6.25% efficiency on Al-doped ZnO nanorod-based solar cell [136]. They
claim that on careful adjustments to other parameters of the solar cell, the efficiency
can be improved up to 15%.
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Gate (G)Substrate
Nanorod Drain (D)Source (S)

Gate (G)
Insulator

Insulator
Nanorod Drain (D)Source (S)

(a) (b)

Fig. 10 Schematic diagram of top gate staggered structure (a) and bottom gate (inverted) staggered
structure (b) of nanorod-based transistors

3.5 Transistors

Analysis of the semiconductor nature of nanorods is a difficult task. Especially to
evaluate the resistance, carrier concentration and mobility of a single nanorod, pro-
viding electrical contacts at the ends of the nanorod is a difficult task. Most of these
semiconductor properties can be easily extracted from theV–I characteristics of ZnO
nanorod-based transistors. In general, two types of devices can be fabricated using
nanorods as shown in Fig. 10.

In both methods, the channel is taken along the length of the nanorod. Source
and drain are connected to the two endpoints of the nanorod. The only difference
between these two structures is the position of the gate electrode. In the top gate
contact structure, a suitable gate electrode is deposited on top of an insulator which
is deposited over the nanorod. In the second configuration, the substrate itself acts
as the gate electrode (Fig. 10b). Here, the substrate should be a conducting substrate
and on top of that, a suitable insulator is deposited. The nanorod is placed over this
insulator, and source and drain are connected to the two endpoints of the nanorod
(Fig. 11).

Earlywork in this field is performed byHeo et al., where they studied the electrical
properties of a single ZnO nanorod, by making it as a resistor [141]. ZnO nanorods
are initially grown by techniques such as MOCVD and hydrothermal synthesis. As-
grown nanorods are distributed over a substrate using techniques like self-assembly,
spin coating, etc. E-beam lithography is also coupled along with the fabrication
process to produce metallic contacts with the nanorods. Both bottom gate and top
gate configuration devices were demonstrated successfully [137–140]. Field-effect
transistor based on ZnO nanorods and different nanorod-based field-effect devices
were fabricated, and their comparison is given in Table 2.

3.6 pH Sensor

Chemical sensors work by participating in a chemical reaction. pH sensor is one such
system, in which the pH change in the chemical environment is being sensed. Only a
few groups have looked into the chemical sensing property of ZnO. The amphoteric
nature of ZnO is utilized to fabricate a pH sensor. Because of the amphoteric nature
of ZnO, it will react with various pH environments giving rise to changes in surface
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S D

G

S

D

Fig. 11 The FESEM image shows the implementation of a single ZnO nanorod-based top gate
transistor. Inset shows the top view of the same nanorod after connecting S and D

Table 2 Parameters of transistors from a recent report

S. No. Electron
mobility
(cm2/Vs)

On/off
ratio
current

Electron
concentration
(cm−3)

Transconductance References

1 – 107 – 240 nS [137]

2 38.7 105 1.06 × 1015 0.39 µS [138]

3 1200 – – 1.8 µS [139]

4 1.4 – – – [140]

potentials. The pH of a solution is determined by the ability of the solution to proto-
nate or deprotonate effectively. The surface of ZnO nanostructures are sensitive to H+

as the surface bonding sites will hydrogenate when the ZnO surface makes contact
with a solution. Because of the electrolyte-dependent protonation or deprotonation
occurring at the surface of ZnO, the surface potential will change. Hence, monitoring
the change in the surface potential of ZnO gives a direct measure of the pH of its
surroundings. Several groups reported the ability of these nanostructures to detect
pH from 1 to 16 [142, 143]. Fulati et al. reported the reproducible nature of such
devices even after several days of operation [142]. Using ZnO nanorods, intracellular
pH variations can also be found out [144, 145].

An important advantage of nanorod-based sensor is that the active sensing area
is so small of the order of nanometres. The tip of the nanorod alone can sense the
fluctuations in the surrounding pH. Because the active sensing area is so small, even
intracellular pH fluctuations can be detected. This opens a new window to detect
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biological malfunctions inside a cell efficiently. Another advantage of such devices
is their sensitivity. As the active area is so small, a tiny fraction of the detecting
medium is enough to induce an electrical response. Hence, such pH sensors can
increase the sensitivity beyond ppm levels.

Compared to nanorods, nanotubes offer an increased surface area. Since the heart
of a pH sensor is the nanostructure/electrolyte interface, an increase in surface area
means an increase in detection capabilities, which is demonstrated by Fulati et al.
[142]. They observed a doubling of detector performance using nanotubes compared
to nanorods.

3.7 Nanogenerators

Nanogenerator applications of ZnO utilize its piezoelectric properties and semicon-
ducting properties together. Because of the piezoelectric nature of ZnO, on applying
pressure therewill be fluctuations in potential across the nanostructures, which can be
effectively converted to a source of electricity. In general, mechanical force is applied
over ZnO nanorods and the pressure-induced current is converted using a semicon-
ductor–metal (Schottky) junction. Voltages of the order of few hundreds of millivolt
and currents of the order of few nanoamperes were successfully demonstrated by
several groups [146–149]. The generated current will be alternating current. A. Yu
et al. demonstrated that the layer-by-layer stacking procedure can be used to combine
multiple nanogenerators together. Moreover, they also demonstrated that the voltage
and current produced in the stacking procedure follow similar behaviour as to stack-
ing of batteries [148]. In this way, one can generate enough voltage and current levels
using an array of nanogenerators. This application is in its infancy and requires a lot
of improvements for practical applications.

3.8 Switching Memory Device

The use of ZnO nanorods for novel resistive switches was first demonstrated by
Wu et al. [150]. The polarization charges created due to strain varies with external
force [150]. They demonstrated the electromechanical memory applications of such
devices with effective read–write operations of binary stress levels. Recent achieve-
ments on the large-area synthesis of ZnO nanorod suggest that they can be utilized
to fabricate ZnO-based memory devices using ZnO nanorods.
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4 Conclusions

Research on one-dimensional ZnO nanostructures is recent. Various applications
demonstrated so far shows the potential of one-dimensional metal oxide nanostruc-
tures especially ZnO. Rigorous efforts are being carried out on ZnO-based homo- and
heterojunction devices. Efficient LEDs and other heterojunction devices developed
recently strengthened this research area. Gas sensors have also shown its potential,
with the large and selective response to gases and high stability. Many devices are
near the verge of industrial deployment. Various applications mentioned here espe-
cially photodetectors shown evidence of outperforming existing Si-based devices.
In the near future, oxide semiconductors will replace Si technology, which currently
dominates the electronic industry.
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34. Ng AMC, Xi YY, Hsu YF, Djurisić AB, ChanWK, Gwo S, Tam HL, Cheah KW, Fong PWK,
Lui HF, Surya C (2009) GaN/ZnO nanorod light emitting diodes with different emission
spectra. Nanotechnology 20:445201. https://doi.org/10.1088/0957-4484/20/44/445201

35. WuW, Hu G, Cui S, Zhou Y, Wu H (2008) Epitaxy of vertical ZnO nanorod arrays on highly
(001)-orientedZnO seedmonolayer by a hydrothermal route. CrystGrowthDes 8:4014–4020.
https://doi.org/10.1021/cg800210m

36. Aneesh PM, Subha PP, Vikas LS, Mohan S, Jayaraj MK (2010) Growth of vertically aligned
ZnO nanorods on various substrates by hydrothermal method. In: Proceedings of SPIE, vol
7766, pp 776606–776606–7. https://doi.org/10.1117/12.860292

37. Process CH, Zhang H, Yang D, Li D, Ma X, Li S (2005) Controllable growth of ZnO
microcrystals by a 2005. Growth (Lakeland) 3–6

38. Wu JH, Liu SY, Li S, Jiang YL, Ru GP, Qu XP (2012) The influence of ZnO seed layers
on n-ZnO nanostructure/p-GaN LEDs. Appl Phys A 109:489–495. https://doi.org/10.1007/
s00339-012-7060-x

39. Lupan O, Pauporté T, Chow L, Chai G, Viana B, Ursaki VV,Monaico E, Tiginyanu IM (2012)
Comparative study of the ZnO and Zn1−xCdxO nanorod emitters hydrothermally synthesized
and electrodeposited on p-GaN. Appl Surf Sci 259:399–405. https://doi.org/10.1016/j.apsusc.
2012.07.058

40. Aneesh PM, Vanaja KA, Jayaraj MK (2007) Synthesis of ZnO nanoparticles by hydrothermal
method. Semiconductors 6639(66390J):1–9. https://doi.org/10.1117/12.730364

41. Aneesh PM, Cherian CT, Jayaraj MK, Endo T (2010) Co2+ doped ZnO nano fl owers grown
by hydrothermal method. J Ceram Soc Jpn 118:333–336

42. Tang L, Bao X-B, Zhou H, Yuan A-H (2008) Synthesis and characterization of ZnO nanorods
by a simple single-source hydrothermalmethod. Phys ELow-dimens SystNanostruct 40:924–
928. https://doi.org/10.1016/j.physe.2007.11.024

43. Li F, Hu L, Li Z, Huang X (2008) Influence of temperature on the morphology and lumines-
cence of ZnO micro and nanostructures prepared by CTAB-assisted hydrothermal method. J
Alloys Compd 465:L14–L19. https://doi.org/10.1016/j.jallcom.2007.11.009

44. Greene LE, Law M, Goldberger J, Kim F, Johnson JC, Zhang Y, Saykally RJ, Yang P (2003)
Low-temperature wafer-scale production of ZnO nanowire arrays. Angew Chem Int Ed Engl
42:3031–3034. https://doi.org/10.1002/anie.200351461

45. Liew LL, Le HQ, Goh GKL (2011) Chemical solution epitaxy of ZnO nanorods. Mater Res
Innov 15:357–360. https://doi.org/10.1179/1433075X11Y.0000000002

46. Xu L, Guo Y, Liao Q, Zhang J, Xu D (2005) Morphological control of ZnO nanostructures
by electrodeposition. J Phys Chem B 109:13519–13522. https://doi.org/10.1021/jp051007b

47. Xu L, Chen Q, Xu D (2007) Hierarchical ZnO nanostructures obtained by electrodeposition.
J Phys Chem C 111:11560–11565. https://doi.org/10.1021/jp071536a

48. Lai M, Riley DJ (2006) Templated electrosynthesis of zinc oxide nanorods. Chem Mater
18:2233–2237. https://doi.org/10.1021/cm051613j

49. Belghiti H El, Pauporté T, Lincot D (2008) Mechanistic study of ZnO nanorod array elec-
trodeposition. Phys Status Solidi 205:2360–2364. https://doi.org/10.1002/pssa.200879443

50. Vikas LS, Sanal KC, Jayaraj MK, Antony A, Puigdollers J (2014) Vertically aligned
ZnO nanorod array/CuO heterojunction for UV detector application. Phys Status Solidi A
211:2493–2498. https://doi.org/10.1002/pssa.201431221

51. Lu X, Wang D, Li G, Su C, Kuang D, Tong Y (2009) Controllable electrochemical synthesis
of hierarchical ZnO nanostructures on FTO glass. J Phys Chem C 2:13574–13582

52. Cui J, Gibson UJ (2005) Enhanced nucleation, growth rate, and dopant incorporation in ZnO
nanowires. J Phys Chem B 109:22074–22077. https://doi.org/10.1021/jp054160e

https://doi.org/10.1021/jp010026s
https://doi.org/10.1186/1556-276X-6-524
https://doi.org/10.1088/0957-4484/20/44/445201
https://doi.org/10.1021/cg800210m
https://doi.org/10.1117/12.860292
https://doi.org/10.1007/s00339-012-7060-x
https://doi.org/10.1016/j.apsusc.2012.07.058
https://doi.org/10.1117/12.730364
https://doi.org/10.1016/j.physe.2007.11.024
https://doi.org/10.1016/j.jallcom.2007.11.009
https://doi.org/10.1002/anie.200351461
https://doi.org/10.1179/1433075X11Y.0000000002
https://doi.org/10.1021/jp051007b
https://doi.org/10.1021/jp071536a
https://doi.org/10.1021/cm051613j
https://doi.org/10.1002/pssa.200879443
https://doi.org/10.1002/pssa.201431221
https://doi.org/10.1021/jp054160e


6 One-Dimensional ZnO Nanostructure: Growth & Device Applications 205

53. Frade T, Siopa D, Martins AF, Carreira JFC, Rodrigues J, Sedrine NB, Correia MR, Monteiro
T, Tena-Zaera R, Gomes A (2018) Optoelectronic characterization of ZnO nanorod arrays
obtained by pulse electrodeposition. J Electrochem Soc 165:D595–D603. https://doi.org/10.
1149/2.0131813jes

54. Li Y, Meng GW, Zhang LD, Phillipp F (2000) Ordered semiconductor ZnO nanowire arrays
and their photoluminescence properties. Appl Phys Lett 76:2011. https://doi.org/10.1063/1.
126238

55. Liu ZW, Ong CK, Yu T, Shen ZX (2006) Catalyst-free pulsed-laser-deposited ZnO nanorods
and their room-temperature photoluminescence properties. Appl Phys Lett 88:1–3. https://
doi.org/10.1063/1.2168675

56. Ajimsha RS, Manoj R, Aneesh PM, Jayaraj MK (2010) Violet luminescence from ZnO
nanorods grown by room temperature pulsed laser deposition. Curr Appl Phys 10:693–697.
https://doi.org/10.1016/j.cap.2009.09.002

57. XingYJ, Xi ZH,Xue ZQ, ZhangXD, Song JH (2003)Optical properties of the ZnOnanotubes
synthesized via vapor phase growth. Appl Phys Lett 83:1689–1691. https://doi.org/10.1063/
1.1605808

58. Kumar PS, Maniam SM, Sundaramurthy J, Arokiaraj J, Mangalaraj D, Rajarathnam D, Srini-
vasan MP, Jian LK (2012) Growth specificity of vertical ZnO nanorods on patterned seeded
substrates through integrated chemical process. Mater Chem Phys 133:126–134. https://doi.
org/10.1016/j.matchemphys.2011.12.076

59. Oliveira JWL, Cauduro ALF, Baptista DL (2013) Growth of ZnO nanowires and microbeam
lithography for field emission applications. In: Chip Curitiba 2013—SBMicro 2013 28th sym-
posium on microelectronics technology and devices. https://doi.org/10.1109/sbmicro.2013.
6676176

60. Nicaise SM, Cheng JJ, Kiani A, Gradečak S, Berggren KK (2015) Control of zinc
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Chapter 7
Metal Oxide Semiconductor Gas Sensors

Subha P. P, Pillai Aswathy Mohan and M. K. Jayaraj

1 Introduction

Various toxic gases such as carbon monoxide (CO), hydrogen sulphide (H2S), nitro-
gen oxides (NOx) and volatile organic compounds (VOCs) emitted from industries
and automobiles cause short-term as well as long-term impacts on human health and
the environment even at very low concentrations. The development of high-precision
gas sensors with high response, faster response and recovery, better selectivity, lower
detection limit, low-temperature operation, long-term stability, etc., have significant
importance in the current scenario. Various types of gas sensors including resistive
[1], optical [2], thermoelectric [3], electrochemical [4], etc., have been developed
for detecting the presence of traces of gases. Among these, resistive type sensors
based on metal oxide semiconductors (MOS) are the most popular because of their
high response, response to a wide range of chemicals, easy fabrication, stability, etc.
The tunable electronic properties, charge transport mechanisms, defect states and
chemical properties of metal oxide semiconductors received great attention in the
development history of gas sensors [5–7].

In recent years, the size-dependent properties of nanomaterials have contributed
significant improvements in the gas sensor industry [8–10]. When the size of the
particles is of the order of the wavelength of electrons, quantum size effects play an
important role in modifying their properties which help in the fabrication of efficient
gas sensors [10, 11]. Gas response down to parts per billion has been achieved with
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oxide nanostructures such as rods, particles and wires because of their large surface-
to-volume ratio and enhanced electron transfer kinetics [11, 12]. The nanometre size
helps scientists and researchers to develop portable low power consuming sensors
[13, 14]. The blue shift in the optical spectra and increased luminescence efficiency of
quantum-confinedparticlesmake themsuitable for developingvarious optoelectronic
devices [15, 16].

2 Metal Oxide Semiconductor Gas Sensors (MOS)

Real-time monitoring of hazardous toxic gases has become a major issue due to
more stringent environmental or safety regulations worldwide. Exposure to the vari-
ous hazardous gases released into the atmosphere causes shortness of breath, nausea,
swelling of tissues in the throat, impair immunity system and in the worst case, they
may even cause death [17]. Themajor disadvantages of using conventional gas detec-
tion techniques like gas chromatography spectrophotometry, high-performance liq-
uid chromatography, etc., are lack of portability, expensive, trained personalities are
needed to do the job and all these techniques require time-consuming pre-treatment
steps [18]. The use of MOS-based sensors can overcome all these issues to a great
extent. The gas molecules interact with the sensing material inducing some changes
in the resistance, conductance or capacitance of the material which is transduced as
a measurable output signal.

A gas sensor is a type of chemical sensor which detects the presence of gases in
an area, usually as a part of the safety system. In ancient times, people used canary
birds to find out the presence of toxic gases like methane, carbon monoxide, etc., in
coal mines because the anatomy of canaries are in such a way that they need more
oxygen and they are not able to withstand if the concentration of oxygen is below a
particular level. In 1953,W.H. Brattain and J. Bardeen observed that the resistance of
germanium (Ge) changes with the changes in the surrounding ambient [19]. In 1954,
G. Heiland found that MOS like zinc oxide (ZnO) also can modify their electrical
properties with the variations in the surrounding atmosphere [20]. Later, in 1962,
T. Seiyama and A. Kato showed that semiconductors like ZnO, when heated up to
300 °C, exhibitedmuch better variation in resistance to the presence of traces of gases
in the air than at room temperature [21]. In 1967, Shaver [22] explained the effects of
noble metal (Au, Ag, Pd, etc.) addition on the gas sensing properties of metal oxide
semiconductors. At the beginning of 1970s, N. Taguchi developed a gas sensor using
tin dioxide (SnO2) thick film as the sensing material, and he brought the same into an
industrial product also [23].World’s first chemiresistive gas sensorwasdeveloped and
patented by Taguchi using SnO2. Even today, Taguchi-type sensors are the leading
gas sensor manufacturers in the world, and it is the present-day Figaro Engineering
Inc. in Japan. By the end of 1980s, semiconducting oxide-based gas sensors became
the thrust area of research in the sensor community, and the dramatic development in
the understanding of material science and material chemistry helped people in this
area to fabricate high-performance gas sensors.
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Fig. 1 Studies on n- and p-type oxide semiconductor gas sensors [15]

Generally,MOS based gas sensors show several unpleasant characteristics such as
slow response, high cross-sensitivity, poor selectivity and long-term signal drift [24,
25]. Also, poor understanding of the sensingmechanism forced people to do trial and
error strategy in search of suitable sensing material. Binary semiconducting metal
oxides such as SnO2 [26], ZnO [27] and TiO2 [28] are the commonly used sensing
materials. The most successful investigations were connected with SnO2. Figure 1
represents the current status of studies on n- and p-type oxide semiconductor gas
sensors.

2.1 Gas Sensing Mechanisms of Metal Oxide Semiconductors

Over the years, scientists and researchers have conducted several promising studies
to understand the sensing mechanism of metal oxide semiconductor gas sensors.
In the early days, Wolkenstein’s electron theory of chemisorption and catalysis on
semiconductors has been used for explaining the sensing mechanism [29]. At the
beginning of 1980s, charge transport properties of MOS in air and other gases have
been investigated in detail [30, 31]. Based on these theories, the fundamental sensing
mechanism of semiconducting oxide sensors relies on the change in resistance upon
gas adsorption. The resistance change occurs due to the interaction between adsorbed
oxygen ions and target gas molecules [11, 32–34]. When an n-type semiconductor
is in contact with ambient air, oxygen molecules get adsorbed on its surface by
withdrawing electrons from the conduction band. Based on the operating temperature
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Fig. 2 Schematic depicting the potential barrier developed at the intergranular contact of two oxide
particles

of the sensor, the oxygen can be adsorbed as either O−
2 (T < 50◦C) or O−(T >

150◦C) [32, 35–38]. As a result, a depletion region and a corresponding potential
barrier are developed at the surface of the sensor which increases the resistance of
the material. The electrons must acquire enough energy to overcome this double
Schottky barrier to flow through the material. The reverse phenomenon will happen
if the sensing material is p-type. The process of oxygen adsorption is schematically
represented in Fig. 2.

When a reducing gas like ethanol is introduced into the sensing material, the gas
molecules interact with the adsorbed oxygen ions releasing the trapped electrons
back to the material, and hence, the width of the depletion region and the height of
the potential barrier decrease. All these processes together generate a measurable
change in the resistance of the sensing material.

The mechanism of gas adsorption and the subsequent changes in the resistance of
MOS sensors involve three major functions: receptor function, transducer function
and utility factor [6, 39, 40] as shown in Fig. 3. Receptor function is the ability
of the sensing material to respond to the atmosphere containing oxygen and other
target gas molecules. It depends on the adsorption-desorption parameters of the
sensing material. There are mainly two different types of adsorption phenomena:
physisorption and chemisorption.

WeakvanderWaals forces are involved in physisorption and the adsorbate requires
no activation energy for getting adsorbed on the material, whereas covalent or ionic
bonds are involved in chemisorption and the adsorbate needs activation energy. The
activation energy is defined as the minimum energy required for undergoing a chemi-
cal reaction. The receptor function can be modified by loading the oxide surface with
additives like noble metals, other oxide materials, etc., for improving the sensing
properties [31].
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Fig. 3 Factors determining the response of metal oxide semiconductor gas sensor

The transducer function can be defined as the capability of the sensing material to
convert the induced surface changes into ameasurable electrical signal. This function
depends on the grain size, grain boundaries, contacts between the sensing material
and the electrode and electrochemical interaction between the sensing material and
the oxide surface [41, 42]. The grain size has a significant role in controlling the
transducer function which is schematically shown in Fig. 4 [9, 39]. When the grain
size D of the sensing material is very much larger than the Debye length LD(D �
2LD), the interactions between gaseswill take place only at the surface of thematerial
and the bulk of the oxide semiconductor remain unaffected. In this case, the sensing
mechanism is independent of the grain size, i.e., the effects are almost similar to
the case of a bulk semiconductor. If D ≥ 2LD , the conducting channel within the
sensing material is influenced as shown in Fig. 4. Compared to the previous case,
the response will be better because of the increase in surface-to-volume ratio of the

Fig. 4 Schematic
representation of grain size
effects
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semiconductor. If the grain size D ∼ 2LD , the sensingmaterial will be fully depleted
of free charge carriers as shown in Fig. 4 and the sensorwill exhibit excellent response
to the target gases.

The utility factor is related to the microstructure of the sensing material, and it
is associated with the accessibility of the inner oxide grains to the adsorbed gas
molecules. If the sensing material is sufficiently porous, the penetration depth of the
gas molecules will be high, resulting in very good sensor characteristics. The utility
factor depends on the thickness of the sensing film, grain size, operating temperature
of the gas sensor, etc.

2.2 Importance of Sensing Layer Morphology on the Sensing
Properties of Metal Oxide Semiconductor Gas Sensors

The sensing layer morphology has a substantial effect on the gas sensing character-
istics. Generally, sensing material can be classified into dense and porous and are
schematically shown in Figs. 5 and 6, respectively [38, 43]. In dense or compact
material, the gas interactions will take place only at the surface of the material and
the inner regions are not accessible. In the schematic diagram, Zg, Z0 and qVs are
sensing layer thickness, the thickness of the depletion region and band bending,
respectively. In this case, both the geometric surface and the active surface are the
same where interaction takes place.

In porous sensing materials, the gas molecules are able to penetrate into the
material, so that gas interactions take place at the surface of each grain, grain–grain
boundaries and also at the interface of sensing material and the electrode; hence, the
active surface will bemuch larger than the geometric surface. As a result, thematerial

Fig. 5 Schematic representation of a compact sensing layer
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Fig. 6 Schematic representation of a porous sensing layer

will exhibit much better sensing properties than a compact one. In Fig. 6, Xg, X0,
Xb and qVs are grain size, depletion layer thickness and minimum of the conduction
band in the bulk and band bending, respectively. For a better gas sensor, a significant
amount of porosity is necessary. Porous materials can be defined as continuous
solid materials filled with voids. International Union of Pure and Applied Chemistry
(IUPAC) classified porousmaterials intomacroporous,mesoporous andmicroporous
based on the pore size. Microporous materials have pore size less than 2 nm, pore
size is in between 2 and 50 nm for mesoporous, and if it is greater than 50 nm, the
material is calledmacroporous [44]. Among the different classes of porousmaterials,
mesoporous materials have the highest potential for gas sensing applications.

2.3 The Performance Parameters of MOS-Based Gas Sensors

The performance of a gas sensor can be evaluated by considering several parameters
[5]. Typical response curve of a chemiresistive gas sensor is schematically shown in
Fig. 7.

The response curve of a gas sensor is characterized by the following parameters.

1. Response: The response ‘S’ is defined as the ratio of the change in resistance
of the sensor Rg to the resistance in ambient air Ra. The sensitivity of a gas
sensor is defined as the slope of the calibration curve, i.e., sensor response vs
concentration.

S = Rg − Ra

Ra
(1)
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Fig. 7 The typical response
curve of a chemiresistive gas
sensor

Usually, the gas adsorption on a surface can be empirically represented as

S = 1 + aCb (2)

where ‘C’ is the gas concentration, and ‘a’ and ‘b’ are constants.

log(S − 1) = log(a) + b log(C) (3)

It can be seen from the above equation that log(S − 1) has a linear relation
with log(C) with slope ‘b’. The ‘b’ value which represents the charge state of
adsorbed oxygen ion species on the surface of the metal oxide can be obtained
from the slope of a plot between log(S − 1) and log(C).

2. Selectivity: The ability of the sensor to respond to a specific gas in a mixture
of gases can be called selectivity. It can be expressed in terms of the selectivity
coefficient. The selectivity coefficient of a gas, namely ‘X’ to another gas ‘Y ’,
can be written as

QX = SX
SY

(4)

where SX and SY are sensitivities of the sensor to gases ‘X’ and ‘Y ’, respectively.
3. Stability: It is the capability of a sensor to generate reproducible results for

a period of time which means retaining the parameters sensitivity, selectivity,
response time and recovery time after repeated use.

4. Response time: It can be defined as the time taken for the sensor to reach 90%
of the maximum response.

5. Recovery time: It is defined as the time taken for the sensor to reach 10% of the
maximum response. A good sensor should have a small value of response and
recovery times to be used for practical applications.
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6. Detection limit: It is the lowest value of the gas concentration, which can be
detected by the sensor.

7. Dynamic range: It is the capability of the sensor to respond to a wide range of
target gas concentrations.

2.4 Sensor Response Formula for Chemiresistive Gas Sensors

Every gas sensor has an optimum operating temperature, and the adsorption of oxy-
gen depends on the working temperature [45]. At lower temperatures (<150 °C),
oxygen molecules are adsorbed on the metal oxide surface by withdrawing electrons
and forming oxygen ion molecules.

O2(gas) + e− ↔ O−
2(ads)

(5)

At high temperatures (>150 °C), oxygen ionmolecules are dissociated into oxygen
ion atoms with singly or doubly negative electric charge following the equations

1

2
O2 + e− koxy⇔O−

(ads) (6)

1

2
O2 + 2e− koxy⇔O2−

(ads) (7)

koxy is the reaction rate constant.
The chemical reaction between a gas molecule and oxygen can be generally

written as

X + Ob−
(ads) → X ′ + be− (8)

X and X ′ are target gas and out gas, b is the number of electrons, and kgas is the
reaction rate constant.

The rate equation for electron density ‘n’ can be written as

dn

dt
= kgas[Oads]b[X ]b (9)

where

kgas = A exp(−Ea/kBT ) (10)

‘Ea’ is the activation energy of a reaction, ‘kB’ is the Boltzmann constant, and ‘T ’
is the absolute temperature.

Integrating Eq. (9), we will get
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n = �t kgas[Oads]b[X ]b + n0 (11)

‘�t’ is a time constant, and ‘n0’ is the carrier concentration in air ambient.
The carrier concentration ‘n’ is defined as

n = α

R
(12)

‘α’ is the proportionality constant and ‘R’ is the resistance.
Substituting Eq. (12) in (11)

1

Rg
= �t kgas[Oads]b[X ]b

α
+ 1

Ra
(13)

Using Eqs. (1) and (13), the response S can be written as

S = �t kgas[Oads]b[X ]b
n0

+ 1 (14)

From the Eq. (14), the response is directly proportional to rate constant kgas and
inversely proportional to electron density n0. These two factors compete with each
other, and maximum response is obtained at the optimum temperature. The Eq. (14)
works well for thin film and bulk. In order to use the equation in case of nanostruc-
tures, the effect of surface-to-volume ratio and depletion layer width has to be taken
into account.

(a) Surface-to-volume ratio

The surface-to-volume ratio in terms of adsorbed oxygen ions can be written as

[Oads] = σ0∅Vm

Vs
(15)

where ‘σ0’ is the number of oxygen ion per unit area, ‘∅’ is a ratio of surface area
per volume of material ‘Vm’ and ‘Vs’ is the system volume. Substituting in Eq. (14)

S = �t kgas(σ0∅(Vm/Vs)X)b

n0
+ 1 (16)

Now, the sensitivity depends directly on the surface-to-volume ratio which is well
suited for sensors based on metal oxide nanomaterials.

(b) Depletion layer width

According to the depletion layer or space charge model [46], the Debye length LD

which is a characteristic length for semiconductors can be written as
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LD =
(

εkBT

q2Nd

)1/2

(17)

where ‘ε’ is the static dielectric constant, ‘q’ is the electrical charge of the carrier
and ‘n’ is the carrier concentration. Debye length is a measure of the distance over
which a charge imbalance is neutralized by majority charge carriers under steady-
state or equilibrium conditions [47]. From Eq. (17), it is seen that if the temperature
is kept constant, LD depends only on the carrier concentration. Let us assume that
the sensing material is in the shape of a cylinder whose conducting channel is along
the axis of the cylinder. In air ambient, the depletion layer is formed on the surface
due to oxygen adsorption. The width of the depletion layer decreases upon adsorbing
a reducing gas. The carrier concentration of the depletion region in terms of Debye
length can be written as

n′ = n0
π(D − 2LD)2

πD2
(18)

Now, the response can be written as

S =
[

�t kgas(σ0∅(Vm/Vs))
b

n0

]
D2Xb

(D − 2LD)2
+ 1 (19)

1. Case I: if D � 2LD

In this case, the depletion layers have no effect, and Eq. (19) can be approximated
to (14).

2. Case II: If D > 2LD

Here also, the depletion layer has no significant effect on the response. But, the
sensor response will be higher compared to the previous case because of the
increased oxygen ion density due to the large surface-to-volume ratio.

3. Case III: If D ∼ 2LD

In this case, the depletion layer strongly affects the sensor response. Thus,
Eq. (19) can be used for evaluating the sensitivity of metal oxides having any
size variations.

3 Metal Oxide Semiconductor-Based Heterostructures
for Gas Sensing

The integration of semiconducting oxide sensing materials with other metal oxides
or noble metal nanoparticles is an efficient method for improving the gas sensing
characteristics of chemiresistive sensors [26, 48–52]. The physical interface between
two different materials is called a heterojunction, and the combination of multiple
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Fig. 8 Schematic for heterostructures

heterojunctions together in a device is called a heterostructure. Noble metal nanopar-
ticles such as Pd, Pt, Au and Ag and metal oxide nanoparticles like CuO, ZnO, TiO2,

etc., on the surface of the sensing material can enhance the sensing characteristics
[53–56]. The presence of these additive particles increases the surface area of the
sensing material, thereby increasing the number of active sites for gas adsorption.
Also, most of these additive particles are very good catalysts which can reduce the
activation energy for gas adsorption-desorption reactions and make it faster. Another
effect is that the gas molecules react with the adsorbed oxygen ions in one material
constituting the junction, the by-product may readily react with the oxygen ions in
the second material to complete the reaction, and this is called the synergistic effect.
One-dimensional oxide semiconductor nanostructures can be considered as a suit-
able host material for forming heterostructures. Few examples for one-dimensional
nanorod heterostructures are shown in Fig. 8.

When there is a difference in work function between the materials forming a
junction, electrons flow from the material having lower work function to that having
higher work function until thermal equilibrium is reached [47, 51, 57–60]. Because
of this migration of electrons, there forms a depletion region at the former side and
also at the interface of the two materials. Hence, the resistance of the heterostructure
in ambient air (Ra) will be high compared to that of individual materials constitut-
ing the junction. Due to the increased number of gas adsorption sites of the het-
erostructure and the reduced activation energy for the adsorption-desorption reac-
tion, the resistance in the presence of target gases Rg will be low, and hence, the
response will be high for the heterostructure sensors. Here, we discuss the influence
of metal/semiconductor and semiconductor/semiconductor heterojunctions on the
gas sensing properties.

3.1 Schottky Junction

The noble metal nanoparticles on the surface of metal oxide semiconductors obvi-
ously increase the conductivity as well as the active surface area of the whole
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Fig. 9 Schematic diagram showing the possible band structures at Schottky junction a before and
b after thermal equilibrium

structure. The barrier height, �B, after contact is given by

�B = �m − χs (20)

where ‘�m’ is the work function of the metal and ‘χ s’ is the electron affinity of the
semiconductor. Usually,metal-semiconductor junction in Schottky contact facilitates
the gas sensing characteristics. Consider the case of metal and n-type semiconductor,
forming a junction where the metal work function is larger than the semiconductor
work function (Fig. 9). Here, electrons flow from the semiconductor to the metal
until equilibrium is reached.

As a result, there develops a space charge layer at the metal-semiconductor
interface whose width is given by ‘Xn’,

Xn =
[
2εVbi

qNn

]1/2

(21)

where ‘V bi’ is the built-in potential at the interface and ‘Nn’ is the donor concen-
tration in the n-type semiconductor. The increased electron concentration due to
migration of carriers and the catalytic properties ofmetal nanoparticles together facil-
itate additional oxygen adsorption–desorption reactions, resulting in the dramatically
improved gas sensing characteristics.



224 P. P. Subha et al.

Fig. 10 Schematic diagram showing the possible band structures at p–n junction a before and
b after thermal equilibrium

3.2 p-n Junction

Generally, n-type semiconductors are widely used for gas sensing applications than
p-type, because of their stability in low-oxygen environments. The n-type and p-
type materials can be combined to explore the effects of p-n junction on the sensing
properties. p-n junction is the most common heterojunction interface used for mod-
ulating the gas sensing properties of oxide-based sensors. Based on the difference
in the work function of the materials, charge carrier migration takes place leading to
the formation of depletion layer on n-side, accumulation layer on p-side and junction
at the interface due to electron-hole recombination (Fig. 10).

The width of the depletion layer in n-type and p-type [61] can be written as

Xn =
{
2εnVbi

q

[
Np

Nn

][
1

Nn + Np

]}1/2

(22)

X p =
{
2εpVbi

q

[
Nn

Np

][
1

Nn + Np

]}1/2

(23)

where ‘εn’ and ‘εp’, ‘Nn’ and ‘Np’ are the static dielectric constants and car-
rier concentration of n- and p-type semiconductor metal oxide semiconductors,
respectively.
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4 p-CuO/n-ZnO Heterojunction Sensor
for Room-Temperature Gas Sensing Applications

Both zinc oxide (ZnO) and copper oxide (CuO) are well-known inorganic semi-
conducting materials, where ZnO is generally n-type and CuO is p-type. Generally,
MOS-based sensors operate at high temperatures which limit their applications in
several fields. Also, high-temperature operation increases the power consumption
of the device. In this context, the development of room-temperature sensors has
significant importance in the gas sensor industry.

p-CuO/n-ZnO heterojunction sensors were fabricated by whole solution pro-
cess, and its room-temperature ethanol sensing properties were studied in detail
[62, 63]. Heterojunction sensors were fabricated by decorating ZnO nanorods with
CuO nanoparticles. Vertically aligned ZnO nanorods were grown by seed-mediated
hydrothermal method, and CuO nanoparticles were synthesized by wet chemical
method. Circular gold electrodes were deposited by thermal evaporation technique,
and room-temperature gas sensing properties were investigated. The schematic of
the device structure is shown in Fig. 11.

The room-temperature response curves of ZnO/CuO heterojunction sensors to
various concentrations of ethanol are shown in Fig. 12. For an ethanol concentration
of 50 ppm, the response value has been enhanced to 5.8 for ZnO/CuO heterojunc-
tion sensor, whereas the value was 2.4 for ZnO. The response value increases with
increase in the concentration of ethanol for both ZnO and ZnO/CuO, and improved
response characteristics were obtained for the heterojunction sensors. In Fig. 13, the
variation of response time and recovery time of the sensors with the concentration
of ethanol is shown where we can see that the response time decreases with increase
in concentration and recovery time increases with increase in concentration. The
calculated values of the response time of ZnO and ZnO/CuO sensors to 50 ppm
ethanol were 98 and 30 s, respectively. The recovery time calculated was 508 and
420 s, respectively, for ZnO and ZnO/CuO to 50 ppm ethanol. This is because, at
higher concentration of ethanol, the number of molecules having minimum required
energy for the reaction is high, so that more and more molecules will react with the
adsorbed oxygen leading to a faster change in response. The high value of recovery

Fig. 11 Schematic of the p-CuO/n-ZnO heterojunction sensor device
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Fig. 12 Room-temperature response characteristics of ZnO and ZnO/CuO heterojunction sensors
to different concentrations of ethanol

Fig. 13 Variation of a response time and b recovery time of ZnO and ZnO/CuO sensors with
the concentration of ethanol
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time is due to the slow desorption rate of ethanol at room temperature [64]. Using the
fabricated experimental set-up for sensing measurements, the lowest concentration
of ethanol detected was 5 ppm. The increased active surface area for gas adsorption
reactions due to the vertical alignment of the ZnO nanorods and the presence of CuO
nanoparticles together with the formation of p-n heterojunctions at the interface of
ZnO and CuO contributed to the better sensing properties of ZnO/CuO sensor [50,
51, 65].

The detailed sensing mechanism of ZnO/CuO heterojunction sensor can be
explained by considering the energy band diagram of the heterojunction before
and after thermal equilibrium. The values of band gaps and electron affinities
of ZnO and CuO are shown in Fig. 14 [65–68]. The ethanol molecules react
with the adsorbed oxygen ions, the generated free electrons on adsorption of
ethanol gas in ZnO can easily transport through the p-n junction due to the
low value of 
EC(0.28 eV )(
EC = χ2 − χ1), and at the same time, the holes
in CuO will accumulate at the valence band of p-CuO due to the large value
of 
EV (1.74 eV )

[

EV = (

Eg2 − Eg1
) − 
EC

]
. At low temperatures, ethanol

molecules dissociate into aldehyde (CH3CHO) and water [69–72]. The dehydro-
genation of ethanol molecules generates OH− ions (breaking of C–O bond) and
[CH3CH2O]− ions (breaking of O–H bond) due to their lower bond-breaking ener-
gies. The dehydrogenated ionic fragment [CH3CH2O]− of ethanol molecules can be
easily attached to metal oxide surfaces through the interaction of adsorbed oxygen
on their surfaces represented by Eq. (24). In addition, at the interface of ZnO/CuO
junction, ethanol molecules react with holes in CuO followed by Eq. (25) [73–76].

CH3CH2OH(g) + O−
2(ads)

→
{
[CH3CH2O]

−
(ads) + OH−

(ads)

CH3CHO + H2O + e− (24)

CH3CH2OH(g) + 2h+ + e− + O−
2(ads)

→ CH3CHO + H2O + e− (25)

These reactions release excess free electrons leading to enhanced room-
temperature gas sensing performance of p-CuO/n-ZnO heterojunction device.

5 Summary

In this chapter, the basic working principles, the performance parameters and factors
affecting the gas sensing characteristics of chemiresistive gas sensors have been
discussed. The gas sensing mechanism of MOS gas sensors has been explained
for a better understanding of the working principles. The operating principles of
heterojunction-based sensors and how they improve the response characteristics are
also discussed. As an example for heterojunction sensors, p-CuO/n-ZnO sensors
were fabricated and discussed in detail.
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Fig. 14 Energy band diagram of a ZnO and CuO and b ZnO/CuO heterojunction device at thermal
equilibrium
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Chapter 8
Zno-Based Dilute Magnetic
Semiconductors

Arun Aravind and M. K. Jayaraj

1 Introduction

II–VI-based novel thin films and heterostructures are technologically attractive
for future devices due to their exciting electrical and magneto-optical properties
[1–3]. The direct band gap ZnO is emerging as a potential candidate due to its ability
to tailor electronic, magnetic, and optical properties through doping and alloying
[2–6]. ZnO is also an efficient UV emitter. The free-exciton binding energy of ZnO
(60 meV) is more than twice that of GaN (25 meV). The radiative recombination in
ZnO ismediated by excitonswhich lead to narrow emission linewidth. SoZnO-based
system has major role in wide range of devices, such as blue and UV light-emitting
diodes, spintronic devices based on diluted magnetic semiconductors, transparent
conducting transistors, and resonant tunneling devices [2–7].

In II–VI semiconductors, each anion is coordinated by four cations at the corners
of a tetrahedron. This tetrahedral coordination is nature of the covalent bond having
sp3 hybridization. So the coordinations of Zn2+ and O2− are both fourfold. Semicon-
ductors that normally crystallize in wurtzite include nitrides, II–VI semiconductors
(ZnS, CdS, ZnSe, CdSe, ZnTe, CdTe, SiC, InAs, etc.). The various forms of crystal
structure of ZnO are rock salt or Rochelle salt (B1), zinc blende (B3), and wurtzite
(B4); B1, B3, and B4 are designations for the three phases. Wurtzite structure is the
most thermodynamically stable phase of ZnO thin films. When it grows on cubic
substrates, it shows zinc blende structure, but the rock salt structure is obtained only
at high pressures. The wurtzite structure has a hexagonal unit cell with the lattice
parameters ‘a’ and ‘c’ in the ratio of c/a = 1.633 [8]. Under the ordinary preparation
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conditions, excess zinc is always found in ZnO. Due to this zinc excess, ZnO is
a non-stoichiometric compound and a n-type semiconductor. ZnO is a direct band
gap semiconductor (3.37 eV) having an exciton binding energy of 60 meV at room
temperature. So ZnO shows near-ultraviolet and the visible defect emissions. The
band-edge emission is centered at approximately 380 nm, and the visible deep-level
emission is in the range of 450–730 nm. UV emission is the near-band-edge emission
which depends on the crystal quality of the film or nanostructures while the visible
emissions are related to various intrinsic defects in ZnO crystal [4, 7]. But theses
emissions are influenced by growth techniques and conditions.

Dilutedmagnetic semiconductors (DMS) are semiconductor alloys which contain
a small fraction of magnetic impurities. DMSs are mainly based on II–VI materials
such as CdTe and ZnSe with transition-metal ions (e.g., Mn, Fe, or Co) substituting
the cations.Magnetic ionswith+2 valency are easily incorporated into the host II–VI
crystals by replacing group II cations of the host lattice. There are alsoDMSmaterials
based on IV–VI (e.g., PbTe, SnTe) and recently III–V (e.g., GaAs, InSb) crystals,
and the rare earth elements (e.g., Eu, Gd, Er) are also used as dopants. In II–VI-
based DMS, such as (CdMn)Se, magneto-optic properties were extensively studied
and optical isolators were recently fabricated using their large Faraday effect [10].
Recently, ZnO has renewed interest since it was found that high-quality epitaxial thin
film shows ultraviolet laser action at room temperature [11, 12]. The band gap of this
compound can be extended up to 4 eV by synthesizing alloys of Zn1−xTMxO (TM=
Mn, Co, Ni, etc.). Heavy electron doping was readily achieved in ZnO in contrast to
the other II–VI compound semiconductors. According toRuderman–Kittel–Kasuya–
Yosida (RKKY) interaction, the above-mentioned factors favor strong correlation
between themagnetic ions and spins of the band carriers of host materials [9, 13–15].

Spintronics is an emerging technology exploiting the intrinsic spin of the electron
and its magnetic moment, other than the fundamental electronic charge. Recent past
witnessed many advances, particularly in the wide band gap, III–V- and II–VI-based
spintronic materials. But practical applications using such materials were limited to
low temperature owing to the low Curie temperature (TC) of the magnetic dopants.
Dietl et al. [15] theoretically predicted the possibility of room-temperature ferromag-
netism in III–V- and II–VI-based DMS materials. A few transition-metal elements
(Mn, Co, Ni, Cu, etc.) that doped ZnO [5, 9, 13–15] exhibits TC much above 300 K
(Fig. 1). TM-doped ZnO is interesting due its room-temperature ferromagnetism and
unique transport properties.

Spintronics is becoming an area of active research because it can exploit the
spin degree of freedom of the electrons along with its charge. So spintronics can
combine standard microelectronics with spin-dependent effects that arise from the
interaction between electrons and a magnetic field. So we can expect new generation
devices with various functionalities. The magnetic devices should be non-volatile,
less electric power consumption, and increased integration densities compared to
microelectronics. The discovery of giant magnetoresistance (GMR) [16] in mag-
netic multilayers has triggered intense experimental as well as theoretical studies
to exploit the potential technological applications and to understand the underlying
physical phenomena that cause this effect. GMR is realized in metallic multilayers
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Fig. 1 Predicted Curie
temperature for
semiconductors [5, 9]

which have alternating layers of ferromagnetic and non-magnetic metallic layers.
So in GMR, resistance of the multilayer stack depends on relative orientation of
ferromagnetic layers due to spin-dependent scattering at the interfaces. Transition-
metal oxide (TMO) is very rich in physics because of unusual magnetic, optical, and
electrical properties and has tremendous device applications. Some of the recently
discovered applications of TMO are based on superconductors, transparent conduct-
ing electronics, optoelectronics, and spintronics [5, 6, 9, 13, 14]. These oxides thin
film form have attracted much attention from last decade due to their wide variety
of applications such as gas sensors, optical switches, windows for solar cell, thin-
film batteries, and photo-catalysis. ZnO is emerging as a potential candidate due to
its direct band gap, and also we can tailor the optical and magnetic and properties
through doping and alloying [13].

The radiative recombination in ZnO is mediated by excitons which lead to narrow
emission line width. So ZnO system has a role for a wide range of devices such
as blue and UV light-emitting heterojunction diodes, transparent thin-film transistor
for display, and spintronic devices based on diluted magnetic semiconductors. ZnO
thin films and nanostructures can be prepared at low temperatures by RF sputter-
ing, pulsed laser deposition, chemical vapor deposition, hydrothermal method, and
chemical method [17–21]. Due to ionic nature of ZnO, it lends itself to ease in the
microfabrication process using both wet and dry etching techniques. Despite recent
experimental success, a fundamental description of ferromagnetism in semiconduc-
tors remains incomplete. Recent theoretical treatments have yielded useful insight
the possible mechanisms in DMS.
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2 Magnetic Interactions in DMS

DMScan be considered as two interacting subsystems, one comprising the host semi-
conductor with delocalized conduction and valence electrons and the other diluted
system of localized magnetic moments associated with the magnetic atoms. The
host semiconductors have extended states made by delocalized band electrons. So
the optical and electronic properties of DMS are described by the effective mass of
the carriers. Magnetic nature of DMS mainly depends on the magnetic moments of
the magnetic ions and their interaction with the host semiconductor lattice. Most of
them show sp-d and sp-f interactions for transition-metal ions and rare earth mag-
netic ions. The spin–spin interaction between magnetic ions can be classified into
four major types. RKKY mechanism (Ruderman–Kittel–Kasuya–Yoshida) leads to
spin polarization of the conduction electrons of the semiconductors. The band polar-
ization is occurred by Bloembergen–Rowland (BR) interaction [13, 22]. Virtual tran-
sition between the magnetic ions and neighboring anions leads to superexchange and
double-exchange interactions.

2.1 Carrier-Single Magnetic Interaction

The interaction between the magnetic impurity ion and the conduction and valence
band electrons of the host is described by direct Coulomb exchange, i.e., first-order
perturbation effect. The directCoulombexchange is represented by the ferromagnetic
Kondo Hamiltonian [9, 13–15, 22].

Hex = −xN0α
〈
S//

〉
S//

‘xN0’ is the concentration of magnetic ions with mole fraction ‘x’, ‘α’ is the
exchange constant for s electrons, and 〈S//〉 is the average magnetic moment along
the field direction. N0α is the spin exchange integral for conduction band. The value
of α is of the about ~0.2 eV for II–VI-based DMS.

2.2 Superexchange Interaction

Superexchange mechanism arises due to the spin-dependent kinetic exchange inter-
action between each of the two magnetic ions and the valence bands [13, 22]. The
four virtual transitions from p-like valence band state to the ions and back to the
valence band are schematically represented in Fig. 2. When a band electron is trans-
ferred to one of these ions, it leads to a hole in the valence band. So the intermediate
state is having one magnetic ion with N and second with N + 1 electrons. Second
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Fig. 2 Schematic
representation of four virtual
transitions of the
superexchange ion–ion
interactions [20]

transition arises another possibility withN + 1 electron on both ions and two holes in
the valence band or one with N + 1 and N − 1 electrons and no holes in the valence
band.

2.3 Double-Exchange Interaction

According to Zener, the double-exchange mechanism is the coupling between the
magnetic ions in the different charge states by virtual hopping of the extra electron
from one ion to another [13–15, 22]. In Mn2+–Mn3+ system, the d-electron will hop
between these ions through the p-orbitals.

2.4 RKKY (Ruderman–Kittel–Kasuya–Yoshida) Interaction

RKKY mechanism describes the exchange coupling between the magnetic impu-
rity ion and the band electrons of the host semiconductor lattice. In a degenerated
DMS, the interaction is described by s-d Kondo Hamiltonian—first-order perturba-
tion effect [13, 14, 22]. The conduction electron gas gets magnetized by the magnetic
ion, and the degree of polarization decreases in an oscillatory fashion with distance
from themagnetic ion. This kind of indirect exchange coupling between themagnetic
ions may lead to ferromagnetic or antiferromagnetic interaction depending upon the
distance of separation of the interacting atoms. The coupling at a distance ‘r’ having
Fermi surface (kF) is

JRKKY(r) ∝ Cos(2kFr)

r3
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2.5 Impurity-Band Exchange and Bound Magnetic Polarons

The ferromagnetic exchange interactions betweenmagneticmoments in n-typeDMS
are discussed based on its tendency to form shallow donors. Generally, DMS can be
represented as (A1−xMx )[O�]n; A non-magnetic cation, M = Magnetic ion, � =
Donor defects and n = 1 or 2. An electron associated with a particular defect will be
treated as a hydrogen atom, and the dimension of electron traps is therefore of the
order of a few tenths of Å. Consider now the interaction of the magnetic cations M
with the hydrogenic electrons in the impurity band. As a result, donors tend to form
bound magnetic polarons by coupling the 3d moments. The cations present an extra
random potential, which extends the localized region of the ions within their orbits
[13, 23–26]. Overlap between a hydrogenic electron and the cations within its orbit
leads to ferromagnetic exchange coupling between them [25, 26]. This interaction
may be written in terms of the s–d exchange parameter Js−d as [13].

Js−d S.s|ψ(r)|2Ω

where S is the spin of the 3d cations that have volume Ω , and s is the donor electron
spin. Ferromagnetism in DMS arises due to percolation of bound magnetic polarons
(Fig. 3). The coupled interaction between localized holes of the polarons and the
transition metal producing an effective magnetic field hence aligns the spins. Below
the Curie temperature, the neighboring polarons overlap forming clusters of polarons
[13, 23–26]. Ferromagnetic transition is possible when the size of the cluster nearly
matches the sample size. Despite the low carrier density bound magnetic polarons,
the model is applicable to both n-type and p-type host materials.

Fig. 3 Schematic representation of magnetic polarons with magnetic cation concentration x = 0.
Cation sites are represented by small circles [23]
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3 Brief Report on TM-Doped Semiconductors

Compared to non-oxide semiconductors, the oxide semiconductors havemanyadvan-
tages. So the wide band gap makes them transparent and also suitable for short-
wavelength applications. II–VI group oxides can easily grow at low temperature. So
the oxides grow on a plastic substrate and are ecologically safe and durable besides
being low in cost. In addition, strong electronegativity of oxygen is expected to
produce strong p-d exchange coupling between band carriers and localized spins, a
prerequisite for DMS [13]. Some of the reports on oxide semiconductor-based DMS
are summarized here.

3.1 TiO2-Based DMS

TiO2 has been extensively studied due to its unique properties, like high refractive
index, excellent optical transmittance in the visible and near-infrared region, and high
dielectric constant. TiO2 crystallizes in three forms—rutile, anatase, and brookite. It
has been shown by Matsumoto et al. [27] that the anatase form of TiO2 doped with
several percent of Co is ferromagnetic at room temperature. Films of Ti1-xCox O2

with different x values were made on LaAlO3 (001) and SrTiO3 (001) single crystal
substrates. Ferromagnetic long-range ordering was seen in anatase TiO2 doped with
‘Co’ in the images taken by scanning superconducting quantum interference device
(SQUID) microscope. An increase in spontaneous magnetization with the increase
in Co content is observed. TiO2 doped with Co shows room-temperature ferromag-
netism, with magnetic moment of 0.32μB/Co atom. Matsumoto et al. [27] agree that
a possibility of Co clusters cannot be ruled out though XRD and TEM showed no
sign of metal granules within the detection limit. In a later article, Matsumoto et al.
state that room-temperature ferromagnetism exists in rutile phase of Ti1−xCoxO2

with a moment of 1 μB/Co atom for 3% Co substitution. Chambers et al. [28] have
grown Ti1−xCoxO2 films by molecular-beam epitaxy on SrTiO3 substrates having
magnetic moment of 1.26 μB/Co atom for x = 0.03. Chambers et al. [28] also report
that the cobalt distribution in their films depends strongly on growth conditions lead-
ing to some of their films being non-magnetic. From X-ray absorption spectroscopy
measurements, they determine that in the magnetic films the cobalt ions are in the
+2 oxidation state and substitute on the Ti site of TiO2. TiO2:Co transparent films
grown on both LaAlO3 (001) and SrTiO3 (001) substrates by pulsed laser deposition
(PLD) are reported by Stampe et al. [29] which show room temperature ferromag-
netism (moment ~ 1.7 μB). Cobalt segregation was seen in TEM images. But Kim
et al. [30] reported the origin of magnetism by ‘Co’ nanoclusters in epitaxial TiCoO2

films. Magnetic Circular Dichroism (MCD) studies done on Co-doped anatase TiO2

films also revealed MCD spectral line shape identical to Co metal [30]. Despite all
this work, the key question remains to be answered is that if Co is indeed substitution
or forms clusters to form ferromagnetic regions within the films?
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3.2 SnO2 Materials

SnO2 is semiconductor with rutile structure having octahedral coordination similar to
anatase TiO2 [31]. Themagneticmeasurements revealed almost paramagnetic behav-
ior without any ferromagnetic ordering. A few works were reported on Mn:SnO2.
PLD-grown Co-doped SnO2-δ thin films showed room temperature ferromagnetism
[32]. Co content in PLD-grown Sn1-xCoxO2-δ films was higher due to high evapora-
tion rate of Sn. The neighboring magnetic moments of cobalt matrix are unquenched
so it shows giant magnetic moments. The origin of giant magnetic moment is still
debatable, but the result seems to be promising to explore SnO2-based DMS.

3.3 Importance of TM-Doped ZnO

The strong correlation of ‘3d’ orbitals of transition metals with ‘s’ and ‘p’ orbitals
of the anions can modify electronic structure of ZnO host lattice. ZnO-based DMS
gainedmuch attention owing to room-temperature ferromagnetic predictions by Diet
et al. [15]. ZnO normally exhibits wurtzite structure, and TM elements have valence
electrons in the partially filled d orbitals and in 4s orbitals. TM ions can incorporate
into ZnO host lattice contributing its 4s electron to the s-p3 bonding to give a TM2+

state.
Theoretical calculations onZnObySato et al. [33] andYoshida et al. [34] predicted

ferromagnetism at 5%Mn doping without any additional dopants. In order to control
electron carrier concentration in Mn-doped ZnO thin films, low-temperature process
is preferred [35]. In contradictory [36, 37] to earlier reports, researchers achieved
room-temperature ferromagnetism in Mn-doped ZnO [38, 39]. But its reproducibil-
ity is still controversial because magnetic properties are very sensitive to thin-film
preparation conditions. Pulsed laser deposition has the following advantages such
as deposition at relatively high oxygen pressure, high deposition rate, and growth of
highly oriented crystalline films at relatively low substrate temperature. ZnO nanos-
tructures were easily grown by hydrothermal and chemical methods. Due to catalyst-
free, environmental friendliness, and less hazardous nature, hydrothermal techniques
are widely used for large production of nanostructures. The incorporation of Mn2+

into hexagonal ZnO lattice even at relatively low temperatures is shown by phase
diagram analysis with 13% solubility. Lattice constants of ZnO host lattice changes
with increase of Mn content. Similarly, Zn2+ shows 10% solubility inMnO at 800 °C
[40, 41]. Epitaxial ZnMnO thin films were grown on sapphire substrates at substrate
temperatures in the range from 600 to 750 °C. The maximum solubility of Mn in
ZnO films is 35%, which is higher than its bulk counterpart. But cobalt-doped ZnO
thin films show two magnetic behaviors: a paramagnetic component and a low-field
ferromagnetic component. Co-doped ZnO samples grown at high vacuum exhibit
ferromagnetism because more oxygen vacancies are inducing free electrons which
mediate the ferromagnetic exchange interaction. The formation of cobalt clusters



8 Zno-Based Dilute Magnetic Semiconductors 241

inhomogeneous film during the growth process favors in ferromagnetism [42]. Opti-
cal studies of Co-doped ZnO films show characteristic absorption peaks at 660, 615,
and 568 nm. Depending on the growth conditions and preparation techniques, the
band gap of Co:ZnO samples shows blue shift or red shift. ZnO films are color
less, but Zn1−xCoxO exhibits light green to dark green color with increase of Co
concentration.

Early studies on Cu-doped ZnO system by various groups showed contradiction
with each other showing non-magnetic and magnetic nature. Theoretical studies of
25% Cu-doped ZnO system showed non-magnetic behavior but at lower doping lev-
els, 3.125 and 6.25% Cu on ZnO show ferromagnetic nature. Spin-polarized density
functional calculations predict that certain ZnO:Cu structures should be ferromag-
netic [15]. Under appropriate growth conditions, PLD-grown ZnO:Cu films show
ferromagnetism [43]. Jin et al. [44] reported that ferromagnetism was not observed
in Cu-doped ZnO thin films prepared by combinatorial laser molecular-beam epi-
taxy method. Recently, Buchholz et al. [45] reported non-ferromagnetic behavior in
n-type Cu-doped ZnO and RTFM in p-type Cu-doped ZnO thin films. Ye et al. [46]
theoretically showed that the energy of ferromagnetic state is lower than that of the
antiferromagnetic state for Cu-doped ZnO (p-type and n-type) so we can achieve
RTFM in this system. According to theoretical modeling, the relative position of
copper atoms can strongly affect the magnetic properties of ZnO:Cu system. Some
reports show that the stability of ferromagnetism in ZnCuO system depends on the
copper atom separation. If copper atoms were separated by 5.20 Å along the c-axis,
the ferromagnetic state was favored, but copper atoms were separated by 3.25 Å
within the basal plane the antiferromagnetic state was favored. Sato’s work looked
consistent with other theoretical calculations and together establishing the impor-
tance of copper atom placement in the doping process [39]. The metallic copper is
not magnetic, and neither Cu2O nor CuO is ferromagnetic, so ZnO:Cu system is free
of ferromagnetic precipitates. Ueda et al. [41] also investigated Zn1−xTMx O films
[n-type (x = 0.05–0.25): TM = Co, Mn, Cr, Ni] grown by PLD. The Co-doped ZnO
films showed the maximum solubility limit of 30%. In Zn1-xCoxO, only a few films
showed ferromagnetic features, while the others showed spin-glass-like behaviors. A
few of them exhibited ferromagnetic behaviors with a Curie temperature higher than
room temperature with lesser reproducibility. Here also ferromagnetism is directly
related to the presence of oxygen vacancies. Detection limits of microstructural char-
acterization will not overrule the possibilities of magnetic impurities like nanosized
clusters, substitutional and interstitial impurities over the intrinsic magnetic nature of
the thin films [42, 47–49]. In order to determine whether the magnetic atoms substi-
tuting into the ZnO host lattice are forming alloys or interstitial defects or impurities,
researchers employ X-ray diffraction analysis, transmission electron microscopy,
and X-ray absorption studies. It is very difficult to categorize the origin of the fer-
romagnetism which depends on the level of magnetic dopants. In addition, there are
still extreme variations in the reported magnetic behavior with some films exhibiting
only paramagnetism and even those with ferromagnetism showing a wide range of
apparent Curie temperatures. So the origin of ferromagnetism is till debatable.
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Compared to large number of publications on RTFM of Co/Mn-doped ZnO sys-
tems, only a few have reported inNi-doped ZnO systems. But some of themwere able
to report intrinsic RTFM in Ni-doped ZnO DMS [50–53] or due to Ni clusters [47,
54]. In contradictory to above some reported paramagnetism in Ni-doped ZnO sys-
tems [48, 49], ferromagnetism is found only in inhomogeneous films supporting the
formation of nickel clusters within the experimental detection limit. Ni:ZnO shows
larger magnetism; it cannot be attributed by weak magnetization of nickel oxide.
Wakano et al. reported ferromagnetism at 2 K, which becomes superparamagnetism
at 30 K and maintain it up to 300 K for Ni:ZnO system [51]. The reported magnetic
properties are discrepant, and the origin of ferromagnetism is still controversial.

4 Proposed Spintronic Devices

Spintronic devices came into action after the discovery of the ‘giant magnetoresis-
tance (GMR)’ in 1988 by French and German physicists [55]. It is due to electron-
spin effects in ultrathin ‘multilayers’ of magnetic materials, their electrical resistance
changes with applied magnetic field. In GMR, a non-magnetic metal is sandwiched
magnetic metals. The electrical resistance changes from small (parallel magnetiza-
tions) to large (antiparallel magnetizations) depending upon the relative magnetic
orientations of the magnetic layers. The magnitude of this change is two orders of
magnitude larger than is possible with conventional materials, hence the name ‘giant
magnetoresistance’ [16]. IBM found that incorporating GMRmaterials in read heads
would be able to sense much smaller magnetic fields, so hard disk storage capac-
ity can increase from 1 to 20 Gb [56]. IBM launched GMR-based read heads, into
the market in 1997. The advantage of magnetic random access memory (MRAM)
is that it is ‘non-volatile’—information is not lost when the system is switched off
but it can be smaller and faster. MRAM devices use less power and would be much
more robust in extreme conditions such as high temperature or high-level radiation
or interference.

4.1 Overview of Spin-Based Devices and Its Applications

The realization of spintronic devices depends how we can create and control spin-
polarized charge carriers in our existing semiconductors. This can be accomplished
by optical pumping using appropriately polarized laser light. The working of spin-
tronic devices outlined as: (1) information is stored into the particular spin orien-
tations of spins (up or down), (2) it is attached to mobile electrons for carrying
the information along a wire (3), and the information is read at the output termi-
nal [21]. Spintronic devices are attractive for memory storage and magnetic sensor
applications. Due to larger coherence length, it is a potential candidate for quantum
computing where electron spin would represent information as qubit [17].
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Semiconductor-based spintronic devices like to add the unique features of mag-
netic devices to our conventional electronic devices like field-effect transistors and
light-emitting diodes [16, 57]. So the memory and microprocessor functions can be
integrated into the same chip. The successful realization of most spintronic appli-
cation depends critically on the ability to create spin-polarized charge carriers in a
conventional semiconductor device. So the spin-polarized carriers can be injected
from a spin-polarized source or effective spin-filtering at the interfaces. The spin
injection from a conventional ferromagnetic metal into a semiconductor is highly
inefficient than other methods. Using spin-polarized dilute magnetic semiconductor
as our injector or by paramagnetic semiconductors at high magnetic field as a spin
filter, we can successfully demonstrate spin injection in semiconductor tunnel diodes.

The most effective measurement of the quality of the oxide-based ferromagnetic
materials will be in the operation of device structures, such as spin-field-effect tran-
sistors (FET) (Fig. 4), or photo-induced ferromagnets. Using ferromagnetic semi-
conductors as the injection source, one should directly measure the efficiency and
spin transport length. ZnO-based test structure will exploit or demonstrate the novel
aspects of ferromagnetism in the devices. (Zn, Mn)O is showing antiferromagnetic
spin-glass-like insulating behavior, and Mn-Co-doped ZnO is having half-metallic
ferromagnetic nature. The negative gate bias brings holes into (Zn, Mn)O, and it can
be converted to half-metallic ferromagnetic state. Using ferromagnetic (Zn, Co)O
as the source and drain contact material, it should be possible to have a 100% spin-
polarized electron flow in the (Zn, Mn)O channel. Spin FET can be fabricated by
growing source and drain on top of (Zn, Mn)O layer and etching away the selective
region for the growth of gate oxide and deposition of the gate metal.

Fig. 4 Spin FET—single transistor non-volatile memory [6, 16, 57]
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4.2 Co-Doped ZnO-Based Magnetic Tunnel Junctions

In order to study the effect of spin injection and spin polarized transports in spin-
tronic devices TM doped ZnO based heterostructures have been developed [6, 16].
(Zn, Co)O used for fabrication of two FM electrodes and insulating ZnO layer as
the barrier, because it allows the epitaxial growth of (Zn, Co)O layer [16, 57]. (Zn,
Co)O/ZnO/(Zn, Co)O epitaxial structures (Fig. 5) satisfy two primary requirements
for spin injection: a minimum conductance mismatch and high spin-polarized con-
tacts [58]. Tunnel magnetoresistance (TMR) is expected to persist up to RT (room
temperature) and exhibit high V1/2 to overcome one of the main shortcomings of
magnetic tunnel junctions (MTJs). In order to study the effect of spin injection and
spin polarized transports in spintronic devices TM doped ZnO based heterostructure
have been developed [6, 16] (Fig. 6).

Fig. 5 Schematic
representation of a
(Zn,Co)O/ZnO/(Zn,Co)O
junction [6, 16]

Fig. 6 Schematic of
ZnO-based transparent
photomagnet [57]
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5 Theoretical and Experimental Hurdles in the Realization
of RTFM in TMOs

A lack of stability and reproducibility prevents definitive conclusions from being
drawn from much of the data on high-temperature ferromagnetism. It is often diffi-
cult to recover the same magnetic behavior in different laboratories or even within
the same laboratory at different times. Furthermore, the ferromagnetic signals fre-
quently prove to be transient, decaying in time over periods of days or months.
Recent work on spintronic focuses on achieving higher transition temperature mag-
netic materials for technological applications.While the progress in synthesizing and
controlling magnetic properties of group III-arsenide compound semiconductors has
been astounding, the reported Curie temperatures are too low (~172 K) [15, 59] to
have a significant practical impact. A key development that focused onwide band gap
semiconductors as being the most promising for achieving high Curie temperatures
was the work of Dietl et al. [24]. According to Zener model of ferromagnetism, they
predict TC values for several materials. The schematic diagram (Fig. 7) showing the
predicted TC values is given below [5, 15].

Carrier-mediated ferromagnetism on DMS depends on the nature of magnetic
dopants carrier type, concentration and carrier density.When these systems approach-
ing metal–insulator transition, carrier density is increased as result ferromagnetism
is observed. They observed a gradual progression from localized states to itinerant
electronic states as the carrier density increases. During metallic transition, the pop-
ulation density of some of the electrons can be extended while others can occupy
the impurity states. The extended states become localized while crossing the metal–
insulator boundary, and as a result, the localization radius decreases gradually. For
interactions on a lengthy scale smaller than the localization length, the electron wave
function remains extended. The long-range interactions between localized spins are

Fig. 7 Experimental
prediction of ferromagnetism
in various semiconductors
[5]
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possible due to holes in extended or weakly localized states. So the carrier-mediated
ferromagnetic interactionsmaybe possible for heavily doped semiconducting oxides.
A lot of studies were on the electronic structure of the ZnO-based TMOs, and their
interactions are done based on ab initio calculations or first principle studies [59–67].

(a) Electronic structures of (Zn,TM)O (TM: V, Cr, Mn, Fe, Co, and Ni) in the
self-interaction-corrected calculations

Origin ofmagnetism inDMS is always a debatable one, so the electronic studies are a
field of interest for the theoretical physicists’ in DMS. Fukumura et al. [40] success-
fully grown Zn(Mn)O, after that a large number of experiments on ZnO-based DMS
have been conducted by various groups across the world. But there is a markable
discrepancy in the magnetic ground state and magnetic moments. Sometimes sec-
ondary phases or even nanoclusters were responsible for the experimental observable
magnetic behavior in DMS. So one must be well aware of the growth parameters
and the artifacts rose during structural and optical characterizations. Sometimes the
observed ferromagnetism is mediated by holes in the valence band or by conduction
electrons so the electric natures, oxidation states of the DMS are studied thoroughly.
So the theoretical works like first principle studies have come into play. Toyoda et al.
[65] calculated the electronic structures of ZnO-based dilute magnetic semiconduc-
tors within the self-interaction-corrected local density approximation (LDA). Their
results are good agreement with earlier data calculated using standard local density
approximation theory. We found that there are differences in the band gap energy,
the energetic position of the Zn 3d bands, and the description of the transition-metal
d bands [64–66].

The presence of self-interaction is the main short comings of LDA studies. So
Toyoda et al. [65] carried out the calculations on ZnO-based DMS by using a self-
interaction-corrected LDA approach. They also presented the systematic comparison
of the electronic structures of ZnO-basedDMS calculated within the self-interaction-
corrected LDA and the standard LDA. The transition-metal 3d bands change more
drastically, and a chemical trend is seen in the shapes of partial density of states
(DOS) of those. In (Zn, V)O and (Zn, Cr)O, the 3d bands shift downward in energy
by 1 eV, but still appear within the band gap as they are in LDA. According to
standard LDA studies, the transition-metal d-density of states at the Fermi level plays
an essential role for getting the ferromagnetic ordering in the ZnO-based DMS. The
ferromagnetic ground state is stabilized through the double-exchange interaction
and hopping of d-electrons. Extensive studies were done on (Zn, Co)O after the
observation of room temperature ferromagnetism [68–71]. In LDA, the Fermi level
lies in the gap of the tetrahedral-like crystal field splitting of the d-states, but due
to the band broadening, d-density of states exists at the Fermi level. Compared to
those calculated within the standard LDA (1), the larger band gap energy, (2) the
Zn 3d bands are correctly separated from the valence band (3), and the qualitatively
different descriptions of the transition-metal 3d states are obtained. These features,
especially the description of the transition-metal 3d states, could affect the predicted
magnetic properties [60, 64–66]. The researchers believed that in order to get useful
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devices, we need to have single-phase dilute magnetic oxides, because the spin-
polarized charger carriers transform the spin information. But multi-phase materials
also found applications in magneto-optical devices.

Thewidebandgap semiconductor-based spintronic applications need the coupling
between the ferromagnetism and the semiconducting properties. As initial results,
at room temperature, ferromagnetic oxides were obtained in anatase and rutile-type
TiO2:Co [27–30]. Ferromagnetism in magnetically doped ZnO has been both pre-
dicted [5, 15] and observed [6–8, 23, 40, 41, 59–61, 68–71]. In addition toMn doping
and additional charge carriers, the ferromagnetic ordering occurs when the magnetic
indirect exchange interaction is mediated by hole though the host valence band. This
is also suggested to occur for Cr, Fe, Co, and Ni dopants [61]. The key aspect of
Pearton et al. [60] work is to achieve soluble concentrations of the transition-metal
ions well above their equilibrium solubility limit. In order to achieve this, we have
to use non-equilibrium methods such as low-temperature epitaxy or ion implanta-
tion. In the remainder of this review, the detailed results for specific combinations of
hosts and transition-metal ions will be discussed. Ferromagnetism appears in degen-
erated or non-degenerated semiconductors and in insulators, if the concentrations
of 3d dopants are less than the threshold value required for nearest-neighbor cation
coupling. The average moment per dopants cation approaches (or even exceeds) the
spin-only moment at low dopants concentrations (x), and it falls progressively with
increase of dopant concentration (xp). Superexchange interaction, which is predom-
inantly antiferromagnetic and short-ranged [13, 23], cannot be invoked because the
magnetic order appears at concentrations of magnetic cations x < xp. The ferromag-
netic double-exchange mechanism, as described by Zener with reference to mixed-
valence manganites, can produce large moments, but it is also a nearest-neighbor
interaction that requires mixed cation valence, so that 3dn ↔ 3dn+1 configuration
fluctuations can occur. There is no evidence that mixed valence is a common feature
of these dilute oxides. Longer-range ferromagnetic exchange can be mediated by
carriers in a spin-polarized band.

A large number of reports on TM-doped ZnO DMS have been published during
the last decade. Literately, a few research works were on V-, Cr-, Ti-doped ZnO-
based DMSs compared to Co and Mn dopants [6, 38–44, 68, 72–75]. According to
literature reviews, ZnO films doped with 5 at.% Co commonly exhibit much stronger
RTFM than ZnO doped with other TM elements, because Co is more soluble in ZnO
host lattice [6, 41–44, 68]. Room-temperature magnetic moments reported for 5
at.% TM-doped ZnO films are summarized in Fig. 8. In terms of concentration-
dependent magnetization, the largest moments have been observed for ZnO doped
with different TM concentrations, i.e., 2–5 at.% for Co [6, 41–44, 68, 76], 2 at.% for
Mn [6, 38–41, 72–75], and 1 at.% for Ni and Cu [6, 40–44, 77]. According to these
studies, ZnO films with higher dopants contents tend to show much lower magnetic
moments. Therefore, besides ideal moment discrepancies for these TM ions in ZnO
films, different solubility and different maximum dopants’ concentration would also
account for different magnetic moments in 5 at.% TM-doped ZnO films (Fig. 8).
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Fig. 8 Plots of magnetic
moment per transition-metal
cation (5 at.%) doped in ZnO
thin films [6]

5.1 Experimental Limitations in Magnetic Measurements

Modern solid-state physics make use of sensitive magnetometry an essential tool to
study the magnetic properties in ultrathin films and nanostructures. Recent devel-
opments and intensive magnetic measurements in the field of colossal magnetore-
sistance (CMR), tunneling magnetoresistance (TMR), anisotropic ferromagnetism,
etc., pave way to studies which discuss the influence of artifacts in improper sample
handling and residual magnetic signals in SQUIDmagnetometer. Themagnetic mea-
surements of thin films and powder samples are performed using Quantum Design
SQUID magnetometer MPMS (XL). The wide acceptance of MPMS-SQUID is
mainly due to its high degree of user-friendly automation and reliability, as well
as the lack of commercial alternatives. SQUID magnetometer is one of the most
sensitive experimental techniques used for high-sensitivity magnetic characteriza-
tions. But in practice, especially for thin-film samples, the magnetic signal recorded
with a commercial MPMS-SQUID magnetometer is dominated by artifacts below
0.5 × 10−6 emu.

(a) Artifices due to improper sample handling

Normally, the precise magnetic measurements have been taken with an MPMS XL
(5T) MPMS (XL) by Quantum Design [78, 79]. For all measurements, the recipro-
cating sample option (RSO) of the MPMS was used which offers a higher sensitivity
than the standard DC transport. In Quantum Design SQUID magnetometer, we use
drinking straw as the sample holder. Most of the researchers exclusively use the unit
emu in their magnetic measurements. During low signal measurements, the absolute
size of the overall signal determines how close magnetic signals are to artifact-level
of the instruments.

In order to point out the magnetic anomalies due to improper sample, Ney et al.
[79] have studied the hysteresis measurements of sapphire after cleaving. The raw
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data show a clear discontinuity of the signal after passing the zero value. The step-
like behavior with saturation magnetization is obtained after the subtraction of the
diamagnetic background. The corresponding x-position of the measured magnetic
moment is plotted. A big step is correlatedwith the kinks in the hysteresis curves [79].
Finally, the same sample was measured after intensive cleaning which demonstrates
that the previous signal may from ferromagnetic contaminations due to improper
sample handling. The signature of x-position is typical for edge contamination. Dur-
ing a measurement, the sample is moved along the pickup coils while the respective
voltage is recorded. SQUIDmagnetometer uses fitting routine to correlate the ampli-
tude and position of the signal from the sample to overview the possible shifts due
to temperature or positional changes during the measurements.

Other kinds of artifacts occur when magnetic measurements on the non-
homogeneous ferromagnetic sample on diamagnetic substrates are performed, viz.
nanoparticles grown on substrate, magnetic ions implanted on thin films, or uneven
distribution in samples prepared by lithography. Due to cleaving of the samples
into suitable dimensions, the tendency of magnetic contamination at the edge also
increases. Normally, we use a diamond stencil for cleaving in which a tiny piece of
diamond attached to a stainless-steel rod. If this rod touches the edge of a very hard
substratematerial like sapphire or carbides, the chances of small particles of themetal
which get abraded are very high. So we need a thorough cleaning of the substrates
especially if sapphire or single crystals are used for thin-film deposition. In case of
softer substrates, the situation is less critical because the cleaving does not produce
any detectable ferromagnetic contaminations. It is better practice to use plastic or
non-contaminative tweezers for sample handling to avoid unintentional magnetic
contamination during film preparation and transferring it to SQUID system.

(b) Artifices from the SQUID system

SQUID itself will give artifacts which may lead to pick up wrong magnetic signals
from samples other due its improper handling. InMPMS-SQUID, the actualmagnetic
field is merely determined by the voltage drop over a shunt resistor. The magnetic
field of the magnetometer is measured by the voltage drop over two shunt resistors
which account for different field ranges. So this magnetic field control has to be well
calibrated on a regular basis using the manual from Quantum Design. In order to
operate in wide field range of the MPMS, the instruments have two shunt resistors
with respective amplifiers, both of which have to be calibrated to avoid discrepancies
in the appliedmagnetic field. But a very careful calibration of both detection channels
usually results more or less 1% of discrepancy between the actual magnetic fields
in the two modes. The second calibration concerns the zero-current offset of the
regulated power supply arrangement in the MPMS. Sometimes the FC/ZFC (field
cooled/zero field cooled) measurements exhibit a negative magnetization after the
diamagnetic background for the nominal field value of 10 mT has been subtracted
[78, 79]. The magnetic field control of the SQUID can cause offset fields which lead
to inverted hysteresis curves or FC/ZFC curves with negative magnetization values
(even though a positive measuring field is applied). A residual misfit of about 1%
remains typically and can cause artifacts at about 350 mT.
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During the small signal measurements of DMS, the diamagnetic signal of the
substrate dominates theweak ferromagnetic or superparamagneticmagnetic response
at high magnetic fields. Typical substrate sizes lead to a diamagnetic response of the
order of 104 emu at higher magnetic fields. Sometimes the real signal from the thin
film is very small, but the total signal becomes larger with increasing magnetic field
due to diamagnetic contributions from the substrate. Such a dynamic range can be
accessed ‘autoranging’ option where the sensitivity range is selected automatically.
In this mode, MPMS will adjust two different factors, which are termed ‘gain’ and
‘range’. ‘Gain’ simply changes the gain of the voltmeter card by a multiplication
factor. The ‘range’ refers the time constant of rf-amplifier integrator in the rf-SQUID.
When there is a clear change in slope of the measured data, then the shunt resistors
have to be re-calibrated for realistic data. So these kinds of artifacts are removed by
subtracting a different diamagnetic background which is account for the different
magnetic field scale.

(c) Residual magnetic signals

Normally, the magnetic measurement of crystals or thin films at different tempera-
tures shows hysteresis loop, but it reveals a paramagnetic signal at low temperatures
and high magnetic fields. The reduction of coercivity at low temperature is due to
superimposition of paramagnetic contribution from the sample. The absence of a
true ferromagnetic signal is inferred by the FC/ZFC curves which are not separated
at any temperature. The residual magnetic signals also create artifacts during mag-
netic measurement sequences. The residual hysteresis can be attributed to residual
magnetic flux trapped in the superconducting magnet. The residual magnetic flux is
independent of the charging state, and it adds to the magnetic field but aligns with
the direction of the overall field. So if one should use the magnet reset option during
a sequence, we can detect very small residual signals.

The artifacts and limitations of a commercial MPMS-SQUID magnetometer
demonstrate that the hysteresis measurements are only a necessary but not a suf-
ficient criterion to prove the existence of ferromagnetism if the size of the signal is
small. But the artifacts from contaminated cleave edges of the sample or misaligned
magnetic field controls are easily ruled out. Although MPMS is a very versatile and
convenient magnetometer but when a thin film on a substrate is inserted, imperfec-
tions of the sample mounting, size effects, possible contaminations, and especially
the overall diamagnetic background of any used substrate make reliable detection of
signals up to 0.5 × 10−6 emu.

5.2 Effect of Growth Parameters

Most of the reports and recent reviews are mainly focused on the enhancement of
magnetic behavior of II–VI oxides and its dependence on preparation conditions
such as the doping concentration, substrate temperature, and oxygen partial pressure
[6, 9, 23–25, 42, 59–61, 68, 80, 81]. A few of them have directly investigated the
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substrate-dependent magnetic behavior, substrate orientation and substrate tempera-
ture, deposition rate, etc. [6, 80–82]. In reality, most groups have focused on doping
concentrations below the solubility limit to obtain true DMS. The different groups
show distinct magnetic behaviors owing to the effects of the preparation method and
growth parameters. So it is worth to evaluate the effect of dopants’ concentrations
on magnetization from a series of experiments.

(a) Effect of substrates

The most commonly used substrates for ZnO:TM thin films depositions are quartz
[6, 72–74, 82, 83], Si [6, 84–88], Al2O3 [6, 42, 89–92], and ZnO [93–95]. The
local structure and magnetization of ZnO:TM have direct dependence on experi-
mental conditions, the preparation method, oxygen partial pressure, substrate tem-
perature, etc. However, ZnO:TM films deposited on different substrates with the
same deposition parameters show distinct magnetization. Sudakar et al. [96] showed
that Cu (6 at.%)-doped ZnO films on quartz and sapphire substrates exhibit 1.6 and
1.2 μB/Cu magnetization at 300 K. Similarly, RTFM with a magnetic moment of
1.5 μB/Co atom was observed for Zn0.95Co0.05O films deposited on ZnO substrate,
but only weak FM signals were detected for films grown on Al2O3 [97]. This dif-
ference can be explained by different structural properties, and defect densities in
the films arise due to difference in the crystalline nature of the substrates [6, 42, 68,
80, 81, 95–97]. Thus, it seems that the substrate most likely impacts the local ‘TM’
structure and magnetization of TM-doped ZnO due to defects in the film or at the
boundaries. The magnetic moment of ZnO:Co thin film varies as 0.62, 0.66, and 0.24
μB/Co for films deposited on Al2O3, Si, and NaCl single crystal, respectively. So
it is clear that crystalline nature of substrate has a direct influence on the magnetic
behavior of Co-dopedZnOfilms. ZnO:Co thin films deposited on glass substrate does
not exhibit any RTFM [82]. Normally, the diamagnetic background of the substrate
has been subtracted from all of the magnetization data, indicating that the difference
in moments in ZnO:Co films does not arise from the substrate. It is worth pointing
out that reorganization of the defects could partly occur due to the comparatively
weak polarization of the SiO2 piezoelectric substrate, leading to a lower moment per
Co atom in Co-doped ZnO film, e.g., 1.1 μB/Co. Although the Co dopant exists in
a ‘+2’ state when substituting for Zn2+, randomly distributed defects would lead to
very weak moments or no RTFM in Co-doped ZnO films on other single substrates
(e.g., Al2O3, Si, and NaCl) and glass substrate, respectively [82]. Zn0.962Co0.038O
films deposited on LiTaO3(1 1 0), (0 1 2) and (0 1 8) substrates by DC reactive mag-
netron co-sputtering exhibited different magnetization of 1.21, 2.42, 0.65 μB/Co,
respectively. It is likely that the magnetization differences for Co-doped ZnO films
on three oriented LiTaO3 substrates can be attributed to the film microstructure and
the Co–O bond length, which primarily depends on mismatch between the film and
the different oriented substrates [6, 95–98]. Some of the works on Co-doped ZnO
thin films show that the boundary between film and substrate is the defect formation
region which in turn affects the magnetization [6, 60, 68, 82, 95–98]. According to
a large volume of reviews and repots, we can easily conclude that the substrate, its
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crystalline nature, and orientation strongly affect the magnetization of TM-doped
ZnO films to certain extents.

(b) Influence of post-annealing and formation of secondary phases

Annealing has a direct impact on the microstructure of the thin films with reduction
or enhancement of defects with respect to the annealing atmosphere. Some of the
experimental results of ZnO:TM systems on annealing demonstrate that magnetism
have direct dependence on intrinsic defects like vacancy of oxygen VO and zinc
interstitial Zni. Normally, the magnetization of ZnO:TM thin films or nanocrystals
annealed in vacuum or a reducing atmosphere should be enhanced [6, 60, 68, 74, 77,
83, 86, 89, 92, 99–108]. It is mainly due to the introduction of VO [6, 68, 74, 83, 89,
92, 100, 103, 105] or Zni, which are critical for RTFM in TM-doped ZnO [6, 68, 86,
92, 101, 105, 107, 109]. The free electrons of the host are locally trapped by these
defects which occupy an orbital overlapping with the ‘d’ shells of TM neighbors to
form a boundmagnetic polaron(BMP), which in turn accounts for the intrinsic RTFM
in DMS. Annealing of Co-doped ZnO films in air and Zn vapor atmosphere, Kit-
tilstved et al. [107] demonstrated reversible cycling of saturated magnetic moments
in ZnO:Co thin films. The microstructure and magnetic properties of Zn0.92Co0.08O
films annealed at different temperatures (200, 400, and 600 °C) in vacuum and air
were systematically investigated by Liu et al. [105]. At same annealing temperature,
the magnetic moment increased at vacuum and decreased at ambient air conditions.
The vacuum-annealed film shows saturation magnetization (MS) of approximately
0.45 μB/Co, which is slightly greater than for the as-grown film (0.34 μB/Co),
whereas the value for the air-annealed film (0.21 μB/Co) is much lower than Ms
of the as-grown film. But annealing at higher temperature normally improves the
crystal quality and a corresponding decrease in structural defects in the film as a
result the defect mediated magnetism also reduces. On the other hand, annealing in
air at high temperature (≥600 °C) TM2+ ions may segregate from the crystal and
form secondary impurity phases or metal precipitates, which will reduce the RTFM.
So we can conclude that low temperature and reducing atmosphere favor the defects
formation and enhance FM ordering.

(c) Comparison of experimental works on ZnO doped with TMs

A large number of reports on TM-doped ZnO have been published in the last decade.
Most of the research groups mainly focus on Co- [6, 41, 68, 82, 83, 92, 98, 105,
107, 110] and Mn-doped ZnO films [6, 38–41, 72–75]. The dopants used to attain
room-temperature ferromagnetism in ZnO are shown in Fig. 9. Transition-metal ions
show different thermal solubility in ZnO host lattice. Co and Mn show much higher
thermal solubility limits than those of Ti, V, Cr, Fe, Ni, and Cu [6, 41–44, 68]. ZnO
films doped with 5 at.% TM commonly exhibit much stronger RTFM than ZnO
doped with other TM elements. This is consistent with results obtained by Ueda
et al. [41] and Venkatesan et al. [110] for ZnO doped with a series of TM elements;
such studies can exclude the influence of the preparation parameters on magnetic
ordering. It is evident that ZnO films doped with different TMs exhibit RTFM with
different MS values, as well as very small magnetic moments indicating negligible
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Fig. 9 Pie chart of ZnO-based DMS with different TM dopants [6, 41–44]

FM. Normally, the TM-doped ZnO films are either conducting or semiconducting, as
characterized by strong coupling between localized d-electrons of the TM ions and
the extended s and p carriers of ZnO. So we can spin-polarize the carriers as a result
FM ordering of magnetic moments of TM ions can maintained in the oxide lattice.
Some groups showed RTFM with an inverse correlation between magnetization and
electron density. So the intrinsic RTFM of TM-doped ZnO systems always remains
an open question for the research community.

(d) Effect of co-doping in magnetic properties

As per above discussions, earlier works show that the RTFM in ZnO:TM can be
enhanced by the increase of the carrier concentration by controlling the experi-
mental parameters like decrease of deposition pressure, low-temperature deposition,
post-annealing, etc. In contradiction to this, some researchers have reported that the
creation of free carriers is not a sufficient condition for RTFM [73, 76]. Some groups
also reported the RTFM in the absence of free carriers [6, 23, 80, 90, 111–115]. If
the carrier concentration can enhance RTFM or there is a relation between them,
researches use co-doping to generate additional electrons/holes. ZnO is intrinsically
n-type semiconductor [89, 93, 116–120], whereas N, Li, and Cu are used for hole
doping [119, 121–124]. So these studies show that the increase of carrier concen-
trations by additional dopants can enhance the RTEM. Ivill et al. [117] designed a
series of experiments on (Mn, Sn)-Co-doped ZnOwith varying Sn concentration (0–
0.1 at.%). But they found an inverse correlation between magnetization and electron
density, as a function of the Sn doping. This phenomenon is most consistent with the
bound magnetic polaron (BMP) model in which bound acceptors mediate FM dop-
ing. RTFM arises with increase of donor defects or electron carrier concentrations,
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but these two factors coexist in most doped ZnO systems and are hard to distinguish.
Similarly, Al doping in the Zn0.95Co0.05O thin film, implying a decrease in crys-
talline quality and an increase in structural defects on inclusion of a trace amount
of Al [119], in turn enhances the magnetic moment per Co ion of ZnO:Co films.
Normally, the co-dopants could trigger other defects, which in turn enhance the FM
but the concentration of the co-dopants plays crucial role. Ueda et al. [41] showed
that ZnO:Co system exhibits ferromagnetic nature above 280 K for 5–25% Co and
1% Al, without any secondary phases or clusters. After the theoretical predictions
[1–3, 5–7, 14, 15], most of experimental works have proved the existence of room
temperature ferromagnetism in Mn, Co, Ni, and Cu-doped ZnO, but the nature and
origin of room temperature ferromagnetism (RTFM) is still debatable.

5.3 Growth and Characterization of PLD-Grown ZnO:TM
Thin Films

Zn1−xTMxO thin films (TM: Mn/Co/Ni/Cu) were grown on fused silica substrates
by pulsed laser deposition (PLD) technique. The fourth harmonic of Nd:YAG laser
(266 nm) with repetition rate of 10 Hz and pulse width 6–7 ns was used for ablation.
The ablation was carried out at laser energy density of 1.1 J cm−2. Zn1−xTMxO thin
films with various TM concentrations were grown at different substrate temperature
(350–650 °C) and oxygen pressure 0.05–5× 10−4 mbar. The deposition durationwas
1 h resulting a film thickness ~200 nm.XRDpattern of TM-doped ZnO and pure ZnO
thin films deposited at 450 °C on fused silica substrate show the characteristic peak
of ZnO corresponding to the wurtzite structure of the ZnO. No trace of secondary
phases or binary zinc transition-metal phase is observed within the detection limit of
XRD.

The colors of Zn0.95Mn0.05O, Zn0.95Co0.05O, Zn0.95Ni0.05O, and Zn0.95Cu0.05O
film becomes, respectively, yellowish, greenish blue, light green, and light blue with
the incorporation of TMs. Ni- and Co-doped ZnO shows predominant visible d-d
transitions in the tetrahedral geometry (Fig. 10). TheCo have absorption around 1.89,
2.03 and 2.19 eV corresponding to 4A2(F) → 2A1(G), 4A2(F) → 4T1(P) and 4A2(F)
→ 2E1(G) d-d transitions respectively which are in agreement with the one observed
in Co2+. The Ni-doped ZnO thin films show absorptions around 2.10, 2.26, and
2.39 eV, the corresponding d-d transitions 3A2(G)→ 3T2 (G), 3A2(G)→ 3T1 (G), and
3A2(G) → 3T1 (P). The band gap of Zn1−xMnxO and Zn1−xCoxO thin films shows
blue shift, while Zn1−xCuxO and Zn1−xNixO shows red shift compared to pristine
ZnO. The Burstein–Moss effect and sp-d exchange interaction are responsible for
the observed blue and red shift in the TM-doped ZnO thin films. The s-d and p-
d exchange interactions will give negative and positive corrections to conduction
band and valence band of the host semiconductors, and it leads to band shrinking
[33]. In heavily doped semiconductors, the donor electrons occupy the bottom of the
conduction band, and it will in turn block the low energy transitions, which provide
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Fig. 10 Transmission
spectra of Zn1-xTMxO films
for x = 0.05

the band gap widening and is known as Burstein–Moss shift [125]. The character
of the band gap becomes more indirect with the addition of Co/Mn. The increase of
carrier concatenation in Mn- and Co-doped ZnO thin films was confirmed by Hall
measurements.

Raman scattering is one of the effective techniques to investigate the crystalliza-
tion, structure, and defects in the thin films. The non-polar E2 modes of ZnO have
two frequencies, namely Ehigh

2 and E low
2 , associated with the motion of oxygen atoms

along with zinc. The Raman spectra of the Zn0.95TM0.05O thin films (Fig. 11) show
three predominant modes at (99 cm−1), E low

2 , (435 cm−1) Ehigh
2 , and ELO

1 (585 cm−1).
All the Zn1-xTMxO films have spectra similar to ZnO, indicating that the wurtzite
structure is not changed with the TM doping [126–130]. The boarding of the Ehigh

2
modes and its red shift indicates the substitution of TM into the ZnO sublattice
[129–134].

Fig. 11 Room-temperature
Raman spectra of
Zn0.95TM0.05O films (TM =
Mn/Co/Ni/Cu)
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Fig. 12 Room-temperature M-H curve of a Zn0.97Ni0.03O, b Zn0.95Co0.05O and c Zn0.97Cu0.03O
films

M-H curve of the Zn0.97Ni0.03O (a), Zn0.95Co0.05O (b), and Zn0.97Cu0.03O (c)
thin films at 300 K (Fig. 12). The curve shows the room-temperature ferromag-
netism for the entire TM-doped ZnO thin films [18–20]. The saturation magnetic
moment of Zn0.95Co0.05O thin film is 0.42 μB/Co atom. Similarly, Zn0.97Ni0.03O
and Zn0.97Cu0.03O thin films show saturation magnetization of 0.28 μB/Ni atom
and 0.24 μB/Cu atoms, respectively. But the pristine ZnO thin films grown by PLD
show diamagnetic nature. The shape of the curve reveals that there is some trace
of paramagnetism in Zn0.95Co0.05O thin film also. According to Ruderman–Kittel–
Kasuya–Yoshida (RKKY) theory, the magnetism is due to the exchange interaction
between local spin-polarized electrons and conduction electrons. The spin polariza-
tion of the conduction electrons in ZnO films performs an exchange interaction with
spin-polarized electrons of other TM ions. The magnetization increases in the films,
when the oxygen partial pressure during the deposition of the films decreases, due
to the formation of defects or increased carrier concentrations [6, 9, 35, 41, 68, 73–
75, 83, 115, 117, 120, 135, 136]. Zn0.97TM0.03O thin films prepared at 450 °C and
0.05 mbar oxygen pressure show lower saturation magnetization than one prepared
at 5 × 10−4 mbar pressure. Higher oxygen pressure results in less oxygen vacancies
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and reduces the carrier concentration. This supports the assumption that magnetism
is due to the exchange interaction between local spin-polarized electrons and con-
duction electrons. At higher concentrations, the TM clusters and transition-metal
oxides suppress the room-temperature ferromagnetism in Zn1−xTMxO thin films
and paramagnetism is observed [6, 35, 73, 74, 83, 92, 115]. X-ray diffraction pat-
tern, Raman spectra, and XPS measurements overruled the formation of secondary
phases in Zn1−xTMxO films within the experimental detection limit.

5.4 Growth of ZnO:TM Nanostructures by Hydrothermal
Technique

ZnO nanoparticles can be prepared on a large scale by low-cost simple solution-
based methods, such as chemical precipitation [137, 138], sol-gel synthesis [139],
and solvothermal/hydrothermal reaction [140–142]. The advantages of low-cost
hydrothermal process are catalyst-free growth, large area production, and eco-
friendly. The existence of RTFM in Cu-/Ni-/Mn-doped ZnO is visualized by various
groups [6, 35, 73–75, 83, 120, 143–146]. But the origin of ferromagnetism is still
debatable whether it is due to the formation of impurity phases or clusters during
the growth process [6, 41, 68, 115, 147]. The hydrothermal synthesis of ZnO and
ZnO:TM nanostructures and the effect of TM concentration on the structural, opti-
cal, morphological, and magnetic properties have been reported from our laboratory
[148, 149].

(a) Growth parameters

Pristine ZnO and ZnO:TM nanostructures were grown by hydrothermal method. An
appropriate amount of ammoniumhydroxidewas added to themixture of zinc acetate
(0.3–1 M) and copper acetate or nickel acetate or manganese acetate (0.001–0.1 M)
solution to maintain the pH value around 11. ZnO:TM nanostructures were synthe-
sized hydrothermally at 150 °C for 3 hbykeeping the concentration ofZn(CH3COO)2
as 1 M in all reactions, while the concentration of TM(CH3COO)2 was varied from
0.001 M to 0.1 M. The molarity of TM in nanostructures is varied by adjusting the
concentrations of zinc acetate and TM acetate precursors. After the reaction was
complete, the resulting solid products were washed with methanol, filtered, and then
dried in air in a laboratory oven at 60 °C.

(b) Characterizations

Phase purity of hydrothermally grown pristine and TM-doped ZnO shows wurtzite
phase without any impurity phases within the experimental detection limit. All
samples show diffraction pattern match with the reported ICSD data [150]. SEM
images of pristine ZnO- and TM-doped ZnO nanostructures prepared using 0.05 M
TM(CH3COO)2 in the precursor solution at 150 °C for 6 h are shown in Fig. 13.
SEM images confirm the formation of ZnO nanostructures and are assembled like
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Fig. 13 SEM images of pristine ZnO and ZnO:TM nanostructures synthesized at 150 °C for 6 h
a pristine ZnO and ZnO doped with 0.05M, bCu(CH3COO)2, cMn(CH3COO)2, dNi(CH3COO)2
in the precursor solution

branched structures. The ‘TM’doping changes themorphology, andweget uniformly
elongated nanorods in the form of bunches.

The band gap of ZnO:TM nanostructures shows red shift with increase of TM
doping. The red shift shown by transition-metal-doped II–VI semiconductors is due
to ‘s-d’ and ‘p-d’ exchange interactions between the band electrons of the host lattice
and localized d-electrons of substituted magnetic impurities. Diouri et al. [151] and
Bylsma et al. [152] had theoretically explained themechanism behind ‘s-d’ and ‘p-d’
exchange interactions using second-order perturbation theory attributed to band gap
narrowing. The red shift of the band gap confirms the substitution of TM into the
ZnO lattice, and the band gap narrowing is due to the exchange interactions [152–
154]. Figure 14 shows the photoluminescence spectra of ZnO:TM nanostructures
(λexc = 325 nm). ZnO:Cu nanostructures have two emission bands, an ultraviolet
(UV) emission band at 370 nm and a broad orange-red emission centered at 630 nm
[155]. Other TM (Mn/Ni)-doped ZnO nanostructures have PL spectra similar to
pristine ZnO nanostructures. But the UV emission is attributed to the near-band-edge
free-exciton transition [156]. Green and yellow emissions are the most commonly
observed defect emissions in ZnO nanostructures [157, 158]. The green emission is
attributed to oxygen vacancies or zinc interstitials [159]. Yellow defect emission is
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Fig. 14 Room-temperature
PL spectra (λexc= 325 nm)
of ZnO:TM nanostructures
synthesized at 150 °C for 3 h
with 0.05 M TM
concentration

typically attributed to oxygen interstitials [160]. The intensity of the green–yellow-
related emission due to defect was found to be dependent also on the nanowire
diameter [157]. Cu impurities have been proposed as origin of the green emission in
Cu-doped ZnO materials [161]. According to Fan et al. [162], ZnO dendritic wires
and nanosheets show visible emission components centered at ~540 and ~610 nm.

Characteristics of Raman modes E2
low(100 cm−1), second phonon line-2

EM
2 (332 cm−1), ATO

1 (380 cm−1), E2
high (437 cm−1), and ALO

1 (580 cm−1) of TM-
doped ZnO nanostructures are shown in Fig. 15. The slight broadening of the E2

high
modes and its red shift from the bulk value indicates the substitution of TM ions into
the ZnO sublattice [126–134]. Structural disorders, crystal defects, and enhanced
residual stress are responsible for the observed peak broadening and mode shifts in
TM-doped ZnO nanostructures.

The field-dependent magnetization curve of ZnO:TM (TM = Cu, Mn, Ni) nanos-
tructures at 300 K is shown in Fig. 16. The noticeable coercivity of M-H loops

Fig. 15 Raman spectra of
ZnO:TM nanostructures
synthesized at 150 °C for 3 h
with 0.05 M TM
concentration
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Fig. 16 Room-temperature M-H loop of ZnO:TM nanostructures with various concentrations of
TM doping

could be attributed to strong ferromagnetism at room temperature. The ferromag-
netic behavior of nanostructures imputed to the presence of small magnetic dipoles
located at the surface of nanostructures. So the nearest-neighbor interactions can
make the magnetic dipoles of neighboring dipoles oriented along the direction of the
appliedmagnetic field. Surface-to-volume ratio is large for nanostructures; as a result,
the population of orientedmagnetic dipoles will increase at the surface. At higher TM
doping concentrations enhanced antiferromagnetic interaction between neighboring
TM-TM ions suppress the ferromagnetism. The hysteresis loop of ZnO:TM nanos-
tructures was not saturated, so we one can expect some traces of paramagnetism.
Origin of magnetism in DMSs is still controversial; the most common mechanism
for observed ferromagnetism in ZnO:TM nanostructures is the carrier-induced fer-
romagnetism (RKKY mechanism), often reported for DMSs [6, 35, 68, 74, 83, 92,
149]. Secondary phases or clusters are even responsible for the observed magnetic
nature. The broadening and the shift of (97) peaks in the XRD pattern confirm the
incorporation of TM ions into the ZnO lattice X-ray diffraction, and Raman spec-
tra analysis could not find any cluster or secondary phase formation in ZnO:TM
nanostructures.
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5.5 Origin of Ferromagnetism in ZnO-Based DMSs

Before elucidating the mechanisms of intrinsic RTFM, it must first be confirmed
whether the magnetic hysteresis loops measured are intrinsic or extrinsic. Magnetic
contamination [68], measurement errors [78, 79], and secondary phases [6, 68, 92]
are all possibilities for FM signals. Both metals and their oxides have been identified
as being responsible for FM behavior in TM-doped ZnO films, such as Co [6, 41,
68], Mn [6, 163], CoFe [6], CoO [6, 68], Co3O4 [6, 68, 92, 115], Fe3O4 [6], and
CuO [6]. These types of TM-doped ZnO films are not genuine DMS. However, these
non-magnetic semiconductors with embedded secondary FM phases may exhibit an
anomalous Hall effect (AHE) [6], which was previously considered an indicator of
whether a doped sample was a DMO or not. AHE was observed in FM ZnO and in
non-FM Cu-doped ZnO films, indicating that AHE does not uniquely demonstrate
FM behavior [6, 164]. Therefore, checking for basic experimental reproducibility, in
addition to carrying out careful characterizations, is highly warranted.

(a) Co-doped ZnO

It has been examined that ferromagnetic interactions may originate from Co3O4 like
secondary phases in ZnCoO system [165]. Sharma et al. [166] reported the carriers
mediated mechanism in Co-doped ZnO-based DMS material. ‘Double exchange’
[167] and ‘mean field Zener model’ [168] have also been reported as the possi-
ble mechanisms for ferromagnetism in this composition. In addition, it was also
detected that ferromagnetism in this system might arise because of simple substi-
tution of ‘Co’ at Zn sites [169] or oxygen vacancies [170]. More recently, Zhang
[169] expected that Al substitution played a crucial role to achieve the ferromagnetic
behavior through first principle calculations. Hence, the origin of RT ferromagnetic
interactions in ZnO-based DMSs has remained controversial among research com-
munity and still required further studies for its clarification. The controversies among
researchers suggest that ferromagnetic behavior and its origin in DMSs depend on
composition, synthesis conditions, annealing parameters, and additional dopants for
varying the concentration of carriers as well. Moreover, origin of room temperature
ferromagnetism can only be clarified when prepared materials will be free from any
impurity or secondary phases. So we need to synthesize phase pure DMSs to explore
its magnetic properties and mechanisms.

(b) Mn-doped ZnO

It has been observed that ferromagnetic behavior in ZnO:Mnmaterials may originate
from the Mn3O4 like secondary phases [163]. But recently, Yang and co-workers
[171] observed that origin of room temperature ferromagnetic interactions could not
be derived from any secondary or impurity phase. Mn substitution at Zn sites in ZnO
structure might be the main reason for existence of this ferromagnetism. According
to the RKKY theory [172], this ferromagnetism arises from the magnetic exchange
interactions between conduction electrons and local spin-polarized electrons (for
instance, the electrons ofMn2+). Free charge carriers, i.e., electrons, play crucial role
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in establishment of magnetic phase and consequently the ferromagnetic behavior in
magnetic element-doped ZnO [173–175].

(c) Ni-doped ZnO

According to RKKY theory [176], the presence of exchange interactions among con-
duction electrons and local spin-polarized carriers (as electrons of Ni2+ ions) is the
main reason of ferromagnetism in DMS materials. Secondary phases or interactions
among two magnetic atoms like Ni-Ni [177] might also be responsible for ferromag-
netism. Moreover, vacancy [178] and carrier’s induced magnetism [179–181] have
also been reported for Ni-doped ZnO. On the other hand, it was also observed that
ferromagnetism in these materials was independent of carrier concentration.

(d) Magnetic behavior of pure ZnO

Transition-metal-doped ZnO is one of the most studied systems due to its predicted
ferromagnetic transition temperature above room temperature [5, 15]. However, the
experimental findings from different groups are sometimes vastly contradictory.
While many groups report room temperature ferromagnetism of Co-doped ZnO [6,
41, 68, 83, 92], there are many other groups reporting the absence of ferromagnetism
or suppression of RTFM with Co-doping [6, 10–12, 115]. This suggests that the
properties of these materials are highly process-dependent and the origins of ferro-
magnetism in these materials are still under debate. It has been shown very recently
that intrinsic ferromagnetism is observed in pure TiO2 and ZnO thin films and nanos-
tructures. There is a lot of discussion going on about the extrinsic and the intrinsic
origins of ferromagnetism in TM-doped oxide semiconductors. Usingmagneticmea-
surements and magnetotransport studies, Sayak et al. [115] showed that the doping
with transition metal is not a prerequisite for observing magnetic moments in ZnO
thin films. Also they emphasize the fact that the doping of the transition metal in the
ZnO matrix in fact lowers the magnetic moment of the pure ZnO film [92]. They
tuned the intrinsicmagneticmoment in pure ZnOfilm by appropriate oxygenation. In
the magnetoresistance data for the undoped film, a clear change of sign is observed,
which clearly indicates that there is change in the intrinsic property of the sample
between before and after the oxygen treatment. Again magnetotransport results sup-
port the magnetization data which suggest that pristine ZnO is a better candidate for
room-temperature semiconductor spintronic devices than Co-doped ZnO.

6 Summary

Dilute magnetic semiconductors are useful materials for future spintronic applica-
tions due to semiconducting host lattice and half-metallicity. Butmost of DMS shows
low Curie temperatures. In this article, we have discussed the origin of ferromag-
netism and correlated it with ab initio calculations for the electronic and magnetic
properties of transition-metal-doped ZnO semiconductors. Most of the results point
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of the existence of DMS with different magnetic interactions. In systems with local-
ized majority d-states deep in the valence band, the ferromagnetism is induced by
Zener’s p-d exchange interaction, leading to holes in the majority p-valence band. At
higher TM concentrations, the Curie temperature is reduced due to enhanced anti-
ferromagnetic interactions via superexchange interactions. In systems with impu-
rity bands in the band gap (heavily doped systems), the ferromagnetism is driven
by Zener’s double-exchange, magnetic polarons, or RKKY interactions. Here the
magnetic coupling is strong, but it is short-ranged. A way to achieve higher Curie
temperatures might be to try to increase the impurity concentration without forming
secondary or binary compounds. Recently, A. Tiwari’s groups have realized a proto-
type spintronic device [182]. A lot of groups have produced contradictory results, and
all these lead to the conclusion that the realization of the spintronic device needed a
careful preparation and device formation technique. The future of spintronic device
is really big, so the technological revolution will be unfolded to mankind in a few
decades (Table 1).

Table 1 Summary of method of synthesis and properties of selected DMS

Obtained
morphology

Fabrication
method

Magnetic state Magnetization Proposed
theories

References

Nanoparticles Forced
hydrolysis

Weak RTFM 0.2 to
~1.5 memu/g

Zn interstitials
and O vacancies
induced by
annealing
enhanced
magnetization

[183]

Nanopowder Mechanical
milling and
annealing

RTFM 3 memu/g Zn vacancies at
grain surface

[184]

Nanoparticles Mechanical
milling

RTFM Zinc vacancies [185]

Nanorods Chemical
vapor
deposition
(high
temperature)

RTFM 0.031 emu/g Single-ionized
oxygen
vacancies for
BMPs (EPR and
PL analysis)

[186]

Chemical
bath
deposition
(low
temperature)

0.06 emu/g

Nanoparticle
pellet

Annealing in
oxygen

Diamagnetism – Zn vacancy +
OH bonding
complex results
in a net
magnetization

[187]

Annealing in
hydrogen

Weak RTFM 0.7 emu/g

(continued)
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Table 1 (continued)

Obtained
morphology

Fabrication
method

Magnetic state Magnetization Proposed
theories

References

Nanoparticle Solution
route and
annealing in
N2, Ar, and
O2

RTFM 1.5 memu/g Singly ionized
oxygen
vacancies

[188]

Nanowire Vapor
transport

RTFM 0.0076
μB/Vo

Oxygen
vacancies

[185]

Nanowire Hydrothermal
and annealing
in air and O2

RTFM 1 memu/g Singly ionized
oxygen
vacancies

[189]

Nanorod Wet chemical RTFM 1.5 memu/g Size effect;
singly ionized
oxygen
vacancies

[190]

Nanoparticles Wet chemical
method

RTFM 1.5 memu/g Singly ionized
oxygen
vacancies

[182]

Nanorod
array

Hydrothermal
and annealing
in H2 and O2

RTFM 0.15 emu/g Oxygen
vacancies

[191]

Nanowire Chemical
vapor
deposition

Weak RTFM 0.2 memu/g Surface defects
and dynamic
exchange
between O2
and O2

[192]

Pulsed laser
vaporization

Diamagnetism –

Nanoparticles
and nanorods

Chemical
method

RETM with
super
paramagnetism

1.75 emu/g Inhomogeneities
created due to
NPs

[193]
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Chapter 9
Domain Matched Epitaxial Growth
of Dielectric Thin Films

P. S. Krishnaprasad and M. K. Jayaraj

1 Introduction

Since the discovery of ferroelectricity by Joseph Valsek in 1920 in a single-crystal
Rochelle salt (KNaC4H4O6·4H2O) [1] and the development in the realm of polycrys-
talline and epitaxial thin films during the mid-1990s, there has been a continuous
evolution of new materials and technologies based on these phenomena. Among
these dielectric materials, transition metal oxides belong to a fascinating [2] class
of materials which exhibit a wide range of properties and phenomena ranging from
insulating, semiconducting, superconducting, magnetic, ferroelectric, piezoelectric,
nonlinear optical and many more.

After the discovery of ferroelectricity in Rochelle salt, the area of ferroelectricity
was more widened by the reports on potassium dihydrogen phosphate (KDP) in 1935
[3]. One of the major turning points in the evolution of ferroelectric materials was
the discovery of the unusual dielectric properties in a number of oxide materials with
perovskite structure, which came in the early 1940s. BaTiO3 was the first perovskite
structure exhibiting ferroelectricity [4]. Subsequently, more materials with differ-
ent structures exhibiting ferroelectric phenomena were discovered. The perovskite
oxide class of materials is one of the most important and fundamental ferroelectric
candidates. They also paved way to the industrial applications of ferroelectrics.

Dielectricmaterials store electric energy under the influence of electric field by the
field-induced separation of electric charges. This phenomenon of dielectric materials
is called polarization. Larger the separation of these charges and larger the number of
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Fig. 1 Hysteresis loop in
ferroelectric and paraelectric
phases

dipoles result in larger polarization and dielectric permittivity [5]. There are several
possible contributions to this polarizability, and three general mechanisms important
in dielectric materials are electronic, atomic and ionic polarization [6]. A ferroelec-
tric material can be defined as an insulating system with two or more discrete stable
or metastable states each having a nonzero value of polarization even in the absence
of applied electric field. Once the ions are pulled into a particular configuration by the
application of electric field, they cannot get back to its previous state due to the lattice
hindrance, even after the removal of the electric field. Thus, ferroelectrics possess
a residual polarization even after the field is removed. These polarization states are
switchable among themselves by the application of electric field. Thus, ferroelectric
material is characterized by its spontaneous polarization and also shows a hysteric
dependence on the applied electric field whereas non-polar or a paraelectric mate-
rial does not show a hysteresis behaviour (Fig. 1). The paraelectric materials which
possess large tunable dielectric constant as a function of the electric field are usually
used in tunable microwave devices. The temperature dependence of dielectric con-
stant for thesematerials finds application in infrared detectors. Themagnetic, electric,
dielectric, mechanical, temperature and optical properties of these multifunctional
materials find a wide range of applications.

A capacitor with a ferroelectric material as a dielectric medium is the basic build-
ing block for all ferroelectric-based devices. Electronic devices like memory cells,
tunable phase shifters, delay lines, etc., based on ferroelectric materials possess sev-
eral benefits over competing technologies due to reduced power consumption, size
and cost. The dielectric tunability may be defined by the formula

T% = εmax − εmin

εmax
× 100 (1)

Potential applications for ferroelectric thin films are high k varactors, mem-
ory devices, smart sensors, micro-electro-mechanical systems (MEMS), tunable
microwave devices, optoelectronic components and many more. These wide range
of applications has motivated many scientist and engineers to systematically study
the synthesis, structural, microstructural and dielectric properties of this class of
dielectric materials. The ever-increased need for miniaturization of devices and the
potential integration of ferroelectric materials with semiconductor microelectronic



9 Domain Matched Epitaxial Growth of Dielectric Thin Films 273

circuits have also been a constant driving force for the discovery of new materials
and improving the performance by doping and growth of epitaxial dielectric thin
films.

Among the various applications of ferroelectric materials, the tunable microwave
phase shifters and filters are the typical devices where the significance of ferro-
electricity has demonstrated the most. They can be used for rejecting undesirable
frequencies in microwave receivers and transmitters, and combining different fre-
quency signals in multiplexers and de-multiplexers and form an essential component
in modern radars [7]. Various technologies have been implemented for frequency
tuning in microwave devices like mechanical tuning, varactor diodes, MEMS and
ferroelectric thin film technologies [7]. Unlike PIN diodes and RF-MEMS switches,
ferroelectric capacitors present an interesting way to design reconfigurable filters
since their permittivity can be tuned in an analog way and the switching time is in
the nanosecond range. The variation of dielectric constant with applied bias voltage is
the basic principle behind the usage of ferroelectric materials for tunable microwave
devices [8]. Ferroelectric thin film varactors in both interdigital and parallel plate
configurations have been used to demonstrate tunable filter, phase shifters [9, 10],
tunable matching networks [11] and delay lines [12]. Ferroelectric thin film varactors
can be compact because of their large dielectric constant, and also, they offer a good
tunability, fast tuning speed (~ns) and have low power consumption [7, 13]. Inter-
digital ferroelectric varactors are easy to fabricate, and they exhibit high capacitance
density and tunability. Ferroelectric thin films can also be deposited on a wide variety
of substrates using standard deposition technique, and also, they are consistent with
existing silicon technology.

In spite of the quite promising properties, the tunable ferroelectric materials are
not widely accepted for practical microwave systems, mostly due to the high dielec-
tric losses, lack of stoichiometry and poor crystallinity. It has been found that the
deposition techniques that are used to deposit dielectric thin films play amajor role in
determining the film’s material properties and consequently its dielectric and electri-
cal properties. Several techniques are available to deposit dielectric thin films, such
as RF sputtering, pulsed laser ablation deposition (PLD) and molecular beam epi-
taxy (MBE). Of these, PLD has been found to be very successful for the growth of
high-quality single-crystalline dielectric thin films.

2 Paraelectric Materials for Tunable Microwave
Applications

Dielectric materials with low dielectric loss and moderate dielectric tunability can be
used for making tunable microwave devices, regardless of whether they are in polar
and non-polar phases. But in most applications materials in their paraelectric phase
(i.e. non-polar phase) are preferred, since they do not possess hysteresis associated
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with the domains. Also, they possess lower dielectric loss and higher tunability com-
pared to the ferroelectric phase. Quantumparaelectricmaterials like SrTiO3, CaTiO3,
etc., are the most suitable materials in this respect, for tunable applications, since
they are incipient ferroelectrics, they do not possess any transition to ferroelectric
phase at any temperatures. But the problem with these incipient ferroelectrics is that
they have to be cooled down to low temperatures to have a reasonable dielectric con-
stant and tunability, whereas commercial applications of these devices prefer room
temperature operations.

There are some materials like Ba0.5Sr0.5TiO3 (BST), Bi1.5Zn1Nb1.5O7 (BZN),
CaxSr1−xTiO3, (Pb,La)(Nb,Ti)O3, Ba1−x(La0.5Na0.5)xTiO3 [14–18], etc., which are
in the paraelectric phase near room temperature and also possess reasonable dielectric
constant and large tunability. Among these materials, BST, BZN and doped SrTiO3

are themost commonly usedmicrowave tunablematerials, since their Curie tempera-
ture, dielectric constant and tunability can be tuned by changing the composition. The
main advantages of ferroelectric films formicrowave applications include frequency-
independent tunability, high tuning speed (<1.0 ns), extremely small leakage currents,
high breakdown field and lower power consumption.

3 Major Degradation Factors of Ferroelectric Materials

Major degradation factors that limit the use of ferroelectric materials for applica-
tions in random access memories and tunable microwave devices are dielectric loss,
fatigue, imprint and logic state retention loss. Even though bulk and thin film phases
of materials are chemically the same, the ferroelectric properties are substantially,
sometimes even drastically different from each other. The presence of dead layer at
the film–electrode interface also causes changes in the ferroelectric properties of thin
films, and this effect becomes more pronounced when the thickness of the film itself
becomes comparable to that of the dead layer. The lattice misfit between the film and
substrate also plays an important role in the deviation of dielectric properties of thin
films from that of the bulk. Other than these parameters like lack of stoichiometry,
surface defects and oxygen deficiency in the films, different impurities in the films
also contribute to the change in the dielectric properties of the thin films from that of
the bulk. The ferroelectrics must possess a high crystallinity in order to have a high
dielectric constant. For example in the case of BaTiO3, the dielectric constant of the
amorphous state is low compared to its crystalline phase, because the polarization
contribution of the Ti moving in the crystal cage is lost when there is no crystal
structure to support it.
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4 Advantage of Combining Semiconductor
with Ferroelectric Material

For the past few years, progress has been achieved in the area of tunable dielectrics,
making it possible to develop dielectric capacitors with performance better than
semiconductor analogues in the microwave frequency range. Additionally, due to the
large dielectric constant of ferroelectric materials, considerable size reduction can
be achieved for ferroelectric material-based devices compared with semiconductor-
based devices. The extra flexibility in terms of tuning, enhanced functionalities and
performances of tunable devices may be achieved by a combination of ferroelectrics
with ferrites or ferroelectrics with semiconductors [19]. Interfacing dielectric oxides
with semiconductors will allow us to take advantage of such material properties for
multifunctional devices. During the growth of dielectric thin films or post-deposition
treatment of the thin films, the oxidation at the film–substrate interface can degrade
the electrical properties of the heterostructure, which demand the use of buffer lay-
ers [20] a necessity. For example, ferroelectric oxides are often thermodynamically
unstable in contact with silicon and indeed act as catalysts to silicate formation [21].
This amorphous dead layer formed in between the ferroelectric/semiconductor inter-
face acts as a source for interfacial trap centres and provides a tunnelling path for
carriers. This leads to large leakage current through the device. Also, the changes
in the properties of the interfacial amorphous layer and trap densities due to ageing
cause instabilities in the device performance. The use of an oxide semiconductor
as the buffer layer eliminates this problem and thus offers a chemically stable het-
erostructure. Reports show that when a thin buffer layer of Ti is used for the growth
of BaTiO3 thin films on GaAs substrate, it resulted in an abrupt interface without
any interfacial dead layers [22].

But most of the ferroelectric materials that have been studied for the device appli-
cations are chemically unstable when they make contact with traditional semicon-
ductors like silicon, because of the complex structure of ferroelectricmaterials. Some
semiconducting materials like zinc oxide [23, 24], indium oxide [25] and tin oxide
[26] have been investigated and found to be promising. Among these, ZnO is a wide
band gap semiconductor and it has been widely used as buffer layer for the growth
of dielectric films for different applications [27–30]. The wide acceptance of ZnO is
mainly due to its large band gap (3.3 eV at room temperature). Due to its wide band
gap, ZnO is transparent to visible light and excess zinc is always found in ZnO under
normal growth conditions. Due to this zinc excess, ZnO is a non-stoichiometric com-
pound and an n-type semiconductor, and hence, one of the most studied transparent
conducting oxides. Studies show that ZnO is stable and chemically compatible with
other oxide materials and dielectrics. So, high-quality dielectric thin films with low
defect density at the interface can be produced over the ZnO buffer layer. One of
the important applications of these ferroelectric-ZnO interfaces is the use of these
structures in ferroelectric solar cells and field-effect devices, where the ferroelectric
polarization charge can modulate the conductivity of the semiconductor layer. These
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heterostructures also find applications in sensor [31], transistors [32], ferroelectric
solar cells [33] and highly integrated memory cells [34–36].

The current problems with ferroelectric/semiconductor heterostructure-based
devices, like fatigue, imprint and limited endurance, are directly related to the poor
quality of the ferroelectric/semiconductor interface. Imprint is the gradual deteri-
oration to prefer one polarization direction over the other. The large leakage cur-
rent through the device due to the presence of high interfacial trap densities also
worsen the problems like imprint [37]. The endurance problemwith the Ferroelectric
RAM (FeRAM) devices can be improved with a non-destructive read-out mecha-
nism. Destructive read-out techniques affect the reliability of memory cells. A non-
destructive read-out mechanism can be realized by incorporating both memory and
addressing functionalities into a single device. This can be done with ferroelectric
thin films transistors (FeTFT), where ferroelectric thin films act as the gate oxide
and semiconducting thin films are used as a channel layer of the TFT. So with this
non-destructive read-out mechanism, the ferroelectric thin films are less affected in
terms of degradation and fatigue. Thus, the current problems with ferroelectric thin
film-based devices can be improved by growing high-quality epitaxial thin films on
semiconductor materials.

Since ZnO does not suffer from interfacial oxidation and chemically stable mate-
rial, it can form a good buffer layer for the growth of ferroelectric thin films. Also,
ZnO forms a favourable band line-up with many ferroelectric materials such as PZT
and BST [38–40]. The devices based on multifunctional materials also offer several
advantages; for example in the case of delay lines and phase shifters, it is possible
to tune the delay time while maintaining the input/output impedances on the desired
level.

5 Methods for Improving Tunability and Dissipation Factor

There are several points that have to be improved in these materials for a large-
scale use. The main parameters that have been identified to affect the properties of
dielectric thin film are processing methods, film composition, oxygen deficiency,
microstructure, post-deposition annealing conditions, interface structure, film stress,
electrode materials and their correlation. For the past few years, many improvements
have been made in the processing methods to make stoichiometric thin films. Many
oxide-based electrodes have also been developed to be used alongwith dielectric thin
films that improve dielectric properties [41–44]. Oxygen vacancy formation at the
film–electrode interface is identified as one of the major reason for the performance
degradation of dielectric thin films that produce high dielectric loss and leakage
current. Despite the efforts made by many groups, there is still a lot more to improve
on these aspects.

Oxygen deficiency is commonly present in oxide materials, and they behave like
charged defects. In thin films, the density of oxygen vacancies is closely related to
the deposition parameters. Oxygen vacancies within the dielectric thin films, usually
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created due to insufficient oxygenation of the film during the growth process, has a
key role in the electrical aswell as dielectric properties of the films.Oxygen vacancies
near the film–electrode interface also act as the major source for large polarization
fatigue, since they act as domain wall pinning sources in the deposited thin films
[45–47]. Fatigue can be improved by using oxide materials as electrode instead of
metals since the oxide electrodes can control the concentration of oxygen vacancies
within the sample. This again indicates that the oxygen vacancies play an important
role in the dielectric properties of the thin films. The present research interests in
the development of dielectric oxide thin films are focused on achieving improved
performance by optimizing the growth parameters, reducing the dielectric loss and
leakage current density by suitable dopants, fabricating composite or multilayer thin
films and epitaxial growth of thin films [48, 49]. The dielectric properties of thin films
may be improved by several methods. The problems due to oxygen deficiencies can
be overcomebymetal doping, rare earth doping, non-metal doping and stoichiometric
epitaxial growth, etc.

5.1 Acceptor Doping

A small concentration of dopants can effectively modify the properties of dielectric
materials. For example in the case of perovskite materials, when the A- or B-sites
are replaced with two or more different atoms, the dielectric properties make drastic
changes. In perovskites, B-site doping can induce ferroelectric-to-relaxor transitions
in Pb-based systems [50] or order-of-magnitude changes in the dielectric loss prop-
erties of alkaline earth-based microwave dielectrics [51]. Several dopants like Fe2+,
Fe3+, Co2+, Co3+, Mn2+, Mn3+, Ni2+, Mg2+, Al2+, Ga3+, In3+, Cr3+, and Sc3+when
doped into perovskite structures, show improved dielectric properties [52–55]. These
dopants occupy theB-sites of theABO3 perovskite structure.Dopingwith thesemate-
rials found to decrease the leakage current and dielectric loss, since the ionic state
is less than 4+, which can substitute for Ti4+ in BST. Thus, these dopants behave
like electron acceptor centres. When doped with these acceptors, they neutralize the
donor action of the oxygen vacancies and thereby the reduction of Ti4+ to Ti3+ is
decreased. The hopping of oxygen vacancies between Ti ions is the basic mecha-
nism behind the dielectric loss. Thus, the addition of acceptor dopants results in the
reduction of dielectric loss. The leakage current in BST thin films can be decreased
with acceptor (Mn, Ni) doping [56]. The decrease in leakage current is due to the
expansion of the depletion region width, which in turn decreases the tunneling cur-
rent across the film–electrode interface. The ageing effect in BST can be reduced by
the Mn doping in B-site atoms of BST [57]. Rare earth doping also can improve the
dielectric properties of BST thin films. For example, a small percentage of La has a
strong influence on the material properties of BST thin films [52].

Perovskite materials usually have divalent species on the A-site, although some
newer compositions incorporate trivalent rare earth cations on the A-site with charge
compensation conferred by the simultaneous incorporation of a trivalent species like



278 P. Krishnaprasad and M. K. Jayaraj

Al3+ on the B-site, e.g. (Ca1−xNdx)(Ti1−xAlx)O3. A significant reduction of the loss
tangent, enhanced film resistivity and good dielectric tunability can be obtained for
BST thin films when A-site is doped with Mg [52]. When Ba2+ is replaced by the
smaller La3+ cation on the A-site, the presence of B-site vacancies resulted in a rapid
decrease inTC [58]. Rare earth element Ce doping can increase the dielectric constant
and effectively suppress the leakage current in BST thin films [59, 60]. XPS results on
Ce-doped BST (CeBST) thin films show that it has a strong influence on the valence
band and core levels and that the Fermi level is lowered by Ce doping. These Ce-
doping effects can induce an increase in the barrier height for the thermionic emission
and eventually reduce leakage current in CeBST thin films [60]. The reduction of the
leakage current is attributed to the effect of acceptorCe3+ doping. Such types of doped
dielectric systems are useful in DRAM as well as microwave tunable applications.

More recently, Kamba et al. investigated the crystal symmetry and dielectric prop-
erties of Pb substituted Sr9Ce2Ti12O36 ceramics [61]. The samples with low content
of Pb exhibit paraelectric behaviour, while higher content of Pb induces displacive
ferroelectric phase transition and Curie–Weiss temperature TC increases linearly
with Pb concentration. Among these materials, Sr3Pb6Ce2Ti12O36 (SPCTO) ceram-
ics possess the highest dielectric constant and a reasonably low dielectric loss at
microwave frequencies. The structural and dielectric properties of SPCTO thin films
directly depend on the crystallinity as well as the Pb content in the thin film [62].

5.2 Metal Doping or Metal Compositing

Dielectric properties of metal-ferroelectric composites near their percolation limit
have been an intense area of research for the past few years because of their extraordi-
nary enhancement in dielectric properties. In order to implement these ferroelectric-
metal composites for device applications, it is important to understand the dielectric
enhancement mechanism in these composites, i.e. what happens when metal parti-
cles are introduced into an insulating matrix. Studies suggest two major mechanisms
for large dielectric enhancement: one is the micro-capacitor model and the second
one is the space charge polarization [63, 64]. The metallic component should neither
react nor dissolve in the ferroelectric phase. Hence, noble metals are most commonly
utilized. A large improvement in the dielectric properties of PZT thin films can be
achieved by the addition of Pt particles [65]. The dielectric constant of the composites
was up to about 4 times higher than that of pure PZT ceramics, while the dielectric
loss remained almost the same. The dielectric tunability also much improved in the
Pt-PZT composite. Near the percolation limit, the composite exhibited a very low
coercive field as low as half the value of pure PZT ceramic with remnant polarization
comparable to that of the pure PZT bulk value.

Metals like Pt, Au, Cu, Ag, Ni, Mg, etc., are usually used for making metal-
dielectric composites. Of these, Ag possess advantages like low sintering tempera-
ture, low cost and no oxidation problems [66]. Sebastian et al. studied the percolation
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phenomenon in barium samarium titanate-silver composite prepared by the solid-
state ceramic route and found that silver addition reduces the sintering temperature
of the composite and also improves other dielectric properties of barium samarium
titanate [67].

Ag addition in BST thin films by simple blending procedure improved the dielec-
tric properties with a large increase in dielectric constant, which is nearly frequency
and temperature independent [68]. Dielectric relaxation studies on PZT-Ag compos-
ites revealed that the addition of Ag particles causes relaxation of transformation-
induced internal stresses [69]. The dielectric properties of PZT-Ag composites were
also studied by Xiang et al. They found a significant increase in the dielectric con-
stant with Ag addition, with a small increase in the dissipation factor. The dielectric
constant was almost frequency independent [70]. Ag addition to Bi1.5Zn1Nb1.5O7

(BZN) by solid-state ceramic synthesis reduced the sintering temperature of BZN.
The dielectric constant of these metal composites increased with an increase in Ag
concentration with respect to the power law. However, above the percolation limit,
the dielectric loss, as well as conductivity, was also increased with increase in Ag
content [67].

Even though there are several studies on ferroelectric-metal composites in bulk
form, only a few studies have been conducted on metal-ferroelectric composite thin
films. Jayadevan et al. studied the surface and leakage current density characteristics
of nanocrystalline Ag-BST thin films. Silver addition enhances the binding energy
of surface oxygen and reduces the leakage current density of Ag-BST thin films [46,
71]. Studies on Ag-BST composite thin film were also conducted by Srivastava et al.
and found that the dielectric properties of BST thin films were highly improved by
Ag doping [47]. Studies on Mg-BST composite thin films show an improvement in
dielectric and insulating properties of BST thin films [72]. The improvement in the
properties has been generally explained on the basis of probable enhancement in
oxygenation and absence of pinning of domain wall in the presence of silver.

5.3 Epitaxial Growth of Thin Films

Yet another method to improve the dielectric properties of ferroelectric thin films
is to grow epitaxial ferroelectric thin films. Over the past few years, a tremendous
advancement has been achieved in the epitaxial growth of thin films of various com-
plex oxides. Depending on the growth parameters and growth techniques adopted,
the resultant thin films may be amorphous, polycrystalline or monocrystalline. The
superior properties of epitaxial thin films over polycrystalline thin films have attracted
the attention of research community.

Epitaxial growth of single-crystalline complex oxide thin films, such as perovskite
ferroelectric thin films, requires knowledge on the processing conditions and crys-
tal structure of film and substrate. Since many ferroelectric oxides possess complex
structures, the available nucleation sites on the substrate and initial monolayer forma-
tion decide different orientations of the epitaxial thin films. The dielectric properties
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of ferroelectric thin films depend on the orientation of the films, so these initial growth
conditions play a crucial role in the device properties. Other important concerns in
the growth of ferroelectric epitaxial thin films are the lattice misfit and strain across
the film–substrate interface which can even affect the film roughness and dielectric
properties. Deposition parameters like temperature, oxygen partial pressure, pre- and
post-deposition treatments also can significantly affect the microstructure, defect
density, epitaxial quality and other physical properties of the thin films. Yet another
factor which affects the strain and relaxation behaviour of the film is the termination
layer of the substrate. Substrate termination layer can be controlled by chemical etch-
ing, thermal annealing of the substrate or by the deposition of ultrathin atomic layers
of suitable materials on the surface of the substrate. Thus to optimize the quality of
epitaxial thin films and device performances, it is mandatory to give predominant
concern to the parameters like growth temperature and pressure, the selection of
substrates, surface quality and initial nucleation sites and the nucleation process and
growth dynamics.

The heteroepitaxial growth of thin films results in changes in electronic, optical,
magnetic and mechanical properties of thin films. The mismatch between film and
substrate also gives rise to a nonzero interfacial energy, which increases with increase
in mismatch. The interfacial energy is mainly contributed from two factors, viz. due
to the formation of the new interface and elastic strain energy due to latticemismatch.
A preferred orientation of the thin films can be obtained by the minimization of this
interfacial energy. The lattice mismatch f, which is a measure of interfacial stress
and hence interfacial energy between the film and substrate, can be calculated as

f = (a f − as)/as (2)

where af and as are the lattice parameters of the film and the substrate. For growing
epitaxial thin films, the lattice strain and defect concentrations should be as small
as possible. As the device features get smaller and smaller, even a single defect can
deteriorate the device performance. Therefore, making high-quality thin films and
control of defects in thin films are a very important concern in thin film growth. It is a
common belief that epitaxial thin films can only be grown if the film–substrate misfit
is less than about 8%. Smaller the misfit, smaller will be the interfacial energy and
coherent epitaxy is formed. Otherwise, films will grow polycrystalline in nature. But
in fact in principle epitaxial thin films can be grown on substrates with any misfit.
In terms of the lattice mismatch between the film and substrate, the epitaxial thin
film growth modes can be classified as (1) lattice matching epitaxy and (2) domain
matching epitaxy.

(a) Lattice Matching Epitaxy (LME)

LME is a commonmethod usually used for growing epitaxial thin films on substrates
with lattice mismatch less than 8%. If there is a small lattice mismatch between film
and substrate, the systems will have low interfacial energy and we can expect a two-
dimensional growth of thin film [73]. During the LME growth, the heteroepitaxial
film first grows pseudo-morphically, which means the epilayer is elastically strained
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to have the same interatomic spacing as the substrate. According to the theory of
Frank and Merwe, the initial stage of growth of epitaxial thin films is the formation
of the immobile monolayer, homogeneously deformed to fit the substrate surface,
so as to have same lattice constant as that of the substrate [74, 75]. This is called
a pseudomorphic monolayer. Once this monolayer is formed, a thick epitaxial film
can then be grown by repetition. But soon after the growth of a few atomic layers,
the strain energy in the films increases with thickness. Thus only when the film
thickness is small, this kind of pseudomorphical growth is energy favourable. As the
film thickness increases total elastic strain energy and in turn, the total energy of the
system increases and the film becomes unstable so that dislocation is originated at the
free surface [75]. This technique is usually used for the growth of oxide epitaxial thin
film with film and substrate having the same structure and similar lattice parameters
as in the case of ZnO–ZnMgO, ZnO–GaN, BaSrTiO3–SrTiO3, etc. [76–80]. The
lattice matching epitaxy is particularly useful for homoepitaxy systems and low
misfit systems. They also suffer certain drawbacks like there is a probability for
threading dislocations, which can adversely affect device performances.

(b) Domain Matching Epitaxy (DME)

In domain matching epitaxy, the misfit across the film–buffer interface is accom-
modated by matching of integral multiples of lattice planes of the film with those
of buffer layer [29, 73]. This is schematically illustrated in Fig. 2. The film–buffer
lattice misfit can vary from being very small to very large, and in the case of small
lattice misfit, DME reduces to LME. The size of the domain varies depending on the
lattice misfit between film and buffer in order to accommodate the additional misfit.
In domain matching epitaxy, most of the strain across the film–buffer (or film–sub-
strate) interface is relieved within a couple of monolayers near the interface itself
and the rest of the film can be grown free of defects and lattice strain. So domain
matching epitaxial growth concept can be used to grow high-quality epitaxial thin
films on substrates that have large lattice misfit with the thin film material. Thus
through DME, epitaxial growth can also be observed in large lattice mismatch sys-
tems, which can be described in terms of domains [73, 81]. The domain matching
length gets itself repeated along with the interface.

Since the concept of DMEwas first proposed, DMEgrowth has been playingmore
and more important role for growing heterostructures on which thin films have been
grown epitaxially on the foreign substrates with large lattice misfit. First, principle
study on the domain matching epitaxy growth of semiconductor hetero-interface was
done by Tuoc [82]. He studied the structural and electronic properties of the GaN

Fig. 2 Schematic
illustration of domain
matched epitaxial growth
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(0001)/S (111) interface grown by domain matching epitaxy [82]. A unified model
for domain matching epitaxy was proposed by Narayan and Larsen [73]. They have
shown that it is possible to grow epitaxial thin films on substrateswith small aswell as
large lattice misfit, by matching an integral multiple of lattice planes across the film–
substrate interface. They have demonstrated DME using a number of systems like
TiN–Si (100) [83], III-nitride epitaxy on Si (111) [84], and ZnO [85] and III-nitrides
on sapphire (0001) [86], SrTiO3/TiN on Si (100) [87], etc.

Sánchez deposited ferrimagnetic spinel CoFe2O4 (CFO) films on Si (111) with
Sc2O3 buffer layers by domain matching epitaxy [88]. The huge lattice mismatch
between CFO and Sc2O3 is accommodated by a 7/6 domain matching, resulting in
a semicoherent sharp interface and epitaxial growth of very flat films. Liu made use
of this technique to deposit high-quality ZnO thin film using a Y2O3 buffer layer
on Si (111) [89]. Y2O3 layer well serves as a template for integrating ZnO-based
optoelectronic devices with Si substrate.

Despite the very different lattice parameters, In2O3 thin films were epitaxially
deposited by matching different integral multiples of lattice planes of In2O3 with
those of Al2O3 [90]. The residual strain is released by periodic misfit dislocation
localized at the interface. Zhuang was able to deposit wide band gap MgxZn1−xO
alloy films on LaAlO3 (100) substrates by pulsed laser deposition. They observed a
domain matching epitaxy by TEM with the sequence 5/4 and 4/3 for MgxZn1−xO–
LaAlO3 system [91]. Song demonstrated domain matching epitaxy between Ag film
andGaNwith nine lattices of (111) Ag film and eight lattices of GaN (0001) substrate
[92]. The (111) oriented Ag contact has the smallest surface energy, which resulted in
the reduction of surface diffusion to a smaller surface plane. Thus, DME provides a
convenient and effective way to deposit high-quality epitaxial thin films for different
optoelectronic applications. Compared to LME where dislocations are generated on
the surface of the film beyond the critical thickness, most of the strain in DME is
relieved within a couple of monolayers [73].

The domain matched epitaxial growth of dielectric thin films by pulsed laser
ablation has been realized in our laboratory. The effect of a thin ZnO buffer layer on
the growth mechanism BST was also studied. Epitaxial growth of single-crystalline
complex oxide thin films, such as perovskite ferroelectric thin films, requires detailed
knowledge on the deposition and processing conditions. The nucleation and initial
structures formed on the substrates can be very complicated, and the initialmonolayer
formation can even result in the formation of different oxide or phase structures. Also,
the interface structures and surface roughness can even be varied by the strain accu-
mulation and relief from the lattice misfit across the film–buffer interface. Growth
procedures such as temperature, pressure, pre- and post-treatment can significantly
affect the microstructure, defect density, epitaxial quality and physical properties
of the as-grown films. Therefore, knowledge of the oxide thin film growth mecha-
nisms, nucleation sites present over the substrate and atomic-scale growth kinetics
and dynamics will enable the control of the microstructures, physical properties,
epitaxial quality and interface structures [2].
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6 Domain Matched Epitaxial Growth of Barium Strontium
Titanate (Ba1−xSrxTiO3)

Barium strontium titanate (BST) is the solid solution of barium titanate (BTO) and
strontium titanate (STO). Ba1−xSrxTiO3 has the perovskite structure ABO3. Since
the Curie temperature of the solid solution depends on the composition, the dielec-
tric properties can be tuned by varying the composition of the Ba1−xSrxTiO3 solid
solution [93]. The BST thin films have attracted a great deal of attention because
of their potential applications in electrically tunable microwave devices, dynamic
random access memory (DRAM), and phase shifters [94–96]. To successfully use
these films for technological applications, the material and electrical properties of
these films need to be better understood. Among the various ferroelectric materials,
Ba1−xSrxTiO3 is considered to be a promising material for the realization of various
applications because its T c can be controlled by varying the mole fraction of Sr.
Thus, BST is an environment-friendly lead-free material, which finds applications
in different microelectronic devices.

The high dielectric constant and tunability result from the displacement of Ti ion
from the centre of the oxygen octahedron. Ba1−xSrxTiO3 (BST) exhibits complete
solid solubility over all compositions [97], with a cubic structure at room temperature
for 0.3 ≤ x ≤ 1, changing to tetragonal for 0 ≤ x ≤ 0.3. With the addition of BaTiO3

into SrTiO3, the lattice parameter changes from a= 3.90 Å corresponding to SrTiO3,
to a = 3.99 Å and c = 4.03 Å for BaTiO3. At room temperature, Ba1−xSrxTiO3 with
x = 0.3 exhibits a tetragonal distortion which corresponds to ferroelectric phase [93].
The Curie temperature of Ba1−xSrxTiO3 decreases with increase in Sr content in the
composition. For BST in its ferroelectric phase, the dielectric loss is high due to the
presence of hysteresis loss. So for microwave applications, BST in its paraelectric
phase is preferred [98]. BST possess large dielectric tunability and low loss tangent
for the composition Ba0.5Sr0.5TiO3. So this composition is usually preferred for
microwave applications. But for memory applications, Ba0.7Sr0.3TiO3 is preferred
due to its large dielectric constant at room temperature.

Ferroelectric thin films have been successfully deposited by RF sputtering [49,
99], metal organic chemical vapour deposition [100], sol gel [101] and pulsed laser
deposition [100, 102–104]. Among these processes, the laser ablation process is
the most superior since it possesses the advantages, viz. lower synthesis tempera-
ture, easier in controlling the stoichiometry of thin films, possibility in depositing
oxide films of high melting point and materials of metastable phase [100]. Oxygen
pressure during the film deposition also plays an important role in tailoring struc-
tural and electrical properties of oxide thin films [105, 106]. It is reported that films
deposited at higher oxygen pressure show a > c while films deposited at lower pres-
sure show a < c [107]. The unit cell volume of the films increases monotonically
with decreasing oxygen pressure revealing a higher concentration of oxygen vacan-
cies for the BST thin films deposited at lower oxygen pressure. Oxygen vacancies
result in an increased lattice parameter. The dielectric constant can be affected by
strain, and the degree of strain differs with the choice of supporting substrate. Several
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reasons have been suggested for the degradation of the dielectric properties of thin
films like stress/strain at the film–substrate interface due to the lattice mismatch [13,
108, 109], charged defects and structural imperfections which cause local strains
and polar regions [110], a ‘dead layer’ near the interface between the substrate and
the electrodes [111] and the lack of stoichiometry. Thus, the crystallinity, as well as
defect concentration in the thin film, has an important role in the BST thin film-based
devices. These characteristics can be improved by the epitaxial growth of BST thin
films. The electrical properties of BST epitaxial thin films reported in the literature
are summarized in the table. (It should be noted that the measurements have been
made at various electric fields in each case) (Table 1).

From the table, it is clear that till now, the highest tunability reported for BST is
84% in the MHz frequency range [116], in which BST thin film was deposited on a-
plane sapphire by RF magnetron sputtering using a double bridge layer consisting of
ZnOandMgOpreparedbyplasma-assistedmolecular beamepitaxy.Here,wediscuss
the domain matched epitaxial growth of BST, as well as BZN thin films on Al2O3

substrate with ZnO buffer layer, by which we have obtained a large enhancement in
crystallinity and dielectric tunability [16, 29].

BST thin films were deposited directly on Al2O3 as well as with ZnO buffer
layer. ZnO buffer layer was deposited on Al2O3 at a substrate temperature of 600°C
and at various oxygen partial pressures. Structural properties of the as-deposited
thin films were studied using high-resolution X-ray diffraction (HRXRD). Figure 3
shows the ω-2θ scan of BST thin films grown on Al2O3 with and without ZnO
buffer layer. Figure 3b shows the XRD spectrum for the BST thin film deposited
directly on to Al2O3 substrate at 700°C and oxygen partial pressure of 0.01 mbar,
indicating a polycrystalline nature. From Fig. 3c–f, the crystallinity of the ZnO
buffer layer increases with an increase in oxygen partial pressure up to 7 × 10−4

mbar; thereafter, it decreases. BST thin films were deposited at 700 °C and oxygen
partial pressure of 0.01 mbar, on to these ZnO buffer layers deposited at various
oxygen partial pressures. Compared to the polycrystalline nature of BST thin films
directly deposited on (0001) Al2O3, highly crystalline BST thin films were obtained
with ZnO buffer layer. Highly oriented epitaxial BST thin films were obtained when
the films were deposited above the ZnO buffer layer deposited at 7 × 10−4 mbar.
The observed high-intense reflection from BST (111) plane and absence of any other
reflections indicate well-aligned BST thin film over ZnO buffer layer. The d-spacing
calculated from XRD pattern (2.29 Å) well agrees with that of bulk value (2.28 Å).
It has been reported that in the presence of intermediate layers like TiOx, TiN and
GaN as a buffer layer, BST thin film grow along the [110] direction [117, 123, 133].

The ZnO buffer layer deposited over Al2O3 changes the available lattice sites for
the growth of BST thin film. The orientation of the Zn atoms in ZnO over Al2O3

substrate is schematically represented in Fig. 4a. ZnO has a hexagonal structure with
a = 3.252 Å and c = 5.21 Å, and Al2O3 has lattice constants a = 4.76 Å and c
= 12.991 Å. In the growth process of the ZnO buffer layer on Al2O3 substrate, the
c-planes of ZnO rotates by 30° in the basal c-plane of Al2O3 [73]. The hexagonally
placed oxygen sites in Al2O3 (001) plane (Fig. 4a) have a lattice spacing of 2.75 Å
(i.e. aAl2O3/

√
3), and the bulk lattice constant of ZnO is 3.24 Å [29].
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Fig. 3 a JCPDS data of Ba0.5Sr0.5TiO3, b the XRD ω-2θ scan of the BST film deposited directly
on to Al2O3 substrate and (c–f) the XRD ω-2θ scan of the BST films with a ZnO buffer layer
deposited at various oxygen partial pressures, c 3 × 10−4 mbar, d 5 × 10−4 mbar, e 7 × 10−4 mbar
and f 10 × 10−4 mbar. In all the cases, BST was deposited at an optimized oxygen partial pressure
of 0.01 mbar and substrate temperature of 700 °C. Reprinted from Krishnaprasad et al. [16], with
the permission of AIP Publishing

Fig. 4 aSchematic representation of atoms in the base plane ofZnOandAl2O3 [29] andb schematic
diagramof the observed epitaxial relationship betweenBSTandZnO.Reprinted fromKrishnaprasad
et al. [16], with the permission of AIP Publishing
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Here, we propose a model for the growth of (111)-oriented BST thin film on
ZnO(001) buffer layer. The incorporation of ZnO buffer layer provides a matrix of
hexagonal O-sites along the ZnO (001) plane for the growth of stacked structure of
AO3

4− and B4+ layers along the (111) direction of the ABO3 structured BST lattice.
Thus, ZnO buffer layer promotes the epitaxial growth of (111)-oriented BST thin
films by the arrangement of A-site atoms in BST (111) plane of ABO3 perovskite
structure on to the hexagonally placed oxygen sites of (001) planes of ZnO as shown
in Fig. 4a and b. The set of three O′ and O′′ oxygen sites of ZnO (001) are separated
by a distance of 5.53 Å (Fig. 4b) which well agrees with the separation of A-site
atoms (5.58 Å) in the ABO3 structure along the (111) plane. From Fig. 4b, it is clear
that two equally probable orientations are possible for the BST (111) plane: one
is along with the O′ sites and other is along the 60º rotated O′′ sites. The in-plane
orientations of BST, ZnO and Al2O3 layers in the BST/ZnO/Al2O3 heterostructure
were established by XRD phi-scans. Figure 5a–c shows �-scan measurements for
BST (111)/ZnO (112̄0)/Al2O3 (112̄3) heterostructure, and Fig. 5d shows the pole
figure plot fixed at 2θ angle corresponding to BST (111). The�-scan for ZnO (112̄0)
is consistent with the expected six-fold symmetry, with 60º equally spaced peaks, for
a hexagonal layer. The phi-scan of BST (111) was performed at 2θ = 39.02°. The
pole figure plot corresponding to BST (111) plane (Fig. 5d) shows one strong spot
at the centre (ψ = 0° and ϕ = 0°) and a sixfold reflection at ψ = 70.5° at every 60°
along the phi axis. Normally cubic structures with orientation along (111) direction
will produce one pole at ψ = 0° and ϕ = 0° and three poles at ψ = 70.5° with an
angular distance of 120° in ϕ [(111̄), (11̄1), (1̄11) diffractions] in the pole figure plot
[134, 135]. These reflections are represented by A circles in Fig. 5b. However, there
is an additional set of three strong symmetrical poles with an azimuthal interval of
120° represented by the B circles. The three additional diffraction poles atψ = 70.5°

Fig. 5 X-ray diffraction�-scan for aAl2O3 (112̄3),bZnO (112̄0)buffer layer, cBST(111) thinfilm
and d (111) pole figure of BST thin films deposited on ZnO buffer. Reprinted from Krishnaprasad
et al. [16], with the permission of AIP Publishing
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can be obtained by rotating the (111)-oriented crystals by 60° about normal to the
film surface. They can be represented as (1̄1̄1), (1̄11̄), (11̄1̄). This result indicates
that there are two kinds of (111) domains which are 60° rotated between each other,
thus giving a sixfold symmetry in the diffraction pattern. The similar intensities of
all the six spots (2 × 3 reflections) indicate that both the orientations of BST (111)
planes (both in-plane and 60° twinned) are equally probable [29].

Another well-known dielectric material BZN thin film has also been grown epi-
taxially by domainmatching epitaxymethod. BZN in its cubic pyrochlore phase with
A2B2O7 stoichiometry has been demonstrated as a potential candidate formicrowave
application due to its lowdielectric loss andmediumpermittivity (ε) in themicrowave
region and compositionally tunable temperature coefficients of capacitance (tc) [136].
BZN thin films were deposited on the double ZnO buffer layer [29]. The preferen-
tial arrangement of BZN (222) on the ZnO buffer layer occurs by the hexagonal
arrangement of A-site atoms in BZN for the (111) plane of pyrochlore structure
corresponding to the hexagonally placed oxygen sites of ZnO (0001) plane. Thus,
there is a domain matching of BZN (22̄0) plane with ZnO (1̄00)) plane across the
film–buffer interface. In the growth process, (222) planes of BZN were also rotated
by 60° about the normal to the film surface, which resulted in an additional pair of
three diffraction poles at ψ = 70.5° in the BZN (222) pole figure [29]. Thus, in the
growth process of BST as well as BZN, twinning has been found to play an important
role in accommodating the lattice misfit between the film and buffer layer and still
maintaining an epitaxial relationship. The reciprocal space mapping of BST (111)
along with reflections from Al2O3 (001) and ZnO (002), respectively, is shown in
Fig. 6. The elongation of the reciprocal lattice point corresponding to BST (111) is
comparatively large along the omega direction and small inω-2θ direction indicating
a uniform d-spacing distribution over the sample, compared to angular distribution.

Domain matching epitaxy, where integral multiples of lattice planes are matched
across the interface, can be used to explain the interfacial ordering of BST-ZnO and
BZN-ZnO heterostructures. Cross-sectional HRTEMmeasurements were performed
over the BST-ZnO and BZN-ZnO interfaces to confirm this interfacial ordering. The

Fig. 6 Reciprocal space
mapping of (111) planes of
BST thin film with a ZnO
buffer layer on Al2O3
substrate. Reprinted from
Krishnaprasad et al. [16],
with the permission of AIP
Publishing
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Fig. 7 aHRTEM image of BST-ZnO-Al2O3 film cross section.bFourier-filteredHRTEM image of
the black box area marked in figure (a) showing alignment of BST (111) orientation with d-spacing
of 2.29Å. c Schematic representation of BST along (111) direction of the selected area in figure
(b). Reprinted from Krishnaprasad et al. [16], with the permission of AIP Publishing

cross-sectional HRTEM image (Fig. 7a) shows a clear abrupt interface between
BST and ZnO thin film. Fourier transform of the selected black box area in Fig. 7a
shows a well-aligned BST(111) orientation with d-spacing 2.29 Å (Fig. 7b). The
corresponding lattice constant was found to be 3.97 Å which agrees well with the
bulk value 3.95 Å. The schematic representation of the arrangement of atoms along
BST (111) direction in the selected area of Fig. 7b is shown in Fig. 7c.

Domain epitaxial growth of BST (11̄0) with a cubic perovskite structure on ZnO
(1̄00) substrate occurs via matching of 8 or 9 ZnO (1̄00) planes with 9 or 10 BST
(11̄0) planes. The spacing of BST (11̄0) planes (2.8107 Å) has close to −11.9%
residual mismatch with (1̄00) planes of ZnO (3.19 Å). Taking the 9× d{BST (11̄0)}
and 8 × d{ZnO (1̄00)} domain matching structure, we have a residual mismatch
defined by [90, 92]

m =
(
9 × ae/

√
2 − 8 × ab

)
/(8 × ab) = −0.008

and for 9 × d{BST (11̄0)} and 10 × d{ZnO (1̄00)}, the residual strain is

m =
(
10 × ae/

√
2 − 9 × ab

)
/(9 × ab) = −0.021

where ae and ab are the lattice constants of the epilayer BST and buffer layer ZnO,
respectively [29, 90, 92]. Thus, by introducing periodic dislocations localized at
the interface, the 9/8 domain matching structure effectively accommodates −11.9%
mismatch of BST-ZnO interface, leaving a residual −0.8% tensile strain in the BST
films. This quasi-periodic dislocation can be clearly seen in the Fourier-filtered image
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Fig. 8 a Domain matching epitaxy in the BST/ZnO system, Fourier-filtered image of matching
of BST (11̄0) and ZnO (1̄00) planes for 9/8 and 10/9 domains across the BST-ZnO interface,
b schematic representation of 9/8 domain matching in the BST-ZnO interface and c corresponding
electron diffraction pattern showing the alignment of planes in BST and ZnO. Reprinted from
Krishnaprasad et al. [16], with the permission of AIP Publishing

of the BST-ZnO interface, with every 9 or 10 planes of BST (11̄0) matches with 8 or
9 planes of ZnO (1̄00) as shown in Fig. 8a. This gives clear confirmation of the DME
of BST thin films on the ZnO buffer layer. Schematic arrangement of atoms in the
9/8 domain matching across the BST-ZnO interface is shown in Fig. 8b. Figure 8c
shows the SAED pattern of the BST-ZnO interface, where the alignment of BST
(111) planes with ZnO (002) planes is clearly shown. The sharp intense spots in the
SAED pattern indicate the highly crystalline nature of BST thin films.

In the domain matched epitaxial growth of BZN (22̄0) on ZnO (1̄00) substrate,
seven planes of ZnO (1̄00) match with six planes of BZN (22̄0) planes (Fig. 9). The
spacing of BZN (22̄0) planes (3.77 Å) is close to 17.8% residual mismatch with
(1̄00) planes of ZnO (3.20 Å). The domain matching of 6 × d{BZN (22̄0)} and 7 ×
d{ZnO (1̄00)} results in less than 1% residual strain [29].

m =
(
6 × ae/2

√
2 − 7 × ab

)
/(7 × ab) = 0.0098

The capacitance measurements of epitaxial BST thin films were performed on
interdigital capacitors (IDC) patterned over the BST thin films by a standard pho-
tolithographic process. Capacitance-voltagemeasurements (Fig. 10) were performed
at 1 MHz, and the voltage applied was swept from −5 to +5 V. The epitaxial BST
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Fig. 9 Domain matching epitaxy in the BZN/ZnO system, a HRTEM image of BZN-ZnO–Al2O3
film cross section. b Fourier-filtered image of the selected area in (a) showing domain matching of
BZN (22̄0) and ZnO (1̄00) planes for 7/8 and 6/7 domains across the BZN-ZnO interface

Fig. 10 Capacitance-voltage measurements for the fabricated IDC over BST films with ZnO buffer
layer. The ZnO buffer layers were deposited at various oxygen partial pressures, a 5 × 10−4 mbar,
b 7× 10−4 mbar, and c 10× 10−4 mbar and BST thin films were deposited at optimized conditions.
Schematic representation of the IDC structure patterned over the BST thin film is shown in the inset.
Reprinted from Krishnaprasad et al. [16], with the permission of AIP Publishing
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thin films on Al2O3 with ZnO buffer layer deposited at oxygen partial pressures
(a) 5 × 10−4 mbar, (b) 7 × 10−4 mbar exhibit a high dielectric tunability (T =
[Cmax−Cmin/Cmax]%) of 95% and 85%, respectively, even at an applied voltage of
5 V, whereas for the polycrystalline BST thin film with ZnO buffer layer deposited at
10× 10−4 mbar exhibits a tunability of 71%. Dissipation factor (tanδ) was also mea-
sured as a function of bias voltage. The measured dissipation factor was of the order
of 10−2 in theMHz range. These results indicate that the epitaxial growth of BST thin
film on ZnO buffer layer has contributed to the enhancement in dielectric tunability
keeping the dielectric loss low. The large observed tunability can be attributed to
the (111)-oriented domain structure, epitaxial nature of the film and lower residual
strain. This high tunability with low loss tangent makes these films well-suited for
microwave phase shifter applications. DME growth of BZN also resulted in a large
enhancement in dielectric tunability keeping low dielectric loss [137–139].

Variationof capacitance anddissipation factor as a functionof frequencymeasured
at 1 V is shown in Fig. 11. The measurement has been carried out on the epitaxial
BST thin film with its ZnO buffer layer deposited at 7 × 10−4 mbar. The low value
of dielectric loss (≈10−2) can be ascribed to the high crystalline quality of the thin
film and the absence of interfacial defects. It can be seen that the dielectric constant,
as well as dissipation factor, shows no noticeable dispersion with frequency in the
high-frequency range, indicating the high crystalline quality of the thin films. The

Fig. 11 Variation of capacitance and dielectric loss of the epitaxial BST thin film as a function of
the frequency. Reprinted from Krishnaprasad et al. [16], with the permission of AIP Publishing
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decreasing tendency in dielectric constant, aswell as dissipation factor up to 100 kHz,
may be due to the higher contribution from DC conduction process in the low-
frequency region [140].

7 Conclusion

The ever-increasing need for miniaturization of devices and the potential integration
of ferroelectric materials with semiconductor microelectronic circuits have been a
constant driving force for the development of highly sophisticated new dielectric
materials and improving their performance by doping and growing them epitaxially.
Potential applications for ferroelectric thin films include high k varactors, mem-
ory devices, smart sensors, micro-electro-mechanical systems, tunable microwave
devices, optoelectronic components and many more. This wide range of applications
and increased demand for dielectric material with improved properties suitable for
modern integrated circuits have motivated many scientists and engineers to system-
atically study their synthesis, structural, microstructural and dielectric properties.
Perovskite and pyrochlore materials with high and tunable dielectric constant such
as SrTiO3, (Ba, Sr)TiO3, Sr3Pb6Ce2Ti12O36 and Bi1.5Zn1Nb1.5O7 have been investi-
gated as materials for future memory and tunable applications [94, 136, 141–143].
Among these materials, BST and BZN are the most studied materials for mem-
ory and tunable microwave applications. BST and BZN thin films were deposited
directly on single-crystalline Al2O3 substrates as well as with ZnO buffer layer. The
use of ZnO buffer layer has promoted epitaxial (111)-oriented Ba0.5Sr0.5TiO3 thin
films on Al2O3 (0001) substrate. In the case of BZN, thin films which are deposited
directly onto Al2O3 were polycrystalline in nature. A double ZnO buffer layer has
effectively reduced the lattice mismatch and favoured the domain matching epitaxial
growth of BZN thin film on ZnO buffer layer. Different X-ray techniques like ω-2θ,
�-scan and reciprocal space mapping confirmed the epitaxial growth. The domain
matched the growth of BST thin films over the ZnO buffer layer was confirmed using
Fourier-filtered HRTEM images of the film–buffer interface. Thus, the incorporation
of ZnObuffer layer effectively suppressed the latticemismatch and promoted domain
matched epitaxial growth of BST and BZN thin films. Significant improvement in
dielectric tunability has been observed in epitaxial films over polycrystalline thin
films. Thus, the growth approach based on domain matching epitaxy for dielectric
thin films gives a convenient way to fabricate high-quality epitaxial ferroelectric
films that can be used for fabrication of microwave phase shifters as well as memory
devices.
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Chapter 10
Metal-Oxide Transistors and Calculation
of the Trap Density of States in the Band
Gap of Semiconductors

M. R. Shijeesh, M. Jasna and M. K. Jayaraj

1 Introduction

Transparent electronics has gained much attention during the past decades, and its
excellent electronic performance leads to one of the most promising technologies for
the next generation of flat-panel displays. Thin-film transistors (TFTs) are an active
component that is integrated into flat-panel displays. The need for optical trans-
parency with larger band gaps (>3.3 eV) causes an incompatibility with high elec-
tronic conduction. The materials exhibiting high optical transparency and high elec-
trical conductivity are rare. Wide band gap semiconductors, especially transparent
conducting oxides (TCO) and transparent semiconducting oxides (TSO), are excep-
tional materials which show transparency and electrical conductivity. These are the
promising class of thin-film transistormaterialswhich lead to the remarkable progress
in the display applications in a short span of time [1]. Indium tin oxide (ITO) is the
first TCO, reported by Rupprecht [2] in 1954. Metal-oxide-based devices like tran-
sistors, inverters, etc., have been reported and provide a platform for fully transparent
devices, with all components of transistors like substrate, channel, gate dielectric,
gate and source/drain contacts fabricated using transparent materials having trans-
parency greater than 70% in the visible spectrum. Intensive research progresses in
display industries have demonstrated advanced flat-panel display (FPD) technology
using metal oxides which include organic light-emitting diode displays (OLEDs),
electronic paper (e-paper) and liquid crystal displays (LCDs) [3, 4]. Hence, the FPD
market has been undergoing a quick shift from liquid crystal (LC) to OLED displays.
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The foremost driving force for this rapid transformationwas the introduction of novel
oxide semiconductor materials as the channel layer in TFTs.

2 Development of Oxide TFTs

Among the electronic devices, the history of TFTs is more than 80 years old. The
TFT was invented in 1925 and was patented in 1930 by Lilienfeld [5–7] and Heil
[8]. Nevertheless, at that time, not much was known about semiconductor materials
and vacuum techniques for thin-film production. Therefore, these reports are concept
patentswhich do not give any evidence about the production of devices, but it gave the
idea of controlling the current flow in a material due to the transversal electrical field.
Lilienfeld’s patent published in 1930 describes the principle of metal- semiconductor
field-effect transistors and concepts of the introduction of an insulating layer of
thickness 100 nm between semiconductors which are very similar to the structure
used nowadays in TFTs, also published in Lilienfeld’s other patent [9].

Since materials and fabrication technologies were inadequate, it took one more
decade for the production of the first TFT by Weimer at the RCA Laboratories in
1962 [10, 11]. He used a thin film of polycrystalline cadmium sulphide (CdS) n-
type semiconductor as a channel layer, silicon monoxide as an insulator and gold as
source/drain electrodes using vacuum evaporation method with the aid of shadow
masks to pattern these layers. Weimer used coplanar structure for the fabrication of
TFT. His published paper, “The TFT—ANewThin-Film Transistor”, in the proceed-
ings of the IEEE, in 1962 got worldwide attention [10]. Oxide semiconductor TFT
with evaporated SnO2 as a channel layer was reported in 1964 [12]. But the electri-
cal performance of the device was very poor. The first ZnO-based TFT was reported
in 1968, however, with poor performance. Metal-oxide TFTs have now achieved
the desired characteristics [13]. In LCD and OLED flat-panel displays, amorphous
silicon (a-Si) and poly-silicon thin-film transistors are widely used. Nevertheless,
conventional silicon-based TFTs have limitations with size and resolution of the
displays, while the display industry demands high-end products, the realization of
which using these TFTs seems challenging. Also, a-Si-based TFTs have relatively
low mobility (<1 cm2/Vs), bias instability and high fabrication cost.

Hoffmann et al. reported a fully transparent TFTs based on ZnO using ion beam
sputtering in 2003 [14]. Carcia et al. also reported transparent ZnO TFT using RF
magnetron sputtering [15]. After, Hosono’s group reported TFT from amorphous
indium gallium zinc oxide (a-IGZO) semiconductor in 2004 [16], and then oxide
semiconductors were adopted as channel layers in flexible and transparent displays
due to high electrical mobility, amorphicity and high optical transparency. Further-
more, amorphous oxide semiconductors (AOSs) have a lower density of states (DOS),
containing tail and deep-level states, compared to that of a-Si [17]. These features
indicate that oxide semiconductorswill be an alternative candidate for the present and
future of TFTs, which circumvents the drawbacks of existing technologies and offers
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Fig. 1 Schematic diagram of the different types of solution process and types of materials

transparent, low-cost, low-temperature and high-performance devices for emerging
technologies.

As discussed above, all of the oxide semiconductor-based TFTs were fabricated
using high-vacuum technology leads to high fabrication cost. The rapidly emerging
printable electronics demand low-cost fabrication process for the device production.
Solution process is the attractive method for the fabrication of printable displays that
suitable for low-cost large-area production. Figure 1 shows the schematic diagram of
commonly used solution process such as spin coating, dip coating and inkjet printing
and type of materials for the fabrication of oxide semiconductor TFTs. A thin film of
oxide semiconductor can be obtained by spin coating or printing of precursor solution
followed by annealing in air. Solution methods can offer an innovative cost-reduced
method and large-area production with less number of masking stages [18]. ZnO-
based solution-processed oxide TFTs were fabricated with the desired performance
by employing the spin coating method in 2003 [19]. Ong et al. also fabricated spin-
coated ZnO TFT by controlling the growth of ZnO in a (002) preferred orientation
to enhance the mobility of the device [20]. Cheng et al. fabricated low-temperature
ZnO-based TFT using chemical bath deposition (CBD) [21]. Therefore, the solution
process provides a way for the fabrication of TFTs at low cost and high yield.

3 Device Structure

TFTs are three-terminal field-effect transistors whose working principle is similar
to that of metal-oxide field-effect transistor (MOSFET). It consists of a substrate,
gate electrode and semiconductor called channel layer, source/drain electrodes and an
insulator. Thedeviceworkingprinciple relies on themodulationof the current flowing
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Fig. 2 Schematic diagram of the different device structure of TFT: a bottom-gate staggered TFT,
b bottom-gate coplanar TFT, c top-gate staggered TFT, d top-gate coplanar TFT

in a semiconductor between two source/drain electrodes by the capacitive injection
of carriers close to the dielectric/semiconductor interface known as field effect [9].
Figure 2a–d) shows schematic diagram of themost common structures of TFT. Based
on the position of source/drain electrodes with respect to semiconductor layer, TFT
structures can be classified according to Weimer’s definition [22]. Depending on the
position gate electrode, TFT structures can be also categorized as top- and bottom-
gate structures. Each structure has advantages and disadvantages that depend on the
type of TFTmaterials used for its fabrication. For instance, the staggered bottom-gate
structure is normally preferred for the fabrication of a-Si-H TFTs due to its easy of
processing and application in LCD. Coplanar top-gate configuration is favoured for
the fabrication of poly-Si TFTs.Moreover, the semiconductor is exposed to air in both
bottom-gate staggered and coplanar structure leading to instability of the device. But,
the exposure to air can easily modify the properties of the semiconductor if annealed
or plasma treated in appropriate atmosphere.

4 Calculation of the Trap Density of States in the Band Gap
of Semiconductors

4.1 Crystalline Semiconductors

In a crystal, all the atoms are arranged in a pattern that repeats periodically in three
dimensions to an infinite extend. The periodic nature of crystalline solid may lead
to perfect electronic structure of the material. The density of electronic states takes
the form of alternating energy region called bands separated by band gap. The band
represents the large densities of electronic states, and no states are possible in the band
gap. The well-defined structures in the valance and conduction bands are the main
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features of the crystalline semiconductors. The energy distributions of the density
of electronic states have the sudden ends at the valence band maximum and the
conduction band minimum. Both long-range and short-range orders empower the
perfect band structure of the crystalline solids. Even though crystalline solids are
characterized by long-range periodic order, they contain defects such as vacancies,
interstitials and dislocations.

4.2 Amorphous Semiconductors

The structure of amorphous semiconductors is defined by three principle features—
the short-range order, the long-range disorder and the coordination defects. Amor-
phous and crystalline phases of the samematerial have comparable bandgaps because
of the similarity of the covalent bonds in crystalline and amorphous solids. The over-
all electronic structure of amorphous material compared to equivalent crystal arises
from the preservation of the short-range order. Though the amorphous solid has
short-range order, its long-range order is destroyed, and hence, they have long-range
structural disorder [23].

The deviation from the perfect structure of bands in amorphous solid arises from
the change in the bond length and bond angles of solid. Such disorder may cause
electron and hole localization and scattering of carriers. The shape of abrupt band
edges of crystal is changed to a broadened tail states and extends to forbidden band
gap which arises from the long-range structural disorder (Fig. 3). The broadened tail
states have significant effect on the electronic transport because electronic transport
takes place at the band edge [24].

Fig. 3 Schematic
representation of density of
localized states in the band
gap
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Electronic states called deep states which lie in the band gap arises from the
defects in the solids called coordination defects. Deep states are the consequences of
broken bonds in the amorphous solidwhich determinemany properties by controlling
trapping and recombination. The densities of these localized tail and deep states in
amorphous solids have profound effect on the electronic transport mechanism [25].

Charge transport in silicon transistors has been studied from the temperature-
dependent transistor characteristics. In amorphous semiconductors, localized states
induced by defects or impurities are distributed in the band gap. A variety of meth-
ods for the determination of the distribution of the trap DOS have been reported,
and an exponential distribution of the DOS has been established. The knowledge
about subgap DOS inside the channel material is essential for improving the device
performance because DOS strongly affects the electrical properties of the thin-film
transistors with disordered materials.

The localized gap states in amorphous silicon that limit electronic transport can
be divided into two types, tail states and deep states [26]. The tail states exist just
below the conduction band mobility edge, and they are formed by the broadening of
conduction band of amorphous silicon. The Fermi level can be easily shifted through
the exponential distribution of the localized states by applying gate voltage, so that
thin-film transistors are useful tool for the study of DOS. These tail states determine
the above threshold conduction (ON state of TFT) and hence the field-effect mobility.
The deep states actually arise from the defect in amorphous silicon which decides the
threshold voltage and subthreshold swing of TFT [27]. Density and nature of those
localized states determine the transition from below-to-above threshold conduction
(transition from OFF to ON state of TFT), and rate of transition can relate to the
activation energy. More clearly, by applying the gate voltage, the Fermi level in the
accumulation region moves from the deep to tail states in the energy band gap. The
movement of Fermi level, and hence the rate of change of activation energy, with
gate voltage gives a clear idea about the localized trap density in the band gap of
semiconductor [28].

4.3 Analytical Description of an Ideal Thin-Film Transistor

The density of localized states in the band gap of amorphous solid was determined
by fabricating a thin-film transistor and measuring its temperature-dependent field-
effect conductivity for various gate voltages. The basic principles of device physics
were used for the computation of trap DOS [26, 28]. Figure 4 shows the schematic
structure of thin-film transistor.

To estimate the DOS in the band gap, electrical characterization of n-type TFT
such as output characteristics and transfer characteristics is done by varying the tem-
perature. Different parameters like threshold voltage, field-effect mobility, saturation
mobility, and subthreshold voltage swing are then derived from these characteristics.
The output characteristics of TFT are similar to those of the MOSFET. Hence, the
drain current can be expressed by the relations [29]:
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Fig. 4 Schematic structure
of n-type thin-film transistor
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where μ is the average mobility of the carriers in the channel, Ci is the capacitance
of the insulator per unit area, W is the channel width, L is the channel length, VGS

is the gate–source voltage, VDS is the drain–source voltage, and VT is the threshold
voltage.

The band mobility and threshold voltage can be estimated from the linear depen-
dence of the drain current on the effective gate voltage (Fig. 5). They are the most
important device performance parameters, and its numerical values give overall idea
about the defect levels in the semiconductor channel layer. The threshold voltage is
defined as the gate voltage above which all the added gate-induced charge is free; it
depends on the trap density in the semiconductor channel layer. For TFTs, operating
in the linear region (VDS ≤ VGS − VT) Eq. (1) can be written as:

ID ≈ μCi
W

L
(VGS − VT)VDS (3)

The high field-effect mobility and the near-zero threshold voltage show the exis-
tence of low trap density at insulator–semiconductor interface. The threshold voltage
also depends on the flat band voltage, which describes the applied gate voltage in
order to enforce flat bands at the insulator–semiconductor interface. The charge that
is permanently trapped at the insulator–semiconductor interface or within the gate
dielectric influences the flat band voltage. As a result, there exists a Fermi level
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Fig. 5 Extraction of n-type
TFT parameters from the
transfer characteristics

dissimilarity between the semiconductor and the gate electrode and may cause the
nonzero flat band voltage [30].

The high trap density results in the drain current to increase more rapidly, and
hence, the trans-conductance increases monotonically with gate voltages. The devi-
ations from the ideal actions are due to the increasing fraction of the gate-induced
charges that are free with gate voltage. Such deviations of drain current may result in
the indistinct determination of threshold voltage andmobility. In this type of devices,
that have high trap density, the threshold voltage is not reached even at very high
gate voltage. Both the amorphous silicon and organic field-effect transistors show
such behaviour since they have high density of localized states in the band gap of
semiconductor.

Figure 6 illustrates the basic operation behind the n-type TFT by plotting density
of states of the electronic sates. The amount of band bending and the occupancy of
electronic states can be controlled by applied gate voltage. At zero gate voltage, the
bands have no bending, i.e. in flat band condition.When nonzero gate voltage applied
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Fig. 6 Schematic representation of the basic operation behind the n-type TFT by plotting density
of states of the electronic sates

(say positive voltage), below threshold voltage leads to downward band bending.
Small gate voltage enables Fermi level movement through the deep states and the
occupancy of deep states. As increasing voltage slightly, the band bending increases
and the space charge in the deep states increases which results in exponential current
increase in the pre-threshold region. Further increase in gate voltage, above threshold
voltage, the space charge in the tail states increases linearly with the gate voltage and
has well-defined thermally activated field-effect mobility [30].

The above-mentioned equations are valid for devices with a low trap density
and insignificant contact resistances. The trapping and release time of carries in
traps are expected to be much shorter than the time needed to measure a transistor
characteristic [31]. But in reality, the high density of traps has made deviations in the
characteristics, and in order to use such equations, following assumptions are made
[32].

(1) The semiconductor is homogenous perpendicular to the insulator–semiconduc-
tor interface, and hence, the charge density is homogenous along the transistor
channel

(2) Insulator surface states only contribute to a nonzero flat band voltage
(3) Fermi function for the trapped carries is approximated by a step function.

The calculated trap DOS from the measured data can have a significant effect on
the assumptions. The incorrect simplification may lead to ambiguous output which
results in underestimation of density of trap sates.

The drain current in the linear regime may be written as
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ID = W

L
σVDS (4)

and the field-effect conductivity is

σ = μCi (VGS − VFB) (5)

VFB is the flat band voltage and μ is the gate-voltage-dependent field-effect
mobility. The field-effect conductivity can be calculated from:

σ(VGS) = L

W

ID
VDS

. (6)

5 Density of States Calculation of n-Type Amorphous Zinc
Tin Oxide TFT

In order to study the distribution of the trap states in the ZTO channel layer, we
have examined the temperature-dependent transfer characteristics of transistors in
the temperature range between 310 and 360 K (Fig. 7) [33].

For this method, the activation energy EA(VGS) is defined by

σ(VGS) = A exp

(
− EA

kT

)
(7)

and A is assumed to be a constant.
The activation energy is determined from the measured data with a linear regres-

sion of Arrhenius plot drawn between ln ID versus 1000/T for each gate voltage. We
have an equation connecting EA and ID as,

ln ID = ln A − EA/kT (8)

The slope of these curves for each gate voltages gives the activation energy. The
EA is the difference in energy between the Fermi level and the transport band edge.
The Fermi level positions in the semiconductor for each gate voltages can be easily
found out from the EA values.

The largeEA is attributed to a comparatively large number of charge traps existing
in the band gap; the traps prevent the Fermi level from approaching to the conduc-
tion band edge, because of the charge induced by VGS is trapped. As gate voltages
increases, the Fermi level moves to band edge and the rate of change of variation
with respect to the gate voltage is determined by the trap levels inside the semicon-
ductor. The direct connection between Fermi level and EA enables the identification
of trap states by plotting the variation of EA with respect to gate voltage. The EA
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Fig. 7 Transfer characteristics measured at different temperatures during heating of ZTO TFT.
Inset figure shows the Arrhenius plot of the drain current versus 1000/T for different gate voltages

decreases exponentially with increasing gate voltage, and the rate of change of EA

with respect to gate voltage gives the direct quantification of the localized traps states
in the semiconductor (Fig. 8).

The activation energy EA in the multiple trapping and thermal release model
(MTR) is interpreted as the energy barrier for thermal release of trapped carriers.
In particular, the activation energy reduces with increasing the gate voltage as the
Fermi level moves towards the band edge. The existence of low trap density of states
indicated by the fast variation of EA with VGS and a high DOS in the gap would result
in slower variations of EA with VGS. Then, assuming that charge density within the
channel is dominated by trapped carriers, concentration of free carriers is much less
as compared with the concentration of trapped carriers, the DOS can be related to
the derivative of the activation energy with respect to gate bias [28].

N (E) = Ci

q

1

t dEA
dVGS

(9)

where E is the energy measured from the valence band edge, Ci is the capacity of
the insulator per unit area and q is the elementary charge. A channel thickness (t)
of 5 nm has been considered for the calculation DOS. Figure 9 shows the density of
states in the band gap of ZTO channel calculated from the derivative of the activation
energy of ZTO TFT [33].
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Fig. 8 Dependence of EA with the gate voltage of ZTO TFT

Fig. 9 Density of states in the band gap of ZTO channel calculated from the derivative of the
activation energy of ZTO TFT

The estimated defect-induced subgap density of states was around 1020 cm−3

eV−1, and those large amounts of electronic trap states in ZTO semiconductors
severely affect the performance of ZTO TFTs.
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6 Density of States Calculation of Organic Thin-Film
Transistor

The multiple trapping and thermal release models can be used in the case of organic
semiconductors also because such materials have large number of localized traps
that exist in the band gap. In inorganic amorphous semiconductors, the n-type mate-
rials are more stable and give better device performance. In contrary, organic n-type
semiconductor materials are not stable because of interactions with the ambient
atmosphere, but the p-type materials like pentacene are giving better stability with
surrounding environment. Nowadays, the field of organic electronics emerges with
great interest because of the realization of the application of low-cost flexible devices.
The major problem of the organic devices is their poor performance and environ-
mental stability. The performances of organic n-type and p-type-based devices such
as organic thin-film transistor (OTFT) mainly depend on the density of localized trap
states in the band gap of materials. So it is very important to explore the amount
of traps states in those materials because it will help the enhancement of device
performance by optimizing the fabrication conditions.

6.1 Density of States Calculation of n-Type PTCDI-C8
Thin-Film Transistor

The n-type N,N ′-Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) was used as
the channel layer for the fabrication of OTFT. During the electrical characterization,
the device temperature was varied from 300 to 360 K (Fig. 10a). Figure 10b shows
the variation of EA with respect to the gate voltages, and the exponential decrease
in the activation energy with gate voltage indicated that Fermi level moved towards
the band edge very quickly. In the organic semiconductor theory, EA indicates the
energy difference between Fermi level position and the transport band edge (here,
Lowest Unoccupied Molecular Orbit/LUMO level). Then, assuming that the charge
density within the organic channel layer is dominated by trapped carriers, the DOS
can be determined from the derivative of the activation energy with respect to gate
bias.

The exponential region of the DOS can be assumed as band tail of localized states
induced by structural disorder (Fig. 10c). The large amount of subgap DOS (>1018

cm−3 eV−1) is the reason for the small value of field-effect mobility extracted in
fabricated OTFTs. The instability of n-OTFTs was due to the trapping of electrons in
the localized trap states created by absorbed oxygen in the PTCDI-C8 layer. These
electron trapswere found to be situated at around 0.15 eV above theLUMO level. The
study of DOS in OTFTs will give complete understanding of trap-limited transport
in organic thin-film semiconductors [34].

In brief, the valuable information about the DOS in the active layer can be col-
lected from the gate voltage-dependent activation energy of the channel conductance.
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Fig. 10 a Transfer characteristics of OTFTs measured at different temperatures during heating.
b EA variation with the gate voltage. c Calculated density of states in the gap of PTCDI-C8 [34]

The electronic trap states in amorphous oxide and organic semiconductors rigorously
affect the performance of such devices; therefore, the understanding of such defect
states is important to enhance the device parameters. For instance, in TFT the key
device parameters such as the field-effect mobility, the threshold voltage, the sub-
threshold swing as well as the electrical and environmental stability are significantly
influenced by trap states inside the semiconductor. Also, by studying the nature of
the trap states inside the novel materials, the prediction of their optical and electrical
properties can be properly accounted for future prospects.
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