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Preface

History of plasmonics shows that its effects have been known for ages. The
vibrant colour of Lycurgus cup and its colour changes in reflected and trans-
mitted light is due to plasmonic resonance of metal nanoparticles present in
the glass. The interaction of electromagnetic field with the free electrons in
a metal-dielectric interface or in small metallic nanostructures will result in
near field enhancement at subwavelength dimensions. Plasmonics became an
active field in nanotechnology and explored to various applications such as
biological and chemical sensors, solar cells, super resolution imaging, surface
enhanced Raman spectroscopy etc. When an electromagnetic field interact
with cloud of free electrons, they can support a wave of charge density fluc-
tuations along a metal-dielectric interface. This creates a mode, which is
called surface plasmon. This non-radiative optical mode can enhance light-
matter interaction considerably because it can couple electromagnetic wave
more effectively to the metal surface. The excitation of surface plasmon is
achieved using an evanescent field by the momentum match of resonant in-
teraction. The fields of surface plasmon resonance can propagate along the
metal surfaces in metal-dielectric interface. The enhancement is associated
with strong reduction of the reflected intensity when the incoming field is
completely transformed into surface plasmons. This property is extensively
used to study the changes in refractive index of thin films, and hence widely
used for sensing applications. In this phenomenon, light can be confined to
an area below the diffraction limit. Enhancement of the local field intensity
by many orders of magnitude is also taking place. The field of plasmonics
open a new horizon in modern communication system, which could impact
the daily lives. The optical communication systems, which are widely using
now offers high bandwidth and fastest method for high-speed information
processing. However, due to the diffraction limit, the photonic components
cannot be arranged in a compact form like nanoscale electronic devices. This
issue can be addressed in plasmonics, where the problem of diffraction limit is
eliminated. Plasmonics thus promises miniaturisation of optical components

by sustaining the large band width of light.



Metals such as silver and gold having carrier density (10%*/cm?) were the
primary choices for plasmonics. However, they suffer from the main disad-
vantages of large loss, especially in the infrared spectral range, due to the
interband electronic transitions, or optical absorption by free carriers. These
losses are seriously affecting the plasmonic performance of these materials.
The optical response of a material is given by permittivity, where the real
part €; describes the ability of the material to get polarised, and the imag-
inary part e, describes the loss came across while polarising it. Thus, for a
low loss material, the imaginary permittivity should have small values. In
addition, metals also possess large negative values for the real permittivity
in near infrared, which introduce device fabrication difficulties. The polar-
isation responses from dielectric and metallic components in devices are to
be of the same order; in such cases the geometric fill fraction of the metal
and dielectric can be tuned to match the design requirements. Due to these
reasons, metals are not ideal for NIR plasmonics. Since the losses are inher-
ent to the constituent materials, new plasmonic materials with lower losses
are required. The low-loss plasmonic materials must be characterized by
a larger bandgap and plasma frequency than the frequency range with in-
terest. Another condition required for NIR plasmonic material is the free
carrier concentration (n), which has to be of the order of 10°/cm3. This
can be achieved using doped metal oxides such as tin doped indium oxide
(ITO), aluminium doped zinc oxide (AZO), gallium doped zinc oxide (GZO)
and fluorine doped tin oxide (FTO) etc. These materials can be promising
low-loss alternatives in NIR by doping, by controlling the number oxygen
vacancies and interstitial metal dopants. In order to exhibit plasmonics in
visible region, the material should have carrier concentration of 102'~2? /cm?3,
However, oxides cannot be used for this; high doping for enhancing carrier
concentration may cross the solid solubility limits. Transition metal nitrides
can be prepared with such high carrier concentrations and can be explored
as plasmonic materials for the visible frequencies. Deposition parameters
and dopant concentrations have to be optimized in order to achieve required

carrier densities and low losses.
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By engineering the material properties, oxides and nitrides can have high
free carrier density required for exhibiting metal like properties in the near-
infrared and visible regions, respectively. Due to the presence of free as well as
bound electrons in these materials, the Drude-Lorentz (D-L) approach is the
accurate method for understanding their optical responses. The important
criteria for a material to exhibit plasmonic properties is the negative real
permittivity at the operating wavelength range. The wavelength at which
the real permittivity turns negative is defined as the cross-over wavelength
(we). This is directly related to the plasma wavelength (w,), which limit
the wavelength region for plasmonic properties of the materials. The plasma
wavelength is directly proportional to the carrier density of the films and the
material exhibit plasmonic properties only beyond the plasma wavelength.

The thesis entitled “Investigation of plasmonic properties in oxide and ni-
tride thin films” focusses a detailed investigation in the plasmonic behaviour
of oxides and nitrides. For NIR plasmonic studies, among various transpar-
ent conducting oxides, zinc oxide has been chosen as the host material due to
its low cost as well as high stability. From various transition metal nitrides,
titanium nitride was chosen for plasmonic study in visible region. For the de-
position of oxide films, thin film preparation techniques such as physical and
chemical methods were used. In chemical deposition techniques, spin and
spray coating roues were utilised. Physical deposition method is adopted
for the fabrication of transition metal nitrides. In this work, co-doping has
been attempted to modify the material properties of ZnO. Aluminium and
Indium were selected as the dopants. The strain in the lattice due to ionic
radius mismatch of a dopant with the host material can be reduced by using
co-dopants with relatively large and small ionic radii with the host lattice. In
addition, co-doping also helps to reduce the usage of costly material like In
when using along with cost effective material like Al. The studies included
in the thesis are divided into six chapters and the contents of each chapter
are summarised as follows.

Chapter 1 is a general introduction to plasmonics including a brief his-

tory and review of literature on transparent conducting oxides and transition
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metal nitrides deposited by various groups using different techniques. The
objectives of the work carried out are briefed at the end of the chapter 1.

Chapter 2 describes the experimental and characterization techniques
used to fabricate and characterize co-doped ZnO and TiN thin films. Details
of solution-based routes, such as, spin and spray coatings, and vacuum based
routes such as RF and DC sputtering are also discussed in detail. Structural
characterisation using x-ray diffractometer is also discussed in this chap-
ter along with the description of the Rietveld technique used to refine the
structural parameters of the films. The basics of analysis of elemental com-
positions by energy dispersive x-ray spectroscopy, and optical properties by
UV-visible spectroscopy are explained. In addition, working of scanning elec-
tron microscope and field emission scanning electron microscope are included
in this chapter. The importance of Hall Effect measurement system for in-
vestigating the electrical properties were also described. The Kretschmann
configuration used to generate surface plasmon resonance is discussed in de-
tail at the end of this chapter.

Chapter 3, the first working chapter discusses the deposition of Al and
In co-doped ZnO thin films by cost effective spin coating technique. By fix-
ing total doping percentage to 3, doping ratios of aluminium and indium
were varied. The films were annealed at 400°C or 450°C in air atmosphere
followed by annealing at 300°C in reduced atmosphere. Films showed bet-
ter electrical properties when annealed at 400°C were considered for further
studies. The films fabricated with particular a ratio of aluminium and in-
dium (Aj3l7) exhibited better electrical, structural, morphological properties
as well as optical behaviour. This was further verified by XRD, which showed
relatively higher stress and strain for the films Ay and AsI;. SEM image
revealed wrinkle network structure for the co-doped films. Optical properties
along with Urbach energy calculations showed variation in the bandgap of all
films. Films with higher Urbach energy had less bandgap because of the ad-
ditional localized states created near the conduction band minimum. Finally,
the films were sorted according to carrier concentration (n=10%"/cm?®) and
investigated their plasmonic behaviour. The dielectric functions of the films

were retrieved by fitting Drude-Lorentz oscillator model to the reflectance
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spectra. Plasma frequency calculated from reflectance-transmittance spectra
showed direct dependence with cross-over frequency extracted from fitting,
and hence confirmed the plasmonic behaviour in the near IR range. The loss
(€2) of these films were very low in the range from 1500nm to 2500nm com-
pared with conventional metallic plasmonic materials. The studies revealed
metal like behaviour with low loss for AZO, AIZO (A;3l;), IZO films in the
NIR frequency region. The novelty of this work is the adoption of a simple
technique for fabricating TCO based plasmonic materials and the properties
obtained were in consistent with those fabricated by vacuum routes such as
sputtering, PLD etc.

Chapter 4 describes the preparation of Al and In doped and co-doped
Zn0O films with different Al:In ratios by simple spray coating technique us-
ing water as solvent. The effect of ionic radii of dopants as well as their
concentrations (Al:In) while substituting in Zn site were studied using x-ray
diffraction. The Rietveld refinement studies revealed wurtzite structure for
the films and showed the dependence of the ionic radii of the dopants on
lattice constants, cell volume and bond length. SEM images were recorded
and analysed to understand how the doping or co-doping and their ratios
affect the grain shape, size and uniformity of films. The electrical properties
of the films before and after annealing in the reduced atmosphere were stud-
ied. Enhancement in carrier concentrations was observed for all the films
due to the additional oxygen vacancies created during reduced atmosphere
annealing. The differences in carrier densities of these films were validated
using Raman line shape analysis with Fano and Lorentz fittings. The quan-
tification of the dopants present in the ZnO was analysed using XPS. The
variation in the bandgap energies of the films was estimated using Tauc’s
relation with respect to the carrier densities was in analogy with the findings
from the Fano and Lorentz fitting, and thus confirmed a large number of free
carriers for the films Azls, Assl7 5 and Aglig. The absence of deep defects in
the bandgap of films was confirmed from the photoluminescence spectra of
these films. Theoretical fitting using the Drude-Lorentz model was utilized

to extract the real and imaginary parts of the permittivity of the films. Films
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Asls, Ay slzs and Aglyg having carrier density 102°/cm?® showed negative per-
mittivity in near infrared. Tuning of cross-over the frequency with carrier
density in the NIR region was observed for these films. The surface plas-
mon resonance simulated using the permittivity values extracted from the
D-L model showed the influence of mobility of the films on the broadening
of the dip. The low loss exhibited by the films in the NIR region compared
with conventional plasmonic material suggests the suitability of the films for
plasmonic applications.

Chapter 5 focusses on the plasmonic properties of Al and In co-doped
Zn0 thin films fabricated by RF sputtering using powder target prepared by
solid state route. The Rietveld refinement studies revealed wurtzite struc-
ture for the films. The free carrier densities of all films were of the order
of 10%°/em?, required to exhibit plasmonic properties in NIR wavelength.
The Fano resonance fitting of A;(LO) mode confirmed Raman active inter-
conduction band transitions occurring for heavily doped n type materials.
The near band and visible emissions due to oxygen vacancies further con-
firmed the n type doping in these films. The bandgap variations of the
thin films were according to the band renormalization (BR) effect. The real
and imaginary parts of the permittivity extracted from the D-L equation
predicted SPR in these film for wavelengths beyond 1350nm with relatively
small loss comparing to conventional metals. SPR has been successfully gen-
erated in these films using the Kretschmann type prism configuration. The
tuning of SPR wavelength in the telecommunication wavelength has been
done by wavelength interrogation method. Co-doping of ZnO resulted in
wide range of SPR behaviour for wavelengths from 1360nm to 1830nm when
the angle of incidence was changed from 45° to 55°.

Chapter 6 discusses the plasmonic studies carried out on titanium ni-
tride thin films. The TiN thin films were fabricated by DC reactive sputtering
by varying the Ar-Ns ratio. Structural confirmation of the films was done
by x-ray diffraction. The non-stoichiometric nature of the films were studied
using the EDAX spectra. The bandgap of the TiN films calculated using the
Tauc relation showed a increasing trend with increase in nitrogen content in

the films. The real and imaginary parts of the permittivity extracted from
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the D-L equation revealed SPR in these film for wavelengths near to 470nm
with loss comparable to the conventional plasmonic metals. The SPR has
been successfully generated in these films using the Kretschmann configura-
tion in wavelength interrogation method. The shift in SPR wavelength by
changing the incident angle was studied in detail. The variation in the Ar-N,
ratio resulted in wide range of SPR behaviour, for wavelengths from 550nm

to 650nm, when the incident angle is changed from 51° to 53°.
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Chapter 1

Introduction

1.1 Overview

Researchers have developed technologies for advanced materials for many
decades, enabling new applications and providing opportunities for the ex-
ploration of new science. New scientific concepts are allowing us to further
strengthen advanced materials technology. In addition, choice of material
has equal importance in deciding the confluence of science and technology.
Semiconductor technology and optical communication already enlightened
their importance in processing information. Today the technology has grown
worldwide in such a way that miniaturized materials give the best prop-
erty[l]. Modern communication system needs to transport huge amount of
data with ever increasing speed. Electronic circuits with size <100nm are
able to achieve our demands; however, its operational speed is limited by RC
delay[2]. With the advent of photonics, high speed is attained, but minia-
turisation of component to <lum is not possible because of the diffraction
limit[3,4]. As a result of these challenges, researchers developed an alter-
native solution, called plasmonics. Plasmonics exploits the interaction of
electromagnetic wave and free electrons in a material. It also deals with ex-
citation, interaction, manipulation and utilisation of quantum excitation of
oscillatory electrons, known as surface plasmon[5]. How well a material will
interact with electromagnetic field is given by their dielectric permittivity

and magnetic permeability[6]. The weak interaction of magnetic field at the

30
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optical frequency neglects the contribution of permeability, and hence per-
mittivity alone is used to define the behaviour of material interacting with
the photon[6, 7]. The complex permittivity is defined as € = €; + i€y, in
which real part defines polarisation response and imaginary part defines the
loss encountered while polarising the material. Practically, the imaginary
part is zero for dielectrics; however, metals have significant values for the
loss[6]. Plasmons enduring in a material having sufficient free electrons due
to their weak interaction to atom[8]. Since availability of free electrons have
paramount importance in the generation of plasmons as well as its studies,
metals such as gold, silver, copper, aluminium, etc are used as conventional
plasmonic materials[6,8]. High DC conductivity and small ohmic loss make
of a material make it absolute for plasmonic applications such as chemical
sensing[9] and information processing[10]. The advent of field such as meta-
materials[11,12] and transformation optics[13] again strengthened the appli-
cations of plasmonic materials, and thus many new prototypes and physical
phenomena were established in the field of plasmonics. However, to convert
such novel concepts into real as well as practical technologies, new materials
are required. Large loss in metals when used in the near IR region creates the
necessity of alternative materials to metals. Therefore, this study has been
focused more on searching of new materials that have small loss in the near
IR region. Such materials can be used for sensing or optical communication

purposes.

1.2 Motivation

Plasmonics applications have been known for ages. The vibrant colour of
Lycurgus cup, and the different reflected and transmitted colours coming
from due to optical plasmonic resonance of metal nanoparticles present in
the glass[14]. The interaction of electromagnetic field with the free electrons
in a metal-dielectric interface or in small metallic nanostructures will result
in enhanced optical near field at subwavelength dimensions[15]. Plasmonics
became an active field in nanotechnology and used successfully in various ap-

plications such as biological and chemical sensors, solar cells, super-resolution
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imaging, surface enhanced Raman spectroscopy etc[16-18]. When an elec-
tromagnetic field interact with cloud of free electrons, there will be a wave
of charge density fluctuations on the surface of the metal. This wave is
called surface plasmon, and at resonance condition, these wave couple with
the incoming electromagnetic wave, which result in surface plasmon polari-
ton (SPP). The resonance condition at which this occurs is called surface

plasmon resonance (SPR)[15].
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Figure 1.1: Trade-off between device dimension and operating speed[10]

The important consequences of this interaction are, incoming light can be
confined to a small area, which overcomes the diffraction limit observed in
photonic devices, and the other is enhancement in the field intensity by many
orders of magnitude. This enhancement helps to amplify the minute change
in the environment, and thus helps in sensing applications. As described,
in modern communication system, the field of plasmonics open a new hori-
zon that could revolutionize our daily lives. Optical communication system
has been widely used now due to its high bandwidth and fastest method for
high speed information processing. However, due to the diffraction limit,
optical components cannot be arranged in a compact form like nanoelectric
devices[6, 19]. This issue can be addressed in plasmonics, and the prob-

lem of diffraction limit can be eliminated in plasmonic devices. Plasmonics
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promises miniaturisation of the optical components by sustaining large band
width of light. Fig.1.1 shows the trade-off between device integration and
operating speed during the journey from electronics to photonics then to

plasmonics[10].

1.3 Theory of surface plasmon resonance

The beginning of the surface plasmon resonance was in 1902, from Wood’s
experiment on observation of anomalous behaviour in the reflected beam from
diffraction grating[20]. In 1968, Otto and Kretschmann excited the surface
plasmon of silver using attenuated total reflection coupler[21,22]. Later in
1977, the SPR method was used for the determination of optical constants of
the organic monolayer on the surface of gold. It was then used for biosensing
and gas sensing in 1983 by Liedberg et al.[23].

A surface plasmon is defined as a transverse magnetic (TM) wave, which
travels along the interface of the two media, metal and dielectric. If the phase
velocity ¢ < velocity of light(c), then surface plasmon waves cannot decay
in to photons. This mode of surface plasmon waves is called non-radioactive
mode. If velocity ¥ > c, it corresponds to radioactive modes, which decay
directly in to photon[21]. The non-radioactive surface plasmon is considered

here; the dispersion relation for such plasmon is given by [23]

Yty (1)

C € €m

kg =

Where ¢, and ¢, are the dielectric constants of the air and the metal, re-
spectively. Only those frequencies, where ¢, of the metal is negative, are
interested. For an incident light falling on a metal at an angle 0, the wave

vector of light that is parallel to the metal surface is given by,
w .
k, = —+/esinf (1.2)
c

For obtaining negative value of €,,, eqn (1.1) and eqn (1.2) indicates that
the parallel wave vectors for the incident light and the surface plasmons are

not equal for any w and # values. However, if it is thin film on a substrate,
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the dielectric constants on both sides of the metal will be different. This
makes € in eqn (1.2) different and there exist an angle of incidence where eqn
(1.1) and eqn (1.2) are equal. This angle is defined as resonance angle for
surface plasmon resonance[23]. Hence, the interaction of light with the metal
at resonant condition results in coherent electron oscillation on the surface
of the plasmonic material. This wave of charge density fluctuation is called

surface plasmon wave as shown in Fig.1.2[24]

Reflected light

Incident light

Figure 1.2: Excitation of surface plasmon wave when coupled with incoming
electromagnetic wave at resonance condition|24]

The experimental observation of SPR is done by observing a sharp dip
in the reflectance spectra by varying the angle of incidence or wavelength.
Measuring SPR by varying angle is called angular interrogation method, and
if by wavelength-based measurement, it is termed as wavelength interrogation

method [25]. The resonance angle(fspr) is very sensitive to the refractive

1 n2n?2
Ospr = sin~! —Mﬂ 1.3
SPR Sin (np n?l+n3n) ( )

Where n,, ng, n.,, are the refractive indices of the prism, dielectric media

index because,

and metal film. For a fixed n,, and n,,, Ospr, is related to the change in the

refractive index of the dielectric medium|[26].
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1.3.1 Surface plasmon polariton (SPP)

The resonant interaction between electromagnetic field and surface plasmon
results in a wave at the metal dielectric interface. This wave is SPP, which
offers a promising approach to control and manipulate dispersion as well as
propagation of light at nanoscale[27]. In 1956, Pines observed an energy loss
in fast electrons while travelling through the metal[28] due to the collective
oscillation of electron, which was termed as plasmon. Fano introduced the
name polariton for the coupled oscillation of bound electrons and light at
transparent media, in the same year[29]. Theoretical description for surface
plasmons was given by Ritchie[30], and later Otto and Kretschmann|21, 22]
experimentally proved optical excitation in metal films due to surface plas-
mons. Cunningham et al[31] later introduced the term surface plasmon po-

lariton; representing the coupled state between a plasmon and photon.

The main reason for the increasing peculiar interest in SPP related struc-
tures is due to its applications in optics, data storage, sensors, solar cells,
surface enhanced Raman spectroscopy etc[32]. In addition, a near field en-
hancement having resolution of 3nm was able to achieve in near field plasmon
microscope, due to excitation of SPP during resonant interaction with metal
tip and electromagnetic field[32]. The magnitude of this enhancement is es-
timated to be 100-200 times the incident electromagnetic field, indicating
the high detection capacity in near field spectroscopy[33]. The excitation of
surface plasmons is done using p polarised light, that is, in TM mode, where
the electric field vector is parallel to the incident plane. The p polarised light
will create surface charges to undergo collective oscillations. Even though the
incident wave is totally reflected, there will be oscillating charge penetrating
through the metals. These wave decays spatially perpendicular to the inter-
face, and is defined as evanescent field[27]. The schematic illustration of elec-
tromagnetic field and the surface charges at the plasmonic metal-dielectric

interface is shown in the Fig.1.3a[27].
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Figure 1.3: (a) represents geometric representation of surface plasmon po-
lariton at the metal —dielectric interface,(b) represents the decay length of
the evanescent wave in to dielectric and plasmonic material[27]

The enhancement of electric field component near the surface and decay-
ing field exponentially with distance normal to the interface is represented
in Fig.1.3b. Exponential decay of SPP in dielectric (d) and plasmonic metal
(pm) are represented as ¢4 and dy,,, respectively. The x component of electric
field (E,) is conserved in x direction, since there is no boundary. However,
the z component is forced to change due to the different values of € for metal
and dielectric. This discontinuity makes changes in the polarisation in the
interface. In view of this, s polarised light is not suitable to excite surface
plasmons[27]. The resulting surface plasmons have momentum (fiks,) greater
than that of the electromagnetic field (fk,) in free space. Considering the
wave equation of electromagnetic field at metal and dielectric media, and
solving with Maxwell’s equation under appropriate boundary conditions, the

SP dispersion relation can be written as[34]

€Em€d
ksp = k, 1.4
sP €m 1 €4 ( )

Where €, and ¢4 are the permittivities of metal and dielectric, respectively
and k, is the free space wave vector. The dispersion relation of SPP is shown
in Fig.1.4.
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Figure 1.4: Dispersion relation of SPP, light and plasmon polariton[35]

It is evident from the figure that for low wave vectors the dispersion
approaches, but remains less than that of light; at high wave vectors it
approaches the frequency, wgp= “£. The dispersion curve lines of surface
plasmon polariton always appear in the right side of the light line. Hence,
in order to excite SPP of certain frequency up to limiting value of wgp, the
wave vector of plasmon should be greater than the wave vector of light line,
so that it cannot be excited using the direct illumination light[34-36]. This is
clear from the mismatches of momenta described earlier for these two cases.
The techniques for the condition, kgp = Kkijgn: Will be discussed in the next

section.

1.3.2 Generation of surface plasmon polariton(SPP)

As described, the momentum mismatch between photon and electron makes
it impossible to generate SPR through direct interaction. Hence, the excita-

tion of surface plasmons is achieved by the following methods,

e Prism-coupler based SPR
e Grating coupler based SPR

e Optical waveguide based SPR
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1.3.2.1 Prism-coupler based SPR system

Fig.1.5a and Fig.1.5b shows the two different methods for the excitation
of surface plasmons, such as Kretschmann[22] and Otto configurations|21],
respectively. Kretschmann configuration is one of the most popular set up
for generating surface plasmons. In this case, plasmonic material is deposited
on the base of a dielectric prism. A beam of p polarised light (direction of
vibration parallel to the plane of incidence) is allowed to incident on the

prism as shown in Fig.1.5a.

Figure 1.5: Representation of two methods for generating SPR using coupling
(a) Kretschmann configuration (b) Otto configuration|[36]

The total internal reflection at the prism-metal interface will result in
generation of evanescent field, which will pass through the metal and thus
interact with electrons at metal-dielectric (air) interface. The energy coupling
of evanescent wave and electrons at metal-dielectric occurs when momentum
of evanescent wave and surface plasmons are equal. At a particular incident
angle 6, resonance occurs, which leads to the coupling between evanescent
field and generates surface plasmons. Under this resonant condition, there
will be a sharp dip in the reflectance spectra of the light coming from the
prism. The thickness of the plasmonic film in the prism should be minimum

to travel the evanescent field in to metal-dielectric interface. In addition, the
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coupling strength of SPR depends on skin depth of material and film thick-
ness. When the skin depth is greater than thickness, surface plasmons can
easily couple and generate SPP[37]. In the Otto configuration, metal thin
film is not directly deposited on to the prism. Instead, the evanescent field is
allowed to move through dielectric medium and thus reach the metal surface,
as seen in Fig.1.5b. When the momenta of evanescent field and surface plas-
mons are equal, coupling takes place and thus SPP propagates [21,38]. The
coupling strength is determined by the width of air gap; optimum coupling
take place when width of air gap is in the order of incoming wavelength.
However, one of the main disadvantages of this configuration is that when
the size of the dust particles is greater than the air gap, the accuracy of the
SPR measurement will be compromised. Unlike Kretschmann configuration,

thick film can also be used to generate SPR in this configuration[39].

1.3.2.2 Grating coupler based SPR

=-1

=1

Plasmonic layer

Figure 1.6: SPR Coupling using grating method[42]

Grating structures in the metals are utilised as dispersive elements in monochro-
mator and spectrometers[40]. The same gratings can be used to obtain mo-
mentum matching between electron and photon. A schematic representation
of SPR grating coupler is shown in Fig.1.6.[41]. Incoming photon at an angle

0 with respect to normal to the surface of the metal can undergo scattering
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due to grating, which will increase or decrease the component of its wave
vector of incident wavelength by integral multiples of grating wave vector k,
result in diffracted orders lead to the formation of surface plasmons[42]. Gen-
eration of evanescent wave occurs when the wave vector of diffracted order is
greater than that of incident light wave vector[40,43].The coupling condition
is given by

Ky, = ngkosinf £ Nk, (1.5)

where N is an integer and ng is the refractive index of the dielectric medium(air).
The period and the amplitude of the grating determine the resonance fre-

quency [40,43].

1.3.2.3 Optical waveguide based SPR

n;>n
Metal layer n, 17 1h

Guided light

Figure 1.7: SPR generation using fibre optic waveguide

An optical fibre consists of high index core, low index cladding and the me-
chanical jacket. The light propagates undergoes many total internal reflec-
tions while traversing through the fibre, as shown in Fig.1.7. In this case, a
small portion of the cladding was removed and coated with plasmonic mate-
rial. The evanescent wave penetrates through the plasmonic metal film and
reach at plasmonic metal-dielectric interface and results in the generation of
SPP [44].

In the present study, Kretschmann configuration has been utilized for
SPR generation. The plasmonic material which usually deposit in the prism
should have negative permittivity in the concerned wavelength region. As
described, p polarised light is allowed to fall on the prism, at this polarisation

electric field is oscillating normal to the surface of the film. The amplitude of
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the SPP decrease in the direction of propagation and increase away from the
interface. This property differentiates SPP from the reflected plane wave in
Kretschmann configuration. The SPR is detected by observing the intensity
of reflected light with respect to change in wavelength for a fixed angle (or
change in angle of incidence for a monochromatic light source). A sharp
fall in the intensity as shown in Fig.1.8. indicates the generation of SPR.
Any change in the refractive index, and hence permittivity of the dielectric
will change the surface plasmon wavelength(or angle). This property of the

plasmonic materials is being used for sensing applications.

Reflectance%

500 600 700 800
Wavelength(nm)

Figure 1.8: Experimental observation of SPR in the reflectance spectra

1.3.3 Drude-Lorentz model

Polarisation is based on the interaction of electromagnetic wave with materi-
als and it can be described using dielectric function. Classical Drude theory
of metals explains the behaviour of free electrons interacting with electro-
magnetic wave. Drude assumed free electrons in the metal to behave like gas
molecules obeying the kinetic theory of gases. Due to the presence of free
as well as bound electrons in doped semiconductors (the material developed

in this work), the interaction of bound electrons with the electromagnetic
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wave is also to be considered along with Drude model, and thus formed the
Drude-Lorentz (D-L) equation. The D-L model is defined as|6,45],

2 2
(,L)p . wp’)/

IR PR

Here e, is the high frequency dielectric constant, w, is the plasma frequency

(1.6)

€(w) = €

and 7 is the Drude relaxation, which quantifies the loss and hence €5. To make
€2 small, either w, or y should be small. The large fixed carrier concentration
10%%/cm?® of metals thus fix the w, because of the direct relation between
these, defined as[15],

ne?

Wy = (1.7)

me,

Where n is the free carrier concentration, e is charge of electron, m is
effective mass and ¢, is permittivity at vacuum. The real part of the per-
mittivity €; describes the polarisation strength induced by the electric field
and the imaginary part €; describes the loss induced by the polarisation. In
a simple plasmonic configuration, the permittivity of the prism ¢, should be
greater than permittivity of air to generate the surface plasmons. When the
light beam incident at an angle greater than the critical angle, it will undergo
total internal reflection. The critical angle is defined as 6,= sin™* P [46].
Due to total internal reflection, an evanescent wave is generated at prism-film
interface in the Kretschmann configuration will couple with surface plasmon
and generate SPP at the resonant condition.

The incoming electric field incident on the prism have the form E =
E etherthzz=wl) where x, z directions are as shown in Fig.1.9, where k =
(kz,0,k,) is the wave vector and w is the angular frequency. The electromag-
netic wave should satisfy Maxwell’s equation so that k% = k2 + k2 = (£)? ¢,
¢ represents the light velocity. The wave vector of the incident electromag-
netic wave inside the prism in the x direction will be k£, = k sinf and this
is same for all three layers since they are parallel and k, is parallel to them.
To measure the SPP generation, the reflectance in the two interfaces such as
prism-film and film-dielectric have to be considered. For this, one can use

the Fresnel equation, which in general is used to describe the the reflection
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and transmission of light incident on the interface of the two medial47]. A

three-layer model consisting of prism, plasmonic film and dielectric repre-

sented as p, m, d, respectively are showed in Fig.1.9. The reflectance at the

first interface such as prism-film (r,,,) and film - dielectric (7,,4) can be find

out from Fresnel equation given as[48].

_m2gin2
cosd \/ €m—ngsin [

np €m
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p A/ €m—n2sin20
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np €m
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And the final Fresnel reflectance equation is
Fom + Tmge2ikemdn

Tomd = -
p 1 + Tpm + rr-mdBZZkzmdm

(1.8)

(1.10)

Where d,,, is the thickness of the film and k., is the wave vector in the film.
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Figure 1.9: Three layer model consisting of prism, film and air.
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1.4 Plasmonic materials

1.4.1 Problems with conventional plasmonic materials

Metals, which is the granary of free electrons, are considered as conventional
plasmonic materials. When a photon having energy, E is allowed to fall on a
metal, free electrons absorb this energy and move near to fermi level. On the
other hand, electrons at the fermi surface utilize this energy to move to next
higher conduction band, if the energy is sufficient for transition. Thus, there
generated a loss corresponding to transition of electron between the bands,
and is described as interband transition loss. Similar losses are reported in
metals at high frequency end of visible range[49]. If the energy of incoming
photon is not sufficient to make transition between bands, then it will in-
crease the chances for intraband transition and hence losses. Low frequency
photons usually suffer this intraband loss or Drude loss[8]. In a conventional
plasmonic material like gold, interband transitions cause loss in visible region
and intraband transitions in NIR. The higher magnitude of loss ¢, in NIR
of gold thus make it unsuitable for NIR plasmonic applications[8]. Besides
intra-inter band transitions, scattering due to defects in the material also
contribute to €, [50]. The loss mechanism can be understood properly using
the free electron response of metal, defined by Drude-Lorentz(eqn 1.6)[51].
Along with this, the large negative real part of permittivity of metals in near
infrared region including telecommunication wavelength of 1550nm made it
unsuitable for device fabrication in this field. The large negative value de-
mands different dimensions to metal and dielectric components, which intro-
duce device fabrication difficulties. The polarisation responses from dielectric
and metallic components are to be of the same order, so that the geometric
fill fraction of the metal and dielectric can be tuned to match the design
requirements[49].

Despite of all these issues, metals also have nanofabrication challenges,
especially in the thin film form. The integration of noble metals into sili-
con manufacturing process will result in deep traps, which affects the na-
noelectronics performance of the material[6]. These kinds of traps can be

additionally added if they are grown as thin films; while comparing with
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bulk material, metal thin film pose different morphology, which will result in
loss due to grain-boundary scattering[6]. In addition, nanoscale patterning
in metal leads to rough surface and edge, which also increase the scattering
and hence loss[52,53]. Regarding the chemical stability of the metals, gold
is more stable than silver and copper. Copper is sensitive in air to form ox-
ide [54,55], and silver undergoes sulphidation in sulphur atmosphere[56,57].
Both these have direct consequences in optical properties and thus increase
the loss. Based on the aforementioned drawbacks of conventional plasmonic
materials, researches have been searching better plasmonic materials. The
significance of this work is also to develop a better low loss plasmonic material

for NIR and visible applications.

1.4.2 Alternative plasmonic material

Necessity of an alternative solution is evident because of the issues discussed
in the previous section related to conventional plasmonic device applica-
tions[58-60]. The introduction of new materials in this area will open up
possibilities of new devices and also improves the performance of many ex-
isting plasmonic devices. As discussed earlier, material performance depends
on both real and imaginary part of permittivity values, hence both these
factors need to be considered critically when developing alternate materials.
Ideally, for plasmonic applications, ¢; < 0 and ¢; = 0. However, it is not
possible because of the loss mechanisms in the material. To control the loss,
a number of strategies have been pursued.

One of the methods is to dope the semiconductors, which result in increase
in free electron concentration up to 10*! /cm?, and such a carrier density will
provide negative permittivity in NIR [62-64]. Other method is to reduce
the number of free electrons to the required value, for example, by making
metal alloys[65]. Fig.1.10. shows the various plasmonic materials with their
carrier density and mobility[61]. Since availability of free electron is an im-
portant parameter for plasmonic application, doped semiconductor is a good
approach. The optical response of free electrons can be described by Drude

model[66]. By varying doping concentration, it is possible to alter the carrier
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concentration and hence one can tune the plasma frequency. This property
of semiconductor makes it differ from the metals. However, sorting of desired

semiconductor is utmost importance.

Interband losses
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Figure 1.10: Variation of carrier density, mobility and interband loss of var-
ious plasmonic material in UV-VIS-IR range[61]
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Conventional semiconductor such as silicon and germanium are not able
to exceed carrier concentration to 10% /cm?®. However, transparent, conduct-
ing oxides such as Al:ZnO (AZO), Ga:ZnO (GZO), In:ZnO (IZO) have been
reported with carrier concentration upto 10*!/cm3, which promised as a
good plasmonic material[67-69]. According to West et al[8], loss reported
by AZO, 1Z0O, ITO is four times lesser than that of silver in the near in-
frared. Moreover, the metal-like behaviour of these doped semiconducting
materials in NIR helps to understand the optical response by combined effect

of Drude-Lorentz model, where the real part of the dielectric permittivity e;
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decides the optical response of a material, and optical loss by the imaginary
part(e;)[6,65].

1.4.3 Transparent conducting oxides

It was in 1907, Badeker[70] reported the first transparent conducting oxide
(TCO). The first reported TCO film was thermally oxidized vacuum sput-
tered CdO thin film. The high mobility because of its low effective mass
attracted the researchers initially; however, this material remained as the-
oretical interest due to its high toxicity. The deposition of metals in their
oxide form was done through the post oxidation method of evaporated metal
films[71]. The significant development of TCO materials started in 1957, as
seen in most of the everyday applications, ranging from digital watches to
computer screens, or any other types of displays[72,73].

The simultaneous behaviour of optical transparency and electrical con-
ductivity in a material has been utilized before long years. This behaviour
defines the material class of TCOs, such as zinc oxide (ZnO), tin oxide (SnOs)
and indium oxide (InyOs), which have large band gap near to 3.3 eV. Con-
sidering these materials as host lattices, and doping these by higher valent
atom results in generation of free electrons|[74-79]. The pronounced nonstoi-
chiometry of the materials and oxygen deficiency up to 1% results in intrinsic
defects and hence act as source of free electrons[80-82]. The wide band gap
of the materials avoids the transition between conduction and valence bands,
and hence appropriate as low loss plasmonic materials[83]. Most of the re-
searchers use ZnO as the host lattice for TCO applications. This is mainly
due to its unique chemical and physical properties such as high electrochem-
ical coupling coefficient, high chemical stability, broad range of radiation
absorption and high photo stability[83-89]. ZnO has wide bandgap (3.37
eV), and high bond energy of nearly 60 meV with high thermal and mechan-
ical stability attracted researchers to use in electronics, optoelectronics and
laser technology[90-92]. Doping with trivalent atoms such as, aluminium,
indium or gallium in zinc lattice results in increasing free electron concen-

tration[93-95]. Theoretical studies indicate that dopants having comparable
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ionic radii with that of the host zinc ion will substitute well in the lattice.
The dopants use only two of its valence electrons among three and the re-
maining one will go to the conduction band, and results in introducing a

shallow donor level in the oxide[96].

Solid solubility limit of a material is defined as the capacity of the host lat-
tice for substitution of dopants. These have direct dependence with charge
and ionic radii of dopants and host atom[97]. Excessive doping results in
moving dopants to the interstitial site, thus forming oxide which entirely
distorts the lattice[98,99]. Below solubility limit, the carrier density of the
material can be tuned according to doping percentage and thus become more
attractive than metals[97]. Direct dependence of carrier density with plasma
frequency results in tuning plasmonic behaviour of these materials[15]. Also
there are reports on decreasing the stress and strain induced by a dopant by
adding another dopant; for example, in ZnO, doping with Al atom having
ionic radii less than Zn leads to compression and this can be balanced by
adding In, which has higher ionic radii than Zn[100].

TCOs can be grown in to thin films with polycrystalline structures. They
can be integrated with standard technologies, and hence can be consid-
ered as obvious choices for alternative plasmonic materials in NIR. Among
the TCOs, ITO and doped zinc oxide are preferred by most of the re-
searchers[6,8,62,64,65]. Different methods such as laser ablation[101], sput-
tering[102], solution processing[103], evaporation|[104], chemical vapour depo-
sition[105] etc were used to deposit TCO thin films. Since non-stoichiometric,
their properties will depend upon the deposition conditions. Sputtering

method was widely used to control the stochiometry of the TCOs[6].

In this study, ZnO has been considered as the host lattice and it is co-
doped with Al and In. These co-dopants have large and small ionic radii
compared to the host, and thus can balance the elongation or contraction
developed in ZnO lattice, formed due to the mismatch in the ionic radii

between the dopants and host ion. Thin films are prepared using simple
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solution-based techniques such as spin and spray coatings, and also by sput-
tering technique. Factors such as cheap, versatile and uniform film coating
etc. gave priorities to opt methods such as spin and spray coatings compared

to other vacuum methods.

1.4.4 Transition metal nitrides

The recent development in alternative metallic materials other than gold or
silver has been due to the distinct advantages of these materials compared
with the conventional metals [64, 106-108]. TiN along with other transi-
tion metal nitrides like zirconium nitride (ZrN), tantalum nitride (TaN) are
also projected as promising plasmonic materials in visible and NIR wave-
length[109, 110]. These materials are known for their refractory properties;
these are chemically stable even at temperature >2000°C. They can exhibit
metallic properties also[109]. In addition, non-stoichiometry allows them for
tuning the optical properties[111]. There are other remarkable properties,
such as, excellent adhesion to the substrate, high toughness, oxidative resis-
tance etc., which make themselves to have wide range of applications[112].
Recent studies in TiN revealed its comparable plasmonic performance to the
conventional plasmonic metal, gold. Hence, TiN is also promised to be a
good candidate for hyperbolic metamaterial application, transformation op-
tics, etc.[113-116].

The titanium nitride contains both Ti-Ti bond and Ti-N bond in which
former is metallic bond and the latter is covalent bond. The combined metal-
lic properties such as metallic reflectance and electrical conductivity, the
covalent properties such as high melting point, and extreme hardness and
brittleness, along with excellent thermal and chemical stabilities make these
materials unique for plasmonic applications[117]. During the formation of
TiN, nitrogen atom whose outer shell having five valence electrons will make
covalent bond with the three electrons in the outer shell of titanium atom.
Remaining one electron in titanium atom, which is not involved in the cova-

lent bond formation thus contribute one free electron to the material. These
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electrons occupy in the shallow donor levels and a very small energy is needed
to activate this electron in to the conduction band. TiN possesses high free
carrier concentration this way; the number of carriers is proportional to the
concentration of titanium in the material. By giving an electron to the
lattice, Ti atom become positively charged, reside in the lattice and forms
metallic bonding with other Ti ions[118]. In an overstoichiometric TiNy thin
films with x >1, possessing the rocksalt structure, point defects such as Ti
vacancies or N interstitials were already reported[119,120]. Both these point
defects together with grain boundaries modify the electron interactions with
N and Ti atoms.

The varying electrical properties with non-stoichiometry was studied by
Schmid et al[121]. According to them, carrier concentration decreases with
increase in nitrogen content in the thin film. The band structure of TiN
reveals the presence of three bands located between 3 eV and 8 eV below the
fermi energy derived from the ‘2p’ nitrogen orbital and one from ‘d’ titanium
orbital[121,122]. The charge corresponding to N 2p amounts to four electrons
and Ti d orbital corresponds to 2 electrons. Thus, charge transfer of roughly
one electron to the nitrogen ion will take place. When nitrogen is removed
from the stoichiometric TiN, there is no charge transfer take place, and thus
the corresponding electron will return to the fermi level. Hence, the removal
of nitrogen atom results in loss of hybridization energy of Ti 3d orbital. If
the nitrogen is inserted into an interstitial position, it is likely to bind to the
extra electron, and remove one electron from fermi level[122]. If titanium
vacancy is created, it will deteriorate the conduction electrons in TiN. The
one electron, which normally transferred to nitrogen ion, will miss with Ti
vacancy. Hence, an electron from the conduction band will be transferred
to nitrogen ion. The second electron lost by the conduction band is the one
that normally contribute while making covalent bond with nitrogen. For non-
stoichiometric TiNy, free carrier concentration will vary like N,g(1-x), where
N, is the free carrier concentration in the stoichiometric compound, and g
= 1 for nitrogen defects and g = 2 for titanium defects[120-123]. Thus, the

present work is focussed on the deposition of TiN films on glass substrates,
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and on the study of their electrical, structural and optical properties in the

context of plasmonic properties.

1.5 Plasmonic materials- a review

It is common to treat metals such as gold and silver as conventional plasmonic
materials in visible region due to their low ohmic losses or high DC conductiv-
ity[6]. Michael Faraday first observed colour changes when metal nanoparti-
cles, mainly gold (Au) and silver (Ag), were dispersed in dielectric body|[124].
Colloidal assembly methods extensively studied over the years is another rea-
son for the widespread use and application of metal nanoparticles[125,126].
As a result of these two fundamental advantages, the use of Au and Ag in
plasmonics research has been flourished in recent decades. However, prob-
lems in a wide range of fields await a solution in the field of plasmonics, which
cannot be addressed with a few materials. One of the major drawbacks of
metals is its large absorption loss in IR region. As such, alternative materials
that provide a ‘golden mean’ are required to provide solutions to problems,
such as operating within specific window of the electromagnetic spectrum,
and operating under different ambient conditions[109, 125,126]. Apart from
the absorption losses, metals often suffer high transition losses because their
interband transitions are very close to the resonance regions. Despite the fact
that high carrier concentrations are necessary for plasmonic response, large
values are not always the best[61]. Plasmonic materials are usually used in
applications where their physical and chemical properties are equally impor-
tant as their optical properties[127]. Getting stable Ag nanoparticles is still
a challenge in the plasmonics community [128]. In the same way, other met-
als such as copper, aluminum, and alkali metals also show good plasmonic
responses, but are chemically unstable[55,129,130]. Even if gold has shown
to be chemically stable, they possess high thermal instability at high tem-

perature, and hence a poor material for temperature based applications[131].
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Transparent conducting oxides (TCOs) have recently been proposed as
an alternative plasmonic material especially in NIR region.Indium oxide, zinc
oxide, and cadmium oxide are some of the oxide semiconductors that can be
highly doped to generate free electrons. In 2013, kim et al[62] demonstrated
TCO materials like AZO, GZO and ITO nanostructures, which can sup-
port surface plasmon polariton at the telecommunication wavelength. When
patterning these films using standard nanofabrication techniques, TCOs can
exhibit localised surface plasmon like gold and silver. Jin et al[132] used TCO
to incorporate Ag particles with AZO film, and which greatly influenced the
surface morphology, size distribution and surface plasmon resonance of Ag
particle. Another study using AZO has been done by Guske et al[133] by
making a sandwich thin film of AZO-Ag-AZO on BK7 substrate, and showed
that the optical properties of the silver are substantially different from bulk
silver, when it is in the sandwich configuration. A comparative study on
the excitation and propagation of the surface polariton wave of AZO and
ITO thin film was done using a mathematical simulation by Rajak et al[134].
They observed a resonant frequency shift from 7586 to 7798 cm~! for ITO
when the thickness is increased and for AZO the observed shift is from 3926
to 4668 cm™!.

In this work, the plasmonic properties of the co-doped films, which have
not been explored before have been studied. The research involved the prepa-
ration of Al and In co-doped ZnO films by vacuum and solution based meth-

ods, and the analysis of the results in detail.

Transition metal nitrides are another class of materials exhibiting plas-
monic resonances in visible and NIR regions [135]. Optical properties of TiN
thin films were studied numerically by Steinmiiller-Nethl et al[136] in 1994
and Hibbins et al[137] in 1998 in which excitation of surface plasmon wave
on a corrugated TiN surface using grating based coupling was reported. The
relation connecting the stoichiometry and the plasma frequency was studied
by logothetidis et al[138] using the in situ spectroscopic elliposometry mea-
surement. The optical properties of TiN films deposited on Si substrates

were studied using the Drude-lorentz approach by adachi et al[139].



93

Later Cortie et al in 2010[140] fabricated nanostructured TiN thin films and
showed that their structure has tunable plasmonic properties with light. In
2011 Chen et al[141] excited surface plasmon wave in TiN thin film coated
on a sapphire substrate using Kretschmann configuration. In 2018 Chen
et al[142] demonstrated the surface plasmon polariton of ITO-TiN-ITO thin
films at the telecommunication window using the Kretschmann configuration.
The room temperature deposition of TiN thin films and their dependence on
processing parameter like substrate choice, reactive gas flow ratio and film
thickness were reported by chang et al[143]. Recently Chen et al[144] studied
the tunable plasmonic properties of ternary (Ti,Zr)N, thin films by varying
the nitrogen gas flow ratio.In this work the focus was on fabricating non-
stoichiometric TiNy films on glass substrates, where the deposition was done
at room temperature by varying Ar:N, ratio, and finally excited surface plas-

mon resonance in these films using the Kretschmann configuration.

1.6 Objectives of the present work

The main objectives of the proposed work are

e To develop semiconductor oxide and nitride thin films with carrier den-
sity in the range 10?° to 10??/cc on glass substrates by solution and

vacuum based techniques

e To study the structural, electrical, optical properties and to extract the

dielectric function

e To study the surface plasmon resonance in semiconductor oxide or ni-
tride thin films in the context of applications in the visible and near-IR

frequencies
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Chapter 2

Experimental and
characterisation techniques

2.1 Introduction

This chapter includes brief descriptions of the experimental techniques used
for the coating of co-doped zinc oxide and titanium nitride thin films and
the characterisation studies carried out to investigate their structural, elec-
trical, optical as well as plasmonic properties. The thin metal oxide films
were developed by using both simple solution based and vacuum based RF
magnetron sputtering techniques, while DC magnetron sputtering was used
for fabricating TiN films. The structural and morphological studies of the
films deposited by the above routes were carried out by x-ray diffraction
(XRD), Raman spectroscopy and scanning electron microscope (SEM). In
addition, x-ray photo electron spectroscopy (XPS) and energy dispersive X-
ray (EDAX) were used for the elemental analysis of the films. The shifting of
fermi level with dopants in doped ZnO thin film was also investigated with
the help of XPS. The electrical properties of these films were investigated
by hall measurement system. The optical properties such as, transmittance
and reflectance, and also the energy bandgap of the films were investigated
by UV-VIS-NIR spectrophotometer. In addition, photoluminescence spec-
troscopy (PL) was used to understand the defect states present in the thin

films. To study the plasmonic properties of the films, a theoretical approach
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was adopted initially to estimate the crossover frequency and surface plas-
mon resonance (SPR), based on fresnel and Drude-Lorentz formula with the
help of standard programs such as RefFIT and Winspall software. The SPR
was finally generated in the optimised films with the help of prism based

Kretschmann configuration.

2.2 Films fabrication techniques

2.2.1 Chemical solution deposition

2.2.1.1 Spin coating

Spin coating is one of the predominant techniques used for the coating of
uniform thin films, and this route is capable of coating films with various
thicknesses, from micrometre to nanometre. More than 50 years ago, Em-
sile et al[l] coated a thin asymmetric film of newtonian fluid on a plane
substrate rotating in a constant angular frequency, which is considered as a
pioneering experiment in the history of spin coating. This route has become
popular thereafter and researchers used it widely for the applications such
as integrated circuits|2], optical mirrors, magnetic disk for data storage[3],
photolithography, deposition of photoresist materials, etc [4]. Fig.2.1 shows
the spin coating set up used for this study. The typical processes include
dispensing of solution to the centre of the substrate, allow the spin coater to
rotate initially in medium spinning speed (300 rpm) followed by a high speed
rotation (3000 rpm). The centrifugal force will spread the viscous fluid and
drive the liquid outward leaving a thin film on the surface of the substrate,
and removes the excess solution[5]. The film thickness and all other prop-
erties will depend on solution properties such as it’s viscosity, drying rate,
solution concentration, solution stability etc and also for spinning parame-
ters like spinning speed, spinning time[6]. The solvent used for dissolving
the precursor salts were usually volatile and thus small drying temperature
is enough to evaporate them[6].The process of spin coating continuous until

the desired thickness achieves.
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Figure 2.1: Spin coating system

Spin coating consist of four distinct stages as shown in Fig 2.2[2,7]

e Dispense stage
The initial stage of the spin coating, the fluid is deposited onto the
substrate using the spin coater shown in Fig.2.2a. If the solution is
simply dropped on the substrate in rest position, then it is called static
dispense. Dynamic dispense occurs when the substrate is rotated in
a low speed; this results in spreading the fluid all over the substrate.
Researchers identified this as an advantageous method when the fluid

has less wetting capability with the substrate surface.

e Substrate acceleration stage (spin up)
The rotational motion of the substrate cause expulsion of solution from
the substrate. The solution has some depth in the initial stage and the
twisting motion caused by the inertia at the top layer of the fluid results
in spiral vortices. The film will finally become thin and uniform. The
combined effects of spin speed and time selected for this process define
the thickness of the thin film coated(Fig.2.2b)

e Fluid viscous force (Spin off )

The thickness of the film coated by this technique depends upon the
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viscosity, surface tension and fluid force. If the liquid exhibits New-
tonian viscosity and the fluid is initially uniform across the substrate,
the fluid thickness at any following time also will be equal and finally

ends in uniform film coating(Fig.2.2¢).

11
g

{a) Deposition (b) Spin up {c) Spin off (d) Evaporation

é

Figure 2.2: Four stages of spin coating

e Solvent evaporation
Evaporation of solvent is also a dominant process while coating uniform
film using spin coating method. This is usually done by a heat treat-

ment at a temperature where the solvent is evaporated off(Fig.2.2d).

The major drawbacks of spin coating are (i) deposition of one single film
at a time, and (ii) the wastage of solution which are spin off .

In this work, a Chemat KW-4A spin coater (Fig.2.1) was used to coat Al
and In co-doped ZnO thin films for different doping ratio. The KW-4A is a
compact spin coater and it also helps for precise and uniform deposition of
thin films.

2.2.1.2 Spray coating

Spray coating includes the dynamic collection of droplets generated by a
fluid mechanism of atomisation of solution with an atomizer or spray noz-
zle[8]. Even though this method is facile, versatile, scalable and low-cost, the
complexity comes in the multistep solution dynamics processes. The process

of thin film synthesis using spray coating can be classified as,
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e Atomization of the precursor solution.
e Aerosol transport of droplet.

e Decomposition of precursor.

(a) (b)

oM GAS
SOLUTION
SPRAY GUN

Figure 2.3: (a) Schematic diagram of spray coating and (b) image of the
spray coater used

In spray coating technique, the thermal decomposition to fine droplets of
spraying solution using a sharp spray nozzle helps to provide a uniform thin
film[9, 10]. Generally, for atomization, an air blast or ultrasonic waves or
electrostatic field are used. In air blast, the liquid is exposed to the flowing
air[11], whereas in ultrasonicator, ultrasonic waves will help for fine atomiza-
tion[12]. These can also be done by exposing the liquid to the high electric
field [13]. The different routes differ in the rate of atomization droplet size
and droplet velocity. The velocity of the droplet when it leaves atomizer is
also important. In addition, the characteristics of the droplet from an at-
omizer is also dependent on surface tension, solution density and solution
viscosity [9,10,14]. Precursor solution gets atomized through the nozzle and
forms small droplets known as aerosols. These aerosols are allowed to fall on
the preheated substrate and create thin film through pyrolytic decomposi-

tion. The dynamics contains spreading, splashing or coalescence of droplets
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on the substrate surface. When a liquid droplet having moderate momen-
tum reaches the substrate, the initial wetting of substrate is dominated by
inertia. It is then followed by rapid and dynamic spreading in a few order of
millisecond. The droplet may then vibrate, recede and finally will pin to the
surface, achieving an equilibrium state for longer time [8,15,16]. During this
transportation, the droplet generally experiences the forces such as gravita-
tional force, stokes force, thermophoretic force, and electrical force [9,10,14].
These four forces control the trajectory of the solution droplet. As it moves
through the heated ambient, the precursor undergoes various changes such
as evaporation, precipitate formation and vaporization, depending on the
droplet size and ambient temperature. For better dense films, the solvent
has to be evaporated before it reaches the substrate[17].

Fig.2.3a shows the schematic diagram of a simple spray coater consisting
of spraying solution, carrying gas (nitrogen), substrate and hotplate, and
Fig.2.3b shows the image of the spray coating unit used in the present work.
The nitrogen gas carries the solution from the spray gun in the downward
direction and thus the film forms on the hot substrate. Unlike spin coating,
film formation is simultaneously occurring in this technique, when the solu-
tion falls on the hot substrate. Therefore further drying and annealing are

not needed in this technique. The main advantages of spray coating are

Simple and cost-effective

Capability to produce uniform films over a large area

No need of high-quality targets or vacuum

Can be operated over moderate temperatures

2.2.2 Physical deposition
2.2.2.1 DC/RF Magnetron Sputtering

Sputtering refers to a process of ejecting particles from a material surface due

to the momentum transfer between the energetic particles, usually an ion and
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the surface[18]. The surface bombardment is due to the discharge of inert
gas like argon, which is confined between two oppositely charged electrodes.
The continuous current glow discharge starts by the application of highly
energetic particles, which initiates the sputtering process. This is achieved
by applying potential difference between two electrodes in the presence of
argon gas. A continuous current power supply is also needed for providing

required volts depending on the configuration of the equipment[19,20].

Argon Heating/ cooling Substrate bias
—1

_.l, Anode- Substrate

Shutter | Permanent magnet

|—|Cathode-Tariet | /7

|
Cooling ||

Vacuum system  power source

Figure 2.4: Schematic diagram of sputtering chamber|[21, 22]

Based on the power sources, that is, DC and AC voltages, sputtering
can be classified into DC and radio frequency (RF) sputtering techniques,
respectively. A target is needed for sputtering process, which is made up of
the material to be coated onto the substrates. DC sputtering requires con-
ducting metal targets, as insulating targets result in accumulation of charges
on the target surface leading to prevention of ion bombardment. However,
both conducting and non-conducting targets can be used in RF sputtering
for depositing films[23-25].



79

Sputtering yield is an important parameter in sputtering, which is the
ratio of the number of particles ejected to particles incident. As mentioned
in the previous paragraph, a continuous current glow discharge is needed
to produce energetic particles to support the sputtering process. This is
achieved by applying a potential difference between two electrodes in the
presence of a gas (argon) kept inside a vacuum chamber maintained at low
pressure[18,26]. A schematic diagram of a sputtering chamber is shown in
Fig.2.4. Depending on the equipment design, the power supply can deliver
voltage up to thousands of volts. The electrodes separated by a distance will
have the potential difference, which generates a plasma in the rarefied gas.
Argon atoms lose electrons inside the plasma and forms positively charged
ions. The ion accelerates towards the cathode, which is the target, and the
electrons move towards the anode due to the electric field. Before reaching
the anode, these electrons will also produce new ionization or excitation of
argon [18,26]. In order to allow collisions between the electron and argon
atom before the electron hits the anode, the gas pressure inside the chamber
should not be very small. However, large pressure inside the chamber also
will result in increased collisions, and this will not have enough energy to
form new ions or excited species in the collisions. The ions accelerated by
the electric field can reach the cathode with energy to cause the emission
of secondary electrons along with the sputtered atoms. These secondary
electrons move towards the anode and thus generate new collisions, causing
a cascade effect, establishing a stable discharge, and keeping the plasma in
an equilibrium condition[18, 26, 27].

Plasma will not sustain when insulating targets are used. This is due
to the formation of positively charged surface on the exposed face of the
insulator material. In this case, to maintain glow discharge using an insulator
target, a radio frequency (RF) power supply has to be used; this is known
as RF sputtering process. When an RF potential with a high peak-to-peak
voltage is coupled to an electrode, an alternating positive-negative voltage is
generated at the electrode surface. During each part of the half-cycle, the
potential is accelerating the ions towards the surface with enough energy for

sputtering. In the other half cycle, the electrons that reach the target surface
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prevent the charge barrier. For this, this system requires an impedance-
matching network between the chamber and the power supply. Here, the

current density is defined as,

av
I, =C— 2.1
=0 1)

Where C represents the capacitance between the plasma and the target
and dV/dt is the variation of surface potential of the target with time.The
ion current increases with frequency as per above equation. The frequency
used in commercial system is 13.56 MHz[18, 26, 27].

In normal sputtering, ions are produced away from the target; there are
chances to lose before reaching into the anode. This leads to low deposition
rate due the low overall ionization efficiency[26]. To overcome this issue, a
magnetic field is applied at right angles to the electric field by placing large
magnets behind the target (Fig 2.4). The cathode surface is thus bounded
in a magnetic field, and electron traps are formed near to cathode. This
increases the rate of ionization near the cathode, which further increases the
sputtering yield[18,27]. Magnetron sputtering is used both in DC and RF
sputtering system[18, 26, 27]. The advantages of the sputtering technique
are[22, 27, 28],

e A wide variety of materials, such as metals, insulators, alloys, compos-

ites can be deposited
e Better film quality
e Reproducibility
However, there are a few disadvantages also,

e High energy ion bombardment or UV generated by plasma may damage

substrates.
e To avoid contamination, ultra-clean gases and targets are required

e Deposition rate depends on the material type
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e Heating due to ion bombardment may damage the target.

In the present work, RF magnetron sputtering (Hind High Vacuum, Ban-
galore) was employed for coating Al and In codoped ZnO thin films using
powder target prepared by solid state ceramic process. The deposition of ZnO
thin films using the powder targets were already reported[29-31]. Titanium
metal target was used for coating titanium nitride films by DC magnetron

sputtering.

2.3 Characterisation techniques

2.3.1 X-ray diffraction (XRD)

The pioneer experiment on x-ray diffraction was done by W. Friedrich, P.
Knipping, and M.Von Laue in 1912, and the Braggs law was derived in
1913[32]. They showed that materials having similar dimension of x-ray
wavelength and spacing of planes in the crystal lattice can act as three dimen-
sional diffraction grating. This technique now becomes a common method
to investigate crystal structure and atomic spacing of materials. In a x ray
diffractometer, x-rays are produced by a cathode ray tube and filtered to
produce the monochromatic radiation. The collimator will concentrate and
direct x-rays towards the sample. X-ray diffraction is based on the con-
structive interference of monochromatic x-rays from parallel planes of the

substance. The condition for constructive interference is,
nA = 2dsinf (2.2)

Where ‘n’ is an integer, A is the wavelength of x-rays, and d is the interplanar
spacing and 6 is the diffraction angle[33,34]. If the material has random
orientations, all possible diffraction directions of the lattice can be attained
by scanning the sample through a range of 26 degree. Since each compound
has unique d spacing, the peaks also will be unique, this helps to identify the

material. Schematic representation of diffraction was showed in Fig.2.5.
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Figure 2.5: (a)Schematic diagram indicating the Bragg reflection from a
crystal plane

Typical XRD consist of three basic elements; an x-ray tube, a sample
holder and a detector as showed in Fig.2.6. Heating filament will produce
electrons and these can be accelerate towards the target by applying volt-
age and thus bombard the target material with electrons. When the energy
of electron is sufficient to knock inner shell electron, x-rays are produced.
This consist of several components such as K, and K. K, can again split
as K, and Ko such that K,; has twice the intensity compared with K ,s.
Copper is the most common target material used for single crystal diffrac-
tion(Cu K,=1.541 A°). During the rotations of the sample and detector,
the intensity of the reflected intensity are measured accurately. There will
be a constructive interference when the incident x-ray satisfies the Bragg’s
law, and thus a intensity in peak occurs. The detector record, process and
converts the signal to count rate[35]. XRD is mostly used by the researchers
to identify the crystal structure of material. This is crucial for researchers
in material science, geology, environmental science and biology[33]. Identifi-
cation of fine grained minerals such as clays and mixed layer clays are also

done by XRD[36,37]. Crystal structure calculation using Rietveld refinement
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helps to get accurate refined structural parameters like lattice parameter, cell
volume, bond length etc.[38,39].

Figure 2.6: Schematic arrangement of XRD.

The scherrer equation gives the average size of the crystallites which is

defined as[40,41],
kA

B [Beost
Where k is the constant depending on crystallite shape, A is the wave length
of X-rays, /8 is the full-width half maximum (FWHM), and 6 represents the
Bragg angle. For hexagonal lattice, dpy (obtained from XRD pattern) in

(2.3)

terms of lattice parameter (a=b, ¢) can be written as[41].

1 i[hQ+k:2+hk:] +E (24)
dz,,  3a? c?
Moreover, the effect of lattice distortion in the film can induce strain (S)
(strain is represented by the symbol e by convention, but S is used here not
to confuse with dielectric constant, described below) and stress (o) along the

¢ axis and can be estimated by

Cr; — C
S = film bulk (25)
Coulk
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and

o =-233x 108 (2.6)

Where ¢y, represents the lattice parameter of film and ¢y, (= 5.2064°) is
that for unstrained ZnO film[42,43].

Another method to calculate the strain and the crystallite was introduced
by G K Williamson and his student[45,46]. According to them, broadenings
due to size (6p) and strain (3.) vary quite differently with the Bragg angle,
0;

kX

= 2.7
Fp Dcosf (2.7)
B = 4Stanf (2.8)

where S is the induced strain

Btotal = 6D + ﬁe
kX

6total Deost -+ Stan ( 9)

multiplying with cosf we get,

kX .

Biotarcostd = ) + 4Ssinf (2.10)

This equation represents a straight line for Scosf in Y axis and 4sinf in X
axis. Thus slope of the straight line gives the strain(S) and Y intercept gives
the crystallite size.

The major limitations of XRD are as follows[33],
e The detection limit of dopants in material is limited upto 2%
e For high angle reflection, peak overlay may occur.

e Difficulty in identifying the unknown material
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2.3.1.1 Rietveld refinement using GSAS software

The extraction of structural information quantitatively from the XRD data
can be done using Rietveld refinement technique. Hugo Rietveld[47, 48]
introduced this novel idea in 1969 to extract structural information from
neutron diffraction data. Now this technique has been used for extracting
other structural studies, such as bond angle, bond length, atom position,
accurate lattice parameter, occupancies, etc.[49-54]. A wide variety of li-
censed and free software like FullProf[55], Rietan [56], Topas [57], JANA
[58], GSAS/EXPGUI[47,48] etc. are available for structural refinement. In
the present study, EXPGUI, the graphical user interface version of General
Structure Analysis System (GSAS) was used for structural refinement [47,48].
A high-resolution x-ray diffraction data and standard crystallographic infor-
mation file (CIF) are required for carrying out the refinement process. The
refining parameters includes scale factor, lattice parameters, occupancy, pre-
ferred orientation correction, isotropic atomic displacement parameters, peak
width, and shape functions. The fitting will continue until the goodness of
fit (x?) becomes an acceptable value (ideally 1), or a good fit between ob-
served and calculated x-ray diffraction patterns is observed [45-48]. In the

refinement, pseudo-Voigt profile shape is assumed [51-54,59].

2 2\—1 2
2 (Uip - Uib) X (yio - yzc)
= 2.11
X=> P (2.11)
Where o, and oy, are the standard deviation associated with peak and back-
ground intensity respectively. The y;,, ;5 and ;. and are the observed inten-
sity, background intensity and the calculated intensity. N is the total number
of observations and P is the number of variables in least square refinement.

The calculated intensity ;. is obtained using

Vie=5»_ M;PLj|F;?G(60:5) + ya (2.12)

J
Where, M; is multiplicity factor, PL; is Lorentz polarization factor, F} is
structure factor, s is scale factor, G is reflection factor and 66;; is calculated

Bragg peak position. After refinement process, the structural informations



86

were extracted by running the program DISAGL in GSAS software[47,48].
In the present study, Rigaku Miniflex 600 XRD using Cuk, radiation was
used for the structural studies. The 26 range used was from 10-80 degrees,

and 0.001 degree/min was the scanning rate used for the measurements.

2.3.2 Scanning electron microscope (SEM) /Field emis-
sion scanning electron microscope(FESEM)

Scanning electron microscope is used for the examination and analysis of
morphology of microstructure and characterisation of chemical compounds.
The limit of optical microscopy corresponding to resolution of 2000A4° was
surmounted by electron microscopy[60]. The limit of resolution based on
wavelength illuminated was studied by Ernst Abbe [61]. The magnified image
blurs at certain wavelengths when the resolution exceeds the limit [60,61]. In
a light source, due to the diffraction and interference, focussing like a perfect
dot is not possible [60]. In a perfect optical system, the resolution can be

defined mathematically by Abbe’s equation as
_0.612A

nsinQ

d

(2.13)

Where d is resolution, A is the wavelength of imaging radiation and n is the
refractive index of medium between lens and point source and « is the half
aperture angle in radians.

Image development in the SEM depends on acquisition of interacting sig-
nals between electron and the specimen. The possible interactions are elastic
and inelastic, where elastic interaction is due to the deflection of the inci-
dent electron of similar energy by atomic nucleus or by outer shell electrons.
When the incident electrons are elastically back scattered at an angle greater
than 90°, then these are called backscattered electrons (BSE). Inelastic scat-
tering occurs due to the variety of interactions between incident electrons
and electrons in the sample. The amount of energy loss depends on single
or collective excitation of specimen electron and also on the binding energy
of the electron to the atom. When the incident electron ionise the speci-

men atom leading to excitation of electron, which results in generation of
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secondary electrons having energy less than 50 eV, and these are used for
imaging the specimen. In addition to secondary electrons, other possible
emissions are x-rays, auger electrons and cathodoluminescence. Secondary
electrons are used principally for the topographic image formation and this
depends on the number of secondary electrons reached into the detector. The
elastic collision between the incident electron and specimen electron causes
the electron to bounce back in a wide-angle having energy greater than 50 eV.
Elements with higher atomic number have more number of positive charges
on the nuclei, and thus more electrons will be back scattered. The spatial
resolution of backscattered electron images varies between 50 and 100 nm
for beam energies of 10-20 keV and this is directly related to the large vol-
ume within the specimen from where the backscattered electrons will form
the image. At low beam energy (1keV), the information volume of SE and
BSE becomes comparable. For high-resolution microscopy, low-loss BSE are
used which are ejected from the area immediately surrounding the point of
beam incidence. These electrons undergo single or lesser number of scatter-
ing events and represent high-resolution signal.

Fig.2.7 shows the schematic representation of SEM. The major parts in-
clude[60-62],

e Electron gun

Role of the electron gun is to produce a stable electron beam having
high current, adjustable energy, small spot size and small energy disper-
sion. The first SEM used tungsten or lanthanum hexaboride cathode
as electron source, but in modern SEM, field emission sources are used
because of current enhancement properties and low energy dispersion.
Thus, it is named as Field emission scanning electron microscope (FE-
SEM). The higher resolution and magnified image can be obtained in
FESEM.
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Figure 2.7: Schematic representation of SEM/FESEM

e Electron lenses
Though the electron beam can be focussed by electrostatic or magnetic
fields, the beam control of magnetic field has small aberration, and be-
cause of this, in SEM /FESEM electron beam focussing is usually done
by magnetic field. Trajectory of the electron is controlled by current
in the electromagnets. The electron lenses can demagnify /magnify the
electron beam diameter because of their variable strength, and thus
have variable focal length. SEM use electron lenses to demagnify the
image of the emission source so that narrow probe can be formed on
the surface. To converge and collimate the electron beam in a parallel
stream, a condenser lens is also used. By adjusting the position of the
condenser lens current, the position of the focal point can be adjusted.
By choosing the appropriate aperture size, the inhomogenous/scattered

electrons also can be excluded. Below the condenser aperture, electron
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beam are focussed in to the probe point at the specimen surface using

a objective lens.

e Column parameters
Along with small spot size and beam convergence, other parameters
related to the resolution and depth of focus are electron beam energy,
lens current, working distance, aperture size etc. Aperture also helps to
avoid spherical aberration in the final lens. For same working distance,
decreasing aperture size will reduce beam angle, which thus result in
enhancement of the depth of field.

e Image formation
Interaction of electron beam with specimen will occur within an excita-
tion volume, and the depth of interaction depends on the composition
of specimen, energy and incident angle of electron beam. By recording
the magnitude of the emitted signal with suitable detectors, informa-
tion of the sample will be obtained. However, the information come
from one single spot, and the probe should be scanned in vertical and
horizontal directions to form an image. The morphology of the image
is obtained from SE detectors because of low energy of secondary elec-
trons. As the atomic number of samples increases, production of SEs
and BSEs also will be increased. Therefore, the contrast of SE and BSE

signals can also give information about the specimen composition.

Thus the main difference between SEM and FESEM lies in the electron gen-
eration system. In FESEM, a field-emission cathode in the electron gun
provides narrower probing beams at low as well as high electron energies re-
sulting in both improved spatial resolution and minimized sample charging
and damage. Thus FESEM provides excellent magnification and low volt-
age[62]. In this work, both SEM (Zeiss Evol8, USA) and FESEM (CARL
ZEISS, Gemini SEM 300) were used for the surface morphological studies

and for obtaining cross-sectional images of films.
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2.3.3 Energy Dispersive analysis of X Rays (EDAX)

EDAX is an analytical method that involves the chemical characterisation or
elemental analysis of a sample. Each element has a unique atomic structure
that allows interaction of x-rays with materials to be characteristic of an
element’s atomic structure. In an atom, ground state electrons distributed
across discrete energies or electron shells bound to the nucleus[63]. When
x-rays fall on the material, electron in the inner shell will be excited and
ejects from the shell, creating a hole. Eventually, the vacated position by an
ejected electron from an inner shell is occupied by a higher energy electron
from an outer shell. The difference in energy between the higher and the

lower shells is released in the form of an x-ray[63]., as shown in Fig.2.8.

Kicked out

Incoming

Figure 2.8: Principle of EDAX

Identifying the position of the EDAX peak with appropriate energies will
give information on the quantitative composition of the sample. The number
of the x-ray quanta is the measure of the concentration of the elements (peak

height). Quantitative analysis of lighter elements from an EDAX is usually
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effected by it’s strong absorption before it reaches to the detector[64]. This
is eliminated by adding suitable mass absorption correction given by cliff &
lorimer[65] and philbert [66]. For a binary system having elements A and
B, the weight percentage of elements A and B represented as C'4 and Cp

respectively, are related to the intensities /4 and Ip as

Ca I
— = (k ACF)—=— 2.14
c, (kap x AC )]B (2.14)

Where K,p is the sensitivity factor depend on ZAF correction(Z: Atomic
number; A: Absorption of x-rays within the specimen, F: Fluorescence of x-
rays within specimen)[65], and absorption correction factor(ACF) is defined
as

f(x) = (1+1.2x 10 5%yx)? (2.15)

Where, x = fcoseca and v = (Eél'GS) — Eg(gl'%)) , Ey is accelerating (gun)

voltage,( thus the energy of the primary electrons), F, is the critical ioniza-

tion energy of the level of the atom and « is the take off angle.

EDAX systems are commonly available in SEM/FESEM. As described
in the section (2.3.3), these are equipped with a cathode to create electrons
and magnetic lenses to focus the beam of electrons. The x-ray excited in the
specimen is analysed by EDAX detectors by measuring the relative intensity
of emitted x-rays versus their corresponding energy. Typically, the detectors
used are lithium drifted silicon or solid state device[67,68]. Charge pulses
are generated when the x rays strike on the detector in proportion to their
energy. The conversion of charge pulse to a voltage pulse was done by a
charge sensitive pre-amplifier. These signals are then send to a multichannel
analyzer, where these pulses will sort according to the voltage. This energy
(determined from the voltage measurement), for each incident x-rays will
send to the computer for display and then for further data evaluation. The
spectrum of x-ray energy versus counts is used to determine the elemental
composition of the sample[67,68]. In this work, Zeiss Evol8, USA EDAX

was used for quantitative analysis of elements present in the films.
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2.3.4 Raman Spectroscopy

The basic principle of Raman spectroscopy lies in the inelastic scattering
of monochromatic light inside the sample, which is then followed by the
generation or annihilation of elementary excitations. The elementary ex-
citations are vibrations, particularly phonons (lattice vibrations). Raman
spectroscopy thus provides information on structural properties like chem-
ical composition, orientation, and crystalline quality. These were done by
analyzing the frequency position, intensity, and line shape and FWHM of

Raman signals in the Raman spectra.

N
d -’
( ) ’, q’ (Dp
\\
koa (,00 \...
ks o, *

Figure 2.9: Schematic representation of (a) Stoke and (b) anti-Stoke process

The typical Raman spectrum is intensity versus the Raman shift, where
intensity is directly related to the photon numbers reaching at the detector.
Any frequency difference between the monochromatic excitation source and
the scattered light gives the Raman shift[69]. This shift denotes the energy
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annihilated or generated during elementary excitation. Raman shift is usually
represented in wavenumber 7 = v/c [67-71].

Conventionally, if the inelastic light scattering generates an elementary
excitation, the frequency of the scattered light exhibits a lower frequency,
then the Raman shift will denote as positive, indicating stokes Raman scat-
tering. For annihilated elementary excitation, the Raman shift will becomes
negative defined as anti-stokes Raman scattering. According to Maxwell-
Boltzmann distribution law, the population of phonons in a solid at ground
state is higher than the excited state. Therefore, the stokes lines are stronger
than the anti-stoke lines. Since both Stokes and anti-Stokes lines provide the
same information, in general practice the stoke lines are measured experimen-
tally because of its higher intensity than that of the anti-stoke lines. When
an incident photon with energy Awy and momentum Ak, undergoes inelastic
scattering, a phonon of energy Aw, and momentum 7w, is either created or
annihilated. However, the total energy and momentum before and after the
scattering will be conserved. During phonon creation(Fig.2.9a), the lattice
will go to an excited vibrational state from the ground state by absorbing
energy from the incident photon. while, in the phonon annihilation process
(Fig.2.9b), lattice returns to the ground state from the excited state by re-
leasing energy[69]. For the above-mentioned light scattering processes, the

energy and momentum conservation demand the condition such as,
hws = hw, £ hw, (2.16)

hk, = hk, — hq (2.17)

where, Aw, and hk, are the scattered photon energy and momentum, re-
spectively. In eqn (2.16), the +ve sign represents anti-stokes lines (phonon
annihilation) and -ve sign represents stoke lines (creation of a phonon). The
magnitude of the scattering vector q depends on the scattering angle. The
wave vector of the photon is directly proportional to its frequency q=w/c.
Since the maximum phonon energy is less than the UV-visible-IR photon
energy, the scattered photon energy (wave vector) is nearly the same as that

of the incident photon. Therefore, one can make the approximation ky = k.
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From the vector diagram (Fig.2.9),for a scattering angle 6, the phonon mo-
mentum can be written as, q= 2kg sin(6/2). In the backscattering configu-
ration 6 is 180 and thus q is 2ky. Therefore, the maximum value of q can
be achieved in the Raman scattering in UV-Visible and IR region is of the
order of 107® em™', which is very small as compared to the Brillouin zone
boundary in a typical crystal[69]. The schematic block diagram of the micro-
Raman spectrometer used for the present study is depicted in Fig.2.10. The

major component and their working principle are briefly discussed below

e Laser
An Ar+ laser of wavelength of 514.5 nm was used as the light source

for the Raman scattering measurement.

e Optical unit
The laser entering the optical unit was first aligned by the mirror B
and it is then followed by convergence lens C to converge it to 10 pm
pinhole. Another objective lens D was used to make a well collimated
parallel beam. Using the mirror E and F, the collimated parallel laser
beam was then reflected to the holographic filter. The angle of the
holographic filter was adjusted so that the laser beam can pass into
the optical path of the microscope,located outside of the spectrometer

unit.

e Microscope unit
The microscope unit helped in positioning and focusing the sample for
the measurement. The microscope in the micro Raman system was
facilitated with objective lenses of 5X, 20X, 50X and 100X for visible
light and 15X and 40X for UV light.

e Monochromator
In the Raman spectrometer the back scattered photons are dispersed
through the single monochromator with gratings. The spectral reso-
lution of the measurement is decided by the number of groves in the
grating. In the present study, 1800 groves/mm gratings were used for

514.5nm excitation source.
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Figure 2.10: Schematic block diagram of the micro-Raman spectrometer

e Detector
The dispersed light from the monochromator was focused on a charged
coupled device (CCD), which served as a detector for spectra acquisi-

tion of the scattered photons.

The wurtzite ZnO lattice structure contains four atoms in the unit cell.
Thus the number of phonons amounts to 3n = 12, with 3 acoustic modes
(1I-LA, 2-TA) and 3n - 3 = 9 optical phonons (3-LO, 6-TO). The group
theory predicts the irreducible representation of optical phonon as v,y =
A1+2B1+E1+2E2. The E modes are two fold degenerate and the B1 modes
are silent, i.e. IR and Raman inactive, and the E2 modes are Raman active
only. Since the Raman and IR active modes A1l and E1 are polar and due to
the macroscopic electric fields of the LO phonons, each splits into LO and TO
modes with different frequencies[67-71]. In the present work, a micro-Raman
spectrometer in the backscattering geometry with laser excitation of 532nm
(inVia, Renishaw;UK) was used for investigating vibrational properties of
the films.
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2.3.5 Photoluminescence (PL)

PL spectroscopy is a non destructive technique used widely to yield valu-
able information about intrinsic as well as extrinsic transitions in the sam-
ple. Since ZnO exhibit both defect related and near band emissions, both
these transitions are important in our study. PL comprised of fluorescence
and phosphorescence which originates from the absorption/emission process
between different electronic energy levels and type/intensity of PL depends
mainly on the material and wavelength of source which we used. By choosing
an appropriate laser wavelength unwanted interference due to fluorescence
can be avoided[72]. In Photoluminescence spectroscopy, light illuminated
onto the sample will absorb and excess energy will be imparted into the ma-
terial through photoexcitation. This excess energy released by the sample
through the emission of light is called luminescence[73]. If the photons are in-
volved in this excitation, then this luminescence is called photoluminescence.
Hence, photoluminescence occurs when a material exhibit spontaneous emis-
sion of light from a material during optical excitation. This light is then
collected and analysed further spatially, temporally and also spectrally. Var-
ious important material property are measured directly using this intensity
and spectral content of the photoluminescence. Photo excitation causes elec-
trons within the material to move into allowed excited states. When these
electrons return to their ground states, the excess energy will be released and
results in the emission of light . This process is a radiative process and if ra-
diation is not emitted, then it is non radiative process, as shown in Fig.2.11.
The emitted radiation is photoluminescence and its energy is related to the
difference in energy levels between the two electron states involved in the
transition between the excited state and the equilibrium state. This method
only provides information on the lower lying energy levels of the system under
investigation. In a semiconductor, the radiative transition occurs commonly
between the conduction and valence bands. This difference in energy is called
the bandgap. The measurement of PL spectroscopy is usually done by laser
light or with xenon lamp having an energy much larger than the optical band

gap. This wavelength is called excitation wavelength. In this study, since
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zinc oxide has bandgap near to 3.3eV, excitation wavelength selected was
325nm|73, 74].
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Figure 2.11: Principle of photoluminescence spectroscopy

The carriers that are excited by light includes electrons and holes that re-
lax towards to their respective band edges (bandgap), and then recombine by
emitting light. It is also possible that radiative transitions in semiconductors
involve localised defects or impurities. Thus, PL analysis also can be used
to understand the defect states within the sample, and the magnitude of the
PL signal can be used to understand their concentration|[75]. The PL studies
reported in this thesis were carried out using the same setup used for micro
raman measurements (inVia Renishaw)(Fig.2.10) by excitating the films with
the He-Cd laser source having excitation wavelength of 325nm.The emission
spectra were recorded by using a grating (2400gr/mm) as a monochromator
and a CCD detector.
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2.3.6 Hall effect measurement

American physicist Edwin Herbert Hall observed in 1979 that when an elec-
tric current passed through sample placed in a magnetic field B, a voltage
later known as Hall voltage perpendicular to current and magnetic field will
be developed across the material. This effect is known as hall effect and
using this carrier density, mobility and resistivity of the material can be de-
termined. The first understanding about the sign of the charge carriers was
done using this technique. Hall measurements are widely used today for in-

vestigating the electrical transport of semiconductors and metals.

Consider a conductor as shown in Fig.2.12 in which current I, is flowing
in x direction. Let the charge inside the conductor is ‘q’ and the charge
carrier density is ‘n’ and charge drift velocity is v,. The current I, is the
current density times the cross sectional area of the conductor. If t and w

are the thickness and width of the conductor respectively, then,
I, = Jywt = nqu,wt (2.18)
Thus carrier density is defined as

I,

= 2.19
" qu,wt ( )
The carrier density related to mobility(u) and resistivity(p) as
1
n=— (2.20)
P

The Hall voltage(VH) developed in the conductor related to Hall field as

Vi = —/ E,dy = —E,w (2.21)
0
Where E, is the Hall field defined as
Ey = Bac‘/tz
Thus
1 I,B, 1.B,
Vg =—— = —Rpg (2.22)
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Where Ry is the Hall coefficient. For n type material, the Hall coefficient
will be negative and for p type material it will be positive. Using the Hall

voltage, the mobility can be found as,

Vu
= 2.23
And Rs is the sheet resistance can be determined from the van der pauw
equation,
Ra Ep
e "R +e "R =1 (2.24)
Vig
Ry=—
Lo
Viy
Rp = —
B I

I15 is the DC current entering through contact 1 and leaves through contact
2 of the sample, and I53 is the DC current entering through contact 2 and
leaving through contact 3 as showed in Fig.2.12. Voltage between contact 4
and 3 is V3 and V)4 is the voltage between contact 1 and 4[76-78].

Figure 2.12: Image of the sample holder along with the schematic diagram
of sample with four leads numbered as 1,2,3 and 4

The plasmonic property of the plasmonic thin film at the desired wave-
length is dependent on the free carrier density of the films. Hence, the study
of electrical property of the oxide and nitride thin films are utmost impor-
tant. For the present work, Ecopia HMS 3000 Hall measurement system was
used with a magnetic field of 0.54T. The measurements were done at room

temperature.
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2.3.7 X-Ray Photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also named as electron spectroscopy
for chemical analysis (ESCA), is a technique used for analyzing the surface
chemistry of the material. It can measure the elemental composition, chem-
ical state, empirical formula, and electronic state of the elements within a

material.
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Figure 2.13: The photoemission process involved for XPS surface analysis

The spectra are obtained when a beam of x-rays are irradiating on a
solid surface and simultaneously measuring the kinetic energy of electrons
that are emitted from the top 1-10 nm of the material being analyzed. A
photoelectron spectra are recorded by counting the ejected electrons over a
range of kinetic energies of electrons. Since each atom have particular binding
energy, peaks appear in the spectrum will correspond to a particular element.
The energies and intensities of the photoelectron peaks enable identification
and quantification of all surface elements (except hydrogen)[79]. When the x-
ray beam hits the sample surface, the electron in the surface absorbs photon

energy and thus be excited as shown in Fig.2.13. In some cases, due to
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ionization the electrons can escape from the host material. The energy of
the emitted photon can be analysed using a spectrometer and the results
can be plotted as a graph with intensity/counts per second versus electron
energy. The kinetic energy of the escaped electron related to the binding

energy of the material as,
KE =hv —BE — ¢ (2.25)

Where hr is the incident photon energy. BE is the binding energy of the

electron and ¢ is the work function of the material.

Hemispherical energy
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X-ray
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Analyzer control &
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Figure 2.14: The schematic representation of XPS[80]

This equation is known as Einstein’s Photoelectric equation. This kinetic
energy is the fingerprint of the electrons on specific subshell of the electronic
levels of the elements. And any variation in the type of elements or their
valancy can alter the XPS peak position and hence can be identified. The
absorption of photon by a material is an instantaneous process and take
place within a time range of 10-16s. For absorption to take place hrv should
be greater than BE+¢ and the remaining energy will be used for the kinetic
part of the electron. Thus as the intensity of the incident photon increases

the intensity of the emitted photoelectron also will increases[81].
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The major components of the XPS system are x-ray source, analyser and
detector as showed in Fig.2.14. XPS usually use Al K, and Mg K, as the
excitation source. In our work we used monochromated Al K, of energy
1486.6eV and the BE were measured by referencing with respect to the Cls
peak. A hemispherical electron analyser was usually used in XPS instrumen-
tation. The electrons which are dispersed through the hemispherical analyzer
having different energy arrive at different positions in the radial direction and
also they are spatially dispersed around the circumference of the sphere. To
allow the photoelectrons a longer electron path, an ultra high vacuum is
always maintained in XPS. In addition it also prevents the contamination
to produce the x-ray signals.For the deconvolution of peaks we used Shirley
type background and curve fitted with a mixture of Gaussian and Lorentzian

line shape[81].

2.3.8 UV-VIS-NIR spectrophotometer

The incidence of an electromagnetic wave on a material will result in phenom-
ena such as transmission, absorption, reflection or scattering due to the inter-
action of wavelength with objects of discrete dimension like atoms/molecules.
Depending upon the wavelength used, this spectroscopy can be divided into
three. The UV region is measured from 180 to 400nm, the visible is from 400
to 800nm and near infrared region ranges 700 to 2500nm. A UV-VIS-NIR
spectrophotometer measures the amount of light transmitted/ transmittance
through a sample by taking the ratio of intensity of incident light(Iy) to the
ratio of intensity of transmitted light (I)(after eliminating the background
light). The relationship between the transmittance and the absorbance(A)
can be described as

A = —log, T (2.26)

where T = %.The absorption coefficient a of the thin film sample can be

calculated as,
_In(%T)
d

(2.27)

o =
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Where'd’ is the thickness of the film. Bandgap of the thin films (£,) was

calculated in the present work using the Tauc relation
ahv = A(hv — E,)" (2.28)

where hv is the incident photon energy, A is a constant and n =1/2 for
allowed direct transitions. The optical band gap energies were calculated by

extrapolating the linear portion of (ahr)? versus hv curve at a=0[82,83)].
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Figure 2.15: shows fibre based (a)transmission measurement and (b) reflec-
tion measurement.

In this work, a fibre based UV-VIS NIR spectroscopy (Ocean optics) was
used for transmission and reflection measurements. The schematic diagram
of the device used is shown in Fig 2.15 a and b. The principle of measurement
for the fibre based UV VIS NIR spectrophotometer is relatively simple and
it consist of a light source, sample holder, fibre and a spectrophotometer
(Fig.2.15). The light source used here is tungsten halogen lamp. The working
principle inside the spectrophotometer is shown in Fig.2.16. Light from the
optical fibre enters inside the detector using a SMA connector. The light
then passes through the slit, which act as the entrance aperture. It is then
reflected by a collimating mirror and move towards grating, which splits the
photons by wavelength. The grating spreads the light across the focussing
mirror, which direct light of each wavelength into detector. In the UV-
VIS region, CCD arrays are used as detectors and in NIR region, InGaAs
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detector is used. Using the spectroscopic software, data from the detector

were analysed.
Collimating mirror

—

= 7 : . Detector

Grating

ight from the optical fibre enters
through SMA connectors

Figure 2.16: Schematic diagram of light from optical fibre reaches the detec-
tor.

2.3.9 Analysis of SPR using kretschmann configura-
tion

Surface plasmons can be excited on plasmonic film using incident photons
using certain experimental methods. The resonance condition at which cou-
pling of photon and surface plasmon excitation is called surface plasmon
resonance[84,85]. A detailed description of methods of generating SPR was
discussed in the section (1.3.2) of Chapter 1. In the present study, we used
Kretschmann configuration for exciting SPR, as shown in Fig 2.17. The light
source used is tungsten halogen lamp having wavelength region ranging from
300 to 2200 nm. The incident light are allowed to pass through a collima-
tor and then through a p polariser. The p polarised light have electric field
components in the x and z direction, as seen in figure. The plasmonic film
was coated on the hypotenuse side of the right angled prism and lights are
allowed to fall on one side of the prism. In this study, BK7 prism (n =1.57 at
NIR) has been used for the measurement. The plasmonic films were coated
on glass substrates. The light reaches at the prism- film interface undergoes

total internal reflection and the evanescent wave generated at this interface
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will move through the film and reaches at film-air interface. At resonance
condition, this evanescent wave will couple with surface plasmons and gener-
ate SPR.The coupling thus result in decreasing the reflected light intensity.
The generation of SPR can be done in wavelength interrogation and angu-
lar interrogation methods. The angle is fixed in the former case and the
wavelength is fixed in latter[84-87].

Figure 2.17: Schematic diagram of generation of SPR using Kretschmann
configuration
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2.4 Summary

In this chapter, major experimental techniques used for coating of co-doped
zinc oxide films and titanium nitride films were discussed. In addition, ba-
sic principles, major components along with schematic diagram of thin film
deposition techniques were also described. The characterization equipment
and techniques used for probing electrical, structural, surface morphologi-
cal and optical properties of the co-doped oxide and nitride thin films were
discussed. The details of surface plasmon resonance measurements of the
plasmonic films using Kretschmann configuration were also described in de-
tail.
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Chapter 3

Investigation of plasmonic
properties of spin coated oxide

co-doped ZnO thin films

3.1 Overview

Material research plays an essential role in making a breakthrough in the
scientific community. An understanding of proper material has a great in-
fluence, especially in the field of plasmonics. Currently, research in this field
lacks an excellent and a cost-effective material for potential device fabrica-
tion. Since plasmonics deals with electron-photon coupling, availability of
free electrons is essential for a material. Hence, importance has been given
to materials research in this work. This chapter investigates the plasmonic
properties in Al and In co-doped ZnO thin films fabricated by spin coating
technique. Doping in ZnO usually results in expansion or contraction of the
lattice due to the difference in ionic radius of dopants and host material.
Thus, expansion or contraction can be balanced when co-doped with two
atoms having larger and smaller ionic radii than host atoms, for a particular
co-doping ratio. The co-doping ratio of Al:In was varied sequentially from
100:0 to 0:100 (in percentage). Crystallinity of the films were studied by
x-ray diffraction using CuKa radiation in 26 range 20-60° at a scanning rate
of 3 degree/min. For the study of surface morphology, scanning electron mi-

croscope at an operating voltage of 20 kV was used. UV-Vis-NIR reflectance
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spectra were recorded in the range 300-2500 nm using a spectrophotometer.
Electrical properties were measured using Fcopia HMS-3000 hall measure-
ment system having magnetic field of 0.54T at 300K. Dielectric functions
of films were retrieved by fitting the reflectance data with theoretical values
according to the Drude-Lorentz model using RefFit, a standard software. As
discussed in Chapter 1, section (1.3.3), of this thesis, the optical response of
free electrons in metals can be described by the Drude model[1]. However,
in doped or co-doped semiconductors having free as well as bound electrons,
Drude theory alone is not sufficient to explain the optical response. Thus, this
model is extended to Drude+Lorentz model where Lorentz approach treat
bound electrons as a spring-like system that always experience a restoring

force.

3.2 Sample preparation

3.2.1 Preparation of Al and In doped/co-doped ZnO
solution

Precursor solutions for coating AZO, AIZO.,IZO films were prepared from
analytical grade zinc acetate dihydrate (Merck), aluminium nitrate (Merck),
and indium chloride (Alfa Aesar). Zinc acetate dihydrate was dissolved in 2
methoxy ethanol and monoethanolamine (MEA), and the Al and In dopants
dissolved in 2 methoxy ethanol were added to prepare a solution with atomic
ratio (Al4+In) of 3%. MEA was used as stabilizer for obtaining a homogeneous
solution without precipitation. The molar ratio MEA /Zn was fixed as 1 and
the solution concentration was fixed at 0.6M. A total of 11 solutions were
prepared with various Al: In ratios (from 100: 0, 90: 10, 80: 20 to 10: 90,
0: 100). The solution as well as the films were named according to their co-
dopant ratio (Al: In) as, Aglig, A1lg, Asls, Aslg etc. The resulting solution
was stirred with a magnetic stirrer at room temperature for two hours. The

clear and transparent solution obtained was aged for 24 h.
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3.2.2  Substrate cleaning

In thin film preparation, substrate cleaning is very important as it will affect
the smoothness, uniformity and repeatability of the films coated. Therefore,
the soda lime glass substrates used for spin coating were cleaned using soap
water, distilled water, acetone and isopropyl alcohol successively in an ul-

trasonic bath for 15 minutes each and then dried in nitrogen flow, before

coating.
Host material 2 methoxy ethanol Dopant material
- - + Aluminium nitrate
[Zlnc acetate dlhydrate] MIEA {3 Indium chloride
Total sol conc: 0.6M 3% doping
= Al:In=100:0,90:10
to 0:100

[ Precursor solution ]

N7

4 . . 3\
Spin coating, .
3000 rpm for 20sec N \\ )
- o | 12times
Iy}
Ry
s - N
Preheating at 300°C Annealing in air at 400°C/450°C
for 10mins [ >|for2hr
~ ’ Annealing in reduced atm at 300°C
for 30mins

Figure 3.1: Flow chart of coating of Al and In doped/co-doped thin films by
spin coating

3.2.3 Thin film preparation using spin coater

Thin films were coated on to the cleaned substrates having dimension of
1 inch x 1 inch using a Chemat KW-4A spin coater at 3000 rpm for 20s.
The as coated films were dried at 300°C in air on a hot plate (Chemat)
for 10 min to remove solvents and other organics. Fig.3.1 shows the flow
chart adopted for the coating process in the present study. The spin coating
procedure was repeated 12 times to achieve desired thickness for the film.

The films were finally annealed in air at two temperatures, 400°C and 450°C,
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for 2 hr to study the effect of annealing temperature on the properties of the
films. In ZnO, apart from extrinsic doping, the other method that helps for
improving electrical properties is its non-stoichiometry. For that a second
post deposition annealing was carried out in reduced atmosphere for another
30 min at 300°C to create more oxygen vacancies and hence to improve the
electrical properties. A gas mixture of Ny and H, in the ratio of 95: 5 was
used for this purpose. The ramping is set to 5°C/min upto 300°C and the
dwell time is set to 30 mins at 300°C. The furnace was cooled naturally to
room temperature. The films were subjected to structural, electrical, optical,

and plasmonic studies after the completion of annealing processes.

3.3 Electrical Properties

The carrier concentrations of the spin coated co-doped films are plotted in
Fig.3.2. It is clear from the figure that the post deposition annealing in
reduced atmosphere improved the free electron concentrations of the films.
This is due to the additional oxygen vacancies created due to the desorp-
tion of oxygen by hydrogen[2,3]. Annealing in air atmosphere may result in
the chemisorption of oxygen and hence trapping of free electrons on grain
boundaries and surface[2—4]. As seen, the maximum carrier concentration
was obtained for the film annealed initially in air at 400°C. The study on
the effect of annealing temperature on carrier density were done by Jeon
et al[5]. They observed a sharp decrease in free carrier concentration when
the annealing temperature was increased from 100°C to 200°C and then to
300°C[5]. According to them, annealing in air atmosphere annihilates the
intrinsic oxygen vacancies(Vp) and zinc interstitials(Zn;) possess dominant
role in the n-type behaviour of the films. Yim et al[6] reported a sharp de-
crease in carrier density in GZO for annealing temperature beyond 400°C,
and attributed the same as decreasing Vo and Zn; using the following equa-
tion,

Zng, + Vo + %OQ — Zn0O (3.1)

1
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Similarly, in our study also the carrier density decreased when annealing
temperature was increased from 400°C to 450°C. However, it was further
increased when annealed in reduced atmosphere, as shown in Fig.3.2. As
discussed, the annihilation of intrinsic defects during annealing in air at-
mosphere might have nullified by creating the oxygen vacancies during the
annealing in a reduced atmosphere[6]. During the annealing, the hydrogen
passivates grain boundary surface and removes the depletion region near the
grain boundary. This in turn increases the free carrier density of the films|7].
The post-heating in reduced atmosphere resulted in thin film with better

carrier density [3,8].
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Figure 3.2: Variations in carrier concentration with dopant ratio; before
hydrogen annealing [(a) and (c) annealed in air at 450°C and 400°C respec-
tively], and after hydrogen annealing[(b) and (d) corresponding to the films
(a) and (c) respectively]

As seen, the maximum carrier concentration was obtained for the film
annealed initially in air at 400°C. In this study, the In doped ZnO films ex-



123

hibited better carrier concentration than the Al doped ZnO films. Analyzing
the co-doped samples, films with equal doping percentage of aluminium and
indium showed poor metallic behaviour compared to those with Al/In ratio
of <1 (especially forAsl;). Equal concentrations of aluminium and indium
may form non-conducting Al,O3/Iny O3 clusters at grain boundaries[9]. Here,
a favourable change was observed for the film with 70% indium in its overall
doping of 3%. The study indicates that the carrier concentrations in the
Al/In co-doped films did not improve with further increase of the In dopant.
This is evident from the results obtained for the films with Al/In ratios of
20:80 and 10:90. Even though co-doping has the advantage of exploiting the
two dopants simultaneously, high reactivity of aluminium sometimes results
in other side reaction[10, 11]. The present study also revealed reduction in
carrier concentration from 3.323x10% / cm? (for the film A3I;) to 1.092x10%°
Jem? (Agly). This is further clear in the case of the film Aglyo, which shows
an improvement in the carrier density compared with A;gly, and this may be
due to the absence of the other side reactions due to aluminium. The carrier
density of films was not improved further in the film A;ly, thus suggested a
compatible co-doping ratio for the films. Kirby et al also reported a specific
ratio for Al and In in co-doped films due to their different ionic radii from
the host zinc atom[12]. The structural studies of the films with better carrier
concentrations were carried out further to study more about this behaviour

of co-doped films.

3.4 Structural properties

The films were selected according to their carrier concentration for studying
structural properties. 1ZO, AZO and AIZO (Asl;) films, annealed initially in
air at 400°C and subsequently treated in reduced atmosphere, showed better

carrier concentrations were selected for further studies.
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Figure 3.3: XRD patterns of doped(Aglip, A1olo) and co-doped film(A4ly,
Asl;, Asls). Inset shows enlarged portion of (002) peak

In addition, two more samples with dopant ratios close to the above (A;lg
and Ajsls) were also considered for the analysis. Structural properties of these
samples were studied with x-ray diffraction and the patterns are plotted in
Fig.3.3. The films exhibited hexagonal wurtzite structure, irrespective of
the dopant concentration. The peaks observed between 26 values 34.24° and
34.35° identified as the (002) plane, indicated growth of films along the c axis.
The underlying mechanism for the ¢ axis growth of the film was not clearly
understood. However, growth along this plane can be predominant due to
minimum surface energy of wurtzite structure and highest atomic density of
Zn on this plane[10]. No peaks corresponding to secondary phases such as
for Al,O3 and InyO3 or any ternary phases were observed, which confirmed

that the Al and In were well substituted with zinc atoms.
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Pati et al[13] observed a decrease in intensity of the (002) peak and in-
crease in the FWHM of the same with increase in the In dopant concentration
in the films. According to them, this was mainly due to the substitution of
In in Zn site which altered the growth of film along (002) plane. In the
present study, the film Ayl;g exhibited an intense and sharp peak than that
of the film A;qlg, which indicates the high crystallinity of the indium doped
Zn0O film. In the case of co-doped films, as indicated earlier, incorporation
of equal amounts of Al and In may result in cluster formation, which could
lead to a deterioration in crystal quality[9]. This behaviour can be seen for
AsT; film. Jayaraman et al.[9] also noted the change in the intensity of (002)
diffraction peak, when ZnO is co-doped with metals such as aluminium and
indium. Unlike powder, for thin films, their growth is restricted in specific

directions and this may result in strain[14].

To further investigate the structural behaviour of co-doped (especially for
Asl; and Aqly) and doped films, parameters such as lattice constants, lattice
stress, strain and full width at half maximum (FWHM) were calculated and
shown in Table.3.1.

In addition, average crystallite size (D) of the films were determined using

Debye-Scherrer formula [13]

0.9
~ Beosh
A (=1.54060A4°), the wavelength of x-ray used, § is FWHM of diffraction

peaks in radian and 6 is the incident angle expressed in degree. For hexagonal

(3.3)

lattice, interplanar distance(dyy) in terms of lattice parameter (a=b, c¢) can
be written as
L i[h2+k2+hk]+ﬁ (3.4)
dz,,  3a? 2
The structural behaviour of co-doped and doped films can be attributed
to the distortion in the ZnO lattice due to the substitution of In*" and AI**

ions[15]. The ionic radius of In** (0.080nm) is larger and AI**(0.057nm) is
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Table 3.1: Structural parameters of doped and co-doped ZnO thin films,
estimated from XRD data

Sample d A° Lattice parameters FWHM Crystallite size Lattice strain Lattice stress
(002) (100) ¢ a radian (nm) S(x1072) o(Gpa)
Aply 2,601 2.81 5.202 3.24 0.0088 20 -0.07683 0.1790
Aly 2615 2.84 5.230 3.28 0.0086 20 0.461 -1.0741
Asl; 2,608 2.83 5.216 3.26 0.0080 21 0.19 -0.442
Azls 2622 285 5.244 3.29 0.0115 15 0.729 -1.698
Aolip 2610 2.82 5.220 3.25 0.0082 20 0.26 -0.605

less than that of Zn®* (0.074nm), and this causes distortion in ZnO lattice
[16,17]. The distortion can be understood from the changes of the lattice
parameters (c and a) with respect to the ICDD data (powder diffraction file
# 36-1451) and the same is shown in Fig.3.4 (values of lattice parameters are
given in Table.3.1). As seen in the figure, the maximum change in the lattice
constants is observed for the samples A Iy and Asl;. Comparing with Asly, it
shows that a particular ratio of Al and In is favourable for less distorted films
and this behaviour was reflected in their electrical properties. The shifting of
lattice parameter as a function of dopant composition or any other parameter
like temperature variation or structural phase transformation will result in
development of local stress or strain[17]. The minimum shift in the lattice
constants of Asl; indicates that this ratio of Al and In is favoured for less
distortion. The importance of less stress or strain in thin films for their better
electrical performance was also studied by Alsaad et al[18]. The behaviour
of specific dopant ratio in co-doped films was reported by Le et al[19].

The ionic mismatch of -32% and +9%, when aluminium and indium[12]
respectively are doped in ZnO lattice, can be compensated if doped them
together in a particular ratio. From the present investigation, the film A3l;
provides less distorted film, exhibits improved electrical properties. The neg-
ative values of Aa and Ac for the film A,¢ly further confirms the shrink in
the structure, when a metal with high ionic radius (Zn) is replaced with that

of smaller one (Al), in accordance with Vegard’s law [20,21]. The distortion
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of lattice parameters (positive for indium doped and negative for aluminium
doped) itself indicates that the dopants are substituted in the Zn lattice and

not in the interstitial site[20].
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Figure 3.4: Deviation of lattice constants a (red) and ¢ (black) for doped and
co-doped films

The slightly large positive Aa, Ac values of Ajlg and Asl; may be due
to movement of more Al/In ions or both to the interstitial site[20,21]. The
effect of lattice distortion in the film can induce strain (S) (strain is repre-
sented by the symbol € by convention; but S is used here not to confuse with
dielectric constant, described below) and stress (o) along the ¢ axis and can

be estimated by

Cfilm — Chulk
S=———— 3.5
cyulk (3:5)
o= -233x10'"S (3.6)

Where ¢y, represents the lattice parameter of film and cpu(= 5.206A°) is
that for unstrained ZnO film[22,23]. Maximum stress, strain and FWHM
were observed for the films Asl5; and A;ly. The negative value for stress

indicates that it is compressive stress[24].
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3.5 Morphological studies

3.5.1 Surface morphology

Fig.3.5 (a-e) show the SEM images of the films A;ly, Asl; and Asl;. The
changes in the film morphology with dopant concentration can be well un-

derstood from the SEM images.

200nm ¢ ; 200nMm

200nm

Figure 3.5: SEM images of the films (a)A3l; (62nm), (b)A;ly (50nm), (c)
Asl5 (44nm) annealed at 400°C and (d)Asl; annealed at 450°C in oxidised
atmosphere (grain size are given in bold), (e)Cross-section of the film Ajl;
air annealed at 400°C

In the case of the films Azl; and A;ly, densely packed wrinkle-like net-

work structure was observed with average crystallite sizes of 62nm and 50nm,
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respectively (Fig.3.5a and Fig.3.5b). While for the film Ajsl5, the average par-
ticle size reduced to 44nm and the wrinkle network structure was diminished
along with uneven appearance in the surface, as depicted in the Fig.3.5¢c. The
average crystallite sizes of the films obtained here were almost three times
higher than those estimated from XRD (Table.3.1). The average size evalu-
ated from SEM may be from a grain consisting of two or more crystallites,
and this may be the reason for the difference in sizes. Basyooni et al.[25]
also noticed similar results for the spin coated ZnO films doped with Na.
The thicknesses of the films determined from the SEM images were found to
be nearly equal, around 290 nm; cross section of Asl; is shown in Fig.3.5e.
To understand the effect of air annealing temperature in these films, A3y,
which got a better result at 400°C was subjected to SEM analysis. As the
annealing temperature was increased from 400°C to 450°C, more voids ap-
peared, as seen in Fig.3.5d. The study indicates that annealing at 400°C is

more suitable for co-doped films.

3.5.2 Elemental compositional analysis
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Figure 3.6: EDAX spectra of co-doped ZnO films (a)A;ly (b) Aslr (c) Asls.
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Fig.3.6 shows the Energy Dispersive X-Ray spectra (EDAX) of co-doped
ZnO thin films. The peaks in the patterns were well agreed with Zn, Al, In
and O. The inset tables in Fig.3.6a, Fig.3.6b, Fig.3.6c respectively shows the
quantitative analysis of the atomic composition of Al:In for A;Iy, Asl;, and
Asl; thin films and were close to 1:9, 3:7, and 5:5.

3.6 Optical properties

3.6.1 Band gap determination

Fig.3.7(a) shows the transmittance spectra of Ajgly, Asls, Asl;, Aqly, and
Aplyp films in the visible region. For most of the TCO applications, average
optical transmittance greater than 80% is preferred[10,26]. In the present
study, all films except A;qly exhibited average optical transmittance of >90%
in the visible region. The band gap energies of the films were estimated from
the transmittance spectra shown in Fig.3.7(b), using the well known Tauc’s
relation[27],

ahv = A(hv — E,)" (3.7)

Where h v is the incident photon energy, A is a constant and n is % for
allowed direct transitions. The optical band gap energies were calculated by

extrapolating the linear portion of (ahv)? versus hv curve at « is 0, as shown

in Fig.3.7(b).

The bandgap of the films showed a blue-shift with respect to carrier den-
sity as seen in Fig.3.8. Increase in band gap with respect to carrier density
is usually observed in doped ZnO [10,28,29]. The donor electrons in the film
occupy the states which are at the bottom of the conduction band. For an
electron to make a vertical transition from the valence band to states with
fermi momentum in the conduction band, higher energy is needed. This
bandgap widening is generally seen in heavily doped wide bandgap semi-
conductors and is called Burstein-Moss (BM) band filling effect[30]. In this
study, the BM effect is found to be valid for the samples from Azl5 to Aiglp,

as shown in Fig.3.8.
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Figure 3.7: (a) Optical transmittance spectra (b) squared absorption coeffi-
cients of doped and co-doped films

However, the blue-shift was then changed to red shift; the sudden bandgap
narrowing (BN) effect after a specific carrier density was studied by Kim et
al[31]. The BN effect is due to the merging of donor and conduction bands,
and indicates the transition from semiconductor to metal[32,33]. The free
carrier density at which the BN effect starts is called as the Mott critical
density(n,), which is inversely proportional to the Bohr radius of dopant[32,
33]. The observed Mott critical density n, by Kim et al[31] and Sernelius et
al[33] were beyond n= 4.5 x10?°/cm? for AZO and 5 x10'/cm? for 1ZO. In
this work, the Mott critical density was observed to be at n=3.178 x10%° /cm?
for the Aqolp film. According to Lu et al[30], a wide band gap semiconductor
upon doping will result in increase in free electron density, and the increase
in bandgap with carrier density obeying the BM effect will undergo the BN
effect later, consistent with the Mott criterion (n,), but again shows blue-
shift in bandgap due to band renormalisation (BR) in a different rate. The
effects of these three process can be seen in the samples under study, in such
a way that the films from Asl5 to Ajglg obey BM effect, the films from Aqqly
to Aplig exhibit BN effect and the films from Agl;g to Asl; shows BR effect.
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3.6.2 Urbach energy calculation

The lower average transmittance in indium doped films may be attributed
to the optical absorption due to the formation of localized states near the
conduction band minimum[26]. As discussed, the large ionic radius of indium
can cause disorder in film structure and can result in band tail width known
as urbach energy. Hence, calculating urbach energy of these films will give a
clear idea about the structural disorder due to formation of new states[34,35].
The urbach energy, governed by structural disorder or imperfection in stoi-
chiometric or passivation on the film surface, is found below the absorption
edge of the compound. It calculates the degree of smearing absorption edge
due to lattice crystal disordering caused by external factors|25,34,35]. Ur-
bach tail energy is determined using the following equation[36].
E-E

ap = ape P whereE < E, (3.8)

After taking natural logarithm of both sides of the equation, we have,

In(ar) = In(ag — g—i) + Eﬂu (3.9)
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where « is the absorption coefficient, E, is the bandgap energy, and o
and Eg are constants. The urbach energy, represented as E,, is dependent on
defects and disorder induced by temperature(T) and structure(X), and will
result in the formation of additional states in conduction band minimum[36,
37]. Since temperature is fixed in this case, the main contribution of E, will
be from the structure. Considering the following equation (3.9) and using the
linear least square fit of the experimental absorption data, E, was calculated
and is tabulated in Table.3.2. As seen in the table, the film Agl;y possesses
large E,, in turn represents localized states created within bandgap, and this
may be the reason for the relatively low average transmission in the optical

range.

Table 3.2: Fitting parameters of In (o) = by+(hr)b; together with R? value
of linear regression analysis(reciprocal of b; is E,)

Sample by b, E, R?
(eV)

Apl, 811 0.961 1.040 0.68
Ay 6.88 0.867 1.153 0.57
AsI, 719 0.822 1.216 0.58
Asl; 717 0.817 1.223 0.54
Aoliy  7.27 0.796 1.255 0.55

3.7 Investigation of plasmonic properties in
the films

3.7.1 Drude-Lorentz approach on doped -semiconductors

Interaction of electromagnetic field with thin films has utmost importance
to study their plasmonic behaviour. As in the case of metals, the optical
response of transparent conducting films can be described by dielectric per-

mittivity (€) as,

c(w)=¢€1+ € (3.10)
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Where €; describes strength of polarisation and e denotes the losses due
to the interaction between electrons as well as between electron and phonon,
or due to scattering because of lattice defects and grain boundaries[38].
Drude-Lorentz (DL) approach was used for obtaining physically meaning-
ful plasmonic characteristics of the films from experimental data[l,38]. For
doped semiconductors, we have free electrons (Drude model) as well as bound
electrons (Lorentz model) and hence this model is ideal to explain and ex-
tract the real and imaginary parts of dielectric constant. Treating electrons
in a spring like system and considering harmonic potential, DL, model can
be described as[4],

2

(W) == “ri (3.11)

2 2 4y
r Wo; + W+ W

where wp; is the resonant frequency of oscillation of the j%oscillator, w is the
frequency of the incident electromagnetic wave, w, is the plasma frequency
and v; is the damping factor. wp; is zero for the Drude term because it

describes response of bound electrons

3.7.2 Estimation of plasma frequency of the thin films

Plasma frequency is an important material property in the field of plasmonics.
An electromagnetic radiation having frequency less than plasma frequency
will be reflected, while with higher frequency will be transmitted [40]. Plasma
frequency is directly related to the carrier concentration (n) as

ne?

2

W, = —— 3.12
T e (3.12)

where e, m and ¢; are the electronic charge, effective mass of the free carrier

and the permittivity of vacuum, respectively[39].
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of (i) Asl7 (ii) Ajplp and (iii) Aglyo thin films (b) absorbance spectra of films
from visible to infrared wavelength.

Due to the direct dependence of plasma frequency with carrier concen-

tration, the films A1oly, Aslz, Aglyg, which showed carrier densities 10%° /cm3



136

were selected for further study to understand their plasmonic behaviour.
The plasma frequency of materials can be estimated from the reflectance-
transmittance (R-T) spectra. The frequency at which the R-T spectra inter-
sect is considered to estimate plasma frequency[31]. The films of the present
study were observed to behave like metals in the region between 1950nm
to 2070nm. The plasma frequency, in terms of wavelength, of the films are
described in Fig.3.9(a); the values are 1954 nm, 2061 nm, 2035nm respec-
tively for the films Al;, Ajgly and Aglyg. The Asl; film with higher carrier
concentration exhibited small plasma wavelength, which is as per the eqn
(3.12). Fig.3.9(b) shows the absorbance spectra of these films. Buonsanti et
al[40] and Ghosh et al[41] reported similar absorbance in the near infrared for
AZO0O and IZO films respectively and has been attributed to surface plasmon
absorption. Here, strong absorbance from 1500nm to 3000nm of Ajgly, Aslz,
Aplip can also be considered as the suitability of these films for plasmonic

applications in the infrared region.

3.7.3 Comparison of plasma frequency and cross over
frequency of the thin films.

The dielectric functions were extracted from optical reflection spectra to
understand the plasmonic behaviour of these three films, using a standard
program RefFit[42]. This was done by fitting the optical spectra using the
model of dielectric function with set of values for oscillators as per the Drude-
Lorentz model (eqn 3.11). The parameters varied in order to obtain the

best match between experimental and calculated data points are given in
Table.3.3.

Table 3.3: Drude- Lorentz parameters fitted according to eqn (3.11) using
RefFit

AlOIO A317 AOIIO
€oc 47 503 5.08
wy(eV) 119 130  1.28
wo(eV) 0.0006 0.0004 0.0001
v((eV) 0.059 0.066  0.060
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Fig.3.10(a~c) show the experimental and fitted data of reflectance spectra,
where the theoretical calculations were done using the Fresnel formula [42,43].

R= |1—\[ (3.13)
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Figure 3.10: Fitted reflectance spectra of (a) Ajgly, (b) Aslz, (¢) Aglyp and
(d) to (f) their real and imaginary parts of dielectric constant (€), and (g)
to (i) represent the enlarged portion of cross over wavelength of these films
respectively.

The corresponding dielectric functions are plotted and the curves are
shown in Fig.3.10(d-f), where real and imaginary parts of the dielectric con-
stant are presented. Plasmonic behaviour of thin films was well understood
from the fitted data, which revealed negative values for the real part of per-

mittivity below 2100 nm. The crossover wavelength (w.) of Ajgly, Asl; and
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Aglyp were found to be 2042nm, 1926nm, 2010nm respectively, which are very
close to the plasma frequencies (w,) 2061nm, 1954nm and 2035nm, obtained
from the R-T spectra. Since cross over frequency (w.) and plasma frequency
(wp) represent the transformation of a material from metallic to dielectric or
vice versa, these values might have a direct dependence as noted by Naik
et al.[44]. The difference in these values may be due to the difference in
accounting of losses, or due to the fact that the value of w, is calculated the-
oretically while that of w, is from experimental analysis. It can be seen that
the Asl; film with higher carrier concentration exhibited shorter crossover
wavelength, which emphasize the direct dependence of these two values. The
€5 values obtained for the films were very small and comparable with those
reported in previous studies[45]. Nevertheless, the loss in the films may be
due to the additional states created in the film due to urbach energy, which
results in increase of interband transition losses along with free carrier ab-
sorption losses. According to Noginov et. al[45], large free carriers will result
in maximum absorption and hence exhibits loss. This may be the reason
for slightly higher value of €5 for A3l; film compared to the other two films,
as shown in Fig.3.10(g-i). Comparing the loss obtained in the present study
with the values reported for gold and silver [46,47], these semiconductor films
promise to be good plasmonic materials in the near IR range, and the same

can be prepared using low cost spin coating technique.
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3.8 Summary

AZO, ATZO, 170 transparent conducting oxide films were prepared by cost
effective spin coating for plasmonic applications in NIR region. By fixing
total doping percentage to 3, doping ratios of aluminium and indium were
varied for fabricating AIZO films. The films were annealed at 400°C or
450°C in air atmosphere followed by annealing at 300°C in reduced atmo-
sphere. Films showed better electrical properties when annealed at 400°C
and these films were considered for further studies. The films fabricated
with particular ratio of aluminium and indium (Asl7) exhibited better elec-
trical, structural, morphological properties as well as optical behaviour. This
was further verified by XRD, which showed relatively higher stress and strain
for the films A;ly and Asl5. SEM image revealed wrinkle network structure
for the co-doped films. Optical properties along with urbach energy cal-
culations revealed variation in the bandgap of all films. Films with higher
urbach energy had less bandgap due to the additional localized states created
near the conduction band minimum. Finally, the films were sorted accord-
ing to carrier concentration (n=10%/cm?) and investigated their plasmonic
behaviour. The dielectric functions of the films were retrieved by fitting
Drude-Lorentz oscillator model to the reflectance spectra. Plasma frequency
calculated from reflectance-transmittance spectra showed direct dependence
with crossover frequency extracted from fitting, and hence confirmed the
plasmonic behaviour in the near IR range. The loss(ez) of these films were
very low in the range from 1500nm to 2500nm compared with conventional
metallic plasmonic materials. The studies revealed metal like behaviour with
low loss for AZO, AIZO (Asl;),IZO films in the near infrared frequency re-
gion and the properties obtained were in consistent with those fabricated by

vacuum routes such as sputtering, PLD etc.
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Chapter 4

Investigation of plasmonic
property in Spray coated
co-doped ZnO thin films

4.1 Overview

This chapter investigates the plasmonic properties in Al and In co-doped
ZnO thin films fabricated by spray coating technique. In spray coating,
simultaneous temperature treatment while spraying solution on substrate
will lead to formation of uniform and crystalline films compared with film
coated by spin coating technique. In this work, water was used as solvent
for preparing solution for coating Al and In doped and (Al/In) co-doped
zinc oxide thin films. The effect of Al/In dopant ratio on the structural,
electrical, optical and plasmonic properties of spray coated films were inves-
tigated. Structural properties were studied by x-ray diffraction. Electrical
properties were investigated at 300K using a Hall measurement system. The
elemental studies were done using the XPS. The electron charge correction
was calibrated using 284.6 eV as reference. A micro-Raman spectrometer in
the backscattering geometry with laser excitation of 532nm was used for in-
vestigating vibrational properties of the films. Scanning electron microscope
was used for surface morphological studies. Ultraviolet-visible-NIR (UV-
Vis-NIR) reflectance spectra were recorded in the range 400-2200nm using

a spectrophotometer. Photoluminescence (PL) experiments were performed
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using Xe lamp with an excitation wavelength of 320nm. Extraction of di-
electric functions of the films were done using RefFIT software as described
in chapter 3 (section 3.7.3). Winspall software based on Fresnel equation
developed at the Max-Plank-Institute Germany, is used for SPR simulation

studies.

4.2 Sample preparation

4.2.1 Preparation of Al and In doped/co-doped ZnO
solution

The AliInyZn;_,O films with x = 0, 0.0225, 0.015, 0.0075, 0.03 were de-
posited on 3x lcm soda lime glass substrates by using a custom fabricated
spray coating system, keeping the overall In and Al concentrations (x+y)
equal to 3mol%. The films were named according to the Al:In doping ra-
tio, that is Aglyg, Aaslrs, Asls, Arslas, Ajgly. The precursor solution was
prepared by dissolving 0.29g zinc acetate dehydrate (Zn(CH3COO).2H50,
Merck) in double distilled water added with few ml of acetic acid (CH;COOH).
The acid stabilized the solution and also prevented the precipitation of zinc
hydroxide (Zn(OH)s). A dopant of 0.009M (Al/In or Al and In, with an
overall concentration of 0.009M) was added to the solution, so that 3 mol%
doping was achieved. The raw materials for dopants were aluminium ni-
trate (Al(NOj)s; Merck and indium (III) acetate (In(CyH304)3; AlfaAesar.
All the chemicals used were of analytical grade. The resulting solution was
stirred with a magnetic stirrer at room temperature for 30 min. Prior to
the deposition, the substrates were cleaned as described in chapter 3; section
3.2.2.

4.2.2 Thin film preparation using spray coater

The nitrogen was used as a carrier gas for spray coating, and it was allowed
to pass through the spray gun along with the solution at a flow rate of 1.5
ml/min. The substrate was kept at a temperature of 450°C throughout the

coating, and the nozzle to substrate distance used was 18cm. The coated
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films were finally annealed in the reduced atmosphere with No+ H, gas in
the ratio 95:5 for 30min at 400°C to improve the carrier concentration. The

flow chart for thin film preparation using spray coater is shown in Fig.4.1.

Host material DIl water Dopant material
Aluminium nitrate
[Zinc acetate dihydrate] — * {— .
Acetic acid Indium acetate
Total sol conc: 0.35M 3% doping
Al:In=100:0,75:25 to 0:10

JL

[Precursor solution(ZOij

Solution vapour\ 1.5ml/min

Substrate

Hot plate, 450°C

JL

[Annealing in reduced atm at 400°C ]
for 30mins

Figure 4.1: Flow chart for thin film deposition using spray coater

4.3 Structural properties

The structural studies were carried out by employing the Rietveld refine-
ment technique[l,2] using the XRD data with the help of General Structure
Analysis System (GSAS) software, using P63mc space group. The XRD pat-
tern along with the Rietveld refined data are shown in Fig.4.2. As seen in
the figure, the observed and calculated profiles are closely matched for all
films. It was also observed that the peaks were corresponding to the Bragg
20 positions for P63mc space group (ICDD pdf #36-1451). Parameters such
as atom position (u), lattice parameter, scale factors and shape parameters
were considered as free parameters during fitting. Quality of the fitted exper-
imental data was assessed by computing the goodness of fit (x?) and profile
factor (Rp). The c-axis oriented growth of ZnO film seen in Fig.4.2. has no

significant change when doped with Al; however, changes in orientation was
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observed with further increase in the concentration of In from 25 to 100%.
The lattice constants of doped as well as co-doped ZnO films showed a small
deviation with respect to undoped ZnO film as seen in Table.4.1. Accord-
ing to the Vegard’s law, change in lattice constants(represented as Aa and
Ac) due to doping is mainly because of different ionic radii of the host and
dopant materials[4]. In addition, it also indicates the substitution of dopants
in the host lattice. The decrease in the value of lattice constants of Al
may be because of the substitution of Al in the Zn lattice, while the increase
in lattice constant may be due to doping with In (Aglip). As mentioned in
section 3.4 of chapter 3, the ionic radius of Al is less (0.057nm) and In is more
(0.080nm) compared to the ionic radius of the host Zn (0.074nm) atom.

Table 4.1: Lattice constants extracted from Rietveld refinement using XRD
data

Sample  x*  Lattice constants(A")  Aa Ac

a=b c (A9)
ZnO 1.308 3.250 5.205
Ay 1.456 3.249 5.204 0.001 0.001
Ar:Ls 1321 3.251 5.204 0.001  0.001
Asl; 1.997 3.255 5.206 0.005 0.001
Aysl; s 1.451  3.256 5.204 0.006 0.001
Aglyp  1.479 3.258 5.216 0.008 0.011

The unit cell volume obtained after the refinement, and the Zn-O bond
length calculated from refined data are listed in Table.4.2. The average crys-
tallite size (D) and strain calculated using the Williamson-Hall method|[3]
are also tabulated Table.4.2. The bond length along c-axis is calculated by
finding uxc (extracted from Rietveld refinement), where u is the relative
shift of the anionic sub-lattice with respect to the cationic sub-lattice in the
z direction and c is the lattice parameter. In the other direction, the bond

length is defined as % + (2 —w)?? [1).
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Figure 4.2: Rietveld refinement of XRD data of (a)ZnO, (b)Ajoly, (¢)A7s5las,
(d)AsIs, (e)Agslzs and (f)Aglio.The black curves represent experimental
data, the red line is the calculated fit, vertical lines are the positions of
refined phase reflections and the blue line is the difference line between ex-
perimental and fitted data.

The increased deviation observed in the case of In doped ZnO may be
because of the more number of substituted In ion in Zn site. For co-doped
films, a large shift was observed for the lattice parameter ‘a’ and its value was
found to increase with In concentration indicating that In was more favoured

to substitute for Zn in ZnO lattice. In addition, cell volume was also found to
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increase when In is introduced in the lattice and this can be understood using
the equation V' = 0.866a*c for the hexagonal system[5]. It could be easily
seen that noticeable bond length change was observed for Agl;g, which was
increased from 1.972 to 1.982 when doped with In. The equal bond length
along and perpendicular to ‘¢’ axis also confirm the symmetric structure of
Aol film. Moreover, change in ‘u’ value compared with undoped ZnO is
observed only after the Al:In ratio of 2.5:7.5. The change beyond a specific
Al:In ratio confirms the presence of active dopants in the Zn site. The crys-
tallite size is observed to decrease from 38nm to 23nm when In is used as
dopant or co-dopant in the ZnO film. However, the crystallite size for Aol

was found to increase because of Al dopants.

Table 4.2: Structural parameters of doped and co-doped ZnO thin films,
estimated from XRD data

Sample Cell volume  Bond length u  D(nm) Strain
47.61 alongc L toc + Ilnm x1073
1.972  1.979 0.379
Zn0O 47.611 1.972 1.979 0.379 38 1.24

Ayl 47.573 1.972 1979 0.379 48 1.64
Az5lo5 47.630 1.973  1.978 0.380 24 0.51
Al 47.766 1.978  1.980 0.380 24 0.59
Agslzs 47.778 1.978  1.980 0.380 25 0.44
Aol 47.946 1.982  1.982 0.380 23 0.47

4.4 Morphological studies

Microscopic images from scanning electron microscopy were utilized to anal-

yse the crystal morphology of the films.
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Figure 4.3: SEM images of the films; (a)ZnO, (b)Ajgly, (¢)A7slas, (d)Asls,
(e)Ags5l75 and (f)Aolio

Granular like structures of the films of ZnO and A;gly were found to
change to platelet like structures with the addition of indium, as seen in
Fig.4.3. Edinger et al[6] reported a similar structure for water-based de-
posited In doped ZnO films. A dense clump of crystallites in A7 5155 and Asl;
films as shown in Fig.4.3.c may be because of the remaining Al atoms, which
are not substituted in the lattice showing a change in Ay 5175, where Al con-
centration is minimum. The unsubstituted Al atoms might have converted
to Al;O3, which would deteriorate the electrical properties|7] as discussed in
the next section. The surface of Ayl film is uniform and dense with average

grain length of 150 nm. The relatively uniform smooth morphology of Ag 517 5
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and Asl; indicates that when dopants with different ionic radii interact with
the ZnO lattice, In ion, having ionic radius relatively close to Zn is more

preferred.

4.5 Electrical Properties

The effect of structural deviation on the electrical properties of the films were
studied in detail. Table.4.3 illustrates the summary of carrier concentration,
mobility and resistivity with respect to the Al:In ratio, measured using hall
effect, before (BH) and after (AH) Hy annealing. The role of intrinsic defects
and extrinsic dopants in enhancing the electrical properties of the films were
analysed from the data given in Table 4.3. Before annealing in reduced
atmosphere, the substitution of external dopants resulted in increasing the
free carriers in ZnQO, in addition to the contribution from intrinsic defects.
The external dopants substitute trivalent atom in place of a divalent atom,
which results in one extra free electron[8,9]. After annealing in the reduced
atmosphere, the electrical properties of all films are improved further, mainly
because of the creation of more oxygen vacancies[8,9]. The analysis on the
effect of dopants in the electrical behaviour of the films revealed an increased
carrier concentration and increased mobility in the order A gly, A7 5lo5, Asls,
Ao sl7 5 and Aglyg. This shows that In is more substituted than Al in the Zn
site. If the Al atoms were not substituted in the Zn site, then there were
chances of forming Al;O3, which would result in increasing the resistivity of
the films[7,10]. According to Karaagac et al[10], the dopants that are not
substituted can act as interstitials in the lattice or may form agglomerates at
grain boundaries as trapping or scattering sites, leading to an increase in the
resistivity. The small free carrier density and mobility exhibited by Al doped
and co-doped ZnO films and the increasing trend with decreasing Al content
show that the Al atoms are not completely substituted in the Zn sites.

For doped materials, the energy needed to activate a dopant is defined
as the activation energy E, and the dopants resulted in large carrier density
of host lattice will have minimum FE,. The increase in carrier density and

mobility with increase in the concentration of In indicate that this ion is the
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most activated dopant in comparison with Al[11], which, in turn, shows that
the energy needed to activate In dopant is less compared to the Al dopants.
To get more clarification, these samples are considered for elemental analysis
using XPS and to further clarify the free electron density fano resonance
fitting of Raman mode(A;(LO)) of these films are also studied.

Table 4.3: Carrrier concentration and mobility before and after hydrogen
annealing

Carrier concentration Mobility

x 10%°/cm? cm?/Vs
BH AH BH AH
ZnO  0.003 0.057 0.33 1.011
Ay 0.099 0.37 0.59  3.62
Arslys  0.12 0.812 0.624 5.42
Als  0.721 3.211 0.934 9.46
Agslzs  0.851 6.23 1.69 11.7
Aol 0.997 8.921 236 13.7

4.6 Elemental composition studies

4.6.1 XPS peak study of host elements(Zn and O)

Fig.4.4 shows the XPS spectra of Zn 2ps/2, Zn 2p; /2 of doped and co-doped
Zn0O films, and the corresponding binding energy peaks are tabulated in
Table.4.4. The Zn 2p doublet peak of ZnO film is usually observed at 1021.3
+0.1 eV and 1044.5% 0.1eV respectively for Zn 2pz/, and Zn 2p s, [12]. In
this study, the Zn 2ps3/, peak is symmetric, and binding energy observed is
less than that of bulk ZnO (1022.4eV) [12]. This indicates that most of the
Zn is in the oxygen-deficient Zn** valence state in the lattice[12-14]. Islam
et al studied the effect of dopants in the shifting of the binding energy of
Zn 2p peaks[14]. According to them, increasing the dopant concentration
in the film results in shifting of binding energy to higher energy. Park et al
observed similar behaviour in indium and gallium doped ZnO nanorods[15].

The shift was explained based on the electro-negativity (y) of Zn (x=1.65),
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In (x=1.78) and Ga (x =1.81). The higher electro-negativity of In or Ga than
Zn results in lower valence electron density of ‘Zn’ in Zn-O-In or Zn-O-Ga
than in Zn-O-Zn. This results in weakening the screening effect of Zn and the
consequent increase of the binding energy of Zn 2p for doped samples[15,16].
In the present work, the dopants have larger (In) and smaller (Al, y=1.61)
electronegativities than that of Zn, and hence a different effect on the binding
energy can be expected. The difference in electronegativity of atoms with
ionicity was explained by Wang et al[17]. According to them, the greater the
difference in electronegativity of two atoms, the stronger will be the polar
bond. Also, the atom having more electronegativity will position at the

negative pole.

2Py,

Intensity(a.u.)

1010 1020 1030 1040 1050

Binding energy

Figure 4.4: XPS spectra of Zn 2p doublet consisting of higher binding energy
2p1/2 and lower binding energy 2ps/;

In this work, the electronegativity difference between Zn-O, In-O, Al-
O are 1.79, 1.66 and 1.83 respectively. The high bond polarity between
Al-O indicates more ionicity between these atoms [17]. In addition to this,

compounds with a higher level of ionicity can significantly lower their energies
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by increasing the coordination number. Hence a redshift in binding energy
can be expected for aluminium doped film compared to films with other
dopants like In or Ga. In the case of the co-doped films, the binding energy
seems larger than that of the doped Al/In thin films. This indicates that
other factors also need to be considered along with the electronegativity of
dopants. One factor may be the presence of more zinc ions bonded to oxygen,
which reflects the lack of oxygen deficiency in these films[12]. The binding
energy of oxygen-deficient Zn is lower than that of the bulk ZnO[12]. Hence,
the high binding energies of the films Assl75, Asls, and A7 5lo5 show less
chance for defect-related improvement in the electrical properties of these
films. The study on structural and electrical properties of Al/In doped and
co-doped ZnO films showed that indium was more favoured to substitute
in ZnO lattice than Al. The better electrical properties obtained were in
accordance with the increase in the relative concentration of indium in the co-
doping. The dependence of the crystallite size and the significant difference
in the intensity of the peaks were also analysed. The relative intensity of
the undoped ZnO film was less compared with the doped/co-doped films. As
seen in the figure, the Zn peaks of Asl5 are more intense than those of ZnO.
For smaller crystallites, the number of activated ions at the surface increases
and thus results in high intensity. The average crystallite size of the undoped
ZnO film decreased when we added the co-dopants were previously calculated
using the William-son hall equation. Moreover, all the films possessed smaller
grain size compared with ZnO, and hence resulted in high intensity than Zn

peaks.

Table 4.4: Peak position of Zn 2p from the XPS spectra.

Sample Zmn 2p3)9 Zn 2py /o
1021.3 £ 0.1 1044.5 £ 0.1

Zm0O 1021.3 1044.4

Aol 1021.5 1044.6

Agslrs 1021.6 1044.7

Asl; 1021.7 1044.8

Arslys 1021.7 1044.8

Aol 1021.2 1044.6
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Fig.4.5. shows the Gaussian-Lorentz fitting and deconvoluted peak as-
signment of the O 1s spectra of samples. Generally, the asymmetric peaks
of oxygen are deconvoluted into three peaks as; O; oxygen combined with
cations in a stoichiometric oxidation state with low binding energy. The Oa,
the medium binding energy ascribed for O%~ ions bonded to nonstoichiomet-
ric oxidized cations. i.e., for those cations having their oxidation state less
than that of their chemical formula. These cations are responsible for main-
taining the charge balance in the structure. Thus, Oy corresponds to oxygen
in the oxygen-deficient region and can be used for indirect measurement for
the oxygen vacancies. The O3 peaks with relatively high binding energy rep-
resent the specific chemisorbed oxygen, such as in HoO and CO3[18]. The
binding energy of O;, Oy and O3 peaks at 530.5, 531.5 and 532.4 (as seen in
Fig.4.5) respectively are compared with the reported values shows that there
was no such noticeable deviation[18]. The difference in the area of the O; Oy
and Oj peaks (Fig.4.6) showed that O; peak is relatively more intense than
O, and Oz peaks. This confirmed the presence of more stoichiometric Zn-O
bonds compared with vacant or chemisorbed oxygen. The second dominant

peak was O which quantifies the oxygen vacancies in these films[8,15,19-22].
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Figure 4.5: Asymmetric Ols peak deconvoluted to O;, Og, O3 of (a)ZnO,
(b)AoLio, (c)Asslrs, (d)Asls, (e)Arslas and (f)Ael
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A relatively higher O, peak area was observed for co-doped ZnQO, but it is
observable in other peaks such as O; and O3 as well. We have also observed
that due to small crystallite size of co-doped ZnO films, a relatively higher
intensity than Zn was observed. This crystallite size difference also may result
in increasing intensity of O peaks in these film. Thus a relatively high peak
area was observed for Aglig, Asslzs, Asls, A7slss. Thus the quantification
of the oxygen vacancies in the films were calculated using the ratio of peak
area of Og to Oyea;. And the obtained values respectively for ZnO, Agly,
Asslzs, Asls, Arslas, Ajglg, are 0.1, 0.2, 0.2, 0.2, 0.2 and 0.2. This shows
that the oxygen vacancies created during the post-deposition heat treatment

in the reduced atmosphere of all films are same.
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Figure 4.6: Variation of O, Oy and O3 peak area with co-doping ratio of
ZnO thin films

4.6.2 XPS peak study of dopants (In and Al)

The contribution of the dopant concentration to electrical properties was

investigated in detail as follows.



159

Intensity(a.u.)

435 440 445 450 455 460
Binding energy(eV)

Figure 4.7: In 3d doublet peaks of XPS spectra consisting of higher energy
3dsz/ and lower energy 3ds /o

Fig.4.7 shows the In 3d spectra of the samples. The peak positions are
listed in Table.4.5. The variation of the intensity of In 3d peaks with the
quantity of indium in the sample can be seen in the figure. A relatively
higher intensity is observed for the film Agl;g, which decreases for the films
Assly s, Asls and Ay sl 5, with respect to the indium concentration. On the
other hand no obvious shift is observed for the binding energy with indium
concentration, as seen in the figure.

Fig.4.8. shows the Al 2p peaks and peak positions are tabulated in Ta-
ble.4.5 and are observed only for the films A1gly, A75lo5, and Asls; the peaks
could not be resolved for the film A, 5I75. Moreover the resolved XPS peaks
of aluminium compared with indium again showed that Al substitution was
minimum in ZnO lattice. The electrical analysis also showed the incorpo-
ration of more In®*" in the Zn site than Al*" in the these films. This may
be due to the agglomeration of crystallites in the Al doped ZnO films. The
morphological analysis using SEM also confirmed the presence of clusters in
Al doped films.
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Figure 4.8: XPS spectra of Al 2p peaks

Table 4.5: Peak positions of In 3d and Al 2p from the XPS spectra.

Sample Aglip Asslzs  Asls  Azslas Al
In 3d5/2 444.3 444.4 444.4 444.3 -

In 3d3/, 452.0 452.0 4524 4524 -
Al 2pg 9 - - 74.0 74.2 74.2

For the quantitative analysis of the presence of indium, aluminium, zinc
and oxygen in the surface of the film, elemental composition analysis was
carried out using XPS Peak FIT using the peak area. Table.4.6. gives a
summary of the surface chemical composition of Zn and the dopants in the
films. The oxygen concentration was found to be less than that of Zn in-
dicating that oxygen vacancies are formed during the annealing in reduced
atmosphere. Moreover the higher concentration of the dopant In compared

to Al can also understand from Table.4.6.
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Table 4.6: Elemental percentage composition of Zn, O, In and Al extracted
using XPS PEAKFIT software

Sample Zn(%) O(%) In(%) Al(%)
Aol, 841 156 0.2
ArsLs 840 157 02 01
Asly 80.8 16.5 2.58 0.2
Aysl,5  80.24  16.02 3.72
Aol 75.18 17.22  7.58

4.7 Raman studies
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Figure 4.9: Raman spectra of the films(a)ZnO, (b)Aily, (¢)A75las5, (d)Ass,
(e)Agsl75 and (f)Aolyg
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Raman spectroscopy was used to further analyse the structural properties
and to correlate the free carrier density of films obtained in hall measurement
with the fano fitting of Raman mode. The Fig.4.9. shows the Raman spectra
of undoped ZnO, Al doped ZnO(Ajply), Al-In co-doped ZnO (A7 5la5, Asls,
Ay 5175) and In doped ZnO(Aglyg). ZnO shows hexagonal wurtzite structure
belonging to the space group Cg;, and group theory predicts modes such as
Es(low), Eq(high), A1(TO), A;(LO), E1(TO) and E;(LO) in ZnO.

The non-polar Ey(low) and Ey(high) modes near to 101 cm™! and 440
cm ™!, correspond to symmetry allowed modes of wurtzite ZnO with minimum
electronic contribution and as seen in the figure these peaks are more intense
compared to the other modes. Ghimbeu et al[23] reported that the intense
Es modes represent high crystallinity of the films. The small shift observed
in the positions of these peaks when doped is negligible. The frequency at
330 ecm™! originates from the overtone phonon (E;(high)-Es(low)) and is not
clearly observed for the films A;5ls 5, Agslys and Aglyp.

The peak at 380 cm™! is A;(TO) mode and was observed only for the film
Aqplp. The peak position of A;(LO) mode in doped ZnO is observed to be
different from that of the undoped ZnO. A gradual (up to 10 cm™!) increment
towards high frequency side along with asymmetric broadening was observed
when Al:In doping ratio changed from 10:0 to 0:10. For heavily doped n-type
materials (10%°/cm3), there are chances for Raman active inter-conduction-
band transitions, which interfere with the zone centre optical phonon to
produce fano-type asymmetric phonon line shape due to discrete-continuum

interaction|[24]. The fanoline shape function is given as

(g —¢)?

I:A(1+62)

(4.1)

Wo

where € = ”_7

, A is amplitude, w, is the phonon frequency, q is the
asymmetric parameter and v is the half width parameter.

The possibilities of fano-fitting of the asymmetric broadened A;(LO) peak
of doped films is explored as shown in Fig.4.10 and the fitting is compared
with the line shape of the Lorentz fitted ZnO film. The A;(LO) mode of ZnO
fitted well to Lorentz function, as seen in Fig.4.10a. On the other hand, the
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fano fit was also not satisfactory for Agly and A7 5l55. It may be because
of relatively low carrier density and asymmetric line shape in these films.
At the same time, the films Asl5, Assly5 and Aglyp having carrier density
(10%° /em?®) exhibited a better fitting with fano line shape than the Lorentz
line shape function. This shows that the Raman analysis of these films were

in consistent with the hall measurement described before.
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Figure 4.10: Lorentz fitting of the films (a)ZnO, (b)Ajply, (c)A75la5 and
Fano fitting of (d)Asls, (e)Aqssl75 and (f)Aglip. Inset figures of (b), and (c)
show the Fano fitting and (d-f) show the Lorentz fitting of the films

4.8 Optical properties

4.8.1 Photoluminescence (PL) studies

PL spectra have been used to elucidate the band structure of these thin
films upon variation in doping ratio. Fig.4.11 depicts the PL spectra of the
doped and co-doped films. ZnO exhibits two emission bands; one is UV
emission, dominated by recombination of bound and free excitons and their

LO (longitudinal optical) phonon replicas, and the other one is in visible
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region[25-30].

The figure shows the UV emission peak corresponding to

near band edge (NBE) emission at 380nm and blue emission near to 400nm.

According to Cao et al[31] the emission near to 400 nm is due to exciton

recombination between the interstitial Zn atom (shallow donor level) and

the valence band. Both peaks exhibited small red-shift with increase in the

number of free electrons.
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Figure 4.11: PL peaks of the films for the excitation wavelength of 320
nm;(a)Zn0, (b)Agly, (c)A7slas, (d)Asls, (€)Asslrs and (f)Aglg

In the absence of the donor atoms, these vacancy sites will attribute

to non-radiative transitions, where the trap recombination rate is propor-

tional to the number of traps (Nt) and holes (p).

If Nt is the same for

all films, radiative transition enhances with an increase in free electron con-

centration[27,28]. The absence of visible emissions decreases the possibility

of transitions at lower energies|27,29]. Makino et al.[27] observed shift and
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change in the intensity of the NBE peak with a change in carrier density in
Ga doped ZnO. If the thin films have oxygen or Zn vacancies, the defects
trap electrons result in two types of defect donor levels, at 0.2-0.3 eV and
0.7-0.8 ¢V below the conduction band minimum. The former is called shal-
low donor level and the latter is the deep acceptor level[30,32]. There are
several reports on the emissions at a deep level, such as green luminescence,
but its nature is not well understood yet[33,34]. The PL analysis confirmed
the absence of deep emissions and indicates that there are less likely chances
of transitions within the bandgap when the material interacts with light for

plasmonic applications.

4.8.2 Urbach energy calculation
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Figure 4.12: Optical transmittance spectra; inset shows the urbach tail below
bandgap energy

Fig 4.12 shows the transmittance spectra of ZnO, Agly, A7 5125, Asls, Asslrs,
and Aglyg films in the visible region. The difference in the average transmit-
tance of the films can be attribute to the optical absorption due to the for-

mation of localized states near the conduction band minimum. Thus resulted
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in a tail for transmission spectra below 400nm defined as urbach tail[35-37].

This was discussed detail in chapter 3; section 3.6.2.

Table 4.7: Fitting parameters of In (a) = by+(hv)b; together with R? value
of linear regression analysis.(Recriprocal of b is E.,)

Sample by by E, R?

ZnO 827 097 1.03 0.54
Aply 725 1.27 079 0.51
ALy 570 1.66 0.60 0.53
Agl;  6.38 148 0.68 0.52
Asl; 834 1.04 096 0.54
Aolyp 740 1.201 0.83 0.52

Considering the equation (3.9) in chapter 3 and using the linear least
square fit of the experimental absorption data, E, was calculated and is
tabulated in Table.4.7. The change in E, was in agreement with the change in
absorption band edge and hence bandgap, as shown in inset of Fig.4.12. The
blue shift of absorption band edge shows the less effect of defect states in the
films, where the value of E, quantifies the defects present in the films[36-38].

4.8.3 Band gap determination

The bandgap of the films was estimated using the Tauc plot[39] and is shown
in Fig.4.13. The bandgap of the doped and co-doped films showed a blue-shift
compared to undoped ZnO sample. The blue-shift may be due to an increase
in free electron concentration as a result of doping. These donor electrons
occupy the states at the bottom of the conduction band. Higher energy
is needed to make the vertical transition from the valence band to states
with fermi momentum in the conduction band. This bandgap widening is
generally seen in heavily doped wide bandgap semiconductors due to the
suppression of low energy transitions and is called Burstein-Moss (BM) band
filling effect[40].

In this work, the blue-shift observed initially were red-shifted and then

again were blue-shifted. The sudden band gap narrowing (BN) after a certain
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carrier density was explained by Kim et al[41]. The BN has been attributed
to the merging of donor and conduction bands indicating semiconductor to
metal transition. The BN effect observed by Kim et al[41] and Sernelius et
al[42] were beyond n=5x 10" /cm? for IZO and 4.54x10%°/cm?® for AZO.
The particular carrier density after which the shift has been observed is the
Mott critical density(n,), which is inversely proportional to the Bohr radius
of dopant[41,42].

ZnO (3.28)
A,l, (3.31)

A, (3.38)
——Al, (3.38)
—A, .. (3.30)
—A[l, (3.36)

(ahv)’

320 325 330 3.35 3.40 3.45 3.50
E(eV)

Figure 4.13: Estimation of the bandgap of doped and co-doped ZnO films
using Tauc relation.

In this study, the Mott critical density was observed to be at n=3.21x10% /cm?
for the co-doped film, which was between the n, value observed for the 120
and AZO films. In addition, the dependence of bandgap shift with a carrier
concentration of n-type ZnO was studied by Lu et al[40]. According to these
authors, the carrier concentration and bandgap follow the BM effect initially
will undergo the BN effect, consistent with the Mott criterion, and then again
shows the blue-shift due to band renormalisation(BR) in a different rate[40].
These three effects can be seen in the films in this study, in such a way that
the films from Aqgly to Asl5 obey BM effect, the films from Aszls to Asslys
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exhibit BN effect and the films As5l75 to Agl;g shows the BR effect. The
changes observed in the bandgap with carrier density emphasize the impor-
tance of fano fitting and it also validates the electrical properties obtained

by hall measurement.

4.9 Investigation of plasmonic properties in
the films

4.9.1 Drude-Lorentz approach on doped -semiconductors

The influences of structural, electrical and optical parameters on plasmonic
properties of these thin films were then studied. Here also Drude-Lorentz
model described in chapter 3; section 3.7.1 was used to explain the optical
response of free as well as bound electrons in the film. As discussed in the
previous chapter, one of the primary criteria for the excitation of surface
plasmon resonance is the negative real permittivity (e€1) of the material at
the desired frequency. Fig.4.14a shows the negative permittivity of the films
Aolyg, Aaslz 5 and A5l beyond the wavelengths 2137, 2214 and 2218 nm, re-
spectively, which were simulated using the RefFIT software using eqn (3.11),
chapter 3. Fig.4.14b shows the imaginary part of the permittivity values of
these films and the inset image shows the fitted transmittance data using the
fresnel equation[43]. The fitted values were tabulated in Table.4.8.

The importance of negative €; is to understand the frequency up to which
these films exhibit metal like behaviour. While €, indicates the loss of these
films in polarising the material. The €, of all films are less than 1, which is
very small compared to those of the conventional plasmonic materials in NIR.
For the application of plasmonics in transformation optics (TO) the magni-
tude of € should be small and comparable with the value of €;(permittivity
of dielectric) to balance the polarisation response from dielectric and metal
components and to match the design requirements[44]. Moreover, in appli-
cations such as surface plasmon polariton (SPP) wave-guiding, a trade-off
between €; and ey determines the better quality factor (Qspr = %) and

hence good field penetration into the plasmonic material[43].
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Table 4.8: Drude- Lorentz parameters fitted using RefFit

Sample D-L parameters
Wy Wo g
eV eV eV
Aglip  0.01535 1.04535 0.15808
0.00896 2.07190 071275
0.20373 0.54363 0.02332
Aoslzs  0.03236  1.23984  3.40510
0.00299 1.66300 0.01757
0.23127 0.53094 0.01492
Asls 0.0040 0.99972 0.04374
0.02350 2.20382 0.02081
0.42917 0.50560 0.00600
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7.5 1 06 (b)
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Figure 4.14: Estimation of (a) real part of permittivity ¢; (b) imaginary part
of permittivity ey; inset shows the D-L fitting of transmittance spectra.

4.9.2 Generation of SPR using 3 layer model

The suitability of doped and co-doped ZnO films for device performance by

considering the quantitative analysis of real and imaginary values of permit-

tivity on plasmonic properties was investigated theoretically by generating

SPR spectra. Using a three layer model in prism geometry, where the thick-

ness of prism and dielectric media was assumed to be zero, the SPR dip was

generated by Winspall software. The field of reflectance of this multilayer

model is defined as[45].
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Tpm + deemkzmdm

1 + Tpm + dee%kzmdm

(4.2)

Tpmd =

where p, m and d denote prism, film and air, respectively. d,, is the thickness
of the film and k,,, is the wave-vector of the film which is determined using

the permittivity value extracted from DL equation.
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Figure 4.15: Simulated SPR using 3 layer model

The simulated SPR dips of Aglig, As5I7 5 and Azl based on Kretschmann
configuration and using €, €5 extracted from D-L approach are shown in
Fig.4.15. A monochromator with wavelength 2200nm was chosen and the
thickness values determined using tolansky method was used for the simula-
tion. A noticeable change was observed for the FWHM and SPR minimum of
the dip. The FWHM of Asl5 was 5.349°, which decreased to 3.38° for A 5175,
and then to 1.915° for Agl;p. The mobility of these films, shown in Table 4.3,
was found to vary in this fashion. Khamh et al[46] observed the broadening
of the SPR band when the mobility of the films decreased[46]. They also
added that in TCOs a pronounced change in the damping constant(y) can
be made by changing the mobility(x). Since in plasmonics, the damping con-

2
. w . . . .
stant () is related to e as 62:W), an increase in €y results in increase
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in damping and this also may contribute to spectrally broader plasmons [46].
The film Aglyg with comparatively larger mobility exhibited minimum value

for €5 and showed a relatively small spectral broadening.
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Figure 4.16: (a) Tuning of cross-over wavelength with carrier concentration,
(b) SPR absorption, (c) and (d) dependence of the D-L model and material
parameters

Fig.4.16a shows the variation of cross over frequency (w.) with the carrier
density of the films. For doped semiconductors, w,. describes the frequency
at which the semiconductor to metal transition takes place, where the de-
pendence of w, to plasma frequency (w,) was already described by Naik et
al[43]. The increasing absorbance in NIR, shown in Fig.4.16b may be mainly
because of the surface plasmon absorption; similar absorption observed for
AZO and IZO nanocrystals at the NIR was already reported respectively by
Buonsanti et al.[47] and Ghosh et al.[5]. The dependence of the D-Lmodel
on carrier density (n), mobility p are shown in Fig.4.16¢ and Fig.4.16d. The
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increase in the n value results in the shifting of cross over wavelength to the
lower wavelength. On the other hand, an increase in p decreases the loss
of these plasmonic materials. This may be also due to the lack of lattice
imperfections in the film, which does not create additional defect state in the
films [45].
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4.10 Summary

Al and In doped and co-doped ZnO films were prepared in a 3x1 inch sub-
strate with different Al:In ratio using water as solvent by simple spray coating
technique. The effect of ionic radii of dopants as well as their concentrations
(Al:In) while substituting in Zn site were studied using X-ray diffraction.
The Rietveld refinement studies revealed wurtzite structure for the films and
showed the dependence of the ionic radii of the dopants on a structural pa-
rameter such as lattice constants, cell volume, bond length. SEM images
were analysed to understand how the doping or co-doping and their ratios
affect the grain shape, size and uniformity of films. The electrical properties
of the films before and after annealing in the reduced atmosphere were stud-
ied. Enhancement in carrier concentrations was observed for all films due to
the additional oxygen vacancies created during reduced atmosphere anneal-
ing. The differences in carrier densities of these films were validated using
Raman line shape analysis with Fano and Lorentz fittings. The variation in
the band gap energies of the films was estimated using Tauc’s relation with
respect to the carrier densities was in analogy with the findings from the Fano
and Lorentz fitting, and thus confirmed a large number of free carriers for the
films Asl5, Assl;5 and Aglyp. The absence of deep defects in the band gap of
films was confirmed from the photoluminescence spectra of these films. The-
oretical fitting using the Drude-Lorentz (D-L) model was utilized to extract
the real and imaginary parts of the permittivity of the films. Films Asls,
Ay slz5 and Aglyp having carrier density 10*°/cm? showed negative permit-
tivity in near infrared (NIR). Tuning of cross over the frequency with carrier
density in the NIR region was observed for these films. The surface plas-
mon resonance simulated using the permittivity values extracted from the
D-L model showed the influence of mobility of the films on the broadening
of the dip. The low loss exhibited by the films in the NIR region compared
with conventional plasmonic material suggests the suitability of the films for

plasmonic applications.
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Chapter 5

Investigation of plasmonic

property in RF sputtered
co-doped ZnO thin films

5.1 Overview

Plasmonic properties of Al and In co-doped ZnO films prepared using chem-
ical deposition techniques were discussed in the previous two chapters. This
chapter discusses the development of plasmonic co-doped ZnO thin film by
a physical route, RF sputtering. Here the deposition are done at vacuum,
and hence more crystallinity as well as material purity can be expected in
the sputtered films. In this work also, we studied the structural, electrical
and optical properties of co-doped ZnO by varying the co-dopant ratio of
Al:In. Structural confirmation was done using the XRD and the rietveld
refinement technique. The chances for Raman active inter-conduction band
transitions occurring for heavily doped n type materials were examined for
these films using fano resonance fitting. The defects within band gap were
analysed with the help of PL studies. The Drude -Lorentz model was used
for the theoretical prediction of the cross over wavelength, beyond which
the material exhibits real negative permittivity. The surface plasmon reso-
nance observed using the Kretschmann configuration was compared with the

theoretical prediction provided by the model.
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5.2 Sample preparation

[ ZnO Powder ] [ Al,0;Powder ] [InAc powder]

Dopant 3%

Al:in  100:0
75:25
50:50

( Stirring in IPA for 1hr  Je———
)

[ Calcined at 700°C for 1 hr ]
G‘:\se pressure 5x 10 mbar\

Working pressure 5 x 10 mbar

Distance 8cm

RF power 120w

Ar flow rate 20 sccm
RF Sputtering unit K )

Figure 5.1: Thin film deposition using RF sputtering

5.2.1 Preparation of Al and In doped/co-doped ZnO
powder

Z/n0O powder with co-dopants prepared by solid state route was used for
fabricating films by RF magnetron sputtering. Analytical grade ZnO powder,
Al O3 powder (99.99%, Sigma Aldrich) and indium acetate powder (99.99%
AlfaAesar) were used as the precursor salts to prepare co-doped ZnO powders
by varying dopant ratios of Al and In. The powders in the Al: In ratios of
100:0, 75:25, 50:50, 25:75 and 0:100 were mixed thoroughly in an agate mortar
in the presence isopropol alcohol for 1 hour. The overall dopant concentration
in the powder was fixed to 3 percent. These powders were then calcined at
700°C for 3h. The flow chart for powder preparation is showed in Fig.5.1.
For coating, 3x1 inch glass substrates were used and before coating, the

substrates were cleaned as described in the section 3.2.2 of chapter 3.
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5.2.2 Thin film preparation using RF sputtering

For sputtering, the base pressure was set to 5 x 107% mbar and the working
pressure was to 5 x 1072 mbar. The distance between target and substrate
used is 8 cm and substrate is rotated at a rate of 10 rpm. Sputtering was done
at room temperature for 1 hour. The sputtered film were named accordingly
to their doping percentage as Aqgly, A7slas, Asls, Aoslzs, Aglig. The flow
chart for thin film deposition is showed in Fig.5.1.

5.3 Structural properties

Structural studies were carried out by x-ray diffraction. Detailed structural
studies were carried out further by Rietveld refinement technique[l,2] using
the XRD data with the help of General Structure Analysis System (GSAS)
software, using P6smc space group. The XRD patterns along with the Ri-
etveld refinement results are shown in Fig.5.2. Black curve is the experimen-
tal pattern, red curve is the Rietveld fit, the black ticks (vertical lines) are
the positions of phase reflection and the blue curve is the difference between
observed and calculated intensities. As seen in the figure, the observed and
calculated profiles are closely matching for all films. It is also observed that
the x-ray diffraction peaks closely matched with those of the ICDD data of
ZnO (ICDD pdf# 36-1451). Parameters such as atom position(u), lattice
parameter, scale factors and shape parameters were used as the free param-
eters during fitting. Quality of the fitted experimental data was assessed by
computing the goodness of fit (x?) and profile factor (Rp).The lattice con-
stants of doped as well as co-doped ZnO films are tabulated in Table.5.1. The
lattice strain is calculated using the difference between the lattice parameter
values and ICDD data (represented as Aa and Ac), using the equation 3.5
given in Chapter 3. All films, irrespective of the co-dopant ratios, showed
preferred (002) orientation. There is a small deviation for the lattice con-
stants with respect to the ICDD data; however, no change with the variation
of the co-dopant ratio was noticed. Since the deviations in lattice constants

are minimum with respect to ICDD data, only a small strain and hence small
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Figure 5.2: Rietveld refinement of XRD data of(a)Ajly, (b)A7slas, (¢)Asls,
(d)As 575 and (e)Aglyg. The black curves represent experimental data, the
red line is the calculated fit, vertical lines are the positions of refined phase
reflections and the blue line is the difference line between experimental and

fitted data.
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stress, can be expected in these films [3,4]. Compared with the films
prepared by spin and spray coatings (described in chapter 3 and 4), the
substitution of dopants in ZnO does not resulted in deviation in lattice con-
stants. The expected change is due to difference in ionic radii of dopants and
host lattice atom[5]. The unit cell volumes obtained after the refinement,
the Zn-O bond length calculated from refined data were listed in Table.5.2.
The bond length along c-axis is calculated by finding uxc, as described in
the section 4.3 of the chapter 4. In the perpendicular direction, the bond
length is defined as [ + (1 —u)?¢?] [1]. In addition, average crystallite size
calculated using Debye Scherrer equation (eqn (3.3), Chapter 3) shows no

noticeable change with change in co-doping ratio.

Table 5.1: Lattice constants and the strain of doped and co-doped ZnO thin
films, estimated from XRD data

Sample x? Lattice constants(A’)  Aa  Ac  Strain

a=b c (A%) x 1074
Aol 1.52  3.249 5.206 0.001 0.001 1.9
A;sIbs  1.55 3.249 5.206 0.001 0.001 1.9
Asls 1.24 3.249 5.206 0.001 0.001 1.9
Aysl;s 1.69 3.249 5.206 0.001 0.001 1.9
Aol 1.98 3.249 5.206 0.001 0.001 1.9

In RF sputtering, due to RF power, sputtered particles possess kinetic
energy and thus results in migrating to appropriate lattice sites. The RF
power helps in the nucleation and growth, and consequently the crystallinity
of the films is improved[6]. The (002) oriented growth for ZnO thin film by
RF sputtering with large uniformity as well as crystallinity compared with

other technique such as PLD, thermal evaporation was reported by Vyas et
al[7].

The advantages of RF sputtered ZnO thin films over solution processed

films are high purity, homogeneity, and the nanostructured feature of thin



185

films[8,9]. In chapter 4, the relatively minimum deviation of structural pa-
rameter of the film Aqply was described mainly due to the unsubstituted Al
dopants, which does not improved the carrier density upon doping. To see the
behaviour in the sputtered films, the electrical properties of these films were
carried out further, to understand the crystallinity as well as substitution of
dopants in the ZnO lattice.

Table 5.2: Structural parameters of doped and co-doped ZnO thin films,
estimated from XRD data

Sample Cell volume  Bond length u D(nm)

47.61 alongc L toc + Inm
1.972  1.979 0.379
Aol 47.59 1.978  1.976 0.380 19
Az5lo5 47.59 1.978  1.976 0.380 17
Asly 47.59 1.978  1.976 0.380 18
Agslqs 47.59 1.978  1.976 0.380 17
Aglyg 47.59 1.978  1.976 0.380 19

5.4 Morphological studies

The surface morphology of the co-doped ZnO films was investigated by FE-
SEM, and the images are shown in Fig.5.4. The films show dense, uniform
and continuous morphology, and no cracks or holes were observed in the
films. Particle size is observed to increase gradually in the films Ag 5175 and
Aglyp. This may be due to larger ionic radii of In dopant than that of Zn.
Dopant dependent surface morphology due to the difference in the ionic radii

with host atom have been reported earlier by Potter et al[11].
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Figure 5.3: Surface morphology of (a) A1olo,(b)A75la5,(c)Asls,(d)Ag 517 5 and
(e) Aolyo

5.5 Electrical Properties

The summary of the electrical properties of the films investigated by hall
measurement technique are shown in Fig.5.3. As seen, the carrier density of
all films is in the order of 102°cm ™2, which is one of the criteria for a material
to exhibit NIR plasmonics. In addition, the high carrier density confirms
the well substitution of dopants in the ZnO lattice. The carrier density
and mobility are varied in a similar fashion with the changes in Al:In. A
relatively large carrier density and mobility are observed for the films A4l

and A75lo5. The relatively high mobility compared with the spray coated



187

film shows the better crystallinity of the films. The mobility of the film have
consequences in the broadening of SPR dip, larger the mobility smaller will
be the broadening[10].
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Figure 5.4: Variation of free carrier density and mobility of Al/In co-doped
7Zn0 thin films

5.6 Raman studies

The micro-Raman spectra of the films were recorded to study the effect of co-
dopant ratio on the Raman scattering of the ZnO thin films, and are shown
in Fig.5.5. The Raman modes of the ZnO predicted are already described
in the section 4.7 of chapter 4 of this thesis. Figure shows the characteristic
raman modes of ZnO, Eo;, and Esy, observed near at 110 cm™! and 450

cm™!, respectively. The peak observed at 275 cm™!

may be assigned to B;
mode, which is defined as silent mode[12]. This mode was not present in the
Raman spectra of the spray coated co-doped ZnO films, described in Chapter

4, section 4.7 of this thesis.
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Figure 5.5: Raman spectra of the films(a) Ajply,(b)A75la5,(c)Asls,(d)Ag 5175
and (e) AQIlO

A possible origin of the silent B; peak can be attributed to the breakdown
of the translational crystal symmetry imposed by defects and impurities[12].
The presence of second phonon scattering peaks were identified in these films
near at 195 cm™! and 330 cm™! representing 2E;(low) and E,(high)-Eg(low)
respectively[13].

The chances for Raman active inter-conduction band transitions occur-
ring for heavily doped n type materials were examined for these films. As
described in the section 4.7 of the chapter 4 of this thesis, these types of tran-
sitions interfere with zone centre optical phonon will result in fano resonance
scattering between the A;(LO) mode and the conduction band electrons|14].
The Fano line shape function is given as

q—¢)’
VRS o

@=0 A is amplitude, w, is the phonon frequency, q is the

where ¢ =

asymmetric parameter and -y is the half width parameter. The possibilities
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of fano-fitting of the asymmetric broadened A;(LO) peak of doped films are
explored, as shown in Fig.5.6. When the free electron concentration is large
(10%°/em?), they will participate in the inelastic light scattering process,
which result in the excitation to the higher energy levels in the conduction
band. This scattering from the continuum channel can participate in fano
resonance with the A;(LO) phonon scattering. As seen in the figure, the
A1 (LO) peak of all films fits well by fano line shape function. The influence
of electronic raman on phonon scattering was determined by the parameter
q. For a strong interference, q value will turn to low value[15]. The fitted
q value for the films Aglyg, Aosl7 s, Asls, Arslas, and Ajgly were 4.50, 4.46,
3.41, 2.54, and 2.51, respectively. The value of 1/q is referred as the coupling
strength. For a bulk silicon, the inverse proportionality of free carrier density
with q was reported [15]. Here also similar trend of varying q value with

respect to carrier density was observed.
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Figure 5.6: Fano fitting of the films(a)Aiolg, (b)A7slas, (¢)Asls, (d)Asslys
and (e) A0110
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5.7 Optical properties

5.7.1 Photoluminescence (PL) studies

The room temperature PL spectra of the co-doped ZnO films are shown in
Fig.5.7. The PL emissions of ZnO and doped ZnO are assigned to various
defects present in the material such as oxygen vacancy (Vo), zinc vacancy
(Vzn), zinc interstitial (Zn;), and oxygen interstitial (O;). The emission near
to 380nm is the near band emission occurs due to the excitonic recombination
of bound and free excitons and their longitudinal optical phonon replicas[16—
18]. Reports show that it is also possible for near band emission of ZnO to
occur near to 400nm[19]. There is also the possibility of visible emission in
ZnQ, because of the radiative transitions between the valence band and the
trap defects in the grain boundary, which is also reported near to 400nm
[16-21]. In chapter 4, the NBE observed at 380nm and visible emission at
400nm, and differentiation of both emissions were discussed for spray coated
co-doped ZnO thin films.

(381nm)
(@)  2.25(s51nm) (b) 3-2?30
)
9 L]
S ~° Asslrs S %%
J >
% 555 S\ A°I1° 0%
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Figure 5.7: PL spetra of the films for the excitation wavelength of 320
nm;(a)Agolo, Azslas, Asls and (b) Agslzs, Aglio

Figure shows the presence of emission near at 3.25 eV (381nm) for the films
Aplip and Ay 5175 and this peak was shifted near to 3.14, 3.09 and finally to
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3.06 eV for the films Asls, A75lo5 and Aqgly, respectively (Fig.5.7a). The de-
convolution of peaks showed the presence of only single peak, and thus can be
assigned to NBE, which is found to shift to visible range when the co-dopant
ratio was changed from A, 5I7 5 to Asl;. The reason for shifting of NBE peak
can be explained using the second emission peak observed in visible region.
The peak observed between 2.26 eV and 2.22 eV (near to 551 nm) is green
emission, mainly due to radiative transition between oxygen vacancies and
the valence band[22]. The dominancy of green emission was more in the films
Asls, A7slos, Ajolp compared with Aglyp and A 5175(Fig.5.7b), which shows
the presence of more oxygen vacancies in these films. The presence of large
oxygen vacancies may be the reason for shifting of NBE emission to the lower
energy. This in turn resulted in comparatively higher carrier density, when
the Al: In was changed from 0: 10 to 10: 0.

5.7.2 Band gap determination

The average transmittance spectra of the films is shown in Fig.5.8a. All
films possessed average transmittance >80%. Fig.5.8b shows the Tauc plot
used to estimate the bandgap of the films[23]. As seen in Fig.5.8b, the band
gap values were increased to 3.41, 3.44, 3.54, 3.61 and 3.65 eV, when the
co-dopant Al: In ratios were changed in the ZnO films from 0: 10 to 10: 0,
respectively. The variation in the bandgap of the films from Aglig to Aol
is proportional to the free carrier density of the films, as seen in Fig.5.8c.
Because of the high carrier density of all films, the variation of band gap
with carrier density can explained on the basis of band renormalization effect
(BR)[24]. Increasing band gap with carrier density can be explained both by
BM and BR effects, as described in the section 3.6.1 of chapter 3 and section
4.8.3 of chapter 4. Based on these results and because of high carrier density
(>10% /cm?) for all the sputtered films, BR effect is more appropriate in this
case than BM.
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Figure 5.8: (a) Transmittance spectra, and (b) Tauc plot for estimating band
gap of the co-doped ZnO films (c) Variation of carrier density and band gap
with the change in co-dopant concentration

5.7.3 Urbach energy calculation.

The difference in the average transmittance of the films may be attributed
to the optical absorption due to the formation of localized states near the
conduction band minimum. This results in a tail for transmission spectra
below 400nm, defined as urbach tail[25-27]. This is discussed detail in the
section of 3.6.2 of the Chapter 3 of this thesis. Considering the eqn (3.9) in
Chapter 3 and using the linear least square fit of the experimental absorption
data, E, was calculated and is tabulated in Table.5.3. The change in E,
was in agreement with the change in absorption band edge, and hence the
bandgap, where E, is the measure of the defects present in the films (Table
5.3)[26-28]. Thus, smaller E, is observed for the films having larger bandgap.



193

Table 5.3: Fitting parameters of In () = by+(hr)b; together with R? value
of linear regression analysis.(Recriprocal of b; is E,)

Sample by bh E, R E,

Apl, 814 091 1.09 0.65 3.65
Ady 779 090 1.10 0.69 3.61
Asl,  7.27 0.89 1.12 0.62 3.54
Asl; 714 0.86 1.15 0.64 3.44
Aol 7.04 084 1.19 0.62 3.41

5.8 Investigation of plasmonic properties in
the films

5.8.1 Drude-Lorentz approach on doped semiconduc-
tors

By using the D-L and Fresnel equations, real and imaginary parts of the
dielectric functions were extracted [29,30], as described in the section 3.7.1
of chapter 3. The fitted reflectance spectra and the simulated dielectric func-
tions are shown in Fig.5.9. As seen in the figure, the films exhibit negative
values for €; near to 1350nm in the near infrared region. This indicates
that these films are suitable for exciting surface plasmon resonance near to
1350nm. The exact cross over wavelength observed for Aigly to Aglyp re-
spectively are 1333nm, 1340nm, 1351nm, 1360nm and 1365nm. The loss
encountered while polarising the material is given by the imaginary part of
the dielectric constant e5. The value of €5 in NIR estimated is tabulated in
Table 5.4. It shows that the value of ¢; is comparatively small compared to

that of the conventional plasmonic materials.
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Table 5.4: Imaginary part of the permittivity of the films of this study along
with the data of conventional plasmonic materials

Material €9 References
AlOIO 0.3-3 This work
A7.512.5 0.3-3  This work
Asly 0.3-3  This work
A2.5I7_5 0.3-3 This work
A()Il() 0.3-3 This work
Ag 925 [31-33]
Au 510 [31-33]
TiN 10-40 [31-34]
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Figure 5.9: (a) Fitting of reflectance spectra and estimation of (b) real part of
permittivity (&), (c¢) imaginary part of permittivity (e3) using D-L equation
of co-doped ZnO films
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5.8.2 SPR using Kretschmann configuration

The setup used for generating SPR based on Kretschmann configuration is
shown in Fig.5.10. The incident light coming out of the collimator will pass
through a p polariser and illuminates the BK7 prism, as seen in the figure.
The substrate coated with the co-doped film is kept on the prism using an
index matching fluid. Evanescent wave penetrates through the prism and
substrate, under the condition of total internal reflection. The refractive
index and the critical angle of the BK7 prism for air(dielectric medium) are
1.57 (NIR) and 41.8°, respectively. SPR was generated using the wavelength
interrogation method and the incident angles selected were greater than the
critical angle. The SPR generated by varying the incident angle based on

wavelength interrogation is given in Fig.5.11.

Plasmonic

15

oollimator

Figure 5.10: Kretschmann configuration for SPR generation

The resonance wavelength is found to shift to lower wavelength when
the incident angle was changed to higher angles. However, the broadness of
resonance dip is increased with the incident angle. A minimum resonance
wavelength of around 1350 nm was observed for the films Aply and A7 515 5.
The SPR observed were beyond 1350nm, as predicted by the D-L model.

The observed SPR resonance of the films Agly and A;5ls5 are near to the
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telecommunication wavelength, and are thus suitable for communication ap-

plications. It can be seen that the high carrier density of (10%°/cm?) resulted

in the excitation of SPR in the NIR.

tracted using the equations described below are shown in Fig.5.12a.

1
ELF = —Tm= = -2
€ € +€
1+ ¢, €
Qspp = ( )L
€1 €9

The energy loss function (ELF) and the quality factor (Qgpp)[35] ex-

(5.2)

(5.3)

The function -Im (1/€) gives the energy loss and provides an indication of

probability of surface plasmon resonance in the material[36]. A sharp max-

ima in this function is associated with the existence of plasma oscillations.
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Figure 5.11: SPR generated based on wavelength interrogation method by
Kretschmann configuration of the films
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Fig.5.12a shows the energy loss function estimated from the real and
imaginary parts of the permittivity extracted using the D-L equation as a
function of wavelength in the near infrared region. As seen in the figure, the
maxima observed at 1400nm in the region between 1200 and 1700nm indi-
cates a large probability of surface plasmon resonance. The strong maximum
is observed at ;= 0. The cross-over wavelength extracted from D-L equation
is near to 1350nm, and the ELF spectra also indicated plasmonic resonance

near to 1400nm.

A small redshift of ELF spectra is observed when Al: In changed from
10: 0 to 0: 10, which are in accordance with the red shift in cross over wave-
length of these films. Another parameter is the quality factor or figure-of-
merit, which is a term to compare the plasmonic performance of a material
for different applications over a wide frequency region[30]. The loss in a ma-
terial is an indicator of performance, which is described by e;. However, €;
is important in quantifying the overall material quantity in several devices
and hence the quality factor for a plasmonic material is a function of both ¢,
and €. Qspp shows an increasing nature beyond 1400 nm, which again indi-
cates the suitability for NIR plasmonic applications of these films. Fig.5.12¢
shows the quality factors of the conventional plasmonic metals[30]. Due to
the large negative permittivity, noble metals have large quality factor than
other materials. The term in the eqn(5.3) can be simplified to €2 /e, and this
indicates that the quality factor exhibits stronger dependence on real per-
mittivity than the imaginary part of the permittivity. The quality factors of
Ga doped ZnO and Al doped ZnO were reported as 1.01 and 2.3 respectively
at 1500nm|[30]. While comparing these with the results of the present study
(Fig.5.12b), it is well understood that the obtained quality factors for the
co-doped ZnO thin films are near to the reported values of conducting metal

oxides.
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Figure 5.12: (a) Energy loss spectra, (b) quality factor (Qgpp) of the co-
doped ZnO films, and (c) reported quality factor of conventional plasmonic
metals (redrawn from ref [30])

The full width at half maximum (FWHM) of the SPR dips of the films are
shown in Fig.5.13. As seen in the figure, the SPR broadness increases with
increasing incident angle. The relatively larger mobilities of the films A4l
and A;5ly5 (near to 23 cm?/Vs, Fig 5.3) may be reason for the relatively
small FWHM observed (Fig.5.13) in these films. In addition, these films
have relatively large carrier concentrations, and this may be the reason for

observing SPR below the telecommunication wavelength.
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Figure 5.13: FWHM of the SPR dip of the films with varying incident angle
in wavelength interrogation.
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Figure 5.14: Variation of surface plasmon resonance wavelength with inci-
dent angle calculated. Inset shows the variation of ¢; with incident angles
estimated using equation 5.5.

The shifting of resonance wavelength to different regions can be accom-
plished by varying the incident angle for the co-doped films. The resonance
condition of the SPR can be described by the equation below [37],

2mn, | 2w, €164 1 (5.4)
A A €1+ €q ’

N

6 — sin—L (- (-~} (5.5)

n, €1+ €4

M

where n,, is the refractive index of the prism; e;and €4 are the real part of
the permittivity of plasmonic film and permittivity of the dielectric medium,
respectively. Permittivity values were estimated using this equation for var-
ious angles of incidence used for the study, and the angle versus ¢; curve is
shown in the inset of Fig.5.14. The values for €¢; and n, used were 1 and 1.57,
respectively. The Fig.5.14 shows the surface plasmon resonance wavelength

estimated at different angles of incidence.
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As seen in the inset figure (Fig.5.14), when theta is increased from 45° to
559, the associated change in €; is from -5 to -2.5. The change in the values
of real permittivity with respect to wavelength is already shown in 5.9b.
Using Fig.5.14 (inset) and 5.9b, surface plasmon resonance wavelengths are
estimated for different angles of incidence, and are shown in Fig.5.14, where
the wavelengths corresponding to €; value were obtained from Fig.5.9b. This
shows that, when angle of incidence is increased, there is large chance for blue
shift of the SPR wavelength. The SPR curve obtained using Kretschmann
configuration is shown in Fig.5.15. Even if the range of SPR wavelength differ
from calculated curve shown in 5.14, the blue shift of SPR with increase in
incident angle is observed in both cases. The importance of the experimental
demonstration is that the co-doping on ZnO have brought SPR behaviour
in wide wavelength range from 1360 nm to 1830 nm, which indicates that
these films are promising alternative plasmonic materials to metals for near

infrared applications.
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Figure 5.15: Variation of surface plasmon resonance wavelength with incident
angle generated using the Kretschmann configuration.
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5.9 Summary

In summing up of the present study, Al and In co-doped ZnO thin films
were fabricated by RF sputtering using powder target, prepared by solid
state route. Structural studies of the films by XRD and Raman spectra
confirmed the hexagonal wurtzite structure for all samples. The free carrier
densities of all films were of the order of 10?°/cm?, required to exhibit plas-
monic properties in NIR wavelength. The fano resonance fitting of A;(LO)
mode confirmed Raman active inter-conduction band transitions occurring
for heavily doped n type materials. The near band and visible emissions due
to oxygen vacancies further confirmed the n type doping in these films. The
bandgap variations of the thin films were according to the BR effect. The real
and imaginary parts of the permittivity extracted from the D-L equation pre-
dicted SPR in these film for wavelengths beyond 1350nm with relatively small
loss comparing to conventional metals. SPR has been successfully generated
in these films using the Kretschmann type prism configuration. The tuning
of SPR wavelength in the telecommunication wavelength has been done by
wavelength interrogation method. Co-doping of ZnO resulted in wide range
of SPR behaviour for wavelengths from 1360nm to 1830 nm when the angle

of incidence was changed from 45° to 55°.
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Chapter 6

Investigation of plasmonic
property in DC sputtered TiN
thin films

6.1 Overview

Plasmonic properties of Al and In co-doped ZnO films prepared by vacuum
as well as non-vacuum based techniques were discussed in the previous three
chapters. The suitability of these materials for NIR plasmonics applications
were well described. This chapter discusses the development of plasmonic
titanium nitride thin film for visible region, by a physical route, DC reactive
sputtering. The ratios of argon and nitrogen gases were varied during sput-
tering to study the stoichiometric effect of Ti and N on the structural, optical
and plasmonic properties of TiN thin films. As described in the section 1.4.4
of chapter 1, the non-stoichiometry of TiN thin films plays an important role
in deciding the free carrier density in these films. The titanium nitride con-
tains both Ti-Ti metallic bond and Ti-N covalent bond, and the free carrier
concentration is found to be proportional to the concentration of titanium
[1-3]. These films are suitable for visible plasmonic application, where the
required carrier concentration can be achieved by coating titanium rich TiN
thin films. XRD has been used for structural confirmation, and EDAX was
used to estimate the elemental composition of the films. The Drude-Lorentz

model was used for calculating the cross over wavelength. Surface plasmon
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resonance was generated using the Kretschmann configuration, and the SPR

was observed in these films according to the theoretical calculation.

6.2 Sample preparation

6.2.1 Thin film preparation using DC sputtering

TiN thin films at different Ar:Ny ratios were prepared using a DC magnetron
reactive sputtering. A titanium target (99.995% pure) having a diameter
of 2 inch and 3mm thickness was used for sputtering. Sputtering was done
at DC power of 110W by varying the percentage of argon and nitrogen in
the Ar:N, ratios of 95: 5, 90: 10, 85: 15, 80: 20, 75: 25. The samples were
named according to this ratio. The distance between the substrate and the
target is 80 mm. The base pressure was set to 5x 10~% mbar, and the working
pressure used was 1.3 x 1072 mbar. The target was pre-sputtered for 10 mins
in order to remove the contaminants. Two separate flows of Ar and nitrogen
(99.99% pure) gases were introduced into chamber to generate the plasma
and to react with titanium metal, respectively. The substrate was rotated
at 10 rpm for uniform film deposition. The deposition time was set to 1 hr
and all the films were deposited at room temperature. Prior to the coating,
the glass substrates were ultrasonicated successively in soap water, DI water,

acetone and isopropyl alcohol for 15 mins, and finally dried in nitrogen flow.

6.3 Structural properties

The effect of changing Ar:N, ratio on the crystal structure of sputtered TiN
films has been studied by x-ray diffraction. The XRD patterns of the films
and the observed angle values were given in Fig.6.1 and in Table.6.1, re-
spectively. The observed patterns were matched with the data of ICDD pdf
#65-0965. A peak near to 43° can be seen in the patterns, which is the
characteristic (200) peak of TiN, and in addition to this, a weak (111) peak
around at 37°[4-7] was also observed for the films Ar:Ny = 75: 25 and 80: 20.
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Figure 6.1: XRD data of TiN thin films fabricated with different ratios of
AI"ZNQ

The gradual apperance of (111) peak in 80:20 and 75:25 films may be
due to the increased Ny flow during sputtering. According to chang et al [4],
increase in the nitrogen flow will dramatically change the crystalline structure
of TiN. In addition chang et al[4] also observed that films prepared with
Ar:Ny = 70:30 and 60:40 were grown preferentially in the (111) orientation.
However, in this study, the total gas flow rate was fixed to 20sccm; for a
continuous plasma generation, 15sccm Ar is necessary, and thus limited the
study to Ar/Ns ratio of 75:25. Chang et al[4] also suggested that TiN films
having (200) preferred orientation possess better plasmonic behaviour than
the (111) oriented films. No other characteristic XRD peak of TiN existed
in this pattern, as shown in Fig.6.1. From the analysis of XRD, it can
be concluded that the films are of Bl(cubic) structure, and the preferred
orientation is along the (200) plane. The average crystallite size (D) for the

films were calculated using the scherrer equation[6, 8] and are tabulated in
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Table.6.1
0.9\

D = 6.1
[Beost (6.1)
A (=1.54060A°), the wavelength of x-ray used, 5 is FWHM of diffraction

peaks in radian and € is the incident angle expressed in degree. For cubic

lattice, dpy in terms of lattice parameter ‘a’ can be written as[9]

1 R4+
o 2

z . (6.2)

The lattice constants calculated using the eqn 6.2 is also given in Table.6.1.
The values are closely matching with the ICDD data (4.20 A°). A relatively
small FWHM and hence larger crystallite size was observed for the films
75:25 and 80:20, which may be due to the presence of more nitrogen atom.
According to Chen et al[6], nitrogen in TiN helps in nucleation and nuclei
merging process of nitride, at the same time; and too much nitrogen may
lead to more defects in the films. Hence, an optimized nitrogen content is

always demanded in the TiN thin films for large free carrier concentration.

Table 6.1: Structural parameters estimated from XRD data of TiN films

Ar:Ny, 20 20  d(A°) a(A°) FWHM Crystallite

(111) (200) (2.12) 4.24 size(D nm)
95:5 434 2.07 4.14 0.017 7
90:10 43.5  2.08 4.14 0.018 7
85:15 434 2.07 4.16 0.018 8
80:20 37 43.2  2.09 4.18 0.021 8
75:25 371 432  2.09 4.18 0.021 9

6.4 Elemental analysis

The elemental compositions of the films were studied using EDAX spectra.
The compositions estimated after applying absorption correction factor, as
described in the section 2.3.3 of chapter 2 of this thesis, are tabulated in Ta-
ble.6.2. As seen, all films are rich in titanium and the atomic percentage (and

weight percentage) of nitrogen increases with increase in nitrogen of Ar:Ns.
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The elemental mapping of nitrogen and titanium respectively are shown in
Fig.6.2 and 6.3. The films showed uniform distribution of titanium and ni-
trogen, irrespective of the Ar-N, ratios. Dense mapping of titanium and
nitrogen was also observed respectively for the films deposited with Ar:Ny, of
95:5 and 75:25. The values of x in nonstoichiometric TiNy for the films de-
posited with Ar-Ny ratios of 95:5, 90:10, 85:15, 80:20 and 75:25 were obtained
to be 0.5, 0.67, 0.77, 0.80 and 0.82, respectively (Table.6.2).

Figure 6.2: Elemental mapping of nitrogen in the films deposited with Ar/N,
ratio of (a) 95:5, (b) 90:10, (c) 85:15, (d) 80:20 and (e)75:25



213

Figure 6.3: Elemental mapping of titanium in the films deposited with Ar/N,
ratio of (a) 95:5, (b) 90:10, (c) 85:15, (d) 80:20 and (e)75:25

Figure 6.4: Surface morphology of TiN films deposited with Ar/N, ratio of
(a) 95:5 and (b) 75:25

The surface morphology of TiN films coated with Ar/Nj ratio of 95: 5
and 75: 25 were recorded by SEM is shown in Fig.6.4. As seen, the variation
of Ar-Ny ratio from 95: 5 to 75: 25 has no predominant effect in the unifor-

mity as well as in the dense grain growth of TiN thin films.
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Table 6.2: Elemental composition of the films determined from EDAX spec-
tra

Ar:Ny Wt% At% TiNy
N Ti N Ti

95:5 1276 87.23 33.3 66.6 TiNys

90:10 16.51 83.48 40.3 59.6 TiNygr

85:15 18.56 81.43 43.7 56.2 TiNyrr

80:20 19.15 80.85 44.7 55.2 TiNyso

75:25 19.49 80.50 45.2 54.7 TiNgysgo

6.5 Optical properties

6.5.1 Band gap determination

0.003

—95:5
—90:10(2.72)

(2.71)
(
0.002- ——85:15(2.73)
(
(

——80:20(2.74)
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Figure 6.5: Estimation of bandgap using Tauc relation

The plots of (ahy)2 versus hv used to determine the bandgap of the TiN thin
films|[10, 11] coated with different Ar:Nj ratios are shown in the Fig.6.5. A
detailed description of Tauc plot was already discussed in the section 3.6.1
of the chapter 3 of this thesis. As seen in the figure, the bandgap of the TiN
films showed a blueshift of 0.01eV in their bandgap when the Ar-N, ratio
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was changed from 95:5, 90:10, 85:15, 80:20 to 75:25. In a titanium metal due
to presence of Ti-Ti metallic bond, they possess zero bandgap. But when
nitrogen is reacted to Ti metal, covalent Ti-N bonds will appear and thus
result in bandgap in TiN[1]. Hence, when the ratio of Ar-Nj is changed from
95: 5 to 75: 25, due to the presence of more nitrogen atom in 75:25 film,
and thus more Ti-N bond, there is a possibility of widening of bandgap, as
showed in Fig.6.5. There are reports on widening of bandgap of TiN thin
films when the nitrogen flow rate was increased. According to Mustapha
et al[5], the obtained bandgap energies of TiN films fabricated by reactive
DC sputtering at a substrate temperature of 300°C increased from 3.72eV
to 3.96eV when nitrogen is increased from 20% to 40%. Further increase
in nitrogen percentage (nitrogen rich) resulted in decreasing the bandgap of
these films, and this is explained on the basis of the increment in the grain
sizes of films due to the substrate temperature. The bandgap of the TiN
films observed are small compared to the reported values[5]. According to
Kavitha et al[12], the bandgap observed for TiN thin film deposited at room
temperature was 2.7¢V. When the films are annealed at high temperature,
its bandgap increased up to 3.7eV. In this work, the deposition of TiN was
done at room temperature; and this may be the reason for the low bandgap

observed for these films.

6.6 Investigation of plasmonic properties in
the films

6.6.1 Extraction of dielectric function using D-L equa-
tion.

Fig.6.6a and Fig.6.6b represent the real and imaginary components of the
permittivity extracted using the Drude-Lorentz (D-L) formula[13]. The ex-
traction has been carried out using the refFit software[14]. The fitted param-
eters with D-L equation of the reflectance data is shown in Table.6.3, and
the fitted graph is plotted in Fig.6.6c¢.
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Figure 6.6: Real (a) and imaginary (b) of the permittivity of TiN thin films.
Fitted reflectance spectra of the TiN films of different Ar-Nj ratios(c).

The cross-over wavelength observed for all films were beyond 472nm, as
seen in Table.6.4. The direct relation of cross-over wavelength with plasma
wavelength has been described in the section 3.7.3 of the chapter 3 of this
thesis. The carrier density (n) of the films is calculated as per the equation

6.3[15] and given in Table.6.4.

2
W= (6.3)

P me

According to Logothetidis et al[16] the electrical and optical properties of

TiN are very much dependent on the nitrogen content in the material. The
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Table 6.3: Fitting parameters of Drude-Lorentz equation for TiN thin films

Sample D-L parameters
Wy Wo vy
eV eV eV

95:5 1.312 3.117 0.487
416 0.534 0.389
90:10 1.412 3.215 0.488
5.13  0.632 0.382
85:15  1.523 3.212 0.452
5.32  0.321 0.325
80:20  1.544 3.212 0.489
5.36  0.336 0.369
75:25  1.593 3.365 0.414
544  0.35 0.332

increase in nitrogen content results in more cation vacancy and behaviour

of material will be more like dielectric[6].

Since the cross-over wavelength

decreases with increase in square root of free carrier concentration (eqn 6.3),

and the free carrier density in TiNy is mainly due to Ti content, the change in

the cross-over wavelength can be related to the change in the stoichiometry

of TiN. Hence, when x in TiN, increases, the cross-over wavelength increases,

as shown in Fig.6.7.

Table 6.4: The cross-over wavelength and the carrier density calculated using

eqn 6.3
Ar:Ny  A(nm) n (x 10%'/cm?)
95:5 473 4.986
90:10 491 4.621
85:15 500 4.456
80:20 504 4.382
75:25 513 4.236
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Figure 6.7: Variation of cross over wavelength with x in TiN, film

Figure 6.8: The images of the TiN films coated by DC magnetron sputtering
on 1 x 1 inch and 3 x 1 inch glass substrates

The shift of cross over wavelength with respect to change in x of TiN was
already reported by logothetidis et al[16]. For a stoichiometric TiN (x=1)
film, the cross-over wavelength reported is near to 468nm and when x is

increased further, the cross over frequency shifted to higher wavelength. The
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cross-over wavelength, thus, indicates the nature of stoichiometry of the TiN
thin films. In the present study, shift in the cross-over wavelength to longer
wavelength has been observed when the ratio of the Ar:N, was changed
from 95: 5 to 75: 25. The shift is thus dependent on the changes in the
stoichiometry of TiN, as confirmed through EDAX analysis. The TiN film
prepared by DC magnetron sputtering exhibited different colour variations
from light yellow to golden due to different nitrogen contents [17]. For x<1,
the colour of the film is reported to be light yellow or metallic grey, and
brownish yellow for over-stoichiometric films (x>1). The typical images of
the TiN film coated with Ar:Ns ratio of 95:5 are shown in Fig.6.8; the light

yellow colour of the films confirm their sub-stoichiometric nature[16,17].

The imaginary part of permittivity, €5 represented as loss is shown in
Fig.6.6b. The €, values of TiN and other nitrides along with gold and silver in
the wavelength region 500-1000nm are tabulated and given in Table.6.5. The
values of e for nitrides as well as gold /silver in the visible region are observed
to be small, and thus exhibit low loss in visible region. In the case of TiN thin
films, it is <18, and thus much low values for gold and silver. It is clear from
the table that, low loss materials were achieved either by temperature-based
deposition or by selecting oriented substrates. In this work, TiN thin films
deposited at room temperature on glass substrate achieved low loss in visible
region, which are thus comparable to the films deposited at higher substrate
temperatures and on oriented substrates. Even if an increasing trend is
observed in ey (Fig.6.6b) for all TiN films, it is still small and comparable
with films given in Table.6.5 [4,18-22].

The other parameter used to characterise the plasmonic properties of the
film is energy loss function (ELF) which is defined as[23-25],
€2

ELF = —Im1 =

2 4 2
€ € t¢€

(6.4)

Where €; and €5 are the real and imaginary parts of permittivity e. As de-
scribed in the section 5.8.2 of Chapter 5, the function -Im (1/¢;) is describing

the energy loss and a sharp maxima in this function is associated with the
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existence of plasma oscillations. Fig.6.9a shows the energy loss function de-

rived from the permittivity values extracted from D-L equation, as a function

of wavelength in visible region.

Table 6.5: The imaginary parts of permittivity (e3) of nitrides, gold and silver

in 500-1000nm.

Material Substrate  Substrate  Imaginary permittivity reference
temperature €
TiN(Ar%:N,%)
95:5 0.5-10
90:10 0.5-10
85:15 Glass RT 0.5-5 This work
80:20 0.5-5
75:25 0.5-3
TiN Sapphire 800 3-11 [18]
TiN MgO 600 1-10 [19]
TiN(Ar:Ny)scem
4:6 3-8
2:8 Sapphire 300 3-10 [20]
0:10 3-9
4:6 Glass 8-18
Quartz 3-15
TiN HfO, RT 3-11 1]
Silicon 3-15
TiN MgO 250 414 21]
TaN 10-20
HfN Sapphire 800 3-30 [18]
ZrN 2-15
Au - RT 2 [18,22]
Ag - 0.2

The figure shows a maxima between 400 and 700nm with a large proba-

bility around 500nm. In addition, the sharp maxima in surface energy loss

spectra observes at €; = 0, where the probability of surface plasmon reso-

nance is maximum[25]. In this study, the cross-over wavelength extracted

from the D-L equation is near to the wavelength of 473nm; and the ELF

spectra also shows a sharp maxima near to 500nm. This supports the value

of the cross-over frequency extracted from D-L equation. The dependence
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of Ar:Ny ratio during film coating on the position of maxima in the ELF

function is also seen in Fig.6.9a.
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Figure 6.9: (a) Energy loss function and (b) quality factor of TiN thin films
coated by sputtering with different Ar-N, ratios

As seen in the figure a redshift in the maxima is observed when the ratio
was changed from 95:5 to 75:25. This can be related to the red shift of cross-
over wavelength of these films provided by the D-L model. As discussed in
the in the section 5.8.2 of Chapter 5, the performance of a plasmonic material
over a wide frequency region is given by the quality factor, and it is defined

as
1+€1)

€1 €2

2
a

Qspp = (

(6.5)

The Qgpp of the conventional metals in visible region are near to 1000[26].
From the equation 6.5, it can be seen that the quality factor of the films
depends on the real permittivity, and thus the relatively high quality factor
of metals can be related to their high real permittivity. In the present study,
the values of the real permittivity of all films are small comparing with that
of the conventional metals, and thus the quality factor is of the order of one
(Fig.6.9b). However, the increasing trend in the visible region shows the

suitability of these films for visible plasmonic applications.
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6.7 SPR generation using Kretschmann con-
figuration
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Figure 6.10: SPR generated for (a) 75:25 (b) 80:20, (c¢) 85:15 (d) 90:10 and
(e) 95:5 TiN films based on wavelength interrogation by Kretschmann con-

figuration

After carrying out theoretical studies, SPR was generated using the prism

based Kretschmann configuration. The method to generate the SPR us-

ing prism type configuration is already described in the section 5.8.2 of the
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chapter 5 of this thesis. The sample is attached to the prism by using an
index matching fluid. The SPR studies was done by wavelength interrogation
method. The refractive index of the prism at visible region is 1.57 and the
critical angle is 42° for glass to air boundary. Three different angles greater
than the critical angle, such as 51, 52 and 53 were selected for the generation
of SPR using visible wavelength region, as seen in Fig.6.10. A shift to lower
wavelength is observed when the angle of incidence is increased. The FWHM
of the SPR dip is calculated and tabulated in Table.6.6. The FWHM of the
films are found to decrease when the incident angle is increased. The films
in the study exhibited FWHM of <135nm, and the minimum widths were
observed for the films coated with Ar:Ny ratios of 90:10 and 85:15 for an

incidence angle of 53°.

Table 6.6: Variation in FWHM of SPR with respect to incident angle

Ar:N, 51° 52° 53°
95:5 112 111 108
90:10 120 117 106
85:15 120 114 106
80:20 135 131 125
75:25 118 112 109

As described in the section 5.8.2 of the chapter 5, blue shift in the SPR
dip is observed in response to the change in the incident angle from 45°
to 55°%, and this is associated with change in real permittivity from -5 to
-2.5 (estimated using equation 5.5). The variation of real permittivity with
change in angle of incidence from 51° to 53° is calculated in this case also,
based on the same equation, and the angle versus ¢; curve obtained is shown
in the inset of Fig.6.11. The surface plasmon resonance wavelength estimated
at different angles of incidence are shown in Fig.6.11, where the wavelengths
corresponding to €; value were obtained from Fig.6.6(a). As seen in the
Fig.6.11, the SPR resonance conditions are obtained at various angles of
incidence, where the values of €; changes from -3 and -2.7. The change in

the values of real permittivity with respect to wavelength is already shown
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in Fig.6.6(a). It is clearly understood that the SPR resonance have more

chance to observe blue shift with increase in angle of incidence.
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Figure 6.11: Variation of surface plasmon resonance wavelength in TiN films
(a) 75:25 (b) 80:20, (c) 85:15 (d) 90:10 (e) 95:5 with estimated incident
angle. Inset shows the variation of with incident angle calculated using eqn
5.5 described in Chapter 5.

The SPR wavelength versus incident angle curve drawn based on the
experimental results done using Kretschmann method in wavelength interro-
gation is shown in 6.12. The figure indicates clearly that the SPR wavelength
shifts to lower wavelengths with angle of incidence. Similar trend was ob-
served in the theoretical curve in the Fig.6.11. Though the range of SPR
wavelength observed experimentally differ from calculated curve, the blue
shift of SPR wavelength with increasing incident angle is observed in both
cases. The SPR dips of all films observed were beyond the cross-over wave-
length estimated using the Drude-Lorentz equations. In addition, the shift
in resonance wavelength is found to decrease with increase in the incident
angle, as seen in Fig.6.12. This may be mainly due to the relatively small
change in €; when angle of incidence is changed from 52° to 53°, as seen in

inset of Fig.6.11. In this work, based on the experimental demonstration, it is
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seen that the non-stoichiometry of TiN have brought SPR behaviour in wide
wavelength range from 550nm to 655nm, which indicates that these films

are promising plasmonic materials other than metals in visible plasmonic

applications.
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Figure 6.12: Change in resonance wavelength with respect to incident angle
of various titanium nitride films (a) 75:25 (b) 80:20, (c) 85:15 (d) 90:10 (e)
95:5; SPR has been generated using Kretschmann configuration
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6.8 Summary

In summing up of the present study, TiN thin films were fabricated by DC
reactive sputtering by varying the Ar-N, ratio. Structural confirmation of
the films was done by x-ray diffraction. The non-stoichiometric nature of
the films were studied using the EDS spectra. The bandgap of the TiN
films calculated using the Tauc relation showed a increasing trend with in-
crease in nitrogen content in the films. The real and imaginary parts of the
permittivity extracted from the D-L equation revealed SPR in these film
for wavelengths near to 470 nm with loss comparable to the conventional
plasmonic metals. The SPR has been successfully generated in these films
using the Kretschmann configuration in wavelength interrogation method.
The shift in SPR wavelength by changing the incident angle was studied in
detail. The variation in the Ar-Ny ratio resulted in wide range of SPR be-
haviour, for wavelengths from 550nm to 650nm, when the incident angle is
changed from 51° to 53°.
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