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Abstract

The metal-oxide nanocomposites possess various physical properties which makes them of
great scientific interest for different applications. Among all, ZnO based nanocomposites
are very promising due to its wide band gap (3.34 eV) and large exciton energy (60 meV).
In present thesis, initially pure ZnO thin films have been synthesized by RF-magnetron
sputtering technique. Then prepared films have been irradiated with 100 MeV Ag’* at the
fluences of 3x10%2, 1x10'® and 3x10® ions/cm?. Pure ZnO thin films were also annealed
at temperatures 400 °C and 500 °C for 1 hour with continuous flow of oxygen gas. lon-
induced and thermally induced structural and optical modifications of nanocrystalline ZnO
films have been investigated using various characterization techniques such as X-ray
diffraction (XRD), UV-visible spectroscopy, atomic force microscopy (AFM), scanning
electron microscopy (SEM) and Raman spectroscopy. The crystalline behaviour of the
films was enhanced in particular c-axis direction due to impact of high energetic ions.
Lattice defects were also influenced by ion irradiation as well as thermal annealing
confirmed by Raman spectra. Optical transparency were found to be decreased with ion
fluence. The Structural and optical properties of the films have been improved with thermal

annealing and ion irradiation.

Metal-oxide nanocomposites have attracted considerable attention because of their
tunable structural and optical properties affected by incorporation of metal. Ag-ZnO
nanocomposite thin films were synthesized by two different approaches; RF-magnetron
sputtering and Ag ion implantation. Ag-ZnO nanocomposite thin films with three different
Ag concentration (8%, 15% & 40%) were deposited by RF-magnetron sputtering
technique. The composite nature of the films have been confirmed by Rutherford
backscattering spectroscopy (RBS) and Ag fraction has been calculated using simulation
with Rutherford universal manipulation program (RUMP). The formation of hexagonal
wurtzite structure of ZnO and Ag-ZnO films was confirmed by XRD. Raman spectroscopy
revealed the information of lattice defects and disordering during Ag incorporation into
Zn0. The enhancement in electrical conductivity in Ag-ZnO thin films than that of pure
ZnO was observed by I-V and Hall measurements and the nature of conductivity was

altered from n-type to p-type at higher Ag concentration. This property of nanocomposite

vii



thin films can be very useful for the device fabrication. Another approach, ion implantation
has been used for the formation of Ag nanoparticles in ZnO matrix. lon implantation is
unique technique to grow metal nanoparticles in any matrix with precise control of depth
and selective area for the implantation. 120 keV Ag ion beam was used for Ag implantation
with different implantation dose from 3x10™ to 3x10% jons/cm? by negative ion
implantation facility at Inter University Accelerator center, New Delhi (IUAC). Surface
stoichiometry and thickness of the films were estimated by RBS and X-ray photoelectron
spectroscopy (XPS). Ag nanoparticles was found to be asymmetrically distributed on the
surface of ZnO. XRD results revealed the formation of hexagonal wurtzite structure with
good crystalline nature along c-axis. However, the crystalline behavior of the film was
affected by implantation dose which may be attributed to the lattice strain induced in the
matrix. The specific c-axis orientation of the film is unique feature for immense

technological importance for various applications.

Further, SHI and thermally induced modifications in Ag-ZnO nanocomposite thin
films have been carried out in systematical manner. Ag-ZnO nanocomposite films were
irradiated with 100 MeV Ag ions with three different fluences 3x102, 1x10% and 3x10*®
ions/cm?. The presence of Ag and formation nanocomposite was confirmed by XPS
analysis. Surface plasmon resonance (SPR) band at 475 nm corresponding to Ag
nanoparticles was appeared in Ag-ZnO nanocomposites thin films and shifts towards the
lower wavelength (30 nm) with ion irradiation. Thermal induced SPR tuning has also been
studied for Ag-ZnO nanocomposite thin films. The prepared Ag-ZnO thin films were
annealed at three different temperatures 300 °C, 400 °C and 500 °C in the vacuum
environment (order of vacuum 1072) to prevent the oxidation of Ag nanoparticles. XRD
revealed the monocrystalline behaviour of the as-synthesized Ag-ZnO thin films and the
crystallinity of the films have been improved with annealing temperature. The average
particle size of Ag nanoparticles was estimated as 8.2 nm by transmission electron
microscopy (TEM). Presence of Ag in the form of nanoparticles depicts the SPR band in
optical spectra observed at 565 nm. This SPR band was observed to be red shifted
remarkably (22 nm) at the higher temperature. These high quality Ag-ZnO nanocomposite
thin films with minimum strain and tunable SPR frequency could be useful in plasmonic

applications.
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Chapter 1

Introduction

KIH this chapter, the overview about the nanomaterials\

and nanocomposites is presented. The chapter
introduces the fundamental properties of the dopant
metal Ag and matrix material ZnO in detailed. A brief
discussion about the optical properties especially surface
plasmon resonance for the noble metal nanoparticles has

been done. The objectives of the thesis have also been

Kmentioned in this chapter. /




1.1. Introduction

“Nanotechnology is the principle of atom manipulation atom by atom, through control of
the structure of matter at a molecular level. It entails the ability to build the molecular
system with atom-by-atom precision, yielding a variety of nano-machines.” by Drexler
[1].

Nanotechnology is the creation and utilization of materials through the control of
matter on the nanometer length scale at the level of atoms, molecules and supramolecular
structures [2-5]. This field includes the structures which have a typical dimension in the
range of nanometer scale (one billionth or 10° of a meter) [6]. One nanometer is equal to
4 gold atom or10 hydrogen atom aligned in a line. At this length scale, materials show
exciting chemical and physical properties which are drastically diverse from the bulk
properties of material. Although this field is very new for human society, but there are
many examples which exists in our nature from the beginning of the life. Flagella bacteria
is a good example of the biological molecular nano-machine, where an electro-chemical
potential difference across the membranes is applied and responsible for the proton flow
which eventually drives nano-motors [7]. So nanotechnology is not only the basic field in
the tuning of the properties of materials but also yielding a more technical knowledge
about the device fabrication as well as in biomedical applications [8-11]. Nowadays,
“nano-scale science and technology” offers the new era for modern research and
developing new ideas which is growing day by day. There are two approaches to
synthesize the nano-materials; (a) top-down and (b) bottom-up approach. In the top-down
approach, the bulk material is processed with appropriate techniques to achieve the
desired structure and shape of the final product. Ball milling, lon implantation,
lithography and chemical etching are mainly used as a top-down approach for the
nanomaterial synthesis. Whereas bottom-up approach is widely applied for the nano-
device fabrication. In this process, the parent material is assembled molecule by molecule
or atom by atom. Sol-gel technology, physical and chemical vapor deposition, electro-

deposition and epitaxial growth are some examples of this approach.

1.2. Nanocomposites



Nanocomposites (NC) are the special class of nanomaterials which offer new possibilities
which could not be found in two different materials separately (Figure 1.1). The
nanocomposite materials are the solid solution of two different materials wherein one is
reinforcing phase and other one act as matrix phase with one of the phase in the nano-
region. Reinforcing phase consists of different forms of the material such as fibers,
nanoparticles and sheets (also known as filler) while the matrix phase occupies the main
volume of the composite. This type of structure provides more desirable properties than
those of the single host material. The size and shape of the filler material show a
significant role in various applications. The essential features of nano-composites are as
follows:

» The properties of nanocomposite materials also depend on morphology and
interfacial characteristics of parent material as well incorporated noble metals.

» The nanocomposite offer combine diverse properties which produce from the
combination of both filler and matrix material which are unknown with parent
constituent materials.

» Drastically enhance optical, electrical, mechanical and other properties depending
on the properties of Nano-particulates.

» Generate many exciting new materials with novel properties.
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Figure 1.1 Block diagram for the nanocomposite material.

Based on the matrix material the nanocomposites can be categorized as follows;
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(1) Ceramic matrix nanocomposite
(2) Metal matrix nanocomposite

(3) Polymer matrix nanocomposite

The present thesis deals with the first category of the nanocomposites. Ceramics
possess good thermal and chemical stability and wear resistance and widely used in

industry. Here, metal-metal oxide nanocomposites have been investigated.

1.2.1. Nanocomposite thin film

Nanocomposite thin film is the vastly growing research fields for different applications
such as device fabrication, sensing and optical applications. In the present scenario, NC
thin film technology plays a major role in various industrial applications such as optical
devices, coatings, memory devices because of their improved electrical, optical and
mechanical properties [12-17].

NC thin films with metal nanoparticles as filler can effectively tune the properties of NCs
which is applicable in the field of device fabrication [18,19]. Incorporation of the metal
nanoparticles in the parent matrix makes it very useful in different optical applications
since metal particles show good optical properties. Furthermore, the size and shape of
nanoparticles are the two crucial parameters in enhancing the optical properties of the
material. Small filler size provides the high surface to volume ratio. This increased
reinforced surface area can affect the macro-scale properties of matrix remarkably. The
optical characteristics of the nanocomposite thin films are depends on the noble metal as
well as matrix material. It is well known that film properties for example grain growth,
surface morphology, epitaxial stress/strain, crystalline quality and composition could be
affected by the deposition methods and parameters. The ductility of the films can be
increased in NC without decreasing its strength. Usually, the filler is dispersed into the
host matrix during the synthesis processing and amount of the filler can be varied, though
the uniform dispersion of filler is desirable. Several deposition techniques have been used
for the synthesis of the nanocomposite thin film such as RF-sputtering, ion beam

deposition, electron beam evaporation and ion implantation [20-22].



In the present thesis, RF-sputtering has been used for the synthesis of metal oxide
thin film whereas RF co-sputtering as well as ion implantation techniques have been used

for metal-metal oxide NC thin film.

1.3. Metal nanoparticles

Nanoparticles show interesting properties, due to their high surface area to volume ratio
and have the potential applications in the bio-medical field, laser application, medicinal
application and optical application [23-25]. As per definition, at least one dimension of
the nanoparticles should be less than 100 nm. In the case of bulk material, physical
properties of the material do not change with the size of the material while such
properties are much affected by the size and shape of the material when it is in nano-
scale. Nanoparticles can be considered as a bridging between atomic structure and bulk
material. Many nano-scale size dependent properties are observed in various cases such
as quantum confinement of semiconducting nanoparticles, super-paramagnetism
properties in magnetic nanoparticles and surface plasmon resonance in noble metal
nanoparticles. At the nano-scale regime, surface to volume ratio (S/V ratio) of the
material show the significant role in tuning the physical and chemical properties of the
material which is attributed to large surface energy of the atoms present on the surface as
compared to bulk. In the present thesis, the silver nanoparticles have been embedded as

filler by using RF co-sputtering and ion implantation techniques.

1.3.1. Silver (Ag) nanoparticles and their surface plasmon resonance
(SPR)

Silver is the metallic element and has atomic number 47, which is denoted by Ag and
belongs to group 11 with Au and Cu metals. Ag has two naturally isotopes °’Ag and
1%8Ag, an atomic mass of 108 and crystallizes in the face-centered cubic lattice structure
(Figure 1.2). It has three oxidation states which are 0, +1 and +2 with a very large
electrical conductivity [26]. Apart from that, higher reflectivity, thermal conductivity and
electrical conductivity make Ag advantageous element in comparison with other metals.

Ag paste has been widely used in solar cell contacts, electrical contacts, microelectronics,



catalysis and medical instruments. The important properties of Ag are summarized in
Table 1.1.
Table 1.1 Properties of the Silver

Material name Silver (Ag)

Chemical formula weight 107.87

System Cubic (a=p=y = 90°)
Melting temperature (°C) 961.71 °C

a (A)=b (A)=c (A) 4.0862

Unit cell volume (A3) 68.23

Calculated density (g/cm®) | 10.50

CRYSTAL LATTICE
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Figure 1.2 FCC lattice structure for the silver.

Ag nanoparticles exhibit interesting optical properties compared to the bulk
material. If the electromagnetic light imposed on these nanoparticles, they show strong
absorption band at a certain frequency of the incident light. This strong band arises due
the resonance between oscillation frequency of the free electron cloud of the atoms and
the frequency of the incident radiation. This band is known as SPR band for the given



nanoparticles and shown in Figure 1.3 [27]. The optical properties of nanocomposite thin
films can be tailored by embedding these nanoparticles in the host matrix.

Incident electromagnetic (EM) light on the nanoparticles causes an electronic
charge separation and atom goes to change own equilibrium state during light irradiation.
This charge separation generates a restoring force which leads to an oscillatory motion of
the electrons of the atom at a certain characteristic frequency. At the same time,
oscillations induced polarization originates in the opposite direction which helps in
reducing the restoring force of the electrons.

The SPR band of the NC thin films depends on:
» The amount of the metal content present in host medium (matrix).
» Shape as well as size of metal nanoparticles.
> Inter-particle separation between the nanoparticles dispersed in the matrix.

> Properties of the matrix material surrounding the nanoparticles.

A
E-field
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Figure 1.3 Resonant excitation of collective oscillations of the conduction electrons in
the nanoparticles.
The formation of the SPR band also depends on the nanoparticles size. If the size of
nanoparticles is smaller than the wavelength of the incident electromagnetic radiation, a
uniform EM radiation exists across the nanoparticles which yield the narrow band of

SPR. If the size of nanoparticles is larger than wavelength of the incident electromagnetic
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radiation, the EM field distribution becomes non-uniform and show multi-pole
resonances which yield broad peaks in the absorption spectra of the nanoparticles. Also
the dielectric constant of the host matrix affects the optical properties of the

nanoparticles.

1.4. Zinc oxide (ZnO)

ZnO (N-type semiconductor) is a very promising material of 11-VI group with wide band
gap (3.34 eV) and high exciton binding energy (60 meV) [28]. A great scientific interest
has been received due to their transmission properties in visible region, and piezoelectric
properties [29,30]. In recent years, ZnO is very encouraging and competitive material that
is utilized in various fields; solar cells, transparent conductive contacts, spintronic
devices, light emitting devices, laser deflectors, paints, antibacterial activity, bio-sensors,
gas sensors, and piezoelectric transducers [31-36]. Great efforts have been made to
modify the properties of ZnO by doping of noble metal and ion irradiation so that it can
be widely used in various research areas. In the present study, ZnO has been used as host

matrix and the modifications by ion irradiation in their properties have been investigated.

1.4.1. Crystal structure

Zinc oxide is a semiconducting material with space group Csmc. The ultraviolet luminance
and exciton emission have been observed in ZnO nanoparticles as well in the thin film,
due to its large exciton binding energy. Generally, ZnO has been found in the two forms:
(a) Hexagonal wurtzite structure

(b) Cubic zinc blende structure.

Hexagonal wurtzite structure is the more stable structure of the ZnO. Tetrahedral
coordination has been found for both structures which indicate the sp® hybridization and
leads to covalent bonding. The tetrahedral coordination in ZnO results in a non-central
symmetric structure. As a result, it can be used as piezoelectricity and pyro-electricity
applications. The presence of ionic character makes ZnO responsible for the ionic
bonding between Zn and O (Zn-O bond). Therefore, ZnO shows both type of behavior

covalent as well as ionic [37].



wurtzite

zinc blende
Figure 1.4 Crystal structure of the ZnO (wurtzite and zinc blende).

1.4.2. Band structure

The band structure of a semiconducting material is the crucial parameter which decides
the overall performance of the device. The theoretical results of the band structure have
been calculated by local density approximation (LDA). The electronic band diagram for
the ZnO is shown in Figure 1.5. In the given figure, band structure shows high symmetry
lines in the hexagonal Brillouin zone. The lower edge of the conduction band (minima)
and higher edge of the valence band (maxima) match exactly at k = 0 which clearly
reveal that ZnO is a direct band gap material. The value of band gap for the ZnO has been
calculated ~ 3.7 eV by the local density approximation. The calculated value of the band
gap is closer to experimental value of the ZnO i.e. 3.44 eV. The theoretical calculations
for the band structure of ZnO (bulk) have been extensively studied by many researchers.
Ivanov and Pollmann et al. analyzed the electronic structure of wurtzite ZnO by using
empirical tight binding method (ETBM). The observed data was found to be consistent
with the experimental data which obtained by ultra-violet photoelectron spectroscopy
(UPS) and electron-energy-loss spectroscopy (EELS) [38]. The valence band of ZnO
splits into three sub-bands referred as A, B and C as can be seen in the figure. The spin-
orbit splitting and crystal-field splitting are the responsible for the sub-bands formation.
The sub-band A and C are known to possess I'7 symmetry whereas sub-band B is related
to I's symmetry as mentioned. The experimental band gap of the ZnO is close to ~ 3.44

eV at the temperature of 4.2 K.
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Figure. 1.5 Band diagram (with splitting of valence band) for the ZnO at 4.2 K.

The band structure of the ZnO also correlates with the optical properties. Thus
band gap engineering is an emerging and interesting field for the different optical

applications and electronic device development.

1.4.3. Defect and impurities

Native (intrinsic) defects are imperfections which occurs in the crystal during the growth
process. Only the constitute elements are participating in these defects. Interstitials (extra
atoms occupying interstices in lattice structure of ZnQO), vacancies (missing of any atom
from its own position) and antisites (O atom occupied by Zn sites and vice versa) are the
main native defects which commonly exist in the crystal lattice. These native defects can
effectively change the electronic and optical properties of the ZnO and may be controlled
by deposition parameter, and doping of the metal elements. These defects are directly
associated to the compensation of the predominant donor and acceptor dopants. For the
formation of p-type materials donor defects take place in the materials whereas n-type
behaviour is controlled by the acceptor defects. Generally, ZnO has n-type conductivity
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due to oxygen vacancies or zinc interstitials and it can be easily tune with the doping of
different noble metal Ag, Au, Cu as well as Ga and In impurities etc. These defects can
strongly related with the electrical and optical properties of the material. So the
understanding of incorporation of the metals and behavior of the defects are essential to

its application in semiconductor devices [39,40].

1.4.4. Properties and applications
In the present scenario, zinc oxide (ZnO) has become a promising material for the various
optoelectronic devices and thin film applications, because of the large exciton binding

energy as well direct band gap. Different mechanical, thermal, optical, electrical and

vibrational properties of the ZnO are tabulated in Table 1.2.
Table 1.2 Properties of ZnO

SI. No. Properties Value

1. Chemical formula ZnO (zinc oxide)

2. Colour and nature White solid

3. Density 5.606 g/cm?

4 Band gap 3.44 eV

5 Space group/ C6v4-P63mc, Tetrahedral

coordination geometry

6. Lattice structure Hexagonal wurtzite (cubic)

7. Vibrational bands 12 (9 optical modes and 3 acoustic
modes)

8. Lattice constant a=b=325A¢c=52A ca=163

9. Bulk Young’s modulus 111.2 GPa

10. Bulk hardness 5 GPa

11. Thermal expansion oa =4.31x10* Kt and ac =

coefficient 2.49x107% Kt at 300 K

12. Specific heat capacity Cp=40.3 J molt K™ at constant
pressure

13. Refractive index 2.004
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ZnO has become an alternate to indium tin oxide in solar cell industry used as transparent
conductive electrodes owing to its transparency in visible region, low cost, a high degree
of chemical stability, and less toxicity. In the last few years, ZnO-based nanomaterials
have attracted considerable attention because of their dimensionality and size of their
structural features, electrical and optical properties and also motivate towards it
utilization in various nano-device fabrication realm.

Radiation hardness properties of the ZnO is very much useful in space
application. Thus ZnO provides the huge opportunities for the modern research due to its
unique properties which are applicable in potential application for industry and society.
Indeed, many researchers are struggling to improve their properties by applying different
procedures for example incorporation of the metal as a dopant, ion implantation and

interplay with annealing etc.

1.5. Approaches for modifications of the nanocomposite thin films

1.5.1. SHI irradiation induced modifications

lon beam technology offers the flexibility to tune the materials properties as per
requirement and also support the developing a new class of material. Size dependent
properties of materials can be effectively enhanced by this technique and leads to the
better understanding of the nanotechnology. The ion beam is a very powerful technique
in the field of thin film science because of easy controlled beam parameters; incident ion
energy, ion fluence, beam size and scanning area. This technique has been used for
material modifications as well as material characterizations and the energy of incident ion
beam plays the major role for the same [41-45]. Possible applications of the ion beam on
the basis of energy regime are the classified in following manner:

e Material synthesis: DC/RF sputtering, atom beam sputtering, plasma based
deposition (applicable for low energy eV to few keV) and doping, ion
implantation and ion beam mixing (applicable for few keV to MeV).

e Material characterization: Rutherford backscattering-spectroscopy (RBS), elastic

recoil detection analysis (ERDA), particle-induced X-ray emission (PIXE),
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channeling, nuclear reaction analysis (low energy regime few MeV) and, blocking
(high energy regime up to 100 MeV).

e Material modifications: low energy ion irradiation (< MeV) and high energy ion
irradiation (> 10 MeV).

The interaction of incident ions with the target material is the fundamental need for
understanding of the role of ion beam in Material Science. When energetic ions interact
with the target material, they loss their energy to the material by elastic and inelastic
collisions. There are two basic transformation mechanism for the loss of energy into the
material due to atomic collisions with target atoms [46]:

e Elastic collisions between nuclei of the target atom and incoming ions. It is
denoted as nuclear energy loss Sn, which dominates in lower energy regime from
~ few keV to 1 MeV/nucleon.

e Inelastic collisions between electron cloud of the target atom and incident ions
and it is termed as electronic energy loss Se, which dominates in higher energy
regime, especially for Swift heavy ion (SHI) irradiation > 1 MeV/nucleon.

A large amount of energy deposited by incident ions into the target material is
responsible for the atomic displacement along the beam path and described by two
different models; (i) Coulomb spike model (CSM) and (ii) Thermal spike model (TSM).
Due to high energy acquired from incident SHI ions, excitations/ionizations along the ion
track within very short time scale of 107" second occurred in the material. This
excitations/ionizations is responsible for the coherent radial atomic movements along the
ion tracks. These movements lead to modifications in the material such as defects and
mixing under the Coulomb force and explained as CSM. On the other hand, when the
atomic subsystem of the material attains the energy from electronic subsystem due to SHI
irradiation by electron-phonon coupling (EPC) phenomena, then it leads to increasing
local lattice-temperature rapidly up to 10* K (formed the thermal spikes) and quenched
very fast (rate ~ 10 K/s). This process is also responsible for modifications in the
material and known as thermal spike model (TSM) [46-48].
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Figure. 1.6 Flow diagram for the ion beam irradiation.

In the case of SHI irradiation, Se is more important and depends on many factors
such as charge, mass and energy of the incident ions. In the present thesis, low energy ion
beam (100 keV) has been used for material synthesis by ion implantation facility and
high energy beam (MeV range) for the material modifications. When the velocity of
incident ion is nearly comparable to the Bohr velocity of the electron of the target
material, the incident ions are known as swift heavy ions (SHI) and is used for the
material modifications. In the case of SHI irradiation, huge amount of energy deposited
into the target material during irradiation is responsible for the modifications (Figure
1.6). These modifications depend on the nature of incoming ions, energy of the ion and
fluences of the ion. So SHI irradiation provides the controlled way to modify the material
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in specific regime by simply changing the energy and fluence of the ion beam. Controlled
energy deposition with spatial selectivity is the unique feature for the modification which
is only possible with ion beam technology. Due to this remarkable feature, ion beam
provides the unique facility to engineer the materials for potential applications.

1.5.2. Thermally induced modifications

In the case of thin films, thermal annealing is a process used for structural, optical,
electrical improvements and intrinsic stress liberation. In this process, direct heat energy
supplied to the target material for selective time to modify the material properties.
Different annealing parameter such as annealing temperature, annealing environment,
annealing time and ramp rate are directly related with the alteration of properties. In
present thesis, role of thermal annealing over the pure ZnO and metal-ZnO
nanocomposite have been discussed in detail. Furthermore, comparison of thermal
annealing and SHI irradiation induced modifications have been observed for the both

Zn0O and Ag-ZnO nanocomposite thin films.

1.6. Objectives of the thesis
The objective of the present thesis are as follows:
1. Synthesis and characterizations of pure ZnO thin films as a host matrix by RF
sputtering technique and the investigation of modifications in their properties by
SHI irradiation and thermal annealing.
2. Synthesis and characterizations of Ag-ZnO nanocomposite thin films by RF
sputtering and ion implantation.
3. Investigation of SHI irradiation and thermal induced modifications in the
structural and optical properties of Ag-ZnO nanocomposite thin films.

1.7. Organization of thesis

Chapter 1. Describes the introduction for the nano-science and nanotechnology. Brief
introduction about the nanocomposite thin film and nanoparticles followed by the
structure and properties of Ag as a filler and ZnO as matrix have been presented. lon-

matter interaction has also been described briefly in this chapter.
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Chapter 2. Includes the extensive literature for the annealing study of the pure ZnO and
Ag-ZnO NC thin film as well as ion induced modifications.

Chapter 3. Introduces the experimental techniques used for the synthesis and
characterization of NC thin films. RF sputtering and ion implantation were used for the
synthesis of NC thin films. Various characterization techniques used in the present study
such as RBS, X-ray diffraction, UV-visible spectroscopy, scanning electron microscopy,
atomic force microscopy, Raman spectroscopy, photo-luminance spectroscopy, x-ray
photoelectron analysis, transmission electron microscopy are described in this chapter.
Chapter 4. It covers the detailed discussion about the synthesis of pure ZnO thin film (as
a host matrix) by RF sputtering and modifications induced by thermal annealing and ion
irradiation.

Chapter 5. It explains the detail about the synthesis methods by two different
approaches: RF sputtering and ion implantation.

Chapter 6. It describes the annealing and SHI irradiation induced modifications in the
Ag-ZnO NCs thin film in detail.

Chapter 7. It is about the overall conclusion of the thesis work and future scope of the

present study.
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Chapter 2

Literature Review

4 )

In this chapter, detailed reports about the
nanocomposite thin films has been discussed. Previously
reported studies on the thermal and SHI induced
modifications in nanocomposite thin films have also been

summarized in systematic manner.

(& J
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2.1. Background

During the last decades, ZnO has been extensively used for various applications such as
transparent conductive electrodes, solar cell window, optical devices, piezoelectric
transducers and gas sensors because of their remarkable structural, optical and electrical
properties. ZnO is a multi-functional material of I1-VI group with the large band gap
(~3.3 eV). The improvement in the properties of ZnO thin films using different
treatments such as doping of novel metal, ion implantation, thermal induced
modifications and SHI irradiation techniques is the current area of interest. ZnO thin
films show very fascinating properties in comparison to bulk material due to different
nanostructured formation and large surface to volume ratio and play the major role to
enhance their own properties with reduced cost of the devices as well less material
consumption. A detailed literature study on thermal as well SHI induced modifications in
pure ZnO thin films and ZnO based nanocomposite thin films is presented in following

sections.

2.2. Effects of SHI irradiation on ZnO thin films
lon irradiation is unique technique for the modification in the structural, optical, electrical
properties of material in a controlled way. Irradiation induced modifications in ZnO thin
films have been extensively observed by many researchers. Some of investigations are
summarized below:
» The effect of thermal annealing as well as SHI induced annealing on the structural
and morphological behavior of the ZnO thin film was studied by Agrawal et al.
[49]. The X-ray diffraction confirmed the hexagonal wurtzite structure of ZnO
film with preferential orientation in (002) plane. The grain size of the film was
increased due to thermal and irradiation induced annealing and lead to better
crystallinity due to strain relaxation between film and the substrate. No
considerable changes were found in the surface roughness of the film during
annealing. The effect on the bonding between Zn-O due to annealing was
observed by Fourier transformation infrared spectroscopy (FTIR). It was

concluded that SHI induced annealing gives highly textured c-axis oriented ZnO
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thin film in comparison of thermal annealing which is much more suitable for the
device fabrication.

P.M Ratheesh Kumar et al. [50] prepared spray pyrolyzed ZnO thin film and
irradiated using 120 MeV Au ion beam. The SHI induced modifications in
structural, electrical and optical properties were investigated in this study. The
absorption edge of the film was not affected by SHI irradiation but transmittance
of the film was slightly decreased with ion irradiation. The intensity of major peak
(002) in X-ray diffraction pattern was continuously decreasing with increasing the
irradiation fluence. During irradiation, generation of oxygen vacancies take place
and could be responsible for the lower resistivity with higher -carrier
concentration. Electrical resistivity of the film drastically decreases from 78 to
0.71 V during ion irradiation at higher ion fluence. Metal to oxygen (Zn/O) ratio
was increased during ion irradiation confirmed by X-ray photo electron
spectroscopy (XPS) due to swift heavy ion irradiation. Antisites oxygen was
responsible for the depletion of the defect level which lead to the decrement in the
intensity of the PL spectra of the as-deposited and irradiated ZnQ thin films.

S. Rehman et al. [51] synthesized nc-ZnO thin films by RF-magnetron sputtering
technique and irradiated using 120 MeV Au ion beam. The SHI induced structural
and spectroscopic modifications in nc-ZnO thin films were studied in this work.
The nanocrystals become more oriented at the lower ion fluence while the grain
size was decreased with higher ion fluence. The topographical features of the
pristine and irradiated films were estimated using atomic force microscopy and
found the agglomerated grains at the higher irradiation fluence. Micro-Raman
study of the pristine and irradiated ZnO thin films revealed the modifications in
phonon-structure due to disorder and phonon-localization. SHI irradiation is the
responsible for lattice defects generation during irradiation and contributes to the
phonon-structure of the material. The red shift in longitudinal optical (LO) mode
induced by irradiation was observed by FTIR study. Under the SHI irradiation, the
amorphization of crystallites was not observed, so such type of films may be

useful in radiation harsh environment for optoelectronic device fabrication.
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» V. Kumar et al. [52] synthesized ZnO/Si thin films by using RF-magnetron
sputtering and irradiated with 80 MeV Br ion beam with different ion fluences. X-
ray diffraction pattern confirmed stable hexagonal wurtzite structure of ZnO and
the shifting in the peak position were observed peak shifting during irradiation.
For the lower fluences films goes tensile to rest position and again move to tensile
at higher ion fluences confirmed by peak shifting in X—ray and Raman spectra. At
the optimal ion fluence 5x10% ions/cm? film showed the maximum PL intensity
with lower surface roughness. The defects formation in the pristine and irradiated
ZnO thin films were investigated by the XPS study and described in details. PL
spectra of the film revealed the strong UV emission for the pristine film however
the irradiated films showed the strong blue-green coupled emission specially of
the above optimal ion fluence. All the structural, morphological and luminescent
modifications induced by SHI irritation have been explained on the basis of
thermal spike model.

» Siddharth Mal et al. [53] explained modifications in magnetic properties of ZnO
epitaxial thin film induced by 300 MeV Ag ion beam. They observed the room
temperature ferromagnetic behavior in pure ZnO thin film in the controlled
manner by using ion beam irradiation and also increase this nature with increasing
the irradiation dose without significant change in structural properties of the film.
Electrical and optical modifications were also studied in this report. Raman
spectra of the pristine and irradiated films showed the dramatic changes in
vibration modes which was subjected to the lattice disorder and non-linear point
defects. These results were responsible for the room temperature ferromagnetism
and also leads to the generation of the defects during ion irradiation. They also
proposed a unified mechanism to explain the room temperature ferromagnetism
and n-type conductivity of ZnO thin film after irradiation on the basis of different
defects and vacancies induced by SHI irradiation.

» P. Prabukanthan et al. [54] successfully deposited ZnO thin films using RF-
magnetron sputtering and then irradiated using 100 MeV O ion beam with the
fluence of 5x10'® jons/cm? at two different temperatures: room temperature and

liquid nitrogen temperature. The structural modifications were observed by X-ray
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diffraction and revealed the reduced intensity of (002) plane with higher FWHM
for the film irradiated at liquid nitrogen temperature (LNT) in comparison of the
both pristine and room temperature irradiated. The change in transmittance and
band gap for the both irradiated film in RT and LNT were estimated by UV-
visible transmission spectroscopy. Dramatic change was found in grain size with
lower roughness for the case of RT irradiation and it may be due to strain
relaxation between the grains during irradiation while in the case of LNT
irradiation roughness of the film was increase. The Photo-luminescence analysis
of the pristine film confirmed the two strong emissions at 403 nm and 472 nm.
However, in the case of irradiation of the film, emission at 472 nm was disappear
for both RT as well as LNT irradiation. Concentration of the zinc and oxygen was
estimated by the augur electron spectroscopy. Conclusively, structural and optical
modifications were found better in the case of RT irradiation.

D.C. Agrawal et al. [55] studied the SHI irradiation induced effects in thermally
evaporated ZnO thin film. The ZnO thin films were irradiated by 100 MeV Au ion
beam at the fluence range from 5x10'! to 5x10™® ions/cm?. X-ray diffraction
spectra for the pristine and irradiated ZnO thin films confirmed the formation of
c-axis oriented ZnO thin films with hexagonal wurtzite structure. At the lower ion
fluence, the thin film showed the good crystalline behaviour with lower roughness
because of the line arrangement of the grains due to irradiation. While the higher
ion fluence increases surface disordering which lead to the grain agglomeration on
the surface. The agglomeration of the grains is responsible for the higher
roughness value. The optical properties of the film were not very much affected
by ion irradiation confirmed by the UV-visible absorption spectroscopy and FTIR
study. The blue shift was observed in the PL spectra of the film after irradiation
which may be due to anti-site oxygen or oxygen vacancies. It was concluded that
the ion irradiation at lower ion fluence was more beneficial for enhancement in
the properties of ZnO thin film.

The SHI irradiation induced stress variation in pure ZnO thin films were
investigated by Fouran Singh et al. [56]. The ZnO thin films were synthesized

using pulse laser deposition at room temperature. Further, ZnO thin films were
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irradiated by 120 MeV Ag ion beam at various ion fluences. The change in lattice
parameter and stress between the grains was observed due the SHI induced
oxygen vacancies. The nature of the stress was found compressive for the pristine
and irradiated films and it may be due to defects and dislocation which was
confirmed by the micro-Raman spectroscopy and FTIR results. SHI irradiation
induced stress show a good relationship with the ferromagnetism which is

responsible for the modifications.

2.3. Effect of thermal annealing on ZnO thin films

Thermal annealing is effective technique to enhance the material properties such as grain
growth, crystalline behaviour and optical nature due to their thermal energy. ZnO thin
films exhibits very interesting structural and optical modifications induced by thermal
annealing. Some reports related to thermally induced modifications are summarized
below:

» The ZnO thin films in amorphous phase were synthesized by Daniel et al. [57]
using RF magnetron sputtering technique. Thermally induced structural and
optical modifications have been observed at different annealing temperatures
using different characterization tools like X-ray diffraction analysis, UV-visible
absorption spectroscopy and atomic force microscopy. The transformation from
amorphous to crystalline was observed at 400 °C and the crystallinity was
increased with increasing the annealing temperature. Preferential growth was
found in (002) direction with thermal annealing. Particles size was also found to
be increased (16 to 27 nm) with increasing the temperature. The average
roughness of the films were found to be decrease with increase the temperature
which indicated the better optical quality. Band gap of the film also decrease with
annealing (3.28 to 3.25 eV) which confirmed by the band gap analysis on the
basis of UV-visible spectroscopy.

> Elilarassi et al. [58] was prepared ZnO thin films by using liquid-flow deposition
method (LF method) and then annealed in the temperature range of 350-550 °C.
The annealing effects on the optical properties and surface morphology were

observed by different characterization techniques. Polycrystalline behaviour with
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(100), (002) and (101) orientations of hexagonal wurtzite structure was observed
by X-ray diffraction measurements and crystallite size was increased with higher
annealing temperature. Atomic force microscopy has been confirmed the
improvement in the grain size with post annealing process. The shape of
nanocrystals was estimated by scanning electron microscopy and found to be near
hexagonal in nature. The removal of the impurities with thermal annealing were
studied in this report. The band gap of the film was found to be increased (blue
shift) initially (350°C) and then decreased with increasing (red shift) the
temperature (350-550°C). The photo-luminance (PL) spectroscopy showed the
UV emission and defect induced deep-level emission in visible region of the light.
Zhou et al. [59] was synthesized the thin films of ZnO by RF sputtering
technique. The investigations of the different oxygen/argon flow ratio as well as
annealing temperature on the behaviour of ZnO films were studied. XPS results
confirmed the shifting of the peak positions in opposite direction with increasing
the oxygen/argon flow ratio. Raman spectra of the films revealed the hexagonal
wurtzite structure and found the good crystallinity at 420 °C. The band gap of the
film decreased first and then increased with annealing temperature confirmed by
UV-visible spectroscopy. The PL spectra revealed the change in both violet and
green emission peak for the ZnO thin film with annealing as well as intensity of
flow ratio (O2/Ar).

The structural and optical properties of sputtered ZnO thin films were studied by
Mina Jung et al. [60]. The thin film of ZnO were synthesized using sputtering on
the silicon (111) substrate and annealed in three different temperatures 700, 800,
and 900 °C under oxygen atmosphere. The crystalline behavior of the ZnO thin
films were enhanced with annealing temperature up to 800 °C. However,
crystalline behaviour found to be deteriorated as the temperature was increased
above 800 °C. This behavior of the thin films suggested the inter-diffusion of ZnO
layers into silicon substrate and also responsible for poor crystalline behavior at
the temperature 900 °C. The understanding of inter-diffusion phenomena between

ZnO and silicon was observed on the basis of findings from transmission electron
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microscopy and Auger electron spectroscopy. It was observed that the thickness
of ZnO layer was reduced with the thermal annealing.

M. G. Mendez et al. [61] have successfully deposited thin films of the ZnO on the
glass substrate using RF sputtering. Further, the annealed of the films were
performed at the temperature range 100-300 °C in the vacuum. The X-ray
diffraction and UV-visible spectroscopy were used to study the structural and
optical properties. The various optical parameters were calculated by Drude-
Lorentz model with the fitting of transmittance spectra of the films. The
crystallinity of the thin films were found to be enhanced with thermal annealing.
The optical band gap of ZnO was calculated and observed the decrement with
increasing the temperature. This decrement in the band gap have been explained
on the basis of Burstein-Moss shift effect. The variation in plasma frequency and
frequency with respect to annealing temperature was also studied in this report.

Y. E. Jeong et al. [62] were grown ZnO thin films by RF-magnetron sputtering
and annealed at different temperatures to investigate the structural and optical
properties. The X-ray diffraction study confirmed the enhancement in structural
parameters due to lattice relaxation at the higher temperature. The thermal
expansion coefficient of the ZnO film and substrate was different which may be
directly affected to the lattice mismatch of the film. As the annealing temperature
increases, the crystalline quality of the film increases and the peak corresponding
to (002) orientation of the film become sharper and move towards the bulk values
of ZnO (34.4°). This enhancement was also subjected to reduction in the stress of
the film. The optical band gap and transmittance of the films were improved with
increasing the temperature of annealing. This enhancement in the optical band gap
might be related to in-plane stress effect.

P. Murkute et al. [63] have synthesized ZnO thin films on silicon substrate at 400
°C using RF sputtering. To remove the defects occurred during the film
deposition, high temperature annealing was performed in the temperature range
700-900 °C in constant oxygen gas flow during annealing. The high temperature
annealing helps in the removal of the different zinc vacancies, oxygen interstitials

and defects which is subjected to the improvement in the film quality. X-ray
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diffraction spectra confirmed the formation of the c-axis orientated ZnO films
with hexagonal wurtzite structure. The PL properties were improved with
annealing temperature and low temperature PL spectra was also performed for
study the near-band-edge emission and found highest peak intensity (for 3.37 eV)
at 900 °C and show high quantum yield which is very beneficial for the various
device fabrication.

The effect of annealing temperatures of 400 °C, 600 °C and 800 °C on the RF
sputtered ZnO thin films were studied by M. F. Al-Kuhaili et al. [64]. The X-ray
diffraction analysis revealed the presence of highly (002) orientation of the films.
It was also revealed from the X-ray results that, crystallite size of the film increase
from 6 nm to 28 nm with the thermal annealing. The average surface roughness
(Rrms) of the films were increased with thermal annealing however, it drastically
increases at higher annealing temperatures which may be attributed to grain
growth during the annealing. The transparency of the film was reduced with
annealing. The reason was attributed to the oxygen vacancies and scattering due
to higher roughness of the film. The refractive index of the film was decreased
and extinction coefficient was increased at 600-800°C, which was ascribed to the
increment in absorption and scattering.

Duy-Thach Phan et al. [65] synthesized ZnO thin film via RF-magnetron
sputtering technique and annealed at different temperature. The basic
characteristics of the ZnO films were examined with different characterization
techniques. These studies were performed to use these films to fabricate the
surface acoustic wave (SAW) resonators and found that 600 °C is the optimal
temperature for the good SAW devices. In this study, they observed the small
grain size and porosity in the film at low annealing temperature with the low
surface roughness. At the higher temperature, roughness and cracks were
observed to be increased which were responsible for the reduction in resistivity of
the film. It leads to the insertion loss or SAW velocity of the ZnO film at higher
temperature and shows very weak response of the device.

The thin films of ZnO were synthesized by sol-gel spin coated method on glass

substrate by U. Chitra et al. [66]. Further, annealing of the films were performed
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at different temperatures 300 °C, 400 °C and 500 °C. The topographical features
of annealed films were estimated by atomic force microscopy and found the
columnar growth of the film on the surface. The average roughness (Rms) of the
film enhanced with annealing temperature. The X-ray measurements revealed the
polycrystalline nature of the annealed films with increasing in crystallite size. The
enhanced optical transparency and reduced band gap were observed after thermal
annealing. Other optical parameters (band gap, refractive index and urbach energy
etc.) were also calculated by transmittance spectra by the help of single-oscillator
Wemple di Domenico model. The band gap of the film was decreased with

annealing.

2.4. SHI irradiation of Metal-ZnO nanocomposite thin films
Some detailed studies describing the modifications induced by ion irradiation in metal-
oxide nanocomposite thin films are summarized below:

» The 100 MeV Ni induced modifications in cobalt doped ZnO thin films were
studied by Sunil Kumar et al. [67]. The Co-ZnO thin film was irradiated with a
fluence of 1x10% ions/cm? with 100 MeV Ni’* ion beam. The film showed single
phase corresponding to (002) plane with higher crystallinity while as-deposited
film showed three phase and lower crystallinity comparative to irradiated film.
FTIR analysis revealed that the bond structure of Zn-O was not affected by cobalt
doping as well as irradiation. The decrement in the band gap of the irradiated film
was observed which may be due to sp-d interaction between the Co?* ions and
ZnO band electrons. The slight increment in roughness and grain size after ion
irradiation was observed by AFM.

» Vinod Kumar et al. [68] synthesized boron doped ZnO (ZnO:B) thin film by sol-
gel method. They prepared ZnO:B thin film on silicon substrate using spin-
coating technique. The prepared films were irradiated by 80 MeV Br®* ion beam
at the fluence range from 3x10% to 3x10% jons/cm?. XRD spectra of the films
revealed the hexagonal wurtzite structure and suggested the transformation from
the compressive stress to tensile stress with increasing the irradiation fluence.

Chemical composition of the film was examined by XPS and the decrement in the
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oxygen defects was observed after ion irradiation. Defect level emission (DLE)
was observed in pristine ZnO:B thin film while the strong UV emission was found
in irradiated film which was confirmed by luminance spectra. These emission
band was exponentially associated with the defects and stress in the film which
was subjected to swift heavy ion irradiation. So these films could be beneficial in
white light emission application.

» The magnetic and structural properties enhancement by SHI irradiation in pure
and V doped ZnO thin films deposited by RF sputtering were investigated by G.
Jayalakshmi et al. [69]. XRD results confirmed the crystalline nature of the thin
films and showed a marginal change in the peak intensity and peak position after
irradiation. Raman spectra of the films revealed the degradation of crystallinity
with SHI irradiation which was also supported by XRD results. The arrangement
of the smaller grains during ion irradiation was clearly estimated by AFM. The
oxygen defects density was found to be increased with ion irradiation confirmed
by photo-luminance analysis. The enhanced ferromagnetism was observed in the
case of higher V doping as well as irradiated film. The reason may be assigned to

oxygen vacancies produced by swift heavy ion irradiation.

2.5. Studies on thermally induced modifications of Metal-ZnO

nanocomposite thin films

Thermal annealing induced modifications in metal-ZnO nanocomposite thin film are
described by many researchers. Some reports are present here to understand the thermal
induced modifications in Ag-ZnO nanocomposite thin film.

» M. H. Habibi et al. [70] synthesized Ag-ZnO nanocomposite thin films by spin-
coating method on the glass substrate. The various properties of Ag-ZnO thin
films of the films were controlled by the silver content, annealing temperature and
preheating temperature. The Ag-ZnO thin films were preheated at the
temperatures from 200 to 300 °C and annealed at 550 to 850 °C. The crystallinity
of the film increases with annealing temperature while the optical absorbance of
the film decreases with increasing the annealing temperature. The amount of

silver also plays a major role in absorption properties and observed the maximum
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absorption for the Ag content 0.068 M and 0.110 M at 430 nm (surface plasmon
band). The variation in the porosity and grain size (68 nm for pure and 370 nm for
Ag doped) of the film with the variation in content of Ag were estimated by SEM
and AFM. The particle size for the Ag and ZnO was found to be 5 nm and 58 nm,
respectively. X-ray photoelectron spectroscopy showed the considerable lower
shift in the binding energy of the Ag 3ds/2 due to interaction between Ag and ZnO
in comparison of pure metallic Ag.

X.B. Wang et al. [71] systematically investigated the microstructure, photo-
luminance and Raman scattering of the DC sputtered Ag-ZnO thin film with
different Ag concentration (1.6 - 5.7 at.%). XRD results revealed the presence of
stable wurtzite structure in pure and Ag doped ZnO thin films. The wurtzite
structure of the film retained after Ag incorporation while the preferred
orientation of the ZnO (c-axis) was decreased with increasing the Ag doping. The
near band edge emission (NBE) was enhanced for the moderate Ag doping and
then quenched with higher doping value. The NBE band also shifted towards the
lower wavelength with Ag doping. Raman spectra of the films was confirmed the
Ag incorporation into ZnO matrix which evidence by appearance of local
vibrational mode at 411 cm™,

Myung-Ki Lee et al. [72] successfully synthesized Au-ZnO and Ag-ZnO
composite nanocrystals having a dumbbell-like structure. These nanostructures
were synthesized through the nucleation as well as decomposition of zinc
hydroxide at the surface of pre-existing Ag and Au nanoparticles. The
transmission electron microscopy results confirmed the size of the Au/Ag and
ZnO nanoparticles and found to be 4 nm and 10 nm respectively. The very good
crystalline behaviour of the Au/Ag nanoparticles with face centered cubic
structure and wurtzite structure of the ZnO confirmed by TEM images. The
photo-luminance study of the films showed very high PL intensity in lower
wavelength region, compared to Au because of higher refractive index and
showed strong light scattering effect. The green emission band corresponding to
ZnO nanocrystals found to be suppressed due to surface plasmon band of the Au

in Au-ZnO composite while remain unaffected in the case of Ag-ZnO composite.
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The maximum absorbance for Ag nanoparticles lies in the region 400-420 nm.
The enhanced UV-emission was observed in the both case Au or Ag-ZnO
composite. It depends on the surface electron transfer from metal to ZnO as well
as the extension of the Fermi level to the ZnO.

» L.N. Wang et al. [73] prepared Ag doped ZnO thin films by pulse laser deposition
method at different substrate temperature 500 °C and 600 °C and observed the
effect of annealing on the composite films annealed at temperature 700 °C. The
Raman spectra was studied in detail and found the strong A1 (LO) mode due to
oxygen vacancies and zinc interstitials in the Ag-ZnO thin film. An additional
mode at 493 cm™ was also found in the spectra and confirmed the presence of Ag
and indicated the Ag incorporation into the ZnO lattice. X-ray diffraction study of
the films confirmed monocrystalline behaviour of the film and c-axis orientation
during deposition as well as annealing process.

» The Ag doped ZnO thin films were synthesized by A. Tripathi et al. [74] by using
sol-gel method. The polycrystalline behaviour of the undoped and Ag-ZnO thin
films were confirmed by XRD. It was also confirmed that from XRD, the
intensity of all the peaks decreased with Ag doping. The particle size was
estimated by the Debye-Scherrer formula and found to be 10 to 28 nm. The
surface features of the film estimated by the Atomic force microscopy and found
the smooth surface of the film. Transparency of the films were very high (70-
90%) in the visible and IR region and found the good absorption at 370 nm which
was blue shifted in the comparison of bulk ZnO. Two major peaks were found at
393 and 485 nm in UV and visible region as confirmed by PL spectroscopy. The
intensity of both the peaks were enhanced with Ag doping which was attributed to
the free-hole concentration due to Ag incorporation in ZnO. So they found that Ag
Is a suitable candidate for the doping in ZnO which lead the free charge carriers
which play major role in UV light emission.

» Ag-ZnO thin films were successfully synthesized by RF sputtering technique by
R. Deng et al. [75]. Furthermore, the effects of variation of oxygen/argon gas ratio
on the different properties of the Ag-ZnO thin film were investigated. The
composite thin film alters its semiconducting behaviour from n-type to p-type
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with increases the oxygen/argon gas ratio. X-ray photoelectron spectroscopy
revealed the substitution of the Ag to Zn sites (Agzn) in the ZnO which leads to p-
type conductivity. The p-type Ag-ZnO thin films with O-rich conditions was
responsible for the depression in donor defects and low formation energy of Agzn
acceptor. The p-ZnO: Ag/n-ZnO homojunction showed very good rectification
properties in the I-V results.

The thermal induced modifications in RF sputtered Al doped ZnO thin film were
studied by Y.S. Park et al. [76]. They observed the effect of substrate temperature
range from 100 °C to 500 °C on the Al doped ZnO thin film for the organic thin
film transistor performance. The conductivity of the thin films was affected by the
substrate temperature which affects the transistor performance. The conductivity
and crystallinity of the film were found to be increased with increasing the
substrate temperature while the surface properties of the film degraded at the
substrate temperature 300 °C.

W.H. Zhang et al. [77] synthesized RF sputtered Mo-doped ZnO thin films on Si
(111) substrate at different substrate temperatures of 200 °C, 300 °C and 400 °C.
The substrate temperature induced modifications in structural and optical
modifications were observed in this study. It was found that, the microstructural
and optical properties of the Mo-ZnO thin films strongly related to the growth
temperature. At the temperature of 200 °C, higher crystalline nature of the film
was found. The optical band gap of the films was calculated as 3.18 eV, 3.22 eV,
3.25 eV and 3.21 eV at room temperature and 200 °C, 300 °C and 400 °C
respectively. The PL intensity of the broad violet-blue emission was found to be
increase with increasing the temperature of the substrate. Surface chemical
composition of the films was estimated by the XPS. They observed the substrate
temperature play the major role in change the amount of defects which leads the
crystalline behavior. These enhanced properties of the Mo-doped ZnO thin film
makes them suitable for the modulating the performance of the obtained TCOs.
Su-Shia Lin et al. [78] was prepared pure and Ti doped ZnO thin films by
simultaneous sputtering for the ZnO and DC magnetron sputtering for Ti. The

XRD spectra of the Ti-ZnO films revealed the formation of the wurtzite structure
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and found two major diffraction planes at (002) and (103) while (002) was
observed as a preferential orientation. They observed the substrate temperature
dependent modification in the Ti doped ZnO thin film in the range of 50 °C to 200
°C. The crystalline behaviour of the film was improved up to 150 °C, and then it
slightly decreased at the temperature 200 °C. The surface properties significantly
affected by the temperature of the substrate and it leads to the enhancement in the
carrier mobility in the film. The free electrons in Ti doped ZnO thin films may be
originated from Ti donors and oxygen vacancies and mean free path of the charge
carriers was found very shorter. Therefore, grain boundary scattering could be
accusers there. The resistivity of the Ti-doped ZnO film at 100 °C was estimated
9.69x10° Q cm. This low value is due to the higher carrier-concentration and
mobility at the certain temperature. At the higher temperature 200 °C, re-
evaporation process takes place which is responsible for the reduction in the
vacancies and affects the carrier concentration and resulted in the lower resistivity
of the films. The Transmittance of the film was decreased with increasing the
substrate temperature.

Li Li et al. [79] was synthesized highly conductive and transparent Al-doped ZnO
thin film by DC and RF sputtering and study the structural and electrical
properties of the film with annealing treatment. The crystallinity of the film
improved by annealing treatment for the both cases DC sputtered and RF
sputtered Al doped ZnO thin films. However, the RF sputtered film are more
optically transparent (85%) than DC sputtered films (80%). The electrical
resistivity was found to be lower in the case of DC sputtering. Therefore, RF
reactive magnetron sputtering was found to be more suitable technique to achieve
the better structural and optical properties as compared to DC sputtering.

In Soo Kim et al. [80] was deposited Ag-doped ZnO thin films by e-beam
evaporation technique. The various properties of the films were studied as a
function of annealing temperature range from 350 °C to 650 °C in air atmosphere.
As-deposited and annealed film at 350 °C showed the p-type conduction and then
lost the p-type behaviour with increasing the post annealing temperature. At the

annealing temperature 350 °C, film showed the lower resistivity 7.25x10 Q cm
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with hole concentration 5.09x10'° cm and mobility 1.69 cm?/V s. The presence
of Ag with p-type conductivity confirms by the acceptor states which was
observed in low temperature PL spectra.

Hong Seong Kang et al. [81] have fabricated Ag doped ZnO thin film (p-type) on
the Al>Oz substrate using pulse laser deposition (PLD). The effect of deposition
temperature on different properties were investigated systematically in this report.
The substitution of Ag* for Zn* was observed by the shift in (002) plane in XRD
pattern. They observed that, a narrow range of deposition temperature from 200-
250 °C was suitable for the fabrication of p-type Ag doped ZnO thin films with
hole concentration 4.9x10% — 6.0x10'" cm™. The PL spectra of the film confirmed
the presence of neutral acceptor bound exciton for the p-type Ag doped ZnO thin
film.

Y.K Mishra et al. [82] reported the tunability of localized surface plasmon
resonance (LSPR) of Au nanoparticles in ZnO matrix by thermal processing. The
Au-ZnO nanocomposite thin films were synthesized by atom beam sputtering
technique and annealed in Ar environment at the different temperatures from 200
°C to 600 °C. The UV-visible absorption spectroscopy of the film showed the
tuning in the LSPR from 505 to 615 nm (red shift ~ 110 nm) with increasing the
annealing temperature. The formation of Au nanoparticles was confirmed by
transmission electron microscopy. At the higher annealing temperature (600 °C),
Au nanoparticles attached on the top of ZnO which was form in like nano-rod
which was clearly seen in the TEM micrographs. The significant enhancement in
the Raman signal was also observed by Raman spectroscopy. This tuning in LSPR
band of the Au nanoparticles might be useful in plasmonic devices.

2.6. Motivation of thesis

After extensive literature survey, it was found that, ZnO based nanocomposite materials

have been vastly applicable for the different technological applications. The tailoring of

structural and optical properties of this material by different approaches are very effective

way to enhance its use in different areas. The energy of SHI beam and the incident

fluence are the key parameter to tune the materials properties. Different annealing
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parameter also responsible for the material modifications. After go through the extensive
literature survey, we found following research gap which is need to do more
investigations:

4 There is no reports on comparative study between the thermal and SHI induced

modifications in Ag-ZnO nanocomposite thin films.

+ There is no reports to formation of metal nanoparticles in ZnO matrix by negative

ion implantation facility.

+ Few investigations are reported on implantation induced modifications in oxide

matrix.

The motivation of this study is to elaborate the understanding about the thermal and
ion induced modifications in nanocomposite thin films. Therefore, the effect of SHI
irradiation and thermal annealing on structural and optical properties of film is required.
The current research work is devoted to optical properties enhancement of the
nanocomposite film which can be very much advantageous for the different plasmonic

applications.
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Chapter 3
Materials and Methods

N

This chapter deals with the synthesis and
characterization techniques which has been used to carry
out this work. Diverse characterization techniques are
used and described along with the brief introduction to

the swift heavy ion accelerator as well implantation

&facili ty. j
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3.1. Thin film deposition techniques

Thin film possess attractive properties due to the size and structure. When the materials
have been synthesize in form of a layer ranging from fraction of nanometer to micrometer
in thickness, known as thin film. Less material requirement, controlled synthesis and less
space are required for the formation of thin film which makes it can have versatile
applications [83,84]. Thin film play the important role in modern research area for the
study of material with unique properties due to nano-scale region. There are different
physical vapour deposition (PVD) and chemical vapour deposition (CVD) techniques
which are used for the synthesis of the thin film but every method of deposition has
unique advantage and disadvantage. So it is necessary to know the appropriate technique
for the film deposition on the basic of required characteristics and application of interest.
For example Sol-gel method is very cheap and easy to synthesize the thin film where no
requirement for the vacuum and sophisticated instruments but the failure of this technique
is uniformity and controlled thickness of the film. Second, pulse laser deposition is the
very good technique for the homogenous and higher crystalline thin film for different
device fabrication application but is very expensive and required very costly instrument
and installation facility.

Physical vapour deposition is the very ancient and effective technique to fabricate
the nanocrystalline thin film with controlled thickness and composition of the material.
Electron beam sputtering, DC/RF sputtering, Arc deposition and pulse laser deposition
are the major technique under the PVD for film deposition. Among the different
technique, sputtering is more advantageous technique due to very good control of
stoichiometry and deposition rate which is necessary for the large area uniform thin film
deposition. In the present case, Pure and Ag-ZnO nanocomposite thin film synthesize by
RF magnetron sputtering. The detailed structure and working of the RF sputtering

describe below:

3.1.1. RF magnetron sputtering
Sputtering is a very efficient physical vapour deposition technique for the good quality
thin film fabrication. In this technique, energetic non-reactive ion of inert gas bombard on

the target material which created by potential difference between the electrodes (Figure
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3.1). During this process, atom of the target material eject out form the target due to
collision between gas ions and target material fly from the target in straight line and
accumulate on the substrate in the vacuum chamber. Standard physical sputtering is
driven by basic physical phenomena, momentum exchange between gas ions and atom of
the target material during the collision. The main factor which involve in the sputtering
process summarize following manner:

» Generation of the plasma which contains the inert gas ions and electrons in the

vacuum chamber by applying the huge potential between anode and cathode.

» Ejection of the target atoms due to bombardment of ions

» Involves vaporization of target atoms by momentum transfer from energetic ions.

» Motion of ejected target atoms through the plasma towards the substrate.

» Accumulation of the target atoms on the substrate leads the formation of high

quality thin film of the material.

Substrate Anode
——

$eiae Plasma -
Sputter gas —
Vacuum
Target
11 \Vacuum
RF power | chamber
[ _J
RF diode

Figure 3.1 Schematic diagram for the RF sputtering.
Sputtering configuration parameters:
» Power supply
» Target design
» Substrate geometry
» Working gas
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Advantage of sputtering:
» High uniformity of the film at large area.
> Ability to deposit the films with the stoichiometry of the original target
composition
Good adhesion with thickness control
Increased deposition rate
Reduced substatre heating from electron bombardment during depostion

Reduced working gas pressure requirement

YV V. V VYV V

Ease of converson to indurtrial-scale processing

3.1.2. Negative ion implantation

lon implantation is unique technique whereby the energetic ions of the energy of 10 to
500 keV introduce into near-surface region of the target material. The range of incoming
ions is usually from 100 A to 1 um which depends on the incident ion energy and target

material. So it is universal technique of the surface modification in controlled manner.
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Figure 3.2 Negative ion implantation facility at the IUAC New Delhi.
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In the semiconducting industry, implantation is widely used for the device
fabrication because it provided the facility of selected area impanation with required dose
which is not possible in other method. For generate the metal ion beam, inert argon gas is
ionized and generate the positive ions which are attract by the negatively biased metal
target. Due to this interaction between positively charged ions and metal target, the pure
metal atoms and ion are come out form the target. These metal ions are extracted and
focused into a beam and imposed on the sample material. Figure 3.2 is showing the
schematic diagram of the ion implanter facility at IJUAC, New Delhi. In the present
research scenario, ion implantation has very attractive to research community because its
unique feature. The well-directed metal ion beam is buried into the surface of the target
material which produced a selective doped region and modify the material properties with
very high lateral resolution using conventional masking technique. This technique is very
much useful in device fabrication, power surface modifications, nanoparticles formation
in different material, catalysis and light emitting devices and quantum devices. In the
present study, 100 keV Ag ion beam was use for the implantation in the ZnO thin film for
the formation of the Ag-ZnO nanocomposite material with Ag nanoparticles.

3.2. Modification techniques for engineering the properties of the

materials

When the energy of accelerated charged particle is > 1 MeV and the velocity of particles
more than the velocity of Bohr electron, is called swift heavy ions. In the case of swift
heavy ions, electronic energy loss (Se) is greater than the nuclear energy loss (Sn). SHI
has been extensively used for modify of the different properties such as (structural,
magnetic, electrical and optical) of the materials in controlled manner. These
modifications in the material are appraised by interaction between incoming ions and
target atoms which is followed by the energy of incident ion, nature of ion species and
irradiation dose. Depending the energy of the ions, accelerators are divided mainly in two
part (a) low energy accelerator (few keV to few hundred keV) based on elastic collision
with higher nuclear energy loss (b) high energy accelerator (few MeV to GeV) based on
inelastic collision with higher value of electronic energy loss. In the SHI, when incoming

ions passes through the material, they lose their energy along the ion path in the target
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material. This huge amount of energy is the responsible for the material modifications
like  creation of  defects, rapid annealing, track formation and
crystallization/amorphization trough the ion path. The energy and dose of incident ions
are play a major role in the material modification and can be easily controlled. So SHI
irradiation provides the unique facility to tailoring the properties of the materials as per

the requirement.

3.2.1. Swift heavy ion (SHI) irradiation

In the present study, 15 UD pelletron accelerator facility at IUAC, New Delhi (India) was
used of sample irradiation. This tandem Van de Graaff type electrostatic accelerator
provides the higher energy (few MeV to hundred MeV) beam of different ion species.
The different ion species are available and controlled by the MC-SNICS (multi cathode
source of negative ions by cesium sputtering) ion source which present at the top of
accelerator. The MC-SNICS ion source can produce the negative ions of the energy range
from few pA to several mA with almost 40 different ion species. The schematic diagram
of the 15 UD pelletron accelerator is shown in Figure 3.3 with the MC-SNICS ion
source. This sputtered source is use for accelerate the cesium ion which striking on cold
cathode and produce a negative ion beam (energy ~ 250 keV) of cathode material. A thin
layer of the cesium ion condensed on the surface of the cathode which leads to more
negative ion production from the cathode.

The negative ion beam of the metal pass through the pelletron which is installed
in the vertical stainless steel tank with height 26.5 m and diameter 5.5 m. In the middle of
the tank, there is very high potential terminal (with potential gradient 4 to 16 MV) while
the top and bottom of the tank are grounded. To avoid the spark inside the tank due to
very high voltage, the tank is filled with sulfur hexafluoride (SFe) gas at the pressure of 6-

7 bar which is always maintain in the tank.
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Figure 3.3 MC-SNICS ion source of the accelerator.

The ejected negative ions form the ion source are turn to the downward direction
to the terminal by the 90° dipole magnet called “injector magnet” (shown in Figure 3.4).
These negative ions are traveled from the top of the tank to positive terminal. This
positive potential accelerated to the incoming negative ions. At the terminal accelerated
negative ion pass through a stripper (N2 gas or C foil) which is knocked out the electron
from negative ions and then these negative ion are transform into the positive ion. After
the electron ejection, transformed positive ion beam again repelled by the applied positive
voltage. Due to this repulsion, positive ion beam travel with double acceleration form the
terminal to bottom of the tank and finally pass through the “analyzed magnet” which
select the final energy and charge state of the ion beam. The one more switching magnet
also installed there for the switching the beam to selected area. The final energy of the ion
beam is calculated by given formula:

Erotar = Einjector + A+qV (3.1)
where q is the charge state after stripping at the terminal, V is the terminal voltage and E
injector is the energy of ion form the deck. The charge state q is depend on terminal
voltage and stripper material.
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Figure 3.4 Schematic diagram of the 15 UD pelletron accelerator at IUAC New Delhi.

Material Science beam line at IUAC New Delhi

In the IUAC New Delhi, there are 7 different beam line which divided by the switching
magnet. Among of them, one beam line is devoted to the material science experiment
which is at 15° form the zero degree beam line. Material science beam line has ultra-high

vacuum irradiation chamber with the 68 cm diameter and made by stainless steel.

New Delhi.
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This chamber is connected with the turbo molecular pump backed by rotary pump
to create the high vacuum (order of 10-" mbar) in the irradiation chamber during sample
irradiation. A four sided sample holder (usually called target ladder) is use for hold the
sample for the irradiation which made by copper. The CCD camera is also installed in the
irradiation chamber to see the sample position during the experiment. The beam is scan
over the sample in X and Y area within the dimension of 10x10 cm? with the help of
electromagnetic scanner. The irradiation dose (fluence) for sample irradiation is the
crucial parameter for the modifications. This fluence is calculated by the number of count

using the Faradey cup by using given formula:

fluence x Axe
@i/a)
Where q is the ionic charge state, A is the area of the sample, (i/q) beam current in pnA

Time = (3.2)

and fluence in calculate in the ions/cm?. In the present sturdy, 100 MeV Ag ion beam
with different irradiation fluence was used for the sample irradiation and observed the ion
induced structural, electrical and optical modifications. The photograph of the irradiation

chamber facility at IUAC is shown in Figure 3.5.

3.2.2 Thermal annealing

Thermal annealing is also good technique for the material modifications. It is simple
technique to modify the material properties. Different annealing temperature and
annealing environment can change to alter the material properties as per requirement. In
the case of thermal annealing, atoms of the material acquire the energy from thermal

treatment and play the major role in tuning the properties.

3.3. Characterization techniques

3.3.1. Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy is widely used for the determination of atomic
species, concentration of species and thickness of the film with very good accuracy
because it’s directly based on the collision between atomic nuclei of the target materials.
It is quantitative, non-destructive technique with very good resolution of the order of nm

and very sensitive for the heavy elements. In this technique, when the incident ions
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(energy typically in the range of 500 keV to 5 MeV) passes through the target material,
they lose their energy and scattered by target atoms of the different masses. The energy of
back scattered ions are detected by solid state detectors which kept at a small solid angle
in the instrument and provide the direct information about the target atoms and various
facets of the sample. The interaction between incoming ions and target atom can be
explain on the basic of elastic collision between them. The number of backscattered ions
form the target atom for a given number of incident ion collected in a certain solid angle

is called differential scattering cross-section and explain in given manner:

[M151n9 + Cos®
E Z Zze

da - 4E Sm4e (3'3)
1— [Mlsme]

M3

Where

M1 = Mass of incident ion

M = Mass of target atom

Z1 = Atomic number of incident ion

Z> = Atomic number of target atom

E = Energy of incoming ions

e = Charge of electron (1.6 x 107 C)

0 = Scattering angle
The energy of backscattered particle change due to elastic collision with the target atom,
this loss of the energy directly depend on the stopping power of the material and also
influenced by inter-collision of incident ions. The ratio of scattered ion energy and

incident ion energy is called the kinematic factor and explain in such manner:

[ [Mlsm e] M1 Cos 6

K — Escattered

1] oof |
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All symbols are explain in above expression. In the RBS setup, three major components
are present for the compositional analysis of the target film which are describe following
manner:
(1) lon source (usually alpha particles He?* ions)
(2) A linear particles accelerator (energy range 0.5 — 3 MeV)
(3) A solid state detector for the energy measurement of scattered ions

A schematic diagram of experimental setup of RBS spectroscopy is shown in
Figure 3.6. RBS is very unique technique for the compositional analysis without need of
any reference material. The different software such as RUMP, SIMNRA and XRUMP are
available for the simulation and analyze the RBS spectrum for getting the different

material information like thickness and composition [85].
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Figure 3.6 Schematic representation of RBS setup.

3.3.2 X-ray diffraction spectroscopy

X-ray diffraction, a fundamental technique, is used to gather the crystallographic
information about the material to be investigated. A material acts as 3D grating for the X-
ray diffraction as the wavelength of the beam is nearly comparable to the atomic size and
it is well explained by W. Bragg. According to Bragg’s diffraction, when a

monochromatic X-ray beam incidents on the material at an angle 0, it gets diffracted at
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angle 20 with the incident beam (as shown in Figure 3.7). The diffracted beam interferes
constructively or destructively depending on the path difference. The diffracted beam is
collected by the detector and the crystallographic information of the material can be
extracted. A very well-known equation known as Bragg-relation which is corresponding
to the constructive interference, is as follows [86]:
nl = 2d sin 6 (3.5)

Where, n = order of reflection, A = wavelength of incident X-rays, d = interatomic
spacing between lattice plane and 0 = diffraction angle. Debye-Scherrer’s formula have
been used in the present study to calculate the grain size (D) of pure and Ag-ZnO

composite thin films [87]:

091
- B cosB

(3.6)

Where, A = wavelength of X-rays, g = full width at half maxima of diffracted peak, 6 =

diffraction angle. The strain was also estimated by following relation:
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Figure 3.7 Schematic representation for the Bragg’s diffraction.

3.3.3 UV-visible spectroscopy
When the radiation is incident on the materials it gets absorbed by the electrons and they
get excited from ground state to higher states. In UV-visible spectroscopy, the radiation

consists of UV and visible part of electromagnetic spectrum and generally in ranges from
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190 nm to 900 nm. UV-visible spectroscopy is greatly used for quantitative analysis of
the materials and using for determine of the band gap of the material. As the energy is
quantized and the transition occurs at the fixed value of energy so the peak obtained in
the spectrum should be sharp peaks. But, only broad peaks are observed because of the
number of vibrational energy levels for each electronic energy level and the transitions
occur among the different vibrational energy levels. The set up for the UV-visible
spectrophotometer is shown in Figure 3.8. Usually two lamps are required for both UV
and visible radiation; deuterium lamp for the UV radiation and tungsten lamp for visible
radiation. The function of diffraction grating is to separate the required radiation and the
slit ensures the narrow waveband. The radiation passing through the reference cell and
the sample are incident on the photodiode or photomultiplier which converts the photons
into current. The spectrum is generated by comparing the current produced by reference

cell and the sample. Modern instruments are self-calibrating.
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reflect it through the transmission/absorption
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Figure 3.8 Schematic of the working of UV-visible spectrophotometer.

The principle of absorption spectroscopy is based on Beer’s and Lambert law
[88]. According to Beer’s law the absorption is directly proportional to the concentration
of absorbing molecules (i.e. the number of absorbing molecules in path of radiation).
Lambert’s law states that the radiation absorbed by the molecules does not depend on the

intensity of radiation. By combining these two, Beer-Lambert law described as:

log,, (I"/I) =e.b.c (3.8
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Where, ¢ = wavelength dependent absorptive coefficient known as molar absorption
coefficient (molar extinction coefficient), b = path length in cm, I, = intensity of incident
radiation, | = intensity of transmitted radiation and ¢ = concentration in mol/dm?.
Logio(lo/1) refers to the absorbance of the material and can be directly found from the
absorbance spectrum (a plot between absorbance and wavelength) referred as
“absorbance unit”. Absorbance is a function of concentration and the path length while €
(molar extinction coefficient) is independent of them. Other important information is the
wavelength (Amax) at which the maximum absorbance occurs. It is used to identify the
material. On the other hand, if € and Amax are known then the concentration of the solution
can be measured which is a common application of this spectroscopy. Another
application is to calculate the band gap. The optical energy band gap of a material can be

calculated using Tauc’s relation [89]:
(ahv)'/n = A(hv — E,) (3.9)
Where Ejq is the energy band gap, A is absorption coefficient and hv is the energy of

incident photon. Extrapolation of the tangent at the absorbance edge in Tauc’s plot gives
the value of the band gap of the material.

3.3.4 Atomic force microscopy

AFM is an important part of scanning probe microscopy (SPM) which has been widely
used in the field of material science, medical science and nano-technological applications.
It was invented by Binnig, Quate and Gerber in 1986 with an aim of imaging the non-
conducting samples also. Generally, it is used to observe the morphological behaviour of
the thin films of almost all the materials [90]. In the AFM, a sharp metallic tip (at the end
of cantilever) interacts with the surface of the thin films and produce the Vander Waals
force between tip and surface of the sample depending on the undulation in the surface of
the thin films. Tip scan the sample with the help of a piezoelectric scanner as a raster
scan. There are three modes of operation of AFM; contact, non-contact and tapping.

In the contact mode (repulsive force), tip scans over the sample surface during
imaging in a close contact with the surface. During the raster-scan, metallic tip goes
along the surface of the material and found the vertical deflection of the cantilever, these
deflections indicate the material height as well the features of the material’s surface. This
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deflection is sensed and if it is different from the set value the feedback circuit comes into
to play. In noncontact mode (attractive force), the metallic tip does not touch the sample
surface and gives the topographic images of the material due to attractive forces.

In the tapping mode, the cantilever is driven to oscillate up and down close to the
resonance frequency due to presence of piezoelectric material which is mounted on the
scanner. This is an advance mode of AFM. The tip intermittently touches the surface.
This mode is very much effective for the scanning of the soft material like polymer and
membranes due to its non-destructive nature in comparison of contact mode. Surface
damage possibilities are reduced in this mode because tip does not drag across the sample
during scanning [3].

Atomic Force Microscopy (AFM) :

General Components and Their Functions
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Figure 3.9 Schematic for working of AFM.

Figure 3.9 shows the schematic diagram for the working of the AFM. When the
cantilever bends due to the undulation in the surface of the sample, the path of laser beam
also deflected which leads to deviation in the position of central spot in the photodiode.
The force between the tip and sample is responsible for the fluctuations in cantilever.
F=ks (3.10)
Where, k = spring constant and s = bending distance for the cantilever during imaging

[2]. The cantilever of the AFM is made up of silicon nitride or silicon material with a
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very sharp tip (width of few ~ 10 nm) which provide the facility to observe very high-
resolution image on nanometer scale.

In the present thesis, the pure and Ag doped ZnO thin films were characterized
using AFM (Bruker, spring constant ~0.4 N/m, resonant frequency ~ 70kHz) in scan-

assist mode which is similar to the tapping mode.

3.3.5 Scanning electron microscopy
SEM is another electron microscope launched in 1938 by Von Ardenne and was first
commercial in 1965 due to the additional feature of scanning the beam over the surface of
sample. The highly energetic and focused electron beam interacts with surface of sample
get the structural and chemical information of the sample. Scattering of the electron beam
can be avoided by maintaining the required vacuum in the system. Following information
about the specimen can be produced from SEM; Topography, Morphology, Compositions
and Crystallographic information [91].

The image of instrument along with the schematic is represented in Figure 3.10.
At the top of instrument, electron gun is present which produces a very fine electron
beam (diameter ~ 0.01 mm) in the range of 2-40 kV. The first condenser lens is used for
controlling the beam. To eliminate the high-angle electrons from the beam, condenser
lens works in conjunction with condenser aperture. The second condenser lens utilized to
form the very thin, tight and coherent beam and is controlled by the “fine probe current
knob”. Generally, minimum probe diameter and maximum probe current is to be
optimized which depends on spherical aberration, brightness and accelerating voltage.
Probe diameter directly affects the resolution and it can be optimized by optimizing the
brightness. Brightness is directly proportional to accelerating voltage. However, high
accelerating voltage limits the resolution, as the volume of generation X-rays becomes
more. A set of scan coils are used for the scanning of electron beam on the surface of
specimen during imaging. The electron beam interacts with the surface of the sample and
this interaction were displayed on CRT monitor with the help of detectors. When the
electron beam interact with the sample a number of signals produced and broadly divided

in two categories; electron signals and photon signals.
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Electron gun

Figure 3.10 A look inside SEM.

Mainly two type of the signals are considered for the imaging in SEM and; (a)
Secondary electrons (b) Backscattered electrons and for elemental analysis, EDX is used.

Secondary electrons provide the topographical information about the specimen as
they are the low energy electrons (5 eV) and are emitted from a depth of nearly 10 nm
from the surface. The yield of secondary electrons depends on the atomic number of the
material to be investigated and the angle of incidence of electron beam. The electrons are
collected by a separate detector used for secondary electrons. Backscattered electrons are
comparatively high energy electrons and are backscattered from the specimen from
higher depth. Their production rate directly depends on the specimen’s atomic number.
When the elections are emitted from the surface the vacancies are created which are to be
filled from the electrons present in higher shells. As a result, X-rays are produced which
are collected by EDX detector and provides the information which element is present in
the specimen and their relative abundance also. For imaging point of view, secondary
electron mode is the most commonly used (Figure 3.11). In the present work, pure and
nanocomposite thin films were characterized by SEM (Nova Nano FE-SEM 450 FEI)
with an accelerating voltage of 15 kV.
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Figure 3.11 Interaction volume for the interaction of electron beam with the
specimen.
3.3.6 Transmission electron microscopy
TEM is a technique used to collect the structural and chemical information about the
sample, for which an electron beam is transmitted through the sample. The sample is
need to be ultrathin, less than 100 nm so that the electrons can gets transmitted through
the samples and image is formed as a result of the interaction of the electrons with the
sample. Figure shows the schematic representation of TEM. An electron beam is
generated by electron gun, which consists of filament, basic circuit and extraction anode
and the electron beam is accelerated at high potential ~ 100-400 kV. Generally, tungsten
and LaBe filament are used due to their high melting point and low work function
respectively. Further, a fine beam is obtained with the help of different condenser lenses
(magnetic lens). This collimated beam is incident on the sample and the electrons interact
with matter and transmitted through the sample. Transmitted beam of electrons again
collimated with help of another lenses and made to fall on CCD sensor which response to
form a very high-resolution image of the sample [92]. There are the different imaging
methods in TEM which attempts to modify the electron beam transmitted through the
sample in such a way that the different information can be extracted about the sample;
contrast formation, diffraction and three dimensional imaging. On the basis of contrast
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formation, two modes are considered: (a) Bright-filed image mode (b) Dark-filed image
mode. In these modes the image is formed on the basis of contrast formation of diffracted

and not diffracted electrons from the samples.
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Figure 3.12 Schematic diagram of the TEM.

In bright field imaging, the word “bright field” is used for the bright background
which means the thicker regions or the higher density regions of samples appear dark and
the thinner or no sample regions appear bright. While, in dark field imaging, the
diffracted beam appears bright and not diffracted beam appears bright. This can be done

with the tilting of sample and it is used to observe the diffracted beam (Figure 3.12).

In the present study, imaging have been done with most commonly used bright-
field mode. A diffraction pattern can also be generated by adjusting the magnetic lenses.

The image consists of either a pattern of dots (in case of single crystal) or series of rings
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(polycrystalline). The diffraction pattern of a single crystal mainly depends on the
orientation and the structure of sample illuminated by the electron beam. The lattice
planes and interplanar distances can be easily observed with the help of selected area
diffraction pattern (SEAD) mode [7]. The wavelength of incident electron beam can

easily be controlled by accelerating voltage.

A =hy, = 1225 x 10710 (3.11)

vV
In present study, we have used TEM, Technai T20 FEI at 200 kV which is equivalent to
2.51 pm wavelength. For such low wavelength, very high-resolution images were
obtained. There are many advantages and disadvantages with this technique. It produces
the high resolution images with the possibility of real and reciprocal space information
from the same region of the sample. It provides the chemical information about the
sample using some additional attachment like energy dispersive X-ray scattering (EDX)
and electron energy loss scattering (EELS). There are some disadvantages also like high
running cost, difficult sample preparation. Here, for the sample preparation, an easy way

has been adopted and the thin film was deposited on the TEM grid itself at the same time.

3.3.7 Raman spectroscopy

Raman spectroscopy is one of spectroscopic technique that can be used for quantitative
and qualitative application about the specimen. It is used to observe the different modes
of vibrations like vibrational, rotational and other low-frequency modes. It is based on
inelastic scattering of monochromatic light (usually a laser source is used) from the
specimen. When the beam incident on the specimen, major amount of photons is
scattered with the same frequency as that of incident photons known as Rayleigh
scattering. A small number of photons are scattered with a shifted frequency; higher or
lower than that of incident photons. This shifting arises because of the interactions
between the incident radiation and the vibrational levels of the molecules of the
specimen. This shifting in frequency gives the information about the modes of the
samples and this effect is called Raman Effect [93]. Raman spectrum is the plot of this
shift versus the frequency and it is plotted with the Rayleigh frequencies lies at 0 cm™.

Then the different functional groups in the specimen correspond to the different band
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positions are obtained in the spectrum. This technique is very much useful for most
molecular samples like liquids, gels, powders, slurries, some metals and thin films. It is a
non-destructive technique. The Raman instrument typically made with four major
components: (a) Excitation laser source, (b) light collection optics geometry, (c) Filter for

select the desired wavelength, and (d) Detector which is clearly showing in Figure 3.13.
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Figure 3.13 Schematic diagram of Raman spectrophotometer.
The laser line at 532 nm of He-Cd laser was used with an output of 50 mW. The
power of the laser at the sample was 5mW. The Raman spectra were accumulated over 50
sec.

3.3.8. Photoluminescence spectroscopy
Photoluminescence (PL) has become a merit of excellence for evaluating semiconductors
properties. PL is defined as the light emission from any form of matter after absorption of
photons or it is the result of transition of electrons. Optical characterization methods is
having advantage that they are non-destructive, not requiring any further treatment like
making electrical contacts or sample preparation and they have very high sensitivity [94].
Photo luminescent materials are characterized on the basis of mechanism involved in-

(@) Inter-band transitions

(b) Transitions including impurities or defects
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(c) Hot carrier intra-band transitions
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Figure 3.14 Schematic diagram of the PL System.

Furthermore, inter-band transitions are divided into two different ways (i) near
band edge band-to-band transition and (ii) hot carrier band-to-band transition. Conduction
band to acceptor level, bound exciton transition and deep level transition are related to
impurities and defects in the material. The electron and hole pair generate by the mobile
concentration of energy which is responsible for common center of mass, called exciton.
These generated exciton can only exist for a significant length of time at very low
temperatures. When the electron and hole combine each other, that time an exciton has
less potential energy than a free pair of charge carriers. Therefore when an exciton
recombines, any photon which is emitted has rather less energy than the bandgap. Later
this photon doesn’t have quite sufficient energy to re-excite an electron from the valance
band to conduction band, it has a much better possibility to escape from the crystal than
photons created by transition at or above the bandgap. Here the schematic for the PL is

showing in the Figure 3.14.

3.3.9 X-ray photo-electron spectroscopy
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XPS is very sensitive technique used to find the chemical state, elemental composition,
electronic state of the elements present in the material and empirical formula. It is used to
analyze the surface of the sample with a depth of 1-10 nm from surface. XPS spectra are
observed when the material is irradiated with the X-rays and electrons escaped from the
surface of the material are collected by the detector. XPS spectra is the plot between the
number of electrons detected by the detector and their binding energy. Each element
present in the material can be identified easily as it produces the characteristic set of
peaks at particular binding energy of electrons. The number of electrons (directly related
to the intensity of peaks) detected estimates the amount of the element present in the
material. So it provides the more reliable information about the electronic structure as
well as chemical composition/bonding of the material [95]. The experiment is to be
performed in the ultra-high vacuum to minimize the error and maximize the number of
electrons collected.

The binding energy of the electrons depends upon work function of the
electron. As we move towards the inner shell of the atom, greater the binding energy and
lesser the kinetic energy of emitted electron. The schematic diagram for the XPS is
shown in Figure 3.15. This binding energy also shift to higher or lower energy when an
atom makes bond with other atoms. Shifting depends upon the electron affinity of the
sharing atom. The XPS measurements has been taken at ultra-high vacuum. The energy
and intensity of electron further analyzed with the help of the detector and analyze the
surface chemistry of the material. The electron binding energy of the each emitted

electron is given by fundamental relation [15]:

Epinaing = Epnoton — (Ekinetic + P) (3.12)
Where E binding = binding energy of emitted electrons, E pnoton = €nergy of X-ray photons,
Exinetic = Kinetic energy of the emitted electrons, and ¢ is the work function. In present
study, XPS (Omnicron nanotechnology) measurements were performed at a pressure of
101 torr. The general scan and core level spectra of O (1s), Zn (2p), and Ag (2p) are
obtained with monochromatized Al radiation (photon energy 1486.6 eV) with a pass
energy of 50 eV for survey and 20 eV for core level spectra. Electron take-off angle was

90°. The background correction in core level spectra are done using the Shirley
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algorithm. Baseline correction and peak fitting are done using the software Casa-XPS.

The core level spectra are analyzed with respect to the C (1s) binding energy of 284.8 eV.
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Figure 3.15 Schematic representation of the XPS with basic components.

3.3.10. Electrical measurements

I-V and Hall measurements are good techniques to measure the electrical conductivity
and resistance of the bulk and thin films. The schematic diagram for the Hall-probe
method is shown in Figure 3.16. Hall measurement is very well-known and
comprehensive method to obtain the different electrical parameter such as conductivity,
sheet resistance, and carrier concentration of the sample. It can also be used to find out
the nature of semiconductor whether sample is n-type or p-type. In this method, current
carrying sample is subjected to a magnetic field, then a voltage is produced in
perpendicular direction to the current and magnetic field both. The generated voltage is
known as Hall voltage and it helps to decide the nature of conductivity. The Vander Pauw
method is commonly used for the connections with the sample material to calculate the
hall coefficient and resistivity. The Vander Pauw method employ the four-probe

geometry to calculate the average resistivity of the sample.
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Chapter 4

SHI and Thermally Induced
Modifications of ZnO Films as a
Host Matrix

Kln this chapter, we are discussing about the swift heaWN

ion irradiation and thermally induced modifications in
Zn0O films as a host matrix. ZnO thin films were
synthesized by RF-magnetron sputtering. The prepared
films were irradiated with 100 MeV Ag ions and
annealed at different temperature of 400 and 500 °C.

SHI and thermal induced structural and optical

Knodifications have been discussed in detail. /
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4.1. Introduction
The oxide semiconductors possess various physical properties such as transparency,
conductivity and piezoelectricity which makes them of great scientific interest for
optoelectronic and piezoelectric device applications. Among all, ZnO (n-type)
semiconductor is a very promising material due to its wide optical band gap and large
exciton binding energy [96,97]. The larger band gap of ZnO in comparison to Si and Ge,
makes it more promising to use at high temperature in electronic devices. The physical
properties of ZnO are widely influenced by deposition conditions and parameters. To
analyze the effects of deposition on film’s property, many techniques such as sol-gel
method, spray pyrolysis, metal organic chemical vapour deposition, pulse laser deposition
and RF/DC sputtering have been used and reported by many groups [98-102]. Due to the
functionalize properties, ZnO is used in solar cells, transparent conductive contacts, gas
sensors, thin film transistors and laser diodes [103—108]. The variability of piezoelectric
properties of ZnO, make it useful also for short-wavelength light emitting diodes, optical
waveguides, laser deflectors and surface acoustic wave (SAW) band-pass filters [109—
111].

Nowadays, researchers are making efforts to improve the various properties of
ZnO thin films by different means. Swift heavy ion (SHI) irradiation is a well-known
process to modify the physical properties of materials [52,67,112-121]. The properties
can be tuned by controlling the incident ion energy and fluence [122,123]. The energetic
ion lose their energy after interaction with ZnO, this transferred excess energy creates the
density of defects, stress and strain in the structure of ZnO [124]. The formation of self-
affine nanostructure over the surface of ZnO thin films using SHI has been investigated
by Agarwal et al. [125]. Incident ion fluence affects the shape and density of these
nanostructures. The energetic ions can also be used for better understanding of phonon
modes in nanostructures [126]. Thermal annealing is another way to alter the properties
of ZnO thin films and renders them more useful for various applications. Thermal
annealing may induce the directional growth in the thin films and also the optical quality
of thin film can be improved [58]. These modifications can be used in radiation harsh

environment for optoelectronic applications.
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4.2. SHI irradiation studies of host matrix

4.2.1. Experimental details

In order to study the host matrix, pure ZnO thin films were synthesized by RF sputtering
and then irradiatied with 100 MeV Ag ions with different fluences.

Deposition parameters

The sputtering target of pure ZnO was prepared using ZnO powder (99.99% Alfa Aesar)
by using a hydraulic press machine (HYCON Hydraulic engineers and consultants, New
Delhi) with pressure approximately ~ 7 tons for the film deposition. Then, the target was
sintered for 24 hours at the temperature 1200 °C by sequential steps in a programmable
furnace with a continuous flow of oxygen gas during the target sintering.

Thin films of ZnO were deposited on glass and silicon substrates at room
temperature by RF magnetron sputtering, using ZnO target of 2-inch diameter and 3 mm
thickness in the presence of Ar gas (flow rate ~ 4 sccm) in the sputtering chamber during
deposition. Before using, all the substrates were cleaned in an ultrasonic bath with a
mixture of de-ionized water and trichloroethylene (TCE) and then washed with boiled
acetone. A base pressure of 10 mbar was achieved by using a turbo molecular pump for
deposition. The sputtering was carried out at a pressure of 5x102 mbar during the
deposition in the presence of a pure argon atmosphere (grade-1) with a target to substrate
distance of 40 mm. The deposition was performed for 15 minutes at fixed RF power 150
watts, and self-bias voltage 250-280 volt during deposition.

Irradiation parameters

The films were irradiated with 100 MeV Ag ions (charge state +7) using the 15UD
Pelletron accelerator facility at the Inter-University Accelerator Centre (IUAC) New
Delhi in Materials Science beam line chamber. The vacuum in the irradiation chamber
during the irradiation was ~6x10~" mbar. Electronic (Se¢) and nuclear (Sn) energy losses
of 100 MeV Ag ions in ZnO thin film are 20.39 and 0.122 keV/nm, respectively, and the
range of Ag ions in ZnO film is ~12.15 pum as calculated by SRIM simulation. The ion
beam was scanned over an area of 1x1 cm? with fluence 3x10'?, 1x10% and 3x10%3

ions/cm? and the beam current was kept constant at 1 pnA (particle nano-ampere).

4.2.2. Results and Discussion
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4.2.2.1. X-ray diffraction analysis

The crystalline behaviour of pristine and irradiated ZnO thin films was investigated by
XRD analysis. Figure 4.1 shows the XRD pattern for pristine and 100 MeV Ag’* ions
irradiated films at the different ion fluence 3x10%2, 1x10%, and 3x10® ions/cm?. The
pristine film shows the crystalline hexagonal wurtzite structure with reflections from
(100), (002), and (101) planes at ~ 31.7°, 34.4°, and 36.2" respectively [JCPDS card no.
89-1397].
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Figure 4.1 XRD spectra of the pristine and irradiated ZnO thin films with different

fluences, Inset shows the zoomed behaviour of (002) plane with ion irradiation.

lon-irradiated ZnO thin films show the intensity of (100) and (101) planes are
decreased with increasing ion fluences, which is attributed to electronic excitation due to
SHI irradiation. At the higher fluence (3x10* ions/cm?), the ZnO thin film becomes more
c-axis oriented while the other two reflection plane (100) and (101) seem to be vanish as
shown in Figure 4.1. It is observed that at the higher irradiation fluence film releases
strain which is responsible for growth in c-axis orientation because (002) plane of ZnO
having the lowest surface energy according to basic crystal growth theory [127,128] as

shown in Figure 4.2, which was estimated by using the Equation 3.7 [129].
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The average crystalline size of pristine film is 10.8 £ 0.7 nm and is increased up
to 20.5 + 0.3 nm with increasing the ion fluences (Figure 4.2) as calculated by using

Debye-Scherrer’s formula (Equation 3.6) and summarized in Table 4.1 [130].
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Figure 4.2 Variation of the lattice strain and crystallite size with different ion fluences.

During swift heavy ion irradiation, incident ion transfers a large amount of energy
into the target material by electronic energy loss (Se). This large amount of energy creates
the very high-temperature zone in the target material, which is responsible for the surface
modifications. In this process, film releases the strain at higher fluence which is
responsible for the crystalline quality of the film and can be explained in the term of the
thermal spike model [131]. Preferred c-axis oriented ZnO thin film could be suitable for

piezoelectric transduction mechanism [132].

Table 4.1 Variation of crystallite size with different ion irradiation fluences.

Sr. No. | Fluences (ionscm?) | Crystallite size (nm)
1 Pristine 10.8 £ 0.7
2 3x10%2 126 +£0.9
3. 1x10% 12.7+£0.6
4 3x108 20.5+0.3

4.2.2.2. UV-visible spectroscopy
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Optical properties of pristine and irradiated ZnO thin films were characterized by UV-
visible spectroscopy. It provides more information about the optical band gap and
transmittance of pristine and irradiated thin films. ZnO thin films were deposited on a
glass substrate and irradiated at three different fluences 3x10'2, 1x10™® and 3x10%
ions/cm?. Transmission spectra of ZnO thin films are shown in Figure 4.3, wavelength
ranging from 400 to 800 nm. It was observed from the spectra that, there is a significant
change in transmittance of ZnO thin films with increasing ion fluences. The transmittance
of the pristine film and irradiated film at higher fluence 3x10% ions/cm? were calculated
by transmission spectra and found to be ~ 90% and 80% respectively at 550 nm. The
reduction of transmittance at higher fluence attributed to the increased electron carrier
density and defect creation such as oxygen vacancies induced by swift heavy ion
irradiation in ZnO thin film [133]. ZnO is a direct bandgap material, and the band gap of
the pristine and irradiated ZnO thin films was determined from Tauc’s relation [134]
which is expressed in Equation 3.9.

The bandgap value is calculated by extrapolating the linear part of the spectra by
plotting (chv)? versus hv graph (inset of Figure 4.3). The optical band gap of the film
slightly increased (from 3.28 to 3.30 eV) with ion irradiation can be explained in the term
of Burstein-Moss effect (B-M effect) which depends on electron carrier concentration in
the material which effected by SHI irradiation [135].
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Figure 4.3 UV-visible transmission spectra for pristine and 100 MeV Ag ion irradiated
films of ZnO and the optical band gap variation of pristine and irradiated film calculated

by Tau’c plot (inset).

4.2.2.3. Atomic force microscopy

The surface morphology of pristine and 100 MeV Ag’* irradiated films have been carried
out by atomic force microscopy (AFM) in tapping mode. Figure 4.4 shows the three-
dimensional (5x5 pum?) micrographs of pristine and 100 MeV Ag’* irradiated ZnO thin
films. It was clear from the images that ZnO grains are connected to each other and films
were grown uniformly on the substrate. Figure 4.5 shows the distribution of grain size
with the Gaussian function of the pristine and irradiated ZnO thin films at different
fluences.

The grain size of the thin films was increased which is attributed to the
agglomeration of the ZnO grains with ion irradiation. The grain size of the pristine film
was calculated to be ~198 + 6.8 nm, and it increases up to ~ 219 £ 2.8 nm at the fluence
of 3x10% jon/cm? as shown in Figure 4.5. The discrimination in the calculated grain size
from AFM and XRD is observed because the analysis of XRD spectra gives the average
mean crystallite size whereas the AFM shows the agglomeration of particles which are
much bigger than those observed by XRD. The observations of AFM and XRD can be
correlated by the fact that smaller particles have a larger surface free energy and
therefore, agglomerate faster and develop larger grains and XRD is related to smaller
particles whereas AFM gives larger grains [136]. The root-mean-square roughness (Rms)
of the pristine film was calculated by following relation and is estimated 10.2 nm for the

pristine film.

1
Rems = |5 ZN41Z — ZI7[ (4.1)

Where N is no. of surface height data and Z is the mean height distance. The roughness of
ZnO films be marginally changing with swift heavy ion irradiation and it is not much
effected by swift heavy ion irradiation. Variation in the roughness and grain size with ion

irradiation are shown in Figure 4.6 and summarized in Table 4.2. When swift heavy ions
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passes through the material, it deposited a large amount of energy into the material. If the
surface energy of the film, greater than acquired energy form incident ion beam then they
leads to agglomeration of the grains and formed the bigger grains due to surface diffusion
process near the surface of the film. With the increase of ion fluences, surface energy of
the films are also change due to total energy (Se % ¢) deposited by incident ion beam. This
surface diffusion process is responsible for the grain growth and change in shape and size

of the grains near surface region.

59.3 (@) Pristine ZnO 64.6 m (b) 3x10*2 jons/cm?

0.0 n Y Y g

Figure 4.4 AFM micrographs of (a) pristine (b) 3x10*? ions/cm? (c) 1x10* ions/cm? and

(d) 3x10* ions/cm?.
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Table 4.2 Grain size and roughness of the film with different fluences.

Fluences (ions/cm?) Pristine 3x10%? 1x108 3x10%3
Grain size (nm) 198.3+6.8 | 178.2+4.1 | 202.7+£6.2 | 219.9+28
Roughness (nm) 10.2 111 12.1 10.1

4.2.2.4. Scanning electron microscopy
Figure 4.7 (a)-(d) show the FESEM micrographs of the pristine and irradiated film at a

fluences 3x10%, 1x10'% and 3x10% ions/cm?. Agglomeration of the particle is clearly

seen in the Figure 4.7 (d) image that was irradiated at the higher fluence 3x10*® jons/cm?
as evidenced by AFM.

Figure 4.7 FESEM micrographs of pristine and 100 MeV Ag ion irradiated film of ZnO
at different fluences.

Agglomeration of ZnO grains in the film increases with the increasing ion fluence which

is attributed to increasing the local melting temperature on the surface due to the
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interaction of high energetic ion. The FESEM and AFM both showing the surface
morphology of the pristine and irradiated ZnO thin film with different ion fluences. The
average surface roughness is ~ 10.9 nm calculated by AFM. SEM results were also
showing larger grains with different size and shape on the top surface of the film. The
agglomeration of the particles is also observed in SEM images at the higher fluence
which is confirmed by AFM.

4.2.2.5. Micro-Raman spectroscopy

The Raman active phonon modes of the wurtzite structure of ZnO as expected from the
group theory are A1+2E>+E1 modes, where all atoms occupy Cs, sites [137,138]. Typical
micro-Raman spectra of the ZnO thin films irradiated with fluences 3x10*?, 1x10* and
3x10% ions/cm? are shown in Figure 4.8. The spectra reveal that pristine and irradiated
films show the peaks at 280, 440, very sharp peak at 573, broad peak at 680 and peak at
780 cm™. The weak Raman mode Bi (high) - B2 (low) and Bi (high) + B (low) were
recorded at 280 and 780 cm™ for pristine and irradiated ZnO thin films respectively. The
peak at 573 cm™ can be assigned to A; (LO) mode, which is an agreement between the
theoretical calculations [139]. Small band at 630 cm™ has been assigned to the E; (LO)
mode [140]. The B; (high) - B2 (low) and B: (high) + B: (low) modes are not much
affected by SHI irradiation. These modes can be considered as weak Raman modes of
ZnO according to group theory. The sharp peak at 573 cm™ decreases slowly with the
increase the ion fluence, while E, (high) mode at 440 cm™, decreases at the fluence of
3x10% ions/cm?. The characteristic modes of ZnO, E, (high) and A; (LO) at 440 cm™ and
573 cm™ are attributed to the highly textured and wurtzite structure of the ZnO thin film
(shown in inset). The pristine ZnO thin film seems to be oxygen deficient as indicated by
the A1 (LO) mode at 573 cm™ with higher intensity. Swift heavy ion induced density of
defects and disorder is subjected to loss of the translation symmetry of the lattice of the
materials which leads to the invalidations of the k=0 wave vector selection rule from all
part of the Brillouin zone in Raman scattering. Therefore, irradiation induced A; (LO)
mode is explained in the term of surface phonon mode which is directly related to

intrinsic lattice defects in the materials structure. Other Raman modes of the ZnO thin
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film have been related to the formation of wurtzite structure of the ZnO according to the

selection rule [124].
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Figure 4.8 Raman spectra of pristine and 100 MeV Ag irradiated at different fluences.

The observed decrease in the intensity corresponding to (100) and (101) planes
with increasing fluences and more c-axis orientation of ZnO thin films along the (002)
plane at the highest fluence revels the better crystallinity with SHI irradiation. This
improved crystallinity can be described in light of interaction of ion and material. The
imparted energy from the incident high energy ions to target material is responsible for
the electronic ionization/excitation and lattice vibrations along the ion path due to large
amount of energy transfer. These vibrations and excitations causes to the release of strain
in the film which lower the surface energy. Therefore, ZnO thin films become oriented
along (002) plane as it has lowest surface energy and results in increased crystallinity due

to irradiation.

Raman spectra confirmed the formation of wurtzite structure of ZnO for the
present study whereas the observed A1 (LO) mode is related to the intrinsic lattice defects
in the structure. The decrease in the intensity of A1 (LO) mode is further confirmed the
increased lattice defects in the ZnO film due to high energetic ions. These ions induced
defects and vacancies play a major role to tune the optical properties in the ZnO thin film.
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The reduction of transmittance and at higher fluence attributed to the increased electron
carrier density and defect creation such as oxygen vacancies induced by swift heavy ion
irradiation in ZnO thin film. The band gap is also slightly increased (from 3.28 to 3.30
eV) with ion irradiation which might be attributed to electron carrier concentration which
can be explained in the term of Burstein-Moss effect (B-M effect). These modifications
in the film are subjected to change in surface energy of the films which is also
responsible for grain growth and morphological features of the film with ion irradiation.
Therefore, such kind of ZnO thin film can be used in radiation harsh environment and

optoelectronic applications.

4.3. Thermal annealing studies of host matrix

In present section, the annealing effect on the structural as well optical properties of RF

sputterd ZnO thin films have been discussed.

4.3.1. Experimental details

ZnO thin films were deposited by RF-magnetron sputtering on glass and Si substrates.
The substrates were cleaned ultrasonically in acetone, isopropanol and deionized water
subsequently. A turbo pump coupled with rotary pump was used to achieve the ~ 5x107°
mbar pressure and 3x102 mbar during a deposition in the presence of argon (grade-1)
gas. Substrate temperature during deposition is 300 °C and the experiment was performed
for 30 minutes at the power of RF supply is 150 watts (self-bias voltage 250-300 volt).
These ZnO thin films were annealed at temperature 400 °C and 500 °C in oxygen

environment for 1 hour.

4.3.2. Results and discussions

4.3.2.1. Rutherford backscattering spectroscopy

For the evaluation of the thickness of film, RBS has been performed. RBS of as deposited
ZnO0 thin film is shown in Figure 4.9. Thickness of the film was found to be 155 nm by
fitting RBS spectra with SIMNRA simulation program [141]. The plateau region of the

spectrum, represents the Si substrate. Figure 4.9 showing the fitted RBS spectra of the
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ZnO thin film. Black line shows the actual RBS spectra and red line shows the fitted

spectra by simulation.
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Figure 4.9 RBS spectra of the as deposited ZnO thin film on Si substrate.

4.3.2.2. X-ray diffraction analysis

Crystallinity and structural information of as deposited ZnO thin film was estimated by
X-ray diffraction analysis. Figure 4.10 shows the XRD pattern of as deposited ZnO film
and it confirms the formation of hexagonal wurtzite structure of ZnO with different
phases such as (110), (002), (101), (102), (110), (103), and (112) at 31.34° 34.12°,
35.95°, 47.27°, 56.31° 62.49° and 67.45° respectively (JCPDS-89-1397). The higher
intensity of (002) reflection plane at 34.12° indicates that the film is more preferential
oriented along the c-axis because of lower formation energy required for the growth in c-
axis. Crystallite size of as deposited ZnO film was calculated by Debye Scherer’s formula
(Equation 3.6) and it was found to be ~ 15 nm.
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Figure 4.10 XRD pattern of as deposited ZnO thin film.

4.3.2.3. UV-visible spectroscopy
The optical behaviour of the as deposited and annealed ZnO thin films were characterized
by the UV-visible spectroscopy. Figure 4.11 shows the average transmittance spectra of

as deposited and annealed ZnO thin films.
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Figure 4.11 Transmittance spectra of as deposited and annealed ZnO thin films.
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It is clear from figure that the average transmittance of the film increases with
increasing the annealing temperature, and it has increased from 50% to 90% with
annealing at 500 °C. Higher annealing temperature leads to better Crystallinity of the
film, which was also confirmed by Raman spectroscopy. The crystallinity of films was
improved with annealing temperature, attributed by the quantity of free charge in film
decreased with temperature [142]. The transmittance of the film was increased due to the
intake of oxygen in oxygen deficient ZnO film, absorbed oxygen removes the oxygen
vacancies hence reducing the density of defects [143]. The optical energy band gap was
also calculated by Tauc’s relation (Equation 3.9) and it was found to be 3.26 eV for as
deposited and annealed thin films. There is no significant change in the band gap of as

deposited and annealed thin films of ZnO (Figure 4.12).
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Figure 4.12 Band gap variation of as deposited and annealed film calculated by Tau’c
plot.

4.3.2.4. Micro-Raman spectroscopy

Raman spectra of as deposited and annealed ZnO thin films are shown in Figure 4.13.
The Raman active phonon modes of the wurtzite structure of ZnO expected from the
group theory are Ai+2E>+E; modes, where all atoms occupy Cs, sites. The Raman
spectra of films reveal that as deposited ZnO thin film show peaks at 276 cm™*, which was
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related to the B, second order mode with low intensity and 581 cm™ which can be
assigned to A:; (LO) mode. When the films were annealed at temperature 400°C and
500°C, the intensities of the A; (LO) mode and Bzsecond order mode were found to
increase. At the temperature 500°C, E> high mode was also appearing in annealed ZnO
thin films. A: (LO) mode and E2 high mode are expected, as the films are highly textured
and the excitation light is normal to the surface [144,145]. The appearance of E2 high
mode in ZnO film, which was annealed at 500 °C, confirmed the highly textured and

wurtzite structure of the ZnQO thin films [56].
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Figure 4.13 Raman spectra of as deposited and annealed ZnO thin films.

4.4. Summary

In this chapter, the synthesis of ZnO thin films by RF sputtering have been discussed in
detail. Further, the modification in the properties of ZnO thin films by SHI irradiation and
thermal annealing have also been investigated. The crystallinity of the ion irradiated thin
films was enhanced along the c-axis orientation due to impact of energetic ions. It was
attributed to the release of strain in the thin films and having the lowest surface energy.
The average crystalline size of pristine film was calculated as 10.8 + 0.7 nm and found to
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be increased up to 20.5 £ 0.3 nm with increasing the ion fluences. The optical analysis
confirmed that the SHI irradiation is suitable technique to tailor the optical properties of
ZnO films. Transmittance of the thin films was observed to be decreasing with increasing
fluences. This property can be used in transparent window materials. The dependence of
surface morphology and grain size on incident ions were further confirmed by AFM and
FESEM analysis and observed the increased grain size after irradiation. All the induced
modifications are explained in term of energy loss of ions into the target materials.
Besides, the thin films were annealed in oxygen environment and were characterized to
analyze the effect of annealing. The transmittance and the optical quality of the films

were observed to be improved on thermal annealing.
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Chapter 5

Synthesis and Characterization of
Ag-ZnO Nano-composites Thin
Films Using Two Different
Approach

Kln this  chapter, synthesis  of Ag—ZnON

nanocomposite thin films have been discussed by
two different approaches; RF-sputtering and Ag
ion implantation. Higher metal concentration in
Zn0O matrix achieved by RF-sputtering technique.

Structural and optical properties have been

Qbserved and studied in systematic manner. j
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5.1. Introduction

Zinc oxide (ZnO) has become a favorable material for the various optoelectronic devices
and thin film applications and have hexagonal wurtzite crystal structure from II-VI
semiconductor group [146]. Such promising properties of ZnO makes it a suitable
material for potential application in divergent areas such as transparent conducting
oxides, light emitting diodes, laser deflectors, gas sensors, LEDs, photo detectors and
solar cells [147-154]. ZnO has become an alternate of indium tin oxide in solar cell
industry for the preparation of transparent conductive electrodes with low material cost, a
high degree of chemical stability, and less toxicity [155,156]. In the last few years, ZnO-
based nanomaterials have attracted considerable attention because of their dimensionality
and size of their structural features, electrical and optical properties and also motivate to
utilize in various nano-device fabrication realm [157,158]. Indeed many researchers are
struggling to improve their properties by applying different procedures for example
incorporation of the metal as a dopant, ion implantation and interplay with annealing and
different growth technique [159-162]. Different synthesis techniques have been used to
synthesize the Ag-ZnO nanocomposite thin films such as spin coating, RF sputtering,
spray pyrolysis, pulsed laser deposition, and e-beam evaporation etc. [163-166]. It was
suggested that the deposition parameters and the amount of metal doping are two main
key factors which are responsible for the change in the physical properties of the ZnO
thin films. Furthermore, the incorporation of noble metals (Ag, Au, and Cu) in ZnO thin
film are very attractive way to enhanced the structural, electrical and optical properties
[167-171]. These noble metals, in the form of nanoparticles, exhibits selective surface
plasmon resonance (SPR) band in visible and near infrared region. Therefore, the
presence of plasmon-active nanoparticles in a matrix offered new optical properties for
different plasmonic applications [116,172,173]. Among them, silver (Ag) is a more
suitable element for the doping as compare to Cu and Au because it is related to IB group
and have lowest transition energy with shallow acceptor level at 0.3 eV and act as an
acceptor which existing on substitutional Zn sites [174,175]. Doping of silver (Ag) in
ZnO matrix, creates the trivial accepter level in the ZnO, due to the substitution of Zn
sites by Ag sites during doping process because it has lower formation energy in
comparison of Ag interstitial theoretically [176]. Therefore Ag is the suitable elements
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for fabricating the p-type conductivity in ZnO thin film [177]. The absorption/scattering
cross section of Ag nanoparticle is larger than a geometrical cross section, which leads
the higher efficiency of interaction with incident light, therefore the Ag ion used for the
implantation [178].

lon implantation is a precise technique for material modifications (structural as
well as optical) by doping of metal ions into target materials up to certain depth [179—
183]. Nowadays, ion implantation facility has also been widely used in device fabrication
because it provides the facility to introduce charge carrier for conduction into oxide
semiconductors with selective area doping as well optical and electrical isolation. Depth
concentration and controlled amount of selective dopant metal can be easily controlled by
implantation dose and energy during implantation. The low energy (typically range ~ 10-
500 keV) ion beam has been used for implantation process and range of the implantation
species is (Implanted length) from few angstrom (A) to 1 pm (also depends on the target
material). This technique is also convenient for synthesizing the nanoparticles in the
target materials with better control of depth and selective area. Different lattice
interstitials, vacancies and planer defects are generated by the collision of incident ions
with target material during implantation, which could be responsible for the structural
modifications.

In the present study, a comparative study on pure ZnO and Ag-ZnO
nanocomposite thin films synthesized by RF magnetron sputtering technique has been
done. Effect of higher Ag doping on the electrical and structural properties of the ZnO
have been demonstrated in the first study. In the next section, ZnO thin films were
synthesized by RF sputtering and then 120 keV Ag ions were implanted into ZnO matrix
with different implantation dose ranging from 3x10“* to 3x10%° ions/cm? The
modifications in structural, optical and electrical properties have been investigated using

different characterization techniques.

5.2. Synthesis of Ag-ZnO nano-composite thin films using RF-
magnetron sputtering

5.2.1. Experimental details
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Pure ZnO and Ag-ZnO nanocomposite thin films were grown by RF magnetron co-
sputtering method. A target (3 mm thick and 2 inch diameter) of ZnO powder (Alfa
Aesar), was prepared by a hydraulic press machine and then it sintered at 1200 °C for 24
hours in the tubular furnace, continuous flow of oxygen gas. Some small pieces of silver
(Ag) were glued on the ZnO target at the different position before deposition for
synthesizing the composite thin films. Silicon (p-type 100), quartz, and glass used as the
substrate during the deposition and all were cleaned by acetone and deionized water in
the sequential manner. A turbo pump coupled with the rotary pump for achieving the high
vacuum of the order of 10 mbar in the deposition chamber before the deposition. The
deposition was carried out at a vacuum 102 mbar order, in the presence of pure argon gas
(Grade-I) in the sputtering chamber during deposition. The target to substrate distance
was ~ 50 mm measured before the deposition. The deposition was performed for 20-30
minutes at the 150 watt RF power and the substrate temperature 300 °C, measured by
thermocouple gauge and controlled by using a feed-back controlled heater in gauge. The

all crucial parameters which monitored during deposition are tabulated in Table 5.1.

Table 5.1 The sputtering parameters for thin film deposition.

SI. No. Sputtering parameter Value
1. R.F. Power 150 watt
2. Gas used during deposition Argon (grade-1)
3. Pressure before deposition 6x10°° mbar
4. Pressure during deposition 5x1072 mbar
5. Substrate temperature 300 °C
6. Target to substrate distance 5cm

5.2.2. Results and Discussion

5.2.2.1. Rutherford backscattering spectroscopy
RBS technique is used to estimate the composition of the species with high accuracy.
Figure 5.1 (a-d) represents the RBS spectrum of the pure ZnO and Ag-ZnO

nanocomposite films. For the estimation of concentration, the obtain experimental RBS

82



spectra were simulated by Rutherford Universal Manipulation Simulation Program
(RUMP) [184] which is shown in all figure by separated red line. The Ag atomic fraction
in ZnO matrix was found to be 8 at.%, 15 at.% and 40 at.% respectively. The plateau
region of the spectrum is responsible for the Si substrate. Since these films were grown
on the Si substrate. From RBS spectra, it can be concluded that the Ag-ZnO composite

structure is formed with different Ag doping and embedded in the ZnO matrix.
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Figure 5.1 RBS spectra for the (a) pure ZnO (b) Ag-ZnO (8%) and (c) Ag-ZnO (15%) (d)
Ag-ZnO (40%) nanocomposite thin films.
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5.2.2.2. X-ray diffraction analysis

The crystalline quality of the pure ZnO and Ag-ZnO nanocomposite thin films was
investigated by XRD. Figure 5.2 shows the XRD patterns obtained on pure ZnO and Ag-
ZnO nanocomposite films with doping concentrations of 8 at.%, 15 at.% and 40 at.%
respectively. For pure ZnO we identified number of peaks at the diffraction angle of
31.79°, 34.43°, 36.19° and 46.32°, respectively which corresponds to the planes (100),
(002), (101), and (102), can be well indexed to the wurtzite hexagonal structure with
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JCPDS-89-1397 card. It is also evident that the  pure ZnO film has grown along
preferred c-axis orientation (002) as confirmed by X-ray pattern. However, for Ag doping
of 15 at.% and 40 at.% initial reflections (100), (002) of ZnO are vanished but at higher
Ag doping (40%), a strong reflection (111) arises which corresponds to the silver
nanocluster at 38.18°. Therefore the appearance of new peak ascribed the highly presence
of silver (Ag) in ZnO thin film as confirmed by RBS. The lattice parameter of the pure
and ZnO and Ag-ZnO nanocomposite films was calculated by using Bragg’s law and
basic crystal structure formula of the hexagonal wurtzite structure. A marginal change of
the lattice parameters was observed when Ag doping was introduced in the ZnO matrix.
Lattice parameters before and after doping are summarized in Table 5.2. Since Ag ions
(radius of 1.02 A) have a large radius as compared Zn ions (radius of 0.72 A) to Ag ions
which attributed to change in lattice parameter with Ag incorporation. The change in the
lattice parameter values indicates that Ag substitute by Zn. Since it is well known that Ag
doping in ZnO yield p-type semiconducting behaviour. Furthermore the stress in the pure
ZnO and Ag-ZnO nanocomposite film was also calculated by the following relation
[185].

c—c'

o (Pa) = —233 [ ] [GPa] (5.1)

o
In equation (5.1), o shows the stress of the sample, c is calculated lattice parameter for
the prepared film and ¢’ is the strain-free lattice constant of the bulk ZnO. The result of
lattice parameter and stress for the thin film are tabulated in Table 5.2. The presence of
negative sign in the stress shows the compressive nature of the stress for pure and Ag-
ZnO nanocomposite thin films, it arises due to the lattice defects which was the presence
of the pure ZnO and Ag doped ZnO composite thin film. The crystallite size of pure ZnO
film was calculated by Scherrer’s formula (Equation 3.6) and found to be 14.1 nm [86].
At the higher doping concentration of Ag (40%), the appearance of the Ag peak in the

spectra indicates the formation of the Ag-ZnO composite in the thin film.

Table 5.2 Lattice parameter and crystallite size for pure ZnO and Ag-ZnO

nanocomposite thin film.
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SI. | Sample Detail Lattice parameter c/aratio | Crystallite size | Stress o
No. a (A) c(A) (nm) (GPa)
1. Pure ZnO 3.2484 5.2057 1.6025 14.1 -0.04
2. Ag-ZnO (8%) 3.2492 5.2103 1.6032 135 -0.22
3. | Ag-ZnO (15%) 3.2402 5.2486 1.6198 24.4 -1.95
4. | Ag-ZnO (40%) 3.2343 5.2078 1.6101 19.7 for ZnO -0.13
13.0 for Ag

The crystallite size for higher doping was also calculated and yielded 19.70 nm
for ZnO, and 13.0 nm for Ag-ZnO nanocomposite thin film at higher doping. This
clarifies that the crystalline behaviour of the ZnO film can be control by Ag concentration

as shown in X-ray pattern.
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Figure 5.2 XRD diffraction pattern for the pure (a) and Ag-ZnO nanocomposite thin film

with three different doping concentration (b. 8%, c. 15% and d. 40% Ag concentration).

5.2.2.3. Scanning electron microscopy
Surface morphology of the top surface of the pure and composite films can be easily
observed from surface electron microscopy (SEM). Figure 5.3 (a-d) shows the SEM

images of the pure ZnO and Ag-ZnO nanocomposite thin film with three doping
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concentrations of 8 at.%, 15 at.% and 40 at.% respectively. In the case of pure ZnO which
shown in Figure 5.3 (a), a non-uniform irregular pyramidal type sharp-blunt shape grains
are observed which spread over the complete substrate. The observed grain size was
found to 150-250 nm for the pure ZnO thin film. After the Ag incorporation, noticeable
changes were observed in surface features of the composite thin film. For the lower
doping concentration (8% and 15% both), disappearance of the pyramidal type of grains
clearly observed. Pure ZnO grains shows the sharp grain boundary between the grains but
as the doping of Ag increase then the grain boundary becomes disappear and

agglomeration process accurse there.

ZnO and (d) 40% Ag-ZnO nanocomposite thin films.

At the higher doping concentration, film becomes more compact due to Ag
incorporation and formed the big island of the grains on the top surface of the film.
During the deposition, the films have been grown on the substrate which governs by two
process, nucleation and coalescence process. Nucleation process has responsible for the

formation of the island, these islands contain those nuclei which have lower formation
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energy. As the doping of metal increase with further deposition, the size of these islands
increase and they became come closer during deposition and formed a large bulky island.
Coalescence process between smaller grains are responsible for these type of growth
which can easily observe for the case of higher doping [186,187]. For the higher
concentration (40%), different size of bulky islands appeared on the surface of Ag-ZnO

nanocomposite thin film.

5.2.2.4. Micro-Raman measurement

Raman spectra of pure ZnO and Ag-ZnO nanocomposite thin films shown in Figure 5.4.
Raman spectra revealed that pure ZnO film showed two different bands one at 441 and
another at 575 cm™. The first band appeared at 441 cm™ could be assigned to E; high
mode and other bands at 575 cm™ represent the A; (LO) mode of the pure ZnO film. The
presence of E> high mode in the spectra confirmed the formation of wurtzite structure of
the ZnO film. These results are in good agreement with result obtained by XRD
measurements which showed the formation of hexagonal wurtzite structure. Doping of
Ag is very much effected on the Raman spectra shows a gradual change in the variation
mode when Ag doping was introduced in the ZnO matrix. A complete disappearance of
the E2 high mode at the higher doping of Ag in ZnO was found, whereas some new mode
arises at 495 cm at the higher concentration (40%). The appearance of this new mode at
higher doping resulting in a low crystallinity of the film. The local vibrational mode at
495 cm* arises due to Ag doping in ZnO thin film, and some other doping material also
exhibits this mode [188]. The intensity of A (LO) mode increases at higher Ag (40 at.%)
doping. A1 (LO) mode of the thin films is directly related to the defect density, zinc
interstitials and oxygen vacancies in NCs thin film. Therefore the higher doping of Ag is

mainly responsible for the lower crystallinity and defect creation in the thin films.
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Figure 5.4 Raman spectra for the pure (a) and Ag-ZnO nanocomposite thin film with

different doping concentration (b. 8% c. 15% and d. 40% Ag concentration).

5.2.2.5. Electrical measurements

Figure 5.5 shows the variation in current with applied voltage (I-V spectra) of the pure
ZnO and Ag-ZnO NCs thin film with different Ag concentration and we calculated the
resistance as well conductivity of the films from these spectra. The contacts for this
purpose were made using silver paste at room temperature. These measurements were
performed at room temperature using a two probe method. Figure 5.5 shows the I-V
curve of pure ZnO and Ag-ZnO nanocomposite thin films with Ag concentrations of 8
at.%, 15 at.% and 40 at.% respectively. The slope of I-V curve yielded resistance value
by fitting the linear part of the graph, from this the resistivity of NCs thin film can be
determined. The resistivity of the films is significantly affected by Ag doping in ZnO
thin film. The conductivity of the film is also calculated with the help of resistivity of the
sample. The conductivity of the film at the higher doping concentration (40 at.%) was
found to be very higher and measured value are nearly comparable to the conductivity of
the pure Ag. The variation of resistance and conductivity of the NCs thin films as a
function of Ag concentration which is shown in Figure 5.6. A significant improvement in
the conductivity of the Ag-ZnO nanocomposite was found and depends on the number of
charge carrier. The charge carrier density is effected by the inclusion of Ag doping in the
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ZnO thin film. It is apparent that Ag ions increase the majority charge carrier in ZnO thin
film and as a consequence the resistance decrease of the film. The conductivity of the
pure ZnO thin film was found to be 4.32x10° mho cm* which is lower compared to Ag-

ZnO nanocomposite particularly at higher doping concentration it reaches up to 4.18x10*
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Figure 5.5 I-V spectra for the pure and Ag-ZnO nanocomposite thin films.
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Table 5.3 The electrical parameter for pure ZnO and Ag-ZnO nanocomposite thin film.

Sr. Sample Carrier Type of Resistance | Conductivity
No. Detail concentration | majority charge (in mho cm™?)
carrier

1. Pure ZnO | 4.32 x 10* cm® n-type 1.06 MQ 432 x 103

2. Ag-ZnO -- -- 1.86 KQ 9.00 x 10*
(8%)

3. Ag-ZnO | 2.28 x 10® cm’® p-type 536 Q 1.71 x 102
(15%)

4, Ag-ZnO | 511 x 10t cm™ p-type 0.18Q 418 x 10*
(40%)

For the confirmation of the semiconducting behaviour of NCs thin films, Hall
measurements setup (ECOPIA Hall probe system) was applied at room temperature. Pure
ZnO thin film showed the n-type conductivity with carrier concentration of about
4.32x10'* cm. While Ag doped ZnO showed the p-type conductivity because of Ag
incorporation in ZnO matrix because of the Ag is good candidate for the occupation of Zn
substitutional (Agz,) and interstitial (Agi). Theoretically, Ag has shallow acceptor level
and lowest transition energy as well as less formation energy for Agzn in comparison of
Agi. These properties of the Ag acknowledge to presenting good element in comparison
of Cu and Au for p-type doping in ZnO [189-191]. The carrier concentration of the NCs
thin film is tabulated in Table 5.3.

5.3. Synthesis of Ag-ZnO nano-composite thin films using negative ion

implantations technique

5.3.1. Experimental details

Deposition parameters
ZnO target (2 inch diameter and 3 mm thickness) from the ZnO powder (Merck) using

hydraulic press machine (HYCON Hydraulic engineers and consultants, New Delhi) for
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the film deposition by RF-magnetron sputtering. A tubular furnace was used for the
prepared ZnO target sintering at the temperature 1200 °C for the duration of 24 hours.
The continuous flow of oxygen gas was kept during target sintering in the furnace.
Sputtering was performed in the presence of argon gas and synthesized ZnO thin film
with the thickness of ~ 500 nm. The rotary pump was used for achieving the rough
vacuum and it is coupled with the turbo-molecular pump for obtaining the high vacuum
in the sputtering chamber. The initial vacuum in the deposition chamber before the
deposition was 5x10° mbar and it decreased when introducing the argon gas in the
chamber and measured 3x102 mbar pressure during the film deposition. The deposition
was performed at room temperature for 30 minutes at the RF power was ~150 watts. The
target to substrate distance ~ 4 cm and self-bias voltage of the sputtering unit was 250-
300 volt during the deposition.

Implantation parameters

After the film deposition, all the samples were mounted in the implantation chamber for
the implantation. 120 keV Ag ion beam was used for the ion implantation in ZnO thin
film using negative ion implantation facility at IUAC, New Delhi. The value of Sn and Se
are calculated by SRIM and found to be 2.54x10? eV/A and 2.71x10* eV/A respectively
with the range of ~ 424 A in ZnO material. The Ag ion beam scanned over the complete
sample area (1x1 cm?) with five different implantation dose 3x10%4, 1x10%°, 3x10%,
1x10% and 3x10%® jons/cm?. The constant beam current ~ 1.1 uA was stable during Ag

ion implantation.

5.3.2. Results and discussion

5.3.2.1. Rutherford backscattering spectroscopy
Rutherford backscattering spectroscopy (RBS) is the efficient technique to estimate the
thickness and compositional parameter of the materials. RBS spectrum and depth profile

of Ag implanted ZnO films (at higher fluence 3x10' ions/cm?) are shown in Figure 5.7
(a-d).
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Figure 5.7 (a) RBS spectra of the Ag implanted ZnO thin film (b) Depth profile of Ag
implanted ZnO thin film and (c) Depth distribution curve of Ag ion implanted in ZnO thin
film estimated by SRIM-TRIM simulation (d) Enlarge view shows the experimental
distribution of Ag ions by RBS.

The experimental RBS spectra was simulated by Rutherford Universal
Manipulation Program (RUMP) [192] as shown in Figure 5.7 (a). The thickness and
presence of Ag at the surface of the ZnO film have been estimated by the simulated
spectra. The thickness of the film has been estimated and found to be ~ 500 nm. The
potential sputtering near to the surface take place during the ion implantation and could
be responsible for a variation in the thickness [193]. The presence and asymmetric
distribution of Ag ions at the surface of the ZnO film have been observed by depth profile
curve (Figure 5.7 (d)). The depth profile of Ag implanted films showed that, the
stoichiometry of the film is affected by Ag ions implantation close to the surface region.
Furthermore, theoretical distribution of 20000 Ag ions (Figure 5.7 (e)) in ZnO film was
calculated by the SRIM-TRIM simulation program [194]. The experimental distribution
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of Ag in ZnO matrix is supported by the simulated depth profile of Ag implanted ZnO
film (Figure 5.7 (b)). The marginal difference between simulated and experimental Ag
distribution may be subjected to the energy deposition by incident ions which leads to the

preferential sputtering as well as high dynamic annealing near the surface.

5.3.2.2. XRD analysis

Figure 5.8 (a) shows the X-ray diffraction (XRD) pattern for pure ZnO and 120 keV Ag
Implanted ZnO thin films at different implantation doses from 3x10% to 3x10'° ions/cm?.
Pure ZnO film shows the crystalline nature and indicates the hexagonal wurtzite structure
with (100), (002), (101), (102), and (110) reflection planes which appear at the diffraction
angle 31.7°, 34.2°, 36.2°, 47.4°, and 57.1° respectively (JCPDS Card No. 89-1397). At
the higher implantation dose, all other planes are disappeared except one plane (002),
which indicates the monocrystalline nature of the ZnO thin film with higher crystallinity.
Grain growth along the c-axis with Ag ion implantation has been clearly observed by the

spectra which can be useful for device fabrication.
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Figure 5.8 (a) X-ray diffraction pattern of the pure ZnO and 120 keV Ag implanted thin
film with different dose (b) Variation in crystallite size and lattice strain with

implantation dose.

Lattice strain of the film releases with the Ag ion implantation clearly mentioned
in Figure 5.8 (b) and it is responsible for the growth of the film in c-axis. Basic crystal

theory suggests that, (002) plane has the lowest surface energy for easy growth along this
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plane for the ZnO. Lattice strain for the pure and Ag implanted ZnO films are calculated
using Equation 3.7 [195]. The lattice strain of the film decreases with increasing the
implantation dose. The crystallite size of the pure ZnO film has been calculated and
found to be ~ 10.6 nm and it marginally increases up to 13.0 nm with Ag ion implantation
at higher dose 3x10% ions/cm?. The crystalline behavior of the film improves with Ag

ion implantation due to realizing of strain at higher implantation dose.

5.3.2.3. UV-visible absorption spectroscopy

Figure 5.9 shows UV—Visible transmittance spectra of pure ZnO and Ag implanted ZnO
thin films. The range of spectrum is taken from 350 to 750 nm (visible range of
electromagnetic spectrum) during the characterization. The transmittance of the film
significantly decreases with Ag ion implantation. The value of transmittance is decreased
from ~ 80% to ~ 40 % for pure and Ag implanted ZnO thin film at higher dose 3x10%
ions/cm? calculated at ~ 550 nm. This decrement in the transmittance may be attributed

due to charge carrier density as well defects creation during Ag ion implantation in the
ZnO film.
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Figure 5.9 (a) UV-visible transmittance spectra of the pure ZnO and 120 keV Ag
implanted ZnO thin film with different dose (b) Variation in band gap of the pure and
implanted ZnO thin films.
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Surface morphology of the films also play the major role for change in optical
properties of the film which is further investigated by atomic force microscopy. The band
gap of pure and Ag implanted ZnO thin film has been determined using Tauc’s Equation
3.9 [196]. ZnO has direct band gap material, so the value of n for this case is taken 2 for
calculating the band gap of the film. There is no significant change observed in optical
band gap of pure and Ag implanted ZnO thin film at the higher implantation dose shown
in Figure 5.9 (b).

5.3.2.4. Atomic force microscopy

To observe the surface features of pure and Ag implanted ZnO thin films have been
characterized by AFM in tapping mode. Figure 5.10 shows the 2-D AFM micrograph
(1x1 um?) with different implantation dose ranging from 3x10%* to 3x10'° ions/cm?. The
very well inter-connected grains on the top of the surface of the film are clearly observed
by AFM images. The grain size of pure ZnO film is calculated by Nano-scope image

processing software and found to be ~ 25.28 nm.
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Figure 5.10. 3-D AFM micrographs of as-deposited and 120 keV Ag implanted ZnO thin
film with different implantation dose.
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The grain size of the film increased with increasing the implantation dose and it
reached up to ~ 47.51 nm at the higher implantation dose (3x10% ions/cm?). The
relaxation of the strain with in crystal lattice and appearance of the high density of defects
have been found due to interaction of low energy (120 keV) Ag ions with ZnO films and
also high dynamic annealing near the surface region. Therefore, the formation of defects
clusters accumulated at the surface and lead to agglomeration of the grains [197]. The
grain size has been increased with implantation dose as confirmed by AFM and XRD.
The grain size of film is larger in comparison to crystallite size as calculated by AFM,
because AFM shows the agglomeration of grains however the XRD shows average
crystallize size. The root-mean-square roughness (Rrms) of pure and Ag implanted ZnO

thin films have been estimated by Equation 4.1.
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Figure 5.11 Variation in roughness and gain size of the pure and 120 keV Ag implanted

ZnO thin film with different implantation dose.

The roughness of pure ZnO thin film has been calculated by relation and found to
be ~ 6.2 nm. The increment in the roughness values has been observed with increasing
the implantation dose. The roughness of the Ag implanted ZnO thin film at higher
implantation dose (3x10'® ions/cm?) has been found to be ~ 13.3 nm. During ion
implantation, potential sputtering take place near the surface of ZnO film due to high

density of collision cascades induced by 120 keV Ag ions, which could be responsible for
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higher surface roughness [198]. Figure 5.11 shows the variation in the grain size and

roughness of the pure and Ag implanted ZnO thin films with different implantation dose.

5.3.2.5. Micro-Raman spectroscopy
For the case of ZnO (hexagonal wurtzite structure) space group associated with CZ,
symmetry. According to basic group theory, ZnO has eight set of phonon normal modes

as 2A; + 2E1 + 2B1 + 2E» with Az + E1 acoustic modes and remain six modes Ax + E1 +
2B + 2E; are optical phonon modes at I point of the Brillouin zone [199]. Raman spectra

for pure and Ag implanted ZnO thin films are shown in Figure 5.12.
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Figure 5.12 Raman spectra of the pure ZnO and 120 keV Ag implanted ZnO thin film

with different implantation dose.

The typical spectra shows three bands at 580 cm™, 438 cm™ and 274 cm for pure
and implanted ZnO thin films. The sharp and highly intense band at 580 cm™ is assigned
to A1 (LO) mode, which is good agreement with theoretical results. The other bands 438

cm™and 274 cm™ are associated with the E2 (high) mode and B; (high) — B2 (low) mode

97



respectively. The presence of E; (high) mode in the spectra of pure ZnO thin film
confirmed the formation of the wurtzite structure. The E2 (high) mode as well B1 (high) —
B2 (low) disappears with Ag ion implantation but A; (LO) mode is not much affected at
the lower implantation dose up to 3x10™ ions/cm?. At the higher implantation dose
(1x10%® and 3x10% ions/cm?), the intensity of the A; (LO) mode decreases and observed
a red shift in its position due to Ag ion implantation. The observed red shift in A; (LO)
mode may be due to Ag incorporation in the ZnO matrix during implantation. The
structural lattice strain of the film also responsible for observed red shift because films
releasing their strain with Ag ion implantation as confirmed by X-ray diffraction pattern.
A complete disappearance of the E> high mode has been found at the higher implanted
dose indicating the Ag incorporation, which is responsible for lower crystallinity and
defect creation in the ZnO matrix.

5.2.3.6. X-ray photoelectron spectroscopy

The presence of species and surface structure of the pure and 120 keV Ag implanted ZnO
(at higher dose) thin film have been investigated by XPS analysis and obtained results are
shown in Figure 5.13. In the case of pure ZnO, high-resolution spectra of Zn 2p region
exhibits 2ps2 and 2py» states at the position of ~ 1022.70 eV and ~ 1045.85 eV. Oxygen
shows the asymmetric behavior with two type of oxygen group. First oxygen group is
associated with the Zn-O bonding, while second group confirms the existence of
hydroxyl group at the binding energy of ~ 530.57 eV and ~ 531.96 eV respectively. The
existence of Ag is confirmed by the peak observed in the survey scan (for the implanted
film), therefore high-resolution XPS spectrum of Ag has been recorded and displayed in
Figure 5.13. The binding energies of Ag (3ds2) and Ag (3dz) are ~ 374.06 eV and ~
368.05 eV, respectively. The energy splitting of 3d doublet is ~ 6 eV. This energy
splitting reveals the metallic nature of Ag at the surface of ZnO film. The core spectrum
of Ag is further deconvoluted to identify the interaction of Ag with ZnO and observed the
lesser contribution of Ag.-O and Ag-Zn-O components in addition to metallic Ag. The
existence of hydroxyl group in pure and implanted film is subjected to surface defects or
belongs to oxygen deficient region/loosely bound oxygen on the surface [200]. The area

of peak associated with hydroxyl group found higher with lesser intensity in the case of
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an implanted film, which attributed to the creation of defects in the film during
implantation. The decrement in intensity has been observed in core spectra of the Zn and
O, which confirms the change in stoichiometry at the surface of the film and it is also

supported by RBS
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Figure 5.13 XPS spectra of the pure ZnO and Ag implanted ZnO nanocomposite thin film
at the dose 3x10%® ions/cm?.

5.4. Summary

Ag-ZnO nanocomposite thin films have been synthesized by two different approaches;
RF-magnetron sputtering and Ag ion implantation. To obtain higher concentration of the
metal in ZnO matrix, RF- sputtering is more efficient technique. Three different metal
concentration (8%, 15% and 40%) with ZnO matrix have been synthesized and then
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characterized by different characterization tools to understand the structural, optical and
electrical nature of the films. structural and morphological features of the pure and
composite films have been observed by the XRD and SEM. In this case, very good
electrical enhancement was found for the higher Ag doping. The nature off the film has
been transform from n-type to p-type with enhanced conductivity confirmed by Hall
measurement. In another approach, Ag ion implantation was used to synthesize Ag
nanoparticles in ZnO matrix. 120 keV Ag ion beam has been used for Ag ion
implantation with different implantation dose. X-ray diffraction spectra revealed the
formation of hexagonal structure with good crystallinity along c-axis. The charge carrier
density has been effected by the Ag ion implantation which directly influenced to
transmittance of the film. The lattice strain and transmittance of the film decrease with
implantation and leads the crystalline behaviour of the film. These type of nanocomposite

film may be useful in different application in device and sensing area.
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Chapter 6

SHI and Thermally Induced
Modifications of Ag-ZnO Nano-
composite Thin Films

Kln this chapter, thermal and SHI irradiation inducedx

modifications in Ag-ZnO nanocomposite thin films have
been studied. 100 MeV Ag ion beam is used for
irradiation with three different fluences. As deposited
films have been annealed in vacuum environment at
three temperatures of 300 °C, 400 °C and 500 °C.

Tuning of surface plasmon band by irradiation as well as

K‘chermal treatment has been observed. j
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6.1. Introduction

The functional nanomaterial with potential technological applications is the prominent
field for researcher and scientist community in the present scenario. Ag-ZnO
nanocomposite provides the diverse application in the fabrication of optoelectronic
devices as silver nanocomposite shows better optical properties in the visible range of
electromagnetic spectrum. The photo-catalytic activity of ZnO is also effected by the
presence of silver nanoparticles. In the photo-absorption process, the silver nanoparticle
can trap the charge carrier and these charge carriers are responsible for restriction of the
charge recombination process [201-204]. The thin film of Ag-ZnO NCs exhibits the
various optical and structural properties which can directly controlled by silver dopant,
thermal annealing and ion beam treatment [205,206]. Swift heavy ion irradiation
technique is mostly used to modify or enhance the properties of several materials [207—
209]. When energetic ions are incident on the target material, they transfer a large amount
of energy and produces a high density of electronic excitation along ion path in the
narrow cylindrical zone. This high amount of deposited energy leads to the high density
of defects in the target material, due to the heating effect along the ion path [210]. These
defects and a large amount of energy in the target material are responsible for the
structural and optical modifications by SHI irradiation. The thermal annealing is also
advantageous process to tune the optical and structural properties of film after the
deposition. At the same time, annealing environment is also play the major role to
enhance the properties of the films [211,212].

In this study, investigation on the 100 MeV Ag’* ions beam induced structural
and optical modifications of Ag-ZnO nanocomposite thin films which were prepared by
RF magnetron sputtering and irradiated at different fluences. In the subsequent section,
Ag-ZnO NCs thin films have been synthesized by RF-magnetron sputtering and then
annealed in the vacuum environment (of the order of 102) to prevent the oxidation of Ag
nanoparticles at three different annealing temperatures of 300 °C, 400 °C and 500 °C. The
modifications produced due to SHI irradiation and thermal annealing are compared using

different characterization technique.

6.2. SHI irradiation studies of nano-composites thin films

102



6.2.1. Experimental details

Deposition parameters

Ag-ZnO nanocomposite thin films of thickness ~ 55 nm were deposited on glass and Si
substrates by the RF sputtering technique. ZnO target was prepared from ZnO powder
(Alfa Aesar, 99.9 %) using hydraulic press machine and was sintered at 1200 ‘C in the
tube furnace for 24 hours in the presence of oxygen gas. Small pieces of silver (Imm
thick) were glued on the ZnO target (3 mm thickness, 2-inch diameter) at a different
position during deposition. The pressure in the sputtering chamber was 10° Torr before
introducing the argon gas into the chamber, achieved by turbo molecular pump which
was coupled with the rotary pump in the sputtering unit. The deposition was performed at
a pressure 5 x 102 Torr with the presence of argon gas (grade-1) in the sputtering
chamber. The target to substrate distance was calculated before deposition and found to
be ~ 4 cm. The substrate temperature was ~ 300°C, which was measured by thermocouple
gauge and controlled using a feed-back controlled heater. The deposition was performed
for 30-40 minutes with RF power at 150 watts and the self-bias voltage at 250-300 volt
measured by sputtering unit.

Irradiation parameters

Ag-ZnO NCs thin films were irradiated with 100 MeV Ag’* ion beam by using 15 UD
pelletron accelerator facility at IUAC, New Delhi. The ion beam is scanned over the area

1x1 cm?with three different fluences at 3x10%2, 1x10'3 and 3x10%3 ions/cm?.

6.2.2. Results and discussion

6.2.2.1. Rutherford backscattering spectroscopy

Figure 6.1 shows the RBS spectrum of pristine Ag-ZnO nanocomposite (NCs) thin film
on Si substrate. To estimate the metal atomic fraction and thickness of thin film, the
obtained experimental RBS spectrum of the film was simulated by SIMNRA program
and fitted as showing in Figure 6.1. The Ag atomic fraction was calculated to be ~ 8.0
at.%, and thickness of pristine Ag-ZnO nanocomposite thin film was ~ 55 nm which was
observed by SIMNRA simulation program [213]. To understand the modifications of Ag-
ZnO nanocomposite thin films due to 100 MeV Ag’* ion irradiatio, it is necessary to find

out the dynamics of ion interaction into the nanocomposite thin film. When swift heavy
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ions (SHI) traverse through the target material, it interact with the electron as well nuclei
of the target material and loose huge amount of energy in two different ways: (a) direct
transfer of energy to target atoms by elastic collisions, termed as nuclear energy 10ss (Sn)
and (b) transfer of energy of incoming ions to the electrons of target atoms, termed as
electronic energy loss (Se). Large amount of energy deposited by incident ions is
responsible for the atomic displacement along the beam path and explained by two
different models; Coulomb spike model (CSM) and Thermal spike model (TSM). When
100 MeV Ag’* ions pass through the nanocomposite thin film, they loss their energy by
creating electronic excitation as well as ionization of the atom of the target material by an
inelastic collision between the incident ion and target electrons. Localized defects and
disordered region created by electronic excitation during SHI irradiation are responsible
for modifications in the lattice structure, optical properties and structural properties of the
target material. In this study, the value of Electronic energy loss (Se) ~ 20.39 keV/nm and
nuclear energy loss (Sn) ~ 0.122 keV/nm for 100 MeV Ag’* with ion range in target
material is 20.15 pm, calculated by stopping and range of ions in matter (SRIM) software
[37]. Electronic and nuclear energy loss depend on incident ion energy, in low energy
region nuclear energy loss (Sn) is dominant and another side in high energy region,
electronic energy loss (Se) is dominant, which can clearly be seen in Figure 6.2. In
present work, 100 MeV energy is taken for irradiation of nanocomposite films as for high
energy region electronic energy loss will be dominant and responsible for modifications

which are shown in Figure 6.2 by a vertical dashed line.
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Figure 6.1 Rutherford backscattering spectrum (RBS) of Ag-ZnO nanocomposite thin
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Figure 6.2 The nuclear and electronic energy losses of 100 MeV Ag’* ions as the

function of incident ion energy.

6.2.2.2. X-ray diffraction analysis
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The structural modifications of pristine and irradiated Ag-ZnO thin films at different
fluences have been analyzed using XRD technique and XRD patterns are shown in
Figure 6.3. It is clear that the pristine Ag-ZnO thin film crystallizes in hexagonal
wurtzite phase with lattice planes (100), (002), and (101) at 31.34° 34.12° and 35.95°
respectively. The indexing of XRD pattern was done in accordance with the JCPDS card
no. 89-1397. Crystallite plane spacing (d) for pristine and irradiated thin film have been
estimated using Bragg’s formula described in Equation 3.5. The crystalline plane
spacing (d) is calculated for the (002) plane with first order diffraction (n=1). The value
of lattice constants have been calculated by using crystal structural formula for hexagonal

wurtzite structure which described in this form [214]:

1 4 (h2+hk+k2) 12
— = (——
dhrr 3

+ = (6.1)

a2

Where h, k, | shows the Miller indices for the thin film, d is the interplanar spacing and a,
c are the lattice constant. Lattice parameter and d spacing for the pristine and irradiated
thin film are tabulated in Table 6.1. Stress in the pristine and irradiated thin film is also

evaluated by using the relation [215];

c—c’

o = 233 || [GPa] (6.2)

o
Symbols have their usual meaning in above formula, ¢ is the stress for the sample and c,
¢’ are the lattice constant for the Ag-ZnO composite thin film and strain free lattice
constant for pure ZnO respectively. Stress variation of the pristine and irradiated thin film
has been shown in Figure 6.4 (inset) and summarized in Table 6.1. The presence of Ag
in pristine and irradiated thin films was also confirmed by the peak obtained at 38.23°
with (111) plane [JCPDS card no. 87-0720]. The crystallite size was determined by using
the Scherrer’s formula (Equation 3.6).
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Figure 6.3 XRD spectra of pristine and irradiated films at three different fluences.

Figure 6.4 shows the variation in crystallite size of the pristine and irradiated thin
films with different ion fluences which was calculated from the X-ray diffraction pattern
and summarized in Table 6.1. The changes in the crystallite size revealed that the
crystalline behavior of nanocomposite film improves with ion irradiation at lower
fluence, but crystallinity is decreased at higher fluence. The crystallinity of the films is
effected by ion irradiation at different fluences which are related to the lattice strain
between the grains of the nanocomposite thin film. The lattice strain releases between the
grains at the lower fluence and it is responsible for the improvement in the crystalline
behaviour of the film. But when irradiation fluence increases, more number of incident
ions interact with the film attributed to the disordering inside the large grains due to
overlapping of the ion tracks [216].

107



Figure 6.4 Crystallite size of pristine and 100 MeV Ag’™" irradiated thin film.
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Table 6.1 Lattice parameters, crystallite size and stress of the pristine and irradiated thin

films estimated by X-ray diffraction spectra.

Fluence | d spacing (A) Lattice Lattice c/a Crystallite | Stress
(ions/cm?) (for 002) constant ‘a’ | constant ‘c’ | ratio size (nm) c

(A) (A) (GPa)

Pristine 2.601 3.249+£0.002 | 5.202 +£0.002 | 1.601 | 13.51+0.81 | +0.14

3x10%? 2.604 3.252+£0.001 | 5.208 £+ 0.001 | 1.602 | 14.66 +0.60 | -0.13

1x10%3 2.605 3.248 £ 0.002 | 5.210+0.002 | 1.604 | 12.65+0.72 | -0.22

3x10%% 2.602 3.256 £ 0.003 | 5.204 £ 0.003 | 1.598 | 11.68 £1.08 | +0.04

6.2.2.3. UV-visible absorption spectroscopy

To study the optical modifications of pristine and 100 MeV Ag ion beam irradiated Ag-

ZnO nanocomposite thin films, UV-visible absorption spectroscopy measurements were

done. Figure 6.5 shows the optical absorption spectra of pristine and irradiated thin films.
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For pristine Ag-ZnO thin film, a broad SPR peak was observed at ~ 475 nm, when
fluence is increased up to 3x10'? ions/cm?, SPR peak is shifted (~30 nm) towards the
lower wavelength (blue shift) and found at 445 nm. The intensity of the SPR peak for the
3x10'? ions/cm? fluence is also found to be decreased in comparison to pristine film, and
it is disappeared on further increasing the fluence. This shift and decreased intensity may
be the result of the reduction of metal particle size with irradiation fluence [217] and also
effected by the modifications in the ZnO matrix during SHI irradiation. During the high
energy ion irradiation, the electronic energy loss is more dominant, so a large amount of
energy transfer from an incident ion to target material which creates the high temperature
zone along the incident ion path according to thermal spike model and this high
temperature leads the melting of material along the ion path and responsible for the
optical modifications in Ag-ZnO nanocomposite thin film by ion irradiation.
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Figure 6.5 UV- visible absorption spectra of pristine and 100 MeV Ag’* irradiated films.

Figure 6.6 shows the graph between (ahv)? and hv to measure the optical band
gap. The optical band gap of Ag-ZnO nanocomposite thin films was calculated by Tau’c
relation described in Equation 3.9 [134]. The optical band gap for pristine Ag-ZnO
nanocomposite thin film was observed ~3.19 eV and it is decreased up to 3.15 eV, with

increasing fluence at 3x10% ions/cm?. The variation in the optical band gap at different
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fluences is summarized in Table 6.2 under the limit of this method of calculating band

gap, so this is not appreciable.
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Figure 6.6 Band gap variation of pristine and irradiated films, calculated by Tauc'’s
relation.

Table 6.2 Band gap, roughness and grain size of pristine and irradiated thin films.

SI. No. | Fluence (ions/cm?) | Band gap (eV) | Roughness (nm) | Grain size (nm)
1. Pristine 3.19+0.01 11.9 52.53 £ 0.06
2. 3x10%? 3.16 +£0.01 14.6 72.31 +0.08
3. 1x10%3 3.14+0.01 9.6 38.19 +£0.05
4, 3x10%" 3.15+0.01 9.2 36.15+0.11

6.2.2.4. Atomic force microscopy

Figure 6.7 shows the 2D AFM images of pristine and 100 MeV Ag irradiated Ag-ZnO
nanocomposite thin film. The measured root-mean-square roughness (Rrms) of the pristine
film was ~ 11.91 nm and it increased to ~ 14.61 nm in the films irradiated with fluence of
3x10% ions/cm?. With further increase in the fluence, the roughness was decreased to ~
9.27 nm for the fluence of 3x10% ions/cm?. The roughness variation with incident ion

fluences is described in Table 6.2. The Rims roughness of pristine and irradiated films is

110




calculated by the Equation 4.1. The increase in the surface roughness and then further
decrease with increase in irradiation dose is a result of rapid annealing due to high
energetic ions. The average size of the surface grains were also calculated by AFM
micrographs and assuming nearly spherical grains distributed on the surface of the
pristine and irradiated thin film. The calculated grain size for the pristine film is 52.53 +
0.06 nm and it increases at the fluence 3x10*2 ions/cm? but further increase the fluence,
the grain size is decrease and found to be 36.15 + 0.11 nm for 3x10'® ions/cm? fluence.
The variation of grain size with irradiation fluence are summarized in Table 6.2. In the
case of high energy SHI irradiation, the density of electronic excitation induced through
the target material and it is responsible for the change in surface morphology of film at
different ion fluences. Diffusion and fragmentation process between the target atoms with
in irradiation zones during SHI Irradiation are responsible for the grain size distribution.
Variation in grain size with irradiation calculated by AFM images is supported to XRD
data.
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Figure 6.7 AFM micrographs (2D) of pristine and irradiated Ag-ZnO nanocomposite

thin films.
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6.2.2.5. Micro-Raman spectroscopy

The hexagonal wurtzite ZnO structure associated to C*, space group with two formula
units per primitive cell and it have A1+2E>+E1 Raman active phonon modes according to
the group theory, where all atoms occupy Cs, sites. The Raman spectra of pristine and
100 MeV Ag ion beam irradiated Ag-ZnO nanocomposite thin films at three different
fluences 3x10'?, 1x10*3, and 3x10'3 ions/cm? are shown in Figure 6.8. The spectra depict
that no sharp band exists in the pristine film, but when films were irradiated at lower
fluence, the intensity of E> high mode starts increasing in comparison to pristine film.
This increased intensity describes the improvement in the crystallinity at lower fluences.
With further increased fluences, the E> band is completely disappeared, and the intensity
of A1 (LO) mode is increased very sharply. This improvement in the A1 (LO) mode
intensity and disappearance of E; band at the higher fluence in the nanocomposite thin
film are attributed to the density of defects such the creation of oxygen vacancies due to
SHI irradiation [218].
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Figure 6.8 Raman spectra of pristine and irradiated films at different fluences.

6.2.2.6. Photo-luminescence measurement
Figure 6.9 shows the PL spectra for pristine and 100 MeV Ag’* ion irradiated Ag-ZnO

nanocomposite thin films at room temperature with an excitation wavelength of 325 nm
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He-Cd laser. The spectra of pristine and irradiated thin films mainly consist of four
emission bands at 377, 420, 445 and 467 nm respectively. A sharp peak observed at 377
nm is attributed to near band emission (NBE) and band to band transition. This may be
due to deep-level defects such as zinc interstitials or oxygen vacancies in Ag-ZnO NCs
thin film [52]. The peak at 445 nm is assigned to the transition of electrons from Zn
interstitial to accepter energy level of Zn valency and another peak at 467 nm is ascribed
to the oxygen vacancies in the ZnO thin film [219,220]. The interface of the grain
boundaries of Ag and ZnO grains prevent the radiative defects at the grain boundaries as
confirmed by blue emission at 420 nm [221]. The defects formation during ion irradiation

could be understand on the basis of interaction between incident ion and target material.
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Figure 6.9 PL spectra of pristine and irradiated films at different fluences.

6.2.2.7. X-ray photo-electron spectroscopy

To determine the different component and oxidation states of Ag-ZnO nanocomposite
thin film, XPS studies of the pristine film were carried out. The spectra is given in the
Figure 6.10 where Figure 6.10 (a) shows the full scan spectra while Figure 6.10 (b-d)
show the core shell spectra corresponding to the Zn 2p, O 1s and Ag 3d state of the
elements. The position of peaks were matched with the standard database and it indicated

the presence of Zn, O and Ag elements in the specimen. The short scan of Zn 2p region
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exhibited Zn?* state with binding energy ~ 1023.26 eV and ~ 1046.37 eV for 2ps;, and
2p1/2 States respectively. The short scan for O 1s exhibited asymmetric behaviour which
was contribution of two types of oxygen groups. The first peak which located at lower
binding energy (~531.23 eV) was attributed to Zn-O bonding and other peak (~532.87
eV) was related to hydroxyl group which is resulted due to surface defects. Presence of
this group are advantageous in photocatalytic behaviour and play a significant role for
preventing the electron-hole recombination process [222]. Figure 6.10 (d) indicates the
splitting of Ag (3ds2) and Ag (3ds2) were clearly seen at ~ 374.67 eV and ~ 368.61 eV,
respectively. The spectrum was further deconvoluted to estimate a smaller contribution
from Ag2-O and Ag-Zn-O components in addition to the metallic Ag. The concentration
of the Ag in ZnO matrix also calculated form the spectra and found to be ~ 8% which

was in good agreement with the RBS results.
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Figure 6.10 XPS spectra of Ag-ZnO nanocomposite thin film (Survey as well as core

spectra of Zn, O and Ag).
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6.3. Thermal annealing studies of nano-composites thin films

6.3.1. Experimental details

Deposition parameters

A target of pure ZnO (2" dia.) was prepared from the ZnO powder (Merck) with the help
of hydraulic press machine (HYCON, New Delhi). The prepared ZnO target was sintered
in the tubular furnace at the temperature of 1200 °C for 24 hours with continuous flow of
oxygen gas during sintering process. For synthesizing the Ag-ZnO NCs film, one small
piece (1 mm thick) of pure Ag (Sigma Aldrich) was glued on the prepared ZnO target
before the film deposition. The silicon substrates were used for film deposition and clean
with RCA method before the film deposition. The pressure in the sputtering chamber was
recorded 5x10® mbar before inserting the argon gas in the chamber. The vacuum of the
chamber was decreased after introducing the gas and observed 1.5x102 mbar during the
film deposition. The rough vacuum was created by rotary pump and it coupled with
turbo-molecular pump for getting the very high vacuum. The deposition was performed
for 40 minutes at the RF power ~ 60 watts at the room temperature. The thickness of the
film was measured by the quartz crystal monitor and found to be ~ 80 nm at the
deposition rate of 0.2 A/second.

Annealing parameters

After the deposition, the prepared Ag-ZnO NCs films were annealed at three different
temperatures of 300 °C, 400 °C and 500 °C. A rotary pump was attached with tubular
furnace for achieving the vacuum. So the annealing was performed in the vacuum and the

observed value of the vacuum was found to be ~ 1.24x102 mbar during annealing.

6.3.2. Results and discussion

6.3.2.1. X-ray diffraction analysis

The structural behavior and crystalline quality of as-deposited and annealed Ag-ZnO NCs
thin films were investigated by XRD spectroscopy. Figure 6.11 shows the X-ray patterns
of as-deposited and films annealed at 300 °C, 400 °C and 500 °C temperatures. Most
intense Bragg peak was identified at the diffraction angle of 34.19° for as-deposited as

well as annealed films that corresponds to the (002) planes of the hexagonal wurtzite
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structure. There is no evidence of Ag-O and Ag»-O related phases in the pattern.
Importantly, the intensity of the (002) peak increases with increasing the annealing
temperature. Consequently, the FWHM of the films is decreasing with increasing the
annealing temperature. This signifies that the crystalline quality of the films are
significantly improved after the thermal annealing and is responsible for the growth along
the c-axis (002 plane). Moreover, the (002) orientation of the hexagonal wurtzite
structure have small surface energy which results in a higher growth rate, according to the
basic crystal growth theory [223,224]. The presence of single Bragg peak in the pattern
revealed the higher crystallinity of the films. The crystallite size (D) of as-deposited and
annealed films was calculated according to Scherrer’s formula [225] as shown in
Equation 3.6.

The crystallite size was calculated and found to be 13.6 nm for as-deposited film
and increases up to 28.5 nm for annealed film at the annealing temperature 500 °C. The
increment in the crystallite size is the direct evidence of the improved crystalline quality
of the film after the annealing treatment. The various microstructural parameters such as
lattice parameter, dislocation density, stress and lattice strain have been calculated from
the XRD pattern. The lattice parameters for the as-deposited and annealed film were
calculated by using crystal structure formula for hexagonal wurtzite structure of ZnO
which is explained using Equation 3.5 and Equation 6.1.

Table 6.3 summarizes the lattice parameters of as-deposited and annealed films.
In addition, the crystalline nature of the films is affected by dislocation density which
depend on the thermal annealing. To account this, we have estimated the dislocation

density [226] for the as-deposited and annealed films by given relation:

Dislocation density (6) = % (6.3)

A high dislocation density of 5.4 x10% line/m? was observed for as-deposited film
from the above relation (Equation 6.3). On the other hand, a low dislocation density of
1.2 x10% line/m? was found for films after annealing at higher temperature. The value of
dislocation density has been decreased significantly as compared to as-deposited films

which attributed to lower defects and higher crystalline quality of the films. The value of
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lattice strain and stress have been also calculated for as-deposited and annealed film by
Equation 6.2 and Equation 3.7.

The negative sign in the stress indicates the compressive nature for as-deposited
and annealed films because the (002) peak shifted towards larger angle side. The value of
stress has been observed to decrease with increasing the annealing temperature and thus
lead to stress relaxations between grains and overcome the difference of thermal
expansion coefficient between the film and substrates. The strain could be released during
the annealing which supports the higher crystallization of the films as confirmed by
lattice strain calculations. All discussed micro-structural parameters have been calculated

for as-deposited and annealed films and summarized in Table 6.3.
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Figure 6.11 X-ray spectra of as-deposited and annealed Ag-ZnO NCs thin film at three
different temperatures of 300 °C, 400 °C and 500 °C.
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Table 6.3 Structural parameters of as-deposited and annealed Ag-ZnO NCs thin films.

Sample | 26 | Lattice parameter d- Crystallite | Disloca | Lattice | Stress
detail | (degre | a(A) |c(A) | spacing size tion strain | (GPa)
e) (A) (nm) density %

Asdep. | 34.19 | 3.0253 | 5.2398 | 2.6199 13.6 5.4 0.86 -1.79
300 °C | 34.32 | 3.0131 | 5.2186 | 2.6093 24.9 1.6 0.47 -0.84
400 °C | 34.33 | 3.0120 | 5.2168 | 2.6084 27.7 1.3 0.43 -0.75
500 °C | 34.36 | 3.0099 | 5.2132 | 2.6066 28.5 1.2 0.41 -0.59

6.3.2.2. UV-visible spectroscopy

The optical modifications in as-deposited and annealed Ag-ZnO NCs thin film have been
carried out by UV-visible spectroscopy in reflectance mode. The variation in reflectance
has been observed with thermal annealing at different temperatures of 300 °C, 400 °C
and 500 °C.

=—0== 35 deposited Ag-ZnO

L, =—o=—2300°C [

—ty 400 °C 565 n' :
1

Ik —v— 500 °C

Absorbance (a.u.)

400 450 500 550 600 650 700
Wavelenght (nm)
Figure 6.12 UV-visible spectroscopy of the as-deposited and annealed Ag-ZnO thin

films.

A very large deep region was found in reflection spectra which could be related to the

absorbance of the nanoparticles in the wavelength range between 450 nm and 650 nm.
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Therefore, the absorbance of as-deposited and annealed film have been calculated from
the reflectance data and is shown in Figure 6.12.

A well-defined strong absorption resonance (SPR) band has been observed both in
as-deposited as well as in the annealed films. The position of SPR band was found at ~
565 nm for as-deposited film and 565 nm, 576 nm and 587 nm for the films annealed at
300 °C, 400 °C and 500 °C respectively. The prominent red shift of ~ 22 nm has been
observed in the SPR band with the thermal annealing as applied in this study. The
observed red shift in SPR could be linked with the growth of the nanoparticles during the
thermal annealing. As the annealing temperature increases, the crystalline quality of ZnO
films have improved significantly and explains the SPR shifting in the films after
annealing. The SPR frequency of the nanoparticles depends on many factors such as size
and shape of nanoparticles, spatial distribution and nature of the surrounding medium.
The local refractive index of the medium is very sensitive for the shifting in SPR
frequency of the nanoparticles. Furthermore, to study the effect of refractive index on the
SPR shifting, the refractive index and other optical parameters have been calculated by
the following relations [227]:

1+ VR
n= VR (6.4)

1- VR
B 4R k2+(1+R) B k_a/l 6.5
T ja-R? 1-r) " T g (65)

In above relations (6.4 and 6.5), n is the refractive index, R is the reflectance, k is
the extinction coefficient and o is the absorption coefficient of the film. The value of
refractive index has been increases from 2.16 to 2.42 with increasing the annealing
temperature. The extinction coefficient was calculated for as-deposited and annealed
films and is tabulated in Table 6.4. The dielectric constant and absorbance of the films
were calculated using given relations [228]:

g = n? — k?(real part) + nk* (imaginary part) (6.6)

119



2.303
@= =" A (6.7)

The real and imaginary part of the dielectric constant has been calculated for as-
deposited and annealed films for the wavelength same at SPR band from Equation (6.6).
The dielectric constant of the film increases with annealing temperature. The optical band
gap of the as-deposited and annealed film Ag-ZnO films has been calculated by Tauc’s
relation Equation 3.9.

Generally, the band gap of pure ZnO thin film is reported ~ 3.30 eV, while in the
present study, the band was found to be ~ 3.17 eV due to Ag incorporation in the host
ZnO matrix (shown in Figure 6.13).
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Figure 6.13 Band gap variation of the as-deposited and annealed Ag-ZnQO thin films at

different temperatures.

The value of band gap decreases up to ~ 3.12 eV at higher annealing temperature
and might be attributed to an increase in the metal/oxygen ratio with lower defects
density after the thermal annealing process. Such results are also supported by XRD
analysis. At the same time, FWHM of the bands decreases with increasing annealing
temperature and yields a remarkable red shift (~22 nm) in the SPR band. The perfect
Gaussian shape of the band revealed the homogeneity, particularly the shape of

nanoparticles in the ZnO matrix which will further supported by TEM particles size
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analysis in the upcoming section. Thus, the size/shape of the nanoparticles and local
refractive index of surrounding material might play key role in the SPR tuning. Since, the
thermal annealing as shown in this study could be very effective to control over the
optical properties of the surrounding matrix with a fairly control on the size and shape of
the nanoparticles. This tunable nature in the optical properties of these Ag-ZnO NCs thin
film make them very promising for various plasmonic applications. All calculated optical

parameters are be summarized in Table 6.4.

Table 6.4 Optical parameter with different annealing temperatures.

Sample SPR band Band gap | Refractive Extinction | Dielectric
detail position (1) (Eg) index (n) | coefficient (k) | constant
(1)
As-deposited 565 nm 3.17eV 2.16 0.127 4.78
300 °C 565 nm 3.16 eV 2.17 0.124 4.96
400 °C 576 nm 3.13eV 2.31 0.085 5.52
500 °C 588 nm 3.12eV 2.42 0.081 6.05

6.3.2.3. Atomic force microscopy

The surface features of as-deposited and annealed films have been observed by the atomic
force microscopy (AFM). The characterization was performed in tapping mode. 2-D
figures (1x1 um?) of as-deposited and annealed Ag-ZnO NCs films are shown in Figure
6.14. The homogeneous distribution of the grain on the film surface observed in the
images. The grains are perfectly connected that form the triangular shape. The grain
growth has been observed after the thermal annealing. The grain size was calculated by
AFM micrographs and found to be 60.38 nm for the as-deposited film. After the
annealing treatment at 500 °C, the grain size was increased up to 79.42 nm. The
agglomeration between the grains took place during the annealing process and is
responsible for the grain growth. The grains achieve thermal energy during the annealing

and participate in the agglomeration process.
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Figure 6.14 2D (1x1 um?) AFM micrographs of (a) as-deposited and annealed (b) 300
°C (c) 400 °C (d) 500 °C Ag-ZnO NCs thin films.

Both X-ray analysis and AFM results support the grain growth after the thermal
annealing. The root-mean-square roughness (Rms) of the as-deposited and annealed films
were calculated by Equation 4.1. Interestingly, no significant changes were observed in

the surface roughness of the as-deposited and annealed Ag-ZnO NCs thin film.

Table 6.5 Variation in roughness and grain size with annealing for the Ag-ZnO NCs thin

films.
SI. No. Sample detail Roughness (Rq) Grain size
1 as-deposited 6.44 nm 60.38 nm
2 300 °C 6.57 nm 64.41 nm
3. 400 °C 6.58 nm 69.23 nm
4 500 °C 6.69 nm 79.42 nm
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6.3.2.4. Micro-Raman spectroscopy

The Raman active phonon modes for ZnO wurtzite structure have been observed by the
Raman spectroscopy. According to group theory, there are A1+2E>+E1 modes which are
related to wurtzite ZnO, where all atoms occupy Cs, sites [229,230]. Figure 6.15 shows
the micro-Raman spectra of the as-deposited and annealed Ag-ZnO NCs thin films with

different annealing temperatures of 300 °C, 400 °C and 500 °C.
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Figure 6.15: Raman spectra of as-deposited and annealed Ag-ZnO NCs thin films.

The different Raman peaks are observed in the spectra which are related to
particular bands of ZnO. Raman spectra of as-deposited and annealed Ag-ZnO films
show the different peaks at 239 cm™, 320 cm?, 414 cm™ and 577 cm™. Silicon substrate
peak was detected at 523 cm™ with higher intensity in as-deposited and annealed films.
The first two peak are related to the second order modes of ZnO. The E> (high mode) has
been observed only in annealed Ag-ZnO films at 414 cm™ and another sharp peak at 577

cm™. These peaks could be assigned to A; (LO) mode of ZnO.
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The intensity of bands was found to be increased with thermal annealing as
confirmed by Raman spectra. The lattice defects and crystalline quality of the film can be
affected by the thermal annealing which support the conclusion drawn from the XRD
results. The intensity of E> (high) and A: (LO) modes of ZnO increased with thermal
annealing. We except that this increment might be due to reduction in oxygen vacancies
and strain relaxation between the grains which directly corroborates the results obtained
by XRD.

6.3.2.5. Transmission electron microscopy

Figure 6.16 shows the TEM micrographs of as-deposited Ag-ZnO NCs thin film. Figure
6.16 (a) shows the top view of the film with continuous distribution of the film over the
substrate. This shows that the as-deposited film is homogeneous in the nature. The
presence of Ag in the form of nanoparticles are clearly seen in the TEM image and
marked in the Figure 6.16 (b).

A

21/nm ==

Figure 6.16 TEM micrographs of as-deposited Ag-ZnO NCs thin film (a) surface image
(b) Ag nanoparticle (c) HRTEM image with d-spacing (d) SAED pattern.
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The size of Ag nanoparticles were measured from the TEM image and found that the
average particle size is about <D> = 8.2 + 0.2 nm. The cross fringes are observed in the
HRTEM image which confirms the formation of NCs with presence of Ag. The d-spacing
was measured to be 2.60 A which corresponding to (002) reflection of the wurtzite
structure of ZnO (shown inset) as can be seen in Figure 6.16 (c). The selected area
electron diffraction pattern (SAED) of the as-deposited film is shown in Figure 6.16 (d).
The presence of clear rings in the SAED pattern has been observed and marked with
corresponding planes in the Figure 6.16 (d) which is the direct confirmation about the
crystallinity of the film. The presence of Ag nanoparticles has been directly confirmed by
the TEM analysis which is in agreement with the XPS results which will be describing in

next section.

6.3.2.6. X-ray photoelectron spectroscopy

The formation of compound and presence of elements have been successfully estimated
by X-ray photoelectron spectroscopy (XPS). The survey scan with high resolution spectra
of each existing elements are displayed in Figure 6.17. The high resolution spectra of Zn
2p region showed two peaks one at energy scale of ~ 1021.82 eV and other one at ~
1044.92 eV These peaks are related to 2ps;z and 2py2 states of Zn 2p respectively. The
presence of oxygen group is also confirmed by the two different peaks appeared in the
core spectra at the binding energies of ~ 530.02 eV and ~ 531.60 eV. The first peak could
be assigned to the first oxygen group which is associated with Zn-O bonding and the
second group is due to the presence of hydroxyl group which might arise because of
defects and impurities present in the as-deposited film. The presence of Ag has been
clearly observed in high resolution spectra of Ag. The Ag 3d doublet scan be clearly
visible in Figure 6.17 (d), centered at binding energies of ~ 373.63 eV and ~ 367.62 eV
for 3ds2 and 3da respectively. Furthermore, the de-convolution of the core spectra of Ag
was studied to observe the nature of interaction between Ag and ZnO. It is found that the
lesser contribution comes from Ag.-O and Ag-Zn-O components therefore the formation
of the nanoparticles is expected which us already shown in TEM analysis. The binding
energy of the Ag 3ds/, peak has been shifted towards the lower energy which is attributed
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to the interaction between Ag and ZnO nanostructures. Therefore, with these evidences
XPS analysis has confirmed the composition and nature of interaction of the various
species in the film. Note that the film contains a number of elements i.e. Zn, O and Ag as

confirmed by these measurements.

(a) Ag-ZnO NCs thin film (b)
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Figure 6.17 XPS spectra of the as-deposited Ag-ZnO NCs thin film (a) survey scan (b)
high resolution spectra of Zn (c) O and (d) Ag.

6.4. Summary
In this chapter, SHI and thermal induced modifications in Ag-ZnO thin films have been
studied in detailed. 100 MeV Ag ion beam has been taken to irradiate the Ag-ZnO
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nanocomposite thin films with three different ion fluences 3x10'?, 1x10% and 3x10%®
ions/cm?. High energy ion induced structural and optical modifications are studied by
different techniques. The surface plasmon band corresponding to Ag nanoparticles has
been observed at the 475 nm for the pristine film. lon-induced SPR tuning has been
observed with ion irradiation. The blue shift (30 nm) in SPR position with marginal
decrement in the band gap have been confirmed by UV-visible absorption spectroscopy.
The crystallinity of the film has been found to be decrease with ion irradiation confirmed
by XRD. Raman spectroscopy was used to study the density of lattice defects which is
found in increasing order with increasing fluence with support of Photo-luminance
spectroscopy. Thermal induced modifications also observed for the Ag-ZnO
nanocomposite thin films. Thin films have been annealed in vacuum environment at three
different temperature of 300 C, 400 C and 500 C. The formation of the composite was
confirmed by XPS and TEM analysis with significant evidence with the presence of Ag
nanoparticles. The size of Ag nanoparticle has been calculated and found to be 8.2 nm. A
very intense SPR band of Ag nanoparticles has been recorded at 565 nm for as deposited
film, and it increase towards the higher wavelength (red shift). Thermal induced SPR
tuning has been observed with annealing treatment which also support to growth off the
nanoparticles in ZnO matrix. Crystalline behaviour of the films drastically increase with
thermal annealing confirmed by XRD and also support to Raman measurements. This
tunable properties of Ag-ZnO nanocomposite thin films could be very effective for the

different plasmonic application.
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Chapter 7

Conclusion and Future Prospects

This chapter summarizes the conclusion of the proposed
thesis work followed by the scope for future investigations.
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7.1. Conclusions

In the present thesis, we synthesized pure and Ag-ZnO nanocomposite thin films by RF-
sputtering technique. Furthermore, thermal and SHI induced modifications in structural,
morphological and optical properties have been investigated systematically. 100 MeV Ag
ion beam is used for the irradiation study and 120 keV Ag ion beam was also used for the
formation of Ag-ZnO nanocomposite (ion implantation). The following conclusions are

drawn from the study.

» Pure ZnO thin films have been synthesized in crystalline form and the crystalline
behaviour of the films were improved with SHI irradiation at higher irradiation
fluence 3x10'® ions/cm?. The enhancement in the crystallinity along the c-axis
orientation is due to the impact of energetic ions.

» It is observed that optical properties can be tailored by ion irradiation as
transmittance decreases with increasing irradiation fluence. This property can be
used in transparent window materials.

» The dependence of surface morphology and grain size on incident ions are
confirmed by AFM and FESEM analysis and observed the increased grain size
after irradiation. All the induced modifications are explained in terms of energy
loss of incident ions into the target materials.

» Also, the optical properties were improved by thermal annealing. The thin films
were annealed at two different temperatures 400 °C and 500 °C. Transmittance in
the visible region and quality of films were enhanced with increasing temperature,
as confirmed by UV-visible and Raman spectroscopy.

» Ag-ZnO nanocomposite (NCs) thin films were deposited using RF magnetron co-
sputtering method with three different compositions and the concentration of Ag
(8 at.%, 15 at.%, and 40 at.%) in ZnO was calculated by RBS. The composite
nature of the thin films was also confirmed by RBS and showed the existence of
Ag, Zn, and O.

» Ag-ZnO nanocomposite thin films have been characterized by various

characterization techniques in order to understand the structural and electrical
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behaviour of the films. Raman measurements were performed for the estimation
of lattice defects and disordering induced by Ag incorporation.

» Electrical measurements revealed that the conductivity of nanocomposite thin
films enhances drastically as compared to pure ZnO film and it increases with
increasing Ag concentration. Furthermore, nanocomposite thin films showed a p-
type conductivity due to the incorporation of Ag metal.

» Ag-ZnO nanocomposite thin films were synthesized by ion implantation of ZnO
thin films using 120 keV Ag ion beam with different implantation dose from
3x10™ to 3x10' jons/cm? Implantation of Ag ions affects the surface
stoichiometry as observed by XPS and RBS.

» X-ray diffraction spectra reveals the presence of stable hexagonal wurtzite
structure with good crystalline nature along c-axis. However, the crystallinity
decreases with implantation dose. At the higher dose, the film was entirely c-axis
oriented which can be beneficial for device fabrication. A drastic decrement in the
transmittance in visible region at higher implantation dose was also observed
which could be attributed to the charge carrier density affected by Ag
implantation.

» The effect of SHI irradiation on structural and optical properties of RF sputtered
Ag-ZnO nanocomposite thin films have also been studied. Nanocomposite thin
films were irradiated with 100 MeV Ag’* ions at three different fluences 3x10*2,
1x10'% and 3x10%® ions/cm?. The variation in crystallite size of the film with ion
irradiation was clearly observed.

» SPR of Ag nanoparticles has appeared at ~ 475 nm in the pristine thin film, which
is blue shifted by ~30 nm in film irradiated at fluence of 3x10% ions/cm? and
completely disappeared in film irradiated at higher fluences, 1x10'% and 3x10'3
ions/cm?. Surface roughness increases and then decreases with increase in
irradiation dose and is ascribed to rapid annealing due to high energetic ions.

» SPR of in Ag-ZnO nanocomposite thin films were tuned by thermal annealing
also. A red shift of ~ 22 nm was observed after the thermal treatment which
confirms the presence and growth of the nanoparticles in ZnO matrix. The

crystalline behavior of film enhanced with the annealing temperature. The tunable
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properties of Ag-ZnO nanocomposite thin films could be very effective for the

different plasmonic application.

7.2. Future scope

There are many possibilities and queries arise in the present study therefore, many other

ways are possible to extend the study by considering following points in future:

>

This study can be extended to the other dopants also such as Au, Cu, Ni, Fe etc.
for the tuning of optical, electrical and structural properties of ZnO thin films.
Incorporation of magnetic metal particles in ZnO matrix is very interesting field
for the magnetic modifications by SHI irradiation.

Various other oxide matrix such as TiO2, SnO;, HfO2 V20s can also be
investigated for formation of the different nanocomposites with different fillers
for various applications.

Effect of low energy ion beam irradiation on SPR band frequency for these types
of nanocomposite can be studied in future work.

lon implantation for the selective species in the oxide matrix is an efficient
approach for formation of different nanocomposite and can be useful for the
device application also.

Biocompatibility of metal-carbon nanocomposites makes them interesting to be
explored further. Different metal-carbon nanocomposites with different metal
concentration can be studied in future.

Metal-metal oxide nanocomposites with the various nanostructures like nano-
rods, nano-sheets, nano-fibers, nanotubes etc. can be useful for sensing

applications.
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Abstract: In the present study, 100 MeV Ag’™ ion beam-induced structural and optical modifications of nanocrystalline
ZnO thin films are investigated. The nanocrystalline ZnO thin films are grown using radio frequency magnetron sputtering
and irradiated at fluences of 3 x 10'%, 1 x 10" and 3 x 10" ions/cm?®. The incident swift heavy ions induced change in
the crystallinity together with the preferential growth of crystallite size along the ¢ axis (002) orientation. The average
crystallite size is found to be increased from 10.8 & 0.7 to 20.5 + 0.3 nm with increasing the ion fluence. The Atomic
force microscopy analysis confirms the variation in the surface roughness by varying the incident ion fluences. The UV—
visible spectroscopy shows the decrement in transmittance of the film with ion irradiation. The micro-Raman spectra of
ZnO thin films are investigated to observe ion-induced modifications which support the increased lattice defects with
higher fluence. The variation in crystallinity indicates that ZnO-based devices can be used in piezoelectric transduction

mechanism.

Keywords: ZnO thin film; Swift heavy ions; Atomic force microscopy; X-ray diffraction

PACS Nos.: 77.55.hf; 96.50.Vg; 68.37.Ps

1. Introduction

The oxide semiconductors possess various physical prop-
erties such as transparency, conductivity, and piezoelec-
tricity which makes them of great scientific interest for
optoelectronic and piezoelectric device applications.
Among all, ZnO (n-type) semiconductor is a very
promising material of II-VI group due to its wide band gap
~3.35 eV and large exciton binding energy of 60 meV
[1, 2]. The larger band gap of ZnO in comparison to Si and
Ge makes it more favourable to use at high temperature in
electronic devices. The physical properties of ZnO are
widely influenced by deposition conditions and parameters.
To analyze the effects of deposition on film properties,
many techniques such as sol-gel method, spray pyrolysis,
metal organic chemical vapour deposition, pulse laser
deposition and RF/DC sputtering have been used and

*Corresponding author, E-mail: rahulivac@gmail.com; rsinghal.-
phy @mnit.ac.in

Published online: 13 January 2017

reported by many groups [3-7]. Due to its functionalize
properties, ZnO is used in solar cells, transparent conduc-
tive contacts, gas sensors, thin film transistors and laser
diodes [8—13]. The variability of piezoelectric properties of
Zn0O, make it useful also for short-wavelength light emit-
ting diodes, optical waveguides, laser deflectors and sur-
face acoustic wave (SAW) band-pass filters [14-16].
Nowadays, researchers are trying to improve the prop-
erties of different materials using swift heavy ion (SHI)
irradiation. Ion irradiation is a precise technique to modify
optical, structural and electrical properties of materials in
the nanometer region due to its spatial selectivity [17-28].
Ion beam technique is more advantageous in comparison to
other methods because of good control of incident ion
energy and fluence. As the swift heavy ions (SHI) traverse
through the target material, it interacts with material by
losing their energy in two different way; (a) direct transfer
of energy to target atoms by elastic collisions, termed as
nuclear energy loss (S,) and (b) transfer of energy of
incoming ions to the electrons of target atoms, termed as
electronic energy loss (S,). This energy transfer leads to the

© 2017 IACS
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atomic displacement in a cylindrical zone around the
incident ion path of material which is explained by two
established models; Coulomb spike model (CSM) and
Thermal spike model (TSM). According to the CSM, a
passage of high energy ions through a material produces
ionized cylindrical zone for the time duration of ~10~"" s.
This cylindrical zone contains higher charge region which
leads to electrostatic repulsion between incident ions and
target atoms and responsible for coherent radial atomic
movements under Coulomb force. On the other hand, in
Thermal spike model, the incident ion transfers its energy
to the electronic subsystem via electron—phonon coupling
(EPC) which leads to the rapidly rise in the lattice tem-
perature of the materials above its melting point. Due to the
energy dissipation by the thermal conduction, rapid
quenching process takes place. This process is responsible
for the modifications in the cylindrical zone around the ion
path [29, 30]. Schematic diagram for ion—matter interaction
is shown in Fig. 1.

The high energy ion beam has been proved very efficient
tool to alter the properties of ZnO thin films. The energetic
ions loss their energy after interaction with ZnO thin film
and transfer excess amount of energy, which creates the
density of defects, stress, and strain in the structure of ZnO.
The formation of self-affine nanostructure over the surface
of ZnO thin films using SHI has been investigated by
Agarwal et al. [31]. They reported that the shape and
density of these nanostructures depend on incident ion
fluence. The effect of 120 MeV Au ion beam on ZnO thin
films prepared by the sol-gel method has been investigated
by Singh et al. [32] and it was observed that SHI irradiation
induced disorder and high density of lattice defects causes
to evolution of A; (LO) mode. The energetic ions can also
be used for better understanding of phonon modes in
nanostructures. The structural and spectroscopic modifi-
cations of nanocrystalline ZnO thin films using 120 MeV
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Fig. 1 Schematics diagram for ion—-matter interaction

Au ion beam have been analysed by Rehman et al. [33].
They found that nanocrystals become more oriented at low
fluences however at higher fluences, the release of strain
and decrease in grain size was observed. These modifica-
tions could be used in radiation harsh environment for
optoelectronic applications.

In present work, the structural, optical, and morpho-
logical modifications in ZnO thin film induced by
100 MeV Ag’™ ions have been investigated. The modifi-
cations have been analyzed using different characterization
techniques such as X-ray diffraction (XRD), UV-visible
spectroscopy, Atomic force microscopy (AFM), Raman
spectroscopy and Scanning electron microscopy (SEM).
All the modifications induced by energetic ions may be
favourable in device fabrication.

2. Experimental details

The sputtering target of pure ZnO was prepared with ZnO
powder (99.99%, Alfa-Aesar) by using a hydraulic press
machine (HYCON Hydraulic engineers and consultants,
New Delhi) with pressure approximately ~7 ton. The
prepared target was sintered for 24 h at the temperature
1200 °C by sequential steps in a programmable furnace
with a continuous flow of oxygen gas. Thin films of ZnO
were deposited on glass and silicon substrates at room
temperature by radio-frequency (RF) magnetron sputtering,
using ZnO target of 2-inch diameter and 3 mm thickness in
the presence of Ar environment (grade-I with flow rate ~4
sccm). A base pressure of ~107° mbar was achieved by
using a turbo-molecular pump before deposition. The
sputtering was carried out at a pressure of ~5 x 107"
% mbar with a target to substrate distance of 40 mm. The
deposition was performed for 15 min at fixed RF power 150
watts, and self-bias voltage 250-280 V. For the film
deposition, substrates were cleaned in an ultrasonic bath
with a mixture of de-ionized water and trichloroethylene
(TCE) and then washed with boiled acetone. After deposi-
tion, ZnO thin films were irradiated with 100 MeV Ag ions
(charge state 47) using the 15UD Pelletron accelerator
facility at the Inter-University Accelerator Centre (IUAC),
New Delhi in Materials Science beam line. The vacuum in a
chamber during the irradiation was ~6 x 10~/ mbar. The
electronic (S,) and nuclear (S,,) energy losses for 100 MeV
Ag ions in ZnO thin film were ~20.39 keV//nm and
~0.122 keV/nm, respectively and the range of Ag ions in
ZnO film was ~12.15 pm as calculated by Stopping and
Range of Ions in Matter (SRIM) simulation programme.
The ion beam was scanned over an area of 1 x 1 cm? with
fluence 3 x 1012, 1 x 10" and 3 x 10" ions/cm? and the
beam current was kept constant at 1 pnA (particle
nanoampere).
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The phase formation and crystal structure of the films
before as well as after irradiation were studied by Bruker
X-ray diffractometer with CuK, (A = 1.54 10\) monochro-
matic radiation source. The UV-visible transmission spectra
of pristine and irradiated thin films were measured by the
dual beam U-3300 Hitachi Spectrometer at Inter-University
Accelerator Centre (IUAC), New Delhi. The surface
topography was observed by atomic force microscopy
(Bruker) and scanning electron microscopy (Nova Nano FE-
SEM 450 FEI). Micro-Raman spectra of pristine and irra-
diated ZnO thin films were obtained by using Renishaw in-
Via micro-Raman microscope with Ar ion laser excitation
wavelength at 514.5 nm with 10 mW power.

3. Results and discussion
3.1. XRD measurements

The structural behaviour of ZnO thin films is investigated
using X-ray diffraction (XRD) pattern. Fig. 2 shows the
XRD pattern for pristine, and 100 MeV Ag’" ions irradiated
films at the different ion fluence 3 x 1012, 1 x 1013, and
3 x 10" ions/cm®. The XRD pattern of pristine film con-
firm the presence of crystalline hexagonal wurtzite structure
with reflection from (100), (002), and (101) planes at
~31.7°,34.4°, and 36.2° respectively (JCPDS Card No. 89-
1397). After the irradiation, the intensity of the reflections
corresponding to (100) and (101) planes is observed to be
decreased when the incident fluences increased. Whereas, at
the highest fluence (3 x 10" ions/cm?) the intensity corre-
sponding to (002) plane is found to be increased drastically
with increased fluences which is indicating the growth of the
grain along the c-axis. On the other hand, the peaks
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Fig. 2 XRD spectra of the pristine and irradiated ZnO thin films with
different fluences. Inset shows the zoomed behaviour of (002) plane
with ion irradiation

associated with (100) and (101) planes are almost vanished at
this highest fluence (shown in Fig. 2). The increased inten-
sity is indicating the improved crystallinity of ZnO films. It is
observed that at the higher fluences, film releases strain,
which is responsible for growth in c-axis orientation because
(002) plane of ZnO is having the lowest surface energy
according to basic crystal growth theory [34, 35]. The strain
can be estimated by using the following relation [36]:

pCos0
= 1
® = 4Sin0 (1)
where, £ is full width at half maximum (FWHM) in radian
and 0 is the angle of diffraction. The size of ZnO crystallite
is calculated using the following Debye—Scherrer’s formula
[37]:
094
~ Peost)

(2)

In Eq. (2), A, B, and 0 are X-ray wavelength
(CuK, = 1.54 A), FWHM and the Bragg diffraction
angle, respectively. The calculated average crystallite size
(Fig. 3) of the pristine ZnO film is 10.8 & 0.7 nm which is
increased up to 20.5 + 0.3 nm with increasing the ion
fluences and summarized in Table 1. During swift heavy
ion irradiation, the thermal spike model is the dominant
mechanism for all the structural modifications according to
which incident ions transfer a large amount of energy into
the target material due to electronic energy loss (S.). This
large amount of energy creates the very high-temperature
zones in the target material, which is responsible for the
structural modifications. In this process, film releases the
strain at higher fluence leads to the crystalline behaviour of
the film [38]. The increased crystallinity along the
preferred c-axis orientation of ZnO thin film could be
suitable for piezoelectric transduction mechanism [39].
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Fig. 3 Variation of the lattice strain and crystallite size with different
ion fluences
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Table 1 Variation of crystallite size with different ion irradiation
fluences

Crystallite size
(in nm) with error

Fluences (ions/cmz)
100 MeV Ag ions

Pristine 10.8 &= 0.7
3 x 10'? 12.6 £ 0.9
1 x 10" 127 £ 0.6
3 x 10" 20.5 £ 0.3

3.2. UV-visible spectroscopy

Optical properties of pristine and irradiated ZnO thin films
are analysed by UV-visible spectroscopy. The transmission
spectra in the visible region of the electromagnetic spectrum
of ZnO thin films are shown in Fig. 4. It is observed from
spectra that there is a significant change in transmittance of
ZnO thin films with increasing ion fluences. The transmit-
tance of the pristine and irradiated film at higher fluence
3 x 10" ions/cm® are found to be ~90 and 80% respec-
tively at 550 nm. The reduction in transmittance of the film at
higher fluence is attributed to the increased electron carrier
density and defect creation such as oxygen vacancies
induced by SHI irradiation in ZnO thin film [40]. ZnO is a
direct band gap material, and the band gap of the pristine and
irradiated ZnO thin films is determined using Tauc’s relation
[41] which is expressed as

oahv = A (hv — Eg)l/" (3)

In Eq. (3), o is the absorption coefficient, hv is the
incident photon energy, E, is the optical band gap, and A is
constant. The index value “n” depends on the transition
whether it is direct or indirect and allowed or forbidden.
For the direct band gap, the value of n = 2. The band gap
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Fig. 4 UV-visible transmission spectra for pristine and 100 MeV Ag
ion irradiated films of ZnO. Band gap variation of pristine and
irradiated film calculated by Tau’c plot (inser)

value is calculated by extrapolating the linear part of the
spectra of (ozh\))2 versus hv plot (inset). It is observed that
the band gap of the ZnO films is slightly increased (from
3.28 to 3.30 eV) with ion irradiation. The variation in band
gap can be explained by Burstein—-Moss effect (B-M
effect) which depends on electron carrier concentration in
the material which affected by SHI irradiation [42].

3.3. Atomic force microscopy

The surface morphology of pristine and irradiated ZnO thin
films is observed by AFM in tapping mode. Fig. 5 shows
the three-dimensional (5 x 5 um?) micrographs of pristine
and 100 MeV Ag’™" irradiated ZnO thin films. It is clear
from the images that ZnO grains are connected to each
other and films are grown uniformly on the substrate. Fig. 6
shows the Gaussian distribution of grain size of the pristine
and irradiated ZnO thin films at different fluences. The
grain size of the thin films is increased with increasing the
ion fluence which is associated to the agglomeration of the
ZnO grains with ion irradiation. The calculated grain size
of the pristine film is around to be ~ 198 + 6.8 nm, and it
increases up to ~219 + 2.8 nm at the fluence of 3 x 10"
ion/cm®. The discrimination in the calculated grain size
from AFM and XRD is observed because XRD pattern
determines the average crystallite size whereas the AFM
shows the agglomeration of particles at the surface, which
are much bigger than those observed by XRD. The
observations of AFM and XRD can be correlated by the
fact that smaller particles have a larger surface free energy,
therefore, agglomerate faster and develop larger grains and
XRD is related to smaller particles whereas AFM gives
larger grains [43]. The root-mean-square roughness (R;ns)
of the pristine and irradiated films is calculated using fol-
lowing relation [32];

(17
Sz
Niil

where N is a number of surface height data, and Z is the
mean height distance. The estimated roughness of the
pristine ZnO films is 10.2 nm and varied marginally with
incident fluences shown in Fig. 7. The variation in grain
size and roughness of the film have been summarized in
Table 2. When swift heavy ions pass through the material,
transfers a large amount of energy into the material. If the
surface energy of the film is greater than acquired energy
from incident ions, then it leads to agglomeration of the
grains and formed the bigger grains due to surface diffu-
sion process near the top surface of the thin film. With the
increase of ion fluences, the surface energy of the film
changes due to total energy (S, x ¢) deposited by incident
ions. This surface diffusion process is responsible for the

1/2
Ryps =

(4)
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Fig. 7 Variation of roughness and grain size with different ion
irradiation fluences

Table 2 Grain size and roughness of the film with different fluences

Fluence (ions/cm?) Grain size (nm) Roughness
100 MeV Ag ions with error (nm)
Pristine 1983 + 6.8 10.2
3 x 10" 178.2 £ 4.1 11.1
1 x 101 202.7 + 6.2 12.1
3 x 10" 2199 + 2.8 10.1

grain growth and change in shape and size of the grains
near surface region [31].

3.4. Field emission scanning electron microscopy

Figure 8(a)—(d) shows the FESEM micrographs of the
pristine and irradiated films at fluence of 3 x 1012,
1 x 10" and 3 x 10" ions/cm?. The thin film irradiated
at higher fluence (3 x 10" ions/cm?) is showing the
agglomeration of the particles over the surface (Fig. 8(d))
which is further supported the AFM study. Agglomeration
of ZnO particles in the film increases with increasing the
ion fluence, which is attributed to rising the local melting
temperature on the surface due to the interaction of high
energetic ions. FESEM results are showing larger grains
with different size and shape on the top surface of the film.
The agglomeration of the particles is also observed in SEM
images at the higher fluence which has already mentioned
above in AFM analysis.

3.5. Micro-Raman spectroscopy

The Raman active phonon modes of the wurtzite structure
of ZnO as expected from the group theory are
Ay + 2E; + E; modes, where all atoms occupy Cj3, sites
[44, 45]. Typical micro-Raman spectra of the ZnO thin

films irradiated with fluences 3 x 1012, 1 x 10" and
3 x 10" ions/cm® are shown in Fig. 9. The spectra con-
firm the presence of the peaks at 280, 440 cm™ ", very sharp
peak at 573 cm™ ', broad peak at 630 and 780 cm ™" for the
pristine as well irradiated ZnO thin films. The weak Raman
mode B (high) — B, (low) and B; (high) + B; (low) are
recorded at 280 and 780 cm ™. The peak at 573 cm™' can
be assigned to A (LO) mode, which is in good agreement
with the theoretical calculations [46]. Small band at
630 cm ™! is assigned to the E; (LO) mode [47]. The B,
(high) — B, (low) and B, (high) + B; (low) modes are not
much affected by SHI irradiation. The intensity of the peak
at 573 cm™!' decreases slowly with the increase the ion
fluences, while E, (high) mode at 440 cm™! decreases at
the fluence of 3 x 10'? ions/cm®. The characteristic modes
of ZnO, E, (high) and A; (LO) at 440 and 573 cm ™!
respectively are associated to the highly textured and
wurtzite structure of the ZnO thin film (inset). The pristine
ZnO thin film seems to be oxygen deficient as indicated by
the A; (LO) mode at 573 cm ™! with higher intensity. Swift
heavy ion induced density of defects and disorder is sub-
jected to loss of the translation symmetry of the lattice of
the material, which leads to the invalidations of the k = 0
wave vector selection rule from all part of the Brillouin
zone in Raman scattering. Therefore Irradiation-induced
A; (LO) mode is explained in the term of surface phonon
mode which is directly related to intrinsic lattice defects in
the material structure. Other Raman modes of the ZnO thin
film have been related to the formation of wurtzite structure
of the ZnO according to the selection rule [32].

The decrement in the intensity corresponding to (100)
and (101) planes with increasing fluence and enhanced c-
axis orientation of ZnO thin films along the (002) plane at
the highest fluence are observed. The improvement in
crystallinity can be described in light of interaction of ion
and materials. The imparted energy from the incident high
energy ions to target material is responsible for the elec-
tronic ionizations/excitations and lattice vibrations along
the ion path. These vibrations and excitations cause to the
releases of strain in the film which lowers the surface
energy. Therefore, ZnO thin film become oriented along
(002) plane as it has lower surface energy and resulted in
increased crystallinity after irradiation. Raman spectra
confirm the formation of wurtzite structure of ZnO films. In
the present study the observed A; (LO) mode at 573 cm ™!
is related to the intrinsic lattice defects in the ZnO struc-
ture. The decrease in the intensity of A; (LO) mode further
confirms the increase lattice defects in the ZnO film due to
high energetic ions. These ion-induced defects and
vacancies play a major role to tune the optical properties of
ZnO thin films. The reduction of transmittance at higher
fluence attributed to the increased electron carrier density
and defect creation such as oxygen vacancies induced by
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Fig. 8 FESEM micrographs of pristine and 100 MeV Ag ion irradiated film of ZnO at different fluences
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Fig. 9 Raman spectra of pristine and 100 MeV Ag irradiated at
different fluences

SHI irradiation in ZnO thin film. The band gap is also
slightly increased (from 3.28 to 3.30 eV) with ion irradi-
ation and it might be attributed to electron carrier con-
centration which can be explained in the term of Burstein-
Moss effect (B-M effect). These modifications in the films
are subjected to change in surface energy of the films
which is also responsible for grain growth and

morphological features of the film with ion irradiation.
Therefore such kind of ZnO thin film can be used in
radiation harsh  environment and optoelectronic
applications.

4. Conclusions

In summary, the structural, optical and morphological
modifications of ZnO thin films are investigated by using
SHI irradiation. The enhancement in the crystallinity along
the c-axis orientation due to the impact of energetic ions is
confirmed by XRD analysis. It is observed that optical
properties can be tailored by ion irradiation as transmit-
tance decreases with higher irradiation fluence. This
property can be used in transparent window materials. The
dependence of surface morphology and grain size on
incident ions are further confirmed by AFM and FESEM
analysis and observed the increased grain size after irra-
diation. All the induced modifications are explained in
terms of energy loss of ions into the target materials.

Acknowledgements One of the authors (Shushant Kumar Singh) is
thankful to the Technical Education Quality Improvement Pro-
gramme (TEQIP), MNIT Jaipur for providing the financial assis-
tantship. The authors would like to thank Inter-University Accelerator
Centre (IUAC) New Delhi for providing the necessary synthesis and



S K Singh et al.

experimental facilities and highly grateful to pelletron group for
providing the stable beam during swift heavy ion irradiation experi-
ment. The authors are also thankful to the Materials Research Centre,
MNIT Jaipur for providing characterization techniques (AFM and
FESEM). One of the authors (R. Singhal) highly acknowledges the
financial support provided by DST New Delhi DST FAST young
scientist Project (SR/FTP/PS-081/2011), DST INSPIRE Faculty
Project (IFA11PH-01) and UGC New Delhi (P.F. No. DRC-14/59/
2013/10/169/00036). R. Vishnoi is greatly thankful to DST New
Delhi for financial help under DST FAST Young Scientist Project
(SR/FTP/PS-029/2012).

References

[1] CS Chen, C T Kuo, T B Wu and I N Lin, J. Appl. Phys. 36, 1169
(1997)
[2] J M Hvam Phys. Rev. B, 4, 4459 (1971)
[3]1 J H Lee, K H Ko and B.D. Park, J. Cryst. Growth, 247, 119
(2003)
[4] M M Bagheri-Mohagheghi and M Shokooh-Saremi, Thin Solid
Films, 441, 238 (2003)
[5]1 J Hu and R G Gordon, J. Appl. Phys. 71, 238 (1992)
[6] X W Sun and H S Kwok, J. Appl. Phys. 86, 408 (1999)
[7]1 D C Agarwal et al. Surf. Coat. Technol. 203, 2427 (2009)
[8] J F Wager, Science, 300, 1245 (2003)
[9] S J Pearton, D P Norton, K Ip, Y W Heo and T Steiner, Prog.
Mater. Sci. 50, 293 (2005)
[10] M J Gratzel, Photochem. Photobiol. A, 3, 164 (2004)
[11] P F Carcia, R S Melean, M H Reilly and G Nunes, Appl. Phys.
Lett. 82, 1117 (2003)
[12] D C Look, D C Reynolds, C W Letton, R L Jones, D B Eason
and G Cantwell, Appl. Phys. Lett. 81, 1830 (2002)
[13] T Gao and T H Wang, Appl. Phys. A, 80, 1451 (2005)
[14] Z W Pang, Z R Dai and Z L Wang, Science, 291, 1947 (2001)
[15] M H Huang, Y Y Wu, H Feick, N Tran, E Weber and P D Yang,
Science, 292, 1897 (2001)
[16] C H Liu, W C Yiu, FC K Au, J K Ding, C S Lee and S T Lee,
Appl. Phys. Lett. 83, 3168 (2003)
[17] P Shah, S Kumar, A Gupta, R Thangaraj and D K Avasthi, Nucl.
Instrum. Methods Phys. Res. B, 156, 222 (1999)
[18] R Singhal et al. J. Phys. D: Appl. Phys. 42, 155103 (2009)
[19] R Singhal, A Kumar, Y K Mishra, S Mohapatra, J C Pivin and D
K Avasthi, Nucl. Instrum. Methods B, 266, 3257 (2008)
[20] R Vishnoi, R Singhal, K Asokan, D Kanjilal and D Kaur, Thin
Solid Films, 520, 1631 (2011)

[21] R Singhal, D Kabiraj, P K Kulriya, J C Pivin, R Chandra and D
K Avasthi, Plasmonics, 8, 295 (2013)

[22] R Singhal, J C Pivin and D K Avasthi, J. Nanopart. Res. 15,
1641 (2013)

[23] D K Avasthi, Y K Mishra, F Singh and J P Stoquert, Nucl. Instr.
Meth. B, 268, 3027 (2010)

[24] Y K Mishra et al. Nucl. Instrum. Methods B, 266, 1804 (2008)

[25] V Kumar, F Singh, O M Ntwaeaborwa and H.C. Swart, Appl.
Surf. Sci., 279, 472 (2013)

[26] S Kumar, R Kumar and D P Singh, Appl. Surf. Sci., 255, 8014
(2009)

[27] D K Avasthi, A Kumar, R Singhal, A Tripathi and D S Mishra,
J. Nanosci. Nanotechnol. 10, 3767 (2010)

[28] D K Avasthi and G K Mehta, Swift heavy ions for materials
engineering and nanostructuring, Springer, Netherland (2011)

[29] S K Srivastava et al. Phy. Rev. B, 71, 193405 (2005)

[30] W Bolse and B Schattat, Nucl. Instrum. Methods Phys. Res. B,
190, 173 (2002)

[31] D C Agrawal, R S Chauhan, D K Avasthi, S A Khan, D Kabiraj
and I Sulaniya, J. Appl. Phys. 104, 024304 (2008)

[32] F Singh, R G Singh, V Singh, S A Khan and J C Pivin, J. Appl.
Phys. 110, 083520 (2011)

[33] S Rehman, R G Singh, J C Pivin, Waseem Bari and F Singh,
Vacuum, 86, 87 (2011)

[34] N Fujimura, T Nishinara, S Goto, J Xu and T Ito, J. Cryst.
Growth, 130, 269 (1993)

[35] A N Mariano and R E Hanneman, J. Appl. Phys. 34, 384 (1963)

[36] H P Klug and L E Alexander, X-ray Diffraction Procedures for
Polycrystalline and Amorphous Materials. Wiley, New York
(1974)

[37] B D Cullity, Elements of X-ray diffraction, Addison-Wesley,
Reading (1970)

[38] G. Szenes, Phys. Rev. B, 51, 8026 (1995)

[39] J G E Gardeniers, Z M Rittersma and G J Burger, J. Appl. Phys.
83, 12 (1998)

[40] P M R Kumar et al. J. Appl. Phys., 97, 013509 (2005)

[41] J Tauc, Mater. Res. Bull., 3, 37 (1968)

[42] Marius Grundmann, The Physics of Semiconductors, New York:
Springer (2006)

[43] R Vishnoi and D Kaur, Surf. Coat. Technol., 204, 3773 (2010)

[44] J F Scott, Phys. Rev. B, 2, 1209 (1970)

[45] C Bundesmann et al. Appl. Phys. Lett. 83, 1974 (2003)

[46] V A Fonoberov and A A Balandin, Phys. Rev. B, 70, 233205
(2004)

[47] A Zaoui and W Sekkal, Phys. Rev. B, 66, 174106 (2002)



Synthesis and annealing study of RF sputtered ZnO thin film
Shushant Kumar Singh, Himanshu Sharma, R. Singhal, V. V. Siva Kumar, and D. K. Avasthi

Citation: AIP Conference Proceedings 1731, 080063 (2016); doi: 10.1063/1.4947941

View online: http://dx.doi.org/10.1063/1.4947941

View Table of Contents: http://scitation.aip.org/content/aip/proceeding/aipcp/1731?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Resistive switching behavior of RF magnetron sputtered ZnO thin films
AIP Conf. Proc. 1665, 080051 (2015); 10.1063/1.4917955

Compositional study of vacuum annealed Al doped ZnO thin films obtained by RF magnetron sputtering
J. Vac. Sci. Technol. A 29, 051514 (2011); 10.1116/1.3624787

Photoluminescence Characterization of ZnO Thin Films Grown by RF- Sputtering
AIP Conf. Proc. 1328, 245 (2011); 10.1063/1.3573743

Structural and optical properties of ZnO thin films by rf magnetron sputtering with rapid thermal annealing
Appl. Phys. Lett. 92, 141911 (2008); 10.1063/1.2896642

Postdeposition annealing behavior of rf sputtered ZnO films
J. Vac. Sci. Technol. 17, 808 (1980); 10.1116/1.570565



http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://scitation.aip.org/search?value1=Shushant+Kumar+Singh&option1=author
http://scitation.aip.org/search?value1=Himanshu+Sharma&option1=author
http://scitation.aip.org/search?value1=R.+Singhal&option1=author
http://scitation.aip.org/search?value1=V.+V.+Siva+Kumar&option1=author
http://scitation.aip.org/search?value1=D.+K.+Avasthi&option1=author
http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4947941
http://scitation.aip.org/content/aip/proceeding/aipcp/1731?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4917955?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/29/5/10.1116/1.3624787?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.3573743?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/14/10.1063/1.2896642?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvst/17/4/10.1116/1.570565?ver=pdfcov

Synthesis and Annealing Study of RF Sputtered ZnO Thin
Film

Shushant Kumar Singh®’, Himanshu Sharma®, R.Singhal®, V.V. Siva Kumar®,
D.K. Avasthi®

“Department of Physics, Malaviya National Institute of Technology, Jaipur, JLN Marg, Malaviya Nagar,
Jaipur-302017, India
bDepartment of Physics and Materials Research Centre, Malaviya National Institute of Technology Jaipur,
JLN Marg, Malaviya Nagar, Jaipur-302017, India
“Inter-University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi-110067, India

"E-mail: singhshushant86@gmail.com

Abstract. In this paper, we have investigated the annealing effect on optical and structural properties of ZnO thin films,
synthesized by RF magnetron sputtering. ZnO thin films were deposited on glass and silicon substrates simultaneously at
a substrate temperature of 300 °C using Argon gas in sputtering chamber. Thickness of as deposited ZnO thin film was
found to be ~155 nm, calculated by Rutherford backscattering spectroscopy (RBS). These films were annealed at 400 °C
and 500 °C temperature in the continuous flow of oxygen gas for 1 hour in tube furnace. X-ray diffraction analysis
confirmed the formation of hexagonal wurtzite structure of ZnO thin film along the c-axis (002) orientation.
Transmittance of thin films was increased with increasing the annealing temperature estimated by UV-visible
transmission spectroscopy. Quality and texture of the thin films were improved with annealing temperature, estimated by
Raman spectroscopy.

Keywords: RF sputtering, Raman spectroscopy, UV-visible spectroscopy.
PACS: 81.15 Cd, 78.30 Fs and 07.60.Rd.

INTRODUCTION

It is found that nanocrystalline materials
significantly enhance various material properties.
The development of plasmonic integrated devices
(ICs) governed by manipulating light in
nanoscale region. ZnO seems to be promising
material of II-VI semiconductor group having a
wide band gap (3.3 eV) with hexagonal wurtzite

work, ZnO thin films were synthesized on glass
and silicon substrates using an RF magnetron
sputtering technique which is a physical vapour
deposition technique (PVD). Tuning of film
properties can be achieved by transmuting
deposition parameter such as RF power, Gas flow
rate, substrate temperature and nature of gas.

structure. ZnO thin films, exhibits excellent
material properties such as wide band gap,
transparent conducting material and piezoelectric
properties; which makes its potential application
for light emitting, surface acoustic waves (SAW),
band pass filter, optoelectronic devices, data
storage and gas sensors [1-5]. ZnO replaces
widely used indium doped tin oxide (ITO) as
transparent electrodes due to its lower absorption
in the ultraviolet region. It is also economical in
comparison of ITO as per cost concern. It has
higher availability and lack of toxicity as well
[6]. The properties of growing ZnO thin films
having influence on deposition parameter as well
as deposition process significantly. In the present

EXPERIMENTAL

ZnO thin films were deposited on glass and
silicon substrates by RF sputtering technique,
using ZnO target of 2 inch diameter and 3 mm
thickness, in the presence of argon atmosphere in
sputtering chamber. ZnO target was prepared
from ZnO powder (Alfa Aesar) using hydraulic
press machine and sintered the target at 1200 'C
in the tube furnace for 24 hours in the continuous
flow of oxygen gas. The substrates glass and
silicon were cleaned ultrasonically in acetone,
isopropanol and deionized water subsequently. A
turbo pump coupled with rotary pump was used
to achieve the ~ 5x10™ mbar pressure and 3x10~
mbar during a deposition in the presence of argon
(grade-1) gas. Substrate temperature during
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deposition is 300 °C and the experiment was
performed for 30 minutes at the power of RF
supply is 150 watts (self bias voltage 250-300
volt). Films were annealed at temperature 400 °C
and 500 °C in the presence of an oxygen gas
environment for 1 hour and then characterized by
different characterization tools.

The thickness and metal atomic fraction of
thin film, deposited on a Si substrate were
measured by the Rutherford backscattered
spectroscopy (RBS) at Inter University
Accelerator Centre (IUAC) New Delhi. The
XRD spectra of the films were recorded with
Panalytical Xpert pro diffractometer using Cu K,
at MNIT Jaipur. UV- visible spectra of the films
were recorded using a dual beam U-3300 Hitachi
spectrometer at [UAC. Raman measurements of
as deposited and annealed thin films were
performed using AIRIX STR 500 Raman
microscope with laser excitation at 532 nm and at
very low power to avoid any heating effect.

RESULTS AND DISCUSSION

Rutherford  backscattering  spectroscopy
(RBS) of as deposited ZnO thin film was shown
in figure 1. Thickness of the film was found to be
155 nm by fitting RBS spectra with SIMNRA
simulation program [7]. The plateau region of the
spectrum, represents the Si substrate (Fig. 1).
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Figure 1. RBS spectra of the as deposited ZnO thin
film on Si substrate.

Crystallinity and structural information of as
deposited ZnO thin film was estimated by X-ray
diffraction analysis. Figure 2 shows the XRD
pattern of as deposited ZnO film and It confirms
the formation of hexagonal wurtzite structure of
ZnO with different phases such as (110), (002),
(101), (102), (110), (103), and (112) at 31.34°,
34.12°, 35.95°, 47.27°, 56.31°, 62.49°, and 67.45°
respectively (JCPDS-89-1397). Spectra of film
indicated the higher intensity of (002) reflection
plane at 34.12° which confirms the film is more
preferential oriented along the c-axis. Crystallite

080063-2

size of as deposited ZnO film was calculated by
Debye Scherer’s formula and it was found to be
15 nm.
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Figure 2. XRD pattern of as deposited ZnO thin film.

Figure 3 shows the average transmittance of
as deposited and annealed ZnO thin films,
confirmed by the UV-visible spectroscopy. The
figure shows the average transmittance of the
film increases with increasing the annealing
temperature, and increase from 50% to 90% with
annealing at 500 °C, increases the annealing
temperature leads to better Crystallinity of the
film, which was also confirmed by Raman
spectroscopy. The quality of films was increased
with annealing temperature, attributed by the
quantity of free charge in film decrease with
temperature [8] and transmittance of the film was
increased due to the intake of oxygen in oxygen
deficient ZnO film, absorbed oxygen remove the
oxygen vacancies hence reducing the density of
defects [6].
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Figure 3. Transmittance spectra of as deposited and
annealed ZnO thin films.

The band gap of films, calculated by
assuming the direct band gap between valence
bands to conduction band which holds by the

Tauc’s relation:
1/2

ahy =A(hy—Eg) '~
Where, hv is photon energy, A is constant and
E, is the optical band gap and it band gap is
determined by the extrapolating of the linear part
of the o curve towards the hv axis and it found



to be 3.26 eV for as deposited and annealed thin
films. There is no significant change in the band
gap of as deposited and annealed thin films of
ZnO.
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Figure 4. Band gap variation of as deposited and
annealed film calculated by Tau’c plot.

Raman spectra of as deposited and annealed
ZnO thin films are shown in figure 5. The Raman
active phonon modes of the wurtzite structure of
ZnO expected from the group theory are
A +2E,+E; modes, where all atoms occupy Cs,
sites. The Raman spectra of films reveal that as
deposited ZnO thin film show peaks at 276 cm™,
which was related to the B2 second order mode
with low intensity and 581 cm™ which can be
assigned to A; (LO) mode. When films were
annealed in an oxygen environment at
temperature 400°C and 500°C for 1 hour, the
intensity of the A1 (LO) mode and second order
mode were increases. At the temperature 500°C,
E, high mode was also appearing in annealed
ZnO thin films. A; (LO) mode and E, high mode
are expected, as the films are highly textured and
the excitation light is normal to the surface [9-
10]. The appearance of E, high mode in ZnO
film, which was annealed at 500 °C, confirmed
the highly textured and wurtzite structure of the
ZnO thin films [11].
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Figure 5. Raman spectra of as deposited and annealed
ZnO thin films.

CONCLUSION

080063-3

ZnO thin films were synthesized by RF
magnetron sputtering technique and annealed at
different temperatures. XRD confirms the
formation of ZnO thin film with a wurtzite
hexagonal structure. Transmittance and film
quality of films improve with increasing
temperature, as confirmed by UV-visible and
Raman spectroscopy.
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Ag-ZnO Nanocomposite Thin Film by RF-Sputtering: An

Electrical and Structural Study

S. K. Singh,* R. Singhal, and V. V. Siva Kumar

In the present study, pure ZnO and Ag-ZnO nanocomposite (NCs) thin films
with three different compositions were grown by RF magnetron co-sputtering
technique at substrate temperature 300 °C. The composite nature of the thin
films was confirmed by Rutherford backscattering spectroscopy (RBS) and
showed the existence of Ag, Zn, and O. The Ag fraction was found to be 8 at.%,
15 at.%, and 40at.% in ZnO matrix. X-ray diffraction analysis of the pure and
composite thin films confirms the formation and structure of the film and
reveal the hexagonal wurtzite structure of the pure ZnO thin film. Structural
modifications in pure and composite thin films were observed by scanning
electron microscopy (SEM). Raman measurements of the pure and Ag-ZnO
nanocomposite thin film were performed for the estimation of lattice defect and
disordering which were induced by Ag incorporation. Electrical measurements
revealed that the conductivity of nanocomposite thin film enhance drastically as
compared to pure ZnO film and it increases with increasing Ag concentration.
Furthermore, nanocomposite thin films showed a p-type conductivity due to
the incorporation of Ag metal, confirmed by Hall measurements.

nano-device fabrication realm."*'* Indeed
many researchers are struggling to
improve their properties by applying
different procedures for example incorpo-
ration of the metal as a dopant, ion
implantation and interplay with annealing
and different growth technique.'*” Dif-
ferent synthesis techniques have been used
to synthesize the Ag-ZnO nanocomposite
thin films such as spin coating, RF
sputtering, spray pyrolysis, pulsed laser
deposition, and e-beam evaporation
etc.'®21 It was suggested that the deposi-
tion parameters and the amount of metal
doping are two main key factors which are
responsible for the change in the physical
properties of the ZnO thin films. Among
them, silver (Ag) is a more suitable element
for the doping as compare to Cu and Au
because it is related to IB group and have

1. Introduction

In the present scenario, zinc oxide (ZnO) has become a favorable
material for the various optoelectronic devices and thin film
applications, due to its direct wide band gap (3.37eV at room
temperature 300 K) and large exciton binding energy (60 meV).!"
Such promising properties of ZnO makes it a suitable material
for potential application in divergent areas such as transparent
conducting oxides, light emitting diodes, laser deflectors, gas
sensors, LEDs, photo detectors and solar cells.”® ZnO has
become an alternate of indium tin oxide in solar cell industry for
the preparation of transparent conductive electrodes with low
material cost, a high degree of chemical stability, and less
toxicity.""! In the last few years, ZnO-based nanomaterials
have attracted considerable attention because of their di-
mensionality and size of their structural features, electrical
and optical properties and also motivate to utilize in various
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lowest transition energy with shallow

acceptor level at 0.3eV and act as an

acceptor which existing on substitutional
Zn sites.”?% Doping of silver (Ag) in ZnO matrix, creates the
trivial accepter level in the ZnO, due to the substitution of Zn
sites by Ag sites during doping process because it has lower
formation energy in comparison of Ag interstitial theoreti-
cally.” Therefore Ag is the suitable elements for fabricating the
p-type conductivity in ZnO thin film which modifies the material
behavior and responsible for the modifications in structural and
electrical properties of ZnO.1*”!

In this work, we presented a comparative study on pure ZnO
and Ag-ZnO nanocomposite thin films synthesized by RF
magnetron sputtering technique. Effect of higher Ag doping on
the electrical and structural properties of the ZnO have been
demonstrated and confirmed by various characterization tools.
Scanning electron microscopy and I-V measurements have
been performed to understand the modifications in structural
and electrical properties of the ZnO before and after Ag doping.
Hall measurements confirmed the p-type conductivity of Ag-
ZnO nanocomposite at higher doping concentration. With this
approach, a clear understanding of a structure-property
correlation between microstructural and electrical data of Ag-
ZnO nanocomposite is then established.

2. Experimental Section

For this study, pure ZnO and Ag-ZnO nanocomposite thin films
were grown by RF magnetron co-sputtering method. A target

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. The sputtering parameters for thin film deposition.

Sl. no. Sputtering parameter Value

1. R.F. Power 150 watt

2. Gas used during deposition Argon (grade-T)
3. Pressure before deposition 6 x 10~° mbar
4. Pressure during deposition 5x 102 mbar
5. Substrate temperature 300°C

6. Target to substrate distance 5cm

(3mm thick and 2 inch diameter) of ZnO powder (Alfa Aesar),
was prepared by a hydraulic press machine and then it sintered
at 1200 °C for 24 hours in the tubular furnace, continuous flow of
oxygen gas. Some small pieces of silver (Ag) were glued on the
ZnO target at the different position before deposition for
synthesizing the composite thin films. Silicon (p-type 100),
quartz, and glass used as the substrate during the deposition and
all were cleaned by acetone and deionized water in the sequential
manner. A turbo pump coupled with the rotary pump for
achieving the high vacuum of the order of 10 ®mbar in the
deposition chamber before the deposition. The deposition was
carried out at a vacuum 102 mbar order, in the presence of pure
argon gas (Grade-I) in the sputtering chamber during deposi-
tion. The target to substrate distance was ~50 mm measured
before the deposition. The deposition was performed for 20-30
minutes at the 150 watt RF power and the substrate temperature
300°C, measured by thermocouple gauge and controlled by
using a feed-back controlled heater in gauge. The all crucial
parameters which monitored during deposition are tabulated in
Table 1.
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The composition of thin films was estimated by Rutherford
backscattering spectrometry (RBS) by using PARAS facility
(2MeV He ions beam) at Inter University Accelerator Center
(IUAC) New Delhi. The structural information of the thin films
was analyzed by X-ray diffraction spectroscopy with Bruker D8
Advance diffractometer with Cu-K, radiation source of the
wavelength of 1.54A at UGC-DAE CSR Indore. Surface
morphology of the thin films recorded by MIRA II LMH Field
Emission Scanning Electron Microscope (TESCAN make) at
IUAC, New Delhi. Raman measurements of the composited thin
films were analyzed by using Raman microscope (the AIRIX
STR 500) with 532nm laser excitation beam. Electrical
measurement of the thin films was estimated by Kiethely
Source meter (Model No. 2410) at the optical material laboratory,
MNIT Jaipur. Four probe Hall measurements were performed
on pure ZnO and Ag-doped nanocomposite thin films using
ECOPIA Hall probe system (HMS-300) at IUAC, New Delhi.

3. Results and Discussion

3.1. Rutherford Backscattering Spectroscopy

RBS technique is used to estimate the composition of the species
with high accuracy. Figure 1(a—d) represents the RBS spectrum
of the pure ZnO and Ag-ZnO nanocomposite films. For the
estimation of concentration, the obtain experimental RBS
spectra were simulated by Rutherford Universal Manipulation
Simulation Program (RUMP)®*®! which is shown in all figure by
separated red line. The Ag atomic fraction in ZnO matrix was
found to be 8 at.%, 15 at.% and 40 at.% respectively. The plateau
region of the spectrum is responsible for the Si substrate. Since
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Figure 1. RBS spectra for the (a) pure ZnO (b) Ag-ZnO (8%) and (c) Ag-ZnO (15%) (d) Ag-ZnO (40%) nanocomposite thin films.
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these films were grown on the Si substrate. From RBS spectra it
can be concluded that the Ag-ZnO composite structure is formed
with different Ag doping which embedded in the ZnO matrix.

3.2. Scanning Electron Microscopy

Surface morphology of the top surface of the pure and composite
films can be easily observed from surface electron microscopy
(SEM). Figure 2(a—d) shows the SEM images of the pure ZnO
and Ag-ZnO nanocomposite thin film with three doping
concentrations of 8at.%, 15at.% and 40at.% respectively. In
the case of pure ZnO which shown in Figure 2(a), a non-uniform
irregular pyramidal type sharp-blunt shape grains are observed
which spread over the complete substrate. The observed grain
size was found to 150-250 nm for the pure ZnO thin film. After
the Ag incorporation, noticeable changes were observed in
surface features of the composite thin film. For the lower doping
concentration (8% and 15% both), disappearance of the
pyramidal type of grains clearly observed. Pure ZnO grains
shows the sharp grain boundary between the grains but as the
doping of Ag increase then the grain boundary becomes
disappear and agglomeration process accurse there. At the
higher doping concentration, film becomes more compact due to
Ag incorporation and formed the big island of the grains on the

www.ms-journal.de

top surface of the film. During the deposition film have grown on
the substrate which governs by two process, nucleation and
coalescence process. Nucleation process has responsible for the
formation of the island, these islands contain those nuclei which
have lower formation energy. As the doping of metal increase
with further deposition, the size of these islands increase and
they became come closer during deposition and formed a large
bulky island. Coalescence process between smaller grains are
responsible for these type of growth which can easily observe for
the case of higher doping.””*® For the higher concentration
(40%), different size of bulky islands appeared on the surface of
Ag-ZnO nanocomposite thin film.

3.3. X-Ray Diffraction Study

The crystalline quality of the pure ZnO and Ag-ZnO nano-
composite thin films was investigated by X-ray diffraction.
Figure 3 shows the X-ray patterns obtain on pure ZnO and Ag-
ZnO nanocomposite films with doping concentrations of 8 at.%,
15at.% and 40at.% respectively. For pure ZnO we identified
number of peaks at the diffraction angle of 31.79°, 34.43°, 36.19°
and 46.32°, respectively which corresponds to the planes (100),
(002), (101), and (102), can be well indexed to the wurtzite
hexagonal structure with JCPDS-89-1397 card. It is also evident

Figure 2. Scanning electron micrograph for (a) pure ZnO (b) 8% Ag-ZnO (c) 15% Ag-ZnO and (d) 40% Ag-ZnO nanocomposite thin films.
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Figure 3. XRD diffraction pattern for the pure (a) and Ag-ZnO
nanocomposite thin film with three different doping concentration
(b. 8%, c. 15% and d. 40% Ag concentration).

that the pure ZnO film has grown along preferred c-axis
orientation (002) as confirmed by X-ray pattern. However, for Ag
doping of 15at.% and 40at.% initial reflections (100), (002) of
ZnO are vanished but at higher Ag doping (40%), a strong
reflection (111) arises which corresponds to the silver nano-
cluster at 38.18°. Therefore the appearance of new peak ascribed
the highly presence of silver (Ag) in ZnO thin film as confirmed
by RBS. The lattice parameter of the pure and ZnO and Ag-ZnO
nanocomposite films was calculated by using Bragg’s law and
basic crystal structure formula of the hexagonal wurtzite
structure. A marginal change of the lattice parameters was
observed when Ag doping was introduced in the ZnO matrix.
Lattice parameters before and after doping are summarized in
Table 2. Since Ag ions (radius of 1.02 A) have a large radius as
compared Zn ions (radius of 0.72 A) to Ag ions which attributed
to change in lattice parameter with Ag incorporation. The change
in the lattice parameter values indicates that Ag substitute by Zn.
Since it is well known that Ag doping in ZnO yield p-type
semiconducting behaviour. Furthermore the stress in the pure
ZnO and Ag-ZnO nanocomposite film was also calculated by the
following relation.*”!

c—(

= } [GPa] (1)

o(Pa) = —233{

In Eq. (1), o shows the stress of the sample, ¢ is calculated
lattice parameter for the prepared film and ¢ is the strain-free
lattice constant of the bulk ZnO. The result of lattice parameter

www.ms-journal.de

and stress for the thin film are tabulated in Table 2. The presence
of negative sign in the stress shows the compressive nature of
the stress for pure and Ag-ZnO nanocomposite thin films, it
arises due to the lattice defects which was the presence of the
pure ZnO and Ag doped ZnO composite thin film.

The crystallite size of pure ZnO film was calculated by
Scherrer’s formula and found to be 14.1 nmP%:

09
~ Pcosh

2)

In Eq. (2), X is wavelength (Cu-K,=1.54 A), B is full width at
half maxima (FWHM) and 0 is the Bragg diffraction angle. At the
higher doping concentration of Ag (40%), the appearance of the
Ag peak in the spectra indicates the formation of the Ag-ZnO
composite in the thin film. The crystallite size for higher doping
was also calculated and yielded 19.70 nm for ZnO, and 13.0 nm
for Ag-ZnO nanocomposite thin film at higher doping. This
clarifies that the crystalline behavior of the ZnO film can be
control by Ag concentration as shown in X-ray pattern.

3.4. Raman Measurements

Raman spectra of pure ZnO and Ag-ZnO nanocomposite thin
films shown in Figure 4. Raman spectra revealed that pure ZnO
film showed two different bands one at 441 and another at
575 cm ™. The first band appeared at 441 cm ™ could be assigned
to E, high mode and other bands at 575 cm™" represent the A;
(LO) mode of the pure ZnO film. The presence of E, high mode
in the spectra confirmed the formation of wurtzite structure of
the ZnO film. These results are in good agreement with result
obtained by XRD measurements which showed the formation of
hexagonal wurtzite structure. Doping of Ag is very much effected
on the Raman spectra shows a gradual change in the variation
mode when Ag doping was introduced in the ZnO matrix. A
complete disappearance of the E, high mode at the higher
doping of Ag in ZnO was found, whereas some new mode arises
at 495 cm ! at the higher concentration (40%). The appearance
of this new mode at higher doping resulting in a low crystallinity
of the film. The local vibrational mode at 495 cm™" arises due to
Ag doping in ZnO thin film, and some other doping material
also exhibits this mode.?"! The intensity of A; (LO) mode
increases at higher Ag (40 at.%) doping. A; (LO) mode of the thin
films is directly related to the defect density, zinc interstitials and
oxygen vacancies in NCs thin film. Therefore the higher doping

Table 2. Lattice parameter and crystallite size for pure ZnO and Ag-ZnO nanocomposite thin film.

Lattice parameter

Sl. no. Sample detail a (&) c(A) c/a ratio Crystallite size (nm) Stress o (GPa)

1. Pure ZnO 3.2484 5.2057 1.6025 14.1 —0.04

2. Ag-ZnO (8%) 3.2492 5.2103 1.6032 13.5 —0.22

3. Ag-ZnO (15%) 3.2402 5.2486 1.6198 24.4 —1.95

4. Ag-ZnO (40%) 3.2343 5.2078 1.6101 19.7 for ZnO —0.13
13.0 for Ag
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Figure 4. Raman spectra for the pure (a) and Ag-ZnO nanocomposite
thin film with different doping concentration (b. 8% c. 15% and d. 40% Ag
concentration).
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of Ag is mainly responsible for the lower crystallinity and defect
creation in the thin films.

3.5. I-V and Hall Measurements

Figure 5 shows the variation in current with applied voltage
(I-V spectra) of the pure ZnO and Ag-ZnO NCs thin film with
different Ag concentration and we calculated the resistance as
well conductivity of the films from these spectra. The contacts
for this purpose were made using silver paste at room
temperature. These measurements were performed at room
temperature using a two probe method. Figure 5 shows the [-V
curve of pure ZnO and Ag-ZnO nanocomposite thin films with
Ag concentrations of 8at.%, 15at.% and 40at.% respectively.
The slope of I-V curve yielded resistance value by fitting the
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Figure 5. a) |-V spectra for the pure and Ag-ZnO nanocomposite thin films. b) Variation of resistance and conductivity with Ag doping concentration.
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Table 3. The electrical parameter for pure ZnO and Ag-ZnO nanocomposite thin film.

Sl. no. Sample detail Carrier concentration Type of majority charge carrier Resistance Conductivity

1. Pure ZnO 432x10"cm™? n-type 1.06 MQ 432 x 10 *mhocm ™!
2. Ag-ZnO (8%) - - 1.86 KQ 9.00 x 10" mhocm ™'
3. Ag-ZnO (15%) 228 x 10%°cm ™ p-type 536 Q 1.71 x 10> mhocm ™!
4. Ag-ZnO (40%) 5.11x 10 ecm™? p-type 0.18Q 418 x 10*mhocm ™'
linear part of the graph, from this the resistivity of NCs thin Acknowledgements

film can be determined. The resistivity of the films is
significantly affected by Ag doping in ZnO thin film.
The conductivity of the film also calculated with the
help of resistivity of the sample. The conductivity of
the film at the Thigher doping concentration
(40at.%) was found to be very higher and measured value
are nearly comparable to the conductivity of the pure Ag. The
variation of resistance and conductivity of the NCs thin films as
a function of Ag concentration which is shown in Figure 5(b). A
significant improvement in the conductivity of the Ag-ZnO
nanocomposite was found and depends on the number of
charge carrier. The charge carrier density is effected by the
inclusion of Ag doping in the ZnO thin film. It is apparent that
Ag ions increase the majority charge carrier in ZnO thin film
and as a consequence the resistance decrease of the film. The
conductivity of the pure ZnO thin film was found to be
4.32x 10 >mhocm ™' which is lower compared to Ag-ZnO
nanocomposite particularly at higher doping concentration it
reaches up to 4.18 x 10*mhocm ™.

For the confirmation of the semiconducting behavior of NCs
thin films, Hall measurements setup (ECOPIA Hall probe
system) was applied at room temperature. Pure ZnO thin film
showed the n-type conductivity with carrier concentration of
about 4.32 x 10" cm ™. While Ag doped ZnO showed the p-type
conductivity because of Ag incorporation in ZnO matrix because
of the Ag is good candidate for the occupation of Zn
substitutional (Agz,) and interstitial (Ag;). Theoretically, Ag
has shallow acceptor level and lowest transition energy as well as
less formation energy for Agz, in comparison of Ag;. These
properties of the Ag acknowledge to presenting good element in
comparison of Cu and Au for p-type doping in Zn0.?*>* The
carrier concentration of the NCs thin film is tabulated in Table 3.

4, Conclusion

Pure ZnO and Ag-ZnO nanocomposite thin films have been
synthesized by RF sputtering technique and characterized by
various characterization technique in order to understand the
structural and electrical behaviour of the films. XRD and SEM
analysis confirm the structural and morphological features of the
thin film. From electrical measurements, it was observed that the
higher value of conductivity and p-type behaviour of the
nanocomposite films at higher doping concentration. This
indicates that it may be used in various device fabrication area
and showed p-type conductivity which was confirmed by Hall
measurements.
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ARTICLE INFO ABSTRACT

Structural as well as optical modifications in zinc oxide (ZnO) thin film with Ag ion implantation were carried
out in the present study. The pure ZnO thin films were synthesized by RF-magnetron sputtering technique at
room temperature. 120 keV Ag ion beam was used for Ag ion implantation with different implantation dose from
3 x 10 to 3 x 10'®ions/cm? by negative ion implantation facility. The thickness and composition of pure ZnO
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_ﬁﬁi T:Eg: and Ag implanted film at higher dose 3 X 10'®ions/cm? were estimated by Rutherford backscattering spec-
Sputtering troscopy. The change in surface stoichiometry was estimated by using X-ray photoelectron spectroscopy with Ag

ion implantation. The modifications in structural features with Ag ion implantation in ZnO films were observed
by X-ray diffraction technique (XRD). The pure ZnO thin film was preferentially grown in c-axis direction with
crystallite size ~10.6 nm confirmed by XRD. Surface morphology of the pure and Ag implanted ZnO thin films
was estimated by atomic force microscopy and revealed the roughness and grain size were increased with in-
creasing the implantation dose. The transmittance of the films was decreased drastically at higher implantation
dose as corroborated by UV-visible spectroscopy. Raman spectroscopy of the films was used to understand the
lattice defects and disordering during Ag ion implantation. At the higher dose, the film was entirely oriented in c-
axis confirmed by X-ray pattern, which can be beneficial for device fabrication.

X-ray diffraction

1. Introduction

Oxide semiconductors are attracting to researchers due to their
excellent physical properties which promote to utilize these semi-
conductor in device fabrications [1-3]. Among of these, ZnO is a very
promising material having direct band gap about ~3.37 eV and hex-
agonal wurtzite crystal structure from II-VI semiconductor group [4].
ZnO is used for high-temperature device fabrications due to its large
band gap in comparison to Si/Ge based semiconducting devices [5,6]. It
has also been used for potential applications such as transparent elec-
trodes [7], optoelectronics [8], light-emitting diodes [9], solar cells
[10], photo-detectors [11] and gas sensors [12] due to its functionality
of the physical properties which can be easily tuned by different
methods. The nanocrystalline thin film of a material offers, its im-
portance in the different application with tunable physical properties
which is difficult with the bulk material [13-17]. There are many
synthesis techniques such as pulsed laser deposition [18], sol-gel
method [19], spray pyrolysis [20], chemical vapor deposition [21],
molecular beam epitaxial growth technique [22], DC/RF magnetron
sputtering [23] and atom beam sputtering [24] used to synthesize ZnO
thin films. Deposition techniques and parameters are responsible for

* Corresponding author.
E-mail address: singhshushant86@gmail.com (S.K. Singh).

https://doi.org/10.1016/j.tsf.2018.03.063

Received 1 June 2017; Received in revised form 17 March 2018; Accepted 20 March 2018

Available online 21 March 2018
0040-6090/ © 2018 Elsevier B.V. All rights reserved.

growth and stoichiometry of the film. Furthermore, the incorporation of
noble metals (Ag, Au, and Cu) in ZnO thin film are very attractive way
to enhanced the structural, electrical and optical properties [25-29].
These noble metals, in the form of nanoparticles, exhibits selective
surface plasmon resonance (SPR) band in visible and near infrared re-
gion. Therefore, the presence of plasmon-active nanoparticles in a
matrix offered new optical properties for different plasmonic applica-
tions [30-32]. Although intrinsic defects like zinc interstitials and
oxygen vacancies are also responsible for the modifications in these
properties [33].

Ion implantation is a precise technique for material modifications
(structural as well as optical) by doping of metal ions into target ma-
terials up to certain depth [34-38]. Nowadays, ion implantation facility
has also been widely used in device fabrication because it provides the
facility to introduce charge carrier for conduction into oxide semi-
conductors with selective area doping as well optical and electrical
isolation. Depth concentration and controlled amount of selective do-
pant metal can be easily controlled by implantation dose and energy
during implantation. The low energy (typically range ~10-500 keV)
ion beam has been used for implantation process and range of the im-
plantation species is (implanted length) from few angstrom (A) to 1 pm


http://www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2018.03.063
https://doi.org/10.1016/j.tsf.2018.03.063
mailto:singhshushant86@gmail.com
https://doi.org/10.1016/j.tsf.2018.03.063
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2018.03.063&domain=pdf

S.K. Singh, R. Singhal

Thin Solid Films 653 (2018) 377-383

80 - 1.0
(a) Ag Implanted ZnO —o— Experimental (b) —0—Zn
Dose = 3x10'® ions/cm® —o— Simulated -0
0.84 —— Ag
< 60 - Zn :\g == Si
=] =
51 S
= 40 £
o w
g 3
£ 2
s 1 g
209 “
0 . —— i =i
400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800
3.0x10° Lhannel 0.10
(c) Ion Ranges ’ (d) N\ Ag
o9 5X105 | RPE 40 nm
E™ AR= 15 nm |~ 0.081
2 ' s
E 2.0x10° 3
g E 0.06 -
= 1.5x10°% Z
L) =3
£ £0.04-
% 1.0x10% g
g o
£
< s5.0x10 0.02
. = 0.00 + —
0 20 40 60 80 100 0 20 40 60 80 100 120
Target depth (nm) Depth (nm)

Fig. 1. (a) RBS spectra of Ag implanted ZnO thin film, (b) depth profile of Ag implanted ZnO thin film, (c) depth distribution curve of Ag ion implanted in ZnO thin
film estimated by SRIM-TRIM simulation and (d) enlarge view shows the experimental distribution of Ag ions by RBS.

(also depends on the target material). This technique is also convenient
for synthesized the nanoparticles in the target materials with better
control of depth and selective area. Different lattice interstitials, va-
cancies and planer defects are generated by the collision of incident
ions with target material during implantation, which could be re-
sponsible for the structural modifications. The absorption/scattering
cross section of Ag nanoparticle is larger than a geometrical cross sec-
tion, which leads the higher efficiency of interaction with incident light,
therefore the Ag ion used for the implantation [39]. Such effects pro-
duced by Ag ion implantation in ZnO matrix are responsible to enhance
their structural and optical properties. In the present study, ZnO thin
films were synthesized by RF-magnetron sputtering and then 120 keV
Ag ions were implanted into ZnO matrix with different implantation
dose ranging from 3 x 10'* to 3 x 10'®ions/cm? for present experi-
ment. The modifications in structural and optical properties with Ag ion
implantation were estimated by different characterization techniques
such as X-ray diffraction, UV-visible spectroscopy, Atomic force mi-
croscopy, X-ray photoelectron spectroscopy and Raman spectroscopy.

2. Experimental plan

First, we prepared a ZnO target (2 inch diameter and 3 mm thick-
ness) from the ZnO powder (Merck) using hydraulic press machine
(HYCON Hydraulic engineers and consultants, New Delhi) for the film
deposition by RF-magnetron sputtering. A tubular furnace was used for
the prepared ZnO target sintering at the temperature 1200 °C for the
duration of 24 h. The continuous flow of oxygen gas was kept during
target sintering in the furnace. The silicon and glass substrates were
cleaned ultrasonically in acetone, isopropanol and deionized water
subsequently before the film deposition and mounted in the deposition
chamber. Sputtering was performed in the presence of argon gas and
synthesized ZnO thin film with the thickness of ~500 nm. The rotary

pump was used for achieving the rough vacuum and it coupled with the
turbo-molecular pump for obtaining the high vacuum in the sputtering
chamber. The initial vacuum in the deposition chamber before the
deposition was 5 X 10~ °mbar and it decreased when introducing the
argon gas in the chamber and measured 3 x 10~ 2 mbar pressure during
the film deposition. The deposition was performed at room temperature
for 30 min at the RF power was ~150 W. The target to substrate dis-
tance ~4 cm and self-bias voltage of the sputtering unit was 250-300 V
during the deposition. After the film deposition, all the samples were
mounted in the implantation chamber for the implantation. 120 keV Ag
ion beam was used for the ion implantation in ZnO thin film using
negative ion implantation facility at Inter University Accelerator Center
(IUAC), New Delhi. The nuclear energy loss (S,) is dominant for the
lower energy range and it determined by Stopping and Range of lon in
Matter (SRIM) simulation program [40]. The value of nuclear and
electronic energy loss (S, and S.) are calculated by SRIM and found to
be 2.54 x 10%eV/A and 2.71 x 10" eV/A respectively with the range of
~424 A in ZnO material. The Ag ion beam scanned over the complete
sample area (1 X 1cm?) with five different implantation doses
3 x 10 1 x10%5 3 x10%% 1 x 10 and 3 x 10'®ions/cm? The
constant beam current ~1.1 pA was stable during Ag ion implantation.

The thickness and metal distribution of pure ZnO and Ag implanted
ZnO thin film were estimated by the Rutherford backscattered spec-
troscopy at IUAC, New Delhi. The structural change with ion im-
plantation in ZnO thin film was estimated by X-ray diffraction spectra
with Panalytical X-Pert pro diffractometer using Cu K, beam (1.54 A) at
Material Research Center (MRC), MNIT Jaipur. Chemical composition
and surface analysis were carried out by X-ray photo-electron spectro-
scopy. UV-visible spectra of pure and implanted ZnO films were re-
corded using a dual beam U-3300 Hitachi spectrometer at [UAC, New
Delhi. Raman measurement of as-deposited and implanted thin films
was performed using Raman microscope (AIRIX-STR 500) with 532 nm
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laser excitation and at low power to avoid any heating effect. Surface
morphology of the pure and Ag implanted ZnO thin films were studied
by atomic force microscopy (Bruker).

3. Results and discussion
3.1. Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) is the efficient tech-
nique to estimate the thickness and compositional parameter of the
materials. RBS spectrum and depth profile of Ag implanted ZnO films
(at higher fluence 3 x 10'®ions/cm?) are shown in Fig. 1(a-b). The
experimental RBS spectra was simulated by Rutherford Universal Ma-
nipulation Program (RUMP) [41] as shown in Fig. 1(a). The thickness
and presence of Ag at the surface of the ZnO film have been estimated
by the simulated spectra. The thickness of the film has been estimated
and found to be ~500 nm. The potential sputtering near to the surface
take place during the ion implantation as confirmed by depth profile
shown in Fig. 1(b) [42]. The presence and asymmetric distribution of
Ag ions at the surface of the ZnO film have been observed and sup-
ported by depth profile curve. The depth profile of Ag implanted film
shows that, the elemental composition of the film affected by Ag ions
implantation close to the surface region. Furthermore, theoretical dis-
tribution of 20,000 Ag ions (Fig. 1(c)) in ZnO film was calculated by the
SRIM-TRIM simulation program [40]. The experimental distribution of
Ag in ZnO matrix is supported by the simulated depth profile of Ag
implanted ZnO film (Fig. 1(c—d). The marginal difference between si-
mulated and experimental Ag distribution may be subjected to the
energy deposition by incident ions which leads to the preferential
sputtering as well as high dynamic annealing near the surface.

3.2. X-ray diffraction analysis

Fig. 2(a) shows the X-ray diffraction (XRD) pattern for pure ZnO and
120 keV Ag Implanted ZnO thin films at different implantation doses
from 3 x 10'* to 3 x 10"®ions/cm?. Pure ZnO film shows the crystal-
line nature and indicates the hexagonal wurtzite structure with (100),
(002), (101), (102), and (110) reflection planes which appear at the
diffraction angle 31.7°, 34.2°, 36.2°, 47.4°, and 57.1° respectively
(JCPDS Card No. 89-1397). At the higher implantation dose, all other
planes are disappeared except one plane (002), which indicates the
monocrystalline nature of the ZnO thin film with higher crystallinity.
Grain growth along the c-axis with Ag ion implantation has been clearly
observed by the spectra which can be useful for device fabrication.
Lattice strain of the film releases with the Ag ion implantation clearly
mentioned in Fig. 2(b) and it is responsible for the growth of the film in
c-axis. Basic crystal theory suggests that, (002) plane has the lowest
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surface energy for easy growth along this plane for the ZnO. Lattice
strain for the pure and Ag implanted ZnO films are calculated by fol-
lowing equation [43]:

Bcotb

Lattice strain (¢) = 2

(€]
where, 0 is the angle of diffraction and f is the full width at half maxima
(FWHM). The lattice strain of the film decrease with increasing the
implantation dose. The crystallite size of the pure ZnO film has been
calculated and found to be ~10.6 nm and it marginally increases up to
13.0nm with Ag ion implantation at higher dose 3 x 10'®ions/cm>.
Crystallite size of the films is estimated by well-known De-
bye-Scherrer's relation as [44]:

094
B cos 6

Crystallite size (D) =
(2)
where, symbols have their usual meaning, A is the wave length of the
incident beam (CuK, = 1.54A), 0 is the diffraction angle, and f is
FWHM. The crystalline behavior of the film improves with Ag ion im-
plantation due to realizing of strain at higher implantation dose.

3.3. X-ray photoelectron spectroscopy

The presence of species and surface structure of the pure and
120keV Ag implanted ZnO (at higher dose) thin film have been in-
vestigated by X-ray photoelectron spectroscopy (XPS) analysis and
obtained results are shown in Fig. 3. In the case of pure ZnO, high-
resolution spectra of Zn 2p region exhibits 2p;,, and 2p, /» states at the
position of ~1022.70eV and ~1045.85eV. Oxygen shows the asym-
metric behavior with two type of oxygen group. First oxygen group is
associated with the Zn—O bonding, while second group confirms the
existence of hydroxyl group at the binding energy of ~530.57 eV and
~531.96 eV respectively. The existence of Ag is confirmed by the peak
observed in the survey scan (for the implanted film), therefore high-
resolution XPS spectrum of Ag has been recorded and displayed in
Fig. 3.

The binding energies of Ag (3ds,») and Ag (3d3,,) are ~374.06 eV
and ~368.05 eV, respectively. The energy splitting of 3d doublet is
~6eV. This energy splitting reveals the metallic nature of Ag at the
surface of ZnO film. The core spectrum of Ag is further deconvoluted to
identify the interaction of Ag with ZnO and observed the lesser con-
tribution of Ag>—O and Ag—Zn—O components in addition to metallic
Ag. The existence of hydroxyl group in pure and implanted film is
subjected to surface defects or belongs to oxygen deficient region/
loosely bound oxygen on the surface [45]. The area of peak associated
with hydroxyl group found higher with lesser intensity in the case of an
implanted film, which attributed to the creation of defects in the film
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Fig. 2. (a) X-ray diffraction pattern of the pure ZnO and 120 keV Ag implanted thin film with different dose. (b) Variation in crystallite size and lattice strain with

implantation dose.
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Fig. 3. XPS spectra of the pure ZnO and Ag implanted ZnO nanocomposite thin film at the dose 3 x 10'®ions/cm?.

during implantation. The decrement in intensity has been observed in
core spectra of the Zn and O, which confirms the change in stoichio-
metry at the surface of the film and it is also supported by RBS.

3.4. UV-visible spectroscopy

Fig. 4 shows UV-Visible transmittance spectra of pure ZnO and Ag
implanted ZnO thin films. The range of spectrum is taken from 350 to
750 nm (visible range of electromagnetic spectrum) during the char-
acterization. The transmittance of the film significantly decreases with
Ag ion implantation. The value of transmittance is decreased from
~80% to ~40% for pure and Ag implanted ZnO thin film at higher dose
3 x 10'®ions/cm? calculated at ~550nm. This decrement in the
transmittance may be attributed due to charge carrier density as well
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defects creation during Ag ion implantation in the ZnO film. Surface
morphology of the films also play the major role for change in optical
properties of the film which is further investigated by atomic force
microscopy. The band gap of pure and Ag implanted ZnO thin film has
been determined by the help of Tauc's equation [46]:
ahy = A(hy — Eg)'/n 3)
where a is the coefficient of absorption, E, is the optical band gap of
material and vy is the frequency of the incident photon. The index value
“n” depends on the nature of the transition (direct, indirect, allowed
and forbidden) for the material. For this case, ZnO has direct band gap
material, so the value of n for this case is 2 for calculating the band gap
of the film. There is no significant change observed in optical band gap
of pure and Ag implanted ZnO thin film at the higher implantation dose

3.0

Fig. 4. (a) UV-visible transmittance spectra of the pure ZnO and 120 keV Ag implanted ZnO thin film with different dose. (b) Variation in band gap of the pure and

implanted ZnO thin films.

380



S.K. Singh, R. Singhal

A1(LO) mode

mode“. \ 3x10"jons/cm?

second order

[\ MO de E,high

300 400 500 600 700 800
Raman shift (cm'l)

200

Fig. 5. Raman spectra of the pure ZnO and 120 keV Ag implanted ZnO thin film
with different implantation dose.

shown in Fig. 4(b).

3.5. Raman spectroscopy

For the case of ZnO (hexagonal wurtzite structure) space group
associated with Cg,* symmetry. According to basic group theory, ZnO
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has eight set of phonon normal modes as 2A; + 2E; + 2B; + 2E, with
A; + E; acoustic modes and remain six modes A; + E; + 2B; + 2E, are
optical phonon modes at I' point of the Brillouin zone [47]. Raman
spectra for pure and Ag implanted ZnO thin films are shown in Fig. 5.
The typical spectra show three bands at 580 cm ™!, 438cm ™' and
274 cm ™! for pure and implanted ZnO thin films.

The sharp and highly intense band at 580 cm ™! is assigned to A,
(LO) mode, which is good agreement with theoretical results. The other
bands 438 cm ™! and 274 cm ™! are associated with the E, (high) mode
and B; (high)-B, (low) mode respectively. The presence of E, (high)
mode in the spectra of pure ZnO thin film confirmed the formation of
the wurtzite structure. The E, (high) mode as well B; (high)-B, (low)
disappears with Ag ion implantation but A; (LO) mode is not much
affected at the lower implantation dose up to 3 x 10'®ions/cm?. At the
higher implantation dose (1 X 10'® and 3 x 10'®ions/cm?), the in-
tensity of the A; (LO) mode decreases and observed a red shift in its
position due to Ag ion implantation. The observed red shift in A; (LO)
mode may be due to Ag incorporation in the ZnO matrix during im-
plantation. The structural lattice strain of the film also responsible for
observed red shift because films releasing their strain with Ag ion im-
plantation as confirmed by X-ray diffraction pattern. A complete dis-
appearance of the E, high mode has been found at the higher implanted
dose indicating the Ag incorporation, which is responsible for lower
crystallinity and defect creation in the ZnO matrix.

3.6. Atomic force microscopy

To observe the surface morphology of pure and Ag implanted ZnO
thin films have been characterized by atomic force microscopy (AFM)
in tapping mode. Fig. 6 shows the 2-D AFM micrograph (1 X 1um?)
with different implantation dose ranging from 3 x 10'* to
3 x 10'®ions/cm? The very well inter-connected grains on the top of
the surface of the film are clearly observed by AFM images. The grain
size of pure ZnO film is calculated and found to be ~25.28 nm for pure
ZnO thin film. The grain size of the film increased with increasing the
implantation dose and it reached up to ~47.51 nm at the higher im-
plantation dose (3 x 10'%ions/cm?). The relaxation of the strain with
in crystal lattice and appearance of the high density of defects have
been found due to interaction of low energy (120 keV) Ag ions with ZnO
films and also high dynamic annealing near the surface region.
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Fig. 6. 2-D AFM micrographs of as-deposited and 120 keV Ag implanted ZnO thin film with different implantation dose.
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Fig. 7. Variation in roughness and gain size of the pure and 120 keV Ag im-
planted ZnO thin film with different implantation dose.

Therefore, the formation of defects clusters accumulated at the surface
and lead to agglomeration of the grains [48]. The grain size has been
increased with implantation as confirmed by AFM and XRD. The grain
size of film is larger in comparison to crystallite size as calculated by
AFM, because AFM shows the agglomeration of grains however the
XRD shows average crystallize size. The root-mean-square roughness
(Ryms) of pure and Ag implanted ZnO thin films have been estimated by
following relation:

1

1 N
Rims = |— D, 1Zi—ZP
N3 C)]

where, Z is mean height distance and N is number of surface height data
points. The roughness of pure ZnO thin film has been calculated by
above relation and found to be ~6.2 nm. The increment in the rough-
ness values has been observed with increasing the implantation dose.
The roughness of the Ag implanted ZnO thin film at higher implantation
dose (3 x 10'ions/cm?) has been found to be ~13.3 nm. During ion
implantation, potential sputtering take place near the surface of ZnO
film due to high density of collision cascades induced by 120 keV Ag
ions, which could be responsible for higher surface roughness [49].
Fig. 7 shows the variation in the grain size and roughness of the pure
and Ag implanted ZnO thin films with different implantation dose.

4. Conclusions

In present study, structural and optical modifications in ZnO thin
films have been investigated with 120 keV Ag ion implantation with
different implantation dose. Pure ZnO thin films were successfully
synthesized by RF-magnetron sputtering technique. X-ray diffraction
spectra reveal the formation of hexagonal wurtzite structure with good
crystalline nature along c-axis. The decrement in the transmittance of
the films could be attributed to the charge carrier density which ef-
fected by Ag implantation. Surface features of the films observed by
AFM and found to be significant changes in roughness and grain size.
The lattice strain of the film released with ion implantation and it re-
sponsible for the modified crystalline nature of the film with single
crystalline behavior. The c-axis oriented ZnO films are immense tech-
nological importance for various optoelectronic device fabrication.
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ZnO nanocomposite (NCs) thin films were synthesized by RF magnetron sputtering
technique and irradiated with 100 MeV Ag’* ions at three different fluences 3 x 10'%,
1 x 10" and 3 x 10" ions/cm?. Rutherford Backscattering Spectrometry revealed Ag
concentration to be ~8.0 at.%, and measured thickness of the films was ~55 nm. Structural
properties of pristine and irradiated films have been analyzed by X-ray diffraction analysis
lon irradiation and found that variation in crystallite size of the film with ion irradiation. X-ray photo-
Atomic force microscopy electron spectroscopy (XPS) indicates the formation of Ag-ZnO nanocomposite thin film
X-ray diffraction with presence of Ag, Zn and O elements. Oxidation state of Ag and Zn also estimated by
XPS analysis. Surface plasmon resonance (SPR) of Ag nanoparticle has appeared at
~475 nm in the pristine thin film, which is blue shifted by ~30 nm in film irradiated at
fluence of 3 x 10'? ions/cm? and completely disappeared in film irradiated at higher flu-
ences, 1 x 10> and 3 x 10'3 jons/cm?. A marginal change in the optical band gap of Ag-ZnO
nanocomposite thin film is also found with increasing ion fluence. Surface morphology of
pristine and irradiated films have been studied using Atomic Force Microscopy (AFM).
Raman and Photo-luminance (PL) spectra of nanocomposite thin films have been inves-
tigated to understand the ion induced modifications such as lattice defects and disordering
in the nanocomposite thin film.

Keywords:
Ag-ZnO nanocomposite thin film

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The functional nanomaterial with potential technological applications is the prominent field for researcher and scientist
community in the present scenario. ZnO is a multi-functional material of II-VI group with the optical band gap of 3.3 eV at
room temperature and having hexagonal wurtzite crystal structure [1]. In recent years, ZnO is very encouraging material that
is utilized in multiple fields such as solar cells, transparent conductive contacts, light emitting devices, spintronic devices,
laser deflectors, paints, antibacterial activity, bio-sensors, piezoelectric transducers and gas sensors [2—12] and many efforts
have been done to modify the properties of ZnO such as doping, ion irradiation, etc. so that it can be used more widely in
research fields. The physical properties of ZnO thin films also depend on the deposition parameters and different deposition
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techniques. Sputtering [ 13], spin coating technique [ 14], spray pyrolysis [15], sol-gel method [16], chemical vapour deposition
[17], pulsed laser deposition [ 18] are the various methods for growing the ZnO thin films for the different applications. Doping
of novel metal in ZnO matrix offers the effective tool for improving the structural and optical properties of the thin film
[19,20]. The modifications of optical and structural properties in Ag-fullerene, Ag-TiO, and Ag-SiO, nanocomposite thin films
due to SHI irradiation have also been reported by many groups [21—27]. Swift heavy ion irradiation technique is mostly used
to modify or enhance the properties of several materials [28—30]. When energetic ions are incident on the target material,
they transfer a large amount of energy and produces a high density of electronic excitation along ion path in the narrow
cylindrical zone. This high amount of deposited energy leads to the high density of defects in the target material, due to the
heating effect along the ion path [31]. These defects and a large amount of energy in the target material are responsible for the
structural and optical modifications by SHI irradiation. Ag-ZnO nanocomposite provides the diverse application in the
fabrication of optoelectronic devices as silver nanocomposite shows better optical properties in the visible range of elec-
tromagnetic spectrum. The photo-catalytic activity of ZnO is also effected by the presence of silver nanoparticles. In the
photo-absorption process, the silver nanoparticle can trap the charge carrier and these charge carriers are responsible for
restriction of the charge recombination process [32—35].

In this paper, we have investigated the 100 MeV Ag’* ions beam induced structural and optical modifications of Ag-ZnO
nanocomposite thin films which were prepared by RF magnetron sputtering and irradiated at three different fluences at
3 x 10'%,1 x 10" and 3 x 102 ions/cm?. Ion-induced structural modifications in the film are estimated by atomic force
microscopy (AFM) and X-ray diffraction analysis. The photocatalytic behaviour of the film is estimated by photo-luminance
spectra of the Ag-ZnO nanocomposite thin films.

2. Experimental plan

Ag-Zn0 nanocomposite thin films of thickness ~55 nm were deposited on glass and silicon substrates by the RF sputtering
technique. ZnO target was prepared from ZnO powder (Alfa Aesar, 99.9%) using hydraulic press machine and was sintered at
1200 °C in the tube furnace for 24 h in the presence of oxygen gas. Small pieces of silver (1 mm thick) were glued on the ZnO
target (3 mm thickness, 2-inch diameter) at a different position during deposition. The substrates were cleaned in acetone
using ultra-sonication and rinsed in deionized water. The pressure in the sputtering chamber was 10~ Torr before intro-
ducing the argon gas into the chamber, achieved by turbo molecular pump which was coupled with the rotary pump in the
sputtering unit. The deposition was performed at a pressure 5 x 1072 Torr with the presence of argon gas (grade-I) in the
sputtering chamber. The target to substrate distance was calculated before deposition and found to be ~4 cm. The substrate
temperature was ~300 °C, which was measured by thermocouple gauge and controlled using a feed-back controlled heater.
The deposition was performed for 30—40 min with RF power at 150 W and the self-bias voltage at 250—300 V measured by
sputtering unit. Ag-ZnO NCs thin films were irradiated with 100 MeV Ag’* ion beam by using 15 UD pelletron accelerator
facility at Inter University Accelerator Centre, New Delhi. The ion beam is scanned over the area 1 x 1 cm? with three different
fluence at 3 x 10'%,1 x 10" and 3 x 10" ions/cm?.

The thickness and actual metal atomic fraction of nanocomposite thin films, deposited on Si substrate were measured by
the Rutherford backscattered spectroscopy (RBS) by using PARAS facility at Inter University Accelerator Centre (IUAC) New
Delhi. The XRD spectra of films were recorded with Panalytical Xpert Pro diffractometer using Cu-K, at Material Research
Centre (MRC) Jaipur. UV— visible absorption spectra of films was recorded using a dual beam Lambda 900 (Perkin Elmer)
spectrometer at MRC Jaipur. Surface morphology was estimated by atomic force microscopy (Bruker) MRC Jaipur. Raman
measurements of nanocomposite thin films were performed using AIRIX STR 500 Raman microscope with laser excitation at
532 nm and photo-luminance (PL) spectra of thin films also recorded by the same instrument with 325 nm excitation
wavelength of He-Cd laser at room temperature.

3. Results and discussion
3.1. Rutherford backscattering spectroscopy

Fig. 1 shows the RBS spectrum of pristine Ag-ZnO nanocomposite (NCs) thin film on Si substrate. To estimate the metal
atomic fraction and thickness of thin film, the obtained experimental RBS spectrum of the film was simulated by SIMNRA
program and fitted as showing in Fig. 1. The Ag atomic fraction was calculated to be ~8.0 at.%, and thickness of pristine Ag-ZnO
nanocomposite thin film was ~55 nm which was observed by SIMNRA simulation program [36]. To understand the modifi-
cations of Ag-ZnO nanocomposite thin films due to 100 MeV Ag’* ion beam, it is necessary to find out the dynamics of ion
interaction into the nanocomposite thin film. When swift heavy ions (SHI) traverse through the target material, it interact
with the electron as well nuclei of the target material and loose huge amount of energy in two different ways: (a) direct
transfer of energy to target atoms by elastic collisions, termed as nuclear energy loss (Sp) and (b) transfer of energy of
incoming ions to the electrons of target atoms, termed as electronic energy loss (Se). Large amount of energy deposited by
incident ions is responsible for the atomic displacement along the beam path and explained by two different models;
Coulomb spike model (CSM) and Thermal spike model (TSM). When 100 MeV Ag’* ions pass through the nanocomposite thin
film, they loss their energy by creating electronic excitation as well as ionization of the atom of the target material by an
inelastic collision between the incident ion and target electrons. Localized defects and disordered region created by electronic
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Fig. 1. Rutherford backscattering spectrum (RBS) of Ag-ZnO nanocomposite thin film.

excitation during SHI irradiation are responsible for modifications in the lattice structure, optical properties and structural
properties of the target material. In this study, the value of Electronic energy loss (Se) ~ 20.39 keV/nm and nuclear energy loss
(Sn) ~ 0.122 keV/nm for 100 MeV Ag’* with ion range in target material is 20.15 um, calculated by stopping and range of ions in
matter (SRIM) software [37]. Electronic and nuclear energy loss depend on incident ion energy, in low energy region nuclear
energy loss (Sy) is dominant and another side in high energy region, electronic energy loss (Se) is dominant, which can clearly
be seen in Fig. 2. In present work, 100 MeV energy is taken for irradiation of nanocomposite films as for high energy region
electronic energy loss will be dominant and responsible for modifications which are shown in Fig. 2 by a vertical dashed line.

3.2. XRD measurements

The structural modifications of pristine and irradiated Ag-ZnO thin films at different fluences have been analyzed using X-
ray diffraction (XRD) technique and XRD patterns are shown in Fig. 3. It is clear that the pristine Ag-ZnO thin film crystallizes
in hexagonal wurtzite phase with lattice planes (100), (002), and (101) at 31.34°, 34.12° and 35.95° respectively. The indexing
of XRD pattern was done in accordance with the JCPDS card no. 89-1397. Crystallite plane spacing (d) for pristine and irra-
diated thin film have been estimated by using Bragg’s formula:

nA = 2d sinf

Where n is the order of diffraction, A is wavelength (1.54 A) and d denotes the inter planer spacing of indices (h k I) and § is the
angle of diffraction. The crystalline plane spacing (d) is calculated for the (002) plane with first order diffraction (n = 1). The
value of lattice constants have been calculated by using crystal structural formula for hexagonal wurtzite structure which
described in this form [38]:

14 (h* 4 hk+ K +E
d 3 a? c?

—=
hkl
Where h, k, | shows the Miller indices for the thin film, d is the interplanar spacing and q, c are the lattice constant. Lattice

parameter and d spacing for the pristine and irradiated thin film are tabulated in Table 1. Stress in the pristine and irradiated
thin film is also evaluated by using the relation [39];

c-c

C/

¢=-233 { ] [GPal

Symbols have their usual meaning in above formula, ¢ is the stress for the sample and c, ¢’ are the lattice constant for the
Ag-ZnO composite thin film and strain free lattice constant for pure ZnO respectively. Stress variation of the pristine and
irradiated thin film has been shown in Fig. 4 (inset) and summarized in Table 1. The presence of Ag in pristine and irradiated
thin films was also confirmed by the peak obtained at 38.23° with (111) plane [JCPDS card no. 87-0720]. The crystallite size
was determined by using the Scherrer’s formula:



198 S.K. Singh et al. / Superlattices and Microstructures 103 (2017) 195—204

18 -D-Se

- -
N O

(dE/dx) (keV/nm)
©

6

3

0

10’ 102 10° 10* 10° 10°
Energy (keV)

Fig. 2. The nuclear and electronic energy losses of 100 MeV Ag’* ions as the function of incident ion energy.

3 -
L . a s ¢ ZnO
b S S - *Ag
b = f\ F"' = 3x10"
an ]
=1
] 1x10"
N’
)
=
wn P
=
8 [ 12
sl 3x10
pristine

20 (degree)

Fig. 3. XRD spectra of pristine and irradiated films at three different fluences.

Table 1
Lattice parameters, crystallite size and stress of the pristine and irradiated thin films estimated by X-ray diffraction spectra.

SI. No. Fluence (ions/cm?) d spacing (A) (for 002) Lattice constant ‘a’ (A) Lattice constant ‘c’ (A) c/aratio Crystallite size (nm) Stress ¢ (GPa)

1. Pristine 2.601 3.249 + 0.002 5202 + 0.002 1601 13.51 = 0.81 T014
2. 3 x 1012 2.604 3.252 + 0.001 5.208 = 0.001 1602  14.66 + 0.60 ~0.13
3. 1x 101 2.605 3.248 + 0.002 5.210 = 0.002 1604 1265+ 0.72 ~022
4 3x 1013 2.602 3.256 + 0.003 5204 + 0.003 1598  11.68 + 1.08 +0.04
092
" Bcosh

Where A is wavelength (CuK,, = 1.54 A), 8 is the Bragg diffraction angle and  is full width at half maxima (FWHM). Fig. 4
shows the variation in crystallite size of the pristine and irradiated thin films with different ion fluence which was calcu-
lated from the x-ray diffraction pattern and summarized in Table 1. The changes in the crystallite size revealed that the
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Fig. 4. Crystallite size of pristine and 100 MeV Ag’" irradiated thin film.

crystalline behaviour of nanocomposite film improves with ion irradiation at lower fluence, but crystallinity is decreased at
higher fluence. The crystallinity of the films is effected by ion irradiation at different fluences which are related to the lattice
strain between the grains of the nanocomposite thin film, at the lower fluence lattice strain releases between the grains and it
is responsible for the improvement in the crystalline behaviour of the film. But when irradiation fluence increases, more
number of incident ions interact with the film attributed to the disordering inside the large grains due to overlapping of the
ion tracks [40].

3.3. XPS analysis

To determine the different component and oxidation states of Ag-ZnO nanocomposite thin film, XPS studies of the
pristine film were carried out. The spectra is given in Fig. 5 where in (a) shows the full scan spectra while (b-d) show the
core shell spectra corresponding to the Zn 2p, O 1s and Ag 3d state of the elements. The position of peaks were matched
with the standard database and it indicated the presence of Zn, O and Ag elements in the specimen. The short scan of Zn 2p
region exhibited Zn?* state with binding energy ~1023.26 eV and ~1046.37 eV for 2p3p2 and 2pq; states respectively. The
short scan for O 1s exhibited asymmetric behaviour which was contribution of two types of oxygen groups. The first peak
which located at lower binding energy (~531.23 eV) was attributed to Zn—O bonding and other peak (~532.87 eV) was
related to hydroxyl group which is resulted due to surface defects. Presence of this group are advantageous in photocatalytic
behaviour and play a significant role for preventing the electron-hole recombination process [41]. Fig. 5 (d) indicates the
splitting of Ag (3ds)2) and Ag (3ds32) were clearly seen at ~ 374.67 eV and ~368.61 eV, respectively. The spectrum was further
deconvoluted to estimate a smaller contribution from Ag;-O and Ag-Zn-O components in addition to the metallic Ag. The
concentration of the Ag in ZnO matrix also calculated form the spectra and found to be ~8% which was in good agreement
with the RBS results.

3.4. UV—visible absorption spectroscopy

To study the optical modifications of pristine and 100 MeV Ag ion beam irradiated Ag-ZnO nanocomposite thin films,
UV—visible absorption spectroscopy measurement was done. Fig. 6 shows the optical absorption spectra of pristine and
irradiated thin films. For pristine Ag-ZnO thin film, a broad SPR peak was observed at ~475 nm, when fluence is increased
up to 3 x 10'% ions/cm?, SPR peak is shifted (~30 nm) towards the lower wavelength (blue shift) and found at 445 nm. The
intensity of the SPR peak for the 3 x 10'? ions/cm? fluence is also found to be decreased in comparison to pristine film, and
it is disappeared on further increasing the fluence. This shift and decreased intensity may be the result of the reduction of
metal particle size with irradiation fluence [42] and also effected by the modifications in the ZnO matrix during SHI
irradiation. During the high energy ion irradiation electronic energy loss is more dominant, so a large amount of energy
transfer from an incident ion to target material which creates the high temperature zone along the incident ion path ac-
cording to thermal spike model and this high temperature leads the melting of material along the ion path and responsible
for the optical modifications in Ag-ZnO nanocomposite thin film by ion irradiation. Fig. 7 shows the graph between (ahu)?
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Fig. 6. UV— visible absorption spectra of pristine and 100 MeV Ag’* irradiated films.

and hv to measure the optical band gap. The optical band gap of Ag-ZnO nanocomposite thin films were calculated by Tau'c
relation [43]:

ahy = A(hy — Eg)"
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Fig. 7. Band gap variation of pristine and irradiated films, calculated by Tauc's relation.

Table 2
Band gap, roughness and grain size of pristine and irradiated thin films.
SI. No. Fluence (ions/cm?) Band gap (eV) Roughness (nm) Grain size (nm)
1. Pristine 3.19 + 0.01 119 52.53 + 0.06
2. 3 x 102 3.16 + 0.01 14.6 72.31 + 0.08
3. 1x 10" 3.14 + 0.01 9.6 38.19 + 0.05
4, 3 x 10" 3.15 £ 0.01 9.2 36.15 + 0.11

Where hv is the incident photon energy, A is constant, «. is the absorption coefficient and Eg is the optical band gap. The index
value “n” influenced by the transition between valence bands to conduction band whether it is allowed or forbidden and
direct or indirect. For the present study, the value of n is %. The optical band gap for pristine Ag-ZnO nanocomposite thin film
was observed ~3.19 eV and it is decreased up to 3.15 eV, with increasing fluence at 3 x 10'3 ions/cm?. The variation in the
optical band gap at different fluences is summarized in Table 2 under the limit of this method of calculating band gap, so this is
not appreciable.

3.5. AFM measurements

Fig. 8 shows the 2D AFM images of pristine and 100 MeV Ag irradiated Ag-ZnO nanocomposite thin film. The measured
root-mean-square roughness (Ryns) of the pristine film was ~11.91 nm and it increased to ~ 14.61 nm in the films irradiated
with fluence of 3 x 10'? jons/cm?. With further increase in the fluence, the roughness was decreased to ~9.27 nm for the
fluence of 3 x 10" jons/cm?. The roughness variation with incident ion fluences is described in Table 2. The Ryms roughness of
pristine and irradiated films is calculated by the relation:

1/2
ers = |:% EN:‘ZI' _Z‘Z:|
i=1

Symbol Z represent the mean height distance and N is no. of surface height data points in given relation. The increase in
the surface roughness and then further decrease with increase in irradiation dose is a result of rapid annealing due to high
energetic ions. The average size of the surface grains were also calculated by AFM micrographs and assuming nearly spherical
grains distributed on the surface of the pristine and irradiated thin film. The calculated grain size for the pristine film is
52.53 + 0.06 nm and it increases at the fluence 3 x 10'% jons/cm? but further increase the fluence, the grain size is decrease
and found to be 36.15 + 0.11 nm for 3 x 10" ions/cm? fluence. The variation of grain size with irradiation fluence are
summarized in Table 2. In the case of high energy SHI irradiation, the density of electronic excitation induced through the
target material and it is responsible for the change in surface morphology of film at different ion fluences. Diffusion and
fragmentation process between the target atoms with in irradiation zones during SHI Irradiation are responsible for the grain
size distribution. Variation in grain size with irradiation calculated by AFM images is supported to XRD data.
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Fig. 8. AFM micrographs (2D) of pristine and irradiated Ag-ZnO nanocomposite thin films.

3.6. Raman spectroscopy

The hexagonal wurtzite ZnO structure associated to C%g, space group with two formula units per primitive cell and it have
A1+2E>+E1 Raman active phonon modes according to the group theory, where all atoms occupy Cs, sites. The Raman spectra
of pristine and 100 MeV Ag ion beam irradiated Ag-ZnO nanocomposite thin films at three different fluences 3 x 10'%,1 x 103,
and 3 x 10" ions/cm? are shown in Fig. 9. The spectra depict that no sharp band exists in the pristine film, but when films
were irradiated at lower fluence, the intensity of E; high mode starts increasing in comparison to pristine film. This increased
intensity describes the improvement in the crystallinity at lower fluences. With further increased fluences, the E; band is

—— pristine
§ —o— 3x10"
A1(LO) mode —2— 1x10"

—— 3x10"

E2 high mode

scattering yield (a.u.)

300 400 500 600 700 800
Raman shift (cm'1)

Fig. 9. Raman spectra of pristine and irradiated films at different fluences.
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Fig. 10. PL spectra of pristine and irradiated films at different fluences.

completely disappeared, and the intensity of A; (LO) mode is increased very sharply. This improvement in the A; (LO) mode
intensity and disappearance of E; band at the higher fluence in the nanocomposite thin film are attributed to the density of
defects such the creation of oxygen vacancies due to SHI irradiation [44].

3.7. Photoluminescence (PL) studies

Fig. 10 shows the PL spectra for pristine and 100 MeV Ag’* ion irradiated Ag-ZnO nanocomposite thin films at room
temperature with an excitation wavelength of 325 nm He-Cd laser. The spectra of pristine and irradiated thin films mainly
consist of four emission bands at 377,420, 445 and 467 nm respectively. A sharp peak observed at 377 nm is attributed to near
band emission (NBE), and band to band transition. This may be due to deep-level defects such as zinc interstitials or oxygen
vacancies in Ag-ZnO NCs thin film [45]. The peak at 445 nm is assigned to the transition of electrons from Zn interstitial to
accepter energy level of Zn valency and another peak at 467 nm is ascribed to the oxygen vacancies in the ZnO thin film
[46,47]. The interface of the grain boundaries of Ag and ZnO grains prevent the radiative defects at the grain boundaries as
confirmed by blue emission at 420 nm [48]. The defects formation during ion irradiation could be understand on the basis of
interaction between incident ion and target material.

4. Conclusion

In summary, Ag-ZnO nanocomposite thin films were synthesized by RF sputtering method and irradiated with 100 MeV Ag
ions at different fluences. We have studied the high energy ion induced modifications in structural and optical properties by
different characterization techniques. The blue shift in the SPR band was observed at low fluences of the ion beam, and the
band gap of the film was decreased with increasing ion fluence. The crystallinity of the film is decreased with increasing ion
fluence which was analyzed by X-ray diffraction spectra. The surface morphology of the film was not very much affected by
SHI irradiation, and change in roughness was marginal. Raman spectroscopy was used to study the density of lattice defects
which is found in increasing order with increasing fluence with support of Photo-luminance spectroscopy.
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The formation of silver (Ag) nanoparticles in a ZnO matrix were successfully synthesized by RF-
magnetron sputtering at room temperature. As prepared Ag-ZnO nanocomposite (NCs) thin films were
annealed in vacuum at three different temperatures of 300 °C, 400 °C and 500 °C, respectively. The struc-
tural modifications for as-deposited and annealed films were estimated by X-ray diffraction and TEM
techniques. The crystalline behavior preferably along the c-axis of the hexagonal wurtzite structure
was observed in as-deposited Ag-ZnO film and improved significantly with increasing the annealing tem-
perature. The crystallite size of as-deposited film was measured to be 13.6 nm, and increases up to 28.5
nm at higher temperatures. The chemical composition and surface structure of the as-deposited films
were estimated by X-ray photoelectron spectroscopy. The presence of Ag nanoparticles with average size
of 8.2+ 0.2 nm, was confirmed by transmission electron microscopy. The strong surface plasmon reso-
nance (SPR) band was observed at the wavelength of ~565 nm for as-deposited film and a remarkable
red shift of ~22 nm was recorded after the annealing treatment as confirmed by UV-visible spectroscopy.
Atomic force microscopy confirmed the grain growth from 60.38 nm to 79.42 nm for as-deposited and
higher temperature annealed film respectively, with no significant change in the surface roughness.
Thermal induced modifications such as disordering and lattice defects in Ag-ZnO NCs thin films were car-
ried out by Raman spectroscopy. High quality Ag-ZnO NCs thin films with minimum strain and tunable

optical properties could be useful in various plasmonic applications.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor based nanocomposites (NCs) have been widely
used in diverse research field due to its applicability in potential
fields such as plasmonic [1], photo-catalysis [2], nanodevices [3]
and gas sensors [4]. Specially, ZnO based NCs are very interesting
because of their wide band gap ~3.34 eV, large exciton binding
energy (60 meV) and belongs to II-VI group of semiconductors
[5]. These metal-ZnO NCs have been extensively used in various
field such as transparent electrodes [6], solar cell [7], photocytalic
activity [8], plasmonic [9], optoelectronic devices [10]and thin film
transistors [11]. The physical properties of such NCs are strongly
influenced by the deposition method, deposition parameter, dop-
ing of metal and post-deposition treatments like thermal anneal-
ing/ion beam irradiation [12-16]. The thin film of any material
offer new properties which is not appear in the bulk material
due to its large surface volume ratio, comparing to bulk [17-20].
There are many technique to synthesize these NCs in the form of
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thin film such as physical-vapour deposition [21], sol-gel method
[17], pulsed laser deposition [22], molecular beam epitaxial growth
[23], chemical vapour deposition [24], DC/RF sputtering method
[25] etc. Among of them, magnetron sputtering is much more
advantageous technique to synthesize the NCs films, having high
crystalline quality, good adhesion and packing density with the
amorphous substrates also [26]. The thin film of Ag-ZnO NCs exhi-
bits the various optical and structural properties which can directly
controlled by silver dopant and thermal annealing/ion beam treat-
ment [27,28]. The thermal annealing is also advantageous process
to tune the optical and structural properties of film after the depo-
sition. At the same time, annealing environment is also play the
major role to enhance the properties of the films [29,30].

In the present experiment, Ag-ZnO NCs thin films have been
synthesized by RF-magnetron sputtering and then annealed in
the vacuum environment (of the order of 1072) to prevent the oxi-
dation of Ag nanoparticles at three different annealing tempera-
tures of 300 °C, 400 °C and 500 °C. As-deposited and annealed
Ag-ZnO NCs thin films have been characterized by different
characterization tools like X-ray diffraction, X-ray photoelectron
spectroscopy, transmission electron microscopy, atomic force
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microscopy and Raman spectroscopy, to study the optical and
structural enhancement by thermal annealing. A remarkable red
shift (~22 nm) has been found in present experiment with
monocrystalline behaviour during thermal annealing as confirmed
by UV-visible and X-ray diffraction spectroscopy. These mono-
crystalline Ag-ZnO NCs thin film with tunable optical properties
could be very useful in plasmonic applications.

2. Experimental plan

A target of pure ZnO (2” dia.) was prepared from the ZnO powder
(Merck) with the help of hydraulic press machine (HYCON, New
Delhi). The prepared ZnO target was sintered in the tubular furnace
at the temperature of 1200 °C for 24 h with continuous flow of oxy-
gen gas during sintering process. For synthesizing the Ag-ZnO NCs
film, one small piece (1 mm thick) of pure Ag (Sigma Aldrich) was
glued on the prepared ZnO target before the film deposition. The sil-
icon substrates were used for film deposition and clean with RCA
method before the film deposition. The pressure in the sputtering
chamber was recorded 5 x 10~® mbar before inserting the argon
gas in the chamber. The vacuum of the chamber was decreased after
introducing the gas and observed 1.5 x 1072 during the film depo-
sition. The rough vacuum was created by rotary pump and it cou-
pled with turbo-molecular pump for getting the very high
vacuum. The deposition was performed for 40 min at the RF power
~60 watts at the room temperature. The thickness of the film was
measured by the quartz crystal monitor and found to be ~80 nm
at the deposition rate of 0.2 A/s. After the deposition, the prepared
Ag-ZnO NCs films were annealed at three different temperatures of
300 °C, 400 °C and 500 °C. A rotary pump was attached with tubular
furnace for achieving the vacuum. So the annealing was performed
in the vacuum and the observed value of the vacuum was found to
be ~1.24 x 1072 mbar during annealing.

The structural information of the NCs films have been estimated
by X-ray diffraction spectroscopy (Cu K, beam at the wavelength
of 1.54 A) and surface features have been observed by the Atomic
force microscopy (Bruker). The composition and surface analysis
have been confirmed by X-ray photoelectron spectroscopy (XPS).
The formation and size of Ag nanoparticle have been calculated
by Transmission electron microscopy (Tecnai G? 20-FEl). The UV-
visible spectroscopy (Perkin Elmer) has performed to observe the
optical properties of the films. The Raman spectra of as-deposited
and annealed films have been characterized by using Raman
microscope (AIRIX-STR 500) with 532 nm laser beam at low power.
All synthesis and characterization facility were used in Material
Research Center (MRC) at Malaviya National Institute of Technol-
ogy Jaipur.

3. Result and discussion
3.1. X-ray diffraction analysis

The structural behavior and crystalline quality of as-deposited
and annealed Ag-ZnO NCs thin films were investigated by X-ray
diffraction spectroscopy (XRD). Fig. 1 shows the X-ray patterns of
as-deposited and films annealed at 300 °C, 400 °C and 500 °C tem-
peratures. Most intense Bragg peak was identified at the diffraction
angle of 34.19¢ for as-deposited as well as annealed films that cor-
responds to the (0 0 2) planes of the hexagonal wurtzite structure.
There is no evidence of Ag-O and Ag,-O related phases in the pat-
tern. Importantly, the intensity of the (00 2) peak increases with
increasing the annealing temperature. Consequently, the FWHM
of the films decreasing with increasing the annealing temperature.
This signifies that the crystalline quality of the films are signifi-
cantly improved after the thermal annealing and is responsible
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Fig. 1. X-ray spectra of as-deposited and annealed Ag-ZnO NCs thin film at three
different temperatures of 300 °C, 400 °C and 500 °C.

for the growth along the c-axis (00 2 plane). Moreover, the (00
2) orientation of the hexagonal wurtzite structure have small sur-
face energy which results in a higher growth rate, according to the
basic crystal growth theory [31,32].

The presence of single Bragg peak in the pattern revealed the
higher crystallinity of the films. The crystallite size (D) of as-
deposited and annealed films was calculated according to Scher-
rer’s formula [33] as shown in equation 1:

09
~ pcoso

(1)

In above Eq. (1), 2 is the wavelength of the incident X-ray beam
(Cu Ky =154 A), B is the full width at half maxima and 0 is the
Bragg diffraction angle. The crystallite size was calculated from
above relation and found to be 13.6 nm for as-deposited film and
increases up to 28.5 nm for annealed film at the annealing temper-
ature 500 °C. The increment in the crystallite size is direct evidence
of the improved crystalline quality of the film after the annealing
treatment. The various microstructural parameters such as lattice
parameter, dislocation density, lattice strain and stress have been
calculated from the XRD pattern. The lattice parameters for the
as-deposited and annealed film were calculated by using crystal
structure formula for hexagonal wurtzite structure of ZnO which
is explain in given form [34]:

ni=2dsing (2)
and

1 4(R+hk+k*\ P

273 e J)te ®

In Eqs. (2) and (3), h, k, | are the Miler indices, d is the inter-
planer spacing and q, c are the lattice constant of the film. Table 1
summarizes the lattice parameters of as-deposited and annealed
films. In addition, the crystalline quality of the films is affected
by dislocation density which depend on the thermal annealing.
To account this we have estimated the dislocation density [35]
for the as-deposited and annealed films by given relation:

Dislocation density (6) = % (4)

A high dislocation density of 5.4 x 10!° line/m? was observed
for as-deposited film from the above relation (Eq. (4)). On the other
hand, a low dislocation density of 1.2 x 10! line/m? was found for
films after annealing at higher temperature. The value of disloca-
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Table 1
Structural parameters of as-deposited and annealed Ag-ZnO NCs thin films.
Sample detail 20 Lattice parameter d-spacing Crystallite size Dislocation density Lattice strain% Stress
©) a(A) c(A) (A) (nm) (GPa)
As grown 34.19 3.0253 5.2398 2.6199 13.6 5.4 0.86 -1.79
300 °C 34.32 3.0131 52186 2.6093 24.9 1.6 0.47 -0.84
400 °C 34.33 3.0120 5.2168 2.6084 27.7 13 0.43 -0.75
500 °C 34.36 3.0099 5.2132 2.6066 285 1.2 0.41 -0.59
In above relation (5) and (6), ¢p is the strain free lattice constant
Table2 o A A for the bulk ZnO (co = 5.2 A). The negative sign in the stress indi-
Variation in roughness and grain size with annealing for the Ag-ZnO NCs thin films. . .
cates the compressive nature for as-deposited and annealed films
Sl. No. Sample detail Roughness (Rq) Grain size because the (00 2) peak shifted towards larger angle side. The
(nm) (nm) value of stress has been observed to decrease with increasing the
1. As-deposited 6.44 60.38 annealing temperature and thus lead to stress relaxations between
i‘ 43188 g g-g; g;‘-;‘; grains and overcome the difference of thermal expansion coeffi-
. 00 °C 6.69 79.42 cient between the film and substrates. The strain could be released

tion density has been decreased significantly as compared to as-
deposited films which attributed to lower defects and higher crys-
talline quality of the films. The value of lattice strain and stress
have been also calculated for as-deposited and annealed film by
given relations [36]:

during the annealing which supports the higher crystallization of
the films as confirmed by lattice strain calculations. All discussed
micro-structural parameters have been calculated for as-
deposited and annealed films and summarized in Table 2.

3.2. X-ray photoelectron spectroscopy

Residual stress (o) = —233 {ﬂ} [GPa (5) The formation of compound and presence of elements have
Co been successfully estimated by X-ray photoelectron spectroscopy
and (XPS). The survey scan with high resolution spectra of each existing
elements are displayed in Fig. 2. The high resolution spectra of Zn
Lattice strain(e) = BCF’SO (6) 2p region showed two peaks one at energy scale of ~1021.82 eV
4Sin0 and other one at ~1044.92 eV These peaks are related to 2ps;
(a) Ag-ZnO NCs thin film (b)
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Fig. 2. XPS spectra of the as-deposited Ag-ZnO NCs thin film (a) survey scan, (b) high resolution spectra of Zn, (c) O and (d) Ag.



922 S.K. Singh, R. Singhal/ Applied Surface Science 439 (2018) 919-926

and 2p;; states of Zn 2p respectively. The presence of oxygen
group is also confirmed by the two different peaks appeared in
the core spectra at the binding energies of ~530.02 eV and
~531.60 eV. The first peak could be assigned to the first oxygen
group which is associated with Zn-O bonding and the second group
is due to the presence of hydroxyl group which might arise because
of defects and impurities present in the as-deposited film.

The presence of Ag has been clearly observed in high resolution
spectra of Ag. The Ag 3d doublet scan be clearly visible in Fig. 2(d),
centered at binding energies of ~373.63 eV and ~367.62 eV for
3ds); and 3dsp, respectively. Furthermore, the de-convolution of
the core spectra of Ag was studied to observe the nature of interac-
tion between Ag and ZnO. It is found that the lesser contribution
comes from Ag,-O and Ag-Zn-O components therefore the forma-
tion of the nanoparticles is expected and will be investigated in
the next section by TEM. The binding energy of the Ag 3ds,, peak
has been shifted towards the lower energy which is attributed to
the interaction between Ag and ZnO nanostructures. Therefore,
with these evidences XPS analysis confirmed the composition
and nature of interaction of the various species in the film. Note
that the film contains a number of elements i.e. Zn, O and Ag as
confirmed by these measurements.

3.3. Transmission electron microscopy

Fig. 3 shows the TEM micrographs of as-deposited Ag-ZnO NCs
thin film. In the figures, first (a) show the top view of the film with
continuous distribution of the film over the substrate. This shows

that the as-deposited film is homogeneous in the nature. The pres-
ence of Ag in the form of nanoparticles are clearly seen in the TEM
image and marked in the Fig. 3(b). The size of Ag nanoparticles
were measured from the TEM image and found that the average
particle size is about (D)=8.2+0.2 nm. The cross fringes are
observed in the HRTEM image which confirms the formation of
NCs with presence of Ag. The d-spacing was measured to be
2.60 A which corresponding to (0 02) reflection of the wurtzite
structure of ZnO (shown inset) as can be seen in Fig. 3(c). The
selected area electron diffraction pattern (SAED) of the as-
deposited film is shown in Fig. 3(d). The presence of clear rings
in the SAED pattern has been observed and marked with corre-
sponding planes in the Fig. 3(d) which is the direct confirmation
about the crystallinity of the film. The presence of Ag nanoparticles
has been directly confirmed by the TEM analysis which is in agree-
ment with the XPS results.

3.4. Atomic force microscopy

The surface features of as-deposited and annealed films have
been observed by the atomic force microscopy (AFM). The charac-
terization was performed in tapping mode. 2-D figures (1 x 1 pm?)
of as-deposited and annealed Ag-ZnO NCs films are shown in Fig. 4.

The homogeneous distribution of the grain on the film surface
observed in the images. The grains are perfectly connected that
form the triangular shape. The grain growth has been observed
after the thermal annealing. The grain size was calculated by
AFM micrographs and found to be 60.38 nm for the as-deposited

Fig. 3. TEM micrographs of as-deposited Ag-ZnO NCs thin film (a) surface image, (b) Ag nanoparticle, (c) HRTEM image with d-spacing and (d) SAED pattern.
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Fig. 4. 2D (1 x 1 um?) AFM micrographs of (a) as-deposited and annealed, (b) 300 °C, (c) 400 °C and (d) 500 °C Ag-ZnO NCs thin films.

film. After the annealing treatment at 500 °C, the grain size was
increased up to 79.42 nm. The agglomeration between the grains
took place during the annealing process and is responsible for
the grain growth. The grains achieve thermal energy during the
annealing and participate in the agglomeration process. Both X-
ray analysis and AFM results support the grain growth after the
thermal annealing. The root-mean-square roughness (R;ns) of the
as-deposited and annealed films were calculated by following rela-
tion [37]:

rms = |:NZ|Z Z‘ :| (7)

In above relation (7), N and Z are the surface height and mean
height distance, respectively. Interestingly, no significant changes
were observed in the surface roughness of the as-deposited and
annealed Ag-ZnO NCs thin film.

3.5. UV-Visible spectroscopy

The optical modifications in as-deposited and annealed Ag-ZnO
NCs thin film have been carried out by UV-visible spectroscopy in
reflectance mode. The variation in reflectance has been observed
with thermal annealing at different temperatures of 300 °C, 400
°C and 500 °C. A very large deep region was found in reflection
spectra which could be related to the absorbance of the nanoparti-
cles in the wavelength range between 450 nm and 650 nm. There-
fore, the absorbance of as-deposited and annealed film have been
calculated from the reflectance data and is shown in Fig. 5. A
well-defined strong absorption resonance (SPR) band has been
observed both in as-deposited as well as in the annealed films.
The position of SPR band was found at ~565 nm for as-deposited
film and 565 nm, 576 nm and 587 nm for the films annealed at
300 °C, 400 °C and 500 °C respectively. The prominent red shift of

=—0=— 235 deposited Ag-ZnO
e —2=—300 °C I
R —2—400°C

=500 °C

Absorbance (arb.units.)

500 550 600 650 700

Wavelenght (nm)

450

400

Fig. 5. UV-visible spectroscopy of the as-deposited and annealed Ag-ZnO thin films.

~22 nm has been observed in the SPR band with the thermal
annealing as applied in this study. The observed red shift in SPR
could be linked with the growth of the nanoparticles during the
thermal annealing. As the annealing temperature increases, the
crystalline quality of ZnO films have improved significantly and
explains the SPR shifting in the films after annealing.

The SPR frequency of the nanoparticles depends on many fac-
tors such as size and shape of nanoparticles, spatial distribution
and nature of the surrounding medium. The local refractive index
of the medium is very sensitive for the shifting in SPR frequency
of the nanoparticles. Furthermore, to study the effect of refractive
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index on the SPR shifting, the refractive index and other optical
parameters have been calculated by the following relations [38]:

1+ VR
n= 8
1-vR ®)
= (1?71;)27 g G%z), where, k = % 9)

In above relations (8) and (9), n is the refractive index, R is the
reflectance, k is the extinction coefficient and o is the absorption
coefficient of the film. The value of refractive index has been
increases from 2.16 to 2.42 with increasing the annealing temper-
ature. The extinction coefficient was calculated for as-deposited
and annealed films and is tabulated in Table 3. The dielectric con-
stant and absorbance of the films were calculated using given rela-
tions [39]:

& = n? — k*(real part) + nk" (imaginary part) (10)
oc:—z'::iOBA (11)

The real and imaginary part of the dielectric constant has been
calculated for as-deposited and annealed films for the wavelength
same at SPR band from Eq. (10). The dielectric constant of the film
increases with increasing the annealing temperature. The optical
band gap of the as-deposited and annealed film Ag-ZnO films has
been calculated by Tau’c relation in given manner [40]:

ahy = A(hy — Ep)'? (12)

In the above Eq. (12), hv is the incident photon energy and Eg is
the band gap of the material. Generally, the band gap of pure ZnO
thin film is reported ~3.30 eV, while in the present study, the band
was found to be ~3.17 eV due to Ag incorporation in the host ZnO
matrix (shown in Fig. 6). The value of band gap decreases up to
~3.12 eV at higher annealing temperature and might be attributed
to an increase in the metal/oxygen ratio with lower defects density
after the thermal annealing process. Such results are also sup-
ported by XRD analysis.

At the same time, FWHM of the bands decreases with increasing
annealing temperature and yielded a remarkable red shift (~22
nm) in the SPR band. The perfect Gaussian shape of the band
revealed the homogeneity, particularly the shape of nanoparticles
in the ZnO matrix which was supported by TEM particles size anal-
ysis. Thus, the size/shape of the nanoparticles and local refractive
index of surrounding material might play key role in the SPR tun-
ing. Since, the thermal annealing as shown in this study could be
very effective to control over the optical properties of the sur-
rounding matrix with a fairly control on the size and shape of
the nanoparticles. This tunable nature in the optical properties of
these Ag-ZnO NCs thin film make them very promising for various
plasmonic applications. All calculated optical parameters are be
summarized in Table 3.

Table 3
Optical parameter with different annealing temperatures.

60
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Fig. 6. Band gap variation of the as-deposited and annealed Ag-ZnO thin films at
different temperatures.
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Fig. 7. Raman spectra of as-deposited and annealed Ag-ZnO NCs thin films.

3.6. Raman spectroscopy

The Raman active phonon modes for ZnO wurtzite structure
have been observed by the Raman spectroscopy. According to

Sample detail SPR band position (1) Band gap (Eg) Refractive index (n) Extinction coefficient (k) Dielectric constant (g,)
(nm) (eV)

As-deposited 565 3.17 2.16 0.127 4.78

300 °C 565 3.16 2.17 0.124 4.96

400 °C 576 3.13 2.31 0.085 5.52

500 °C 587 3.12 242 0.081 6.05
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group theory, there are A;+2E,+E; modes which are related to
wurtzite ZnO, where all atoms occupy Cs, sites [41,42]. Fig. 7
shows the micro-Raman spectra of the as-deposited and annealed
Ag-ZnO NCs thin films with different annealing temperatures of
300 °C, 400 °C and 500 °C. The different Raman peaks are observed
in the spectra which are related to particular bands of ZnO. Raman
spectra of as-deposited and annealed Ag-ZnO films show the differ-
ent peaks at 239 cm™!, 320cm ™!, 414 cm ! and 577 cm ™. Silicon
substrate peak was detected at 523 cm~! with higher intensity in
as-deposited and annealed films. The first two peak are related to
the second order modes of ZnO. The E, (high mode) has been
observed only in annealed Ag-ZnO films at 414 cm~! and another
sharp peak at 577 cm~'. These peaks could be assigned to A,
(LO) mode of ZnO. The intensity of bands was found to be increased
with thermal annealing as confirmed by Raman spectra. The lattice
defects and crystalline quality of the film can be affected by the
thermal annealing which support the conclusion drawn from the
XRD results. The intensity of E, (high) and A; (LO) modes of ZnO
increased with thermal annealing. We except that this increment
might be due to reduction in oxygen vacancies and strain relax-
ation between the grains which directly corroborates the results
obtained by XRD.

4. Conclusions

The Ag-ZnO NCs thin films were successfully synthesized by the
RF-magnetron sputtering technique. The formation of the compos-
ite was confirmed by XPS and TEM analysis with significant evi-
dence with the presence of Ag nanoparticles. The thermal
induced structural and optical modifications were observed in
the present case by different characterization techniques. The crys-
talline nature of film grown by RF-sputtering and has been
increased with the thermal annealing. These results are very
advantageous for the different device fabrication area. The thermal
induced SPR tuning was successfully presented in this study. We
observed a ~22 nm red shift after the thermal treatment which
confirms the presence and growth of the nanoparticles in ZnO
matrix. This tunable properties of Ag-ZnO NCs thin films could
be very effective for the different plasmonic application.
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presence and formation of Ag nanoparticles were estimated by transmission electron
microscopy. X-ray diffraction analysis revealed the structural information about the
crystalline quality of ZnO. The crystallinity as well as the crystallite size of the films have
been found to be improved with annealing temperatures. The estimated crystallite size
was ~15.8 nm for as-deposited film and 19.0 nm for the film at a higher temperature. The
chemical composition and structural analysis of as-deposited film were carried out by X-
ray photoelectron spectroscopy. A very sharp absorption band appeared at ~540 nm for Ag
NPs that is associated with the surface plasmon resonance band of Ag. A noticeable red
shift of about ~12 nm has been recorded for films annealed at 500 °C. Atomic force mi-
croscopy has been utilized to examine the surface morphology of the as-deposited and
annealed films. The grain size was found to be increase with increasing annealing tem-
perature, while no significant changes were observed in the roughness of Ag—ZnO thin
films. Raman spectroscopy revealed lattice defects and disordering in the films after the
thermal annealing.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In the present scenario, crystalline nanomaterials emerged as useful due to their excellent electrical and optical properties.
Such properties of nanomaterial yield an extraordinary effects in the diverse research area, especially due to the introduction
of metallic particles in a ZnO matrix [1,2]. Commonly, nanocrystalline thin films can play a significant role in enhancing the
material physical properties which cannot be possible in bulk materials [3,4]. Among of them, nanocomposite thin film is
vastly growing research fields because of their diverse applications [5,6]. Incorporation of the metal nanoparticles in a parent
matrix makes it very promising in optical applications since metal particles show exciting optical properties [7,8].

ZnO is an efficient material with the direct band gap of 3.4 eV at room temperature and a high exciton binding energy of
60 meV [9]. Nowadays, doped ZnO nanostructures have been subjected to great interest to the researchers, due to their wide
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applications in different technological fields such as optoelectronic devices [10], transparent electrodes formation [11], solar
cell industry [12], photocatalytic activity [13], plasmonic [14], and thin film transistors devices [15]. Among of all, incorpo-
ration of Ag metal in ZnO matrix attract special attention owing to its superior optical properties [16,17]. The absorption/
scattering cross section of Ag nanoparticle is larger than the geometrical cross-section that makes it superior to other class of
the materials. Moreover, it showed higher interaction with the incident light [ 18]. Therefore, the presence of Ag nanoparticles
in ZnO matrix gives plasmon-active SPR band in visible and near infrared region and offered new optical properties for
different plasmonic applications [18,19].” Various reports are available for the modification in matrix properties using metal-
metal nanocomposite thin films for different applications [19—21]. Though, the thermal induced SPR tunning of Ag in ZnO
matrix is less studied. There are several method to synthesis Ag—ZnO nanocomposite thin films such as physical-vapour
deposition [22], sol-gel method [23], dip coating [24], electron-beam deposition [25], molecular beam epitaxial growth
[26], chemical vapour deposition [27], DC/RF sputtering method [28]. RF-sputtering is a unique technique to synthesize the
metal-nanocomposite thin films with higher crystalline quality and good adhesion on different substrates. The structural and
optical properties of such films depend significantly on the nature of embedded nanoparticles (i.e., shape and size of the
nanoparticles) as well as the surrounding medium (ZnO matrix). Therefore, in order to trigger both structural and optical
properties, thermal energy plays an important that can be provided by thermal annealing at higher temperatures [29,30].
Thermal annealing is very low-cost and unsophisticated technique for producing structural modifications, to further boost the
device performance.

In the present study, Ag—ZnO nanocomposite thin films have been synthesized by RF-magnetron sputtering at the room
temperature. Prepared thin films were annealed in vacuum at three different temperatures of 300 °C, 400 °C and 500 °C.
Thermal-induced structural and optical modification have been investigated with various characterization techniques. The
tunable structural and optical properties of these films might be useful in plasmonic and device fabrications.

2. Experimental plan

Ag—Zn0 nanocomposite thin films were synthesized by RF-magnetron sputtering at room temperature. A target of pure
ZnO was used for the deposition, prepared from ZnO powder (Merck) by the hydraulic press machine. A tubular furnace was
used for the Sintering process of the target at a temperature of 1200 °C for 24 h in an oxygen environment. To prepare the
Ag—Zn0 nanocomposite, one small piece of Ag was glued on the target before mounting in the target holder. Silicon and glass
substrates were used for the film deposition. RCA-1 cleaning method was applied to remove different redundant residues
from the surface of the substrate. The sputtering chamber was connected with rotary and turbo pumps to maintain the
desired vacuum in the chamber. After mounting the target and substrates, both pumps were switched on, to achieve the high
vacuum in the chamber. In the first stage, the rotary pump created a rough vacuum in the chamber followed by the turbo-
molecular pump. The vacuum in the chamber was noted from the reading of penning gauge and found to be
~2 x 10~% mbar before incorporating the argon gas. Then argon gas was introduced in the chamber to create the plasma, and
vacuum of the chamber got down and recorded 1.5 x 10~2 during the film deposition. A ~60 W power supplied to sputter the
target material for ~40 min. At the same time, the thickness of the deposited film was observed by the help of quartz crystal
monitor and found to be ~80 nm. The slow deposition 0.2 A/second rate was kept to maintain the homogenous film growth.
After that, prepared Ag—ZnO thin films were annealed at three different temperature 300°C, 400°C and 500°C. The
annealing was performed in the vacuum (of the order of ~1.24 x 10~2 mbar) to prevent oxidation of the Ag from the ZnO
matrix.

After the synthesis and annealing of Ag—ZnO NC thin films, different characterization techniques were used to investigate
the properties of the as-deposited and annealed thin films. X-ray diffraction spectroscopy (Cu-K, beam at the wavelength of
1.54 A) was carried out to understand the structural information. Surface and chemical analysis were done by atomic force
microscopy (Bruker) and X-ray photoelectron spectroscopy. The presence and formation of the nanoparticles were estimated
by transmission electron microscopy (Tecnai G* 20-FEI). Optical properties of the films were carried out by UV—visible
spectroscope (Perkin Elmer) and Raman spectra of the film were recorded by Raman microscope (AIRIX-STR 500) with the
laser beam (wavelength 532 nm) at low power. All synthesis and characterization facilities were performed in Material
Research Center (MRC) at Malaviya National Institute of Technology Jaipur.

3. Result and discussion
3.1. X-ray diffraction analysis

To observe the structural and crystalline behavior of the as-deposited and annealed films, X-ray diffraction analysis has
been performed in the range of 20 = 30—50° degrees. Fig. 1 shows the X-ray pattern of as-deposited and annealed films at
three different temperatures of 300 °C, 400 °C and 500 °C respectively. A most prominent Bragg peak was observed at an
angle of 34.33° that corresponds to (002) plane of the hexagonal wurtzite structure. As the annealing temperature increases,
the peak intensity of (002) plane increases significantly, indicating a gradual improvement in the crystallinity of the film.

Therefore, it is concluded that the crystallinity of the film increases with increasing the annealing temperature. According
to basic crystal theory, it is well known for ZnO wurtzite system that the (002) orientation had higher growth rate due to small
surface energy along the c-axis [31]. The c-axis orientation dominant in the as deposited and annealed films with higher
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Fig. 1. X-ray diffraction spectra of as-deposited and annealed Ag—ZnO NCs thin films.

intensity of the (002) plane which represents the higher crystalline behavior with thermal annealing. No signature of Ag and
other phases were observed in the spectra. We assume that this might be due to a low concentration of Ag and the formation
of nanoparticles. The crystallite size of the as-deposited and annealed films was calculated using well known Scherrer's [32]
formula as explained in the following manner:

091
B cos @

Crystallite size (D) =

In above relation, B is the full width at half maxima (FWHM), 0 is the Bragg diffraction angle and A shows the wavelength of
X-ray beam (Cu-K, = 1.54 A). The calculated crystallite size was 15.8 nm for as-deposited film and reached up to 19.0 nm for
the film annealed at temperature 500 °C. Furthermore, lattice strain [33] and dislocation density [34] for the as-deposited and
annealed films have also been calculated by the following relations:

_ BCotd

Lattice strain (¢) 7

and

Dislocation density (0) = %

Lattice strain of the films was calculated to be 0.74% and decreases with increasing annealing temperature. The minimum
value of the strain was found for film annealed at 500 °C. In addition, a large crystallite size of 19 nm was found for such film.
This can be understood in the term of energy relaxation between the grains during the thermal annealing. A high dislocation
density was found for as-deposited film. However, it decreases with increasing the annealing temperature as summarized in
Table 1. The calculated value of dislocations density for as-deposited and annealed film are 4.1 x 10 and 2.7 x 10" line/m?
respectively. The decrement in the dislocation density and lattice strain is related to the higher crystalline behavior of the
films that is affected by thermal annealing.

Table 1
Crystallite size, lattice strain and dislocation density of the as-deposited and annealed Ag—ZnO NCs thin films.
Sr. No. Sample detail Crystallite size Lattice Strain (%) Dislocation density ( x 10'° line/m?)
(nm)
1. As-deposited Ag—ZnO 15.8+09 0.74 41
2. 300°C 17.1+0.6 0.69 34
3. 400°C 18.6 +0.8 0.64 2.9
4, 500°C 19.0+0.5 0.62 2.7
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Fig. 2. TEM micrographs of as-deposited Ag—ZnO NCs thin film (a) surface image (HETEM image inset) (b) Ag nanoparticle (SAED pattern).

3.2. Transmission electron microscopy

Transmission electron microscopy is a very efficient technique to confirm the formation of the nanoparticles at nm scale.
Fig. 2 depicts the TEM micrographs of the as-deposited Ag—ZnO nanocomposite thin film. A homogenous distribution of
material was observed at the surface (see top view Fig. 2 (a)). In high-resolution image, the presence of Ag nanoparticle is
clearly observed in Fig. 2 (b) as marked by a black circle and the size of the Ag nanoparticle was measured to be <D> = 5.6 nm
for as-deposited Ag—ZnO film. HRTEM images of ZnO film were acquired for calculating the d-spacing as marked in the inset
of Fig. 2 (a). Lattice fringes with d-spacing of 2.60 A were observed that correspond to (002) plane of the wurtzite structure of
ZnO. These results are in agreement with XRD analysis wherein a high intensity (002) peak was detected in the diffraction
spectra. To further observe the crystallinity of the as-deposited film, selected area diffraction pattern (SAED) were acquired
and the resulting diffraction pattern (inset of Fig. 2(b)) containing spots enclosed in a ring pattern.

3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy has been carried out to determine the elemental composition and electronic structure of
the elements present in the film. In this case, XPS analysis was performed for the as-deposited Ag—ZnO thin film to better
understand the formation and elemental composition. Full scan as well as core spectrum of the different elements (Ag, Zn and
0) in the as-deposited film have been recorded and are shown in Fig. 3(a—d). The core spectra of Zn 2p region split into two
different states 2psj; and 2pq )2 at the energy scale of 1022.33 eV and 1045.52 eV respectively, as displayed in Fig. 3 (d). The
presence of oxygen group was also confirmed by two different peaks, which is clearly seen in the core spectra of the oxygen.
The splitting of the peak in two regions Zn—0 and O—H were observed at the energy scale of 530.61 eV and 532.14eV
respectively. Zn—O region support to the formation of ZnO while the appearance of O—H group observed due to the presence
of hydroxyl group. This hydroxyl group may be arises presumably due to defects and contamination during the film growth
[35]. The Ag 3d peak in the survey scan has confirmed the presence of Ag in ZnO matrix. The chemical composition of Ag was
found to be ~9 at.%. A high-resolution spectrum of the Ag 3d doublet is shown in Fig. 4 (b). Furthermore, the de-convolution of
Ag 3d doublet was carried out that revealed two different states 3ds;; and 3dsj; at the binding energy of 367.98 eV and
374.11 eV respectively. A small shoulder was observed with these two states this is associated with Ag 3d. The reason for the
small shoulder could be attributed to the formation of other groups such as Ag—Zn—0 and Ag,—0. However, the contribution
of these groups are negligible in the present case. XPS analysis confirms the presence of different species like Ag, Zn and O and
their possible phase/group.

3.4. UV—visible spectroscopy

Thermal-induced optical modifications have been investigated by UV—visible spectroscopy in reflectance mode for as-
deposited and annealed Ag—ZnO thin films. To find out the surface plasmon resonance (SPR) band of Ag nanoparticles, the
absorbance of the films was calculated by the reflection data and plotted as the absorbance versus wavelength spectra of the
films. Fig. 4 shows the absorption spectra of the as-deposited and annealed films at three different temperatures of 300 °C,
400°C and 500 °C. A strong absorption band was identified at the wavelength of 540 nm for the as-deposited film. This strong
absorption is known as SPR band of the Ag nanoparticles [36]. The position of SPR band has been found to be increase toward
the higher wavelength side with increasing in the thermal annealing. The shifting in the SPR position towards the higher
wavelength called as red shift. At the higher annealing temperature (500 °C), the SPR has been shifted to 552 nm wavelength.
This shifting of ~12 nm in SPR band at 500 °C is attributed to the growth of the Ag nanoparticles during thermal annealing. The
FWHM of the SPR band calculated by Gaussian fitting and found to be 90.07 for as deposited film and it decreased up to 69.49
for annealed film at the temperature of 500 °C with thermal annealing which support the growth of the particles. With the
increasing of annealing temperature, the SPR band becomes sharper with red shift (~12 nm) which directly indicates the
growth of the nanoparticles [37,38]. As the annealing temperature increases, the crystalline quality of the film increases with
increase in crystallite size as estimated by XRD, which in turn support the growth of nanoparticles. This tailoring in the



76 S.K. Singh, R. Singhal / Superlattices and Microstructures 119 (2018) 72—80

(a) Survey scan of Ag-ZnO NC thin film (b) Core spectra of Ag
o
a
=
- N -
5 2
o <
oy Z Ag 3dy,
= £
2 :
= =3 E
° 3
=
2, 40
o0 L N
< oy N
\J v v v v v v v v v v v v v v v v
1000 800 600 400 200 0 378 376 374 372 370 368 366
Binding energy (eV) Binding energy (eV)
| (c) Core spectra of O Zn-0 (d) Core spectra of Zn Zn2p,,
= 3
< g
= < Zn2p,,
L E

Binding energy (eV)

538 536 534 532 530 528 5261050 1044 1038 1032 1026 1020

Binding energy (eV)
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Fig. 4. UV—visible absorption spectra of Ag—ZnO nanocomposite thin film.

position of SPR band of the Ag nanoparticles with thermal annealing can be used for the plasmonic applications. The optical
band gap of the as-deposited and annealed Ag—ZnO nanocomposite thin films was calculated by well-known Tau'c relation

[39] which can be expressed in the following manner:

ahy =A (hy ng)l/z
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In the given Tau'c relation, symbol hy represents the photon energy which is falling on the sample film and E, represents
the energy band gap of the material. In the present experiment, the band gap of the as-deposited film was calculated and
found to be 3.17 eV. It decreases with increasing the thermal annealing and found to be 3.14 eV for film annealed at a tem-
perature of 500 °C as shown in Fig. 4 (inset). The marginal decrement in the band gap of the film with thermal annealing may
be due to higher metal to oxygen ratio as well as higher crystallinity of the film. During the thermal annealing, the growth of
Ag nanoparticles in ZnO matrix observed which is subjected to the band gap reduction [40]. Therefore, incorporation of Ag
metal in ZnO matrix is also responsible for the lower band gap.

3.5. Atomic force microscopy

Thermal-induced surface modifications have been observed by atomic force microscopy (AFM). AFM was performed in the
tapping mode during the measurements. Fig. 5 showed the 3-D AFM images of the as-deposited and annealed Ag—ZnO thin
films. The film growth was homogenously over the substrate in the as deposition stage. Similar results were observed by TEM
analysis as explained in the previous section. Both AFM and TEM results support the uniformity of the film growth. The grains
are perfectly connected to each another in a nearly circular shape. The grain size was estimated for the as-deposited film as
well as annealed Ag—ZnO thin films. The value of grain size increases with increasing the annealing temperature. These
results are in agreement with XRD where a large crystallite size was observed at a higher temperature. The larger grain size
could be due to agglomeration of the neighboring grains at sufficiently higher temperature. It is possible that grains acquire
energy during the thermal annealing which leads to the agglomeration as well crystallization of the material. The XRD results
also endorse the AFM results in this case. The roughness of the film was not significantly differ during the thermal annealing
as confirmed by following relation [41]:

1 & —2%
Rims = {N ;|Zi_ Z}:|

Where, N and Z are the surface height and mean height distance respectively. The estimated value of the surface roughness
and grain size of the as-deposited and annealed Ag—ZnO films are summarized in given Table 2. During the thermal annealing

16.3 rm (b) 300°C

Fig. 5. 3-D AFM images of (a) as deposited and annealed (b) 300 °C (c) 400°C and (d) 500 °C Ag—ZnO nanocomposite thin films.

Table 2

Variation of roughness and grain size with different annealing temperatures.
SL. No. Sample detail Roughness (Rq) Grain size
1. as deposited Ag—ZnO 5.48 nm 49.82 +1.3nm
2. 300°C 5.45nm 48.87 +1.9nm
3. 400°C 5.35nm 5941+ 1.7 nm
4, 500°C 5.10nm 61.45+2.3nm
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Fig. 6. Raman spectra of as Ag—ZnO nanocomposite thin films.

process, grains starting acquired energy and participated in the agglomeration process that might be responsible for the grain
growth, size and shape of the grains.

3.6. Raman spectroscopy

To observe the different Raman active phonon modes of ZnO, Raman spectroscopy was carried out at room temperature. In
general group theory suggested that, ZnO wurtzite structure has A;+2E>+E; modes, where all atoms occupy Cay sites [42].
Fig. 6 shows the typical Raman spectra of as-deposited and annealed films at three different temperatures of 300 °C, 400 °C
and 500 °C. There are different Raman peaks observed in the spectra at different wavenumber such as 242, 315, 419 and
579 cm™~ . Other than Raman peaks, a higher intense peak at ~524 cm™~! was observed in the spectrum which is related to the
silicon substrate and appears reproducible in all the films. The first two small intense peaks were assigned to second order
modes and E, high mode also observed at the position of 419 cm~! which is related to the crystalline nature of the sample. A
peak appeared at 579 cm ™! is assigned to the A; (LO) mode. The presence of A; (LO) mode in Raman spectra has been related
to defects such as oxygen vacancies, Zn interstitials, free carriers and other complexes. The intensity of this mode in higher in
the as deposited film in comparison to annealed films which indicates the more vacancies in the as grown film while the
marginal decrement has been observed with thermal annealing at higher temperatures. The decrement in the intensity with
thermal annealing implies that the concentration of defects decrease with the annealing temperature which also supported
by defect density calculation by X-ray diffraction analysis [43,44].

4. Conclusions

Ag—Zn0 nanocomposite thin films have been successfully synthesized by RF-magnetron sputtering and annealed in a
vacuum environment at three different temperatures of 300 °C, 400 °C and 500 °C in sequential manner. Thermal-induced
structural and optical modifications in Ag—ZnO nanocomposite thin films have been studied. X-ray diffraction analysis re-
veals the formation hexagonal wurtzite structure of ZnO and crystalline behavior of the films. TEM analysis confirmed the
presence of Ag nanoparticles with the average size of the particle was ~5.6 nm which also supported by XPS. A strong SPR
band has been observed in as-deposited Ag—ZnO thin film at the position of 540 nm and significant red shift (~12 nm) has
been observed in the SPR band with annealing. Thermal annealing plays the important role to tune the optical and structural
properties of the material. The tuning of SPR band might be very useful for the different plasmonic applications.
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In the present work, we study the annealing and swift heavy ion (SHI) beam induced modifications in the
optical and structural properties of sandwiched structured Carbon-gold-Carbon (a-C/Au/a-C) nanocom-
posite (NCs) thin films. The NCs thin films were synthesized by electron-beam evaporation technique
at room temperature with ~30 nm thickness for both carbon layer and ~6 nm for gold layer. Gold-
carbon NCs thin films were annealed in the presence of argon at a temperature of 500 °C, 600 °C and
750 °C. The NCs thin films were also irradiated with 90 MeV Ni ions beam with different ion fluences
in the range from 3 x 10", 6 x 10'? and 1 x 10" ions/cm?. Surface plasmon resonance (SPR) of Au
nanoparticles are not observed in the pristine film but, after annealing at temperature of 600 °C and
750 °C, it was clearly seen at ~534 nm as confirmed by UV-visible absorption spectroscopy. 90 MeV Ni
irradiated thin film at the fluence of 1 x 10'® ions/cm? also show strong absorption band at ~534 nm.
The growth and size of Au nanoparticle for pristine and 90 MeV Ni ion irradiated thin film with fluence
of 1 x 10'® ions/cm?, were estimated by Transmission electron microscopy (TEM) images with the bi-
model distribution. The size of the gold nanoparticle (NPs) was found to be ~4.5 nm for the pristine film
and ~5.4 nm for the irradiated film at a fluence of 1 x 10" jons/cm?. The thickness and metal atomic
fraction in carbon matrix were estimated by Rutherford backscattering spectroscopy (RBS). The effect
of annealing as well as heavy ion irradiation on D and G band of carbon matrix were studied by
Raman spectroscopy.
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1. Introduction

Nowadays, carbon-based nanocomposite materials have
attracted researcher due to their application in a diverse field like
biosensors, nonlinear optical devices and optoelectronic devices
[1-5]. Carbon nanotube, graphite, fullerene, amorphous carbon
(a-C), diamond and graphene are the many forms of carbon which
can exist in natural environment. The change in optical properties
with the appearance of surface plasmon resonance (SPR) is very
interesting, when novel metal particles such as Ag and Au embed-
ded in an amorphous carbon matrix [6-7]. These metals are partic-
ularly significant because of their strongest SPR appears in the
visible range of the electromagnetic spectrum. When electromag-
netic light imposed on these nanoparticles, free conduction elec-
tron cloud of nanoparticles shows the strong absorption. When
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the frequency of collective oscillations of free electron cloud of
metal NPs resonant with frequency of incident photons, strong
absorption band appears due to these NPs. This strong absorption
is known as SPR band for noble metal NPs. SPR band for the NPs
depends on many factors such as size and shape, spatial distribu-
tion and sensitive to dielectric properties of surrounding host med-
ium (matrix) [8-9]. Gold NPs shows the strong absorption band in
visible range which makes it more applicable in the different appli-
cation like sensors, photonic devices and plasmonic [10-11]. When
novel metal nanoparticles embedded in an oxide matrix such as
Si0, and Al,0s3, they exhibit good optical transparency in visible
region [12] but the Problem of instability and rapid oxidation
arises due to large surface-to-volume ratio for these matrix.
Carbon-based matrixes are more fascinating due to its multifunc-
tional properties in magnetism, electronics, optics and catalysis
and also protect these novel metal nanoparticles against oxidation
process [13-17]. Mechanical stability and biocompatibility are two
important properties which show only in metal-carbon NCs thin
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films [18]. Therefore carbon based matrices are provided to shield
these nanoparticles against oxidation with very low reactivity.

Annealing is a technique to enhance the structural and optical
properties of nanocomposite materials, while the swift heavy ion
irradiation is a unique tool to modify the optical and structural
properties in a controlled manner [19-23]. When swift heavy ions
(SHI) traverse through the target material, it interact with the elec-
tron as well nuclei of the target material and loose huge amount of
energy by two main mechanisms as: (a) Inelastic collisions
between incident ions and electron cloud of the target atoms
(dominant in higher energy regime, specially case for SHI irradia-
tion >1 MeV/nucleon), designate as electronic energy loss (Se)
and other (b) elastic scattering from the nuclei of the target atoms
and incoming ions (dominant in lower energy regime from ~few
keV to 1 MeV/nucleon), designate as nuclear energy loss (S,). A
large amount of energy deposited by incident ions is responsible
for the atomic displacement along the beam path and described
by two different models approach; (i) Coulomb spike model
(CSM) and (ii) Thermal spike model (TSM). The large amount of
energy transfers from SHI ions to target material during irradiation
which is responsible coherent radial atomic movements with in
ion track and leads to excitations/ionizations towards the track
in very short time scale of 107 sec. These movements are lead
to modifications in the material such as defects and mixing under
the Coulomb force and explained as CSM. On the other hand, when
the atomic subsystem of the material attain the energy form elec-
tronic subsystem due to SHI irradiation by electron-phonon cou-
pling (EPC) phenomena which leads to increasing local lattice-
temperature rapidly up to 10% K (formed the thermal spikes) and
quenched very fast (rate ~10'*K/s). This process is also responsi-
ble for modifications in the material and known as thermal spike
model (TSM) [24-25]. In the case of SHI irradiation, S, is more lead-
ing and depend on many factors such as charge, mass and energy of
the incident ions. In this case, if the range of incident ions is larger
in the comparison of the thickness of the material, so all incident
ions passed from NCs thin film and buried into the substrate. Size
and shape of NPs can be easily tuned with SHI irradiation with the
significant way which is very much useful for different plasmonic
applications.

In this paper, a systematized study of thermal annealing as well
SHI irradiation induced modifications in structural and optical
properties of a-C/Au/a-C NCs thin films have been carried out.
Modifications in the properties are evaluated by different charac-
terization techniques such as X-ray diffraction analysis, Transmis-
sion electron microscopy (TEM), UV-visible and Raman
spectroscopy. Optical absorption of the Au nanoparticles was
found at ~534 nm in annealed NCs thin film, and it again observed
by 90 MeV Ni ions beam irradiation in the same manner. The
growth of the nanoparticles is subjected to SHI irradiation con-
firmed by Transmission electron microscopy.

2. Experimental details

a-C/Au/a-C NCs thin films with a thickness of ~66 nm, were
deposited on glass, quartz, and silicon substrate by using the
electron-beam evaporation technique at room temperature. The
substrate glass, quartz, and silicon were cleaned with trichlor-
oethylene, acetone, and alcohol in a sequential manner before
the deposition. The distance between source to substrate and
source to quartz crystal was kept at ~23 cm. During deposition,
the vacuum inside the chamber was kept at ~8.5 x 10~7 mbar with
a deposition rate of 0.1-0.2 nm/s. for Au and 0.5-0.6 nm/s for
amorphous carbon respectively. The sandwiched NCs structure of
the gold-carbon film was prepared in three steps (i) first a carbon
layer of about 30 nm was deposited (ii) a second layer of Au with a

thickness ~6 nm and (iii) again a carbon layer of about ~30 nm
was deposited. The thickness of the individual layers was esti-
mated by quartz crystal monitor during deposition and also con-
firm by Rutherford backscattering spectroscopy. Copper-grids
(carbon coated) for TEM analysis were placed on the substrate
holder before film deposition in the chamber. Only NCs thin films
that were deposited on glass and carbon coated grid were irradi-
ated with 90 MeV Ni ions using the 15 UD pelletron accelerator
at Inter University Accelerator Centre (IUAC), New Delhi. The NCs
thin films were mounted on the ladder (made of copper) in irradi-
ation chamber with a high vacuum of the order of 4 x 10~¢ mbar
and scanned over the area 1 x 1 cm? Then films were irradiated
with different fluences of 3 x 10'2ions/cm?, 6 x 10'?ions/cm?
and 1 x 10'® ions/cm?. For the 90 MeV Ni ions irradiation, value
of electronic (S.) and nuclear (S,) energy losses in gold-carbon thin
film are estimated ~8.36 x 10? eV/A and 1.5 eV/A respectively and
the range of Ni ions in a-C/Au/a-C NCs thin film is found to be
~15.53 um as determined by Stopping and Range of ions in matter
(SRIM) simulation program. The NCs thin films which deposited on
quartz substrate used for annealing study and they were annealed
60 min in the presence of Ar atmosphere at a temperature of
500 °C, 600 °C and 750 °C.

Metal atomic fraction and film thickness were calculated by
Rutherford backscattering spectroscopy (RBS) with 2 MeV He" ions
performed at Pelletron Accelerator RBS-AMS System (PARAS) facil-
ity at Inter University Accelerator Centre, New Delhi. X-ray diffrac-
tion analysis was performed with Panalytical X-pert Pro
diffractometer by using the Cu-K, X-ray source at Material
Research Center (MRC) Jaipur. The UV-visible absorption spectra
of the pristine, annealed and irradiated films were observed by
dual-beam LAMBDA 750 (Perkin Elmer) UV-visible NIR spectrom-
eter. TEM observations of the pristine and irradiated carbon-coated
Cu grid were investigated by TecnaiG?20 (FEI) microscope, oper-
ated at 200 kV. Pristine, annealed and irradiated films were charac-
terized by Raman spectrometer AIRIX STR 500 Raman microscope
with laser excitation at 532 nm at room temperature.

3. Results
3.1. Rutherford backscattering spectroscopy

RBS spectrum of the pristine and annealed sandwiched struc-
tured a-C/Au/a-C nanocomposites has been shown in Fig. 1. Fig. 1
(a and b) indicate the RBS spectra with depth profile for the pris-
tine film which was deposited on Si substrate and Fig. 1(c and d)
for annealed thin film which was annealed at 750 °C for quartz
substrate. The atomic concentration and thickness of the film were
calculated by fitting the RBS experimental data with Rutherford
Universal Manipulation Program (RUMP) [26]. The thickness of
the pristine film was estimated to be ~70 nm which agrees well
with the thickness measured (~66 nm) during deposition by
quartz crystal monitor. The presence of Au, and Carbon in pristine
NCs thin film were confirmed by RBS spectrum and the metal (Au)
atomic concentration was estimated to be ~1.3 at% by RUMP sim-
ulation program. In a next step, these films were subjected to a
thermal treatment at three different annealing temperature of
500 °C, 600 °C and 750 °C. The RBS spectra of the annealed films
(at 750 °C) did not show the presence of Carbon while the atomic
fraction of Au nanoparticles was observed below ~1.3 at% which
is showing in the Fig. 1(c and d). Instead a clear signature of Si
and O was detected which confirms that the disappearance of car-
bon and diffusion of the Au nanoparticles into the substrate. Also
depth profile measurements of the annealed film revealed no Au
atomic fraction after the depth of about ~120 nm.
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Fig. 1. Rutherford backscattering spectra and depth profile for the (a-b) pristine and (c-d) annealed a-C/Au/a-C nanocomposite thin film.

3.2. Transmission electron microscopy

Fig. 2(a and b) shows good high-resolution bright field images
of the pristine and 90 MeV Ni ions irradiated a-C/Au/a-C NCs thin
films respectively. The shape of Au nanoparticles is spherical which
can be clearly seen in the TEM images (Fig. 2). The average size of
the nanoparticles is <D> = 4.5 + 0.1 nm for the pristine films as esti-
mated using a Gaussian size distribution function (fig 2 d). HRTEM
image of Au nanoparticles shows the presence of cross lattice
fringes which shows the crystalline quality of Au nanoparticles
embedded in the amorphous carbon matrix. The d-spacing of Au
nanoparticles can be measured and found to be 2.34 A, which cor-
responds to the (111) reflection of a fcc crystal structure which
shows in Fig. 2(c). The selected area electron diffraction pattern
(SEAD) of the pristine film is shown in Fig. 2(b) and confirms the
poor crystallinity of the nanocomposites due to the absence of
the ring patterns. When these films were irradiated at higher flu-
ence (1 x 10" jons/cm?), growth of nanoparticles are observed,
as can be seen in (see fig 3). Apparently, the average size of Au par-
ticles <D>=5.4 + 0.1 nm, was slightly increased as compared with
the pristine film. Furthermore, the SAED pattern showed the pres-
ence of sharp rings when irradiated at a fluence of 1 x 10! ions/
cm? (fig. 3b). This clearly shows that the crystalline quality of Au
nanoparticles can be significantly enhanced when subjected to a
heavy ion irradiation process. The growth of Au nanoparticles in
the carbon matrix is also confirmed by X-ray diffraction analysis.
It was reported earlier that when high-energy ions passes through
the material, they loss their energy into the film with a certain rate
of incident energy per nm through the material. The loss in the
electronic energy is mainly responsible for the high density of elec-
tronic excitation/ionization and structural changes in the target
material [27]. The structural changes as observed in TEM images

after irradiation with a fluence of 1 x 10'®ions/cm?, such as
increase in the particle size and the crystalline quality can be
explain in the framework of the thermal spike model. For struc-
tures like Au-carbon nanocomposite films, Au is present in a form
of nanoparticle with certain size and shape. However, it is likely
that during ion irradiation apart of Au particles could be dissolved
in the matrix as a solid solution. As a result the transient temper-
ature of the nanocomposite materials increases rapidly around the
ion path and form a latent track of deformed material due to rapid
quenching process. During the formation of the latent track, Au
nanoparticles and a-C matrix is also present in the transient mol-
ten state. The formation of bigger particles and diffusion of Au
nanoparticles have occurred due to ion-induced diffusivity which
is responsible for ripening of Au nanoparticles in latent track. The
growth of NPs during the ion irradiation at higher irradiation doses
depend significantly on the overlapping of the latent track which
leads to agglomeration of Au nanoparticles due to enhance diffu-
sivity around the ion path [18].

3.3. X-ray diffraction analysis

X-ray diffraction pattern of the pristine, irradiated (1 x 10'3
ions/cm?) and annealed (at 750 °C) a-C/Au/a-C NCs thin films have
been shown in Fig. 4. There is no signature of Au peaks in the pris-
tine films and films annealed at 750 °C. The reason of the peak dis-
appearance is twofold: firstly, in case of pristine nanocomposites
the presence of highly amount of carbon might suppress the Au
peak and secondly, at sufficiently high temperatures it is more
likely that Au nanoparticles diffuse into the carbon matrix, which
results in a peak disappearance in the XRD data. In contrast, a-C/
Au/a-C nanocomposites irradiated with a fluence of 1 x 10'3 jons/
cm? revealed the presence of (111) reflection of the Au crystal
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Fig. 2. (a-c) TEM image with SEAD pattern of pristine a-C/Au/a-C nanocomposite thin film and (d) particle size distribution.
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Fig. 3. (a-b) TEM image with SEAD pattern of irradiated thin film at fluence of 1 x 10" ions/cm? and (c) particle size distribution.

structure. The particle size of Au nanoparticles at a fluence of
1 x 10'3 ions/cm? was calculated by using Scherrer’s formula [28]
and found to be ~7.0 nm, which agrees well with the observed
TEM results. In summary, from XRD results we have shown that
the ion irradiation is a very effective tool for improving the crys-
talline quality of the complex systems like a-C/Au/a-C nanocom-
posites thin film. In next section the presence of Au nanoparticles
is also confirmed by UV-visible spectroscopy.

3.4. UV-visible spectroscopy

Fig. 5(a) shows the UV-visible absorption spectra of pristine
and 90 MeV Ni ions irradiated a-C/Au/a-C NCs thin films with flu-
ences of 3 x 10'2,6 x 10'2to 1 x 10'3 jons/cm?, respectively. Fig. 5
(b) shows the absorption spectra obtained on the annealed a-C/Au/
a-C nanocomposites films at temperatures of 500 °C, 600 °C and
750 °C respectively. There is no surface plasmon band was
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Fig. 4. X-ray diffraction spectra for the pristine, irradiated and annealed a-C/Au/a-C
nanocomposite thin film.

observed for the pristine as well as irritated thin films up to lower
irradiation fluences. However, at higher fluences of 1 x 10! ion/
cm?, a clear peak at ~534 nm wavelength was seen in the spec-
trum which is a unique characteristic (surface plasmon resonance)
of the Au nanoparticles in carbon matrix. While in case of annealed
films, there is no indication of surface plasmon peaks at 500 °C,
but if the temperature increases from 500°C to 600 °C, the
absorbance of the film was drastically decreased with a good
resonance at ~534nm (see fig 5 b). Similar results were
observed on a-C/Au/a-C nanocomposites films annealed at even
higher temperature of 750 °C. It is also evident that Carbon in
the a-C/Au/a-C nanocomposites could be removed after the
annealing process as confirmed by a large change in the
absorbance spectra. The disappearance of the carbon at higher
annealing temperature is also confirmed by RBS and Raman
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spectroscopy. In this process, both the ion-induced annealing
as well thermal annealing is responsible for the enhancement
in the thermal energy of the carbon atoms. This would promote
the reduction of carbon atom from the material.

3.5. Raman spectroscopy

Raman spectra of pristine and 90 MeV Ni ion irradiated a-C/
Au/a-C NCs thin films with three different fluences of 3 x 102,
6 x 10'? and 1 x 10"® ions/cm? have been showed in Fig. 6(a).
Fig. 6(b) shows the comparison of Raman spectra of the pristine
and annealed a-C/Au/a-C NCs thin films at three different
annealing temperatures of 500 °C, 600 °C and 750 °C respectively.
The spectra of the pristine film reveal the formation of D and G
bands which are the characteristic of amorphous carbon struc-
ture with a significant degree of sp? hybridization [29]. The posi-
tion of D and G bands were found at ~1373cm~' and
~1544 cm™! respectively. The spectra are fitted with Gaussian
curves and the estimated parameters are summarized in Table 1
for irradiated and annealed NCs thin film. The FWHM of the D
and G bands for the pristine films are 397.8cm™' and
171.0cm~'. When films were irradiated with 90 MeV Ni ions
at different fluences, the FWHM of the D band decreases signifi-
cantly as shown in Fig. 7. A similar trend was also found for the
films annealed at different temperature while the position of G
band shifted towards the higher wave number. The I(D)/I(G)
ratio was calculated from the spectra and found the increment
with increasing irradiation fluence as well annealing tempera-
ture. The I(D)/I(G) ratio of the pristine films was 1.6 but it
changes drastically at 500 °C annealing temperature and increase
up to 3.5. At the higher irradiation fluence of 1 x 10'*ions/cm?
and higher temperatures of 600 °C and 750°C, both D and G
bands have been completely disappear, due to the absence of
carbon in the thin films. These results clearly confirm that the
disappearance of the carbon after ion irradiation especially at
higher fluence as well higher annealing temperature.
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Fig. 5. UV-visible spectra for (a) irradiated and (b) annealed a-C/Au/a-C nanocomposite thin films.
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Fig. 6. Raman spectra for (a) irradiated and (b) annealed a-C/Au/a-C nanocomposite thin film.

Table 1
Sample detail FWHM of D band Position of G band I(D)/I(G)
(cm™1) (cm™1) ratio
Pristine 397.8 1544.6 1.6
3 x 102 jons/cm®  364.6 1547.5 1.8
6 x 10'2jons/cm®  347.8 1551.7 1.9
500 °C annealed 397.8 1584.2 3.5
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Fig. 7. Variation of FWHM of D band of the irradiated and annealed gold-carbon

nanocomposite thin film. Inset figure shows the variation in center of G-band with
irradiation and annealing.

4. Conclusions

Sandwiched structured gold-carbon NCs thin films have been
synthesized by electron beam deposition technique. Thermal

annealing as well SHI ion induce modification in optical and struc-
tural properties of the gold-carbon thin films have been investi-
gated. The growth of gold nanoparticles was observed with SHI
irradiation which can be explained in the terms of Thermal spike
model during heavy ion irradiation. The strong absorption at
~534 nm was observed at higher irradiation fluence and higher
annealing temperature. The change in D and G band of the carbon
is responsible for the matrix modifications by ion beam as well
annealing which can be understood by Raman measurements.
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In the present work, PbS thin films have been synthesized by thermal evaporation technique on two
different types of substrate a) glass and b) ITO coated glass. PbS thin films were characterized by different
characterization technique like X-ray diffraction (XRD), Scanning electron microscopy (SEM), Atomic force
microscopy (AFM) and Energy dispersive analysis of X-rays (EDAX analysis). X-ray diffraction spectra of the film
reveal higher crystallinity on ITO coated glass substrate in comparison ofthe film grown on a glass substrate. PbS thin
films have been grown with good quality and more adhesion on the ITO coated glass as confirmed by scanning
electron microscopy. The average roughness of the film is ~ 10 nm for the film on ITO coated substrate and ~ 19 nm
for the film on a glass substrate as obtain by atomic force microscopy. The quality of the film is better with ITO coated
substrate in comparison of glass substrate confirmed by different characterizations.

(AFM)

© 2017 JMSSE All rights reserved

Introduction

Nowadays, the thin film science and technology playing a major
role in the high-tech industries and different device fabrication
area. In the recent years, thin film science has been grown
worldwide into major research areas such as optoelectronic, solar
cell and infrared detection application [1-3]. The thin film
technology has been developed primarily for the need of the
integrated circuits for many devices fabrication. Lead Sulphide
(PbS) is relevant binary material which belongs to IV-VI
semiconductor group material with direct narrow band gap (~ 0.4
eV at room temperature) and relatively large exciton Bohr radius
(~ 18 nm)[4]. PbS thin films are advantageous in many fields like
temperature sensors, photo resistance and solar absorption and
also exhibit the semiconducting properties [5]. Its semiconducting
behaviour plays a significant role in the development of detection
system in which the infrared detectors were used. PbS thin film
prosperous material for the infrared detector devices because it
gives very good signal corresponds to incident photons by
changing the detector element temperature [6-7], PbS thin films
have also been employed for various application such as photo-
resistance, diode lasers, temperature sensors, decorative and solar
control coatings [8-10]. PbS thin film can be used in short-
wavelength infrared application because it is sensitive material for
the specific wavelength (1 to 2.5 um) [11]. The properties of the
PbS thin film can be easily controlled with the different film
growth technique and different substrates. To tune the properties
of the PbS thin film, many researchers have synthesized PbS thin
film wusing various technique like electrodeposition, spray
pyrolysis, photo accelerated chemical deposition, solid-vapor
deposition, spin coating, microwave heating and thermal
evaporation[12-18]. Thermal evaporation is a suitable technique to
synthesize the PbS thin film because it gives high quality film with

homogeneous surface morphology and large area deposition which
is very useful for device fabrication.

In the present paper, PbS thin films were synthesized by thermal
evaporation technique at room temperature. The effect of the
substrate on the characteristic of the deposited films is studied in
present work. From the structural and surface morphology
analysis, it is found that the film deposited on the ITO coated glass
is of good quality.

Experimental

Thin films of lead sulphide (PbS) have been synthesized by the
thermal vacuum deposited technique at room temperature. Lead
sulphide powder of AR grade (sigma Aldrich) was used to
evaporate in deep-mouthed molybdenum boat. Highly cleaned
glass and ITO coated glass substrates were used as substrate for
the film deposition. Prior to a deposition, the glass and ITO coated
glass substrates were cleaned in aquaregia, acetone, washed in
distilled water and isopropyl alcohol (IPA). After loading the
substrate into the deposition chamber they were thermally cleaned
by keeping them at an elevated temperature 200°C for few
minutes. The deposition is carried out in a vacuum of the order of
107 torr with constant current for homogeneous film deposition.
PbS thin films have been characterized by different
characterization technique such as X-Ray diffraction, Scanning
electron microscopy, Atomic force microscopy, EDX analysis.
Structural analysis has been estimated by X-ray diffractometer
(Bruker D8-Advance model) with 20 ranging from 10° to 90° with
step size 0.02° and step time 0.5 second. Surface morphology of
the film has been confirmed by Scanning electron microscope
(ZIESS microscope with 5 kV energy) and Atomic force
microscope.
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Results and Discussion
X-ray measurements

The XRD pattern of the PbS thin film on different substrate is
shown in Figure 1. It shows different diffraction peaks at 26 values
of 26.28°, 30.39°, 43.47° and 51.49° which were assigned to the
Monoclinic and cubic phase produced by (111), (200), (220) and
(311) reflection planes respectively of PbS thin film. The
dominant and sharp peak at 30.39°indicates that PbS nanocrystals
are highly polycrystalline in monoclinic phase. The ITO coated
glass provides a better crystalline surface for deposition of PbS
films then glass, this is reflected and well define and sharp peak in
XRD of PbS films deposited on ITO coated glass while the
crystallinity of films deposited glass is not so good. The
calculation of particle size of PbS thin films has been calculated
using Debye-Scherrer formula using (200) plane from the XRD
spectra [19].

0.94
- LcosO M

In expression (1), A, B, and 0 are X-ray wavelength (CuK,=
1.54A), full width at half maximum (FWHM) and the Bragg
diffraction angle respectively. The calculated size is found to be ~
22 nm for glass and ~ 27 nm for ITO.The higher crystallite size of
the film indicates the higher crystallinity of the film.

PbS thin film

—~
>
>
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~

ITO coated glass

Intensity (a.u.)
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Figure 1: XRD spectra of PbS thin films on glass and ITO coated glass
substrate.

Scanning electron microscopy

The SEM micrograph of polycrystalline PbS thin films at
200nm magnification deposited on both the substrates are shown
in Fig. 2(a,b). PbS thin films have a uniform surface morphology
with more adhesion over the ITO coated glass substrate rather than
the glass substrate. The films deposited on ITO coated glass have
fine grains and have good quality in comparison to the glass
substrate. The SEM images show that the better surface is
achieved on ITO coated glass comparison to the plane glass
substrate.

The EDAX Fig. 2(c,d) spectra revealed that the Pb:S ratio
varied randomly. This may be due to the surface roughness effect
as well as the presence of some intrinsic defects within the films
(pores, etc.), which have some effects during the chemical
analysis: the incident electron beam interact only with a particular
portion of the film (spot analysis), thereby will not give the overall
and the average chemical composition of the entire thin film. The
EDAX ratio shows that films deposited on ITO glass substrate
have good stoichiometry in comparison to the plane glass
substrate.
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Figure 2: SEM Micrograph with EDX analysis of PbS Thin films
Deposited on (a,b) Glass and (c,d) ITO Glass Substrate.
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Atomic force microscopy

Atomic force microscopy (AFM) micrographs of the vacuum
evaporated PbS thin films which were deposited on glass and ITO
coated glass substrate are shown in figure 4 (a, b ¢ and d). All the
AFM images were taken for an area of 2 x 2 um orders show that
the particles are closely packed. The AFM images of the PbS thin
film revealed that the grains are more spherical in shape and are
homogeneously distributed over the whole surface in comparison
to the PbS film deposited on ITO coated glass substrate. The
average roughness of PbS films deposited ITO coated glass and
ordinary glass comes out 9.93 nm and 18.5 nm respectively. PbS
film on ITO glass show cluster of particles with highly dense
structure with high packing density and have advanced surface and
typical columnar structure with highly dense grains. These results
shows that the better crystalline and surface morphology of PbS
thin films is achieved on ITO coated glass substrate which
provides the better crystalline surface to deposited crystalline
films.

0.0 pm 0.5 1.0 1.5

0.0 116.1 nm
0.5 80.0
60.0
1.0
40.0
1.5 B 20.0
0.0

71.4 nm
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10.0

0.0

(d

Figure 3: AFM micrograph of the PbS thin film (a,b) glass substrate; (c,d)
ITO coated glass substrate.

Conclusions

PbS thin films have been synthesized by thermal evaporation
technique at room temperature. EDX analysis conforms the
formation of PbS thin film. The crystallinity of the film is much
better on ITO coated glass in comparison of plane glass substrate.
Surface morphology of the films has been investigated by
scanning electron microscopy and atomic force microscopy. The
roughness of the film is lower for the ITO coated glass substrate
while in high for plane glass substrate. From the structural
analysis, we can conclude that ITO coated glass substrate is better
for the film growth because the film has a good crystallinity and
more adhesion on the ITO coated glass substrate by thermal
evaporation. EDAX measurements of the film confirmed the
present stoichiometric compound in the film.
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