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ABSTRACT
Zinc oxide (ZnO) is one of the most important II-VI semiconductor that has drawn a
significant attention worldwide due to its remarkable properties and potential
applications in various fields. In this work, ZnO thin films were deposited on different
substrates including polyethylene terephthalate (PET), silicon and glass by direct
current (DC) reactive magnetron sputtering at different Ar:O2 gas ratio and a
comparative study on the film’s physical properties was conducted. The results
showed a better crystallinity of the c-axis ZnO film on PET and silicon as compared
to the glass. The electrical resistivity of the film on the silicon was the lowest one
(1.9102 -cm) whereas the minimum band gap of ZnO (3.23 eV) was obtained on
the PET substrate. The films with optimized structural, electrical and optical
properties were used for the ion implantation study. The transition metal ions such as
copper, cobalt and nickel were implanted in the ZnO (M: ZnO) by Pelletron
Accelerator at different doses of 1×1011, 1×1012, 1×1013, and 1×1014 ions/cm2 at room
temperature by keeping the ion energy constant at 300 keV. The results of copper ion
implanted ZnO film showed a decrease in its crystallite size up to the dose of 1×1012
ions/cm2, and then it was increased with further increase of the ion dose. The lattice
parameter of ZnO was decreased after the copper ion implantation at different doses
that was ascribed to the lower ionic radius of Cu+ as compared to the Zn+2. The lowest
values of band gap and resistivity were obtained at the ion dose of 1×1014 ions/cm2.
The cobalt ion implantation showed similar types of changes in the structural, optical
and electrical characteristics of the ZnO film. However, in the case of silver ion
implantation, significant structural damage was done in ZnO film which is due to its
high atomic number as compared to cobalt and copper. Afterwards, the copper ion
implanted film of optimum properties was used for the fabrication of a metalsemiconductor-metal (MSM) photodetector. The responsivity of the device was found
to be 941 mA/W under 385 nm UV light exposure at 7V. The analysis of
photodetection results suggested the formation of highly responsive photodetector
based on the copper ion implanted ZnO film on a flexible substrate.
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CHAPTER 1
Introduction

1.1

Zinc Oxide Overview
Zinc Oxide (ZnO) is a II-VI compound semiconductor that has a direct

and wide band gap of about 3.37 eV at room temperature [1]. ZnO is
commonly employed for various electronic and optoelectronic applications
due to its fascinating properties. It is a transparent material having high
electron mobility, good thermal conductivity and excellent photoluminescence
at room temperature. Being a wide band gap material, it is a superior choice
for photo detection in the ultraviolet (UV) range and thus it is widely preferred
in

making

UV

photodetectors/solar

cells

[2-6].

ZnO

also

shows

electroluminescence and photocatalytic properties. Further, it is often used as
antibacterial agent and as gas sensor [7-12]. ZnO is an alternate to indium tin
oxide (ITO) due to its low cost, nontoxicity as compared to the ITO [13-15].
ZnO shows good piezoelectric properties that make its use possible in the
actuators and transducers. Transition metal doped ZnO is the potential
candidate for advanced magnetic applications. The electrical conductivity of
ZnO is quickly responded to the adsorbed species like hydrogen and oxygen
making it a good gas sensing agent. ZnO offers a resistive response to charged
particle radiations increasing its use in space applications. Etching of ZnO is
easy by all acids and alkalis; this makes its use for the fabrication and
patterning of small electronic devices.
1.1.1

ZnO crystal structure
ZnO crystallizes into various structures including hexagon wurtzite,

cubic zinc blende and rock salt. Among these, the wurtzite is the most
common and stable structure of ZnO. The other structures of ZnO can also be
obtained under the specific conditions. The wurtzite is a hexagonal crystal
structure in which tetrahedral arrangements of atoms are made. On the other
hand, the zinc blend structure is obtained when the ZnO growth is made on the
cubic substrates. The growth of ZnO at high pressure crystalizes it into rock
salt structure.
1

Wurtzite structure has a polar hexagonal axis, in which the c-axis is taken
along z (0001). The atoms of zinc in the structure are located in such a way
that they form hexagonal close packing. Every oxygen atom is surrounded by
the four Zinc atoms within the tetrahedral symmetry and vice versa. The
thermodynamically stable wurtzite (B 4-Type) structure of ZnO is shown in
Figure 1.1 along with zinc blende and rock salt structure. The hexagonal unit
cell of ZnO has two lattice parameters ‘a’ and ‘c’ (a = 0.3296 and c = 0.52065
nm) [17]. The Wurtzite structure belongs to point group 6 mm and the space
group P63mc. This structure is composed of two interpenetrating hexagonal
close-packed (hcp) sub-lattices in which O-2 and Zn+2 ions are tetrahedrally
arranged along the ‘c’ axis in an alternate sequence. Displacement of these
two sub-lattices from each other is 0.375 c along the c-axis. This displacement
between the two sub-lattices makes the ZnO structure non-symmetric and of
Zn and O sub-lattices makes this structure non-centrosymmetric and assigned
a polarity to ZnO along c-axis [18].

Figure 1.1

(a) Rock salt structure of ZnO
(b) Zinc blende structure of ZnO
(c) Wurtzite structure of ZnO [19]
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1.1.2

Physical properties of ZnO
Some important physical properties of ZnO semiconductor are given

below [20];

1.1.3

Molecular formula

ZnO

Crystal structure

Hexagonal

Molecular weight

81.4084 g/mole

Band gap

3.37 eV (direct)

Melting Point

1975 oc

Appearance

White solid

Density

5.606 g/cm3

Dielectric constant

8.5

Solubility in water

1.6 g/L (at 28 °c)

Lattice energy

965 kcal/mole

Applications of ZnO
Due to its promising properties, ZnO is often used in the following

applications;


Solar Cells
ZnO thin films/nanostructures are commonly used in solar cells. The dye-

sensitized solar cells made up of ZnO have gained significant importance in
the market due to its unique properties such as high electron mobility and
variety of its nanostructures. The Schematic diagram of a typical ZnO
nanorods based solar cell is shown in figure 1.2

ZnO Nano Rods

Metal Electrode

Load
Transparent

Light

Figure 1.2

Schematic diagram of the ZnO solar cell
3



Photodetectors
ZnO is often employed for photodetection. UV photodetectors based on

ZnO have shown high response under UV light in past studies [21-23].
Further, these photodetectors exhibit high sensitivity and current gain. These
remarkable properties of photo detectors based on ZnO have made the
optoelectronic industry to use the ZnO for this potential application. ZnO is
regarded as one of the best promising materials for the fabrication of UV light
detectors because of its wide band gap, low cost, strong radiation hardness and
high chemical stability [22]. In the case of a photodetector, there are two
types; one is the metal-semiconductor-metal (MSM) photodetector whereas
the other is heterojunction photodetector. The schematic diagram of
Au/ZnO/Au photodetector is shown in figure 1.3
UV Light

Keithely 2400

Au

Au
ZnO Thin film
Substrate

Figure 1.3 Schematic diagram of the device structure of Photodetector


Light Emitting Diodes
ZnO finds great prospects in the field of light emitting diodes (LEDs). Due

to the ease of its fabrication and low cost, it has attracted a great interest of
researchers for the LED application along with gallium nitride (GaN) [24].
The electroluminescence properties of ZnO are broadly similar to that of GaN.
Its high exciton energy as compared to its thermal energy at room temperature
plays an important role to make ZnO based LEDs brighter than the LEDs
made from other semiconductors, which increased the use of ZnO based LEDs
like the GaN based LEDs [24].

4



Bragg Reflectors
ZnO is widely used in the fabrication of Bragg reflectors. ZnO plays a

significant role to tune the reflectivity and refractive index of every layer in
Bragg reflectors so that the reflectors become capable to use in optoelectronic
devices. The schematic diagram of a of ZnO/a-Si distributed Bragg reflectors
is shown in figure 1.4

Figure 1.4


Schematic of ZnO/a-Si distributed Bragg reflectors [25]

High Mobility Transistors
ZnO is widely utilized in high electron mobility transistors. The key

advantage of these high mobility transistors is the high magnitude of electron
channel mobility which increases the drive currents and improves the
operating speed of devices.


Gas Sensors
ZnO being an n-type semiconductor possesses the characteristics which are

needed for a perfect gas sensor. Its gas sensing ability strongly depends on its
resistance which changes when its surface interacts with the molecules of gas
which is to be sensed [26, 27]. Oxygen molecules get easily adsorbed on the
ZnO surface and become ionized by capturing the conduction electrons which
results in the formation of depletion layer on the surface of oxygen that
increases its resistance. When gases like acetone vapors approach the surface
depletion layer of the sensor, they react with oxygen species and free the
conduction electrons which reduce the sensor resistance. The schematic
representation of a gas sensor with gold electrodes is shown in figure 1.5

5

Figure 1.5


Schematic diagram of ZnO based gas sensor

Antibacterial Applications
Nano-sized ZnO shows a significant resistive behavior against the growth

of a wide spectrum of bacteria. Currently, ZnO is being investigated by the
researchers as an antibacterial agent in nanoscale and microscale form [19].
The nano-sized formulation of ZnO significantly increases its antibacterial
activity because of the nano-sized particles when interact with bacterial
species they absorb by these species. The interactions of the cell or core of
bacteria with nano-particle are toxic, which destroys the bacterial species [28].
A view of the antibacterial action of ZnO is shown in figure 1.6

Figure 1.6 Schematic representation of antibacterial action of ZnO [29]


Photo-catalytic activity
ZnO is often used for the photo-catalytic applications as its band gap can

be tuned by doping a suitable metallic element in it. During the process of
degradation of organic dyes, the oxygen is adsorbed on the surface of ZnO and
6

produce hydroxyl radicals that degrade the harmful and toxic dyes present on a
surface. The methyl orange (MO) dye is excessively used at the commercial
level in food, paper, and textile industries. However, it has harmful effects on
the human body. To avoid from its harmful effects, it is necessary to find some
way. In this regard, ZnO can be quite useful to reduce the harmful dye’s
effects due to its potential photo-catalytic application [31]. Mechanism of
visible light photocatalytic activity of ZnO is presented in figure 1.7

Figure 1.7 Mechanism of visible light photocatalytic activity of ZnO [30]

1.2

Native Defects in ZnO
ZnO is an n-type material that possesses native defects which arise

during its growth. The common types of native defects in ZnO are interstitials,
vacancies and anti-sites defects. The formation of these defects is due to the
absence of an atom from a given position which must be filled in the crystal.
An anti-site defect is produced due to the occupancy of the lattice site position
of an atom of one element by an atom of some other element. The defect due
to an unoccupied position in lattice is called vacancy and incase of interstitial
an atom does not occupy a lattice site.
Naturally, the ZnO has n-type conductivity and its conductivity is
mainly controlled by the impurities added to it, zinc interstitials and oxygen
vacancies [32-36]. The native defects have a great impact on the properties of
ZnO because they influence the structure of ZnO and make it naturally n-type.
The structures are mainly controlled by the growth mechanism, pre and post
annealing

treatment.

Therefore,

the

material’s

properties

conductivity can be tuned by harnessing the nature of defects in it.
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Impurity dopants like Al, In, Ga, Ni, and Co are also the shallow donors and
produce n-type conductivity in ZnO [37, 38]. The literature shows that it is
difficult to produce p-type ZnO, due to its tendency towards n-type
conductivity [39, 40]. Furthermore, the number of shallow acceptors is very
few. The metals (Cu, Au) from group 1B are deep acceptor hence do not
contribute to p-type conductivity [41, 42]. As O is an electronegative element,
only nitrogen is possible shallow acceptor level in ZnO. Even though,
numbers of reports are available in the literature on obtaining p-type doping by
nitrogen incorporation in ZnO, but stability and reproducibility of this p-type
ZnO is still a challenge [40].

1.3

Ion Implantation Technique
Ion implantation is a technique in which energetic ions are bombarded

on a solid surface that interact with the material and penetrate inside it. The
ions in the materials are stopped due to the electronic and nuclear stopping
process. In the early days of invention of the ion implantation technique, it
was used only for doping in semiconductors to make them n-type or p-type
and to study the surface damage in the metallic materials. However, these days
this technique is being used to modify the properties of thin films, nanostructured biomaterials and bulk materials to make them useful for specific
applications [44]. The energetic ions having energy ranging from few keV to
hundreds of MeV are normally used to damage or to modify the properties of a
material. The ions are produced from various ions sources and are accelerated
up to required energies by employing the ion accelerators and ion implanters.
Low energy ions of energy up to a few keV used for selective area doping of
semiconductors and surface treatment of materials are produced by ion
implanters. Whereas, medium energy ions for the alteration in thin film
properties are produced by the medium energy electrostatic accelerators. Swift
heavy ions and high energy protons having energies up to hundreds of MeV
are produced by the electrostatic accelerators. These can be used for the
modification in the physical properties of thin films and the surface
modification of materials.
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Pelletron Accelerator
Pelletron Accelerator is a type of an electrostatic accelerator in which a

beam of charged particles (positive or negative ion, proton) is accelerated
between two terminals by applying the potential difference between them.
Decades ago, Van de Graaff generators were used to accelerate the charges by
employing the use of charging belts to produce high voltage terminals. The
need to create high voltage terminals increased with the increasing demand of
energetic ions in the fields of material processing and medical therapy.
Researches used different materials and gases to increase the terminal voltage
and finally a reliable and stable accelerator was introduced which is known as
Pelletron Accelerator. The schematic view of Pelletron accelerated is
presented in figure 1.8. A Pelletron Accelerator consists of the following
major parts;


Pressure vessel



Charging system



Acceleration tubes



Column or support structure



Gas or foil stripper
A Tandem Pelletron Accelerator starts with negative ions followed by

the stripping process which produces the beam of positive ions by breaking the
molecules and strip electrons. While Single ended Pelletron Accelerator, takes
start with positive ions produce directly from the source.
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Figure 1.8

1.4

Schematic diagram of Pelletron Accelerator

Problem Statement
ZnO being a wide band gap semiconductor has been the focus of

researchers worldwide during the last two decades. It is a useful
semiconductor that finds applications in optoelectronic and electronic devices
due to its remarkable properties as discussed in the previous sections. The
Tuning of electrical and optical properties of ZnO has been extensively
studied in the recent past by the addition of metallic and non-metallic
impurities in it. These impurities play a vital role in changing the electrical
conductivity and band gap of ZnO and thus enabling it to be used in the
semiconductor devices with optimum electrical and optical properties. The
increase or decrease in the electrical conductivity/band gap of ZnO also
depends upon the nature of doped impurities. The n-type impurities can
donate free electrons whereas the p-type impurities can generate holes within
the host semiconductor and consequently the carriers concentration in ZnO
can be controlled. In addition, the changes in the electrical/optical properties
of ZnO are also linked with its structural characteristics. Previous studies
revealed that ZnO exhibited n-type character by nature and high electron
concentration in ZnO increased its use in the electronic/optoelectronic devices
[45-47]. This high electron concentration can increase the band gap of the
ZnO from its actual value [46]. Therefore, researchers are doping various
elements in ZnO to reduce native defects in it that can enhance the electrical
10

properties of the ZnO film and optical properties of ZnO [48-50]. Past
literature survey indicates the doping of elements in ZnO by chemical
methods and their effects on its various properties. However, it is hard to
obtain repeatable results by chemical synthesis/doping, because chemical
mixing is difficult to achieve with high precision. As a result, if such
materials are used in electronic devices then variation in ZnO properties can
affect the performance of the fabricated device. On the other hand, physical
vapor deposition technique such as radio frequency (RF) and direct current
(DC) magnetron sputtering has also been used to grow ZnO film that allows
uniform deposition of the ZnO on large area substrates. This uniformity and
large area deposition cannot be achieved by chemical means. Therefore, the
synthesis of ZnO thin films by magnetron sputtering has gained considerable
interest in recent years. Researchers have tried to add different elements in
ZnO through the co-sputtering technique and by using the composite targets
[51-53]. However, the use of co-sputtering/composite targets has not gained
much interest because it is difficult to control the doping ratio of elements.
Alternately, ion implantation is a versatile technique to introduce ions into a
semiconductor film to alter its properties. Both ion-implanters and
accelerators are used for the implantation/doping of different ions in
semiconductors. Regarding ZnO, only limited studies are available on the ion
implantation effects on its properties [54-58]. However, most of these limited
studies have been carried out using low energy ions implantation (< 150 keV).
At such lower energy values, the nuclear stopping of ions is dominant as
compared to the electronic stopping. This nuclear stopping can cause large
structural damage and this introduces lots of defects inside the
semiconductors. Therefore, high energy ion implantation in ZnO needs to be
investigated. To the best of my knowledge, this has been rarely studied in the
past. The use of high energy ions could facilitate the less structural damage
along with the controlled incorporation of implanted ions inside the crystal
structure of ZnO. Therefore, in this work, ion implantation (E> 200 keV)
effects are investigated on different properties of ZnO films. Moreover, these
films are prepared on flexible polyethylene terephthalate (PET) substrates
using the direct current (DC) magnetron sputtering method which has been
given limited attention in the past.
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1.5

Objectives
The objectives of this work are presented as follows;

1) Synthesis of ZnO films by DC reactive magnetron sputtering on PET
substrates
2) A comparative study of ZnO thin film on different substrates by DC
reactive magnetron sputtering
3) To study the effects of transition metals (Cu, Co, Ag) ions implantation in
ZnO film
4) To use ion-implanted film for the fabrication of a metal-semiconductormetal photodetector.

1.6

Thesis Organization
Chapter 2 includes the previous work carried out on ZnO film

synthesis, properties and applications. The methodologies that were used to
synthesized ZnO films have been described. The metallic and non-metallic
doping in ZnO by the ion implantation technique in the past studies are also
discussed in detail in this chapter. The fundamentals of metal-semiconductor
contacts and metal-semiconductor-metal photodetector have been added here.
Chapter 3 explains the methodology adopted in the present work to
fabricate the ZnO film on different substrates. It also includes the principles,
working and use of characterization tools employed to characterize the ZnO
thin film fabricated in this work.
Chapter 4 comprises of the deposition, characterization, and
optimization of ZnO thin film on PET substrate by using DC reactive
magnetron sputtering technique. Moreover, it includes the comparative study
of ZnO thin film on various substrates deposited by reactive sputtering.
Chapter 5 includes the modification in structural, optical and electrical
properties of ZnO Film by transition metal ions (Cu, Co, Ag) implantation in it
at different doses (1×1011, 1×1012, 1×1013, and 1×1014 ions/cm2) using
Pelletron Accelerator.
Chapter 6 includes the detail of the deposition of metal contacts on the
ZnO film, and the use of ZnO implanted film as a photodetector. Moreover,
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the comparison of the photodetector’s results with the previous ones has also
been made in this chapter.
Chapter 7 contains the summary of results obtained from this research
work.
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CHAPTER 2
Synthesis Techniques and Literature survey
This chapter contains a brief literature survey about zinc oxide (ZnO).
Various synthesis techniques of ZnO have been presented in detail in this
chapter. Doping effects in ZnO and their methods are discussed here. In
addition, the fundamentals of metal semiconductor contacts, and metal
semiconductor metal (MSM) photodetectors have been described.

2.1

ZnO Syntheses Techniques
It is observed that the ZnO with hexagonal wurtzite structure

crystalizes in to three different crystallographic orientation, which are c-axis
(002), a- axis (101), m-axis (100) . The behavior of ZnO greatly depends on
the crystallographic orientation. Therefore it is much important to get
particular crystallographic orientation for particular application of ZnO.
Among these crystallographic orientation, c-axis (002) oriented ZnO is highly
suitable for electro-optic and piezoelectric properties [59, 60].

Figure 2.1

Different crystallographic orientation of ZnO [61]

In the past, numerous techniques have been employed to synthesized
ZnO film on different substrates. The properties of these thin films depend on
their methods of fabrication and conditions adopted for their formation. These
techniques involve both physical and chemical methods. In physical methods
the techniques most widely used are RF/DC magnetron sputtering, thermal
evaporation and pulsed laser deposition (PLD). Chemical methods involve the
techniques like chemical vapor deposition (CVD) atomic layer deposition and
14

solution based syntheses, which consist of; sol-gel spin coating, dip coating,
chemical bath deposition (CBD) and chemical spray pyrolysis for the
fabrication of ZnO film and nanostructures. However, the fabrication of ZnO
film with preferred orientation along c-axis is not an easy task by physical and
chemical methods.

2.2

Physical Deposition Methods
Following are the widely used physical methods of deposition of ZnO

thin film;
2.2.1

Magnetron sputtering

2.2.2

Pulsed laser deposition

2.2.3

Thermal evaporation

2.2.4

Molecular beam epitaxy

2.2.1

Magnetron sputtering
Magnetron sputtering is consider as one of best

film deposition

technique among all physical vapour deposition techniques it allows the
deposition of metal, metal oxides, metal nitrides, ceramics and many more
compound materials at research and commercial level. In industry it is
employed to coat the materials for medical implantation in human body and
decorating the inexpensive metal articles by coating expensive material layers.
In textile industry it is magnetron sputtering is used for the coating of textile
fabrics with materials which acts as antistatic, antimicrobial and have
conducting properties.
Magnetron sputtering deposition is very sophisticated technique which
involves the high vacuum conditions by employing the special type of
magnetic field near the cathode surface. The basic deposition mechanism of
magnetron sputter deposition is elaborated in fig 2.2. The ions of inert gas like
argon or helium produced by applying the high voltage between the electrodes
are bombarded on the target material which is to be deposited on substrate.
These ions sputtered the target material atoms by their forceful collisions with
target and these sputtered atoms then formed a thin film on substrate. The roll
of magnets is to produce a magnetic field around the target surface which
trapped the electrons by applying the magnetic force near the surface of target
and ultimately increase the sputtering rate.
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Figure 2.2


Schematics of magnetron sputtering system [62]

DC reactive magnetron sputtering
This type of sputtering technique is normally used for the fabrication of

metal oxides, nitrides, carbides and many other compound films. It can be
defined as the sputtering of target in the presence of chemically reactive gas is
called reactive sputtering. For example one can obtain thin film of zinc oxide
when Zn metal is sputtered in the presence of O2 gas along with inert argon.
As sputtering is low vacuum mechanism therefore the sputtered atom cannot
react with the reactive gas while moving towards the substrate instead the
chemical reaction occur at the substrate where plasma activate the reactive
species by exciting and dissociating the reactive species. The gases used for
reactive sputtering are;


O2 (Oxygen) for oxides thin film deposition



N2 (Nitrogen) for nitrides thin film deposition



C2H2 (Acetylene) for hydrogenated carbide, carbo-nitride thin films



CH4 (Methane) is also used for sputtered deposition of hydrogenated
carbide, carbo-nitride thin films

DC sputtering from a metal target has the following advantages over the nonreactive sputtering are;
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(i)

DC sputtering is capable to deposited the thin film at industrial level
with high deposition rate , controllable chemistry and composition

(ii)

Metallic target can be made purify more easily therefore highly
sophisticated and pure films can be produced by DC reactive sputtering
using metallic targets

(iii)

DC power can be easily applied to conducting metallic targets hence
one can avoided by the use of more complex and expensive RF
sputtering system

(iv)

The thermal conductivity of metallic target make it easy to cool them,
thus the range of power applied to them can be increased without the
fear of being melted or cracked.
The DC Sputtering is used extensively in the semiconductor industry

creating electronic and optoelectronic devices by the deposition of reactive
sputtering of oxide and nitride thin films. The properties and preferred
orientation of magnetron sputtered film depend on sputtering power, working
pressure, composition of sputtering gas, deposition temperature and thickness
of film.
Sun et al. [63] made the use of DC sputtering to alter the properties of
ZnO film by adding aluminum (Al) contents at various sputtering powers (0 30 W). They obtained the AZO thin film of low resistance (1.28  10-3  cm )
and highly transparent for visible and near IR range at optimized condition of
26 to 28 W. Carrier concentration increase from 0.84  1020 cm-3 to 4.7  1020
cm-3 .
Hoon et al. [64] presented the growth of ZnO film by reactive
sputtering by varying pressure from 12 mTorr to 25 mTorr at temperature of
450 oC and studied the effect of various parameters (Film thickness, pressure
and substrate temperature) on its properties. Various characterization like
XRD, AFM and UV-vis measurements showed that these parameters acted as
key agent to alter the film’s properties.
Ortega and coworkers [65] employed the DC magnetron sputtering
method to grow the silver and nitrogen co-doped ZnO film. The as deposited
films showed low holes concentration. However, after annealing the holes
concentration increased to 3.17 x 1019 cm-3 and electrical properties were
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improved with the decrease in resistivity to 8.56 x 10-3  cm and hole
concentration to 3.17 x 1019 cm-3 after annealing.
Panyajirawut et al. [66] synthesized the Co (3 %wt) doped ZnO film
on glass at 200 W power in 20 mins with the help of reactive sputtering. They
studied the annealing effect on ZnO film in air atmosphere and found that all
films showed hexagonal wurtzite structure.
Nurfani et al. [67] studied the origin of fast current photo response in
ZnO film grown by reactive sputtering. They proposed that fast response of
ZnO was not only due to Schottky barrier but oxygen vacancies played an
important role. Li and co-worker [68] reported the formation of large grain
size ZnO film with strong reflection from (002) plane on paper by controlling
the sputtering pressure. They also reported the formation of flexible metal
semiconductor metal (MSM) photo detector of ZnO on paper by depositing
the Ag contacts. Khosravi et al. [69] presented the formation of Cu-ZnO film
prepared by using RF and DC co-sputtering technique at various substrate
temperature. The XRD analysis revealed that the ZnO Films had preferred caxis orientation, which was enhanced by the Cu doping. They also noted that
the band gap was reduced by increasing the temperature and decreased by
increasing Cu concentration. Cui and coworkers [70] fabricated the ZnO film
on flexible Teflon substrate by RF sputtering technique and studied the effect
of substrate temperature on its various properties. They reported that the
optimized substrate temperature for the growth of ZnO film with low defects
and preferred orientation along c-axis was 200oC. They also reported the
depression in deep level (DL) emission for photoluminescence (PL) properties
and enhancement of near band gap edge (NBE) emission at 200oC with overall
best film crystalline quality.

Mahdh et al. [71] presented the effects of

concentration variations of Ca and Ga on different properties of Ca and Ga
doped ZnO film. They showed that carrier concentration increased with
increase in concentration of Ca and Ga. Doped ZnO films had lowest
resistivity and high carrier concentration as compared to un-doped film.


RF Magnetron Sputtering
RF magnetron sputtering is the technique which employed the use of radio

frequency power source to avoid from charge accumulation on non-
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conducting or ceramics targets. The charge accumulation with passage of time
produce arcing in plasma and disturbed the film quality even it can make the
process stopped by cessation of sputtering of atoms. The RF sputtering is the
best choice for deposition of many types of dielectric coatings and insulating
coatings which produce polarized charge on the target in case of DC
sputtering. RF sputtering is used in semiconductor industry to fabricate the
semiconductor film by using the insulting semiconductor targets for
electronics and optoelectronic applications.
2.2.2

Pulsed laser deposition
This technique became popular in late 1980’s when it was successful

to deposit the in-situ epitaxial high temperature superconducting films. The
main advantages of PLD are excited oxidizing species, stoichiometric transfer,
and simplicity of setup. Today, PLD is used to deposit a variety of materials
including metallic oxides, nitrides and carbides. A simple PLD set up is
presented in figure 2.3. It consists of a vacuum chamber with chamber window
to direct the laser on target material. The target material which may be a metal
or pellet of some ceramic material is used to place at target holder. The
substrate is fitted at substrate holder containing heater and its position can be
varied in different ways. The laser beam is directed to target material to
produce the ablation plume towards the substrate which starts to deposit the
thin film of target material on substrate.

Figure 2.3

Schematic of Pulsed laser setup [72]
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PLD can be used to deposit the high quality films but it has some
limitations. The size of ablation plume and high vacuum limit the number of
substrate used at a time. There are also some scalability issues with PLD. In
contrast to Magnetron sputtering, it cannot be used to deposit the large area
substrates. The use of PLD to create ZnO thin films has been focused around
p-type doping with copper [74] gallium [75] phosphorus [76], and
phosphorus-nitrogen [77]
Mo and coworkers [78 ] were prepared the Ga doped ZnO film
having low resistivity on Si by employing the use on Si substrates by using
pulsed laser deposition (PLD).They studied the effects of substrate
temperature and annealing temperature on electrical, optical and photo
luminescent properties of GZO films. They reported that 400 oc was a better
temperature at which low resistivity, best crystallinity were achieved.
Shewale et al. [79] demonstrated the synthesis of UV sensitive ZnO
film on sapphire (001) in O2 gas ambient at variant substrate temperature by
pulsed laser deposition. They investigated that fast and highly stable switching
UV photo response for ZnO photodetector was achieved at 400 oC with 5 V
bias voltages.
Kumar et al. [80] described the growth of ‘Eu’ doped ZnO thin film at
different oxygen partial pressures by pulsed laser deposition. They showed
that the morphology and roughness of films depended on the partial pressure
of oxygen and intensity of band emission peaks was increased at higher O2
partial pressure.
Zeng et al. [81] synthesized the zinc oxide film on different substrates
(Si, glass) by the help of pulse laser deposition method. They studied the
effect of variation in different variable like substrate temperature, laser fluence
and O2 pressure on the physical properties of ZnO film. Structural
measurements showed an improvement in crystallinity at high substrate
temperature. However, the high laser fluence and oxygen ambient were useful
to remove the defects and Zn Vacancies.
Myoung et al. [82] described the dependence of ZnO film’s properties
on its thickness. They claimed that the crystallinity of film improved with the
increase in film thickness due to decrease in misfit strain.
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Jin and coworkers [83] fabricated the ZnO thin film on sapphire
substrate at variant oxygen pressure (50, 200, 300 and 500 mtorr) and found
that the film crystallinity decrease with increased in oxygen pressure but
photoluminescence (PL) intensity increase in the UV range. They claimed the
photoluminescence (PL) strongly depended on the stoichiometry in the ZnO
instead of structural quality.
2.2.3

Thermal evaporation
Faraday in 1850’s devised the thermal evaporator setup. In thermal

evaporation process the atoms or clusters of atoms are evaporate from the
surface of bulk material which is placed in a metal crucible by passing current
through the crucible or by heating the crucible with a heater filament. Figure
2.4 represents the schematic of thermal evaporation set up.

Figure 2.4

Schematic diagram of thermal evaporation setup [84]

The thermal evaporation is simple to use, low cost, and gives high rate
of deposition. For compound film deposition it is not suitable due to difference
in melting points of components of bulk material. The evaporation of material
is achieved simply by placing the material in contact with hot surface which is
resistively heated by passing current through it. Typical material used as
resistive heating elements are Mo, Ta, C, W and BN/TiB2 composite ceramics.
These materials may have the shape of basket, boat, crucible and wire for
rapid heating and to produce the uniform distribution of vapours.
Zaier et al. [85] used thermal evaporator technique to grow the ZnO
film on and observed how annealing temperature affected the properties of
film. They pointed out that annealing temperature acted as key agent to change
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the structural parameter, optical parameters and electrical resistivity of ZnO
film.
Bae and coworkers [86] used thermal evaporation technique to
deposited the In, Ga and Sn doped ZnO nanowires. All the prepared films
have wurtzite structure with single crystal of ZnO. Sn doped ZnO film show
red shift in absorption spectra which might be due large charge density of Sn.
Bouhssira [87] presented the effects of annealing temperature (100 to
400oC) on ZnO thin film fabricated by using thermal evaporator. They noticed
that the film oxidation started at 250oC and at higher temperature the XRD
peaks related to Zn disappear films became total transparent. They also
observed that at higher temperature the conductive Zn thin film became low
conductive ZnO thin films
Sheeba and coworker [88] synthesized the ZnO film with Al doping
with the help of thermal evaporation. They found that 3% AZO film showed
an improved gas sensitivity and response to LPG detection.
Ham et al. [89] synthesized the vertically aligned single crystalline
wurtzite ZnO Nano wire on Si substrate by catalyst-free thermal evaporation.
The prepared nano wires showed improved field emission properties which
were useful for making field emission displays and vacuum microelectronic
devices.
2.2.4

Molecular beam epitaxy (MBE)

It is a technique in which epitaxial growth of thin film on heated crystalline
substrate is achieved via the interaction of molecular or atomic beams coming
from source materials as shown in figure 2.5. The substrate is continuously
rotated for the uniform and homogeneous growth of thin film in front of
beams. The single crystal substrate in MBE is placed in ultra-high vacuum at
temperature between 400oC to 800oC under fluence of incoming atomic
streams from a heated cell which contain the source material. The substrate
can heat to necessary temperature when required. The crystalline substrate acts
as seed crystal and atoms are arranged on substrate in same manner as the
substrate crystal. Molecular beams intercept at the substrate surface under
UHV conditions (10-10 bar), which allow precise control of composition Lineof-sight. High purity, complex layer structures, good control of doping.
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Figure 2.5

Schematic diagram of MBE setup

Cagin et al [90] reported the fabrication of ZnO film on MgO (001)
substrate by using MBE technique they studied the interface between ZnO and
MgO by using TEM, confirming the monolayer spacing consistent with mplane growth of ZnO.
Ramamurthy et al.[91] synthesized the ZnO thin film on InP (100) at
different temperature (room temperature, 200 oC, 300 oC) using laser MBE
technique. They found that the film has preferred orientation along c-axis
(002). Optical measurements showed that film has 95 % transparency and
acted as antireflection medium.

2.3

Chemical Deposition Techniques
In contrast to PVD a liquid precursor is used in chemical deposition

technique which, leave a solid layer at the substrate surface when exposed.
The soot formation on solid surface when exposed to flame is an everyday
example of chemical deposition. The most widely used methods for chemical
depositions are:
2.3.1

Chemical vapour deposition

2.3.2

Sol-gel spin coating

2.3.3

Spray pyrolysis

2.3.4

Dip coating

2.3.5

Atomic layer deposition (ALD)

23

2.3.1

Chemical vapour deposition
It is a technique in which thin film is developed on the substrate by

chemical reaction. Reactive gases which are introduced into the chamber react
on the surface of substrate. The gases by product are removed from the
chamber.

Figure 2.6

CVD schematic representations [92]

CVD is low cost technique which synthesized the amorphous, polycrystalline
films with good purity and control at low or atmospheric pressure.
Semiconductor industry used CVD to fabricate the oxides and nitrides thin
films.
Escalante et al.[93] deposited the ZnO thin films on glass substrate by
chemical vapour deposition at different temperature. They observed that the
resistivity of films decreased as temperature increased due to the generation of
defects. The better sensing properties were observed at 400oC due to high
conductivity and effective surface area. However, they observed the maximum
sensitivity when the sensor was exposed to CO2 gas at 300oC.
Purica and coworker [94] prepared the transparent ZnO thin film by
derived chemical vapour deposition technique on Si and InP semiconductor
substrate. They reported that the deposited films can be used for
optoelectronics device application due to good photo response of 120 A/lux
and quantum efficiency of 70 %.
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Tan et al.[95] synthesized the ZnO thin film by employing the use of
metal organic chemical vapor deposition at different temperatures. They
reported the surface roughness decreased with increased in temperature from
200 to 400oC and reduced by further increase in temperature. They also
reported that the band gap showed blue shift as temperature decreased from
400 to 200oC due to increase of amorphization film.
Gorla et al. [96] employed metal organic chemical vapour method to
prepare the ZnO film on R-plane sapphire. They reported that on annealing the
film at temperature 850 oC a spinal (ZnAl2O3) formation took place due to
solid state reaction between the interfaced ZnO and Al2O3. The observed
thickness of spinal increased with annealing temperature and time. They
suggested temperature should be less than 750 oC to avoid the spinal
formation. They also reported that the interface of ZnO thin film and Rsapphire was semi coherent observed by high resolution TEM which, was
useful for the propagation of acoustic waves in SAW devices.
Ali et al.[97] reported the improvement of Properties of porous Si by
the growth of ZnO nanoparticle by chemical vapour deposition. They revealed
the structural properties by X-ray diffraction study and observed that the
properties of porous Si enhanced by increasing the thickness of ZnO layer.
2.3.2

Sol-gel spin coating
This method of coating is a wet chemical route for the synthesis thin

film. In sol-gel spin coating the solution of precursor is put on the spinning
disc whose speed is automatically control by means of electronic circuits
attached with. The different film parameters are control by controlling the
molarity of solution and spin speed. For the growth of thick film low speeds,
high viscosity of precursor solution and short spin time is useful.
The sol-gel spin coating is low cost simple method to fabricate semiconductor
and organic thin films which has many advantages such as;
1. The chemical agent used for sol-gel spin coating method can be easily
purified by the crystallization and distillation processes
2. The chemical mixing are done at molecular level in solution which
increase homogeneity level of film
3. Different organic and inorganic salts can be mixed with solution to vary
the microstructure of semiconductor film.
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4. This technique can be used to deposited large area with high degree of
Uniformity and god surface quality

Figure 2.7

Schematic of Spin coating [98]

The major factor controling the quality of film are: solvent, pre-heating
temperature, precursor type, molarity of solution, post annealing, spin speed
and no. of deposition.
Zaretskaya et al.[99] presented the effects of solvents and annealing
temperature on the crystallite orientation of Al-doped ZnO thin films. They
reported that all the films prepared by using methoxymethane; dimethyl
formamide and isopropyl alcohol were c-axis oriented. However the better
crystal quality was attained by the isopropyl alcohol. Moreover the annealing
temperature improved the crystallinity.
Ajadi and coworker [100] used sol gel technique to coat the ZnO
film. They coated the film at varying spin speeds (2000, 3000, 4000, 5000 and
6000 rpm).They found that all prepared films had strong orientation along
(002) with wurtzite hexagonal structure. They also observed that the
transmittance was maximum of film prepared at 2000 rpm and thickness of
film decreased with increasing speed.
Sol-gel spin coated film on glass substrate was prepared by Chaitra et
al. [101]. They observed the changes in structural and optical properties of
film by changing the annealing temperature. They observed that films had
(002) preferred orientation and the band gap decreased with increase in
temperature. They also found that the ratio of free charge carrier concentration
to effective mass and plasma frequency both were reduced with increasing in
temperature.
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Gbashi et al. [102] made the use of spin coating technique to fabricate
the Cu-ZnO film on glass. They found that the roughness and average grain
size measured by AFM increased by increasing the copper concentration.
They also measured the transmittance and band gap by UV-vis spectroscopy
and found the transmittance to be (>80%) in the visible region with decreasing
band gap.
Bharadwaj et al. [103] prepared CZN thin film by sol gel technique
and studied its gas sensing ability by optimizing the different parameters
including molarity of Zinc acetate dehydrated (0.5 to 1.0 M) concentration of
copper acetate monohydrated (1 to5%) and annealing temperature (200 to
300oC). They observed the highest sensitivity for CO gas at parameters 0.75M,
3% and 300oC while maintaining the concentration of CO at 5 ppm and
operating temperature at 300oC.
2.3.3

Spray pyrolysis
In this technique the precursor solution is prepared like in spin coating

technique and sprayed on the pre heated substrate where it forms a stable thin
film by the thermal decomposition of precursor. The film grown by the spray
pyrolysis is adherent and thermally more stable. The deposition of thin film by
chemical spray pyrolysis involves several steps such as:
1. Generation of spray of micro sized droplets
2. Pre heating of substrate for thermal decomposition of precursor and
evaporation of impurities
3.

Condensation of solute

4. Precursor’s decomposition on the substrate
5. Sintering of the solid particles.
The main advantages of spray pyrolysis
1. Inexpensive technique.
2. Possibility to produce large area film.
3. It can be used to form both amorphous and crystalline deposition.
4. Deposition parameters can be easily control such as deposition
temperature, thickness and deposition rate
5. Particles are more uniform in size.
6. It is Simple and Easy fabrication method
7. It is low cost fabrication method
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8. Require no vacuum

Figure 2.8

Schematic of spray pyrolysis setup [104]

Rao et al.[105] studied the effect of thickness on ZnO thin film
properties prepared by chemical spray pyrolysis on glass substrate. They
found that the both grain size and optical band gap of film increased with
increasing thickness from 600 nm to 2350 nm. They also showed an increase
in electrical conductivity with the heat treatment and thickness.
Soumahoro et al.[106] investigated the optical properties of Yb doped
ZnO thin film grown glass substrate by chemical spray pyrolysis. The doped
film showed hexagonal wurtzite structure with dominant plane (002). No
secondary phase of any oxide of Yb was observed. Hall measurements showed
that the doped films had high carrier concentration which made them useful in
the fabrication of photovoltaic devices.
Rao and coworkers [107] described the formation of GZO thin film
by spray pyrolysis technique. They studied the effect of dopant concentration
(1 to 9 %) the properties of ZnO thin film. SEM measurements showed that
the grain size decreased with the increasing amount of Ga. The Ga contents
changed the band gap and produced a blue shift in band gap. The Ga contents
also changed the electrical resistivity of films.

2.3.4

Dip coating
This is another simple and low cost film fabrication method. In this

technique substrate is dipped in to the precursor solution vertically at uniform
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rate which is set up by the electronic circuitry attached. During upward
movement of substrate the film is dragged from the solution on substrate.
Many factors are involved in the control growth of film by dip coating like
viscous drag force on liquid during upward motion of substrate, effect of
gravity on dry film on substrate, surface tension effect, variation in surface
tension the substrate on film due to drying effects etc.

Figure 2.9

Schematic of Dip coating process [108]

Kayani and coworkers [109] studied the consequences of annealing
temperature on Al doped CoZnO thin film grown by dip coating technique.
Structural study revealed that all films were polycrystalline with hexagonal
wurtzite structure having preferred orientation (100) .They observed that
crystallite size increased and strain and dislocation density decreased with the
rise of temperature.
Kayani et al. [110] studied the effects of Cr doping magnetic, optical
and structural properties of ZnO thin film. They found that films were to be
ferromagnetic and magnetic character decreased with increasing Cr content.
Ananda et al [111] deposited Al doped ZnO thin film by employing
dip coating technique. They pointed out that the crystalline size of Al doped
ZnO thin film was smaller than the un-doped film and got started to increase
on increasing the Al contents. Al doping produced oxygen vacancies which
were confirmed by the deep level emission in PL results.
Krishnan et al. [112] employed the dip coating technique to fabricate
ZnO based acetone sensor. They used the Zinc nitrate hexahydrate and organic
polymer sodium carboxyl methyl cellulose material for the fabrication of ZnO
thin film. They explored the gas sensing ability of ZnO thin film by using the
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chemiresistive method. They suggested that it could act as breath analyzer for
diagnosing diabetes on the basis of good sensitivity.

2.3.5

Atomic layer deposition technique (ALD)
Atomic layer deposition involves the surface of substrate being

exposed to alternating pulse of precursors which reacts at the surface and help
to grow the film. In each pulse the molecules of precursor reacts with surface
in self-limiting way. The complete ALD cycle is depend on the nature of
interaction between precursor-surface. The ALD cycle repeat multiple times to
the required thickness of film.
The steps involve in a single cycle for the deposition of thin film by ALD are:
1. Interaction of 1st precursor with the substrate in chamber to deposit the
layer of 1st precursor
2. Purge the by product and excess of 1st precursor
3. Interaction of 2nd precursor with the substrate in chamber
4. Purge the by product and excess of 2nd precursor
5. The cycle is repeated until the required thickness of achieved

Figure 2.10

Schematic of cycle of atomic layer deposition

Zhai et al. [113] used atomic layer deposition method to coat the Al
doped ZnO film. They presented the effects of varying contents of Al on
different properties of the prepared film. They observed with increasing Al
contents the growth mode of ZnO change from (002) to (100) and it show blue
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shift in band gap. Moreover, they found the lowest resistivity of 1.28 × 10-2 Ω
cm was achieved with an Al content of 4.9 at %.
Wu and coworkers [114] observed the changes in properties of ZnO
film with the varying contents of Zirconium at temperature, rangeing from 350
to 950 oC deposited by atomic layer deposition technique. They found that
grain size was increased at 350oC and decreased between 350 to 850 oC and
band gape shift towards longer wavelength beyond temperature of 850oC
while resistivity remained the same at low temperature and increased rapidly
at 750 oC .They found that the Zr doped ZnO thin film showed best electrical,
optical properties between 350 to 550 oC.
Wan et al. [115] fabricated Ti doped ZnO thin film by atomic layer
deposition at deposition temperature of 200oC. They reported that the increase
in Ti contents reduced the crystallinity and grain size.
Bergum et al. [116]. prepared TZO film by atomic layer deposition.
They observed a decreased in band gap due to Burstein-Moss effect. The
increasing Ti contents changed the preferred orientation from c to a- axis.

2.4

Photodetectors
It is a device which is used to sense or detect the light, it is also known

as photo sensor. The working principle of photo detector is simply the internal
or external photoelectric effect. Usually photo detectors give out put in the
form of voltage or current signals. The magnitude of these signals is
proportional to the incident optical power.
2.4.1

Types of photodetectors
There are two main types of photo detectors used for different

applications


Photodiode



Metal-semiconductor-metal (MSM) photodetector


Photodiode

Photodiode is simply a p-n junction operated in reverse biased. When
light falls on depletion region light photon produce an electron hole pair which
increase the minority carries and reverse current increase. Such devices are
very smart and there quantum efficiency is very high. Avalanche photodiode
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(p-i-n junction diode) is a particular type of photodiode, is much sensitive
even used for counting of photons.


Metal-semiconductor-metal (MSM) photodetector
This is another class of photo detectors which have been recently

developed. Metal-semiconductor-metal (MSM) photodetector used the back
to back Schottky junctions on top of an active light absorption semiconductor
layer. The metal semiconductor metal (MSM) photo detector is simply
fabricated by the deposition of light absorption layer on a substrate material
and placing metallic contacts on it by evaporation or sputtering. The set of
metallic electrodes is connected to large pad which is used to connect the
MSM photo detector with biasing voltage. When MSM photo detector
exposed to light, it produce electron hole pair in active light absorption
semiconductor layer. These electron hole pair act as free charge carrier which
increase the photo current of MSM photo detector as shown in figure 2.11

Figure 2.11

Schematic of light detection and working of MSM
photodetector

The wavelength of light used to produce the electron hole pair depends on the
band gap of light sensitive layer of MSM. If the band gap of semiconductor is
in UV region it will become active for UV light and act as UV light detector or
sensor.
2.4.2 Metal semiconductor (MS) contacts
The performance of metal semiconductor metal photo detector is
largely depend on the metal semiconductor contact at their interface i.e. MS
(metal semiconductor). The nature of contact mainly depends on the mismatch
of fermi levels of both semiconductor and metal. The reason for this mismatch
is the difference in work functions between metal and semiconductor. Work
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function is the energy in eV require by electron to move from fermi level to
vacuum level in metal. Electron affinity is the energy in eV require by electron
to jump from conduction band to vacuum level in a semiconductor.
A contact is established between semiconductor and metal for an
instant when they brought in contact with each other. The work function of
metal and electron affinity of semiconductor did not affected by the contact
formation because they are invariant quantities, but the work function of
semiconductor is related to its electron affinity, fermi energy and its
conduction band it can be observe from figure 2.12 (a).
Χ = 𝐸𝑜 − 𝐸𝐹

Figure 2.12

(2.1)

(a)
(b)
(a) Energy band diagram at instant after contact between metal
and semiconductor
(b) Energy band diagram Schottky contact at equilibrium

Where in figure 2.12 𝑀 is work function of metal, 𝑆 is work function of
semiconductor, E𝑓𝑚 is fermi energy level of metal, E𝑣 is the valance energy
level of semiconductor, E𝑓 is the fermi energy of the semiconductor and E𝑐 is
the conduction band energy of semiconductor
In figure 2.12 the situations are not balanced because the fermi level of
metal and Fermi level of semiconductor are not aligned therefore electron
transfer take place from metal to semiconductor until fermi levels of both of
them get aligned. The depletion region between metal and semiconductor
formed due to the electron transfer at their interface this is called Schottky
contact. Two types of Schottky contact arises from due to different
characteristics of metal and semiconductor
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Schottky barrier contact or rectifying contact



Ohmic contact

Schottky Contact
The Schottky barrier contact named to a metal semiconductor contact in

which the large potential barrier is formed due to alignment of fermi levels of
both metal and semiconductor when they are come into contact, the energy
difference between the band edge of semiconductor and the fermi level of
metal defines the Schottky barrier height. This barrier show rectifying
characteristics and can be formed by any type of extrinsic semiconductor with
different metals. The Schottky contact formed between a metal and n-type
semiconductor when the work function of metal is large as compared to
semiconductor and vice versa in case of p-type semiconductor.
In the absence of biasing voltage across the contact the transfer of
electrons occurs from semiconductor to metal (if 𝜙𝑀 > 𝜙𝑆 ) and band bending
occur till the equilibrium is established as shown in figure 2.12 (b). This
migration of electron from semiconductor to metal produced a positive ions
and net negative ion layer on semiconductor and metal respectively at their
interface which forms a depletion region. The depletion region stops the
further flow of electron by producing barrier potential. When such type of
junction is biased by making the metal at positive potential w.r.t
semiconductor the width of depletion region become smaller and current flows
from semiconductor to metal i.e. large number of electrons diffuse into metal
as compared to no. of electrons drifting into the semiconductor as shown in
figure 2.13 (a). In contrast when junction is biased in reverse the width of
depletion region increase and it stops the diffusion of electron towards metal
side. Only few electrons in metal may be able to overcome the barrier and a
small constant current will flow as shown in figure 2.13 (b), which is
characterization of rectifying
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(a)

(b)
Figure 2.13

(a) Energy band diagram (when forward biased)
(b) Energy band diagram (when reversed biased)



I-V Characteristics of Schottky contact

I-V characteristics of Schottky contact are very similar to p-n junction diode
and it has rectifying nature like diode. Figure 2.14 presented the I-V
characteristics of Schottky contact.

Figure 2.14

I-V graph of Schottky junction
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Ohmic Contact
All the contacts are not defined as rectifying Schottky contact, in ohmic

contact there is no barrier at all. The ohmic contact formed between metal and
n-type semiconductor when work function of metal is smaller as compared to
work function of n-type semiconductor and vice versa for metal and p-type
semiconductor. In case of ohmic contact current can be flow through both
sides of junction. An ohmic contact is non rectifying, low resistance contact
with non-rectifying barrier. The contact with ( 𝜙𝑀 < 𝜙𝑆 ) the electron will
move towards the semiconductor from metal and band banding occur to
aligned the fermi levels of both metal and semiconductor until an equilibrium
is established as shown in figures 2.15 (a) and 2.15 (b).
As we can see there is no barrier for electron to flow from semiconductor to
metal therefore large forward current can flow under a small forward biased
voltage. But when there is small potential barrier in case of reverse biased
voltage however this will vanish when the reverse voltage will increase,
consequently a large reverse current flow for reverse voltage .I-V
characteristics of Ohmic barrier is like a simple conductor which obey ohms
law and show linear response both in forward and reverse biased.

(a)

Figure 2.15

(b)

(a) Energy band diagram of ohmic contact at an instant after
contact between metal and semiconductor
(b) Energy band diagram under equilibrium for ohmic contact
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Figure 2.16

2.5

I-V characteristics of Ohmic contact

Doping in ZnO Thin Film
Doping in ZnO thin film can be achieved by both physical and

chemical methods. In physical methods of doping; different physical methods
are used to dope ZnO thin film like magnetron sputtering, pulsed laser
deposition (PLD) and ion implantation etc. Among all Ion implantation is the
only technique which is used to dope the ZnO thin film, but not to fabricate
the ZnO thin film. The chemical methods of doping involved all the routes of
fabrication of thin film by chemical methods like sol-gel spin coating,
chemical spray pyrolysis etc. The problem with chemical methods of
fabrication is the non-uniformity and non-repeatability.

2.5.1 Ion implantation
Ion implantation is a best and precise technique used to dope the thin
film and to modify the material properties by implanting the ions of metallic
and non-metallic elements [117-121]. Nowadays, this technique is used in the
fabrication of electronic and optoelectronic devices due to its unique
characteristics of introducing the charge carriers in selective areas and to
produce the electrical and optical isolations in semiconductor oxides. By
controlling the energy and does of dopant ions, we can easily control their
penetration inside the film and number of atoms of dopant material. The ions
of low intermediate and high energies are used to modify the properties, or to
modify the surface of material. Normally low energy (up to few hundred keV )
ions re used to implant the thin films, which modified the structural optical
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and electrical properties of film by producing the vacancies, interstitials and
planner defects in the film by the collision of energetic ions with the atoms of
target. The range of implantation species at low energies vary from few
angstroms (Å) to 1 μm. The range of implantation species also depend on the
nature of target material i.e. its density. The ion implantation technique is also
used for the synthesis of nanoparticles and clusters inside the film with better
control of depth and selective area. In comparison to the other techniques used
to dope the material it has the advantage of reproducibility and controllability.
However, the implanted species produced crystal damage when implanted
inside the material by transferring the momentum, and becomes a nonequilibrium kinetic process. Therefor annealing is required for the recovery of
damage and activation of dopant element inside the crystal. Many researchers
have been studied the effects of metallic and non-metallic ion implantation in
ZnO film.
Kono et al. [122] achieved the formation of Copper ion implanted ZnO
thin film. They used 11015 to 11017 ions/cm2 dose to implanted the ZnO thin
film and observed that copper Nano particles are formed which was verified
from absorption spectra containing the surface Plasmon resonance peak. They
also observed the crystallinity of ZnO remain well below the 11016 ions/cm2
doses.
Ahmad et al. [123] utilized DC reactive magnetron sputtering
technique for the fabrication of the ZnO thin film by at different deposition
time (2h, 3h, 4h and 5h). They observed that all the films were polycrystalline
in nature and crystallinity improved the increasing deposition time. They
introduced the Ag ions (11011 to 21012 ions/cm2) by the help of Pelletron
Accelerator in the film deposited for 5 hours. They did not find a significant
change in crystallinity up to ion dose of 51011 ions/cm2. However at higher
doses they found decrease in crystallite size due to damage produced by the
Ag ions.

Lee and coworker [124] conducted ion implantation (Al, Ag,

Sb and Sn ions) in ZnO thin film co doped with TiN to make p-type ZnO.
Implantation reduced the crystalline nature by decreasing the crystallite size.
They observed the improvement in conductive nature of ZnO after
implantation and annealing in vacuum and also suggested that implantation
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might help to make ZnO more conductive. The carbon implantation in ZnO
thin film could tune the band gap and ferromagnetism suggested by Kumar et
al. [125]. They studied the carbon implantation in ZnO thin fil and observed
that lower band gap helped to increase the ferromagnetic nature and vice
versa. Their results revealed that the ferromagnetic nature was somehow
related to the distribution of C ion in ZnO crystal.
Kohiki et al. [126] prepared the highly resistive ZnO thin film by
employing the rf magnetron sputtering technique and studied the effects of
different ion (Al, B and Ga with doping dose 11017 ions/cm2) implantation in
ZnO thin film to reduced its resistivity. The films revealed the low resistivity
after implantation. The effect of gallium ion in reducing the resistivity was
greater than Al and B. They suggested that Gallium doping was more effective
in increasing the conductivity than boron doping.
Lyadov et al. [127] presented the effects of low energy (30 keV) silver
ion implantation in ZnO thin film at varying doses and current densities. They
observed the formation of silver Nano particles inside the film at high current
density and high ion doses and also observed the diffusion of impurities. The
size of Nano particles was observed to be 50 to 130 nm at maximum ion dose.
Moreover at maximum dose the mechanical stresses were completely
vanished.
Akdogan et al. [128] presented a study on structural, magnetic and
electronic properties of Co ion implanted ZnO thin film prepared on Al2O3
(1120) substrate. They observed strong room temperature ferromagnetism
after Co ion implantation. The structural and magnetic properties revealed that
there existed two magnetic phases after Co implantation. 1st phase is
ferromagnetic corresponding to formation of long range ferromagnetic
ordering between the implanted cobalt ions and the 2nd phase was
superparamagnetic which produced due to the metallic cobalt cluster present
in Al2O3. Furthermore the presence of anomalous Hall Effect was support the
intrinsic ferromagnetic nature in Co implanted ZnO thin film.
Agarwal et al. [129] irradiated the ZnO thin film prepared by thermal
evaporation technique by Au8+ ions of 100 MeV of different doses (51011 to
51013 ions/cm2). The UV-vis absorption spectroscopy measurement revealed
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that band gap was not affected by the implantation but the absorption
increased decrease. The AFM results revealed that irradiation disturbed the
roughness, at low dose up to 51012ions/cm2 roughness decreased and by
further increase in ion dose it increased. Khan and coworker [130] investigated
the properties of ZnO thin film irradiated by 700 keV Ni+2 ions (11013,
11014, 21014 ions/cm2). They used Pelletron tandem accelerator for the Ni+2
ion implantation in ZnO thin film. AFM results of irradiated sample showed
the presence of Nano crystalline structure on the surface. They explained the
modification in electrical and surface properties of film on the basis of oxygen
vacancies induced by irradiation and annealing effect. They also related the
experimental results to simulated results by implantation of Ni ion and
inducing the oxygen vacancies with the help of density function theory (DFT).
Güner et al. [131] fabricated the ZnO thin film of 400 nm on Si(100)
substrate using RF magnetron sputtering and implanted the film with 40 keV
Co+1 ions (0.251017 to 21017 ions/cm2).the XRD results depicted that
implantation of Co ion made the ZnO thin film partially amorphous and
formed the Co3O4 .They also reported the ferromagnetic behavior and its
temperature dependence. They carried out the VSM measurement under the
temperature influence and reported that that Co implanted sample showed the
room temperature ferromagnetism with TC value 1000 K.
Singh and coworker [132] carried out the silver (Ag) implantation in
ZnO film to study the alteration in its structural and optical properties. Ag ions
implantation induced change in charge carrier density which became the
reason to decrease in optical transmittance of the implanted film. They also
reported the modified crystalline nature of thin film was due to the released in
lattice strain with the implantation.
Conclusion
ZnO thin films on various hard and flexible substrates have been studied by
different research groups in the scientific community by various methods.
A review of the previous reported work shows that the chemical
methods of growth of ZnO film are less expensive, easy to handle, and can
beat the physical methods in various aspects. However the parametric control,
uniformity of film, and repeatability are the issues with chemical process. The
growth of ZnO film on flexible substrates like PET, PVC etc. is difficult to
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achieve by chemical process due to heat sensitive issues of flexible substrates.
Generally chemical process involves pre or post annealing which create an
issue for low melting point substrates.
On the other hand the magnetron sputtering has been better and less
expensive technique in physical methods like MBE. The benefits of sputter
deposition over the chemical methods are its better quality, purity,
repeatability and adhesion to substrate controllability of the parameters like
thickness. Mostly no pre or post annealing involve in the growth of film by
sputtering. Some groups have been reported the deposition of ZnO film by
sputtering on flexible substrates and achieved the doping of different elements
in ZnO by co-sputtering. However, doping in ZnO by ion implantation to alter
its optical and electrical properties has been rarely reported.
Most of work on ion implantation in ZnO thin film has been carried
out at low energies (<150 keV). At low energies the nuclear stopping of ions
insides the material is dominant in which low energy ion interacts elastically
with the nuclei of lattice and loss its energy. However at relatively high
energies the electronic stopping of ions inside the film is dominant in which
high energy ions interacts inelastically with the electrons. The energy given to
electrons during electronic stopping of ions is very small so it produces less
structural damage as compare to low energy ions. In present study high energy
(about 300 keV) ions of transition metals (Cu, Co and Ag) were implanted to
modified the physical properties of ZnO film with less structural damage
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CHAPTER 3
Methodology and Characterization Techniques
This chapter includes the sample preparation, methodology adopted to
deposit the ZnO thin film and the techniques that were used to characterize the
ZnO film. The first part of this chapter includes the deposition of ZnO film on
PET substrate by DC reactive sputtering and to find out the optimized argon
oxygen gas ratio at which the film display better crystallinity. It also includes the
deposition of ZnO on different substrates like PET, Si and glass at optimized
deposition parameters. A comparative study has been made on different substrate
to explore the suitable substrate for ZnO film deposition. The implantation of
transition metal ions inside ZnO by Pelletron Accelerator has been discussed in
this chapter. Furthermore, the procedure of metal contacts deposition on ZnO film
for the photodetector application is also described in this chapter. The second part
of this chapter includes detail of characterization tools that were used in this work.

3.1 Experimental Procedure
The experimental procedure involves the following steps;
3.1.1

Preparation and cleaning of substrates

3.1.2

Deposition of ZnO on PET substrate

3.1.3

Deposition of ZnO film on various substrates

3.1.4

Ion implantation in ZnO film by using Pelletron Accelerator

3.1.5

Deposition of Nickel contacts on the ion implanted ZnO film

3.1.1

Preparation and cleaning of substrates
The Polyethylene terephthalate (PET) substrates were cut into 11 cm2

size with the help a scissor. The diamond cutter was used to cut silicon and glass
substrate into 11 cm2 size. The PET samples were sequentially cleaned in
isopropyl alcohol (IPA) and in deionized water and were finally dried with the
nitrogen gas. On the other side, the glass and silicon samples were washed with
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deionized water to remove the contaminations and then ultrasonically cleaned
with acetone and finally dried with nitrogen gas.
3.1.2

Deposition of ZnO film on PET substrate
The DC magnetron sputtering technique was used for the deposition of

ZnO films on different substrates. The experiment was initially started with the
PET substrates. The PET substrates were fixed on a substrate holder and the
holder was placed inside the magnetron sputtering chamber. Pure Zinc (Zn)
target of two inch diameter was mounted at target position in the sputtering
chamber (DaON 1000S) as shown in figure 3.1. Initially the chamber was
evacuated to a base pressure of 210-5 mbar by using rotary and turbo molecular
pumps. The flow of gases was controlled with the help of gas flow valves. Three
different depositions were achieved at Ar: O2 gas ratios of 30:70, 60:40 and
90:10. The oxygen was used as reactive gas whereas the argon was used for the
sputtering process. The oxygen reacted with sputtered Zn atoms to form ZnO film
on the PET substrates. During the experiment, the deposition time and power
were fixed. The working pressure was set at 110-3 mbar. The film thickness was
observed from the profilometer fitted at the chamber which was about 1801.8,
2502.5 and 3003 nm at 30:70, 60:40 and 90:10 oxygen and argon gas ratio
respectively. The optimum gas ratio yielded better quality film on PET was found
to be 90:10. The deposition parameters are given in table 3.1

Figure 3.1

Sputtering unit (Model: DaON-1000S)
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Table 3.1 Deposition parameters of ZnO film
Deposition parameters
Base Pressure
210-5 mbar
Working Pressure
110-3 mbar
Ar:O2

30:70, 60:40, 90:10

Voltage

300

Current

100 mA

Power

30 W

Sputtering Time

1 hour

Target substrate

8 cm

separation

3.1.3

Deposition of ZnO film on various substrates
In the second step, the ZnO films were deposited on PET, glass and silicon

substrates to evaluate various properties of the film. Similar procedure was
adopted for this experiment as that was done in the case of PET in the first
experiment. However, the Ar:O2 ratio was kept fixed at 90:10. The experiment
was performed at room temperature. The film thickness on PET, glass and Si was
about 300 nm. The as-deposited films were assessed with the help of X-ray
diffractometer, UV-vis spectrometer and four probe techniques to study different
properties of ZnO film. The outcome of this experiment displayed better film
quality on PET substrate.
3.1.4

Ion implantation in ZnO film by using Pelletron Accelerator
The transition metal ions including copper, cobalt and silver were

implanted in ZnO film by using Pelletron Accelerator. The ZnO film prepared on
PET substrate (at 90:10 Ar:O2 ratio) was used for this purpose. The ion doses
during the experiment were adjusted as 1×1011, 1×1012, 1×1013, and 1×1014
ions/cm2 whereas the ion energy was kept constant at 300 keV. The experiment
was performed at room temperature. The range of metallic ions inside ZnO was
calculated using stopping and range of ions in matter (SRIM) software, and it was
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found to be 147 nm for cobalt ions, 70 nm for Ag ions and 179 nm for copper ions
nm at 300 keV. The schematic diagram of the metallic ion irradiation process and
range profile of ions inside the ZnO film is shown in Figure 3.2

(a)

(b)

(c)
Figure 3.2

(a) Schematic diagram of metallic ion implantation in ZnO
(a) The range profile of cobalt ions inside the ZnO thin
film by SRIM software
(b) Ion range of silver ions inside the ZnO film estimated
by SRIM software

3.1.5

Fabrication of photodetector
A metal-semiconductor-metal photodetector is often fabricated by

developing metal contacts on a film. These metal contacts are deposited by using
two interdigitated electrodes. In this work, nickel (Ni) electrodes were deposited
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on copper implanted ZnO (CZO) film implanted at ion dose of 1×1014 ions/cm2.
A metal mask containing two finger electrodes was used for the deposition of Ni
on the CZO film. The dimensions of mask are shown in Figure 3.3(a). The
dimensions of fingers have been labeled on the figure. The activation area for the
UV light illumination was calculated to be 0.080 cm2. Two nickel (Ni) contacts
were deposited by the RF sputtering of pure Ni target at room temperature using
metal mask. Before contact deposition the sputtering chamber was evacuated to a
base pressure of 1x10-5 mbar. Sputtering of Ni target was done at 100 W RF
power under the Ar gas environment whose flow rate was set at 10 sccm at
working pressure of 1x10-3 mbar pressure. The schematic of contact deposition is
shown in figure 3.3(b). After the contacts deposition the film was tested for the
investigation of photo detection characteristics. The UV light having intensity 1.6
mW/cm2 and wavelength of 385 nm was used for this purpose.

0.35 mm
0.3 mm

2 mm

4.0 mm
1.0 mm

0.2
mm

(a)

Figure 3.3

(b)

(a) Schematic diagram of metal mask
(b) Schematic of contacts deposition
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3.2

Characterization Techniques
The as-deposited and the ion implanted films were characterized by

various techniques to investigate the effects of metallic ions inside the film. The
structural characterization was conducted by the X-ray diffractometer operating at
40 kV and 20 mA current [PANalytical X’pert Pro]. The surface morphology of
ZnO films before and after copper implantation was studied using field emission
scanning electron microscope (FESEM, Model: Nova NanoSEM 450). The
elemental composition of the films was studied by using energy dispersive x-ray
spectroscopy (EDS). The optical properties of ZnO films were recorded by UVvisible spectrometer (Model: USB4000 Oceanoptic) whereas the band gap of the
films was estimated from the Tauc plot method. The electrical resistivity of ZnO
films was studied by using four probe measurement techniques (Keithley 6514
system electrometer, gold plated probes).
3.2.1

X-ray diffraction (XRD)
XRD has been used for commercial and research purposes since 1912 for

the structural measures of materials [133]. It is a nondestructive technique used to
determine the lattice parameters, crystallite size, lattice stress and strain,
crystallography orientation, phase and sometimes even the composition.
The working of XRD starts from the generation of x-rays by the
bombardment of high speed electrons on a heavy metal target. The energy of xrays produced by electronic bombardments depends on the energy of electrons
and target material. The beams of these x-rays directed towards the sample
material which interacts with the sample material and diffracted from them
towards the x-ray detectors. Bragg’s law is used to find out the path difference of
diffracted beams which is the distance between the atoms of the sample material.
2𝑑 sin 𝜃 = 𝑛
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(3.1)

Figure 3.4

Image depicting an X-ray beam interacting with a sample

As the X-ray beams are being produces both the detector and source are
move around the sample at different angles between a ranges of angles .The
detectors measure the intensity of x-rays beam diffracted at different angles the
results of XRD measurement is a diffractogram like in figure 3.5.

Figure 3.5

A sample graph of intensity and 2 for ZnO

The structural information is get from the graph (Figure 3.5) plotted from data
taken by x-ray diffractometer. The sharpness of peaks tells us about the crystalline
nature, their position. Three parameters of XRD peaks i.e position of peak, height
and full width at half maximum are useful to provide information about
crystallite. The crystallite size can be estimated by using Scherer formula or
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Williamson hall (W-H) analysis. In the present work Scherer formula is used for
the calculation of crystallite size because the preferred orientation is only (002).
K

D =  cos

(3.2)

Here D represents the crystallite size  is FWHM,  is wavelength of x-rays used,
k is constant. The inter planner spacing 𝑑ℎ𝑘𝑙 can be calculate by the help of peak
position by using the Braggs law. The lattice parameters are relate to dhkl by the
relation for orthorhombic lattice wherea ≠ b ≠ c and α = β = γ = 90o .
𝑑ℎ𝑘𝑙 =

1
ℎ
𝑘
𝑙
( )2 +( )2 +( )2
𝑎
𝑎
𝑎

(3.3)

In case of cubic lattice a = b = c and α = β = γ = 90o the equation becomes:
𝑑ℎ𝑘𝑙 = √ℎ2

𝑎
+𝑘 2 +𝑙2

(3.4)

In present case XRD patterns confirm the hexagonal wurtzite structure with
preferred (002) orientation the above formula becomes:
𝑑ℎ𝑘𝑙 =

𝑐
√𝑙 2

𝑙=2
4𝑑ℎ𝑘𝑙 = 𝑐
The x-ray diffraction peak broadening occurs generally due to two reasons;
1-Instrumental broadening
2-Sample broadening
The instrumental broadening may arise due to different reasons such as axial
divergence of incident and diffracted beams, imperfection mono chiromancy of xrays and misalignment of diffractometer. The sample broadening may arise due to
the lattice strain in crystal produce by point defects, dislocations interstitials and
vacancies in the crystal. To measures the actual broadening of sample the
instrumental broaden has to be removed.
49

3.2.2

Field emission scanning electron microscope (FESEM)
The field emission scanning electron microscope (FESEM) is used to

study the surface morphology of materials. The surface of nanostructured films
can be studied by this technique. In present study, the FESEM (Model: Nova
Nano SEM 450) was used to study the surface morphology of ion implanted and
as-received film as shown in figure 3.3.

Figure 3.6


Nova NanoSEM 450

Working principle
In the FESEM, electron beam is produced by using a field emission process.

These electrons are accelerated through a high potential difference inside a high
vacuum tube or column. The object being examined is scanned by these so called
primary electrons in zig-zag pattern. As a result of bombardment of electrons on
the specimen the characteristic x-rays are emitted from every point on the
specimen surface .These x-rays contains the surface characteristics of specimen
being examined. The secondary electrons and x-rays are captured by the detectors
which transformed the information (in term of their velocity, energy and
direction) into electronic signal and send it to computer to produce the image
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which can save in to different image formats by further processing. The FESEM
image is formed by the information gathered from secondary electron,
backscattered electron and x-rays [3].


Sample preparation
In order to examine the specimen with FESEM, the samples should be

conductive to avoid from the accumulation of electrons over its surface. This can
be done by coating a very thin (1.5-3.0 nm) conductive layer (normally of gold)
by sputtering or evaporation process which makes the surface conductive without
damaging the structure. Furthermore, the objects should have the ability to retain
their structure at low vacuum and should not disturb the vacuum of the device by
losing moisture or releasing gases. Metals, crystals and polymers are usually safe
and do not disturb the vacuum and retain their structure, but the biological objects
need special treatment before placing in the FESEM chamber. They require
special fixation with cold slush nitrogen called cryo-fixation.


Object chamber.
After the conductive coating, the specimen is placed in a special holder

normally pasted with the conductive tape. The specimen is placed in a high
vacuum chamber. The specimen can be repositioned, tilted, rotated and elevated
along z-axis by means of joy sticks. The electron detectors are present at the rear
of object holder.


Source of electrons
In the conventional scanning electron microscopes, electrons are generated

from hot tungsten filament. Sometimes, the electrons are produced by lanthanum
hexaboride (LaB6) crystal. In FESEM, the electrons are not produced by filament
but instead these are produced from so called ‘cold’ source. A small and
extremely thin tungsten needle (tip diameter 10–7–10-8 m) acts as cathode in front
of primary and secondary anode. A high voltage (0.5 to 30 KV) between the
cathode and anode produced a beam of electron which is 1000 time more sharp
than produced by SEM. The sharpness of beam makes the image quality much
better than SEM better.

51

Figure 3.7

3.2.3

The schematic representation of FESEM [134]

Energy dispersive x-ray analysis (EDX)
It is a primitive technique that is used to find the elemental composition or

chemical description of the sample under investigation. It works as an alternative
of the other elemental detection techniques like XRF. It works in such a way that
the interaction of electromagnetic radiation or high energy particles (electron or
protons) with the target material occurs and x-rays are produced due to inner shell
transitions of atoms of the target. An energetic beam of electron or proton (PIXI)
or high energy x-ray photons is bombarded on the target. These particles
(electrons or protons) or electromagnetic radiation interact with electrons of the
target atom in their ground states in different shells and produces a hole at their
position by knock them out. Then an electron present in outer shell comes down
to fill this hole and release an x-ray photon having energy equal to the difference
of energies of two shells. The emitted x-ray photon has characteristics of the
target atom. The elemental composition of the target is configured by measuring
the energy of the emitted x-ray photons. Normally, the EDX setup is installed
with the FESEM setup. In present study I have used the EDX setup installed with
the Nova Nano SEM 450.
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EDX is not only the surface analysis technique instead it is also a volume
analysis technique. It gives the compositional analysis not only of the thin film
but also of the substrate. The peaks generated by EDX must be analysed carefully.
Figure 3.8 represent the EDX spectrum of sample which is taken for ZnO thin
film deposited on Si substrate. The x-axis represents the measured energy of
emitting x-rays from particular element present in the sample and y-axis present
the counts which are corresponds to the amount of element present in the sample.
In present sample the peak other than Zn and O is come from the Si which is
present at substrate.

Figure 3.8

3.2.4

EDX spectrum of ZnO thin film deposited on Si substrate

Measurement of film thickness
Film thickness is an important parameter that controls many physical

characteristics of the thin films. It can be measured by the in-situ monitoring of
the rate of deposition when the sample is taken out of the chamber. The In-situ
monitoring is generally used to monitor the deposition rate as well as the film
thickness which employs the use of in-situ sensors based on optical emission
spectroscopy (OES). The method adopted to measure the film thickness in present
case is in-situ monitoring of rate of deposition which is estimated by the
profilometer fitted on the sputtering chamber.
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3.3

Optical characterization
A set of discrete energy levels is raised by the electronic transitions of

atoms and molecules of characteristic energy. By losing or absorbing the energy
in range precisely equal to the difference between two energy levels, an electron
will get apposition to jump from lower to higher or higher to lower energy orbit.
If this transition takes place from ground state (Eo) to some higher energy (En)
state electron should absorb a photon of energy equal to the difference of the
energies of two orbits i.e E= Eo - En and wavelength of the absorbed photon is
λ=𝐸

𝑐ℎ

𝑛 −𝐸𝑜

. As the higher energy level is unstable and higher energy is

disorientated through relaxation procedures like excretion of light so the excited
state generally has short lived existence. In case of most of atoms/molecules the
average energy divergence between the ground and excited states lies in UV and
visible range of spectrum. Therefore most of materials absorb UV or visible light
photon for this purpose.


UV-visible spectroscopy
This is the technique being used to study the optical characteristic of materials

by make use of ultra violet (UV) and visible radiations. The UV-vis range is
specified from 190 nm to 750 nm in the electromagnet spectrum which is a small
portion of the spectrum. The light in the other region of spectrum used to develop
the other kind of spectroscopy like IR spectroscopy. The device used to study the
optical properties of material is known as UV-vis spectrometer. The basic
principle of UV-vis spectrometer is based on Beer-Lambert Law, which states that
when a beam of monochromatic light is passed through a medium, its intensity is
decreased along the thickness of the medium which is proportional to the
concentration/density of material and the intensity of incident radiation [3].
Generally, UV-Vis spectrometers manifest the absorbance A(λ) which is
equal to negative log ratio of transmitted intensity of light (sample in beam) over
incident intensity of light (no sample in beam)
I

A(λ) = log I = cL
o
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(3.5)

Where ‘A’ represents the absorbance, I transmitted intensity, Io is the original
intensity of light,  refers to the molar absorptivity, ‘c’ concentration of medium
and ‘L’ is the optical path length of medium The information regarding electronic
state energies and wavelength upon which a atom/molecule absorbs light is
displayed by an absorption spectrum which can be taken by UV-vis spectrometer.
Hence, absorption spectroscopy is referred as ‘Electronic Spectroscopy’ within
the UV-Visible spectral region. The knowledge about probability of an electronic
transition or sample composition can be obtained by the magnitude of A(λ) [135].


Dual Beam Spectrophotometers
Figure 3.9 shows the diagram of typical dual beam spectrophotometer. Light

from either UV source of visible source is distributed into its constituent’s
wavelength by grating which further split into monochromatic wavelength by
filter. The monochromatic wavelength is divided into two parallel beams of same
intensities by means of mirror arrangements. One beam passes through the coated
medium or solution being examined and other beam of same intensity and
wavelength passes through the non-coated or as received medium or solvent. The
two beams on the other end are received at detectors which measure their
intensities .the intensity of beam passes through solvent without any loss is
referred as Io and intensity of beam which passed through the solution is referred
as I. by comparing these two one can find the absorbance of solution. The ‘I’ is a
symbol for the intensity of the sample beam. In the course of the wavelength
skim, intensity varies and fluctuations are symmetrically apprehend by the two
detectors and assigned by the segmentation of I and Io. Anyhow, even if these two
beams passes through identical solution, the respective intensities may not be
identical for example, because of various detectors spatial beam drift or
proficiencies. This is followed by small background spectrum that may be
negative in some frequency spectrum. It is necessary to document the background
spectrum in sample cell with only solvent with a single beam (no reference beam).
Afterwards, this obtained spectrum must be subtracted from one documented with
sample solution. The reference compartments are left vacant after performing
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these proficiencies. Ocean Optics USB4000 Fiber Optic Spectrometer is used to
take the absorbance spectra of ZnO thin film in the present work.

Figure 3.9


Schematic view of a dual beam spectrophotometer

Constituents of optical spectrometers
Following are the basic components of spectrometer;





Light originators



Monochromators



Detectors

Light originators
Light or radiation generator should have the characteristics to produce the

steady wavelength in given region of interest. The earlier technology was based
on simple light bulbs (Tungsten Filament Lamp) but now a days these have been
replaced by tungsten halogen lamp covering the wavelength range of 300 to 900
nm. Further for UV range a supplementary source deuterium arc lamp is added to
cover the UV spectrum range below 400 nm.


Monochromators
To take an absorption measurement for a medium a particular wavelength has

to be select. For this purpose a monochromator is used, which choose a range of
wavelengths revealing the spectral resolution of the spectrophotometer. Normally
two types of monochromator are used to disperse the light into its components i.e
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a prism and grating .the advanced spectrometers carriers the grating as
monochromator because it is feasible to acquire better resolution.

Figure 3.10


Schematic representation of a grating monochromator

Detectors
The following detectors are frequently used in UV-Vis spectroscopy;



Photomultipliers:
A photomultiplier consists of a photocathode and number of anodes arranged

in a sequence called dynodes in a glass enclosure. When beam of light falls on
photocathode it ejects electrons as result of photo electric effect produced by the
incident light. The emitted electrons travel towards the sequence of anodes which
are held at more positive potential w.r.t each other. These dynodes generate
additional electron up to 105-107 by each photon hitting the first cathode. This
becomes an amplified signal which can be determined at anode.


Semiconductor Photodiodes:
Photo semiconductor comprises of simple p-n junction to detect and produced

the signal versus incident photons. Incident photon produces electron hole pair in
semiconductor material. The number of these electron hole pairs directly depends
on the intensity of incident light. Therefore semiconductor photodiode developed
a large current signal on striking the photon.
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3.4

Resistivity and conductivity measurement

Resistance is defined as the tendency of a material to resist the flow of an
electrical current passage through it and the conversion of electrical energy into
heat energy. According to Ohm’s law
R=

V

(3.6)

I

Here I represents the current flow through the material, V is potential difference
and R stands for the resistance of material.
Resistivity is defined as the resistance per unit length of a unit cross sectional
area. It is represented as ρ and mathematically expressed as:
ρ=

RA
L

(3.7)

Here L represents the length while A shows the cross- sectional area.
Electrical Conductivity of a material object is reciprocal of resistivity of that
material. It is symbolized as σ and mathematically is expressed as:
1

σ=

ρ

(3.8)

Resistivity is an intrinsic property of a material that is dependent only on crystal
structure of material. Measurement of resistance with well explained regular
geometry leads to drive of resistivity. There are several procedures to measure the
resistivity of a material. Few of them are well explained below. Four methods are
commonly considered for resistivity measurement;
1. Direct Method
2. Two- Probe Method
3. Four-Probe Method
4. Van-der Paw’s Method
1

Direct Procedure
Direct methodology can be utilized in order to measure the resistivity of thin

films by using the following formula:
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ρ=R

bt
L

(3.9)

Here t and b are diameter and breadth of a sample. Simply, if b=L is considered,
the above relation becomes
ρ = Rt

(3.10)

Resistivity can be easily determine by thickness t and resistance R measurements.
2. Two-Probe Procedure
In this procedure, a potential is adjusted between two points, voltage drop
measurement is taken into account. This kind of method is usually utilized for
determination of low conductivity with the range of 10-14 to 10-18 mho-cm-1 i.e.
high resistivities. The voltage drop is deliberated between the potential probes.
3. Four-Probe Procedure
This kind of procedure is generally considered for measurement of low
resistivity. For this kind of goal, four metal pins at equivalent gap ‘s’ are pressed
by springs against semiconductor sample as represented in figure 3.11. If the
surface pins transmits the electric current ‘I’ a kind of voltage drop is estimated
between the inner probes of magnitude V. Supposing the sample to be thicker in
diameter than the pin distance, the resistivity ρ is expressed by
ρ=

2πsV
I

(3.11)

By using the Four-Probe method, the influence of contact resistance is evaded.

Figure 3.11

Schematic of four probe measurement system
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4. Van-dar Pauw’s Procedure
Van-der Pauw [136] procedure is commonly employed to calculate the
resistive of an arbitrary shape as well as of two dimensional sample (much thinner
than its width). It also used to measure the hall coefficient of sample. In 1st step
the indium or silver contacts are placed on the given sample on its perimeter and
in 2nd step a four point probe is placed on around the perimeter. The sample
preparation is shown in figure 3.12. By this method average resistivity of sample
is measured

Figure 3.12

Van dar pauw sample preparation method

Van dar pauw procedure is helpful in the measurement of following film
properties
1. The resistivity of the material
2. The doping type (i.e. whether it is a P-type or N-type material)
3. The sheet carrier density of the majority carrier
4. The mobility of the majority carrier
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CHAPTER 4
RESULTS AND DISCUSSION
Synthesis of ZnO Film by Reactive DC Magnetron
Sputtering
In this chapter, results obtained on synthesis of Zinc Oxide (ZnO) film on
different substrates are presented. Initially, the ZnO film was deposited on PET substrate
at various ratios of argon and oxygen and the structural, optical and electrical properties
of the ZnO film were studied. Afterwards, the ZnO film was deposited on different
substrates including silicon, glass and PET at the optimized gas ratio and different
properties of the film were investigated. A comparison of structural, optical and electrical
properties of ZnO film on different substrates has been presented in this chapter to
elucidate a suitable substrate for the synthesis of ZnO film by reactive DC sputtering.

4.1

ZnO Film Syntheses on PET at Various Ar and O2 Ratio

4.1.1

Structural analysis
The structural characterization of ZnO film prepared on PET substrate (at

different Ar and O2 ratio) was conducted by grazing incident X-ray diffraction (XRD)
and the results obtained are presented in figure 4.1. The XRD patterns depict highly caxis oriented ZnO film at all the gas ratios. No other ZnO diffraction peak was detected
which is an indication of controlled formation of c-plane oriented film by the DC reactive
magnetron sputtering. The (002) orientation of ZnO demonstrates its hexagonal wurtzite
structure. The c-plane oriented ZnO formation on PET substrate by DC reactive
sputtering in this work is in agreement with the RF sputtered films in the previous studies
[137-139]. This shows that by reactive DC sputtering, the ad-atoms preferably arrange
themselves along the dense (002) plane thus producing ZnO film of hexagonal structure.
Figure 4.1 shows that the intensity of ZnO (002) peak increases and its broadening
decreases with increase in the Ar gas amount within the gas mixture. At 30:70 (Ar:O2),
intensity of diffraction peak is quite low that shows low crystallinity of the film.
However, as the Ar amount increases, the (002) peak becomes intense and its width
decreases, signaling towards an improvement in the ZnO crystal quality. This
61

improvement can be ascribed to the increase in the adatoms surface diffusion on the
substrate due to increase in the sputtering rate .
The structural parameters including crystallite size, microstrain, dislocation
density, lattice parameter of ZnO at different gas ratio were examined for the structural
analysis. The crystallite size of ZnO (002) film was calculated from the Scherer formula
as follows [140];
0.9

D = β cos θ

(4.1)

Here D is crystallite size, λ is wavelength of x-rays, 0.9 is the value of shape constant and
θ is the Braggs angle. In order to calculate the microstrain (ɛ) and dislocation density (𝛿)
inside the ZnO film, the following equations were used [140];
𝛽

𝜀 = 4 tan 𝜃

(4.2)

1

𝛿 = 𝐷2

(4.3)

The c-axis lattice parameter of ZnO along (002) plane was calculated from the following
equation [140];
1
𝑑2

4 ℎ2 +ℎ𝑘+𝑘 2

= 3(

𝑎2

𝑙2

) + 𝑐2

(4.4)

Here (hkl) are atomic planes and ‘a’ and ‘c’ are the lattice parameters of ZnO
respectively.
For the calculation of lattice parameter, the atomic spacing ‘d’ was directly noted from
the XRD graph using the X’Pert high Score software.
The results obtained on various structural parameters of ZnO are shown in Table
4.1. One can notice that the crystallite size increases whereas the micro-strain and
dislocation density decrease as the Ar:O2 is increased. This point out the crystallinity
improvement of the ZnO film on PET synthesized using DC reactive sputtering. This
means that increasing argon concentration, the structural disorder present in ZnO film is
reduced which consequently improves the film’s crystallinity. On the other hand the caxis lattice constant of ZnO increases with increase of the Ar:O2 to 60:40 and then
decreases as the ratio is increased to 90:10. The increase of lattice constant indicates
towards the lattice expansion whereas the decrease in lattice constant signals the
contraction of lattice.
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Figure 4.1

Diffraction patterns of ZnO on PET at various Ar and O2 ratio

Table 4.1

Structural parameters of ZnO at different Ar:O2 ratio

Ar:O2

FWHM

d (Å)

c (Å)

(degree)

Intensity



(counts)

(rad)

D (nm)

𝜀

𝛿
(×1018 /m3)

90:10

0.580

2.656

5.3120.05

281

0.010

15.50.1

0.0082

0.0044

60:40

0.630

2.660

5.3200.05

134

0.011

13.30.1

0.0090

0.0059

30:70

0.750

2.659

5.3180.05

130

0.013

11.10.1

0.0107

0.0082

The enhancement of ZnO film’s crystalline quality with increase of Ar:O2 is
explained through the mechanism of reactive sputtering [141]. The fundamental
processes involve in reactive sputtering process as shown in Fig. 4.2. One can see that the
initial step in the sputtering process is the ejection of atoms from the surface of target by
the ions bombardment. The second step contains the sputtered atoms accumulation on the
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substrate surface. These atoms are also called ad-atoms. The larger the number of
sputtered atoms more will be the adatoms on the substrate surface. The sputtered atoms
depend upon the argon ions inside the gas mixture. When the argon concentration is
increased then the number of argon ions increase and thus the sputtered atoms/adatoms
are also increased.

Figure 4.2

Mechanism of sputter deposition

In the 3rd step, the sputtered atoms react with the reactive oxygen gas on the substrate
or during their passage from target towards the substrate to form a compound on the
substrate surface. The ad-atoms surface diffusion takes place as shown in figure 4.2. In
the 4th step, the coalescence of ad-atoms takes place which causes the nucleation of small
grains. In the final step these grains merge together to give rise a continuous film
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structure. When the ad-atoms surface diffusion is low on the substrate then the small
grains will form and hence the crystallinity will be lower. However, as the Ar gas amount
is increased inside the gas mixture then more Ar ions are produced that sputter more Zn
from the target. The large sputtered atoms are adsorbed on the PET substrate and this
promotes the surface diffusion of these adatoms. In this way, crystallites grow bigger in
size, reducing the strain inside the film. Consequently the film structural quality
improves. It is to be mentioned here that by increasing the Ar amount, the crystallinity
improves by small amount only which is probably due to lesser defects inside ZnO film.
4.1.2

UV-Vis spectroscopy
The band gap of ZnO film at different values of Ar and O2 ratio was evaluated by

using UV-Vis absorbance spectroscopy. The absorbance spectra of ZnO thin films
prepared at different gas ratio are displayed in figure 4.3 (a). These spectra were recorded
in the range of 200 to 700 nm light wavelength at room temperature. It can be seen from
figure 4.3(a). that the sharpness of absorption edge varies by changing the Ar:O2 ratio.
The sharpness of was decreased by increasing the Ar contents which indicates the
shifting of absorption edge towards the longer wavelength. The band gap of all the
deposited films on PET was estimated by using the Tauc plot method according to Tauc
equation [142]:
αhʋ = A(hʋ − Eg )

n

(4.5)

The parameters ‘’ in above equation represents the absorption coefficient, ‘A’ is
constant ‘h’ is the Photon energy ‘Eg’ is the band gap energy and ‘n’ is number which
corresponds the type of transition. The value of ‘n’ depends upon the type of band gap. If
1

the band of semiconductor is direct, then the value of ‘n’ used is 2. The figure 4.3 (b)
provides the graphical representation of ‘h’ against(αhʋ)2 . The linear extrapolation of
the curve plotted between these two factors towards ‘h’ axis gives the band gap energy
of the ZnO thin film. The figure 4.3 (c) depicts a decrease in band gap of ZnO thin film
by decreasing the O2 contents. The reduction in band gap with increasing argon might be
due to reduction in donor defects inside the ZnO film [143, 144].
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Figure 4.3

(a) UV-visible absorbance spectra of ZnO film on PET at different Ar:O2
(b) Tauc plot of ZnO film on PET at different Ar:O2
(c) Band gap variation of ZnO film on PET at different Ar:O2

It is commonly known that the Zn interstitials and oxygen vacancies are donor structural
defects in ZnO. These defects provide free electrons to ZnO by denoting electrons to the
conduction band, causing Fermi-level to move up and thus the band gap increases. These
defects are decreased as the Ar gas concentration increases and as a result the band gap is
decreased. These results are in good agreement with the previous literature on the band
gap of ZnO. For example, Abdullah et al. [145] pointed out that the grain size, Zn
interstitials; O vacancies are responsible for changes in optical band gap. Bao and coworkers [146] also discussed the effects of increasing contents oxygen effect on the band
gap of Ga doped ZnO film. The authors found a decrease in band gap of ZnO with
decreasing oxygen amount in the films. Suchea et al. [147] observed that the high oxygen
concentration in Ar:O2 gas mixture causes the band gap increment of ZnO thin film.
4.1.3

Electrical resistivity measurement
To measure the electrical resistivity of ZnO thin films prepared at different Ar:O 2

ratio, four point probe technique was utilized. The current-voltage values obtained by
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four point probe were used in the formula given below to estimate the resistivity of films
[148].
πt

V

ρ = ln2 ( I )

(4.6)

In above formula, the parameter ‘’ is the resistivity of film, whereas’ is the thickness of
film which was estimated by the thickness profilometer fitted at the sputtering chamber,
‘V’ is the voltage and ‘I’ is the current. The electrical resistivity versus gas ratio is shown
in figure 4.4. As shown by the figure that the resistivity decreases from 8.1x105 to
9.6104 m with increasing Ar:O2 ratio from 30:70 to 90:10. The lowest value of
resistivity was achieved at 90:10. This decrease in resistivity is ascribed to reduction in
defects in ZnO thin film with increasing Ar contents. The previous literature shows that
the Ar:O2 greatly influenced the electrical resistivity of ZnO thin films [149]. The high
O2 concentration leads to a decrease of the sputtering rate [149, 150]. At higher
concentration, the oxygen chemisorbs on the target surface and produces the adsorbed
oxygen layer, which decreases the sputtering rate and causes defects inside the film.
These defects and chemisorbed oxygen increase the film’s resistivity. At low oxygen and
high argon concentrations, the structural defects and oxygen chemisorbs are reduced and
as a result, mobility of free charge carriers increases that reduces the ZnO film’s
resistivity.
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Figure 4.4

Electrical resistivity of ZnO film at various Ar:O2 ratio
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4.2

Synthesis of ZnO Film on Different Substrates by DC Magnetron
Sputtering
In this section, a comparative study on the synthesis of ZnO film on PET, silicon

and glass has been made under similar deposition conditions. The structural, optical and
electrical properties of ZnO on these substrates have been presented and compared.
4.2.1

Structural properties
A comparison of X-ray diffraction (XRD) patterns of ZnO on PET, Si (100) and

Glass substrates is shown in figure 4.5 (a). The XRD was performed at grazing angle of
4o to obtain the structural parameters. The XRD patterns demonstrate that all the films
have hexagonal wurtzite structure with preferred c-axis (002) crystallographic
orientation. Fujimura and coworkers [151] pointed out that the surface free energy of
every plane is cause of the preferred orientation of the film. The grains with lower surface
energy become large in size as the film grows therefore at lower surface energy, the
growth of film occur along one crystallographic direction. In the case of ZnO, it is found
that the (002) plane exhibits lowest surface energy and is a dense plane so the formation
of ZnO film along this plane on all substrates is justified. The crystallinity of film is
directly related to the full width at half maximum (FWHM) of the diffraction peaks
[152]. From the figure 4.5, it is observed that the peak intensity is large and full width at
half maximum of (002) plane on PET substrate is smaller as compared to the glass and is
relatively larger with respect to the film on Si (100). The values of FWHM are given in
Table 4.2. In addition to the FWHM, one can see from the figure that the intensity of ZnO
(002) peaks on Si and PET is much higher than the ZnO peak intensity on the glass
substrate. All these factors indicate better crystallinity of ZnO on the PET and Si (100) as
compared to the glass. The poor crystallinity of ZnO on glass as compared to PET and Si
(100) is may be due to the film stoichiometry and lattice mismatch between the deposited
film and substrate [153]. Under similar deposition conditions, the better crystallinity of
ZnO film on Si (100) and PET as compared to the glass is also due to the amorphous
nature of the glass substrate which does not allow the ad-atoms surface diffusion to a
great extent as compared to the other substrates. From the figure 4.5 (a), it is further
noticed that the ZnO (002) diffraction peak is shifted towards lower diffraction angle on
Si (100) and PET substrates in comparison with the glass. The lower angle peak shifting
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reveals an increase in the lattice parameter of ZnO. The peaks position, FWHM, atomic
spacing, lattice constant, crystallite size, strain and dislocation density values are given in
Table 4.2. The variation of crystallite size and strain on different substrates is also shown
in figure 4.5 (b-c).
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(a) XRD patterns of ZnO on different substrates
(b) Crystallite size variation on different substrates
(c) Strain variation on different substrates

Table 4.2
Sample

Structural parameters of ZnO film on different substrates
 (rad)

𝑫 (nm)

Ε

δ
(×1018 m-3)

d(Å)

c( Å )

Intensity
(counts)

PET

2.656

5.3120.05

281

0.0100 15.00.1 0.0082

0.0044

Si

2.658

5.3160.05

238

0.0093 16.00.1 0.0077

0.0039

Glass

2.631

5.2620.05

52

0.0120 12.00.1 0.0098

0.0069

4.2.2

Band gap analysis
The band gap of ZnO film on various substrates was obtained through

absorption/reflectance spectroscopy. The band gap of the film on PET and glass was
analyzed from the UV-visible absorption spectra whereas on Si (100) substrate, the
reflectance spectroscopy technique was used to obtain the film’s band gap. The Tauc
plots obtained from these spectra for PET and glass are shown in figure 4.6 (b) and 4.6
(c) respectively. On the other hand, the UV-visible reflectance spectrum of ZnO film on
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Si (100) is depicted in figure 4.7. The values of band gap of ZnO on Si, PET and glass are
plotted against the substrates as shown in figure 4.8. As we see that, the band gap in the
case of ZnO on PET has smallest value as compared to the others whereas on glass the
band gap of ZnO is relatively larger than the band gap of other two substrates. The small
band gap value on the PET is due to the improved crystallinity of ZnO film on it whereas
on glass, the defects present inside the film increase the film band gap due to shifting of
Fermi-level inside the conduction band. The ZnO band gap on Si (100) is larger than the
band gap of ZnO on PET which means that the ZnO film exhibits better crystalline
quality on PET as compared to the other substrates.
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(a) Tauc plots of ZnO film on PET
(b) Tauc plots of ZnO film on glass
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UV-visible reflectance of ZnO on Si (100)
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4.2.3

Band gap variation of ZnO on different substrates

Electrical resistivity on different substrates
The electrical resistivity measurement was done using four point probe technique.

The film’s resistivity was calculated by the equation (4.6). The resistivity values of film
at different substrates are presented in figure 4.9. The lowest value of resistivity was
achieved for the film on Si (100) substrate whereas highest resistivity of ZnO was
measured on the glass substrate. The lower value of resistivity on Si substrate is due the
better quality of film. Since on PET the crystalline quality of the film is also comparable
to that of the silicon, however, relatively higher resistivity on the PET might be due to the
insulating nature of the PET substrate. The film on glass substrate shows large value of
resistivity among the other substrate due to the poor crystalline quality of the film on it.
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Electrical resistivity of ZnO on different substrates

The overall analysis of this chapter shows that the films prepared by the DC
magnetron sputtering have hexagonal wurtzite structure with highly preferred caxis orientation for all the substrates. The crystallinity of film is improved by
increasing the Ar:O2 ratio. The optimized ratio of Ar :O2 is 90:10 which provide
better crystallinity and lower resistivity In comparative study of ZnO film on
various substrates at 90:10 Ar:O2 gas ratio: silicon and PET substrate show
almost similar structural and optical behavior might be due to identical crystalline
nature . The lowest resistivity was achieved on silicon and PET which should be
considered better substrates for the device fabrication as compared to glass
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CHAPTER 5
RESULTS AND DISCUSSION
Ion Implantation Effects in ZnO Films
This chapter deals with the ion implantation effects on the structural, optical and
electrical properties of ZnO film synthesized using DC reactive sputtering. Three types of
ions such as copper (Cu), cobalt (Co) and silver (Ag) were implanted in ZnO by using
Pelletron Accelerator at room temperature and subsequently the properties of untreated
and ions implanted ZnO films were investigated. The detail of each type of ion
implantation on ZnO film’s properties is described as follows;

5.1

Copper Ion Implantation Effects in ZnO Film
In this section effects of copper ions implantation on the structural, optical and

electrical properties of ZnO film are explained. Zinc oxide (ZnO) films were deposited on
flexible polyethylene terephthalate (PET) substrates by direct current (DC) magnetron
sputtering in Ar-O2 environment. Singly charged copper ions of doses 1×1011, 1×1012,
1×1013, and 1×1014 ions/cm2 were implanted in ZnO films using Pelletron Accelerator at
room temperature. The structural characterization was conducted by the X-ray
diffractometer operating at 40 kV and 20 mA current [PANalytical X’pert Pro]. The
surface morphology of ZnO films before and after Cu implantation was studied using
field emission scanning electron microscope (FESEM, Model: Nova NanoSEM 450).
The elemental composition of the films was studied by energy dispersive x-ray analysis
(EDS) attached with the FESEM. The optical properties of ZnO films were recorded by
UV-visible spectrometer (Model: USB4000 Oceanoptic) whereas the band gap of the
films was estimated from the Tauc plot method. The electrical resistivity of ZnO films
was studied by using four probe measurement techniques (Keithley 6514 system
electrometer, gold plated probes).
5.1.1

X-ray diffraction study
Figure 5.1 (a) displays XRD results of as-deposited and Cu implanted ZnO films

prepared on PET substrates. The XRD pattern of as-deposited ZnO film shows a
prominent diffraction peak of ZnO at 34.18o corresponding to the reflection from (002)
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plane [Ref. Card. 00-001-1136]. No other peak of ZnO was detected which indicates the
formation of a highly c-axis oriented film having hexagonal wurtzite structure. This is
mainly due to low surface energy, low internal stresses as well as the high atomic density
of the (002) plane. After Cu implantation in ZnO film at different doses, the intensity of
ZnO (002) diffraction peak decreases which is followed by the peak broadening. The
changes in peak intensity and full width at half maximum (FWHM) of ZnO (002) peak
with Cu ion doses are shown in figure.5.1 (b-c).The crystallite size of ZnO was estimated
from the Scherer formula by using equation 4.1.
The crystallite size is plotted against ion-dose as shown in figure.5.1 (d). The
crystallite size decreases with increasing ion dose to 1×1012 ions/cm2, and then it
increases with further increase in the dose. The decrease in the crystallite size of Cu
implanted ZnO film is ascribed to the incorporation of Cu inside the film that induces
strain and disorder in the lattice [157]. This reduces the nucleation and growth of the
crystallites due to retarding force exerted by Cu against the driving force for the growth
of crystallites. However, when the Cu dose exceeds 1×1012 ions/cm2, the crystallite size
increases. This shows an improvement in the crystallinity of film with increasing Cu dose
from 1×1012 to 1×1014 ions/cm2. Similarly, the variation of strain ε (calculated using
equation. 4.2) and dislocation density δ (calculated by using equation 4.3) with Cu ion
dose is shown in figure.5.1 (e-f). The ε and δ increase with the increase of ion dose up to
1×1012 ions/cm2. However, these parameters decrease with further increase in the ion
dose (figure.5.1 (e-f)). The increase in ε and δ is ascribed to the addition of Cu inside the
film whereas by increasing ion dose above 1×1012 ions/cm2, the ε and δ decrease due to
thermal energy provided to the lattice by the incoming ions as described above [160].
The interaction of copper ions (Cu) with ZnO lattice occurs via elastic and
inelastic collisions between the ions and atoms of the lattice. The elastic collision
involves displacement of target atoms through ion-nuclei interactions whereas the
inelastic collision results in energy loss of ions through electronic interactions. During
atomic displacements, primary knock on atoms (PKA) are formed that leave behind
vacancies.
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(d) Crystallite size of ZnO film as a function of ion dose
79

11

10

-3

Strain(10 )

9

8

7

6

5
0

200

400

600

800

11

Ion Dose (10 ) ions cm

1000

-2

(e)
Figure 5.1

(e) Microstrain variation of ZnO with ion dose

90

14

Dislocation density (10 ) cm

-2

80
70
60
50
40
30
20
0

200

400

600
11

Ion Dose(10 ) ions cm

800

1000

-2

(f)
Figure 5.1

(f) Changes in dislocation density with ion dose
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These PKA cause atomic displacement cascades and consequently vacancies,
interstitials and their clusters are generated. The atomic collisions during the atomic
displacement cascade process generate heat in a specific region of the lattice. As a result,
the localized temperature of the lattice increases for a short period of time that causes
recovery from few defects [160]. The defects survived produce lattice disorder in the
material. With the increase of ion dose, more atomic collisions occur. The localized
heating produced in this way annihilates some defects and thus the crystallinity of the
lattice is improved. Therefore, in this work, the improved crystallinity at higher dose
(>1×1012 ions/cm2) is attributed to the localized heating due to interaction of copper ions
with the ZnO lattice. These results are consistent with Khan et al. results where similar
types of observation were found in nickel ions implanted ZnO film [158, 161].
The XRD patterns (Figure.5.1 (a)) also reveal a shift of ZnO (002) peak towards
higher diffraction angle with the increase of ion dose. This peak shifting confirms the
substitution of Cu into Zn+2 sites. The peak shifting arises from a mismatch between the
ionic radius of Cu+ and Zn+. The 4-fold coordinated Cu and Zn+2 have ionic radii of 60
and 74 pm respectively [163-165]. The relatively smaller ionic radius of Cu as compared
to Zn+2 causes the diffraction peak to shift towards a larger angle, indicating an increase
in the lattice parameter of Cu implanted ZnO films. Also, the peak shifting is large in the
beginning at lower ion dose (1×1011 ions/cm2). However, as the ion dose increases above
1×1011 ions/cm2, the shift becomes smaller. In order to get a clear view, the lattice
parameter ‘c’ of the ZnO film was calculated using equation 4.4. The value of atomic
spacing was directly calculated from X’pert High Score XRD software and values of caxis parameter of as-deposited and Cu implanted ZnO films were calculated. The lattice
parameter values are plotted against the ion dose as shown in figure 5.2. The lattice
parameter shows a decreasing trend with increasing ion dose. This confirms the
incorporation of Cu (having smaller ionic radius than Zn+2) inside the ZnO lattice. The
insignificant change in the lattice parameter at higher ion doses might signal towards the
presence of some of the Cu in the interstitials sites. Thus, the lattice parameters remain
unaffected.
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The XRD results show none of any peak relating to Cu, CuO or Cu2O which is
further confirmation of the incorporation of copper ions into the Zn+2 substitutional sites.
These results are in agreement with the previous results obtained from the copper doping
in ZnO film by chemical methods [157, 166-167].
5.1.2

Morphological study
The FESEM images of as-deposited and Cu implanted ZnO films are shown

figure. 5.3 (a-e). The as-deposited ZnO film shows a compact granular structure
containing grains of irregular shape and size. After Cu implantation up to 1×1012
ions/cm2, the grains become smaller in size as compared to the as-deposited film. The
decrease in the grain size is due to lattice defects created during the ion-implantation
process as explained in the XRD results. The figure 5.3 (b-c) reveals that the granular
structure of ZnO film after Cu implantation is not as compact as that is for the asdeposited film. An agglomeration of few grains is also seen in the ion-implanted films
(Figure.5.3 (b-c)). When the ion dose increases to 1×1013 ions/cm2 and 1×1014 ions/cm2,
grains growth takes place which is attributed to the thermal effects generated during the
ion-implantation process. At higher doses, the rise in localized temperatures causes
removal of lattice defects thus resulting in the recrystallization of the film structure
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(Figure.5.3 (d-e)). The average grain size (measured directly from the FESEM
images) as function of ion dose, is shown in figure.5.3 (f). The grain size decreases with
increase in the ion-implantation dose up to 1×1013 ions/cm2, however, by further
increasing the dose, the grain size is increased. These results are consistent with the XRD
results as discussed in the previous section.
5.1.3

Elemental analysis
The energy dispersive x-ray spectroscopy (EDS) spectra of ZnO films before and

after ion implantation are shown in figure 5.4. The spectra show the peaks of zinc (Zn),
oxygen (O), and carbon (C) in the as-deposited ZnO film whereas in the ion-implanted
samples a Cu peak is also detected. The C peak arises from the PET substrate whereas the
Cu peaks validate the copper ion implantation in the ZnO film. The elemental
composition of the as-deposited and Cu+ 1 implanted film is given in Table 5.1. The Table
shows that the weight percent (wt %) amount of copper increases with increase in the Cu
implantation dose.

(a)

(b)
Figure 5.4

EDS spectra of ZnO films (a) before ion-implantation (b) After Cu
implantation
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Table 5.1

Elemental composition of ZnO film before and after Cu implantation

Elements

Composition wt%
AsDeposited

11011
ions/cm2

11012
ions/cm2

11013
ions/cm2

11014
ions/cm2

Carbon

9.63

9.51

9.67

9.42

9.80

Oxygen

25.74

25.49

25.33

25.52

24.67

Zinc

64.63

64.50

64.26

64.10

64.20

0

0.5

0.74

0.96

1.33

Copper

5.1.4

Optical study
The band gap values of ZnO film before and after Cu implantation were obtained

from the analysis of UV-Vis absorption spectra. The absorption spectra of as-deposited
and Cu implanted ZnO films were recorded at room temperature in the range of 200 nm
to 700 nm which are shown in figure.5.5 (a). The figure shows that the sharpness of
absorption edge decreases after ion implantation in ZnO film up to 1×1013 ions/cm2.
However, the sharpness increases slightly when the ion dose increases to 1×1014
ions/cm2. The figure 5.5 (a) also shows that the absorption edge shifts towards higher
wavelength at 1×1013 ions/cm2. However, by further increasing the dose, the absorption
edge shifts back towards lower wavelength. The shifting of absorption edge towards
higher wavelength is an indication of a decrease in the band gap of the ZnO film after the
ion implantation and vice versa. The band gap of ZnO film before and after Cu
implantation was determined by the Tauc equation [168, 169]. The Tauc plots for asdeposited and Cu implanted ZnO films are shown in figure.5.5 (b). The band gap energy
Eg was estimated from the intercept on the x-axis from the linear part of the curve. The
band gap values are plotted against the ion dose as shown in figure.5.5 (c). The band gap
initially decreases from 3.22 to 3.02 eV with an increase of Cu dose to 1×1013 ions/cm2.
However, when the ion dose increases to 1×1014 ions/cm2, the band gap increases. The
decrease is due to cumulative effect of acceptor nature of Cu ions and lattice disorder
created by the ions. The literature shows that the Cu substituted on Zn+2 sites create
energy band above the valance band and thus act as electron acceptors [162]. This
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reduces free carriers concentration in the ZnO film and consequently, the Fermi level
moves down which decreases the band gap of the Cu implanted ZnO film. Moreover, the
decrease in band gap after ion implantation is due to the lattice disorder that produces Zn
interstitials and oxygen vacancies [158]
This partial decomposition of ZnO film into Zn interstitials results in a decrease in
the film’s band gap [170]. However, by increasing the ion dose to 1×1014 ions/cm2, the
band gap starts increasing which is attributed to the removal of lattice disorder by the
localized thermal effects. These effects are generated due to atomic cascade collisions by
higher number of implanted copper ions as explained above. As a result, there is an
increase in the band gap of ZnO film at higher implantation dose (1×1014 ions/cm2).
These results are in agreement with the doping of Cu in ZnO films by chemical methods
[158, 170].
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5.1.5

Electrical resistivity
The electrical resistivity of untreated and Cu implanted ZnO films (having

thickness 300 nm) were investigated by four probe measurement technique. The currentvoltage (I-V) curves of the films were obtained from the electrical measurements using
equation 4.6. The electrical resistivity has been plotted against the ion dose as shown in
figure.5.6. One can see that the electrical resistivity initially increases with the increase of
ion dose to 1×1011 ions/cm2 and then starts decreasing by further increasing the ion dose.
However, the changes in electrical resistivity of ZnO films after Cu implantation are not
much significant. The changes in the electrical resistivity after ion implantation show that
Cu do not significantly alter the carriers’ mobility and carriers’ concentration of ZnO
film. The changes in electron concentration are dependent upon the ability of dopant ions
to accept or donate electrons in the ZnO lattice [154-156]. In this work, a decrease in the
band gap value of ZnO suggests that the Cu is acting as acceptor impurity in the ZnO
film. As a result, the electron concentration might decrease with the increase of ion dose.
On the other hand, the changes in the electron mobility are related to the crystalline
quality of the film as well as it depends upon the scattering elements such as free
electrons [171-173]. The XRD results demonstrate a decrease in the film crystallinity
after Cu implantation due to the incorporation of Cu on the Zn+2 sites.
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Moreover, there is also a possibility of formation of Zn interstitials due to lattice
disorder created by the ion implantation. This signal towards an increase in the number of
grain boundaries that might cause a decrease in the mobility of charge carriers. However,
at higher doses (>1×1012 ions/cm2), the implanted Cu in ZnO film are increased that
reduce electron concentration inside the film. Therefore, the chances of collisions
between free electrons are decreased and consequently, the mobility increases. The
product of electron mobility and electron concentration determines the changes in
resistivity as given by the relation "ρ = 1/µne" [174-175]. The minor change in
resistivity shows a minor change in the product of carrier concentration (n) and mobility
(µ). Thus, Cu implantation in ZnO within the dose range 1×1011 ions/cm2 to 1×1014
ions/cm2 has little effect on the electrical resistivity of ZnO film.

5.2

Cobalt Ion Implantation Effects in ZnO Film
In this section Cobalt ions implantation induced changes in ZnO film have been

discussed. Direct current magnetron sputtering technique was used to synthesize ZnO
films on PET (Polyethylene terephthalate) substrate. The as-synthesized films were
exposed to 250 keV cobalt (Co) ions by Pelletron Accelerator at different ion fluences (in
range of 1011 to 1014 ions/cm2) The ion range inside the films, calculated using SRIM,
was 147 nm. For band gap measurement, UV-vis spectroscopy was performed. FESEM
was used to study the morphology of original and implanted ZnO film. Electrical
resistivity measurement was done by four probe measurement technique. The structural
study was completed by using x-ray diffractometer (PANalytical X’pert Pro).
5.2.1

Structural characterization results
Structural parameters of pristine and Co implanted films were found out with the

help of X-ray diffractometer. Figure 5.7 (a) shows the XRD patterns of pristine and Co
implanted ZnO film. The structural measurement shows that the ZnO film has hexagonal
wurtzite nature along with strong c-axis (002) preferred orientation, which is useful for
fabrication of piezoelectric devices. The Co implanted ZnO films show smaller (002)
peak intensity, large FWHM and peak shifting towards lower angle as compared with the
pristine film. No new phase corresponding to Co clusters or its oxides was detected,
which shows that the Co implantation does not alter the hexagonal crystal structure of
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ZnO. The incorporation of Co ions at the Zn sites is corroborated by the shifting of peak
position of the (002) plane figure 5.7 (a) shows that the peak intensities of Co ion
implanted films decrease at 1013 ions/cm2 and then increase on increasing ion fluence to
1014 ions/cm2. This might be due to the damage and lattice defects produced by the
incorporation of Co ions on Zn sites [148, 176]. The crystallite size for ZnO (002) plane
was determined by using Scherer formula (Equation 4.4). It is noticed that the crystallite
size reduces due to the Co implantation in the film up to the fluence of 1013 ions/cm2
(Table 5.2). However by increasing the fluence to 1014 ions/cm2, the crystallite size
increases. The main factor of reduction in crystallite size is the distortion produced in
ZnO lattice by the of Co ions, which decreased the crystallite size nucleation and growth
rate [176].
However, the increase in crystallite size is attributed to the total energy imparted
to ZnO lattice by the 250 keV high fluence Co ions which produced the ionizations and
electronic excitations in the film. This imparted energy in the film by Co ions releases
strain between different grains and realigned them in parallel direction by reducing the
interfacial which improves the film’s crystallinity [177]. It is evident from the figure 5.7
(b) that the (002) plane position of ion implanted samples was shifted towards lower
angle which indicates a reduction in the lattice constant ‘c’ of ZnO.
The lattice constant ‘c’ of ZnO was determined by equation. 4.4. The lattice
parameter values are shown in Table 5.2. It has been observed the lattice parameter ‘c’
increased after Co ion implantation to 1×1013 ions/cm2. However it is decreased by
further increasing the ion fluence. The increase in lattice constant ‘c’ with increasing ion
fluence is attributed to lattice expansion by the additional Co atoms in ZnO lattice.
Similar type of results was presented in literature [178-179]
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39.6

Further, the lattice constant ‘c’ is higher at ion fluence of 1014 ions cm-2 as
compared to the implanted films at lower fluencies, but smaller than the pristine film.
This might be due to the fact that most of Co ions at higher fluence occupy interstitial
positions in the ZnO lattice instead at Zn sites [176]. The strain and dislocation density
values at different Co doses are also shown in Table 5.2.
The strain and dislocation density increased for ion fluence up to 1013 ions cm-2 (Table
5.2), which is ascribed to the placement of Co ions in to the ZnO lattice. At higher ion
fluence (1014 ions cm-2), improvement in crystal quality demonstrates that the localized
heat energy imparted within the lattice relaxes the strain within the grains thus causing
their reorientation. Consequently, the grains start to grow and lattice strain and
dislocation density is decreased.
Table 5.2
Ion fluence

Structural parameters of pristine and Co ion implanted ZnO film
Lattice parameter

(ions/cm-2)

o

c (A )

Crystallite size

Strain

D (nm)

(10-4)

Dislocation density

Pristine

5.2460.05

180.1

19.25

0.003086

11011

5.3280.04

160.1

22.05

0.004056

11012

5.3360.04

150.1

22.52

0.004273

11013

5.3360.04

130.1

25.75

0.005571

11014

5.3100.04

140.1

23.77

0.004756

5.2.2

Optical study
UV-Vis spectroscopy was employed to obtain the films’ absorption spectra.

Figure 5.8 (a) shows the spectra for pristine and Co-implanted ZnO film. The results
show that pristine and all the Co-implanted films exhibit UV absorption characteristics. It
is found that with rise in Co ion fluence, the absorption edges of implanted films are
shifted towards higher wavelengths this signal, towards a decrease in the film’s band gap
after the Co implantation. Tauc equation was used for finding the band gap of pristine
and Co-implanted films using equation. 4.5 Figure 5.8 (b) shows graphical representation
of (αhʋ)2 againstℎʋ. The band gap values for pristine and implanted films were obtained
by extending the straight line portion of these curves to x-axis. Figure 5.8 (c) indicates a
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decrease in band gap of Co implanted films with increase of the Co fluence. These results
are in agreement with some of the past studies [180-185].The variation in ZnO band gap
was noticed from 3.23 eV to 3.09 due to Co implantation in present case. The reduction
in band gap is might be due to two reasons. First: the reduction in the crystallinity of ZnO
because of Co implantation that generates defects within the crystal lattice and thus
lowers the film band gap [186]. Secondly: the exchange interactions between the s-p and
d due to the localized electrons of Co metal ions, oxygen defects and band electrons of
ZnO [181]. This reduction in band gap has been explained theoretically in the literature
[187-189]. Moreover, the decrease in band gap is due to many-body effects on the
conduction band and valence band [190]. The electron interaction and impurity scattering
is the origin of many body effects. This causes a band gap decrease due to the merging
the conduction band with the impurity band [191].
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(b) Tauc Plot of pristine and Co implanted ZnO film
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(c) Band gap variations of pristine and Co implanted ZnO Films
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5.2.3

Surface morphology analysis
The images of pristine and cobalt (Co) ion implanted ZnO films taken through

field emission SEM (FESEM) are presented in figure 5.9. From this figure, one can see
that the grains of pristine ZnO are interconnected to each other thus forming a dense
structure. A variation in grains shape and size is also seen from this figure. The average
grain size for the pristine film as estimated from the FESEM image is about 64 nm. The
cobalt implantation in ZnO decreases its average grain size (to about 58 nm) and the
dense granular structure in the ion implanted ZnO becomes less significant than that of
the pristine sample. This signals towards the ion induced modification in the ZnO lattice
through the generation of structural defects. The structural damage occurs due to the
differences in the ionic radii of Co and Zn and consequently vacancies and interstitials
are produced [148]. At higher Co fluence, grains structure begins to slightly recover as
that was seen in the case of pristine sample and the average grain size marginally
increases to about 61 nm. Although at higher fluence, the number of Co ions impinging
on the target lattice is increased. However, simultaneously due to ion induced thermal
recovery, the grains size slightly increases [140] and the structure becomes denser than at
lower ion fluence. Some of the grains are merged together to form an agglomeration of
grains. The FESEM results obey the XRD trend in which the crystallinity decreases at
lower ion fluences and it improves at the higher ion fluence. Furthermore, these results
are also in agreement with the recent studies relating to the Ni and Cu ion implantation in
the ZnO [148, 140].

Pristine
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1×1012 ions/cm2

1×1014 ions/cm2
Figure 5.9

5.2.4

Surface morphology images of pristine and cobalt ion implanted ZnO

Electrical properties
The electrical resistivity ‘ρ’ of the films was obtained by employing equation. 4.6.

The thickness of film was about 280 nm. Figure 5.10 shows that the electrical resistivity
decreases with increase of the ion fluence. The changes in electrical resistivity are
96

associated with changes in the band gap behavior of the film revealing the same trend.
The lattice defects in the form of oxygen vacancies and Zn excess produced by Co
implantation in ZnO decreases the film’s electrical resistivity and thus the films become
more conductive with increase of the ion fluence [148]. These results agree with those
found by Muniyandi et al [192]. Electrical analysis of implanted films shows that the Co
ion implantation in ZnO can be used to make it more conductive.
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Silver Ion Implantation Effects in ZnO Film
In this section silver implantation in ZnO has been discussed. Zinc oxide (ZnO)

films were coated on flexible PET substrate by direct current magnetron sputtering of
zinc in the presence of reactive oxygen. Afterwards, the films were irradiated with 300
keV silver ions (Ag) through Pelletron Accelerator by changing irradiation dose from
1×1011 to 1×1014 ions/cm2 in four equal steps. The range of silver (Ag) ions inside the
ZnO film estimated by SRIM software was about 70 nm. The structural measurements of
unirradiated and irradiated films were performed by X-ray diffractometer (PANalytical
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X'pert Pro). Optical absorption in ZnO was studied by UV-vis spectroscopy (Model: USB
4000 Oceanoptic). The electrical resistivity of unirradiated and irradiated films was
measured with four probes Keithley 6514 system.
5.3.1

Structural analysis
The diffraction patterns of unirradiated and Ag irradiated ZnO are shown in figure

5.11 (a). The X-ray diffraction (XRD) graph in figure 5.11 (a) shows that all the
specimens have hexagonal wurtzite structure with the prevailing growth along (002)
crystallographic direction. In the case of unirradiated film, the figure 5.11 (a) depicts
large intensity and small full width at half maximum (β) of the ZnO (002) peak.
However, a remarkable decrease in the intensity of (002) peak is noticed along with its
increase in breadth at various Ag irradiation doses. These results are in agreement with
our recent studies on copper and cobalt ions implantation in ZnO film [58, 142].
However, in the present case of Ag implantation in ZnO, more structural damage occurs
in ZnO, which increased with the increase in dose. The extensive reduction in ZnO (002)
peak intensity comes from the structural damage produced by the Ag inside ZnO. The
silver ions may occupy on both substitutional as well as on interstitial sites in ZnO lattice
and during this process the ion-induced disorder in lattice occurs.
The magnified portion of the ZnO (002) peak is also shown in figure 5.11 (a).
One can notice that the (002) peak is shifted to a higher angle of diffraction after Ag
irradiation of ZnO at 1×1011 ions cm-2. However, at higher doses (>1×1012 ions cm-2), the
peak is shifted towards lower angle of diffraction. The shifting of (002) peak on the
higher angle side illustrates a decrease in the atomic spacing (d) and lattice constant (c) of
ZnO and vice versa. The ‘d’ was noticed from the diffraction patterns directly using
X’Pert software of XRD whereas the ‘c’ was obtained from the equation. 4.4. The
variation of ‘c’ with irradiation dose is shown in figure 5.11(b). The lattice constant first
decreases from 5.22 Å to 5.11 Å after irradiating the ZnO at a 1×1011 ions cm-2 and then
increase up to 5.28 Å at 1×1014 ions cm-2. The decrease in ‘c’ of ZnO at a lower dose
occurs due to structural disorder induced by the Ag ions inside the ZnO lattice. The
number of Ag ions also increases with increasing Ag ions dose. This not only produces
structural damage inside ZnO, but it also increases their chances of occupying Zn sites in
the ZnO lattice. Since the ionic radius of Ag ions (0.122 nm) is larger than the ionic
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radius of Zn (0.074 nm) [199], therefore their incorporation in ZnO at higher does
increases the ‘c’.
The crystallite size, microstrain, and dislocation density were calculated by the
eqution.4.1, 4.2, and 4.3 respectively. The values of crystallite size, microstrain, and
dislocation density are given in Table 5.3. The crystallite size reveals a decreasing trend
and microstrain and dislocation density increase with the increase of the irradiation dose.
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(a) XRD patterns of un-irradiated and Ag ions irradiated ZnO films
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The comparison of these results with the previous ones on other metallic ions (Cu, Co)
implantation in ZnO shows that the structural damage is larger in the case of Ag than the
other ions [58, 142]. This is due to the relatively larger atomic mass of Ag as compared to
the other ions mentioned above. Furthermore, the annealing effects of ion irradiation at
higher doses are not as prominent as those were noticed in the case of copper and cobalt
ions
Table 5.3

Structural parameters of un-irradiated and Ag ions irradiated ZnO film
D (nm)

Strain ()

𝛅(×1018 ) m-2

ZnO

18.80.1

0.00654

0.002829

Ag-ZnO (1×1011 ions/cm2)

15.00.1

0.00780

0.004444

Ag-ZnO (1×1012 ions/cm2)

11.20.1

0.04155

0.007971

Ag-ZnO (1×1013 ions/cm2)

11.00.1

0.01064

0.008264

Ag-ZnO (1×1014 ions/cm2)

10.60.1

0.00984

0.008899

Sample code
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5.3.2

Optical characteristics
The UV-vis absorption spectra of the films were conducted to visualize the optical

changes in Ag irradiated ZnO thin films, shown in figure 5.12 (a). These spectra were
evaluated through the absorption edge for the calculation of the film’s band gap under
different conditions.
The unirradiated ZnO exhibits an absorption edge around 380 nm as shown by its
absorption spectrum in figure 5.12 (a). The incorporation of Ag into ZnO produces a red
shift in the absorption edge. The red shift in wavelength is an indication of the decrease
in optical band gap energy of ZnO by Ag irradiation. This band gap energy was evaluated
from the Tauc plots that are shown in figure 5.12 (b). The fundamental detail of the Tauc
plot and method of obtaining band gap of ZnO is in accordance with the previous studies
[58, 142]. The equation. 4.5 (Tauc equation) was used to find out the band gap of
unirradiated and Ag irradiated ZnO films. Band gap energy was calculated from the
linear extrapolation of unirradiated and Ag irradiated ZnO films’ Tauc plot curves. The
band gap values are presented in Table 5.4. We see that the band gap energy decreases as
the irradiation dose increases. The band gap of ZnO decreased from 3.25 to 3.05 eV after
irradiating ZnO up to the dose 1×1014 ions/cm2.
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(a) Absorption spectra of un-irradiated and Ag+1 irradiated ZnO
101

2.50E+011

iv

i-Unirradiated ZnO
11

v

-2

ii-Ag-ZnO (10 ions cm )
2.00E+011

12

-2

13

-2

iii-Ag-ZnO Dose 10 ions cm
iv-Ag-ZnO Dose 10 ions cm

-2

iii

1.00E+011

2

2

-2

2

 h (cm eV )

14

v-Ag-ZnO Dose 10 ions cm

1.50E+011

i
ii

5.00E+010

0.00E+000
2.94

3.01

3.08

3.15

3.22

3.29

3.36

h(eV)

(b)
Figure 5.12
Table 5.4

(b) Tauc plot of un-irradiated and Ag+1 irradiated ZnO

Optical band gap energy values of un-irradiated and Ag+1irradiated ZnO
Sample Code

Band gap (eV)

ZnO

3.250.01

Ag-ZnO (1×1011 ions/cm2)

3.220.01

Ag-ZnO (1×1012 ions/cm2)

3.170.01

Ag-ZnO (1×1013 ions/cm2)

3.110.01

Ag-ZnO (1×1014 ions/cm2)

3.090.01

Several studies reported on band gap variation of ZnO films by the silver (Ag)
ions incorporation, and few studies reported a band gap reduction [193, 194] in contrast
others have demonstrated an increase in band gap by Ag doping [132, 195]. For example,
Xue et al. [195] presented the effects of Ag doping on structural and optical properties of
ZnO thin films fabricated by RF magnetron sputtering. They reported the widening of
band gap of ZnO by silver (Ag) doping and believed that this widening is due to the
quantum size effect. According to Sinornate et al. [196], the reduction in band gap of
ZnO occurs due to the shift of Fermi level towards the conduction band of ZnO induced
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by Ag impurities. In this study, the reduction in the ZnO band gap by Ag irradiation
might stems the structural disorder that results causes the merging of ZnO donor defects
levels with its conduction band thus reducing the band gap. These results are consistent
with recent studies on the band gap of ion implanted ZnO film [142, 197, 198]. It is
worthwhile to mention here that the reduction in band gap of the material leads to an
increase in the efficiency of its use in optoelectronic devices [197, 198].
5.3.3

Electrical characteristics
The conductive properties of unirradiated and Ag irradiated film were studied

from four point probes measurements. The current and voltage measurements of the
samples were taken out and the electrical resistivity of ZnO film of the thickness (t) 300
nm was calculated by equation. 4.6. The electrical resistivity decreases consistently with
increasing the irradiation dose up to 1×1013 ions/cm2 and then remains almost constant at
1×1014 ions/cm2 as clear from figure 5.13. Initial resistivity is 9.6x104 -m for the
unirradiated sample. Then it decreases up to 7.38 x104 -m after exposing the ZnO
sample to Ag of dose 1×1014 ions/cm2. The decrease can be explained in terms of the
structural disorder of ZnO by the Ag implantation. This structural disorder in ZnO leads
to the formation of oxygen vacancies and Zn, interstitials as explained in the previous
work [142]. Consequently, the high electron concentration of the donor defects promotes
the film’s conductivity, and the resistivity decreases. The insignificant decrease in
electrical resistivity at 1×1013 ions/cm2 may be due to lesser structural disorder as
compared to the lower doses. Further, The Hall measurements can be carried out in the
future for the in-depth analysis of the decrease in resistivity after the Ag implantation
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The implantation in monocrystalline ZnO thin film plays significant role in
changing its different properties. In this work the result obtained demonstrates that the
implantation of Cu, Co, and Ag in ZnO produces structural damages in it that results in a
decrease of its resistivity. The decrease in resistivity is more prominent in case of Ag ion
implantation which also causes a decrease in the band gap of the ZnO. However, in the
case of copper ions implantation, the crystallinity of film improves at higher doses and
the decrease in resistivity is lesser than that of the Ag and Co implantation.
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CHAPTER 6
RESULTS AND DISCUSSION
Photodetection Results of Ion Implanted ZnO Film
This chapter presents the results of metal-semiconductor-metal (MSM) ultraviolet
(UV) photodetector fabricated by depositing Nickel (Ni) contacts on the copper
implanted ZnO film (CZO). The ZnO film was synthesized by direct current magnetron
sputtering in reactive oxygen on PET substrate and copper ions were implanted inside it
at dose of 1x1014 ions/cm2 by using Pelletron Accelerator as discussed in the previous
chapters. For the measurement of photodetection properties of ZnO, two electrodes of Ni
were deposited on the film by RF sputtering and current-voltage characteristics of the
device in the absence and presence of UV light were taken out at a fixed wavelength of
385 nm. For the observation of photodetector responsivity current versus time graphs of
the CZO UV photodetector were recorded. In this regard, the light of 385 nm was
frequently switched OFF and ON to ensure current-time pulses. In addition, the
responsivity, rise and fall time of the photodetector were also calculated in this study.

6.1

Current-Voltage Characteristics of Photodetector
The MSM UV photodetector consisting of CZO film was characterized by

Keithly-2400 meter to observe its current-voltage (I-V) characteristics. The schematic
diagram to obtain the current voltage and current time pulses under illumination of UV
light of 385 nm is shown in figure 6.1. The results of I-V graph of MSM photodetector
(Ni-CZO-Ni) under exposure of UV light of 385 nm wavelength are shown in figure 6.2.
The figure shows an increase in current after exposing Ni-CZO-Ni device to the UV
light. This increase is because of the formation of free electrons and holes inside the CZO
film by the incident light. The energy of incident UV light is slightly greater than the
band gap of CZO film. This excites electrons in the valence band to the conduction band
and generates free charge carriers which contribute to increase in the current upon the
exposure of light.
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Figure 6.1

The schematic diagram of Ni-CZO-Ni photodetector under the
exposure of UV light
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I-V characteristics of Ni-CZO-Ni photodetector under the exposure
of 385 nm UV light

From I-V characteristics, it is seen that in the case of dark I-V curve, Schottky
contacts are formed in both the directions. The formation of Schottky is due to higher
106

work function of Ni (5.01 eV) as compared to the ZnO (4.71 eV) which is an n-type
semiconductor. Due to this reason, the electron transfer takes place from n-type
semiconductor (ZnO) to the metal (Ni) and forms depletion region at the interface under
equilibrium. Therefore, a small critical voltage is required by the free electrons to
surmount the energy barrier which is provided by the external battery. When the NiCZO-Ni device was exposed to UV light, the Schottky contact was transformed to ohmic
one which is due to additional charge generated by the light inside the depletion region
that minimize the energy barrier. As a result, the ohmic behavior is seen at the metalsemiconductor interface. From the figure 6.2, it is further seen that due to high dark
current of the device, the photocurrent did not increase substantially. The dark current is
found to be relatively higher than that found in ZnO films in previous studies [200-202].
This relatively large dark current might have occurred due to low resistivity of the CZO
film. Shewale et al. [200] reported the low dark current in Cu doped ZnO film based
photodetector due to the low conductivity of ZnO film while in present study the copper
ions increased the conductivity of ZnO film which might become the reason of large dark
current. Figure 6.2 also shows that as applied voltage increases the dark current increase
which is attributed to the extension of depletion region between the metal electrodes as
the applied voltage increased [203].
Further, from I-V curves, it is observed that the photocurrent value of CZO device
in this work is about 115 A at 7 V biased voltage which is higher than un-doped ZnO
based photodetectors [205, 206] The high value of photocurrent in CZO photodetectors is
due to high conductivity of the film along with the generation of large number of
electron-hole pairs [207].
6.1.2

Responsivity
In order to measure the responsivity of the CZO photodetector from the I-V graph

at different biased voltages the following equation was used.
I

𝑅 = PP

in

I

P
𝑅 = 𝐴×𝐸

(6.1)
(6.2)

‘A is the Activation area for the UV light, Ip is the photocurrent, E is the light irradiance.
The values of activation area and light irradiance were 0.080 cm2 and 1.6 mW/ cm2. The
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photocurrent was calculated from the I-V graph. By using these values the responsivity
was calculated and plotted versus the biased voltage as shown in figure 6.3. The
maximum responsivity was obtained at biased voltage of 7 V, which is found to be
921mA/W for the Ni-CZO-Ni photodetector.
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Variation in responsitivity of Ni-CZO-Ni photodetector with the applied
voltage

In order to calculate response time (rise time) and recovery time (fall time) of the CZO
photodetector, current-time (I-t) measurements were taken out. The I-t graphs were taken
out by switching the UV light ON and OFF in equal time intervals. The I-t graphs are
shown in figure 6.4.These graphs show that the current raises when the UV light is ON
and it falls back to its original value when the UV light is made OFF. The magnitude of
photocurrent depends on various factors related to film, such as hole-electron mobility,
film’s surface roughness, and number of defects which mainly control the annihilation of
excess holes [208]. The literature shows that two types of phenomena control the photo
response of a photodetector [205, 208]. One of them is the generation and recombination
of electron-hole pair under the exposure of light whereas the other is the adsorptiondesorption of oxygen on the surface of ZnO film.
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(a-f) Time dependent photocurrent measurements at biasing voltages of 1,
2, 3, 4, 5, and 7 V respectively
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When light is turned OFF then the atmospheric oxygen is adsorbed on the surface
of ZnO and each adsorbed oxygen molecule captures free electron from the ZnO and
forms depletion layer of O−
2 ions which reduce the conductivity. When light is switched
ON the electron hole pairs are generated in ZnO film. The generated electrons are excited
from the valance band to conduction band by the applied voltage and contribute to
photocurrent. At the same time holes move towards the surface and get trapped by the
adsorbed oxygen O2− ions, which enhances the photocurrent of the device by making free
the trapped electrons. When light is switched OFF, the excess holes and electrons are
vanished by the recombination process and ultimately the current is reduced.
The reproducibility and photoresponse speed are two critical parameters for the
evolution of any Photodetector. These two parameters for Ni-CZO-Ni photodetector were
evaluated from figure 6.4. Figure 6.4 shows \ stable oscillation of current between its
maximum and minimum values when UV light is ON and OFF periodically over time,
which indicate an excellent reproducibility of Ni-CZO-Ni photodetector.
6.1.3

Response and recovery time
The response and recovery time are also important parameters that determine the

photoresponse speed of a photodetector. The response and decay time were also
evaluated from the I-t graphs. The response time is defined as the time require to reach
the photocurrent from 10% of its saturation value to 90% of its saturation value while the
recovery time is the time to reduce the photo current from 90% of its saturation value to
10 % of its saturation value [201].The obtained values of response time and recovery
time along with other important parameters of Ni-CZO-Ni photodetector at different
biasing voltages are given in table 6.1. The values of response time and recover time are
smaller than the values of other ZnO based photodetectors [202, 207, 209-211, 213-217],
which shows that Ni-CZO-Ni photodetector has high photo response speed.
The comparison of CZO photodetector with the findings reported in previous
studies is given in the table 6.2. The comparison of the present work with literature shows
that Cu implanted ZnO film is much useful to fabricate the MSM photodetector due to its
high photocurrent responsivity and low values of the response and recovery time.
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Table 6.1
Sr.No

The parameters of Ni/CZO/Ni photodetector at different applied voltages
Dark

Photocurrent

Voltage

Current

(A)

(V)

(A)

Responsivity
𝑰
𝑹= 𝑷

Response

Recover

time

time

(s)

(s)

𝑬×𝑨

(mA/W)

01

9.0

18.00.01

1

1401.4

1.71

4.19

02

12.0

33.00.33

2

2572.57

1.39

3.67

03

19.0

47.00.47

3

3673.67

1.02

2.18

04

27.0

61.00.61

4

4764.76

0.79

2.0

05

36.0

78.00.78

5

6096.09

0.62

1.4

06

56.0

115.01.15

7

9219.21

0.52

0.99
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Table 6.2

Comparsion between the litrature and current study on ZnO based
photodetector

Structure of device

Cu implanted ZnO
film on PET
ZnO Nano rods on
PET
ZnO rods on porous
silicon
ZnO Nano rods on
Teflon
ZnO Nano rods on
PEN
ZnO film sputtered
on paper
ZnO film on PEN at
room temperature
ZnO film on PEN at
100oC
Cu-doped ZnO thin
film
ZnO Nano rods on
Cellulose
Self-powered, fibershaped UV PDs
Flexible ZnO film
UV PDs

Biasing

Response

Recovery

Responsivity

Photo

Voltage

time

time

(A/W)

current

(V)

(s)

(s)

Reference

(A)

7

0.52

0.99

0.921
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This work

0.5

100

120

0.222

15

[211]

5

19

62

0.027

70

[212]

5

6.7

9.3

2.265

-------

[213]

3

1.2

1.8

2.856

37.5

[214]

10

2.30

1.60

0.86

1800

[215]

2mV

3.59

5.25

-------

1

[216]

2mV

1.69

6.68

-------

1

[216]

< This

< This

work

work

--------

17.41

[202]

-----

30

27

3.910-5

10.63

[217]

0.2

1.5

6.0

0.03

0.020

[218]

15

0.8

0.7

0.06

5

112

< This
work

[219]

CHAPTER 7
Conclusions and Future Recommendations
This chapter contains the conclusions obtained in this work from the various
experiments as described in the previous chapters. The conclusions for each experiment
are presented as follows;

A.

Deposition of ZnO film on PET Substrate at Different Ar:O2 ratio:
In this experiment, the ZnO films were deposited on PET substrate at a variable

Ar:O2 ratio. The following conclusions have been made on the basis results obtained
(presented in section 4.1) from this experiment;
1. The ZnO films prepared by the DC magnetron sputtering possess hexagonal wurtzite
structure with highly preferred c-axis orientation. The crystallinity of ZnO is
improved by increasing the Ar:O2 ratio. The optimized ratio of Ar:O2 is 90:10 which
provides better crystallinity and lower resistivity.
2. The enhanced adatoms surface diffusion on the PET substrate due to use of higher
argon amount may be the cause of enhancement of crystallinity of ZnO film.
3. The Ar:O2 ratio influences the band gap of ZnO film. By decreasing the O 2 contents,
the band gap decreases due to a reduction in Burstein-Moss shift effect.
4. The reduction in structural defects by increasing the Ar contents and decreasing the
O2 becomes the cause of reduction in the resistivity of the ZnO film.
B.

Deposition of ZnO film on various Substrate at Different Ar:O2 ratio:
In this experiment, deposition of ZnO films on various substrates was carried out

and the following conclusions have been extracted from the results presented in section
4.2;
1. The films prepared by the DC magnetron sputtering on silicon and PET shows better
crystalline quality as compared to the glass substrate.
2. The minimum band gap of ZnO is obtained on PET substrate (3.23 eV) as compared
to the other substrates.
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3. The lowest electrical resistivity of ZnO is obtained on silicon as compared to the
other substrates.

C.

Copper Ion Implantation Effects in ZnO Film
From the results of copper ions implantation in ZnO film by Pelletron

Accelerator, the following conclusions can be drawn;
1. Copper ion (Cu+) implantation in ZnO film at doses ranging 1×1011 to 1×1013
ions/cm2 decreases its crystalline quality. However, at higher ion dose (1×1014
ions/cm2), the crystallinity of ZnO film increases. The decrease in the crystallinity is
attributed to lattice disorder/strain created in the film due to Cu+ implantation whereas
the improvement in crystalline quality is due to thermally induced annihilation of
defects.
1. The lattice parameter of ZnO film at different Cu+ doses decreases due to lower ionic
radius of Cu+ as compared to Zn+2. The lower ionic radius causes a decrease in the
atomic spacing (c= 2×d) which results in the decrease of lattice parameter of ZnO.
2. The optical band gap of ZnO film decreases with the increase of ion dose form 1×1011
to 1×1013 ions/cm2 and then increases at 1×1014 ions/cm2.
3. The electrical resistivity of ZnO film increases at 1×1011 ions/cm2 and then decreases
with the further increase of the dose value;

D.

Cobalt Ion Implantation Effects in ZnO Film
The following conclusions were made from the cobalt ions implantation in ZnO;

1. ZnO film’s crystal quality decreases by cobalt ions implantation in ZnO film the ion
fluence of 1013 ions cm-2. However, crystallinity improves when Co ions are
implanted at higher fluence (1014 ions cm-2).
2. The decreasing trend in the band gap of ZnO is seen with the increase of Co fluence,
attributed to a decrease in the conduction band tail due to its merging with the donor
defect levels.
3.

ZnO films become more conductive with increase of the Co fluence. The decrease in
the resistivity is ascribed to the formation of oxygen vacancies and Zn excess during
the ion implantation process.
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E.

Silver Ion Implantation Effects in ZnO Film
The silver ion implantation in ZnO was also conducted and the following

conclusions were extracted from the experiment.
1. The Ag ion implantation in ZnO produces significant structural damage in it which
becomes prominent at the higher doses.
2. Ag implantation at lower does (<1012 ions/cm2) decreases lattice constant of ZnO
whereas above this dose the lattice constant increases.
3. By increasing Ag ion dose, the band gap and resistivity of ZnO are decreased owing
to the structural defects in the film.
4. The electrical resistivity of ZnO film decreases with Ag ions implantation up to 1013
ions/cm2 and then remains constant with further increasing Ag ion dose.

F.

Fabrication of MSM Photodetector by Copper ion implanted ZnO film
The conclusions obtained from the characterizations of MSM photodetector

fabricated by deposting Ni contacts on the Cu+ implanted ZnO film are presented as
follows;
1. The Cu+ implanted ZnO photodetector shows a remarkbale performance under the
expure of 385 nm UV light. The photocurrent is considerably increased under the
light exposure due to the genration of excess electron-hole pairs.
2. The high dark current in the device occurs due to the ion induced strcutral changes.
3. The device show a high responsivity under the UV light with the biasing voltage of 7
V. The responsivity of the device was found to be as high as 921 mA/W.
4. The device exhibited a fast response under UV light. The response and recovery time
of the UV photodetector were found to be 0.52 and 0.99 s respectively
Future recommendations
1. It will be interesting to investigate the effects of ion implantation of non-metallic
impurities such as carbon,nitrogen etc in ZnO films
2. Laser annealing will also be helpful for modifying the physical properties of ion
implanted ZnO films
3. Ion implanted ZnO films will be used for gas sensing, photocatalytic and antibacterial
applications
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4. Anti-icing and wettability properties of ion implanted ZnO films will also be
investigate
5. The effects of multi-species ion implantation in ZnO film will be study to tailor the
structural optical and electrical properties of ZnO films on flexible substrates
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