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Abstract

In recent years zinc oxide (ZnO) has attracted the researchers because of its excellent
optical and electrical properties. The primary aim of this work is to deposit undoped
and doped ZnO thin films by sputtering techniques and to study the structural, optical
and electrical properties. The thin films were deposited on glass and quartz substrates
at room temperature using DC and RF magnetron sputtering. The studies on the effects
of annealing on the structural and third-order nonlinear optical properties of ZnO thin
films deposited on quartz substrates has been carried out under cw He-Ne laser irradia-
tion at 633 nm wavelength using z-scan technique. The enhanced nonlinear response of
the films was observed with the increase in the annealing temperature. X-ray diffraction
(XRD) patterns show the appearance of crystalline phases of SiO, at higher annealing
temperatures. The appearance of extraneous phase was confirmed by atomic force mi-
croscope (AFM) images and optical transmittance spectra. Multiple diffraction rings
due to the refractive index change and thermal lensing were observed when the samples
were exposed to laser beam. Also, the films exhibited strong optical limiting proper-
ties. Transparent conducting aluminum doped zinc oxide (AZO) films were deposited
on glass substrates. Variation of stress values and the lattice parameters confirms the
presence of A>T ions in the ZnO matrix. Electrical resistivity of the deposited films
was found to be as low as 0.5 x 10~4Q-cm. XRD patterns of the ZnO/A1/ZnO multilay-
ers show only reflections corresponding to Wurtzite ZnO. The sheet resistance of the
multilayers found to decrease with the increase in the Al interlayer thickness. But, the
average transmittance in the visible region decreases. The XRD results of manganese
doped ZnO (MZO) films deposited using compound targets show the decrease of lat-
tice parameters a and c after doping of Mn into ZnO. The third-order nonlinear optical
susceptibility x(® is found to be of the order of 10~3 esu for MZO films.

Keywords: ZnOj; magnetron sputtering; XRD; TCO; AFM; CW laser; NLO
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Chapter 1

Introduction

This Chapter presents the introduction of the thesis, which includes overview, objec-

tives and organization of the thesis.

1.1 Overview

Inventions of semiconductor transistor by the scientists at Bell Labs lead to the enor-
mous growth of semiconductor industry since 4-5 decades. The need for faster, pow-
erful, smaller devices triggered invention of new materials which can be used for var-
ious applications. Although the first semiconducting transistor was made by germa-
nium (Ge), silicon (Si) emerged as the material of choice due to its properties which
overcome the problems with Ge. Si continues to be dominating in many applications
due its matured fabrication technology. For high power and faster optoelectronics de-
vices, gallium arsenide (GaAs) is the material of choice as it exhibit a wide direct
band gap, higher carrier mobility etc. However, for high temperature applications and
UV/blue LED applications, both Si and GaAs are not suitable due to lack of physi-
cal properties which are needed. It is essential to investigate alternative materials and
their growth and processing techniques in order to achieve these devices (Jagadish and
Pearton|2006). Wide bandgap semiconductors exhibit inherent properties such as larger
bandgap, higher electron mobility and higher breakdown field strength. Therefore, they

are suitable for high-power, high-temperature electronic devices and short-wavelength

1



2 Chapter 1

optoelectronics.

Zn0 is a wide bandgap semiconductor with a direct bandgap around 3.3 eV. The
advantages associated with a large band gap include high-temperature and high-power
operation, lower noise generation, higher breakdown voltages, and ability to sustain
large electric fields. Its exciton binding energy is 60 meV which is high compared to
that of gallium nitride (GaN) (25 meV) and gallium arsenide (GaAs) (4 meV) which
are used in many optoelectronics applications. The higher exciton binding energy en-
hances the luminescence efficiency of light emission. The room-temperature electron
Hall mobility in single-crystal ZnO is 200 cm? V~1, slightly lower than that of GaN,
but ZnO has higher saturation velocity. ZnO is also much more resistant to radiation
damage than other common semiconductor materials, such as Si, GaAs, CdS, and even
GaN (Look et al.||1999). ZnO can be grown on inexpensive substrate, such as glass,
at relatively low temperatures. Recent works shows ferromagnetism in ZnO by doping
with transition metal, e.g. Mn, with practical Curie temperatures for spintronic devices
(Pearton et al.2003). One attractive feature of ZnO is the ability to bandgap tuning
via divalent substitution on the cation site to form heterostructures. Bandgap energy
of ~ 3.0 eV can be achieved by doping with Cd?*, while Mg?" increases the bandgap
energy to ~ 4.0 eV (Ozgur et al.[2005).

In recent years zinc oxide (ZnO) is gaining interest because of its excellent op-
tical and electrical properties which are suitable to variety of electronic and optoelec-
tronic applications such as varistors, transparent high-power electronics, surface acous-
tic wave devices, piezoelectric transducers, chemical and gas sensing and transparent
conducting electrodes (Pearton et al. 2008). It has now received increasing attention
and recognized as a promising candidate for applications related to its optoelectronic
possibilities in the UV range (Sun et al.|2010). Its piezoelectric properties could also
allow developing surface acoustic wave (SAW) filters to be integrated in future analog
circuits for portable electronics for which there is a strong need. Furthermore, ZnO
transparent thin-film transistors (TTFTs) are a recent and important development in the
emerging field of transparent electronics. These potential applications have boosted
research related to the growth of high quality ZnO thin films by a lot of different tech-

niques.
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1.2 Objectives of the Thesis

As a technologically important material, ZnO has attracted many researchers due to
its unique properties (semiconducting, piezoelectric, magnetic etc.). One of the key
requirements for many of these applications is the doping of ZnO with various ele-
ments for enhancing and controlling its electrical and optical properties. The aim of the
present work is to grow undoped and doped ZnO thin films and to probe the material

properties. The following objectives have been set:
1. To grow ZnO thin films and study the optical and electrical properties.
2. To deposit Al doped ZnO thin films with different dopant concentrations and

to deposit multilayered film for TCO (transparent conducting oxide) electrode

applications.
3. To deposit Mn doped ZnO thin films with different dopant concentrations.
4. To investigate the optical (linear and nonlinear) properties of the deposited films.

5. To study the effect of annealing temperature on structural and optical properties

of ZnO thin films.

1.3 Organization of the Thesis

The thesis is organized as follows:

» Chapter 1 gives the overview and objectives of the thesis.

* Chapter 2 contains a brief introduction to the fundamental properties of ZnO and
related materials. A detailed literature survey of experimental and theoretical
studies on ZnO thin films is presented. The scope of the present research work is

mentioned at the end.

* Chapter 3 gives the brief experimental and theoretical description of the deposi-
tion methods. It contains a detailed description of DC and RF sputtering tech-
nique which is employed to deposit thin films in the present work. This is fol-

lowed by a concise description of different characterization techniques, including
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optical power limiting and the z-scan technique employed to measure the nonlin-

ear optical properties.

Chapter 4 begins with a discussion of the optimization of deposition parameters
for ZnO thin films using DC and RF magnetron sputtering. Also, it contains
studies on the effect on annealing on structural and nonlinear optical properties

of undoped ZnO thin films.

Chapter 5 starts with an overview of transparent conducting oxides and multilay-
ered TCOs and its importance in optoelectronics. The growth of aluminum doped
zinc oxide (AZO) transparent conducting thin films deposited by radio frequency
(RF) magnetron sputtering employing zinc oxide and aluminum coaxial targets
at room temperature and ZnO/Al/ZnO multilayers by simultaneous RF and DC

sputtering have been discussed.

Chapter 6 presents the preparation of manganese doped zinc oxide thin films
and the effect of Mn concentration on the properties of ZnO thin films. The
chapter also includes the effect of Mn concentration on the optical properties of

the deposited thin films.

Chapter 7 gives the conclusions of the present work. The scope for further re-

search work in this area is also discussed.



Chapter 2

Background and Literature Review

This Chapter gives the basic properties of ZnO and briefly reviews the state of art in the

field of growth and properties of ZnO thin films.

2.1 History of Zinc Oxide

Zinc oxide was known for a long time, since it was a by-product of copper smelting. It
is one of the most important materials that we come across in our day-to-day lives. Zinc
white is used as a pigment in paints and in coatings for paper. Chinese white is a special
grade of zinc white used in artists’ pigments. One type ZnO called “philosophers wool”,
prepared in a special type of furnace was used as ointment by many of our ancestors.
The Persians used a similar process to make zinc oxide suitable for medical and other
purposes.

The modern history of ZnO started in the middle of 18th century with the discov-
ery of new and easy method for preparing it by burning a metallic Zn in air by a German
scientist Cramer. The Chinese however used ZnO commercially for several centuries
before that. ZnO was used by paint industries as pigment and in ceramic goods due
to its whiteness, fine texture and opacity. ZnO in sufficient quantities helped to has-
ten the development of rubber and protects it from fungi and UV light. Soon after the
first radio broadcasting stations started transmitting in the 1920s, ZnO crystals came

into popular demand for their semiconductor properties. Using an antenna and a fine

5
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copper whisker (cats whisker), the RF signal was rectified at the junction of the wire
and the crystal. Research in ZnO intensified in the 1950s and peaked up in the 1970s,
then faded as it was not possible to obtain a p-type ZnO, so the interest moved to other
structures in the III-V system, such as GaN and GaAs. However, the advent of modern
analysis tools enabled more in-depth analysis of ZnO. Combined with the possibility
to grow epitaxial layers, quantum wells and nano-rods, this led to a renewed interest in
the 1990s. The ultimate goal for now is still p-type doping, which has not been fully
achieved and remains controversial.

The applications of zinc oxide powder are numerous, and the principal ones are
summarized below. Most applications exploit the reactivity of the oxide as a precur-
sor to other zinc compounds. For material science applications, zinc oxide has high
refractive index, high thermal conductivity, binding, antibacterial and UV-protection
properties. Consequently, it is added into materials and products including plastics,
ceramics, glass, cement, rubber, lubricants, paints, ointments, adhesive, sealants, pig-
ments, foods, batteries, ferrites, fire retardants, etc. In summary, much of our current

industries and daily life is critically reliant upon this compound.

2.2 Properties of Zinc Oxide

ZnO crystallizes in Wurtzite structure in normal conditions with the two lattice pa-
rameters in the ratio of ¢/a = 1.633 and belongs to the space group P63mc. The lattice
constants range from 3.2475 to 3.2501 A for the a-parameter and from 5.2042 to 5.2075
A for the c-parameter (Lide|[1992). The structure is composed of two interpenetrating
hexagonal close packed (hcp) lattices. The Zn atoms are tetrahedrally coordinated with
four oxygen atoms, where the Zn d-electrons hybridize with the O p-electrons (Figure
[2.1). This tetrahedral coordination gives rise to polar symmetry along the hexagonal
axis. This polarity is responsible for a number of the properties of ZnO, including its
piezoelectricity and spontaneous polarization, and is also a key factor in crystal growth,
etching and defect generation. Bonding between the Zn atoms and O atoms is highly
ionic, due to the large difference in their electronegative values (1.65 for Zn and 3.44

for O). In an ideal Wurtzite crystal, the axial ratio c/a and the u parameter (which is a
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Figure 2.1: Wurtzite structure of ZnO, O atoms are shown as white (large) spheres, Zn

atoms as black (small) spheres.

measure of the amount by which each atom is displaced with respect to the next along
the c-axis) are correlated by the relationship uc/a = (3/8)'/2, where c/a = (8/3)'/2, and u
= 3/8 for an ideal crystal. ZnO crystals deviate from this ideal arrangement as there is a
change in both of these values. This deviation occurs such that the tetrahedral distances
are kept roughly constant in the lattice. Experimentally, for Wurtzite ZnO, the real
values of u and c/a were determined in the range u = 0.3817-0.3856 and c/a = 1.593-
1.6035 (Kisi and Elcombel|[1989; [Gerward and Olsen|[1995). ZnO also crystallizes

Figure 2.2: Unit cells of (a) Zinc blende (b) Rock salt structures of ZnO, O atoms are

shown as white (large) spheres, Zn atoms as black (small) spheres.
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Table 2.1: Properties of Wurtzite ZnO

Property Value

ag = 0.32495 nm
co = 0.52069 nm
ag/co = 0.32495 nm

Lattice parameters

Density 5.606 g/cm3
Melting point 1975 °C
Thermal conductivity 0.6 —1.2
Linear expansion co-efficient ag : 6.5 x 1076

co:3.0x 1076
Static dielectric constant 8.565
Refractive index 2.008 — 2.209

Energy gap 3.37 eV, direct
Intrinsic carrier concentration < x10%¢em=3
Exciton binding energy 60 meV
Electron effective mass 0.24
Hole effective mass 0.59
Electon hall mobility 200 cm?/V s
Hole hall mobility 5—50cm?/V s

in other forms as Zinc blend (stable only by growth on cubic structures) and rocksalt
(structure is a high-pressure metastable phase forming at ~10 GPa) which are not stable
and are seen only in special conditions (Figure 2.2). Undoped ZnO with a Wurtzite
structure naturally becomes an n-type semiconductor due to the presence of intrinsic or
extrinsic defects, which were generally attributed to native defects, such as the Zn-on-
O antisite, the zinc interstitial, and the oxygen vacancy. The highest room-temperature
electron mobility for a bulk ZnO single crystal grown by vapor-phase transport method
is reported to be about 205 ¢m?V ~1s~! with a carrier concentration of 6.0 x 10*¢cm =3

(Jagadish and Pearton |2006). ZnO is a relatively soft material, with a hardness of ~5

GPa at a plastic penetration 300 nm. The thermal conductivity (k) of a semiconductor
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is an important property when considering high-power/high temperature devices. It is
a kinetic property influenced by the vibrational, rotational and electronic degrees of
freedom, and is predominately limited by phonon-phonon scattering in a pure crystal.
Zn0, like most other semiconductors, contains a large number of point defects, and
these have a significant effect on the thermal conductivity. The values typically fall in
the range 0.6 - 1 W cm~! K=! (Jagadish and Pearton|2006).

Basic physical properties of ZnO are shown in Table [2.1] (Pearton et al.[2004).
Some of the values compiled in the table remain uncertain; the disparity originates
from the inhomogeneity of the materials. Robust, reproducible p-type ZnO remains
elusive, thus the hole mobility and effective masses are still in debate. Crystal defects,
such as dislocations, may contribute to variation in thermal conductivity, as observed

in GaN.

2.3 Literature review

2.3.1 Growth of ZnO thin films by sputtering

As a technologically important material, ZnO has attracted many researchers due to its
unique properties (semiconducting, piezoelectric, magnetic etc.). Many methods were
tried to deposit good quality ZnO films such as spin coating, spray pyrolysis, pulsed
laser deposition, molecular beam epitaxy, chemical bath deposition, dip coating, sput-
tering etc. Among all, sputtering technique has several advantages; a) low substrate
temperature (down to room temperature); b) good adhesion of films on substrates; c)
very good thickness uniformity; d) directive deposition from elemental targets by re-
active sputtering in rare/reactive gas mixtures (Hong et al. 2005} |Ayadi et al. 2007).
Lai and Lee showed that the resistivity of the undoped ZnO films decreased with the
increase in working pressure (2009). Obtained films were shown preferred orientation
along with c-axis and the deposition rate decreased with the working pressure which is
given by Keller-Simmons relation. The decrease in the energy gap with the increase in
working pressure is attributed to the decrease in the density of oxygen vacancies and

increase in Zn-O bonds. Zhang et al. reported the influence of plasma power on direct
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current reactively sputtered ZnO films on BK-7 glass substrates (2009). The grain size
and RMS roughness value for the films increased with increase in plasma power. Same
trend was associated with the band gap of the films. The films deposited under higher
plasma power show weaker emission, this may be related with sub stoichiometric com-
position. Ning et al. showed that the different RF power in sputtering process had
different effects on the quality of films in different growth conditions (2009). When the
working pressure was low, the quality of the films would increase with the increase in
power. But this was not true when the working pressure is high. Crystalline ZnO films
with very smooth surface were deposited by off-axis RF magnetron sputtering by Zhu
et al. (2000). The resistivity was found to increase drastically when oxygen was intro-
duced with argon. The X-ray diffraction pattern of sputtered films usually show only (0
0 2) peaks indicating a strong preferred orientation. This is because the surface energy
density of the (0 0 2) orientation in ZnO crystal is lowest (Major et al.|[1983). Grains
with lower surface will become larger as the film grows. Then the growth orientation
develops into one crystallographic direction of the lowest surface energy.

The structural and optical properties of sputtered films are strongly influenced by
gas composition. Lee et al. investigated the changes of structural properties, especially
crystallographic orientation and microstructural evolution of ZnO films deposited by
RF-magnetron sputtering with different deposition parameters (1996). The properties
of the films were profoundly dependent on substrate position, which may be attributed
to bombardment of high energetic oxygen species on the growing film surface. As
substrate temperature and/or oxygen partial pressure increased, (0 0 2) preferred ori-
entation was significantly reduced and the film had rather mixed orientations. The
microstructure of the films was also profoundly modified. With increasing temperature
and/or oxygen partial pressure, a fine and smooth texture surface was changed to an
elongated faceted textured structure (Lee et al.|[1996). With increasing film thickness,
preferred orientation was changed from (0 0 2) to (1 0 1), and became (1 1 0) for the
film deposited in the region facing the eroded target area. Thus the driving force of ori-
entation development was presumably changed from minimization of surface energy
to minimization of energy loss per unit area with increasing thickness. The change

of crystallographic orientation is closely related to the modified microstructure (Lee
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et al.[1996). In case of DC reactive sputtering from elemental targets, the thin films of
controllable stoichiometry can be produced. Hong et al. studied the effect of oxygen
pressure on structural and emission characteristics of the ZnO thin films deposited by
DC reactive sputtering (2005). The results show that the ZnO phase was absent at very
low oxygen partial pressure and the structure of the films transforms to single phase
Waurtzite structure as the oxygen partial pressure increased. Intensity of visible emis-
sion is reduced with the oxygen partial pressure, may be due to the decrease of number
of oxygen vacancies and/or Zn interstitials. The films were opaque at low oxygen par-
tial pressure, while transparent for the oxygen concentration more than 40% (Ma et al.
2007). Different post treatments influence on the properties of sputtered ZnO films.
The properties were studied after bombarding by a mixture of argon (40%) and oxygen
(60%) by a RF source and also by annealing at 700 °C for 8 hours. Both thermal
annealing and ion bombardment have the effects of narrowing the diffraction peak, in-
dicating that the grain growth has occurred. Shifting of 26 values to the higher side is
an indication of partial relief from the residual stresses within as treated films (Hong

et al.[2005)).

2.3.2 Optical properties of ZnO thin films

Jayaraj et al. reported a shift in the absorption edge in off axis RF sputtered ZnO films
(2002). The shift is due to increase in carrier concentration and blocking of low energy
transitions which causes a Burstain Moss effect, which enhances band gap. Generally,
ZnO photoluminescence spectrum consists mainly of two emission bands. One is in
ultraviolet (UV) region and corresponds to near-band-edge (NBE) emission which is
attributed to exciton states (Kang et al.|2004) and the other one is in visible region and
is due to structural defects and impurities (Bagnall et al.[1997). The visible photolumi-
nescence in undoped ZnO films can be controlled with the control in preparation condi-
tions. Wang et al. reported the suppression of visible emission in RF sputtered ZnO by
annealing it in Ny atmosphere (2009). Annealing the same samples in air did not show
any suppression. In spite of the complexity in the microstructure of ZnO, great efforts

have been made to tune and control the visible photoluminescence of ZnO by modify-
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ing the preparation conditions (van Dijiken et al.|2000; Fujihara et al. 2001} |Kang et al.
2004). Ahn et al. investigated the photoluminescent properties of RF sputtered ZnO
films (2008). The UV emission intensity increases with decrease in the oxygen contents
in the gas mixture. The deep level emission in the visible region which is very weak
compared to UV emission also shows similar behavior. However the ZnO thin films
grown by PLD have showed comparatively strong deep level emission (Im et al.|2000).
Zhang et al. observed a red shift in the fundamental absorption edge with the increase
of plasma power in DC reactively sputtered ZnO thin films (2009). The intensive UV
arises in Ag doped ZnO films after annealing (Kryshtab et al.|2007). Dong et al. found
that using low temperature buffer-layer, the surface morphology and the UV emission
could be improved greatly without sacrificing the crystallanity of the film (2008). It
was ascribed to the stress releasing by using the buffer layers. They also found that
ambience during a cooling process to room temperature after the deposition is another
important factor to improve the PL properties; namely defect-related PL disappears and

the free exciton PL with a sharp width was observed.

2.3.3 Electrical and mangnetic properties

A key requirement for advancing the technological uses of ZnO is improved control of
doping [Pearton et al. 2004, As grown ZnO thin films were generally n-type and this
can be controlled by oxygen partial pressure. The transparent conducting oxide thin
films were characterized by their low specific resistivity and high optical transmission.
Indium tin oxide is currently, the most commonly used TCO. However, there is much
interest in the use of an alternative to ITO, which provide longer environmental stability,
larger deposition rate and low cost. ZnO thin films doped with group III elements such
as B, Al, Ga, In have been considered as transparent conducting films. Al doped ZnO is
a most important material due to its low cost, high conductivity and high transmittance
(Venkatachalam et al. 2008)). Liu et al. reported the deposition of Al doped ZnO with
an oblique target relative to the substrate (2009a). The deposited films had columnar
grains. The carrier transport mechanism was Motts variable hopping in the temperature

range below 100 K and the thermally activated band conduction above 215 K. Prepara-
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tion of Al doped ZnO (AZO) films by nano sized aerogel powders was reported by Ben
Ayadi et al. (2007). Sol-gel derived aerogel powders were sputtered using a RF power.
Lowest resistivity of 1.17 x10~°Q—cm with a carrier concentration of 7.61 x10%° cm 3
was obtained for a nanopowder annealed at 300 °C in O, atmosphere. The insertion
of undoped ZnO as a buffer layers affected the electrical properties of AZO thin films.
Hall mobility, carrier concentration of double layers was increased and resistivity of
these double layers was lower than the single layered AZO. The results demonstrated
that RF sputtered AZO/i-ZnO layered films are suitable for the application in low cost
copper indium gallium selenide (CIGS) solar cells as transparent conductive electrodes
(Shi et al.[2010). Deng et al. investigated the effect of Al content on various properties
of AZO (2010). Thin films of AZO were deposited using magnetron co-sputtering of
Al;,O3 and ZnO ceramic targets (Deng et al. 2010). EDX results showed that the Al
content in the AZO was linearly increased with the RF power to Al,O3. The grain size
of pure ZnO and AZO films was quite different indicated by FESEM studies. Increase
in the Al content in the AZO film resulted in increase in the roughness of the films.
The electrical conductivity and mobility of the AZO films increased with Al content
upto 4.50 at.%. AZO thin films with good electrical and optical properties can be pre-
pared by nonreactive DC magnetron sputtering at room temperature. As the argon gas
pressure increases from 0.6 to 3.0 Pa, the AZO thin films change from polycrystalline
to preferred c-axis-orientation. The electrical conductivity and mobility increased with
the Al content in the films till 3.0 at. % (Wang et al. 2010). Same behavior was reported
in AZO films grown using pulsed laser deposition (PLD) (Venkatachalam et al.|2008)).
The rapid thermal annealing of the AZO thin films could have a lowest electrical resis-
tivity of 5.1 x107#*Q—cm and a highest optical transmittance of 88.7%. (Wang et al.
2010). Similar results were obtained in spray deposited AZO films (Caglar et al.|2008)).
The study of ZnO:Al films prepared at higher working pressures reveal that the films
with smaller grain size have more grain boundary scattering that lowers the electrical
conductivity. Moreover, the chemisorption of oxygen atoms at the surface of ZnO:Al
thin films is an another possible factor to affect the resistivity (Bai and Tseng [2009).
Jiang and Liu reported the growth of Bi doped ZnO thin films by RF sputtering (2009).

Sputtering followed by vacuum annealing at 400 °C for 3 hours resulted in the (1 0 0)
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oriented films. Ti doped ZnO films showed good optical transmission above 80% and
resistivity of the order 8.78x10~4Q—cm (Jiang et al.|2009). Thin films of AZO single
layer, AZO and Ag multilayer such as AZO/Ag/AZ0O, AZO/Ag/AZO/Ag/AZO struc-
tures were reported by Sahu and Huang (2009). E-beam evaporation method was used
to develop multilayers on glass substrates. AZO ceramic target and Ag flakes were the
source materials for evaporation. The films with three layers (AZO/Ag/AZ0O) showed
optical transmittance as high as 85% and resistivity of the order 10~°Q—cm, five lay-
ered coatings were also shown considerable transmittance about 75%. Similar studies
were carried out by Lee et al. (2008)). They used RF and DC co-sputtering to develop
1Z0/A1/GZ0O/ZnO multilayers on glass substrates. The resistivity of the deposited films
found to decrease with the % of Al in the films till 2% Al. Further increase in Al
concentration resulted in sudden increase of resistivity of films. Yim and Lee studied
suitability of ZnO:Ga thin films as a TCO (2007). Ga has several advantages over other
dopants. First one of them is that Ga has higher oxidation resistance than Al. Another is
that defect generation minimized when ZnO is doped with Ga since the radius of Ga®*
(0.062 nm) is close to that of Zn?* (0.060 nm) than that of AI>** (0.053 nm). The third
is that it makes less diffusion-related problems since the diffusivity of Ga is lower than
that of Al at room temperature. Shin et al.(2009) investigated influence of the substrate
temperature on the properties of the Ga doped ZnO (GZO) films grown by PLD.

Some semiconductor materials known as diluted magnetic semiconductors (DMS)
combine two interesting properties: semiconducting and magnetic. Many DMS of I1I-
V (GaAs) or II-VI (CdTe) types have been obtained by doping semiconductors with
magnetic impurities. But most of them have a very low curie temperature. A theoreti-
cal prediction by Dietl et al. demonstrated that the curies temperature can be increased
above room temperature in a p-type semiconductor based DMS (2000). The calcula-
tions also reveal that the ferromagnetism is stable in a wide band gap semiconductor
based DMS. Many encouraging results lead to intensive experimental work on oxide
DMS including ZnO (Prellier et al. 2003). The curie temperatures above room tem-
perature can be obtained by the controlled growth of the transition metal doped ZnO.
Interesting view point in ZnO based DMS is, forming a transparent ferromagnetic ma-

terial (Prellier et al.2003). Theoretical work on ZnO done by Sato and Yoshida showed,
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using first principle calculations, that doping by 3d transition metal atoms, such as V,
Cr, Fe, Co, and Ni, in the ZnO matrix exhibits a ferromagnetic ordering without any
additional carrier doping. But, doping with Ti and Cu result in a paramagnetic state
(2000). In the case of Mn the ferromagnetic state is induced by hole doping. Many
studies were done on transition metal doped ZnO films which are deposited either by
radio frequency sputtering, magnetron co sputtering (Elanchezhiyan et al.[2008), pulsed
laser deposition using a KrF laser (Jeon et al.[2006) or a sol-gel method (Bhatti et al.
2005). Many reports showed room temperature ferromagnetism in ZnO. Pandey et
al. reported synthesis of transparent magnetic semiconductor by incorporating Ni into
ZnO (2008). The thin films of Ni:ZnO were prepared by ion beam sputtering which
were ferromagnetic, having coercivity (H.) values 192, 310 and 100 Oe and saturation
magnetization (My) values of 6.22, 5.32 and 4.73 emu/g at 5, 15 and 300K, respec-
tively. Similar studies were carried out by Yin et al. (2005), Snure et al. (2009) and
many others. Most of the work has been concentrated on Mn doped ZnO thin films
prepared by different methods (Sharma et al.||2003; Xu et al. 2006; |Yan et al. 2007
Jin et al.|2010; (Chikoidze et al.|2007; Martin-Gonzalez et al.|2010; Singh et al.|2009;
Liu et al.|2009b). Ferromagnetism was observed in many reports at room temperature.
Zhang et al. investigated the ferromagnetic behavior in bulk Mn doped ZnO (2005).
As sintered bulk pellets show room temperature ferromagnetism. Doping with other
transition metals like Cr, Fe, Cu and Co also exhibited ferromagnetism in ZnO (Zhuge
et al.[2009; Soumahoro et al.[2010; Zou et al.|2010; Kittilstved et al.[2006). Mandal et
al. reported ferromagnetism in nanocrystalline powders of Mn doped ZnO (2006). Re-
cently, Sundaresan and Rao (2009) reported the ferromagnetism in metal oxides is due
to surface defects. Almost all inorganic oxides show ferromagnetism when they are in
nano scale (Sundaresan and Rao [2009). The group further concluded ferromagnetism
as a universal feature of inorganic nanoparticles. The reported ferromagnetism seems
to be weak (10~% emu/g) which casts doubts about the origin of magnetism that also
include the contamination of samples while handling them. It is possible that the origin
of the magnetism in some of these materials may be related to the surface ferromag-
netism of nanoparticles associated with the point defects. Ferromagnetism in ZnO is

not well understood till now although extensive work has already been carried out. This
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area may open new vistas in future due to its widespread applications in IC industry.
In summary, the optical, electrical and magnetic properties of ZnO thin films are
throughly investigated by the researchers. Doping of transition metal ions has also been
tried to improve the properties of ZnO. Although low resistive ZnO films are achieved
by doping Al for their use as transparent electrodes, there is a need to develop better
techniques to control the dopant’s concentration. As Al is one of the easily available
and cost effective dopants, further research towards the effective doping of Al for the
improvement of the properties of ZnO thin films is highly desirable. Multilayered struc-
tures of ZnO, Al and doped ZnO are need to be studied to understand the conduction
mechanism in these type of structures. As per as the optical properties are concerned,

the nonlinear optical properties of doped ZnO are not explored much.
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Experimental Methods

This Chapter presents a brief introduction to the experimental techniques which are

employed in the present work.

3.1 Introduction

Every material is composed of atoms which decide their basic properties. The specialty
of the thin films lies in the fact that a material could be deposited in its atomic scale
using the technology available. The atoms and free radicals of the materials in their gas
phase react with themselves or with other substances at high temperature to condense
or deposit on a surface (substrate) relieving their high energies. The material coating
thus formed if in the range of few micrometers or less is called a thin film. The thin
films possess properties that are completely different from the bulk material and vary
according to the deposition conditions and the thickness of the film. These unique
properties of thin films have enabled them to be used in various applications such as

hard coatings and wear resistant films, optical devices and various other applications.

3.2 Thin Film Deposition

In a general way, for the production of thin films of a certain material, the choice of
the deposition technique is normally based on fulfilling the requirements put forth by

the sample properties as well on practical limitations such as cost, area of coverage
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and vacuum requirements. In this study, magnetron sputtering has been employed for
depositing the ZnO samples. Numerous thin film deposition techniques are available
for the fabrication of electronic devices of oxide semiconductor. The commonality
between these techniques is the goal of forming a high-quality thin-film (in terms of
optical, electrical, and mechanical properties) onto the desired substrate. However, the
details of the source material, material transport mechanisms (from source to substrate),
and thin film formation differ for each technique. Within these differences, distinct ad-
vantages and disadvantages arise. The processes which interact with the substrate to
form a film (e.g., thermal oxidation) are not commonly employed for the fabrication of
integrated oxide semiconductor devices, as the substrate typically acts only as a carrier
and does not contribute to device functionality. The thin film deposition techniques rel-
evant to the fabrication of oxide semiconductors are discussed below. These techniques
can be separated into two categories: vacuum and non-vacuum techniques. Vacuum
techniques are performed in a controlled chamber and/or pressure. Thus, films fabri-
cated with vacuum techniques generally have a lower impurity concentration than those
fabricated with non-vacuum techniques. Examples of vacuum techniques include evap-
oration, sputtering, and chemical vapor deposition. The benefit of non-vacuum tech-
niques is minimal capital equipment investment. From this perspective, non-vacuum
techniques are generally considered to be low cost. From a manufacturing viewpoint,
the cost benefit may be reduced, as many non-vacuum processes can require extended
curing cycles, which would reduce throughput. Examples of non-vacuum techniques

are spin-coating, printing, chemical methods using suitable precursors etc.

3.2.1 Vacuum deposition techniques

Vacuum techniques can be further sub categorized into physical vapor deposition (PVD)
and chemical vapor deposition (CVD). In PVD techniques, atoms or molecules are
physically removed from a source material. They are then transported through vacuum
and condense onto the substrate to form a thin film. CVD techniques utilize gas-phase
chemicals that are transported to the substrate and react to form a thin film. In these pro-

cesses, the pressure affects the extent of impurity incorporation in growing thin films
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and transport of atoms from the source to substrate (Wolf and Tauber 2000). Atoms
undergo a larger number of collisions as the pressure in the chamber is increased. The
mean free path ()\) is the average distance an atom that travels between collisions and

is inversely proportional to pressure,

N S X
\/ﬁﬁdgn P

(3.1

where d, is the atomic diameter and n is the gas concentration. The simplification of
equation [3.1] is obtained assuming that the ambient is air at 300 K and P is pressure

(Torr); this results in the mean free path expressed in millimeters.

Thin film deposition by Evaporation Methods

Evaporation is a basic thin film deposition technique which involves heating of a source
material such that the vapor pressure (i.e. the equilibrium pressure created by the rate
difference of condensed molecules evaporating and vaporized molecules condensing)
is greater than 13 mbar (Maissel and Glang||1970). To increase the mean free path of
vaporized molecules and reduce the amount of contamination incorporated in the thin-
film during deposition, this heating process is typically performed under high vacuum
(< 5 x 107% mbar). Since the vapor pressure varies for different chemical elements,
stoichiometric compounds and alloys can be difficult to fabricate by evaporation. Com-
pensation for this variation can be accomplished by modifying the source material or
by using multiple evaporation sources. The complexity of a multicomponent evapora-
tion process is further increased if the differing sticking coefficients of the deposited

adatoms are considered.

Thermal evaporation method

In thermal evaporation, a source material is placed in a refractory crucible, boat, or wire
basket and heated using an electric current. A crucible composed of an insulating ma-
terial, such as Al,QOs, is indirectly heated by placing it in (or on) a conductive element.

In contrast, boats and wire baskets (which are often made of W or Mo) are directly
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heated. Extremely refractory materials cannot be evaporated thermally for multiple
reasons: there is a limit to the amount of current that can be sourced, possible cross-
contamination from the boat/basket, and possible physical damage to the boat/basket

from overheating. For these materials, electron beam evaporation is a possible solution.

Electron beam evaporation (EBE) method

Electron beam evaporation (EBE) utilizes a high energy (5-30 keV) electron beam to
heat a source material, which is normally a compressed pellet that has been sintered at
high temperature (Maissel and Glang|1970). One requirement for EBE is that the source
material be a poor conductor of heat; the beam cannot supply enough energy to offset
the heat loss of a source material which is a good conductor of heat. Alternatively, the
hearth/pocket which the source sits upon may be insulated when EBE is used to deposit
materials that are good conductors of heat. One of the drawbacks for EBE is possible

X-ray damage to the deposited thin-film from the electron beam.

3.2.2 Growth of Thin Films by Sputtering

The Sputtering technique is used to deposit the films on substrates of glass and quartz
which are cost effective and available easily. Through the application of a negative po-
tential to the targets (creating a voltage between the target material and the grounded
substrate plate), the target material is bombarded with ions extracted from an elec-
tropositive plasma. A small current is created by the small number of charge carriers
initially present in the sputtering gas when the voltage is applied to the electrodes. An
increase of the applied negative potential of the target leads to an increase in the current
density. This is in part of a result from the creation of a large density of charge carriers,
e.g. secondary electrons. The electrons move towards the anode (sample) while an ion
flux is generated towards the cathode (target). This behavior continues for voltages up
to the breakdown voltage and is named as Townsend discharge region. Once electrical
breakdown occurs, the concurrent increased charge-carrier density increases the cur-
rent density and decreases the electrode voltage. The applied voltage is now so high

that the number of Ar™ ions produced by collisions with a secondary electron is enough
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to produce another secondary electron. In this way the plasma is self-sustaining (nor-
mal discharge region). One of the important parameter is an excess of positive charge
carriers in the space near to the negative cathode. This is related to the attraction (re-
pulsion) of the ions (electrons) and leads to a sheath voltage that is about the same as
the electrode voltage, V4. The total difference in a potential between the electrodes
1s confined to this sheath close to the cathode, which is named the cathode sheath or
Crookes dark space. The Ar™ ions are accelerated through this sheath, gaining an en-
ergy of eV¢4, and create secondary electrons upon colliding with the target material.
The electrons are accelerated back through the Crookes dark space before they ionise
or excite the Ar atoms in the negative glow space. Only parts of the cathode area in
the low-current end of the normal discharge region are covered by the negative glow
discharge space. This coverage increases as the applied voltage is increased until the
entire cathode-area is covered, which is the end of the normal discharge region.

A high ion current is necessary in order to have a reasonable sputtering rate, which
explains why the abnormal discharge region is used for sputtering. The collision of Ar*

ions with the target surface causes:

sputtering of the target material,

* emission of secondary electrons,

electron capture and backscattering of neutral Ar atoms,

implantation of Ar™ ions into the target.

The number of gas atoms between the sample and the cathode should be low allowing
the sputtered atoms to arrive at the sample without any major collisions that would
redirect the sputtered atoms away from the sample and thus decrease the deposition
rate.

A simple sputtering system is based on a cathode (the target) and an anode fac-
ing each other (planar diode glow discharge sputter deposition). The target is not only
the source of coating material but also the source of secondary electrons sustaining the
glow discharge (the target is normally water-cooled). Several factors determine the de-

position rate such as: the power density at the target surface, source-substrate distance,
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working gas pressure, size of the erosion area, and source material. The various factors
are interrelated, such as pressure and power density. Consequently, the optimum op-
erating condition is achieved by controlling the parameters to get the maximum power
which can be applied to the target without causing cracking, sublimation or melting of

the target.

Magnetron Sputtering

In order to increase significantly the ionisation efficiency near the target, magnetic
fields are frequently employed for the diode sputtering process (magnetron sputter de-
position). Due to the fact that ions are generated relatively far from the target in the
conventional planar diode process, the probability for ions to lose their energy to the
chamber walls is large. Additionally, the number of primary electrons hitting the anode
at high energies without experiencing collisions is increased as the pressure decreases,
thus reducing ionisation efficiency. In the magnetron sputter deposition process, an ap-
plied magnetic field parallel to the cathode surface forms electron traps and restricts the
primary electron motion to the vicinity of the cathode. The magnetic field strength is
in the range of a few hundred gauss and consequently, it can influence the plasma elec-
trons but not the ions. The electrons trapped on a given field line can advance across the
magnetic field to an anode or walls by making collisions (mainly with gas atoms). As a
result, their chances of being lost to the walls or anode without collisions are very little.
Due to the higher efficiency of this ionisation procedure, the process can be operated
at low pressures (around 1 x 1073 mbar) with high current densities at low voltages,

hence providing high sputtering rates.

RF magnetron sputtering

Conductive materials like metals can be easily deposited by using DC magnetron sput-
tering. In the case of insulating materials DC sputtering cannot work because positive
charge built on the target surface rejects the ion flux and stop the sputtering process.
The solution is to quickly reverse the polarity before the positive ions hitting the insulat-

ing target generate a positive repulsive charge. Upon polarity reversal, electrons will hit
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the target and neutralize any previous charge. For this purpose a RF power source with
the frequency in the range of 10 MHz is used to sputter. During the first few complete
cycles more electrons than ions are collected at each electrode (due to high mobility
of an electron), and cause negative charge to buildup on the electrodes. Thus, both
electrodes maintain a steady-state DC potential that is negative with respect to plasma
voltage, Vp. A positive Vp aids the transport of the slower positive ions and slow down
the negative electrode. The induced negative biasing of the target due to RF powering
means that continuous sputtering of the target occurs throughout the RF cycle. But it
is also means that this occurs at both electrodes. The substrate will be sputtered at the
same rate as the target since the voltage drops would be the same at both electrodes for
symmetric system. It would thus be very difficult to deposit any material in that way.
But smaller electrode requires a higher RF current density to maintain the same total
current as the larger electrode. By making the area of the target electrode smaller than
the other electrode (substrate), the voltage drop at the target electrode will be much
greater than at the other electrode. Therefore almost all the sputtering will occur at the
target electrode.

We propose to deposit doped and undoped films of ZnO by sputtering. We propose
to use a ceramic target which is prepared by a solid state reaction technique. To deposit
films by ceramic target, radio frequency (RF) magnetron sputtering will be used. We
also used direct current (DC) magnetron sputtering to obtain films using elemental
targets. A combination of RF and DC magnetron sputtering is also proposed. We also
prepare the films with different dopant concentration by RF magnetron sputtering using
compound targets. The compound targets with required dopant concentration were
prepared by solid state reaction technique. The optimization of different parameters

has been done to get the good quality films.

3.2.3 Description of the Sputtering System

The sputtering sytstem used in the present work is a home built, versatile and front-
loading thin film system for research & development. This system has a RF and DC

planar magnetron sources configured in a sputter down geometry. Each source is man-
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ufactured by High Vacuum India (HVI), Bangalore, and is designed for a 5 cm target
diameter, and has a separate power supply. The targets can have a typical thickness
of 2-4 mm. The RF supply include a RF generator with a manual matching network
(Omicron Instruments, New Delhi), it operates at a frequency of 13.56 MHz with an
output impedance of 50 €2. DC power supply is provided by HVI, Bangalore. The

sources have power ratings of 500 and 1000 watts, respectively. The vacuum necessary

J DC power supply 1 ‘

] DC power supply 2

Figure 3.1: The DC and RF sputtering system

for sputtering is generated inside a stainless steel box type chamber. The box chamber
allows an easy and smooth operation. A HVI 6 inch diffusion pump and HVI rotary
vane pump provide the high vacuum and rough pumping, respectively. A liquid ni-
trogen cooled cryo-trap and a throttle valve are between the system and the diffusion
pump. This system has two separate needle valves for Ar and O,, which are used to
introduce high pure sputter gas into the system. The system consists of one pirani and

one penning gauges.
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3.2.4 Annealing furnace

The furnace used for this research is a muffle furnace with programmable controller.
To achieve good temperature uniformity within the heating zone for a wide temperature

range a PID controller was used. The temperature ramping can be programmed.

TTHHTII
QU

Figure 3.2: Muffle furnace with programmable temparature controller.

3.2.5 Substrate Cleaning

Soda-lime float glass and quartz were used as the substrates for the deposited films.
The glass substrates were purchased from Polar Scientific Corp., Mumbai, India, and
were cut into 2.5 cm and 1 cm square pieces from larger sheets. The first step of
the procedure of cleaning the substrates involves cleaning with Labolin detergent and
double distilled water (DDW). The substrates were scrubbed using a clean room wipe in
a manner similar to polishing a specimen. The substrates were rinsed in a spray of DDW
water and dried in oven. The substrates were rinsed again in a spray of double distilled
water. These glass slides are further cleaned by a solvent, followed by a DDW rinse,
followed by a mild acid clean, DDW rinse and blow dry. The solvents can clean oils and
organic residues which appear on glass surfaces. Unfortunately, solvents themselves

(especially acetone) leave their own residues. This is why a two-solvent method is



26 Chapter 3

used. The solvents used were acetone and methanol. After the slides cleaned using
solvent, they were then cleaned using hydrochloric acid as it cleans the glass by mildly
etching the surface. In this process the slides were dipped in 30% HCI solution for
30 mins. Further, nitric acid is used as it cleans by leeching the ions from within the
surface of the glass. In this process the slides were dipped in 30% HNOg solution for
30 mins. Finally, the glass substrates were dipped in Aqua Regia (royal etch) a HCI-
HNOj; (3:1) etchant which is used to etch many metals, including gold. In this process
the glass substrates were soaked in the bath for 30 minutes. For extra clean surfaces,
soaking was continued for several hours. The substrates were finally rinsed in DDW,
then dried in oven. The total process takes approximately 50 minutes.

The quartz substrates with sizes 1 cmx1lcm were cleaned using laboratory deter-
gent followed by DDW rinse. Further these quartz substrates were cleaned by ace-
tone and methonol. Finally these substrates were dipped in piranha solution (A typical
mixture of 3:1 concentrated sulfuric acid to 30% hydrogen peroxide solution) for 30

minutes.

3.3 Characterization Techniques

3.3.1 Electrical Characterization

The measurements were carried out using four point probe technique. A probe head
with tungsten carbide tips with a point radius of 0.05 mm, a probe spacing of 2 mm,
and a appropriate probe pressure was used for all measurements. The current was
supplied by a Keithley model 2400 source meter with a range between 1A to 100
mA. The voltages were measured by a Keithley model 2000 voltmeter with an input
impedance of greater than 1 giga-ohm. Equation [3.2] and [3.3| were used to determine

sheet resistance (Rg in units of {2/sq.) and resistivity (p in units of {2-cm), respectively.

1%
Rs = 4.532— (3.2)
Vit
p=4.532— (3.3)

1
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Based on the dimensions of the sample and probe head, no geometrical correction
factors were applied. The term t is film thickness (cm), and V is the voltage measured

at the supplied current (I).

L
Vi V,

Figure 3.3: Schematic diagram of collinear four point probe method.

3.3.2 X-Ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destructive analytical technique for identi-
fication and quantitative determination of the various crystalline compounds, known as
‘phases’, present in solid materials and powders. Since the wavelength of X-rays (0.5-
2.5 A) is of the same order of magnitude as the interatomic distances in solids, X-rays
are frequently used to study the crystalline structure of materials. When X-ray photons
interact with electrons, some photons from the incident beam will be deflected away
from their original direction and may interfere with each other (3.4). The conditions

for constructive interference given by the Bragg law:

where, dj; is the distance between the lattice planes, A\ the X-ray wavelength, ¢
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Figure 3.4: Reflection of X-rays from different atomic planes, illustrating Bragg's law.

The scattering vector, is defined in the inset

the angle of the incident beam with respect to equidistant (h k 1) lattice-planes, and n
the order of diffraction. By varying the angle 6, the Braggs law conditions are satis-
fied by different d-spacings. Plotting the angular positions and intensities of the resul-
tant diffracted peaks forms XRD pattern, which is characteristic of the sample. About
95% of all solid materials can be described as crystalline. When X-rays interact with
a crystalline substance (phase), an unique diffraction pattern is received. The X-ray
diffraction pattern of a pure substance is, therefore, like a fingerprint of the substance.
The powder diffraction method is ideally suited for characterisation and identification
of polycrystalline phases. Today about 7,60,000 diffraction patterns of variety of ma-
terials have been collected and stored as PDF (powder diffraction file) standards. The
main use of powder diffraction is to identify components in a sample by a search/match
procedure. Furthermore, the areas under the peak are related to the amount of each

phase present in the sample.

3.3.2.1 Powder X-ray Diffractomenter

The essential features of a powder diffractometer are shown in Figure [3.5] (Cullity
1978)). A monochromatic radiation is used and the X-ray detector (film or counter)

is placed on the circumference of a circle centered on the powder/thin film specimen.
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A specimen C, in the form of a flat plate, is supported on a table H, which can be rotated
about an axis O perpendicular to the plane of the drawing. The X-ray source S, the line
focal spot on the target T of the X-ray tube; S is also normal to the plane of the drawing
and therefore parallel to the diffractometer axis O. X-rays diverge from this source and
are diffracted by the specimen to form a convergent diffracted beam which comes to a
focus at the slit F and then enters the counter G. A and B are special slits which define
and collimate the incident and diffracted beams. The filter is usually placed in a spe-
cial holder (not shown) in the diffracted, rather than the incident, beam; a filter in the
diffracted beam not only serves its primary function (suppression of Kz radiation) but

also decreases background radiation originating in the specimen. The receiving slits

diffractometer __—"%

circle

Figure 3.5: Schematic diagram of X-ray diffractometer.

and counter are supported on the carriage E, which may be rotated about the axis O
and whose angular position 26 may be read on the graduated scale K. The supports E
and H are mechanically coupled so that a rotation of the counter through 26 degrees is
automatically accompanied by rotation of the specimen through 6 degrees. This cou-

pling ensures that the angles of incidence on, and reflection from, the flat specimen
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will always be equal to one another and equal to half the total angle of diffraction, an
arrangement is necessary to preserve focusing conditions. The counter may be power-
driven at a constant angular velocity about the diffractometer axis or moved by hand to
any desired angular position. The way in which a diffractometer is used to measure a
diffraction pattern depends on the kind of circuit used to measure the rate of production

of pulses in the counter. The pulse rate may be measured in two different ways:

1. The succession of current pulses is converted into a steady current, which is mea-
sured on a meter called a counting-rate meter, calibrated in such units as counts
(pulses) per second (c/s or cps). Such a circuit gives a continuous indication of

X-ray intensity.

2. The pulses of current are counted electronically in a circuit called a scaler, and
the average counting rate is obtained simply by dividing the number of pulses
counted by the time spent in counting. This operation is essentially discontinuous
because of the time spent in counting, and a scaling circuit cannot be used to

follow continuous changes in X-ray intensity.

Corresponding to these two kinds of measuring circuits, there are two ways in which

the diffraction pattern of an unknown substance may be obtained with a diffractometer

(RI)E

Phase identification or 20 — 6 scan

The counter is set near 26=0°and connected to a counting-rate meter. The counter is
then driven at a constant angular velocity through increasing values of 26 until the
whole angular range is scanned. The result is a plot which gives a record of counts
per second (proportional to diffracted intensity) vs. diffraction angle 26. The scanning
speed is typically given in x°per minute and it can set according to the sample type. In
the symmetric 26-6 scan, the angle 6 of the incoming beam with respect to the sample
surface is varied while simultaneously keeping the detector at an angle of 26, with
respect to the incoming beam (3.4). The scattering vector will always be perpendicular

to the sample surface and only the interplanar distances for planes that are parallel
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to the sample surface can be determined. For a poly-crystalline film, different lattice
planes will be parallel to the sample surface and different diffraction peaks will appear.
For an epitaxial film, there is only one set of planes parallel to the sample surface and
only the peaks for these planes will be observed. A 26-6 scan allows to determine the
interplanar distance dyy; . This interplanar distance is characteristic for a crystal and

260-0 scans thus allow the identification of the crystalline phases in a thin film.

Orientation or ¢-scan

In a 26-6 scan, only those planes that are parallel to the surface will be detected. The
number of peaks in an experimental 260-0 XRD spectrum and their relative intensity
give an indication of the texture of the film. However, the complete texture of a thin
film is accessible only with pole figure measurements. A pole figure is measured at a
fixed scattering angle (constant d spacing) and consists of a series of ¢-scans (in-plane
rotation around the center of the sample) at different tilt or azimuth angles, as described
below. In this kind of measurement, a certain set of hkl-planes is selected. This fixes
dpk In equation which is achieved by fixing the detector (26) and incident beam
() angle. Hence, the scattering vector is fixed in space. Diffraction will only occur
if the normal to the selected hkl-planes is parallel to the diffraction vector. Therefore,
the sample has to be tilted and rotated in space. For a random orientation of the grains
in the thin film, the pole figure will be featureless. No preferred orientation for the
normal to the hkl-planes is observed. For epitaxial like (crystallographically oriented)
nanocrystals, the pole figure is characterized by a small, discrete number of spots de-
pending on the crystalline symmetry. Powder X-ray diffraction studies were carried out
using Jeol X-ray diffractometer with the CuK,, radiation (A = 1.540562 A) in the range

of 20°-80°, with a sampling rate of 1°/min.

3.3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a widely used surface analytical technique. It
is versatile having many other imaging modes available in it. Such as specimen cur-

rent imaging using the intensity of the electrical current induced in the specimen by
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the illuminating electron beam to produce an image. It can often be used to show sub-
surface defects. High resolution images of surface topography, with excellent depth
of field are produced using a highly-focused, scanning (primary) electron beam. The
primary electrons enter a surface with high energy and generate many low energy sec-
ondary electrons. The intensity of these secondary electrons is largely governed by
the surface topography of the sample. An image of the sample surface can thus be
constructed by measuring secondary electron intensity as a function of the position of
the scanning primary electron beam. High spatial resolution is possible because the
primary electron beam can be focused to a very small spot (diameter <10 nm). High
sensitivity to topographic features on the outermost surface (<5 nm) is achieved when
using a primary electron beam with an energy of <1 keV. In addition to low energy
secondary electrons, backscattered electrons and X-rays are also generated by primary
electron bombardment. Backscatter imaging uses high energy electrons that emerge
nearly 180 degrees from the illuminating beam direction. The backscatter electron
yield is a function of the average atomic number of each point on the sample, and thus
can give compositional information. Scanning electron microscopes are often coupled
with X-ray analyzers e.g energy dispersive X-ray spectrometer (EDS or EDX). When
energetic electron beam is incident on the sample, X-rays are generated that are char-
acteristic of the elements present in the sample. The X-rays are collected by an X-ray
detector. Therefore, the identification of the elements present in the specimens can be
made by the qualitative and quantitative elemental analysis using Energy Dispersive
X-ray analysis (EDX). The JEOL/JSM-6380LA SEM is used for most of our samples.

In a SEM (3.6)), an electron gun emits a beam of electrons, which passes through
a condenser lens and is refined into a thin stream (Egerton [2005). From there the ob-
jective lens focuses the electron beam onto the specimen. This objective lens contains
a set of coils, which are energised with varying voltages. The coils create an electro-
magnetic field that exerts a force upon the electrons in the electron beam, which in turn
redirects the electrons to scan the specimen in a controlled pattern called raster. The
electromagnetic field of the coils also causes a spot of light on a cathode-ray tube to
move along at the same rate as the scanning electron beam. When the electrons from

the beam hit the specimen, a series of interactions deflect secondary particles to a de-
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Figure 3.6: Schematic diagram of scanning electron microscope.

tector, which then converts the signal voltage and amplifies it. This voltage is then
applied to a cathode-ray tube and converted to an image. The intensity of the image
(brightness) is determined by the number of secondary particles that hit the detector,
which is dependent upon the angle the electrons bounce off the specimen. Thus the
image of the specimen depends on its topography. When an electron from the beam
encounters a nucleus in the specimen, the resultant attraction produces a deflection in
the electrons path, known as Rutherford elastic scattering. A few of these electrons will
be completely backscattered, re-emerging from the surface of the sample. Since the
scattering angle is strongly dependent on the atomic number of the nucleus involved,
the primary electrons arriving at a given detector position can be used to yield images
containing information on both topology and atomic composition. Some of the beam’s
electrons can also interact with the electrons in the sample. The amount of energy given
to these secondary electrons as a result of the interactions is small, and so they have a
very limited range in the sample of a few nanometers and often do not escape. The
electrons at a very short distance from the surface are able to escape and are observed

by the detector. The images from these secondary particles contain a lot of detailed
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information. This means that using secondary particles as imaging data boosts higher-
resolution topographical images, making this the most widely used detection method
of the SEM imaging options. SEM can produce images of greater clarity and three-
dimensional quality and requires less sample preparation which include coating of a
very thin layer (few A) of non reacting conducting layer (gold) on the sample to avoid
charging effect (for semiconducting and insulating samples). It has a large depth of
field, that is, more of the image being magnified is in focus. In addition, SEM has
an extremely wide range of magnification, producing images in the rage of 10 to 100
000 times their normal size. The SEM produces a sharp, three dimensional view of a

specimen, and is very helpful in analysing its shape and structure.

3.3.4 Atomic Force Microscopy

In the atomic force microscope (AFM) a sharp tip (at the end of a cantilever) is brought
sufficiently close to the surface of a specimen, so that it essentially touches it and senses
an interatomic force. For many years, this principle had been applied to measure the
roughness of surfaces or the height of surface steps, with a height resolution of a few
nanometers. But in the 1990s, the instrument was refined to give near-atomic reso-
lution. Initially, the z-motion of the cantilever was detected by locating an STM tip
immediately above. Nowadays it is usually achieved by observing the angular deflec-
tion of a reflected laser beam while the specimen is scanned in the x- and y-directions.
AFM cantilevers can be made (from silicon nitride) in large quantities, using the same
kind of photolithography process that yields semiconductor integrated circuits, so they
are easily replaced when damaged or contaminated. The scanning-force images must
be examined critically to avoid misleading artifacts such as multiple-tip effects. The
mechanical force is repulsive if the tip is in direct contact with the sample, but at a
small distance above, the tip senses an attractive (van der Waals) force. Either regime
may be used to provide images. Alternatively, a 4-quadrant photodetector can sense
torsional motion (twisting) of the AFM cantilever, which results from a sideways fric-
tional force, giving an image that is essentially a map of the local coefficient of friction.

Also, with a modified tip, the magnetic field of a sample can be monitored, allowing



Experimental Methods 35

Detector and
feedback
electronics

Photodiode
(detector) laser

Sample surface

Figure 3.7: Schematic diagram of an atomic force microscope.

the direct imaging of magnetic data-storage media materials for example. Although is
more difficult to obtain atomic resolution than with an STM, the AFM has the advantage
that it does not require a conducting sample. In fact, the AFM can operate with its tip
and specimen immersed in a liquid such as water, making the instrument valuable for
imaging biological specimens. This versatility, combined with its high resolution and
relatively moderate cost, has enabled the scanning probe microscope to take over some
of the applications previously reserved for the SEM and TEM. However, mechanically
scanning large areas of specimen is very time-consuming; it is less feasible to zoom
in and out (by changing magnification) than with an electron-beam instrument. Also,
there is no way of implementing elemental analysis in the AFM. An STM can be used
in a spectroscopy mode but the information obtained relates to the outer-shell electron
distribution and is less directly linked to chemical composition. And except in special
cases, a scanning-probe image represents only the surface properties of a specimen and

not the internal structure that is visible using a TEM.
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An atomic force microscope (AFM) utilises a sharp probe moving over the surface
of a sample in a raster scan. The probe is basically a tip at the end of a cantilever which
bends in response to the force between the tip and the sample. The tip is raster-scanned
across the surface of the specimen in x- and y-directions, again using piezoelectric
drives. As the cantilever flexes, the light from a laser is reflected onto a split photo-
diode. By measuring the difference signal, changes in the bending of the cantilever
can be measured. Since the cantilever obeys Hooke’s law for small displacements, the
interaction force between the tip and the sample can be determined. The movement
of the tip or sample is performed by an extremely precise positioning device made
from piezo-electric ceramics, most often in the form of a tube scanner. The scanner is
capable of sub-angstrom resolution in x-, y- and z-directions. However, some limiting
factors have to be taken in to account. Depending on the tip shape, the resolution will
be limited as a tip is not able to profile sides of surfaces steeper than the sidewall angle
of the tip. The details are available in (Egerton/2005). In this work, commercially
available AFM system (Veeco, Innova) in contact mode was used. Nanoscope software

was used to examine the three dimensional features on AFM image.

3.3.5 Transmission spectroscopy

The absorption/ transmission measurements are done on a material to determine the
different electronic and optical transitions in the material and the band gap of the mate-
rial. When an incident light falls on a material a part of it is reflected, a part transmitted
and the rest absorbed. The absorption occurs when the energy of the incident photon
is absorbed by the electron that is then promoted to a higher energy level. The absorp-
tion coefficient o of any material can be defined in terms of change in intensity of a

monochromatic beam as a function of the distance traversed in the medium:
I(\) = Io(\)ee™t (3.5)

The absorption coefficient is dependent on the wavelength of the incident light. All
the light is transmitted when the energy of the incident beam is less than the energy of
available transitions (e.g. transitions associated the band gap E, or a mid-gap states).

As soon as the energy of the incident photon is equal to that of a transition, the beam is
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absorbed by the material. When reflection is negligible, the most common method to
determine the absorption coefficient as a function of the wavelength is to measure the
transmittance of the film as a function of the wavelength of the incident beam in the
optical range of interest. The transmittance, T(\), of the film is defined as the ratio of

intensity of the transmitted beam to that of the incident beam:

_ I
T\ = o0\ (3.6)
Using equations[3.5]and [3.6| we get
T(\) = Wt (3.7)

Thus, if the thickness of the film, t, is known, then the absorption coefficient can be
determined. In this work, the transmission measurements of the films were done in the
range 200-900 nm using a Ocean Optics UV 2000 UV-Vis spectrophotometer. Figure
[3.8 shows the schematic layout of the single beam spectrophotometer. The spectropho-
tometer has two continuous light sources:1) W lamp for the visible range (320-900 nm)
and a deuterium lamp for the UV range (200-320 nm). A bare substrate is used as a

reference to obtain the transmittance spectra of the film relative to the substrate.
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Figure 3.8: Schematic diagram of single beam UV-Visible spectrometer.

3.3.6 Nonlinear Optics and Optical Limiting

The invention of the laser gave rise to the study of optics at high intensities, leading to

new phenomena not seen with ordinary light. The high degree of coherence of laser
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radiation can change the optical properties of a medium. i.e., a laser with wavelength
1 um when focused on an area A~)\?, gives electric field E~10'°V/m, which is within
the range of atomic fields. At such high fields, the relationship between the electric
polarization P and the field strength E ceases to be linear and some interesting nonlin-
ear effects come in to act (Laud| 1991). Inherent charges in the material interact with
the electromagnetic field of the incident laser causing its phase, frequency, amplitude
or polarization to be altered. The study of these interactions is known as nonlinear
optics. Thus nonlinear optics is the study of phenomena in which modifications of the
optical properties of a material system takes place due to intense light (Boyd|[2008).
Nonlinear properties was been strikingly demonstrated by the harmonic generation of
light observed by Franken & co workers in 1961 (Franken et al.|1961). They observed
ultraviolet light at twice the frequency of a ruby laser light, when the light was made to
traverse a quartz crystal. This experiment attracted widespread attention and marked the
beginning of the experimental and theoretical investigation on nonlinear optical proper-
ties (Laud 1991). When the monochromatic radiation of frequency w and electric field
E(t), propagate in a material, the atoms and molecules oscillate at the frequency of the
electric field applied. Dipoles are created because of the displacement of charges, and
the dipole moment per unit volume describes the induced or linear polarization P(t) of

the medium. The linear polarization is given by,
P=¢y-xV E (3.8)

With sufficiently intense electric fields, such as lasers, as the applied field strength
increases, the polarization has a nonlinear dependence and can be expressed as a power

series:

P(t) =eo[xV - E(t) + xP - E*t) + x® - E3(t) + oo ] (3.9)
p=ph® L p@® 4 pB® 4 (3.10)

where, Y1) is the linear susceptibility, x(? is the second-order nonlinear susceptibil-
ity, and x® is the third-order nonlinear susceptibility. y?, x®),..... define the degree
of nonlinearity and are known as nonlinear susceptibilities. They are not significant in

the linear regime because of their relative strengths (Laud|1991; Boyd|2008; Sutherland
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2003). Nonlinear optical materials have been evoking worldwide interest in researchers
owing to their vast potential for applications in opto-electronic devices, high speed op-
tical communication networks, display technologies, optical information storage, pho-

tonics, optical limiting devices, etc. (Frobel et al.[2011]).

Third-order Nonlinear Optical Processes

Consider the third-order contribution to the nonlinear polarization
PO () = eox P E3(2) (3.11)

For the general case in which the field E(t) is made up of several different frequency
components, the expression for P)(t) is very complicated. For this reason, first con-

sider the simple case in which the applied field is monochromatic and is given by
E(t) = ecoswt (3.12)

Then we can express the nonlinear polarization as

1 3
PO(t) = 150X(3)€3008wt + Zsox(S)sgcoswt (3.13)

The first term in equation describes a response at frequency 3w that is created
by an applied field at frequency w. This term leads to the process of third harmonic
generation, which is illustrated in Figure [3.9]. According to the photon description
of this process, shown in part (b) of the Figure three photons of frequency w are
destroyed and one photon of frequency 3w is created in the microscopic description
of this process. The second term in equation [3.13] describes a nonlinear contribution
to the polarization at the frequency of the incident field; this term hence leads to a
nonlinear contribution to the refractive index experienced by a wave at frequency w.

The refractive index in the presence of this type of nonlinearity can be represented as

where ng is the linear refractive index, and

3
ng = ——x (3.15)
2ngwoc

is an optical constant that characterizes the strength of the optical nonlinearity, and

where I = Vangwyce? is the intensity of the incident wave.
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Figure 3.9: Third-harmonic generation (a) geometry of the interaction (b) energy- level

description.

Two-photon Absorption (TPA)

The two-photon absorption is a nonparametric process described by a complex suscep-
tibility. In this process, which is illustrated in Figure , an atom makes a transition
from its ground state to an excited state by the simultaneous absorption of two laser
photons. The absorption cross section o describing this process increases linearly with

laser intensity according to the relation
o9 =PI (3.16)

where [ is a coefficient that describes strength of the two-photon absorption process (In

conventional linear optics the absorption cross section ¢ is a constant). Consequently,

Figure 3.10: Two-photon absorption.

the atomic transition rate R due to two-photon absorption scales as the square of the

ol?2n

laser intensity. To justify this conclusion, we note that R = #—=%,

and consequently

that
B BI?27

& hw

(3.17)
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Two-photon absorption is a useful spectroscopic tool for determining the positions of
energy levels that are not connected to the atomic ground state by a one-photon transi-
tion. Two-photon absorption was first observed experimentally by Kaiser and Garrett

(1961).

3.3.6.1 Z-Scan Technique

There are numerous techniques for measuring the nonlinear refraction in materials.
Among them the z-scan technique developed by Mansoor Sheik-Bahae et al. (1989;
1990) is the most simplest and sensitive technique for measuring the sign and magni-
tude of refractive nonlinearities. Z-scan works on the principle of moving the sample
under investigation through the focus of a tightly focused Gaussian laser beam. The
interaction of the sample with the laser light changes as the sample is moved. This
is because the sample experiences different intensities, dependent on the sample posi-
tion relative to focus (z=0). The power transmitted through the sample is measured by
translating the sample along the z-direction through the beam waist of a focused beam
and hence the name z-scan. The two measurable quantities connected with z-scan are,
Nonlinear Absorption (NLA) and Nonlinear Refraction (NLR) from which one can de-
termine the nonlinear absorption coefficient 5 and nonlinear index of refraction ny of

the sample (Sheik-Bahae et al.|[1990). Figure [3.11] shows the z-scan experimental set

CW He-
Ne Laser

Photo-detector

ND Fiter Lens Sample Aperture

Figure 3.11: Schematic diagram of z-scan experimental set up.

up. The transmittance of a nonlinear sample using a single Gaussian laser beam is ex-
plained by an example: consider a material with a negative nonlinear index of refraction

and thickness less than the Rayleigh length Zp, of the focused laser beam. The sample
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exhibits negligible nonlinear refraction when it is far from the focus [negative z], be-
cause of the low intensity of the laser beam at this position. As the sample is moved
towards the focus it starts acting as a negative lens (diverges the incident beam), colli-
mating the beam and shifting the waist of laser beam. The result is a smaller spot size at
the aperture placed in front of the detector Dy and thus a higher transmittance through
the aperture. This effect increases as the sample is moved towards the focus due to
the increase in intensity. The maximum transmittance through the aperture will occur
when the sample is just in front of the focus. The maximum in transmittance [peak] will
drop to minimum [valley] as the sample is moved to the right [+ve z], self defocusing
increases the beam divergence, leading to beam broadening at the aperture and thus de-
crease in transmittance. The transmittance through the aperture will again return to the
linear value as the sample is further moved from the focus. This is analogous to placing
a thin lens at or near the focus, resulting in a minimal change of the far field pattern of

the beam. This can be regarded as a thin lens of variable focal length. The result of a

1.15
1.10 |-
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1.05 \ /
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Figure 3.12: A schematic diagram showing closed aperture z-scan traces for samples

with a positive and a negative nonlinear index of refraction ns.

scan is a prefocal transmittance maximum (peak) followed by post focal transmittance
(Sheik-Bahae et al.|1989) minimum (valley), is the signature of -ve refractive nonlin-

earity. Similarly, for the sample having +ve nonlinear index of refraction, the graph is



Experimental Methods 43

inverted as shown in Figure The sign of the nonlinear index of refraction n, of a
sample is thus immediately clear from the shape of graph. The sensitivity to nonlinear
refraction is entirely due to aperture, and removal of aperture completely eliminates the
effect. It is important to note that in most of the cases nonlinear refraction does not oc-
cur on its own, but usually in conjunction with nonlinear absorption. This implies that
the data from a z-scan will contain both nonlinear refraction and nonlinear absorption.
To extract the nonlinear index of refraction, it is necessary to perform a z-scan without
the aperture in order to measure the total transmittance of the sample [open aperture].
The measured transmittance of an open aperture trace is then independent of nonlinear
refraction and only dependent on nonlinear absorption. Figure [3.13] shows the open

aperture data curve. Once the open aperture z-scan is performed, the nonlinear absorp-

1.00

0.95

0.90

Normalized Transmittance

0.85

Figure 3.13: A schematic diagram showing an open aperture z-scan trace.

tion coefficient 5 can be determined. Since the closed aperture z-scan contains both
nonlinear refraction and nonlinear absorption, one can extract pure nonlinear refraction
by dividing the closed aperture z-scan trace by the open aperture z-scan trace, using
the closed aperture z-scan traces, one can determine the nonlinear index of refraction
ne. Thus by using the z-scan technique we can determine the sign and magnitude of

nonlinear index of refraction n, and nonlinear absorption coefficient 3 of materials. By
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using the values of the nonlinear index of refraction n, and the nonlinear absorption
coefficient (3, the third-order nonlinear susceptibility is determined. The third-order

nonlinear susceptibility is given by,
X = x5 +ix? (3.18)

where, the real part is related to ny or 7y (in esu) through the relation,

Xg’) = 271(2)506")/ (3.19)

and the imaginary part is related to [ (in esu) through the relation,

2 2
3) _ npepC

Xi=— &} (3.20)

3.3.6.2 Optical Power Limiting

With the extensive use of continuous wave lasers at power levels ranging from pW
to kW in various applications, the need for protecting the human eye and the sensors
like range finders, night vision equipment, etc., has become increasingly important.
All optical sensors have a threshold intensity above which they can be damaged. This
necessitates the protection of these sensors from the high intensity laser light. Opti-
cal limiter transmits light of low intensities (ambient light) but absorbs high intensity
light (laser). By using the appropriate materials as optical limiters, one can extend the
dynamical range of the sensors, allowing them to function at higher input intensities.
Optical limiters are gaining importance as the intense lasers are used commonly, in both
commercial and domestic applications. The minimum criteria identified for a material

to act as an effective optical limiter are,
* low limiting threshold & large dynamic range,
* high optical damage & stability,
* sensitive broadband response to long & short pulses,
* fast response time,

* high linear transmittance throughout the sensor bandwidth,
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* optical clarity and
* robustness (good mechanical, temperature, humidity stability).

Although there is not yet any material that can provide all these requirements alone, de-
vices can be assembled from combinations of various optical limiters (Neethling|[2005).
Optical limiting can be achieved by means of various nonlinear optical mechanisms in-
cluding self-focusing, self-defocusing, excited state absorption, two photon absorption,
free- carrier absorption, photo refraction, induced scattering, induced-refraction and
induced aberration, in nonlinear optical media (Neethling|[2005). The optical power
limiting experimental set up is similar to standard z-scan geometry. The optical power
limiting measurements will be carried out by placing the sample at or near the focus of
the laser beam and by varying the input laser intensity using neutral density filter and
the change in the output intensity is measured using a photo detector. The response of

an ideal optical power limiter is shown in Figure[3.14] As the incident power/intensity

Clamped output

Power or intensity output

Power or intensity input

Figure 3.14: Response of an ideal optical limiter.

of light increases, the transmitted power/intensity of light reaches a threshold value
(limiting threshold value) at which point it is clamped. The limiting threshold is de-
fined as the incident power at which the sample transmittance falls to 50% of the linear
transmittance. The optical limiting results from irradiance dependent nonlinear optical

properties of materials. When considering a material as an optical power limiter, two
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of the properties that are of particular interest are the materials nonlinear absorption
coefficient 5 and its nonlinear index of refraction ny. Both change the intensity of light
in a nonlinear way as it passes through the medium. By measuring these nonlinear
properties of materials, the materials can be identified as possible optical power limiter

(Neethling2003).
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Growth, characterization and

properties of ZnO thin films

In this Chapter, growth of undoped ZnO thin films by direct current (DC) reactive mag-
netron sputtering and radio (RF) frequency magnetron sputtering has been discussed.
It also presents the results and discussions on structural, linear and nonlinear optical

properties of deposited films.

4.1 Inroduction

Extensive research has been focussed on the various properties of ZnO by many re-
searchers since many decades (Pearton et al.[2004). Still it is gaining the researchers
attention due to its potential properties. ZnO can be considered as an ’old’ semicon-
ductor which has been compelling research attention for a long time because of its
applications in many scientific and industrial areas such as piezoelectric transducers,
optical waveguides, acousto-optic media, conductive gas sensors, transparent conduc-
tive electrodes, light emmitters, varistors etc., (Pearton et al.| 2008, 2004} |[Look et al.
2004). These potential applications have boosted research related to the growth of high
quality ZnO thin films by a lot of different techniques. Many methods were employed
to deposit good quality ZnO films such as spin coating, spray pyrolysis, pulsed laser

deposition, molecular beam epitaxy, chemical bath deposition, dip coating, sputtering

47
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etc. Among all, sputtering has several advantages a) low substrate temperature (down
to room temperature); b) good adhesion of films on substrates; c¢) very good thick-
ness uniformity; d) directive deposition from elemental targets by reactive sputtering in
rare/reactive gas mixtures (Hong et al.[2005; Ayadi et al.[2007).

Non-toxicity and better radiation resistance of ZnO are added advantages in many
applications leading to devices. Considering the nonlinear optical properties of ZnO, it
is reported that ZnO exhibits second and third order nonlinear optical behavior, both in
crystals and thin films (Mitra and Thareja|2001; Wang et al.[2002; Neumann et al.[2004;
Bolger et al.||[1993; (Cao et al.||[1998). The third order susceptibility x®) is of particu-
lar interest because of its importance in applications such as nonlinear propagation in
fibers, fast optical switching and optical limiting. The study of photo physical and opti-
cal characteristics such as nonlinearity, magnitude, response time, etc., must be carried
out to spot the material suitability for nonlinear applications. Inorganic nanomateri-
als such as, carbon nanotubes (CNTs), nanoparticles and metal complexes and clusters
have been playing increasingly important roles in the laser protection field (Wang and
Blau/2009). Also, the properties of thin films are strongly dependent on the post de-
position processes, in particularly annealing. Hence, this requisites the knowledge and
study of optical nonlinearity of ZnO thin films working under cw laser regime also as
power limiter in the visible range. In this chapter, the growth of ZnO thin films with
different sputtering techiniques has been discussed. The effect of post deposition an-
nealing on nonlinear optical properties of ZnO thin films prepared by RF magnetron
sputtering on quartz substrates has also been discussed. To the best of our knowledge,
the study of nonlinear optical properties of ZnO thin films under continuous wave laser

regime has not been investigated.
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Table 4.1: Parameters used for the deposition of undoped ZnO thin films on glass

substrates using RF sputtering

Sputter power 100-300 W
Working pressure 1X 10 2mbar
Duration 60 minutes
Substrate to target distance 50 mm

Substrates cleaned glass slides

4.2 Experimental

4.2.1 Growth of ZnO thin films using DC reactive sputtering of Zn
target

Thin films of ZnO were grown by reactive DC sputtering using a 2 inch diameter Zn
disc (99.999, Alfa Aesar) on cleaned glass substrates at room temperature. The glass
plates were cleaned using a procedure described in chapter 3. Argon and oxygen were
used as sputtering and reactive gases respectively. The target to substrate distance was
adjusted to 50 mm. The cathode was mounted on a water cooled copper plate. In all the
experiment the base pressure was less than 105 mbar. The deposition is done under
different working pressures and different sputtering pressures keeping one of them as
constant. Before each run, target was pre-sputtered in pure argon for 15 minutes to

remove contaminations on the target surface if any.

4.2.2 Preparation of compound sputtering target

In a typical experiment, high purity ZnO powder was taken in the required weight
(approx. 30 gms) and ground thoroughly using agate mortar and pestle. The powder
was calcinated to remove moisture and other contaminations. After calcination the
resulting powder was mixed with few drops 10% polyvinyl alcohol solution and mixed
till homogenous mixture was obtained. This mixture was pressed using a hydrolic press

at a pressure around 25 MPa to form a compacted disc. Sintering of these discs will
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Table 4.2: Parameters used for the deposition of undoped ZnO thin films on quartz

substrates using RF sputtering

Sputter power 200 W

Total working pressure (Ar+O5) 6X10"3mbar
Ar to O, ratio 5

Duration 100 minutes
Substrate to target distance 50 mm
Substrates cleaned quartz

give rise to dense pellets and used as targets. The parameters for the preparation of

targets include calicination temperature, pressure and sintering temperature.

4.2.3 Growth of ZnO thin films using RF sputtering of ZnO com-
pound target

Zn0 thin films were deposited by employing a sintered ZnO pellet as target. The sub-
strates were cleaned glass slides and quart substrates with a thickness around 1 mm.
Glass and quartz substrates are cost effective and available easily. To study the effect
of high temperature annealing the films are deposited on quartz as it is stable at high
temperatures. Radio frequency power supply of frequency 13.56 MHz was used to
ionise the sputter gas. The deposition parameters used for the films deposited on glass
substrates are tabulated in Table d.1] Table 4.2] gives the deposition parameters for the

films deposited on quartz substrates.

4.2.4 Characterizations

The X-ray diffraction studies of the prepared films and the compound targets were
carried out using JOEL, DX-GE-2P and Rigaku miniflex X-ray diffractometer using a
Cu-K,, radiation. Optical microscope images were taken using LABEN optical micro-
scope. The SEM and EDX studies were carried out using a JOEL/JSM-6380LA ana-

lytical scanning electron microscope. Optical absorption spectra were recorded using
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Ocean Optics USB-2000 and USB-4000 fiber optics spectrometer. Electrical resistance

measurements were done using a Keithley-2400 sourcemeter.

4.2.5 Z-scan and Optical limiting

Z-scan technique developed by Sheik Bahae et al. (1989) has been employed for eval-
uating the nonlinear refractive index n,, the nonlinear absorption coefficient 3.ss, the
magnitude and sign of the real and imaginary parts of third-order nonlinear optical sus-
ceptibility x©® of as deposited and annealed ZnO thin films. Z-scan technique is known
for its simplicity and sensitivity, relies on the distortions induced in spatial and tempo-
ral profile of the input beam on passing through the sample. In the present experiment,
a polarized Gaussian laser beam is focused to a narrow waist and the sample is mounted
on the micro meter translation stage. The sample is translated between +z and -z po-
sitions along the z-direction, the transmitted intensity through the sample is measured,
without and with the presence of aperture at far field in front of the photo detector.
As the sample moves through the beam focus (z=0), self- focusing or self-defocusing
modifies the wave front phase, there by modifying the detected beam intensity. Z-scan
experiments for as-deposited and annealed (in the range 400-1000 °C) films were per-
formed separately using Thor labs He-Ne (Model: HRP350-EC-1) continuous wave
(CW) laser at 633 nm wavelength as an excitation source. The laser beam was focused
to a spot size of 36.78 pum and the Rayleigh length Z; of 6.71 mm using a 5 cm focal
length lens with input power 18.9 mW.

Optical power limiting measurements were performed for all the film samples.
The samples were placed at the focal plane of the lens. The input power of the laser
beam was varied using neutral density filter and the resultant output power through the
samples was recorded using a photo-detector which is fed to Thor labs dual channel

optical power and energy meter (Model: PM320E).
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4.3 Properties of reactively sputtered ZnO thin films

4.3.1 Structure and morphology

X-ray diffraction studies have been performed in order to determine the crystal structure
of the thin films. The powder diffraction patterns for as-deposited ZnO thin films under
different growth conditions are shown in Figure and Using ICDD database,
the observed characteristic peaks of ZnO were identified (JCPDS card 00-001-1136).
The X-ray spectrogram shows a single peak (2 # = 34°) corresponding to the (0 0 2)
planes of Wurtzite ZnO. This shows a preferred orientation of the films along c-axis.
All the films grown by reactive sputtering showed preferred orientation along c-axis.
This is because the surface energy density of the (0 0 2) orientation in ZnO crystal is
lowest (Major et al.|[{1983)). Grains with lower surface will become larger as the film
grows. Then the growth orientation develops into one crystallographic direction of the
lowest surface energy. Figure[d.1|shows X-ray diffraction spectra of the films deposited
with different sputter powers and constant working pressure (9 x 1073 mbar). Table
shows summary of the parameters obtained for the thin films grown using reactive DC
sputtering under different growth conditions.

The intensity of (0 0 2) peak is increasing with the increase of sputter power in-
dicating good crystallinity of the films. The full width at half maxima (FWHM) of the
films decrease with the increase of sputter power. It is associated with the grain size
of the thin films. The film deposited with lower power has high FWHM indicating a
smaller grain size. As the sputter power increased the grains become larger. The grain

size of the films can be estimated by Scherrer formula (Cullity| 1978)).

09
B cost

.1

where, \ is the wavelength of the X-ray 0.1540 nm, B is FWHM in radians and @ is
Bragg diffraction angle. The calculated values of t were tabulated in the Table [4.3]
As the sputter power increases grain size also increase. The films deposited with the

constant sputter power (50 W) did not show any particular trend with the increase in
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Figure 4.1: X-ray diffraction spectra for the DC reactively sputtered thin films deposited

with different sputtering powers and constant working pressure (9 x 10~2 mbar).

working pressure. But, the grain size was found as largest for the films deposited at
higher working pressures.

The mean free path of the sputtering gas molecules is given by

2303 x 10727
N Pd,, >

A (4.2)

where T is the temperature, P is the pressure and 8,,2 is the molecule diameter. Thus
increase in the working pressure will lead to decrease in the mean free path in turn
there will be a large number of collisions. Due to this, the sputtered atoms have a high
probability to agglomerate before arriving at the substrate surface. So the particle size
will increase with the increase in working pressure (Singh et al.[2007). The particle size
is also found to increase with the increase in the sputter power. As the sputter power

increases the number of ions will also increase which in turn increase the probability to
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Table 4.3: Summary of the deposition parameters and structural properties for the films

grown using reactive DC sputtering

Sample Sputter Working Peak d Film FWHM Grain Thick-

No. power  pressure posi- (A)  stress (deg.)  size ness

(W) (mbar) tion (M Pa) (nm)  (nm)

(deg.)

S1 8X107%  34.160 2.621 —1935 0.365 23 410
S2 50 9X107%  34.120 2.624 —2204 0.400 21 600
S3 1X1072 34185 2.619 —1765 0.228 36 1293
S4 50 34.120 2.624 —2204  0.400 21 600
S5 75 9X107%  34.140 2.623 —2069 0.341 24 776
S6 100 34.160 2.621 —1935 0.306 27 1230

agglomerate leading to grain growth.

In all the thin films deposited films the 26 positions were less than that of bulk ZnO
powder which is 34.45°. There is a discrepancy in d-value, which is due to the crystal
lattice distortion by residual stresses developed in thin films. The calculation of the film
stress is based on the biaxial strain model. The strain in the films along the c-axis can

be expressed by the formula (Zhang et al.[2009)

4.3)

where d and d,, are strained and unstrained lattice coefficient, respectively. The lattice
coefficient of the deposited films can be calculated according the Bragg formula and
the peak positions in the XRD pattern. The residual stress in the films which is valid

for hexagonal lattice is given by

2
_ 2c13” — egz(cn + cro)
O film = 2013 .€

4.4)
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Figure 4.2: X-ray diffraction spectra for the DC reactively sputtered films deposited at

different working pressures and with a constant power (50 V).

For the elastic constants c;;, the following values corresponding to the stress free ZnO
were used: c11= 208, ¢33 =213.8, ¢1,=119.7 and ¢13=104.2 GPa (Cebulla et al.||1998)).
The residual stress found to have a negative value which indicates a compressive stresses

developed in the films.

Table [4.3] gives stress values calculated for films deposited at constant pressure
(9 x 1073 mbar) and different sputter power. The compressive stress was highest for
the films deposited at 50 W and it drops significantly with increasing power. Stresses
found in the films deposited with different working pressure and constant sputter power
(50 W) was tabulated in Table [4.3] The stress was compressive in nature and found to
increase as the working pressure increased. But for the higher working pressure it is

found to decrease from 2204 MPa to 1935 MPa.

Figure shows electron microscope images taken for the as deposited films.
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Low magnification images show the films are uniform and pin hole free. High magni-

fication image of the same film is shown in Figure 3.8 (b), and it shows nano grains.

5, 888

Figure 4.3: SEM images of the deposited ZnO thin films

4.3.2 Thickness measurement of ZnQ thin films

If the thickness of the film is uniform, interference effects give rise to a fringes shown in
the Figure[d.4] These fringes can be used to calculate the optical constants of the film.
By using these optical constants we can also calculate the thickness of the film. We
adopted the method proposed by Swanepoel which is known as Swanepoel’s envelop

method (Swanepoel[1983). The envelop curves were formed by fitting curves obtained

for T,,q, and T,,;, of the interference pattern in the weak absorption and transparent
region of the transmission spectra (Figure 4.4)). The Matlab program was used to get

the fitting curves for T,,,, and T,,;,. The thickness of the films was calculated from the

equation (Swanepoel 1983),

MM Ao

d= 2[n(M) A — n(Aah1)]

4.5)

where, M is the number of oscillations between the two maxima or minima Ay, A\ and
n(A1), n(Ay) are the corresponding indices of refraction. Refractive index n is calcu-

lated by equations
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Figure 4.4: Fitted envelop curves for the samples (a) S3 and (b) S5.

n =[N+ (N?—n2)|: (4.6)
and
(nS + 1) (Tmaac - Tmm)
N=-2"" 4 opimer —min 4.7
2 en (Tmamezn> ( )

where, n; is the refractive index of the substrate and T,,,, and T,,;, are the maximum
and the minimum transmittances at a same wavelength in the fitted envelop curves on
the transmittance spectrum which is shown in Figure 4.4 The thicknesses of the de-
posited films are tabulated in Table 4.4 The thickness of the films found to increase
with the sputter power. The thickness found by gravimetric method is in good agree-
ment with one found by Swanpoel’s method. Therefore, it can be used for finding out

the thickness of the films as it is reproducible and accurate.

4.3.3 Optical studies

Figure |4.5shows the optical transmittance spectra of the ZnO thin films deposited with
the different sputter powers and different working pressure by keeping one of them
fixed. The spectra were recorded in the wavelength range 300-900 nm. All the films
show an average transmittance above 85% in the wavelength region from 380 to 900

nm. The absorption edge was found to shift towards the higher wavelength side with
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Table 4.4: Calculated film thickness and optical bandgap for the ZnO thin films

Sample Sputter Working Grain Thickness Energy

No. power pressure size (nm) bandgap
(W) (mbar) (nm) (eV)

S1 8X1073 23 410 3.33

S2 50 9X1073 21 600 3.36

S3 1X1072 36 1293 3.28

S4 50 21 600 3.36

S5 75 9X1073 24 776 3.32

S6 100 27 1230 3.26

J

1

0k=
300 400 500 600 700 800 900 1000

Wavelength (nm)

[1
1 1 1 1

(b)

1 1

0 g
300 4

00 500 600 700 800 900 1000

Wavelength (nm)

Figure 4.5: Optical transmission spectra for the thin films grown at (a) constant sputter

power of 50 W and different working pressures (b) different sputtering powers and

constant working pressure of 9x10~2 mbar.

the sputter power. But the films deposited at constant sputter power and different work-

ing pressure show no particular trend. The interference patterns were observed in the

weak absorption and transmittance region of the transmission spectrum (Figure [4.5)

indicating the good thickness uniformity of the deposited films.
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Figure 4.6: (ahv)? v/s hv plots for DC reactively sputtered thin films (a) S1 (b)S2 and

S3 (c)S4, S5 and S6.

4.3.3.1 Optical energy bandgap

The linear absorption coefficient can be calculated from the expression —

M. For a

direct band gap semiconductor of allowed band-to-band transition, the optical energy

bandgap £/, can be estimated using the relation (Tauc|1974)

o =

(hv — Eg)l/2

hv

(4.8)

E, is determined by plotting («hr)? as a function of hv, and extrapolating the linear
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region of (ahv)? to zero. Figure shows the plot of (ahv)? as a function of hv.
The band gaps of the films are tabulated in the Table 4.4] For the films sputtered with
constant working pressure (9 x 1073 mbar) and different sputter power, optical energy
bandgap show decreasing trend indicating the red shift of £/, with the increasing sputter

power. This may be because of the variation in the grain size of the films.
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Figure 4.7: PL spectra of sample (a) S5 and (b) S6

4.3.3.2 Photoluminescence Spectra

The photoluminescence spectra of the deposited films were recorded in the wavelength
range 250-700 nm. As-deposited films show a weak emission peak around 350 nm, it
is near to the excitonic peak of ZnO. In addition to this the films show a strong peak
around 436 nm. The films annealed at 200 °C have shown more prominent excitonic

emission than the pristine ones. This may be attributed to the improvement in the

crystallinity and reduction of defects.
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4.4 Properties of RF sputtered ZnO thin films on glass

substrates using sintered target

4.4.1 Structural properties

Figure shows XRD patterns of the deposited ZnO thin films. The peak at 20 =
34.23° is almost equal to the standard pattern available (JCPDS no-01-079-0207) for
ZnO0. All the films show preferred orientation along (0 0 2) planes which is indicated by
a intense single peak. In other words, the films are said to have a texture along (0 0 2)
direction. The intensity of the (0 O 2) peak increases with the sputter power suggesting
the increase in the crystallinity of the deposited films. XRD pattern obtained for the
films deposited at 150 W shows some irregular peaks which doesn’t belong to ZnO. It
may be due to experimental errors. FWHM of the films show considerable decrease
with the increase in the sputter power which in turn increases the grain size. Decrease
in the FWHM is attributed to the improvement in crystallanity of the films. The lowest
grain size obtained for the films deposited with 150 W resulted in getting grain size

around 7 nm.

Table 4.5: Summary of the deposition parameters and structural parameters obtained

using XRD for the films grown using RF sputtering.

Sample Sputter Peak FWHM Grain d Film a c
No. power posi- (deg.) size  (A) stress (A) (A)
(W) tion (nm) M Pa
(deg.)

1 300 34.23 0.2880 29 2.616 —1433 3.1106 5.232
2 250 34.23 0.2880 29 2616 —1433 3.1106 5.232
3 200 34.33 0.3840 21 2.608 =716 3.1018 5.216
5 100 34.37 1.1520 7 2.605 —448 3.0983 5.210

The interplanar spacing d calculated using Scherrer formula (Eqn. is in good

agreement with the standard value which is 1.60x 10~!° m for bulk ZnO. The calculated
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Figure 4.8: XRD patterns obtained for the RF sputtered ZnO thin films deposited at

different sputter powers.

values are too close to the standard one indicating less stressed films. The d values
shown a small increase with increase in the sputter power due to the presence of residual
stresses during the growth process. But the films deposited using reactive sputtering

shown more compressive stress than RF sputtered films. The calculated stress values
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are increasing with the increase in the sputter power. This is in contrast with the one

deposited using reactive sputtering.

4.5 Properties of RF sputtered ZnO thin films on quartz

substrates using sintered target

4.5.1 Structural and surface morphology

X-ray diffraction patterns of the as-deposited film using RF sputtering and the films
annealed in the range 600-1000 °C are shown in Figure The peaks correspond-
ingto (100),(002), (10T1), (110)and (11 2) planes of Wurtzite ZnO were
found in as-deposited films. The intensity of the (0 0 2) peak increases with the an-
nealing temperature and found to be maximum for the films annealed at 800 °C, this
indicates the increase of preferred orientation in the films. The degree of preferred ori-
entation in the films is roughly estimated from the orientation factor « by the relation

Lo02) (Wang et al.[2010) and found to be

(002) = [Sum of the intensities of other prominent peaks]

0.079 for the as-deposited films and increases with increase in the annealing tempera-
ture. In the present work, the maximum orientation of 0.69 was observed for the films
annealed at 800 °C. The increase in the (0 O 2) orientation in the films may be due to
the fact that the atoms have enough diffusion activation energy to occupy the correct
sites in the crystal lattice at higher temperatures. This leads to the growth of grains with
the lower surface energy at high growth/annealing temperature (Fujimura et al.|[1993;
Ye et al. 2002). The FWHM of the films for (0 O 2) planes were found to decrease
with the increase in annealing temperature indicating an enhancement of crystallanity
due to recrystallization of ZnO films by the supply of sufficient thermal energy. But, as
the temperature increases beyond 800 °C, in addition to ZnO phase a secondary phase
starts to appear. This is evident from the reflections from (1 1 3), (3 1 3) and (4 2 3)
planes corresponding to crystalline SiO,. At temperatures above 870 °C, ZnO films
may turned to be thinner at some areas and SiO, turned from normal amorphous phase
to tridymite above the annealing temperature 870 °C (Han et al. 2005). At higher tem-

peratures, Zn might have diffused into quartz substrate and Si into ZnO films which is
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Figure 4.9: X-ray diffraction patterns of as-deposited and annealed thin films on quartz

substrates. Reflections from SiO, are clearly seen for the thin films annealed at 1000

°C

evident by the increase in the intensity of the peaks corresponding to tridymite phase

of Si0,. The grain size t ((0 0 2) orientation) of the films can be estimated by Scher-
rer formula (Eqn. §.1)) (Cullity|[1978). The grain size of the films is found to increase
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with the increase in temperature and it is highest for the film annealed at 800 °C. The
observed 26 positions (Table for as-deposited and annealed films were less than
that of stress free ZnO which is 34.44°. In turn they exhibit the discrepancy in d-value,
which is due to the crystal lattice distortion by residual stresses developed in thin films.
The calculation of the film stress is based on the biaxial strain model. The strain in
the films along the c-axis is calculated using the relation 4.3 and the residual stress in
the films which is valid for hexagonal lattice is calculated using the relation 4.4{ (Zhang
et al. 2009). The residual stress found to have a negative value which indicates a com-
pressive stresses developed in the films. The observed residual stress is maximum for
as-deposited film and it decreases as the annealing temperature increases. The mini-
mum stress 1s obtained for the films annealed at 700 °C. As the annealing temperature
increases the atoms of ZnO films have sufficient thermal energy to arrange again and
will reduce the stress in the films. Due to the appearance of additional phases at higher
annealing temperatures (above 870 °C ) the stress values tend to increase. Figure
shows atomic microscope images of as-deposited and annealed films. The surface mor-
phology of the as-deposited films consists of dense and well packed grains with all
possible orientations. At higher annealing temperatures the grains corresponding to (0
0 2) planes starts to appear and the growth of the same increases with further increase
in annealing temperature. The films annealed at 800 °C shows highly oriented grains
along with the (0 0 2) planes which is confirmed by the presence of grains perpendicular
to the plane of the substrate. This was confirmed by XRD pattern for the same film in
which it showed a high intense peak corresponding to the (0 O 2) planes. These grains
grow perpendicular to the plane of the substrate with the increase in annealing temper-
ature. But, this structure disappears for the films annealed at 1000 °C may be due to the
formation of SiO, phase in the films annealed at higher temperatures (see magnified
images in figure . TT)). The same observation has been made by the XRD analysis. The
surface roughness of the films was deduced by AFM images using Nanoscope image
analysis software. The average roughness of the as-deposited films was found to be
30 nm and found to decrease with annealing temperature due to recrystallization of
Zn0. The minimum roughness was obtained for the films annealed at 800 °C, it may be

due to the growth of grains corresponding for (0 O 2) planes only as confirmed by the
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AFM images. For higher annealing temperatures the grains grow larger leading to the
increase in the roughness (Zhang et al. 2010). The particle diameters were measured
using the image analysis software from AFM images. The measured mean diameters
were found to increase with the increase in annealing temperature. But, for the films
annealed at 800 °C, particle size was minimum because of the presence of (0 0 2) orien-
tation only. Further increase in annealing temperature leads to grain growth. The grain
size obtained from XRD spectra corresponds only for the (0 0 2) orientation whereas
mean diameter of the particles was calculated from AFM analysis. The structural, mor-
phological and linear optical properties of ZnO films studied in the present work are

tabulated in Table

4.5.2 Optical properties
4.5.2.1 Linear Optical Properties

Optical transmittance spectra of the as-deposited and annealed thin films are shown
in Figure As-deposited films and films annealed below 900 °C show transmit-
tance above 75% in the range 400-900 nm. The sharp fall in the transmittance near the
absorption edge around 370 nm indicates high crystalline and direct band gap nature.
These films also characterized by interference fringes which reveal that the deposited
films are uniform with very less surface roughness (Swanepoel |1984)). For the anneal-
ing temperature above 900 °C the % transmittance decreases drastically to an average
transmittance around 40% and the films turn milky for samples annealed above 900
°C. The transmittance of the films is affected by two factors namely, surface scatter-
ing and grain boundary scattering. As the annealing temperature increases above 800
°C the grains grow larger thereby increasing the roughness of the films. Also, the grain
boundaries become irregular because of the formation of SiO, phase in some regions of
the films as confirmed by XRD and AFM results. So transmittance of the films annealed
at 900°C and 1000 °C show very drastic decrease in their values. For a direct band gap
semiconductor, the allowed band-to-band transition, the optical energy band gap E, is
estimated using the relation (Tauc| 1974; Mott and Davis|1979). The optical band

gap for the deposited films can be estimated by plotting (a(hr))? as a function of (hv),
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Figure 4.12: Optical transmittance spectra of as-deposited and annealed ZnO thin films

on quartz substrates.

and extrapolating the linear region of (a(hv))? to the energy (hv) where (a(hv))? cor-
responds to zero (Tauc||1974; David and Mott|1970; [Tan et al. 2005)). The band gap of
the deposited films was found to be 3.37 eV for as-deposited film and decreases with
annealing temperature except for the film annealed at 800 °C. The decrease in the band
gap may be due to the increase in the grain growth in the annealed films. The expo-
nential law which empirically describes the behavior of linear absorption coefficient o,
near the band edge in the energy region of (hv) < E, is given by (Srikant and Clarke
1997)

ao(hv) = AE3?exp(hv/E,) 4.9)

The width of the localized states in the band gap is described by empirical value £,
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which can be calculated by (Srikant and Clarke 1997} |Aghamalyan et al. 2003)

E, = [Aln(a)/Aln(hv)] (4.10)

The values of the F, found to decrease with increase in annealing temperature and
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Figure 4.13: Tauc plots to calculate energy gap of as-deposited and annealed ZnO thin

films on quartz substrates

found minimum for the films annealed at 800 °C. E, increases for further increase in

the annealing temperature indicating the presence of other phases in the films.

4.5.2.2 Nonlinear Optical Properties

In order to examine the intensity dependence of nonlinear absorption and refraction
process for a series of ZnO films deposited on quartz substrates, open aperture and
closed aperture z-scan experiments were carried out at an input intensity of 8.9x10?

W/cm?. The thickness of deposited film is found to be 553+20 nm which is less than
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Table 4.6: Structural, morphological and linear optical properties of ZnO films on

quartz substrates

SI. Annealing 260002 d(002) o Orientaion Grain Avg. Mean E, E,
No. Temper- (deg.) A (GPa) factor size by surface particle (eV) (meV)

ature 02 XRD  rough- size by

°O) (nm) nessR, AFM

(nm) (nm)
1 28 33.43 2.680 —7.00 0.08 29 30 87 3.37 50
2 400 - —— —— —— 14 116 3.36 47
3 600 34.13 2.626 —2.22  0.04 32 13 137 3.36 46
4 700 34.31 2.613 —1.01 0.34 35 34 132 3.27 40
d 800 34.15 2.625 —2.08 0.68 49 6 46 3.40 35
6 900 33.71 2.658 —5.04  0.15 35 36 237 2.83 281
7 1000  34.59 2.667 —5.86 0.16 43 71 469 —_ -

the Rayleigh length Z for all samples and thus approximation of thin sample is valid
(Sheik-Bahae et al.|[1989). The open aperture z-scan traces obtained for as-deposited
and annealed (in the range 400-1000 °C) ZnO thin films are shown in figure
These scans revealed a perfectly symmetric open aperture z-scan profiles. When the
films were at far field (away from the focus), the laser intensity is low. As the sample
translates towards focus, transmittance decreases. The transmission dip decreases fur-
ther at the focus (z=0) due to the increase in input intensity I,. Nonlinear absorption
can be classified in to two basic processes: saturable absorption also known as nega-
tive type of absorption and reverse saturable absorption also known as positive type of
absorption. In saturable absorption (SA) with increase in intensity, the transmittance
increases and the excited states attains saturation due to their long life time. In reverse
saturable absorption (RSA) on the other hand, the molecules in ground state and ex-
cited states can absorb the incident photons of same wavelengths and the absorption

of excited states will be larger than that of the ground state. In other words, the trans-
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Figure 4.14: Open aperture z-scan traces of as-deposited and annealed ZnO thin films

on quartz substrates. Solid line depicts theoretical fit.

mission decreases with increase in intensity. In the present case, with the increase in
annealing temperature, well defined normalized dip (valley) at focus (z=0) is observed
and indicates that the films exhibits RSA. In semiconductors RSA results mainly due to
the nonlinear mechanisms such as two-photon absorption (TPA), free carrier absorption

(FCA), nonlinear scattering or with the combination of these processes.

In semiconductors TPA is allowed, when the incident light source energy hv is
less than the direct band gap energy E, but, greater than E,/2. The TPA vanishes
when hv < E,;/2 for reasons of energetics (Boyd 2008). For hv < E, the nonlinear
response involves virtual processes and the two-photon process is much stronger than
one-photon process (Boyd [2008). In the present case, as the incident laser source en-

ergy is equal to 1.96 eV which is less less than the £, ~ 3.3 ev for ZnO films, the



Growth and properties of ZnO thin films 73

above required condition is fulfilled. Further if the nonlinearity is due to TPA alone,
the nonlinear absorption coefficient calculated from open aperture z-scan trace should
be independent of on-axis input intensity Iy (He et al|[1998). But from figure 4.13] the
nonlinear absorption coefficient . ;s decreases with increase in on-axis input intensity
Iy for the films. The fall of 5.;; with I is the consequence of sequential two-photon
absorption (Poornesh et al.|2009). Zhang et al. (1999) reported that the nonlinear ab-
sorption in ZnSe, ZnO and ZnS is due to two-photon induced FCA along with TPA.
Compared to TPA, FCA is a weak process and hence its contribution to the nonlinear
absorption is relatively less (Irimpan et al.|2008a). Thus, we can infer that the nonlinear
absorption in as-deposited and annealed ZnO thin films is due to the consequence of

TPA and weak FCA assisted RSA process. Closed aperture z-scan measurements were
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——800 °C
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—©0—1000 °C
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Figure 4.15: Nonlinear absorption coefficient 3. ;s v/s on-axis input intensity I, of ZnO

thin films.
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carried out in order to determine the sign and magnitude of nonlinear refractive index
n, of as-deposited and annealed ZnO thin films. Figure 4.16]illustrates the closed aper-
ture z-scan traces for the films. The normalized closed aperture z-scan curve exhibits a
pre-focal transmittance maximum (peak) followed by a post-focal transmittance mini-
mum (valley). This peak-valley signature indicates the self-defocusing property and it
is represented by negative nonlinear refractive index n,. The sign of the nonlinear in-
dex of refraction ny of a sample is thus immediately clear from the shape of graph. The
sensitivity to nonlinear refraction is entirely due to aperture, and absence of aperture

completely eliminates the effect (Sheik-Bahae et al.||[1989). Since closed aperture data
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Figure 4.16: Closed aperture z-scan traces of as-deposited and annealed ZnO thin films

on quartz substrates. Solid line depicts theoretical fit.

obtained from z-scan is affected by both nonlinear refraction and nonlinear absorption

components, the determination of nonlinear refractive index ns is not straight forward
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from the closed aperture z-scan data. Hence, it is necessary to separate the nonlinear
absorption components from the nonlinear refraction so as to extract pure nonlinear re-
fraction. Figure is the closed aperture z-scan trace of films. The physical origin of
nonlinear refraction can be electronic, molecular, electrostrictive or thermal in nature.
The closed aperture z-scan curves for film samples show a peak-valley separation of
1.9 Zy. A peak-valley separation of more than 1.7 times the Rayleigh range (Zp) is the
clear indication of thermal nonlinearity and indicates the observed nonlinear effect is
the third-order process. The difference in peak-valley normalized transmittance AT,,_,
can be defined as the difference between the normalized peak and valley transmittances
T, — T,. The variation of AT),_, quantity as a function of is given by (Sheik-Bahae
et al.||[1989, 1990)

AT, ., = 0.406(1 — S)"*|Ad| (4.11)

where A® is the on-axis phase shift, S= 1- exp(-2r2 /w?) is the aperture linear trans-
mittance, 1, is the radius of the aperture and w? = w3 (1 + (2,/2r)?) is the beam waist
on the aperture, wy is the beam waist at the focus and z, is the distance between the
aperture and the focal point, zr = Tw?/\ is the Rayleigh length of the beam with wave
vector k. The nonlinear refractive index v(m?/W) is given by the formula (Sheik-Bahae

et al. 1989, 1990)

A P

_ 2
= LT (m2/W) (4.12)

v

The third-order nonlinear susceptibility x®) is a complex quantity given by,
A =X+ X (4.13)

where xﬁﬁ? andxg‘n’) are the real and imaginary parts respectively and given by,

5002712
4 0

Xg) (esu) =10~ (em? /W) (4.14)
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and

o E0C2n3\
X7 (esu) = 1072255 By (e /W) (4.15)

where € 1s the vacuum permittivity and c is the light velocity in vacuum. We conducted
z-scan experiment on the bare quartz substrates and found negligible contribution both
for nonlinear refraction and nonlinear absorption at the input intensity used. Therefore
any contribution from the plane quartz slide to the observed nonlinearity is negligible at
the input intensity used. The obtained values of nonlinear refractive index ns, nonlinear
absorption coefficient 3.y and the real and imaginary parts of the third-order nonlin-
ear susceptibility Xg)) andxgg) of as-deposited and annealed ZnO thin film samples are
given in Table Some of the recently reported nonlinear materials under cw laser
excitation are given in Table @ To the best of our knowledge, the estimated values

of Bers, Ny and x®) of as-deposited and annealed ZnO thin films are the highest among

the reported values till date.

The dependence of nonlinear absorption coefficient 3. ;s and nonlinear refractive
index ny annealing temperature was also studied. Figure shows the variation of
Betr and ny as a function of annealing temperature. The [.¢; and n, increases with
the annealing temperature. This may be attributed to the fact that with the increase in
annealing temperature, the grain size increases due to thermal expansion and hence re-
sults in increase in third-order optical nonlinearity. From the open aperture and closed
aperture z-scan traces (Figure and ), it is clearly seen that the enhancement
in the nonlinearity is observed for the films annealed at higher temperatures. The grain
size determined by XRD for the as deposited and annealed (400-1000 °C) films in-
creases from 29 nm to 49 nm and hence it comes under weak quantum confinement
regime (Irimpan et al.[2008a). Thus with the increase in temperature and grain size the
nonlinearity enhances which is due to the size dependence enhancement of exciton os-
cillator strength (Irimpan et al.|2008a). At the annealing temperature above 900 °C, the

value of E; increases rapidly and the nonlinearity increases abruptly due to the inter-
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Figure 4.17: Temperature dependence of nonlinear absorption coefficient 3.;¢ and ny

of ZnO thin films.

diffusion of SiO, substrates and ZnO films and thus broadens the localized states (Han
et al. 2005). For the films annealed at 900 °C and 1000 °C, the X(?’) value increases
rapidly due to the interfacial state enhancement which is clear from XRD and AFM
analysis of the samples. Further, with the interdiffusion of Zn nano crystallites into
SiO, substrate, the local field effects and the interband electrons transitions from the
interfacial states to the unoccupied states near the Fermi level will abruptly increases
the nonlinear absorption (Feil et al.|[1999; Xie et al. 2003). The interference fringes
were not observed for the samples annealed at 900 °C and 1000 °C and the transmit-
tance decreases in comparison with the samples annealed at lower temperatures, which
infers that the diffusion of Zn in to SiOs is high at 1000 °C and this increases the inter-
face area (Han et al.|2005). Han et al. (2005) studied the optical nonlinearity of ZnO

micro crystallite films of thickness 20-50 nm developed by sputtering technique under
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Table 4.7: Third-order nonlinear optical and optical limiting parameters of ZnO thin

films on quartz substrates.

3) 3)

SI.  Annealing Sy ns Xk X; x®  Opt. lim. Opt. Cl.
No. Temper- (cm/W) (cm?/W) (esu) (esu) (esu) Thres. amp.
ature x1073  x1073  x1073 (mW) (mW)
§®) (approx.) (approx.)
1 28 348 —-135 —-098 0.13 0.99 13.5 14.5
2 400 5.35 —1.56 —1.28 0.22 1.30 13.0 14.0
3 600 6.97 —-2.00 -1.85 0.32 1.88 12.0 13.0
4 700 9.69 —237 -—-2.22 0.46 2.27 10.5 12.0
5 800 10.93 —-2.,51 —240 0.52 2.46 8.5 10.0
6 900 2494 —434 —-414 1.20 4.31 5.0 4.5
7 1000 66.7 —9.86 —942 321 9.95 2.2 2.0

a femto-second Ti:Sapphire laser irradiation in the temperature range 600 °C to 1050
°C . They have reported that when the annealing temperature rises from 950 °C to 1050
°C, f3.;s and ny value increases from 1.2x10% cm/GW to 1.1x10% cm/GW and 3x10~3
cm?/GW to 1.9x1072 cm?/GW respectively and increase in nonlinearity is attributed
to the interfacial state enhancement. Irimpan et al. (2008a) investigated the nonlinear-
ity of ZnO nano crystallite films of thickness 60-100 nm developed by sol-gel method
under a nano second Nd:YAG irradiation for annealed films at temperature range 300
°C to 1050 °C and reported the increase in x® value from 2.3x107% esu to 1.3x10~°
esu and increase in nonlinearity is attributed to the nano sized structure of the films.
For our samples, the /3. ;¢ and n, values increases for as-deposited and annealed (400 to
1000 °C) films. Above 800 °C, x®) value increases rapidly with increase in annealing
temperature. At lower temperatures, x®) value is comparatively small, indicating the
thermal nonlinearity. With the increase in annealing temperature and grain size, y©®
becomes very large due the effects of thermal nonlinearity, enhanced grain size and the

interfacial state enhancement. The increase in grain size and formation of interfacial
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states were confirmed by AFM and XRD analysis. Presence of interfacial states is also
confirmed by transmittance spectra in which interference fringes in the 400-900 nm
range disappear for the films annealed at higher temperatures. Drastic shrinkage or dis-
appearance of interference fringes is attributed to inhomogeneity in the interface of the

film and the substrate (Swanepoel|1984), hence responsible for the interfacial states.

4.5.2.3 Optical power limiting measurements

The development of modern optical technology demands the ability to control the inten-
sity of light and in this aspect optical power limiters have received significant attention.
An ideal optical power limiter has a linear transmittance below a threshold and clamps

the output to a constant above it, thus providing safety to optical sensors.

CW He-
Ne Laser

Photo-detector

ND Fiter Lens Sample

Figure 4.18: A schematic diagram of experimental setup optical limiting measure-

ments.

Optical materials with large nonlinearity, broad band spectral response, fast re-
sponse time, low limiting threshold, high linear transmittance, stability, etc., are the
potential requirements for a good optical limiter. Till date, numerous inorganic and or-
ganic materials such as metal nano clusters (Philip et al.2000) quantum dots (He et al.
2007), self-assembled films, colloids (Irimpan et al. 2008b), ZnS nanoparticles (De-
hghani et al. 2011), carbon nanotubes (Hyojungyu and Sok 20035) single crystal (Ra-
mamurthy et al.|2011), phthalocyanines (Mathews et al.|2007), porphyrins (Kaladevi
et al.|2000), dyes (Zidan et al.|2010), nano composite films (Henari and Cassidy|2011)),
etc., have been found to possess optical limiting response. In order to measure the
critical power of laser beam at which nonlinearity starts to affect the transmission, op-

tical power limiting experiments on as deposited and annealed (in the range 400-1000
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Table 4.8: Table depicting the recently reported 3. sy and ny values of different materials

with cw laser excitation

S1. Materials Berr (cm/W)  ng (cm?/W)
No.
1 Fast green FCF dye (acid blue 3) (Ghaleh et al.[2007) 6.5 x 107° 3.2 x 1078
2 Phthalocyanines(solutions & films) (Mathews et al.| —3.25x1073 —20 x 107
2007) —1.1 —12x107¢
3 Zinc tetraphenyl porphyrin (Kaladevi et al.[[2006) —— —1.4x 1077
4 Basic violet 16 dye (Rashidian et al.[2009) —1.38x107% —2.81 x 1078
5 Polymer Nanocomposite films (Frobel et al.[2011) 455 x 1072 =275 x 1077
6 Amido black dye (films) (Sreekumar et al.|2007) —— —1.57 x 1077
7 Chloroaluminium phthalocyanine (Sathiyamoorthy 1.3 x 1073 —-18 x 1078
et al.|2008))
8 2APS single crystal (Ramamurthy et al. [ 2011) —— —2.42 x 1078
9 Acid blue 7 (Geethakrishnan and Palanisamy/2007)  —3.08 x 1073 —1.88 x 1077
10 Azo dyes (Gayathri and Ramalingam|2008) —0.23x107* —0.54 x 1078
11 PDPAIqs solution (Yassin et al.[2011) 1.12x 107*  —1.76 x 1078
12 Au and Ag colloids (Jia et al.|[2008) —— —2.23 x 1078
—1.6 x 1078
13 Dye type acid (patent green) (Ara et al.[2010) 85x 1072  —4.07 x 1077
14 Mn(acac)s solution (Henari and Mohamed|2008)) 1.2 x 1072 —1.17 x 1077
15 Sudan I dye (He et al.[2007) —— —2.8x 1078
—0.3 x 1076
16 Nile blue dye (Mohammed and Palanisamy|[2006)) 1.35x 1075 0.42x 1078
17 Dye doped Liquid crystals (R-Rosales et al.|2008) —— —8.9 x 10710
5.9 x 10710
18 —0.139 0.10

Polythiophene thin film (Shin and Lee 2000)
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°C ) ZnO films without aperture (s=1) under cw He-Ne laser illumination was per-
formed. The optical limiting measurements were carried out by placing the sample at
the focal plane of the lens and the transmitted power through the film is recorded us-
ing power meter for different input powers (shows the schematic of the experimental
setup). Figure 4.19] shows the characteristic optical limiting curves as a function of
incident power varying from 0.2 up to 20 mW. The optical limiting threshold and op-
tical clamping values of as-deposited and annealed (400-1000 °C) ZnO thin films are

given in Table The optical limiting can be achieved by means of various nonlin-
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Figure 4.19: Optical power limiting response of ZnO thin films.

ear optical mechanisms, including self-focusing, self-defocusing, induced scattering,
induced-refraction, induced aberration, excited state absorption (ESA), two-photon ab-
sorption (TPA), photo-refraction and free-carrier absorption (FCA) in nonlinear optical

media (Tutt and Boggess 1993). As the films exhibit energy absorbing type of optical
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limiter, the major nonlinear mechanism employed is RSA and FCA is the process lead-
ing to nonlinear absorption in semiconductors. The heating due to laser absorption is
the main reason for the changes in the absorption coefficient and optical power limiting
effects (Hagen 2001). With increase in annealing temperature and particle size optical
limiting is enhanced. The deviations from linearity and the output clamping for the film
annealed at 1000 °C occurred at ~1 and ~ 2 mW respectively. Considerable decrease of
about 90% was observed in the transmitted power and this reveals that the increase in
particle size and annealing temperature has significant effect on optical power limiting
and it is in good agreement with the reported values of ZnO nano colloids of differ-
ent particle size (Irimpan et al. [ 2008a,b)). We could not verify the break down threshold
for the film samples above 20 mW due to the limitations with the laser source. The
optical power limiting studies reveal that with larger the particle size, better nonlinear

absorption occurs and hence it is considered as a good optical limiter.

4.5.2.4 Self diffraction ring patterns

The self-diffraction ring patterns were observed for the as-deposited and annealed ZnO
thin films, when the samples were close to the focus. The observed diffraction ring
patterns of as-deposited ZnO films recorded using a digital camera is shown in figure
4.20L Continuous wave He-Ne laser at 633 nm wavelength with input intensity 8.9x10°
W/m? was illuminated on the samples by focusing through 5 cm lens. The diffraction
rings were observed and photographed at the intensity from 5 mW to 19 mW. As it is
seen clearly, with increase in intensity the number of fringes increases. Also, we ob-
served the increase in fringe numbers with the increase in annealing temperature. When
the Gaussian laser beam is incident on the sample, the sample absorbs the light and its
temperature increases. This increase in temperature results in change of refractive in-
dex and induces self-diffraction ring patterns. When the Gaussian laser beam passes
through the medium, the maximum induced refractive index change is proportional to
the number of fringes (Henar1 and Cassidy|2011) Thus, the formation of ring pattern is
attributed to laser induced refractive index change and thermal lensing. Feeble diffrac-

tion pattern was observed for the film annealed at 1000 °C due to the interfacial state
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Figure 4.20: Photographs showing (a) absence of diffraction pattern for substrate (b)-(f)

self-diffraction ring patterns of as-deposited ZnO thin film with varying intensity.
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Figure 4.21: Photographs show the laser spot size variation as a function of sample
position relative to lens focal point of as-deposited ZnO thin films (a) far from focus,
(b) pre-focus transmittance maximum,(c) post-focus transmittance minimum and (d)

away from focus.

effect. The variation in the laser beam spot size as a function of sample position rel-
ative to focal point of lens was recorded. Figure 4.2T] shows the spot size variation of
as-deposited film, when the sample was at (a) far from focus, (b) pre-focus transmit-
tance maximum, (c) post-focus transmittance minimum and (d) away from focus. We
observed self-focusing and self-defocusing ring patterns with naked eye for all the film
samples, which confirms the nonlinear behaviour of the material before conducting the

experiment. This can be used as quick check for the nonlinear behaviour of the samples.
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4.6 Conclusions

Zinc oxide thin films were deposited (on glass and quartz substrates) using magnetron
sputtering technique. The effect of deposition parameters on the structural and optical
properties were studied. Undoped ZnO films show good optical transmittance above
85% in 400-900 nm range. The energy band gap of the films decrease with the in-
crease in the sputter power due to increase in the grain size. The characteristic X-ray
diffraction peaks for reactively sputtered ZnO were observed and they are well in agree-
ment with the JCPDS. The ZnO films show a strong preferred orientation along c-axis.
This was confirmed by a strong peak corresponding to (0 O 2) planes of Wurtzite ZnO.
The films show increase in the crystallinty with the sputter power. But, it is found to
decrease with the increase in working pressure.

The effects of annealing on structural properties were examined using X-ray diffrac-
tion and atomic force microscopy. The grain size increases with the increase in the
annealing temperature. The effects of annealing on the structural and nonlinear opti-
cal properties of ZnO thin films deposited on quartz substrates were investigated using
z-scan technique under continuous wave He-Ne laser at 633 nm. The films were char-
acterized with negative nonlinear refractive index. We observed an increase in induced
self-diffraction ring patterns. Also, the films exhibit strong optical power limiting with

increase in the intensity of continuous wave laser at the experimental wavelength.






Chapter 5

Growth and properties of Aluminum

(Al) doped ZnO thin films

In this Chapter, growth of aluminum doped zinc oxide (AZO) transparent conduct-
ing thin films deposited by radio (RF) frequency magnetron sputtering employing zinc
oxide and aluminum coaxial targets at room temperature has been discussed. It also
presents the preparation and characterization of ZnO/Al/ZnO multilayers by simulta-

neous RF and DC sputtering.

5.1 Introduction

Transparent conducting oxides are widely used in variety of applications in different
kinds of devices. Currently, indium tin oxide (ITO) is the most widely used material
for TCO applications like display device electrodes, touch panels and solar cell elec-
trodes for use in liquid crystal display and plasma televisions (Minami/ 2005)). The
market for TCOs continues to expand. But, diminishing supply, high cost and toxicity
of indium made the supply of requirements difficult and in turn un-stabilizing the sup-
ply chain (Jansseune2005). Researchers are racing against the clock to find alternatives
before the supply runs out. The electrical and optical properties of ZnO were studied
extensively as it can have low resistivity with excellent optical properties. It can be used

as a transparent conducting oxide in many optoelectronic applications. At present, tin
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doped indium oxide (ITO) is widely used TCO. The expanding use of TCO materials,
particularly for the production of transparent electrodes for optoelectronic device ap-
plications, is endangered by the scarcity and high price of In. In contrast with ITO,
the source materials for a ZnO based TCO are inexpensive, easily available and less
toxic. In addition, owing to their better stability in hydrogen plasma than that of ITO,
Zn0 based TCO thin films can be used for the fabrication of hydrogenated amorphous
silicon solar cells (Hupkes et al.|2006; |Berginski et al.[2007; Sittinger et al.|2006). ZnO
thin films doped with group III elements such as B, Al, Ga, In have been considered
as transparent conducting films. Al doped ZnO (AZO) is a most important material
due to its low cost, high conductivity and high transmittance. ZnO based TCOs have
been investigated extensively by many researchers around the globe (Sim et al.|2010).
However, development of large area deposition techniques are still needed to enable
the production of TCO films on large area substrates with a high deposition rate. AZO
thin films are usually grown by vacuum evaporation, chemical vapor deposition and
sputtering. Among all, sputtering is the most widely used technique in obtaining AZO
thin films (Chen et al.|2001). Many research groups have used different versions of
sputtering methods such as, sputtering with single AZO target in argon atmosphere,
co-sputtering of Al and Zn metallic targets in a reactive argon and oxygen atmosphere,
co-sputtering of ZnO and Al targets using RF and DC sources. Among these, the last
two methods require two magnetron systems. (Minami 2005; Minami et al.|2006; |Mi-
namil[2012).

Different methods were employed to develop good TCOs by many researchers
(Minami|2005; Babar et al.| 2008} Ayadi et al.|2007; Sun et al. 2000). The multilayer
stacks of TCOs are one such approach employed to improve the properties of TCOs.
Kawashima et al. reported improvement of thermal stability in F:SnO4/ITO stack com-
pared to single layer ITO (2004). Similar stacks of Sn:CdO/CdIn,0,/Cd;SnO, showed
better conductivity than I'TO with comparable transparency in the visible region (Martin
et al. 2004). Deposition of three layer structure which involves a metallic film embed-
ded between two dielectric layers (D/M/D) has also been investigated. This type of
structure allows better TCO with thickness less than a single layer TCO. These D/M/D

structures are widely used in energy saving windows as optical filters (Fahland et al.
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2001). High refractive index zinc oxide makes it a suitable candidate as a dielec-
tric layer. Few early reports on D/M/D include the development of ZnO/Ag/ZnO &
ITO/Ag/ITO (Kusano et al.|1986), ITO/Cu/ITO (Bender et al.[|1998)), ZnS/Ag/Zns (Ito
et al.[2003), TiO2/Ag/TiO, (Leftheriotis et al.[2000) and ZnO/Cu/ZnO (Sahu and Huang
2007). Jyh-Ming et al. reported insertion of thin Al interlayer for the improvement of
electrical conductivity of ZnO (2006).

In this chapter we report the deposition of AZO thin films by employing a metallic
Al and compacted ZnO targets in a single magnetron. The variation of Al content as
a function of sputter power and its effect on optical and electrical properties have been

studied.

5.2 Experimental

Radio frequency (RF) (13.56 MHz) is employed to deposit AZO thin films on cleaned
glass substrates (Blue Star, Polar Industrial. Corp., India). The two targets, ZnO (50
mm dia., 3 mm thick disc, 99.99%) and metallic Al (50 mm dia., 2 mm thick disc,
99.99%) were fixed coaxially in a single magnetron. The Al target used had a hole
with a diameter of 20 mm at the center. The chamber was pumped down to pressure
of 5x 10~ %mbar using a diffusion pump backed with a rotary pump prior to deposition.
Pure argon was used as a sputtering gas. The distance between the substrate and the
target was adjusted to 50 mm. The deposition was carried out at room temperature with
a working pressure of 0.02 mbar and the substrates were not rotated during the depo-
sition. The power applied to the target was varied in steps of 50 W starting from 150
W to 300 W. Multilayers of ZnO/Al/ZnO were deposited on cleaned glass substrates.

The ZnO/Al/ZnO multilayer films were successively formed on glass substrates with-

Figure 5.1: Cross section view of the target used to deposit AZO thin films.
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out vacuum break using a zinc oxide (99.99% purity, 50 mm dia., 3 mm thick) and
metallic Al (99.999% purity, 50 mm dia., 3 mm thick, Alfa Aeser) as targets. High
pure argon was used as sputter gas and working pressure was adjusted at 0.001 m bars.
Sputtering power was adjusted to 150 Watts for ZnO and 15 Watts for Al. Before each
experiment the targets were presputtered for 10 mins to remove contamination on the
target surfaces.

The crystal structure of the deposited films was analyzed with JEOL (JDX-8030)
X-ray diffractometer using a Cu-K,, radiation. JEOL (JSM-6380 LV) scanning electron
microscope was used for surface morphology and EDX analysis of the films. The elec-
trical measurements were carried out using a Keithley Sourcemeter (Model-2400). The
optical transmittance measurements were performed using Ocean-Optics UV-Visible

spectrometer(USB-2000).

5.3 Properties of Aluminum (Al) doped ZnO thin films

5.3.1 Structural Properties

The X-ray diffraction spectra of the AZO thin films deposited with different sputter
powers are shown in Figure[5.2] As we can see the films show a preferred orientation
along c-axis indicated by a prominent (0 O 2) peak. As the sputter power increased
further, the other reflection which belong to Wurtzite ZnO were observed. Crystallite

size t for the films was found using Debye-Scherrer formula |Cullity| (1978)

B 0.9\
B cost

S.D

where, A is the wavelength of the X-ray 0.1540 nm, B is FWHM in radians and 0 is
Bragg diffraction angle. Crystallite size for the films deposited at 150, 200, 250 and
300 W is found to be 10, 15, 19 and 30 nm respectively. Amount of Al in the films was
found using EDX analysis. The Al percentage in the films is found to increase with the
sputter power. The lattice parameters a and ¢ were also calculated. Lattice parameter

c of the films is found to vary with the sputtering power and it is higher than that of
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Figure 5.2: XRD patterns of the RF sputtered AZO thin films using a coaxial target.
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stress free bulk ZnO and it is varying with Al content. Al doping in ZnO films leads
to the decrease in the lattice parameter as the ionic radius of AI** is lower than that
of Zn?**. Thus the addition of Al atoms in the ZnO matrix is expected to shorten the
c lattice parameter if Al atoms are substituted to Zn sites (Sharma and Tripathi [2012).
Lattice parameter c decreases as the sputter power is increased due to increase in the Al
substitution to Zn sites. Above some critical value of Al content, the Al atoms rather

than substituting at the Zn sites, may go to the interstitial sites. (Sharma and Tripathi

2012).
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Figure 5.3: Variation of stresses in the AZO thin films with Al content.

Residual stresses generated during the growth process. The strain in the films
along the c-axis could be expressed by the formula (Zhang et al.[2009)
(d — do)

where d and d are strained and unstrained lattice co-efficient respectively. The resid-

ual stress in the films which is valid for hexagonal lattice is given by (Zhang et al.[2009))

2¢13% — ¢33(c11 + ¢
inlm = 13 ;zfgll 12) € (53)
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For the elastic constants c;;, the following values corresponding the stress free ZnO
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Figure 5.4: SEM images showing surface morphology for the AZO thin films (a) de-
posited deposited at (a) 300 W (b) 200 W (c) 300 W (higher magnification) (d) 200 W

(higher magnification)

were used: c11= 208, ¢33 =213.8, ¢12=119.7 and ¢13=104.2 GPa (Cebulla et al.[|[1998)).

The residual stress found to have a negative value which indicates a compressive stresses
generated in the films during the growth. The variation in film stress with Al content is
shown in Figure [5.3] The stress value for 1.01 at.% Al is found to be 3.580 GPa and it
decreases as the Al content increases in the films up to 2.11 at.%. For further increase
in Al content the stress found to increase. This may be due to the presence of Al inter-
stitials for the films deposited at higher sputter powers. This is also evident from the

decreasing c-parameter. Total stresses in the films is composed of intrinsic stress due to
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Figure 5.5: (a) EDX spectrum of the AZO thin film (b) high magnification image show-

ing nanograins.

the dopants and defects during the growth and extrinsic stress due to thermal mismatch
between substrate and the films. The substrate temperature was maintained constant in
all our experiments. Therefore, the change in the stress may be due to Al doping and
change in the defects in the films.

Scanning electron microscope images for the films deposited at 200 and 300 W
are shown in the Figure [5.4] Films deposited at 200 W show fine grained surface but
films grown at 300 W show relatively rough surface. SEM image in Figure[5.5(b) show
nanograins on the surface of the films. EDX spectrum clearly indicates the presence of

Al in the films.

5.3.2 Optical transmittance and Electrical properties

Figure [5.6) shows the optical transmittance spectrum of the AZO thin films deposited
with different sputter powers in the wavelength range 330-850 nm. The optical absorp-
tion edge shift was observed. This shift in the absorption may be due to variation of
Al content in the films. All the films show an average transmittance above 80% in the
wavelength region from 380 to 800 nm. If the thickness of the film is uniform, interfer-
ence effects give rise to a spectrum as shown in Figure [5.6] These fringes can be used
to calculate the optical constants of the film. By using these optical constants we can

also calculate the thickness of the film. We adopted method proposed by Swanepoel
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Figure 5.6: Optical transmittance spectra for AZO thin films.

which is known as Swanepoel’s envelop method (Swanepoel |[1983). Envelop curves
were formed by fitting curves obtained for T,,,,, and T,,;, of the interference pattern in
the weak absorption medium of the transmission spectra (Figure[5.7). Thickness of the
films was calculated from the equation (Swanepoel| 1983)).

MMy

4= a2 = nOw)A] -4

Where, M is the number of oscillations between the two maxima or minima g,

A and n(A;), n(\y) are the corresponding indices of refraction. Refractive index n is

calculated by equations

n =[N+ (N*—n2)z]2 (5.5)
and
(ns + 1) (Tmam - Tmm)
N = 9 .
2 T T T (56)
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where, n, is the refractive index of the substrate and T,,,,,, and T,,;,, are the maxi-
mum and the minimum transmittances at a same wavelength in the fitted envelop curves
on the transmittance spectrum which is shown in Figure Thicknesses of the de-
posited films are tabulated in Table Thickness of the films found to increase with
the sputter power. The film thickness can also be varied by adjusting the sputter du-
ration. For specific applications the thickness of the films can be maintained constant
without much change in Al content by choosing optimum sputter power and duration
of deposition. For a direct band gap semiconductor of allowed band-to-band transition,

the value of absorption coefficient « is expressed as (Tauc||1974}; Mott and Davis|1979)

A(hv — E)Y/?
o= (Vhy g) (5.7)

where A is a constant, hv is the photon energy and E, is the band gap of the
semiconductor. The absorption coefficient can be calculated from the expression %
where T and d are the transmittance and the thickness of the film respectively. E, is
determined by plotting (ahr)? as a function of hv, and extrapolating the linear region
of (ahv)? to the energy hv where (ahv)? corresponds to zero. Figure[5.8|shows the plot
of (ahr)? as a function of hv. Direct optical band gap of pure polycrystalline ZnO film
is 3.30eV (Look et al.[2004). Slightly higher band gap of our ZnO:Al films is attributed
to the Burstein-Moss effect caused by an increased free electron concentration due to
Al doping (Burstein|1954; Moss|[1954)). Inset of Figure [5.8|shows the variation of band
gap of AZO thin films as a function of Al content in the films. It decreases initially up
to 2 at.% Al and then it increases further with Al content. This is due to B-M effect
which occurs for highly doped semiconductor.

The resistivity of the films was found to decrease with the sputtering power. This
is because, as the sputter power to target increased, the amount of Al content in the films
is found to increase. As the power was further increased above 250 1V, Al content in
the films found to increase beyond 2 at.% hence, the increase in the resistance (Minami

2005). It is well known that, the conduction characteristics of the ZnO are primarily
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Figure 5.7: Fitted envelope curves drawn for transmission spectra of AZO thin film.

dominated by electrons generated from oxygen vacancies and Zn interstitial atoms.
The electrical conductivity in ZnO:Al film is higher than that in pure ZnO films, due
to the contribution from AI** ions on substitutional sites of Zn?** ions (Singh et al.
2004; Kim et al.[[2000). As the Al content in the deposited films increases beyond 2
at.%, the doping may lead to the creation of non-conducting Al,Oj clusters in the films
causing crystal disorder, which act as carrier traps rather than electron donors. The
measured resistivity values for AZO films are comparable with the previous reports
(Minami|2005, 2012; Sittinger et al.[2006) and it is as low as 0.5 x 10~* Q-cm for 2.11
at.% Al doped films which is better compared to the previous report (Santana-Aranda
et al.2007) where the reactive sputtering of Zn and Al coaxial targets was used. The
present method offers a technologically simple and economic route to deposit AZO

films without the need of two or more magnetrons and targets.
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Table 5.1: Summary of the Al content, energy gap, resistance and the lattice parameter

of the studied samples

Sputter Film Al content  Energy Electrical c
power thickness bandgap resistivity

(W) (nm) (at.%.) (eV)  (x107%Q —cm)  (nm)
150 477 1.01 3.63 10.0 0.5286
200 932 1.35 3.61 8.0 0.5245
250 1160 2.11 3.56 0.5 0.5237

300 1320 3.45 3.65 10.8 0.5254
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5.4 Properties of ZnO/Al/ZnO multilayers by simulta-

neous RF and DC magnetron sputtering

5.4.1 X-ray diffraction studies

Intensity (CPS)

33 nm

Without Al layer

%0 3 40 s 60 70
Position (20)

Figure 5.9: XRD of ZnO and multilayers with different Al interlayer thickness.

X-ray diffraction patterns of the deposited multilayers are shown in Figure [5.9]
The thickness of the ZnO layer was found around 100 nm and Al layer thickness varies
from 5 nm to 30 nm. Thickness of Al layer was calculated by considering the deposition
rate of Al. A single peak at 20 ~ 34.75°confirms the existence of ZnO phase. It is
also revealed that the deposited films show preferred orientation along (0 O 2) planes.
Intensity of (0 0 2) peak found to decrease with the increase in Al layer thickness
which indicates the decrease in the crystallanity. No prominent peaks corresponding
to Al were observed. This may be because of the fact that the thickness of the ZnO
layer is large compared to that of Al. Observed 26 positions for multilayer film was

bit high compared to that of ZnO film studied here. This is because of residual stresses
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Figure 5.10: Transmittance spectra of ZnO and multilayer thin films.

present in the films during deposition. Undoped film show a compressive stress where

as multilayer shows tensile stress. This may because of the presence of Al interlayer.

5.4.2 Optical transmittance and electrical resistance

Optical transmittance spectra of the deposited films are shown in Figure [5.10} For
undoped films a good transmittance over 80% was observed in the visible region of the
electromagnetic spectra. The average transmittance of the films in the visible region
decreases as the Al layer thickness increases. The absorption edge of the multilayer
films shifts towards higher wavelength with increase in the thickness of Al interlayer
thickness. As the thickness of Al interlayer increases the electrical resistance decreases
(Figure[5.TT). The multilayered thin films show low resistance because of Al interlayer.
The conduction electrons were supplied from donor sites associated with excess Zinc,
and Aluminum ions on substitutional sites of Zinc ions in the as deposited samples. The
lowest resistance is obtained for the multilayer thin film with Al interlayer thickness 33

nm.
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Figure 5.11: The variation of sheet resistance and average transmittance (400-875nm)

with Al interlayer thickness.

5.5 Conclusions

In conclusion, we have successfully deposited Al doped ZnO thin films using coaxial
targets. Al content in the deposited films found to vary with the sputtering power, which
can be used to control the resistivity of the films. The lowest resistivity obtained was
0.5 x 107*Q-cm for the film deposited at 250 W. The variation in stress values in the
films showed a considerable change with Al content in the films, which is due to the
presence of AI** ions in the ZnO matrix. Optical band gap of the films was estimated
using absorption spectra which vary with the Al content in films.

Multilayers of ZnO/Al/ZnO were deposited by simultaneous RF and DC sputter-
ing. Obtained multilayers were characterized using optical transmittance spectra and
XRD. Sheet resistance of the multilayers found to decrease with the increase in the Al
interlayer thickness. XRD patterns of the multilayers show reflections corresponding
to Wurtzite ZnO, no peaks corresponding to Al observed due to thicker ZnO layers.
Transmittance spectra shows a considerable decrease in the average transmittance (in

the visible region) of the multilayers.
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Growth and properties of Manganese

(Mn) doped ZnO thin films

This Chapter presents the preparation of manganese doped zinc oxide thin films and the

effect of Mn concentration on the structural and optical properties of ZnO thin films.

6.1 Introduction

Doped ZnO thin films are studied widely for many practical applications like spintron-
ics devices, light emitting diodes, diode lasers etc. (Pearton et al. [2003; |(Chu et al.
2008; |[Lupan et al.| 2011} Ip et al. 2003). The ZnO based diluted magnetic semicon-
ductors (DMS) have been studied widely in the recent years. The DMS materials,
combining charge with spin degrees of freedom, are the potential candidates for many
spintronics applications such as spin-valve transistors, spin LEDs, spin polarized lasers,
non-volatile memory and magneto optical switches (Pearton et al.|2008). The devel-
opments started with the theoretical prediction of room temperature ferromagnetism in
Mn doped ZnO by Dietl et al (Dietl et al.[2000). In particular, incorporation of Mn ions
in to the large band gap ZnO lattice promises to lead to a new magnetic transport and
optical properties. The half filled 3d-shell of Mn?* ions, which have the largest ionic
moment (544,), plays a important role in both theoretical and experimental studies of

ZnO (Chikoidze et al.[|2007). Ferromagnetism near and above the room temperatures
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has been reported for Mn doped ZnO pellets, powders and thin films (Sharma et al.
2003)), whereas some studies reported only paramagnetism (Risbud et al.[2003)). Since
Mn is paramagnetic, any ferromagnetism detected in Mn doped ZnO cannot be due to
the Mn or Mn oxide precipitates those may be formed during the preparation process.
Despite to close analogy to Mn doped ZnS, which is an efficient phosphor, it has been
shown that the luminescence in Mn doped ZnO suppressed to the large extent even at
low doping concentration. Therefore Mn has been considered to be a quencher of lumi-
nescence in ZnO and predominantly optical absorption and transmission experiments
have been performed on Mn doped ZnO (Chikoidze et al.|2007). However, a little is
known about the nonlinear optical properties of ZnO thin films (Abed et al. 201 1)).

The second and third-order nonlinear optical properties of undoped ZnO thin films
(Larciprete et al.[2006) and ZnO thin films doped with Ni, Zr, Ce, F, Er, Al, Sn, F:In
(Abed et al.|2011};|Bahedi et al.[2009; Sofiani et al.[2006, 2007} [Lamrani et al.[2007; M.-
Saavedra and Castanedal2007) deposited using various techniques under pulsed lasers
have been reported. The study of photo physical and optical characteristics such as
nonlinearity, magnitude, response time, etc., must be carried out to spot the material
suitability for nonlinear applications (Gayathri and Ramalingam|2008). The magnetic,
optical and electrical properties of Manganese (Mn) doped ZnO thin films (Kim and
Park [2003}; (Chikoidze et al. 2007; Jung et al.|2002) have been studied. These results
reveal that Mn doped ZnO films have good optical properties. To the best of our knowl-
edge, the nonlinear optical properties of ZnO thin films doped with manganese (Mn)
have not been investigated. Hence, it is necessary to investigate and study the nonlinear
optical properties of Mn doped ZnO thin films for its future applications. The nonlin-
ear optical response of thin films is of particular interest because of its application in
integrated nonlinear optical devices (Abed et al. 2011).

Continuous wave (cw) lasers ranging from uW to kW are widely used in vari-
ous applications (Gayathr1 and Ramalingam 2008) such as, laser printers, optical discs,
barcode scanners, thermometers, laser pointers, holograms, CD-ROM/DVD drives and
players, CD/DVD burners, micro machining, non-contact measurement, laser cutting,
medical surgeries, cosmetic skin treatments forensics, military (weapon) applications,

entertainment etc (Thyagarajan and Ghatak||2011)). This necessitates the need for pro-
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tecting the optical sensors from high intense laser beams. In this chapter, we report for
first time the third-order optical nonlinearity and optical power limiting properties of
Mn doped ZnO sputtered thin films under cw laser using z-scan technique. Under cw
laser illuminations, the self focusing and self defocussing effects are usually associated

with refractive nonlinearities of thermo-optic origin (Sreekumar et al.[2007)).

6.2 Experimental

6.2.1 Deposition of Mn doped ZnO thin films

Mn doped ZnO thin films were deposited on glass substrates by radio frequency (RF)
magnetron sputtering. The compound targets with various Mn concentration (0, 5, 10
and 15 wt.%) were prepared using solid state reaction technique in which ZnO (99.99%,
from Sigma) and MnOs (99.99%, from Sigma) were mixed thoroughly in a planetary
ball mill for ten hours. This homogeneous mixture was calcinated at 400 °C for 6
hours. The calcinated powders were cold pressed using hydraulic press at a pressure of
25 MPa to get 50 mm diameter pellets. The pressed pellets were sintered at 950 °C for
6 hours to get dense pellets. These pellets were used as targets and they are mounted on
the water magnetron cooled cathode. The targets with different Mn concentration were
sputtered to get thin films on precleaned glass substrates. Before each sputter process
the chamber was pumped down to a pressure less than 5 x10~% mbar. The sputtering
was performed in the growth ambient with mixture of high purity Ar (99.999%) and O,
(99.8%) at a constant working pressure of 0.02 mbar. The Oxygen to argon ratio was
adjusted to 3 and kept constant for all our experiments. Before each sputtering process,
the targets were pre-sputtered in pure Ar for 30 minutes to remove any contamination
on the target surface and to make the system stable. The RF power, sputter duration
and the target to substrates distance were kept constant at 200 W, 60 min and 50 mm
respectively in all experiments.

The thickness of deposited film is measured by using Filmetrics film thickness
measurement system (Model-F 20) and found to be 125420 nm for Mn doped ZnO

films and it is 350£20 nm for undoped ZnO film. Topography of the deposited films
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was characterized commercially available AFM system (Veeco, Innova) in contact
mode. Nanoscope software was used to examine the three dimensional features on
AFM image. The linear refractive index was measured using spectroscopic ellipsome-
try. The optical transmittance measurements were done using Ocean Optics USB4000

UV-VIS spectrophotometer in the spectral range 300-800 nm.

6.2.2 Z-scan and optical limiting

The nonlinear index of refraction ny, the nonlinear absorption coefficient 3., the mag-
nitude of the real and imaginary parts of third-order nonlinear susceptibility x*) of Mn
doped and undoped ZnO thin films was characterized using z-scan technique developed
by Mansoor Sheik Bahae et al. (Sheik-Bahae et al.|[1989, [1990). In this technique, a
polarized Gaussian laser beam is focused to a narrow waist. The samples were mounted
on a translation stage and moved along z-direction through the beam focus (z=0), self-
focusing or self-defocussing modifies the wave front phase, there by modifying the
detected beam intensity. The schematic experimental setup used for z- scan technique
is shown in Figure 1. The optical power limiting responses of the films was studied by
placing the samples at the focus. The input power of the laser beam was varied by using
neutral density filter and the resultant output power through the samples was recorded
using a photo-detector fed to the power meter.

For the present studies a CW He-Ne laser at 633 nm wavelength was used as
excitation source. The laser beam with power input 21.8 mW was focused using a 5 cm
focal length lens. The measured laser beam waist wy and the Rayleigh length Zy are

36.78 pm and 6.71 mm respectively.

6.3 Structure and surface morphology

6.3.1 X-ray diffraction studies

During the sintering process of the compound targets, the Mn ions substitute to Zn
in ZnO which leads to formation of Zn(;_,)Mn,O. The milling process performed to

mix ZnO and MnQO,, creates new surfaces that can favor the initial reduction of man-
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ganese sites. Also, it is known that the MnO, gets converted into Mn,Oj3 at 536 °C,
which then transforms to Mn3O, at 767 °C, and finally gets converted to MnO above
1080 °C (Bhatti et al.|2005). Figure [6.1] shows XRD patterns of undoped and Mn
doped ZnO thin films. Undoped thin films show a preferred orientation along c-axis
which is confirmed by the presence of a strong peak along (0 0 2) planes at 26 value

34.337°. The value is slightly less than the actual value 34.44°, which is due to the pres-

Intensity (a. u.)
A (002) J
(101)

undoped

r T r T r T r T r T r
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Pos. [°2Th.]

Figure 6.1: XRD patterns of undoped and Mn doped ZnO thin films

ence of residual stresses in the films. Preferred orientation disappears for doped films

as indicated by XRD patterns of doped films. These films show additional peaks at
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32.286° and 36.711° corresponding to (1 0 0) and (1 O 1) planes respectively (JCPDS:
01-089-0511). The peak positions shift to higher angles as the dopant concentration
increases because of the decrease in their interplanar spacing d due to substitution of
lattice site by an ion of lower radius (Karamat et al. 2008). The lattice parameter c
calculated to be 0.5219 nm, 0.5163 nm and 0.5134 nm for undoped, 5 wt.% Mn doped
and 10 wt.% Mn doped ZnO films. We could not find lattice parameter c for 15 wt.%
Mn doped films as the (0 0 2) peak was out of detection range of X-ray diffractometer.
The lattice parameter a for 5, 10 and 15 wt.% Mn doped films was calculated as 0.3201
nm, 0.3180 nm and 0.3085 nm respectively. The ionic radius of Zn** (~0.60 A) is large
compared to that of Mn** (~0.53 A) and Mn?t (~0.58 A) ion but it is smaller than
Mn?* (~0.67 A) ions (Bhatti et al.[2005). When an ion with smaller ionic radius substi-
tutes the host ion there will be a decrease in the lattice parameters a and c (Bhatti et al.
2005). Thus the observed decrease in the present study is due to substitution of Zn?*
ions by Mn** and Mn?" ions. It is also observed that the intensity of the peaks start
to diminish rapidly as the doping concentration increases. According to Han et al. Mn
doping in the range 0.1-1.2 mol% promoted the grain growth of ZnO during sintering
(2000). But, Excessive doping usually resulted in segregation of second phase in grain
boundaries, thereby hindering the grain growth and it deteriorates the crystal structure
(Rahaman| 1995). Therefore, the deterioration of crystal structure in our samples can

be attributed to excess doping of Mn.

6.3.2 Studies on Surface morphology using AFM

AFM images were collected to examine the surface properties of ZnO and Mn doped
ZnO thin films. Figure [6.2] shows 2-D topographic images of undoped ZnO and Mn (5,
10 & 15 wt.%) doped ZnO thin films. The morphology of ZnO thin film consisted of
big columnar grains with variation in their diameters. As the doping percentage of Mn
increases, the films show lack of crystallanity which is clear from 2-D images for 10
wt.% and 15 wt.% Mn doped films. Lack of crystallanity in Mn doped thin films was
also observed by Kim et al. (Kim et al.|2004]).

Roughness values of the deposited films were calculated using Nanoscope soft-
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Figure 6.2: 2-D AFM images of (a) Undoped (b) 5 wt.% Mn doped (c) 10 wt.% Mn
doped & (d) 15 wt.% Mn doped ZnO thin films.

ware. The roughness value of doped film is greater than that of undoped one and found
to decrease as the doping concentration increases even lesser than that of undoped films.
Interstitial Zn plays an important role in the grain growth process. Due to substitution
of Mn ions, interstitial Zn will be decreased. So the grain growth was inhibited be-
cause of the decreased diffusivity which in turn decreases the grain size
2001). As the grain size becomes smaller the roughness decreases further. The average

roughness values are tabulated in Table [6.1]
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Figure 6.3: 3-D AFM images of (a) Undoped (b) 5 wt.% Mn doped (c) 10 wt.% Mn
doped & (d) 15 wt.% Mn doped ZnO thin films.

6.4 Optical properties of Mn doped ZnO thin films

6.4.1 UV-VIS Spectra and Band gap analysis

Figure [6.4] show the UV-VIS transmittance spectra and Tauc plots of undoped and Mn
doped ZnO thin films. All the films show very high transmittance (upto 90%) in the UV
and visible regions. In case of undoped ZnO, the sharp fall of the transmittance near
the absorption edge ~370 nm indicates their high crystalline and direct band gap nature.
The same spectra also reveal that with the increase in the Mn doping concentration, the
absorption edge shifts to lower wavelengths. The doped films are transparent but have

a slight brown color. The color becomes deeper as the Mn concentration in the films
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increases. The average transmittance of undoped ZnO film is 91% in the 400-800 nm
range. On the other hand, the average transmittance of Mn doped ZnO films for 5, 10
and 15 Wt.% are 76%, 75% and 70% respectively.

Table 6.1: Average transmittance, energy band gap and roughness values of Mn doped

and undoped ZnO thin films

Sample  Mn Con- Average Energy = Average Roughness
No. centration Transmittance bandgap (nm)

(wt.%) (400-800 nm)(%) eV)

1 undoped 91 3.20 26.7
2 5 76 3.27 35.3
3 10 75 3.29 13.9
4 15 70 3.34 6.4

The optical band gap of the films was found using the relation (Tauc| 1974; Mott
and Davis|1979).

A(hy — E,)Y/?
o = ( Vhl/ g) (6.1)

The band gap of the undoped films is found to be 3.2 eV. The band gap found to
increase with Mn concentration in the films. The increase of band gap from bulk ZnO
with Mn concentration in the deposited films can be attributed to the sp-d spin-exchange
interaction between the band electrons and localized spin of the transition-metal ions
(Mandal and Nath|2006). The main d-d transitions occur at 5A4; —* T} * T, * A * E
energy levels of Mn™ ion in presence of tetrahedral crystal field interaction similar
to the results observed by other groups (Koidl |1977}; [Koidl et al.|1973; Kim and Park
2003; Jung et al.|2002). Average transmittance values in the wavelength range 400-800
nm and the estimated band gap values for Mn doped and undoped ZnO films are given

in Table
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Figure 6.4: Transmittance spectra of Mn doped and undoped ZnO thin films
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Figure 6.5: Tauc plots of Mn doped and undoped ZnO thin films.
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6.4.2 Nonlinear optical properties
6.4.2.1 Nonlinear absorption and refraction

In order to determine the sign and magnitude of real and imaginary parts of third-
order nonlinear susceptibility z-scan studies were conducted. The intensity dependent
nonlinear absorption and refraction are expressed by the equations (Sheik-Bahae et al.

1989, 1990; Boyd|[2008),
a(l) = o+ Besrl (6.2)

where « is the linear absorption coefficient, ny is the linear refractive index, [.s¢
the nonlinear absorption coefficient, ns is the nonlinear refractive index and I the inten-
sity of the laser beam. The nonlinear absorption coefficient 3. of the Mn doped and
undoped ZnO films were determined from the open aperture z-scan measurements. The
results obtained for open aperture z-scan measurements of the film that corresponds to
the far field normalized transmittance T(z) as a function of the distance from the beam
focus are shown in Figure[6.6] The open aperture curve exhibits the presence of induced
absorption in the films, as the transmission at the focus decreases with increase in in-
tensity. The nonlinearity obtained is of third-order, as it fits to a two-photon absorption
process. Better nonlinear optical properties are observed with increase in concentra-
tion. However, the THG comprised with SHG and SFG in polycrystalline films has
very low efficiency, which is even lower for thin films and therefore neglected (Morkoc
and Ozgur 2009).

There are several mechanisms reported to occur in nanomaterials that give rise to
nonlinear absorption including two-photon absorption (TPA), reverse saturable absorp-
tion (RSA), transient absorption, free carrier absorption (FCA) and nonlinear scattering
(Kumari et al.[|2012). In semiconductors, two-photon absorption is allowed, when the
incident light source energy is less than the direct band gap energy E,, but greater
than E,/2 (Morkoc and Ozgur/2009). In the present case, as the photon energies are

smaller than the band gap, the nonlinear response is due to the third-order nonlinearity
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Figure 6.6: Open aperture z-scan traces of (a) Undoped (b) 5 wt.% Mn (c) 10 wt.% Mn

& (d) 15 wt.% Mn doped ZnO thin films. Solid line depicts theoretical fit.
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Figure 6.7: The nonlinear absorption coefficient 3.;¢ v/s on-axis input intensity I of

(a) Undoped (b) 5 wt.% Mn (c) 10 wt.% Mn & (d) 15 wt.% Mn doped ZnO thin films.

arising from the bound electronic effects and the two-photon absorption (Morkoc and
Ozgur 2009). Along with TPA free carrier absorption, a higher order nonlinear process
may also contribute to induced absorption. Compared to TPA, FCA is a weak process
and hence its contribution to the nonlinear absorption is relatively less (Irtmpan et al.
2008a)). Further, if the nonlinearity is due to two-photon absorption alone, the nonlin-
ear absorption coefficient . sy obtained using eqn}6.2|should be a constant independent
of on-axis input intensity Iy. But from the Figure the SB.ss values decreases with
increase in on-axis input intensity Iy for the MZO films, which is the consequence of
sequential two-photon absorption. It has been reported that the nonlinear absorption in
ZnSe, ZnO and ZnS is due to two-photon induced FCA along with TPA (Zhang et al.
1997). The enhancement of nonlinear absorption of MZO films compared to undoped
films may be due to the free carrier absorption originated from the Mn ions of ZnO
matrices. Thus, we can infer that the nonlinearity observed in thin films is due to TPA
followed by weak FCA. Under open aperture z-scan condition, normalized transmis-

sion is given by (Sheik-Bahae et al.[1989,(1990),
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(eg=1)= 3 0" (6.4)

where qq is a free factor defined as, qo(z) = %
R
Ly 1s the effective thickness of the sample, which is defined as, L.s; = (17;@) ,

I, is the intensity of the laser beam at the focus and,

L is the thickness.

A fit to the equation |6.2|to the open aperture data yielded a large value of nonlin-
ear absorption coefficient . for the films. Closed aperture z-scan experiments with
aperture were performed to study the nonlinear refraction behavior of the Mn doped
and undoped ZnO films. Figure illustrates the closed aperture z-scan profiles of
all Mn-ZnO films. The closed aperture z-scan curves exhibit a pre-focal transmittance
maximum (peak) followed by a post-focal transmittance minimum (valley) signature
for all the films. This peak-valley signature indicates the self defocussing property,
which corresponds to negative nonlinear refractive index ny (Sheik-Bahae et al. 1989,
1990). The sign of the nonlinear index of refraction n, of a sample is thus immediately
clear from the shape of graph. The sensitivity to nonlinear refraction is entirely due to
aperture, and absence of aperture completely eliminates the effect (Sheik-Bahae et al.
1989, [1990). It is important to note that in most of the cases nonlinear refraction does
not occur on its own, but usually in conjunction with nonlinear absorption. This implies
that the closed aperture data obtained from z-scan will contain both nonlinear refraction
and nonlinear absorption components. By dividing the closed aperture z-scan trace by
the open aperture z-scan trace, one can extract pure nonlinear refraction. The physical
origin of nonlinear refraction can be electronic, molecular, electrostrictive or thermal
in nature. In the present case, the nonlinearity is thermal in nature as CW laser is used
(Christodoulides et al.[2010). The closed aperture z-scan curves for all films show a
peak-valley separation of 2Zp. A peak-valley separation of more than 1.7 times the
Rayleigh range (Zp) is the clear indication of thermal nonlinearity. The nonlinear re-

fractive index y(m?/W) is given by the formula (Sheik-Bahae et al.|1989, 1990),
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A PpA

_ 2
= 9oL 1 W) 6.5)

fy

where A® is the on-axis phase shift given by the equation (Sheik-Bahae et al.|[1989,
1990),

B AT,
~0.406(1 — §)0-25

0 for|A &gl < (6.6)

where AT,,_, is the difference in peak-valley normalized transmittance and S is the
linear aperture transmittance, which is equal to 0.7 in our experiments. The normalized

transmittance for pure nonlinear refraction is given by (Sheik-Bahae et al.|1989,|1990),

4{L'A<I>Q

TE =1+ i@

(6.7)

where © = z/zr,zp = mw?/\ , is the Rayleigh length of the laser beam and wy is
the laser beam waist at the focal point. The nonlinear refractive index n, and nonlin-
ear absorption coefficient 3.y, are related to the real and imaginary part of third-order

nonlinear optical susceptibility x® through the equation,

2,2
Xg)(esu) = 10_4Mn2(0m2/W) (6.8)
and
. 02\
X(Id)(esu) =10 204720/85]010(0777//W) (6.9)

where ¢ is the vacuum permittivity and c is the light velocity in vacuum. We conducted
z-scan experiment on the plane glass slides used and found negligible contribution both
for nonlinear refraction and nonlinear absorption at the input intensity used. Therefore
at the input intensity used, any contribution from the plane glass slide to the observed
nonlinearity is negligible. Using the obtained values of ny and 3.y, the real and imag-

inary parts of the third-order nonlinear susceptibility was determined. The obtained
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Table 6.2: 8.7, nas X0 X' and y® of Mn doped and undoped ZnO thin films.

Dopant Nonlinear Nonlinear refraction Real Imaginary |y
concen- absorption coefficient 7 XE;Z’) ng) (esu)
tration coefficient (cm?/W) x1074 (esu) (esu) x1073
(Wt.%)  Bess (cm/W) x1073  x107*
undoped 0.371 —0.139 —0.10 0.14 0.10
5 3.23 —0.319 —0.32 1.63 0.36
10 3.73 —1.51 —1.62 2.02 1.63
15 5.26 —1.56 —1.95 3.33 1.98

values of nonlinear refractive index no, nonlinear absorption coefficient 3.;; and the
real and imaginary parts of the third-order nonlinear susceptibility are given in Table
6.2

There are several research papers reporting on the nonlinear optical properties of
different materials using CW He-Ne laser. To the best of our knowledge, the reported
values here are larger under cw excitation till date. This suggests that the films are
characterized by high nonlinearity with thermal contributions in the CW laser regime.
Shin et al.(2000) and Mathews et al.(2007) reported the highest value of X(3) to be of
the order 10~* esu under cw He-Ne laser illumination. It is evident that our estimated
values for MZO samples are one order of magnitude higher than there. Concentration
dependence of the nonlinear refractive index n, and nonlinear absorption coefficient
Beys was also studied.

Figure 6.9(a) shows the nonlinear refractive index n, and nonlinear absorption
coefficient 3.;s as a function of sample doping concentrations for Mn doped and un-
doped ZnO thin films. It has been found that the n, and . are linearly dependent at
lower concentrations of the films within the range studied. The (.;; and n, increases
with the concentration. This may be attributed to the fact that the number of particles
participating, increases with increase in concentration and more number of particles are

thermally agitated resulting in increase in third-order optical nonlinearity.
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Table 6.3: Table depicting the recently reported [3.;¢ and ny values of different semi-

conductors with cw laser excitation

SI. Materials Bers (cm/W)  ny (cm*/W) Laser wavelength

No. (nm)

1 ZnS nanoparticles (Dehghanif —3.2 x 1073 —1.38x 1078 632.8
et al.[[2011)

2 Polymer Nanocomposite ~ 45.5 x 1072 —2.75x 1077 442
films (Frobel et al.|2011)

3 ZnSe/PVA  nanocomposite  4.52 x 107° = —— 633
film (Sharma and Tripathi
2012

4 Colloidal ZnO nanoparticles —1.23 x 1077 —0.95x 1073 632.8
(Koushki et al.|[2011)

5 Mn doped ZnS nanoparticles  1.52 x 1078  —4.7 x 1073 632.8
(Somayeh et al.[2011)

6 CdTe quantum dots (Dancus —5.5 x 1078 — 550
et al.[[2008))

7 InyO3 nanoparticles — —3.89x 107" 632.8
(Yu et al.[1997) — —4.04x 1077 514.5

— —4.05x 1077 488
— —4.43x 1077 457.9
8 PbS nanocomposite film - —3.5x 1077 632.8

(Kurian and Vijayan|2009)

6.4.2.2 Optical power limiting

With the extensive use of CW lasers, there arises the need for optical power limiters
working in that power regime. An ideal optical power limiter has a linear transmission
below a threshold and clamps the output to a constant above it, thus providing safety

to sensors or eye. The minimum criteria identified for a material to act as an effective
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optical limiter are low limiting threshold, high linear transmittance throughout the sen-
sor band width, stability, etc. (Srinivas et al.[2001]). The optical limiting behavior of all
the films was studied under CW laser illumination. The optical limiting experimental
setup is very similar to the z-scan geometry. Figure 6.9(b) show the characteristic opti-
cal limiting curves of the Mn doped and undoped ZnO films. It is shown clearly in the
Figure 6.9(b) that at low incident energy, the output varies linearly with input energy.
The deviations from linearity began at ~5 mW for the doped films and the maximum
output clamping occurred at ~12 mW. In the optical power limiting, concentration de-
pendence plays an important role. The transmittance decreases and the optical limiting
increases with the increase in Mn concentration. This is because a sample with high
concentration has more particles per unit volume participating in the interaction during
nonlinear absorption process.

Optical limiting can be achieved by means of various nonlinear optical mecha-
nisms, including self-focusing, self-defocussing, induced scattering, induced-refraction,
induced aberration, excited state absorption, two-photon absorption, photo-refraction
and free-carrier absorption in nonlinear optical media. In our case the optical limiter is
energy absorbing type, the major nonlinear mechanism is due to RSA and FCA is the
process leading to nonlinear absorption in semiconductors. Therefore we attribute the
optical power limiting behavior in Mn doped and undoped ZnO films to FCA.

The samples were examined using optical microscopy before and after the laser
irradiation to check any damage in the films. We found no damage of the films at
the region where z-scan data was obtained at the input intensity used, indicating the

photo-stability of the thin films.
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6.5 Conclusions

The third-order nonlinear optical properties of Mn doped ZnO thin films deposited by
RF magnetron sputtering technique was investigated with cw He-Ne laser at 633 nm
wavelength using z- scan technique. The XRD results show the decrease of lattice
parameters a and c after doping of Mn into ZnO, due to the substitution of Mn** and
Mn?3* ions to Zn?* ions. The AFM results reveal a decrease in the grain size and surface
roughness with the increase in Mn content. The optical energy band gap of Mn doped
ZnO films is tunable between 3.20 eV and 3.34 eV with increase in Mn concentration.
The third-order nonlinear susceptibility obtained for Mn doped ZnO films is as large as
1073 esu. The optical power limiting measurements indicated that the Mn doped ZnO
films exhibits good optical limiting at 633 nm wavelength. The nonlinearity leading to
optical power limiting behaviour of Mn doped and undoped ZnO films is attributed to
RSA. Hence, the Mn doped ZnO films may be a possible candidate for the protection

of sensors.



Chapter 7

Conclusions and Future Directions

The conclusions of the thesis and scope for future directions are presented in this chap-

ter.

7.1 Conclusions

* The undoped zinc oxide thin films using sputtering were deposited on glass and
quartz substrates. The effect deposition parameters on the structural and optical

properties were studied.

* The films show good optical transmittance above 85% in 400-900 nm range. The
energy band gap of the films decrease with the increase in the sputter power due

to increase in the grain size.

* The characteristic X-ray diffraction peaks for reactively sputtered ZnO were ob-
served and they are well in agreement with the JCPDS. The ZnO films shown a
strong preferred orientation along c-axis. This was confirmed by a strong peak
corresponding to (0 0 2) planes of Wurtzite ZnO. The films show increase in the
crystallinty with the sputter power. But, it is found to decrease with the increase

in working pressure

* The stresses in the films were compressive in nature and found to decrease with

the increase in the sputter power. Stresses in the films deposited by RF sputtering
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were smaller than those of the reactively sputtered films.

Annealing at higher temperatures lead to the formation of Tridymite phase of
Si0, in the ZnO films deposited on quartz. The appearance of extraneous phase
was confirmed by atomic force microscope (AFM) images and optical transmit-
tance spectra. From the z-scan measurements, the films were characterized with

negative nonlinear refraction.

The enhanced nonlinear response of the films was observed with the increase in
the annealing temperature for ZnO films deposited on quartz. Multiple diffrac-
tion rings due to the refractive index change and thermal lensing were observed
when the samples exposed to laser beam. The films also exhibited strong optical

limiting properties.

The electrical resistance of the AZO films found to decrease with the increase in
the Al content in the films up to 2 wt.%. The bandgap considerably decreases

with the Al content in the films up to 2 wt.%, attributed to B-M effect.

XRD patterns of the ZnO/Al/ZnO multilayers show reflections corresponding to
Waurtzite ZnO, no peaks corresponding to Al observed due to thicker ZnO layers.
The sheet resistance of the multilayers found to decrease with the increase in
the Al interlayer thickness. But, the average transmittance in the visible region

decreases.

The XRD results for Mn doped ZnO films show decrease of lattice parameters a
and c after doping of Mn into ZnO, due to the substitution of Mn** and Mn3+
ions to Zn** ions. The AFM results reveal a decrease in the grain size and sur-
face roughness with the increase in Mn content. The energy band gap of Mn
doped ZnO films is tunable between 3.20 eV and 3.34 eV with increase in Mn
concentration. The third-order nonlinear susceptibility obtained for MZO films
is as large as 1072 esu. MZO films exhibits good optical limiting at a wavelength

of 633 nm.
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7.2 Future Directions

* We have fabricated the multilayered structure for possible TCO applications. The
nonlinear optical properties of these multilayers will be of specific interest as

these contains interfaces.

* The electrical properties of AZO films were studied in this thesis. The effect of

co-doping of fluorine, nitrogen may be studied to achieve improved properties.

* The comparative study of nonlinear properties of doped ZnO films under CW and
pulsed regime may give more information on the origin of nonlinear response in
Zn0. The magnetic properties of transition metal doped ZnO can be studied and a

clear understanding about the origin of magnetic properties may be investigated.
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