ANKARA YILDIRIM BEYAZIT UNIVERSITY

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

GROWTH OF ZnO AND Al DOPED ZnO FILMS BY
HYDROTHERMAL METHOD

M.Sc. Thesis by

Ummiigiilsiim VAROL

Department of Materails Engineering

June, 2017

ANKARA



GROWTH OF ZnO AND Al DOPED ZnO FILMS BY
HYDROTHERMAL METHOD

A Thesis Submitted to
The Graduate School of Natural and Applied Sciences of
Ankara Yildirim Beyazit University
In Partial Fulfillment of the Requirements for the Degree of Master of Science

in Material Engineering, Department of Material Engineering

by

Ummiigiilsim VAROL

June, 2017

ANKARA



M.Sc. THESIS EXAMINATION RESULT FORM

We have read the thesis entitled “Growth of ZnO and Al doped ZnO (AZO) Films
by Hydrothermal Method” completed by Ummiigiilsim VAROL under
supervision of Prof. Dr. Aytun¢ ATES and we certify that in our opinion it is fully

adequate, in scope and in quality, as a thesis for the degree of Master of Science.

Prof. Dr. Aytun¢ ATES

Supervisor

Prof. Dr.Selim ACAR Prof. Dr. Abdullah YILDIZ

Jury member Jury Member

Prof. Dr. FatihVehbi CELEBI

Director

Graduate School of Natural and Applied Sciences

i



ETHICAL DECLARATION

I hereby declare that, in this thesis which has been prepared in accordance with the

Thesis Writing Manual of Graduate School of Natural and Applied Sciences,

e All data, information and documents are obtained in the framework of

academic and ethical rules,

* All information, documents and assessments are presented in accordance with

scientific ethics and morals,
* All the materials that have been utilized are fully cited and referenced,
* No change has been made on the utilized materials,
* All the works presented are original,

and in any contrary case of above statements, I accept to renounce all my legal rights.

Date: 23.06.2017 Signature:

Name & Surname: Ummiigiilsiim VAROL

11



ACKNOWLEDGEMENTS

I would like to express my deep gratitude to my advisor Prof. Dr. Aytung ATES for
his guidance, motivation, encouragement and criticism during my whole master
education. His experience always helped me at every steps of my thesis. I will be

grateful to him to the end of my life.

Besides my advisor, I would like to thank to Dog¢. Dr. Memet Ali YILDIRIM for his
helps and ideas during an experimental step of my study. I have learned many things

from him.

I would like to thank my family stating with my precious mother and father. I am
grateful to them for their endless support, patience, generosity, love and faith in me. I
would not have accomplished anything without them by my side. I thank to my dear

sisters for the joy and happiness they brought into my life.

Finally, my deepest gratitude goes to my dear husband Mesud Behliil VAROL, 1
cannot complete these works without his endless supports, helps, patience and love.
No word is enough to express my thanks to him only I can say that without him

everything would be meaningless.

I thank to TUBITAK (The Scientific and Technological Research council of Turkey)

for the scholarship, with which they supported me financially during my studies.

This thesis was supported by Ankara Yildirim Beyazit University Projects Office
(Project Nu.: 3336).

2017, May Ummiigiilsiim VAROL

iv



GROWTH OF ZnO AND Al DOPED ZnO (AZO) FILMS BY
HYDROTHERMAL METHOD

ABSTRACT

Zinc oxide is extensively used as UV light filters, gas sensors and as conductive
electrodes in solar cells. For this purpose, extensive research is being carried out to
increase the properties of Zinc Oxide and doping. Therefore, in this study; undoped
ZnO and AZO films with different Al (%1, %3, %5) content were prepared by
hydrothermal method on glass substrates. The influence of Al doping on the
structural, surface and optical properties of ZnO films was investigated. On the other
hand, as a parameter of hydrothermal method; temperature, time and molarite effects
on the properties of the ZnO and AZO film were investigated. After the coating
process, for characterization; X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), and absorption measurements were used. The XRD and SEM
measurements showed that the films are covered well on the substrates and have
hexagonal wurzite structure. With using the optical absorption measurements, the

band gap values of the films were determined.

Keywords: 7ZnO, AZO, Hydrothermal method, XRD, SEM, UV/VIS

spectrophotometer.



HIDROTERMAL YONTEMLE ZnO VE Al KATKILI ZnO (AZO)
FILMLERININ BUYUTULMESI

0z
Cinko oksit, UV 1sik filtreleri, gaz sensorleri ve giines pillerinde iletken elektrot
olarak yaygin bir sekilde kullanilir. Bu amacla, Cinko Oksit ve katkilamanin
ozelliklerini arttirmak icin kapsamli arastirmalar yapilmaktadir. Bu nedenle, bu
calismada; katkisiz ZnO ve farkli Al konsantrasyonlu (% 1,% 3,% 5) AZO filmleri,
cam yiizeylerde hidrotermal yontemle hazirlandi. Al katkilamanin, ZnO filmlerin
yapisal, yiizeysel ve optik Ozelliklerine etkisi incelendi. Diger taraftan, hidrotermal
yontem parametrelerinin; ZnO ve AZO filmi iizerindeki sicaklik, zaman ve molarite
etkileri arastirllmistir. Karakterizasyon icin kaplama isleminden sonra; X-Isim
Kirinimi1 (XRD), Taramali Elektron Mikroskopu (SEM) ve absorpsiyon o6lgiimleri
alindi. XRD ve SEM olciimleri, filmlerin alt tabaka iizerinde iyi kaplandigini ve
hekzoganal wurzit yapiya sahip oldugunu gosterdi. Optik absorpsiyon ol¢iimleri

kullanilarak filmlerin yasak enerji araliklar1 belirlendi.

Anahtar kelimeler: ZnO, AZO, Hidrotermal Yontem, XRD, SEM, UV/VIS

Spektrofotometre.
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CHAPTER 1

INTRODUCTION

Currently, most of the energy demand in the world is met by fossil and nuclear
power plants. A small part is drawn from renewable energy technologies such as
wind, solar, fuel cell, biomass and geothermal energy. Wind energy, solar energy and
fuel cells have experienced a remarkably rapid growth in the past ten years because
they are pollution-free sources of power. Additionally, they generate power near the
load centers, which eliminates the need to run high-voltage transmission lines

through rural and urban landscapes [1].

The output power of solar cells fluctuates considerably depending on solar radiation,
weather conditions and temperature [1]. Not all parts of the solar spectrum are
absorbed equally well by a solar cell. The light that is absorbed weakly can be
trapped inside the solar cell and there by travel a complicated optical path before
being absorbed, reflected or transmitted. This makes solar cells complex optical

devices [2].

One uses the solar energy in converting this energy into (a) heat, and (b) electricity.
In the first case, it is used for directly heating homes or for water heating where the
sun’s rays are incident on a panel containing circulating water in tubes. In the second

case, it is used for generating electricity using photovoltaic panels [3].

The cost of solar photovoltaic and fuel cell electricity is still high. Nevertheless, with
on going research, development and utilization of these technologies around the
world, the costs of solar cells and fuel cell energy are expected to fall in the next few
years [1]. Solar energy provides us with an alternative where there is no pollution of

the environment and its use decreases the rate of depletion of energy reserve [3].

Transparent conductive oxides (TCO) are necessary as front electrode for most film
solar cells. The transparent conducting film should have low resistivity, high

transmittance in the visible range and high stability against heat [4]. Zinc oxide and



doped zinc oxide films have received extensive attention in recent years due to their

excellent optical and electrical properties.

TCO materials like ZnO has received a vast amount of attention in the last few years.
These materials are transparent and conductive with a wide variety of applications in
industry and research [5]. Particularly, ZnO has drawn attention because its large
energy gap (3.36 eV at room temperature) and an exciton bond energy of 60 meV
making it in a candidate material for ultraviolet and blue laser devices that works at
room temperature [6,7,8]. For these reasons, the ZnO nano/micro-structures are
attractive for high efficient short wavelength optoelectronics devices [7]. Plus, ZnO
material is bio-safe and biocompatible so that it can be used also for medical
applications without any coating [9]. Until now, have been successfully synthesized
nano and micro-materials of ZnO with different morphologies and interesting
structures, such as: nanowires, nanobelts, nanorings, nanobows, nano/microtubes,
nano/microrods, flower-shaped, nanosaws [10], etc. These materials have been
grown by different methods like metal organic chemical vapor deposition
(MOCVD), dc magnetron sputtering, chemical spray, optical thermal evaporation,
hydrothermal synthesis, Successive Ionic Layer Adsorption and Reaction (SILAR)
[11] etc.

Andersson et al. had come up with a new microemulsion process combined with
hydrothermal technique to overcome the difficulties involved in the general
microemulsion process. In order to prevent grain growth of the nanoparticles, a new
hydrothermal microemulsion process had been developed in their study. The former
used tetra butyl titanate and the latter used titanium tetrachloride as the aqueous

phase of the microemulsion [12].

N. Ueno et al. synthesized aligned ZnO nanorods by a simple hydrothermal method
without calcination. A seed layer of zinc acetate (ZnAcz) sodium dodecyle sulfate
(SDS) nanocomposite was used for nucleation of ZnO nanorods. First, a ZnAc2/SDS
composite was deposited on a Si substrate by spin-coating. And then, ZnO nanorods
were grown under hydrothermal conditions at 90°C. ZnO crystals were grown in the
direction of c-axis perpendicular to the surface of the Si substrate. However,

nucleation did not occur on the substrate of a ZnAc: seed layer without SDS,



indicating that the presence of the ZnAc2/SDS seed enhanced the nucleation of ZnO
crystals. These results show that high dispersion of ZnAc; in the nanocomposite

effectively assists a nucleation of ZnO crystals [13].

D. Polsongkram et al. at this study ZnO nanorods with hexagonal structures were
synthesized using hydrothermal method under different conditions. The effect of
synthesis conditions on ZnO nanorod growth was systematically studied by SEM.
All samples were characterized by XRD, Energy-Dispersive X-ray (EDAX)
spectroscopy and micro-Raman spectroscopy. The results demonstrate that the
morphology and ordering of ZnO nanorods are determined by the growth

temperature, the overall concentration of the precursors and deposition time [14].

M. Yilmaz et al. are used low-temperature hydrothermal method to synthesize ZnO
nanoparticles. The structural, morphological and optical characterizations of the
nanoparticles were evaluated with regard to the zinc content by them. To achieve
that, they changed the molar ratios of the precursors from 0.05 to 0.1 M. The
structural and morphological analyses showed that all samples had a polycrystalline
hexangonal wurtzite crystal structure and the shape of the ZnO nanoparticles
changed with increasing zinc content. A possible growth mechanism of the ZnO

nanoparticles is explained in terms of the zinc content [15].

S. Promnimit et al. synthesized hexagonal ZnO nanocrystals through a
hydrothermal route under mild conditions. They used pre synthesized ZnO
nanoparticles to serve as nucleation sites for the growth of the nanocrystals. They
found the growth of ZnO nanorods were surface independently. The dimensions of
the hexagonal ZnO nanocrystals were observed to be dependent on the concentration
of the reactants used (sources of Zn** and OH ions), pH of the growth bath and also
on the duration of crystal growth. The average diameter and height of the ZnO
nanocrystals was found to be directly proportional to the concentration of the
reactants as well as hydrolysis time. The orientation of the nanocrystals was found to
be dependent upon the seeding method employed. Hexagonal single crystals of a
wide range of dimensions and aspect ratios could be successfully synthesized

through a control of growth parameters [16].



M. Sgndergaard et al. they investigated the formation of ZnO nanoparticles using a
fast continuous flow hydrothermal synthesis method. The synthesis conditions had
varied with respect to temperature, pH, and concentration of the Zn (NOs3)> 4H>O +
NaOH aqueous precursor. The different conditions affected the size, morphology,
and crystallinity of the produced ZnO nanoparticles. The nanoparticles were
investigated by Rietveld refinement of powder X-ray diffraction data, Transmission
Electron Microscopy (TEM), and SEM. The particle size and morphology were
highly temperature dependent: Anisotropic particles of a maximum length of 1 pm
were produced at a reactor temperature of 122 C, while isotropic particles of around
25 nm were produced at temperatures above 200 C. The crystallinity of the particles
increased from 90 (1) % at 122-200 °C to 99 (1) % at 390 C. The variation of the pH
of the precursor results in different morphologies: (1) acidic conditions produce large
rods, (2) neutral conditions give isotropic particles, and (3) alkaline conditions result
in large plates. Finally, it was found that the particle size increases with the precursor

concentration [17].

P. M. Aneesh et al they synthesized stable OH free ZnO nanoparticles using
hydrothermal method by varying the growth temperature and concentration of the
precursors. The formation of ZnO nanoparticles were confirmed by XRD, TEM and
Selected Area Electron Diffraction (SAED) studies. The average particle size had
found to be about 7-24 nm and the compositional analysis had done with inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). Diffuse Reflectance
Spectroscopy (DRS) results shows that the band gap of ZnO nanoparticles is blue

shifted with decrease in particle size [18].

J. K. Tsai et al fabricated ZnO microrods were on a fluorine-doped tin oxide (FTO)
glass by using a high-temperature hydrothermal method. The main goal was to
investigate the correlation between synthesis temperature and characteristics of ZnO
microrods. The morphology of ZnO microrods was investigated by Field-Emission
Scanning Electron Microscope (FESEM), the optical properties were measured by
photoluminescence (PL) and the crystallinity was characterized by XRD. SEM
images showed that morphology of ZnO was rod-like. The growth mechanism

explained by Oswald ripening process. The synthesis temperatures were associated



with pH values and the pH value was related to cation concentration in the solution.
Thus Zn ion concentration plays an important role in controlling the morphology of
microrods. In this study ZnO microrods grown at 90 °C have the best crystallinity

and fewer defects with preferred optical properties than other samples is found [19].

S. Baruah et al. summarized the conditions leading to the growth of different ZnO
nanostructures using hydrothermal technique. Doping of ZnO nanostructures through
hydrothermal method were also highlighted. One-dimensional nanostructures
exhibited interesting electronic and optical properties due to their low dimensionality
leading to quantum confinement effects. ZnO had received lot of attention as a
nanostructured material because of unique properties rendering it suitable for various
applications. Amongst the different methods of synthesis of ZnO nanostructures, the
hydrothermal method was attractive for its simplicity and environment friendly

conditions [20].

L. Dangol et al. growth the ZnO films which has average thickness 364 nm were
deposited on glass substrates via hydrothermal process using a mixture of 25 mM
aqueous solutions of zinc nitrate and hexamethylenetetramine at a constant
temperature of 75 = 5°C. The structure of ZnO film was analyzed by using XRD.
Their result showed that ZnO film is of polycrystalline nature with preferential
orientation along (002) perpendicular to the substrate. Average crystallite size of
prepared ZnO film was found to be 18 nm. SEM image clearly showed the growth of
nano-plate structure with an average thickness and breadth of 90 nm and 390 nm
respectively. The band gap of ZnO was determined from transmittance spectrum
captured in the visible wavelength. The calculated value of direct band gap was 3.24

eV [21].

A. Alkahlout et al. investigated the stable crystalline AZO nanopowders were
synthesized using hydrothermal treatment processing. Three different aluminum
precursors had been used. The Al precursors were found to affect the morphology of
the obtained nanopowders. AZO nanoparticles based on zinc acetate and aluminum
nitrate had been prepared with different Al/Zn molar ratios. XRD investigations was
revealed that all the obtained powders had single phase zincite structure with purity

of about 99%. The effect of aluminum doping ratio in AZO nanoparticles (based on



Al-nitrate precursor) on structure, phase composition, and particle size had been
investigated. The incorporation of Al in ZnO was confirmed by UV-Vis

spectroscopy revealing a blue shift due to Burstein-Moss effect [22].

M. Jiao et al. grew ZnO nanorods selectively on-chip with a two-step low-
temperature hydrothermal method and their gas sensing properties were investigated.
Small Zinc islands were deposited by sputtering on a glass substrate and used as
nucleation sites for the ZnO nanorod growth. An equimolar aqueous solution of
0.005 m Zn(NO3)2*6H>0 and (CH2)sN4 at 85 °C was used in two steps. The first step
was used for nucleation and growth of short ZnO nanorods for 4 hours, whereas the
second step was used for elongation of the nanorods for 36 hours. Long porous
nanorods from neighboring islands connected to each other and formed nanorod
junctions. A gas sensor with such nanorods was evaluated towards NO>, ethanol,
hydrogen, and ammonia to characterize its sensing properties. It showed that the gas
sensor has the highest sensitivity to NOz, and a very high selectivity to this gas when

measured at 450°C [23].

A. R. Reddy et al studied the ZnO nano crystals prepared using zinc nitrate
hexahydrate (Zn(NO3)26H>0) and sodium hydroxide (NaOH) as the starting
precursors in the molar ratio’s of 1:2 and 1:10 through the hydrothermal method. The
effects of NaOH concentration on structural and optical properties of ZnO nano
crystals were investigated. The ZnO nanoparticles were characterized with XRD, FE-
SEM and UV-VIS absorption spectroscopy. The hexagonal wurtzite structure of ZnO
nanocrystals was confirmed from XRD results. The Full Width at Half Maximum
(FWHM) of XRD peaks increased with increase of NaOH concentration which
indicates that the average crystallite size of ZnO nano crystals decreased with
increase of NaOH concentration. FESEM pictures exhibited hexagonal shaped ZnO
nanocrystals comprising of cylindrical pores of diameters ranging from 9 nm to 12
nm. The number of pores as well as their diameters enhanced with increasing
concentration of NaOH. Absorption spectra of these ZnO nano crystals showed an
absorption peak positioned at 350 nm. This was due to the excitonic absorption in the

ZnO nano crystals. The prepared porous ZnO samples using hydro thermal method



might reduce the required reflection losses in the front surface which was one of the

important desirable features in optoelectronic devices [24].

R. Savu et al. studied the ZnO nanorods in the form of powder or nanostructured
films which synthesized by the hydrothermal method using aqueous solutions. Once
the synthesis time was completed, the reaction vessel was naturally cooled submitted
to a quenching process. XRD, SEM and TEM techniques were employed to
characterize the crystallinity, morphology, and dimensions of the nanorods, as well
as their growth direction. Suspensions of powder material were spin coated over
oxidized silicon substrates in order to obtain nanostructured layers. Photodetectors
based on in-situ grown and spin coated films were prepared in order to evaluate the
influences of cooling rate and device configuration on the UV sensing
characteristics. Spin coated layers showed an excellent performance, better than
nanorods grown directly on the substrate during the hydrothermal process. For both
configurations, the sensitive layers built from quenched samples exhibited enhanced

UV photoresponses when compared to the naturally cooled ones [25].

X. Xu et al. ZnO nano-superstructures (NSSs) had attracted intense research interests
due to their large surface areas and unique properties. At this work, they reported an
original approach to synthesize ZnO NSSs in a one-step manner with a hydrothermal
method. The crystalline structures and growth mechanism could be understood by
surface energy calculations. The reaction kinetics was investigated for the control of
the morphology of ZnO NSSs. The critical role of the morphology of Au catalysts in
the synthesis of ZnO nanostructures had been demonstrated. Such ZnO NSSs could
be fabricated on various rigid and flexible substrates for applications in electronics,

solar cells and piezoelectric devices [26].

E.Chitanu et al. presented the results of synthesis of ZnO nanowires by
hydrothermal method from 0.04 M of Zn(NO3)2 6H20 and C6H12N4, solutions
using ZnO:Al thin film substrate. Temperature was kept constant at 900C for 2
hours. Nanowires of ZnO were cleaned with DI water and drayed with nitrogen and
structural and morphological characterized. XRD pattern of the ZnO nanowire
growth on a Al:ZnO thin film substrate. A dominant diffraction peak for (002)

indicated a high degree of orientation with the caxis vertical to the substrate surface.



SEM imagines showed that a dense array of hexagonal ZnO nanowires having a

diameter of from 25nm to 90 nm and length between 100 and 170nm [27].

Akhiruddin et al. synthesized ZnO nanoparticles with hydrothermal method using
ethylene glycol as a stabilizer and as well as a template. Their study was aimed to
examine the influence of hydrothermal duration (3, 6 and 12 hours) on the structures
and optical properties of ZnO nanoparticles. XRD results showed that all peaks
appear in the diffraction pattern indicate the hexagonal wurtzite structure of ZnO.
The lattice parameters found just slightly varied with addition of hydrothermal
duration. It was found that the particles size decreased whereas the average crystals
size increased with hydrothermal duration. The average crystal size found increase
with addition of hydrothermal duration. On the other hand, the particle grains were
spread evenly distributed with decreasing size with hydrothermal duration increase,
as indicated in the SEM images. Optical properties were investigated based on the
optical transmission of the ZnO films. It was known that the films strongly absorb
the visible region, whereas the absorption edge in the UV region. Bandgap energy of
the films found increase with hydrothermal duration, that were 3.18 eV, 3.21 eV and

3.24 eV for 3 hours, 6 hours and 12 hours, respectively [28].

H. F. Quintero et al. synthesized ZnO rods with hydrothermal method. Physical
dimensions of the ZnO rods were changed systematically as a function of: precursor
salt, deposition time, molarity, and temperature parameters. Nano and Microrods
were obtained by using nitrate and acetate, respectively. The morphology was
obtained by SEM. Zinc acetate resulted as the optimum precursor salt to study the
synthesis process of the rods. Diffuse reflectance, photo and cathode luminescence,
and XRD techniques were employed to characterize the rods as a function of
hexamine molarity/zinc acetate molarity ratio (MHMT/MZn). Optical results made
possible to propose an energy diagram that presents different optical radiative
desexcitation mechanisms. All rods resulted with an average energy gap of 3.36 eV
and several energy levels into it associated to structural defects. The increase of
neutral interstitial zinc and/or neutral oxygen vacancy shallow donors with the
incorporation of HMT into precursor solution contributed to have a red shift of the

ultraviolet emission [29].



K. Gautam et al. The structural and optical properties of ZnO nanorods were
investigated as a function of growth temperature of the seed layer. The seed layer
comprising of ZnO nanocrystallites was grown on ITO substrates at five different
temperatures (150-550 °C) and the nanorods were grown on the seed layer by the
facile hydrothermal method. The seed layer grown at 350°C was observed to be
uniformly textured with c-axis orientation leading to the synthesis of vertically
aligned nanorods with smaller diameter. The HR-TEM analysis and the intense peak
along (002) direction in the XRD spectra of this sample implied that the nanorods
possess c-axis orientation. An enhanced UV emission was also observed in the PL
spectra of the sample. The diversity in the morphology and orientation of the seeds at
different temperatures had explained by the growth kinetics of the ZnO

nanocrystallites [30].

N. Kiomarsipour et al. successfully synthesized well-dispersed two new structures
of scale-and spindle-like ZnO with using zinc nitrate hexahydrate as the starting
material and also the low temperature hydrothermal process and any additional
surfactant, organic solvents or catalytic agent. The ZnO structures were characterized
by XRD, FESEM and TEM. Optical property of the ZnO structures was investigated
by room temperature PL spectroscopy. The results revealed that ZnO powders have
hexagonal (wurtzite-type) crystal structure and a large amount of well dispersed ZnO
scale and spindle-like structures was formed. The thickness of scales was in the
range 40—-60 nm and the diameter of spindles was in the range 50-70 nm. Room
temperature PL spectra from the ZnO structures showed aweak UV emission peak at
~382 nm and a very strong visible green emission at 530 nm, that was a scribed to

the transition between V,Zn; and valence band [31].

P. M. Aneesh et al. synthesized ZnO nanoparticles with using hydrothermal method
by varying the growth temperature and concentration of the precursors. The
formation of ZnO nanoparticles were confirmed by XRD, TEM and SAED studies.
The average particle size had found to be about 7-24 nm and the compositional
analysis was done with ICP-AES. DRS results showed that the band gap of ZnO
nanoparticles was blue shifted with decrease in particle size. PL properties of ZnO

nanoparticles at room temperature were studied and the green photoluminescent
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emission from ZnO nanoparticles can originate from the oxygen vacancy/ZnO

interstitial related defects [32].

S.N. Bai et al. growth one dimensional AZO nanowires on a silicon substrate with a
ZnO seeding layer by using a low temperature hydrothermal method was
demonstrated. The structural and optical characteristics of the solution-grown AZO
nanowires were studied using FE-SEM, XRD, and cathodoluminescence (CL)
measurements. The FE-SEM images showed that the ZnO nanowires were hexagonal
column shaped and stood perpendicularly on the silicon substrate. The ZnO
nanowires annealed at various temperatures are all wurtzite crystal structure and have
(002) preferred orientation is founded in XRD patterns. As the annealing temperature
changed, the intensity of (100) and (101) peaks reveals distinct change. The CL
spectra show the as-grown ZnO nanowires display a weak and narrow UV emission
centered at 376 nm. A strong and very broad green—yellow emission band with a
center at 575 nm as well as a shoulder like orange-red emission band centering at
625 nm was also demonstrated. It was shown that the luminescence intensity
centered at 376 nm increased, the shoulder like emission centered at 625 nm
decreased but emission centered at 575 nm disappeared after thermal annealing

treatment in oxygen atmosphere [33].

S. Yun et al. High-density, single-crystal, quasi-aligned, AZO nanorod arrays were
grown on a silicon substrate using a low temperature hydrothermal process. Different
Al atomic concentrations had successfully doped into the ZnO lattice using different
Zn and Al precursors in the synthesis solution. The effects of Al doping on the
microstructure characteristics, elemental composition and optical properties of the
nanorod arrays were studied. It was shown that the morphology, density, and surface
compositions of ZnO nanorod arrays had been sensitive to the concentration and
variety of zinc and aluminum precursors. The ratio of ultraviolet to visible emission
peak (IUV/IVis) increased as the aluminum nitrate concentration increases up to
SmM. The best optical property was obtained for AZO nanorods grown in a 0.04 M
zincacetate dihydrate solution with SmM of aluminum sulfate hydrate. The improved
optical property in AZO nanorods could be attributed to the decrease in oxygen

deficiency after Al doping [34].
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E. Burunkaya et al. synthesized AZO nanometricparticles using hydrothermal
method. Aluminumnitrate hydrate, aluminum sec-butoxide and zincnitrate hydrate
were used as the starting materials, and n-propanol and 2-butanol were used as
solvents. Ratio of Al2O3 in ZnO was kept at 10 wt%. Reaction was conducted in a
teflon autoclave at 175-225 °C for 5 h. Ratios of alcohol, HoO and HCI to zinc
nitrate hydrate were altered and 6 different sets of parameters were investigated.
Obtained products were subjected to powder-XRD, particlesize measurement, TEM
examination and AAS analysis. Single phase AZO particles were obtained at alcohol
to zinc nitrate ratio of 35, acid to zinc nitrate ratio of 0.2, at 225 °C. Particle size was
determined as 3.2 + 0.4 nm from TEM examinations and as 1-2 nm from dynamic
light scattering. Synthesized particles had amphiphilic character, thus they could be
dispersed in both polar and non-polar media. It was seen from the UV-diffuse
reflectance spectra that the AZO powder had low reflectance in the UV region and
high reflectance in the visible region. The obtained powder had the potential to be

utilized in the form of thin films for optical and electronic purposes [35].

J.T. Chen et al. fabricated the undoped and AZO nanostructures on the ITO
substrates pre-coated with ZnO seed layers using the hydrothermal method. The
undoped well-aligned ZnO nanorods were synthesized. When introducing the Al
dopant, ZnO shows various morphologies. The morphology of ZnO changes from
aligned nanorods, tilted nanorods, nanotubes/nanorods to the nano sheets when the
Al doping concentrations increase. The ZnO nano structures were characterized by
XRD, FESEM, XPS, PL and Raman technology. The Al doping concentrations play
an important role on the morphology and optical properties of ZnO nanostructures.

The possible growth mechanism of the ZnO nanostructures was discussed [36].

T. Y. Hsieh et al. synthesized AZO nanostructures FEAs hydrothermally on
AZO/glass substrate. The samples with Al-dosage of 3 at.% showed the morphology
as nanowires vertically grown on the substrates and a structure of c-axis had
elongated single-crystalline wurtzite. The good field-emission (i.e., the large anode
current and low fluctuation of 15.9%) could be found by AZO nanostructure FEAs
with well-designed Al-dosage (i.e., 3 at.%) because of the vertical nanowires with

the less structural defects and superior crystallinity. Moreover, the FWHM of near
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band-edge emission (NBE) decreased as the increase of annealing temperature,
representing the compensated structural defects during oxygen ambient annealing.
After the oxygen annealing at 500°C, the hydrothermal AZO nanostructure FEAs
revealed the excellent electrical characteristics (i.e., the larger anode current and
uniform distribution of induced fluorescence) and enhanced field-emission stability

(i.e., the lowest current fluctuation of 5.97%) [37].

B.V. Shrisha et al. prepared Pure and Al doped (0 - 5 at %) ZnO nanorods using two
step hydrothermal method. In the first step, ZnO thin films were deposited on glass
substrates by sol-gel spin coat method. In the next step, AZO nanorods were grown
on the ZnO film coated glass substrates by hydrothermal method using the aqueous
solution of [Zn(NO3),.6H,0] (0.1 M), [HMT;CsHi2N4] (0.1 M) and [AICI3.6H>0]
prepared using double distilled water. The growth was carried out by maintaining
thetemperature of the autoclave at 90 °C for 6 h. The structural, morphology and
optical properties of the grown ZnO nanostructures were characterized by XRD,
FESEM, EDX, UV-Vis and PL spectroscopy. XRD spectra shows both ZnO and Al
doped nanorod shave the hexagonal wurtzite structure with a strong (002) preferred
orientation. As Al doping percentage increased, the XRD spectra showed dominance
of (101) orientation. The surface morphology of the films were studied using SEM,
shows that the both pure and AZO films have hexagonal shaped nanorods. The band
gap of ZnO nanorods increased with Al doping concentration. The optical parameters
such as refractive index, extinction coefficient and dielectric constants were
determined using the absorbance and the reflectance data. The PL spectrum showed
emission peaks in UV and visible region related to NBE and deep level emission
(DLE), respectively. As Al doping increased NBE intensity decreased, this might be
due to the doping related defects [38].

M. Mazilu et al. The study presents the optical properties of undoped and AZO
nanostructures grown on glass substrates using the hydrothermal method. The
obtained ZnO-based nanostructures showed optical transmittance over 75% and low
reflectance in the visible domain. The increasing of optical transmittance of AZO
nanostructures with increased doping concentrations was observed. The optical

constants such as refraction index, extinction coefficient, dielectric constants and
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optical conductivity were determined using the transmission and the reflection at
normal incidence of light in the wavelength range of 200—1100 nm. The band gap
broadens with increasing dopant concentration from 2% to 4%. The obtained
nanostructured layers with size in the range of subwavelength of visible light can act
as anti-reflective coating that reduces reflectance based on the Moth Eye principle

[39].

S. Huang et al. The AZO rod-like whiskers were synthesized by a simple
hydrothermal method in the study. The resistivity of whisker (AZOw) samples
significantly decreased with the increase of AI** concentration and showed a
minimum when AI** doping concentration was 2.0%. If AI** concentration continued
to increase, namely more than 2.0%, the resistivity of AZO samples would increase.
So, in this study the optimum Al doping concentrationwas 2.0%, and the lowest

electric resistivity was obtained [40].

Z. Chen et al. synthesized for the first time AZO nanopowders using a novel sol-gel
hydrothermal route. The results revealed that the morphology of the AZO
nanopowders could be effectively controlled by varying the concentration of
mineralizer. The obtained rod-like AZO nanopowders with an average diameter of
about 40 nm showed a minimum electrical resistivity, which was lower than that of
spheroidal and flake-like AZO. The formation mechanism of the AZO crystalline

was also discussed [41].
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CHAPTER 2

THEORETICAL BASES

2.1 Semiconductors

Semiconductors are materials with electronic properties intermediate between those
of metals and insulators. Semiconductors are insulators at 0 Kelvin and that at this

temperature the valence band is completely filled while the conduction band is empty

[42].
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Figure 1.1 Schematic energy band representation of a semiconductor [42].

At room temperature, the energy band gap of the semiconductor is smaller, so also,
the valence band is less populated and the conduction band is more populated with
electrons than for the case of an insulator. A typical schematic diagram of the band
structure of a semiconductor is shown in Figure 1.1. When an electron is raised into
the conduction band, this leads to a missing electron or an empty state in the valence
band. This empty state may be filled by neighbouring electrons in the valence band
that in turn results in a shift in the location of the empty state. The empty state in the
valence band is considered to be a quasiparticle called a hole. It carries a positive

charge and moves in the opposite direction to the electron [42].

There is no doubt that semiconductors changed the world beyond anything that could
have been imagined before them. Although people have probably always needed to
communicate and process data, it is thanks to the semiconductors that these two

important tasks have become easy and take up infinitely less time. Semiconductors



15

may be considered as the information carrier of our times. In the history of
information, there were two revolutions (approximately 500 years apart). The first
was that of Johan Gutenberg who made information available to many, the other is
the invention of the transistor. Currently the global amount of information doubles
every year. Many things we are taking for granted (such as, e.g., computers, Internet
11 and mobile phones) would not be possible without silicon microelectronics.
Electronic circuits are also present in cars, home appliances, machinery, etc.
Optoelectronic devices are equally important in everyday life, e.g., fiberoptic
communications for data transfer, data storage (CD and DVD recorders), digital
cameras, etc. [43]. Semiconductor devices such as diodes, transistors and integrated
circuits can be found everywhere in our daily lives, in Walkman, televisions,
automobiles, washing machines and computers. We have come to rely on them and

increasingly have come to expect higher performance at lower cost [44].
2.1.1 Types of Semiconductors

Semiconductors are either elements or compounds. Si and Ge are most common
elemental semiconductors. InSb, InAs, GaP, GaAs, SiC and GaN are compound

semiconductors [45].

An intrinsic semiconductor conducts in its pure state. In this case, electron-hole pairs
are equally thermally generated and the concentration of the electrons equals that of
the holes [46]. According to, the generation of intrinsic carriers is determined by the
thermal excitation and recombination of electron holes. Under steady state
conditions, the generation rate of electron-hole pairs must be equal to the
recombination rate of electrons and holes. In solid-state electronics, either pure
silicon or germanium may be used as the intrinsic semiconductor that forms the
starting point for fabrication. As shown in Figure 1.2, Silicon crystallizes in the same
pattern as diamond, in a structure which Ashcroft and Mermin call "two
interpenetrating face-centered cubic" primitive lattices. The lines between silicon
atoms in the lattice illustration indicate nearest-neighbor bonds. The cube side for
silicon is 0.543 nm. Germanium has the same diamond structure with a cell
dimension of 0.566 nm. However, germanium will at a given temperature have more

free electrons and a higher conductivity. Silicon is by far the more widely used
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semiconductor for electronics, partly because it can be used at much higher

temperatures than germanium [47].
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Figure 1.2 The diamond lattice of silicon and germanium [47].

An extrinsic semiconductor is formed when small quantity of foreign atoms known
as dopant is introduced to the crystal of an intrinsic semiconductor in order to
increase its electrical conductivity. Dopants introduce energy levels from which free
carriers can move into the bands. Either extra electrons or holes can be introduced
into the crystal by doping. The respective dopants are known as donors for
semiconductors that have excess electrons (n-type) and acceptors for semiconductors

that have excess holes (p-type) as carriers [42].

Conduction band
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Figure 1.3 Schematic energy band representation of n-type extrinsic semiconductor [42].

The band diagrams of both n and p-type semiconductors are shown in Figure 1.3 and
1.4, respectively. The donor impurity level is normally situated near the conduction
band and when the thermal energy exceeds the small ionisation energy of the donor
atoms, electrons will be raised into the conduction band as shown in Figure 1.4,

resulting in electrical conduction [42].
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Figure 1.4 Schematic energy band representation of p-type extrinsic semiconductor [42].

In a similar manner to the donor levels, at sufficient thermal energy, electrons are
raised from the valence band to the acceptor level leading to the formation of holes in

the valence band as illustrated in Figure 1.4 [42].

As shown in Figure 1.5, the addition of pentavalent impurities such as antimony
(Sb), arsenic (As) or phosphorous (P) contributes free electrons, greatly increasing

the conductivity of the intrinsic semiconductor. (n-type Semiconductor) [47].
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Figure 1.5 The lattice of n-type silicon [47].

As shown in Figure 1.6, the addition of trivalent impurities such as boron (B),
aluminum (Al) or gallium (Ga) to an intrinsic semiconductor creates deficiencies of

valence electrons, called "holes" [47].
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Figure 1.6 The lattice of p-type silicon [47]

2.2 ZnO Films

In last years, metal oxide semiconductor films have been widely studied and have
drawn much attention due to their optical and electrical properties. Some of these

oxide semiconductors are suitable candidates for TCO films [48].
2.2.1 Properties of ZnO Films

Among TCO materials, ZnO has raised as one of the most promising materials due to
its optical and electrical properties [49], suitability to doping, non-toxicity [50], high
resistivity control [51] high chemical, mechanical [49] and high thermal [52] stability
together with its abundance in nature which makes it a lower cost material [49]. Due
to these superior properties ZnO is a good choice for electronic or optoelectronic
applications [53] such as antireflection coatings [54], transparent electrodes in solar
cells [55], gas sensors [56], varistors [57], light emitting diodes [58], nanolasers [59]
heterojunctions etc. On the other hand, pure ZnO thin films are sensitive to oxidation
and O absorption in the films cause a decrease in the electrical conductivity. The
optical properties of ZnO are widely affected by surface morphology and optical
energy band gaps [48]. ZnO crystallizes in the hexagonal wurtzite structure (c=5,205
and a=3,249) [60] and each Zn atom in the lattice is bonded tetrahedrally with four
adjacent O atoms [54]. ZnO is an n-type [51] II-VI semiconductor which has a wide
direct band gap of ~3.37 eV [61] and a huge exciton binding energy of ~60 meV at
room temperature (300 K) [62]. Its n-type electrical conductivity is due to deviations
from the stoichiometry resulting from oxygen vacancies and interstitial zinc, giving

rise to a shallow donor level just below the conduction band [63]. ZnO has resistivity
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control over the range 10° -10° Q-cm [51], high transparency in the range of 0,4-2um
optical wavelength [64] and its transmittance is nearly 80-90% in the visible range

[65].
2.2.2 ZnO Crystal Structure

Most of the group-II-VI binary compound semiconductors crystallize in either cubic
zinc-blende or hexagonal wurtzite structure where each anion is surrounded by four
cations at the corners of a tetrahedron, and vice versa. This tetrahedral coordination
is typical of sp® covalent bonding, but these materials also have a substantial ionic
character. ZnO is an II-VI compound semiconductor whose iconicity resides at the

borderline between covalent and ionic semiconductor.

Zinc oxide crystallizes in three forms: hexagonal wurtzite, cubic zinc-blende, and the
rarely observed cubic rock salt. The wurtzite structure is most stable and thus most
common at ambient conditions. The zinc-blende form can be stabilized by growing
ZnO on substrates with cubic lattice structure. In both cases, the zinc and oxide are
tetrahedral. The rock salt NaCl type structure is only observed at relatively high
pressures ~10 GPa. The hexagonal and zinc-blende ZnO lattices have no inversion
symmetry (reflection of a crystal relatively any given point does not transform it into

itself).

The lattice constants are a = 3.25 A and ¢ = 5.2 A; their ratio c/a ~ 1.60 is close to the

ideal value for hexagonal cell c/a = 1.633 [66].

The wurtzite and zinc-blende crystal structure of ZnO are schematically shown in
Figure 1.7. As in most II-VI materials, the bonding in ZnO is largely ionic, which
explains its strong piezoelectricity. Due to this ionicity, zinc and oxygen planes bear
electric charge (positive and negative, respectively). Therefore, to maintain electrical
neutrality, those planes reconstruct at atomic level in most relative materials, but not
in ZnO its surfaces are atomically flat, stable and exhibit no reconstruction. This

anomaly of ZnO is not fully explained yet [67].
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Wurtzite structure Zincblende Structure

Figure 1.7 Crystal structure of ZnO

2.3 AZO Films

ZnO has wide conductivity range changing with respect to different oxidation
conditions. Doping with group II, group III and group VII elements such as Indium
(In), Aluminum (Al), Gallium (Ga), Copper (Cu), Cadmium (Cd), Fluorine (F) etc.
increases the stability, conductivity and transparency of ZnO films [68,69]. “The
Zn0O doping for n-type conductivity could be achieved by replacing Zn atoms with
atoms of higher valance elements such as Aluminum (Al), Indium (In) and Gallium
(Ga).” The electrical characteristic of semiconductor materials can be positively
altered by adding controlled amount of particular impurity atoms. The technique of
adding impurity atoms to semiconductor materials in order to change its conductivity
is celled doping. Dopant atoms may be change charge carriers. Aluminum doping is
particularly suitable for those purposes. Among group III element much of the work
has been done by using Al as a dopant because the ionic radius of Al is smaller than
that of In and Ga and also free energy of formation of Al>O3 is lower than that of
Zn0O [70]. “Al doping is preferable due to its easy incorporation in ZnO structure
thus decreasing resistivity of the materials without impairing the optical transmission

of thin film.”



21

Moreover, “Al is a cheap, abundant and non-toxic material which could produce
AZO thin film with low resistivity and high optical transmittance in visible and near
infrared region [71].” Ionization energy calculated of 120 meV and low formation

energy, referenced to the elemental Al phase.

Al is introduced as a dopant in terms of donor behavior increase in the conductivity
of ZnO because the Zn>" ion is greater than the AI’** ion and could easily be
accommodated in either hole and Al has one valence electron more than Zn.
Substitution of Al for the Zn atom or Al occupation of the interstitial sites increases

the concentration of charge carriers present in the material [72].

There are some supported studies about this concept by introducing extrinsic dopant
Al, the defect environment is changed, whether the Al atom substitutes the zinc atom
or it occupies the interstitial site. Al doping in ZnO has been reported to be able to

change the electrical and optical properties of ZnO thin films [73].
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CHAPTER 3

MATERIAL PRECEDURE

In this work, it was decided to use hydrothermal method to grow ZnO and AZO
films because of simple equipment, no catalyst growth, low cost, wide area uniform

production, environment friendly, less dangerous.

3.1 Hydrothermal Method

3.1.1. History and Development of Hydrothermal Method

The term “hydrothermal” was first used by Sir Roderick Murchison in the mid 19th
century. The first paper on hydrothermal research was on the synthesis of tiny quartz
crystals and published in 1845 by K.F.E. Schafthaul. Then, many scientists
especially the ones from Europe, started to fabricate other minerals using
hydrothermal method. In the beginning, interest in hydrothermal method was only in
the fabrication of specific minerals or compounds similar to natural minerals instead
of investigating the phase relations or geochemistry of earth’ s interior. It was later
on realized that using hydrothermal conditions, it is possible to imitate the natural
processes that cause the formation of rocks and minerals. Through the World War I,
hydrothermal research facilities became larger and the interest in hydrothermal
technology moved to Europe. Today, hydrothermal method is widely used for
various purposes by different branches of science including organic chemistry,
materials science and biotechnology, and so on [74]. In this thesis, hydrothermal

method is used for the growth of ZnO and AZO nanowires.

The hydrothermal method provides an excellent possibility for processing of

advanced materials whether it is fine particles, or nanoparticles.
3.1.2 Definitions

In literature many different definitions have been used for hydrothermal synthesis.
Rabenau in 1985 defined hydrothermal synthesis as the heterogeneous reactions in

aqueous media above 100°C and 1 bar [75]. Lobachev defined it as a group of
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methods in which crystallization is carried out from superheated aqueous solutions at
high pressures [76]. According to Roy hydrothermal synthesis involves water as a
catalyst and occasionally as a component of solid phases in the synthesis at elevated
temperature (>100°C) and pressure (greater than a few atmospheres) [77]. Byrappa
in 1992 defines hydrothermal synthesis as any heterogenous reaction in an aqueous
media carried out above room temperature and at pressure greater than 1 atm [78].
Yoshimura in ref [79] defined it as “...reactions occurring under the conditions of
high-temperature—high-pressure (>100°C, >1 atm) in aqueous solutions in a closed
system”. With the vast number of publications under mild hydrothermal conditions
in recent years, K. Byrappa in 2001 propose to define hydrothermal reaction as “any
heterogenous chemical reaction in the presence of a solvent (whether aqueous or
nonaqueous) above room temperature and at pressure greater than 1 atm in a closed

system.”’[74].

Figure 3.1 Hydrothermal system
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3.1.3 Advantages of Hydrothermal Synthesis

Hydrothermal synthesis offers many advantages over conventional and non
conventional synthesis methods. Unlike many advanced methods that can prepare a
large variety of forms, the respective costs for instrumentation, energy and precursors
are far less for hydrothermal methods. From the environmental perspective,
hydrothermal methods are more environmentally benign than many other methods.
This method is beneficial to different industries which rely on powder (e.g. materials,
pigments, pharmaceuticals, medical diagnostics) will benefit from having an access
to powders with controlled size and morphology for a wide range of reasons.
Materials synthesized under hydrothermal conditions often exhibit differences in
point defects when compared to materials prepared by high temperature synthesis
methods. e.g. Tungstates of Ca, Ba, and Sr synthesized at room temperature by a
hydrothermal method do not contain Schottky defects usually present in
similarmaterials prepared at high temperatures [80] which results in improved

luminescent properties.

A major advantage of hydrothermal synthesis is that this method can be hybridized
with other processes like microwave, electrochemistry, ultrasound, mechano-
chemistry, optical radiation and hot-pressing to gain advantages such as enhancement
of reaction kinetics and increase ability to make new materials. A great amount of
work has been done to enhance hydrothermal synthesis by hybridizing this method
with many other processes. This facile method does not need any seed, catalyst,
harmful and expensive surfactant or template thus it is promising for largescale and

low-cost production with high-quality crystals.
3.1.4 Autoclave

Crystal growth under hydrothermal conditions requires a reaction vessel called an
autoclave. In hydrothermal method highly corrosive salt are used to synthesis
inorganic materials for longer reaction time. The Autoclave must be capable of
sustaining highly corrosive solvent at high temperature and pressure for a longer
duration of time. For selecting a suitable autoclave, the first and foremost parameter

is the experimental temperature and pressure conditions and the corrosion resistance
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in that pressure-temperature range in a given solvent or hydrothermal fluid. In our
case as the reaction is taking place directly in the vessel, the corrosion resistance is a
prime factor in the choice of the autoclave material. The most successful corrosion
resistant materials high-strength alloys, such as 316 series (austenitic) stainless steel,
iron, nickel, cobalt-based super alloys, and titanium and its alloys. To avoid
corrosion of autoclave material it should coated with non reactive material called
Teflon from inside. Due to the larger coefficient of thermal expansion of Teflon (the
liner) versus metal (the material in which the liner is enclosed), the Teflon will
expand and contract much more upon heating and cooling cycles than its enclosure

material.
An ideal hydrothermal autoclave should have the following characteristics:

(i) Inert to acids, bases and oxidizing agents.

(i1) It should be easily assemble and dissemble.

(ii1) It should have sufficient length to obtain a desired temperature gradient.
(iv) It should be leak-proof at desired temperature and pressure.

(v) It should bear high pressure and temperature for long duration of time.
3.2 XRD

XRD which is a vigorous method can be used for investigation of crystal structure of
a solid with lattice constants and geometry. On the other hand, it can be also used for
orientation of single crystals, orientation of defects in crystal structure and
identification of unknown solids [81]. X-ray region is identified with a wavelength of
approximately 0.5-2.5A in electromagnetic spectrum. XRD with typical
instrumentation can be seen in Figure 3.2. Under the high voltage system, high speed
electron with a metal target collided to produce X-rays in Xray tube. Beam of X-rays
fall on a specimen as it generated, the crystalline phases in the specimen are

diffracted according to the Bragg’s law:

nA = 2d sin® 3.1
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where n is the order of reflection, A is the wavelegth of incident X-rays, d is the
interplanar spacing between planes of a crystal and 0 is the angle between incident

beam and specimen surface [82].

" "
X-ray 7 o
Tube /'

‘\. Measuring e 4

‘\. Circle //

= s s

Figure 3.2 The X-ray Spectrometer

Diffracted X-ray intensity is measured kind of function of the diffraction angle, 20
and the specimen’s orientation. This diffraction pattern is used to obtain information
of the structural properties and to define the specimen’s crystalline phases. It is a
group of lines or peaks that has discrete intensity and position. These intensities are

charactrestic feature of a material.

Preferential orientation coefficient (TC) represents the texture of a particular plane,
deviation of which from unity implies the preferred growth. Quantitative information
concerning the preferential crystallite orientation was obtained from different
preferential orientation coefficient TC(hkl) defined by well known relation [83],

[(hkl)/Io(hkD)
N=1Y,I(hkl)/Io(hkl)

TC(hkl) = (3.2)

where I« 1) is the measured relative intensity of a plane (h k 1), Ionm k 1yis the standard
intensity of the plane (h k 1) taken from the ICDD PDF Card No. 01-089-7102 data,
N is the reflection number and n is the number of diffraction peaks. A sample with
randomly oriented crystallite presents TC(hkl)=1, while the larger this value, the

larger abundance of crystallites oriented at the (h k 1) direction.
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The structural parameters such as grain size (D), dislocation density (6), FWHM (B),
strain (&) for all films were evaluated by XRD patterns. The grain size of the thin
films was calculated by XRD patterns using Debye Scherrer’s formula,

092
- LCosO

(3.3)

where D is the grain size, A is the used X-Ray wavelength, f is the angular line width
at half-maximum intensity in radians and 0 is Bragg’s angle. The grain size,
dislocation density and strain of the films were calculated using the FWHM for
peaks. Additionally, to have more information on the amount of defects in the films,

the dislocation density (&) was calculated by using the formula below [84,85],
§=— (3.4)

The strain values were calculated from the following relation [86],

Cos6
. _ BCoso
4

(3.5)

3.3 SEM

SEM is a powerful technique in the examination of materials that provides detailed
high resolution images of the sample by rastering a focussed electron beam across
the surface and detecting secondary or backscattered electron signal. The primary
electron beam interacts with the sample in a number of key ways as shown Figure

4.3 [87], this procedure can be considered of three main parts;

incident electron beam

back-scattered e's characteristic X-rays

Bremsstrahlung X-rays
secondary e's I

wvisible light (cathodoluminescence)
Auger e's

heat

sample surface

diffracted e's

transmitted e's

Figure 3.3 Electron beam interacts with the sample
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(vi) When electron beam is striking the surface of the specimen and interacting with
the sample at or near its surface, secondary electrons are emitted from the
specimen surface. Topography of the surface can be observed by two-dimensional
scanning of the electron probe over the surface and acquisition of an image from
the detected secondary electrons.

(vii) “Primary electrons can be backscattered which produces images with a high
degree of atomic number (Z) contrast.”

(viii) “Ionized atoms can relax by electron shell-to-shell transitions, which lead to either
X-ray Emission or Auger Electron ejection. The X-rays emitted are characteristic
of the elements in the top few um of the sample and are measured by the EDAX

detector [88].”

“The SEM is an instrument that produces a largely magnified image by using
electrons instead of light to form an image. A beam of electrons is produced by an
electron gun at the top of the microscope. The electron beam follows a vertical path
through the microscope, which is held within a vacuum. The beam travels through
electromagnetic fields and lenses, which focus the beam down toward the sample.
Once the beam hits the sample, electrons and X-rays are ejected from the sample.
Detectors collect these X-rays, backscattered electrons, and secondary electrons and
convert them into a signal that is sent to a screen similar to a television screen. This

produces the final image. The schematic view of this process is shown in Figure 4.4

[89] 2
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First condensorlens —{{ - X
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Ny = Ny
SN

—— X-ray detector

Deflection coils Sy

R . Objective lens

L4
Backscatter _| ar E==
electron detector
Sample ——\ !

| | Secondary

Vacuum pump electron detector

Figure 3.4 Schematic diagram of an SEM [81].
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Some unique properties that mentioned below make the SEM one of the most useful

instruments in research today. These are;

(i)  Excellent depth of field, which allows more of a specimen to be n focus at one

time.

(i1)) Rapid, high resolution imaging of surface topography with identification of

elements present.
(iii)) Characterization of particulates and defects.
(iv) Examination of grain structure.

(v)  Much more control in the degree of magnification.

Energy Dispersive X-ray Spectroscopy (EDS), sometimes called Energy Dispersive
X-ray Analysis (EDXA) or Energy Dispersive X-ray Microanalysis (EDXMA), is an
analytical technique used for the elemental analysis of a sample therefore It is help to

provide elemental identification and quantitative compositional information.
3.4 UV-VIS Spectroscopy

When a light wave hits an interface between two mediums with different refractive
indices, So the all of or some part of wave will be reflected, leaving the surface and
some part of will be transmitted into the second medium. When passing through the
medium, a fraction of light is absorbed in the material. The optical interface is
characterized by the behavior of the light associated with the reflectance, absorbance,

and the transmittance.

Ultraviolet-visible spectroscopy (UV/ VIS) involves the spectroscopy of photons in
the UV-visible region. It uses light in the visible and adjacent near ultraviolet (UV)
and near infrared (NIR) ranges. The wavelength range for light source used is from

200 nm to 1000 nm (from UV to IR range) [90].

Absorption spectra and transmittance spectra are usually registered by instruments

called as spectrophotometers Figure 4.5 (a) shows a schematic diagram with the main
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elements of the simplest spectrophotometer (a single-beam spectrophotometer) and

Figure 4.5 (b) shows a double-beam spectrophotometer.

[ Light :M'av;len_gIh ) P P
i selector Sample rrroe)
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detector chart to display results
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#™ Rolaling mirrer mirror

(Beam chopper)

Sample
cuvet

Detecior = Display

Light Scanning
source menachromator

ja— |

Reference
cuvet

Figure 3.5 Schematic diagrams of (a) A single-beam spectrophotometer and (b) A double-beam

spectrophotometer.

Basically, “it consists of the following elements: a light source (usually a deuterium
lamp for the UV spectral range and a tungsten lamp for the VIS and IR spectral
ranges) that is focused on the entrance to a monochromator, which is used to select a
single frequency (wavelength) from all of those provided by the lamp source and to
scan over a desired frequency range; a sample holder, followed by a light detector
(usually a photomultiplier for the UV-VIS range and a SPB (surface Plasmon band)
cell for the IR range) to measure the intensity of each monochromatic beam after
traversing the sample; and finally a computer, to display and record the absorption

spectrum.”
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Figure 3.6 The picture of UV-VIS spectrophotometer

The refractive index of the films was calculated using Moss relation [91,92] which is

directly related to the fundamental energy bandgap (Eg),
Egn* =k (3.6)

where k is a constant with a value of 108 eV. This relation is preferred to other
relations because it is found to give better agreement with the known data for n in II-
VI semiconductors. A different relation between the refractive index and bangap

energy is presented by Herve and Vandamme in the following for [93,94],

n= 1+(A)2 (3.7)

Eg+B
where A and B are numerical constants with values of 13.6 and 3.4 eV, respectively.

The dielectric behavior of solids is important for several electrondevice properties.
Both static and high frequency dielectric constants were evaluated for all the films.
The high frequency dielectric constant (&4,) was calculated from the following

relation [95],
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£ = N? (3.8)

where n is refractive index. The static dielectric constant (&.) of the films was
calculated using a relation expressing the energy band gap dependence of 30 for

semiconductors compounds in the following form [96,97],
& = 18.52 — 3.08Eg (3.9

Similarly to the static dielectric constant, a relation expressing the energy bandgap
dependence of the electron effective mass for the semiconductor compounds in the
following form [98],

Me — 517004 — 7.46699Eg + 3.63286Eg? — 0.57525Eg> (3.10)

mo

3.5 Cleaning of Substrate

For growth the film the glass substartes are used. The cleanning procedure steps of

glass are given below;

(i) Glass base materials were ultrasonically cleaned in deionized water for 10

minutes,
(i1) It was cleaned in acetone for 2 minutes,
(ii1) It was cleaned in a (1: 1) ethanol water mixture for 2 minutes,

(iv) Then it was cleaned in a deionized water for I minutes.
3.6 Growth of ZnO Films

The nanorod arrays were prepared from solutions of zinc nitrate tetrahydrate and
hexamethylene tetramine on glass substrates. 0.03 M -0.05 M Zinc nitrate
tetrehydrate [Zn(NO3), 4H>0] and with 0.03 M -0.05 M Hexamethylenetetramine
(HMT) (C¢Hi12N4) was prepared in 30 ml deionized water and they were mixed
solution slowly stirring (180 rpm) until complete dissolution. An equimolar solution
zinc nitrate tetrehydrate and hexamethylenetetramine was prepared in the deionized

water and the substrates were fixed in a Teflon liner. The growth solution was kept in
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a stainless steel autoclaves for three to twelve hours at 90 °C and 100 °C. It was then
allowed to cool naturally to room temperature. After the reaction was complete, the

samples dried at room temperature.

The chemical reactions by hydrothermal method to grow ZnO microrods in this

study can be given as follows:

Zn(NO3) 2 4 HoO + 20H™ —4Zn(OH); + NO*3 + H,0

Zn(OH), —Zn*" + 20H"

CsH12N4 + 6H,O—6HCHO + 4NH3

NH; + HHO—NH4" + OH™

Zn*" + 20H  —Zn0 + H,0

3.7 Growth of AZO Films

Then appropriate amounts of aluminum doping were achieved by adding Aluminum
chloride (AICl3) to the precursor solution. In order to study an effect of the Al doped
concentration on microstructural and optical properties of the AZO thin films, Al is
added to the starting solition (Al/Zn=5, 3, 1 at %, respectively). Then these solutions
were mixed to yield clear and homogeneous solutions. As a result, AZO thin films
were deposited on common glass substrate. For this aim, the growth solution was

kept in a stainless steel autoclaves for twelve hours at 90 °C and 100 °C.
3.8 Calculating of Film Thicknesses

The thicknesses of ZnO and AZO films obtained on glass base materials were
determined by Gravimetric method. This process was performed with an electronic
scale with a sensitivity of 0,0001 grams. This process were carried out in two stages.

Glass materials were weighed before the shytesiss. Than the same materials were
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weighed after the film growth again. The difference between the two scales gives the
film mass formed on the base materials. The film thicknesses is calculated by,

_Am

=5 (3.11)

Here; p is the film density, Am is the film mass diffrencess, S is the film surface area,

d is the film thickness. The density of the ZnO compound (p) is 5.61 g/ cm®.
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CHAPTER 4

EXPERIMENTAL PRECEDURE

4.1 Structural characterization

4.1.1 XRD Measurements of Films

In order to investigate the structural properties of the films grown by the
hydrothermal method, XRD patterns of the films were taken at 20 = 20-90 °C using
Rigaku MiniFlex 600 X-ray diffractometer (using Cu-Ka A = 1.5405 A radiation).

With the aid of these patterns, the crystallization levels of the films were
investigated and structural properties of the films were analyzed by calculating some
structural parameters. For this purpose, structural parameters such as distance
between the layers (d), grain size (D), dislocation density () and the strain (¢) values
of the films were calculated using the diffraction angle (20) and full width at half
maximum (FWHM) values obtained from the XRD patterns. In the XRD patterns of
ZnO and AZO films, the Miller indices of the corresponding planes within the

parentheses were indicated.

If the intensities of the peaks in the diffraction patterns are large and their widths are
narrow, it means that the crystallization in the films is good. Films with large peak

width and low peak intensity are thought to be close to the amorphous structure.
4.1.1.1 ZnO Films

The XRD patterns of ZnO films grown on glass substrates by hydrothermal method
at different synthesis temperature, different growth time, and different solution

molarity values are given in Figure 4.1-3.
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Figure 4.1 The XRD patterns of 90 °C, 12 h ZnO films [a) 0.03 M, b) 0.05 M].
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Figure 4.2 The XRD patterns of 100 °C, 12 h ZnO films [a) 0.03 M, b) 0.05 M].
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Figure 4.3 The XRD patterns of 90 °C, 0.03 M ZnO films [a) 12 h, b) 6 h].
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4.1.1.2 AZO Films

The XRD patterns of AZO films grown glass substrates by hydrothermal method at
different synthesis temperature, different amount of doping and different solution

molarity values are given in Figure 4.4-7.
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Figure 4.4 The XRD patterns of 90 °C, 12 h, 0.03 M AZO films [a) 1%, b) 3%, c¢) 5%].
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Figure 4.6 The XRD patterns of 90 °C, 12 h, 0.05 M AZO films [a) 1%, b) 3%, c) 5%].
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Figure 4.7 The XRD patterns of 100 °C, 12 h, 0.05 M AZO films [5%].
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4.1.2 Surface Images of Films

Surface characteristics of a material which is obtained as the semiconductor film
significantly affect both electrical and optical properties. This is also an important
factor that will affect the efficiency of the materials in optoelectronic devices. For
example, the increase in surface roughness of the films will result in a reduction in
the yield of photovoltaic solar cells. Therefore, the surface morphological properties
of the films should be analyzed in detail. One of the most common techniques used
for this is the Scanning Electron Microscope (SEM). As a result of the SEM
examination, the information about the film roughness, well-adhered to the substrate
of film, homogeneity of film and surface defects can be obtained. Surface images of
ZnO and AZO films were taken using FEI Quanta FEG 450 model Scanning
Electron Microscope (SEM).

SEM images of ZnO and AZO films were taken for investigation of effects of
synthesis temperature, growth time and solution molarity on surface morphology of

the films.

4.1.2.1 ZnO Films

SEM images of ZnO films grown glass substrates by hydrothermal method at
different synthesis temperature, different growth time and different solution molarity

values are given in Figure 4.8-10.
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Figure 4.8 SEM images of 90 °C, 12 h ZnO films [a) 0.03 M, b) 0.05 M] at 10000x magnification.
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Figure 4.9 SEM images of 100 °C,12 h ZnO films [a) 0.03 M, b) 0.05 M] at 10000x magnification.
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Figure 4.10 SEM images of 0,03M 90 °C ZnO films [a) 12 h, b) 6 h,] at 10000x magnification.

4.1.2.2 AZO Films

SEM images of AZO films grown glass substrates by hydrothermal method at
different synthesis temperature, different amount of doping and different solution

molarity values are given in Figure 4.11-14.



Figure 4.11 SEM images of 90 °C, 12 h, 0.03 M AZO films [a) 1%, b) 3%, c) 5%] at 10000x

magnification.
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Figure 4.12 SEM images of 100 °C, 12 h, 0.03 M AZO films [a) 1%, b) 3%, c) 5%] at 10000x

magnification.
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Figure 4.13 SEM images of 90 °C, 12 h, 0.05 M AZO films [a) 1%, b) 3%, c)5%] at 10000x

magnification.
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Figure 4.14 SEM images of 100 °C,12 h, 0.05 M AZO films [a) 5%] at 10000X magnificiiation.

4.2 Optical Characterization

4.2.1 Optic Absorption Measurement of Films

The optical properties of films were investigated by using Shimadzu UV-VIS 2600
Spectrophotometer. The effects of the synthesis temperature, different growth time
and different solution molarity on the optical properties such as optical bandgap and
refractive index (n) of ZnO and AZO films were investigated. To determine the
bandgap values, we plotted (ahv)? versus (hv). The absorption coefficient (a) for the
allowed direct transition can be determined as a function of photon energy (hv) using

below relation [99,100],
A _ Y
a=i- (hv —Eg) /2 4.1)

where A is a constant relative to the material and Eg is the optical bandgap. The
bandgap energies of the films were determined by the extrapolation of the linear

regions on the energy axis (hv).
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The optical absorption spectra and the curves of (ahv)? versus of ZnO films for

different synthesis temperature, different amount of doping, different growth time

and different solution molarity values are given in Figure 4.15-19.
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Figure 4.15 Plot of the absorbance with wavelength and (ahv)?versus hv for 90 °C, 12 h, 0.03 M ZnO

film.
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Figure 4.16 Plot of the absorbance with wavelength and (ahv)?versus hv for 90 °C, 12 h, 0.05 M ZnO

film.
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Figure 4.17 Plot of the absorbance with wavelength and (ahv)? versus hv for 100 °C, 12 h, 0.03 M

ZnO film.
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Figure 4.18 Plot of the absorbance with wavelength and (ahv)?versus hv for 100 °C, 12 h, 0.05 M

7Zn0O film.
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Figure 4.19 Plot of the absorbance with wavelength and (ahv)? versus hv for 90 °C, 6 h, 0.03 M ZnO

film.
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4.2.1.2 AZO Films

The optical absorption spectra and the curves of (ahv)? versus of AZO films for
different synthesis temperature, different amount of doping and different solution

molarity values are given in Figure 4.20-28.
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Figure 4.20 Plot of the absorbance with wavelength and (ahv)?versus hv for 90 °C, 12 h, 0.03 M 1%
AZO film.
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Figure 4.21 Plot of the absorbance with wavelength and (ahv)? versus hv for 90 °C,12 h, 0.03 M 3%

AZO film.
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Figure 4.23 Plot of the absorbance with wavelength and (ahv)? versus hv for 100 °C,12 h, 0.03 M 1%

AZO film.
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Figure 4.24 Plot of the absorbance with wavelength and (ahv)?versus hv for 100 °C,12 h, 0.03 M 5%
AZO film.
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Figure 4.25 Plot of the absorbance with wavelength and (ahv)2 versus hv for 90 oC,12 h, 0.05 M 1%

AZO film.
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Figure 4.26 Plot of the absorbance with wavelength and (ahv)?versus hv for 90 °C, 12 h, 0.05 M 3%

AZO film.
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Figure 4.27 Plot of the absorbance with wavelength and (ahv)? versus hv for 90 °C,

12 h, 0.05 M 5% AZO film.
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Figure 4.28 Plot of the absorbance with wavelength and (ahv)? versus hv for 100 °C, 12 h, 0.05 M

5% AZO film.
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4.3 Elemental Analysis Mesurement for ZnO and AZO

Today, as an analysis method adopted EDAX is an indispensable method for
quantitative elemental analysis of the sample. As a result of the non-elastic
interference between the electron beam with the sample atoms, it occurs at the
characteristic X-rays and continuous irradiation in the sample. Characteristic X-rays
are transformed into signals, which are transformed into X-ray energy spectra of

peaks having specific intensities.

EDAX measurements of the films were taken for investigation of effects of synthesis
temperature, growth time, amount of doping and solution molarity on elemental

analysis of ZnO and AZO films.
4.3.1 ZnO Films

EDAX analyses of ZnO films for different synthesis temperature, different amount of
doping, diffrent growth time and different solution molarity values are given in

Figure 4.29-33.

9.9K Inla Element Weight % Atomic % NetInt.  Error %
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Figure 4.29 EDAX analysis for 90 °C, 12 h, 0.03 M ZnO film.
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Figure 4.30 EDAX analysis for 90 °C, 12 h, 0.05 M ZnO film
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Figure 4.31 EDAX analysis for 100 °C, 12 h, 0.03 M ZnO film.
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Figure 4.33 EDAX analysis for 90 °C, 6 h, 0.03 M ZnO film.
4.3.2 AZO Films

EDAX analyses of AZO films for different synthesis temperature, different amount

of doping, diffrent growth time and different solution molarity values are given in

Figure 4.34-43.

9.9K Zn La Element Weight % Atomic % NetInt.  Error %
oK 20.99 51.08 182 57 931
8.8K
AlK 22 3.18 20.01 13.91
7.7K
ZnK. 76.81 4574 167416 16
6.6K
5.5K Zn Ka
44K
3.3K]
2.2K| 0 Kal
1.1K] Zn Kp1
Al Ka
0.0K 4
0.0 20 40 6.0 8.0 10.0 120 140 16.0 18.0

Figure 4.34 EDAX analysis for 90 °C, 12 h, 0.03 M 5% AZO film.
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Figure 4.35 EDAX analysis for 90 °C, 12 h, 0.03 M 3% AZO film.
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Figure 4.36 EDAX analysis for 90 °C, 12 h, 0.03 M 1% AZO film
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Figure 4.37 EDAX analysis for 100 °C, 12 h, 0.03 M 5% AZO film.
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Figure 4.38 EDAX analysis for 100 °C, 12 h, 0.03 M 3% AZO film.
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Figure 4.39 EDAX analysis for 100 °C, 12 h, 0.03 M 1% AZO film.
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Figure 4.40 EDAX analysis for 90 °C, 12 h, 0.05 M 5% AZO film.
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Figure 4.41 EDAX analysis for 90 °C, 12 h, 0.05 M 3% AZO film.
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Figure 4.42 EDAX analysis for 90 °C, 12 h, 0.05 M 1% AZO film.
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Figure 4.43 EDAX analysis for 100 °C, 12 h, 0.05 M 5% AZO film.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 XRD Results

5.1.1 ZnO Films

Figure 4.1-3 show the XRD patterns of ZnO films grown on glass substrate by
hydrothermal method at 90 °C and 100 °C synthesis temperature, 6 h and 12 h
growth time and 0.03 M and 0.05 M solution molarity. As seen in Figure 4.1-3, all
the difraction peaks can be indexed as the hexagonal wurtzite structure ZnO with
lattice constants of a=b=3.25 A and ¢=5.20 A (the data match with ICDD PDF Card
No. 01-089-7102). No impurity phases are observed and the deposited films are
polycrystalline. The results indicate that ZnO films grown on glass substrate have
high crystallinity without any pre-deposited seed layer. The highest intensity peak
locates at 20=36.26° which corresponded to (101) planes. Although the intensities
and FWHM values of the peaks change with synthesis temperature, growth time and
solution molarity, the (101) peak is dominant peak in all ZnO films. These results are
in agreement with relevant literature [101, 102, 103]. The narrow and high intensity
peaks show that ZnO films have good crystalline. The intensites of the peaks
decreased with increasing solution molarity for all of the synthesis temperature. For
90 °C synthesis temperature, the growth time effect on the properties of ZnO films
has been investigated. It has seen that the intensities of the peaks decreased with
decreasing growth time from 12 h to 6 h. These results showed that 12 h growth time
results are better than 6 h growth time. These results are in agreement with relevant

literature [28, 104].

The structural parameters such as grain size (D), dislocation density (5), FWHM (p),
strain () values for all the films have been calculated by using XRD patterns and
presented in Table 5.1-3. These values are calculated for (101) dominant peaks in all
the films with using the Debye Scherrer's method. Additionally, to have more

information abaut on the amount of defects in the films, the dislocation density has
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been calculated by using the formula (3.4). The strain values have been calculated by

using the formula (3.5).

Table 5.1 Structural parameters of the ZnO films which synthesized at 90 °C, 12h and different
solution molarity.

90 °C-12h | 26 (101) |d (A°) (101) | FWHM (101) | D (nm) | § (nm)? | & (line> m™)
0.03M 36.16 248 0.19 44.05 | 0.00052 0.04508
0.05M 36.27 247 0.20 42.45 | 0.00055 0.04678

Table 5.2 Structural parameters of the ZnO films which synthesized at 100 °C, 12 h and different
solution molarity

100 °C-12h | 26 (101) | d (A°) (101) | FWHM (101) | D (nm) | § (nm)? | & (line> m™)
0.03M 36.25 2.48 0.20 41.92 | 0.00057 0.04738
0.05M 36.16 248 0.19 43.32 | 0.00053 0.04584

Table 5.3 Structural parameters of the ZnO films which synthesized at 90 °C, 0.03 M and different

growth time

90 °C-0.03 M | 20 (101) | d (A°) (101) | FWHM (101) | D (nm) | § (nm) | ¢ (line? m™)
12 h 36.16 2.48 0.19 44.05 | 0.00052 0.04508
6h 36.11 249 0.21 40.70 | 0.00060 0.04880

As seen in Table 5.1 (90 °C, 12 h), the grain size has decreased, whereas FWHM,

dislocation density and strain have increased with increasing solution molarity. The

larger grain size, the smaller dislocation density and FWHM values indicate better

crystallization of the films [106]. As seen in Table 5.2 (100 °C, 12 h), the grain size

has increased, whereas FWHM, dislocation density and strain values have decreased

with increasing solution molarity [107, 108]. Dislocation densities exhibit a

decreasing with increasing molar concentration, which indicates that the high molar

concentration reduced the crystal lattice imperfections [108]. As seen in Table 5.3

(90 °C, 0.03 M), the grain size has increased, whereas FWHM, dislocation density

and strain values have decreased with increasing growth time from 6 h to 12 h [104].
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5.1.2 AZO Films

Figure 4.4-7 show XRD patterns of AZO films at 90 °C and 100 °C synthesis
temperature, 12 h growth time, 0.03 M and 0.05 M solution molarity and 1-3-5% Al
doping concentrations. As seen in Figure 4.4-7, all the films have polycrystalline
structure with hexagonal wurtzite phase of ZnO (the data match with ICDD PDF
Card No. 01-089-7102). The results indicate that AZO films grown on glass substrate
have high crystallinity without any pre-deposited seed layer. There are no impurity
phases in all the patterns of the films and it has been believed that the impurification

with Al occurs through substitution of Zn** ions by Al*?

ions in the synthesis
process. The highest intensity peak locates at 26=31.77° which corresponded to (100)
planes. Although the intensities and FWHM values of the peaks change with
synthesis temperature, Al doping concentartion and solution molarity, the (100) peak
is dominant peak in all AZO films. These results are in agreement with relevant

literature [35]

The calculated diffraction angle (20), d, FWHM, grain size, dislocation density,
strain values are given in Table 5.4-7 for different synthesis temperature, different
doping concentration and different solution molarity values.

Table 5.4 Structural parameters of the AZO films which synthesized at 90 °C, 12 h, 0.03 M and
different doping concentrations.

90 °C-0.03 M | 26 (100) |d (A®) (100) | FWHM (100) | D (nm) | 4 (nm)? | & (line* m™)
1% 31.75 2.82 0.19 42.73 | 0.00055 0.04648
3% 31.71 2.82 0.19 43.19 | 0.00054 0.04598
5% 31.70 2.82 0.19 42.41 | 0.00056 0.04682

Table 5.5 Structural parameters of the AZO films which synthesized at 100 °C, 12 h, 0.03 M and
different doping concentrations.

100 °C-0.03 M | 26 (100) | d (A®) (100) | FWHM (100) | D (nm) | § (nm)? | ¢ (line? m™)
1% 31.46 2.84 0.23 35.64 | 0.00079 0.05573
3% 31.39 2.85 0.23 36.03 | 0.00077 0.05511
5% 31.69 2.82 0.19 44.49 | 0.00051 0.04464
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Table 5.6 Structural parameters of the AZO films which synthesized at 90 °C, 12 h, 0.05 M and
different doping concentrations.

90 °C-0.05 M | 260 (100) | d (A°) (100) | FWHM (100) | D (nm) | 4 (nm)~? | & (line* m™)
1% 31.72 2.82 0.21 40.09 | 0.00062 0.04954
3% 31.69 2.82 0.23 36.51 | 0.00075 0.05440
5% 31.71 2.82 0.21 40.28 | 0.00062 0.04930

Table 5.7 Structural parameters of the AZO films which synthesized at 100 °C, 12 h, 0.05 M and
different doping concentrations.

100 °C-0.05s M

20 (100)

d (A®) (100)

FWHM (100)

D (nm)

é (nm)™

¢ (line? m*)

5%

31.60

2.83

0.21

39.18

0.00065

0.05068

As seen in Table 5.4 (90 °C, 0.03 M), the grain size, d, FWHM, dislocation density
and strain values have not been much changed with increasing Al doping
concentrations. As seen in Table 5.5 (100 °C, 0.03 M), the grain size value increased,
whereas d, FWHM, dislocation density and strain values decreased with increasing
Al concentration. As seen in Table 5.6 (90 °C, 0.05 M), the d values have not been
changed with increasing Al concentrations. FWHM, grain size, dislocation density
and strain values have been changed with Al concentrations. The AZO films are
grown for 0.05 M and different Al concentrations at 100 °C but it has not get good

results for 0.05 M and %1, %3 Al concentration.

5.2 SEM Results

The morphology-controlled synthesis of ZnO and AZO films is of great interest for
future ZnO nanodevice applications. By adjusting the solution molarity, synthesis
temperature, growth time and doping concentration, different sizes of ZnO and AZO

films have been synthesized via a hydrothermal method.
5.2.1 ZnO Films

Figure 4.8a and 4.8b show the SEM images of ZnO films grown at 0.03 M and 0.05
M solution molarities for 12 h growth time and 90 °C synthesis temperature,
respectively. It is evident that the film mainly consists of ZnO nanorods and most of

them assembly into branched morphologies (Fig. 4.8a). Figure 4.8b shows the
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morphology of nanorods grown at 0.05 M under the same conditions. When the
synthesis process has been carried out at lower molarity (0.03 M), thick ZnO
nanorods and thick branched rods have been obtained. With increasing molarity, the

homogenity increased.

Figure 4.9a and 4.9b show the SEM images of ZnO films grown at 0.03 M and 0.05
M solution molarities for 12 h growth time and 100 °C synthesis temperature,
respectively. As seen in Figure 4.9a-b, ZnO films are composed of nanorod
structures. The uniformity, density, smoothness and adhesion to the substrates of the
films decreased with increasing solution molarity. SEM image of the film is

composed of a dense packing of grains, indicating good quality (Fig. 4.9a).

Figure 4.10a and 4.10b show the SEM images of ZnO films synthesized at 90 °C
synthesis temperature for two different growth times: 12 and 6 hours, respectively.
The uniformity, dense, smooth and well adhered to the substrates of the films
increased with increasing growth time from 6 h to 12 h. The grain size value of films
increased with decreasing growth time. Consequently, the surface properties of the

ZnO films appear to have changed significantly with growth time [28].

5.2.2 AZO Films

Figure 4.11 and Figure 4.12 show the SEM images for AZO films grown at 90 °C
and 100 °C synthesis temperature with 0.03 M solution molarity and different Al
concentrations, respectively. As seen in Figure 4.11-12, AZO films are composed of
nanorod structures. The nanorods have grown at random angles and the films have
homogeneous surface morphology. The size of the nanorods increased with
increasing Al concentration from 1% to 5%. It is seen that the nanrods are separated

more and more by the increase Al the concentrations.

Figure 4.13 shows the SEM images for AZO films grown at 90 °C synthesis
temperature with 0.05 M solution molarity and different Al concentrations,
respectively. As seen in Figure 4.13, AZO films are composed of nanorod structures.

The nanorods have grown at random angles and the films has homogeneous surface
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morphology. The size of the nanorods don’t more change with increasing Al

concentration from 1% to 5%.

For 100 °C synthesis temperature and 0.05 M solution molarity, AZO films have
been grown for only 5% doping concentration. The AZO films are grown at different
Al concentrations for 0.05 M at 100 °C, but it has not given better results for 0.05 M

and %1, %3 Al concentration.

5.3 Absorption Results

5.3.1 ZnO Films

Figure 4.15-19 show the optical absorption spectras and the curves of (ohv)? versus
(hv) of ZnO films for different synthesis temperature (90 °C and 100 °C), different
growth time (6-12 hour) and different solution molarity (0.03 M and0.05 M). The
synthesis temperature, solution molarity and growth time effects on the optical

absorption measurements have been investigated.

The refractive index (n) and dielectric constant ( € ) of semiconducting materials is
very important in determining the optical and electrical properties of the crystals.
Knowledge of n is essential in the design of heterostructure lasers in optoelectronic
devices as well as in solar cell applications. The refractive index values of the ZnO
films have been calculated using equation (3.6) and (3.7) .The changing of refractive
index (n) with synthesis temperature, solution molarity and growth time has been
given in Table 5.8-10 for these two models.

Table 5.8 The bandgap (Eg), refractive index (n), optical static dielectric constant (g0) and optical
high frequency dielectric constant (&) values at 90 °C, 12 h ZnO films and different solution molarity.

Herve and
Vandamme Moss relation
Eg
90 °C-12 h (eV) £ n [ n [
0.03 M 3.19 | 8.69 2.29 5.26 2.41 5.82
0.05M 3.03 |9.19 2.34 5.47 2.44 5.97
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Table 5.9 The bandgap (Eg), refractive index (n), optical static dielectric constant (g0) and optical
high frequency dielectric constant (&) values at 100 °C, 12h ZnO films and different solution

molarity.
Herve and
Vandamme Moss relation
Eg
100 °C-12h | (eV) €0 n €5 n €
0.03M 3.14 | 8.85 2.31 5.32 2.42 5.86
0.05M 3.34 | 8.23 2.25 5.07 2.38 5.69

Table 5.10 The bandgap (Eg), refractive index (n), optical static dielectric constant (€0) and optical
high frequency dielectric constant (&) values at 90 °C, 0.03 M ZnO films and different growth time.

Herve and
Vandamme Moss relation
90 °C-0.03 Eg
M (eV) €0 n [ n €0
12h 3.19 | 8.69 2.29 5.26 2.41 5.82
6h 3.22 | 8.60 2.28 5.22 241 5.79

As seen in Figure 4.15-16 and Table 5.8, the bandgap values of the ZnO films have
decreased from 3.19 to 3.03 eV with increasing solution molarity [108]. The
refractive index values of the ZnO films have increased with increasing solution
molarity. Since n is strongly connected with bandgap energy, it can be concluded that
the smaller band gap energy material has a larger value of the n [109]. Also, optical
static dielectric constant and optical high frequency dielectric constant values have

increased with increasing solution molarity.

As seen in Figure 4.17-18 and Table 5.9, the bandgap values of the ZnO films have
increased from 3.14 to 3.34 eV with increasing solution molarity. The refractive
index, optical static dielectric constant and optical high frequency dielectric constant

values decreased with increasing solution molarity.

Figure 4.15, Figure 4.19 and Table 5.10 have showed that the bandgap values of the
ZnO films have decreased from 3.22 eV to 3.19 eV with increasing growth time from
6 h to 12 h. At the same time, the refractive index values haven’t changed absolutely

with increasing growth time.



73

5.3.2 AZO Films

Figure 4.20-28 show the optical absorption spectras and the curves of (chv)? versus
(hv) of AZO films grown on glass substrate by hydrothermal method at different
synthesis temperature (90 °C and 100 °C), different doping concentration (1%, 3%,
5%) and solution molarity (0.03 M and 0.05 M). The synthesis temperature, solution
molarity and doping concentration effects on the optical absorption measurements

have been investigated.

The refractive index values of the AZO films have been calculated using equation
(3.6) and (3.7) .The changing of refractive index (n) with synthesis temperature,
solution molarity and doping concentration has been shown in Table 5.11-14 for
these two models.

Table 5.11 The bandgap (Eg), refractive index (n), optical static dielectric constant (go) and optical
high frequency dielectric constant (&) values at 90 °C, 12 h, 0.03 M AZO films and different doping

concentration.
Herve and Vandamme Moss relation
Eg
90 °C-0.03 M | (eV) €0 n [ n €
1% 3.14 8.85 2.31 5.32 2.42 5.86
3% 3.16 8.79 2.30 5.30 2.42 5.85
5% 3.17 8.76 2.30 5.28 2.42 5.84

Table 5.12 The bandgap (Eg), refractive index (n), optical static dielectric constant (€0) and optical
high frequency dielectric constant (&) values at 100 °C, 12 h, 0.03 M AZO films and different doping

concentration.
Herve and Vandamme Moss relation
Eg
100 °C-0.03 M | (eV) €0 n [ n €
1% 3.16 8.79 2.30 5.30 2.42 5.85
5% 3.16 8.79 2.30 5.30 2.42 5.85

Table 5.13 The bandgap (Eg), refractive index (n), optical static dielectric constant (€0) and optical
high frequency dielectric constant (€x) values at 90 °C, 12 h, 0.05 M AZO films and different doping

concentration.
Herve and Vandamme Moss relation
Eg
90 °C-0.05M | (eV) €0 n [ n €
1% 3.23 8.57 2.28 5.21 2.40 5.78
3% 290 | 9.59 2.38 5.66 2.47 6.10
5% 2.83 9.80 2.40 5.77 2.49 6.18
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Table 5.14 The bandgap (Eg), refractive index (n), optical static dielectric constant (€0) and optical
high frequency dielectric constant (€») values at 100 °C, 12 h, 0.05 M 5% doped AZO films

Herve and Vandamme Moss relation

Eg
100 °C-0.05M | (eV) €0 n €0 n €x
5% 2.89 9.62 2.38 5.67 2.47 6.11

As seen in Figure 4.20-12 and Table 5.11, the bandgap values of the AZO films have
increased from 3.14 to 3.17 eV with increasing Al concentration. These results are in
agreement with the literature [38, 39, 105, 110]. The increasing in the optical
bandgap with increasing Al concentration may be due to the decrease in lattice
constant because of the smaller ionic radio of Al™ ions compared to Zn*? jons [38,
111]. The refractive index, optical static dielectric constant and optical high
frequency dielectric constant values of the AZO films have decreased with increasing
doping concentration. The decrease of the refractive index with increasing Al

concentration has been attributed to the decrease in the nanostructure size.[38, 112].

As seen in Figure 4.23-24 and Table 5.12, the energy bandgap, refractive index and
dielectric constants values of the AZO films haven’t changed with increasing Al

concentrations.

As seen in Figure 4.25-27 and Table 5.13, the energy bandgap values of the AZO
films have decreased from 3.23 to 2.83 eV with the increasing Al concentration. The
decrease in bandgap may be specified as a increase in defect levels [113]. The
refractive index, optical static dielectric constant and optical high frequency
dielectric constant values of the films have increased with increasing Al

concentration.

For 100 °C synthesis temperature and 0.05 M solution molarity, AZO films have
been grown for only 5% doping concentration (Fig. 4.28 and Table 5.14). The AZO
films are grown at different Al concentrations for 0.05 M at 100 °C, but it has not

given better results for 0.05 M and %1, %3 Al concentration.

5.4 EDAX Results

The quantitative analysis of the films has been carried out by using the EDAX

technique for the grown films at different compositions. Figure 4.29-43 show the
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compositional analysis of ZnO and AZO films. EDAX analysis shows the presence
of Zn, O and Al elements in the films (Fig. 4.29-33). The atomic percent values of
these elements in the films have been given in the inset of EDAX spectras (Fig. 4.29-
33). The presence of Si and Ca elements in the spectras may originated from
substrate. The atomic ratios (at.%) of Zn, O and Al in films are approximately as

same as the initial ratio.
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CHAPTER 6

CONCLUSION

ZnO is a promising semiconducting material for manufacturing optoelectronic
devices. Its most important properties are its wide and direct bandgap and its high
electron-hole binding energy. Synthesis of ZnO in bulk and thin film form have been
investigated intensively over recent decades. Similarly, nanomaterials have been in
the point of focus for their different properties compared to their bulk form. The
vastly increased ratio of surface area to volume and change in electronic properties
with great reduction in particle size enable improved performance in conventional
applications where their bulk counterparts have been used for decades. As a result of
this trend, research on ZnO nanostructure synthesis and their incorporation in
prototype optoelectronic devices has been intensive in recent years. So, synthesis of
Zn0O nanostructure in a cost effective way and understanding the factors influencing

the ZnO nanostructure growth is essential for contribution to ongoing research.

It has been decided to use hydrothermal method to grow the ZnO and AZO films
because of simple equipment, no catalyst growth, low cost, wide area uniform
production, environment friendly, less dangerous. Different Al concentrations (1%,
3% and 5%) have been doped into the ZnO for getting the AZO film. ZnO and AZO
films have been grown on glass substrates via hydrothermal method using Zinc
Zitrate Tetrahydrate, Hexamethylenetetramine and Aluminum Chloride solutions.
The synthesis temperature (90 °C-100 °C), solution molarity (0.03 M-0.05 M),
growth time (6 h-12 h) and doping concentration (1%, 3% and 5%) effects on the
structural, morphological, compositional and optical properties of the films have

been investigated.

Structural analysis based on X-ray measurement has revealed that ZnO films has the
polycrystal structures which belong to hexagonal wurtzite structure with a strong
(101) preferred orientation. AZO films have polycrystalline structure with hexagonal
wurtzite phase of ZnO. No impurity phases have been observed in all the patterns of

the films and it has been believed that the impurification with Al occurs through
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substitution of Zn>* jons by AI™ ions in the synthesis process. As the Al
concentration in the ZnO films increases, the orientation changes and becomes (100)
dominant peak in AZO films. The structural parameters such as grain size (D),
dislocation density (6), FWHM (), strain (¢) for all films were calculated using
XRD results. The film thickness values are calculated in micrometer size by using

gravimetric method.

The surface morphology of the films has been studied using SEM and SEM images
show that the ZnO and AZO films consist of nanorod structures. As the Al
concentartion in the ZnO films increases, surface quality of the nanorods increases.
With increasing Al concentration, the shape of nanoroad become more prominent.
This study shows the presence of well grown nanorods and the films are
homogeneous and dense. The compositions of the films have been measured by
EDAX. These results have shown that ZnO and AZO films have been successfully

grown on the glass substrate.

Absorption measurements have been carried out at room temperature. The energy
bandgaps values of ZnO and AZO films have been calculated by using the optical
absorption spectra. The refractive index (n), optical static and high frequency
dielectric constants (€0, €x) values have been calculated by using the energy bandgap
values as a function of the synthesis temperature, solution molarity, growth time and
doping concentration. According to our result the bandgap values and refractive

index can be tunning by changing the growth parameters.

As a result of XRD, SEM and absorption measurements; it has been observed that
Zn0O and AZO films could be grown by hydrothermal method. According to the
these results (XRD, SEM and optical absoprtion), it can be said that the optimal
growth parameters are defined as 0.03 M, 90 °C and 12 h for ZnO films. It has been
determined that the structural, morphological and optical properties of the films have
changed with the Al concentration. According to the these results (XRD, SEM and
optical absoprtion) it can be said that the optimal growth parameters are defined as

0.03 M, 90 °C, 12 h and 5% doping concentration for AZO films.
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