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GROWTH AND CHARACTERIZATION OF UNDOPED AND
INDIUM DOPED ZINC OXIDE THIN FILMS GROWN BY
HYDROTHERMAL METHOD

ABSTRACT

Zinc oxide is a widely used semiconductor metal oxide in optoelectronic applications and
it is very advantageous material for transparent conductive oxides (TCO). Recently, to
investigate and enhance the properties of ZnO thin films, researchers have been carrying
out many researches. In this study, undoped ZnO and indium doped ZnO (1ZO) films with
different indium percentages (1%, 3%, 5%, 7%) were produced by hydrothermal method
on glass substrates. The influence of In doping on the structural, surface and optical
properties of ZnO films were investigated. On the other hand, as the parameters of
hydrothermal method; growth time, growth temperature effects on the properties of the
ZnO and In doped ZnO film were analyzed. For this purpose, the growth time of ZnO
films were changed as 3h, 5h, 7h, 9h and 24h. Also, growth temperatures were varied as
90°C, 120°C and 150°C too. After the film growth process X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Photoluminescence Spectroscopy (PL) and UV-
VIS Spectroscopy measurements were carried out to characterize films’ structural, optical,
and surface properties. By these characterization methods, the best growth parameters of
the films were decided. According to characterization results, all the ZnO and 1ZO films
successfully were grown by hydrothermal method. Hexagonal wurtzite structure and well
adhesion to substrate were observed. For the crystallite size, XRD intensity at preferred
growth plane, dislocation density and microstrain, a good compromise was reached for 9h
growth time, 3% In percentage, and 90°C growth temperature. From the PL, the lowest
defect and highest crystallization quality were obtained for 3% In, 9h and 90°C films. As
a result, for this work, 9 h growth time, 90°C growth temperature and 3% In doping

concentration were defined as the best growth parameters.

Keywords: ZnO, 1Z0O, Films, Doping, Hydrothermal Method, Characterization



KATKISIZ VE INDIYUM KATKILI CINKO OKSIT INCE
FIiLMLERIN HIDROTERMAL METOT iLE BUYUTULMESI VE
KARAKTERIZASYONU

07/
Cinko oksit optoelektronik uygulamalarda ¢ok¢a kullanilan bir yariiletkendir ve seffaf
iletken oksit (TCO) olarak olduk¢a avantajli bir malzemedir. Son zamanlarda,
arastirmacilar ZnO ince filmleri incelemek ve oOzelliklerini gelistirmek adina, birgok
arastirma yliriitmektedirler. Bu calismada katkisiz ZnO ve farkli oranlarda katkilanmis
(%1, %3, %5, %7), indiyum katkili ZnO (IZO) filmler cam alt tas iizerinde hidrotermal
metot ile iiretildi. Indiyum katkisinin, ZnO filmlerin yapisal, yiizey ve optik 6zelliklerine
etkisi incelendi. Bunun yani sira, hidrotermal metodun parametreleri olan, biiyiitme
stiresin ve biiylitme sicakliginin ZnO ve IZO filmlerin 6zelliklerine olan etkisi analiz
edildi. Bu amag ile, ZnO filmlerin biiylitme siireleri 3h, 5h, 7h, 9h ve 24h olarak
degistirildi. Ayrica, biliylitme sicakliklart da 90°C, 120°C and 150°C olarak degistirildi.
Film biiyiitme isleminden sonra, filmlerin optik, yapisal ve yiizey oOzelliklerinin
karakterizasyonu ic¢in X-Isin1 Difraktometresi (XRD), Taramali Elektron Mikroskopisi
(SEM), Fotoliiminesans spektroskopisi (PL) ve Ultraviyole-Goriiniir Isik (UV-Vis)
absorpsiyon spektroskopi 6l¢timleri uygulandi. Bu Karakterizasyon metotlariyla filmler
i¢in en uygun biiyiitme parametreleri belirlendi. Karakterizasyon sonuglarina gore, tim
Zn0O ve 1ZO filmler hidrotermal metot kullanilarak basariyla iiretildi. Hekzagonal viirtzit
yapi ve alt tasa iyi yapisma gozlemlendi. Kristalit biiyiikliigii, bilylime diizlemindeki XRD
siddeti, dislokasyon yogunliugu ve mikro gerinim degerleri goz 6niine alindiginda, en iyi
uzlagmaya 9h biiylime siiresi, %3In yiizdesi ve 90°C biiyiitme sicakliginda ulasildi. PL
sonucuna gore, en diisiik kusur ve en yiiksek kristallesme kalitesi %3In, 9h ve 90°C
filmlerde elde edildi. Sonug¢ olarak, bu calisma i¢in en iyi biiylitme parametreleri, Sh

biiylitme siiresi, 90°C biiyiitme sicakligi ve %3 In katkilama yiizdesi olarak bulundu.

Anahtar Kelimeler: ZnO, 1ZO, Film, Katkilama, Hidrotermal Metot, Karakterizasyon

Vi
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CHAPTER 1
INTRODUCTION

1.1 ZnO Thin Films

Metal oxide semiconductors have been very popular in optoelectronic applications and
researches due to their advantageous electrical and optical properties. Zinc Oxide (ZnO)
is one of the attractive metal oxides which can be used as alternative material for

transparent conductive oxide thin films [1].
1.1.1 Structure and Properties of ZnO

Zinc oxide (ZnO) is a semiconductor material, as in most of II-IV group binary
compounds and its ionicity exist between ionic and covalent semiconductor. Its stable
preferential orientation is along to c-axis which resulted in rod shape. ZnO has a
tetrahedral bonding configuration. In the structure, each cation is surrounded by four
anions at the corners of a tetrahedron, and each anion enclosed by four cations. A typical
sp3 covalent bonding is shown in these tetrahedral structures [2]. Besides, ZnO exhibits
large ionicity, this situation increases the energy bandgap more than expected from the

covalent bonding.

Although its thermodynamically stable phase is wurtzite at ambient conditions; ZnO has
three different crystal structures like, hexagonal wurtzite, zinc blend and salt rock. The
possible three crystal structures of ZnO is shown in Figure 1.1. The wurtzite crystal
structure of ZnO has a hexagonal unit cell and two lattice parameters which are a and c.
The ration of lattice parameters is ¢c/a=1.633.

The existence of intrinsic defects like O vacancies and Zn interstitials causes a deviation
of stoichiometry. Due to this deviation, wurtzite structural ZnO is naturally an n-type
semiconductor. Even though ZnO shows n-type behavior in intrinsic state, it is possible to
convert it to p-type by controlling the doping level and defect [3,4].
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Figure 1. 1 Different crystal structures of ZnO [4]

ZnO has become an excellent material, because of its wide and direct band gap (3.37 eV)

also massive excitonic binding energy (60 meV) at room temperature [5,6].

ZnO shows high transparency in visible range where the transmittance is nearly 80-90%.

They can show also low electrical resistivity nearly 10°- 10 ° Q.cm [7,8].

Moreover, ZnO can be produced in several structures and shapes as like nanoparticles
(NPs), nanowires (NWs), nanofibers (NFs), nanorods (NRs) and thin films (TFs). ZnO
TFs have many outstanding properties such as conductivity, low cost, electron mobility,
and high transparency [9,10].

1.1.2 Application of ZnO Films

As a transparent conductive oxide, ZnO is well known and widely used semiconductor.
Due to its conductive and transparent properties, it used in industry as transparent
electrodes, touch screens, thin film solar cells and low emissivity coatings etc. Besides its
well electrical and optical properties, it is an alternative material to ITO material with its

high abundancy, low cost, and nontoxicity [11-13].

High refractive index and transparency in visible region allows the ZnO films to be

antireflection coating, and window layer in solar cells [14].



In addition to high transmittance in the visible range, their low electrical resistivity makes
them important in the optoelectronic devices and photovoltaic conversion field [8].
Besides excellent optical and electrical properties, ZnO also non-toxic, suitable to doping,
stable at high chemical, mechanical [15] and high thermal [16] and low-cost material [15].
Depending on these features, it is suitable for optoelectronic applications, [17], varistors
[18], light emitting diodes [19], nano lasers [20], heat mirrors [21], gas sensors [22] and

acoustic wave filters [23].
1.2 1ZO Films

Nowadays, Researchers have been working on n-type transparent oxide semiconductors
and TCOs materials which have excellent properties. Investigation and fabrication of ZnO
based films started to gain importance due to their properties and became candidate
material for transparent conductive oxides (TCO). For the use of ZnO in optoelectronic
devices and transparent electrode, high electrical conductivity and optical transparency in
visible region are expected [24]. Doping of ZnO with different elements is a method to
improve electrical and optical property, conductivity and also photoluminescence (PL)
properties of the ZnO films. Thank to doping of ZnO film, alternative materials for TCO
may be produced [7]. Multi-component oxide, ternary and quaternary systems like indium
doped zinc oxide (1Z0) may be a potential alternative to TCO. 1ZO have been researched
for not only TCO materials but also for transparent electrodes, semiconducting oxide layer
for thin film transistors, and solar cells [25]. 12O have advantage over the conventional
TCO like tin oxide and indium tin oxide. ZnO based thin films are stands out among the

others with high abundancy, low cost, non-toxicity and hydrogen plasma stability [26,27].

With the addition of impurities and different ions into the crystal lattice of wide band gap
semiconductor, the structural, electrical, and optical properties of can be altered. ZnO
doping process is carried out by replacing Zn 2+ ions with higher valency ions. The ionic
radius and electronegativity are the parameters that affect the efficiency of doping process
[28].



With the different oxidation condition, ZnO conductivity range changes. By doping the
ZnO films with group I, 111 and VI elements like Indium (In), Cadmium (Cd), Aluminum
(A, Fluorine (F), Copper (Cu), etc., conductivity, stability and transparency of ZnO film

can be increased [29-30].

A decrease of excitation intensity in the ZnO nanostructures may be seen with the
sufficient amount doping. This is because of the increase in the number of shallow states.
For this purpose, researchers work at doping the ZnO nanostructures by various impurities
like In, Al, Ga, Sn, Sb, and Cu [31].

Recently, for the doping of ZnO, basically group Il elements are used. The opinion is
that, group I11 elements like indium (In) have lower vapor pressure than group 1V elements

for substitutional doping on the oxygen lattice site [32].

Besides electrical and optical properties, indium (In) doping dominates UV and visible
emission. According to Jie et al. (2004) [33], with the indium doping of ZnO nanobelts,
the UV and Visible emission shifted toward higher wavelength and this phenomenon is
defined by bandgap energy decreasing and existence of extrinsic or intrinsic defects.
Exciton emission peak of indium doped ZnO nanowires which prepared by Xu et al.
(2006) [34], showed red shifting because of indium doping. It is explained by decrease of
band gap energy again. On the other hand, when Liu et al. (2006) [35] noticed that the
bandgap energy of indium doped ZnO disk increased and the exciton emission peak
shifted to blue; Pal, E et al. (2009) showed that band gap energies of In doped, prism-
like and flower-like ZnO decreased and visible emission peaks shifted blue with

increasing indium concentration [36].



1.3 Thin Film Growth Methods

Thin film is a layer of material on a substrate whose thickness changes from several
nanometer to few micrometers. According to the material nature and deposition condition,
the structure of thin film can vary such as amorphous and polycrystalline [37]. Also, all
properties of thin film can be alternated by deposition process. In other word, optical,
electrical, tribological properties, microstructure and surface morphologies are highly
affected from deposition methods [38]. To get the properties which expected from the

film, choosing the proper growth method is very important [39].

Thin film deposition method divided into two main categories which called as chemical

deposition and physical deposition [40].

Physical film production methods based on moving of particle and gathering on the
substrate. Physical film production methods are predicated on just physically moving of
particle and depositing on a substrate [41]. A target is used as the source of thin film and
with an energy, materials dislodged and moved onto substrate surface at which point the
atoms stick and form a film. On the other hand, in chemical film deposition method, a

chemical reaction of film precursor happening on the substrate surface is expected [42].

Nanostructured ZnO TFs have been grown by several methods like sputtering [43] metal
organic chemical vapor deposition (MOCVD), electrochemically [44], spray pyrolysis
[45], molecular beam epitaxy [46], pulsed laser deposition [47], the sol-gel method [48],
optical thermal evaporation, hydrothermal synthesis, Successive lonic Layer Adsorption
and Reaction (SILAR) [3] etc. The wide classification of thin film deposition methods is

given in Figure 1.2.
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Figure 1. 2 Wide classification of thin film deposition methods

High quality ZnO crystals and large area growth is important for device application.
According to reports, ZnO deposition by magnetron sputtering [49] and chemical vapor
deposition (CVD) growth techniques [50]; achieved mainly polycrystalline films.
Fallowing studies showed that films grown by rf magnetron sputtering [51], molecular-
beam epitaxy (MBE) [52], pulsed-laser deposition (PLD) [53], and metalorganic
chemical-vapor deposition (MOCVD) [54] led to single crystal and high-quality ZnO
films. In addition to that, these techniques allow good deposition procedure control. The
diagram of material processing techniques according to temperature and pressure is shown

in Figure 1.3.
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Figure 1. 3 Pressure - Temperature map of materials processing techniques [55]

Hydrothermal method is one of the main film deposition technique to perform bulk ZnO
crystal growth. This method has advantage over the melt growth and vapor phase methods
by large single crystal ability. Because of the high vapor pressure of melt growth and
vapor phase method, they show some challenges in the growth process of ZnO. High vapor
pressure causes difficult process control and poor ZnO growth. On the other hand, in
hydrothermal reaction, low supersaturation promotes crystal growth. Thus, hydrothermal

method is notably proper to ZnO growth for large size and single crystal applications [3].
1.4 Hydrothermal Method
1.4.1 Definition of Hydrothermal Method

Hydrothermal synthesis is one of the substantial branches of inorganic synthesis which
allows producing nanomaterials with different structures. Hydrothermal method is used

for not only synthesis and growth of material but also treatment of waste [56].



Although it has not definite definition, it explained as a heterogenous reactions to solve
and crystallization of materials at high pressure and temperature [57].

Nowadays, the hydrothermal synthesis is described by scientists as heterogenous reaction
that occur in a closed system at a temperature which higher than room temperature and

latm pressure [58].

While Laudise (1970) says the hydrothermal synthesis was a growth reaction that
happening in aqueous solution under normal conditions, Rabenau (1985) says this reaction
occurred at 1bar pressure and higher than 100°C [59,60]. Byrappa (1992) defined it as
heterogeneous reaction in an aqueous solution which is performed temperatures higher
than room temperature and higher 1atm pressure [61]. Also, according to Yosimura et al.
(1994) hydrothermal synthesis is a reaction occurring in agueous media in a closed system

at above 100°C and 1 atm pressure [62].

Hydrothermal synthesis required solution above room temperature and pressure which is
closed and heated to synthesis by chemical reactions. Hydrothermal synthesis research
began in the middle of the 19th century. After long research, hydrothermal synthesis was
obviously outlined as an important materials synthesis technology, especially for single
crystal growth, in the 20th century [58].

According to researches, by using hydrothermal method, it is possible to growth ZnO
nanorods and nanowires on a substrate [63], patterning [64] and doping with transition

metals [65] and changing the growth and physical directions [66].

In hydrothermal synthesis, water is indispensable and act as transformation element of
materials. According to the water phase diagram in Figure 1.4, at below of 100°C, the
equilibrium vapor pressure of water is lower than 1bar. On the other hand, at higher

temperatures, hydrothermal pressure range is more suitable.

Hydrothermal process can be classified into two operation modes: autogenous and high-

pressure mode. In the autogenous mode there is no external pressure and the pressure is



provided by the present gas in equilibrium. The pressure of the closed system is due to the
temperature. As is seen in the equilibrium line of gas and liquid in Figure 1.4, with the
increasing temperature, the gas pressure is increases. In the high-pressure hydrothermal
mode, in contrast to autogenous, there is an external pressure which is higher than the
equilibrium water vapor pressure. Generally inorganic materials become more soluble
under high pressure. As a sum up, in hydrothermal synthesis the effective three parameters

are; water pressure, temperature and reaction time [67,68].

! super-
critical
fluid

critical
point

pressure

-
—

temperature -

Figure 1. 4 Phase diagram of water [68]

1.4.2  Advantages of Hydrothermal Method

For the processing of advance materials, hydrothermal method provides superb
opportunity with its outstanding advantages. By this method, wide range advance
materials from bulk single crystals to fine particles and nanoparticles can be processed

and high-quality crystals can be obtained.

Hydrothermal method is a low energy consuming, low temperature, and single step

production method. With the enablement to in situ fabrication, size, and morphology
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control and not to need post synthesis treatment, it is prominent production method. Also,
it does not require expensive surfactants, catalyst, or seeds.

The other important advantage of hydrothermal method is the ability of combining with
an external energy like microwave, sonar, or mechanochemical, electrical and magnetic.

That process is called as multi energy processing [69].

The most significant superiority of hydrothermal method is being environmentally
friendly. Because of consuming less energy, wasteless processing (solid, liquid or gas),
using nonhazardous materials and closed processing system, hydrothermal method is a

green technology [70].

As a sum up, hydrothermal synthesis method has advantages over deposition methods
with its low reaction temperature (less than 200°C), simple equipment, high purity, high
crystal quality, nontoxicity, hybridizability, low cost, environmentally friendly, ability to

control morphology, size and deposit on a three-dimensional structure [69,71].
1.4.3 Components and Apparatus of Hydrothermal Method

Hydrothermal is a technique to dissolve and recrystallize materials under some conditions.
This heterogeneous reaction is happening in an aqueous media which involve solvents and
mineralizers. The required conditions for hydrothermal synthesis are high temperature and
pressure. To provide these conditions used components and apparatus are mineralizer,

surfactants, water, autoclave, and liners.
1.4.3.1 Mineralizer

The main expectation from a solvent is to present a medium which provide suitable
environment. Solvent also can work as absorber or reactant in hydrothermal reaction. By
using proper solvent, the solubility of the materials can be increased so, material synthesis,
crystal growth or materials processing can be performed. In hydrothermal, water is the

most important solvent and mineralizer. Whereas, even at supercritical temperature, some
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compounds can not dissolve in water. Hence, researchers investigated different favorable

mineralizers [72].
1.4.3.2 Water

In hydrothermal method, water is foremost constituent. Water shows incomparable
properties which used for decomposing toxic organics, recycle and treat waste materials.

These properties of water become more unique under supercritical conditions.

Water is used to transform the precursor material in hydrothermal synthesis. It solves most
of organic substance at high temperatures and pressures. The dissolved materials in fluid

starts to crystallization and material transformation is completed [55,68].
1.4.3.3 Surfactants

In the processing of advance materials by hydrothermal method, the surfactants play
important role. Surfactants help to control of the nucleation, crystal growth, crystal size,
morphology, shape, and phase homogeneity. It also enhances the surface of materials,
disperses the fine particles along the crystallization. Due to this qualification, it called as
surface modifier and prompt to produce good dispersed and oriented materials in

nanotechnology [55].

In the hydrothermal synthesis process, structures tend to have different sizes and irregular
morphology due to high reaction rate. Therefore, by using proper chemical additives like
surfactants, the reaction process is taken under control [73]. Hexylamine, butylamine,
ethylenediamine and trimethylamine are amin molecules which used for synthesis of ZnO

nanostructures [74,75].

Hexamethylenetetramine (HMT) is also a surfactant which used to modify the
morphology of nanostructure in the thin film [76].

With the increasing HMT concentration size and diameter of nanorods decreases,

hexagonal shape of ZnO shifts to circular shape, grain size decreases and dense growth
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occur. Correspondingly, blue shift in UV emission peak, and increasing on the absorbance

edge in UV-Vis spectra and a rise in electrical resistivity can be observed [77].
1.4.3.4 Autoclave

Hydrothermal method requires a pressure vessel called as autoclave (in Figure 1.5).
Autoclave must withstand to highly corrosive solvents at high pressure and temperature
for crystal growth and material processing. These following properties are expected from

autoclave:

e Durability to acids, oxidizing agents, and bases.

e Durability to high temperature and pressure for a long time.
e Convenience assemble and disassemble.

e Suitable length to get temperature gradient.

e Impermeability at desired temperature and pressure

Stainless Steel Teflon Cap

plate

| Stainless Steel
Teflon » autoclave

Liner

>.__; |}~ Stainless Steel
: plate

Figure 1. 5 The illustration of autoclave of hydrothermal

For the selection of ideal autoclave, corrosion resistance, experimental pressure and
temperature are the prominent parameters. Especially, when the vessel directly used for
reaction chamber without using any liner, corrosion resistance factor becomes more

serious. Mostly used materials for the autoclave are stainless steel, iron, titanium, nickel,
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high strength alloys, cobalt based superalloys, and titanium alloys due to high corrosion

resistance properties.

The other critical factors of autoclave materials are ultimate tensile strength, creep rupture
strength, and yield strength. The creep rupture strength shows a dramatic decrease with
increasing temperature during operation. Although stainless steel - SS 316 has best creep
rupture strength and good choice for autoclave material, super alloys are generally

stronger than at elevated temperature [78].
1.43.5 Liner

In the hydrothermal method, used mineralizers are very corrosive and they generally
attack to autoclave. This situation hinders to obtain high quality crystals for advance
devices. To prevent this problem, a proper liner is placed into the autoclave. Some metal
like silver, copper, nickel, titanium liners can be used as lining according to solvent media,
but it is possible to dissolve at higher temperature or at unproper solvent. For alkaline and
neutral media noble metal liners can be used. In addition, quartz glass, Pyrex and Teflon
are the other mostly used liner materials. The mostly used materials for reactor lining is

given in the Table 1.1.

As crystals with high purity are grown in strong corrosive media, Teflon liners or bakers
are used. Teflon material is very popular in hydrothermal application as a lining material
at below 300 °C and 250 bars. The Teflon liner/ baker should be placed into the autoclave

strictly without any gap. There are two biggest disadvantages of Teflon liners;

e It is difficult to measure the actual temperature inside liner because there is an

obvious temperature decrease in it when compared to vessel without liner.

e Above the 300 °C, it starts to dissociate and changes the pH of unbuffered solution

in it so, it is not suitable at above this temperature [78].
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Table 1. 1 The materials used for reactor lining [78]

MATERIAL T (°C) SOLUTIONS REMARKS

Titanium 550 Chlorides, Sulphides, e Corrosion in NaOH solution
Sulphates, Hydroxides

Silver 600 Hydroxides e  Gradual recrystallization
e Partial dissolution

Teflon 300 Chlorides, Hydroxides e  Poor thermal conduction

Copper 450 Hydroxides e Corrosion reduced in the
presence of fluoride ions and
organic compound

Graphite 450 Sulphates e  Pyrolytic graphite most
suitable for lining

Platinum 700 Hydroxides e Blackening in chloride in the
presence of sulpher ion

1.4.3.6 Substrates

Substrate is a base for thin film, and it is required for embodying the film, to provide
mechanical endurance and rigidity. For the successful growth of thin film, flatness and
smoothness is expected from the substrate materials. Glass, silicon, alumina, aluminum
nitride and metals are mostly used substrate for the semiconductor thin film. Deposition
on glass is generally preferred for easy measurement of the optical and electrical
properties of thin film. In addition, glass substrate is quite economic when compared the
others [79,80].

1.4.4 Growth Parameters of Hydrothermal Method

Hydrothermal synthesis method has variety of parameters which affect the properties of
grown films. These growth parameters are concentration of the precursor solution,

synthesis temperature, growth time, pH of the precursor. Growth rate of particles, crystal
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structure, nanoparticle size, nanoparticle density, morphology, optical properties, aspect
ratio and orientation are powerfully influenced from the hydrothermal synthesis

parameters [81-83].
1.4.4.1 Precursor concentration

There is no doubt about the precursor concentration has an effect on aspect ratio,
morphology and the growth rate of nanostructure because, precursor solution works as

Zn*? ion source for production of ZnO nanostructure in hydrothermal method [82,84,85].

Wang et al. (2008) and Lee et al. (2007) reported that the increasing precursor and reactant
concentration caused increase at average length and diameter of synthesized nanorods
[86,87].

Gou et al. (2005) also worked on concentration effect on the structure of ZnO nanorods.
They reported that the decreasing concentration caused a nonlinear decrease on the

average diameter of ZnO nanorods [81].

According to Bian et al. (2010), when the concentration of precursor was high, the average
length of ZnO rods decreased and diameter increased. Also, rods showed uniform
distribution on the substrate [85].

H.Q. Le et al. (2006) changed the zinc acetate concentration to observe the precursor
effect. When the concentration increased, the diameter of the nanorods shrank and length
increased. In addition, aspect ratio increased but density decreased when the concentration
increased from 0.01 to 0.33M [84].

Some researchers observed that, diameter of hexagonal nanorods are strongly affected
from the precursor concentration. They remarked that the average diameter of rod
decreases with diminishing precursor concentration. Nonetheless, this relationship was
not linear. This nonlinear relationship was associated with the existence of more
nucleation sites when the precursor concentration is high. Thermodynamically, in higher

concentration, extra nucleation sites come into existence. Nevertheless, after some point
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the relationship changes by reversal. The density starts to decrease while the concentration
increases due to lateral growth of rods. Moreover, with the precursor concentration,
growth rate of ZnO rods go up not only laterally but also longitudinally [81,83,84,88].

1.4.4.2 Growth Time

Growth time strongly affects the morphology and aspect ratio and optical properties of
zinc oxide nanorods in hydrothermal synthesis method. Li et al. (2010) produced
hexagonal ZnO nanorods at different growth time. When the growth time increased from
3hours to 5hours, they observed an increasing in the rod size however, they did not observe

significant change for 7h and 9h growth time [85].

Akhiruddin et al. (2014) reported that, with the increasing growth time in hydrothermal
method, the crystal size of ZnO film and the bandgap energy increased but grain size of

particles decreased [89].

Baruah et al. (2009) thought that, at low temperature ¢ 95°C) hydrothermal process,
growth rate reaches its maximum in the first Shours, after that time it starts to decrease.
[90] According to Xu et al. [88], the first half hour nanorods grows laterally, between 0.5.
— 6 hours longitudinal growth is dominant and after 6 hours to 2 days the growth is
prominent both laterally and longitudinally. On the other hand, at high temperature
condition ¢350°C), with increasing growth time, the length of rods increases but diameters

remain fairly constant [91].
1.4.4.3 Growth Temperature

In hydrothermal method, growth temperature strongly affects the morphology, structure,
and aspect ratio of ZnO nanorods. Polsongkram et al. (2008) produced ZnO nanorods at
different temperatures by hydrothermal method. They report that when the temperature is
increased to 95°C from 60°C the width of nanorods decreased and aspect ratio increased
[92].
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In the study of H.Q. Le et al (2006) worked on the growth temperature effect on the ZnO
nanorods morphology. Samples hydrothermally grown at 60, 80, 100 and 150°C. When
the temperature increased from 100 to 150°C the diameter of nanorods decreased and
length of nanorods increased. Also, aspect ratio and density of nanorods showed a

decrease with this temperature change [84].

According to Xu et al. (2008), nanorod’s growth is related with the presence of OH" ions
in precursor which are formed because of thermal dissociation of hexamine. At high
temperature, a sudden dissociation of hexamine happens and many OH" ions are formed,
so lateral and longitudinal growth become faster. With the time, the concentration of OH"
ions decreases and competition for preferential face drops, ions place the top of structure
and resulted in hexagonal pyramid. On the other hand, at low temperature, decomposition
happens with a uniform mild rate and ion competition remain stable, so as uniform
nanorod structure is obtained. Also, in this study it is shown that, when the growth

temperature was lowered from 70°C to 60°C, the aspect ratio decreased [88].

Tang et al. (2008) used zinc acetate as precursor and surfactants to search the relation
between growth temperature and morphology of ZnO nanorods. They perform the
experiment at 130°C, 150°C, and 180°C for 5 h. According to results, at 130°C broad size
distribution of spheres, cubes, and other shape structures were obtained. While needle like
structures obtained at 150°C, uniform dimensioned ZnO nanorod were synthesized at
180°C [93].

To investigate the temperature effect on nanoparticle’s structure, Li et al. (2008),
synthesized flower like and cabbage like single crystal ZnO nano structures at 120°C,
150°C, and 180°C [94].

Wahab et al. (2009) showed the diversity of the synthesized nanostructures morphology
with temperature. While the temperature increased from 40°C to 60°C, 80°C, and 100°C;
morphology varied from particle to star shape, rosette shape and nanorod shape,
respectively [95].
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1444 PH

With thermal decomposition of hexamine, many OH" ions are formed and an increase is
shown in the pH. Rod growth in basic medium is faster than acidic medium. The changing
pH causes morphology transformation. With increasing basicity, structures change from

rod to flower like shape [83].

According to Alshehri et al. (2018), base concentration affects the aspect ratio of produced
NWs. When Na,COs3 concentration is increase from 2.673M to 4.717M, average diameter

of NWs decreases while their length increases [96].

In the another work which has been done by Kumaresan et al. (2017), it is reported that
the crystallite size of hydrothermally grown ZnO increases with increasing pH from 7 to
9,11 and 13 [97].
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1.5 Literature Review

Zinc oxide (ZnO) thin film growth and doping with other elements have been extensively
studied by researchers. The hydrothermal method which is useful and easy growth method
of ZnO have been widely worked. The growth parameters, optical and structural properties
were the most focused area in literature due to application suitability of ZnO in
semiconductor industry, optoelectronic, solar cells etc. In addition, doping of ZnO with
different elements are also proposed area of research to enhance the properties of ZnO.
Although there are satisfying amount of hydrothermal synthesis, ZnO synthesis and
doping of ZnO with variety elements, lack of study of indium doped ZnO thin film by
hydrothermal method is seen obviously. There is a big deficiency in research of the indium
doped ZnO thin film by hydrothermal method, its growth parameters, structural and

optical parameters.

Yoshimura and Byrappa (2007) gave an overview of the past, present and future
perspective of hydrothermal technology. They described the hydrothermal method and it
advantageous, compared hydrothermal method with the conventional material processing
methods. They also discussed the multi energy processing of material like
mechanochemical, electrochemical and microwave hydrothermal. According to them,
hydrothermal technique provides a great opportunity to process of advanced materials for

fine particles, nanoparticles or bulk single crystals [69].

Mahmood et al. worked on low temperature hydrothermal growth parameters of ZnO
which are growth duration, growth temperature, precursor pH, concentration of solution,
role of hexamine and layer deposited on a substrate. According to them, size, morphology,
orientation, and growth rate of the one-dimensional nanocrystals of ZnO in the low
temperature hydrothermal synthesis, are strongly dependent on these growth parameters.
It is reported that synthesis of ZnO nanocrystals which required size, morphology,

orientation could be achieved by the adjustment of these growth parameters [83].
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Alshehri et al. (2018) synthesized ZnO nanowires by low temperature hydrothermal
methods. They investigated the effect of growth temperature, growth time, zinc precursor
and base (Na2CO3) concentration on morphology of nanowires. using X-ray diffraction
(XRD), scanning electron microscopy (SEM), Transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) and photoluminescence (PL), the products are
characterized. High yield of ZnO nanowires produced by using any of zinc chloride, zinc
acetate and zinc nitrate as precursors. A relation between length/diameters of nanowires

and growth time and base concentration is specified [96].

Ellmer and Bikowski (2016) reviewed the doping of n-type semiconductor ZnO. They
said ZnO normally shows n type conductivity and it used in transparent electrode, thin
film solar cell. On the other side, for the electronic devices like UV photodetectors, power
devices and LEDs, p type doping is required. By doping of ZnO with 11IB elements (B,
Al, Ga, and In), highly doped n type ZnO can be obtained. I1IB elements act as shallow
donors [98].

Xu et al. (2020) grew highly c-axis oriented and transparent ZnO nanorod by chemical
solution method and investigated the relation between crystallization quality, surface
defects, optical properties and growth time of nanorods. As a raw material, they used zinc
acetate and urea instead of mostly used zinc nitrate and hexamethylenetetramine.
According to study results, as the crystal quality and length of ZnO nanorods increasing,
defects that related to oxygen on the surface was reduced with increasing growth time.
Also, with the increasing growth time the intrinsic emission of nanorods, the ultraviolet
emission and transmittance in the visible range enhanced, and the visible emissions related

to the defects are weakened [99].

Sugumaran et al. (2015) prepared 100 nm thickness novel indium zinc oxide (InZnQO) thin
film onto glass substrate by thermal evaporation method from InZnO nanoparticles. On
the optical study, the band gap energy was evaluated about 3.46-3.55 eV by Tauc’s plot,
low absorption and high transparency were achieved. The structure and high transparency
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with wide band gap energy of produced InZnO thin film, is approved for transparent layer
in optoelectronic devices in the future [25].

Kumar at al. (2004) prepared undoped and indium doped zinc oxide thin films by using
chemical spray pyrolysis and characterized them by XRD, SEM, optical transmission and
absorption spectra, resistivity measurements, x-ray photoelectron spectroscopy and
photoluminescence. The optical transmittance was lowered at higher doping
concentrations and increased at low doping levels. The 1 at % indium was preferred due
to enhance optical transmission and lowest resistivity. According to this study, while ZnO
thin films was showing a strong blue-green emission, indium doping process concluded
with the rising of three emissions at 408, 590 and 688 nm and the blue-green emission

dropped behind of these increased three emissions [28].

Pal et al. (2009), by using hydrothermal method at 150°C, prepared ZnO and indium doped
ZnO with different morphologies. By the zinc ion/hydroxide ion molar ratio and presence
of I-histidine in the reaction mixture, the structure formation was controlled. According to
measurements, during the synthesis the prism like and flower like crystals formed. With
the indium doping, a deformation is seen in these crystal shapes. Effect of indium doping
on the optical properties (fluorescence, UV-diffuse reflection) of the particles was
observed. With increasing indium concentration, they saw a decrease in the band gap
energy. Moreover, the decrease becomes more apparent. The visible emission region of
particles was 506-565 nm and with increasing indium, visible emission peak of the ZnO
shifted toward the shorter wavelength. Also, with increasing indium concentration,
photocurrent intensity decreases due to the presence of oxygen vacancies that impede the
direct recombination of the photoexcited charge carriers [36].

Wang et al. (2007) grew indium doped ZnO crystal by hydrothermal method. They
investigated the effect of impurities especially In3+ on hydrothermal growth mechanism.
They analyzed the transmission spectra of pure ZnO and indium doped ZnO crystals. With
the doping, transmittance of ZnO crystals are lowered. The absorption edge undoped ZnO

was red shifted with doping. In this study which conduct in the presence of In3+, would
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promote interpretation growth mechanisms of ZnO crystals in the existence of impurities

and the provide conductive substrates from ZnO materials [100].

Morales et al. (2006) synthesized rod like ZnO nanostructures by low temperature
hydrothermal process and studied the effect of indium on morphology and optical
absorption of the nanostructures. Due to the formation of a new In(OH)z phase, indium
incorporation in nanostructures was not enviable. For the doping of indium into the
structures and dissociation of In(OH)3 phase, a thermal annealing process was done at 300

°C in inert atmosphere is applied after deposition for 2 hours [31].
1.6 Objective

In this thesis ZnO and indium doped ZnO (1ZO) thin films were deposited on the glass
substrates with different growth time, growth temperature and indium doping percentage
by hydrothermal synthesis method. The aim of the thesis is to determine the optimal film
growth parameters such as growth time, growth temperature and indium doping
percentage by characterizing structural (crystallite size, dislocation density and
microstrain), surface (homogeneity, film density and smoothness) and optical (energy

band gap, refractive index and defect level) properties of the films.
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CHAPTER 2
EXPERIMENTAL PROCEDURE

2.1. Cleaning Substrate

Substrate cleaning is very important stage before film deposition. Substrate cleaning
process is necessary to remove the contaminants from surface of substrate by breaking the
bonds between contaminant and substrates. The mentioned contaminants are fingerprints,
dust, dirt, oil particle etc. which can affect the morphological, nucleation, electronic
properties of films and film-substrate interface. With the substrate cleaning, reproducible
films are obtained, porosity, adherence, uniformity, and smoothness of the films are fixed
up. The suitable cleaning technique was chosen according to the nature of contaminant
and substrate [79].

In this study glass substrates were used. The used ultrasonic cleaner for cleaning the glass
substrates can be seen in the Figure 2.1 For the substrate cleaning process, the following

steps were applied to remove the contaminants and to obtain smooth and dust free surface;

(i) Washing with detergent and clear rinsing
(ii) First ultrasonic bath in DI-water for 5 minutes
(iii) Ultrasonic bath in Ethanol for 5 minutes
(iv) Final ultrasonic bath in DI-water for 5 minutes

(v) Evaporation of the remaining water by drying machine
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Figure 2. 1 The used ultrasonic bath for substrate cleaning

2.2. Solution Preparation

For growth of undoped ZnO films, equimolar solutions were prepared by using Zinc
nitrate tetrahydrate [Zn(NOs). 4H.O] (EMSURE®) and Hexamethylenetetramine
[HMTA] (MERCK) chemical powders. The 0.03M molar solutions were prepared to
determine the most suitable growth time for best ZnO thin film. To be used powder
amounts were calculated according to solution molarity, and molecular weight of
powders. For the power calculation, precision scale was used which can be seen in Figure
2.2) The calculated amount of powders was poured into the 30ml DI water and they mixed
on magnetic stirrer (in Figure 2.2) at 180 rpm for 10 minutes until the entire powder

dissolve.

For the Indium doped ZnO, differently from undoped ZnO, Indium (Ill) chloride
Anhydrous, +%98 (Alfa Aesar) was extra added with the Zinc nitrate tetrahydrate and
Hexamethylenetetramine into DI-Water. Amount of to be added Indium, was determined
according to the percentage of doping (1%, 3%, 5%, 7%). Zinc Nitrate tetrahydrate,
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hexamethylenetetramine and Indium (I11) chloride mixed together in 30ml DI water for
10 minutes at 180rpm.

HSD180

Figure 2. 2 The used precision scale and magnetic stirrer

2.3. ZnO and 1Z0O Films Growth

Prepared solutions were poured into the Teflon liner of autoclave. The glass substrates
were placed into the liner and submerged into solution. Seal ring of autoclave of
hydrothermal device was controlled, and screws were tightened with allen wrench. The
temperature was set to desired temperatures and times. During the autoclave stage
dissolution of precursors, crystallization from solution and film formation occurs. At the
end of the growth duration, autoclave was slowly cooled to room temperature and samples
were kept at room temperature for drying. Films were grown with different growth time
(h), In dope percentage (In %) and growth temperature (T). The used autoclave of

hydrothermal method can be seen in Figure 2.3.



Figure 2. 3 The used autoclave for hydrothermal synthesis

In this study it is aimed that to decide the best combination of hydrothermal synthesis
parameters according to characterization results and investigating the effect of these
parameters on the produced ZnO and 1ZO films. For this reason, firstly the most suitable
molarity value was sought out from the literature works. By preparing 0.03M ZnO
solution thin films were produced for 3h, 5h, 7h, 9h and 24h at 90 °C. The best growth

time value was decided for 0.03M solution, after characterizations.

After the decision of best growth time for 0.03M solution, In doped ZnO thin films were
produced. In dope percentage were varied as 1%, 3%, 5%, 7% and the best In dope

percentage of ZnO film was detected.

Finally, growth temperature parameter was investigated on 0.03M 5h %5 doped 1ZO
films. The 90°C, 120°C and 150°C growth temperatures were applied onto IZO films and
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the change of structural properties, surface properties and optical properties were

examined.
2.4. Calculation of Film Thickness

The thicknesses of grown ZnO and 1ZO films were calculated by Gravimetric method. For
the calculation of thickness precision scale with a sensitivity of 0,0001 grams were used
which can be seen in Figure 2.2. Before the deposition, weights of substrates were
weighed and after deposition they were reweighed. The difference between two
measurements accepted as the mass of ZnO or 1ZO films. Using the films’ mass, their
thicknesses were calculated by,

Am
d= Sp (2.1)
Where d is thickness of the film, Am is film mass, S is the surface area of the film and p

is the film density which is 5.61 g/cm3 for the ZnO compound.

2.5. Characterization

2.5.1. X-ray Diffraction (XRD)

XRD is a functional and nondestructive characterization method for solid materials which
widely used for researches, material characterization industry and process control. It is
mostly used for investigation of crystal structure of material by using lattice geometry and
constants. In addition to that, while this method can detect the orientation of defects and
single crystals in crystal structure it also can identify the unknown phases and solids
[101,102].

Some parameters like crystallite size, dislocation density and microstrain can be obtained
from XRD analysis method which gives an opportunity to get information about the
material [103].

In this work, the structural properties of hydrothermally produced thin films was examined
by X-ray diffractometer (Miniflex 600, Rigaku) which given in Figure 2.4. The crystal
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structures were checked between 20 =20-80 degrees with a step size of 0.002 and rate of
2°/min using Cu-Ka A = 1.5405 A radiation. Crystal structures and structural properties
of film were analyzed from some XRD patterns. Some used parameters are grain size (D),
distance between the layers (d), dislocation density (0) and the strain (&) values of the

films.

The undoped ZnO film crystal structure and its difference with In doping, growth time

and temperature were investigated.

By using Bragg’s Law formula, the lattice spacing, d, was calculated:
nA=2d sinf (2.2)

where n is the diffraction order which usually n = 1, A is the wavelength of used X-ray
source (1.5405 A) and 26 is the diffraction angle. Hence, [104]
y)

d= 2sin @ (2.3)

The average crystallite size values of ZnO was reached by using a well-known Debye

Scherrer’s formula:

_ k2
o [ cosB

(2.4)

Where Kk is a constant which was taken as 0.9, 4 is the wavelength of the used X-ray source
(1.5405 A), p is the full width half maximum (FWHM), and @ is the angle of diffraction
[89,105].

The dislocation density (8) of the films can be defined as the number of defects in
materials. It can be expressed as the length of dislocation lines per unit volume of the
crystal. During calculation of dislocation density (8) of the films the FWHM peaks values
are implicitly related which is necessary to get more information about the defects in the
produced films. For the dislocation density calculation, the formula below was used: [106-
108]
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5 ==L (2.5)

Where D represents the average crystal size.

The diffraction line broadening due to either crystallite size or strain contribution,
according to Williamson and Hall approach. The microstrain (g) values which cause
broadening due to crystal defects and imperfections was calculated using the following
formula: [104,109]

cos6
E = B
4

(2.6)

The broadening of the diffraction peaks of materials are caused by the deviation from
perfect crystallinity. Peak width (FWHM) is dependent variable to the crystallite size.
While the crystallite size decreases, the peaks broaden which means FWHM increases.

Structural disorders, point defects, stacking faults and tensile stress in the material
influence crystallinity and grain boundary negatively which result in widening of FWHM
value of XRD peak [110-112].

The crystallite size and lattice strain are the main properties which can be obtained from
XRD peak width analysis. These properties influence the Bragg peak, cause an increase

in the peak intensity, peak width, and shift of 20 peak position [113].

In XRD patterns, high intensity and narrow width of peaks indicates the good
crystallization of films. On the other hands, low intensity and large width peaks signifies
the amorphous crystallization of films. To determine the best crystallization of grown
films, large crystal size (D), small dislocation density (3), and the strain (€) values were
considered [106,108].
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Figure 2. 4 X-ray Diffraction instrument

2.5.2. Scanning Electron Microscopy (SEM)

Surface properties of undoped and indium doped ZnO films were examined by Scanning
Electron Microscopy SEM (FlexSEM 1000 I, HITACHI) which given in Figure 2.5. With
the SEM imaging, shapes of nanoparticles, uniformity and homogeneity of the film,
surface defects, surface roughness, and particles distribution were analyzed. The surface
homogeneity has critical role on the optical properties of the films. Homogeneity improves
the optical transmission of the films. It is caused by reduction in the minimum optical loss
[25,114].

For defining the suitable growth parameters, SEM is the one of the characterization
methods. In this study, it is expected that high uniformity, good particle distribution,
density, smoothness and well-adhesion to the substrate [106] and also, changing the film

structural parameters with In addition.
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Figure 2. 5 Scanning Electron Microscope (SEM)

2.5.3. Photoluminescence (PL)

Photoluminescence spectroscopy (PL) is a noncontact and highly precise characterization
method which provides important information about the semiconductor properties of ZnO
thin films. It is used to investigate the crystal quality, bandgap, defect types and density

and recombination mechanism of semiconductor materials [99,115].

PL spectra generally shows two apparent band which are Near band edge emission (NBE)
in UV region and in visible emission region. While the band edge emission attribute to
recombination of free exciton between valance and conduction bands, visible emission
peak series originated from the different intrinsic and surface defects of semiconductors.
With the other words, the UV emission of ZnO result from exciton-related activity [116]
however the point defects like oxygen vacancies or zinc interstitials and impurities on the

ZnO thin films causes a visible luminescence [117-122].

Generally higher PL intensity of the ultraviolet (UV) emission implies the better
crystallization quality of ZnO semiconductor [123,124]. For the improved crystallinity of
ZnO, the high NBE emission is expected. Also, the intensity of PL spectra for visible
emission indicates the included crystal defects and surface oxygen vacancies of the films.

When the PL intensity of visible emission is lower, it can be said that the film may have
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less defects, and low oxygen vacancies [125]. On the other hands, high PL intensity is
observed when various defects like oxygen interstitials (Oi), oxygen vacancies (\V0), zinc
vacancies (VZn) and zinc interstitials (Zni) are included. In brief, lower PL intensity of
visible emission peaks indicate the higher crystallization quality of ZnO films because of

containing less defect [99].

Optical properties of undoped and In doped ZnO thin films were characterized with the
300 nm excitation light energy by Fluorescence Spectrometer (LS-55, PerkinElmer)
which is given in Figure 2.6. By fluorescence spectrometer surface defects and
luminescence behavior of films were analyzed. From PL characterization its expected that
to get less defects and stronger ultraviolet emission with the increase of crystallization
quality of ZnO and 1ZO films.

Figure 2. 6 Fluorescence Spectrometer

2.5.4. UV-VIS Spectroscopy

Ultraviolet-visible spectroscopy is an optical characterization method which comprise the
photon spectroscopy in UV - visible region and uses the adjacent near ultraviolet (UV),
visible and near infrared (NIR) ranges of light. Absorption spectroscopy is quite easy and
direct method for investigating the band structure of semiconductors. While for the UV

region, 200 - 400nm range is scanned, for the visible part scanning range is between 400
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and 800 nm [126]. With UV-Vis spectra study, materials optical properties like UV
absorption, transparency and refractive index can be evaluated [127].

In this study, the optical properties of films were investigated by using Shimadzu UV-VIS
2600 Spectrophotometer which given in Figure 2.7 and the wavelength range of used light
source was between 200 nm and 1000 nm. The effects of the growth time, indium doping
and growth temperature on the optical properties like optical absorption spectrum, optical
bandgap (Eg), refractive index (n), high frequency (optical) dielectric constant (&,,) and

static dielectric constant (e-) of ZnO and 1ZO films were investigated.

4 Uv-2600
e

Figure 2. 7 UV-VIS Spectrometer

The energy gap of the films was evaluated via the Tauc’s relation and the bandgap values
were obtained from the plotted (ahv)? versus (hv) graph. The intersection of the tangent
line obtained from the plotted graph with the energy (hv) axis, gives the band gap energies
of films [128-131].

(ahv) = A(hv — Eg)" .7
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Where Eg is band gap energy, « is absorption coefficient, A is a constant which is the

function of the refractive index of material, speed of light and reduced mass. Also, hv is
the incident photons’ energy and n value is % due to ZnO material has direct band gap

[132].

The absorption coefficient (a) values of the films for the allowed direct transition was

detected as a function of photon energy (hv) by following relation [130,131].
A 1
a=.— (hv — Eg) /2 (2.8)

Moss relation was used for the calculation of refractive index of thin films [133,134] and

it has direct relation with the energy bandgap (Eg),
Egn* =k (2.9)

where k is a constant value which is 108 eV. Another relation between the refractive index

and bandgap energy is presented by Herve and Vandamme in the following formula,

n= \/ 1+ (E;B)Z (2.10)

where A and B are constants whose values are 13.6 and 3.4 eV, respectively. For this

study, the Moss relation is more suitable than Herve and Vandamme equations due to

better agreement for refractive index in 11-VI semiconductors [135,136].

The dielectric behavior of solids is important for several electronic device properties. For
the high frequency dielectric constant (e.,) calculation, the following relation was used:
[137]

£ = N (2.11)
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where n is refractive index of the film. The static dielectric constant (&.) of the films was
found by using a relation which indicates connection between the energy band gap and

dielectric constant for semiconductors compounds [135,138].

£ = 18.52 — 3.08Eg (2.12)
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CHAPTER 3

RESULT AND DISCUSSION

3.1 Film Formation

According to the literature works, for the formation of ZnO nanoparticles and films by
chemical methods, zinc salts such as nitrate, acetate etc. are used essentially. These zinc
salts are blended with some compound with the OH group (base, alcohol etc.) and water
to start a reaction. As a result of this zinc salt and base reaction, hydroxide form of zinc

comes into existence. This is the basis of the chemical synthesis.

The obtained hydroxide is thermally oxidized in the hydrothermal autoclave to produce
ZnO nanoparticles. This reaction happens in a solvent (water) and the formed ZnO
particles can be gathered as powders. To obtain the film form of ZnO, a substrate (glass)
is used which placed into the liner of autoclave. In this way, produced ZnO nanoparticles

are adsorbed onto the substrate [139].

In this study, to produce ZnO thin films from nanoparticles by hydrothermal synthesis,
equimolar Hexamethylenetetramine (HMTA) and nitrate based (Zinc nitrate tetrahydrate)
precursor was used. In this reaction, the main function of HTMA (weak base) is to act as
pH buffer and producing required amount of OH™ ions [88,140]. On the other hand, Zinc

nitrate tetrahydrate is responsible for producing Zn *2ions.

HMTA decomposed to formaldehyde and ammonia with the increasing solution
temperature and the produced ammonia reacted with water, as a result, OH" ions was
produced. With the combination of these OH" ions and Zn*? ions from precursor, zinc-
hydroxide complex occurred. By the reaction temperature, this complex hydroxide form
decomposed and turned to ZnO formed. The mentioned reaction is shown in the following

reactions:
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CeH12N4 + 6H20 — BHCHO + 4NH3 (3.1a)
NH3 + H20 —NH;" + OH - (3.1b)
Zn(NOs)z .4H20 + 20H™ — 4Zn(OH), + NO 23+ H20 (3.1c)
Zn(OH), <> Zn*2+ 20H- (3.1d)
Zn** + 20H" —Zn0 + H20 (3.1e)

The composed ZnO adsorbed onto the clean glass substrate in the autoclave and ZnQO thin
films were obtained [141-144].

With several ions, ZnO can be doped. The doping process occurs by replacing higher
valency atoms with Zn*2 ions in ZnO crystal lattice. [145] The efficiency of doping
process is highly affected from the ionic radius and electronegativity of atoms [146].

The ionic radius of Zn?* and In **are 74pm and 76 pm respectively. The larger radius of
doping atoms can cause lattice deformation [147]. Also, the electronegativity (Allred

Rochow) values of Zn?* and In **are 1.66 and 1.49, respectively [148].

For the In doping process, InCls powder was added to equimolar solution by calculating
the powder amounts according to doping percentage. In the water medium, added InCl3z
dissolved and In *®ions took place. In *3ions from InCls acted as dopant and replaced

with the Zn *2ions in the ZnO crystal lattice.


https://www.webelements.com/periodicity/eneg_allred_rochow/
https://www.webelements.com/periodicity/eneg_allred_rochow/

38

3.2  Structural Properties

3.2.1 Growth Time Effect
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Figure 3. 1 The XRD patterns of ZnO thin filmsat 3 h, 5 h, 7 h, 9 h and 24 h growth times

The X-ray diffraction patterns of the ZnO thin films with all different growth times are
given in Figure 3.1. All films have nearly the same 26 values of the strongest peaks at
31.78°, 34.4°,36.28°, 47,52°, 56,62°, 62.86°, 66.72° 67.9° and 69.04° corresponding to the
ZnO lattice planes (100), (002), (101), (102), (110), (103), (200), (112), and (201),
respectively. [142] When the XRD peaks compared with values in the JCPDS PDF Card
No: 00-036-1451, all the peaks compromised with the hexagonal wurtzite ZnO structure
[149].

It can be said that the grown ZnO thin films on the glass substrate without any pre
deposited seed layer, are highly pure and have no secondary phases, because of no other
detected diffraction peaks from XRD patterns [149].

All the thin films obtained at different growth times have polycrystalline structure with

orientation along with different planes [150].
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The predominantly preferred growth orientation for each growth time was been along the
(101) plane and the growth time did not change the preferred growth orientation for ZnO
thin films [151-153].

The peak intensities of preferred (101) growth planes in all the films are 6529, 8614, 8809,
11909 and 4221 for 3 h, 5 h, 7 h, 9 h, and 24 h growth times, respectively. The peak
intensities of the growth planes increased with growth time up to 9 h and a dramatically
reduction in the peak intensities was observed at the film obtained in 24 h growth time.
Full Width Half Maximum (FWHM), Dislocation density (8), Crystallite size (D),

Microstrain () and Peak intensity values are given in Table 3.1.

Table 3. 1 The structural parameters of the ZnO thin films obtained at 90°C with different growth times

Growth 5
Time For 20 d(hm) FWHM 2 €x10° Peak
ZnO Thin  (101) ®) O ) Intensity
Film
3h 36.27 0.2474  0.2463 33.9329  0.000868 1.021 6529
5h 36.27 0.2474 0.2613 31.9907 0.000977 1.083 8614
7h 36.26  0.2475 0.2453 34.0663  0.000861 1.017 8809
9h 36.28 0.2473 0.2421 34.5186  0.000839 1.004 11909
24h 36.26 0.2474  0.2419 34.5538  0.000837 1.003 4221

The lower FWHM and higher crystallite size values indicate better crystallization of the
particles. The strain increases due to crystal imperfection and distortion in the film so, for

the good crystallization, low microstrain expected from the films [154].

Although the film obtained 24h growth time has lowest FWHM, dislocation density,
microstrain value and highest crystallite size; it shows excessively fall in peak intensity.
In addition to that, when we look at the XRD pattern of 24h individually, the background
indicates the bad crystal quality and tendency to amorphous structure. It can be seen from
Figure 3.2



40

003M 90°C 9h 0.03M 90°C 24h

14000 5000
12000 4000 Background
10000
8000 3000
6000 2000
4000 000
2000 l

. e .

10 30 50 70 90 10 30 50 70 90

Figure 3. 2 XRD pattern of ZnO thin film obtained at 0.03M and 90 °C for 9h and 24h

The FWHM, dislocation density, microstrain, peak intensity and crystallite size change
with the growth time were given in Figure 3.3. According to Figure 3.3, FWHM,
dislocation density, microstrain and crystallite size for 24h and 9h are nearly same.

Growth Time Effect on Crystal Quality
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Figure 3. 3 (Continuing): Crystal quality change with growth temperature, a) FWHM b) crystal size c)

dislocation density d) microstrain e) peak intensity
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remarkable difference between 9h and 24h.
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It can be seen from Figure 3.3, the turning point of crystal quality, growth time effect and

dislocation density are at 9h. With the further examination, it is obvious that there is no

As a result, with increasing growth time from 3h to 9h, the intensity of predominant ZnO

peak (101) increased gradually. However, for higher duration such as 24h, this intensity
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shows very sharp decreases. Also, FWHM, dislocation density, microstrain and crystallite

size values got better with increasing growth time [89].

In other words, XRD analysis indicated that enhanced crystallization is dependent on the
growth time up to a certain extent and 9h is best growth time for 0.03M ZnO thin film

growth by hydrothermal method in this research.

3.2.2 Indium Doping Effect
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Figure 3. 4 X-ray diffraction patterns of 1%, 3%, 5% and %7 In doped ZnO films

The X-ray diffraction patterns of the films with different In dope percentage are given in
Figure 3.4. As seen in the graph, all of the thin films obtained with different In doping
percentages have polycrystalline structure with orientation along with different planes
[145].

All doped films have nearly same 26 values, peaks at 31.73°, 34.39°, 36.21°, 47,53°,
56,58°, 62.86°, 66.35°, 67.87° and 69.05° matched with the lattice planes (100), (002),
(101), (102), (110), (103), (200), (112), and (201), respectively. When the XRD peaks
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compared with values in the JCPDS PDF Card No: 00-036-1451, all the peaks
compromised with the hexagonal wurtzite ZnO structure [155,156].

No other phases corresponding to zinc indium or indium oxide compounds were detected
even at higher doping [157]. From this point of view it can be said that the In doped ZnO
films grown on glass substrate without any pre deposited seed layer, are highly pure.

The strong diffraction peaks indicate high crystallinity of the ZnO thin films, and it locates
at 20=36.22° which corresponded to (101) planes. The predominantly preferred growth
orientation for each doping percentage was been along the (101) plane and the doping
percentage did not change the preferred growth orientation for In doped ZnO thin films.
Similar results were achieved in relevant study [36,151-153].

Full Width Half Maximum (FWHM), Dislocation density (8), Crystallite size (D),

Microstrain (¢) and Peak intensity values are given in Table 3.2

Table 3. 2 Structural parameters of 1%, 3%, 5% and %7 In doped ZnO (1ZO) films

Dope
Percentage for 20 d FWHM 2 3 Peak
1ZO Thin 101)  (nhm) ®) D(nm) & (mm)*  £x10 Intensity
Films
0.03M- 9h-In
%1 36.25 0.2475  0.2387 35.0171  0.000816 0.989 9563
0.03M-9h-In
%3 36.22  0.2477 0.2345 35.6403  0.000787 0.972 9119
0.03M- 9h-In
%5 36.24  0.2476 0.2386 35.0221  0.000815 0.989 7753
0.03M- 9h-In
36.21  0.2478 0.2303 36.2810 0.00076 0.955 7354

%7

The peak intensities of preferred (101) growth planes in all the films (in Table 3.2) are
9563, 9119, 7753, and 7354 for 1%, 3%, 5% and %7 In doping percentages, respectively.
The peak intensities of the growth planes decreased with increasing doping concentration.
The decrease in peak intensities are probably due to the poor crystallization caused by

increasing doping concentration [31,157,158].
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Based on the absence of new phase, it has been believed that the doping causes that the
indium in ZnO nanostructures substitutes zinc atoms from its lattice sites [31]. It can be
clarified by dopant atoms either replace Zn and take up the Zn sites or occupy interstitial

spaces within the ZnO crystal lattices [153].

Although the In doping highly impressed the intensity of the diffraction peaks, there was
only slightly shift in positions towards lower degrees and width on prominent XRD peaks
(in Figure 3.5). This type of small shift in peak position was thought to be caused by the
deformation of ZnO lattice which owing to association of lager ionic radius of In ** than
Zn *2 (r Zn** =74 pm and r In® = 76 pm) [147,159].

Peak and Width Shift with In Doping
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Figure 3. 5 Shift in peak position and width with changing doping concentration

The microstrain is produced by the residual stress in film and affects the crystallinity.
1.004 x10%3, 0.989 x1073, 0.972 x107, 0.989 x107 and 0.955 x10~ microstrain values
belongs to 0%, 1%, 3%, 5% and 7% In concentration, respectively. Microstrain values
decreased with increasing doping percentage up to 3%, after that point it exhibited an
increase. Simply, the crystal quality started to decrease after 3% In doping. This behavior

shows similarity with another related research [158].
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Even though 7% In has lowest FWHM, dislocation density, microstrain value and highest
crystallite size; it shows the lowest peak intensity. Because of this contrast, the remain

dope percentages (%1, 3 and 5) were regarded.

Although 1% In doped ZnO thin film has higher peak intensity than others, 3% In has
better FWHM, dislocation density, micro strain and crystallite size. Furthermore, when
the SEM images of %1 and 3 In doped ZnO thin films are compared, %3 In doped film
has more uniform structure (in Figure 3.6). To get the best percentage of In doped films,
a compromise had to be reached. By using these results, it can be said that %3 doping

percentage is the best for 1ZO thin films.

1exSEM1000-10:0kV 5:3mm L-x500 SE

Figure 3. 6 SEM images of 1% and 3% doped 1ZO films (x500)

The FWHM, dislocation density, microstrain, peak intensity and crystallite size change

with the indium doping percentage were given in Figure 3.7.
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Doping Effect on Crystal Quality
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3.2.3 Growth Temperature Effect

(100)

#® In(OH)3 Phase

m
=
o
=3
.d —
5 g
> _
= s —
o
E A A 90°C
b N
N 120°C
»
[ Y
. 150°C

T T T T T
20 30 40 50 60 70 80 20
20 (degrees)

Figure 3. 8 The XRD patterns of IZO thin films at 90°C, 120°C and 150°C growth temperatures

The Figure 3.8 shows the X-ray diffraction patterns of the 0.03M, %5 In doped 1ZO thin

films for 5 hours which grown at different growth temperatures.

The predominantly preferred growth orientation for each growth temperatures was been
along the (100) plane and the growth temperature did not change the preferred growth
orientation of ZnO thin films. It is obvious that the appearance of prominent XRD peak is

related to hexagonal wurtzite ZnO and in all the samples [160,161].

The peak intensities of preferred (100) growth planes in all the films are 22691, 3928 and
1451 for 90°C, 120°C and 150°C growth temperatures, respectively (in Table 3.3). The
peak intensities of the growth planes decreased with growth temperature. It can be said

that increasing growth temperature cause the films poorly crystalline.



49

An extra peak appeared at 206 = 22,24 and 22,16 for 120°C and 150°C growth
temperatures, respectively. It was thought that these extra peaks because of the formation
of new In(OH)3 phase. When the detected extra XRD peaks compared with values in the
JCPDS PDF Card No: 85-1338, they are compatible with the cubic phase of indium
hydroxide [162]. The existence of In(OH)3 can be explained as that the most of the
adjoined indium ions (In*3) formed theirs oxide form from the solution and it remained as

a separate phase rather than being doped into ZnO nanostructures [31,25].

According to results, following chemical reaction for formation of In(OH)3 nanorods was
suggested: [162,163]

CeH12N4 + 6H,0—6HCHO + 4NH3 (3.2a)
In®* +3 NH3 + 3H,0—In(OH)s + 3NH4* (3.2b)

Full Width Half Maximum (FWHM), Dislocation density (5), Crystallite size (D),
Microstrain (¢) and Peak intensity values are given in Table 3.3 and the changing crystal
quality of films with growth temperature can be seen in Figure 3.9.

Table 3. 3 The structural parameters of the 12O thin films obtained at 5h and different temperatures

Growth
Ioern?ggﬁl;irr? (12090) d (nm) FV;’SM D(nm) &mm)?2 £x1073 Inltasr?skity
Film

0.03M- 5h-In

%5- 90°C 31.64 0.282 0.2231 37.0031 0.000730 0.936 22691
0.03M- 5h-In

%5- 120°C 31.60 0.282 1.5960 5.1724 0.0373 6.701 3928
0.03M- 5h-In

%5- 150°C 31.56 0.283 1.7739 4.6533 0.0461 7.448 1451

The lowest FWHM, dislocation density and microstrain values were obtained at the 1Z0
thin film which grown at 90°C growth temperature. Also, the highest peak intensity and
crystallite size were observed at this temperature (in Figure 3.9).
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Growth Temperature Effect on Crystal Quality
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Growth Temperature Effect on Crystal Quality
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Figure 3. 9 Crystal quality change with growth temperature a) crystal size b) FWHM c) dislocation

density d) microstrain e) peak intensity

In addition, with the increasing temperature, the background in XRD graph and tendency
to amorphous structure were observed. According to the structural parameters, it can be

said that 90°C growth temperature is the best for IZO thin film.
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3.3  Surface Properties

3.3.1 Growth Time Effect

SEM images (X500 magnification) of the ZnO thin films grown on the glass substrates at

different growth time are given in Figure 3.10.

FrakSEM 0001 50KV 6 /g L-xS00SE

FlaxEMI000 15 0V 5. 71 12500 SE e LA - X SEMT00 10.0KYS 4

FENSEM 1000 150KV 6.7mm

Figure 3. 10 SEM images of ZnO films for a)3h, b)5h, c)7h d)9h e)24h growth time [x500 magnification]
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As seen in the Figure 3.10, with increasing growth time, the uniformity, particle
distribution, smoothness, packing density, and adhesion to the glass substrates were
increased with increasing growth time but at 24h they showed a dramatic decreasing. As

can be seen that the ZnO particles more homogeneously covered the substrate at 9h.

D00 15.0kV 6.8mm L-x10.0k SE

FlaxSEM1000 15.0kV 6.8mm L-x10,0k SE

000 15.0kVGIMYD L-x10.0KSE L A 1a0im

Figure 3. 11 SEM images of ZnO films for a)3h, b)5h, c)7h, d)9h, e)24h growth time [x10000

magnification]



54

With higher magnification (in Figure 3.11), the morphologies of ZnO nanoparticles
became clear. All the film contains ZnO nanorods which have flower-like branched

structures. Similar structures have been seen in previous studies [77,152,164].

Also, in Figure 3.12 it is seen clearly, these structures consist of hexagonal nanorods and
the most of these nanorods assembled each other from their midpoint [2,142]. The rod
shape of ZnO nanoparticles is due to anisotropic growth with different growth rates of
each faces. The growth rates rankings of the facesare (0001),(1010),(1011),(10
10)and (000 1), respectively from the high to low rate. When the energy minimization
principle is considered, a vertical growth to (0001) plane is more convenient which cause
formation of rod shape ZnO [141].

(Thadodo kv ?.3|‘|‘|n]_L—I=<Z1}.?J-I‘_B$Ii£ M5 St et

Figure 3. 12 ZnO hexagonal nanorods which have flower-like branched structures [x10000] (0.03M-5h-
90°C)

In conclusion, the growth time significantly affected the surface properties of the
hydrothermally grown ZnO films. The grown films’ uniformity, smoothness, density, and
adhesion to the glass substrates enhanced with increasing growth time. However, at a
higher growth time (24h), these surface properties worsened [89].
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3.3.2 Indium Doping Effect

SEM images of the 1ZO thin films grown on glass substrates with different doping

percentages (1%, 3%, 5%, 7%In) are given in Figure 3.13.

FexSEMI000 100KV 5.3mm L-x500 SE 200um FexSENM1000 10:0kV 5. 3mm LxS00 SE

FloxBEMT000 10,0k 5 5inen L-#I00SE . . 200um FlakSEM100030.067S 4men L-x500 SE

Figure 3. 13 SEM images of 1ZO films doped by a)1%, b)3%, c)5%, d)7%In [x500 magnification]

At 3% and 7% In doping percentage, the uniformity, particle distribution, packing density,
and adhesion to the glass substrate of the 1ZO films were better than the others. At 1% and
5% In doped films, there are empty areas where adhesion of film on glass substrate was
not successful.
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S dromil-x 10 BUSE 004" Bl riexsEM1000 100KV 5 3mm L-x4D.0k SE

FlaxSEM1000 10.0kV 5 Smim L-x10.0k-SE

Figure 3. 15 SEM images of pipette like structure of indium doped ZnO
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When the Figure 3.11 and 3.14 compared, it was observed that nanoflower structures tend
to separate with indium doping. While the nanoflower structures separated slightly, the
number of single nanorod increased. Also, despite In doping process, the nanostructures

continued to preserve their hexagonal nanorod structures.

001
a) (1012) b)
a T s ¥
[0001)
{1010) \\\’10\ [ 10T0)

Figure 3. 16 a) Miller indices of nanorods b) Illustration of crystal grown in the presence of In +3 ions.
(initial seed were hatched) [165,166]

With the indium doping, formation of hillocks at the ends of rods were seen (in Figure
3.15). The morphological changes of ZnO nanorods is due to the presence of In *3jons.
In hydrothermal conditions growth kinetic is affected from the In®>* and NH** impurities.
With the presence of In*ions, the hexagonal prism’s growth rate at (1 0 1 0) and (1 1 2
0) faces greatly increasing. On the other hand, monohedral (0 0 0 1) and (0 0 0 1) and
pyramid faces (1 0 1 1) and (1 0 1 2) are strongly decreasing. The crystal’s faces were
given in the Figure 3.16-a and the change of ZnO crystal grown in the presence of In *3
ions illustrated in Figure 3.16-b [100,166-168].

These hillocks produced by In *2 impurities which hinder the growth of {0 0 0 1} planes.
Therefore, both (0 0 0 1) and (0 0 0 1) faces are smooth for undoped ZnO crystals (in
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Figure 3.12), whereas indium doped ZnO (in Figure 3.15) is seen as pipette like

nanoparticles on these faces.

As aresult, the best homogeneity was obtained at 3% 1ZO film. Good particle distribution,
high packing density, and well adhesion to the glass substrate were observed for 3% In.
Also, the particle size of 3% 1ZO film is bigger which can be seen from Figure 3.14-b.
Based on these comparisons, the best indium doping amount was defined as 3% In.
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3.4  Optical Properties

3.4.1 Defect Types and Crystallization Quality
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Figure 3. 17 PL graph of ZnO films

From the PL graph (in Figure 3.17). the nine emission bands for ZnO thin films can be
seen at 422, 448, 460 486, 532, 544, 563, 580 and 820nm. With the 300nm excitation light
which energy is higher that the bandgap energy, ZnO films gave broad and powerful signal
at between 400 — 550nm range. The two PL peaks at 422 and 486 were considerably
predominant. However, the near band emission (NBE) region can not be seen. According
to Zhang et all. (2003) [169], with the 300nm excitation wavelength, UV emission of ZnO
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film on various substrate would disappear. Also, it may due to that while generally
semiconductor nanoparticles show the excitonic PL signal with higher excitation energy,
band to band signal can be obtained rarely [125]. Probably, due to one of these reasons,

band to band emission is not exist.

In hydrothermally synthesized materials, red and green emission are mostly observed
which are the visible emissions [170-173].

Many researchers suggest that, while generally oxygen vacancy defects in ZnO materials
causes the green emission, oxygen interstitial defects and oxygenic species adsorbed on

the surface of ZnO leads to red emissions [170,174].

In addition to this common hypothesis, the reason for the low UV and the high visible
(green and yellow) emission can probably due to the presence of Zn(OH)2 at the surface
[175,176].

Schematic energy band diagram and defect levels for ZnO thin film were given in Figure
3.18.

| Conduction Band (CB)
Excitonic Level
%
Zni - -r
S Zn;? ! - )
- — W “ 1530
% 2 % o3 nmne
= i c = 485nm O
“ & - Oj
(o |
1397 nm ) 48 nm
VZn VZn
375 nm 420 nm

Valence Band (VB)

Figure 3. 18 Schematic energy band diagram and defect levels for ZnO thin film [153]



*,
0.0

61

According to Ahn et all., (2009) [177] the violet emissions are due to the Zni
interstitial shallow donor levels. The 422nm which is violet emission band is

related with electrons transition from neutral Zni (Zni°) to valance band VB [178].

The blue emission band at 448nm is represents the transition between Vzn as deep
acceptor (Vzn") and Zni as a shallow donor (Zni *) [179].

The small peak centered at 460nm originated because of recombination of

electron and hole in between Zni and shallow acceptor VZn [180].

The other blue emission band is 486nm which is due to the transition between Oi

and exciton level [153].

Previous studies present that green emission in ZnO is mostly cause of the oxygen
related defects [180,181]. The other considerations for the green emission are the
surface defects like electrons adjusted to the conduction band and hole trapped at

Vo [121] or singly ionized oxygen vacancy [182].

The green emission at 532nm is attributed to recombination of hole and ionized
oxygen and formation deep Oi state [183].

For the emission at 544nm it has been suggested that it is generated by conduction
band (CB) to Oi transition [177,184,185].

Also, Vlasenko et al. (2005) [186], Ahn et al. (2009) [177] and Cao et al. (2006)
[184] identify contributions to the green emission at 554 nm Zni to Vo transition.

The deep level involved in the yellow luminescence peak (563) was likely
interstitial oxygen which is originated due to antisite oxygen (Ozn) defect state
[187].

During production of ZnO with the low temperature hydrothermal method, stable
OH ions may be supported at the ZnO surface and generally forms Zn(OH), [188].

It was believed that by some researchers, the yellow emission band for
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hydrothermally grown nanorods due to the presence of OH groups on the surface.
[175,185] On the other hand, according to some reports, for the produced ZnO
from zinc nitrate hydrate and HMTA aqueous solution, the yellow emission is
attributed to Oxygen interstitial [182,187,189,190].

Based on these, it is thought that the yellow emission band which peak at 580nm

is related to oxygen interstitials or OH groups on the surface.

The very broad but low intensity of red PL band which centered at around 730nm
was associated with the oxygen interstitials (Oi) which mostly observed in
hydrothermal method [191,192].

According to PL studies, a new near infrared (NIR) PL band emission is observed
in addition to visible and UV bands. This band is in the 815-886nm range. Studies
showed that it is related to excess oxygen content and unreacted metallic Zn in
the ZnO structure. Based on this, the peaks at 820 nm is attributed to neutral
oxygen interstitial (Oi) or Zinc interstitial (Zni) defects in ZnO film [193,194].
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34.1.1 Growth Time Effect
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Figure 3. 19 PL graph of ZnO films which are grown at different growth temperature

The photoluminescence spectra for different growth time are given in Figure 3.19. It can
be clearly seen the change of visible emission intensity. As mentioned above, the visible
emission intensity is related to point defects of ZnO thin films which can be oxygen

vacancy, zinc interstitial and impurities [117-122,195].

According to PL spectra (Figure 3.19), when the growth time increased from 3h to 5h the
visible light emission peak intensities at 422, 448, 486, 532, 544, 563, and 580 nm
increased. After that point it can be said that, with the increasing growth time, the visible

light emission peak intensities at these wavelengths quenched. This result can be
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explained that the increasing growth time, causes removing of contained defects and
gradual improvement on the crystallization quality of the ZnO thin films. Similar results
were detected by following researches [99,196]. The lowest PL peaks in visible range was
obtained for 9h growth time. Due to high crystallization quality and optical quality 9h
have been decided as best growth time. That result is in agreement with the XRD and
SEM results.

34.1.2 Indium Doping Effect
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Figure 3. 20 PL graph of 120 films which were doped with different indium percentages

The photoluminescence spectra of 1ZO films with different dope percentages are given in
Figure 3.20 where the change of visible emission intensity can be clearly seen. According
to PL spectra, when the dope percentage increased from 1% to 3% the visible light
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emission peak intensities at 422, 448, 486, 532, 544, 563, and 580 nm showed a strong
decreasing and FWHM values of the peaks were narrowed. After that point, with the
increasing indium doping percentage, the visible light emission peak intensities at were
gradually increased. This result can be explained that the increasing indium doping
percentage, causes new defects states and gradual deterioration on the crystallization
quality of the ZnO thin films. Basically, extensive In concentration increased the distortion

of the crystal lattice. Similar results were detected by following researchers [36,197].

While the highest PL peaks intensity in visible range was obtained for 7% In, the lowest
PL peaks intensity in visible range was obtained for 3% In doping percent. Due to low
defect concentration, high crystallization quality, less defect and high optical quality 3%
In have been decided as best doping percent. That result is in agreement with the XRD
and SEM results.

In addition, when PL spectra of the doped and undoped ZnO films are compared from the
Figure 3.20, it can be seen clearly that Indium doping did not cause any new emission and
In doping increased the defect intensities. Hence, it can be said that, by controlling the
indium dopant amount, the optical properties of ZnO thin films can be adjusted for various

purposes [153].
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3.4.1.3  Growth Temperature Effect
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Figure 3. 21 PL graph of 1ZO thin films with different growth temperature

The PL spectra of IZO film for 90°C, 120°C and 150°C growth temperatures were shown
in Figure 3.21. UV emission peak was observed at around 380 nm for 90°C, 120°C and
150°C growth temperature of IZO films and a broad emission bands obtained at between
400 — 550nm range. The peaks at around 380nm are ultraviolet emission and they occur

because of recombination of excitons [185].

For ZnO films, while the green emission is related to deep levels of point defects like
oxygen vacancy [195], the UV emission is caused by exciton related activity [198]. The

growth temperature of ZnO films correlate with the relative PL intensity ratio of
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ultraviolet emission (IUV) to deep level emission (IDLE) of ZnO films. It can be seen
from Figure 3.21, with the increasing growth temperature, IUV/ IDLE values are
decreased gradually. It was accepted that the crystal quality of ZnO samples values are
associated with the of IUV/IDLE [199]. It can be said that with the increasing growth
temperature, the crystal quality of ZnO films deteriorated. It may be due to that, with
increasing temperature, crystal size decreased; oxygen vacancies and defects increased.

Similar results were detected by another researcher [149,200].

With the increasing growth temperature, the excitonic emission peak of the films shifted
higher wavelength [33,34,36,201]. The redshift phenomenon can be related to various
intrinsic or extrinsic defects or different exciton- phonon interaction which depends on the
surface defects [202].

According to photoluminescence spectroscopy results, the best growth temperature for
IZO film was chosen as 90°C because of high crystallization and optical quality. These
results are in agreement with the XRD results.

3.4.2 Absorption and Energy Bandgap

3421 Growth Time Effect

The optical absorption spectra of the ZnO films with different growth time was measured
at visible and ultraviolet region and given in the Figure 3.22-a. The observed absorption
peaks for different growth time was around 381nm in Figure 3.22-b. Similar results have
also been reached by other studies [31,203,204]. Absorption peaks of all the films were
lower than that of bulk ZnO (388 nm) [203].

It is obvious from the absorption spectra, there is high absorbance in UV region whose
wavelength is below the 400nm. Also, low absorbance is shown in the visible region
which means high transparency at this range. This is the optical characteristic of ZnO
[205]. Also, at long wavelengths, the low absorption values are observed which is related
to the defects on ZnO nanorods that are constituent of film such as oxygen vacancies and
interstitial Zn atoms, which act as donor impurities [206].
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To determine the energy bandgap (Eg) values of the ZnO films with different growth time
measured by Tauc’s relation by plotting (ahv)? versus photon energy (hv) graph in Figure

3.23.
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Figure 3. 22 The optical absorption spectra of the ZnO films with different growth time
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It can be said that, the transition region is around 3.3 eV. This is related to the direct
transition between valance band and conduction band and it shows the optical energy band
gap of the ZnO semiconductor [205]. The obtained energy band gap (Eg) values of ZnO
thin films are 3.32, 3.36, 3.31, 3.29 and 3. 28eV for different growth times that 3h, 5h, 7h,
9h and 24h, respectively. This band gap value ranges are compatible with the literature
[7,207]. The optical energy band gap of bulk ZnO is about 3.37 eV and it is higher than
the ZnO films because of the optical confinement effect of the formation of ZnO nanorods
[208,209].

Bandgap energy shows a decreasing trend with increasing growth time except 5h. The
bandgap changing with growth time was illustrated in Figure 3.24 [210]. Grain size, stress

state and carrier concentration of the films affects the energy band gap (Eg) value [211].

Energy Bandgap vs Growth Time

3.37
3.36
3.35
3.34
3.33
3.32
331

3.3
3.29

3.28 —0
3.27

2 7 12 17 22 27
Growth Time (h)

Energy Bandgap (Eg)

Figure 3. 24 Bandgap changing with the growth time

The increasing grain size, decreasing defect, tensile stress and oxygen vacancies can lead
to lower carrier concentration in conduction band. As a result of the lowered carrier

concentration, the energy band gap narrows [212,213].
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The equation (3.3), proves that the narrowing optical energy gap is because of the decrease
of carrier concentration [214].

hZ
AEg = (K) (3m2N)?/3 (3.3)

where the AEg is the shift in the optical energy gap, h is Planck’s constant, mcy IS the

electron’s effective mass, and N is the carrier concentration [215].

The decrease in the bandgap of ZnO thin films can be associated with the grain size. The
increasing crystallite size of films with the increasing time caused the decrease in the
bandgap values. The crystallite size of the ZnO film was 33.93, 31.99, 34.06, 34.51 and
34.55nm for 3h, 5h, 7h, 9h and 24h, respectively which are in direct proportion to bandgap
change. This relationship can be seen from Figure 3.25 [213,216,217].
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Figure 3. 25 Relation between energy bandgap and grain size
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34.2.2 Indium Doping Effect

The optical absorption spectra of the 1ZO films with different doping percent was
measured at visible and ultraviolet region and given in the Figure 3.26-a. The observed
absorption peaks for various doping amount around 381 nm in Figure 3.26-b which means

there is high absorbance in UV region below the 400nm wavelength [203].
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Figure 3. 26 The optical absorption spectra of the 120 films with doping percentage

UV- Vis spectrum of 1ZO films shows well defined absorption peak at 380nm. This peak
is related to hexagonal wurtzite phase ZnO and characteristic peak for bandgap of ZnO
[218-220]. No extra absorption peak was observed in the UV- Vis spectrum which is
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related to any impurity. Based on this information, it can be said that, the grown 1ZO thin
films have good optical properties [221].

The plot of (ahv)? versus photon energy (hv) are given in the Figure 3.27, to determine
the bandgap values of 1ZO films with changing dopant amount.
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Figure 3. 27 Plot of (ahv)2 versus (hv) for IZO films doped with various percentages a) 1% b) 3% c) 5%
d) 7%ln

The impurity addition to wide bandgap semiconductors like ZnO, mostly causes dramatic

changes in optical properties. Doping process concluded with the replacing Zn *2 ions with
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higher valency atoms. The performance of impurities is related to the ionic radius and

electronegativity of atoms [28].

The dopants can be used in ZnO lattice for the controlled application of ZnO as various
impurity. The significant aim of the doping with various dopant is tailoring and modifying
the bandgap of ZnO [221].

Generally, group 111, IV, and V elements are used as a dopant material to enhance the
optical and electrical behaviors of ZnO. Indium is a positively charged substitution group
I11 elements and indium dopants gives free electrons to the ZnO structure. By this way, it

increases the optical band gap and n-type conductivity [222-224].

The transition region of indium doped ZnO films is around 3.4 eV. This is related to the
direct transition between valance band and conduction band. It shows the ZnO
semiconductor’s optical energy band gap [205]. The obtained energy band gap (Eg) values
of 1ZO thin films are 3.41, 3.45, 3.49 and 3. 47eV for different indium doping percentage
of 1%, 3%, 5%, and 7%, In, respectively. The bandgap values are in agreement with the
other 1ZO film researches [25,225-227]. The Eg changing with In concentration was given
in Figure 3.28.
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Figure 3. 28 Bandgap changing with the indium percentage
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The energy band gap (EQg) of the I1ZO films increased with increasing indium concentration
up to 5%In and slightly decreased at 7%In. The same phenomenon was reported in another
IZO thin film study in which %5In doped 1ZO film’s bandgap was found as 3.46eV then
it decreased at 7%In [225]. Also, for Al doped ZnO thin films showed the same behavior.
[228]. The bandgap of all indium doped 1ZO films are higher than intrinsic ZnO film
Similar bandgap change with indium doping was indicated in the other studies [229-232].

With indium doping, in the ZnO crystal lattice stresses and defects were produced due to
the replacement of In *3 ions and Zn *2 ions. The lattice distortion from the stress and

defects caused some changes in the structural and optical properties of ZnO [228].

With increasing indium percentage, the blue shift in the band gap was continued to rise
up to 5%. The addition of indium dopant was caused increasing of band gap of films which
is most probably due to degenerated semiconductor [228] and increasing in the carrier
concentration by doping [225,233-235].

This widening of optical band gap with indium doping attributed to the Burstein—Moss
shift. Following researches also support this idea [230,231,233,236-238]. The Burstein—
Moss effect can be explained as that, in the degenerated semiconductor, conduction band
is highly filled with carrier concentration. While the lowest valance band is blocked, Fermi
level lifted into conduction band. Hence, the increasing Fermi level in conduction bands
causes widening of apparent band gap energy by way of high carrier concentration.
However, the apparent band gap is not actual band gap energy. While the apparent optical
energy band gap is related to the excitation of the electrons from the valance band to the
Fermi level in the conduction band, the actual band gap of the material is related to the
excitation of the electrons from the top of the valence band to the bottom of the conduction
band. In conclusion, the widening energy band due to the increasing carrier concentration
which causes elevate the fermi level and degenerate the semiconductor [228,231,233,239-
241].

On the other hand, narrowing of optical band gap after 5%In doping, is generally caused

by energy shift in conduction and valance band. Which is resulted due to some effects like
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electron impurity and electron - electron interaction [227,242]. It can be said that the
shrinkage effect is became more dominant over the Burstein Moss effect at higher than
5%In [225,243].

3.4.23  Growth Temperature Effect

The optical absorption spectra of the 1ZO films with different growth temperature was
measured at visible and ultraviolet region and given in the Figure 3.29-a. The observed

absorption peaks for various growth temperatures around 380 nm in Figure 3.29-b.
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Figure 3. 29 The optical absorption spectra of the 1ZO films with different growth time

The plot of (ahv)? versus photon energy (hv) are given in the Figure 3.30, to determine

the bandgap values of 1ZO films with changing dopant amount.
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Figure 3. 30 Plot of (ahv)2 versus (hv) for IZO films grown at various growth temperature a) 90°C
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It can be said that, the transition region is around 3.5 eV. This is related to the direct
transition between valance band and conduction band and it shows the optical energy band
gap of the produced ZnO semiconductor [205]. The obtained energy band gap (Eg) values
of thin films are 3.50, 3.52 and 3.51eV for different growth temperature that 90°C, 120°C
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and 150°C, respectively. The bandgap changing with growth temperature was illustrated
in Figure 3.31.
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Figure 3. 31 Bandgap changing with the growth temperature

The energy band gap (Eg) of the films very slightly increased, after that decreased with
increasing growth temperature. There was no considerable change in the bandgap values

with the growth temperature. Similar results were indicated in different researches [180].
3.4.3 Refractive Index and Dielectric Constant

The dielectric constant () and refractive index (n) of semiconductors is very substantial
for determining the optical and electrical properties of the crystals. Refractive index is
necessary for optoelectronic devices and solar cell applications. The refractive index of
the films was calculated using Herve and Vandamme and Moss Relation Equ (2.10) and
(2.9), respectively. Also, dielectric constant and static dielectric constant calculated by
Equ (2.11) and Equ (2.12), respectively. Table 3.4 shows the refractive index and
dielectric constant changes for different growth time.
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Table 3. 4 Refractive index, optical and static dielectric constant changes for different growth time

Herve and Vandamme Moss Relation Static
Dielectric
Growth Time for ZnO n € n €x €0
Thin Films

3h 2.257 5.09 2.388 5.70 8.29
5h 2.246 5.04 2.381 5.66 8.17
7h 2.260 5.10 2.390 5.71 8.32
9h 2.265 5.13 2.393 5.72 8.38
24h 2.268 5.14 2.395 5.73 8.41

Refractive index of ZnO films behaves the opposite way with the energy band gap. It can
be said that, if the material has larger band gap energy, it has lower refractive index or
vice versa. It can be seen from Equ (2.9) and (2.10) [244]. Also, according to the Equ
(2.11), the dielectric function is directly proportional to square of refractive index.

With the increasing growth time, the refractive index, dielectric constant, and static
dielectric constant values not much changed but slowly increased. This behavior is parallel
with the bandgap energy change of ZnO films with growth time. It was supposed that with
the increasing growth time the crystal size increased which caused decrease of carrier
concentration therefore, the refractive index of films increased [213,225].

According to Herve and Vandemme equation, the lowest refractive index value was 2.246
and the highest value was 2.268 for different growth time. While the lowest dielectric
constant was 5.04, the highest one 5.14. On the other hand, according to Moss relation,
the lowest refractive index value was 2.381 and the highest value was 2.395 for different
growth time. While the lowest optical dielectric constant was 5.66, the highest one 5.73.
The lowest static dielectric constant was measured as 8.17 and the highest one as 8.41.
The dielectric constant range of ZnO films are compatible with the fallowing reports
[245,246].
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The refractive index and dielectric constant changing with different In doping percentages

were given in Table 3.5.

Table 3. 5 Refractive index, optical and static dielectric constant changes for In doping percentages

Herve and Vandamme Moss Relation Static
Dielectric
Doping Percentage of 1ZO
. A n Ex n Ex &0
Thin Films

1% 2.233 4.98 2.372 5.62 8.01
3% 2.223 4.94 2.365 5.59 7.89
5% 2.212 4.89 2.358 5.56 7.77
7% 2.217 491 2.361 5.57 7.83

While the highest refractive index, optical dielectric constant, and static dielectric constant
values were calculated for 1% In doping, the lowest values were calculated for 5%ln

doping.

With the increasing doping percentage, the refractive index, dielectric constant, and static
dielectric constant values decreased. This behavior is parallel with the bandgap energy
change of 1ZO films and the decrease of refractive index can be attributed to increased

carrier concentration [247-249].

The refractive index and dielectric constant changing for different growth temperature

were given in Table 3.6.
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Table 3. 6 Refractive index, optical and static dielectric constant changes for different temperatures

Herve and Vandamme Moss Relation Static
Dielectric
Growth Temperature for
1ZO Thin Films n €0 n €0 £
90°C 2.21 4.88 2.372 5.55 7.74
120°C 2.205 4.86 2.365 5.53 7.67
150°C 2.207 4.87 2.358 5.54 7.70

According to Herve and Vandemme equation, the lowest refractive index value was 2.205
and the highest value was 2.21 for different growth temperature. While the lowest optical
dielectric constant was 4.86, the highest one 4.88. On the other hand, according to Moss
relation, the lowest refractive index value was 2.358 and the highest value was 2.372 for
different growth time. While the lowest optical dielectric constant was 5.53, the highest
one 5.55. The lowest static dielectric constant was measured as 7.67 and the highest as
7.74. These static dielectric constant values are in agreement with the following reports
[245,250].

With the increasing growth temperature, the refractive index, optical dielectric constant,
and static dielectric constant values decreased. This decreasing with the increasing growth
temperature was attributed to decreasing crystal size and increasing carrier concentration
[213,225,251].
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CHAPTER 4

CONCLUSION

Zinc oxide (ZnO) and Indium doped zinc oxide (1ZO) thin films were successfully grown
on the glass substrate by hydrothermal method with different growth time, indium doping
percentage, and growth temperature. The effects of In doping and hydrothermal method
parameters; growth time and growth temperature on the structural, surface and optical
properties of ZnO films were investigated. For this aim X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Photoluminescence spectroscopy (PL) and UV-

VIS Spectroscopy measurements were carried out.

The undoped ZnO films were grown for different growth time (3h, 5h, 7h, 9h, and 24h) at
90°C to analyze the growth time effect on the films’ characteristics. According to XRD
results, the films for all growth time showed polycrystalline and hexagonal wurtzite
structure. The peak intensities of preferred (101) growth planes in all the films are 6529,
8614, 8809, 11909 and 4221 for 3 h, 5 h, 7 h, 9 h, and 24 h growth times, respectively.
The FWHM, crystallite size, dislocation density and microstrain values for 9h were
calculated as 0.2421, 34.5186nm, 0.000839nm2 and 1.004x10°3, respectively. With the
SEM imaging, it was observed that, all films consist of ZnO hexagonal nanorods which
have flower-like branched structures. High homogeneity, uniformity and well adhesion to
substrate was observed for 9h growth time. In the PL spectroscopy, emission bands
observed at 422, 448, 460 486, 532, 544, 563, 580 and 820nm wavelengths which are
related oxygen vacancy and interstitial defects. The lowest PL intensity at visible region
was shown for 9h. Therefore, lowest defect and highest crystallization quality were
obtained for 9h growth time. Finally, from the UV-VIS spectroscopy, absorption peak was
seen at around 381nm, energy band gap (Eg) values of ZnO thin films were found as 3.32,
3.36, 3.31, 3.29 and 3. 28eV for 3h, 5h, 7h, 9h and 24h, growth times respectively. The
decreasing in energy band gap was associated with the increasing grain size and

decreasing carrier concentration of the films. The refractive index and static dielectric
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constant of the films are 2.388, 2.381, 2.390, 2.393, 2.395 and 8.29, 8.17, 8.32, 8.38, 8.41,
for 3h, 5h, 7h, 9h and 24h, growth times, respectively.

ZnO films were doped with different indium percentages (1% 3%, 5% and 7%) at 90°C
for 9h to analyze the doping effect on the films’ characteristics. The XRD peak intensities
of preferred (101) growth planes in all the films are 9563, 9119, 7753, and 7354 for 1%,
3%, 5% and %7 In doping percentages, respectively. Although 1% IZO film has highest
XRD peak intensity, its SEM image showed that 3% I1ZO has better uniformity and well
adhesion. Also, PL spectra proved that, 3% 1ZO film has less defect and better
crystallization than 1% 1ZO film. FWHM, crystallite size, dislocation density and
microstrain values of 3% 1ZO were found as 0.2345, 35.6403nm, 0.000787nm 2and 0.972
x1073, respectively. From the SEM imaging it was reached that, the indium doping caused
a morphological change on the ZnO rods and pipette like formation occurred at the end of
rods. It was thought that, this morphological change is due to In*3 ions which hider the
growth of {0 0 0 1} plane. In the PL characterization the lowest intensity in the visible
range was observed for 3% 1ZO which represents the lowest defect and higher
crystallization. From the UV-VIS spectrum, the absorption peaks were found around 380
nm for all doping percentage of 1ZO films. The energy band gap (Eg) values of 1ZO thin
films were calculated as 3.41, 3.45, 3.49 and 3.47 eV for percentage of 1%, 3%, 5%, and
7% 1Z0 films, respectively. The refractive index values were calculated as 2.372, 2.365,
2.358, 2.361 and the static dielectric constant were calculated as 8.01, 7.89, 7.77, 7.83 for
1% 3%, 5%, 7% doped 1ZO films.

To investigate the growth temperature effect, 5% In doped 1ZO films were grown at 90°C,
120°C and 150°C. The predominantly preferred growth orientation for each growth
temperatures was been along the (100) plane and the peak intensities at this plane are
22691, 3928 and 1451 for 90°C, 120°C and 150°C growth temperatures, respectively. An
extra peak appeared at 20 = 22,24 and 22,16 for 120°C and 150°C growth temperatures,
respectively. It was thought that these extra peaks because of the formation of new
In(OH)3 phase. This phase became due to the In*3ions remained as separate phase and
undoped into ZnO structures. The lowest FWHM, crystallite size, dislocation density and

microstrain values were obtained at the IZO thin film which grown at 90°C growth
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temperature which are 0.2231, 37.0031nm, 0.000730nm and 0.936 x1073, respectively.
The highest XRD peak intensity and crystallite size were observed at this temperature. In
the PL characterization, UV emission peak was observed at around 380 nm for 90°C,
120°C and 150°C growth temperature of IZO films and a broad emission bands obtained
at between 400 — 550nm range. With the increasing growth temperature, 1UV/ IDLE
values decreased gradually. The highest IUV/ IDLE value was observed for 90°C. At UV-
Vis spectroscopy absorption peaks were found around 380 nm for different temperatures.
The obtained energy band gap (Eg) values of thin films were calculated as 3.50, 3.52 and
3.51eV for different growth temperature that 90°C, 120°C and 150°C, respectively. While
the refractive index values are 2.372, 2.365, 2.358, the static dielectric constants were
calculated as 7.74, 7.67, 7.70 for the 90°C, 120°C and 150°C growth temperature,

respectively.

As a result, for this work, 9 h growth time, 90 °C growth temperature and % 3 In doping
concentration were defined as the optimal growth parameters. The thin films showed
highest crystallization and good crystal quality when these parameters used for growth of
Zn0 and 1ZO film by hydrothermal method.

The produced and optimal growth parameters determined ZnO and 1ZO films can be used
in optoelectronic applications with further developments. Films were produced by low
cost and less energy consumed hydrothermal method which allows to modify and control
the properties of films. Due to advantageous properties of hydrothermal method, it can be
available for industry. Also, indium doped ZnO can be alternative material to transparent
electrodes which currently made from tin doped indium oxide (ITO). Thank to 1ZO films,
consumption of the expensive element indium can be decreased and the utilization of

cheap and abundant ZnO can be extended.
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FUTURE STUDIES

e Detailed characterization of microstructures and optical properties of 1ZO film.

e Investigating the effects of the other hydrothermal parameters;
-Precursor concentration
-PH effect

e Applications of the 1ZO thin films onto devices;
-Display and lighting devices

-Gas sensors
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