
Study on Impurity Doped ZnO Terrace-truncated
Nanocone Structures Grown by Advanced Spray
Pyrolysis Deposition Technique

言語: en

出版者: Shizuoka University

公開日: 2020-06-11

キーワード (Ja): 

キーワード (En): 

作成者: Attanayake, Mudiyanselage  Sameera Lakshika

Bandara

メールアドレス: 

所属: 

メタデータ

https://doi.org/10.14945/00027498URL



 
Doctoral Thesis 

 

 

 

 

 

 

 

Study on Impurity Doped ZnO Terrace-truncated 

Nanocone Structures Grown by Advanced Spray 

Pyrolysis Deposition Technique. 

 

 

 

 

 
Sameera Attanayake 

Graduate School of Science and Technology 

Department of Optoelectronics and Nanostructure Science 

Shizuoka University 

March 2019 



ii 
 

 

I do hereby declare that the work reported in the thesis was exclusively carried out by me under 

the supervision of Prof. Kenji Murakami, Graduate School of Integrated Science and 

Technology, Shizuoka University. It describes the results of my own independent research 

except where due reference has been made in the text. No part of this thesis has been submitted 

earlier or concurrently for the same or any other degree.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This research work is dedicated to my beloved parents, Mr. Gunasekara 

Attanayake and Mrs. Sheela Attanayake. 



iii 
 

Abstract 

 

Investigations on semiconductor oxide materials, with high optical transmittance in the visible 

range and high electrical conductivity (Transparent conductive oxides - TCO), have gained the 

interest of researchers in last few decades. Due to their wide range of applications, still there is 

a great demand for new TCO materials. ZnO is known as an interesting semiconductor oxide 

material with unique physical and chemical properties such as direct wide band gap (3.37 eV), 

large exciting binding energy at room temperature (~60 meV), high thermal stability, radiation 

hardness, nontoxicity. In order to enhance the electrical conductivity and optical transparency, 

ZnO is dope with many impurities. Al and Ga are known as the most successful dopant due to 

its’ compatible ionic and covalent radii with Zn. Few reports were found about the synthesize 

of ZnO nanocone structured thin films. We have investigated the structural properties of Al 

doped zinc oxide terrace-truncated nanocone structure which was grown by using advanced 

spray pyrolysis deposition method. The optimum growth temperature for Al doped ZnO was 

investigated in the range of 300 to 450 ºC. The major structural differences were found when 

changing the growth temperature. The optimum growth temperature was decided to be ~400 

ºC with 40 nm, 290.10 per μm2 and 80 % of average top diameter, average structure density 

and optical transparency in the visible range, respectively. Optimum Al doping ratio was found 

to be 2 at % of Al doping for optimum transparent conductive oxide properties. The spray angle 

is the crucial factor deciding the nano structure in spray pyrolysis deposition technique. This 

value was investigated in three ranges, ~15º, ~30º and ~45º. Properties of nanostructure highly 

depended on spraying angle. An excellent nanostructure with good separation, lowest number 

of structural defects was observed in ~15º of spraying angle. The differences of horizontal and 

vertical velocities of atomized particles in each spraying angle, were correspond to these 

structural changes. The lowest resistivity of 1.06 × 10-4 Ω.cm and highest optical transparency 
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of 80.3 % in the visible range were observed in Al doped ZnO sample, which was prepared at 

~15º of spraying angle. However, the nanostructure was not clearly identified up to this stage. 

The spraying volume was increased from 100, 200 and 400 ml to identify the nano structure. 

The terraced truncated nanocone structure was confirmed at this stage. Due to the higher 

growth rate along the (002) direction increased the decay rate along the same direction and end 

up with terrace truncated nanostructure. Even though the top was decaying, the bottom of the 

nanostructure was narrow as the polar O2- face tightly attached to the nucleation sites of the 

FTO glass substrate.  

We have conducted research on Ga doped ZnO nanostructure using advanced spray pyrolysis 

method. The growth temperature was changed from 300 to 450 ºC and an excellent 

nanostructure of Ga doped ZnO was found in 400 ºC of growth temperature with 22.9 nm of 

average top diameter and 366 per μm2 of average nanostructure density. Ga doping level was 

varied from 1 to 3 at %. The optimum nanostructure was found when sample was doped with 

2 at % of Ga doping, average top diameter and average structure density were 37.0 nm and 

230.4 per μm2, respectively. All the Ga doped ZnO samples with varied Ga to Zn ratio, show 

high optical transmittance in the visible range. The spray angle dependence for the 

nanostructure growth was investigated in three different angles of ~15º, ~30º and ~45º. The 

ideal transparent conductive oxide properties with 82 % of optical transmittance in the visible 

range and 3.9 × 10-4 Ω.cm of low resistivity were grasped at ~15º of spraying angle. The 

average top diameter, average structure density and height were 22.8 nm, 195 per μm2 and 

~200 nm, respectively. The terrace-truncated nanocone structure was not confirmed until this 

stage. The spraying volume was changed 100, 200 and 400 ml to identify the nanostructure. 

Heights of the nanostructure were 200, ~380 and ~700 nm for 100, 200, and 400 ml volumes, 

respectively. The terraced truncated nanocone structure was found to be formed at this stage 

by FE-SEM images. 
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Chapter 1 

Transparent conductive oxides, properties and deposition techniques. 

 

1.1 Nanostructured thin films and deposition techniques 

1.1.1 Introduction to deposition techniques 

Two main technical methods available to construct thin films, which are chemical depositions 

and physical depositions. In general, chemical deposition techniques inaugurate with solutions, 

which reaches to the hot substrate and makes the thin film by a certain chemical reaction at the 

substrate. On the other hand, in physical vapor deposition techniques, the thin film deposition 

is conducting at the vapor phase. Various chemical and physical deposition methods have been 

reported for the production of thin films over past few decades. 

❖ Pulsed Laser Deposition,  ❖ Molecular Beam Epitaxy,  

❖ Metal-Organic Chemical Vapor Deposition,  ❖ Arc Plasma Evaporation,  

❖ Spray Pyrolysis,  ❖ Sol-gel,  

❖ Sputtering, ❖ Dip Coating,  

❖ Chemical Bath Deposition, ❖ Ion Planting. 

Each of these deposition techniques have their own advantages and drawbacks 1-13. Even 

though there are many thin film deposition techniques available, spray pyrolysis is known to 

be one of the most promising deposition technique. Chamberlin and Skarman did the initial 

work of spray pyrolysis deposition in 1966, which was cadmium sulfide films for solar cells.  
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Nowadays this technique is widely used due to its, 

 

❖ Simplicity, 

 

❖ Easiness of doping, 

 

❖ Inherent suitability for large-scale production, 

 

❖ Low cost, 

 

❖ No need of vacuumed condition, 

 

❖ Sensory activity, 

 

❖ Possibility to operate at moderate temperature, 
❖ High productivity, 

 

❖ High homogeneity.  

 

 

Over the last few decades, many thin films have been produced via this technique. Various 

metals and TCO materials (tin oxide, indium oxide, cadmium /Sn or In binary oxides, doped 

and undoped ZnO, oxide superconductors etc) were fabricated by using the spray pyrolysis 

deposition. This deposition technique involves a thermal stimulation process of chemical 

reaction. In this method, vapor particles, which reaches to the hot substrate, undergo an 

endothermic decomposition process and crystalline. Another merit of the hot substrate is the 

vaporization of other volatile by-products. 
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Table 1.1: Comparison of thin film deposition methods.  

Process Material Uniformity Impurity Grain size 

Film 

Density 

Deposition rate 

Substrate 

Temperature 

Directional Cost 

Thermal 

Evaporation 

Metal/low 

melting point 

materials 

poor High 10-100 nm poor 1 - 20 Å/s 50-100 ºC Yes 

Very 

Low 

E-beam 

Evaporation 

Both metal 

& dielectrics 

poor Low 10-100 nm poor 10 - 100 Å/s 50-100 ºC Yes High 

Sputtering 

Both metal 

& dielectrics 

Very good Low ~10 nm Good 

Metal: ~100 Å/s 

Dielectric: ~1-10 Å /s 

~ 200 ºC 

Some 

Degree 

High 

PECVD 

Mainly 

dielectrics 

Good Very low 10-100 nm Good 10 - 100 Å/s 200-300 ºC 

Some 

Degree 

Very 

High 

LPCVD 

Mainly 

dielectrics 

Very good Very low 1-10 nm Excellent 10 - 100 Å/s 600-1200 ºC Isotropic 

Very 

High 

Original source: P. French et al, MICROSYST. NANOENG. (2016) 2, 16048.
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1.1.2 Normal Spray Pyrolysis Deposition Technique 

Spray pyrolysis is very simple and cost-effective technique. Porous films, dense films and 

multilayered films could be synthesized by using this technique. Typical spray pyrolysis 

deposition technique constitutes of substrate heater, spray solution, spray nozzle, atomizer and 

a temperature controller. Fig 1.1 shows a schematic diagram of normal spray pyrolysis 

deposition technique. Normal SPD technique has one major drawback, which is an inability to 

disperse the particles while spraying. Due to this, lump-like structures are grown and the 

topography is not grow homogeneously, hence reduce the ability to use them as a transparent 

conductive oxide material. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1: The schematic diagram of normal spray pyrolysis deposition technique 
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Ultrasonic SPD technique is an improved version of SPD technique, which used to disperse 

agglomerated particles before spraying, to obtain a homogeneous structure. However, the 

ultrasonic spray pyrolysis deposition technique needs an extra energy and instrumentations. 

We have overcome these disadvantages and used a chamber to disperse the agglomerated 

particles by allowing them to hit into a Teflon sphere. This atomization process is happening 

inside the atomizing chamber, which does not need an extra power or special instruments. The 

schematic diagram of atomized spray pyrolysis deposition (ASPD) technique is shown in fig. 

1.2. 

 

 

 

 

 

 

 

 

 

Fig. 1.2: Schematic Diagram of the Atomized Spray Pyrolysis Deposition Technique. 

Atomized spray pyrolysis deposition technique has a major drawback, which is the drop of the 

temperature of the substrate due to the continuous spraying. To overcome this drawback, we 

have attached a microcontroller unit and the spraying was done as pulsed. In this case we kept 

time interval in between each pulse to regain the reduced temperature of the glass substrate. 
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This improved SPD instrumentation is known as Pulsed Atomized SPD technique. In order to 

grow more vertical aligned nanorod structure, it is important to keep the spraying aerosol 

stream along the substrate, which is horizontal direction 14. Moreover, if the spray direction 

keep constant, the growth of the outlying nanorods could be diminished by the nanorods, which 

were already grown near the nozzle tip, as they disturb the propagation of aerosol stream. This 

phenomenon is known as the shadow effect. Because of that, the rotation of the nozzle tip was 

suggested, and the improved technique is known as Rotational, Pulsed and Atomized Spray 

Pyrolysis Deposition Technique, which is shown schematically in fig 1.3. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3: Schematic Diagram of the Rotational, Pulsed and Atomized Spray Pyrolysis 

Deposition Technique. 

Ajith et al has investigated about the spray angle dependence of for the growth of fluorine 

doped tin oxide 1-D nanostructure by using this SPD technique. They have found that, the 

spraying angle should be at a lower angle, to grow fluorine doped tin oxide 1-D nanorod 

structure, as it helps to swipe the aerosol particles along the glass substrate. Ajith et al found 

that, if the spray nozzle kept above 45º, FTO nano particles are formed, and the cross-linked 
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FTO 1-D nanorod structure was observed around 30º, while vertically aligned 1-D nanorod 

structure was formed at lower spray angle (below 15º). Another merit of RPASP deposition 

technique over other deposition techniques is, no need of a seed layer to grow the nano structure. 

 

 

 

 

 

 

 

 

 

Fig. 1.4: Rotational, Pulsed and Atomized Spray Pyrolysis Deposition Technique. 

 

1.2 Transparent Conductive Oxides and Material Selection  

1.2.1 Introduction to transparent conductive oxide materials 

The materials, which have an excellent electrical conductivity as well as high optical 

transparency, are known as transparent conductive oxide materials. Both of these phenomena 

is ought to be fulfill to consider as a successful TCO material, which can be described by band 

theory. Even though an isolated atom has a discrete energy levels, when two or more atoms are 

combined to form a compound, their energy levels simply overlap each other and end up with 

an energy band. Moreover, as there are no two electrons in same atoms with same quantum 

numbers with refer to the Pauli Exclusion Principle, the sea of atoms is end up with energy 

bands instead of energy level. In a semiconductor material highest occupied molecular orbital 

(HOMO) is the maximum of valence band, while the lowest unoccupied molecular orbital 
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(LUMO) is the minimum of the conduction band. For the electrical conductivity of a 

semiconductor material, the electrons at the valence band maximum must excite through the 

band gap to the minimum of the conduction band. One way of receiving the energy for this 

transition, is the absorption of photon. On the other hand, if the energy of a particular photon 

is not sufficient for this electron excitation, that light transmits through the material without 

absorbing. In general, the electrical conductivity and the optical transmittance of a transparent 

conductive oxide material should be over 103 Scm-1 and 80 % of an incident light. They should 

have resistivity lower than 10-4 Ω.cm-and the carrier concentration in the order of 1020 cm-3 

with wide optical band gap (> 3 eV). Glass fibers are highly optical transmitters: but insulators. 

Silicon and compound semiconductors are optical resistors but dopant dependent electrical 

conductors. Transparent conductive oxide material should possess these two properties 

conjointly. These characteristics are impossible to obtain through an intrinsic stoichiometric 

oxide. Howbeit, this could be attained by impurity doping with an appropriate material. In 1907 

Badeker observed that the CdO thin films which were created by the thermal oxidation of 

sputtered cadmium films, possess such characteristics. Afterwards, it was found that thin films 

of metals such as Fe, Ag, Cu, Mg and ZnO, SnO2, In2O3 and their alloys also having similar 

characteristics15-25.  

1.2.2 Electrical properties 

The conductivity of a TCO material is due to the oxygen vacancies or by extrinsic dopants. In 

general, the conductivity (σ) of the n-type semiconductor depends on the carrier concentration 

and their mobility.  The conductivity is given by the following equation (1). 

               𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜎) =  µ𝑛𝑒                              (1) 

Where µ is the mobility, n is the electron density and e is the electron charge.  
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Mobility (µ) is given by equation (2). 

                                             𝑀𝑜𝑏𝑖𝑙𝑖𝑡𝑦 (µ) =
𝑒𝜏

𝑚∗                                                                 (2) 

 Where e is the electron charge, τ is the mean time and 𝑚∗ is the effective electron mass. There 

are some limitations on enhancing the electrical conductivity. As an example, n and µ cannot 

be increased separately at higher doping levels (higher carrier concentrations) due to the 

limitations of ionized impurity scattering. While increasing the doping concentrations, the 

resistivity reaches to the minimum and could not decreased more. Bellingham et al initially 

mention this occurrence of limitation of resistivity at the higher carrier concentrations over 1020 

cm-3 26-31. 

1.2.3 Optical properties 

The optical properties of the transparent conductive oxides are decided by its reflection index 

n, extinction coefficient k, energy gap Eg and film structure (thickness, structural uniformity, 

thickness uniformity, surface roughness etc). 

1.2.4 Applications of transparent conductive oxides 

Due to the unique properties of transparent conductive oxide materials, they have been widely 

used in many commercial and academic industries 32-37.  

❖ Smart devices (smart phone, smart devices etc), 

❖ Flat panel displays ❖ OLEDs 

❖ Light emitting diodes ❖ Touch screens 

❖ Photovoltaic devices ❖ Gas sensors 

❖ Liquid-crystal displays ❖ Polymer-based electronics 

❖ Polymer-based electronics ❖ Electroluminescent 
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1.2.5 Different Types of Transparent Conductive Oxide Materials 

Physicist Karl Baedeker did the first reported TCO material, by sputtering cadmium into a 

substrate to obtain cadmium oxide. Later in 1947, Harold McMaster invented a SnO2 TCO 

material, by chemical vapor deposition on a glass substrate. In 1954, Rupprecht discovered 

ITO, which shows much better TCO behavior. There are two main types of TCO materials, 

which are n-type and p-type. n-type TCO materials are developed by choosing the doping 

impurity with higher valence such as Al:ZnO, Ga:ZnO, ITO, B:ZnO, In:CdO, Nb:TiO2 etc.  p-

type semiconductor CuAlO2 was reported in 1997 by Kawazoe et al. As many p-type TCO 

materials have been used in laboratory demonstration devices, further studies are needed to 

observe their optical and electrical properties. CuBO2 and CuGaO2 are examples of p-type TCO 

materials. Moreover, to compromise high optical transparency and electrical conductivity, 

some binary TCOs have been developed. ZnO-SnO2, CdO-SnO2, and ZnO-In2O3 are some 

examples of such binary TCO materials. In addition to these binary compounds, some ternary 

compounds are also used prior to 1980, such as, Cd2SnO4, CdSnO3, and CdIn2O4. However, 

those ternary compounds have not been used widely. Even though there are many TCO 

materials, there is still a high demand for new TCO materials due to their wide range of 

applications in optoelectronic devices. In general, field of TCO material production could be 

improved by two methods, which are, by introducing a new TCO material or by 

improving/introducing deposition technique. 
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Table 1.2: Resistivity and Deposition Method of Reported Transparent Conducting 

Thin Films Composed of Ternary Compound TCO Materials. 

Material Resistivity (Ω cm) Deposition Method 

Zn2SnO4 1.7 × 10-2 rf MSD* 

MgIn2O4 4.3 × 10-3 rf sputtering* 

 7.9 × 10-4 rf MSD (RT) 

GaInO3 2.7 × 10-3 rf MSD* 

(Ga,In)2O3 5.8 × 10-4 dc MSD (RT) 

Zn2In2O5 3.9 × 10-4 MSD (RT) 

 2.9 × 10-4 dc MSD (RT) 

In4Sn3O12 20 × 10-4 dc MSD (350 ºC) 

 Note: MSD is magnetron sputtering deposition/ RT is room temperature. *Post annealed 

Original source: Tadatsugu Minami, MRS BULLETIN/AUGUST 2000 

Table 1.3: Widely used transparent conductive Oxides 

TCO Dopant Element 

SnO2 Sb, F, As, Nb, Ta 

ZnO Al, Ga, B, In, Y, Sc, F, V, Si, Ge,Ti, Zr, Hf, Mg, As, H 

GaInO3 Sn, Ge 

In2O3 Sn, Mo,Ta, W, Zr, F, Ge, Nb, Hf, Mg 

CdSb2O3 Y 

CdO In, Sn 

 

Among many TCOs, Indium doped tin oxide is the most widely used material, due to its high 

optical transmittance, conductivity, and wide band gap (>3.5 eV). However, as indium is 
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categorized as a rare metal, supply of In is unstable. Moreover, due to its scarcity, low-cost 

commercial production of ITO is still a challenge38-43.  

 

1.2.6 Zinc Oxide and its properties 

Zinc Oxide (ZnO) has gained a lot of research interest as a future TCO material because of the 

shortcomings of ITO, which is high cost, scarcity and toxicity. ZnO is one of most attractive 

semiconductor oxide material due to its direct wide band gap (Eg =3.37 eV), large exciting 

energy of 60 meV, cheaper, non-toxicity, readily availability, high transparency, conductivity, 

piezoelectricity, good thermal stability, easy fabrication, and availability of many 

nanostructures44-52. Important properties of ZnO are tabulated in table 1.4. 

 

 

 

 

 

 

 

 

 

Fig. 1.5: Schematic diagram of hexagonal wurtzite structure of ZnO. 
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Table 1.4: Properties of ZnO 

Property Value 

Lattice parameters at 300 K: 

a 

c 

a/c 

 

 

0.32495 nm 

0.52069 nm 

1.602 (1.633 for ideal hexagonal structure) 

Density 5.606 g/cm3 

Stable phase at 300 K wurtzite 

Melting point 1975 °C 

Linear expansion coefficient (°C) a: 6.5 x 10-6, c: 3.0 x 10-6 

Static dielectric constant 8.656 

Refractive index 2.008, 2.029 

Energy gap 3.4 eV (direct) 

Intrinsic carrier concentration < 106 /cm3 

Exciton binding energy 60 meV 

Electron effective mass 0.24 

Electron Hall mobility at 300 K for 

low n-type conductivity 

200 cm2/V•s 

Hole effective mass 0.59 

Hole Hall mobility at 300 K for low 

p-type conductivity 

5-50 cm2/V•s 

Original Source: D. P. Norton et al, ZnO: growth, doping & processing, materials today 2004, 34. 

On behalf of improving optical transparency and electrical conductivity, ZnO could be doped 

with impurities such as, B, Al, Ga, Sn, Y, Sc, Ti or Zr. Among these dopants, Al, In and Ga are 
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considered as the most appropriate dopants due to its comparable ionic and covalent radii with 

Zn53-57. 

Table 1.5 Ionic radii, covalent radii, band lengths with O of Al, Ga and Zn 

Element 

Ionic Radius  

(Å) 

Covalent Radius 

(Å) 

Bond Length [X-O] 

(Å) 

Zn 1.31 0.74 1.97 

Al 1.18 0.53 2.7 

Ga 1.26 0.62 1.92 

In 1.44 0.80 2.1 

Table 1.6 shows the properties of each dopants with ZnO. 

Table 1.6 Resistivity, carrier concentration, and dopant content for ZnO films doped 

with various impurities. 

Dopant 

Doping Content 

(at %) 

Resistivity 

(10-4 Ω cm) 

Carrier Concentration 

(1020 cm-3) 

Al 1.6–3.2 1.3 15.0 

Ga 1.7–6.1 1.2 14.5 

B 4.6 2.0 5.4 

Y 2.2 7.9 5.8 

In 1.2 8.1 3.9 

Sc 2.5 3.1 6.7 

Si 8.0 4.8 8.8 

Ge 1.6 7.4 8.8 
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Ti 2.0 5.6 6.2 

Zr 5.4 5.2 5.5 

Hf 4.1 5.5 3.5 

F 0.5 4.0 5.0 

Original source: Tadatsugu Minami, MRS BULLETIN/AUGUST 2000 

1.3 Truncated Nanocone structure of ZnO 

There are many reports about formation of various kinds of ZnO nanostructures such as, 

nanorods, nanoflakes, nanoplates, nanodots, nanobridges, nanocone, nanotubes, nanowires, 

nanohelixes, nanobelts, nanonails, nanorings, polyhedral cages etc. 1-D nanorod structure is 

suitable for dye sensitized solar cell application due to its high surface-volume ratio. However, 

some researches have been reported about usage of ZnO nanocone structures, which could 

increase the light transmittance by reducing the photon scattering. Fig. 1.6 and fig. 1.7 shows 

the photon emission comparison of hexagonal nanorods with rough surfaced nanocone 

structures, respectively. 

 

 

 

 

 

Fig. 1.6: Photon emission mechanism of hexagonal wurtzite nanorod structure. 
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Optical transmittance in the visible range might be higher in nanocone hexagonal structure, 

with respect to nanorod structure. Few reports have been found about constructing nanocone 

ZnO structure. These nanocone structures are consequential especially for light emitting diodes 

(LEDs) to increase their efficiency by decreasing the light extraction efficiency (LEE). Masui 

et al has reported, among the polygons, triangle shape has a least chance to trap the light. Yin 

et al reported that, rough-bevel, cone-shaped hexagonal nano structure of ZnO has higher LEE, 

with respect to hexagonal nanorods of ZnO. 

 

 

 

 

 

Fig. 1.7: Photon emission mechanism of hexagonal wurtzite nanocone structure. 

 

There was no proper study was found on terrace-truncated nanocone structure of impurity 

doped ZnO by spray pyrolysis deposition technique. D. Visser et al has investigated about 

truncated ZnO structure by sol-gel method in 2017. They have grown a truncated nanocone 

structurer on c-Si substrate and obtained a structure with top diameter of 50 nm, bottom 

diameter between 50-500 nm and height between 500-1500 nm. FE-SEM image of their 

truncated nanocone structure is shown in fig. 1.8. 
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Fig. 1.8: Truncated nanocone arrays fabricated by D. Visser et al. 

However, there are many studies have been performed about the importance of the nanocone 

structure of silicon by stating it is an excellent structure for optimum light harvesting due to 

superior antireflection properties 58-60.  

 

1.4 Objectives of our study 

One of our purpose in this study to investigate the spray angle dependence for the growth of 

terrace-truncated nanocone hexagonal structure, for an excellent transparent conductive oxide 

material, as our group investigated about the importance of lower spray angle for the growth 

of 1-D nanostructured fluorine doped tin oxide. To the best of our knowledge there was no 

proper study has been conducted on terrace–truncated nanocone structure of impurity doped 

ZnO as a transparent conductive oxide layer by spray pyrolysis deposition technique. Our final 

objective is to use this nanostructure as a working electrode to increase the efficiency of dye-

sensitized solar cells (DSSCs). We believe the sinking of TiO2 photo layer into the nanocone 

structure is higher than the hexagonal nanorod structure as illustrated in fig. 1.9. 
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Fig. 1.9: Proposed Terrance-truncated nanocone structure for working electrode of DSSCs. 
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Chapter 2 

Experimental procedure 

2.1 Synthesis of Al doped ZnO nanostructure. 

Zinc acetate dihydrate (Wako Pure Chemicals) was dissolved in 100 ml of 2-methoxyethanol 

(Wako Pure chemicals), and few drops of ethanolamine (Sigma Aldrich) was added as a 

stabilizer while stirring. Al(NO3)3.9H2O (Wako Pure Chemicals) was added for doping. The 

solution was stirred for 60 minutes at 70 °C and aged for 24 hours at room temperature. 

Commercially available FTO glasses (2.5 cm × 2.5 cm) were ultrasonically cleaned in a 

mixture of acetone, ethyl alcohol, and distilled water. Finally, precursor solution was deposited 

by using advanced spray pyrolysis deposition technique. The deposition temperature was 

changed from 300 ºC to 450 °C. The distance between the nozzle tip and substrate was kept 

constant at 0.5 cm. spray pressure was set to 0.40 MPa. Spraying was continued for 2 s, with 

12 s of time interval. Total spray time was 60 minutes.  

 

2.2 Synthesis of Ga doped ZnO nanostructure  

Zinc acetate dihydrate (Wako Pure Chemicals) was dissolved in 100 ml of 2-methoxyethanol 

(Wako Pure chemicals), and few drops of ethanolamine (Sigma Aldrich) was added as a 

stabilizer while stirring. Ga(NO3)3.XH2O (Wako Pure Chemicals) was added for doping. The 

solution was stirred for 60 minutes at 70 °C and aged for 24 hours at room temperature. 

Commercially available FTO glasses (2.5 cm × 2.5 cm) were ultrasonically cleaned in a 

mixture of acetone, ethyl alcohol, and distilled water. Finally, precursor solution was deposited 

by using advanced spray pyrolysis deposition technique. The deposition temperature was 

changed from 300 ºC to 450 °C. The distance between the nozzle tip and substrate was kept 
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constant at 0.5 cm. spray pressure was set to 0.40 MPa. Spraying was continued for 2 s, with 

12 s of time interval. Total spray time was 60 minutes. The growth temperature, doping 

concentration, spray angle and the volume of Ga doped ZnO samples were changed as shown 

in table 3.5 in each experimental section. 

 

2.3 Characterization 

The crystal structure was characterized by X-ray diffraction patterns (Rigaku RINT Ultima-III 

at 40 kV with Cu Kα radiation λ = 1.541836 Å). XRD patterns were taken in the range of 30º - 

80º. Surface morphology was examined by field emission scanning electron microscope/FE-

SEM (JEOL JSM-6320F) with an acceleration voltage of 15 keV, with accompanying energy 

dispersive X-ray spectroscopy. Atomic force microscopy images were taken by (XE-Series, 

XE-70, Park system) in 1 µm × 1 µm scan size. The layer thickness was measured by cross-

sectional images. The UV/visible transmittance spectra were obtained by JASCO V-630 

spectrometer in the wavelength range of 300 –800 nm. Electrical studies of prepared samples 

were  carried- out by four probe method-Hall effect measurement system, HMS-3000. ImageJ 

software was used to measure and characterise FE-SEM images. AutoCAD software was used 

for the simulations. 

 

2.3.1 Investigations of the electrical conductivity by four probe method 

In this study,measuring of the electrical study is challenging, as  we have to measure the 

conductivity of two layerd structure by four probe method.  Fig. 2.1 shows the electrical 

conductivity measuring technique of four probe method, and fig. 2.2 shows the four probe 

measuring technique on proposed impurity doped ZnO nanostructure. 
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Fig.2.1: Electrical conductivity measuring technique of four probe method. 

 

 

 

 

 

 

 

Fig.2.2: Electrical conductivity measuring using four probe method on proposed 

nanostructure. 
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2.3.2 Importance of the FTO glass substrate  

In this study, impurity doped ZnO terrace-truncated nanocone structure was grown on FTO 

glass substrate to achieve main three targets which are, 

1. To measure the electrical conductivity, 

 

As described in the fig 2.1 & 2.2, when measuring the electrical conductivity of the 

nanostructure, the electrons are propagating from the 1st probe to the 4th probe by 

completing the circuit, and the voltage difference is measure in between the 2nd and the 

3rd probe. In this case, the horizontal propagation of the electrons (1st probe to the 4th 

probe) is compulsory to complete the circuit and cannot fulfilled without having the 

FTO layer. 

 

2. To increase the electrical conductivity, 

 

FTO glass substrates were used to increase the electrical conductivity of the whole 

structure by increasing the electron propagation.  

 

3. To make a suitable substrate for the growth of terrace-truncated nanocone structure, 

 

It is well-known factor, that the growth of a nanostructure is stabilized by having an 

excellent rough substrate such as FTO/ZnO. However, in this research we only concern 

about the growth and the growth mechanism of the terrace-truncated nanocone structure, 

and we have used an FTO glass substrate which can improve the growth of 

nanostructure by providing an excellent growth substrate. 
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Chapter 3 

 

Synthesis of Al doped ZnO Nanocone Structure 

 

• In this chapter detailed discussion was done about the synthesis of Al doped ZnO terrace-

truncated nanocone structure by using advanced spray pyrolysis deposition technique. 

• In the first section of this chapter, we have investigated the optimum temperature for the 

deposition of Al doped ZnO nanostructure.  

• In the second part we have investigated about the optimum doping concentration with Al. 

We have changed the Al to Zn ratio and obtained the optimized results. 

• In the third part, we have changed the spraying angle and obtained the results. The core of 

the research is in this part, as the spray angle is the critical factor for the growth of an 

excellent transparent conductive oxide properties. 

• Last part of this chapter is also an important part. In this part we have increased the 

spraying volume to investigate about the synthesized structure. It was found that, terrace-

truncated nanocone structured Al doped ZnO was grown successfully.   

• Prepared samples were characterized by using FE-SEM images, X-ray diffraction patterns 

and UV-visible spectroscopy, atomic force microscopy and obtained the results. Electrical 

studies were done by four probe method. 
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3.1. Al doped ZnO nanostructure at different growth temperatures. 

 

3.1.1. Introduction 

 

ZnO is an attractive semiconductor oxide material with wide band gap (3.37 eV), large exciting 

binding energy at room temperature (~60 meV), excellent thermal stability, splendid electron 

mobility and nontoxicity. ZnO is doped with impurities in order to improve the electrical 

conductivity and optical transmittance in the visible range. Al is widely used as a dopant of 

ZnO, due to its compatible ionic radius (0.05 nm) with the ionic radius of Zn (0.074 nm)1-14. 

Moreover, as the ionic radius of Al is smaller than Zn, the lattice distortion would be low when 

doping into ZnO. The growth temperature is a crucial factor, which determines the properties 

and structure quality of a nanostructure. Even though there are many techniques available to 

make impurity-doped ZnO nanostructures, we have used advanced spray pyrolysis deposition 

technique with rotational, pulsed and atomized function15-23. 
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3.1.2. Experimental 

Al doped ZnO samples were fabricated as described in section 2.1. The sample nomenclature 

of prepared Al doped ZnO samples at different growth temperature is shown in the table 3.1. 

 

Table 3.1. Sample preparations at different growth temperatures. 

Sample 

Growth Temperature  

(ºC) 

Al 300 ºC 300 

Al 350 ºC 350 

Al 400 ºC 400 

Al 450 ºC 450 

 

 

X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used to characterize the prepared Al doped ZnO samples as described 

in section 2.3.
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3.1.3. Results and discussion 

Figure 3.1 shows the obtained XRD spectra of Al doped ZnO samples prepared at different 

growth temperatures. Significant peak around 34.37º in all samples, shows the growth of the 

nanostructure favoured in (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 

36-1451), which is along the c-axis, perpendicular to the glass substrate. All the other peaks 

are corresponding to FTO layer. The crystallite sizes were calculated by using Debye- 

Scherrer’s formula, which is shown in Eq.1, based on (002) peak. 

 

 

𝐷 =  
0.94𝜆

𝛽 𝑐𝑜𝑠𝜃
  (1) 

Where D is the crystallite size, 𝛽 is the peak broadening (FWHM), Ɵ is the Bragg’s diffraction 

angle and λ is the wavelength of CuKα radiation (λ= 1.5406 Å). Crystallite sizes are 27.4 nm, 

26.7 nm, 27.9 nm, and 21.8 nm and FWHMs are 0.277, 0.284, 0.272, and 0.264 for Al 300 °C, 

Al 350 °C, Al 400 °C and Al 450 °C samples, respectively. 

 

 

 

 

  

 

 

 

Fig.3.1: X-ray diffractogram for Al doped ZnO samples at different growth temperatures. 
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Figure 3.2 shows the FE-SEM image of Al 300°C sample. The top diameter of the 

nanostructure is very low. There are many structural defects found (as shown in red color), as 

the growth temperature is not optimized. Moreover, the low diameter of nanostructure, allow 

them to grow, as they have much space in between them. 

 

 

 

 

 

 

 

 

 

Fig.3.2: FE-SEM image of Al 300 °C sample.  

 

 

Figure 3.3 shows the FE-SEM image of Al 350 ºC. Nanostructure diameter and density were ~ 

40 nm and 381.4 per µm2, respectively. However, agglomerated structures were identified (as 

shown in red color) in many regions. Figure 3.4 shows the FE-SEM image of Al doped ZnO 

prepared at 400 ºC. Nanostructure density was reduced with respect to 300 ºC and 350 ºC as 

the agglomerated structures were disappeared. 
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Fig. 3.3: FE-SEM image of Al 350 ºC sample. 

 

 

 

 

 

 

 

 

 

Fig.3.4: FE-SEM image of Al 400 ºC sample. 
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Top diameter was constant around 40 nm as obtained at Al 350 ºC sample, while the structure 

density reduced to 290.1 per µm2. Plate-like structural defects were identified (as shown in red 

color) in some regions. Previous researches also have obtained same results of structural 

defects, when doping ZnO with Al. Figure 3.5 shows the FE-SEM images of Al doped ZnO 

nanostructure prepared at 450 ºC. Top diameter was increased up to 80 nm while the structure 

density reduced to 38.2 per µm2. The top of the nanostructure seems to be sharpened. Many 

regions have plate-like structure (as shown in red color). Because of that, the nanostructure 

density is further decreases. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5: FE-SEM image of Al 450 ºC sample. 
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Fig. 3.6: Transmittance of the Al doped ZnO samples prepared at different growth temperatures. 

Figure 3.6 shows the transmittance of Al doped ZnO at all different growth temperatures. All 

the samples show average optical transmittance around ~80 % in the visible range. There is a 

peak around 350 nm due to the change of the lamp of the UV-visible spectrometer, from 

deuterium to halogen. Below 370 nm of wavelength, the energy of the light is sufficient to 

overcome the band gap. Therefore, the light is not transmitted below 370 nm. On the other 

hand, the energy of the light is not sufficient to cross the energy gap at higher wavelengths 

(<370 nm). Because of that, the light is transmitting through the structure, without absorbing 

in higher wavelengths.  

 

 

 

 



35 
 

Conclusion 

Properties of the Al doped ZnO nanostructures were severely dependent on the growth 

temperature. Crystallite size is fluctuating and the highest crystallinity was obtained at 400 ºC. 

The top diameter and average structure density were changed from ~40 nm and 381.4 per µm2, 

~ 40 nm and 290.1 per µm2, 80 nm and 38.2 per µm2 at 350 ºC, 400 ºC and 450 ºC, respectively. 

At 300 ºC and 450 ºC of growth temperature, plate-like structures were formed. When the 

growth temperature was 350 ºC, nanostructures were agglomerated. An excellent nanostructure 

with low structural defects with well separation was identified in the Al doped ZnO sample 

which was grown at 400 ºC. All the samples indicated high optical transmittance of ~ 80 %, in 

the visible range. Optimum transparent conductive properties were obtained for Al doped ZnO 

nanostructure grown at 400 ºC.
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3.2. Al doped ZnO nanostructure with different doping concentrations. 

 

3.2.1 Introduction 

 

Even though ZnO has unique properties to use as transparent conductive oxide (TCO) material, 

impurity doped ZnO is vastly used in many researches to improve the electrical conductivity 

and optical transparency in the visible range1-12. Al is a major dopant for ZnO due to its’ 

compatible ionic and covalent radii with Zn. When doping, Al is substituted for Zn atoms in 

hexagonal wurtzite nanostructure. Every substituted Al atom gives extra free electrons to the 

conduction band, which reduce the electrical resistivity. In general, the high conductivity of Al 

doped ZnO is attribute to Al3+ ions in substitutional sites and interstitial sites of zinc sites and 

oxygen vacancies. Moreover, the optical transparency increased due to the optical bandgap 

change which could be described by Burstein-Moss effect. Al is mostly used as a dopant to 

obtain an excellent stability at high temperature, transparency and conductivity, non-toxicity 

and high availability13-39. The bond energy of Zn-O and Al-O are 159 ± 4 kJ and 511 ± 3 kJ, 

respectively40. Al doped ZnO was synthesized by various types of deposition techniques. Many 

researchers have reported that the properties of Al doped ZnO is highly dependent on the 

deposition technique41-50. In this part we are investigating about optimum doping concentration 

of Al with ZnO.
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3.2.2. Experimental 

 

Al doped ZnO samples were fabricated as described in section 2.1. The sample nomenclature 

of prepared Al doped ZnO samples at different doping concentrations is shown in table 3.2. 

 

Table 3.2. Sample preparations with different doping concentrations. 

Sample Growth Temperature (ºC) Al to Zn Ratio 

Al (400 ºC) 1% 400 1:99 

Al (400 ºC) 2% 400 2:98 

Al (400 ºC) 3% 400 3:97 

Al (400 ºC) 4% 400 4:96 

 

X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used for characterization of prepared Al doped ZnO samples as 

described in section 2.3.
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3.2.3 Results and discussion 

Figure 3.7 shows the obtained XRD patterns of Al doped ZnO samples prepared at different 

doping concentrations. Significant peak around 34.37º in all samples shows the growth of 

nanostructure favoured in (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 

36-1451), which is along the c-axis, perpendicular to the substrate. All other peaks correspond 

to FTO layer. The crystallite sizes are calculated from using Debye- Scherrer’s formula, as 

shown in Eq.1, based on (002) peak. 

  

 

 

 

 

 

 

 

 

 

 

Fig.3.7: X-ray diffractogram for Al doped ZnO samples at different doping concentrations. 

Calculated crystallite sizes were 30.6, 28.5, 27.8 and 26.8 nm and FWHMs were 0.272, 0.292, 

0.300 and 0.313 for Al (400 ºC) 1%, Al (400 ºC) 2%, Al (400 ºC) 3% and Al (400 ºC) 4% 

samples, respectively. Figure 3.8 shows the FE-SEM image of Al (400 ºC) 1% sample. The 
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average top diameter and average structure density were ~ 40 nm and 290.1 per µm2. There are 

many plate-like structural defects found in between nanostructures (as discussed in chapter 3.1-

fig 3.4). Figure 3.9 shows the FE-SEM image of Al (400 ºC) 2% sample. Nanostructure with 

low structural defects was observed at this doping level. Average top diameter was 66.2 nm 

while the average nanostructure density was 250.9 per µm2. Enlargement of structure density 

was observed as a result of increase of number of nucleation sites when adding more Al atoms. 

 

 

 

 

 

 

 

 

 

Fig. 3.8: FE-SEM image of Al (400 ºC) 1% sample. 
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Fig. 3.9: FE-SEM image of Al (400 ºC) 2% sample. 

 

 

 

 

 

 

 

 

 

Fig. 3.10: FE-SEM image of Al (400 ºC) 3% sample. 

Figure 3.10 shows the FE-SEM image of Al (400 ºC) 3% sample. Agglomerated nanostructures 

were started to increase. Average top diameter was reduced to 49.2 nm while average structure 
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density was increased up to 390.3 per µm2. Figure 3.11 shows the FE-SEM images of Al (400 

ºC) 4% sample. Nanostructures were highly agglomerated (as shown in red circles) with each 

other due to high doping concentration. Average top diameter was reduced to ~30 nm.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.11: FE-SEM image of Al (400 ºC) 4% sample. 

Figure 3.12 shows the UV-visible spectra of Al doped ZnO at all different Al concentrations. 

74.2, 78.8, 78.0 and 78.8 % of optical transmittance in the visible range were shown in Al (400 

ºC) 1%, Al (400 ºC) 2%, Al (400 ºC) 3% and Al (400 ºC) 4% samples, respectively. Around 

350 nm absorption edges were obtained as the light source of UV-visible spectrometer was 

change from deuterium (185 – 400 nm), to halogen (Tungstein: 350 – 3000 nm). When Al 

doped to ZnO, the band gap is increases according to the Burstien-Moss effect as shown in fig. 

3.12. As the band gap is increases, transparency is increasing.   
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Fig. 3.12: UV-Visible spectra of Al doped ZnO at all different Al concentrations. 

 

 

 

 

 

 

 

3.13: Burstein-Moss effect (a) before doping, (b) After doping. 
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Conclusion 

The properties of the Al doped ZnO nanostructures were vastly dependent on the doping 

concentration. The average top diameters were ~40, 66.2, 49.2 and ~ 30 nm for 1 at %, 2 at %, 

3 at % and 4 at % of Al to Zn ratio, respectively. The highest nanostructure density was obtained 

at 4 at % of Al doping while the lowest value was obtained in 2 at % of Al doping. An excellent 

nanostructure with lowest number of structural defects was obtained at 2 at % of Al doping. 

Highest optical transmittance in the visible range was also found when Al to Zn ratio changed 

to 2 at %.
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3.3 Al doped ZnO nanostructure at different spray angles. 

 

3.3.1 Introduction 

 

Studies on TCO materials have attracted many research groups due to their wide range of 

applications in research and industrial fields such as solar cells, liquid crystal displays (LCDs), 

light emitting diodes (LEDs) and organic photovoltaics (OPVs) and display devices. Several 

researches have been conducted on deposition of Al-doped ZnO by various deposition 

techniques, such as chemical bath, spray pyrolysis, magnetron sputtering, chemical vapor 

deposition, molecular beam epitaxy and pulsed laser deposition1-21. Among them, the spray 

pyrolysis deposition technique is attractive due to its simplicity, low cost, no need of vacuumed 

environment and high productivity on large scale22,23. In this research, we have used advanced 

spray pyrolysis deposition technique of rotational, pulsed and atomized (RPASP). Few 

researches have been conducted about the spray angle dependence for the growth of 

nanostructure. However, there was no proper study has explained the growth and growth 

mechanism while changing the spray angle. In this chapter we investigate about the spray angle 

dependence for the growth of Al doped ZnO nanostructure with high TCO properties.  
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3.3.2. Experimental 

 

Al doped ZnO samples were fabricated as described in section 2.1. The sample nomenclature 

of prepared Al doped ZnO samples at different spraying angles is shown in table 3.3. 

 

Table 3.3. Spraying angles of Al-doped ZnO samples 

Sample Growth Temperature (ºC) Al:Zn Ratio Spraying Angle 

Al (400 ºC/2%) 15º 400 2:98 15º 

Al (400 ºC/2%) 30º 400 2:98 30º 

Al (400 ºC/2%) 45º 400 2:98 45º 

 

X-ray diffraction patterns, field emission scanning electron microscope images, optical 

transmittance spectra, atomic force microscopy images, and hall mobility values were used to 

characterize the prepared Al doped ZnO samples as described in section 2.3.
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3.3.3 RESULTS AND DISCUSSION 

 

Figure 3.14 shows the XRD patterns of Al-doped ZnO samples at different spraying angles. 

The significant peak around 34.37° evidenced for the growth of nanostructure was along the 

(002) direction (JCPDS card No. 36-1451) of hexagonal wurtzite structure, which is along the 

c-axis, perpendicular to the glass substrate. The peaks correspond to FTO layer are shown by 

“•”. Crystallite sizes were calculated by Debye-scherre’s formula, which are shown in Eq.1. 

FWHM, crystallite sizes for each sample, are tabulated in Table 3.4. Minimum crystallite size 

was observed in Al (400 ºC/2%) 30º sample. There was no significant difference of crystallite 

sizes in Al (400 ºC/2%) 15º and Al (400 ºC/2%) 45º samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14: X-ray diffraction patterns of Al-ZnO samples at different spraying angles. 
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Figure 3.15(a) shows the FE-SEM image of Al (400 ºC/2%) 45º sample with typical hexagonal 

shaped nanostructure. The average top diameter and average structure density were 31.1 nm 

and 78 per µm2 respectively. Plate-like structural defects (shown by red color circles) could be 

identified in in some regions, which covers the nanostructures. These plate structures might 

reduce the optical transmittance as they disturb the propagation of the photon. On the other 

hand, it might increase the electrical conductivity as it increases the horizontal propagation of 

electrons. Figure 3.15 (b) shows the FE-SEM images obtained on Al (400 ºC/2%) 30º sample. 

The nanostructure was improved when decreasing the spray angle as the structural defects were 

reduced. However, flower-like structures and some agglomerated nanostructures (shown by 

red color circles) are hackneyed in the thin film. The average top diameter was 34.0 nm and 

the average structure density were 55.4 per µm2.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.15: FE-SEM images of, (a) Al (400 ºC/2%) 45º, (b) Al (400 ºC/2%) 30º. 
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Table 3.4. Calculated crystal size, and FWHM for Al-doped ZnO thin films 

Sample Crystallite Size (nm) FWHM 

Al (400 ºC/2%) 15º 31.16 0.267 

Al (400 ºC/2%) 30º 28.44 0.292 

Al (400 ºC/2%) 45º 31.61 0.263 

 

Figure 3.16 shows the FE-SEM image of Al (400 ºC/2%) 15º sample, which has hexagonal 

wurtzite nanostructure. The average top diameter and the average structure density were 29.9 

nm and 86.2 per µm2, respectively. According to the FE-SEM images, an excellent 

nanostructure with high homogeneity and low structural defects were obtained, when spraying 

angle was posed at the minimum value.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.16: FE-SEM images of Al-doped ZnO thin films at the spray angle of 15º. 
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Many structural differences of Al doped ZnO samples were found, by changing the spraying 

angle. This happens due to the changes of horizontal and vertical component of velocity in each 

spraying angle. Fig 3.17 illustrates the projectile of a particle at each spraying angle. At lower 

spraying angles particles travels longer distance horizontally direction and shorter vertically. 

Because of this phenomenon, particles disperse and spread all over the glass substrate and 

finally come up with a good homogeneous structure. On the other hand, at higher spraying 

angles particles travels longer distance vertically and shorter distance horizontally, and 

spraying area become narrow. The vaporized particles drop on each other and finally make 

plate like structures at the top. According to the FE-SEM images of Al (400 ºC/2%) 45º sample, 

these plate-like structure can be identified clearly.  

 

 

 

 

 

 

 

 

 

Fig. 3.17: The projectile movement of a particle at each spraying angle 

However, the nanostructure couldn’t be clarified by SEM images at this stage of the research 

as the height of the nanostructure is low. Figure 3.18 shows the EDX spectrum of Al (400 

ºC/2%) 15º sample. Zn Lα peak at 1.012 keV, Zn Kα peak at 8.637 keV, Sn Lα peak at 3.444 

keV, O Kα peak at 0.525 keV and Al Kα peak at 1.486 keV were found in EDX spectrum.  The 

peak at 1.486 keV evidenced the successful doping of Al into ZnO crystal structure. 
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Fig. 3.18: EDX spectrum of Al (400 ºC/2%) 15º. 

Figure 3.19 (a) shows the AFM images taken on Al (400 ºC/2%) 15º sample. Line profile and 

line histogram are shown in fig. 3.19 (b) and 3.19 (c), respectively. The surface roughness and 

the mean height was 57.9 and 175.5 nm, respectively. 

 

 

 

 

 

 

 

 

Fig. 3.19: (a) AFM image, (b) Line profile, (c) Line histogram, Al (400 ºC/2%) 15º sample. 
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Figure 3.20 shows the UV visible spectra, examined 300-800 nm. 80.3 %, 78.8 % and 78.1 % 

of optical transmittance were obtained for Al (400 ºC/2%) 15º, Al (400 ºC/2%) 30º and Al (400 

ºC/2%) 45º samples, respectively. Due to structural defects and highly compact nanostructure, 

the optical transmittance was found to be minimum in Al (400 ºC/2%) 45º sample as expected. 

On the other hand, the highest transmittance at visible range was obtained in Al (400 ºC/2%) 

15º sample, at 15° spray angle, with smooth nanostructure. Al (400 ºC/2%) 30º sample shows 

lower optical transmittance due to lower grain sizes, which could be increased the scattering at 

grain boundaries.  

 

 

 

 

 

 

 

 

 

Fig. 3.20: Transmittance of Al doped ZnO thin films at different spray angles. 

The electrical conductivity of the Al-doped ZnO samples were measured by using the four-

probe method (described in section 3.3.1). The resistivity values were 1.06 × 10-4, 1.39 × 10-4, 

and 1.05 × 10-4 Ωcm for Al (400 ºC/2%) 15º Al (400 ºC/2%) 30º, Al (400 ºC/2%) 45º, samples 

respectively. The lowest resistivity was obtained in Al (400 ºC/2%) 45º sample, while the 
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highest resistivity was in Al (400 ºC/2%) 30º sample. The resistivity of Al (400 ºC/2%) 45º 

sample was increased as the mobility increased due to the reduction of grain boundary 

scattering. Moreover, the plate-like structures help to increase the electron propagation in 

horizontal direction and hence increase the conductivity. Higher grain size is influence for the 

decrease of grain boundary scattering as numbers of grain boundaries decreased in Al (400 

ºC/2%) 45º sample, which were confirmed by XRD patterns. However, there was no significant 

difference of electrical conductivity in between Al (400 ºC/2%) 15º sample and Al (400 ºC/2%) 

45º samples. 

 

CONCLUSION 

We have prepared Al-doped ZnO nanostructure using rotational, pulsed and atomized spray 

pyrolysis deposition technique with 2 at % of Al doping at 400 ºC of growth temperature. The 

average top diameters and the average structure densities were 29.9 nm and 86.2 per µm2, 34.0 

nm and 55.4per µm2, 31.1 nm and 78.0 per µm2, respectively for 15º, 30º and 45º of spray 

angles. An excellent nanostructure with high homogeneity and minimal structural defects were 

obtained at the lowest spray angle of 15º. Optimum transparent conducting oxide properties of 

80.3 % of optical transmittance in the visible range and 1.06 × 10-4 of resistivity was obtained 

in Al-doped ZnO samples prepared at lower spraying angles.
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3.4 Al doped ZnO nanostructure by using different volumes. 

 

3.4.1 Introduction 

Impurity doped Zinc oxide widely are used as transparent conductive oxide material (TCO) in 

many industries such as solar cells, organic photovoltaics (OPVs) and display devices, sensors, 

liquid crystal displays (LCDs) and light emitting diodes (LEDs). In order to increase the 

electrical and optical properties, ZnO is doped with impurities. 1-11) The dopant and the doping 

concentration highly decide the structure and characteristics of ZnO lattice. 12-17) The doping 

level should possess at relatively low value to avoid the lattice distortion, due to the difference 

of ionic radii of Zn and impurity atoms. However, when Al or Ga used as a dopant with Zn, 

lattice distortions are minimized, even at higher doping concentrations, due to their 

compatibility of ionic and covalent radii with native Zn atoms. 1, 18, 19) There are many reports 

on formation of various kinds of ZnO nanostructures such as, rods, plates, bridges, cones, 

nanotubes etc. 1-D nanorod structure is suitable for photovoltaic applications due to its high 

surface-volume ratio. 20-24) However, some researches have been reported about usage of ZnO 

nanocone structure, which could increase the light transparency by reducing the photon 

scattering. 25-30) In this section, we increase the spraying volume of Al doped ZnO solution, to 

identify the crystal structure.  
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3.4.2. Experimental 

Al doped ZnO samples were fabricated as described in section 2.1. The sample nomenclature 

of prepared Al doped ZnO samples with different volumes is shown in table 3.5. 

 

Table 3.5. Spray volumes of Al-doped ZnO samples 

Sample 

Growth 

Temperature  

(ºC) 

Al:Zn 

Ratio 

Spraying 

Angle 

Spraying 

Volume 

(ml) 

Al-ZnO (400 ºC/ 2%/15º) 100 400 2:98 15º 100  

Al-ZnO (400 ºC/ 2%/15º) 200  400 2:98 15º 200 

Al-ZnO (400 ºC/ 2%/15º) 400 400 2:98 15º 400 

 

X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used to characterize the prepared Al doped ZnO samples as described 

in section 2.3.  
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3.4.3 Results and discussion 

Figure 3.21 shows the obtained XRD images of Al doped ZnO samples prepared at different 

temperatures. Significant peak around 34.37º in all samples, shows the growth of nanostructure 

favoured in (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 36-1451), which 

is along the c-axis, perpendicular to the substrate. All other peaks are for FTO layer. The 

crystallite sizes are calculated from using Debye-Scherrer’s formula, which is shown in Eq.1, 

based on (002) peak. Crystallite sizes were 31.1nm, 28.1 nm, 30.6 nm and FWHMs were 0.27, 

0.30, 0.27 for Al-ZnO (400 ºC/ 2%/15º) 100, Al-ZnO (400 ºC/ 2%/15º) 200 and Al-ZnO (400 

ºC/ 2%/15º) 400 samples respectively. Figure 3.22 shows a FE-SEM image of Al-ZnO (400 

ºC/ 2%/15º) 100 sample, which has hexagonal wurtzite nanostructure at the top. The average 

diameter and the average structure density were 29.9 nm and 86.2 per µm2 respectively. 

 

 

 

 

 

 

 

 

 

Fig 3.21: X-ray diffractogram for Al doped ZnO samples at different growth temperatures. 

Figure 3.23 shows the FE-SEM image of Al-ZnO (400 ºC/ 2%/15º) 200 sample. Nanostructure 

density was reduced. An excellent nanostructure with average top diameter of 38.6 nm and the 
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average structure density of 67.9 per µm2 was observed. Nanostructure was well separated. 

Figure 3.23 shows the FE-SEM image of Al-ZnO (400 ºC/ 2%/15º) 400 sample. 

 

 

 

 

 

 

 

 

Fig. 3.22: FE-SEM image of Al doped ZnO with spray volume of 100 ml. 

 

 

 

 

 

 

 

 

 

Fig. 3.23: FE-SEM image of Al-ZnO (400 ºC/ 2%/15º) 200. 
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Fig. 3.24: FE-SEM image of Al-ZnO (400 ºC/ 2%/15º) 400. 

Fig. 3.25 shows the FE-SEM images of Al-ZnO (400 ºC/ 2%/15º) 400 sample at higher magnification. 

The nanostructure is clearly visible at this stage. Terrace-truncated nanocone structure was 

confirmed by SEM images in fig. 3.25. The average top diameter and the height of the 

nanostructure is 35-40 and 600-650 nm.  

 

 

 

 

 

 

 

 

Fig. 3.25: FE-SEM image of Al-ZnO (400 ºC/ 2%/15º) 400 at higher magnification. 
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The simulated terrace-truncated nanocone structure is shown in fig. 3.26, which was developed 

as a result of high growth rate along the (002) direction.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.26. Simulated terrace-truncated nanocone structure of Al doped ZnO, (a). Cross section (b). Top 

view. 

In our deposition method, the total spray time was 5.3 hours. However, among this total spray 

time, 4.5 hours are spraying intervals. The spraying was continued only for 45 minutes. As the 

structure was grown along the c-axis by high growth rate, the decay rate (of the crystal) is also 

high along the same direction. As a result, the hexagonal nanorod structure was end up as 

terrace truncated nanocone structure which was illustrated in fig.3.27. However, the bottom of 

the crystal structure was wide even though the top is decaying. This phenomenon might be 

occurred due to two main reasons which are,  

• Decay rate along (002̅) direction of ZnO crystal structure is slow, as the growth rate along 

that direction is also slow.   

• The bottom face of ZnO crystal structure (polar O2- face) is tightly attached to the 

nucleation sites of the FTO glass substrate, which disturbs the decaying.  
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Fig.3.27. (a). Growth direction, (b). Decay direction of Al doped ZnO crystal structure. 

The decaying of the structure is happening while it is growing and the removed particles are 

brushed off by the air flow of the system. Figure 3.28 shows a simulated 3-D image of doped 

ZnO. While decaying, the side walls of the crystal is become rough, and as a result, a terrace 

structure is formed.  

 

 

 

 

 

 

 

 

Fig.3.28. 3-D simulation of Terrace-truncated nanocone structure of impurity doped ZnO. 
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Figure 3.29 shows the AFM images of Al-ZnO (400 ºC/ 2%/15º) 400 sample. Triangular shape 

is visible in the 3-D AFM images. However, the nanocone structure could not be confirmed by 

3-D AFM images. Surface roughness was 57.9 nm, 151.0 nm for Al-ZnO (400 ºC/ 2%/15º) 

100, Al-ZnO (400 ºC/ 2%/15º) 400, respectively. 

 

 

 

 

 

 

Fig. 3.29: (a) AFM image, (b) Line profile, (c) Line histogram, Al-ZnO (400 ºC/ 2%/15º) 400 sample.

 

Fig. 3.30: 3-D AFM image of Al-ZnO (400 ºC/ 2%/15º) 400 sample. 

Figure 3.31 shows the UV-visible spectra of Al doped ZnO with different volumes. Optical 

transmittance in the visible range were 80.3, 80.5 and 80.0 %, respectively. Optimum optical 
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transmittance value was obtained in Al-ZnO (400 ºC/ 2%/15º) 200 sample due to its’ excellent 

nanostructure. Due to the terrace-truncated nanocone structure light harvesting is optimized as 

it has excellent antireflection properties. 31,32) 

 

 

 

 

 

 

 

 

Fig. 3.31: UV- visible spectra of Al-doped ZnO with different volumes. 

Moreover, narrow top of the synthesized structure helps to increase the light transparency by 

decreasing the light scattering as shown in fig.3.32.  

Fig. 3.32: Comparison of light transmittance, scattering of (a). Terrace-truncated nanocone structure 

(b) Hexagonal nanorod structure. 

Strange absorption peak around 350 nm is observed due to the light source change. However, 

the optical transparency as not high as we expected due to the two layered (FTO & AZO-see 
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fig. 3.26(a)) structure. Even though the light scattering by the nanostructure is reduced by 

terrace-truncated nanocone structure, the light scattering at the layer boundaries was increased 

and hence reduce the photon transmittance.  

Conclusion 

Properties of Al doped ZnO nanostructure was changed with the spraying volume. The average top 

diameter was 29.9, 38.6 and 58.5 nm for Al doped ZnO samples with 100, 200 and 400 ml, respectively. 

The average structure densities were decreased due to the reduction of average diameter of 

nanostructures from 86.2 per µm2, 67.9 per µm2 and 32.9 per µm2 for Al doped ZnO samples with 100 

ml, 200 ml and 400 ml samples, respectively. Surface roughness was 57.9 nm, 151.0 nm for Al doped 

ZnO samples with 100 ml and 400 ml, respectively. The optical transmittance in the visible range, were 

80.3 %, 80.5 %, and 80.0 % for Al doped sample with 100, 200 and 400 ml, respectively.  Terrace-

truncated nanocone structured Al doped ZnO was successfully grown as identified by FE-SEM images. 

The high growth rate along the (002) direction which leads to a high decay along the same direction is 

responsible for the growth of Terrace-truncated nanocone structure. 
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Chapter 4 

Synthesis of Ga Doped ZnO Nanocone Structure. 

• In this chapter we have synthesized Ga doped ZnO terrace truncated nanocone structure 

by using advanced spray pyrolysis deposition technique. 

• In the first part of this chapter, we have investigated about the optimum temperature for 

the deposition of Ga doped ZnO nanostructure.  

• The second part of this chapter we have investigated about the optimum doping 

concentration of Ga. We have changed the Ga to Zn ratio and obtained the optimum 

concentration. 

• In the third part we have changed the spraying angle and obtained the results. The core of 

the research is in this research part as the spray angle is a critical factor for the growth of 

an excellent transparent conductive oxide properties. 

• Last part of this chapter, we have increased the spraying volume to investigate about the 

synthesized structure. It was found that, terrace-truncated nanocone structured Ga doped 

ZnO was grown successfully.   

• Prepared samples were characterized by using FE-SEM images, x-ray diffraction patterns 

and UV-visible spectroscopy, atomic force microscopy and obtained the results. Electrical 

studies were done by four probe method. 
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4.1 Ga doped ZnO nanostructure at different growth temperatures. 

 

4.1.1 Introduction 

 

ZnO is an excellent semiconductor oxide material with unique properties and numerous 

applications1-14. Even though there are many dopants, which can doped with ZnO, Ga has 

gained the attraction of researchers, as it has many advantages over other dopants15-19. 

Nanostructures of impurity doped ZnO has developed by many deposition methods20-26. We 

have used advanced spray pyrolysis deposition technique of rotational, pulsed and atomized to 

obtain well-vertically aligned nanostructure. In many deposition methods, deposition 

temperature plays a major role which decides the structural properties of impurity doped ZnO 

nano structure. 

 

4.1.2 Experimental 

Ga doped ZnO samples were fabricated as described in section 2.2. The sample nomenclature 

of prepared Ga doped ZnO samples at different growth temperature is shown in table 4.1. 

 

Table 4.1. Sample preparation temperatures 

Sample Growth temperature(ºC) 

Ga 300 ºC 300 

Ga 350 ºC 350 

Ga 400 ºC 400 

Ga 450 ºC 450 
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X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used for the characterization of prepared Ga doped ZnO samples as 

described in section 2.3. 
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4.1.3 Results and discussion 

 

Figure 4.1 shows the obtained XRD images of Ga doped ZnO samples prepared at different 

growth temperatures. The significant peak around 34.37º, shows the growth of the structure is 

favoured in (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 36-1451), which 

is along the c-axis, perpendicular to the substrate. All the other peaks are for FTO layer. The 

crystallite sizes were calculated by using Debye- Scherrer’s formula, which is shown in Eq.1, 

based on (002) peak. Crystallite sizes are 15.8, 19.1 nm, and FWHMs were 0.53, 0.44 for Ga 

400 ºC, Ga 450 ºC samples, respectively. Ga 300 ºC and Ga 300 ºC samples did not show a 

significant peak of (002), which may be due to the low crystallinity. 

 

 

 

 

 

 

 

 

 

 

Fig.4.1: X-ray diffractogram for Ga doped ZnO samples at different growth temperatures. 

Due to the much lower crystallinity in Ga 300 ºC and Ga 350 ºC samples, perpendicular growth 

of nanostructure was not observed by FE-SEM images. Ga doped ZnO nanostructure needs 
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high temperature to grow along vertical direction, even though Al doped ZnO nanostructure 

shows vertical nanostructure at lower temperatures. Figure 4.2 shows the FE-SEM image of 

Ga 400 ºC sample, and an excellent, well-separated nanostructure was found. Moreover, the 

nanostructure was homogenously spread all over the FTO substrate. The average top diameter 

and the average nanostructure density were 22.9 nm and 366 per µm2. However, unlike the 

aluminum doped ZnO, Ga doped ZnO does not show structural defects such as nano flowers, 

nano flakes or nano plates.   

 

 

 

 

 

 

 

 

 

 

Fig. 4.2: FE-SEM image of Ga 400 ºC sample. 

Figure 4.3 shows the FE-SEM image of Ga 450 ºC sample. The nanostructure is not clear in 

FE-SEM images. However, rice-shaped structure can be identified in some regions. Due to the 

high temperature, there were many structural defects all over the substrate. When ZnO based 

structure was grown over 419.5 ºC, this phenomenon is occurred as the melting point of Zn is 
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419.5 ºC. Over this temperature, ZnO structure is melting due to the high substrate temperature 

and deposit randomly, while cooling. In this temperature average top diameter is 48.6 nm and 

average nanostructure density were 51 per µm2. When increasing the growth temperature of 

each Ga doped ZnO sample, top diameter is increasing, while decreasing the average structure 

density. It is obvious to reduce the average nanostructure density as the diameter increased and 

structural defects were formed. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3: FE-SEM image of Ga 450 ºC sample. 
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Conclusion 

Ga doped ZnO sample prepared at 400 ºC shows vertically aligned nanostructure. Properties 

of nanostructure were highly dependent on the growth temperature. Crystallite size was 

increased with growth temperature and the highest crystallinity was obtained at 450 ºC. The 

diameter and theaverage structure density were changed from 22.9 nm and 366 per µm2, 48.6 

nm and 51 per µm2 for Ga doped ZnO nanostructure grown at 400 ºC and 450 ºC, respectively. 

At 450 ºC, plate-like structures were observed. An excellent nanostructure with low structural 

defects with well separation and high vertical alignment was observed in the Ga doped ZnO 

sample grown at 400 ºC. 
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4.2 Ga doped ZnO nanostructure with different doping concentrations. 

 

4.2.3 Introduction 

 

Impurity doped ZnO has wide range of applications due to its’ enormous properties1-10. The 

doping concentration affects the structure and characteristics of nanostructure. In general, 

doping level cannot maintain at a higher value due to the increase of lattice distortions11-18. 

Among many deposition methods for developing Ga doped ZnO thin films, advanced spray 

pyrolysis deposition technique of rotational, pulsed and atomized is play a major role to obtain 

an excellent nanostructure19-34. 

 

4.2.2 Experimental 

Ga doped ZnO samples were fabricated as described in section 2.2. The sample nomenclature 

of prepared Ga doped ZnO samples at different doing concentrations is shown in table 4.2. X-

ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used to characterize the prepared Ga doped ZnO samples as described 

in section 2.3. 

 

Table 4.2. Sample preparations with different doping concentrations. 

Sample Growth Temperature (ºC) Ga to Zn Ratio 

Ga (400 ºC) 1% 400 1:99 

Ga (400 ºC) 2% 400 2:98 

Ga (400 ºC) 3% 400 3:97 
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4.2.3 Results and discussion 

Fig. 4.4 shows the obtained XRD patterns of Ga doped ZnO samples prepared at different 

doping concentrations. Growth of the nanostructure is favoured in (002) direction of hexagonal 

wurtzite ZnO phase (JCPDS card No. 36-1451), as confirmed by significant peak around 34.37º 

in all samples. All other peaks are for FTO layer. 

 

 

 

 

 

 

 

 

 

 

Fig.4.4: X-ray diffraction patterns for the Ga doped ZnO samples at different doping concentrations. 

Figure 4.5 shows the FE-SEM image of Ga (400 ºC) 1% sample. The top diameter was around 

22.9 nm while the average structure density was 366 per µm2. However, the structure cannot 

be confirmed by FE-SEM images. Figure 5.6 shows the FE-SEM image of Ga (400 ºC) 2% 

sample. There is no significant difference of nanostructure when increasing the doping 

concentration. However, average top diameter and the average nanostructure density increases 

up to 37.0 nm and 230.4 per µm2.   
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Fig.4.5: FE-SEM image of Ga (400 ºC) 1% sample. 

 

 

 

 

 

 

 

 

 

Fig. 4.6: FE-SEM image of Ga (400 ºC) 2% sample. 
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Fig. 4.7: FE-SEM image of Ga (400 ºC) 3% sample. 

FE-SEM image of Ga (400 ºC) 3% is shown in fig. 4.7. The structure density further reduced 

to 143.1 per µm2. The average top diameter increased up to 50.6 nm. Plate-like structural 

defects were identified in some regions. 
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Fig. 4.8: UV- visible spectra of Ga doped ZnO prepared at different Ga to Zn ratio. 

Figure 4.8 shows the UV-visible spectra of Ga doped ZnO at all different Ga concentrations. 

All samples showed moderately high optical transmittance of 70% - 75% in the visible range.  

 

Conclusion 

Structural and optical properties vary with the doping concentration. The average top diameter 

and the average nanostructure density were 22.9 nm and 366 per µm2, 37.0 nm 230.4 per µm2, 

50.6 nm and 143.1 per µm2, for Ga doped ZnO samples doped with 1 at %, 2 at % and 3 at %, 

respectively.  However, at higher doping concentrations, structural defects were identified. An 

excellent nanostructure was found in Ga to Zn ratio of 2:98, with well-separation and low 

structural defects. All samples show moderately high optical transmittance of 70 %-75 % in 

the visible range. 
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4.3 Ga doped ZnO nanostructure at different spray angles. 

 

4.3.1 Introduction 

A transparent conductive oxide (TCO) material is a semiconductor material with high 

conductivity and high optical transparency in the visible range. TCO materials have wide range 

of applications such as smart devices, liquid crystal displays (LCDs), light emitting diodes 

(LEDs), touch panels, energy efficient windows, as electrodes of photovoltaic cells, as a fire-

retardant material, and gas sensors. In general, ITO, SnO2, Ga2O3, In2O3 and CdO are 

abundantly used as TCO material. Among them, ITO is the most established TCO material as 

it has excellent properties. However, this material is rare and less stable in hydrogen plasma. 

Therefore, impurity doped ZnO is vastly use as an optional TCO material.1-6)  ZnO is an n-type 

II-VI semiconductor with unique physical and chemical properties such as direct wide band 

gap (3.37 eV), large exciting binding energy at room temperature (~60 meV), high thermal 

stability, radiation hardness, non-toxicity.7-15) The conductivity of ZnO is attained by ionization 

of Zn interstitials and O vacancies. The carrier formation by ionization of Zn interstitial is the 

preponderant mechanism for intrinsic ZnO.13) In order to enhance the electrical conductivity 

and optical transparency, ZnO is doped with B, Al, Ga, In, Sn, F, Si, Ge, Y, Sc, Ti, N, P, As 

and Zr.4,5,10,13)  

Even though Al and Ga attained the dominant attention as dopants of ZnO, Ga is considered as 

the most preferable dopant due to its similarity of both covalent and ionic radii (0.62 Å and 

1.26 Å) with that of Zn (0.74 Å and 1.31 Å).3) Moreover, covalent bond length of Ga-O (1.92 

Å) is comparable with covalent bond length of Zn-O (1.97 Å) regarding that of Al-O (2.7 Å) 

and In-O (2.1 Å).17) Because of that, even ZnO is highly doped with Ga, lattice distortion is 

possessed at a minimal value.4) With respect to Al, Ga has high electronegativity, high stability 



89 
 

to moisture, less reactivity and less diffusivity.4,15) It is consider that doped Ga atoms replace 

Zn host atoms and expand free electron density.  

Various methods have been developed to produce ZnO thin films such as pulsed laser 

deposition, metal-organic chemical vapor deposition (MOCVD), spray pyrolysis, molecular 

beam epitaxy, sputtering, arc plasma evaporation, sol-gel, dip coating, chemical bath 

deposition and ion planting.18-25) Spray pyrolysis deposition technique has several advantages 

such as, simplicity, low cost, ability for large area deposition, homogeneity and convenience.26)  

In this study, we have used advanced spray pyrolysis deposition technique of rotational, pulsed 

and atomized (RPASP). This deposition technique has numerous advantages over normal SPD 

technique as we can change the parameters according to the requirement. We have investigated 

the effect of spray angle for the growth and properties of Ga doped ZnO nanostructured thin 

films prepared by RPASP deposition technique. 
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4.3.2 Experimental 

 

Ga doped ZnO samples were fabricated as described in section 2.2. The sample nomenclature 

of prepared Ga doped ZnO samples at different spraying angles is shown in table 4.3. 

 

Table 4.3. Spray angles of Ga-doped ZnO samples 

Sample 

Growth Temperature  

(ºC) 

Ga:Zn 

Ratio 

Spraying Angle 

Ga (400 ºC/2%) 15º 400 2:98 15º 

Ga (400 ºC/2%) 30º 400 2:98 30º 

Ga (400 ºC/2%) 45º 400 2:98 45º 

 

X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used for the characterization of prepared Ga doped ZnO samples as 

described in section 2.3. 
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4.3.3 Results and Discussion 

Figure 4.9 (a) shows the FE-SEM images of Ga doped ZnO sample, which was prepared at the 

spraying angle of 45º. Nanostructure was observed clearly with the average top diameter of 38.3 

nm and an average structure density of 138.5 per µm2. Since the plate-like structures formed and 

it interferes the growth of nanostructure, structure density was minimized at a higher angle. Figure 

4.9 (b) shows the FE-SEM image of Ga doped ZnO samples at 30º of spraying angle, which 

indicates the rice shaped nanostructure. 

 

 

 

 

 

 

 

Fig. 4.9. FE-SEM images of, (a) Ga (400 ºC/2%) 45º sample, (b) Ga (400 ºC/2%) 30º sample. 

The average top diameter was 36.99 nm, while length was ~230 nm and the average structure 

density was 230.4 per µm2. The spray angle should be lower, to obtain good nanostructure by 

increasing the sweep of the atomized particle along the surface and grow freely. Vertical and 

horizontal velocities of particles play the major role deciding the nanostructure (see chapter 3.3). 

High nanostructure density at this spray angle affects the growth and it ends up with rice-shaped 

and linked nanostructure. Figure 4.10 shows the FE-SEM image of Ga doped ZnO samples at 15º 

of spraying angle with hexagonal shaped nanostructure. The average top diameter was 22.8 nm 

and the average structure density was 195.8 per µm2 and the structure height is ~230 nm. 
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According to FE-SEM images, the sample prepared at 15º of spray angle, shows much favorable 

structure with respect to other samples.  

 

 

 

 

 

 

 

 

 

Fig. 4.10. FE-SEM images of Ga (400 ºC/2%) 15º sample. 

 

 

 

 

 

 

 

 

 

 

Fig.4.11. (a) 3D image, (b)Topographical image, (c) Line histogram, (d) Line profile, of Ga (400 ºC/2%) 

15º sample. 
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Figure 4.11 shows the AFM images, line histogram and line profile of the Ga doped ZnO sample 

synthesized at 15º of spraying angle. The surface roughness and mean nanostructure height were 

obtained as 63.4 nm and 229.3 nm, respectively. Figure 4.12 shows the X-ray diffraction patterns 

of Ga doped ZnO grown at different spraying angles. Significant peak around 34.37º indicates the 

crystal structure was favored on (002) direction of hexagonal wurtzite ZnO phase (JCPDS card 

No. 36-1451) in all three spraying angles. All the other peaks, which are marked with “•” originate 

from the FTO glass substrate. Crystallite sizes were calculated by equation 1, as 21.6, 21.8 and 

21.8 nm and FWHMs are 0.40, 0.39 and 0.39 for Ga (400 ºC/2%) 15º, Ga (400 ºC/2%) 30º and Ga 

(400 ºC/2%) 45º samples, respectively. There is no coherent change of crystallite size and FWHM 

values with the spray angles as the solution parameters kept same throughout the process.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. XRD patterns of Ga doped ZnO thin films of each spray angles. 
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Figure 4.13 shows the obtained UV-visible spectra of Ga doped ZnO samples. The obtained optical 

transmittance in the visible range were 82%, 81%, and 79% in Ga (400 ºC/2%) 15º, Ga (400 

ºC/2%) 30º, and Ga (400 ºC/2%) 45º samples, respectively. All the samples show a transmittance 

peak around 300 – 340 nm. The optical transmittance in the visible range of Ga (400 ºC/2%) 45º 

sample was decreased due to plate-like structure, which increased the light scattering. Figure 4.14 

shows the Tauc plots which were graphed hv vs (αhv)2. Band gap of Ga (400 ºC/2%) 15º, Ga (400 

ºC/2%) 30º and Ga (400 ºC/2%) 45º samples were 3.24 eV, 3.25 eV and 3.25 eV, respectively. 

The decease of optical transmittance at higher spraying angle might be because of the increase of 

scattering of photons due to crystal defects, as the optical band gaps are not significantly changed 

with the spraying angle. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13. UV-visible spectra of Ga doped ZnO thin films of each spray angle. 
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Fig. 4.14. Tauc plots of Ga doped ZnO thin films of each spray angle. 

 

Table 4.4. Calculated crystal size, FWHM and Eg values for Ga doped ZnO thin films. 

 

 

Crystallite  

Size (nm) 

FWHM Optical band gap (eV) 

Ga (400 ºC/2%) 15º 21.61 0.4018 3.24 

Ga (400 ºC/2%) 30º 21.84 0.3976 3.25 

Ga (400 ºC/2%) 45º 21.80 0.3983 3.25 

 

The electrical conductivity of the Ga-doped ZnO samples were measured by using the four-probe 

method (as described in section 3.3.1). The resistivity values were 3.9 × 10-4, 4.4 × 10-4, and 4.2 × 

10-4 Ω.cm for Ga (400 ºC/2%) 15º, Ga (400 ºC/2%) 30º, Ga (400 ºC/2%) 45º, samples respectively. 
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The lowest resistivity was observed by Ga (400 ºC/2%) 15º sample, while the highest resistivity 

was in Ga (400 ºC/2%) 30º sample. The utmost conductivity of Ga (400 ºC/2%) 15º sample was 

due to its’ better orientation which confirmed by higher (002) peak broadening. On the other hand, 

Ga (400 ºC/2%) 45º sample showed lower conductivity as its’ poor orientation which confirmed 

by lower (002) peak broadening.  

 

Conclusion 

We investigate the Ga doped ZnO thin films with 2 at % Ga doping grown at 400 ºC by using 

advanced spray pyrolysis deposition technique at different spraying angles. The average top 

diameter and the average structure density were 22.8 nm and 195.8 per µm2, 37.0 nm and 230.4 

per µm2, 38.3 nm and 138.5 per µm2, respectively for 15º, 30º and 45º spraying angles. The sample 

prepared at lowest spraying angle show, moderately high nanostructure density, low average top 

diameter and homogeneous structure with lower structural deformations with 63.4 nm of surface 

roughness. XRD patterns confirmed the growth of nanostructure was along the c-axis, 

perpendicular to the FTO substrate. The Highest optical transmittance of 81% at visible range was 

obtained at lower spraying angles. Higher spraying angles decreased the optical transmittance due 

to their structural defects, which increased the light scattering.  

The band gap of samples was not significantly changed with the spray angle. The foremost 

electrical conductivity of 2.5 × 103 Ω-1 .cm-1 as well as optimum optical transparency of 82 % at 

the visible range were observed at Ga doped ZnO sample, synthesized at 15° of spraying angle. 
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4.4  Ga doped ZnO nanostructure with using different volumes. 

 

4.4.1 Introduction 

Zinc oxide is gained the interest of researchers for many decades due to its’ unique properties1-

10. Doping of gallium into ZnO, helps to increase its’ electrical conductivity and optical 

transparency in visible range11-16. In general, many researchers found several structures such 

as nanoflower, nanoplate, nanonails etc., when ZnO is doping with gallium., which could be 

used in many applications 16-28.  However, some researches have obtained nanocone structured 

impurity doped ZnO, due to their high light harvesting properties29-30. In this section we have 

increased the spraying volume of Ga doped ZnO, which was synthesized by using spray 

pyrolysis, to confirm the growth of terrace-truncated nanocone structure. 

 

4.4.2 Experimental 

Ga doped ZnO samples were fabricated as described in section 2.2. The sample nomenclature 

of prepared Ga doped ZnO samples with different volumes is shown in table 4.5. 

Table 4.5. Spray volumes of Ga-doped ZnO samples 

Sample 

Growth 

Temperature  

(ºC) 

Ga:Zn Ratio Spraying Angle 

Spraying 

Volume 

(ml) 

Ga (400 ºC/ 2%/15º) 100 400 2:98 15º 100  

Ga (400 ºC/ 2%/15º) 200  400 2:98 30º 200 

Ga (400 ºC/ 2%/15º) 400 400 2:98 45º 400 

X-ray diffraction patterns, field emission scanning electron microscope images and optical 

transmittance data were used to characterize the Ga doped ZnO samples as described in section 

2.3.  
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4.4.1 Results and discussion 

Figure 4.15 shows the obtained XRD images of Ga doped ZnO samples prepared with different 

spray volumes. Significant peak around 34.37º in all samples, shows the growth of 

nanostructure favoured in (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 

36-1451), which is along the c-axis, perpendicular to the substrate. All other peaks are for FTO 

layer. Figure 4.16 shows the FE-SEM image of Ga (400 ºC/ 2%/15º) 100 sample, which has 

hexagonal wurtzite nanostructure. The average top diameter is 22.8 nm and the average 

structure density was 195.8 per µm2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15: X-ray diffraction pattern for Ga doped ZnO samples with different volumes. 
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Fig. 4.16: FE-SEM image of Ga (400 ºC/ 2%/15º) 100 sample. 

Figure 4.17 shows the FE-SEM image of Ga (400 ºC/ 2%/15º) 200 sample. An excellent 

nanostructure with average top diameter of 38.6 nm and an average structure density of 67.9 

per µm2 is observed. Obtained structures are well separated. Figure 4.18 shows the FE-SEM 

image of Ga (400 ºC/ 2%/15º) 400 sample. The average structure density was further reduced 

to 33.0 per µm2. Well-aligned and well-separated nanostructure could be observed. The average 

top diameter was increased up to 58.5 nm. 
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Fig. 4.17: FE-SEM image of Ga (400 ºC/ 2%/15º) 200 sample. 

 

 

 

 

 

 

 

 

 

Fig. 4.18: FE-SEM image of Ga (400 ºC/ 2%/15º) 400 sample. 
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Fig. 4.19 shows the magnified FE-SEM image of Ga (400 ºC/ 2%/15º) 200 sample, which can 

see the terrace-truncated nanocone structure. As described in chapter 3.4, the high growth rate 

along the (002) direction leads to high decay rate in the same direction. As a result, Ga doped 

ZnO nanostructure end up with terrace-truncated nanocone as shown in fig 4.20. The thickness 

of the structure was 300 nm. 

 

 

 

 

 

 

 

 

 

Fig. 4.19: Magnified FE-SEM image of Ga (400 ºC/ 2%/15º) 200 sample. 

Fig. 4.20 show the magnified FE-SEM images of Ga (400 ºC/ 2%/15º) 400 sample. The terrace-

truncated nanocone structure (see chapter 3.4) was identified with the thickness of 700 nm.  
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Fig. 4.20: Magnified FE-SEM image of Ga (400 ºC/ 2%/15º) 400 sample. 

 

 

 

 

 

 

 

 

Fig. 4.21: (a) AFM image, (b) Line profile, (c) Line histogram, Ga (400 ºC/ 2%/15º) 200 sample. 
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The AFM images of Ga (400 ºC/ 2%/15º) 200 sample are shown in fig. 4.21. Surface roughness 

were 10.4, 8.8 nm for Ga (400 ºC/ 2%/15º) 100, Ga (400 ºC/ 2%/15º) 200, respectively. Figure 

4.22 shows the optical transmittance of Ga doped ZnO with different volumes. The optical 

transmittance of the visible range was 80.5 %, 83.1 % and 82.0 % for Ga (400 ºC/ 2%/15º) 100, 

Ga (400 ºC/ 2%/15º) 200 and Ga (400 ºC/ 2%/15º) 400 samples, respectively. The light 

transparency is in the range of a typical transparent conductive oxide material. Optical 

transmittance can be increased by increasing the vertical alignment of nanostructure as there 

are few inclined terrace-truncated nanocone structure. The optical transmittance was not high 

as we expected, due to the two layered structure (FTO layer and the layer of Ga doped ZnO 

nanocone structure-see fig. 3.26(a)), as the photons are tended to scatter while propagating 

through each layer boundaries 

 

 

 

 

 

 

 

 

 

 

Fig. 4.22: Transmittance of the Ga-doped ZnO samples with different volumes. 
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Conclusion 

Terrace-truncated nanocone structure Ga doped ZnO samples were successfully prepared at 

different volumes. The average diameter was 29.9, 38.6 and 58.5 nm for al doped ZnO sample 

with 100 ml, 200 ml and 400 ml, respectively. The average structure density values were 

decreased due to the reduction of average top diameter from 86.2, 67.9 and 33.0 per µm2 for 

Ga doped ZnO samples with 100 ml, 200 ml and 400 ml samples, respectively. Terrace-

truncated nanocone structure was formed as confirmed by FE-SEM images. Surface roughness 

were 10.37 nm, 8.76 nm for Ga doped ZnO samples with 100 ml and 200 ml respectively. The 

optical transmittance in the visible range were 80.5 %, 83.1 %, and 82.0 % for Ga doped sample 

with 100 ml, 200 ml and 400 ml, respectively. The optimum transparent conductive oxide 

properties were shown by Ga doped ZnO sample with volume of 200 ml. 
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Chapter 5 

Conclusion 

I have investigated Al doped ZnO and Ga doped ZnO Terrace-truncated nanocone structure by 

advanced spray pyrolysis deposition technique with rotational, pulsed and atomized functions.  

The optimum growth temperature for Al doped ZnO was investigated in the range of 300 to 

450 ºC. The major structural differences were found when changing the growth temperature. 

The optimum growth temperature was decided to be 400 ºC for Al doped ZnO nanocone 

structure with 40 nm and 290.10 per μm2 of average top diameter and average structure density, 

respectively. All samples at different growth temperatures showed ~80 % of optical 

transparency in the visible range. Al doping level was varied under four levels, from 1 at % to 

4 at %, and excellent nanostructure with optimum transparency in the visible range and higher 

electrical properties were obtained at 2 at % of Al doping. The optical transparency was 

observed ~80% in the visible range. The spray angle is the crucial factor of deciding the 

properties of nanostructure in spray pyrolysis deposition technique. This value was investigated 

in three different values ~15º, ~30º and ~45º. An excellent nanostructure with good separation, 

lowest number of structural defects (agglomerated/plate like structures etc.) was observed at 

lower spraying angle of 15º. Moreover, the lowest resistivity of 1.05 × 10-4 Ω.cm and the 

highest optical transparency of 80.3 % in the visible range were observed in Al doped ZnO 

sample prepared at ~15º of spraying angle. The spraying volume was changed from 100, 200 

and 400 ml to confirm the nanostructure. Terrace-truncated nanocone structure was confirmed 

at this stage of the research. High growth rate along the (002) direction which leads to the high 

decay rate in same direction and the structure is end up with nanocone structure. The rough 

edges of the crystal, leads to a terrace nanostructure. And finally ends up with terrace-truncated 

nanocone structure. The average top diameter and the height was increased when increasing 

the spraying volume.  
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In the case of Ga doped ZnO, I have succeeded to grow terrace-truncated nanocone structure 

by using advanced spray pyrolysis deposition technique. The deposition temperature was 

changed from 300 to 450 ºC. An excellent nanostructure of Ga doped ZnO was found at 400 

ºC of growth temperature with 22.9 nm of diameter and 366 per μm2 of an average structure 

density. Ga doping level was varied from 1 to 3 at %. The superior TCO properties was found 

when sample was doped with 2 at % of Ga doping, the average top diameter and the average 

structure density were 37 nm and 230.4 per μm2, respectively. All the Ga doped ZnO samples 

with varied Ga to Zn ratio showed high optical transmittance in the visible range. The spray 

angle dependence for the growth of nanostructure and for optimum TCO properties were 

investigated in three different angles, which are 15º, 30º, and 45º. The ideal transparent 

conductive oxide properties with 82 % of optical transmittance in the visible range and 3.9 × 

10-4 Ω.cm of lower resistivity was achieved at 15º of spraying angle. The average top diameter, 

the average structure density, and the film thickness were 22.8 nm, 195 per μm2 and ~200 nm, 

respectively. Terrace-truncated nanocone structure was confirmed when increasing the 

spraying volume from 100, 200, and 400 ml. Film thickness was ~200, ~300 and ~700 nm for 

100, 200, and 400 ml volumes, respectively. No relationship was found in between the dopant 

and the terrace-truncated nanocone structure. However, the effect of the dopant material for the 

growth of terrace-truncated nanocone structure needs further studies.  

In this research I have succeeded to grow terrace-truncated nanocone structure of Al doped 

ZnO and Ga doped ZnO, separately. Moreover, I have proposed the growth mechanism of 

terrace-truncated nanocone structure as there was no proper study was done. Optimum TCO 

properties were obtained in the terrace-truncated nanocone structure prepared at 400 °C of 

temperature, 2:98 of impurity (Al or Ga) to Zn ratio and 15° of spraying angle.  
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