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Chapter 1 

1.1 Introduction  

In recent years, researches for improving the performance and efficiency of optoelectronic 

devices such as thin film transistors (TFTs), organic light-emitting diodes (OLEDs), solar 

cells and sensors, have been intensively studied and they are rapidly developed [1-4]. 

Transparent conductive oxide (TCO) materials have been receiving much scientific attention 

because of their important role in many devices. TCO materials are used as a transparent 

electrode in OLED, channel layer in TFT, photoelectrode in solar cell and so on. In the case 

of transparent electrode, it is a fundamental part and is one of the determinants of efficiency 

in various devices. 

Among the various transparent electrode materials, indium tin oxide (ITO) is the most 

widely used material due to their unique conductivity and transparency. However, indium is  

  

  

Figure 1-1 SEM images of (a) ZnO nanorod, (b) ZnO nanotube,  

(c) ZnO nanoflower and (d) ZnO tetrapods. 
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scarce resource and it lead to increase of raw material cost. Also, other demerits of ITO are 

unstable in hydrogen plasma, high resistivity in flexible device and absorption of ultraviolet 

rays.  

For these reason, zinc oxide (ZnO), has gained much interest as an alternative material 

to ITO. It is one of the semiconductor materials having large exciton binding energy (~ 60 

meV) with wide gap energy, and these basic properties can lead to blue and ultra-violet 

optical devices [5]. Additionally, ZnO can be fabricated with various structures such as rods, 

tubes, flowers and tetrapods, as shown in Figure 1-1, it means that ZnO film can be applied 

to various application fields [6-8]. 

1.2 Zinc Oxide (ZnO)  

1.2.1 Properties of ZnO 

Zinc oxide (ZnO) is an inorganic compound and is widely used for various applications. It is a 

wide band gap semiconductor of group Ⅱ-Ⅵ, and general properties are listed in Table 1. 

Table 1 General properties of ZnO. 
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• Crystal Structure 

ZnO is divided to three phase such as cubic rocksalt (B1), zinc blende (B3), and 

hexagonal wurtzite (B4) structure, as shown in Figure 1-2 [9]. Under ambient conditions, 

ZnO generally crystalize to hexagonal structure, because other structures requires certain 

conditions such as cubic substrates (Figure 2-a) and high pressure (Figure 2-b) for formation.  

   

a. Rocksalt (B1) b. Zinc blende (B3) c. hexagonal wurtzite (B4) 

Figure 1-2 ZnO crystal structures; O atoms are shown as large grey spheres, Zn atoms 

as smaller black spheres. [9] 

In case of wurtzite hexagonal structure (Figure 1-3), it forms hexagonal unit with two 

lattice parameters a (0.32495 nm) and c (0.52069 nm) belong to the space group C4
6v in the 

Schoenflies notation and p63mc in the Hermann-Mauguin notation. The ratio of c/a is 1.633 

in an ideal wurtzite structure [9-10]. 

 

Figure 1-3 Illustration of wurtzite ZnO structure. [9] 
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The four most common face terminations of wurtzite ZnO are the polar Zn terminated 

(0001) and O terminated (000-1) faces (c-axis oriented), and the non-polar (11-20) (a-axis) 

and (10-10) faces which both contain an equal number of Zn and O atoms [5, 9]. The polar 

faces are known to posses different chemical and physical properties, and the O-terminated 

face possess a slightly different electronic structure to the other three faces [5,11]. 

Additionally, the polar surfaces and the (1010) surface are found to be stable. However the 

(11-20) face is less stable and generally has a higher level of surface roughness than its 

counterparts [5, 11]. 

• Conductivity 

The conductivity of ZnO is difficult to define because it is variable under preparation 

conditions. Generally, ZnO has n-type properties with carrier concentration of ~ 1016 cm-3. 

However, carrier concentration can be more improved by metal ion doping. The n-type 

doping is easily achieved by substituting Zn with group-III elements such as Al, Ga and In, as 

a result, carrier concentration is increased to ~1020 cm-3 [12-15]. In case of electron mobility, 

it is strongly affected by temperature. Mobility is 200 cm2 V-1S-1 at 300 K (n-type conductivity), 

though it is increased to ~ 2000 cm2 V-1S-1 at 80 K [16-18]. 

1.2.2 Various Applications 

ZnO has various properties such as conductivity, optical properties, piezoelectric properties 

and so on. And their various structures are also one of the special features. Because of 

these properties, it can be apply to various filed such as electronic device including display, 

sensor, spin resonant tunneling diode (spin RTD), and generator [19-26].  

• Transparent Electrode 

Transparent electrode is widely used in optoelectronic devices. As a transparent electrode, 

indium tin oxide (ITO) is the most representative oxide material due to their unique electrical 
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and optical properties. However, since Indium is a scarce resource, price rise and limited 

resource is becoming serious problem. Because of these reasons, ZnO is receiving attention 

as an alternative material to ITO. Conductivity of ZnO is lower than ITO. However, it can be 

improved by metal ion doping such as Al and Ga [14-15]. Metal ion doped ZnO films can 

used as a transparent electrode in various electronic fields. 

• Photoelectrode 

ZnO films deposited by solution process have various structures such as rod array, 

flower-like, Sphere-like, needle-like, and whisker structure [27-31]. These films are can be 

used as a photoelectrode in dye-sensitized solar cells (DSSC) [32]. In DSSC application, 

large specific surface is important to absorb the dye. Nano-structured ZnO film has large 

specific surface area and it can be improved the efficiency of DSSC.  

1.3 Deposition Method of ZnO Film  

As shown in Figure 1-4, there are two general types of deposition method for fabricating ZnO 

film. 

 

Figure 1-4 Various deposition methods for preparing ZnO film. 
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1.3.1 Vapor Phase Method 

There are several kinds of vapor phase method such as sputtering, ion plating, pulsed 

laser deposition (PLD), chemical vapor deposition (CVD), and so on [33-38].  

Among them, the most widely used method is sputtering because it can fabricate the high 

quality ZnO film with high crystallinity and dense structure. Types of sputtering are divided by 

their power source and structure such as DC magnetron sputtering, radio frequency (RF) 

sputtering, and facing targets sputtering (FTS) system [39-41]. During the deposition process, 

sputtering use the various process parameter such as working pressure, substrate 

temperature, input power, reactive gas, substrate, and the kind of target [42-46]. Because of 

these parameters, sputtering can fabricate ZnO film having diverse characteristic, in contrast, 

it also means sputtered film is very sensitive to sputtering conditions. Notwithstanding that, 

sputtering is still representative one for deposition because ZnO film deposited by sputtering 

has high conductivity and transmittance.  

 

Figure 1-5 Schematic illustration of RF-sputtering. [27] 

   

Figure 1-6 Facing targets sputtering (FTS) system. [27] 
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In case of PLD method, it uses the high-power pulsed laser beam for ZnO film deposition. 

Process parameter of PLD method is relatively more simple than sputtering. It uses few 

parameters such as laser energy density and pulse repetition rate, and they are controlled 

during deposition process. Also, fine control of thickness can be achieved by pulse. 

Additionally, the target with stoichiometric composition can be used due to extremely high 

heating rate of target surface by pulsed laser irradiation. 

CVD including low-pressure CVD (LPCVD) and plasma-enhanced CVD (PECVD) is 

material synthesis method, and it can deposit the ZnO film through chemical reaction and 

surface absorption [48-49]. Various types of chemical reactions are utilized in CVD for the 

formations of solids are pyrolysis, reduction, oxidation, and hydrolysis. ZnO film deposited by 

CVD forms various structure such as monocrystalline, polycrystalline, and amorphous. Also, 

CVD can deposit the films with uniform thickness distribution over large area. 

1.3.2 Liquid Phase Method 

High quality ZnO films with unique properties can be obtained by vapor phase method. 

However, these processes have some demerits such as high cost of the equipment and 

heavy energy consumption due to vacuum system. For these reasons, liquid phase methods 

including sol-gel method, electrodeposition, hydrothermal synthesis, and chemical bath 

deposition (CBD) method have been receiving attention for ZnO film deposition [50-57]. 

Among the liquid phase methods, sol-gel method is one of the most widely used ones 

due to their simplicity. ZnO films deposited by sol-gel method have variety of shapes, such 

as porous structures, thin fibers, dense powders and thin films [58-61]. First, precursor is 

prepared by alkoxides or solution containing metal ions, after that, it is coated several times 

by immersion or spin-coating for obtaining required thickness. Here, annealing process is 

necessary for crystallization and removing organic substance in the film. Generally, the 

range of annealing temperature is 200-800oC [62-63]. 
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Electrodeposition (Electrochemical deposition or electro crystallization) is useful method 

for fabricating film on conductive substrate. Electrodeposition is consisting of electrolyte, 

anode, cathode and source of electricity. During deposition process, metal ions are 

deposited on substrate by passing direct current. Deposition of ZnO films is controlled by the 

electrical parameters such as, electrode potential and current density. It has various 

advantages such as possibility for deposition structurally and compositionally modulated 

alloys and compounds, room temperature process, non-toxic, and simple operation [64]. 

In the hydrothermal process, it is also one of the methods for preparing metal oxide films. 

For fabricating films, hydrothermal method requires the heat and pressure. It has several 

merits such as various forms, low cost for instrumentation, and low energy consumption. On 

the other hand, hydrothermal method takes a long manufacturing lead time to fabricate the 

film.  

Chemical bath deposition (CBD) is also well known solution process due to their simplicity, 

and low temperature [56]. This method was used for deposition of semiconductor thin film 

such as ZnS, ZnSe, and ZnO [65-71]. 

These various solution-based deposition methods have several advantages. In contrast, 

they have also some demerits such as high temperature process. Additionally, their 

conductivity and crystallinity are still lower than those of films deposited by vapor phase 

method. Therefore, researches for developing novel solution process is highly required and 

in this study, I investigated novel processed which enable to fabricate ZnO film having 

excellent transparency and conductivity. 
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1.4 Spin-Spray Method 

Spin-Spray method is one for the aqueous solution process and it has been used for 

fabricating ferrite film such as magnetite (Fe3O4), and hematite (Fe2O3) films [72-74]. And 

their construction is very simple, as shown in Figure 1-7, 

 

Figure 1-7 Schematic illustration of Spin-spray method. 

Elementary chemical reaction of spin-spray method during the deposition process is 

similar to chemical bath deposition (CBD) because CBD uses the materials in liquid phase 

for deposition of film. However, Spin-spray method is environmentally friendly and 

advantageous compared with other solution processes owing to its relatively low initial 

investment for the apparatus, relatively high deposition rate (>100 nm/min), and low 

substrate temperature (< 100 oC). Additionally, general solution-based deposition process 

requires the seed layer (or a Si substrate) to improve the adhesion between the deposited 

film and the substrate [75-76]. Furthermore, high temperature substrate and annealing 

process is necessary for crystallization of film. In contrast, spin-spray method enables to 

deposit highly crystallized film having high adhesion without using seed layer and high 

substrate temperature and/or additional annealing process. 
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Fabrication process of spin-spray method is very simple. Source solution containing metal 

ions and reaction solution containing pH adjuster and /or surface modifier are sprayed 

simultaneously on rotating heated substrates. The spin-spray method involves a continuous 

supply of fresh solutions by spraying and an elimination of unnecessary by-products by 

centrifugal force, as shown in Figure 1-8. 

  

Figure 1-8 Schematic illustrations for chemical reaction on rotating substrate. 

Fundamentally, the chemical reaction mechanism is based on the adsorption of metal 

ions from an aqueous solution and they are crystallized on substrate surface [77]. Hydroxyl 

groups in reaction solution acts as an adsorption sites and oxidizing reagents is introduced 

into the source solution. And then, metal ions and/or metal hydroxide species are crystallized 

and formed metal oxide film under suitable pH conditions and substrate temperature. During 

the fabrication process of ZnO film, fresh source and reaction solution is continually supplied, 

it means excessive hydroxyl group exist on initial oxide layer. And adsorption, hydrolysis, 

and crystallization are repeated and it is reason for increase oh thickness [77]. 

1.5 Basic Experimental Procedure 

All ZnO films used in this study were deposited by spin-spray method. Before deposition, 

all substrates were ultrasonically cleaned in deionized water and ethanol each to remove 

impurities on the surface, and all substrates were exposed to discharge plasma for 10 min  
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(in case of PES substrate exposed to discharge plasma for 3 min) to increase hydrophilicity 

on their surface, and their basal conditions are summarized as below, 

Table 2 Basal conditions used to prepare the samples. 

Substrate Soda lime glass  

(40 x 30 x 0.17 mm3) 

Polyether-sulfone  

(PES; 40 x 30 x 0.3 mm3) 

Substrate rotation 120 rpm 

Substrate Temp. 85 ~ 95oC 

Velocity of sprayed-solution 3.0 L/h 

Gas for spray and solution Nitrogen 

Used solution Millipore deionized water 

ZnO films were deposited by spin-spray method with following process,  

 

Figure 1-9 Experimental flow chart of ZnO film. 
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For preparing source solution, Zn(NO3)2∙6H2O (zinc nitrate hexahydrate, Wako Pure 

Chemical Industries, 99.0%) was used as a source materials. In case of reaction solution, 

two kinds of pH adjuster such as aqueous NH3 solution (ammonia solution, Wako Pure 

Chemical Industries, 28.0%) or NaOH (sodium hydroxide, Wako Pure Chemical Industries, 

Ltd., Japan, 99.0%) were used. As a surface modifier, C6H5Na3O7 (trisodium citrate, Wako 

Pure Chemical Industries, 97.0%) was added in reaction solution. 

1.6 Characterization 

Solution pH with pH adjuster was measured by SevenMulti pH meter (METTLER 

TOLEDO, Switzerland). The surface morphology of ZnO films was observed by scanning 

electron microscopy (SEM; Hitachi S4000), and the film thickness was estimated using 

cross-sectional SEM images. Crystallographic properties were analyzed by Raman 

spectroscopy (Ramanor T64000) and X-ray diffraction (XRD; Rigaku Rint2000) with CuKα 

radiation (λ=1.5418Å). Existence of organic substance in the as-deposited ZnO films were 

confirmed by Fourier transformed infrared (FT-IR) measurements (JEOL JIR-7000). The 

electrical and optical properties were measured using a Hall Effect measurement system 

(ECOPIA HMS-3000) and a Lambda 35 spectrometer (Perkin Elmer Japan), respectively. 
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1.7 Objective of This Study 

In this thesis, there are a several objectives listed as below, 

• To fabricate ZnO films with various forms by change of chemical conditions including pH 

adjuster and/or surface modifier 

• To obtain the high conductivity of ZnO film via UV irradiation and hydrogen treatment for 

using transparent electrode 

• To fabricate ZnO films on plastic substrate by using solution process for applying to flexible 

devices 

• To propose future study 

This thesis is composed of 8 Chapters. 

 

Figure 1-10 Flow chart of thesis 
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Chapter 2 

Solution-Processed ZnO Films  
with Various Structures 

In this chapter, ZnO films having various forms such as rod array, flower like, and 

dense structure were obtained by change of chemical conditions such as pH adjuster 

or surface modifier in spin-spray method, and their crystallographic properties and 

formation mechanism were investigated. 

 

 

 

2.1 Introduction  

Zinc Oxide is functional material owing to their diverse characteristic such as conductivity, 

piezoelectric, and optical properties [1-3]. Above all, one of the attractive properties of ZnO is 

their variety of forms. ZnO film deposited by solution process is strongly affected by chemical 

conditions such as chemical substance, pH conditions and temperature, it lead to enable to 

fabricate the ZnO film having various forms [4-10]. 

Low-dimensional structure ZnO film has been receiving much attention because their 

shape and dimensionality strongly affects to the performance of various devices. Especially, 

low-dimensional structure ZnO films are expected to apply to sensor and dye-sensitized 

solar cell (DSSC). In case of DSSC, vertically aligned low-dimensional structure ZnO film is 

expected to use as a photo-electrode because porous structure with wide specific area is 

advantageous for the absorption of dye molecule and photon. Therefore, surface 

morphology is important factor for improving efficiency. 

There are various kinds of low-dimensional ZnO structure such as wires, needles, bridges, 

tubes, disks and belts [11-16]. These ZnO structures have been intensively studied with 
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several solution-based processes such as spray pyrolysis, hydrothermal method and sol-gel 

method. These methods are much simpler than dry process however they require seed layer 

for good adhesion, high substrate temperature and/or post annealing process for 

crystallization. On the other hand, spin-spray method used in this study is also one of the 

solution processes and it enables to obtain ZnO film having low-dimensional structure by 

change of chemical substance without seed layer. In our previous study, rod array and 

continuously structured ZnO films deposited by spin-spray method were reported [17-18]. 

ZnO film deposited by using NH3 solution as a pH adjuster has rod array structure with 

preferred orientation along the c-axis. And changed surface morphology by absorbing citrate 

ions to film was also confirmed. Rod structured ZnO film was changed to that haddense 

structure. 

Additionally, solution pH is also one of the factors for changing films structure because 

growth mechanism is influenced by solution pH. The pH at the region of film growth is one of 

the most important conditions because it is the determinative factor that influences the 

formation mechanism and resultant structure of the ZnO film [19]. The degree of 

supersaturation, which is related to the driving force of nucleation and crystal growth, can be 

also controlled by the pH at the film growth region. 

In this chapter, rod array, dense, and flower-like ZnO films were simply obtained by 

changing of solution conditions such as pH adjuster and surface modifier. And then, changed 

surface morphology and crystallographic properties were investigated. 
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2.2 Experimental Procedure  

2.2.1 Deposition Process of ZnO Films Having Various Structures 

The soda-lime glass substrate was ultrasonically cleaned in de-ionized water and ethanol 

for 10 min each to remove impurities on the surface, followed by glow discharge plasma 

treatment in air for 10 min to enhance the hydrophilicity of the substrate. 

 For the deposition, two kinds of solutions were used. The source solution was prepared 

by dissolving 10 mM of Zn(NO3)2∙6H2O (zinc nitrate hexahydrate, Wako Pure Chemical 

Industries, Ltd., Japan, 99.0%)  in 1.0 L of de-ionized water. Reaction solution was 

prepared by using NaOH (sodium hydroxide, Wako Pure Chemical Industries, Ltd., Japan, 

99.0%) or NH3 solution (Ammonia solution, Wako Pure Chemical Industries, Ltd., Japan, 

28.0%) in 1.0 L of de-ionized water, as a pH adjuster. And C6H5Na3O7 (trisodium citrate, 

Wako Pure Chemical Industries, Ltd., Japan, 97.0 %) was added in reaction solution as a 

surface modifier. ZnO films were deposited by spraying these solutions onto glass substrates 

fixed on a heated rotating disk (temperature = 95oC).  

2.2.2 Characterization 

Variations of solution pH with pH adjuster were measured by SevenMulti pH meter 

(METTLER TOLEDO, Switzerland). The crystallographic properties were evaluated by using 

X-ray diffraction (XRD, Rint2000, Rigaku Corp., Japan) in the scanning angle (2θ) from 20 to 

80°. The surface morphology of as-deposited ZnO films was confirmed by scanning electron 

microscopy (SEM, S4000, Hitachi, Ltd., Japan). Optical properties were evaluated by 

Lambda 35 spectrometer (Perkin Elmer Japan Co., Ltd.). 
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2.3 Results and Discussion  

2.3.1 Rod Array and Continuous Structure ZnO Films 

ZnO films were deposited using ammonia solution as a pH adjuster and trisodium citrate 

as a surface modifier. As a result, I observed two different types of film structure in the SEM 

images, as shown in Figure 2-1. The films deposited without adding citrate ions in the  

 

Figure 2-1 XRD and SEM images of ZnO film. 

 
Figure 2-2 Transmittance of as-deposited ZnO films. (Inset is as-prepared samples) 
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solution had a rod array structure oriented perpendicular to the substrate surface. On the 

other hand, the ZnO films deposited using citrate in the solution had a smooth surface and a 

continuous structure. As shown in XRD patterns, the rod-structured ZnO film indicates the 

preferred orientation along the c-axis. However, citrate ions were absorbed on the (001) 

plane to suppress the growth along the c-axis, forming a ZnO film with a continuous 

structure [18].These structural changes also affect to their optical properties, as shown in 

Figure 2-2.  

As-deposited ZnO films indicated clearly different result. ZnO film having rod array 

structure indicated low transmittance, in contrast, the as-deposited ZnO film having dense 

structure showed transmittance higher than 80% in visible region. It is thought that the light 

scattering of ZnO film surface was suppressed by dense and continuous film surface. 

2.3.2 Change of structure by solution pH 

The pH of the reaction solution was controlled by changing the amount of ammonia 

solution. Figure 2-3 indicates the variation of pH in reaction solutions containing various 

concentrations of ammonia solution. The pH in the source solution was approximately 7.0  

 

Figure 2-3 Variation of solution pH by adding an ammonia solution. 
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and that in the reaction solution was increased from 8.6 to 12.3 with an increase of the 

ammonia concentration at room temperature. The pH of the mixed solution increased from 

6.7 to 11.3 with the increase of the reaction solution pH. The actual pH on the film growth 

surface was difficult to measure; therefore the pH of the mixed solution at room temperature 

was used as the major parameter to discuss the change in the structural, optical, and 

electrical properties of the resultant films.  

Fundamentally, ZnO formation in the solution is supposed to progress according to the 

following reactions [17, 19] 

NH3 + H2O → NH4+ + OH- 

Zn2+ + NH4
+ → Zn (NH3)4

2 

Zn (NH3)4
2+ + 2OH- → ZnO + 4NH3 + H2O 

Here, ammonia ions play an important role for ZnO crystal formation. Ammonia molecules 

coordinate with zinc ions to form zinc amine complexes such as Zn(NH3)n
2+. These zinc 

amine complexes react with OH- and form ZnO crystals. Thus ZnO cannot be crystallized 

without the presence of ammonia during the film growth process. 

  

  

Figure 2-4 SEM images of as-deposited ZnO films at different pH 
conditions (mixed solution) ; a. pH9.4, b. pH10.0, c. pH10.7, d. pH11.3. 
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Figure 2-4 shows SEM images of ZnO films deposited under various pH conditions prior 

to UV treatment. No film was formed at a mixed solution pH of 6.7 (without ammonia 

solution). This result supports that ammonia ions are necessary to form the ZnO film (Eqs. 1-

3). The ZnO morphology was gradually changed with an increase of the mixed solution pH, 

and a two-dimensional continuous ZnO film with a smooth surface was obtained at a mixed  

solution pH of 10.7. In case of a mixed solution pH of 11.3, the as-deposited ZnO film 

surface was discontinuous and rough surface with 300~400 nm hexagonal shaped grain. 

ZnO film deposited by the spin-spray method generally has a rod array structure that can be 

tuned to form a transparent continuous film by the addition of citrate ions to the solution [17]. 

However, despite the addition of citrate ions, the ZnO film deposited at a mixed solution pH 

of 11.3 had a rough surface. 

To confirm the change in the surface morphology, the crystallographic properties of the 

as-deposited ZnO films were analyzed using XRD. Figure 2-5 shows that no reflection peaks 

were detected for the films deposited at a mixed solution pH of 6.7. In contrast, at mixed 

solution pH higher than 9.4, all detected reflection peaks were verified as a wurtzite ZnO, 

 

Figure 2-5 XRD patterns of as-deposited ZnO films. 
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and no impurity peaks were observed. The peak intensity differed for films deposited at 

different mixed solution pH. The intensities of the dominant peaks, such as (100) and (101), 

increased with the pH up to 10.7. However a different reflection peak of (002) was observed 

at higher pH and it was dominant for the film deposited at a pH of 11.3. The film morphology 

was also different, as evident from the SEM image in Figure 2-3-d.  

Here, the texture coefficient (TC) was calculated by a following formula to confirm the details 

[20-23]. 

 

where I(hkl) is the XRD peak intensity obtained from the ZnO films and Ir(hkl) is the standard 

intensity for the diffraction plane. A TC(hkl) of 1 indicates the growth of randomly oriented 

crystallites and the highest calculated TC(hkl) indicates preferential orientation in the (hkl) 

direction. 

Figure 2-6 show that the preferred orientation was varied with the pH. The calculated TC 

for the (002) peak was very low from pH 10.0 to 10.7, while it increased sharply at pH 11.3.  

 

Figure 2-6 Calculated texture coefficients. 
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In contrast, the calculated TC (100) was gradually decreased with an increase of pH. These 

changes in crystallite orientation may affect the surface morphology to yield surface from 

continuous and smooth to discontinuous and rough. The reason for the morphological 

change is considered to be the insufficient of citrate ions onto the ZnO (00n) planes during 

the deposition process at high mixed solution pH.  

Figure 2-7 shows the optical properties of the ZnO film deposited at pH 10.0 and 10.7. 

The ZnO Films had high transmittance above 90% in the visible range (wavelength = 400-

700 nm). The transmittance was decreased to 80% for the ZnO film deposited at pH11.3. 

These results are also related to the change in the surface morphology with variation in the 

solution pH. The decrease in transmittance is caused by light scattering due to the surface 

roughness [24-26]. The optical band gap values calculated by Tauc/Davis Mott model were 

3.44 and 3.47 eV for ZnO films deposited at mixed solution pH of 10.0 and 10.7, respectively 

[27-28]. However, the optical band gap energy for the ZnO film deposited at a mixed solution 

pH of 11.3 decreased to 3.42 eV, from which a decrease in carrier concentration was 

estimated according to the Burstein-Moss effect [30]. 

2.3.3 Flower-like ZnO Films 

Flower-like ZnO films could simply obtained by change in pH adjuster from NH3 solution 

to NaOH. As shown in Figure 2-8, surface morphologies of as-deposited ZnO films were 

gradually changed with increasing NaOH concentration. First, ZnO rod array structure was 

obtained at low NaOH concentration of 4 mM. It has width of 60 ~ 130 nm and length of 

around 1.2 μm. After that, surface morphology was changed once more by increasing NaOH 

concentration. As-deposited ZnO film at 12 mM indicated branch-like structure (Figure 2-8-b). 

Large amount of small-sized nanorods were formed on pre-existing rod surface. And then, 

as-deposited ZnO film at concentration of 40 mM, exhibited flower-like surface morphology, 

as shown in Figure 2-8-c. 
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a. NaOH 4 mM 

  

b. NaOH 12 mM 

  

c. NaOH 40 mM 

Figure 2-8 change of surface morphologies by NaOH concentrations. 
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Crystallographic properties of as-deposited ZnO films were investigated by X-ray 

diffraction. As shown in Figure 2-9, impurity peak such as hydroxide was not found. 

Observed all diffraction peaks were confirmed as a hexagonal structured ZnO, it is in good 

agreement with other literatures [31-32]. Dominant peak corresponding to (002) is observed 

at 34.4o and intensity of (002) peak conspicuously increased with increasing NaOH 

concentrations. 

 

Figure 2-9 change of peak intensities by NaOH concentrations. 

Figure 2-10 shows Raman spectra of as-deposited ZnO film. According to Group theory, the 

crystal structure of wurtzite ZnO belong to C4
6v space group having two formula units per 

primitive cell with all the atoms occupying the C3v sites [32-33]. In case of E2 mode, it has 

two nonpolar modes such as E2 (low) and E2 (high). However, only E2 (high) peak was 

confirmed at 432 cm-1, other peak or peak shift were not observed. Intensity of E2 (high) 

slightly increased with increasing NaOH concentration, it means that as-deposited ZnO film 

has wurtzite hexagonal structure and improved crystalline quality. 
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Through the result of an experiment, it is thought that flower-like ZnO morphology is in close 

contacts with OH- ion, because surface morphology changed with variation of NaOH  

 

Figure 2-10 Raman spectra of as-deposited ZnO films. 

concentration at fixed Zn concentration in source solution. Expected ZnO growth reaction by 

using NaOH as a pH adjuster is as following process 

Zn2+ + 2OH- → Zn (OH)2(aq) → ZnO(s) + H2O 

Zn (OH)2(aq) + 2H2O → Zn(OH)4
2- + 2H+ → ZnO(s) + 3H2O 

In initial reaction stages, the reaction between Zn+ and OH- form the rod array structure on 

substrate, as illustrated in Figure 2-11. After that, successive supply of fresh solutions and 

increasing NaOH concentration might be formed sites for growth of rod structure on the pre-

existing rod surface. Other literature reported the formation of sites by multinucleate 

aggregates, thermal condition and reaction time. However, in case of spin-sprayed film, it is 

thought that increased OH- ion by increasing NaOH concentration and successive supply of 
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solution affect to formation of sites on the pre-existing rod surface, and ZnO grew as a single 

crystal on the sites. 

 

Figure 2-11 Growth mechanisms of flower-like ZnO films. 

2.4 Summary 

ZnO films having various structures such as rod array, dense, and flower like structure were 

simply obtained by changing solution conditions such as pH adjuster and surface modifier. 

Without surface modifier, ZnO film had rod array structure and film structure was changed to 

dense structure by adding citrate ions. Changed surface morphology of dense ZnO film by 

solution pH was also observed. ZnO film having flower-like structure was obtained by 

change of pH modifier from ammonia solution to sodium hydroxide. These various forms of 

ZnO films is expected to apply to various applications such as DSSC as a photoanode, and 

optoelectronic devices as a transparent electrode. 
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Chapter 3 

Effects of UV Irradiation on Conductivity of  

Transparent ZnO Films 

The as-deposited ZnO films by spin-spray method adding citrate in the reaction 

solution had a good transparency but high resistivity a several hundred Ω∙cm, because 

they were not doped and contained the organic substance such as carboxyl groups 

and/or H2O in the films. However, their resistivity drastically decreased to ~10-2 Ω∙cm 

by UV irradiation due to the increase of career concentration due to the doping of C 

and H which was generated by photocatalytic reaction of ZnO. In this chapter, the 

effects of UV irradiation on the conductivity of as-sprayed transparent ZnO films were 

investigated. Here, UV irradiation conditions such as UV intensity and its wave length 

are important factor for decomposing organic substance in the films. As-sprayed ZnO 

films were subjected to UV irradiation using different UV lamp, i.e. UV A and UV C. 

 

 

 

3.1 Introduction  

The as-deposited ZnO films fabricated by spin-spray method adding tri-sodium citrate in 

reaction solution had high transparency and dense structure. However they are not 

applicable as using transparent electrode due to their high resistivity in several hundred 

Ω∙cm order. Reason for such high resistivity was due to the existence of H2O and organic 

substance in the as-sprayed film. First, spin-spray method is aqueous solution process, 
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therefore the existence of H2O in the film can be easily supposed. Additionally, one of the 

organic substances, citrate ions consist of carboxyl groups were necessary to fabricate ZnO 

films having dense structure and high transparency. They are absorbed to (0001) plane on 

the ZnO for forming dense structure, while it can be cause to high resistivity [1]. 

To remove the H2O and organic substance, a common process is a thermal treatment [2-

5]. However, a high annealing temperature above 300oC deteriorates their structural and 

optical properties. Additionally, it is not suitable to flexible devices due to generation of strain 

for the substrate. Therefore, another method which enables to remove H2O and/or organic 

substance to improve the conductivity without causing thermal damage to the films is highly 

required.  

In this chapter, the effect of UV irradiation on conductivity of transparent ZnO films was 

investigated. UV irradiation is one of the simple and effective methods for improving 

conductivity. ZnO is well-known photocatalytic material, and it decomposed organic 

substance in the film under UV illumination [6-7]. Here, UV intensity and wavelength are 

important factors because these conditions affect to the speed and degree of the 

decomposition of organic substance.  

As-deposited ZnO films were subjected UV irradiation with various conditions, and 

change in their properties were analyzed. 

3.2 Experimental Procedure  

3.2.1 Deposition Process of ZnO Films 

The source solution contained 10 mM Zn(NO3)2∙6H2O (zinc nitrate hexahydrate, Wako 

Pure Chemical Industries, 99.0%) in 2.0 L of deionized water. The reaction solution 

contained aqueous NH3 solution (ammonia solution, Wako Pure Chemical Industries, 28.0%) 

and 4 mM C6H5Na3O7 (trisodium citrate, Wako Pure Chemical Industries, 97.0%) in 2.0 L of 
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deionized water. Here, the NH3 solution was used as a pH adjuster and C6H5Na3O7 was 

used as a surfactant. These solutions were sprayed simultaneously on rotating substrates 

heated at 95 oC for 10 min. 

3.2.2 UV Irradiation 

The kinds of UV lamps are listing in Table 1 and their spectra energy distributions were 

shown in Figure 3-1. 

Table 1 UV lamps. 

 Wavelength Etc. 

UV A 
300~400 nm 

(main peak: 352, 368 nm) 
BLB lamp 

 

UV C 
100~280 nm 

(main peak: 253 nm) 
- 

 
 

  

a. UV A b. UV B 

Figure 3-1 Spectra energy distribution of UV lamps used in this study. 
 

As-deposited ZnO films were subjected to UV irradiation by using these UV lamps for 24 

hour, and their change in conductivity was investigated. 
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3.2.3 Characterization 

The surface morphology and cross sectional images of ZnO films were observed by 

scanning electron microscopy (SEM; Hitachi S4000) performed at 15 kV. Crystallographic 

properties were analyzed by X-ray diffraction (XRD; Rigaku Rint2000) with CuKα radiation 

(λ=1.5418Å). The samples for the Fourier transformed infrared (FT-IR) measurements were 

prepared by peeling off the deposited films from the glass substrate by scribing with a 

diamond knife. The scribed ZnO samples were mixed with KBr (potassium bromide, Wako 

Pure Chemical Industries, 99.0-100.2%) and pelletized. The electrical and optical properties 

were measured using a Hall Effect measurement system (ECOPIA HMS-3000) and a 

Lambda 35 spectrometer (Perkin Elmer Japan), respectively. 

3.3 Results and Discussion  

3.3.1 UV Irradiated ZnO films 

In chapter 2, two different types of film structure were observed in the SEM images 

(Chapter 2, Figure 2-1). The films deposited without using citrate ions in the solution had a 

rod array structure oriented perpendicular to the substrate surface. On the other hand, the 

ZnO films deposited using citrate ions in the solution had a smooth surface and a continuous 

structure.  

Although as-sprayed ZnO films had a dense structure formed by adding citrate ions in the 

solution, the films were not suitable for use as a transparent electrode owing to their low 

conductivity. As-deposited ZnO films have a low conductivity, though it can be reduced by 

doping (in case of dry process). Another reason for the high resistivity was attributed to the 

unwanted incorporations of organic substances in the films. As-confirmed COO- vibration in 

FT-IR spectra meant that the as-deposited films contained the organic substance. To 

improve the conductivity, As-deposited ZnO films were subjected to photoinduced ion 
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substitution with UV irradiation (Black-Light-Blue lamp). Organic substance in the film would 

be decomposed by photocatalyt ic reaction of ZnO under UV irradiat ion [7].  

  

Figure 3-2 FT-IR spectra of ZnO films before and after UV illumination. 

 

Figure 3-3 Change in resistivity following UV illumination. 
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As shown in Figure 3-2, disappearance of COO- vibration peak meant the decomposition 

of organic substance such as citric ions. The resistivity was decreased by UV irradiation as 

shown in Figure 3-3. Although the ZnO films had a high resistivity before UV irradiation, it 

decreased down to 4.1 x 10-2 Ω∙cm. It is though that the decrease in resistivity was attributed 

to the increase of carrier concentrations.  

 

Figure 3-4 Optical properties of ZnO films before and after UV irradiation. 

 

Figure 3-5 XRD patterns of as-deposited and UV irradiated ZnO films. 
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ZnO is one of the well-known photocatalytic materials, and it conducts the photocatalytic 

reaction under UV irradiation. Organic substances, such as carboxyl groups in the films, 

were decomposed by photocatalytic reaction of ZnO and C, and/or H doping into ZnO 

generated many carriers in the film, as a result [2, 7]. These increased carrier concentrations 

can be confirmed by change of optical band gap energy. 

Figure 3-4 shows the change of optical properties. As-deposited ZnO film without UV 

irradiation has high transmittance approximately 90 %. In contrast, transmittance was slightly 

decreased after UV irradiation, while it has still high transparency above 80%. In case of 

optical band gap energy, as-deposited ZnO film without UV irradiation has 3.4 eV, while it 

was increased to 3.6 eV, after UV irradiation. The increase in optical band gap energy 

corresponds to the increase in carrier concentration, and it is well known as the Burstein-

Moss effect [8-9].  

Figure 3-5 shows the XRD patterns of as- deposited and UV irradiated ZnO films. As 

shown in Figure 3-5, changes in crystallographic properties such as crystallinity, peak shift, 

and intensity were not observed, before and after UV irradiation.  

From the results, ZnO films having high transmittance and low resistivity after UV 

irradiation were confirmed and there was no variation of crystallographic properties. Based 

on these results, from now on, effects of UV irradiation conditions on conductivity of ZnO 

films were investigated. 

3.3.2 UV Intensity 

UV intensity is one of the UV irradiation conditions and it can be controlled by distance 

from UV lamp to substrate (DL-S). As shown in Figure 3-6, variation of surface resistance by 

UV intensity was investigated. 

Before UV irradiation, surface resistance of ZnO films was very high (~ MΩ), while it was 

decreased as UV irradiation time goes. UV irradiated ZnO films for 24 h, have 103, and 61 Ω,  
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Figure 3-6 Variation of surface resistance using different UV intensities. 

at DL-S of 9.3, and 2.8 cm, respectively. Here, noticeable thing is decreasing speed in 

resistivity. As shown in Figure 3-6, the decreasing speed in resistivity at DL-S 2.8 is faster 

than that of film at DL-S 9.3 during UV irradiation from 1 to 3 h. However, they indicated 

similar values of surface resistance, after 20h. From these results, it is considered that UV 

intensity is influence to speed of ZnO photocatalytic reaction, and it became a factor for 

deciding the decreasing speed in the resistivity. 

Table 2 UV wavelength. 

 Abbreviation Wavelength Energy pre photon 

Ultraviolet UV 400 ~ 100 nm 3.10 ~ 12.4 eV 

Ultraviolet A UV A 400 ~ 315 nm 3.10 ~ 3.94 eV 

Ultraviolet B UV B 315 ~ 280 nm 3.94 ~ 4.43 eV 

Ultraviolet C UV C 280 ~ 100 nm 4.43 ~ 12.4 eV 

Near Ultraviolet  NUV 400 ~ 300 nm 3.10 ~ 4.13 eV 

Middle Ultraviolet  MUV 300 ~ 200 nm 4.13 ~ 6.20 eV 

Far Ultraviolet  FUV 200 ~ 122 nm 6.20 ~ 10.16 eV 

Extreme Ultraviolet  EUV 121 ~ 10 nm 10.25 ~ 124 eV 



46 

 

3.3.3 UV Wavelength  

There are lots kinds of UV light and they can be categorized in Table 2 [10-11], 

Here, as-deposited ZnO films were subjected UV irradiation at different wavelength by 

using UV A lamp and UV C lamp.  

As shown in Figure 3-6, as-deposited ZnO film indicated dense and smooth surface. And 

there were no changes of surface morphology and cross sectional structure by UV irradiation.  

  

  

  
Figure 3-6 Surface and cross sectional images of as-deposited and UV*-irradiated 

ZnO films; a. as-deposited ZnO film, b. UV-irradiated ZnO film with UV A, and c. UV 

irradiated ZnO film with UV C. 
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Figure 3-7 XRD patterns of as-deposited and UV-irradiated ZnO films. 

Figure 3-7 shows the XRD patterns of as-deposited and UV-irradiated ZnO films. From 

the XRD patterns, three dominant peaks corresponding to (100), (101), and (110) were 

observed. 

at 31.8, 35.7, and 56.1o, respectively. Crystallite size of as-deposited ZnO film calculated 

from Scherrer’s equation was 45.7 nm, and UV irradiated ZnO film also indicated similar 

values (UV A: 44.3 nm, UV B: 45.4 nm) [12-13]. Additionally, the full width at half maximum 

(FWHM) of all ZnO films was approximately 0.18o, it means UV irradiation does not affect to 

crystallographic properties of ZnO films.  

Figure 3-8 show the change in the resistivity of UV irradiated ZnO films at difference 

wavelength. As-deposited ZnO film has high resistivity, while it decreased by UV irradiation. 

In case of ZnO film irradiated by UV A lamp, the lowest resistivity was 2.2 x 10-2 Ω∙cm with 

mobility of 0.8 cm2V−1s−1. However, ZnO film irradiated by UV C lamp indicated higher value, 

the resistivity was 4.3 x 10-1 Ω∙cm with mobility of 0.5 cm2V−1s−1. The reason for the  
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Figure 3-8 Change in resistivity for ZnO films irradiated by UV A and UV C. 

variations in the resistivity was attributed to the difference in the carrier concentration. 

Carrier concentration of ZnO film irradiated by UV A lamp was 2.1 x 1020 cm-3 and, it was 

higher than that of irradiated film by UV C (4.7 x 1019 cm-3). Basically, ZnO film deposited by 

spin-spray method attains the conductivity by UV irradiation. As mentioned before, free 

electrons were generated by decomposition of organic substance, under UV irradiation, and 

it becomes the main reason for low resistivity. Here, deposition condition and UV irradiation 

time were same, while one difference is UV wavelength. Therefore, it was supposed that UV 

wavelength might affect to decomposition of organic substance, and it can be a cause of low 

carrier concentration. 

These variations of carrier concentration can be confirmed by optical properties, as 

shown in Figure 3-9. First, all ZnO films had high transmittance above 80% regardless of UV 

irradiation. On the other hands, blue shift in spectra was observed in wavelength from 320 to 

360 nm; it means the increase of optical band gap energy. As shown in Figure 3-9-b, optical  
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a. Transmittance. 

 

b. Optical band gap energy. 

Figure 3-9 Optical properties of as-deposited and UV irradiated ZnO films. 

band gap energy of as-deposited ZnO film was 3.42 eV and the optical band gap energy of 

ZnO films irradiated by UV A and UV C were 3.63 and 3.51 eV, respectively.  
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These increased band gap energy means increase in carrier concentrations, and it is well 

known as the Burstein-Moss effect [8-9].  

It is thought that reason for low carrier concentration for UV C irradiation might be related 

to the different degree of decomposition of organic substance at difference UV wavelength. 

To confirm the more details, as-deposited and UV irradiated ZnO films were analyzed by 

Fourier transformed infrared (FT-IR). 

 

Figure 3-10 FT-IR spectra of as-deposited and UV irradiated ZnO films. 

As shown in Figure 3-10, a COO- vibration which means organic substance such as citric 

ions was observed before UV irradiation. However, COO- vibration of UV irradiated ZnO film 

by UV A lamp was completely disappeared, and it means increase of carrier concentration 

caused by decomposition of organic substance. In contrast, COO- vibration of ZnO film 

irradiated by UV C lamp was still observed, and it means organic substance such as citric 

ions remained in the ZnO film. These results can be the reason for lower carrier 

concentration than that of film irradiated by UV A lamp. From the results, it is thought that UV 



51 

 

lamp having spectra in a wide range is more effective to decompose the organic substance 

in the film and to increase the career concentration. 

3.3.4 UV Patterning 

ZnO film is applicable to various devices as a transparent electrode, and UV patterning is 

required for fabricating electric circuit [14-16]. The transparent ZnO film deposited by spin-

spray method adding citrate ions in the reaction solution can obtain the conductivity by UV  

 

 

Figure 10 UV patterning process. 
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Figure 3-10 UV patterning process. 

irradiation. Here, UV irradiation can be one of the simple methods to fabricate UV patterning 

by drawing electric circuit in ZnO film. For UV patterning, aluminum foil was used as a mask 

during UV irradiation, as shown in Figure 3-10. As-deposited ZnO film was covered with 

aluminum foil, and then, ZnO film was subjected UV irradiation for 24 h. 

Figure 3-11 shows the UV patterned samples. Here, width of UV patterned film is too 

narrow to measure the resistivity by Hall Effect measurement system. Therefore surface 

resistance was measured by volt-ohm-milliammeter (VOM) to confirm the UV patterning 

(Blue circles means measurement point), and measured surface resistance are summarized 

in Table 3. 

As shown in Table 3, UV irradiated section indicated lower surface resistance than the 

other place. Film covered with mask (aluminum foil) indicated dozens of kΩ resistance, while 

section of UV irradiated film had the surface resistance of 0.5 ~ 1.7 kΩ (bold in Table 3). 

Additionally, even electric circuit has curve, UV irradiated section had still low surface 

resistance of 0.8 kΩ.  
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From these results, it is thought that UV irradiation can be one of the simple methods for 

fabricating electric circuit in transparent ZnO films fabricated by spin-spray method. 

  

Figure 3-11 UV patterned samples. 

Table 3 Measured surface resistance. 

a. Measurement point A-B A-D A-F C-B C-D C-F E-B E-D E-F 

Resistance [kΩ] 81.7 59.4 49.4 244.3 1.7 18.9 68.1 14.4 28.9 

b. Measurement point G-M M-H G-H G-K G-L M-I M-L H-I H-L 

Resistance [kΩ] 0.6 0.5 0.8 16.9 40.5 11.6 3.8 6.5 3.5 

3.4 Summary  

In this chapter, effect of UV irradiation on conductivity of transparent ZnO film deposited 

by spin-spray method was discussed. As-deposited ZnO film without UV irradiation had high 

resistivity, while resistivity of ZnO film was gradually decreased to ~10-2 Ω∙cm with high 

carrier concentration of ~1020 cm-3, after UV irradiation. Under UV irradiation, organic 

substance in the ZnO films is decomposed by photocatalytic reaction of ZnO, C, and /or H 

doping into ZnO. These reactions cause the generating many carriers, as a result, resistivity 

was decreased. In case of UV intensity, decreasing speed of resistivity increased by 
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increasing intensity. Additionally, it was also confirmed that UV condition having wide 

wavelength was more effective to decompose the organic substance in the film, and it 

resulted lower resistivity. 
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Chapter 4 

High-Conductivity Solution-Processed ZnO Films  

Realized via UV Irradiation and Hydrogen Treatment  

The dependence of thermal treatment temperature before UV illumination on their 

crystallographic and electrical properties was investigated in this study. ZnO films were 

deposited by the spin-spray method and thermally treated at different temperatures 

from 100 to 300 oC. All films had a high transmittance of 80% in the visible range and 

exhibited conductivity after UV illumination for 24 h. The resistivity after the UV 

illumination of the sample without thermal treatment was 4.1 x 10-2 Ω∙cm, and it 

decreased to 1.6 x 10-2 Ω∙cm in the sample thermally treated at 100 oC. The sample 

with the lowest resistivity exhibited a relatively high mobility of 3.3 cm2 V-1 s-1 and a 

very high carrier concentration of 1.1 x 1020 cm-3 as the solution-processed ZnO film. 

In case of hydrogen treated and UV irradiated ZnO film, it was markedly lowered by 

hydrogen treatment and UV irradiation. A ZnO film with a low resistivity of 1.8 × 10−3 

Ω∙cm, high mobility of 11.2 cm2V−1s−1 and high carrier concentration of 1.5 × 1020 cm−3 

was attained by both hydrogen reduction and UV irradiation. Hydrogen treatment 

increased mobility by decreasing the number of negatively charged oxygen species 

present in the films. Meanwhile, UV irradiation caused ZnO to photocatalytically 

degrade organic materials in the film to increase carrier concentration. 

 

 

 

4.1 Introduction  

Zinc oxide (ZnO), a wide-band-gap oxide semiconductor, has been receiving much 

attention as a transparent electrode for optoelectronic devices such as flexible displays, 

solar cells, sensors, thin film transistors and organic light-emitting diodes [1-6]. ZnO is a 
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superior alternative to indium tin oxide because of the low cost of raw materials and its high 

transparency in the visible region.  

ZnO films for use as transparent electrodes are usually deposited by dry processes like 

sputtering, pulsed laser deposition and ion plating to fabricate films with high crystallinity [7-

8]. However, these processes are complicated and energy-intensive because they require 

vacuum systems. Additionally, because their deposition rate is low and the usage efficiency 

of expensive target is also low, the cost of ZnO film production is high. For these reasons, an 

environmentally friendly solution-based process to fabricate ZnO film is required, and many 

studies on ZnO films deposited by solution-processes have been reported [9-12]. However, 

the conductivity of solution-processed ZnO films remains lower than that of films deposited 

by dry processes and ITO films. Thus, researchers are attempting to improve the 

conductivity of solution-processed ZnO films [13-14]. 

Theoretically, the conductivity (σ) of a transparent conductive oxide (TCO) film can be 

expressed as follows, [15] 

σ = 1/ρ = neμ    (1) 

where ρ is resistivity, e is carrier charge, n is carrier concentration and μ is mobility. As 

shown in Equation (1), both high mobility and carrier concentration are essential to attain 

high conductivity [16-17].  

A widely used method to improve conductivity is increasing carrier concentration by metal 

ion doping, often with group III dopants such as In, Al, and Ga [18-21]. These dopants 

substitute Zn ions and generate free electrons, causing the carrier concentration of ZnO to 

increase. However, in the case of solution-processed metal ion-doped ZnO films, hydroxide 

and/or layered double hydroxides are formed in the solution or on the film surface, which 

lead to decreased conductivity [22]. Therefore, an effective, simple method to increase the 
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carrier concentration of solution-processed ZnO films without changing their properties or 

forming hydroxide and/or layered double hydroxides needs to be developed. 

Another method to improve the conductivity of ZnO is to increase its mobility by thermal 

treatment using a suitable temperature, time and atmosphere [23-26]. Crystallographic 

properties such as crystallinity and crystallite size strongly affect mobility and thus 

conductivity [27]. However, conventional thermal treatment processes generally use high 

temperature and/or long treatment time, resulting in negative side effects such as films 

peeling-off from the substrate because of defect formation, stress, and oxygen deficiency in 

the films [28]. Oxygen deficiency can degrade electrical conductivity because of photon 

scattering [19, 29]. Therefore, thermal treatment at low temperature for a short period is 

required to increase mobility without adversely affecting crystallographic properties. 

In this chapter, effects of thermal treatment temperature before UV irradiation on 

crystallographic and electrical properties of transparent conductive ZnO films were 

investigated. ZnO film deposited by spin-spray method contains the H2O and organic 

substance, because spin-spray method uses the solution and various organic materials for 

deposition of ZnO film. Here, H2O and organic substance are may affect to properties of ZnO 

film. To confirm the influence, as-deposited ZnO films by spin-spray method were thermally 

treated before UV irradiation.  

Additionally, transparent ZnO films are fabricated by a spin-spray process using aqueous 

solutions followed by thermal treatment under different atmospheres and/or UV irradiation. 

The ZnO films treated by both hydrogen reduction and UV irradiation exhibited high 

conductivity because of their high mobility and high carrier concentration.  

In our ZnO films, high mobility is achieved by thermal treatment in hydrogen atmosphere 

at 100 °C for 1 h. One of the main reasons for low mobility is adsorption of negatively 

charged oxygen species at grain boundaries, which increase the potential barrier and act, as 

trapping centers [30-31]. The trapping centers suppress electron transfer and/or diffusion, 
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causing mobility to decrease. Thermal treatment in hydrogen atmosphere can simply 

decrease the potential barrier at grain boundaries by introduction of hydrogen ions. High 

carrier concentration is realized in the ZnO films by UV irradiation, which causes the ZnO 

film to undergo photocatalytic reaction, producing shallow donors through decomposition of 

organic substances in the film [15]. 

4.2 Experimental Procedure  

4.2.1 Deposition Process of ZnO Films 

All films were deposited on glass substrates. The substrates were first ultrasonically 

cleaned in deionized water and ethanol for 10 min to remove impurities on the substrate 

surface. Then, the glass substrates were exposed to discharge plasma for 10 min to 

increase the hydrophilicity of their surfaces. To deposit the ZnO films, the source and 

reaction solutions were continuously sprayed for 10 min onto the substrates fixed on a 

rotating table. The source solution consisted of zinc nitrate hexahydrate (Wako Pure 

Chemical Industries, 99.0%) dissolved in Millipore deionized water (2.0 L) to give a 

concentration of 10 mM. The reaction solution was trisodium citrate (Wako Pure Chemical 

Industries, 97.0 %) in de-ionized water (2.0 L). Ammonia (Wako Pure Chemical Industries, 

28.0 %) was used to adjust the pH of the reaction solution. 

4.2.2Thermal Treatment and UV Irradiation 

As-deposited ZnO films were thermally treated in the oven with change of treatment 

temperature from 100 to 300o for 1h. And Tube furnace was used for thermal treatment in 

hydrogen atmosphere (hydrogen 3 % and Argon 97 %). Before the treatment, tube furnace 

was evacuated by using a rotary pump to pressure of 2 Pa to remove the residual gas in the 

chamber. Treatment temperature fixed at 100oC (increasing temperature = 5oC/min) and 

hydrogen gas flow rate was 200 ml/min. As-deposited ZnO film was thermally treated for 60 
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min including increasing temperature time (15 min). UV illumination was subjected by using 

the Back-Light-Blue lamp (intensity = 0.8 mW/cm2, Toshiba Lighting & Technology Co., 

Japan) for 24 hours. 

4.2.3 Characterization 

The surface morphology of ZnO films was observed by scanning electron microscopy 

(SEM; Hitachi S4000) performed at 15 kV, and the film thickness was estimated using cross-

sectional SEM images. Crystallographic properties were analyzed by X-ray diffraction (XRD; 

Rigaku Rint2000) with CuKα radiation (λ=1.5418Å) in the scanning angle (2θ) range from 20 

to 80°. The samples for the Fourier transformed infrared (FT-IR) measurements were 

prepared by peeling off the deposited films from the glass substrate by scribing with a 

diamond knife. The scribed ZnO samples were mixed with KBr (potassium bromide, Wako 

Pure Chemical Industries, 99.0-100.2%) and pelletized for FT-IR measurements. As-

prepared samples for FT-IR measurements were analyzed using an FT-IR spectrometer 

(JEOL JIR-7000) in the transmission mode at room temperature. The electrical and optical 

properties were measured using a Hall Effect measurement system (ECOPIA HMS-3000) 

and a Lambda 35 spectrometer (Perkin Elmer Japan), respectively. Changes in chemical 

states were investigated by XPS (ESCA-3200, Shimadzu Corp.). 

4.3 Results and Discussion  

4.3.1 Effect of Thermal Treatment Temperature 

It is thought that as-deposited ZnO films by spin-spray method contained H2O and an 

organic substance that affected their properties. Accordingly, effects of thermal treatment on 

the properties of solution-processed ZnO films before UV irradiation were investigated.  
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Figure 4-1 SEM images of (a) untreated ZnO film and ZnO film thermally 

treated before UV illumination at (b) 100, (c) 200, and (d) 300oC 

ZnO films were thermally treated at different temperatures from 100 to 300 oC for 1 h before 

UV illumination.  

As a result, significant change in surface morphology before and after thermal treatment 

was not observed, as shown in Figure 4-1. To confirm the changes in structural properties in 

more detail, I analyzed the X-ray diffraction patterns. 

Figure 4-2 shows XRD patterns of thermally treated ZnO films at different temperatures. 

All diffraction peaks originated from the hexagonally structured ZnO, and another impurity 

phase, such as zinc hydroxide, was not observed. From the XRD patterns, three dominant 

peaks corresponding to (100), (101), and (110) were observed at 31.5, 35.9, and 56.4o, 

respectively, and these results are very close to the results of the standard ZnO crystal 

[JCPDS 36-1451: (100), (101) and (110) at 31.7, 36.2, and 56.6o] and those reported in the 

literature [32-34]. And the change in full width at half maximum (FWHM) by thermal  
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Figure 4-2 XRD patterns of thermally treated ZnO films before UV illumination. 

treatment was confirmed. The lowest FWHM of the (101) peak was 0.26o at the temperature 

of 100 oC; this value was lower than that of the ZnO film without thermal treatment (0.35o). 

The FWHM values deteriorated to 0.31 and 0.37o at temperatures of 200 and 300 oC, 

respectively. The decrease in FWHM value indicated the increase in crystallite size, and the 

crystallite size calculated from Scherrer’s equation increased from 23.7 (without heat 

treatment) to 31.4 nm (heated at 100 oC). Increase in diffraction peak intensity with 

increasing treatment temperature was also observed. These results indicate that the 

crystallinities of as-deposited ZnO films were improved by thermal treatment. 

Figure 4-3 shows changes in electrical properties following thermal treatment. After 

thermal treatment, ZnO films were subjected to UV illumination using the BLB lamp. As a 

result, improvement of electrical properties was I observed, and the lowest resistivity of 1.6 x 

10-2 Ω∙cm was attained for the sample heat-treated at 100oC; this value was lower than that 

of the ZnO film without thermal treatment before UV illumination. The highest mobility (3.3 

cm2 V-1 s-1) and carrier concentration (1.1 x 1020 cm-3) were also attained for the sample  
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Figure 4-3 Effects of treatment temperature on electrical properties.. 

heat-treated at 100 oC. Improvement in crystallinity, as shown in XRD patterns in Figure 4-2, 

caused the increase in mobility, and the increase in the number of oxygen vacancies was 

caused by thermal treatment and resulted in the increase in carrier concentration. However, 

electrical properties, such as resistivity, carrier concentration, and mobility, were degraded 

for the sample heat-treated above 200 oC. The mobility slightly decreased from 3.3 to 2.1 

cm2 V-1 s-1 with increasing thermal treatment temperature from 100 to 300 oC. This result 

seems to originate from the change in crystallinity. The FWHM of the thermally treated ZnO 

film increased from 0.26 to 0.37o with increasing thermal treatment temperature from 100 to 

300 oC. The degradation of crystallinity might cause the decrease in mobility. The decrease 

in the carrier concentration of the ZnO films thermally treated at above 200 oC is the other 

reason for their degraded conductivity.  

Under UV illumination, organic substances, such as carboxyl groups, were decomposed 

by photocatalytic reaction of ZnO and C, and/or H doping into ZnO formed many carriers; as 

a result, conductivity was improved [15]. Here, the H2O and organic substance in the film are 

considered performance degradation factors, but they also played an important role in carrier  
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Figure 4-4 FT-IR spectra of thermally treated ZnO films (before UV illumination). 

generation under UV illumination. To confirm these results in more detail, the as-deposited 

and thermally treated ZnO films were analyzed using FT-IR spectra.  

It is confirmed that thermal treatment decreased the amount of organic substance in the 

films, as shown in Figure 4-4. Before UV illumination, ZnO films thermally treated at 100 oC 

indicated nearly the same intensity as the as-deposited film. However, peak intensities of 

carboxyl groups, such as Vas (COO-) and Vs (COO-), gradually decreased with increasing 

thermal treatment temperature. This might decrease carrier concentration because the 

decomposition of the organic substance was the main factor for generating carriers in the 

films after UV illumination. Therefore, a large amount of H2O and a certain amount of organic 

substance were removed from the sample thermally treated at a temperature higher than 

200 oC. This seemed to cause less doping in the film and decrease the carrier concentration 

after UV illumination. 

Figure 4-5 shows the optical properties of ZnO films. All of the as-deposited ZnO films 

showed transmittances above 80% in the visible range (400-700 nm). However, the 

absorption edge slightly shifted with increasing thermal treatment temperature. As a result,   
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Figure 4-5 Optical properties of thermally treated ZnO films (after UV illumination). 

decrease in optical band gap energy was observed. In the case of the sample thermally 

treated at 100 oC, the optical band gap energy was 3.53 eV, which is higher than that of the 

film without thermal treatment (3.43 eV). However, the optical band gap energy gradually 

decreased, and the ZnO film heated at 300 oC showed the optical band gap energy of 3.42 

eV. The decreased optical band gap energy meant the decrease in carrier concentration (by 

the Burstein-Moss effect) [29, 35]. 

4.3.2 Hydrogen Treatment and UV Irradiation 

ZnO films were prepared by a solution-based method and they were treated under 

different conditions, as shown in Table 1, to examine the effect of treatment conditions on the 

crystallographic properties and conductivity of the films. Figure 4-6 shows surface and cross-

sectional scanning electron microscopy images of the ZnO films prepared in this study.  

All films exhibited dense, smooth surfaces without cracks and pinholes even after 
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Table 1 conditions used to prepare samples. 

Sample Thermal treatment UV irradiation 
S1 - - 

S2 100 °C in air - 

S3 - BLB lamp 

S4 100 °C in air BLB lamp 

S5 100 °C in hydrogen - 

S6 100 °C in hydrogen BLB lamp 

hydrogen reduction and UV irradiation treatments. Crystallographic properties of the films 

were analyzed the by X-ray diffraction (XRD); the results are presented in Figure 4-7. All 

diffraction peaks were consistent with hexagonally structured ZnO, and no other peaks were 

detected. In the case of as-deposited ZnO film (S1), the dominant peak corresponding to the 

(100) plane was observed at 31.7°. The crystallite size calculated from this peak using  

  

  

Figure 4-6 SEM images of as-prepared samples. a) Surface morphology of S1, b) cross 

sectional structure of S1, c) surface morphology of S4, d) surface morphology of S6. 
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Figure 4-7 XRD patterns of as-prepared samples 

Scherrer equation is 43.5 nm [36-37]. Marked changes in peak intensity and crystallite size 

were not observed after thermal treatment and UV irradiation. The full width at half-maximum 

values of the diffraction peak decreased slightly from 0.19° for S1 to 0.18° for S4 and S6. 

Figure 4-8 shows the transmittance and optical band gap energy of the ZnO films. All of 

the ZnO films exhibited high transmittance of above 80% in the visible range (400–700 nm). 

Absorption edges shifted depending on the type of film treatment. The absorption edges for 

the ZnO films not exposed to UV radiation, S1, S2 and S5, appeared at wavelengths from 

350 to 360 nm. In contrast, the absorption edges of UV-irradiated ZnO films (S3, S4 and S6) 

were observed at 330 to 340 nm. These results suggest that UV irradiation caused the 

increase of optical band gap energy of ZnO films.  

To confirm this, the optical band gap energy of each sample was calculated by the Tauc 

and Davis–Mott models [38-39]. S1, S2 and S5 had almost the same optical band gap 

energy even though they were thermally treated under different atmospheres. The optical 

band gap energy of S3, S4 and S6 was shifted to 3.58 eV because of the Burstein-Moss  
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Figure 4-8 Optical properties of as-prepared samples. a) Transmittance, and b) optical 

band gap energy. Inset in a) are photographs of samples S1, S4 and S6. 

effect [35]. This suggests that UV irradiation is effective to increase the carrier concentration 

in ZnO films [15]. 

 The resistivity of the ZnO films treated under different conditions is displayed in Figure 4-9. 
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Figure 4-9 Dependence of resistivity on thermal treatment and UV irradiation 

Here, dotted and solid arrows indicate the decrease in resistivity induced by hydrogen 

reduction and UV irradiation, respectively. The resistivity of the as-deposited film (S1) was as 

high as several hundred Ω∙cm. The resistivity of the films was dramatically decreased by 

thermal treatment and UV irradiation. As shown in Figure 4-9, the lowest resistivity of 1.8 × 

10−3 Ω∙cm (mobility = 11.2 cm2V−1s−1, carrier concentration = 1.5 × 1020 cm−3) was attained 

for the hydrogen-treated and UV-irradiated ZnO film (S6). This improvement in conductivity 

can be explained by increase of both carrier concentration and mobility in this film induced 

by the treatment processes.  

Comparing S1 and S3, there was marked decrease in resistivity from several hundreds to 

4.9 × 10−2 Ω∙cm because of the high carrier concentration of 5.1 × 1019 cm−3 (mobility = 0.8 

cm2V-1s−1) of S3. A similar tendency was also observed for the comparison of S2 and S4. 

While S2 (thermally treated ZnO film without UV irradiation) exhibited a resistivity of 10.4 

Ω∙cm with a low carrier concentration of < 1018 cm−3 (mobility = 0.4 cm2V−1s−1), the resistivity 

of S4 was 2.4 × 10−2 Ω∙cm with a moderately high carrier concentration of 9.7 × 1019 cm−3 
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(mobility = 1.2 cm2V−1s−1). These results mean carrier concentration was dramatically 

increased after UV irradiation, which it led to decreased resistivity. This phenomenon may be 

related to the decomposition of citrate in ZnO crystallites. Citrate contains organic functional 

groups such as carboxyl moieties that remain in the ZnO film after deposition. The presence 

of citrate ions in solution is required to attain transparent ZnO films. During the deposition 

process, the carboxyl groups of citrate ions are adsorbed on Zn ions in the (001) plane, 

suppressing anisotropic growth along the c-axis, and resulting in ZnO films with a dense 

structure and smooth surface [41]. While high transparency was attained by adding citrate 

ions to the solution, the resistivity of the film was still high (hundreds Ω∙cm). However, high 

conductivity could be achieved simply by UV irradiation. ZnO is a well-known photocatalytic 

materials that can decompose organic species captured in its films by photocatalytic reaction 

under UV irradiation [15, 42]. In previous result, decrease in the intensity of signals  

from carboxyl groups such as Vas (COO−) and Vs (COO−) in the Fourier transform infrared 

spectra of ZnO film after UV irradiation was observed [15, 43]. This decrease in peak 

intensity suggests the decomposition of carboxyl groups, which leads to photo-induced 

doping of C and/or H into the ZnO film. Such doping can effectively generate electrons, 

resulting in an increase of carrier concentration. 

Another reason for the improved conductivity of the ZnO films following thermal treatment 

with hydrogen and UV irradiation was an increase in mobility. The conductivity of ZnO films 

is affected by surface defects, negatively charged oxygen species and/or organic impurities 

[44-46]. Negatively charged oxygen species form depletion regions at grain boundaries and 

act as trapping sites [45], which has negative effects on both electron mobility and 

conductivity. Thermal treatment with hydrogen is a simple and effective method to improve 

mobility because hydrogen readily removes negatively charged oxygen species. 

Comparing S4 (treated in air) and S6 (treated in hydrogen) reveals that hydrogen 

reduction effectively improved mobility; the mobility of S6 (11.2 cm2V−1s−1) was about ten 
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times higher than that of S4 (1.2 cm2V−1s−1). This high mobility also contributed to the low 

resistivity of S6 of 1.8 × 10−3 Ω∙cm. During hydrogen reduction, negatively charged oxygen 

species are desorbed from grain boundaries so that the potential barrier is lowered [46]. 

Additionally, hydrogen passivates the grain boundary surface to remove organic materials 

and negatively charged oxygen species [47]. To confirm that hydrogen reduction increases 

mobility, S1 (as-deposited ZnO), S4 (thermally treated in air followed by UV irradiation) and 

S6 (thermally treated in hydrogen followed by UV irradiation) were analyzed by X-ray 

photoelectron spectroscopy.  

The O1s spectra for S1, S4 and S6 are presented in Figure 4-10. Two peaks at 530.2 and 

532.5 eV were observed by fitting with a Lorentzian distribution. The peak at 530.2 eV is 

assigned O2− ions surrounded by Zn atoms in the wurtzite-structured ZnO, while that at 

532.5 eV is attributed to loosely bound oxygen species such as CO3, O2, H2O and carboxyl 

groups on the ZnO surface and/or grain boundaries [15, 48-49].  

 

Figure 4-10 Dependence of XPS O1s peaks on preparation conditions. 
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Here, loosely bound oxygen species generated by negatively charged oxygen might 

deteriorate film mobility by hindering electron transfer and trapping free electrons. The O1s 

signals of S1 and S4 were similar. In contrast, the peak at 532.5 eV for S6 was of lower 

intensity that those of S1 and S4. This corresponds to reduction in the amount of negatively 

charged oxygen species on the ZnO surface and/or grain boundaries in S6 compared with 

those in S1 and S4. As mentioned above, this would lead to a decrease in potential barrier, 

causing the mobility of the hydrogen-treated ZnO film to increase. Additionally, a marked 

decrease in the intensity of the peak at 530.2 eV was also observed for S6 compared with 

those of S1 and S4. This means the number of O2− ions surrounded by Zn atoms in the 

wurtzite-structured ZnO was decreased in S6, so the number of oxygen vacancies was 

increased, which also improved the mobility. 

4.4 Summary  

In this study, transparent ZnO films were fabricated by an aqueous solution process using 

citrate ions. And the effects of thermal treatment temperature before UV illumination on film 

properties were investigated. The improved crystallographic properties were confirmed 

through the increase in peak intensity and the decrease in the FWHM of the (101) peak from 

0.35 to 0.26o at the thermal treatment temperature of 100 oC. Decreases in the peak 

intensities of Vas (COO-) and Vs (COO-) with increasing temperature were also confirmed 

using FT-IR spectra. Such decreases corresponded to the reduced amount of organic 

substance in the films and affected the generation of carriers. The resistivity of 4.1 x 10-2 

Ω∙cm for the sample without heat treatment decreased down to the lowest value of 1.6 x 10-2 

Ω∙cm for the sample thermally treated at 100 oC. This sample, which has the lowest FWHM 

and many organic substances, exhibited a high mobility of 3.3 cm2 V-1 s-1 and a very high 

carrier concentration of 1.1 x 1020 cm-3. 
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And high conductivity was attained by UV irradiation and hydrogen reduction treatment of 

the films. All films exhibited high transmittance of over 80%, and their optical band gap 

energy was increased by UV irradiation. The lowest resistivity of 1.8 × 10−3 Ω∙cm with a 

mobility of 11.2 cm2V−1s−1 and carrier concentration of 1.5 × 1020 cm−3 was achieved by 

hydrogen reduction and UV irradiation. Under UV illumination, organic materials present in 

the ZnO films were decomposed by photocatalytic reaction, which increased the carrier 

concentration of the films. In the case of mobility, it is thought that negatively charged 

oxygen species that acted as trap sites at grain boundaries in the ZnO films were removed 

by hydrogen treatment, resulting in higher mobility. 
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Chapter 5 

Solution-processed ZnO Films  
on Flexible Substrates  

Rod structure and transparent conductive ZnO films were directly deposited on 

polyethersulfone (PES) substrate by aqueous solution process at low substrate 

temperature of 85oC. All films crystallized in wurtzite hexagonal structure without seed 

layer and another impurity phases were not detected. As-deposited ZnO film without 

citrate ions in reaction solution had rod array structure. In contrast, ZnO film with 

citrate ions indicated dense structure with smooth surface. These changed structures 

affect to their transparency, as a result, transmittance of as-deposited ZnO films were 

improved from 11.9 to 85.3 % with their change of structure from rod to continuous 

structure. ZnO film having dense surface had low resistivity of 9.1 x 10-3 Ω∙cm, high 

carrier concentration of 2.1 x 1020 cm-3 and mobility of 1.5 cm2 V-1s-1, after UV 

irradiation. 

 

 

 

5.1 Introduction  

Recently, researches for the flexible electronic devices have been intensively studied and 

one of the most promising fields due to light, portability, and their development possibility. 

Because of these merits, it can be applied to various applications such as electronic papers, 

digital signage and flexible organic light emitting devices (OLEDs) [1-4]. Among the several 

researches for flexible electronics, deposition of TCO film on plastic substrate to use as 

electrode is very important because, transparent electrode is fundamental part to operate the 

all of the devices.  

There are many kinds of dry processes like sputtering, pulsed laser deposition, and ion 

plating to deposit ZnO film on plastic substrate, representative one is sputtering. However, 
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they are energy-intensive and complicated, for these reasons, solution-processed deposition 

methods have been proposed due to their simplicity, easy to handle and low in cost. In 

another words, solution process is the most optimum method to fabricate the cost-effective 

electronic devices. However, these solution processes such as sol-gel method, chemical 

bath deposition (CBD) and spray pyrolysis requires long period of reaction and seed layer for 

good adhesion to substrate [5-8]. Especially, high substrate temperature and/or post 

annealing process are necessary for crystallization. These things lead to warping of 

substrate and it causes the peeling-off of the thin film. For these reason, conventional 

solution processes are difficult to deposit the ZnO film on plastic substrate. Therefore, 

another method which can be stably deposit the film on plastic substrate without peeling off 

is necessary. In contrast, the spin-spray method is low temperature process, it can deposit 

high quality crystallized ZnO film without high substrate temperature and post-annealing 

process [9-10]. 

Plastic substrates such as polyether-sulfone (PES), polyethylene-terephthalate (PET), 

polycarbonate (PC), polyimide (PI), polymethyl-methacrylate (PMMA) and polyethylene-

naphthalate (PEN), have been intensively studied for flexible electronic device [11-17]. 

Among them, in this study, ZnO films were deposited on PES substrates by the spin-spray 

method and their properties were investigated. 

5.2 Experimental Procedure  

5.2.1 Deposition of ZnO Films on PES substrates 

Before the deposition, plastic substrate such as PES (40 x 30 x 0.3 mm) was 

ultrasonically cleaned to remove the impurity on the substrate surface. The substrates were 

cleaned in deionized water and ethanol for 5 min and dried for 10 min in conventional oven 

at 60oC to remove the residual moisture adsorbed onto the surface. And then, PES substrate 
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was subjected to plasma treatment for 3 min using discharge plasma to increase 

hydrophilicity on their surface. As a result, contact angle which criterion of hydrophilicity 

decreased to 5.9o, as shown in Figure 5-1. 

Two kinds of solution were used for deposition of ZnO film. The source solution was 

prepared by dissolving 10 mmol of Zn(NO3)2∙6H2O in 2.0 L of Millipore deionized water. The 

reaction solution was prepared by dissolving 120 mL of NH3 solution (as a pH adjuster) in 

1.88 L of Millipore deionized water. C6H5Na3O7 was added to the reaction solution 0 and 2 

mmol. Here, the NH3 solution was used as a pH adjuster and C6H5Na3O7 was used as a 

surfactant to fabricate the continuous structure. These source and reaction solution were 

simultaneously and continuously spayed onto the rotated substrates for 10 min at 85oC. After 

deposition process, as-deposited ZnO film which has dense surface was subjected UV 

irradiation by black-light-blue (intensity = 0.8 mW/cm2) to obtain the conductivity. 

 

 

Figure 5-1 Variation of contact angles by discharge plasma. 
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5.2.2 Characterization 

Contact angles and transmittance were measured by (Kyowa Interface Science co., Ltd 

DMs-400) and Lambda 35 spectrometer (Perkin Elmer Japan), respectively. The surface 

morphology of ZnO films was observed by scanning electron microscopy (SEM; Hitachi 

S4000) performed at 15 kV. Structural properties were analyzed by X-ray diffraction (XRD; 

Rigaku Rint2000) with CuKα radiation (λ=1.5418Å). And the electrical properties were 

measured by using a Hall Effect measurement system (Nanometrics HL5500). 

5.3 Results and Discussion  

5.3.1 Rod array structure ZnO film on plastic substrate 

Rod array structure ZnO film on PES substrate was successfully deposited by spin-spay 

method at low substrate temperature of 85oC without seed layer. To evaluate the more 

details of film properties, surface morphology and crystallographic properties of as-deposited  

 

Figure 5-2 XRD pattern and SEM image of rod array ZnO film on PES substrate. 



81 

 

ZnO film was confirmed by SEM and XRD. As shown in Figure 5-2, as-deposited ZnO film 

on PES substrates by spin-spray method exhibited rod array structure. These images means 

that as-deposited rod array ZnO films has the preferred orientation along the c-axis, and it 

can be confirmed by XRD. All diffractions peaks of ZnO films on PES substrate was 

identified as a hexagonal wurtzite ZnO crystal structure, another impurity phase was not 

observed. Dominant peak of (002) was observed at 34.4o and it is close to the standard ZnO 

crystal corresponding to JCPDS 36-1451. The full width at half maximum (FWHM) was 

confirmed to evaluate the crystallinity, as a result, the FWHM values of (002) peak was 0.25o. 

This FWHM value is lower than that of reported ZnO film which using a seed layer such as 

ITO and Si (100) substrates [18]. The crystallite size was also calculated by using Scherrer’s 

equation [19-20]. Calculated crystallite size of ZnO film deposited on PES substrate was 

33.3 nm. In case of transmittance, as-deposited ZnO films on PES substrate is very low. As 

shown in Figure 5-3, ZnO film deposited on PES substrate showed 11.9% transmittance in 

visible range due to scattering caused by rod array structure. From the results, high 

crystallinity rod array structure ZnO films deposited on could be confirmed.  

 

Figure 5-3 Transmittance of rod array ZnO film on PES substrate. 



82 

 

5.3.2 Transparent conductive ZnO films on plastic substrate 

Transparent and continuous ZnO films can be fabricating by using a citrate [21]. As 

shown the inset in Figure 5-4, ZnO film deposited on PES substrate by spin-spray method 

indicated different morphology clearly. The structure of as-deposited ZnO films changed from 

rod array to continuous structure by adding citrate in reaction solution. Also, continuously 

structured ZnO film had a smooth and dense surface. As shown in XRD patterns, the 

preferred orientation also changed from the (002) to the (101). This changed preferred 

orientation originated from the existence of citrate ions in solution. Citrate ions selectively 

adsorb to ZnO (001) plane, it induces the change of the crystal growth. Because of this 

phenomenon, intensity of the (002) peak and the thickness was decreased due to the 

suppression of c-axis growth. Additionally, surface morphology also changed to continuous 

structure [10, 21]. Theses changed morphology result in improving optical properties 

As shown in Figure 5-5, as-deposited ZnO film indicated high transparency (above 80%) 

in visible range and optical band gap energy value calculated by Tauc model and the Davis 

and Mott model was 3.46 eV [22-23].  

 
Figure 5-4 XRD pattern and SEM image of rod array ZnO film on PES substrate. 
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As a transparent electrode, there are many requirements such as high conductivity, 

smooth surface, high transparency and so on. Among them, the most important factor is 

conductivity. In case of spin-sprayed ZnO film on PES substrate, it has continuous structure  

 

Figure 5-5 Transmittance and optical band gap energy of ZnO film on PES substrate 

 

Figure 5-6 XRD pattern and SEM image of rod array ZnO film on PES substrate. 
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 and high transmittance by adding citrate in solution, however, the film exhibited low 

conductivity due to the organic substance in the film. To obtain the conductivity, as-deposited 

ZnO film on PES substrate was subjected to UV illumination by using the back-light-blue 

lamp (intensity = 0.8 mW/cm2) for 24 hours. I expected that organic substance in the ZnO 

film would be decomposed by photocatalytic reaction and as a result, conductivity will be 

obtained by photoinduced ion substitution such as C, and/or H [10, 24]. 

To confirm the variation of conductivity by UV illumination, surface resistance of UV 

illuminated ZnO film was measured by tester. As shown in Figure 5-6, as-deposited ZnO film 

has high surface resistance of several hundred Ω before UV illumination. However, it was 

drastically decreased to 62 Ω, during UV illumination. In case of resistivity measured by Hall 

Effect measurement system, UV illuminated ZnO film exhibited 9.1 x 10-3 Ω∙cm with carrier 

concentration of 2.1 x 1020 cm-3 and mobility of 1.5 cm2 V-1s-1. These improved conductivities 

are attributed to the increase in carrier concentration, which originated from the 

decomposition of organic substance such as carboxyl groups under UV illumination [14, 28]. 

5.3.3 Bending Test 

Mechanical flexural strength of TCO film deposited on flexible substrate is important 

factor for the life time of devices. To improve the mechanical flexural strength, widely used 

method is multilayer. Generally, multilayer film is consisted of triple layer, such as TCO-

Metal-TCO. However, fabrication of multilayer is not simple because establishing the 

optimum condition of each layer is difficult and complicated. Therefore, it is thought that the 

best way for flexible devices, is using single layer which has strong flexural strength [25].  

Mechanical properties of as-deposited ZnO film on PES substrate was evaluated by using 

bending test equipment, as shown the in Figure 5-7. Here, ZnO films were deposited on 

different size of PES substrate (25 x 50 mm2) for bending test. The bending tests were 

carried out using cyclic bending equipment at duration of 5000cycles.  
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a. View from above 

 

b. Schematic illustration 

  

c. Bending test 

Figure 5-7 Bending test equipment. 
 

As shown in Figure 5-8, during bending testing, resistivity of as-deposited films was 

rapidly increased from 9.6 x 10-3 Ω∙cm to 618 kΩ∙cm. In case of 5000 cycles, resistivity could 

not measure. As a reason for increased resistivity is generation of crack on the film surface 

(Figure 5-9). In cease of bending tested ZnO film with 500 cycles, crack was not observed 

on film surface having still low resistivity of 6.7 x 10-1 Ω∙cm.  
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Figure 5-8 Variation of resistivity after bending test 

 

  

Figure 5-9 Surface morphology of ZnO films after bending test 

In contrast, bending tested ZnO films with 2000, and 5000 cycles, they indicated cracks on 

film surface and had very high resistivity. During bending testing, strain of films is increased, 

it causes the generation of crack on surface. And it may affect to degradation of resistivity. 
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5.4 Summary 

In this study, rod array structure and transparent conductive ZnO films were successfully 

deposited on PES substrate by aqueous solution process named Spin-Spray method at low 

substrate temperature of 85oC, without using seed layer. 

Rod array structured ZnO film indicated the preferred orientation along the c-axis and 

dominant XRD peak of (002) was observed. And continuously structured ZnO film was 

obtained by adding a citrate in the reaction solution. It has smooth surface morphology and 

high transmittance above 80%. The conductivity was attained for the film subjected to UV 

irradiation. UV-irradiated ZnO film has low resistivity of 9.1 x 10-3 Ω∙cm, high carrier 

concentration of 2.1 x 1020 cm-3 and mobility of 1.5 cm2 V-1s-1.  
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Chapter 6 

Fabrication of Heterostructured Ferrite / ZnO film  
by Aqueous Solution Process 

Heterostructured α-Fe2O3 / ZnO film and Fe3O4 / ZnO film were fabricated by using 

spin-spray method and properties of each layer and heterostructured α-Fe2O3 / ZnO 

film and Fe3O4 / ZnO film were investigated. First, as-deposited ZnO layer on glass 

substrate exhibited high transmittance of above 80 % in visible range and a low 

resistivity of ~ 10-2 Ω∙cm. The formation of α-Fe2O3 layer and Fe3O4 layer on glass 

substrate was confirmed by XRD. These α-Fe2O3 and Fe3O4 layer were successively 

deposited on ZnO layer and it was confirmed that heterostructured α-Fe2O3 / ZnO and 

Fe3O4 / ZnO double layered films could be fabricated by aqueous solution process. 

 

 

 

6.1 Introduction  

Ferrite films have been used for various applications such as tunneling magnetoresistive 

(TMR) devices, giant magnetoresistive (GMR) devices, and gas sensor, semiconductor 

electrode [1-3].  

Among the various ferrite films, the hematite (α-Fe2O3) has been studied as a 

semiconductor usable for gas sensor and semiconductor electrode. The α-Fe2O3 is 

semiconductor material having band gap energy of 2.2 eV [4]. Also, α-Fe2O3 film can be 

applied for environmental purification due to their properties such as water splitting and 

photodecomposition [5-7]. Especially in case of water splitting, it can be applied as a photo 

electrode to generate hydrogen from the water. Although sputtering and chemical vapor 

deposition method has been used for the deposition method of α-Fe2O3 film, this method 

required high process temperature, and they are not suitable to apply to transparent 
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electrodes that require a low heat resistance. Because of these reasons, solution process 

has been receiving attention as an alternative fabrication method.  

And magnetite (Fe3O4) has been also receiving attention and is promising material for 

spin injection into semiconductors due to its high Curie temperature of ~860 K and half 

metallic properties at room temperature [8-9]. Also, epitaxial growth of Fe3O4 based on 

metallic film seems very important for TMR and GMR devices as a polarized spin injector. 

Among the various fabrication methods, the sputtering process is the most representative 

one. Fe3O4 layer deposited on ZnO (00n) layers by sputtering likely to have their preferential 

orientation along the (nnn) plane [10-13]. However, the multilayer films by sputtering process 

would require a high substrate temperature and/or additional heating process in vacuum 

system. These high temperature processes cause the change in properties of under layer 

such as ZnO, MgO, and Si. Therefore low temperature process is required. 

In this chapter, heterostructured ferrite / ZnO films such as α-Fe2O3 / ZnO, and Fe3O4 / 

ZnO films were deposited by spin-spray method As mentioned before (in chapter 1), spin-

spray method is low temperature solution process to fabricate both of transparent conductive 

oxide film and ferrite film. And their crystallographic properties were investigated. 

6.2 Experimental Procedure  

6.2.1 Deposition of Double layered Iron Oxide / ZnO  

▪ Deposition of ZnO layer 

First of all, ZnO layers were deposited on plasma treated glass substrate. The source 

solution was prepared by dissolving 10 mM Zn(NO3)2∙6H2O (Zinc nitrate hexahydrate, Wako 

Pure Chemical Industries, Ltd., Japan, 99.0 %) and the reaction solution was prepared by 

dissolving NH3 (Ammonia solution, Wako Pure Chemical Industries, Ltd., Japan, 28.0%) and 

2 and 0~10 mM Na3C6H5O7 (Trisodium citrate, Wako Pure Chemical Industries, Ltd., Japan, 
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97.0%) in same amount of de-ionized water. ZnO layers were deposited by spraying these 

solutions for 10 minutes. And then, as-deposited ZnO layers were subjected to UV irradiation 

with BLB lamp to decompose citrate incorporated in the deposited films. 

▪ Deposition of α-Fe2O3 and Fe3O4 layers 

The α-Fe2O3 layer was deposited for 30 min on glass substrate and as-deposited ZnO 

layers. The source solution of 10 mM FeCl2∙4H2O (Iron chloride tetrahydrate Wako Pure 

Chemical Industries, Ltd., Japan, 99.0 %) and the reaction solution of 20 mM NaNO2 

(Sodium nitrite, Wako Pure Chemical Industries, Ltd., Japan, 98.5 %) in same amount of de-

ionized water were used for the deposition of α-Fe2O3 layer. 

And the Fe3O4 layers were deposited on as-sprayed these ZnO layers. The source 

solution of 20mM FeCl2∙4H2O in 2.0L of D.I.Water and the reaction solution of 5mM NaNO2 

and 65mM CH3COONa in same amount of D.I.Water were used for the fabrication of Fe3O4 

layers. 

6.2.2 Characterization 

The electrical and optical properties were measured by Hall Effect measurement system 

(HMS-3000, ECOPIA) and Lambda 35 spectrometer (Perkin Elmer Japan Co., Ltd.), 

respectively. The surface properties of as-deposited layers were observed by scanning 

electron microscopy operated at 15 kV (SEM, S4000, Hitachi, Ltd.) and crystallographic 

properties were analyzed by using X-ray diffraction (XRD, Rint2000, Rigaku Corp.). 

6.3 Results and Discussion  

6.3.1 α-Fe2O3 / ZnO film 

Figure 6-1 shows SEM images of as-deposited ZnO layers at citrate concentration of 2 

and 10 mM. Both of as-deposited ZnO layers shows dense and smooth surface. Thickness 

of ZnO layers decreased from 1.4 to 1.2 μm with increasing of citrate concentration from 2 to 
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10 mM. This result is related to the function of citrate ion to the growth of ZnO crystallites in 

solutions. As-deposited ZnO layer without citrate indicated rod array structure with (002) 

preferred orientation [14]. However, ZnO layer deposited using citrate in solution had 

continuous structure because citrate ions were absorbed to (0001) plane and it suppressed 

the anisotropic growth along the (001) direction [15-16]. Since this growth control 

suppressed the growth speed of ZnO columnar, the thickness was decreased with 

increasing citrate concentration.  

  

(a) Citrate 2 mM (b) Citrate 10 mM 

Figure 6-1 SEM images of as-deposited ZnO layers. 

 Figure 6-2 shows XRD patterns of ZnO films fabricated by spin-spray method at citrate 

concentration of (a) 2 mM and (b) 10 mM. The ZnO films are in hexagonal crystallographic 

phase (JCPDS 36-1451). Variation of the full width at half maximum (FWHM) which is one of 

the criteria of crystallinity was observed. FWHM of (101) peak decreased from 0.18 to 0.16o 

with increasing citrate concentration from 2 to 10 mM, these result indicates improved 

crystallinity, and it also contribute to change of crystallite size. Crystallite size calculated by 

Scherrer’s equation also increased from 46.4 to 51.9 nm. 

All as-deposited ZnO films were UV illuminated under Black-Light-Blue (BLB) lamp 

(Wavelength: 300 ~ 400 nm, Intensity ≒ 0.6 mW/cm2) to obtain conductivity. Resistivity of 

ZnO layers were changed by UV illumination time, as shown in Figure 6-3.  
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Figure 6-2 XRD patterns of as-deposited ZnO layers. 

 

Figure 6-3 Change in resistivity by UV irradiation. 

Before UV illumination, ZnO layer had low conductivity (~ several hundred Ω∙cm), 

however, the resistivity was dramatically decreased due to the decomposition of organic 
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substance in ZnO crystallite by photocatalytic reaction of ZnO under UV illumination 

condition [16-17]. As a result, the lowest resistivity of 1.8 x 10-2 Ω∙cm was attained at citrate 

concentration of 2 mM (2.7 x 10-2 Ω∙cm at 10 mM). Both of ZnO layers showed high 

transmittance above 80 % and optical band gap energy of approximately 3.6 eV, as shown in 

Figure 6-4.  

 

Figure 6-4 Optical properties of ZnO layers after UV irradiation. 

 Figure 6-5 shows XRD pattern and SEM image of α-Fe2O3 film deposited on glass 

substrate by spin-spray method. All of diffraction peaks were confirmed as α-Fe2O3 phase, 

and other peaks were not found (JCPDS 33-0664). As-deposited α-Fe2O3 film had thickness 

of 320 nm and rough surface.  

After evaluation of α-Fe2O3 layer fabricated on glass substrate, α-Fe2O3 layer was 

deposited on ZnO layers. Figure 6-6 shows SEM images of as-fabricated heterostructured α-

Fe2O3 / ZnO double-layered film deposited at different citrate concentrations during ZnO 

layer deposition. It was confirmed the α-Fe2O3 layer deposited on as-deposited ZnO layers 

and heterostructured α-Fe2O3 / ZnO double-layered film had indicated dense surface. More 

details of structural properties were investigated by XRD, as shown in Figure 6-7.  
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Figure 6-5 XRD patterns and SEM image of α-Fe2O3 layer. 

  

(a) Citrate 2 mM (b) Citrate 10 mM 

Figure 6-6 SEM images of heterostructured α-Fe2O3 / ZnO films. 

Figure 6-7 shows XRD patterns of heterostructured α-Fe2O3 / ZnO double-layered films 

fabricated by spin-spray method. All peaks corresponded to ZnO and α-Fe2O3 phase, and no 

other peaks were found. From the XRD result, we could confirm that the change of structural 

properties with increasing of citrate concentration. Crystallinities were degraded and 

thickness of α-Fe2O3 / ZnO layer was also decreased by increasing citrate concentration. 
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Figure 6-7 XRD patterns of heterostructured α-Fe2O3 / ZnO films. 

6.3.2 Fe3O4 / ZnO film 

Figure 6-8 indicated the SEM images of ZnO layer surface morphology deposited at 

different citrate concentrations. As mentioned before (at Chapter 2), surface morphologies of 

ZnO layers were gradually changed to dense surface by adding citrate in reaction solution, 

ZnO layers have dense surface at above 5 mM of citrate concentration.  

These changed surface morphologies also affect to their transmittance, as shown in 

Figure 6-9. ZnO layer deposited without citrate has low transmittance due to the scattering 

caused by rod structure. However it was increased by adding citrate ions in reaction solution, 

as a result, ZnO layers deposited at above 5 mM of citrate concentration indicated high 

transmittance of 80%.  

In case of resistivity, as-deposited ZnO layers were decreased by UV irradiation, as-

shown in Figure 6-10. ZnO layers deposited at above 5 mM of citrate concentration has low 

resistivity of ~10-2 Ω∙cm (1.6 x 10-2 Ω∙cm at 5mM, and 2.7 x 10-2 Ω∙cm at 10 mM). However,  
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Figure 6-8 SEM images of ZnO layers; (a) citrate none, (b) Citrate 0.05 mM,  

(c) Citrate 5 mM, and (d) citrate 10 mM. 

 

Figure 6-9 Change in transmittance by citarte concentration. 
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ZnO layer deposited at 0.05 mM has high resistivity approximately 4 Ω∙cm due to their 

rough surface. Additionally, low amount of absorbed citrate ions in ZnO layers are also one 

of the reasons for the low resistivity. ZnO film prepared by spin-spray method could be  

 

Figure 6-10 Variation of resistivity by UV irradiation. 

 

Figure 6-11 XRD pattern and SEM image of as-deposited Fe3O4 layer. 
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attained the conductivity caused by decomposition of organic substance such as citrate ions 

under UV illumination. Here, amount of citrate ion in the film is important factor, and it was 

already confirmed at Chapter 4. 

Figure 6-11 shows the XRD pattern and SEM images of as-deposited Fe3O4 layer. There 

are three dominant peaks were observed corresponding (311), (400), and (511) at 35.5, 43.1, 

and 57.0o, respectively. These peaks were confirmed as magnetite phase and another 

impurity peak was not observed. Fe3O4 layer indicated smooth surface and confirmed 

thickness from cross-sectional SEM image was 1.4 μm. And then, heterostructured Fe3O4 / 

ZnO was prepared by using Fe3O4 layer and ZnO layer. 

Figure 6-12 shows the change of surface morphology of as-prepared Fe3O4 / ZnO films at 

various citrate concentrations. As-prepared Fe3O4 / ZnO film without citrate indicated the 

rough surface morphorogy, while it was gradually changed to smooth surface. Especially, in 

case of as-prepared Fe3O4 / ZnO film at citrate concentration of 10 mM, it had cubic shape, 

as shown in Figure 6-13. To cofirm the more details, as-prepared Fe3O4 / ZnO films were 

anlaized by XRD. Figure 6-14 shows the XRD patterns of as-prepared Fe3O4 / ZnO films at 

various citarte concentrations. All diffraction peaks were confirmed as a ZnO and magnetite 

by using JCPDS 36-1451 (Zincite) and JCPDS 19-0629 (Magnetite) and another impurity 

peaks such as hydroxide was not observed. And preferential orientation along the (nnn) 

plane was also confirmed. As shown in Figure 6-14, (111), (222), and (333) peaks were 

observed at 18.3, 37.1, and 57.0o, these results are very close to the results of the standard 

magnetite crystal. Generally, these preferential orientations along the (nnn) plane are 

observed in Fe3O4 layer deposited on ZnO (00n) layers by sputtering. However, 

heterostructured Fe3O4 / ZnO film by sputtering process would require a high substrate 

temperature and/or additional heating process in vacuum system. In contrast, 

heterostructured Fe3O4 / ZnO film which has preferential orientations along the (nnn) planes 

such as (111), (222), and (333) peaks were simply fabricated by solution process at low  
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Figure 6-12 SEM image of as-prepared Fe3O4 / ZnO films at various citrate 

concentration; Surface morphology (a) none, (c) 0.05 mM, (e) 5 mM, and (g) 10mM, 

Cross-sectional image (a) none, (c) 0.05 mM, (e) 5 mM, and (g) 10mM. 
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substrate temperature without post-annealing process. It suggests that solution process is 

also one of the possible ways for applying to TMR (tunneling magnetoresistive) and GMR 

(giant magnetoresistive) devices as a polarized spin injector.  

 

Figure 6-13 Surface morphology of as-prepared Fe3O4 / ZnO films  

at citarate concentration of 10 mM. 

 

Figure 6-14 XRD patterns of as-prepared Fe3O4 / ZnO films. 
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6.4 Summary 

In this study, heterostructured α-Fe2O3 / ZnO and Fe3O4 / ZnO films were fabricated by 

spin-spray method and their structural, crystallographic, and electrical properties were 

investigated. 

First, α-Fe2O3 and ZnO films and the double-layered of them were deposited on glass 

substrate As-deposited ZnO films showed high transmittance above 80 % and improved 

crystallinity was also confirmed through the decreasing of FWHM values from 0.18 to 0.16o. 

The lowest resistivity of 1.8 x 10-2 Ω∙cm was attained at citrate concentration of 2 mM after 

UV irradiation with BLB lamp. Heterostructured α-Fe2O3 / ZnO double-layered films were 

fabricated by deposition of α-Fe2O3 layer on ZnO layer. Formation of Heterostructured α-

Fe2O3 / ZnO films were verified by XRD, and dense surface properties confirmed by SEM. 

From these results, we could confirm the successive deposition of ZnO and α-Fe2O3 layers 

are possible by solution method. 

And Fe3O4 and ZnO films and the double-layered of them were deposited on glass 

substrate. Surface morphologies of as-deposited ZnO were changed by adding citrate ion in 

reaction solution, and ZnO had dense structure at above 5 mM of citrate concentration. 

Transmittance was also increased to above 80 % with changing surface morphology and, 

the lowest resistivity was 1.6 x 10-2 Ω∙cm at 5mM. In case of Fe3O4/ZnO film, Fe3O4 film had 

preferential orientation along the (nnn) plane, while other peaks which identified Fe3O4 were 

also confirmed. The SEM images for as-fabricated Fe3O4/ZnO film revealed that formed 

crystallites had cubic phase. 
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Chapter 7 

Future Prospects 

ZnO is promising material to apply to various electronic devices, and aqueous solution 

process named spin-spray method is the most simple and cost effective method for 

fabricating ZnO films.  

 

• Spin-spray method 

It is well known that solution process is more cost-effective and simpler than dry 

processes. And among the solution processes, spin-spray is the most unique equipment for 

fabricating film due to their advantages such as low substrate temperature, crystallization 

without post-annealing, and good adhesion without seed layer [1-3]. And spin-spray method 

has a wide range of application because it can fabricate the various kinds of film such as 

ZnO, Fe3O4, and α-Fe2O3 film [4-7]. These films can be applied to electronic devices and 

electromagnetic devices. 

Additionally, other materials having photocatalytic property such as titanium dioxide (TiO2) 

also can be fabricated by spin-spray method [8-10]. As-fabricated film by spin-spray method 

uses photocatalytic reaction to decompose the organic substance in the film, and it causes 

the positive result such as high conductivity (ZnO film) [11-12]. Thus, TiO2 film could be 

fabricated by spin-spray method, and it can be applied to self-cleaning glass. 

 

• ZnO films having various structures 

As-fabricated ZnO films by spin-spray method have various forms such as rod array, 

flower-like, and sphere-like structure. They can be applying to dye-sensitized solar cell as a 
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photoelectrode due to their high specific surface area. And ZnO films having dense structure 

and high transparency can be easily obtained by adding citrate ions in reaction solution. 

These films can be applying to displays, OLEDs, and thin film transistor as a transparent 

electrode. 

 

• Transparent conductive ZnO films 

ZnO films having high conductivity are achieved by UV irradiation and hydrogen 

treatment. These films indicated n-type semiconductor property with high carrier 

concentration (1019~1020 cm-3). These films can be used as a transparent electrode to 

various applications such as OLED and solar cell. Additionally, ZnO films having amorphous 

structure can be simply fabricated by spin-spray method, and reported ZnO film having high 

mobility with p-type semiconductor property [13-15]. These films can be used to thin film 

transistor as a channel layer. Additionally, these two types ZnO films are can be applying to 

p-n junction diodes. Generally, the fabrication process of p-n junction diodes by dry process 

is very complicated. In contrast, n-type and p-type ZnO films can be easily obtained by spin-

spray method. It means that p-n junction diodes can be fabricated by one step process using 

spin-spray method. 

 

• ZnO film on flexible substrate 

Rod array structure and transparent conductive ZnO films on flexible substrates were 

successfully deposited on PES substrate. These films can be applying to flexible devices 

such as e-paper, wearable devices. 

And universal solution process requires high substrate and post-annealing temperature, 

and it became the problem in fabrication of flexible devices. However, spin-spray method is 
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low temperature process, and it means that spin-spray method can be one of the methods 

for fabricating flexible devices. Additionally, spray process is applicable to mass production 

by roll-to-roll (R2R). Generally, R2R has been used in dry process for fabricating film on 

flexible substrates, while it is unsuitable for conventional solution process due to the post-

annealing process for crystallization. However, spray process can fabricate the crystallized 

ZnO film on flexible substrate without post-annealing process, and it is the possible reason 

for mass production by spin-spray method. As a result, it is thought that spray process with 

R2R can be achieved the cost reduction for fabricating devices. 
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Chapter 8 

Conclusion 

 

In this thesis, solution-processed ZnO films were discussed. 

 

First, the spin-spray method is attractive fabrication method for preparing ZnO film. It is 

environmentally friendly, and construction is simple. The spin-spray method can fabricate the 

high quality ZnO film at low substrate temperature below 100oC. Furthermore, deposition 

process is also very simple. Two kinds of solution such as source and reaction solution are 

sprayed on rotating and heated substrates, and then film is formed on substrate surface. 

Although, deposition process is simple, however, as-deposited films by spin-spray method 

have high transparency and crystallized without seed layer.  

ZnO films which has various forms such as rod array, dense, and flower-like structure 

were obtained by change of solution conditions. Rod array structure changed to dense 

structure by adding trisodium citrate in reaction solution, and flower-like structured ZnO film 

was simply obtained by change of pH adjusted from ammonia solution to sodium hydroxide. 

These various 1 dimensional and dense structures of ZnO films have various functional 

properties and they are expected to apply for various applications such as nano-generators, 

sensors, organic light emitting diodes, thin film transistors and solar cells.  

High carrier concentration (~1020 cm-3) of ZnO films were achieved by UV irradiation. 

Under UV irradiation, organic substance in the ZnO films is decomposed by photocatalytic 

reaction of ZnO, C, and /or H doping into ZnO. As a result, many carriers are generated by 

ions doping. Additionally, it is also confirmed that UV condition having wide wavelength is 

more effective to decompose the organic substance in the film, and it resulted lower 

resistivity. 
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Effect of thermal treatment on solution-processed ZnO films was also investigated, in this 

thesis. Because, ZnO films fabricated spin-spray method contains organic substances in the 

film, and they may affect to their properties such as conductivity and crystallinity. Thermally 

treated (at 100oC) and UV irradiated ZnO films had the lowest resistivity of 1.6 x 10-2 Ω∙cm 

with high carrier concentration and relatively higher mobility than other samples. However, in 

case of mobility, it is still too lower than that of films deposited by sputtering method. To 

improve the electron mobility, hydrogen treatment was used before UV irradiation. Hydrogen 

treated and UV irradiated ZnO film has the lowest resistivity of 1.8 × 10−3 Ω∙cm with high 

carrier concentration (1.5 × 1020 cm−3), in case of moility, it increased 10 times from 1.2 to 

11.2 cm2V−1s−1. Reasons for low resistivity are estimated two kinds of phenomenon. First is 

generating carrier by UV irradiation. And second is decomposition of negatively charged 

oxygen species on grain boundary by hydrogen treatment. This result suppose that pure 

ZnO film without metal ions doping such as aluminum and gallium can be applied to various 

applications as a transparent electrode due to their high conductivity. 

Finally, ZnO films were deposited by spin-spray method on flexible substrates at low 

substrate temperature of 85oC. As I mentioned before, flexible devices are receiving 

attention as a future technology, and simple and low temperature process for film fabrication 

on flexile substrates are intensively studied. However, solution processes generally use the 

annealing process for crystallization and high substrate temperature is required for removing 

organic substance in the film. On the other hand, spin-spray method is solution process 

however it can fabricate crystallized ZnO film without post-annealing process at low 

substrate temperature. ZnO films on flexible substrate which has low resistivity and high 

transmittance was obtained by spin-spray method, it is one of the good examples for using 

the advantage of spin-spray method. 
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