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Abstract 

Dye-sensitized solar cell (DSSC) has attracted extensive attention and been considered as a 

promising candidate for the next generation solar cell due to its advantages such as low-cost, relatively 

simple fabrication process, and environmentally friendly materials. Since DSSC was invented by Prof. 

M. Graetzel and Dr B. O’Regan in 1991, it has gained more and more research attention all over the 

world in over last 25 years. Until now, the highest conversion efficiency of DSSC reported by 

Graetzel’s group has reached to 15%. However, the development of DSSC has encountered the 

bottleneck in the improvement of conversion efficiency. The reasons are small surface area and low 

transportation of TiO2 based photoanode, low photoelectric conversion of dye, and corrosion of redox 

electrolyte etc.  

Photoanode is one of the most important parts for DSSC. Photoanode is composed of the 

photoanode material and transparent conductive oxide (TCO) substrate. High transmittance and large 

surface area for dye absorption are the basic requirement for photoanode material. TiO2 is the most 

common photoanode material used in DSSCs. Anatase TiO2 has a better photovoltaic performance 

than other phases due to its larger bandgap. However, TiO2 is difficult to obtain textured structure to 

enlarge the surface area to absorb more dye molecules. Moreover, the low electron mobility (i.e. 0.1~4 

cm2/(V•s)) of TiO2 causes low transportation during electron transportation from TiO2 to substrate. 

These limitations influence the conversion efficiency of TiO2 based DSSC. Compared with TiO2, ZnO 

has similar energy bandgap (3.3 eV) with TiO2 (3.2 eV). However, ZnO has much higher electron 

mobility (i.e. 200~1000 cm2/(V•s)) than TiO2. In addition, ZnO is much easier to be fabricated into 

nanostructures. Therefore, ZnO is one of the most promising alternative photoanode materials for 

DSSC. So far, ZnO based DSSC has reached the highest conversion efficiency of 8.03% using ZnO 

nanostructures after air plasma treatment. Therefore, ZnO shows high potential to be applied in DSSC.   

ITO or FTO are the most common TCO substrates. However, vertical alignment of ZnO nanorods 

could not be well controlled on ITO or FTO. Therefore, suitable TCO substrates should be studied to 

replace ITO or FTO. Based on our previous research, fabrication of vertical aligned ZnO nanorods was 

still not well studied. The growth mechanism of vertical aligned ZnO nanorods should be further 

investigated.  

In order to solve above problems, we designed a novel photo electrode structure that ZnO nanorods 

fabricated on ZnO based substrates, which was called the unified ZnO electrodes. Unified ZnO 

electrodes were expected to fabricate ZnO nanorods with good crystallinity, good vertical alignment 

and large surface area. Furthermore, due to the high electron recombination and low stability in acidic 



 

 

electrolyte of ZnO-based electrodes, anatase TiO2 shell was coated on ZnO nanorods with the purpose 

to reduce electron recombination and improve the stability.  

In my research, there are several novel ideas to improve performance of ZnO based DSSC.  

1. The unified ZnO electrodes, which was ZnO nanorods fabricated on aluminium or gallium doped 

ZnO substrates. The fabrication of unified ZnO electrodes included the fabrication of AZO or GZO 

films and vertical alignment of ZnO nanorods.  

1.1. The transparent conductive AZO and GZO films with low resistivity and high transmittance 

were deposited to replace ITO as TCO substrates. The effects of metal doping on crystallinity, 

resistivity, and transmittance were investigated.  

1.2. Vertical alignment of ZnO nanorods was controlled on ZnO based substrates to improve optical 

transmittance and crystallinity. The growth mechanism of vertical aligned ZnO nanorods was 

investigated.   

2. Anatase TiO2 shell was coated on ZnO nanorods to reduce electron recombination. The 

mechanism of TiO2 shell improving the performance of DSSC was investigated.  

The main work will be discussed in terms of fabrication of unified ZnO electrodes including 

transparent conductive ZnO based substrates, vertical alignment controlling on ZnO based substrates, 

and fabrication of ZnO-TiO2 core-shell nanorods.  

 

1. Deposition of transparent conductive ZnO based substrates 

Transparent conductive substrates should not only have low resistivity, high optical transmittance 

and high electron mobility, but also contribute to the vertical alignment of ZnO nanorods. However, 

common substrates such as ITO could not contribute to the vertical alignment of ZnO nanorods due to 

large lattice mismatch. Therefore, transparent conductive substrates with low lattice mismatch were 

studied.  

Transparent conductive AZO and GZO films were deposited by sputtering system with optimized 

deposition conditions. The aluminium and gallium dopants not only improved the crystallinity of ZnO 

film, but also the resistivity and electron mobility. Film thickness dependence on structural, optical 

and electrical properties of films was investigated. As film thickness increased from 50 to 300 nm, the 

crystallinity of AZO and GZO films was improved, resistivity decreased, and electron mobility 

increased. 300 nm-thick AZO film showed lowest resistivity of 6.23×10-4 Ω•cm, highest mobility of 

18.1 cm2/(V•s) and high optical transmittance of 85%, which were comparable to commercial ITO 

substrate of Sigma-Aldrich Co. Ltd (a resistivity of 3×10-4 Ω•cm, a mobility of 20 cm2/(V•s) and 

optical transmittance of 84%). Moreover, (0001) orientation growth was controlled for AZO and GZO 

films. The lattice constants of AZO and GZO films were 0.52126 nm and 0.52074 nm, respectively, 

which were very close to that of bulk ZnO (0.52070 nm).  

In summary, 300 nm-thick AZO and GZO substrates could replace ITO substrate to be used as TCO 

layers for electrode of DSSC. The deposited ZnO based substrates showed very similar lattice 

constants to bulk ZnO.  



 

 

 

2. Vertical alignment controlling of ZnO nanorods on ZnO based substrates during 

multi-annealing process 

High transmittance was required for both substrate and ZnO nanorods in application of DSSC. 

Therefore, ZnO nanorods should be fabricated in vertical alignment to reduce the light scattering and 

absorption. Our previous research verified that the lattice mismatch influenced the vertical alignment 

of ZnO nanorods. However, the merchanism was not clear. In order to realize the vertical alignment of 

ZnO nanorods, further studies were performed.   

Multi-annealing process was developed to fabricate ZnO nanorods. The influence of substrates 

including AZO, GZO, and ITO substrates on the growth of ZnO nanorods was investigated. It was 

found that ZnO nanorods fabricated on ZnO based substrates were vertical alignment while those 

fabricated on ITO substrate were not vertical aligned. The calculated lattice constant c showed lattice 

mismatches between ZnO nanorods and AZO film, ZnO nanorods and GZO, ZnO nanorods and ITO 

substrate were 0.048%, 0.035%, and 70.35%, respectively. During multi-annealing process, ZnO film 

was reduced to zinc and ZnO nuclei formed on the surface of ZnO film. ZnO nuclei would follow the 

same (0001) growth direction with ZnO based substrates according to minimum energy principle. Due 

to (0001) orientation was the polarization direction of ZnO, ZnO nanorods would prefer to grow along 

this orientation. Therefore, vertical alignment of ZnO nanorods was well controlled, which had high 

optical transmittance. The mobility and optical transmittance of unified ZnO electrodes were 10.2 

cm2/(V•s) and over 70% in visible range, which were much better than those of TiO2 based electrodes 

(0.01~4 cm2/(V•s) and below 50% in visible range).  

In summary, the growth direction of ZnO nanorods followed the same vertical growth direction with 

underneath ZnO based substrate due to the low lattice mismatch between ZnO nanorods and substrate. 

The unified ZnO electrodes showed greatly improved mobility and optical transmittance than TiO2 

based electrodes.   

 

3. Vertical alignment controlling of ZnO nanorods on ZnO based substrates during chemical 

bath deposition. 

Chemical bath deposition (CBD) is a low-temperature method to fabricate ZnO nanorods. During 

CBD process, substrates served as the seed layer for ZnO nanorods. Vertical alignment of ZnO 

nanorods was largely influenced by the substrates. Therefore, vertical alignment of ZnO nanorods in 

CBD method should be studied.  

AZO film was used as substrate for growing ZnO nanorods by CBD method. It was found that 

vertical alignment of ZnO nanorods was obtained on AZO substrate. During CBD process, ZnO 

nanorods were grown at AZO substrate, which served as seed layers. As well-known, (0001) 

orientation is the polarization direction of ZnO nanords. Because ZnO based substrates had good 

(0001) orientation, ZnO nanorods would follow the same (0001) growth direction due to homogenous 

growth. As growth time increased, ZnO nanorods would prefer to grow vertically on ZnO based 



 

 

substrates. Moreover, the effects of AZO film thickness, precursor concentration and growth time on 

growth of ZnO nanorods were investigated. As thickness of AZO film increased, the diameter of ZnO 

nanorod increased due to the increasing grain size of AZO film. As precursor molecule concentration 

ratio increased, the growth of ZnO nanorods was suppressed. As growth time expanded, ZnO nanorods 

kept the same (0001) orientation with AZO film.  

In summary, ZnO nanorods followed the same (0001) growth direction with ZnO based substrates 

due to homogenous growth. Therefore, vertical alignment of ZnO nanorods was controlled on ZnO 

based substrates by CBD method.  

 

4. Fabrication of ZnO-TiO2 core-shell nanorods.  

Until now, the performance of ZnO based DSSC was limited by high electron recombination, low 

stability in acidic electrolyte solution, and formation of Zn2+/dye complex on the surface. In order to 

overcome these disadvantages, ZnO nanorods should be coated with a chemically stable shell. Anatase 

TiO2 had similar bandgap to ZnO, which meant electron could easily transport from TiO2 to ZnO. 

Anatase TiO2 was more chemically stable and had low electron-hole recombination, which was 

expected to improve the performance of ZnO based electrodes. Therefore, anatase TiO2 was coated on 

ZnO nanorods.      

TiO2 film was synthesized on ZnO nanorods using titanium tetraisopropoxide (TTIP) as titanium 

source by mist-CVD method. It was found that pure anatase TiO2 film with very uniform surface could 

be synthesized by mist-CVD method. The anatase TiO2 films were stable and not transformed to rutile 

phase at high temperature of 1000 ˚C, which meant this TiO2 film had very high thermal stability. This 

is the highest non-transformation temperature for anatase TiO2. Anatse TiO2 shell showed a significant 

influence on the efficiency ZnO based DSSC. As the thickness of TiO2 shell increased, the anatase 

crystallinity of TiO2 shell was increased and the optical transmittance was decreased. After coated with 

TiO2 shell, short circuit current density (Jsc) and fill factor (FF) of ZnO based DSSC was significantly 

improved. The conversion efficiency of ZnO based DSSC was twice improved after coated with TiO2 

shell.  

Anatase TiO2 shell had slightly higher conductive band with ZnO nanorods, which meant electrons 

could easily transmit from conductive band of TiO2 to that of ZnO. Therefore, during electron 

transmission, electron was ejected from the lowest unoccupied molecule orbit (LUMO) of dye 

molecule to the conductive band of TiO2 shell and then transmitted to that of ZnO nanorods. Because 

of the barrier between TiO2 shell and ZnO nanorods, the electron-dye and electron-I3
- recombination 

were greatly suppressed. Furthermore, because electron mobility in ZnO was much faster than that in 

TiO2, the electron transportation from dye to conductive band of TiO2 and then through ZnO nanorods 

to AZO substrate was significantly improved. Therefore, the TiO2-ZnO core-shell greatly improved Jsc 

and FF.  

In summary, ZnO-TiO2 core-shell nanorods were verified to help utilize electron mobility and 

diffusion rate of ZnO nanorods as well as the low recombination of TiO2. Low electron recombination 



 

 

and fast electron mobility of ZnO based electrodes improved the performance of DSSC. Therefore, the 

efficiency of ZnO based DSSC was greatly improved after coating anatase TiO2 shell. 
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Chapter 1 

 

 

Introduction 

 

 

1.1 Research on ZnO material 

1.1.1 Basic properties of ZnO 

 

Zinc oxide (ZnO) is a II-VI compound oxide semiconductor with wide direct bandgap of 3.37 

eV. The study of ZnO material started in 1912. Since the semiconductor age started, the 

systematic investigations of ZnO as a compound semiconductor were performed [1].  

ZnO naturally crystallizes in wurtzite structure, as shown in Fig. 1.1(a) [2]. Wurtzite structure, 

which belongs to space group of p6mc, is characterized by two interconnecting sublattices of 

Zn2+ and O2-. In this configuration, each Zn ion is surrounded by a tetrahedral of O ions and 

each O ion is also surrounded by a tetrahedral of Zn ions. The configuration of tetrahedral 

coordination in ZnO determines the polar symmetry along hexagonal axis, shown in Fig 1.1(b). 

This polarity of ZnO crystal induces many properties such as the crystal growth, etching and 

defect generation. ZnO crystals exhibit several typical surface orientations. The most important 

surfaces are the polar Zn-terminated (0001) and O-terminated (000-1) (c-axis oriented), the 

non-polar (11-20) and (10-10) faces [3]. For ZnO crystal, (0001) orientation has the lowest 

Gibbs free energy, which is the preferred orientation for hexagonal ZnO growth. The lattice 

parameters of hexagonal unit cell are a = 3.2495 Å and c = 5.2069 Å [4].  

ZnO crystal has native point defects which form the electronic states in the bandgap and 

influence its optical and electrical properties. Oxygen vacancies and zinc interstitials are the 

most common defects in ZnO crystals [5]. Existence of defects causes the distortion of bandgap 

and also works as the donors located in deep or shallow levels, which influences the electron 

transmission and luminescent property. Due to these defects in ZnO, ZnO has been used in the 

application of light emission diodes [6].   

ZnO has many unique properties such as the wide direct bandgap of 3.37 eV and a large 

exciton binding energy of 60 meV at room temperature. The strong high binding energy, which 

is much larger than that of GaN (25 meV), can greatly improve the exciton emission at room 

temperature under low excitation energy. Additionally, ZnO is easy to be fabricated into single 

crystals, which makes ZnO an ideal candidate for a variety of devices such as sensors, 

ultra-violet laser diodes and displays [7,8].  

ZnO also has piezoelectric properties due to its non-central symmetric structure of tetrahedral 
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coordination, which has high potential to be used in the sensors and actuators [9,10].   

 

1.1.2 Fabrication of ZnO nanostructures 

 

Nanostructured ZnO materials have received much attention due to their good performance in 

electronics, optics and photonics. Because wurtzite ZnO has a high polarized (0001) orientation, 

the formation of ZnO films or nanostructures prefers to grow along this orientation. Therefore, 

ZnO can be easily fabricated into various nanostructures such as nanorods [11], nanoflowers 

[12], nanobelts [13], and nanocombs [14] etc, shown in Fig. 1.2. The morphology of ZnO 

nanostructures is dependent on the fabrication method and experimental parameters. During the 

past several decades, ZnO nanostructures were fabricated using various methods including 

vapor-liquid-solid process (VLS) [15], pulse laser deposition (PLD) [16], chemical vapor 

deposition (CVD) [17,18], electrochemical [19], hydrothermal method, and chemical bath 

deposition (CBD) [20-22] etc.  

For most fabrication method, seed layer such as Au is nessasary to obtain ZnO nanostructures 

[23]. The seed layer serves as a growth site for the nucleation during fabrication of ZnO 

nanostructures. For example, Au is used as the seed layer for ZnO nanowires via VLS process. 

The liquid droplet serves as the preferentiual site for absorption of fas phase reactant. When 

supersaturated, the nucleation site for crystallization occurred. During growth, the catalyst 

droplet directs the nanowire's growth direction and defines the diameter of the nanowire. 

Eventually, the growth is terminated when the reactant is no longer available or temperature is 

below the eutectic temperature for catalyst. Research reported that Sn can also be an effective 

catalyst for growing ZnO nanorods [24]. Not only the seed layer but also the geometrical shape 

of substrate can affect the growth morphology of ZnO nanorods [25].  

The electrical and optical properties of ZnO nanostructures could be modified with ion 

implanation. Metal elements such as Cu, Ag, Mn and Na are doped into the ZnO nanostructures, 

resulting in substantial changes in terms of strutural, electrical and optical properties [26-28].  

ZnO nanostructures exhibits a direct bandgap of 3.37 eV at room temperature with a large 

exciton energy of 60 meV. Moreover, single crystals nanostructures usually perform a UV 

emission and strong visible emission, which are attributed to the near band edge emission and 

defects emission. Therefore, ZnO has been applied in blue-UV emission and displays [29,30].  

ZnO nanostructures usually has small dimensions, the oxygen sites density are much higher, 

which can significantly influence the conductivity of ZnO nanostructures. Therefore, the 

electrical conductivity of ZnO nanostructures can be changed due to the interaction between 

surface complexes such as O-, O2
-, H+ and OH- etc reactive chemical species or gas molecules. 

Therefore, ZnO nanostructures can be used for gas, chemical and biology sensors [31].  
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ZnO nanostructures has much larger surface area than film. Moreover, ZnO nanostructures 

are single crystal, which the electron mobility in ZnO is very high. The wide bandgap indicates 

ZnO has higher surface energy. All these advantages gurantee ZnO nanostructures has a high 

photocatalytic and photovoltaic activity. Therefore, ZnO nanostructures are also widely 

investigated in the application of photocatalytic and photovoltaic devices [32,33].   

 

1.2 Research on ZnO based DSSC 

1.2.1 Introduction of ZnO based DSSC 

 

Recently, fuel and energy crisis became more and more serious due to depleting fossil fuels 

while the demand for energy is growing. Renewable energy sources such as solar and wind have 

become important approaches for gaining independence from fossil fuels. Utilizing solar energy 

is certainly one of the most viable ways to solve the world's energy crisis. Dye-sensitized solar 

cells (DSSC) have emerged as promising candidates for ultilizing solar power due to its 

advantages such as low-cost, relatively simple fabrication process, and environmentally friendly 

materials. Since DSSC was invented by Prof. M. Graetzel and Dr B. O’Regan in 1991 [34], it 

has gained more and more research attention all over the world in over last 25 years. 

A conventional DSSC is composed of four parts including electrode, dye, electrolyte and 

cathode. Mesoporous TiO2 film is deposited on transparent conductive oxide (TCO) substrate, 

which is composed the photoelectrode. The dye molecules anchored on the surface of TiO2 film 

are the photoactive material of DSSC, and can produce electricity once they are sensitized by 

light.  

The working principle of DSSC is explained as follows, shown in Fig. 1.3. The dye 

molecules absorb photons of incoming light (sunlight and ambient artificial light) to excite 

electrons from highest occupied molecule orbital (HOMO) to lowest unoccupied molecule 

orbital (LUMO). The dyes inject excited electrons into the conductive band of TiO2. The 

electrons are conducted away by nanocrystalline TiO2 and TCO substrate to the circuit. Then 

the electrons are transmitted to cathode part. The dyes are regenerated by iodide ions in the 

electrolyte. The iodide ions are reduced to triiodide ions by the electrons from cathode part. This 

is how DSSC generates electricity.  

Over last 25 years, the overall efficiency of DSSC was greatly improved [35-37]. So far, the 

highest energy conversion efficiency of DSSC was 15%, made by research group of Prof. 

Grazel [38].  

However, the development of DSSC has encountered the bottleneck in the improvement of 

conversion efficiency. The reasons include that mall surface area and low transportation of TiO2 
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based electrode, low photoelectric conversion of dye, and corrosion of redox electrolyte etc. In 

this thesis, I will focus on the fabrication of electrode.  

Electrode is one of the most important parts for DSSC, which is composed of the electrode 

material and TCO substrate. High transmittance and large surface area for dye absorption are 

the basic requirement for electrode material.  

TiO2 is the most common electrode material used in DSSCs. Anatase TiO2 has a better 

photovoltaic performance than other phases due to its larger bandgap. However, TiO2 is difficult 

to obtain textured structure to absorb more dye molecules. The low electron mobility (i.e. 0.1~4 

cm2/(V•s)) of TiO2 causes low transportation during electron transportation from TiO2 to 

substrate. These limitations influence the conversion efficiency of TiO2-based DSSC [39,40].  

Compared with TiO2, ZnO has similar energy bandgap (3.3 eV) with TiO2 (3.2 eV). However, 

ZnO has much higher electron mobility (i.e. 200~1000 cm2/(V•s)) than TiO2 [41]. In addition, 

ZnO is much easier to be fabricated into nanostructures [42]. Therefore, ZnO is one of the most 

promising alternative electrode materials for DSSC.  

In my research, the traditional TiO2 films were replaced with the ZnO nanostructures as the 

electrode material. Compared to TiO2 based electrodes, ZnO nanostructures based electrodes 

had similar bandgap, much faster electron transportation and relatively large surface area, which 

was expected to improve the conversion efficiency of DSSC.  

 

1.2.2 Development of ZnO based DSSC 

 

The development of ZnO based DSSC was earlier but much slower than that of TiO2 based 

DSSC. The first record of ZnO based DSSC was in 1980. The porous ZnO films were used to 

fabricate dye-sensitized photoanode. The energy conversion efficiency of 2.5% for specific 

incidence light of 562 nm [43]. However, the conversion efficiency for ZnO based DSSC in the 

whole light range was from 0.4% to 5.7% in last 30 years [12,44,45].  

Saito et al [46] fabricated ZnO photoanode using nanocrystalline ZnO nanoparticles. The 

conversion efficiency was up to 6.58% using N719 as the dye sensitizer.  

Memarian et al. [47] obtained the high conversion efficiency of 7.5% by fabricating 

hierarchically structured ZnO-based photoanodes.  

He et al. [48] adopted the air plasma treatment to ZnO nanostructures, and obtained the high 

conversion efficiency of 8.03%. It is the highest conversion efficiency of ZnO based DSSC until 

now.  

The conversion efficiency of ZnO based DSSC was much lower than that of TiO2 based 

DSSC. One important reason is that it is difficult to obtain ZnO nanorods with vertical 

alignment.  
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Vertical alignment for ZnO nanorods not only improves the transmittance of electrode, but 

also improves the transportation from ZnO nanorods to TCO substrates. As reported, the 

vertical alignment of ZnO nanorods was significantly dependent on the substrates. However, the 

most common TCO substrates such as ITO or FTO cannot contribute to the vertical alignment 

due to large lattice mismatch [49]. Therefore, suitable TCO substrates should be studied to 

replace ITO or FTO. Based on our previous research [49-51], fabrication of vertical aligned 

ZnO nanorods was still not well studied. The growth mechanism of vertical aligned ZnO 

nanorods should be further investigated. Furthermore, ZnO-based electrodes have high electron 

recombination and low stability in acidic electrolyte. All these remained issues limited the 

improvement of ZnO based DSSC. 

 

1.3 Objectives and structure of this thesis 

 

In this thesis, in order to solve above remained problems, we designed a novel photo 

electrode structure that ZnO nanorods fabricated on ZnO based substrates, which was called the 

unified ZnO electrodes. Unified ZnO electrodes were expected to fabricate ZnO nanorods with 

good crystallinity, good vertical alignment and large surface area. Furthermore, due to the high 

electron recombination and low stability in acidic electrolyte of ZnO-based electrodes, anatase 

TiO2 shell was coated on ZnO nanorods with the purpose to reduce electron recombination and 

improve the stability.  

In my research, there are several novel ideas to improve performance of ZnO based DSSC.  

1) Aluminium or gallium doped ZnO substrates with low resistivity and high 

transmittance were deposited as TCO substrates to replace ITO. The effects of metal dopping on 

crystallinity, resistivity and transmittance were investigated.  

2) Vertical alignment of ZnO nanorods was controlled on ZnO based substrates to 

improve optical transmittance and crystallinity. The growth mechanism of vertical aligned ZnO 

nanorods was investigated.   

3) Anatase TiO2 shell was coated on ZnO nanorods to reduce electron recombination. 

The mechanism of TiO2 film reducing the recombination was investigated.  

The main work will be discussed in terms of fabrication of transparent conductive ZnO based 

substrates, vertical alignment controlling on ZnO based substrates, and fabrication of ZnO-TiO2 

core-shell nanorods. The structure of my thesis was shown in Fig. 1.4.  

Chapter 1: Research background of ZnO material and ZnO-based DSSC including the 

development and applications was introduced in details. The objectives of thesis were proposed 

and the structure of thesis was settled. 
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Chapter 2: The principle and measurement methods of fabrication and characterization 

equipment were briefly introduced.  

Chapter 3: Fabrication and characterization of vertical aligned ZnO nanorods by 

multi-annealing method were investigated in detail. Vertical alignment control of ZnO nanorods 

by multi-annealing was discussed. The deposition and characterization of aluminium and 

gallium doped ZnO films was also investigated. 

Chapter 4: Fabrication and characterization of vertical aligned ZnO nanorods by chemical 

bath deposition method were investigated in detail. 

Chapter 5: Fabrication and characterization of TiO2 coating on ZnO nanorods by mist 

chemical vapour deposition method were investigated. The deposition and characterization of 

pure anatase TiO2 film was also discussed in detail.  

Chapter 6: ZnO based DSSCs were fabricated and evaluated. The effects of surface area, 

post-treatment and TiO2 coating on the performance of DSSC were investigated.  

Chapter 7: The main results of this thesis were summarized. The future improvement and 

application were discussed.  
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Fig. 1.1 (a) hexagonal wurtzite crystal structure and (b) different crystallographic faces of ZnO 

[1].  

 

 

Fig. 1.2 Different shapes of Zno nanostructures. ((a) nanorods [11], (b) nanoflowers [12], (c) 

nanobelts [13], and (d) nanocombs [14]) 

 

 

Fig. 1.3 The working principle of dye-sensitized solar cell. 
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Fig. 1.4 The thesis structure.  
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Chapter 2 

 

 

Fabrication equipment and characterization techniques 

 

 

2.1 Introduction 

 

The equipments used to fabricate and characterize film, nanostructures and DSSC etc were 

briefly described in this chapter. The ZnO based films were deposited by radio frequency (RF) 

magnetron sputtering system and direct current (DC) sputtering system. ZnO nanostructures 

were fabricated by a commercial annealing furnace and chemical bath deposition (CBD). TiO2 

films and ZnO-TiO2 core-shell structures were fabricated by mist chemical vapour deposition 

(mist CVD). After fabrication, the samples were evaluated morphological, structural, optical and 

electrical properties with variety of equipment. The morphologies of films and nanostructures 

were observed with a field emission scanning electron microscope (FE-SEM) system. Surface 

roughness was characterized by an atomic force microscope (AFM). The microstructure of 

nanostructures was measured by a transmission electron microscope (TEM) system. The 

crystallinity was evaluated with an X-ray diffraction (XRD) system. The luminescent property 

of nanostructures was performed by photoluminescence (PL) measurement. Raman 

spectroscopy was measured with a confocal Raman microscope. Optical transmittance spectra 

were characterized by an ultraviolet-visible spectrophotometer. Electrical properties were 

measured with a Hall measurement system. All the measurement was carried out at room 

temperature. In next two sections, the equipments were interpreted in detail. 

 

2.2 Fabrication equipment  

2.2.1 Sputtering system 

 

Sputtering is a widely used technique to deposit thin films on different substrates. General 

sputtering system involves target and substrate. The difference of the power supply classifies the 

sputtering as RF sputtering and DC sputtering. In general, RF sputtering is used for deposition 

of insulating, semiconductive materials while DC sputtering is applied to deposit conductive 

materials [1].  

The process of sputtering can be interpreted as follows. Firstly, the ionic plasma is produced 

from inlet gas such as argon by applying a high voltage to the glow tube. Then the ions bombard 

the target located in cathode and the target atoms are ejected from the cathode by energy and 
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momentum transfer. Therefore, the sputtered atoms are deposited on the substrate located in 

anode. During sputtering process, it is impossible to sputter insulating materials with DC 

sputtering technique due to the positive charged ions can’t flow through the insulator, resulting 

in that the electric circuit is interrupted. So the cathode potential drops and the positive ions are 

no longer accelerated towards the target and the process ends. However, due to rapidly changing 

electric field for RF sputtering, the plasma moves to substrate and target back and forth. The 

potential difference between cathode and anode can be maintained. Therefore, the insulating 

materials can be deposited by RF sputtering.  

As for the magnetron effect, the magnetron field is oriented parallel to the cathode surface, 

resulting in that the plasma forms a closed loop in the local polarity of magnetron field. Due to 

the increased confinement of plasma, the plasma density will be much higher. Therefore, more 

target atoms are ejected. The sputtered atoms are not affected by the magnetron field due to their 

electrical neutrality. 

In this research, ZnO based films including pure ZnO and aluminum doped ZnO (AZO) films 

were deposited by a conventional RF (13.56 MHz) magnetron sputtering system, which was 

shown in Fig. 2.1 [2]. The gallium doped ZnO (GZO) film was deposited by DC sputtering 

system, shown in Fig. 2.2 [3]. The quality of deposited film was influenced by the deposition 

parameters including power, working gas pressure, substrate temperature, and the distance from 

target to substrate etc. Therefore, the deposition conditions are very critical to the deposited 

films. The deposition conditions of ZnO based films would be discussed in chapter 3 and 4.  

 

2.2.2 Commercial annealing furnace 

 

A commercial annealing furnace used in this research is shown in Fig. 2.3, which is 

composed of a quartz tube, gas supply system, vacuum system and water cooling system. The 

heating temperature for this furnace ranges from room temperature to 1000 ℃. Various gases 

including Ar, O2 and forming gas (2% H2 in N2) can be supplied in the system, depending on the 

research purpose. A quartz boat is used for holding the treated samples in the furnace.  

In this research, the commercial annealing furnace was used to fabricate ZnO nanorods with 

different ambient [4]. The gases used for fabrication of ZnO nanorods were forming gas and 

oxygen. The annealing conditions including annealing temperature, time and gas ambient were 

optimized to obtain ZnO nanorods with large surface area and good vertical alignment. The 

details of experimental conditions will be interpreted in chapter 3. 

 

2.2.3 Chemical bath deposition 
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CBD method is one of the easiest and cheapest methods to deposit thin films and 

nanomaterials due to non-expensive equipment and potentiality for large area deposition [5]. 

The CBD method contains a heating unit and reaction unit, shown in Fig. 2.4. The heating unit 

is used to heat the water or other solutions at a certain temperature for reaction. The reaction 

unit is for the fabrication of thin films or nanomaterials, which is strongly dependent on the 

chemical reactions. The major advantage of CBD is that it requires only solution containers and 

substrate mounting devices.  

In this research, CBD method was used to synthesize ZnO nanorods on ZnO based substrates. 

The CBD conditions including growth temperature, precursor concentrations, and growth time 

were optimized for ZnO nanorods growth.  

 

2.2.4 Mist chemical vapor deposition 

 

Mist CVD is a novel method to fabricate oxide films and nanoparticles. The schematic 

diagram of mist CVD is shown in Fig. 2.5 [6]. The conventional mist CVD system mainly 

consists of two parts. The first part is the mist generator unit, in which the solution is atomized 

to mist droplets by ultrasonic transducer. The frequency of ultrasonic is 2.4 MHz. The second 

part is the reaction unit. The carrier gas transfers mist droplets from the mist chamber to the 

reaction unit. The dilution gas dilutes the density of the mist droplets. After mist droplets reach 

the reaction unit, the droplets will burst into much smaller droplets due to the high temperature 

and high vapor pressure. These smaller droplets will form very uniform thin films or 

nanoparticles. 

In this research, mist CVD was used to fabricate TiO2 film and ZnO-TiO2 core-shell structure 

nanorods. The deposition conditions were optimized to control the quality of thin films and 

nanostructures. The details of experimental conditions were interpreted in chapter 5. 

 

2.3 Characterization techniques 

2.3.1 Field emission scanning electron microscope 

 

Morphological property of the samples was obtained via FE-SEM system. It contains electron 

gun, the focus coils, detector system and vacuum system, shown in Fig. 2.6 [7]. A focused beam 

of high-energy electrons is used to generate a variety of signals at the surface of solid specimens. 

These signals include secondary electrons, backscattered electrons (BSE), diffracted 

backscattered electrons (DBSE), photons (characteristic X-rays), visible light 

(cathodoluminescence), and heat etc. The signals reveal information of the sample including 

external morphology, chemical composition, crystalline structure, and orientation of materials. 
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The FE-SEM equipment used in this research was JEOL-JSM7400F, shown in Fig. 2.7. 

During measurement, the chamber pressure was maintained at 10-5 Pa. The gun voltage ranged 

from 1 to 30 kV. The highest magnification was 300,000X. The observed modes are SEI and 

LEI modes. 

In this research, the morphologies of thin films and nanostructures were measured by the 

FE-SEM equipment.  

 

2.3.2 Transmission emission microscope 

 

TEM is a microscopy technique to observe the morphology, measure the microstructure and 

analyze the element composition [8]. TEM contains the electron gun, the coils focus system, the 

detector system, and vacuum system, shown in Fig. 2.8. When a beam of electrons is 

transmitted through an ultra-thin specimen, interaction between electrons and specimen can 

form an image of morphology, a magnified image of the microstructure, and an image of 

electron diffraction pattern etc. The interaction between electrons and specimen generates the 

characterized X-ray, which can identify the element composition. It is called energy dispersive 

X-ray spectrometry (EDX).  

In this research, TEM ((JEOL-2100F) measurement was performed to observe the 

morphology and microstructure of films and nanostructures. The EDX was used to analyze the 

element composition of the nanostructures. 

 

2.3.3 X-ray diffraction 

 

X-ray is one kind of electromagnetic radiation with the wavelength of 0.1 nm, which equals 

to the diameter of the atom. X-ray diffraction is one of most popular non-destructive techniques 

for probing the crystalline structure at atomic level. 

Crystal, which means regularity and symmetry, is a regular three-dimensional distribution of 

atoms in space. A series of parallel planes separated with a distance d are well arranged, which 

are dependent on various structure and packing method for different materials. According to 

Bragg’s law, when a monochromatic X-ray with the wavelength of λ incident to a crystal sample 

at an angle of θ, X-ray will be diffracted by parallel planes of atoms [9]. 

 𝑛 = 2d𝑠𝑖𝑛𝜃 (2.1) 

Here, n is integer that represents the order of the reflection, 𝜆 is the wavelength of X-ray, d is 

the spacing between diffracting planes,  is the incident angle. Therefore, the characteristic of 

the materials can be evaluated in detail.  
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The XRD patterns can not only provide the peak position and intensity of the diffracted beam, 

but also provide structural information of the films or nanostructures. The information including 

the crystalline orientation, crystallite size, stress and lattice constants can be easily calculated 

from XRD patterns [10].  

In this research, Rigaku ATX-G was used to measure the structural properties of films and 

nanostructures, shown in Fig. 2.9 [11]. The structural property of ZnO film and nanostructures 

was measured by using 2𝜃-ω scanning and employing a Cu Kα tube (λ = 0.154178 nm) 

radiation (50 kV, 300 mA) in the range from 20 to 40°. The structural property of TiO2 film was 

measured by using grazing incidence x-ray diffraction (GIXRD) model at a 0.35° incidence 

angle in the range from 20 to 80°. 

 

2.3.4 Photoluminescence spectroscopy 

 

PL spectroscopy is a contactless, nondestructive method to probe the electrical properties of 

materials. Photo-excitation occurs when the light incidents on the sample. Photo-excitation 

causes electrons with the materials to transmit into other possible energy leves. When the 

electrons return to the equilibrium states, the energy is leased as photons. The photons can be 

detected by the CCD camera. The photon energy is dependent on the defects level or dopants 

level of material. Therefore, the photoluminescence provides a good method to study the 

electrical property of material [12].  

In this research, PL measurement was performed with an iHR320 Micro-PL/Raman 

spectroscope (Horiba Ltd.) using a He-Cd laser with a wavelength of 325.25 nm as an excitation 

light source. During measurement, the power of laser ranged from 1 to 5 mW with an exposure 

time of 0.5-5 s. The composition of PL measurement was shown in Fig. 2.10.  

   

2.3.5 Raman spectroscopy 

 

Raman spectroscopy is a spectroscopic technique to observe vibrational, rotational, and other 

low-frequency modes in a system. When laser interacts with molecular vibrations, rotations, or 

phonons in the materials, the energy of the laser photons is shifted left or right. The shift in 

energy gives information about the vibrational modes in the system. Raman spectroscopy can be 

used for both qualitative and quantitative applications. The spectra are very unique for different 

material or different phase of same materials. Chemical identifications can be performed by 

using search algorithms against digital databases [13].  

In this research, a confocal Raman microscope (HORIBA, LabRAM HR800) (shown in Fig. 

2.11) with a 532.8 nm excitation laser was used to measure the phase of TiO2 films.  
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2.3.6 Transmission spectroscopy 

 

Transmission spectroscopy is one of most basic techniques for analyzing the optical 

properties of samples in the light range from near UV light to infrared. It is a non-destructive 

system to measure the optical properties. Light passes through a sample to be registered by a 

detector and compared to original light. Using this transmission spectroscopy, we can obtain the 

information of the sample including the absorption coefficient of the sample, the reflectance and 

refractive index, the dielectric constant, and coarse calculation of bandgap [14].    

In this research, optical transmission spectra measurements of samples were performed using 

an Ultraviolet-Visible-Infrared (UV-Vis-IR) spectrophotometer (U-4100, Hitachi Corp), shown 

in Fig. 2.12. The measurement region ranges from 175 up to 2600 nm. The transmittance spectra 

of ZnO films, ZnO nanostructures, TiO2 films, and core-shell structures were measured via this 

equipment. 

 

2.3.7 Hall effect measurement 

 

Hall effect measurement has been a valuable tool for electrical property characterization of 

materials [15]. Basically, when a magnetic field through a sample and a current along the length 

of the sample are combined together, the electrical current is generated to be perpendicular to 

both the magnetic field and the current, which in turn creates a transverse voltage that is 

perpendicular to both the magnetic field and the current. The behind principle is the Lorentz 

Force. Using this basic principle, Hall effect measurement can be performed to measure the 

electrical properties of materials. A Hall effect measurement system can actually be used to 

determine the Hall voltage, carrier mobility, carrier concentration and resistivity etc.  

In this thesis, a Hall effect measurement system (Accent HL5500, M-1) was used to measure 

the electrical properties of ZnO based films, shown in Fig. 2.13. The mobility of ZnO based 

electrodes was also measured by this Hall measurement.  

 

2.3.8 Atomic force microscopy 

 

AFM is one of the most powerful microscopy technology to study the surface morphology. It 

is non-destructive and can provide structural, mechanical and functional information under 

physiological conditions [16]. The schematic diagram of AFM was shown in Fig. 2.14 [17]. The 

main unit for AFM is the sharp cantilever tip. When the tip approaches to the sample surface, 

the local force between tip and surface will be detected. Via scanning the sample surface, the 
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microscopic features of the samples will be detected. Because the images are acquired by the 

atomic force, the images with good resolution are possible. Therefore, the AFM is a useful 

instrument for analyzing surface roughness.  

In this research, the AFM (Nanoscope II, Digital Instruments) was used to measure the 

surface root mean squre roughness of ZnO based films, which shown in Fig. 2.15. 

 

2.3.9 Solar simulator system 

 

The nature solar spectrum changes all the time. It is difficult to test solar cell under nature 

solar illumination. In order to evaluate the fabricated solar cell, standard reference spectra 

should be defined to compare the performance of photovoltaic devices from different 

manufacturers and research laboratories [18]. The standard spectra were refined in the early 

2000's to increase the resolution and to co-ordinate the standards internationally.  

In this research, a simulated AM 1.5 G illumination with a power density of 100 mW/cm2 

(shown in Fig. 2.16) was applied to characterize the fabricated DSSC. 
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Fig. 2.1 The diagrammatic sketch of RF sputtering apparatus. 

 

Fig. 2.2 The diagrammatic sketch of DC sputtering apparatus. 
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Fig. 2.3 A commercial annealing furnace. 

Fig. 2.4 The diagrammatic sketch of CBD apparatus. 

 

 
Fig. 2.5 The schematic diagram of mist CVD process [6]. 
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Fig. 2.6 The schematic image of SEM [7]. 

  

Fig. 2.7 FE-SEM instrument. 

 
Fig. 2.8 TEM instrument. 
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Fig. 2.9 The schematic diagram of XRD [11]. 

Fig. 2.10 The schematic diagram of PL spectroscopy measurement. 

Fig. 2.11 Raman spectroscopy instrument. 
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Fig. 2.12 U-4100 UV-Vis-IR spectrophotometer. 

 

Fig. 2.13 Hall effect measurement system. 

 
Fig. 2.14 The schematic diagram of AFM measurement [17]. 
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Fig. 2.15 AFM instrument. 

Fig. 2.16 AM 1.5G solar simulator. 
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Chapter 3 

 

 

Fabrication and characterization of ZnO nanorods by multi-annealing 

method  

 

 

3.1 Introduction 

 

In previous research, the vertical alignment of ZnO nanorods could not be controlled on ITO 

or FTO substrates [1-3]. Recently, some studies reported that ZnO-based substrates including 

aluminum doped ZnO (AZO) and gallium doped ZnO (GZO) had great potential to contribute to 

the alignment of ZnO nanorods [4-6]. However, good crystallinity and vertical alignment could 

not be realized by using ZnO-based substrates. Moreover, the mechanism of alignment of ZnO 

nanorods was still not clear. Therefore, the remained critical issue for ZnO nanorods applying in 

DSSC is how to achieve vertical alignment on TCO substrate. 

Based on our previous research, we had succeeded in fabricating different conductive films 

by the sputtering system, as well as fabricating ZnO nanorods in different substrates by reducing 

annealing [7-10]. However, vertical alignment of ZnO nanorods were not well controlled. Based 

on our previous research [11], we found that lattice mismatch between ZnO film and substrate 

had significant influence on the alignment of ZnO nanorods. The low lattice mismatch 

contributed to the vertical alignment of ZnO nanorods. Therefore, in this chapter, ZnO based 

films including AZO and GZO films with good crystallinity and orientated (0001) direction 

were deposited to grow ZnO nanorods. Effects of metal dopants on structural and electrical 

properties of ZnO films were investigated. The mechanism of alignment of ZnO nanorods 

during reducing annealing process was discussed in details.  

 

3.2 Deposition of transparent conductive AZO and GZO films 

3.2.1 Effects of film thickness on the structural and electrical properties of 

AZO films 

3.2.1.1 Experiments 

 

Alkali-free glass sheets (Eagle XG, Corning Co. Ltd) were used as the substrates for 

deposition of AZO films. A conventional RF (13.56 MHz) magnetron sputtering system was 

applied to deposit AZO films with a 4-inch AZO (ZnO : Al2O3=98 : 2 wt%) ceramic target. The 

glass substrate was set 60 mm away from the target. During the sputtering process, pure argon 
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(30 sccm) was introduced as the working gas.  The pressure and the temperature were 

maintained at 1Pa and 150 ℃ respectively. AZO films with different thicknesses (100, 150, 200, 

250 and 300 nm) were deposited by controlling the deposition time. The deposition conditions 

were summarized in Table 3.1.  

 

Table 3.1 Deposition conditions of AZO films with different thicknesses. 

 

 

 

3.2.1.2 Results and discussion 

 

SEM images of AZO films were shown in Fig. 3.1. It was clearly seen that uniform surfaces 

were found from all as-deposited AZO films. The average grain size of as-deposited films 

increased from 32.6, 36.4, 57.2, 77.8 to 104.2 nm in sequentially as the AZO thickness 

increased from 100, 150, 200, 250 to 300 nm. As reported, the increasing grain size of thin films 

could be attributed to ion bombardment during sputtering process [12]. AZO film with small 

grains formed at the surface of glass substrate. As deposition time increased, argon ions 

bombarded the surface of AZO film with energies, resulting in that the small grains grew bigger.  

Figure 3.2(a) revealed XRD patterns of AZO films with different thicknesses. It was found 

that all as-deposited AZO films exhibited a dominant (002) diffraction peak, which meant the 

preferentially oriented growth was in the (0001) orientation perpendicular to the substrate. As 

shown in Fig. 3.2(b), the intensity of (002) diffraction peak increased and full width at half 

maximum (FWHM) decreased with AZO film thickness increased, which meant that the 

crystallinity of AZO films was improved. The highest (002) diffraction peak intensity and 

narrowest FWHM were obtained from 300 nm-thick AZO film. Based on biaxial strain model, 

the compressive stress (σ) in AZO films could be expressed as [13] 

σ =
2𝐶13

2 −𝐶33(𝐶11+𝐶12)

2𝐶13
×

𝑐𝑓𝑖𝑙𝑚−𝑐𝑏𝑢𝑙𝑘

𝑐𝑏𝑢𝑙𝑘
                            (3.1) 

where c is the lattice constant, Cij is the elastic modulus of bulk ZnO films, and C11=208.8 

GPa, C12=119.7 GPa, C13=104.2 GPa and C33=213.8 GPa. The (002) diffraction peak position 

varied from 34.36, 34.37, 34.37, 34.38 to 34.48°, which indicated that stress existed in the films. 

Because the peak position of AZO film was smaller than that of standard ZnO powder, the stress 

was identified as compressive stress. According to the calculated results shown in Fig. 3.3(a), 

compressive stress decreased from -0.73 to -0.35 GPa in parallel to the increase of AZO films 

thickness. According to Scherrer’s equation [13], the c-axis crystallite size could be calculated 

using the FWHM value. 

Film Working gas Temperature (˚C) Pressure (Pa) Power (W) 

AZO Ar (30 sccm) 150 1 60 
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τ =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                      (3.2) 

where λ is the X-ray wavelength, θ is the Bragg angle of (002) diffraction peak, and β is the 

FWHM of (002) peak. Fig. 3.3(b) presented the variation of c-axis crystallite size of 

as-deposited AZO films with different thicknesses. It was found that c-axis crystallite sizes of 

AZO films increased from 24.9 to 31.0 nm as film thickness increased from 100 to 300 nm. The 

lattice constant c also could be calculated based on residential stress and XRD patterns. The 

lattice constant c of AZO film was relaxed to the lattice constant c (0.52 nm) of bulk ZnO as the 

thickness increased from 100 to 300 nm.  

Figure 3.4 showed the optical transmittance of AZO films with different thicknesses. It 

revealed that the average optical transmittance of these films was nearly 80%, which meant 

AZO films were highly transparent in visible range. The commercial ITO glass exhibits average 

transmittance of around 83%, which was similar to the optical transmittance of AZO films. 

The electrical properties of as-deposited AZO films were investigated due to the reason that 

they would serve as the conductive substrates in photovoltaics fabrication. Fig. 3.5 showed the 

resistivity, mobility, and carrier concentration of AZO films as a function of film thickness. As 

the thickness of AZO film increased, the resistivity decreased significantly, while mobility 

increased and carrier concentration increased. The reason why carrier concentration in AZO 

films increased was because more aluminum atoms were doped in AZO films, which introduced 

more free electrons for transportation.  

The density function theory (DFT) was applied to simulate the equillium position of 

aluminum doped ZnO film. In DFT calculation, the calculation of many-electron wavefunction 

exceed any computational capabilities by far. However, this problem can be overcome using the 

Kohn-Sham (KS) ansatz, in which the fully-interacting system is replaced by a non-interacting 

one. Applying KS ansatz, the single-particle Schrödinger equation was transformed into 

Kohn-Sham equation in DFT, which shown in Equation 3.3 [14].  

[−
1

2
𝛻2 + 𝑣𝑒𝑓𝑓(𝑟)]𝜑𝑖 = 𝜀𝑖𝜑𝑖                        (3.3) 

This equation included an effective potential 𝑣𝑒𝑓𝑓(𝑟), which was produced by the Coulomb 

forces of all other electrons and nuclei and incorporates the exchange and correlation 

interactions, shown in Equation 3.4. 

𝑣𝑒𝑓𝑓(𝑟) = 𝑉𝑒𝑛(𝑟) + ∫
𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′ + 𝑉𝑥𝑐(𝑟)                    (3.4)  

 However, the exchange and correlation interactions, which was the complicated part of 

physics, could not be calculated exactly. The above eigen-value problem was solved using an 

iterative method that makes up the computationally expensive step of the DFT calculations. A 
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schematic representation of a self-consistent loop in this numerical method was depicted in Fig. 

3.6. With the forces at hands, the energy of a configuration can be minimized with respected to 

the atomic coordinates. Mathematically, this corresponds to finding the stationary point of a 

function whose exact form is generally unknown. Iterative methods was employed to solve this 

mathematical calculation. The obtained energy minima corresponds to the stable configurations, 

which are physically realized and thus important for the determination of stable defect 

configurations.  

The calculation in this research was based on the Abinit [15]. Abinit was an open-source suite 

of programs for materials science whose main program allows one to find the total energy, 

charge density and electronic structure of systems made of electrons and nuclei (molecules and 

periodic solids) within Density Functional Theory. In this calculation, a 2×2×3 ZnO supercell 

with 48 zinc atoms and 48 oxygen atoms is constructed. One zinc atom was replaced with one 

aluminum atom in 48 zinc atoms, which meant the aluminum dopping concentration was 2.08 

wt%. During our calculations, projector augmented wave (PAW) pseudo-potentials were used to 

describe the interactions between the atomic nucleus and valence electrons [16]. The local 

density approximation (LDA) was used to describe the exchange–correlation energy among 

electrons, and a 4×4×8 kpoint mesh was employed for the Brillouin zone integration of the 

48-atom supercell. The energy cutoff was 420 eV, which had been confirmed to be large enough. 

The breaking condition for ionic relaxation in total energy was 10−5 eV.  

The calculated cell lattice constants were shown in Fig. 3.7. Lattice constants in this research 

were a = b = 0.3254 nm and c = 0.5212 nm, which were in very small lattice deviation with both 

the experimental values and bulk ZnO values. The calculation lattice deviation of a and c with 

those of bulk ZnO were 0.11% and 0.12%, respectively. The calculated lattice constant c also 

showed very low deviation from the experimental data (0.5209 nm) of 300 nm-thick AZO film. 

It meant the lattice constants was very close to the bulk ZnO after doping with aluminum. It can 

be attributed to the small radius deviation betweeen Al (0.118 nm) and Zn (0.125 nm).  

The lattice constant c and compressive stress of AZO film and ZnO film with thickness of 

300 nm was calculated based the XRD patterns. The calculated compressive stress of AZO film 

(-0.5 GPa) was much lower than that of ZnO film (-1.5 GPa). The lattice constant c of AZO film 

was 5.209 nm, which was much closer to that of bulk ZnO. However, ZnO film showed a lattice 

constant c of 0.5223 nm. Therefore, it was proven that aluminum doping improved the 

crystallinity of ZnO film and reduce the compressive stress of ZnO film.  

Low resistivity of 5.60×10-4 Ω•cm and high mobility of 15.0 cm2/(V•s) were found from the 

fabricated 300-nm-thick AZO film, which was comparable to commercial ITO (resistivity and 

mobility is 10-4 Ω•cm and 20 cm2/(V•s) respectively) [17]. Therefore, AZO films can be 

alternative substrates using as transparent conductive substrates.  
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3.2.1.3 Summary 

 

AZO films were deposited on glass substrate by RF magnetron sputtering. The thickness of 

AZO film had a significant influence on morphological, structural, optical and electrical 

properties on AZO films. It was found that grain size increased, crystallinity of AZO films 

improved while resistivity decreased and mobility increased as the thickness increased. AZO 

films with different thicknesses showed high transmittance of 80% in visible range. Calculated 

lattice constants of AZO film were in good agreement with experimental values. Aluminum 

doping could improve the crystallinity of ZnO film. 300 nm-thick AZO film showed good 

crystallinity, high transmittance and comparable resistivity and mobility to ITO substrate, which 

would be the suitable substrate for photovoltaic application.  

 

3.2.2 Effects of film thickness on the structural and electrical properties of 

GZO films 

3.2.2.1 Experiments 

 

 GZO films were deposited on alkali-free OA-10 glass (Eagle XG, Corning Co. Ltd) using a 

conventional DC sputtering system. A 4-inch GZO (ZnO : Ga2O3 = 94.3 : 5.7 wt%) target was 

set 80 mm away from the glass substrates. The temperature of 150 ˚C was preheated for one 

hour before deposition and kept during deposition. Argon (30 sccm) was introduced as the 

working gas and the pressure was maintained at 1 Pa. The deposition power was set at 150 W. 

GZO films with different thicknesses of 100, 150, 200, 250 and 300 nm was deposited. The 

deposition conditions were shown in Table 3.2.  

 

Table 3.2 Deposition conditions of GZO films with different thicknesses. 

 

 

 

3.2.2.2 Results and discussion 

 

AFM images of GZO films were shown in Fig. 3.8. The average root mean square (RMS) 

roughness of GZO films was calculated in a scan area of 2×2 μm2. It was found that the uniform 

surface was found on all the GZO films. The rms roughness of GZO films were 1.10, 1.23, 1.80, 

1.95 and 2.56 nm in the order of 100, 150, 200, 250 and 300 nm in thickness.   

XRD patterns of GZO films with different thicknesses were shown in Fig. 3.9(a). It revealed 

Film Working gas Temperature (˚C) Pressure (Pa) Power (W) 

GZO Ar (30 sccm) 150 1 150 
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that all the as-deposited GZO films exhibited only one (002) diffraction peak, indicated that 

GZO films had a preferred c-axis orientation growth. It was found that as the thicknesses of 

GZO film increased, the intensity of (002) peak increased and FWHM decreased significantly 

from 0.278° to 0.234°, which shown in Fig. 3.9(b). It was related to an improvement in the 

crystallinity. The 300-nm-thick GZO film showed the highest intensity of (002) peak and the 

smallest FWHM, which meant it had the best crystallinity. 

 The (002) diffraction peak position of GZO films were 34.29, 34.36, 34.38, 34.40 and 

34.41° corresponding to the thickness of 100, 150, 200, 250 and 300 nm, as shown in Fig. 

3.10(a). The deviation of peak position indicated compressive stress existed in the films. The 

compressive stress of GZO films could be calculated based on Equation 3.1. Compressive stress 

in GZO films were -1.89, -1.18, -0.83, -0.68 and -0.24 GPa in the order of film thickness from 

100 to 300 nm. Therefore, the decreased compressive stress indicated the crystallinity became 

better.  

Based on Equation 3.2, c-axis crystallite size could be calculated. It was obtained that c-axis 

crystallite size of GZO films also increased from 24.31, 27.06, 28.83, 29.77 to 30.21 nm 

corresponding to the GZO film thickness of 100, 150, 200, 250, and 300 nm respectively, as 

shown in Fig. 3.10(b). Z. You et. Al [18] reported that Ga atoms substitute Zn in the hexagonal 

structure and Ga may occupy the interstitial sites of ZnO or Ga possibly segregates to the 

non-crystalline region in grain boundaries, then formed the Ga-O bond. The ionic radius of Ga3+ 

(0.62 Å) was smaller than that of Zn2+ (0.74 Å), which meant Ga3+ was easier to replace Zn2+. 

Moreover, the covalent band length of Ga-O (1.92 Å) was 5.0% shorter than that of Zn-O (1.97 

Å) and the bonding energy of Ga-O was higher than that of Zn-O, which indicated the bonding 

between Ga-O was stronger than that of Zn-O [19]. As the thickness of GZO films increased, 

more Ga atoms substituted the sites of Zn atoms, thus resulting in reducing the compressive 

stress among crystallite size. This may be one of the reasons for GZO films performed good 

crystallinity. As well known, bigger c-axis crystallite size for ZnO thin film have better 

crystallinity. The increasing crystallite size of GZO films resulted in increasing crystallinity for 

GZO films. Furthermore, the calculated lattice constant c decreased from 5.22 to 5.20 Å, which 

also confirmed the increased crystallinity.  

Figure 3.11 showed the optical transmittance spectra of GZO films with different thicknesses. 

It revealed all as-deposited GZO films showed clear and smooth curves with interference fringe 

patterns. It indicated the surface of as-deposited GZO films was smooth and uniform. The 

average optical transmittance of these films in visible range (380 nm-760 nm) was nearly 80%. 

In terms of the effects of the thickness of GZO films, the average optical transmittance was 

similar, which meant the film thickness had little influence on the transparency of GZO films in 

visible light range.   
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The resistivity, carrier concentration, and carrier concentration of sputtered GZO films were 

measured by the Hall Effect measurement. Fig. 3.12 showed resistivity, Hall mobility and 

carrier concentration of GZO films. It was found that the resistivity decreased, Hall mobility 

increased, and carrier concentration increased significantly with increasing thickness of GZO 

films. The lowest resistivity of 3.96×10-4 Ω•cm, the highest Hall mobility of 16.3 cm2/(V•s), and 

the highest carrier concentration of -1.608×1021 cm-3 were obtained from the GZO film with the 

thickness of 300 nm. 

As widely known, GZO film is one of metal doped n-type semiconductor materials. During 

the DC sputtering process, more gallium atoms were substituted at zinc sites in films with the 

thickness increased, resulting in the increase in the concentration of free electrons in GZO films. 

Therefore, carrier concentration of GZO films increased and resistivity decreased.  

The DFT calculation was also performed in gallium doped ZnO films. A 3×3×3 ZnO 

supercell with 108 zinc atoms and 108 oxygen atoms. Due to the different doping concentration 

in ZnO film, 6 zinc atoms were replaced with gallium atoms in 108 zinc atoms, which meant the 

gallium dopping concentration was 5.56 wt%. a 6×6×8 kpoint mesh was employed for the 

Brillouin zone integration of the 108-atom supercell. The energy cutoff was 840 eV, which had 

been confirmed to be large enough.  

Figure 3.13 showed the total energy as a function of lattice constant. It was clearly seen that 

the total energy reached the minimum at lattice constants a = 0.3251 nm and c = 0.5208 nm, 

which were in very small lattice deviation with both the experimental values and bulk ZnO 

values. The calculation lattice deviation of a and c with those of bulk ZnO were 0.02% and 

0.04%, respectively. The lattice deviation between GZO and bulk ZnO was much smaller than 

that between AZO and bulk ZnO. The calculated lattice constant c also showed very low 

deviation from the experimental data (0.5207 nm) of 300 nm-thick GZO film. It meant the 

lattice constants of GZO were very close to those of the bulk ZnO after doping with gallium. 

The radius of gallium atoms was 0.126 nm, which was much closer to that of Zn (0.125 nm).  

The calculated compressive stress of GZO film (-0.3 GPa) was much lower than that of ZnO 

film (-1.5 GPa). The lattice constant c of GZO film and ZnO film was 5.2070 nm and 5.2223 

nm, respectively. which meant lattice constant c of GZO was much closer to that of bulk ZnO. 

Therefore, aluminum doping improved the crystallinity of ZnO film and reduced the 

compressive stress of ZnO film. Compared with aluminum doping in ZnO, gallium doping 

exhibited much lower compressive stress. Therefore, gallium doping exhibited a better 

improvement in crystallinity of ZnO film than aluminum doping.  

According to the above results, 300 nm-thick GZO film exhibited the electrical resistivity of 

3.96×10-4 Ω•cm and high optical transmittance of 85% in visible range, which were comparable 

to those from commercial ITO substrate (the resistivity and optical transmittance are 3×10-4 
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Ω•cm, and 83% respectively) produced by Sigma-Aldrich Co. Ltd.  

 

3.2.2.3 Summary 

 

GZO films were deposited on glass substrates by DC magnetron sputtering system. The 

morphological, structural, optical and electrical properties of GZO films were greatly affected 

by the thickness. As thickness increased, surface roughness increased as well as the crystallinity 

of GZO film increased. The resistivity of GZO film decreased significantly and mobility 

increased with thickness increased. Gallium doping significantly improved the crystallinity of 

ZnO film. GZO film with thickness of 300 nm showed comparable resistivity, mobility and 

transmittance to commercial ITO substrate. Therefore, GZO film could be used as the TCO 

substrate for DSSC.  

 

3.3 Fabrication of ZnO nanorods by multi-annealing method  

3.3.1 Substrate effects on the the structural and electrical properties of ZnO 

nanorods 

3.3.1.1 Experiments 

 

ZnO films were deposited on AZO, GZO and ITO substrates. AZO and GZO films were 

prepared according to the expriments described in 3.2.1 and 3.2.2. ITO films were deposited on 

glass substrates by DC sputtering method. These three films were deposited in same thickness 

of 300 nm. ZnO thin film was deposited by a conventional 13.56 MHz RF magnetron sputtering 

system. The deposition process was performed in an Ar ambient (30 sccm). The pressure and RF 

power were maintained at 7 Pa and 150 ℃ respectively. The deposition conditions were shown 

in Table 3.3. The obtained ZnO films were put into a conventional annealing furnace. A 

multi-annealing process was carried out in forming gas (H2 : N2 = 1 : 96 %) firstly at 300 ˚C for 

2 hours in order to increase the density of zinc seeds on the surface. Secondly, the temperature 

was increased to 450 ̊C and kept for 3 hours in forming gas ambient to produce the ZnO 

nanorodss. Due to lack of oxygen during the reaction, the oxygen was introduced into the 

furnace for 40 minutes before the second forming gas annealing process. For safety 

consideration, N2 was introduced for 5 minutes between forming gas and oxygen annealing 

processes. The mutli-annealing process was shown in Fig. 3.14.  

 

Table 3.3 Deposition conditions of ZnO film on AZO, GZO and ITO. 

  

 

Film Working gas Temperature (˚C) Pressure (Pa) Power (W) 

ZnO Ar (30 sccm) 150 7 180 
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3.3.1.2 Results and discussion 

 

Figure 3.15 showed the SEM images of ZnO nanorods grown on AZO, GZO and ITO 

substrates. It was clearly that ZnO nanorods grown on AZO and GZO films were vertical 

aligned while those on ITO films were not vertical aligned. ZnO nanorods grown on all these 

substrates showed hexagonal structures. However, ZnO nanorods grown on AZO and GZO 

substrates showed much bigger diameter than those grown on ITO. The diameter of ZnO 

nanorods were 80, 201 and 192 nm corresponding to ITO, AZO and GZO substrates. The length 

of ZnO nanorods were 1.125, 1.407 and 1.427 μm in the order of ITO, AZO and GZO substrates, 

which meant ZnO nanorods grown on AZO and GZO had a bigger length than those on ITO 

substrate. The diameter, density and length of ZnO nanorods were summarized in Table 3.4.  

 

Table 3.4 Diameter, density and length of ZnO nanorods on ITO, AZO and GZO. 

 

 

 

 

 

XRD patterns of ZnO nanorods grown on ITO, AZO and GZO substrates were shown in Fig. 

3.16. It exhibited that a dominant (002) diffraction peak was found for ZnO nanorods grown 

both on AZO and GZO substrates, which meant ZnO nanorods preferentially grew along (0001) 

orientation on AZO and GZO substrates. However, ZnO nanorods grew on ITO substrate 

showed no visible diffraction peak, indicating poor growth direction for ZnO nanorods.  

PL spectra of ZnO nanorods grown on different substrates were shown in Fig. 3.17. It was 

found that ZnO nanorods grown on different substrates showed a UV emission centered at 378 

nm and a strong visible emission centered at 492 nm. Intensities of both visible emission and 

UV emission were increased in the order of ITO, AZO and GZO, which indicated that both 

optical crystallinity and oxygen vacancies were increased. SEM images showed the density of 

ZnO nanorods on ITO was less than those on AZO and GZO, resulting in both intensities of UV 

emission and visible emission decreased. Although ZnO nanorods grown on AZO and GZO 

showed similar morphological and structural properties, the UV intensity of ZnO nanorods on 

GZO was much higher than that on AZO. It could be attributed to the longer length for ZnO 

nanorods on GZO.  

Figure 3.18 showed that transmittance spectra of ZnO nanorods fabricated on different 

substrates. Because of the vertical alignment of ZnO nanorods on AZO and GZO films, they 

Substrates Diameter (nm) Density (/μm2) Length (nm) 

ITO 80 8 1125 

AZO 201 12 1407 

GZO 1125 12 1427 
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showed high transmittance of 60%, which was much higher than those on ITO (40%) in visible 

range. However, the reason of vertical alignment of ZnO nanorods should be investigated.  

Figure 3.19 showed the comparison of XRD patterns between GZO film, ZnO film deposited 

on GZO, and ZnO nanorods on GZO. The only (002) diffraction peak was found for GZO film, 

ZnO film and ZnO nanorods. ZnO film and nanorods exhibited much stronger intensity of (002) 

diffraction peak than as-deposited GZO film, indicating that ZnO film and nanorods had much 

better c-axis orientation growth. The lattice constant c of GZO film and ZnO film was 0.52069 

nm and 0.52046 nm respectively, demonstrating the very low lattice mismatch of 0.048% 

between GZO and ZnO films. The lattice mismatch between ZnO nanorod and ZnO film was 

0.035%, which was smaller than that of GZO and ZnO films.  

Figure 3.20 showed the FE-SEM images of GZO film, ZnO film deposited on GZO film and 

ZnO nanorodss fabricated on GZO film. It can be observed that column-structured grains were 

present for as-deposited GZO film and ZnO film, indicating the as-deposited films would 

preferentially grow along the c-axis. According to XRD analysis, GZO film showed c-axis 

orientation growth. Because of the very low lattice mismatch between ZnO film and GZO film, 

the deposited ZnO film kept the same direction with respect to GZO film. 

After the multi-annealing process, as shown in Fig. 3.20(c-1) and (c-2), uniform and 

well-aligned ZnO nanorodss on GZO substrate were observed. The diameter, density and length 

of ZnO nanorodss were 145.8 nm, 31 /μm2 and 1.427 μm respectively. 

In order to confirm the relationship between the growth direction of ZnO nanorods and 

as-deposited GZO film, TEM measurement was performed. Fig. 3.21 shows the TEM images of 

ZnO nanorodss and selected area electron diffraction patterns of four different regions including 

ZnO nanorods, the interface between ZnO nanorods and ZnO film, the interface between ZnO 

film and GZO film, and GZO film. The diffraction patterns showed these four regions had 

wurtzite crystal structure and the same (0001) orientation, indicating that the orientation of ZnO 

nanorods was dependent on that of underlying as-deposited GZO film. 

The mechanism why ZnO nanorods were vertical aligned could be attributed to the growth 

process during reducing annealing. As reported in our previous research [9,20], the growth of 

ZnO nanorodss during the reducing annealing process might be attributed to the vapor-solid and 

vapor-liquid-solid mechanism. ZnO film was reduced by hydrogen to zinc and H2O, as shown in 

the following reaction: 

ZnO + H2 → Zn + H2O                            (3.5) 

The reduced zinc atoms only existed at the original positions where they were reduced when 

the annealing temperature was lower than the melting point of zinc (419.58 ˚C). When the 

temperature was greater than 419.58 ˚C, the reduced zinc atoms melted and moved easily on 

ZnO film, and the reaction rate increased as well. Also, because ZnO film were deposited in the 
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atmosphere of argon, some unoxidized zinc remained in the film. These zinc could also move 

on surface of ZnO film. The reduced zinc would formed into ZnO based on the following 

equations: 

H2O → H+ OH-                           (3.6) 

Zn + 2OH- → Zn(OH)2 → ZnO + H2O                  (3.7) 

Water was ionized at high temperature of 450 ˚C. Reduced zinc atoms reacted with ionized 

water and formed Zn(OH)2. Zn(OH)2 was highly unstable and easily dehydrated into ZnO [21]. 

According to XRD results, ZnO film/GZO was highly oriented in the (0001) orientation. It is 

well known that (0001) orientation is the preferential growth direction for wurtzite ZnO [22]. 

Therefore, dehydrated ZnO tended to grow in the same (0001) direction as the underneath GZO 

film due to the minimum energy principle, which was called ZnO recrystallization growth. 

Therefore, ZnO nuclei with very good (0001) orientation growth would form on the surface. 

Then the formed ZnO nanocrystal would bond to ZnO nuclei to form ZnO nanorods. Because 

recrystallization rate in (0001) orientation was much faster than those in other orientations, the 

growth rate of ZnO nanorodss in longitudinal direction was much faster than that in transverse 

direction. As annealing time increased, ZnO nanorodss would grow vertically to the substrate. 

Therefore, vertical alignment of ZnO nanorodss was realized by annealing method.  

In addition, both hydrogen reduction of ZnO film and recrystallization of ZnO nanorodss 

occurred at the same time during reducing annealing. In order to obtain bigger ZnO nanorodss, 

the recrystallization rate must be controlled with the balance of the reduction reaction rate. 

During reducing annealing, the reducing process could be continuously carried out due to the 

continuous supplement of hydrogen. Because of lack of oxygen during reducing annealing 

process, oxygen vacancies formed and some zinc could not be oxidized, which would cause the 

crystallinity worse and growth rate of ZnO nanorod growth slower. Therefore, it was necessary 

to supply oxygen periodically to the furnace between every two reducing annealing steps. 

 

3.3.1.3 Summary 

 

Vertical alignment of ZnO nanorods was obtained by multi-annealing method on AZO and 

GZO substrates. It was found that the vertical alignment of ZnO nanorod was dependent on the 

crystallinity of subtrates. ZnO film and ZnO nanorods followed the same growth orientation of 

AZO and GZO films. Low lattice mismatch between ZnO film and GZO film contributed to 

good c-axis growth of ZnO film, further contributing to the vertical alignment of ZnO nanorods. 

The vertical alignment of ZnO nanorods contributed to the high transmittance of ZnO nanorods.  
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3.3.2 Effects of oxygen annealing on the structural and optical properties of 

ZnO nanorods 

3.3.2.1 Experiments 

 

The double layers including 500 nm-thick ZnO thin film on 300 nm-thick AZO substrate was 

deposited by a conventional 13.56 MHz RF magnetron sputtering system to investigate oxygen 

annealing effects. The deposition conditions were interpreted in last section. The obtained 

ZnO/AZO was put into a conventional furnace. A multi-annealing process was performed to 

fabricate ZnO nanorods. Forming gas was introduced into the annealing furnace and the 

temperature was kept at 300 ˚C for 2 hours. Then the temperature increased to 450 ˚C and kept 

for 3 hours. After reducing annealing, the oxygen annealing was introduced to investigate the 

oxygen annealing effects on the ZnO nanorods. The oxygen was introduced in the furnace and 

kept for 40 minutes. For safety consideration, N2 was introduced in the furnace for 5 minutes 

between forming gas and oxygen annealing processes. The annealing processes were shown in 

Fig. 3.22.  

 

3.3.2.2 Results and discussion 

 

ZnO nanorods before and after oxygen annealing was compared to investigate the annealing 

effects. SEM images of ZnO nanorods before and after oxygen annealing were shown in Fig. 

3.23. It was observed that there were small ZnO nanorods were vertically fabricated on ZnO 

films after reducing annealing. The diameter and length of ZnO nanorods were 75 nm and 109 

nm respectively. Comparing the morphologies of ZnO nanorods before and after oxygen 

annealing, the difference on the morphology including diameter, length and density was not 

obvious, which meant oxygen annealing had no visible effects on (oxygen annealing) the 

growth of ZnO nanorods.  

However, observing from XRD patterns, as shown in Fig. 3.24, the slightly higher intensity of 

(002) diffraction peak was obtained from ZnO nanorods after oxygen annealing than those 

before oxygen annealing. It was also found the (002) diffraction peak was slightly higher angle 

shift, which indicated the stress was relaxed after oxygen annealing. Therefore, the crystallinity 

of ZnO nanorods was improved after oxygen annealing. 

The photoluminescence properties of ZnO nanorods were significantly influenced by oxygen 

annealing, as shown in Fig. 3.25. A strong UV emission peak and a strong blue-green emission 

peak centered at 380 nm and 491 nm respectively were observed from ZnO nanorods for both 

ZnO nanorods before and after oxygen annealing. The blue-green emission was decreased 

significantly while the UV peak was enhanced after oxygen annealing process. It is well-known 
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that the UV emission was attributed to the exciton emission and the blue-green emission was 

due to the oxygen vacancies. Therefore, it assumed that the oxygen vacancies were reduced 

after the oxygen annealing process due to the oxidization of the zinc atoms. Because the oxygen 

vacancies were reduced by oxidization, which formed more ZnO, enhancing the UV emission.  

Optical transmittance of ZnO nanorods before and after oxygen annealing which was shown 

in Fig. 3.26 showed no much difference. It was found that the transmittance was slightly 

increased due to less defects and better crystallinity after oxygen annealing. 

The oxygen annealing process had significant influence on the properties of ZnO nanorods. 

Due to the good (0001) orientation growth of ZnO and GZO films, ZnO nanorods would follow 

the same (0001) orientation, which was verified by the vertical growth of ZnO nanorods. During 

reducing annealing process, ZnO nanorods were formed in the ambinent which was lack of 

oxygen. Therefore, some zinc could not be oxidized during recrystallization, forming oxygen 

vacancies. Oxygen vacancies were existed in both surface and inside of ZnO nanorods. After 

oxygen annealing, some oxygen vacancies could be oxidized and disappeared, which resulted in 

better crystallinity and enhancing the UV emission. Due to less oxygen vacancies, the 

blue-green emission was weakened.  

Due to the lack of oxygen during the reducing annealing, it was difficult to keep the balance 

between reduction and oxidization processes. Therefore, it was necessary to supply the oxygen 

to further increase ZnO nanorods growth after reducing annealing. 

 

3.3.2.3 Summary 

 

 Structural and optical properties of ZnO nanorods were influenced by oxygen annealing. 

Crystallinity of ZnO nanorods was improved after oxygen. The photoluminescence property 

was influenced significantly with oxygen annealing. The UV emission was enhanced and the 

blue-green emission was weakened, which was attributed to the less oxygen vacancies and 

better crystallinity. The transmittance was slightly improved after oxygen annealing because less 

oxygen vacancies existed in ZnO nanorods.   

 

3.3.3 Effects of annealing time on the structural and optical properties of 

ZnO nanorods 

3.3.3.1 Experiments 

 

ZnO thin film with thickness of 500 nm was deposited on AZO film by a conventional 13.56 

MHz RF magnetron sputtering system using 4-inch ZnO (5N) target. Ar (30 sccm) was 

introduced in the ambient as working gas. The pressure and RF power were maintained at 7 Pa 
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and 150 ℃ respectively. The obtained ZnO/AZO (500 nm-thick ZnO on 300 nm-thick AZO) 

was put into a conventional furnace. A multi-annealing process was carried out in order to 

obtain ZnO nanorods. Firstly, forming gas (FG) (1.96% H2 in N2) was introduced in the furnace 

at 300 ˚C for 2 hours. Then the temperature was increased to 450 ˚C and kept for 3 hours. This 

annealing process of 5 hours was called preliminary annealing (PA). Secondly, oxygen was 

introduced into the furnace for 40 min before the second forming gas annealing for two hours, 

which was defined as circle 1. Continuously, the same circle was repeated twice. For safety 

consideration, N2 was introduced in the furnace for 5 minutes between every forming gas and 

oxygen annealing processes. The annealing processes were shown in Fig. 3.27.  

 

3.3.3.2 Results and discussion 

 

Figure 3.28 showed the SEM images of ZnO nanorods after 4 different annealing processes. 

ZnO nanorods showed highly vertical alignment on AZO substrates. It was found that both the 

diameter and the length of ZnO nanorods increased with annealing processes increased. The 

diameter of ZnO nanorods increased from 75, 80, 142, to 196 nm corresponding to PA, 1 circle, 

2 circles and 3 circles respectively. Moreover, the length of ZnO nanorods increased from 310 to 

1427 nm. After 3 circles annealing, all of ZnO film was almost reduced completely by 

hydrogen.  

 

Table 3.5 Diameter, density and length of ZnO nanorods by different annealing processes. 

 

 

 

 

 

Figure 3.29 showed the XRD patterns of ZnO nanorods after the multi-annealing process. 

XRD patterns exhibited only (002) diffraction peak for ZnO nanorods, which confirmed ZnO 

nanorods grew along (0001) orientation The intensity of (002) diffraction peak increased and the 

FWHM decreased, indicating the crystallinity became better with annealing circles extended. It 

was also found that the peak position was slightly higher angle-shifted, which was due to the 

nanorods growth while the ZnO film reduced.  

Figure 3.30 showed the PL spectra of ZnO nanorods after PA, 1 circle, 2 circles and 3 circles 

annealing. It was found that the two emission peaks centered at 380 nm and 491 nm were both 

enhanced with the annealing cycles. As annealing steps increased, the intensities of both UV 

emission and blue-green emission increased, indicating that better optical crystallinity and more 

 
PA 1 circle 2 circles 3 circles 

Diameter (nm) 75 80 142 196 

Density (/μm2) 8.0 8.6 13.1 11.8 

Length (nm) 109 310 627 1407 
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oxygen vacancies were introduced into the nanorods. However, comparing to the visible/UV 

ratio, it was found that the visible emission peak was increased much stronger than UV peak, 

which meant that the ratio of oxygen vacancies was increased quickly.  

Optical transmittance curves of ZnO nanorods by different annealing circles were shown in 

Fig. 3.31. Optical transmittance of ZnO nanorods was decreased from 80% to 65% after three 

circles annealing, which might be due to the much oxygen vacancies inside of ZnO nanorods 

and also slightly remained ZnO films.  

 

3.3.3.3 Summary 

 

 Multi-annealing process had significant influence on the ZnO nanorod growth. ZnO 

nanorods kept the c-axis growth orientation during annealing. As annealing process increased, 

diameter and length of ZnO nanorods were greatly increased as well as the crystallinity was 

improved. ZnO nanorods exhibited a UV emission and a strong blue-green emission peak. The 

intensities of both UV emission and visible emission increased as annealing process extended. 

Optical transmittance of ZnO nanorods was decreased from 75% to 55%.  

 

3.4 Conclusions 

 

In this chapter, ZnO-based electrodes were fabricated on transparent conductive AZO or GZO 

films as TCO substrate.  

1) The transparent conductive AZO and GZO films were deposited by sputtering method. As 

thin film thickness increased, the grain size and the crystallinity of AZO films were both 

increased. Mobility increased and resistivity decreased significantly with thickness of AZO film 

increased. GZO film showed similar tendency with AZO film as film thickness increased. AZO 

and GZO films showed strongly c-axis growth direction. Aluminum and gallium doping 

significantly improved the crystallinity of ZnO films. Both films showed high transmittance of 

over 80% in visible range. AZO and GZO films with thickness of 300 nm showed comparable 

mobility and resistivity to commercial ITO films. Therefore, both films could replace ITO 

substrate to be applied as the TCO substrates for electrodes in DSSC.  

2) ZnO nanorods were fabricated on ITO, AZO and GZO substrates by multi-annealing 

method. ZnO nanorods fabricated on AZO and GZO films were vertical aligned while those on 

ITO were not. The diameter of ZnO nanorods on AZO and GZO was much bigger than that on 

ITO. ZnO nanorods on AZO and GZO preferentially grew along c axis orientation while those 

on ITO grew randomly. Due to AZO and GZO had good c axis growth, ZnO nanorods followed 

the same growth direction to the underneath AZO and GZO films. Low mismatch between ZnO 
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film and AZO or GZO film contributed to vertical alignment of ZnO nanorods. Therefore, 

vertical alignment of ZnO nanorods could be obtained on AZO and GZO films by 

multi-annealing method.  

3) Oxygen annealing affected the structural and optical properties of ZnO nanorods. It was 

found that crystallinity, PL spectra and optical transmittance of ZnO nanorods were significantly 

influenced by oxygen annealing.  After oxygen annealing, the crystallinity was improved, UV 

emission was enhanced, the blue-green emission was weakened, and optical transmittance was 

slightly improved.     

4) Multi-annealing process had significant effects on the ZnO nanorod growth. Vertical 

aligned ZnO nanorods were obtained during annealing. Diameter and length of ZnO nanorods 

were greatly increased with annealing process increased. The crystallinity was also improved. 

The intensities of both UV emission and visible emission were increased as annealing process 

extended.  

ZnO based electrodes showed low resistivity of 5.60×10-4 Ω•cm, high mobility of 15.0 

cm2/(V•s) and high optical transmittance of 55% in visible range, which would be fabricated into 

DSSC.   
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Fig. 3.1 SEM images of AZO films with thickness of (a) 100 nm, (b) 150 nm, (c) 200 nm, (d) 

250 nm and (e) 300 nm. 

 

Fig. 3.2 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of as-deposited 

AZO films with different thicknesses. 

 

Fig. 3.3 (a) Peak position and stress, (b) c axis crystallite size and lattice constant c of AZO 

films with different thicknesses. 
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Fig. 3.4 Optical transmittance spectra of as-deposited AZO films with different thicknesses. 

 

Fig. 3.5 (a) Hall mobility and carrier concentration, (b) resistivity of AZO films with different 

thicknesses. 

 

Fig. 3.6 schematic representation of a self-consistent loop for KS equation.  
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Fig. 3.7 Total energy as a function of lattice constant (a) a and (b) c for aluminum doping in ZnO.  

 

Fig. 3.8 AFM images of GZO films with thickness of (a) 100 nm, (b) 150 nm, (c) 200 nm, (d) 

250 nm and (e) 300 nm. 

 

 

 
Fig. 3.9 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of GZO films as a 

function of thickness. 
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Fig. 3.10 (a) Peak position and stress, (b) c axis crystallite size and lattice constant c of GZO 

films with different thicknesses. 

Fig. 3.11 Optical transmittance spectra of as-deposited GZO films. 

 

Fig. 3.12 (a) Hall mobility and carrier concentration, and (b) resistivity of AZO films as a 

function of film thickness. 
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Fig. 3.13 Total energy as a function of lattice constant (a) a and (b) c for gallium doping in ZnO.  

 

Fig. 3.14 Multi-annealing process applied for ZnO/ITO, ZnO/AZO and ZnO/GZO. 

 

Fig. 3.15 (a) Top view and (b) cross section view FE-SEM images of ZnO nanorods grown on 

(1) ITO, (2) AZO and (3) GZO substrates. 
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Fig. 3.16 XRD patterns of ZnO nanorods grown on ITO, AZO and GZO. 

 

Fig. 3.17 PL spectra of ZnO nanorods grown on different substrates. 

 

Fig. 3.18 Optical transmittance spectra of ZnO nanorods fabricated on different substrates. 
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Fig. 3.19 Comparison of XRD patterns of GZO film with thickness of 300 nm, ZnO film 

deposited on GZO, and ZnO nanorods on GZO. 

 

Fig. 3.20 (1) top view, and (2) cross section view FE-SEM images of (a) GZO film with 

thickness of 300 nm, (b) ZnO film with thickness of 500 nm on GZO film, (c) ZnO nanorods 

fabricated on GZO film. 
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Fig. 3.21 (a) TEM cross-section images of ZnO nanorods fabricated on GZO film and 

diffraction patterns of (b) ZnO nanorod, (c) interface between ZnO nanorod and ZnO film, and 

(d) interface between ZnO film and GZO film, and (e) GZO film. 

Fig. 3.22 Annealing conditions for ZnO nanorods before and after oxygen annealing. 

Fig. 3.23 (a) Top view and (b) cross section view FE-SEM images of ZnO nanorods (1) before 

and (2) after oxygen annealing. 
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Fig. 3.24 XRD patterns of ZnO nanorods before and after oxygen annealing. 

 

Fig. 3.25 PL spectra of ZnO nanorods before and after oxygen annealing. 

 

Fig. 3.26 Optical transmittance curves of ZnO nanorods before and after oxygen annealing. 
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Fig. 3.27 Multi-annealing conditions for ZnO/AZO with different annealing processes. 

 

Fig. 3.28 (a) Top view and (b) cross section view FE-SEM images of ZnO nanorods after PA, 1 

circle, 2 circles and 3 circles annealing. 

 

Fig. 3.29 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of ZnO nanorods 

after PA, 1 circle, 2 circles and 3 circles annealing. 
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Fig. 3.30 PL spectra of ZnO nanorods after PA, 1 circle, 2 circles and 3 circles annealing. 

 

Fig. 3.31 Optical transmittance curves of ZnO nanorods after PA, 1 circle, 2 circles and 3 circles 

annealing. 
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Chapter 4 

 

 

Fabrication and characterization of ZnO nanorods by chemical bath 

deposition  

 

 

4.1 Introduction 

 

During past several decades, ZnO nanorods could be fabricated via various methods 

including vapor-liquid-solid process [1], pulse laser deposition [2], chemical vapor deposition 

[3,4], electrochemical [5], hydrothermal method and chemical bath deposition However, some 

of these methods require expensive equipment, high temperature and high vacuum conditions. 

Comparing with those methods required for expensive experimental conditions, chemical bath 

deposition (CBD) method is a simple technique to synthesis nanorods. It was reported that ZnO 

nanorods were fabricated by CBD method with optimized experimental conditions such as 

temperature, growing time and concentrations [6-8].  However, the obtained ZnO nanorods 

were either not uniform or not well-aligned. In order to fabricate well-aligned and uniform ZnO 

nanorods, further study should be performed.  

In our previous work, the deposition of ZnO films by RF magnetron sputtering system [9,10] 

and the fabrication of ZnO nanorods by reducing annealing method [11,12] had been 

investigated. It was also difficult to obtain controllable ZnO nanorods with large area, high 

density and high uniformity by reducing annealing method.  

In order to fabricate ZnO based electrode with controllable and well-aligned ZnO nanorods, a 

novel fabrication method combined RF sputtering with CBD method was reported in this 

chapter. Preparing of transparent conductive AZO film was reported in previous chapter. In this 

chapter, the fabrication of ZnO nanorods by CBD method will be investigated in detail. The 

effects of experimental parameters such as substrate thickness, precursor concentration and 

extended time on morphology, structural and optical properties of ZnO nanorods will be 

investigated. 

 

4.2 Effects of AZO film thickness on the structural and optical properties of 

ZnO nanorods  

4.2.1 Experiments 

 

AZO films with different thicknesses ranging from 100 to 300 nm were deposited on 
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alkali-free glass sheets (Eagle XG, Corning Co. Ltd) according to the deposition conditions 

described in 3.2.1.1. The obtained AZO films were fixed with the screw standing vertically, as 

shown in Fig.4.1. Then they were put into the solution of Zn(NO3)2•6H2O and 

hexathylenetetramine (HMT), which were analytical reagent grade. The concentrations of 

Zn(NO3)2•6H2O and HMT were 0.025 and 0.0125 mol/L, respectively. The solution was heated 

from room temperature to 95 °C and kept at 95 °C for 5 hours. After 5 hours, the substrate was 

taken out from the solution and washed with deionized water in an ultrasonic cleaner several 

times, dried in the air at room temperature. The CBD conditions were summarized in Table 4.1.   

 

Table 4.1 CBD conditions of ZnO nanorods grown on AZO films with different thicknesses. 

 

 

4.2.2 Results and discussion 

 

Figure 4.2 showed SEM images of ZnO nanorods grown on AZO films with different 

thicknesses. It was observed that well-aligned ZnO nanorods could grow on all of the 

as-deposited AZO films. The average diameter, density and the length of ZnO nanorods could 

be roughly counted from the top views and the cross-section views of SEM images. It was 

observed that the average length of ZnO nanorods grown on these films varied from 815, 630, 

784, 732 and 711 nm in the order of the AZO thickness of 100, 150, 200, 250 and 300 nm 

respectively. Correspondingly, the average diameter of ZnO nanorods increased from 63 to 258 

nm. The above results revealed that the morphological properties of ZnO nanorods were 

significantly influenced by AZO films. According to SEM images of AZO as-deposited films in 

Fig. 3.1, the average grain size of AZO films increased as thickness increased, which 

contributed to the increase in the diameter of ZnO nanorods during CBD procedure.  

XRD patterns of ZnO nanorods grown on AZO films were presented in Fig. 4.3(a). It was 

observed that there was only a single dominant (002) diffraction peak for ZnO nanorods grown 

on these films. The dominant (002) peak indicated ZnO nanorods had highly preferred 

orientations in the (0001) direction, being perpendicular to the substrates. Fig. 4.3(b) showed the 

dependence of intensity and FWHM of ZnO nanorods as a function of AZO film thickness. This 

indicated that intensity of (002) diffraction peak increased as the thickness of AZO films 

Film 
Thickness 

(nm) 

Concentration of 

Zn(NO3)2•6H2O (mol/L) 

Concentration of 

HMT (mol/L) 

Temperature 

(°C) 

Time 

(h) 

AZO 

100 

0.025 0.0125 95 5 

150 

200 

250 

300 
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increased. In contrast, FWHM decreased from 0.1738 to 0.1287°. It also suggested that the 

crystallinity of ZnO nanorods improved as the thickness of AZO films increased. The variations 

in intensity and FWHM of (002) diffraction peak for ZnO nanorods were similar to those for 

AZO films, indicating that ZnO nanorods with better crystallinity were dependent on seeds 

layers with better crystallinity.  

In order to confirm the microstructure of the obtained ZnO nanorods, a TEM measurement 

was carried out for the ZnO nanorod selected from 200-nm-thick AZO film. Fig. 4.4 showed 

TEM images of ZnO nanorods grown on 200-nm-thick AZO film. The high-resolution image in 

Fig. 4.3(b) confirmed that ZnO nanorod was highly c-axis oriented with lattice-plane spacing of 

0.52 nm. The selected area electron diffraction (SAED) patterns in Fig. 4.3(c) displayed perfect 

regular diffraction spots, revealing good crystallinity for ZnO nanorods.  

In the CBD process, AZO films served as the seeds layers for ZnO nanorods growth. The 

only (002) diffraction peak was found for all as-deposited AZO films, which revealed a 

preferable growth in the (0001) direction perpendicular to the substrates. According to ZnO 

crystal growth, ZnO prefers to grow in (0001) direction because the bonding energy in that 

direction is lower than that in other directions [13]. In the solution, the (0001) plane of AZO 

films attracted more Zn2+ and OH- ions, promoting a faster growth rate along (0001) direction. 

ZnO nanorods grew vertically further in this direction with reaction time increased. Therefore, 

growth direction of AZO films contributed to the vertical alignment of ZnO nanorods.  

The photoluminescence spectra were shown in Fig. 4.5. It was found that ZnO nanorods 

grown on AZO films showed a strong broad visible emission band centred at 636 nm and a 

weak near UV emission band centred at 378 nm. The strong visible emission could be attributed 

to zinc interstitials in ZnO nanorods [14]. Using software of Origin, this broad visible emission 

was divided into three emissions, which were centred at 540, 631, and 712 nm, respectively, 

shown in Fig. 4.6. These three emissions can be attributed to zinc interstitials located in 

different energy level. During CBD reaction, concentration ratio of Zn(NO3)2•6H2O and HMT 

was set to 2:1, which meant concentration of zinc precursor was 2 times greater than that of OH- 

source, resulting in more zinc interstitials formed in ZnO nanorods.   

The optical transmittance of ZnO nanorods grown on AZO films with different thicknesses 

was given in Fig. 4.7. ZnO nanorods showed high transmittance of over 65% in visible range. 

Compared with the optical transmittance of as-deposited AZO films, the slight transmittance 

decrease might be due to the light scattering by defects in ZnO nanorods and impurities among 

ZnO nanorods.  

ZnO nanorods showed controllable growth direction and high transmittance in visible range 

and AZO films showed low resistivity and high mobility. ZnO nanorods fabricated on AZO film 

can be used as photoanode in applications such as DSSCs.  
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4.2.3 Summary 

 

Well-aligned ZnO nanorods were fabricated on AZO films with different thicknesses by CBD 

method. It was found that diamter of ZnO nanorod increased as film thickness increased, which 

was attributed to the increasing grain size. The obtained ZnO nanorods showed a similar 

tendency with regards to crystallinity to AZO films. As thickness increased, the crystallinity of 

ZnO nanorods improved. Good alignment of ZnO nanorods was dependent on the growth 

direction of AZO films. Fabricated ZnO nanorods showed a near UV emission and a strong 

broad visible emission, which was resulted from introducing zinc interstitials during ZnO 

nanorods formation. ZnO nanorods showed high transmittance of over 65% in visible range.  

 

4.3 Effects of concentration of Zn(NO3)2·6H2O and on the structural and 

optical properties of ZnO nanorods  

4.3.1 Experiments 

 

 According to section 4.2, ZnO nanorods with hexeganol structure and uniform morphology 

were found at AZO film with thickness of 200 nm. Therefore, the next three sections would 

choose AZO film with thickness of 200 nm as the baseline to investigate the concentration 

dependence and time expanding dependence. In this section, the concentration of 

Zn(NO3)2•6H2O was varied from 0.00625 to 0.05 mol/L while that of HMT were maintained at 

0.0125 mol/L. The solution was heated from room temperature to 95 °C and kept for 5 hours. 

After 5 hours, the substrate was taken out from the solution and washed with deionized water in 

an ultrasonic cleaner several times, dried in the air at room temperature. The conditions were 

summarized in Table 4.2. 

 

Table 4.2 CBD conditions of ZnO nanorods growth with different concentrations of 

Zn(NO3)2•6H2O. 

 

4.3.2 Results and discussion 

 

Film 
Thickness 

(nm) 

Concentration of 

Zn(NO3)2•6H2O (mol/L) 

Concentration of 

HMT (mol/L) 
Ratio 

Temperature 

(°C) 

Time 

(h) 

AZO 200 

0.00625 

0.0125 

0.5:1 

95 5 
0.0125 1:1 

0.025 2:1 

0.05 4:1 
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Figure 4.8 showed SEM images of ZnO nanorods grown on AZO films under the 

concentration ratio of Zn(NO3)2•6H2O and HMT ranging from 0.5:1 to 4:1. It was obviously 

observed that well-aligned ZnO nanorods were fabricated on AZO film in different 

concentration of Zn(NO3)2•6H2O. It was found that the morphology of ZnO nanorods was 

influenced significantly by the concentration of zinc precursor. As the concentration of zinc 

precursor increased, the average diameter of ZnO nanorods increased from 49 nm to 303 nm 

corresponding to the concentration ration increased from 0.5:1 to 4:1 while the density of ZnO 

nanorods decreased from 132/μm2 to 8/μm2. However, the average length of ZnO nanorods 

increased from 253 nm to 784nm, then decreased to 746 nm with the concentration ratio 

increased from 0.5:1 to 4:1. The above results were summarized in Table 4.3.   

 

Table 4.3 Diameter, density and length of ZnO nanorods under different concentrations of 

Zn(NO3)2•6H2O. 

 

 

 

 

 

 

 The mechanism for influence of concentration of Zn(NO3)2•6H2O on morphology property 

could be interpreted with chemical reactions of CBD method. According to the principle of 

minimum energy, it states that the internal energy will decrease and approach a minimum value 

at equilibrium with constant external parameters and entropy for a closed system [15]. This 

theory is also suitable for synthesis of ZnO nanorods grown by CBD method. The detailed 

chemical reactions were:  

 

Zn(NO3)2  → Zn2+ + 2 NO3
-                        (1) 

C6H12N4 + H2O  →  4 NH3 + 6HCHO                     (2) 

NH3 + H2O  ↔  NH4
+ + OH-                       (3) 

Zn2+ + 4 NH3   ↔   Zn(NH3)4
2+                          (4) 

Zn2+ + 2 OH-  →  Zn(OH)2                            (5) 

Zn(OH)2   ↔   ZnO + H2O                        (6) 

 

The growth of ZnO nanorods was controlled by above chemical reactions (1-6). With 

increasing concentration of Zn(NO3)2•6H2O, more Zn2+ ions were ionized in the solution and 

reacted with OH-, which was hydrolyzed from HMT, into Zn(OH)2. Zn(OH)2 dehydrated into 

Concentration ratio Diameter (nm) Density (/μm2) Length (nm) 

0.5:1 49 132 253 

1:1 82 71 457 

2:1 131 52 784 

4:1 303 8 746 
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ZnO immediately once formed. As concentration of Zn(NO3)2•6H2O increased, more ZnO 

formed and stacked along the crystalline direction of AZO substrate, which served as the 

catalyst layer. Growth rate along c axis was faster than that along other axis. After growing for 5 

hours, ZnO nanorods would grow up quickly along (001) direction.  

The reason why concentration of precursors had a significant influence on growth of ZnO 

nanorods can be explained as follows: with the increase of zinc source, more ZnO formed and 

stacked along c axis and horizontal axis of nanorods, which resulted in the length and the 

diameter of ZnO nanorods increased. However, the growth rate along c axis was faster than that 

along horizontal axis because c axis was the polar growth direction along which the forming 

energy reached the minimum. When the concentration of Zn(NO3)2•6H2O was 0.05 mol/L, 

HMT was relatively rare compared with the excessive amount of zinc precursor, resulting in the 

decreasing growth rate along c axis.  

 XRD patterns of ZnO nanorods grown in different concentration ratios of Zn(NO3)2•6H2O 

and HMT indicated the presence of a single diffraction peak at (002) plane shown in Fig. 4.9(a), 

which revealed the preferentially oriented growth along c axis perpendicular to the substrate. As 

shown in Fig. 4.9(b), it illustrated that intensity of (002) peak increased and FWHM decreased 

as the concentration of Zn(NO3)2•6H2O increased, which meant crystallinity of obtained ZnO 

nanorods along (002) direction became better with increasing concentration of Zn(NO3)2•6H2O.  

Figure 4.10 showed photoluminescence spectra of ZnO nanorods grown in different 

concentration ratios of Zn(NO3)2•6H2O and HMT. PL spectra of ZnO nanorods by CBD method 

exhibited two different emissions: a strong broad emission with the peak located at around 636 

nm in the visible region and a weak UV emission located at around 376 nm. The UV emission 

peak could be attributed to the exciton recombination corresponding to the near band-edge 

transition and the visible (orange-red) emission peak could be attributed to zinc vacancies VZn, 

zinc interstitials Zni and oxygen interstitials Oi [14]. It was found that the intensity of visible 

peak increased significantly. It can be attributed to the increasing growing rate of ZnO nanorods 

and excessive amount of Zn2+ with the increase of concentration, which formed more Zni in 

ZnO nanorods.  

Figure 4.11 showed optical transmittance spectra of ZnO nanorods grown in different 

concentration ratios of Zn(NO3)2•6H2O and HMT. All samples showed high transmittance of 

over 80% in the visible range. High transmittance could be attributed to the well-aligned ZnO 

nanorods because less light was scattered by ZnO nanorods, which showed well-alignment of 

ZnO nanorods could be controlled by this novel method combined RF sputtering and CBD 

method. 
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4.3.3 Summary 

 

The concentration ratios of Zn(NO3)2•6H2O and HMT had great influence on growth of ZnO 

nanorods grown on AZO film glass substrate by chemical bath deposition. ZnO nanorods were 

vertical aligned fabricated on AZO films due to the good growth direction of AZO films. As the 

concentration of zinc precursor increased, the diameter of ZnO nanorods remarkably increased, 

density of ZnO nanorods decreased, the length increased to the maximum at 2:1, the 

crystallinity became better, and the intensity of visible emission increased. All the samples 

showed high transmittance in the visible range. 

 

4.4 Effects of concentration of hexamethylenetetramine on the structural 

and optical properties of ZnO nanorods 

4.4.1 Experiments 

 

In last section 4.3, the concentration of Zn(NO3)2•6H2O was changed while that of HMT were 

maintained at 0.0125 mol/L. However, in this section, the concentration of HMT was varied 

from 0.003125 to 0.025 mol/L while that of Zn(NO3)2•6H2O was kept at 0.025 mol/L, which set 

the concentration ratio from 2:025 to 2:2. The AZO films with thickness of 200 nm was put into 

the solutions with different concentration ratios. The solution was heated to 95 °C and kept for 5 

hours. After 5 hours, the substrate was taken out of the solution and washed with deionized 

water in an ultrasonic cleaner several times, dried in the air at room temperature. The conditions 

were summarized in Table 4.4. 

 

Table 4.4 CBD conditions of ZnO nanorods growth with different concentrations of HMT. 

 

4.4.2 Results and discussion 

 

Figure 4.12 showed SEM images of ZnO nanorods grown on AZO films with the 

concentration ratio of Zn(NO3)2•6H2O and HMT ranging from 2:0.25 to 2:2. The SEM images 

showed that ZnO nanorods were vertically aligned on AZO film under different concentration 

ratio. The morphology including diameter, density, and length was remarkably influenced by the 

Film 
Thickness 

(nm) 

Concentration of 

Zn(NO3)2•6H2O (mol/L) 

Concentration of 

HMT (mol/L) 
Ratio 

Temperature 

(°C) 

Time 

(h) 

AZO 200 0.025 

0.003125 2:0.25 

95 5 
0.00625 2:0.5 

0.0125 2:1 

0.025 2:2 
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concentration ratios. Unlike the effects the concentration of Zn(NO3)2•6H2O on ZnO nanorods, 

the average diameters of ZnO nanorods were 32, 67, 131 and 88 nm in the order of 

concentration ratio of 2:0.25, 2:0.5, 2:1 and 2:2. The density of ZnO nanorods was decreased 

from 178, 104 to 52/μm2 and then increased to 92/μm2 while the length of ZnO nanorods 

showed opposite tendency, as shown in Table 4.5. As observed from top view of SEM images, 

hexagonal structure was obtained for ZnO nanorods grown under concentration ratio of 2:1 and 

2:2 while those grown under 2:0.25 and 2:0.5 showed non-hexagonal structure. It meant the 

concentration ratios of 2:1 and 2:2 could contribute to better morphology of ZnO nanorods.  

 

Table 4.5 Diameter, density and length of ZnO nanorods under different concentrations of HMT. 

 

 

 

 

 

 

The reason why ZnO nanorods could be influenced by concentration of HMT could be 

attributed to growth direction and growth rate during CBD process. According to chemical 

reactions (1-6), the growth rate of ZnO nanorods was significantly influenced by concentration 

of HMT. Low concentration of HMT resulted in low concentration of OH-, which decreased the 

formation of ZnO. For ZnO nanorods, the dominant growth orientation was (0001) orientation. 

Therefore, ZnO nanorods grown under different concentrations showed preferential (0001) 

growth direction. As the concentration of HMT increased, horizontal growth rate increased, 

resulting in the diameter increased. However, the high concentration of OH- could suppress the 

growth rate as well, which led to smaller diameter and shorter length for ZnO nanorods grown 

under the concentration ratio of 2:2.  

Figure 4.13(a) exhibited XRD patterns of ZnO nanorods grown in different concentration 

ratios of Zn(NO3)2•6H2O and HMT. It indicated the presence of a single diffraction peak at 

34.40º, which was identified as (002) diffraction peak. It meant that ZnO nanorods grew 

preferentially along (0001) orientation, which was confirmed by the vertical growth for ZnO 

nanorods. Furthermore, intensity of (002) diffraction peak increased and FWHM decreased as 

the concentration ratio increased from 2:0.25 to 2:1 while those showed opposite tendency for 

concentration ratio of 2:2, as shown in Fig. 4.13(b). It indicated crystallinity of obtained ZnO 

nanorods became better as concentration ratio increased from 2:0.25 to 2:1, then became worse 

at concentration ratio of 2:2. The crystallinity tendency of ZnO nanorods could be attributed to 

the growth rate and the morphology of ZnO nanorods. The higher growth rate increased the 

Concentration ratio Diameter (nm) Density (/μm2) Length (nm) 

2:0.25 32 178 646 

2:0.5 67 104 786 

2:1 131 52 784 

2:2 88 92 582 
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diameter and length of ZnO nanorods, resulting in the crystallinity became better.    

Figure 4.14 showed photoluminescence spectra of ZnO nanorods grown in different 

concentration ratios of Zn(NO3)2•6H2O and HMT. It was also clearly observed that ZnO 

nanorods exhibited two different emissions: a strong broad emission with the peak located at 

around 636 nm in the visible region and a weak UV emission located at around 376 nm, which 

were attributed to defects such as Zni and the intrinsic emission, respectively. It was found that 

the intensity of visible peak decreased significantly as concentration of HMT increased, which 

could be attributed to the increasing concentration of OH-. Therefore, formation of zinc 

interstitials was suppressed, which resulted in the visible emission reduced. 

Optical transmittance spectra of ZnO nanorods grown in different concentration ratios of 

Zn(NO3)2•6H2O and HMT was shown in Fig. 4.15. All samples showed high transmittance of 

over 60% in the visible range. Vertical aligned ZnO nanorods scattered less light, which resulted 

in the high transmittance of ZnO nanorods. ZnO nanorods with small diameter and short length 

showed higher transmittance than those with bigger diameter and longer length, indicating large 

size of ZnO nanorod reduced the transmittance rate. 

 

4.4.3 Summary 

 

Vertical aligned ZnO nanorods was synthesized on AZO film under different concentrations 

of HMT. As the concentration of HMT increased, the diameter and length were increased firstly 

and then decreased. The crystallinity of ZnO nanorods was also firstly increased and then 

decreased. As concentration of HMT increased, the concentration of OH- increased, which 

resulted in less zinc interstitials formed. Therefore, the intensity of visible PL emission was 

decreased. The high transmittance of over 60% in visible range was obtained for ZnO nanorods. 

ZnO nanorods grown under 2:1 were suitable for application of DSSC in the future.  

 

4.5 Effects of reaction time on the structural and optical properties of ZnO 

nanorods 

4.5.1 Experiments 

 

In last several sections, AZO films with thickness of 200 nm and concentration ratio of 2:1 

were verified to be the best conditon to synthesize ZnO nanorods by CBD method. Therefore, 

using the same synthesis conditions, the time dependence will be investigated in order to get 

ZnO nanorods with large surface area and long length in this part.  

AZO film with thickness of 200 nm was chosen to use as the substrate to fabricate ZnO 

nanorods. The solution was prepared with Zn(NO3)2•6H2O of 0.025 mol/L and HMT of 0.0125 
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mol/L diluted into deionized water. AZO substrate was fixed at screw and stand vertically. The 

solution was heated to 95 °C and kept for 5 hours. After 5 hours, the substrate was taken out of 

the solution and washed with deionized water in an ultrasonic cleaner several times, dried in the 

air at room temperature. The solution was changed every 5 hours. Therefore, solution was 

changed 2, 3, and 4 times for ZnO nanorods with growth time of 10, 15, and 20 hours. The 

conditions were summarized in Table 4.6. 

 

Table 4.6 CBD conditions of ZnO nanorods growth with expanded growth time. 

 

4.5.2 Results and discussion 

 

Figure 4.16 showed the SEM images of ZnO nanorods with expanded growth time. It was 

clearly seen that ZnO nanorods followed highly vertical alignment on AZO substrates regradless 

of the growth time. It was found that both diameter and length of ZnO nanorods increased with 

annealing processes increased. Morphology of SEM images showed much difference among 

ZnO nanorods with different growth time. The average diameter of ZnO nanorods was 131, 221, 

195, and 207 nm in the order of growth time 5, 10, 15, and 20 hours, respectively. The 

uniformity of ZnO nanorods became worse as growth time increased. Small nanorods grew on 

big nanorods from the top view of SEM images. From Fig. 4.16(4-b), the nanorods overlapped 

and a big nanorod contains several small nanorods, which could be attributed to that ZnO 

nanorods served as the seed layer for further growth of ZnO nanorod. Due to the surface 

roughness and different growth rate of ZnO nanorods, several small ZnO nanorods grew on a 

big nanorod. As growth time expanded, the length of ZnO nanorods increased significantly from 

784 nm to 3775 nm, which was due to ZnO prefered to grow along (0001) orientation.  

Figure 4.17 showed the XRD patterns, (002) diffraction peak intensity and FWHM of ZnO 

nanorods with expanded growth time. XRD patterns exhibited only (002) diffraction peak for 

ZnO nanorods, which confirmed ZnO nanorods grew along (0001) orientation. Therefore, ZnO 

nanorods showed vertical growth. The intensity of (002) diffraction peak increased and the 

FWHM decreased, indicating the crystallinity became better with growth time extended.  

Figure 4.18 showed the PL spectra of ZnO nanorods after growth time of 5, 10, 15, and 20 

hours. It was found that the two emission peaks centered at 380 nm and 636 nm. As growth time 

Film 
Thickness 

(nm) 

Concentration of 

Zn(NO3)2•6H2O (mol/L) 

Concentration of 

HMT (mol/L) 

Temperature 

(°C) 

Time 

(h) 

AZO 200 0.025 0.0125 95 

5 

10 

15 

20 
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extended, intensity of UV emission decreased while that of yellow-orange emission increased 

greatly. It could be attributed to the growth of ZnO nanorods during time extended. As time 

extended, it can be clearly seen that several small nanorods consists of a big nanorod. As 

well-known, small nanorods usually have worse crystallinity and more defects than big 

nanorods. Therefore, the yellow-orange emission was increased. In contrast, worse crystallinity 

reduced the intrisic emission for ZnO nanorods, decreasing the UV emission.  

Optical transmittance of ZnO nanorods with expanded growth time were shown in Fig. 4.19. 

It was found that the transmittance was largely reduced with growth time increased. The 

transmittance was reduced from 65% to 30% after growth time of 5 hours to 20 hours. The 

decreased transmittance was due to the ununiformity of ZnO nanorod and more defects formed 

in the nanorods. Therefore, optical transmittance was decreased greatly with growth time 

increased.  

 

4.5.3 Summary 

 

 Reaction time had a significant influence on ZnO nanorod growth during CBD process. ZnO 

nanorods followed the same vertical growth direction on AZO substrate. The length increased 

greatly while the diameter showed no much difference, which verified ZnO nanorods preferred 

to grow along (0001) orientation. As the reaction time extended, crystallinity of ZnO nanorods 

was improved, intensity of UV emission was decreased and intensity of visible emission was 

increased. Moreover, the optical transmittance decreased significantly from 65% to 30% in 

visible range.  

 

4.6 Conclusions 

 

In this chapter, ZnO nanorods were fabricated on transparent conductive AZO films by 

chemical bath deposition method. The parameters such as the seed layer thickness, precursor 

concentration and reaction time in CBD mehotd were investigated in detail.  

1) The effects of thickness of AZO film on ZnO nanorods growth were investigated. As AZO 

film thickness increased, the grain size of AZO films increased, which resulted in the diameter 

of ZnO nanorods was increased. ZnO nanorods followed the same (0001) orientation with 

underneath AZO films. The obtained ZnO nanorods showed improved crystallinity as substrate 

thickness increased. A near UV emission and a strong broad visible emission were found for 

ZnO nanorods, which was resulted from intrinsic transition and zinc interstitials. ZnO nanorods 

fabricated on AZO films with different thicknesses showed high transmittance of over 65% in 

visible range.   
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2) The effects of concentration of Zn(NO3)2•6H2O on ZnO nanorods growth were 

investigated. It was found that the concentration of Zn(NO3)2•6H2O had great influence on 

growth of ZnO nanorods. As the concentration of Zn(NO3)2•6H2O increased, the diameter of 

ZnO nanorods increased greatly, the length increased to the maximum at concentration ratio of 

2:1. The crystallinity was also improved and the intensity of visible emission increased due to 

the excessive supply of zinc source, which formed more zinc interstitials in ZnO nanorods. High 

transmittance of 60% in the visible range was obtained. 

3) The effects of concentration of HMT on ZnO nanorods growth were investigated. The 

diameter of ZnO nanorods was increased from 2:0.25 to 2:1 and then decreased at 2:2. The 

crystallinity of ZnO nanorods was also firstly increased and then decreased. The intensity of 

visible PL emission was decreased as concentration of HMT increased, which was due to the 

increasing concentration of OH- resulted in less zinc interstitials formed. The high transmittance 

of over 60% in visible range was obtained for ZnO nanorods.  

4) The effects of reaction time on ZnO nanorods growth were investigated. As reaction time 

increased, ZnO nanorods always followed the same vertical growth direction on AZO substrate. 

The length of ZnO nanords increased greatly and crystallinity was improved. Moreover, 

intensity of UV emission was decreased and intensity of visible emission was increased due to 

more defects formed in the nanorods.  

ZnO nanorods fabricated on AZO film with thickness of 200 nm and under concentration 

ratios of 2:1 showed uniform morphology, good crystallinity and high transmittance, which had 

great potential to be applied in application of DSSC.  
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Fig. 4.1 Apparatus diagram of CBD method. 

 

 

Fig. 4.2 (a) Top view and (b) cross-section view FE-SEM images of ZnO nanorods grown on 

AZO films with thickness of (1) 100, (2) 150, (3) 200, (4) 250, and (5) 300 nm. 

 

Fig. 4.3 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of ZnO nanorods 

grown on AZO films with different thicknesses. 
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Fig. 4.4 (a) TEM image, (b) HRTEM image, and (c) SAED pattern of ZnO nanorod grown on 

200-nm-thick AZO film. 

 

Fig. 4.5 PL spectra of ZnO nanorods grown on AZO films with different thicknesses. 

 

Fig. 4.6 Peak division of PL visible peak using Gaussian. 

 



68 

 

 

Fig. 4.7 Optical transmittance spectra of ZnO nanorods grown on AZO films with different 

thicknesses.  

Fig. 4.8 (a) Top view and (b) cross-section view FE-SEM images of ZnO nanorods grown under 

the concentration ratio of (1) 0.5:1, (2) 1:1, (3) 2:1, and 4:1. 

 

Fig. 4.9 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of ZnO nanorods 

grown ZnO nanorods grown under different concentrations of Zn(NO3)2•6H2O. 
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Fig. 4.10 PL spectra of ZnO nanorods grown under different concentrations of Zn(NO3)2•6H2O. 

 

Fig. 4.11 Optical transmittance spectra of ZnO nanorods grown under different concentrations 

of Zn(NO3)2•6H2O. 

Fig. 4.12 (a) Top view and (b) cross-section view FE-SEM images of ZnO nanorods grown 

under the concentration ratio of (1) 2:0.25, (2) 2:0.5, (3) 2:1, and 2:2. 
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Fig. 4.13 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of ZnO nanorods 

grown under different concentrations of HMT. 

 

Fig. 4.14 PL spectra of ZnO nanorods grown under different concentrations of HMT. 

 

Fig. 4.15 Optical transmittance spectra of ZnO nanorods grown under different concentrations 

of HMT. 
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Fig. 4.16 (a) Top view and (b) cross-section view FE-SEM images of ZnO nanorods with 

reaction time of (1) 5, (2) 10, (3) 15, and 20 hours. 

 

Fig. 4.17 (a) XRD patterns, (b) intensity and FWHM of (002) diffraction peak of ZnO 

nanorods grown ZnO nanorods with different growth time.

 

Fig. 4.18 PL spectra of ZnO nanorods with different growth time. 
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Fig. 4.19 Optical transmittance spectra of ZnO nanorods with different growth time. 
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Chapter 5 

 

 

Fabrication and characterization of ZnO-TiO2 core-shell nanorods by 

mist CVD method  

 

 

5.1 Introduction 

 

Recently, ZnO based DSSC has attracted much attention because TiO2 and ZnO exhibit 

similar bandgap [1]. Additionally, ZnO has much higher electron mobility (200~1000 

cm2/(V•s)) than TiO2 (0.1~4 cm2/(V•s)) [2], which helps the electron transportation. More 

importantly, ZnO is much easier to fabricate into various nanostructures to enlarge the surface 

area [3]. Therefore, ZnO is expected to be the promising material to improve the conversion 

efficiency of DSSC.  

However, ZnO nanorods are not as chemically stable as TiO2，which are easy to be dissolved 

in acidic dye solution and electrolyte solution. ZnO nanorods are also easily to form some 

defects, which increase the electron-hole recombination and form more the Zn2+/dye complex 

on the surface [4-7]. In order to overcome these disadvantages, ZnO nanorods should be coated 

with a chemically stable shell. This core-shell structure can form an energy barrier, which 

reduces the recombination, and passivate ZnO surface, which reduces the complex [8]. The 

ZnO-TiO2 core-shell nanorod is one of the most promising nanocomposites due to the facts that 

conversion efficiency could be improved by about 1 to 5 times [9-12]. Previous studies reported 

ZnO nanorods could be coated with TiO2 layer by sol-gel [13], solution method [14] and atomic 

layer deposition (ALD) [15]. However, the remained difficulties are the uniformity and 

controlling thickness of TiO2 layer.  

As reported, mist CVD method was proven to be an effective method to fabricate thin films 

[16,17] and modify ZnO nanorods [18]. Therefore, in order to overcome the disadvantages of 

ZnO-based DSSC, the novel mist CVD method was used to TiO2 shell on ZnO nanorods in this 

research.  

Titanium dioxide crystallizes in three structures: tetrahedral anatase, rutile and orthorhombic 

brookite. Rutile is primarily desirable for optical applications and is the thermodynamically 

stable phase; anatase has high kinetic stability and is more photocatalytic, which is expected to 

improve the performance of DSSC [10,12]. Therefore, fabrication of pure anatase TiO2 film on 

ZnO nanorods is desired.  

Based on our previous study, the high conversion efficiency of DSSC could be realized by 
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controlling the vertical alignment of ZnO nanorods, the quality of transparent conductive 

substrates [19-21]. In this chapter, a low-cost mist CVD method was introduced to deposit TiO2 

films and coat TiO2 on ZnO nanorods. The effects of deposition temperature, precursor 

concentration, and annealing temperature on TiO2 films and TiO2 coating on ZnO nanorods 

were invesitigated. 

 

5.2 Deposition and characterization of TiO2 films by mist CVD method 

5.2.1 Effects of deposition temperature on the morphological and structural 

properties of TiO2 films 

5.2.1.1 Experiments 

 

The fine channel mist-CVD (FCM-CVD) system was used to synthesize TiO2 films on quartz 

substrate. Details of the FCM-CVD system have been reported in previous research [19,20]. 

Titanium tetraisopropoxide (TTIP) used as the solute was dissolved in ethanol. The 

concentration of TTIP was 0.1 mol/L. The solution was ultrasonically atomized at the frequency 

of 2.4 MHz, and the mist was transferred to the fine channel using air as carrier gas and dilute 

gas, whose flow rates were controlled at 2.5 and 4.5 L/min, respectively. The Substrate 

temperature varied from 250, 300, 350, 400 and 450℃. The experimental conditions were 

shown in Table 5.1.  

 

Table 5.1 Mist CVD conditions to fabricate TiO2 films under different temperatures. 

Titanium 

source 
Concentration 

(Mol/L) 
Solvent 

Carrier gas flow rate 

(L/min) 
Dilute gas flow rate 

(L/min) 
Temperature 

(˚C) 

Ti(OC
3
H

7
)

4
 0.1 Ethanol 2.5 4.5 

250 
300 

350 

400 

450 

 

5.2.1.2 Results and discussion 

 

The deposition rates of TiO2 films were remarkably influenced by the substrate temperatrue, 

shown in Fig. 5.1. The thickness of TiO2 film deposited at 250℃ could not be measured due to 

the uncontinous film. The thicknesses of TiO2 films were 6.7, 4.2, 7.5, and 12 nm/min in the 

order of deposition temperature of 300, 350, 400, and 450℃.  

The surface properties of TiO2 films deposited at different temperatures were shown in Fig. 
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5.2. The small seperated particles were observed on the surface of TiO2 film deposted at 250℃, 

which meant the film was not continuous. Therefore, this film would not be discussed in the 

research. The surfacs of TiO2 films were very uniform with the rms roughness of 0.57, 1.28, 

2.24, and 2.89 nm corresponding to 300, 350, 400, and 450℃. Fig. 5.3 depicted SEM images of 

TiO2 films synthesized under 300, 350, 400 and 450℃. It was clearly seen that all the TiO2 

films exhibited a uniform surface. At synthesis temperature of 300℃, particles with size of 31 

nm packed together and the space among particles was around 11 nm. When the synthesis 

temperature increased to 350℃, much smaller particles were found on the surface and small 

particles formed grain with size of 55 nm. As temperature increased to 400℃, TiO2 films 

showed long and thin sheet-like grains with length of 132 nm. It was found that shorter and 

bigger sheet-like grains with length of 105 nm were shown on TiO2 films synthesized under 

450℃.   

The structural property of TiO2 films was determined by Rigaku ATX-G diffractometer using 

grazing incidence x-ray diffraction (GIXRD) model at a 0.35° incidence angle in the range from 

20 to 80°. XRD patterns of TiO2 films were shown in Fig. 5.4. A strong diffraction peak was 

observed at 25.28°, which was assigned to anatase (101) plane. Other diffraction peaks were 

also observed at 37.80, 48.04, 55.06, 62.68, 70.03 and 75.02°, identified to anatase (004), (200), 

(211), (204), (220) and (215) planes respectively. No any rutile diffraction peaks were found 

from XRD patterns, which meant the synthesized TiO2 films were pure anatase. There was no 

visible diffraction peak for TiO2 film under 300℃. (200) diffraction peak showed highest 

intensity than other diffraction peak for TiO2 film under 350℃, indicating growth along (200) 

orientation was dominant. As temperature increased to 400 and 450℃, (101) diffraction peak 

became dominant because anatase TiO2 preferentially grew along the (101) crystallographic 

direction.  

Raman spectra of TiO2 film was shown in Fig. 5.5, which was measured using a confocal 

Raman microscope (HORIBA, LabRAM HR800) with a 532.8 nm excitation laser. Raman 

spectra displayed three peaks centered at 399, 519 and 639 cm-1, which were associated with the 

B1g, A1g+B1g and Eg modes of the anatase phase respectively. As temprature increased, the 

intensities of those Raman peaks increased, indicating that the anatase crystallinity became 

better. No rutile Raman peaks were found from Raman spectra, which was also confirmed that 

TiO2 films was pure anatase.  

The optical transmittance of TiO2 films was shown in Fig. 5.6. It was found that the optical 

transmittance of TiO2 films deposited at 350, 400, and 450℃ was similar (75%) in visible range. 

However, average transmittance of TiO2 film at 300℃ was lower than 70% in visible range, 

which could be attributed to the poor crystallinity of TiO2 films deposted at 250℃.  

The formation mechanism of pure anatase TiO2 film was attributed to mist-CVD method. 
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During mist-CVD process, TTIP would discompose into TiO2, C3H6 and H2O, shown in 

Equation 5.1 [22,23]. 

Ti(OC3H7)4 → TiO2 + 4 C3H6 + 2 H2O (T>510K)             (5.1) 

TiO2 would form on the quartz substrate. It was widely known that TTIP would react with 

H2O as soon as H2O formed. Therefore, TTIP would react with H2O and produce H4TiO4, which 

would discompose to TiO2 at high temperature, shown in Equation 5.2 and 5.3.  

Ti(OC3H7)4 + 4 H2O → H4TiO4 + 4 (CH3)2CHOH            (5.2) 

H4TiO4 → TiO2 + 2 H2O                        (5.3) 

During mist-CVD process, TTIP ethanoic solution was atomized into mist droplets with the 

diameter of several micrometers under ultrasonic transducer. The mist droplets were transferred 

to the fine channel. The droplets would burst into smaller droplets with diameter of several 

nanometers in the reaction channel due to the high temperature and high pressure. TTIP 

decomposed into TiO2, C3H6 and H2O at temperature of over 510K. As well known, TTIP 

exhibits high reactivity to H2O. Therefore, TTIP would react with H2O and produce hydrous 

titanium oxide, which would discompose to TiO2 immediately at high temperature of 450℃. 

During mist-CVD deposition, the decomposition and hydrolysis of TTIP occurred. Therefore, 

TiO2 film was synthesized on quartz substrate. During TiO2 film synthesis, TiO2 film tended to 

be constructed into anatase other than rutile due to long-range ordered anatase structure was 

easier to construct than short-range ordered rutile structure. Moreover, isopropanol and ethanol 

in the chamber would suppress other growth orientation except (101) orientation, which was 

confirmed by XRD data. The high deposition rate (11.7 nm/min) of TiO2 film at 450℃ could 

contribute to the sheet-like grains [24].  

Therefore, TiO2 films synthesized under 450℃ had better anatase crystallinity, which were 

used to study thermal stability.   

 

5.2.1.3 Summary 

 

In summary, pure anatase structured TiO2 films were successfully synthesized by mist CVD 

method. As synthesis temperature increased from 300 to 450℃, surface of TiO2 film was 

changed from particles to long and thin sheet-like grains. Only strong anatase diffraction peaks 

were found for TiO2 film synthesized at 450℃ while no diffractions peak was shown for that at 

300℃. Raman spectra confirmed that anatase structure was found for TiO2 films. High 

transmittance of over 75% in visible range was found for obtained TiO2 films deposited at 

temperature from 350 to 450℃.    
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5.2.2 Effects of TTIP concentration in ethanol solution on the 

morphological and structural properties of TiO2 films 

5.2.2.1 Experiments 

 

TiO2 films were synthesized by the fine channel mist-CVD (FCM-CVD) system, which was 

reported in last section. In this section, the experimental conditions including the unltrasonic 

frequency, carrier gas flow rate, dilute gas flow rate were kept the same with before. The 

substrate temperature was kept at 450℃. The concentration of TTIP dissolved in ethanol varied 

from 0.025 to 0.4 mol/L. The experimental conditions were summarized in Table 5.2.  

 

Table 5.2 Mist CVD conditions to fabricate TiO2 films under different concentrations. 

Titanium 

source 
Concentration 

(Mol/L) 
Solvent 

Carrier gas flow rate 

(L/min) 
Dilute gas flow rate 

(L/min) 
Temperature 

(˚C) 

Ti(OC
3
H

7
)

4
 

0.025 

Ethanol 2.5 4.5 450 
0.05 

0.1 

0.2 

0.4 

 

5.2.2.2 Results and discussion 

 

The deposition rate of TiO2 film was significantly increased with the increase of TTIP 

concentration, shown in Fig. 5.7. The deposition rate increased from 4.0 nm/min at 

concentration of 0.025 mol/L to 13.63 mol/L at concentration of 0.4 mol/L. The higher 

concentration contributed to the higher deposition rate of TiO2 film. As the concentration 

increased. the mist density of TTIP solution decreased, indicating that higher TTIP 

concentration increased the difficulty to generate mist droplet.  

The SEM images of TiO2 films deposited under different concentrations were shown in Fig. 

5.8. The sheet-like grains were clearly observed for all the TiO2 films. As concentration 

increased, the nanosheet length increased from 65 to 156 nm due to the significantly increased 

TiO2 formation rate. The increasing grain size could be attributed to the higher deposition rate 

of TiO2 film at higher TTIP concentrations.  

XRD patterns of TiO2 films shown in Fig. 5.9 indicated that a strong (101) diffraction peak 

and several small diffraction peaks, which were identified as the anatase structure. Same 

diffraction peaks were found for all TiO2 films, which meant TiO2 films had similar structures. 

The Intensity of (101) diffraction peak was increased from 0.025 to 0.2 mol/L and then 
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decreased at 0.4 mol/L, shown in Fig. 5.10(a). The FWHM of (101) diffraction peak showed the 

opposite tendency to intensity of TiO2 films. It meant the anatase crystallinity of TiO2 films 

increased as concentration increased to 0.2 mol/L. Based on the Scherrer's equations, the (101) 

orientation crystallite size of TiO2 films was calculated to be from 14.41, 14.61, 14.53, and 

17.05 nm corresponding to the concentration of 0.025, 0.05, 0.1, and 0.2 mol/L, shown in Fig. 

5.10(b). However, the (101) crystallite size of TiO2 films under 0.4 mol/L decreased. It also 

confirmed that anatase crystallinity of TiO2 film increased with the increase of TTIP 

concentration.  

Figure 5.11(a) showed Raman spectra of TiO2 films deposited under different concentrations. 

It showed three peaks centered at 399, 519 and 639 cm-1, which were associated with the B1g, 

A1g + B1g and Eg modes of the anatase phase respectively. As concentration increased to 0.2 

mol/L, the intensities of these peaks increased, shown in Fig. 5.11(b). However, intensities of 

these peaks decreased at 0.4 mol/L. Raman spectra confirmed that anatase crystallinity 

increased when concentration increased from 0.025 to 0.2 mol/L.  

The optical transmittance of TiO2 films was shown in Fig. 5.12. It was found that the optical 

transmittance of TiO2 films deposited under different concentrations was over 75% in visible 

range. It meant the optical transmittance of TiO2 films was not significantly influenced by the 

TTIP concentration.  

As the concentration of TTIP increased, discomposation rate of TTIP to TiO2 became faster 

and the deposition rate of TTIP increased during mist CVD process. However, the structural and 

optical properties of TiO2 films were not influenced by increasing deposition rate of TiO2 films 

because discomposation rate of TTIP to TiO2 was dependent on the temperature not the 

concentration.     

 

5.2.2.3 Summary 

 

In summary, the effects of TTIP concentration on the morphological, structural and optical 

properties of TiO2 films was investigated. It was found that size of sheet-like grain greatly 

increased with the increase of TTIP concentration. The pure anatase structured TiO2 films were 

obtained. The crystallinity of TiO2 film was slightly increased with the increase of concentration 

from 0.025 to 0.2 mol/L. The high transmittance of over 75% in visible range was obtianed for 

TiO2 films.  
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5.2.3 Effects of annealing temperature on the morphological and structural 

properties of TiO2 films 

5.2.3.1 Experiments 

 

TiO2 films were deposited on quartz substrates by mist CVD method. The experimental 

conditions were interpreted in 5.2.1.1. Titanium tetraisopropoxide (TTIP) was dissolved in 

ethanol with the concentration of 0.2 mol/L. The flow rate of carrier gas and dilute gas were 

controlled at 2.5 and 4.5 L/min, respectively. The substrate temperature was kept at 450℃. 

After deposition, TiO2 films were put into a rapid thermal annealing (RTA). The annealing 

temperature was varied from 600, 800, 1000, to 1100℃ and kept for 1 hour. 

 

5.2.3.2 Results and discussion 

 

Figure 5.13 showed the SEM images of as-deposited TiO2 film and TiO2 films after annealing 

at 600, 800, 1000, and 1100℃. As annealing temperature increased from 600 to 1000℃, the 

morphology of TiO2 films including the length, thickness of sheet-like grains showed no much 

difference. However, when annealing temperature incresed to 1100℃, a whole large grain with 

many voids was found for TiO2 films, which might be transformation of TiO2 film occored at 

this temperature. 

The XRD patterns of TiO2 films were shown in Fig. 5.14. It showed a strong (101) diffraction 

peak and several small diffraction peaks such as (200), (211), (204), (220) and (215) diffraction 

peaks, all of which were assigned to anatase phase. XRD patterns confirmed that no rutile phase 

transformed after calcination from 600 to 1000℃.  

However, XRD pattern for TiO2 film calcined at 1100℃ was different from others. A strong 

diffraction peak was found at around 27.40°, which was identified to rutile (110) plane. Several 

small diffraction peaks were also assigned to planes of rutile phase. Weak anatase (101) 

diffraction peak was still found from the XRD patterns. The weight fractions of rutile phase and 

anatase phase could be calculated by the empirically determined formula in Eq. 5.4, 

𝑊𝑅

𝑊𝐴
= 1.22

𝐼𝑅

𝐼𝐴
− 0.28                                (5.4) 

Here, IR and IA are the intensity of rutile (110) and anatase (101) diffraction peak respectively. 

Therefore, the weight fractions of rutile and anatase were 83.1:16.9. Most anatase structure had 

been transformed into rutile structure.  

Raman spectra displayed three anatase phase peaks for TiO2 films calcined from 600 to 

1000℃, shown in Fig. 5.15. No rutile Raman peaks were found from Raman spectra, indicating 

no rutile phase transformed from temperature 600 to 1000℃. However, Raman spectrum of 
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TiO2 film annealed at 1100℃ showed two strong peaks centered at 446 and 612 cm-1, which 

were corresponded to the Eg and A1g modes of the rutile phase respectively. Moreover, the weak 

anatase Raman peaks were still shown in the spectrum. Therefore, Raman spectrum confirmed 

that both anatase and rutile phases existed and weight of rutile phase was much more than that 

of anatase after annealed at 1100℃.   

According to Scherrer’s equation, the (101) orientation crystallite size could be calculated 

using the FWHM value. The calculated crystallite size of TiO2 films slightly increased from 

14.7 to 17.3 nm as annealing temperature increased from 600 to 1000℃, shown in Fig. 5.16. 

Therefore, crystallite size was slightly increased after annealing. As reported, anatase phase is 

thermodynamically more stable than rutile phase for crystallite size less than critical size. 

Moreover, the rutile transformation would be difficult to occur if the crystallite size doesn’t 

increase [24], which maybe a reason of high thermal stability of TiO2 films.  

Another reason for high temperature stabilized pure anatase TiO2 film could be due to the 

fabrication method. These unique sheet-like grains with fewer interfaces had a great influence 

on the anatase to rutile phase transformation. Fewer grain interface can slow the phase 

transformation. The packing characteristics of the sheet-like TiO2 grains suppressed the 

interface nucleation of the rutile phase and significantly limited the phase transformation at a 

relatively high temperature. Moreover, the weak connections among sheet-like grains worked as 

barriers, which blocked anatase-rutile transformation.  

As temperature increased over 1000℃, the interface and weak connections could not 

suppress the anatase-rutile transformation. The sheet-like grains were merged into a large grain 

with many voids. 

 

5.2.3.3 Summary 

 

In summary, annealed TiO2 film showed no apparent surface changes as annealing 

temperature increased from 600 to 1000℃. No rutile Raman peak and no rutile diffraction peak 

were found from TiO2 films annealed from 600 to 1000℃. The transformation from anatase to 

rutile for TiO2 films occored at the temperature of 1100℃. The sheet-like grains and small 

crystallite size may contribute to the high temperature stability of TiO2 film.  

 

5.3 Fabrication and characterization of ZnO-TiO2 core-shell nanorods 

5.3.1 Experiments 

 

Fabrication of ZnO nanorods by multi-annealing method was reported in Chapter 3. After 

fabrication of ZnO nanorods, TiO2 was coated on ZnO nanorods by mist CVD method. 
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Alkali-free glass sheets (Eagle XG) were used as the substrates for ZnO nanorods fabrication. 

Firstly, 300 nm-thick AZO film and 500 nm-thick ZnO film was deposited on the glass 

substrates in a conventional RF (13.56 MHz) magnetron sputtering system successively. 

Secondly, a multi-annealing process was carried out for ZnO/AZO film. During multi-annealing 

process, the forming gas (H2 : N2 = 2 : 98 %) and oxygen was introduced in the annealing 

furnace in turn. Finally, TiO2 thin film coating on ZnO nanorods was fabricated via Mist CVD 

system. The 0.1 Mol/L ethanoic TTIP solution was prepared as the precursor solution. The 

experimental conditions of mist CVD was interpreted in previous section.   

 

5.3.2 Results and discussion 

 

Figure 5.17 showed FE-SEM images of as-fabricated ZnO nanorods and ZnO-TiO2 core-shell 

nanorods fabricated by mist CVD under different growth time. It was clearly observed that the 

morphology including the surface, the diameter, and length of ZnO nanorods was different. The 

as-fabricated ZnO nanorods showed hexagonal structure from the surface, being vertical to the 

substrate, as shown in Fig. 5.17(a-1) and (a-2). Fig. 5.17(b-f) showed the ZnO-TiO2 core-shell 

nanorods by mist CVD under growth time of 5, 10, 15, and 20 min. It was clearly observed that 

the surface of ZnO nanorod was covered with TiO2 from the top view and cross-section views of 

core-shell nanorods. From the inserted images of ZnO nanorods, small TiO2 particles formed on 

the surface of ZnO nanorod under growth time of 5 min. As growth time expanded to 20 min, 

the sheet-like grains were clearly observed. As growth time expanded, the diameter of core-shell 

increased, which indicated the thickness of TiO2 shell increased significantly. The increase of 

TiO2 shell thickness was not linearly with growth time. The calculated TiO2 shell thicknesses 

were 3, 8, 15, and 25 nm corresponding to the growth time of 5, 10, 15, and 20 min. The length 

of ZnO nanorods also increased with growth time of mist CVD increased. The length growth of 

ZnO nanorods showed similar tendency to that of diameter.  

XRD patterns of ZnO nanorods and ZnO-TiO2 core-shell nanorods were shown in Fig. 5.18. 

ZnO (002) diffraction peak was clearly found from the XRD patterns. Moreover, a strong 

diffraction peak was observed at 25.2°, which was assigned to anatase (101) plane. Other 

diffraction peaks were also observed at 37.8, 48.0, 55.0, 62.6, 70.0 and 75.0°, which were 

identified to anatase (004), (200), (211), (204), (220) and (215) planes respectively. No any 

rutile diffraction peaks were found from XRD patterns, which meant the fabricated ZnO-TiO2 

core-shell nanorods were pure anatase. As TiO2 growth time increased, the intensity of anatase 

(101) diffraction peak increased due to the TiO2 thickness increased. Therefore, pure anatase 

TiO2 shell was successfully synthesized on ZnO nanorods.  

In order to further confirm formation of the ZnO-TiO2 core-shell, TEM and EDX 
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measurement of core-shell structures fabricated under 15 min was performed, shown in Fig. 

5.19. It was clearly observed that the a thin and uniform TiO2 shell had been formed on the 

surface of ZnO nanorod. The thickness of TiO2 shell was around 15 nm. The lattice fringes of 

0.35 nm in HRTEM images corresponding to (101) plane of TiO2 was shown in Fig. 5.19(b). 

HRTEM images also showed the (101) plane of TiO2 shell with different growth directions, 

which was confirmed the intertwined nanosheet structure. EDX elemental mapping of Zn and Ti 

for a single core-shell nanorod was shown in Fig. 5.19(c,d). It was clearly seen that the shell 

layer of TiO2 was uniformly coated on the surface of ZnO nanorod. Line scan of EDX for 

ZnO-TiO2 core-shell was shown in Fig. 5.20. It was found that population intensity of Ti was 

higher on the edge and lower in the center of core-shell while that of Zn was only shown in the 

center.  

Therefore, TiO2 shell was successfully fabricated on ZnO. The mechanism of formation of 

TiO2 shell on surface of ZnO nanorods during Mist-CVD can be explained as follows: Solute 

TTIP was dissolved in ethanol following by atomized to form mist droplets in the diameter scale 

of several micrometers with ultrasonic transducer. The mist droplets containing TTIP molecules 

were transferred by the air from the supply unit to the reaction chamber where ZnO nanorods 

were settled. During the Mist-CVD process, TiO2 shell formed according to these reactions of 

TTIP. Moreover, ZnO nanorods served as the catalysts to contribute to TiO2 shell during 

Mist-CVD process. When Mist-CVD growth started for 5 min, the small TiO2 nuclei formed on 

the surface of ZnO nanorods. As growth time extended, formed TiO2 nuclei epitaxial grew and 

TiO2 shell formed. During TiO2 shell synthesis, TiO2 tended to be constructed into anatase other 

than rutile due to long-range ordered anatase structure was easier to construct than short-range 

ordered rutile structure. Moreover, isopropanol and ethanol in the chamber would suppress other 

growth orientation except (101) orientation, which was confirmed by XRD data. Therefore, the 

sheet-like grains for TiO2 shell formed on the ZnO nanorods [24].   

Figure 5.21 showed optical transmittance curves of ZnO nanorods and core-shell nanorods. 

ZnO nanorods without TiO2 shell showed high transmittance of 75% in visible range. As TiO2 

growth time increased, the transmittance in visible range decreased significantly. For core-shell 

nanorods coated after 20 min, the transmittance in visible range was nearly 30% due to great 

scattering of sheet-like grains of TiO2.  

 

5.3.3 Summary 

 

In summary, ZnO nanorods coated with pure anatase TiO2 shell had been successfully 

fabricated on AZO substrate by mist CVD method. The morphology of ZnO nanorods were 

greatly modified with TiO2 layers under different growth time. As growth time increased, the 
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diameter and length of ZnO-TiO2 core-shell nanorods greatly increased. EDX confirmed that 

TiO2 shell was uniformly covered the surface of ZnO nanorod. However, the optical 

transmittance of ZnO nanorods was decreased due to coated with TiO2 shell. 

 

5.4 Conclusions 
 

In this chapter, pure anatase TiO2 films and TiO2 coated ZnO nanorods were synthesized by 

mist CVD method. The parameters including synthesis temperature, TTIP concentration, 

annealing temperature on TiO2 film deposition and effects of mist CVD deposition time on 

ZnO-TiO2 core-shell structures were investigated in detail.  

1) Synthesis temperature had a great influence on the deposition of TiO2 films. TiO2 film 

could be deposited at temperature of 250℃. As synthesis temperature increased from 300 to 

450℃, surface of TiO2 film was changed from particles to long and thin sheet-like grains. XRD 

patterns indicated that deposited TiO2 films were pure anatase and the crystallinity of TiO2 films 

became better. High transmittance of over 75% in visible range was found for obtained TiO2 

films deposited at temperature from 350 to 450℃. Transmittance of TiO2 films slightly 

increased with depostion temperature increased.  

2) The influence of precursor concentration of TTIP on morphological, structural and optical 

properties of TiO2 films was studied. SEM images confirmed that length of sheet-like grain was 

greatly increased, indicating the higher formation rate of sheet-like grains with the increase of 

concentration from 0.025 to 0.2 mol/L. Furthermore, TiO2 kept the anatase structure and 

crystallinity of TiO2 film was slightly increased. All the TiO2 films exhibited a high 

transmittance of over 75% in visible range. TTIP concentration had no great influence on 

morphological, structural, and optical properties of TiO2 film. Better crystallinity, faster 

deposition rate and high transmittance of TiO2 film was obtained at the concentration of 0.2 

mol/L, which was the optimized experimental conditions for TiO2 films.    

3) For application of TiO2, the anatase-rutile transformation was very important. The TiO2 

films were annealed at temperature from 600 to 1100℃. After annealed at temperature from 600 

to 1000℃,no visible change was observed from the morphology of TiO2 film. Only anatase 

diffraction peaks and Raman peaks were found from TiO2 films annealed from 600 to 1000℃. 

When temperature increased to 1100℃, sheet-like grains merged into a large grains. The rutile 

diffraction peaks and Raman peaks were found. Therefore, the transformation from anatase to 

rutile for TiO2 films occored. The sheet-like grains and small crystallite size may contribute to 

the high temperature stability of TiO2 film.  

4) pure anatase TiO2 shell was successfully coated on ZnO nanorods by mist CVD method. The 

morphological, structural and optical properties of ZnO nanorods were greatly modified with 

TiO2 layers under different deposition time. The diameter of ZnO-TiO2 core-shell nanorods was 
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greatly increased with the increased of deposition time. The length of core-shell nanorods 

slightly increased. XRD patterns and EDX confirmed that pure anatase TiO2 shell was 

uniformly covered the surface of ZnO nanorod. The optical transmittance of ZnO nanorods was 

decreased due to coated with TiO2 shell. The TiO2 coated ZnO nanorods were expected to 

improve the performance of ZnO based solar cell, which would be demonstrated in Chapter 6.  

TiO2 synthesized by mist CVD showed very high stability at high temperature and TiO2 shell 

was uniformly coated on ZnO nanorods, which had great potential to be applied in high 

temperature sensor and photocatalytic applications.  
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Fig. 5.1 Deposition rate of TiO2 films synthesized at temperature of 300, 350, 400 and 450℃. 

 
Fig. 5.2 AFM images of TiO2 films synthesized at temperature of (a) 250, (b) 300, (c) 350, (d) 

400 and (e) 450℃. 
 

 
Fig. 5.3 SEM images of TiO2 films synthesized at temperature of (a) 300, (b) 350, (c) 400, and 

(d) 450℃. 
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Fig. 5.4 XRD patterns of TiO2 films synthesized at temperature of 300, 350, 400, and 450℃. 

(The below image was the XRD diffraction pattern for standard anatase TiO2) 

 
Fig. 5.5 Raman spectra of TiO2 films synthesized at temperature of 300, 350, 400, and 450℃. 

 
Fig. 5.6 Optical transmittance spectra of TiO2 films synthesized at temperature of 300, 350, 400, 

and 450℃. 
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Fig. 5.7 Deposition rate of TiO2 films synthesized at TTIP concentration of 0.025, 0.05, 0.1, 0.2, 

and 0.4 mol/L. 

 
Fig. 5.8 SEM images of TiO2 films synthesized at TTIP concentration of (a) 0.025, (b) 0.05, (c) 

0.1, (d) 0.2, and (e) 0.4 mol/L. 

 
Fig. 5.9 XRD patterns of TiO2 films synthesized at TTIP concentration of 0.025, 0.05, 0.1, 0.2, 

and 0.4 mol/L. 
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Fig. 5.10 (a) intensity and FWHM of (101) diffraction peak, and (b) (101) orientation crystallite 

size of TiO2 films synthesized at TTIP concentration of 0.025, 0.05, 0.1, 0.2, and 0.4 mol/L. 

 
Fig. 5.11 (a) Raman spectra and (b) intensities of three Raman peaks of TiO2 films synthesized 

at TTIP concentration of 0.025, 0.05, 0.1, 0.2, and 0.4 mol/L. 

 
Fig. 5.12 Optical transmittance spectra of TiO2 films synthesized at TTIP concentration of 0.025, 

0.05, 0.1, 0.2, and 0.4 mol/L. 



90 

 

Fig. 5.13 SEM images of (a) as-deposited TiO2 films and TiO2 films after annealed at 

temperature of (b) 600, (c) 800, (d) 1000 and (e) 1100℃. 

 
Fig. 5.14 XRD patterns of as-deposited TiO2 films and TiO2 films after annealed at temperature 

of 600, 800, 1000 and 1100℃. 

 
Fig. 5.15 Raman spectra of as-deposited TiO2 films and TiO2 films after annealed at temperature 

of 600, 800, 1000 and 1100℃. 
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Fig. 5.16 Crystallite size of as-deposited TiO2 films and TiO2 films after annealed at temperature 

of 600, 800, and 1000℃ 

 
Fig. 5.17 (1) Top view and (2) cross section view of FE-SEM images of (a) as-fabricated ZnO 

nanorods and ZnO-TiO2 core-shell nanorods fabricated at growth time of (b) 5, (c) 10, (d) 15, 

and (e) 20 minutes. (Inserted images showed a single core-shell nanorod under different growth 

time). 

 
Fig. 5.18 XRD patterns of as-fabricated ZnO nanorods and ZnO-TiO2 core-shell nanorods 

fabricated at growth time of 5, 10, 15, and 20 minutes. 
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Fig. 5.19 (a) TEM image, (b) HRTEM image, EDX elemental mapping of (c) Ti, and (d) Zn of a 

single ZnO-TiO2 core-shell nanorod fabricated at growth time of 15 minutes. 

 
Fig. 5.20 Line-scan EDX-TEM images of ZnO-TiO2 core-shell nanorods fabricated at growth 

time of 15 minutes. 
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Fig. 5.21 Optical transmittance spectra of as-fabricated ZnO nanorods and ZnO-TiO2 core-shell 

nanorods fabricated at growth time of 5, 10, 15, and 20 minutes. 
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Chapter 6 

 

 

Fabrication and evaluation of ZnO based DSSC   

 

6.1 Introduction 

 

In last three chapters, ZnO nanorods were fabricated by different methods with the final 

application in DSSCs. Generally, the characterization of tranditional DSSC contains illuminated 

I-V, where the cell is illuminated at simulated sunlight and basic parameters measured [1]; dark 

I-V, where the cell is in the dark and IV characteristic tranced [2]; and Isc-Voc, where short 

circuit current (Isc) and the open circuit voltage (Voc) are recorded at different illumination levels 

[3]. 

The most common characterization for DSSC is the illuminated I-V (J-V). Several important 

parameters including Isc, Voc, fill factor (FF), and overall conversion efficiency etc. are used to 

characterize solar cells. Isc and Voc are the common parameters of the circuit. FF is a parameter 

in conjunction with Isc and Voc determines the ratio of maximum obtainable power from a solar 

cell. FF is defined based on following equations (6.1) [4].  

FF =
𝑉𝑀𝑃𝐼𝑀𝑃

𝑉𝑂𝐶𝐼𝑆𝐶
                                   (6.1) 

Here, VMP and IMP is the voltage and current of maximum power, respectively. The efficiency 

of a solar cell is determined as the fraction of incident power which is converted to electricity 

and is defined as:  

η =
𝑉𝑂𝐶𝐼𝑆𝐶𝐹𝐹

𝑃𝑖𝑛
                                   (6.2) 

Here, Pin is the incident power. In addition, series resistance (Rs) and shunt resistance (Rsh) 

are also very important for the characterization of DSSC. In general, very high values of Rs and 

very low values of Rsh reduce Isc and Voc, respectively [5].    

In this chapter, ZnO nanorods and TiO2 coated ZnO nanorods fabricated on ZnO based 

substrates were used as the photoanode in DSSCs. The improvements of ZnO based DSSCs in 

terms of ZnO nanorods had been investigated.  

 

6.2 Demonstration of DSSC based on ZnO nanostructures 

6.2.1 Experiments 

 

ZnO nanorods had been fabricated on AZO or GZO substrate by multi-annealing and CBD 
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methods, which was discussed in Chapter 3 and 4. Photoanodes using ZnO nanorods on AZO or 

GZO substrate were applied to fabricate DSSC.  

Firstly, the photoanodes were immersed in an ethanoic 0.5 mM N719 (Sigma Aldrich, St. 

Louis, MO) solution for 12 hours. Then the dye-adsorbed photoanodes were assembled with a 

platinum coated counter-electrode to form a sandwich-structured DSSC. The cell was filled with 

the electrolyte solution which contained 0.05 M iodine and 0.1 M lithium iodine. The structure 

of DSSC was GZO//ZnO nanorods//N719//I-/I3
-//Pt//ITO. 

 

6.2.2 Results and discussion 

  

Demonstrated DSSCs using obtained ZnO nanorods on transparent conductive GZO 

substrates as photoanodes was fabricated. Fig. 6.1 showed the J-V curves of ZnO-based DSSCs 

using ZnO nanorods with different length as photoanode material. ZnO nanorods were vertical 

aligned on GZO substrates. The length of different ZnO nanorods were 1.527 and 865 nm, 

respectively shown in the inserted images in Fig. 6.1. The overall conversion efficiencies of 

demonstrated DSSC with long and short ZnO nanorods were 3.19% and 1.31%, respectively, 

shown in Table 6.1. It was found that the short circuit current density (Jsc) was tremendously 

increased from of 5.01 to 8.11 mA/cm2 and the open circuit voltage (Voc) was slightly improved 

from 0.60 to 0.64 V. Supprisingly, The fill factor (FF) was largely improved from 0.43 to 0.62. 

Therefore, The length of ZnO nanorods significantly improved the performance of DSSC 

including Jsc, Voc, and fill factor. For DSSC, large surface area meant more dye molecules could 

be attached on ZnO nanorods, which would be tremendously increased the current density. The 

imrovement of FF indicated that the recombination between electron and holes, and scattering 

during electron transportation were less.  

 

Table 6.1 Characteristics of DSSCs based on ZnO nanorods with length of (a) 1527 nm and (b) 

865 nm. 

Sample Jsc (mA·cm-2) Voc (V) FF PCE (%) 

Short nanorods 5.01 0.60 0.43 1.31 

Long nanorods 8.11 0.64 0.62 3.19 

 

The J-V curves of ZnO-based DSSCs using ZnO nanorods with or without oxygen annealing 

as photoanode material was shonw in Fig. 6.2. After oxygen annealing, no visible morphology 

change was found from ZnO nanorods, which was discussed in Chapter 3. The length of ZnO 

nanorods were 1.527, shown in the inserted images in Fig. 6.2. After oxygen annealing, great 

improvement was found from Jsc, which was increased from 6.73 to 8.11 mA/cm2. Based on the 
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research of oxygen annealing effects of ZnO nanorods in Chapter 3, oxygen vacancies were 

reduced and the crystallinity of ZnO nanorods was slightly improved. Therefore, the 

recombination of electron-hole and electron scattering in ZnO nanorods were reduced, thus 

enhancing the current density. However, the Voc and FF were hardly changed regardless of 

oxygen annealing. Therefore, the overall conversion efficiencies of demonstrated DSSCs were 

improved from 2.68 to 3.19% for ZnO nanorods after oxygen annealing.  

 

Table 6.2 Characteristics of DSSCs based on ZnO nanorods with or without O2 post-annealing 

treatment. 

Sample Jsc (mA·cm-2) Voc (V) FF PCE (%) 

Without O2 treatment 6.73 0.63 0.63 2.68 

With O2 treatment 8.11 0.64 0.62 3.19 

 

ZnO nanorods fabricated by CBD method were also used to demonstrate DSSC. Fig. 6.3 

showed J-V curves of DSSCs using ZnO nanorods with different length as photoanode material. 

ZnO nanorods grown by CBD with different growth time from 5 to 20 hours. It was found that 

the length of ZnO nanorods was 784, 1242, 1913, and 3775 nm in the order of reaction time of 5, 

10, 15, and 20 hours, respectively. As reaction time increased, the Jsc was increased from 0.75 to 

1.97 mA/cm2, which meant large surface area increased the current density. It was also found 

that the Voc was also almost similar due to the fact that voltage barrier was influenced by the 

reaction time. The overall conversion efficiencies of demonstrated DSSCs were improved from 

0.12 to 0.35%, which was much lower than that of DSSCs using ZnO nanorods by 

multi-annealing compared to Fig. 6.1. The reasons could be attributed to the worse crystallinity 

of ZnO nanorods by CBD, which caused the electron scattering and recombination increase. 

Therefore, the fill factor of DSSC based on ZnO nanorods by CBD was much lower than that by 

mutli-annealing. As reaction time extended, the overall conversion efficiency improved. 

However, the FF reached the maximum of 0.41 for ZnO nanorods in growth of 10 and 15 hours. 

It might be because of the relatively large surface area and high transmittance.    

 

Table 6.3 Characteristics of DSSCs based on ZnO nanorods by CBD method. 

Sample Jsc (mA·cm-2) Voc (V) FF PCE (%) 

CBD-5h 0.75 0.55 0.29 0.12 

CBD-10h 0.79 0.58 0.41 0.19 

CBD-15h 0.98 0.57 0.41 0.23 

CBD-20h 1.97 0.62 0.28 0.35 
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6.2.3 Summary 

 

In summary, ZnO nanorods fabricated by both multi-annealing and CBD methods could be 

applied to DSSCs. Large surface of ZnO nanorods contributed to the higher current density. 

Oxygen annealing reduced the defects and improved the crystallinity. All of these reduced the 

electron-hole recombination and electron scattering during electron transportation. High 

transmittance allowed more photons to be absorbed by more dye molecules. Therefore, the short 

circuit current density, fill factor and overall conversion efficiency of DSSC were improved. 

 

6.3 Demonstration of DSSC based on ZnO-TiO2 core-shell nanorods 

6.3.1 Experiments 

 

The fabrication of ZnO-TiO2 core-shell nanorods on AZO film substrate were discussed in 

Chapter 5. Here, core-shell nanorods on AZO film were used to fabricate a sandwich-structured 

DSSC. N719 (Sigma Aldrich, St. Louis, MO) was used as dye sensitizer in ZnO based DSSC. 

The platinum coated ITO glass was used as the counter-electrode. The electrolyte solution 

which contained 0.05 M iodine and 0.1 M lithium iodine was applied as the electrolyte. 

  

6.3.2 Results and discussion 

  

Table 6.4 Characteristics of DSSCs based on as-fabricated ZnO nanorods and ZnO-TiO2 

core-shell nanorods. 

Sample Jsc (mA·cm-2) Voc (V) FF PCE (%) 

No TiO2 5.01 0.60 0.43 1.31 

TiO2-5min 5.79 0.62 0.50 1.57 

TiO2-10min 6.10 0.62 0.58 2.12 

TiO2-15min 6.73 0.63 0.63 2.68 

TiO2-20min 6.42 0.64 0.63 2.57 

 

As discussed in Chapter 5, pure anatase TiO2 films with sheet-like grains were coated on ZnO 

nanorods, shown in inserted images of Fig. 6.4. It was found that thickness of TiO2 shell 

increased with the increase of growth time. Fig. 6.4 showed the J-V curves of DSSCs based on 

pure ZnO nanorods and ZnO-TiO2 core-shell nanorods. Table 6.4 showed photovoltaic 

parameters including Jsc, Voc, FF, and photoelectric conversion efficiency (PCE) of DSSCs 

based on pure ZnO nanorods and ZnO-TiO2 core-shell nanorods. For DSSC using pure ZnO 

nanorods, it showed Jsc of 5.01 mA/cm2, Voc of 0.60 V, FF of 0.43, and an overall conversion 
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efficiency of 1.31%. The addition of TiO2 shells on ZnO nanorods resulted in considerable 

improvement in Jsc, Voc and FF. As shell thickness increased from 0 to 25 nm, Jsc increased to 

0.37 to 1.62 mA/cm2 and Voc slightly increased to 0.02 to 0.04 V. FF jumped to 0.63 from 0.43, 

which was a huge improvement of 47%. Overall, the overall conversion efficiency double 

increased with TiO2 shell thickness of 15 nm, jumping from 1.31 to 2.68%.  

This ZnO-TiO2 core-shell nanorods was supposed to help utilize the favorable electron 

mobility and diffusion rate of ZnO nanorods without compromising the negative effects of 

Zn2+/dye agglomeration and surface recombination. There were several reasons to account for 

the greatly improved performance of DSSC. Firstly, TiO2 shell prevented the ZnO surface being 

dissolved in acidic dye solutions and the Zn2+/dye complex at the nanorods surface no longer 

existed. Secondly, the TiO2 shell has much lower electron-hole recombination rate than ZnO 

nanorods, which could greatly improve Jsc and FF. Thirdly, TiO2 shell could also suppressed the 

recombination rate by passivating the defects on the interface between ZnO nanorods and TiO2 

shell. Finally, carrier mobility in ZnO was much faster than that in TiO2. Therefore, the charge 

transfers from dye to conductive band of TiO2 and then through ZnO nanorods to AZO substrate 

was significantly improved. 

 

6.3.3 Summary 

 

In summary, DSSC using anatase TiO2 coated ZnO nanorods as photoanode material had 

been demonstrated. The morphology of ZnO nanorods were greatly modified with TiO2 layers 

under different growth time. TiO2 shell was uniformly coated the surface of ZnO nanorod. TiO2 

shell was demonstrated to improve Jsc from 5.01 to 6.73 mA/cm2, the fill factor from 0.43 to 

0.63, and overall conversion efficiency from 1.31 to 2.68%. TiO2 coated ZnO nanorods 

exhibited a dramatic improvement in Jsc, FF, and PCE, which has great promising in improving 

the performance of photovoltaic devices.  

 

6.4 Conclusions 

 

In this chapter, fabricated ZnO nanorods by both multi-annealing and CBD methods and TiO2 

coated ZnO nanorods by multi-annealing method were applied in DSSCs. The characterization 

of DSSCs using ZnO nanorods as photoanodes were evaluated.  

1) ZnO nanorods with different surface area, oxygen annealing and different fabrication 

methods were investigated in DSSC demonstration. Large surface area of ZnO nanorods meant 

more dye molecules were absorbed, thus increasing the photo generated current population. 

Oxygen vacancies were reduced by oxygen annealing, which increased the crystallinity and 
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reduced the recombination centre. Therefore, large surface area and oxygen annealing 

contributed to the higher current density, higher fill factor and the overall conversion efficiency. 

DSSC using ZnO nanorods fabricated by multi-annealing showed much higher efficiency than 

that by CBD method. 

2) In order to overcome the disadvantages of ZnO nanorods used in DSSC, TiO2 shell was 

coated on ZnO nanorods to improve the efficiency of DSSC. It was found that pure anatase 

TiO2 shell with sheet-like grains was coated on ZnO nanorods. As growth time increased, the 

thickness of TiO2 shell increased. Pure anatase TiO2 shell provented ZnO surface from being 

dissolved in acidic dye solutions and reduced the electron-hole recombination. TiO2 shell 

worked as a barrier that blocked the recombination between electrons and dyes. Therefore, after 

coated with TiO2 shell, Jsc was improved from 5.01 to 6.73 mA/cm2 and the fill factor was 

improved from 0.43 to 0.63 with the increase of the growth time from 0 to 20 min. Moreover, 

the overall conversion efficiency was increased from 1.31 to 2.68%.  

The performance of ZnO based DSSC was improved by enlarging the surface area, reducing 

the oxygen vacancies and coating with TiO2 shell. In the future, performance of DSSC is 

expected to further improved by optimizing the photoanodes and dyes.      
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Fig. 6.1 J-V characteristics of demonstrated DSSC based on ZnO nanorods fabricated by 

multi-annealing method with length of (a) 1527 nm and (b) 865 nm. 

 
Fig. 6.2 J-V characteristics of demonstrated DSSC based on ZnO nanorods fabricated by 

multi-annealing method with or without O2 post-annealing treatment. 

 
Fig. 6.3 J-V characteristics of demonstrated DSSC based on ZnO nanorods after growth time of 

(a) 5, (b) 10, (c) 15, and (d) 20 hours by CBD method. 
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Fig. 6.4 J-V characteristics of demonstrated DSSCs based on as-fabricated ZnO nanorods and 

ZnO-TiO2 core-shell nanorods fabricated by mist CVD at growth time of 5, 10, 15, and 20 

minutes. 
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Chapter 7 

 

 

Conclusions   

 

In this thesis, fabrication of ZnO-based photoanodes in applications of DSSC was 

investigated.  

ZnO based transparent conductive substrates were deposited by sputtering method to replace the 

conventional ITO and FTO substrates. The vertical alignment of ZnO nanorods was well 

controlled on ZnO based substrates via multi-annealing and chemical bath deposition methods. 

The electron recombination of ZnO nanorods in application of DSSC were reduced by coating 

with anatase TiO2 shell. The overall conversion efficiency of DSSC was improved twice by 

coating with anatase TiO2 shell.  

Therefore, the main conclusions of this thesis were summarized as followed:  

 

1. Deposition of transparent conductive ZnO based substrates 

Transparent conductive ZnO based films were deposited on glass substrates by sputtering 

methods. The structural, optical and electrical properties of ZnO films were greatly influenced 

via doped with aluminium and gallium. The aluminium and gallium dopant not only improved 

the crystallinity of ZnO film, but also the resistivity and electron mobility. It was found 

that as film thickness increased from 50 to 300 nm, the crystallinity of AZO and GZO films was 

improved, resistivity decreased, and electron mobility increased. AZO and GZO films showed 

strongly c-axis growth direction and high transmittance of over 80% in visible range. AZO and 

GZO films with thickness of 300 nm showed comparable mobility and resistivity to commercial 

ITO films. Therefore, both films could replace ITO substrate to be applied as the TCO 

substrates for electrodes in DSSC.  

 

2. Fabrication of vertical aligned ZnO nanorods on AZO and GZO substrates  

2.1  ZnO nanorods fabricated by multi-annealing method 

ZnO nanorods were fabricated on different substrates by multi-annealing method. The effects 

of substrates, oxygen treatment, and annealing on morphological, structural, and optical 

properties of ZnO nanorods were investigated.  

1) ZnO nanorods were fabricated on ITO, AZO and GZO substrates by multi-annealing 

method. ZnO nanorods fabricated on AZO and GZO were vertical aligned while those on ITO 

were not. Due to AZO and GZO had good c axis growth, ZnO nanorods followed the same 

growth direction to underneath AZO and GZO. Low mismatch between ZnO film and AZO or 
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GZO film contributed to vertical alignment of ZnO nanorods. Because of the vertical alignment, 

ZnO nanorods fabricated on AZO and GZO had better crystallinity and higher optical 

transmittance than those on ITO.  

2) Oxygen treatment was applied to ZnO nanorods fabricated by multi-annealing. PL 

properties of ZnO nanorods were significantly influenced by oxygen annealing. Zinc interstitials 

and oxygen vacancies in ZnO nanorods were oxidized after oxygen treatment, which enhanced 

the UV emission and reduced the green-blue emission. Moreover, the crystallinity and optical 

transmittance of ZnO nanorods were slightly improved after oxygen treatment.     

3) ZnO nanorod growth was affected by annealing process. Vertical alignment of ZnO 

nanorods was achieved on AZO substrates. Diameter and length of ZnO nanorods were greatly 

increased with the increase of annealing process. Crystallinity, intensities of both UV emission 

and visible emission for ZnO nanorods increased as annealing time extended.  

 

2.2 ZnO nanorods fabrication by chemical bath deposition 

ZnO nanorods were fabricated on transparent conductive AZO films by chemical bath 

deposition method. The effects of the seed layer thickness, precursor concentration and growth 

time on morphological, structural, and optical properties of ZnO nanorods were investigated in 

detail.  

1) The effects of AZO film thickness on ZnO nanorods growth were investigated. As AZO 

film thickness increased, the grain size of AZO films increased, which resulted in the diameter 

of ZnO nanorods was increased. ZnO nanorods were vertical aligned fabricated on AZO films 

with different thicknesses. ZnO nanorods showed high transmittance of over 65% in visible 

range.   

2) The effects of concentration of Zn(NO3)2•6H2O on ZnO nanorods growth were 

investigated. As the concentration of Zn(NO3)2•6H2O increased, the diameter of ZnO nanorods 

increased greatly, the length increased to the maximum at concentration ratio of 2:1. The 

crystallinity was also improved and the intensity of visible emission increased due to the 

excessive supply of zinc source, which formed more zinc interstitials in ZnO nanorods. 

3) The effects of concentration of HMT on ZnO nanorods growth were investigated. The 

diameter of ZnO nanorods was increased from the ratio of 2:0.25 to 2:1 and then decreased at 

2:2. The crystallinity of ZnO nanorods was also firstly increased and then decreased. The 

intensity of visible PL emission was decreased as concentration of HMT increased, which was 

due to the increasing concentration of OH- resulted in less zinc interstitials formed.  

4) The effects of reaction time on ZnO nanorods growth were investigated. As reaction time 

increased, ZnO nanorods kept vertical growth direction and the length increased greatly. The 

crystallinity of ZnO nanorods was improved and intensity of visible emission was increased. 
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3. Fabrication of TiO2 films by mist CVD method 

Pure anatase TiO2 films were synthesized by mist CVD method. The effects of experimental 

parameters including synthesis temperature, TTIP concentration, and annealing temperature on 

TiO2 film were investigated in detail.  

1) Morphological and structural properties of TiO2 films were influenced by synthesis 

temperature. As synthesis temperature increased from 300 to 450℃, surface of TiO2 film was 

changed from particles to long and thin sheet-like grains. TiO2 films were pure anatase and the 

crystallinity of TiO2 films became better.  

2) Morphological, structural and optical properties of TiO2 films was dependent on the TTIP 

concentration. It was found that length of sheet-like grain was greatly increased, indicating the 

higher formation rate of sheet-like grains with the increase of concentration from 0.025 to 0.2 

mol/L. Furthermore, TiO2 kept the anatase structure and crystallinity of TiO2 film was slightly 

increased.    

3) Annealing treatment was applied to TiO2 film to investigate the thermal stability. No 

visible change was observed from the morphology of TiO2 film when the annealing temperature 

ranged from 600 to 1000℃. XRD data and Raman spectra confirmed that anatase structure was 

kept at 1000℃. When temperature increased to 1100℃, sheet-like grains merged into a large 

grains. The rutile diffraction peaks and Raman peaks were found.  

 

4. Fabrication of TiO2 shell on ZnO nanorods by mist CVD method 

In order to over the disadvantages of ZnO nanorods applied in DSSCs, TiO2 shell was coated 

on ZnO nanorods by mist CVD method. The morphological, structural and optical properties of 

ZnO nanorods were greatly modified with TiO2 layers under different deposition time. The 

diameter of ZnO-TiO2 core-shell nanorods was greatly increased with the increased of 

deposition time. The length of core-shell nanorods slightly increased. XRD patterns and EDX 

confirmed that pure anatase TiO2 shell was uniformly covered the surface of ZnO nanorod. The 

TiO2 coated ZnO nanorods were expected to improve the performance of ZnO based solar cell.  

 

5. Fabrication and evaluation of ZnO based DSSC 

ZnO based DSSCs were demonstrated using ZnO nanorods fabricated by both 

multi-annealing and CBD methods and TiO2 coated ZnO nanorods by multi-annealing method.  

1) Large surface area of ZnO nanorods increased the photo generated current population. 

Oxygen vacancies were reduced by oxygen annealing, which increased the crystallinity and 

reduced the recombination centre. Therefore, large surface area and oxygen annealing 

contributed to the higher current density, higher fill factor and the overall conversion efficiency. 

The highest overall efficiency of 3.19% was obtained from ZnO nanorods fabricated on GZO 
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substrates with a fill factor of 0.64. 

2) Pure anatase TiO2 shell provented ZnO surface from being dissolved in acidic dye 

solutions and reduced the electron-hole recombination. TiO2 shell worked as a barrier that 

blocked the recombination between electrons and dyes. Compared DSSC using pure ZnO with 

that using ZnO-TiO2 core-shell, Jsc was improved from 5.01 to 6.73 mA/cm2 and the fill factor 

was improved from 0.43 to 0.63 with the increase of the growth time from 0 to 20 min. The 

overall conversion efficiency from 1.31 to 2.68%.   
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