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Abstract 

 

Nanostructured Titanium Dioxide Thin Films Synthesized by Mist CVD for 

Applications in Metal Oxide Thin Film Gas Sensors 

 

 

Metal oxide gas sensors have been widely applied in various fields. Among the different types of 

metal oxide gas sensors, metal oxide thin-film gas sensors have attracted considerable interest, as they 

readily facilitate integration and miniaturization in structure. In addition, such thin-film gas sensors 

have higher sensitivity and shorter response time than thick film-type metal oxide gas sensors. 

Recently, titanium dioxide (TiO2) thin films have been investigated as a promising sensing material 

for application in various thin-film reducing gas sensors due to their outstanding sensing properties, 

chemical stability and electrical properties. 

TiO2 naturally crystallizes in three phases, which were known as rutile, anatase and brookite. The 

thermal stability of brookite phase TiO2 is poorer than anatase phase and rutile phase TiO2, which 

limits the application of brookite phase TiO2. In addition, brookite is the most difficult TiO2 phase to 

fabricate in thin-film form. Compared with rutile phase TiO2 films, anatase phase TiO2 has greater 

sensitivity to H2 and volatile organic compound gases than rutile phase TiO2.  

Hitherto, anatase phase TiO2 thin films have been synthesized by various techniques, including 

magnetron sputtering, high-vacuum chemical vapor deposition, atomic layer deposition, electron 

beam evaporation, and sol-gel method. However, it is a challenging endeavor to obtain pure anatase 

phase TiO2 with good uniformity, high thermal stability and high crystallinity using current synthesis 

methods. Firstly, the TiO2 thin films obtained by these conventional methods are mostly a mixture of 

anatase and rutile phase TiO2. Although there are some reports on fabricating pure anatase phase TiO2 

films, their thermal stability is poor due to the presence of (112) surface in anatase phase TiO2, which 

limits the application of anatase phase TiO2 films as sensing material. Particularly, it is difficult to 

fabricate anatase phase TiO2 thin films with good crystallinity by spray pyrolysis, conventional 

chemical vapor deposition, atomic layer deposition or high vacuum chemical vapor deposition.  

In order to fabricate pure anatase phase TiO2 film with good uniformity and high crystallinity, it is 

necessary to develop a novel synthesis method. According to our previous research experience, we 

found the mist chemical vapor deposition is a suitable method to synthesize metal oxide thin film, by 

which the growth orientation, uniformity and grain size of thin film could be precisely controlled. 

Therefore, mist chemical vapor deposition is expected to an alternative method to synthesize pure 

anatase phase TiO2 thin films. 

In this thesis, a mist chemical vapor deposition system with novel designed reaction chamber was 

applied to deposit pure anatase phase TiO2 thin films. In order to enhance the surface area of TiO2, 

TiO2 films were coated onto ZnO nanorods to fabricate ZnO/TiO2 core-shell nanostructures. 
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Until now, there remain a number of shortcomings and challenges in state-of-the-art anatase phase 

TiO2 based thin-film gas sensors: 

(1) The fabricated TiO2 is mostly a mixture of rutile phase and anatase phase. The fabrication of 

pure anatase phase TiO2 is difficult.  

(2) The properties of anatase phase TiO2 (including uniformity, surface area and crystallinity) are 

still insufficient, which limits the performance of gas sensor. 

(3) Due to the high surface energy, the {001} facets of anatase phase TiO2 could significantly 

enhanced the gas sensitivity. However, it was difficult to enhance the growth of {001} facets with 

conventional methods. 

(4) The working temperature of gas sensors are still high (over 200 °C). 

(5) The response time and recovery time of gas sensors are too long. 

(6) The cost of some methods for gas sensors fabrication is relatively high, such as RF sputtering 

and ALD method. 

(7) The thermal stability of anatase phase TiO2 based thin-film gas sensors is poor. 

(8) The sensitivity to some gases (H2, methanol) is still low. 

 

In my research, I addressed the shortcomings of state-of-the-art TiO2 gas sensors and some of the 

above challenges were solved. In particular, the following objectives were achieved: 

(1) Pure anatase phase TiO2 was successfully fabricated by mist chemical vapor deposition method. 

(2) The obtained pure anatase phase TiO2 showed excellent uniformity, high crystallinity and 

relative high surface area with nanosheet morphology. 

(3) The growth of the anatase phase TiO2 {001} facets was significantly enhanced by using 

methanol as solvent.   

(4) Pure anatase phase TiO2 based gas sensor could be fabricated by mist chemical vapor deposition 

with potentially lower cost. 

(5) The obtained anatase phase TiO2 showed an ultra-high thermal stability. 

(6) The surface-to-volume ratio was significantly increased by synthesizing TiO2 nanosheets as a 

coating on a high density of nanorods. 

 

Academic novelty or originality of the research 

(1) Pure anatase phase TiO2 films were fabricated by mist CVD method for the first time. 

(2) The mechanism of fabricating anatase phase TiO2 films from TTIP by mist CVD was 

investigated for the first time.  

(3) A new method was found to effectively enhance the growth of {001} facets of pure anatase 

phase TiO2 by using methanol as solvent. 
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The main work will be discussed in terms of fabrication of anatase phase TiO2 thin films with 

ethanol as solvent, fabrication of anatase phase TiO2 thin films with methanol as solvent to optimize 

{001} facets, and fabrication of ZnO nanorods receiving mist CVD coatings of TiO2 nanosheets for 

fabricating ZnO/TiO2 core-shell nanorods. 

 

1. Fabrication of anatase phase TiO2 thin films with ethanol as solvent 

In order to solve the issues of fabrication pure anatase phase TiO2 films with good uniformity, high 

thermal stability, and high crystallinity, a mist chemical vapor deposition system with novel designed 

reaction chamber was applied to deposit pure anatase phase TiO2 thin films. The effects of deposition 

temperature, concentration of titanium tetraisopropoxide precursor, film thickness and substrate on 

the properties of TiO2 films were investigated. 

The crystallinity of TiO2 films was significantly improved by increasing deposition temperature. 

Pure anatase phase TiO2 films with good uniformity were obtained from 300 °C to 400 °C. The 

roughness of all TiO2 films was less than 7 nm and showed a variation tendency to increase as the 

deposition temperature increased from 200 °C to 400 °C. 

The crystallinity of TiO2 films showed a variation tendency to increase as the titanium 

tetraisopropoxide concentration increased from 0.05 mol/L to 0.40 mol/L. The best crystallinity was 

obtained under the titanium tetraisopropoxide concentration of 0.05 mol/L. The roughness of all TiO2 

films was less than 10 nm regardless of titanium tetraisopropoxide concentration variation. The 

crystallinity of TiO2 films increases with the increase of film thickness. The surface of obtained TiO2 

films with different thicknesses are uniform. With the thickness increasing, the roughness of TiO2 film 

shows a tendency of further increase. 

The TiO2 films deposited on all substrates showed the same dominant (101) growth orientation. 

The crystallinity of TiO2 films grown on different substrates increased in an order of glass, quartz 

glass, p-type silicon and gallium oxide doped ZnO. It was confirmed by Raman spectroscopy and 

GIXRD that TiO2 films deposited on four kinds of substrates were pure anatase phase. The TiO2 thin 

film deposited on p-type silicon showed the highest percentage of exposed {001} facets. The TiO2 

films with good uniformity were obtained on all of the substrates. The surface area of TiO2 films 

deposited on p-type silicon substrate was larger than that of TiO2 films deposited on quartz glass, 

glass and gallium oxide doped ZnO substrates. The TiO2 film deposited on p-type silicon is expected 

to have higher gas sensitivity and be applicable to thin film gas sensors. 

In summary, pure anatase phase TiO2 films with excellent uniformity, excellent thermal stability, 

high crystallinity and relative high surface area were successfully fabricated by mist chemical vapor 

deposition method.  

 

2. Fabrication of anatase phase TiO2 thin films with methanol as solvent 

In order to control the deposition rate of TiO2 and the growth of preferred {001} facets well, a 
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methanol based precursor solution was developed. 

Compared with ethanol, methanol is much easier to atomize ultrasonically. The deposition rate of 

TiO2 thin films will be more controllable by using methanol as a solvent. However, the titanium 

tetraisopropoxide is not stable in pure methanol. Recently, we obtained a stable mixture of titanium 

tetraisopropoxide and methanol by adding acetylacetone as stabilizer. 

Until now, the growth of preferred {001} facets could be controlled only by a few methods. Among 

these approaches, the F- ion methods were mostly used to enhance the growth of {001} facets because 

F- could be strongly absorbed on {001} facets. However, F- is a dangerous ion which is corrosive to 

the fabrication equipment and harmful to human skin. Compared with the use of F-, we found that 

changing the water-to-methanol ratio is a safer method to control the growth of {001} facets.  

In this part, pure anatase phase TiO2 films were fabricated on aluminum oxide doped ZnO and glass 

substrates with methanol as a solvent by mist chemical vapor deposition. The effects of film thickness 

and water-to-methanol ratio on the properties of TiO2 films were investigated.  

Uniform TiO2 films with different thicknesses were obtained. With the thickness increasing, the 

roughness and surface area of TiO2 film showed a tendency to increase. The crystallinity of TiO2 films 

increases with the increasing of film thickness. With the thickness increasing, the optical 

transmittance of TiO2 films decreased from around 80 % to around 65 % gradually. 

During the deposition, the growth of {001} facets and surface area were significantly influenced 

by the water-to-methanol ratio. By decreasing the water-to-methanol ratio, the growth of {001} facets 

was enhanced, while the growth of {101} facets was suppressed. The surface roughness and surface 

area of TiO2 films showed the same trend of increasing with a decrease of the water-to-methanol ratio. 

The highest surface roughness and maximized surface area was obtained with a water-to-methanol of 

0 %. The transmittance of all TiO2 films was higher than 70 % in the visible region. The photocatalytic 

efficiency of TiO2 films showed an increasing trend with the decrease of the water-to-methanol ratio. 

The TiO2 films deposited with pure methanol as solvent showed the highest photocatalytic efficiency 

due to a maximum number of {001} facets and an optimum surface area. 

In summary, pure anatase phase TiO2 films with excellent uniformity and relative high surface area 

were successfully fabricated by mist chemical vapor deposition method. The methanol system was 

found to be a new method to effectively enhance the growth of {001} facets of pure anatase phase 

TiO2. 

 

3. Fabrication of ZnO nanorods and ZnO/TiO2 core-shell nanorods. 

In order to further enlarge the surface-to-volume ratio of TiO based gas sensors, TiO2 films were 

deposited onto the surface of a dense array of ZnO nanorods by mist chemical deposition. 

In this part, a dense array of ZnO nanorods and a dense array of ZnO/TiO2 core-shell nanorods 

were fabricated on conductive aluminum oxide doped ZnO seed films. The effects of solution 

concentration and deposition time on the properties of ZnO nanorods were investigated. The effects 
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of TiO2 film coating time on the properties of ZnO/TiO2 core-shell nanorods were investigated. 

The solution concentration had a significant influence on the morphological, structural, and optical 

properties of ZnO nanorods. It was found that well-arrayed ZnO nanorods with hexagonal structure 

were obtained with solution concentration ranging from 100 % to 40 %. With the decreasing of 

solution concentration, the crystallinity of ZnO nanorods showed a tendency of decrease, and the 

transmittance of ZnO nanorods increased gradually in the visible range. Oxygen vacancies and 

oxygen interstitials inside of ZnO nanorods were confirmed by PL measurements. 

The morphological, structural and optical properties of ZnO nanorods were significantly influenced 

by the deposition time. A dense array of ZnO nanorods with hexagonal structure were obtained with 

a deposition time of 5 hours and 10 hours. With the deposition time increasing from 5 hours to 10 

hours, the crystallinity of ZnO nanorods increased significantly, and the transmittance of ZnO 

nanorods in the visible region decreased from around 75 % to around 35 %. 

The TiO2 wrap-around shell coatings on ZnO nanorods were confirmed as pure anatase phase, 

which will contribute to high chemical stability as photoanodes. The surface area of ZnO nanorods 

was significantly increased with increase in TiO2 coating time. The transmittance of ZnO nanorods 

decreased from 75 % to 65 % after 15 minutes coating TiO2. The dense array of ZnO/TiO2 core-shell 

nanorods will contribute to excellent chemical stability, and relatively large surface-to-volume ratio 

for gas absorption, which are expected to be applied as sensing material to improve the performance 

of gas sensors. 

In summary, a dense array of ZnO nanorods were successfully fabricated by chemical bath 

deposition. ZnO/TiO2 core-shell nanorods with large surface area were successfully fabricated by 

coating nanostructured pure anatase phase TiO2 films onto the surface of ZnO nanorods by mist 

chemical vapor deposition method. 
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Chapter 1 Introduction 

Introduction 

1.1 Basic properties of TiO2 

Titanium dioxide (TiO2) is a metal oxide semiconductor with wide direct bandgap around 3.2 

eV [1]. Recently, TiO2 have attracted considerable interest because of their outstanding properties, 

such as chemical stability, electrical and optical properties, especially a wide band gap of around 

3.2 eV [1-2]. 

TiO2 naturally crystallizes in three phases, which were known as rutile, anatase and brookite. 

The structures of three phases TiO2 were shown in Fig. 1.1 [3]. As shown in Fig. 1.1, rutile phase 

and anatase phase TiO2 showed a tetragonal structure, and brookite phase TiO2 showed an 

orthorhombic structure. The thermal stability of brookite phase TiO2 is poorer than anatase phase 

and rutile phase TiO2, which limits the application of brookite phase TiO2. In addition, brookite 

is the most difficult TiO2 phase to fabricate in thin-film form [4,5]. Compared with rutile phase 

TiO2 films, anatase phase TiO2 has greater sensitivity to H2 and volatile organic compound gases 

than rutile phase TiO2 [6,7].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Texture of TiO2 ((a) rutile; (b) anatase; (c) brookite) [4]. 



2  

1.2 Introduction of TiO2 based gas sensor 

Recently, TiO2 nanomaterials with different compositions and structures (as shown in Fig. 1.2, 

Fig. 1.3 and Fig. 1.4) have been applied to various sensors, including biosensor, environmental 

sensor, electric sensor, optical sensor, gas sensor. As a typical n-type semiconductor, TiO2 based 

gas sensor is favored due to its fast response, high gas sensitivity, long lifetime, excellent chemical 

stability, and low cost. TiO2 shows an extensive gas sensitivity to both oxidative gases (NO2, O2) 

and reductive gases (H2, H2S, NH3, CO, VOCs). Normally, the microscopic reactions between 

these gases and TiO2 surface are much different, the sensing mechanism is more complicated, and 

the sensor performance could be affected by many factors [8]. The sensing mechanism of TiO2 

based gas sensors can be explained by the following processes.  

 

 

 

 

 

 

 

 

 

 

  

  

 

 

Fig. 1.2 TiO2 tubular nanostructures prepared by different methods [8]. 
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Fig. 1.3 TiO2 nanobelts prepared by different methods [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 3D dendritic TiO2 nanostructures prepared by different methods [8]. 

 

When the TiO2 film is exposed to air, due to the surface oxygen vacancies, oxygen molecules 

are easily absorbed on the surface of TiO2 and form oxygen ions. Therefore, the electron density 

of the TiO2 surface will be reduced (even changed into p-type), which will form depletion layer 
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and band bending on the film surface. The band bending on the surface of TiO2 grains will cause 

a barrier for carrier transport between the grains, which will decrease the conductivity of TiO2 

film.  

When the TiO2 film is exposed to reductive gases, the gas molecules will be adsorbed and react 

with oxygen ions, which will cause a transfer of electrons back to the surface of TiO2. Therefore, 

the thickness of depletion layer will be reduced and the band bending will be released. As a result, 

the conductivity of TiO2 film will be improved. When the TiO2 film is exposed to oxidative gases, 

the gas molecules will be adsorbed on the surface oxygen ions. The oxidative gases will attract 

electrons from oxygen ions, which will increase the depletion layer thickness and decrease the 

conductivity [1,6,7-13]. 

The conductivity variation of TiO2 films can be easily converted to resistance signal. Thus, the 

oxidative gases and reductive gases can be detected by analyzing the resistance signal of TiO2 

films.  

1.3 Fabrication issues of TiO2 thin film based gas sensors 

Hitherto, anatase phase TiO2 thin films have been synthesized by various techniques, including 

magnetron sputtering, high-vacuum chemical vapor deposition (HV-CVD), atomic layer 

deposition (ALD), electron beam evaporation, and sol-gel method [1,12-25]. However, the 

obtained TiO2 thin films obtained by these methods are mostly a mixture of anatase and rutile 

phase TiO2 [21-26]. Although there are some reports on fabricating pure anatase phase TiO2 films, 

their thermal stability is poor [14,24,28] due to the presence of (112) surface in anatase phase TiO2 

[27-31], which limits the application of anatase phase TiO2 films as sensing material. 

Until now, it is still strict issue to obtain pure anatase phase TiO2 with good uniformity and 

high crystallinity using current synthesis methods [12,20-22,32-38]. Particularly, it is difficult to 

fabricate anatase phase TiO2 thin films with good crystallinity by spray pyrolysis, conventional 

chemical vapor deposition, atomic layer deposition or high vacuum chemical vapor deposition. 

When these methods are applied with a low deposition temperature (not higher than 350 ˚C), the 

deposition of anatase phased TiO2 film is kinetically controlled [1], which means the growth of 

anatase phased TiO2 film is limited by low decomposition rate of precursor. As a result, the 

crystallinity of obtained TiO2 film is poor [21,35,36]. When deposition temperature is increased, 

the deposition will become controlled by mass transport [1], and the growth of anatase phased 
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TiO2 film is limited by the lack of precursor, resulting in a poor thickness uniformity of deposited 

TiO2 film [21,37,38]. 

Moreover, for anatase phase TiO2, due to the high surface energy, the {001} facets were more 

reactive for the adsorption of gases and the photodegradation of organic pollutants, which 

significantly enhanced the gas sensitivity and photocatalytic activity of the pure anatase phase 

TiO2 [39,40]. However, for most anatase TiO2 film deposition methods, it is difficult to control 

the growth of {001} facets. Thus, the anatase TiO2 films obtained by these methods suffer from a 

low gas sensitivity and a low photocatalytic efficiency in the gas sensing application. Until now, 

the growth of preferred {001} facets could be controlled by only a few methods. Among these 

approaches, the F- ion methods were mostly used to enhance the growth of {001} facets because 

F- could be strongly absorbed on {001} facets. However, F- is a dangerous ion, which is corrosive 

to the fabrication equipment and harmful to human skin.  

In order to fabricate pure anatase phase TiO2 film with good uniformity, high crystallinity, high 

thermal stability and enhanced {001} facets, it is necessary to develop a novel synthesis method. 

1.4 Objectives and structure of this thesis 

This Ph.D. research is addressing the shortcomings of the commercial thin film synthesis 

method for anatase phase TiO2 MOS gas sensors. 

The present work is improving the state of the art in the anatase phase TiO2 synthesis by 

developing a novel method of mist CVD, which improves the crystallinity, morphology, surface 

area, ratio of (001) facets and thermal stability, which will translate into the superior anatase TiO2 

gas sensors. 

In my research, there are several academic novelties or originalities to improve performance of 

TiO2 based gas sensor. 

(1) Pure anatase phase TiO2 films were fabricated by mist CVD method for the first time. 

(2) The mechanism of fabricating anatase phase TiO2 films from TTIP by mist CVD was 

investigated for the first time. Base on the calculation and investigation, the fabricating 

mechanism of TiO2 films deposited from 300 °C to 400 °C was confirmed as the pyrolysis of 

TTIP. 

(3) The methanol system was found to be a new method to effectively enhance the growth of 

{001} facets of pure anatase phase TiO2. 
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The main work will be discussed in terms of fabrication of anatase phase TiO2 thin films with 

ethanol as solvent, fabrication of anatase phase TiO2 thin films with methanol as solvent, and 

fabrication of ZnO nanorods and ZnO/TiO2 core-shell nanorods.  

Chapter 1: Research background of TiO2 material and TiO2-based gas sensors including the 

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

and the structure of thesis was settled. 

Chapter 2: The principle and measurement methods of fabrication and characterization 

equipment were briefly introduced. 

Chapter 3: Fabrication and characterization of anatase phase TiO2 thin films with ethanol as 

solvent were investigated in detail.  

Chapter 4: Fabrication and characterization of anatase phase TiO2 thin films with methanol as 

solvent were investigated in detail.  

Chapter 5: Fabrication and characterization of ZnO nanorods and ZnO-TiO2 core-shell 

nanorods by chemical bath deposition and mist CVD method were investigated. The deposition 

and characterization of pure anatase TiO2 film was also discussed in detail. 

Chapter 6: The gas sensitivity of TiO2 film and ZnO nanorods were evaluated. The effects of 

TiO2 deposition conditions and the coating time on the gas sensitivity 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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Chapter 2 Fabrication equipment and characterization techniques 

Fabrication equipment and characterization techniques 

2.1 Introduction 

The equipments used to fabricate and characterize thin films, nanorods, and core-shell 

nanostructures were briefly described in this chapter. The aluminum doped ZnO (AZO) films 

were deposited by radio frequency (RF) magnetron sputtering system. ZnO nanorods were 

fabricated by chemical bath deposition (CBD). TiO2 thin films and ZnO-TiO2 core-shell structures 

were fabricated by mist chemical vapor deposition (mist CVD). After fabrication, the 

morphological, structural, and optical properties of samples were evaluated with variety of 

analysis devices. The morphologies of films and nanostructures were observed with a field 

emission scanning electron microscope (FE-SEM) system. Surface roughness and surface area 

were characterized by an atomic force microscope (AFM). 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 a spectrophotometer. All 

the measurements were carried out at room temperature. In next two sections, the equipments 

were interpreted in detail. 

2.2 Fabrication equipment 

2.2.1 Mist chemical vapor deposition 

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

diagram of mist CVD is shown in Fig. 2.1 [1]. 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 mist droplets were transferred to the reaction unit by carrier gas. 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. In this 
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design of reaction chamber, there is a novel designed big area named as “mist gas mixing section” 

and a designed narrow channel structure named as ‘‘fine channel’’. When the mist droplets were 

transferred from the mist gas mixing section to the fine channel, the pressure and kinetic energy 

of mist droplets decreased because the space of the fine channel was much smaller than that of 

mist gas mixing section. Due to gravity and absorption, the mist droplets moved effectively onto 

the substrate that was set on the heating plate. Therefore, the mass transport of precursor was 

improved. By using this novel designed reaction chamber, precise growth controllability and large 

area deposition, as well as low cost and simplicity, could be achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1 The diagrammatic sketch of mist CVD process [1]. 

 

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

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

The details of experimental conditions were interpreted in chapter 3, chapter 4 and chapter 5. 

2.2.2 Chemical bath deposition 

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 [2]. The CBD method 

contains a heating unit and reaction unit, shown in Fig. 2.2. The heating unit is used to heat the 

water or other solutions at a certain temperature for reaction. The reaction unit is for the 
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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. 

 

 

 

 

 

 

 

 

 

 

  

  

Fig. 2.2 The diagrammatic sketch of CBD apparatus. 

 

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

The CBD conditions including solution concentrations and growth time were investigated. 

2.2.3 Radio frequency magnetron sputtering system 

RF magnetron sputtering is a widely applied to the deposition of insulating and semiconducting 

thin films on different substrates [3]. 

The processes 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 

momentum transfer. As a result, the sputtered atoms are deposited on the substrate located on the 

anode. 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 insulator and semiconducor 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 
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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, AZO films were deposited by a conventional RF (13.56 MHz) magnetron 

sputtering system, which was shown in Fig. 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 The diagrammatic sketch of RF magnetron sputtering apparatus. 

 

2.3 Characterization techniques 

2.3.1 Field emission scanning electron microscope 

Morphological property of the samples was obtained by a FE-SEM system. As shown in Fig. 

2.4, the FE-SEM system contains electron gun, focus coils, detector system and vacuum system 

[4]. 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. The signals reveal information of the sample including external 

morphology, chemical composition, crystalline structure, and orientation of materials. 

In this research, the morphologies of samples were measured by a FE-SEM equipment (Hitachi 

SU8020), which is shown in Fig. 2.5. 
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Fig. 2.4 Schematic of a typical scanning electron microscope and imaging process [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 FE-SEM instrument.
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2.3.2 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 [5]. 

 

𝑛𝜆 = 2𝑑 sin 𝜃 (2.1) 

 

 

 

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

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

materials can be evaluated in detail. 

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

nanostructures, shown in Fig. 2.6. The structural properties of ZnO nanorods were 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 properties of TiO2 films and ZnO/TiO2 core-shell 

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

incidence angle in the range from 20 ° to 80 °.
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Fig. 2.6 XRD instrument. 

 

2.3.3 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 [6]. 

In this research, PL measurements were 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. The composition of PL measurement was shown in Fig. 2.7. The instrument of PL 

spectroscopy was shown in Fig. 2.8.
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Fig. 2.7 The schematic diagram of PL spectroscopy measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 The instrument of PL spectroscopy.
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2.3.4 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 specific for 

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

performed by using search algorithms against digital databases [7]. 

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

2.9) with 532.8 nm excitation laser was used to confirm the phase of TiO2 films. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9 Raman spectroscopy instrument. 

 

2.3.5 Spectrophotometer 

Spectrophotometer 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 
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index, the dielectric constant, and coarse calculation of bandgap [8]. 

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. 2.10. The measurement region ranges from 176 nm to 2500 nm. The transmittance 

spectra of TiO2 films, ZnO nanorods, and core-shell structures were evaluated by this 

equipment. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 U-4100 UV-Vis-IR spectrophotometer. 

 

2.3.6 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 [9]. The schematic diagram of AFM was shown in Fig. 2.11 [10]. 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 

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. 
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Fig. 2.11 The schematic diagram of AFM measurement [10]. 

 

In this research, the AFM (Nano-R2, Pacific Nanotechnology) was used to measure the 

surface root mean squre roughness of ZnO based films, which is shown in Fig. 2.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.12 AFM instrument.
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2.3.7 Gas sensitivity measurement system 

In this research, the gas sensitivity measurement was performed with a homemade 

measurement system at Old Dominion University. The instrument of gas sensitivity 

measurement system was shown in Fig. 2.13. The measurements were carried out with ethanol 

vapor at different temperatures. The resistivities of samples in the ethanol atmosphere were 

recorded to evaluate the gas sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.13 Gas sensitivity evaluation system. 
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Chapter 3 Fabrication and characterization of anatase phase TiO2 thin 

films with ethanol as solvent by mist CVD method 

Fabrication and characterization of anatase phase TiO2 thin films with 

ethanol as solvent by mist CVD method 

3.1 Introduction 

Hitherto, anatase phase TiO2 thin films have been synthesized by various techniques, 

including magnetron sputtering, high-vacuum chemical vapor deposition (HV-CVD), atomic 

layer deposition (ALD), electron beam evaporation, and sol-gel method [1-15]. However, the 

obtained TiO2 thin films obtained by these methods are mostly a mixture of anatase and rutile 

phase TiO2 [10-15]. Although there are some reports on fabricating pure anatase phase TiO2 

films, their thermal stability is poor [3,13,17] due to the presence of (112) surface in anatase 

phase TiO2 [16-20], which limits the application of anatase phase TiO2 films as sensing material. 

Moreover, it is still strict issue to obtain pure anatase phase TiO2 with good uniformity and 

high crystallinity using current synthesis methods [9-11,21-28]. Particularly, it is difficult to 

fabricate anatase phase TiO2 thin films with good crystallinity by spray pyrolysis, conventional 

chemical vapor deposition, ALD or HV-CVD. When these methods are applied with a low 

deposition temperature (not higher than 350 ˚C), the deposition of anatase phased TiO2 film is 

kinetically controlled [1], which means the growth of anatase phased TiO2 film is limited by 

low decomposition rate of precursor. As a result, the crystallinity of obtained TiO2 film is poor 

[10,25,26]. When deposition temperature is increased, the deposition will become controlled by 

mass transport [1], and the growth of anatase phased TiO2 film is limited by the lack of precursor, 

resulting in a poor thickness uniformity of deposited TiO2 film [10,27,28]. 

In order to fabricate pure anatase phase TiO2 film with good uniformity, high crystallinity 

and high thermal stability, it is necessary to develop a novel synthesis method. In our previous 

research, we used a novel mist CVD to synthesize zinc oxide films [29]. Compared with other 

reported methods, even several publications using similar mist droplets source supply stage 

[30,31], this novel mist CVD had advantages in terms of precise growth controllability and large 

area deposition, as well as low cost and simplicity [29,32]. Therefore, mist CVD is expected to 
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an alternative method to synthesize pure anatase phase TiO2 thin films.  

In this chapter, the mist CVD method was used to synthesize pure anatase phase TiO2 thin 

films. The deposition temperature, solution concentration, film thickness and substrate are 

significant parameters for mist CVD method, which can greatly influence the properties of TiO2 

film. Therefore, the effects of deposition temperature, TTIP concentration in the solution, film 

thickness and substrate on the structural properties of TiO2 thin films were investigated. 

3.2 Effects of deposition temperature on the properties of TiO2 thin films 

3.2.1 Experimental 

The deposition condition is shown in Table 3.1. TTIP (Wako Pure Chemical Industries, Ltd., 

Osaka, Japan) was dissolved in ethanol (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 

to prepare a solution of precursor. Compressed air was used as both a carrier and a dilution gas. 

The flow rates of the carrier gas and dilution gas were set at 2.5 L/min and 4.5 L/min 

respectively. Quartz glass was selected as a substrate and set in the reaction chamber. To 

investigate the influence of deposition temperature, the temperature was set at a range from 200 

°C to 400 °C with an interval of 50 °C. 

 

Table 3.1 Deposition condition of temperature dependence. 

Solute TTIP 

Solvent Ethanol 

Concentration (mol/L) 0.10 

Substrate Quartz glass 

Deposition temperature (°C) 200, 250, 300, 350, 400 

Carrier gas, flow rate (L/min) Compressed air, 2.5  

Dilution gas, flow rate (L/min) Compressed air, 4.5 

 

3.2.2 Results and discussion 

Figure 3.1 shows the GIXRD patterns of TiO2 films deposited under different temperatures. 

There were no obvious peaks observed in the GIXRD patterns of TiO2 films deposited at 

temperatures from 200 °C to 250 °C. The diffraction peaks were identified clearly as the 
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deposition temperature increased from 300 °C to 400 °C, which corresponded with the 

reflections from (101), (103), (004), (112), (200), (105), (211), (201), (204), and (215) crystal 

planes of the anatase phase TiO2, respectively. It was clear that the (101) peaks were the 

predominant peaks, indicating that the (101)-oriented anatase facets were dominant for the as-

deposed TiO2 films during deposition at temperatures from 300 °C to 400 °C. The crystallinity 

of anatase TiO2 film was significantly improved with the increase in temperature. The highest 

(101) peak intensity was obtained at 400 °C, which suggested that the TiO2 films with the best 

crystallinity were obtained at this temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 XRD patterns of TiO2 films deposited under different temperatures using the mist CVD method. 

 

To confirm the uniformity, the TiO2 films deposited under different temperatures were 

imaged by AFM, as shown in Fig. 3.2. It was clearly observed that the TiO2 films fabricated at 

different temperatures were uniform and flat. The root mean square (RMS) values of the film 

surface roughness are summarized in Table 3.2. The roughnesses of all TiO2 films were less 

than 7 nm and showed a tendency to increase as the deposition temperature increased from 200 

°C to 400 °C.
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Fig. 3.2 AFM images of TiO2 films deposited under different temperatures using the mist CVD method. 

((a) 200 °C; (b) 250 °C; (c) 300 °C; (d) 350 °C; (e) 400 °C). 

 

Table 3.2 Surface roughness of TiO2 films deposited under different temperatures. 

Deposition temperature (°C) Surface roughness (nm) 

200 1.45 

250 3.26 

300 2.86 

350 6.56 

400 6.18 

 

During the deposition process, the chemical reactions significantly depended on the 

temperature. It was reported that the thermal decomposition mechanism of TTIP could be 

separated as two reactions, including both pyrolysis (Equation (3.1)) and hydrolysis (Equation 

(3.2)) [33]. 

 

             Ti(OC3H7)4 → TiO2 + 4C3H6 + 2H2O (3.1) 

  

Ti(OC3H7)4 + 2H2O → TiO2 + 4C3H7OH (3.2) 

  

The required temperature of pyrolysis was higher than 250 °C. The required temperature of 

hydrolysis was higher than 175 °C in the presence of H2O [34]. 



27  

During the mist CVD process, the pyrolysis of TTIP would not occur when the deposition 

temperature was lower than 250 °C. Because there was no additional H2O participating, the 

hydrolysis of TTIP (Equation (3.2)) could not occur at 200 °C (although this reaction 

temperature was higher than 175 °C). This is the reason no peaks were observed in GIXRD 

patterns for the TiO2 film deposited at 200 °C and 250 °C. 

The thermal decomposition mechanism of TTIP in ALD and HV-CVD was analyzed and 

reported by some groups [28,33-37]. Reinke et al. [36] investigated the surface reaction kinetics 

of TTIP in HV-CVD and proposed a comprehensive surface kinetic model. Based on the surface 

kinetic parameters from their model, the reaction rate constant (k) under different temperatures 

can be calculated using the Arrhenius equation (Equation (3.3)). 

 

k = Aexp(− E𝑎 RT)⁄  (3.3) 

 

where A is the frequency factor, Ea the activation energy of reaction, R the universal gas 

constant and T the reaction temperature (in kelvin).  

As shown in Fig. 3.3, the reaction rate constants of hydrolysis (kh) and pyrolysis (kp) in the 

mist CVD processes were calculated using the Arrhenius equation. During the calculation, the 

activation energies of hydrolysis and pyrolysis were set as 86 kJ/mol and 185 kJ/mol [36]. It 

was found that both kh and kp increased with an increase in temperature. When the deposition 

temperature was 250 °C, kp was lower than kh, because the frequency factor of pyrolysis was 

much lower than that of hydrolysis. Because the activation energy of pyrolysis was higher than 

that of hydrolysis, kp showed a faster growth speed than that of kh. When the temperature was 

lower than 274.56 °C, kh was higher than kp. When the temperature was greater than 274.56 °C, 

kp was higher than kh, which suggested that the TiO2 films deposited from 300 °C to 400 °C 

could be obtained by the pyrolysis of TTIP.
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Fig. 3.3 Reaction rate constant of TTIP pyrolysis and hydrolysis reactions under different temperatures. 

 

Based on the above calculation and relevant research [32], we propose a model (as shown in 

Fig. 3.4) to describe the mechanism of TiO2 films deposition using the mist CVD process. In 

the mist droplets source supply stage, the mist droplets—including both TTIP and ethanol—

were transformed from the solution of precursors by ultrasonic transducers. Following that, the 

mist droplets were transported into mist gas mixing section by carrier and dilution gases. During 

the transportation of mist droplets in the reaction chamber, the size of mist droplets decreased 

from a few micrometers to a few nanometers under the influence of heat, evapotranspiration 

and burst. The mist droplets could maintain the nanoscale in the area of fine channel. Due to 

gravity and absorption, the mist droplets moved effectively onto the substrate, which was set 

on the heating plate. In this experiment, when the deposition temperature was set from 300 °C 

to 400 °C, TTIP was decomposed due to the pyrolysis reaction resulting in the generation of 

anatase phase TiO2 films. 

To investigate the effect of TTIP concentration in solution of precursor on the structural 

properties of the TiO2 thin films, the optimized temperature of 400 °C was selected for further 

investigation on TTIP concentration dependence.



29  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Mechanism of TiO2 films deposition during the mist CVD process. 

 

3.2.3 Summary 

Pure anatase phase TiO2 films have been fabricated using the mist CVD method. The effects 

of deposition temperature on the structural properties of TiO2 films were investigated. The 

crystallinities of TiO2 films were significantly improved by increasing deposition temperature. 

Pure anatase phase TiO2 films with good uniformity were obtained from 300 °C to 400 °C. The 

roughnesses of all TiO2 films were less than 7 nm and showed a variation tendency of increase 

as the deposition temperature increased from 200 °C to 400 °C. 

3.3 Effects of TTIP concentration on the properties of TiO2 thin films 

3.3.1 Experimental 

Based on the results of temperature dependence, an optimized temperature of 400 °C was 

chosen as the deposition temperature for further solution dependence experiments. To 

investigate the effect of TTIP concentration on structural properties of TiO2 films, the TTIP 

concentration was adjusted from 0.05 mol/L to 0.40 mol/L for comparison, as shown in Table 

3.3. The other deposition parameters including carrier gas, dilution gas and their flow rates were 

the same as section 3.2. Before the deposition, the deposition rates at different TTIP 
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concentrations were measured and confirmed. The deposition times at different TTIP 

concentrations were adjusted to keep the thickness of all TiO2 films at 300 nm. 

 

Table 3.3 Deposition condition of TTIP concentration dependence. 

Solute TTIP 

Solvent Ethanol 

Concentration (mol/L) 0.05, 0.10, 0.20, 0.30, 0.40 

Substrate Quartz glass 

Deposition temperature (°C) 400 

Carrier gas, flow rate (L/min) Compressed air, 2.5  

Dilution gas, flow rate (L/min) Compressed air, 4.5 

 

3.3.2 Results and discussion 

The SEM images of TiO2 films deposited at different TTIP concentrations are shown in Fig. 

3.5. In the top view images, intertwined TiO2 nanosheets with good uniformity were observed. 

It was found that the aspect ratio of TiO2 nanosheets changed with an increase in TTIP 

concentration. When the TTIP concentration increased from 0.05 mol/L to 0.40 mol/L, the 

length of TiO2 nanosheets first increased and then decreased, while the variation tendency of 

width was contrary to that of length. The highest aspect ratio of TiO2 nanosheets was obtained 

with a TTIP concentration of 0.20 mol/L. It was observed that TiO2 nanosheets were vertical to 

substrate from SEM cross section view images.
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Fig. 3.5 SEM images of TiO2 films deposited with different TTIP concentrations by mist CVD. ((a) 0.05 

mol/L; (b) 0.10 mol/L; (c) 0.20 mol/L; (d) 0.30 mol/L; (e) 0.40 mol/L; (1) top view; (2) cross section 

view). 

 

Figure 3.6 shows the deposition rate and aspect ratio of TiO2 nanosheets. The aspect ratio 

changed with changing deposition rate. Due to an increase of TTIP content in conjunction with 

a relative decrease of ethanol content in the mist, the deposition rate of film increased as the 

solution concentration rose from 0.05 mol/L to 0.20 mol/L. As the solution concentration 

increased from 0.20 mol/L to 0.40 mol/L, the deposition rate of film decreased because of the 

reduction in the total number of mist droplets.
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Fig. 3.6 Deposition rate and aspect ratio of TiO2 nanosheets. 

 

The AFM images of TiO2 films deposited with different TTIP concentrations by mist CVD 

were shown in Fig. 3.7. It was clearly observed that the TiO2 films fabricated with different 

TTIP concentrations were uniform and flat. The RMS values of the film surface roughness are 

summarized in Table 3.4. The roughnesses of all TiO2 films were less than 10 nm regardless of 

TTIP concentration variation. The lowest surface roughness of TiO2 film was obtained with a 

TTIP concentration of 0.40 mol/L, and the highest surface roughness of TiO2 film was obtained 

with a TTIP concentration of 0.30 mol/L. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 AFM images of TiO2 films deposited with different TTIP concentrations by mist CVD.  

((a) 0.05 mol/L; (b) 0.10 mol/L; (c) 0.20 mol/L; (d) 0.30 mol/L; (e) 0.40 mol/L). 
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Table 3.4 Surface roughness of TiO2 films deposited with different TTIP concentrations. 

TTIP concentration (mol/L) Surface roughness (nm) 

0.05 8.93 

0.10 8.37 

0.20 6.19 

0.30 9.41 

0.40 6.13 

 

Figure 3.8a shows the GIXRD patterns of TiO2 films deposited with TTIP concentration from 

0.05 mol/L to 0.40 mol/L. All of the peaks corresponded with the reflections from (101), (200), 

(211), (201), (204), and (215) crystal planes of the anatase phase TiO2, which suggested that 

pure anatase phase TiO2 thin films were obtained, regardless of TTIP concentration variation. 

Obviously, the diffraction peak, (101) peak located at 2 theta of 25.46°, was dominant with 

much higher intensity compared with other diffraction peaks for all of the five samples. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 GIXRD results of TiO2 films deposited with different TTIP concentrations by mist CVD.  

((a) GIXRD patterns of TiO2 films; (b) (101) peak intensity and FWHM of TiO2 films). 

 

The dependence of the concentration and the (101) peak intensity and full width at half 

maximum (FWHM) of TiO2 films are shown in Fig. 3.8b. It was found that the highest intensity 

and narrowest FWHM of (101) peak was obtained at a TTIP concentration of 0.05 mol/L 

resulting in the best crystallinity of TiO2 film. This might be due to the influence of ethanol. 

When the TTIP concentration was 0.05 mol/L, ethanol has a strong influence on the growth of 

TiO2 film due to the lower ratio of TTIP/ethanol. It has been reported that the average surface 
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free energy of the anatase (101) surface is lower than that of other anatase surfaces [38]. 

Therefore, more ethanol molecules were absorbed on the other anatase surface than the (101) 

surface during the deposition, suppressing the growth of TiO2 in these directions. Consequently, 

the preferred growth of TiO2 in the (101) direction was greatly enhanced. As a result, the best 

crystallinity was obtained under a TTIP concentration of 0.05 mol/L 

However, the variation tendency of the peak intensity was different to that of TTIP 

concentration, which might be due to the influence of TTIP/ethanol ratio during the deposition 

process of TiO2. Compared with ethanol, pure TTIP was much more difficult to atomize 

ultrasonically because of its high viscosity [39]. The atomization of ethanol was lessened by the 

increase in the TTIP/ethanol ratio in a certain amount of the solution. As a result, the number 

of ethanol molecules, which were atomized and transported to the reaction chamber, decreased.  

The surface chemical states and electronic structures of the TiO2 films deposited with 

different TTIP concentrations were analyzed by XPS. As shown in Fig. 3.9a, the peak in each 

O 1s spectrum was asymmetric, suggesting the existence of at least two chemical states. After 

curve fitting, the asymmetric peak (solid line) in each O 1s spectrum was divided into two 

symmetric peaks (dash line). The peak located from 531.0 eV to 532.2 eV corresponded with 

Ti-OH bond, and the peak located from 529.3 eV to 530.4 eV corresponded with Ti-O bond. It 

is reported that the peak shift is attributed to oxygen vacancies [40,41].  

As shown in Fig. 3.9b, two symmetric peaks were observed in the Ti 2p XPS spectra. The 

peak located from 464.0 eV to 464.8 eV corresponded with the Ti 2p1/2 and Ti 2p3/2 peaks of 

Ti4+, and the peak ranged from 458.3 eV to 459.0 eV corresponded with the Ti 2p3/2 peaks of 

Ti4+.
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Fig. 3.9 High-resolution XPS spectra of TiO2 films deposited with different TTIP concentrations by mist 

CVD. ((a) O 1s; (b) Ti 2p). 

 

The Raman spectra of TiO2 films deposited with different TTIP concentrations by mist CVD 

are shown in Fig. 3.10. Three peaks were observed in the spectra. The peaks at 398 cm−1 and 

638 cm−1 corresponded with the B1g mode and Eg mode of anatase phase TiO2 respectively. The 

peak at 514 cm−1 was a doublet of the A1g and B1g modes of the anatase phase TiO2. All of the 

peaks corresponded with the anatase phase TiO2, which indicated all of the deposited TiO2 films 

were pure anatase phase. This result was in agreement with that of the GIXRD measurement. 

The transmission spectra of TiO2 films deposited with different TTIP concentrations by mist 

CVD is shown in Fig. 3.11. The transmittance of TiO2 films deposited with different TTIP 

concentrations was higher than 75% in the visible region. It was confirmed that the TTIP 

concentration had little influence on the transmittance of TiO2 films in the visible region.  
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Fig. 3.10 Raman spectra of TiO2 films deposited with different TTIP concentrations by mist CVD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11 Transmittance of TiO2 films deposited with different TTIP concentrations by mist CVD. 

 

3.3.3 Summary 

Pure anatase phase TiO2 films were fabricated under different TTIP concentrations by mist 

CVD method. The effects of TTIP concentration on the structural properties of TiO2 films were 

investigated. When the TTIP concentration increased from 0.05 mol/L to 0.40 mol/L, the aspect 

ratio of TiO2 nanosheets first increased then decreased. The highest aspect ratio of TiO2 

nanosheets was obtained at a TTIP concentration of 0.20 mol/L. The deposition rate of TiO2 
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films had the same variation tendency with aspect ratio. The roughnesses of all TiO2 films were 

less than 10 nm regardless of TTIP concentration variation. The crystallinity of TiO2 films 

showed a variation tendency of increase as the TTIP concentration increased from 0.05 mol/L 

to 0.40 mol/L. The best crystallinity was obtained under the TTIP concentration of 0.05 mol/L. 

3.4 Effects of film thickness on the properties of TiO2 thin films 

3.4.1 Experimental 

The deposition conditions were summarized in Table 3.5. Firstly, a solution of precursors 

was prepared by dissolving TTIP in ethanol. Secondly, the solution was transformed into mist 

droplets by ultrasonic atomization. Thirdly, the mist droplets were transferred to the reaction 

chamber by carrier and dilution gases. Finally, TiO2 thin film was deposited on glass substrate 

in the reaction chamber. TiO2 films with different thicknesses (from 100 nm to 500 nm) were 

prepared for comparison.  

 

Table 3.5 Deposition condition of film thickness dependence. 

Solute TTIP 

Solvent Ethanol 

Concentration (mol/L) 0.10 

Substrate Glass (Eagle XG) 

Deposition temperature (°C) 400 

Carrier gas, flow rate (L/min) Compressed air, 2.5  

Dilution gas, flow rate (L/min) Compressed air, 4.5 

 

3.4.2 Results and discussion 

The X-ray diffraction pattern of TiO2 films with different thicknesses deposited by mist CVD 

is shown in Fig. 3.12. The observed peaks are corresponding to the diffractions from (101), 

(200), (211), (201), (204), and (215) surface of the anatase phase of TiO2. The main peak is 

corresponding to the diffraction from (101) surface. The intensity of (101) peaks increases 

gradually with the thickness of film increasing from 100 nm to 500 nm. It indicates that the 

crystallinity of TiO2 films increases with the increasing of film thickness and TiO2 preferred to 



38  

grow in the (101) direction. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 GIXRD patterns of TiO2 films with different thicknesses deposited by mist CVD. 

 

Figure 3.13 shows the Raman spectra of TiO2 films with different thicknesses deposited by 

mist CVD. Three peaks are observed in the Raman spectra. The peaks at 398 cm-1 and 638 cm-

1 are corresponding to the B1g mode and Eg mode of anatase phase TiO2 respectively. The peak 

at 514 cm-1 is a doublet of the A1g and B1g modes of the anatase phase TiO2. No peaks of the 

rutile or brookite phase TiO2 are observed in the Raman spectra. It indicates the TiO2 films are 

pure anatase phase, which is consistent with the XRD result. The intensity of all Raman peaks 

increases gradually with the thickness of film increasing from 100 nm to 500 nm, which 

indicates that the crystallinity of TiO2 films increases gradually. 

Figure 3.14 shows the AFM images of TiO2 films with different thicknesses deposited by 

mist CVD. The RMS values of the surface roughness of the films were obtained based on the 

AFM data and shown in Table 3.6. The obtained TiO2 films with different thicknesses are 

uniform. With the thickness increasing from 100 nm to 500 nm, the RMS roughness of TiO2 

film shows tendency of increase. This is because the TiO2 preferred to grow in (101) direction. 

With the growth of TiO2, the difference of TiO2 nanostructure size increased. 
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Fig. 3.13 Raman spectra of TiO2 films with different thicknesses deposited by mist CVD. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 AFM images of TiO2 films deposited with different thicknesses by mist CVD method. 

((a) 100 nm; (b) 200 nm; (c) 300 nm; (d) 400 nm; (e) 500 nm). 

 

Table 3.6 Surface roughness of TiO2 films with different thicknesses. 

Film thickness (nm) Surface roughness (nm) 

100 3.89 

200 3.73 

300 6.00 

400 7.67 

500 7.12 
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The transmission spectra of TiO2 films with different thicknesses deposited by mist CVD is 

shown in Fig. 3.15. It is found that the transmittance of TiO2 films in the visible region is almost 

independent of film thickness. The transmittance of TiO2 films is more than 75% in the visible 

region.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.15 Transmittance of TiO2 films deposited with different thicknesses by mist CVD. 

 

3.4.3 Summary 

The crystallinity of TiO2 films increases with the increasing of film thickness. The 

transmittance of all TiO2 films is more than 75% in the visible region and almost independent 

of film thickness. The surface of obtained TiO2 films with different thicknesses are uniform. 

With the thickness increasing, the roughness of TiO2 film shows tendency of increase. 

3.5 Effects of substrate on the properties of TiO2 thin films 

3.5.1 Experimental 

In order to investigate the effect of substrates on structural and optical properties of TiO2 

films fabricated by mist CVD method, four kinds of substrates including quartz glass 

(MITORIKA GLASS), glass (Corning, EAGLE XG), gallium oxide (5.7 wt.%) doped zinc 

oxide (GZO, 300 nm, on EAGLE XG glass) substrate and p-type silicon wafer <100> 

(ADVANTEC Co., Ltd) were selected for comparison because they have been widely used for 
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the research and manufacture of electronic devices, especially thin-film gas sensors and solar 

cells. The deposition condition is shown in Table 3.7. During the mist CVD process, a solution 

of mixed precursors was prepared by dissolving TTIP in ethanol. Mist droplets were generated 

from the solution by ultrasonic transducers and transferred to the reaction chamber by 

compressed air. The substrate was set in the reaction chamber, which was heated and kept at 

400 ˚C during the deposition process. TiO2 films with a thickness of 300 nm were obtained on 

different substrates after deposition. 

 

Table 3.7 Deposition condition of substrate dependence. 

 Solute TTIP 

 Solvent Ethanol 

 Concentration (mol/L) 0.10 

 Substrate Quartz glass, Glass, GZO, Silicon 

 Deposition temperature (°C) 400 

 Carrier gas, flow rate (L/min) Compressed air, 2.5  

 Dilution gas, flow rate (L/min) Compressed air, 4.5 

 

3.5.2 Results and discussion 

Figure 3.16a shows the GIXRD patterns of TiO2 films grown on different substrates. The 

observed peaks corresponded to the diffractions from (101), (112), (200), (211), (201), (204), 

and (215) surface of the anatase phase of TiO2. All of the diffraction peaks were identified and 

corresponded to the anatase phase of TiO2 (JCPDS 21-1272). This result suggests pure anatase 

phase TiO2 films were obtained on different substrates. The dominant peaks of each GIXRD 

patterns were the same as the diffraction from (101) orientation, indicating that the preferred 

growth of TiO2 films existed on different substrates. The peak intensity and FWHM of (101) 

diffraction peak was shown in Fig. 3.16b. It was found that the TiO2 films deposited on quartz 

glass and glass with higher peak intensity and narrower FWHM showed better crystallinity than 

those grown on GZO and p-type silicon substrates.  

As is well established, the preferred orientation of a certain crystal surface in the film can 

be described with the evaluation of the texture coefficient (TC), as shown in equation (3.4) 

[42,43]. 
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TC =
I I0⁄

(1/N) ∑ I I0⁄
 (3.4) 

 

where I is the intensity of each diffraction peak from measured sample; I0 is the standard 

intensity referred to American society for testing and materials (ASTM) of each diffraction peak 

from the corresponding powder; and N is the number of diffraction peaks considered in the 

analysis. As the definition, a TC value above 1 means that direction is a preferred growth 

orientation. If TC value is higher, the preferred growth in that orientation is higher too. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.16 GIXRD results of TiO2 films deposited on different substrates by mist CVD.  

((a) GIXRD patterns of TiO2 films; (b) GIXRD intensity of TiO2 films). 

 

The TC value of TiO2 films calculated based on the GIXRD data is shown in Table 3.8. From 

the TC value results, it can be inferred that the preferred growth of the TiO2 film was influenced 

by the substrates. The TiO2 film grown on glass substrate showed the highest TC value and 

narrowest FWHM for (101) peak, indicating that TiO2 film with best crystallinity was obtained 

on glass. The crystallinity of TiO2 film on GZO substrate was the worst due to the lowest TC 

value and highest value of FWHM.
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Table 3.8 Value of texture coefficient 

Substrate 
Texture coefficient 

(101) (112) (200) (211) (201) (204) (215) 

Quartz glass 2.13 0.61 1.15 0.98 0.66 0.94 0.52 

Glass 2.21 0.55 1.19 0.92 0.69 0.94 0.50 

GZO 1.82 0.71 1.50 0.75 0.74 0.97 0.51 

Silicon 2.09 0.61 1.25 0.95 0.63 0.92 0.56 

 

Figure 3.17a shows the Raman spectra of TiO2 films deposited on different substrates by mist 

CVD. Three peaks were observed in the Raman spectra. The peaks at 398 cm-1 and 638 cm-1 

corresponded to the B1g mode and Eg mode of anatase phase TiO2 respectively. The peak at 514 

cm-1 was a doublet of the A1g and B1g modes of the anatase phase TiO2. However, in the case of 

TiO2 film on silicon substrate, the anatase peak at 514 cm-1 was completely overlapped by a 

strong substrate peak (LO phonon line of silicon at 520 cm-1). There were no peaks of the rutile 

or brookite phase TiO2 observed in the Raman spectra, which indicated the obtained TiO2 films 

were pure anatase phase on four kinds of substrates. This result was in a good agreement with 

the GIXRD result.  

The intensities of B1g mode and Eg mode Raman peaks are shown in Fig. 3.17b. The ratio of 

B1g peak intensity to Eg peak intensity was calculated and shown as dash line with point. The 

TiO2 on quartz glass and silicon showed a greater intensity of B1g and Eg peaks than those on 

glass and GZO substrates. It is reported that the Raman peak intensity of anatase phase TiO2 

has a relationship with the exposed facets. The intensity of B1g peak is proportional to the 

number of exposed {001} facets, and the intensity of Eg peak is proportional to the number of 

exposed {101} facets [44]. Therefore, the percentage of exposed {001} facets in anatase TiO2 

could be compared by the peak intensity ratio of the B1g and Eg peaks. 

As shown in Fig. 3.17b, for TiO2 film on silicon, the ratio of B1g peak intensity to Eg peak 

intensity was higher than other substrates, which suggested that the TiO2 film obtained on 

silicon had a higher percentage of exposed {001} facets. Accordingly, the TiO2 film deposited 

on silicon is expected to have better sensitivity to oxygen and acetone gases.
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Fig. 3.17 Raman results of TiO2 films deposited on different substrates by mist CVD.  

((a) Raman spectra of TiO2 films; (b) Raman intensity of TiO2 films). 

 

The surface morphology of TiO2 films deposited on different substrates by mist CVD was 

evaluated by AFM (the scan area is 2 × 2 μm2). AFM images of TiO2 films on different 

substrates are shown in Fig. 3.18. As observed in the AFM images, the obtained TiO2 films on 

different substrates were uniform and flat. The RMS values of the film surface roughness are 

summarized in Table 3.9. The RMS roughness of TiO2 films on all substrates was less than 10 

nm, indicating that TiO2 films with good uniformity were obtained on all substrates. The surface 

area of the TiO2 films, as shown in Table 3.9, were obtained from the AFM data. Usually, a 

larger surface area will enhance the gas adsorption on surface, which will contribute to a higher 

gas sensitivity. The surface area of TiO2 films deposited on p-type silicon substrate was larger 

than that of TiO2 films deposited on quartz glass, glass and GZO substrates. Therefore, the TiO2 

films deposited on p-type silicon substrate is expected to have a higher gas sensitivity than those 

deposited on quartz glass, glass and GZO substrates.



45  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18 AFM images of TiO2 films deposited on different substrates by mist CVD.  

((a), (e): quartz glass; (b), (f): glass; (c), (g): GZO; (d), (h): silicon). 

 

Table 3.9 Surface roughness and surface area of TiO2 films deposited on different substrates. 

Substrate Surface roughness (nm) Surface area (µm2) 

Quartz gass 7.71 4.87 

Glass 9.62 4.82 

GZO 8.88 4.85 

Silicon 8.18 5.04 

 

Figure 3.19 shows the SEM images of TiO2 films deposited on different substrates by mist 

CVD. In the top view images, intertwined TiO2 nanosheets were observed on all substrates. As 

shown in the top view images, TiO2 films with good uniformity were obtained on all of the 
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substrates. It was observed that the TiO2 nanosheets on quartz glass and p-type silicon were 

more vertical to the substrates from the SEM cross section view images. From the SEM results, 

it was confirmed that the precise control of the growth orientation, uniformity and grain size of 

thin film were achieved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.19 SEM images of TiO2 films deposited on different substrates by mist CVD.  

((a) quartz glass; (b) glass; (c) GZO; (d) silicon; (1) top view; (2) cross section view). 

 

The transmission spectra of TiO2 films deposited on different substrates by mist CVD is 

shown in Fig. 3.20. The transmittance of TiO2 films on glass, quartz glass, and GZO was higher 

than 75% in the visible region. It was confirmed that the substrate had little influence on the 

transmittance of TiO2 films in the visible region. The high transmittance of the obtained TiO2 

films was due to the good uniformity and vertical nanostructures of TiO2 films, as shown in the 

SEM results. The TiO2 films grown on quartz glass and p-type silicon, which are more uniform 
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and more vertical to the substrates, are expected to have greater gas sensitivity.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.20 Transmittance of TiO2 films deposited on different substrates by mist CVD. 

 

3.5.3 Summary 

Pure anatase phase TiO2 films were synthesized on quartz glass, glass, GZO and p-type 

silicon substrates by mist CVD. The TiO2 films deposited on all substrates showed the same 

dominant (101) growth orientation. The crystallinity of TiO2 films grown on different substrates 

increased in an order of glass, quartz glass, p-type silicon and GZO. It was confirmed by Raman 

spectroscopy that TiO2 films deposited on four kinds of substrates were pure anatase phase, 

which was in a good agreement with the GIXRD result. The TiO2 thin film deposited on p-type 

silicon showed the highest percentage of exposed {001} facets. The TiO2 films with good 

uniformity were obtained on all of the substrates. The surface area of TiO2 films deposited on 

p-type silicon substrate was larger than that of TiO2 films deposited on quartz glass, glass and 

GZO substrates. The precise control of the growth orientation, uniformity and grain size of thin 

film were achieved. The transmittance of TiO2 films on quartz glass, glass and GZO substrates 

was higher than 75% in the visible region.  

3.6 Conclusions 

In this chapter, pure anatase phase TiO2 films were fabricated with ethanol as solvent by mist 
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CVD. The effects of deposition temperature, TTIP concentration, film thickness and substrate 

on the properties of TiO2 films were investigated. 

1) The crystallinities of TiO2 films were significantly improved by increasing deposition 

temperature. Pure anatase phase TiO2 films with good uniformity were obtained from 300 °C 

to 400 °C. The roughnesses of all TiO2 films were less than 7 nm and showed a variation 

tendency of increase as the deposition temperature increased from 200 °C to 400 °C. 

2) When the TTIP concentration increased from 0.05 mol/L to 0.40 mol/L, the aspect ratio 

of TiO2 nanosheets first increased then decreased. The highest aspect ratio of TiO2 nanosheets 

was obtained at a TTIP concentration of 0.20 mol/L. The deposition rate of TiO2 films had the 

same variation tendency with aspect ratio. The roughnesses of all TiO2 films were less than 10 

nm regardless of TTIP concentration variation. The crystallinity of TiO2 films showed a 

variation tendency of increase as the TTIP concentration increased from 0.05 mol/L to 0.40 

mol/L. The best crystallinity was obtained under the TTIP concentration of 0.05 mol/L.  

3) The crystallinity of TiO2 films increases with the increasing of film thickness. The 

transmittance of all TiO2 films is more than 75% in the visible region and almost independent 

of film thickness. The surface of obtained TiO2 films with different thicknesses are uniform. 

With the thickness increasing, the roughness of TiO2 film shows tendency of increase. 

4) The TiO2 films deposited on all substrates showed the same dominant (101) growth 

orientation. The crystallinity of TiO2 films grown on different substrates increased in an order 

of glass, quartz glass, p-type silicon and GZO. It was confirmed by Raman spectroscopy that 

TiO2 films deposited on four kinds of substrates were pure anatase phase, which was in a good 

agreement with the GIXRD result. The TiO2 thin film deposited on p-type silicon showed the 

highest percentage of exposed {001} facets. The TiO2 films with good uniformity were obtained 

on all of the substrates. The surface area of TiO2 films deposited on p-type silicon substrate was 

larger than that of TiO2 films deposited on quartz glass, glass and GZO substrates. The precise 

control of the growth orientation, uniformity and grain size of thin film were achieved. The 

transmittance of TiO2 films on quartz glass, glass and GZO substrates was higher than 75% in 

the visible region.  
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Chapter 4 Fabrication and characterization of anatase phase TiO2 thin 

films with methanol as solvent by mist CVD method 

Fabrication and characterization of anatase phase TiO2 thin films with 

methanol as solvent by mist CVD method 

4.1 Introduction 

For anatase phase TiO2, the surface energy of {001} facets is much higher than the {101} and 

other facets [1-10]. Due to the high surface energy, the {001} facets were more reactive for the 

adsorption of oxygen and acetone gases and the photodegradation of organic pollutants, which 

significantly enhanced the gas sensitivity and photocatalytic activity of the pure anatase phase 

TiO2 [11,12]. Anatase TiO2 films can be synthesized by various methods. However, the well-

controlled growth of pure anatase TiO2 thin film is still a critical issue [13-19]. For most anatase 

TiO2 film deposition methods, it is difficult to control the growth of {001} facets. Thus, the 

anatase TiO2 films obtained by these methods suffer from a low gas sensitivity and a low 

photocatalytic efficiency in the gas sensing application. 

In chapter 3, pure anatase TiO2 thin films with good uniformity and crystallinity were 

successfully synthesized by using a mixture of TTIP and ethanol as precursor solution by mist 

CVD. However, the {001} facets were not obtained from the synthesized TiO2 films. In order to 

solve this problem, one alternative solution is to adjust the precursor solution. 

Compared with ethanol, methanol is much easier to atomize ultrasonically. The deposition rate 

of TiO2 thin films will be more controllable by using methanol as solvent. However, the TTIP is 

not stable in pure methanol. Recently, it was found that a stable mixture of TTIP and methanol 

could be obtained by adding acetylacetone as stabilizer. 

Until now, the growth of preferred {001} facets could be controlled by only a few methods. 

Among these approaches, the F- ion methods were mostly used to enhance the growth of {001} 

facets because F- could be strongly absorbed on {001} facets. However, F- is a dangerous ion 

which is corrosive to the fabrication equipment and harmful to human skin. Compared with the 

use of F-, we found that changing the water-to-methanol ratio is a safer method to control the 

growth of {001} facets. 
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As discussed in chapter 3, the thermal decomposition mechanism of TTIP could be separated 

as two reactions including both hydrolysis (Eq. (4.1)) and pyrolysis (Eq. (4.2)) [20].          

 

Ti(OC3H7)4 + 2H2O → TiO2 + 4C3H7OH                   (4.1) 

 

Ti(OC3H7)4 → TiO2 + 4C3H6 + 2H2O                    (4.2) 

 

The hydrolysis of TTIP was widely used to fabricate TiO2 films by atomic layer deposition 

(ALD) and hydrothermal methods [21-24]. The pyrolysis of TTIP was mostly used in various 

chemical vapor deposition (CVD) methods [1,14,25,26]. In most of the publications, the anatase 

phase TiO2 was the predominant product when TTIP was applied as precursor. Due to the 

influence of deposition process, the rutile phase TiO2 was also obtained from TTIP as predominant 

product under some deposition conditions [25,26]. 

For a chemical reaction, the reaction rate constant has a significant influence on the reaction 

rate. As we discussed in chapter 3, when the deposition temperature of TiO2 films was 400 °C, 

which is the optimized temperature obtained from our previous research, the reaction rate constant 

of pyrolysis was much higher than that of hydrolysis. Even the pyrolysis of TTIP could provide a 

small amount of water for the hydrolysis of TTIP, the amount of water generated from the 

pyrolysis was limited by the reaction rate of pyrolysis and much less than the amount of water 

added in the precursor solution. Therefore, during the decomposition of TTIP at 400 °C, the 

pyrolysis was dominant reaction without adding water. However, the dominant reaction of TTIP 

could be changed from pyrolysis to hydrolysis by adding water. In this research, the effects water-

to-methanol ratio were investigated for comparing the TiO2 films obtained from hydrolysis and 

pyrolysis. 

4.2 Effects of film thickness on the properties of TiO2 thin films 

4.2.1 Experimental 

AZO (2 wt. %) thin films with 300nm thickness were deposited on alkali-free glass sheets 

(Eagle XG, Corning) by a conventional 13.56 MHz RF magnetron sputtering system. The 

deposition condition of AZO films is shown in Table 4.1.  
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Following the deposition of AZO films, TiO2 films were deposited on AZO substrates by mist 

CVD. The precursor solution was prepared by dissolving acetylacetone and TTIP in a mixture of 

water and methanol (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The water-to-methanol 

volume ratio was set as 5 %. TiO2 films with different thicknesses (from 100 nm to500 nm) were 

prepared for comparison. The deposition condition of TiO2 films is shown in Table 4.2.  

 

Table 4.1 Deposition condition of AZO film. 

 Target  AZO (2 wt.%) 

 Working distance (mm)  60 

 Working gas, flow rate (sccm)  Argon, 30 

 Pressure (Pa)  1 

 Deposition temperature (˚C)  150 

 RF power (W)  60 

 

Table 4.2 Deposition condition of film thickness dependence. 

 Substrate AZO on glass 

 Solute TTIP, Acetylacetone 

 Solvent Water, Methanol 

 Concentration of TTIP (mol/L) 0.02 

 Concentration of acetylacetone (mol/L) 0.06 

 Water-to-methanol ratio (%) 5  

 Deposition Temperature (℃) 400 

 Film thickness (nm) 100, 200, 300, 400, 500 

 Carrier Gas, Flow Rate (L/min) N2, 2.5 

 Dilution Gas, Flow Rate (L/min) N2, 4.5 

 

4.2.2 Results and discussion 

The SEM images of TiO2 films deposited with different thicknesses by mist CVD are displayed 

in Fig. 4.1. From the top view SEM images, the TiO2 films deposited with different thicknesses 

showed good uniformity. When the film thickness increased from 100 nm to 300 nm, the average 

grain size of TiO2 films increased. With the film thickness increased from 300 nm to 500 nm, the 
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average grain size of TiO2 films decreased. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 SEM images of TiO2 films deposited with different thicknesses by mist CVD method. 

((a) 100 nm; (b) 200 nm; (c) 300 nm; (d) 400 nm; (e) 500 nm). 

 

Figure 4.2 shows the AFM images of TiO2 films with different thicknesses deposited by mist 

CVD. The obtained TiO2 films with different thicknesses are uniform. The RMS values of the 

surface roughness and surface area were obtained from the AFM data (the scan area is 2 × 2 μm2) 

and summarized in Table 4.3. With the thickness increasing from 100 nm to 500 nm, the RMS 

roughness of TiO2 film increased gradually, and the surface area showed a trend of increase. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 AFM images of TiO2 films deposited with different thicknesses by mist CVD method. 

((a) 100 nm; (b) 200 nm; (c) 300 nm; (d) 400 nm; (e) 500 nm).
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Table 4.3 Surface roughness and surface area of TiO2 films with different thicknesses. 

 Film thickness (nm) Surface roughness (nm) Surface area (µm2) 

100 8.22 4.43 

200 11.2 5.29 

300 11.7 5.21 

400 12.1 5.25 

500 15.0 5.67 

 

The GIXRD patterns of TiO2 films with different thicknesses deposited by mist CVD are shown 

in Fig. 4.3. The observed peaks are corresponding to the diffractions from (101), (004), (105), 

(211), (204), and (215) surface of the anatase phase of TiO2. With the thickness of TiO2 film 

increasing from 100 nm to 300 nm, the (101) peak was dominant. When the thickness of TiO2 

film increasing from 300 nm to 500 nm, the intensity of (004) peak was enhanced significantly, 

and both (101) peak and (004) peak became dominant. This result indicated the growth of {001} 

facets was enhanced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 GIXRD patterns of TiO2 films with different thicknesses deposited by mist CVD. 

 

Figure 4.4 shows the Raman spectra of TiO2 films with different thicknesses deposited by mist 

CVD. Three peaks are observed in the Raman spectra. The peaks at 396 cm-1 and 634 cm-1 are 

corresponding to the B1g mode and Eg mode of anatase phase TiO2 respectively. The peak at 514 
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cm-1 is a doublet of the A1g and B1g modes of the anatase phase TiO2. No peaks of the rutile or 

brookite phase TiO2 are observed in the Raman spectra. It indicates the TiO2 films are pure anatase 

phase, which is consistent with the GIXRD result. With the thickness of film increasing from 100 

nm to 500 nm, the intensity of all Raman peaks showed a trend of increase, which indicates that 

the crystallinity of TiO2 films increased gradually. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Raman spectra of TiO2 films with different thicknesses deposited by mist CVD. 

 

The transmission spectra of TiO2 films with different thicknesses deposited by mist CVD is 

shown in Fig. 4.5. With the thickness of film increasing from 100 nm to 500 nm, the transmittance 

of TiO2 films in the visible region decreased from around 80 % to around 65 % gradually. These 

changes of the transmittance could be attributed to the change of film surface roughness. With the 

increasing of surface roughness, the scattering of light was enhanced, which decreased the 

transmittance of TiO2 films. Due to the relative high surface roughness, the transmittance of TiO2 

films deposited with a thickness of 500 nm was lower than other samples. 
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Fig. 4.5 Transmittance of TiO2 films deposited with different thicknesses by mist CVD. 

 

4.2.3 Summary 

Pure anatase phase TiO2 films with different thicknesses were fabricated with methanol as 

solvent by mist CVD. The effects of film thickness on the properties of TiO2 films were 

investigated. Uniform TiO2 films with different thicknesses were obtained. With the thickness 

increasing, the roughness and surface area of TiO2 film showed tendency of increase. The 

crystallinity of TiO2 films increases with the increasing of film thickness. With the thickness 

increasing, the transmittance of TiO2 films decreased from around 80 % to around 65 % gradually.  

4.3 Effects of water to methanol ratio on the properties of TiO2 thin films 

4.3.1 Experimental 

The deposition condition is shown in Table 4.4. The precursor solution was prepared by 

dissolving acetylacetone and TTIP in water and methanol. In order to investigate the effect of 

water-to-methanol ratio on structural, optical and photocatalytic properties of TiO2 films, the 

water-to-methanol volume ratio was set as 0 %, 1 %, 5 %, 10 % and 20 % for comparison. The 

TiO2 films of 300 nm thickness were deposited on glass substrates (EAGLE XG, Corning).
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Table 4.4 Deposition condition of water-to-methanol ratio dependence. 

 Substrate Glass 

 Solute TTIP, Acetylacetone 

 Solvent Water, Methanol 

 Concentration of TTIP (mol/L) 0.02 

 Concentration of acetylacetone (mol/L) 0.06 

 Water-to-methanol ratio (%) 0, 1, 5, 10, 20  

 Deposition Temperature (℃) 400 

 Carrier Gas, Flow Rate (L/min) N2, 2.5 

 Dilution Gas, Flow Rate (L/min) N2, 4.5 

 

The measurement of photocatalytic effect was carried out by photodegrading a methyl red 

(MR) solution under UV light of 254 nm for 5 hours. The concentration and volume of the MR 

solution was 1×10-5 mol/L and 70 ml. The size of the anatase TiO2 sample was 3×3 cm2. The 

photon flux of the UV light was 1.11×10-3 W/cm2. After the photodegradation, the absorption 

spectra of MR solution were measured by spectrophotometer (U-4100, Hitachi). All of the 

measurements were carried out at room temperature. 

4.3.2 Results and discussion 

The SEM images of TiO2 films deposited under different water-to-methanol ratio by mist CVD 

are displayed in Fig. 4.6. The TiO2 films deposited as a function of different water-to-methanol 

ratios showed good uniformity. When the water-to-methanol ratio decreased from 20 % to 0 %, 

the average grain size of TiO2 films increased. 
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Fig. 4.6 SEM images of TiO2 films deposited under different water-to-methanol ratio by mist CVD.  

((a) 20 %; (b) 10 %; (c) 5 %; (d) 1 %; (e) 0 %).  

 

Figure 4.7 shows the AFM images of TiO2 films deposited under different water-to-methanol 

ratios by mist CVD. As observed in the AFM images, the TiO2 films deposited under different 

water-to-methanol ratios were flat and uniform, which agreed well with the SEM results. The 

RMS values of the surface roughness and surface area were obtained from the AFM data (the scan 

area is 2 × 2 μm2) and summarized in Table 4.5. The measurements of surface roughness and 

surface area were conducted several times, and the results are reproducible. The roughness of 

TiO2 films changed only slightly as the water-to-methanol ratio decreased from 20 % to 5 %. The 

surface roughness of TiO2 films increased roughly twice from 5.49 nm to 10.20 nm when the 

water-to-methanol ratio decreased from 5 % to 0 %. The surface area of TiO2 films showed the 

same variation tendency as the surface roughness with a decrease in water-to-methanol ratio. The 

highest surface roughness and surface area of TiO2 films were obtained with a water-to-methanol 

of 0 %. The lowest surface roughness and surface area of TiO2 films were obtained with a water-

to-methanol of 5 %. 
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Fig. 4.7 AFM images of TiO2 films deposited under different water-to-methanol ratio by mist CVD. 

((a) 20 %; (b) 10 %; (c) 5 %; (d) 1 %; (e) 0 %).  

 

The GIXRD patterns of all TiO2 films deposited under different water-to-methanol ratios are 

shown in Fig. 4.8a. The observed peaks were indexed to the diffractions from (101), (004), (112), 

(200), (105), (211), (201), (204), and (215) surfaces of the anatase phase of TiO2. All of the 

diffraction peaks were identified and corresponding to the anatase phase of TiO2 (JCPDS 21-

1272). This result suggested pure anatase phase TiO2 films were successfully obtained for every 

water-to-methanol ratio investigated. As shown in Fig. 4.8b, when the water-to-methanol ratio 

decreased from 20 % to 0 %, the intensity of the (004) diffraction peak increased gradually while 

the intensity of the (101) diffraction peak decreased simultaneously. As a result, the intensity ratio 

of the (004) peak to (101) peak increased gradually. It was confirmed from the GIXRD results 

that the amount of {001} and {101} facets could be modulated and controlled by changing the 

water-to-methanol ratio. 
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Fig. 4.8 GIXRD results of TiO2 films deposited under different water-to-methanol ratio by mist CVD. 

 ((a) GIXRD patterns of TiO2 films; (b) GIXRD intensity of TiO2 films). 

 

Table 4.5 Surface roughness and surface area of glass and TiO2 films 

 Water-to-methanol ratio (%) Surface roughness (nm) Surface area (µm2) 

Glass - 0.31 4.01 

TiO2 films 

20 5.77 4.39 

10 6.15 4.46 

5 5.49 4.38 

1 8.88 5.04 

0 10.20 5.19 

 

The Raman spectra of TiO2 films deposited under different water-to-methanol ratios is shown 

in Fig. 4.9. Three peaks were observed in the Raman spectra of TiO2 films. The peaks at 396 cm-

1 and 634 cm-1 are corresponding to the B1g mode and Eg mode of anatase phase TiO2 respectively. 

The peak at 514 cm-1 is a doublet of the A1g and B1g modes of the anatase phase TiO2. There were 

no peaks of the rutile or brookite phase TiO2 observed in the Raman spectra, which indicated the 

obtained TiO2 films were pure anatase phase. This result was in a good agreement with the 

GIXRD result. Compared with other samples, the Eg peak of TiO2 film deposited with a water-to-

methanol ratio of 0 % showed a slight shift, which could be attributed to the change of crystallite 

size [27,28].
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Fig. 4.9 Raman spectra of TiO2 films deposited under different water-to-methanol ratio by mist CVD. 

 

Figure 4.10 shows the transmission spectra of TiO2 films deposited under different water-to-

methanol ratios by mist CVD. With the water-to-methanol ratio decreasing from 20 % to 10 %, 

the transmittance of TiO2 films was similar and higher than 75 % in the visible region. As the 

water-to-methanol ratio decreased from 10 % to 0 %, the transmittance of TiO2 films showed a 

slightly decreasing tendency in the visible region. These changes of the transmittance could be 

attributed to the change of film surface roughness. With the increasing of surface roughness, the 

scattering of light was enhanced, which decreased the transmittance of TiO2 films. Due to the 

relative high surface roughness, the transmittance of TiO2 films deposited with water-to-methanol 

ratios of 1 % and 0 % was lower than other samples and their transmission spectra showed a slight 

shift.
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Fig. 4.10 Transmittance of TiO2 films deposited under different water-to-methanol ratio by mist CVD. 

 

Figure 4.11 shows the photocatalytic degradation result of MR with TiO2 films deposited under 

different water-to-methanol ratios. As shown in the absorption spectra of the MR solution in Fig. 

4.11a, the maximum absorption was observed at 520 nm. Compared with the original virgin MR 

solution, the absorption was decreased following photodegradation. The concentration of virgin 

MR after photodegradation was shown in Fig. 4.11b, which was calculated by Lambert-Beer’s 

law (Eq. (4.3)) [29].  

 

𝐴 = 𝐾𝑏𝑐                                (4.3) 

 

where A is absorbance; K is proportional constant; b is the optical pathlength of standard cell; c 

is the molar concentration of solution in the standard cell. The concentration of MR after 

photodegradation showed a tendency to decrease when the water-to-methanol ratio decreased 

from 20 % to 0 %, indicating the photocatalytic efficiency of TiO2 film increased. The reason is 

that the number of {001} facets was increased by decreasing the water-to-methanol ratio. 

However, it was found that the photocatalytic efficiency of TiO2 film obtained with a water-to-

methanol of 5 % was lower than that of TiO2 film obtained with a water-to-methanol of 10 %. 

This is attributed to the fact that the TiO2 film obtained with a water-to-methanol of 5 % had a 

lower surface area than that obtained with a water-to-methanol of 10 %. 
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Fig. 4.11 The result of MR solution photodegradation by TiO2 films deposited under different water-

to-methanol ratio by mist CVD. ((a) absorption spectra of MR solution; (b) the concentration of MR 

solution after photodegradation). 

 

4.3.3 Summary 

Pure anatase phase TiO2 films were fabricated with different water-to-methanol ratios by mist 

CVD. The effects of water-to-methanol ratio on the properties of TiO2 films were investigated. 

During the deposition, the growth of {001} facets and surface area were significantly influenced 

by the water-to-methanol ratio. By decreasing the water-to-methanol ratio, the growth of {001} 

facets was enhanced, while the growth of {101} facets was suppressed. The surface roughness 

and surface area of TiO2 films showed the same trend of increasing with a decrease of the water-

to-methanol ratio. The highest surface roughness and maximized surface area was obtained with 

pure methanol as solvent. The transmittance of all TiO2 films was higher than 70 % in the visible 

region. The photocatalytic efficiency of TiO2 films showed an increasing trend with the decrease 

of the water-to-methanol ratio. The TiO2 films deposited with pure methanol as solvent showed 

the highest photocatalytic efficiency due to a maximum number of {001} facets and an optimum 

surface area. These obtained TiO2 films have high potential for photocatalyst applications. 

4.4 Conclusions 

In this chapter, pure anatase phase TiO2 films were fabricated on AZO and glass substrates 

with methanol as solvent by mist CVD. The effects of film thickness and water-to-methanol ratio 

on the properties of TiO2 films were revealed. 



67  

1) Uniform TiO2 films with different thicknesses were obtained. With the thickness increasing, 

the roughness and surface area of TiO2 film showed tendency of increase. The crystallinity of 

TiO2 films increases with the increasing of film thickness. With the thickness increasing, the 

transmittance of TiO2 films decreased from around 80 % to around 65 % gradually. 

2) During the deposition, the growth of {001} facets and surface area were significantly 

influenced by the water-to-methanol ratio. By decreasing the water-to-methanol ratio, the growth 

of {001} facets was enhanced, while the growth of {101} facets was suppressed. The surface 

roughness and surface area of TiO2 films showed the same trend of increasing with a decrease of 

the water-to-methanol ratio. The highest surface roughness and maximized surface area was 

obtained with a water-to-methanol of 0 %. The transmittance of all TiO2 films was higher than 

70 % in the visible region. The photocatalytic efficiency of TiO2 films showed an increasing trend 

with the decrease of the water-to-methanol ratio. The TiO2 films deposited with pure methanol as 

solvent showed the highest photocatalytic efficiency due to a maximum number of {001} facets 

and an optimum surface area, which has high potential for photocatalyst applications. 
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Chapter 5 Fabrication and characterization of ZnO nanorods and ZnO-

TiO2 core-shell nanorods by chemical bath deposition and mist CVD 

method 

Fabrication and characterization of ZnO nanorods and ZnO-TiO2 core-

shell nanorods by chemical bath deposition and mist CVD method 

5.1 Introduction 

Thin film sensors have been widely investigated in various fields. Compared with traditional 

sensor materials, thin-film sensors have attracted considerable interest since they are easy for 

realizing the integration and miniaturization in structure, as well as, higher sensitivity and shorter 

response time than traditional sensors [1-3].  

In chapter 3 and chapter 4, pure anatase TiO2 thin films with good uniformity and crystallinity 

were successfully synthesized by by mist CVD. However, it was difficult to increase the surface 

area of obtained TiO2 films significantly by changing the deposition parameters. In order to solve 

this problem, one solution is to fabricate a core-shell structure by coating a TiO2 shell onto ZnO 

nanostructure. 

Compared with TiO2, ZnO is much easier to fabricate into various nanostructures. Previous 

studies reported ZnO nanorods could be coated with TiO2 layer by solution method, sol-gel 

method and atomic layer deposition [4-6]. However, the phase controlling, thickness controlling 

and poor uniformity of TiO2 layer are still unsolved issues. Compared with other reported methods, 

the mist CVD [7] was proven to be an effective method to synthesize pure anatase phase TiO2 thin 

films according to our previous research [8,9]. 

ZnO nanostructures could be fabricated via various methods including vapor-liquid-solid 

process, pulse laser deposition, chemical vapor deposition, electrochemical, hydrothermal method 

and chemical bath deposition [10-14]. 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 supplies 

a simple procedure to synthesis nanostructures at low temperature. It was reported that ZnO 

nanostructures were fabricated by CBD method with optimized experimental conditions such as 

temperature, growing time and concentrations [15-17]. In our previous research, well-arrayed 

ZnO nanorods were successfully fabricated by CBD method [18-20]. In addition, we developed 
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a novel technique using novel multi-annealing process to successfully obtained ZnO 

nanostructures [21,22].  

In this chapter, in order to obtain the ZnO nanostructures with large surface area and excellent 

chemical stability, the well-aligned ZnO nanorods were be fabricated by CBD method. Then, the 

fabricated ZnO nanorods were coated with TiO2 film by mist CVD method. The obtained ZnO-

TiO2 core-shell nanorods are expected to have larger surface area to enhance their sensing 

property for applying in gas sensors.  

5.2 Effects of solution concentration on the properties of ZnO nanorods 

5.2.1 Experimental 

AZO (2 wt. %) thin films with 300nm thickness were deposited on alkali-free glass sheets 

(Eagle XG, Corning Inc., Corning, NY, USA) by a conventional 13.56 MHz RF magnetron 

sputtering system. The deposition condition of AZO film was the same as Table 4.1 in section 

4.2. Following the deposition of AZO films, ZnO nanorods were fabricated on AZO substrates 

by CBD. During the CBD process, the substrates were immersed in a solution containing Zn(NO-

3)2 and hexamethylenetetramine (C6H12N4, HMTA) for 5 hours at 95 °C. The deposition condition 

of ZnO nanorods is shown in Table 5.1. 

 

Table 5.1 Deposition condition of ZnO nanorods with different solution concentration. 

 Solute Zn(NO3)2, HMTA 

 Solvent Ultrapure water 

 Concentration Zn(NO3)2 (mmol/L) 25, 20, 15, 10, 5 

 Concentration HMTA (mmol/L) 12.5, 10, 7.5, 5, 2.5 

 Concentration ratio of Zn(NO3)2 to NMTA 2:1 

 Deposition temperature (℃) 95 

 Deposition time (h) 5 

 

5.2.2 Results and discussion 

Figure 5.1 shows the SEM images of ZnO nanorods deposited with different solution 

concentrations. From the top view images, well-arrayed ZnO nanorods with hexagonal structure 
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were obtained with solution concentration decreasing from 100 % to 40 %. No ZnO nanorods 

were observed when the solution concentration decreased to 20 %. From the cross section view 

images, it was found that the ZnO nanorods grew vertically on AZO substrates and the average 

length of ZnO nanorods was around 600 nm. With the solution concentration decreasing from 100 

% to 40 %, the density of ZnO nanorods decreased. With solution concentration decreasing from 

40 % to 20 %, the hexagonal structure get worse.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 SEM images of ZnO nanorods deposited with different solution concentrations. 

((a) 100 %; (b) 80 %; (c) 60 %; (d) 40 %; (e) 20 %; (1) top view; (2) cross section view).
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Figure 5.2a shows the XRD patterns of ZnO nanorods deposited with different solution 

concentrations. It was found that all XRD patterns of ZnO nanorods exhibited a dominant (002) 

diffraction peak, which indicated that the preferentially oriented growth was in the (0001) 

orientation and perpendicular to the substrate. This result agreed well with the SEM results.  

The XRD intensity and FWHM of (002) diffraction peak are shown in Fig. 5.2b. With the 

solution concentration decreasing from 100 % to 20 %, the intensity of (002) peak showed a trend 

of decrease, and the FWHM of (002) peak showed a trend of increase. This indicated that the 

crystallinity of ZnO nanorods were getting worse with the decreasing of solution concentration. 

It was found that the highest intensity and narrowest FWHM of (002) peak were obtained with a 

solution concentration of 80 % , which suggested the best crystallinity of ZnO nanorods was 

obtained.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 XRD results of ZnO nanorods deposited with different solution concentrations. 

((a) XRD patterns of ZnO nanorods; (b) intensity and FWHM of XRD peaks). 

 

The transmission spectra of ZnO nanorods deposited with different solution concentrations is 

shown in Fig. 5.3. With the solution concentration decreasing from 100 % to 20 %, the 

transmittance of ZnO nanorods in the visible region increased from around 35 % to around 80 % 

gradually. This was attributed to the decreasing of ZnO nanorods density. 
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Fig. 5.3 Transmission spectra of ZnO nanorods deposited with different solution concentrations. 

 

The PL spectra of ZnO nanorods deposited with different solution concentrations is shown in 

Fig. 5.4. It was found that the ZnO nanorods showed both a weak ultraviolet (UV) emission and 

a strong visible emission peak centered at 631 nm. The UV emission peak of as-deposited ZnO 

nanorods corresponded with the band gap of ZnO. The visible emission peak of ZnO nanorods 

could be attributed to oxygen vacancies and oxygen interstitials.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 PL spectra of ZnO nanorods deposited with different solution concentrations.  
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5.2.3 Summary 

Well-arrayed ZnO nanorods were fabricated on AZO substrate by CBD method. The effects of 

solution concentration on the properties of ZnO nanorods were investigated. The solution 

concentration had a significant influence on the morphological, structural, and optical properties 

of ZnO nanorods. It was found that well-arrayed ZnO nanorods with hexagonal structure were 

obtained with solution concentration from 100 % to 40 %. With the decreasing of solution 

concentration, the crystallinity of ZnO nanorods showed a tendency of decrease, and the 

transmittance of ZnO nanorods increased gradually in visible range. 

5.3 Effects of deposition time on the properties of ZnO nanorods 

5.3.1 Experimental 

AZO thin films with 300nm thickness were deposited on alkali-free glass sheets by RF 

magnetron sputtering system. The deposition condition of AZO film was the same as Table 4.1 

in section 4.2. Following the deposition of AZO films, ZnO nanorods were fabricated on AZO 

substrates by CBD. During the CBD process, the substrates were immersed in a solution 

containing Zn(NO3)2 and HMTA for 5 hours at 95 °C. The deposition condition of ZnO nanorods 

is shown in Table 5.2. 

 

Table 5.2 Deposition condition of ZnO nanorods with different deposition time. 

 Solute  Zn(NO3)2, HMTA 

 Solvent  Ultrapure water 

 Concentration Zn(NO3)2 (mmol/L)  15 

 Concentration HMTA (mmol/L)  7.5 

 Deposition temperature (℃)  95 

 Deposition time (h)  5, 10 

 

5.3.2 Results and discussion 

The SEM images of ZnO nanorods deposited with deposition time of 5 hours and 10 hours are 

shown in Fig. 5.5. From the top view images, well-arrayed ZnO nanorods with hexagonal 
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structure were obtained under different deposition time. The average diameter of ZnO nanorods 

increased when the deposition time increased from 5 hours to10 hours. From the cross section 

view SEM images, it was found that the ZnO nanorods deposited under different deposition time 

grew vertically on AZO substrates, and the length of ZnO nanorods deposited under 10 hours was 

almost twice as the length of that deposited under 5 hours. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 SEM images of ZnO nanorods deposited with different time. 

((a) 5 h; (b) 10 h; (1) top view; (2) cross section view). 

 

The XRD patterns of ZnO nanorods deposited under 5 hours and 10 hours are shown in Fig. 

5.6. In two of XRD patterns, only one strong diffraction peak was observed at 34.52° of 2 theta. 

This diffraction peak was identified as the (002) diffraction of ZnO. With the deposition time 

increased from 5 hours to 10 hours, the intensity of (002) diffraction peak increased significantly, 

which indicated the crystallinity of ZnO nanorods was enhanced with the growing time increasing. 
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Fig. 5.6 XRD patterns of ZnO nanorods deposited with different time. 

 

Figure 5.7 shows the transmission spectra of ZnO nanorods deposited under 5 hours and 10 

hours. With the deposition time increasing from 5 hours to 10 hours, the transmittance of ZnO 

nanorods in the visible region decreased from around 75 % to around 35 %. This was attributed 

to the length increasing of ZnO nanorods.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 Transmission spectra of ZnO nanorods deposited with different time. 
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5.3.3 Summary 

Well-arrayed ZnO nanorods were fabricated on AZO substrate under different deposition time. 

The effects of deposition time on the properties of ZnO nanorods were investigated. The 

morphological, structural and optical properties of ZnO nanorods were significantly influenced 

by the deposition time. Well-arrayed ZnO nanorods with hexagonal structure were obtained with 

with deposition time of 5 hours and 10 hours. With the deposition time increasing from 5 hours 

to 10 hours, the crystallinity of ZnO nanorods increased significantly, and the transmittance of 

ZnO nanorods in the visible region decreased from around 75 % to around 35 %. 

5.4 Fabrication and characterization of ZnO-TiO2 core-shell nanorods 

5.4.1 Experimental 

AZO thin films with 300nm thickness were deposited on alkali-free glass sheets by RF 

magnetron sputtering system. The deposition condition of AZO film was the same as Table 4.1 

in section 4.2. Following the deposition of AZO films, ZnO nanorods were fabricated on AZO 

substrates by CBD. During the CBD process, the substrates were immersed in a solution 

containing Zn(NO3)2 and HMTA for 5 hours at 95 °C. The deposition condition of ZnO nanorods 

is shown in Table 5.3. After the deposition, the obtained ZnO nanorods were coated with TiO2 by 

mist CVD method. The deposition condition of coating is shown in Table 5.4. 

 

Table 5.3 Deposition condition of ZnO nanorods. 

 Solute  Zn(NO3)2, HMTA 

 Solvent  Ultrapure water 

 Concentration Zn(NO3)2 (mmol/L)  15 

 Concentration HMTA (mmol/L)  7.5 

 Deposition temperature (℃)  95 

 Deposition time (h)  5 
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Table 5.4 Deposition condition of TiO2 coating. 

 Solute  TTIP 

 Solvent  Ethanol 

 Concentration (mol/L)  0.10 

 Deposition temperature (˚C)  400 

 Carrier gas, flow rate (L/min)  Compressed air, 2.5 

 Dilution gas, flow rate (L/min)  Compressed air, 4.5 

 Coating time (min)  0.5, 2, 5, 10, 15 

 

5.4.2 Results and discussion 

As shown in Fig. 5.8, a schematic model is proposed to describe the mechanism of ZnO/TiO2 

core-shell nanorods fabrication. First, the ZnO nanorods were prepared on AZO film (acted as a 

seed layer) by CBD method. After the CBD process, the obtained ZnO nanorods were set in the 

reaction chamber of mist CVD. During the mist CVD process, the mist droplets—a mixture of 

TTIP and ethanol—were transformed from the solution of precursors by ultrasonic transducers. 

Following that, the mist droplets were transported onto the surface of ZnO nanorods by carrier 

and dilution gases. During the transportation of mist droplets in the reaction chamber, the size of 

mist droplets decreased from a few micrometers to a few nanometers with the effects of heat, 

evapotranspiration and burst. Finally, anatase phase TiO2 particle shells were deposited on the 

surface of ZnO nanorods due to the pyrolysis reaction of TTIP at 400 °C [8]. 

 



80  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Mechanism of ZnO/TiO2 core-shell nanorods fabrication. 

 

Figure 5.9 shows the SEM images of as-deposited ZnO nanorods and ZnO nanorods coated 

with TiO2 by mist CVD. From the top view images, uniform ZnO nanorods with hexagonal 

structure were obtained on AZO substrate after CBD process. The inserted images in the top view 

images show the surface of a single ZnO nanorod. Compared with the as-deposited ZnO nanorods, 

it was difficult to observe the surface change of ZnO nanorods coated with TiO2 for 30 seconds, 

2 minutes and 5 minutes. When the TiO2 coating time increased to 10 minutes and 15 minutes, 

TiO2 particles were observed on the surface of ZnO nanorods. Compared with the relatively 

smooth surface of as-deposited ZnO nanorods, the ZnO nanorods coated TiO2 for 15 minutes 

showed a rough surface with uniform TiO2 particles, indicating that the surface area of nanorods 

had increased. From the cross section view images, it was found that the ZnO nanorods grew 

vertically on AZO substrates and the average length of ZnO nanorods was around 600 nm. The 

SEM results revealed that the TiO2 particle layers on ZnO nanorods were uniform. 
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Fig. 5.9 SEM images of (a) as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 by mist 

CVD ((b) 30s; (c) 2 min; (d) 5min; (e) 10min; (f) 15 min; (1) top view; (2) cross section view). 
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The EDS elemental mapping images of ZnO nanorods coated with TiO2 for 10 minutes are 

shown in Fig 5.10. The elemental mappings of zinc, titanium and oxygen are shown in Fig. 5.10b, 

Fig. 5.10c and Fig. 5.10d respectively. As shown in Fig. 5.10c, the titanium element was 

confirmed from the bottom to the top of ZnO nanorods, indicating that the whole surface of ZnO 

nanorods was successfully coated with TiO2 particles. As the electron mobility and chemical 

stability are essential attributes of materials, this TiO2 shell onto the whole surface of ZnO will 

significantly improve the chemical stability of ZnO nanorods and the electron mobility of TiO2 

thin films.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 The EDS elemental mapping images of ZnO nanorods coated with TiO2 for 10 minutes ((a) FE-

SEM image; (b) zinc element mapping image; (c) titanium element mapping image; (d) oxygen element 

mapping image). 

 

Figure 5.11 shows the GIXRD patterns of as-deposited ZnO nanorods and ZnO nanorods 

coated with TiO2 by mist CVD. The observed peaks corresponded with the diffractions from 

(100), (002), (101), (102), (110), (103), and (103) crystal planes of ZnO respectively. It was clear 

that the (103) peaks were the dominant peaks, which was due to the low incidence angle (0.35 °) 

employed in GIXRD. After coating TiO2 for 30 seconds and 2 minutes, the intensity of ZnO peaks 

between 30 ° and 40 ° decreased, which suggested the growth of TiO2 on the surface of ZnO 

nanorods. When the TiO2 coating time increased from 2 minutes to 15 minutes, the intensity of 

these ZnO peaks showed a trend of increase. This could be attributed to the annealing effects 

during mist CVD process, which was operated at 400 ˚C. The inserted image showed the detail 

of GIXRD patterns from 20 ° to 30 °. There was no peak of TiO2 observed from the ZnO nanorods 
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coated with TiO2 for 30 seconds, 2 minutes and 5 minutes, which might be due to the insufficient 

thickness of TiO2 layer. A (101) diffraction peak, which corresponded with anatase phase TiO2, 

was observed at 2 theta of 25.3 ° when the TiO2 coating time was increased to 10 minutes and 15 

minutes. The intensity of the TiO2 (101) diffraction peak increased as the TiO2 coating time 

increased, which indicated the thickness of TiO2 layer had increased. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 GIXRD patterns of as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 by mist 

CVD. 

 

Figure 5.12 shows the Raman spectra of as-deposited ZnO nanorods and ZnO nanorods coated 

with TiO2 by mist CVD. The Raman peaks at 438 cm-1 and 582 cm-1 were assigned to the E2h 

mode and E1 (LO) mode of ZnO respectively. Three more peaks were observed in the Raman 

spectrum of ZnO nanorods coated with TiO2 under 15 minutes. The peaks at 398 cm-1, 639 cm-1 

and 515 cm-1 corresponded with the B1g mode, Eg mode and a doublet of the A1g and B1g modes 

of anatase phase TiO2, which suggested that the ZnO nanorods were coated with TiO2 

successfully. This result agreed well with that from EDS and GIXRD measurements. 
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Fig. 5.12 Raman spectra of as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 by mist 

CVD. 

 

The PL spectra of TiO2 film on glass, as-deposited ZnO nanorods and ZnO nanorods coated 

with TiO2 by mist CVD are shown in Fig. 5.13a. The inserted image shows the detail of PL spectra 

from 340 nm to 420 nm. It was found that the as-deposited ZnO nanorods showed a weak 

ultraviolet (UV) emission peak centered at 370 nm and a strong visible emission peak centered at 

632 nm. The UV emission peak of as-deposited ZnO nanorods corresponded with the band gap 

of ZnO (around 3.37 eV). Compared with the as-deposited ZnO nanorods, the UV emission peak 

of the ZnO nanorods coated with TiO2 for 30 seconds and 2 minutes showed a slight red shift. As 

the TiO2 coating time increased from 2 minutes to 15 minutes, the UV emission red shifted 

gradually to 382 nm, which corresponded with the band gap of anatase phase TiO2 (around 3.2 

eV). It was found that PL emission peak of TiO2 from 400 nm to 700 nm was not observed from 

the ZnO nanorods coated with TiO2. This PL quenching of TiO2 suggested the charge transfer 

from TiO2 to ZnO. 

According to the curve fitting for as-deposited ZnO nanorods visible emission, as shown in Fig. 

5.13b, the visible emission peak of as-deposited ZnO nanorods was divided into four emission 

peaks (dashed line). The emission peaks of as-deposited ZnO nanorods located at 545 nm (~2.27 

eV) and 614 nm (~2.02 eV) could be attributed to oxygen vacancies [23-26]. The emission peaks 

of as-deposited ZnO nanorods located at 689 nm (~1.80 eV) and 780 nm (~1.59 eV) could be 

attributed to oxygen interstitials [23]. It was observed that the visible emission of ZnO nanorods 
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showed a red shift after coated with TiO2. After ZnO nanorods was coated with TiO2 for 30 

seconds, the peak intensity of the visible emission decreased steeply. As the TiO2 coating time 

increased from 30 seconds to 15 minutes, the peak intensity of the visible emission first increased 

and then decreased. The highest visible emission peak intensity of ZnO/TiO2 core-shell nanorods 

was obtained with a TiO2 coating time of 10 minutes. The curve fitting of visible emission of ZnO 

nanorods coated TiO2 for 10 minutes is shown in Fig. 5.13c. After curve fitting, the visible 

emission peak was divided into four emission peaks (dashed line). As the discussion of as-

deposited ZnO nanorods above, the emission peaks located at 550 nm and 612 nm could be 

attributed to oxygen vacancies in ZnO nanorods, and the emission peak located at 685 nm could 

be attributed to oxygen interstitials. The broad emission peak centered at 812 nm (~1.53 eV) could 

be attributed to and oxygen interstitials in ZnO nanorods and titanium interstitials [27,28]. Based 

on the results of curve fitting, the red shift of ZnO nanorods visible emission was attributed to the 

intensity decrease of the emissions located at around 550 nm and around 612 nm, which was due 

to the annealing effects during mist CVD process.
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Fig. 5.13 (a) PL spectra of TiO2 film on glass, as-deposited ZnO nanorods and ZnO nanorods coated with 

TiO2 by mist CVD; (b) PL spectra curve fitting of as-deposited ZnO nanorods; (c) PL spectra curve fitting 

of ZnO nanorods coated with TiO2 for 10 min.
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It was proved by PL results that all of the defects in ZnO were decreased by coating TiO2 onto 

ZnO. The oxygen interstitials in ZnO were decreased slightly after coating TiO2. The oxygen 

vacancies in ZnO were significantly decreased due to the annealing effects during mist CVD 

process.  

The transmission spectra of as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 

by mist CVD is shown in Fig. 5.14a. The transmittance of as-deposited ZnO nanorods was around 

75% in the visible region. The transmittance decreased to around 65 % gradually with the TiO2 

coating time increased from 30 seconds to 15 minutes. 

The bandgap (Eg) of as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 could be 

obtained from the transmittance and absorbance of ZnO nanorods using the following equations 

[29]: 

 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔) (5.1) 

 

α =
1

𝑑
ln (

1

𝑇
) 

 

(5.2) 

 

where α is the absorption coefficient, hν the incidence photon energy, A a constant, d the film 

thickness, and T the transmittance. As shown in Fig. 5.14b, a plot of (αhν)2 as a function of hν 

was made to determine Eg by linear fitting. After fitting, the Eg of as-deposited ZnO nanorods was 

around 3.34 eV, which corresponded with the band gap of bulk ZnO (3.37 eV). The Eg of 

ZnO/TiO2 core-shell nanorods was around 3.28 eV, which corresponded with the band gap of 

anatase phase TiO2 (3.2 eV). 
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Fig. 5.14 (a) Transmission spectra of as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 by 

mist CVD; (b) Variation of (ahν)2 of the as-deposited ZnO nanorods and ZnO nanorods coated with TiO2 

as a function of the photon energy (hν). 

 

5.4.3 Summary 

Well-arrayed ZnO/TiO2 core-shell nanorods had been successfully fabricated on AZO 

substrate. It was found that mist CVD was a successful method for coating TiO2 thin layers on 

the ZnO nanorods. The TiO2 shells on ZnO nanorods were confirmed as pure anatase phase. The 

surface area of ZnO nanorods was significantly increased with increase in TiO2 coating time. The 

transmittance of ZnO nanorods decreased from 75 % to 65 % after 15 minutes coating TiO2. The 

well-arrayed ZnO/TiO2 core-shell nanorods will contribute to a high surface-to-volume ratio and 

excellent chemical stability, which are expected to be applied as sensing material to improve the 

performance of gas sensors. 

5.5 Conclusions 

In this chapter, well-arrayed ZnO nanorods and well-arrayed ZnO/TiO2 core-shell nanorods 

were fabricated on conductive AZO films. The effects of solution concentration and deposition 

time on the properties of ZnO nanorods were investigated. The effects of TiO2 film coating time 

on the properties of ZnO/TiO2 core-shell nanorods were investigated. 

1) The solution concentration had a significant influence on the morphological, structural, and 

optical properties of ZnO nanorods. It was found that well-arrayed ZnO nanorods with hexagonal 

structure were obtained with solution concentration from 100 % to 40 %. With the decreasing of 
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solution concentration, the crystallinity of ZnO nanorods showed a tendency of decrease, and the 

transmittance of ZnO nanorods increased gradually in visible range. 

2) The morphological, structural and optical properties of ZnO nanorods were significantly 

influenced by the deposition time. Well-arrayed ZnO nanorods with hexagonal structure were 

obtained with with deposition time of 5 hours and 10 hours. With the deposition time increasing 

from 5 hours to 10 hours, the crystallinity of ZnO nanorods increased significantly, and the 

transmittance of ZnO nanorods in the visible region decreased from around 75 % to around 35 %. 

3) The TiO2 shells on ZnO nanorods were confirmed as pure anatase phase, which will 

contribute to good gas sensitivity as sensing material. The surface area of ZnO nanorods was 

significantly increased with increase in TiO2 coating time. The transmittance of ZnO nanorods 

decreased from 75 % to 65 % after 15 minutes coating TiO2. The well-arrayed ZnO/TiO2 core-

shell nanorods will contribute to an excellent chemical stability, and relatively large surface-to-

volume ratio for gas absorption, which are expected to be applied as sensing material to improve 

the performance of gas sensors.
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Chapter 6 Gas sensitivity characterization of TiO2 thin films 

Gas sensitivity characterization of TiO2 thin films 

6.1 Introduction 

In chapter 3 and chapter 4, pure anatase phase TiO2 thin films with good uniformity, good 

crystallinity, excellent thermal stability and enhanced {001} facets were successfully 

synthesized by mist CVD. In this chapter, the gas sensitivity of TiO2 thin films to ethanol vapor 

was investigated. 

As a typical n-type semiconductor, TiO2 shows an extensive gas sensitivity to both oxidative 

gases and reductive gases. When TiO2 is heated to the required higher operating temperature in 

ambient air, due to the surface oxygen vacancies, oxygen molecules are easily absorbed on the 

surface of TiO2 and thereby through this oxidation process will be trapping electrons from the 

conduction band to form anionic oxygen. This oxidation process on the surface of TiO2 leads 

to a decrease of the electron density, as shown in Equation (6.1) [1]. As the oxidation process 

continues at steadily higher temperatures, additional adsorbed oxygen molecules will attract 

more electrons, thereby promoting more electron transfer from the TiO2 conduction band and 

form O- and O2- ions as shown in Equation (6.2) and Equation (6.3) [1]. In the following step 

after exposure to the reducing target gas to be tested, oxygen ions react with the target gas 

molecules and electrons are transferred back to the TiO2 conduction band, which increases the 

electron density. In other words, in this process step the reductant transfers electrons to the 

oxidant TiO2. The detailed explanation of this reduction reaction is shown as Equation (6.4) [1].   

                                    

           𝑂2(𝑔𝑎𝑠) +  𝑒−  ↔  𝑂2
−(𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛)               (6.1) 

                                  

  
1

2
𝑂2  +  𝑒−  ↔  𝑂−(𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛)                 (6.2) 

 

                      
1

2
𝑂2  +  2𝑒−  ↔  𝑂2−(𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛)                (6.3) 
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                       𝑋 +  𝑂𝛿−  ↔  𝑋′ +  𝛿𝑒−                     (6.4) 

 

where 𝑋 is the target gas, 𝑋′  the gas after the reaction, 𝛿  the number of electron, which 

depends on the reaction as shown in Equation (6.2) and Equation (6.3).  

The schematics of Fig. 6.1a and Fig. 6.1b explain the detailed oxidation step on the surface 

of the and electron adsorption from the conduction band to form an oxygen ion layer on the 

surface of TiO2 nanosheet. This oxidation step leads to a decrease in the electron density (lose 

of electrons) on the exposed active TiO2 surface, which will cause the formation of depletion 

layer on the surface. The band bending on TiO2 surface will bring a barrier for carrier transport 

between the particles, which will cause the decrease of film conductivity.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Schematic depiction of the sensing mechanism of TiO2 nanosheet exposed to ethanol vapors. 

 

Then the third step is to introduce the reducing target gas to be tested (in our case ethanol) to 

the gas sensor in a controlled test equipment environment. As shown in the schematics of Fig. 

6.1c and Fig. 6.1d, the ethanol molecules react with the oxygen ions on the TiO2 surface, thereby 

reducing the oxygen ions and causing a transfer of electrons back to the TiO2 conduction band. 

Following this process step, the electron (majority carrier in TiO2) concentration in the 

conduction band increases. As a result, the thickness of the depletion layer decreases (as shown 

in Fig. 6.2), which leads to an increase in conductivity (or equivalently a decrease in resistivity) 

[2-10].  
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Fig. 6.2 Schematics of band diagram compared with the grain boundary when TiO2 nanosheets surface 

is exposed to oxygen and ethanol vapor.  

 

Figure 6.3 shows a TiO2 gas sensor after exposure to ethanol vapor. Initially TiO2 gas sensor 

was heated in air to form oxygen negative ions on the surface, which causes the change in 

resistance. The TiO2 gas sensor experiences an increase in the resistance during the oxidation 

process due to the interaction with oxygen leading to a decrease in the electron concentration. 

When a target gas (reducing gas) is introduced into the TiO2 gas sensor, the gas molecules 

interact with the oxygen ions on the semiconductor surface and electrons are released back into 

the conduction band, which leads to an increase in the electron concentration. The result shows 

the resistance of TiO2 decreases as the electron concentration increases after the surface 

interaction with the target gas [1].
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Fig. 6.3 Schematic diagram of the TiO2 sensor upon exposure to the reducing gas. 

 

6.2 Experimental 

Pure anatase phase TiO2 thin films were fabricated on p-type silicon substrates with different 

TTIP concentrations. The deposition condition of TiO2 thin films were the same as that 

discussed in section 3.3. After fabrication, the gas sensitivity measurement was performed with 

a homemade measurement system at Old Dominion University. The instrument of gas 

sensitivity measurement system was introduced in chapter 2. The measurement was carried out 

with ethanol vapor with working temperature from 100 °C to 320 °C. The resistivity of samples 

in the atmosphere of ethanol was recorded to evaluate the gas sensitivity. The reponse of 

samples to ethanol vapor was calculated from resistivity of samples by following equation: 

 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠

𝑅𝑎𝑖𝑟
 (6.5) 

 

where Rair is the resistance of sample exposed in air, Rgas is the resistance of sample exposed in 

target gas (ethanol vapor). 
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6.3 Results and discussion 

Figure 6.4 shows the gas sensitivity measurement result (with different working 

temperatures) of TiO2 film deposited with a TTIP concentration of 0.40 mol/L. With the 

working temperature increased 100 °C to 200 °C, the ethanol vapor sensitivity of TiO2 film was 

almost same. With the working temperature increased 200 °C to 320 °C, the ethanol vapor 

sensitivity of TiO2 film first increased then decreased, and the highest sensitivity of TiO2 film 

was obtained with a working temperature of 300 °C. The film deposited with different TTIP 

concentrations showed the same optimum working temperature of 300 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 Gas sensitivity measurement result (with different working temperatures) of TiO2 films 

deposited with a TTIP concentration of 0.40 mol/L 

 

Figure 6.5 shows the result of gas sensitivity measurement (with a working temperature of 

320 °C) of TiO2 film deposited with a TTIP concentration of 0.40 mol/L. The TiO2 film showed 

a high response around 85.3 % to ethanol vapor with a working temperature of 320 °C. The 

recovery time (at 320 °C) of TiO2 film deposited with a TTIP concentration of 0.40 mol/L was 

around 140 s. 

Figure 6.6 shows the result of gas sensitivity measurement (with the optimum working 

temperature of 300 °C) of TiO2 films deposited with different TTIP concentrations. With TTIP 

concentration increased from 0.05 mol/L to 0.10 mol/L, the sensitivity of TiO2 film increased. 

With TTIP concentration increased from 0.10 mol/L to 0.20 mol/L, the sensitivity of TiO2 film 
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increased slightly. With TTIP concentration increased from 0.20 mol/L to 0.30 mol/L, the 

sensitivity of TiO2 film decreased dramaticly. With TTIP concentration increased from 0.30 

mol/L to 0.40 mol/L, the sensitivity of TiO2 film increased to the same level as that of TiO2 film 

deposited with a TTIP concentration of 0.05 mol/L. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5 Gas sensitivity measurement result (with a working temperature of 320 °C) of TiO2 films 

deposited with a TTIP concentration of 0.40 mol/L. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 Gas sensitivity measurement result (with a working temperature of 300 °C) of TiO2 films 

deposited with different TTIP concentrations. 
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6.4 Conclusions 

The ethanol vapor sensitivity of TiO2 at different working temperatures was investigated. 

With the working temperature increased from 100 °C to 320 °C, the ethanol vapor sensitivity 

of TiO2 film first increased then decreased. The TiO2 film deposited with different TTIP 

concentrations showed the same optimum working temperature of 300 °C. Compared with other 

samples, the TiO2 deposited with a TTIP concentration of 0.20 mol/L showed optimum 

sensitivity to ethanol vapor at 300 °C. 
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Chapter 7 Conclusions 

Conclusions 

In this thesis, the fabrication of pure anatase phase TiO2 thin films in applications of gas sensors 

was investigated to solve the shortcomings and technical challenges in current state-of-the-art TiO2 

gas sensors. 

Pure anatase phase TiO2 thin films with good uniformity, good crystallinity, excellent thermal 

stalibity and optimum {001} facets were fabricated by a novel designed mist chemical vapor 

deposition system. To further increase the surface-to-volume ratio of TiO2, TiO2 films were coated 

onto ZnO nanorods to fabricate ZnO/TiO2 core-shell nanostructures. 

The main conclusions of this thesis were summarized as followed: 

 

1. Fabrication of anatase phase TiO2 thin films with ethanol as solvent 

In this part, pure anatase phase TiO2 films were fabricated with ethanol as solvent by mist CVD. 

The effects of deposition temperature, concentration of TTIP, film thickness and substrate on the 

properties of TiO2 films were investigated. 

The crystallinities of TiO2 films were significantly improved by increasing deposition temperature. 

Pure anatase phase TiO2 films with good uniformity were obtained from 300 °C to 400 °C. The 

roughnesses of all TiO2 films were less than 7 nm and showed a variation tendency of increase as the 

deposition temperature increased from 200 °C to 400 °C. 

When the concentration of TTIP increased from 0.05 mol/L to 0.40 mol/L, the aspect ratio of TiO2 

nanosheets first increased then decreased. The highest aspect ratio of TiO2 nanosheets was obtained 

at a titanium tetraisopropoxide concentration of 0.20 mol/L. The deposition rate of TiO2 films had the 

same variation tendency with aspect ratio. The roughnesses of all TiO2 films were less than 10 nm 

regardless of TTIP concentration variation. The crystallinity of TiO2 films showed a variation 

tendency of increase as the TTIP concentration increased from 0.05 mol/L to 0.40 mol/L. The best 

crystallinity was obtained under the titanium tetraisopropoxide concentration of 0.05 mol/L.  

The crystallinity of TiO2 films increases with the increasing of film thickness. The transmittance 

of all TiO2 films is more than 75% in the visible region and almost independent of film thickness. The 

surface of obtained TiO2 films with different thicknesses are uniform. With the thickness increasing, 

the roughness of TiO2 film shows tendency of increase. 
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The TiO2 films deposited on all substrates showed the same dominant (101) growth orientation. 

The crystallinity of TiO2 films grown on different substrates increased in an order of glass, quartz 

glass, p-type silicon and GZO. It was confirmed by Raman spectroscopy that TiO2 films deposited on 

four kinds of substrates were pure anatase phase, which was in a good agreement with the GIXRD 

result. The TiO2 thin film deposited on p-type silicon showed the highest percentage of exposed {001} 

facets. The TiO2 films with good uniformity were obtained on all of the substrates. The surface area 

of TiO2 films deposited on p-type silicon substrate was larger than that of TiO2 films deposited on 

quartz glass, glass and GZO substrates. The precise control of the growth orientation, uniformity and 

grain size of thin film were achieved. The transmittance of TiO2 films on quartz glass, glass and GZO 

substrates was higher than 75% in the visible region.  

 

2. Fabrication of anatase phase TiO2 thin films with methanol as solvent 

In this part, pure anatase phase TiO2 films were fabricated on AZO and glass substrates with 

methanol as solvent by mist CVD. The effects of film thickness and water-to-methanol ratio on the 

properties of TiO2 films were investigated.  

Uniform TiO2 films with different thicknesses were obtained. With the thickness increasing, the 

roughness and crystallinity of TiO2 film showed tendency of increase. The of TiO2 films increases 

with the increasing of film thickness. With the thickness increasing, the transmittance of TiO2 films 

decreased from around 80 % to around 65 % gradually. 

During the deposition, the growth of {001} facets and surface area were significantly influenced 

by the water-to-methanol ratio. By decreasing the water-to-methanol ratio, the growth of {001} facets 

was enhanced, while the growth of {101} facets was suppressed. The surface roughness and surface 

area of TiO2 films showed the same trend of increasing with a decrease of the water-to-methanol ratio. 

The highest surface roughness and maximized surface area was obtained with pure methanol as 

solvent. The transmittance of all TiO2 films was higher than 70 % in the visible region. The 

photocatalytic efficiency of TiO2 film showed an increasing trend with the decrease of the water-to-

methanol ratio. The TiO2 film deposited with a water-to-methanol of 0 % showed the highest 

photocatalytic efficiency due to a maximum number of {001} facets and an optimum surface area. 

Uniform TiO2 films with different thicknesses were obtained. With the thickness increasing, the 

roughness and crystallinity of TiO2 film showed tendency of increase. The of TiO2 films increases 

with the increasing of film thickness. With the thickness increasing, the transmittance of TiO2 films 

decreased from around 80 % to around 65 % gradually. 
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3. Fabrication of ZnO nanorods and ZnO/TiO2 core-shell nanorods. 

In this part, well-arrayed ZnO nanorods and well-arrayed ZnO/TiO2 core-shell nanorods were 

fabricated on AZO films. The effects of solution concentration and deposition time on the properties 

of ZnO nanorods were investigated. The effects of TiO2 film coating time on the properties of 

ZnO/TiO2 core-shell nanorods were investigated. 

The solution concentration had a significant influence on the morphological, structural, and optical 

properties of ZnO nanorods. It was found that well-arrayed ZnO nanorods with hexagonal structure 

were obtained with solution concentration from 100 % to 40 %. With the decreasing of solution 

concentration, the crystallinity of ZnO nanorods showed a tendency of decrease, and the transmittance 

of ZnO nanorods increased gradually in visible range. 

The morphological, structural and optical properties of ZnO nanorods were significantly influenced 

by the deposition time. Well-arrayed ZnO nanorods with hexagonal structure were obtained with with 

deposition time of 5 hours and 10 hours. With the deposition time increasing from 5 hours to 10 hours, 

the crystallinity of ZnO nanorods increased significantly, and the transmittance of ZnO nanorods in 

the visible region decreased from around 75 % to around 35 %. 

TiO2 layer was successfully coated on ZnO nanorods. The TiO2 shells on ZnO nanorods were 

confirmed as pure anatase phase, which will contribute to high chemical stability and good sensing 

properties. The surface area of ZnO nanorods was significantly increased with increase in TiO2 

coating time. The transmittance of ZnO nanorods decreased from 75 % to 65 % after 15 minutes 

coating TiO2. The well-arrayed ZnO/TiO2 core-shell nanorods will contribute to an excellent chemical 

stability, and relatively large surface-to-volume ratio for gas absorption, which are expected to applied 

as sensing material to improve the performance of gas sensors. 

 

4. Sensitivity characterization of TiO2 thin films 

In this part, the sensing properties of TiO2 thin film to ethanol vapor at different working 

temperatures were investigated. With the working temperature increased from 100 °C to 320 °C, the 

ethanol vapor sensitivity of TiO2 film first increased then decreased. All of TiO2 films showed the 

same optimum working temperature of 300 °C regardless of TTIP concentration variation. The TiO2 

deposited with a TTIP concentration of 0.20 mol/L showed optimum sensitivity to ethanol vapor. 
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