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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 (TiO,) 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.

TiO; naturally crystallizes in three phases, which were known as rutile, anatase and brookite. The
thermal stability of brookite phase TiO, is poorer than anatase phase and rutile phase TiO,, which
limits the application of brookite phase TiO,. In addition, brookite is the most difficult TiO, phase to
fabricate in thin-film form. Compared with rutile phase TiO, films, anatase phase TiO, has greater
sensitivity to H, and volatile organic compound gases than rutile phase TiO-.

Hitherto, anatase phase TiO; 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 TiO, with good uniformity, high thermal stability and high crystallinity using current synthesis
methods. Firstly, the TiO, thin films obtained by these conventional methods are mostly a mixture of
anatase and rutile phase TiO,. Although there are some reports on fabricating pure anatase phase TiO,
films, their thermal stability is poor due to the presence of (112) surface in anatase phase TiO», which
limits the application of anatase phase TiO films as sensing material. Particularly, it is difficult to
fabricate anatase phase TiO, 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 TiO; 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 TiO; thin films.

In this thesis, a mist chemical vapor deposition system with novel designed reaction chamber was
applied to deposit pure anatase phase TiO; thin films. In order to enhance the surface area of TiO»,

TiO; films were coated onto ZnO nanorods to fabricate ZnO/TiO, core-shell nanostructures.



Until now, there remain a number of shortcomings and challenges in state-of-the-art anatase phase
TiO; based thin-film gas sensors:

(1) The fabricated TiO, is mostly a mixture of rutile phase and anatase phase. The fabrication of
pure anatase phase TiO; is difficult.

(2) The properties of anatase phase TiO» (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 TiO, 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 TiO, based thin-film gas sensors is poor.

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

In my research, I addressed the shortcomings of state-of-the-art TiO» gas sensors and some of the
above challenges were solved. In particular, the following objectives were achieved:

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

(2) The obtained pure anatase phase TiO, showed excellent uniformity, high crystallinity and
relative high surface area with nanosheet morphology.

(3) The growth of the anatase phase TiO», {001} facets was significantly enhanced by using
methanol as solvent.

(4) Pure anatase phase TiO; based gas sensor could be fabricated by mist chemical vapor deposition
with potentially lower cost.

(5) The obtained anatase phase TiO; 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 TiO; films were fabricated by mist CVD method for the first time.

(2) The mechanism of fabricating anatase phase TiO» 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 TiO; by using methanol as solvent.



The main work will be discussed in terms of fabrication of anatase phase TiO; thin films with
ethanol as solvent, fabrication of anatase phase TiO> thin films with methanol as solvent to optimize
{001} facets, and fabrication of ZnO nanorods receiving mist CVD coatings of TiO, nanosheets for

fabricating ZnO/TiO; core-shell nanorods.

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

In order to solve the issues of fabrication pure anatase phase TiO, 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 TiO> thin films. The effects of deposition
temperature, concentration of titanium tetraisopropoxide precursor, film thickness and substrate on
the properties of TiO, films were investigated.

The crystallinity of TiO» films was significantly improved by increasing deposition temperature.
Pure anatase phase TiO, films with good uniformity were obtained from 300 °C to 400 °C. The
roughness of all TiO» 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 TiO, 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 TiO»
films was less than 10 nm regardless of titanium tetraisopropoxide concentration variation. The
crystallinity of TiO; films increases with the increase of film thickness. The surface of obtained TiO»
films with different thicknesses are uniform. With the thickness increasing, the roughness of TiO> film
shows a tendency of further increase.

The TiO; films deposited on all substrates showed the same dominant (101) growth orientation.
The crystallinity of TiO, 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 TiO- films deposited on four kinds of substrates were pure anatase phase. The TiO; thin
film deposited on p-type silicon showed the highest percentage of exposed {001} facets. The TiO-
films with good uniformity were obtained on all of the substrates. The surface area of TiO, films
deposited on p-type silicon substrate was larger than that of TiO; films deposited on quartz glass,
glass and gallium oxide doped ZnO substrates. The TiO, 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 TiO; 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 TiO; thin films with methanol as solvent

In order to control the deposition rate of TiO, 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
TiO; 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 TiO, 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 TiO, films were investigated.

Uniform TiO, films with different thicknesses were obtained. With the thickness increasing, the
roughness and surface area of TiO- film showed a tendency to increase. The crystallinity of TiO, films
increases with the increasing of film thickness. With the thickness increasing, the optical
transmittance of TiO, 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 TiO; 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 TiO» films was higher than 70 % in the visible region. The photocatalytic
efficiency of TiO; films showed an increasing trend with the decrease of the water-to-methanol ratio.
The TiO; 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 TiO: 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

TiO..

3. Fabrication of ZnO nanorods and ZnO/TiO; core-shell nanorods.

In order to further enlarge the surface-to-volume ratio of TiO based gas sensors, TiO: 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/TiO; 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 TiO; film coating time on the properties of ZnO/TiO; 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 TiO, 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 TiO; coating time. The transmittance of ZnO nanorods
decreased from 75 % to 65 % after 15 minutes coating TiO,. The dense array of ZnO/TiO- 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/TiO, core-shell nanorods with large surface area were successfully fabricated by
coating nanostructured pure anatase phase TiO; films onto the surface of ZnO nanorods by mist

chemical vapor deposition method.
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Chapter 1

Introduction

1.1 Basic properties of TiO,

Titanium dioxide (TiO) is a metal oxide semiconductor with wide direct bandgap around 3.2
eV [1]. Recently, TiO- have attracted considerable interest because of their outstanding properties,
such as chemical stability, electrical and optical properties, especially a wide band gap of around
3.2eV[1-2].

TiO; naturally crystallizes in three phases, which were known as rutile, anatase and brookite.
The structures of three phases TiO, were shown in Fig. 1.1 [3]. As shown in Fig. 1.1, rutile phase
and anatase phase TiO, showed a tetragonal structure, and brookite phase TiO, showed an
orthorhombic structure. The thermal stability of brookite phase TiO; is poorer than anatase phase
and rutile phase TiO», which limits the application of brookite phase TiO.. In addition, brookite
is the most difficult TiO, phase to fabricate in thin-film form [4,5]. Compared with rutile phase
TiO; films, anatase phase TiO; has greater sensitivity to H, and volatile organic compound gases

than rutile phase TiO- [6,7].

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



1.2 Introduction of TiO; 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, TiO, based
gas sensor is favored due to its fast response, high gas sensitivity, long lifetime, excellent chemical
stability, and low cost. TiO, shows an extensive gas sensitivity to both oxidative gases (NOz, O2)
and reductive gases (Hz, H.S, NHs, CO, VOCs). Normally, the microscopic reactions between
these gases and TiO; 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 TiO;

based gas sensors can be explained by the following processes.

Fig. 1.2 TiO; tubular nanostructures prepared by different methods [8].



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

When the TiO; 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 TiO, 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 TiO; grains will cause
a barrier for carrier transport between the grains, which will decrease the conductivity of TiO-
film.

When the TiO; 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 TiO.. Therefore,
the thickness of depletion layer will be reduced and the band bending will be released. As a result,
the conductivity of TiO- film will be improved. When the TiO: 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 TiO; films can be easily converted to resistance signal. Thus, the
oxidative gases and reductive gases can be detected by analyzing the resistance signal of TiO;

films.

1.3 Fabrication issues of TiO, thin film based gas sensors

Hitherto, anatase phase TiO> 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 TiO; thin films obtained by these methods are mostly a mixture of anatase and rutile
phase TiO; [21-26]. Although there are some reports on fabricating pure anatase phase TiO, films,
their thermal stability is poor [ 14,24,28] due to the presence of (112) surface in anatase phase TiO»
[27-31], which limits the application of anatase phase TiO; films as sensing material.

Until now, it is still strict issue to obtain pure anatase phase TiO, with good uniformity and
high crystallinity using current synthesis methods [12,20-22,32-38]. Particularly, it is difficult to
fabricate anatase phase TiO; 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 TiO; film is kinetically controlled [1], which means the growth of
anatase phased TiO- film is limited by low decomposition rate of precursor. As a result, the
crystallinity of obtained TiO; 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



TiO; film is limited by the lack of precursor, resulting in a poor thickness uniformity of deposited
TiO; film [21,37,38].

Moreover, for anatase phase TiO», 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
TiOs [39,40]. However, for most anatase TiO» film deposition methods, it is difficult to control
the growth of {001} facets. Thus, the anatase TiO, 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, Fis a dangerous ion, which is corrosive
to the fabrication equipment and harmful to human skin.

In order to fabricate pure anatase phase TiO; 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 TiO; MOS gas sensors.

The present work is improving the state of the art in the anatase phase TiO: 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 TiO-
gas Sensors.

In my research, there are several academic novelties or originalities to improve performance of
TiO; based gas sensor.

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

(2) The mechanism of fabricating anatase phase TiO, films from TTIP by mist CVD was
investigated for the first time. Base on the calculation and investigation, the fabricating
mechanism of TiO, 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 TiOs.



The main work will be discussed in terms of fabrication of anatase phase TiO- thin films with
ethanol as solvent, fabrication of anatase phase TiO, thin films with methanol as solvent, and
fabrication of ZnO nanorods and ZnO/TiO; core-shell nanorods.

Chapter 1: Research background of TiO, 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 TiO; thin films with ethanol as
solvent were investigated in detail.

Chapter 4: Fabrication and characterization of anatase phase TiO: thin films with methanol as
solvent were investigated in detail.

Chapter 5: Fabrication and characterization of ZnO nanorods and ZnO-TiO. core-shell
nanorods by chemical bath deposition and mist CVD method were investigated. The deposition
and characterization of pure anatase TiO; film was also discussed in detail.

Chapter 6: The gas sensitivity of TiO 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

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). TiO; thin films and ZnO-TiO; 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.

Dilution —_)/ >

gas

Fine channel structure

™

Solution

Water R e S Sy e S e \\' """ .
PE film Heater
Ultrasonic transducer

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

In this research, mist CVD was used to fabricate TiO- film and ZnO-TiO; 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.
Silicon oil
s Solution of
Zn(NO;),*6H,0
Water __| - and HMTA
Supporter —] | Substrate

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.

13.56 MHz
Matching Box
Substrate ‘
Glass window
<

TMP
- u
RP
l l —@» Matching Box Af

——  13.56 MHz
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 A incident to a crystal sample

at an angle of 0, X-ray will be diffracted by parallel planes of atoms [5].

nA = 2dsiné (2.1)

where, n is integer that represents the order of the reflection, A is the wavelength of X-ray, d is
the spacing between diffracting planes, 0 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 26-m scanning and employing a Cu Ko, tube (A = 0.154178 nm) radiation (50 kV, 300 mA)
in the range from 20 ° to 40 °. The structural properties of TiO> films and ZnO/TiO- 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 TiO; 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 TiO; 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 OIld 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 TiO; thin films with

ethanol as solvent by mist CVD method

3.1 Introduction

Hitherto, anatase phase TiO, 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 TiO, thin films obtained by these methods are mostly a mixture of anatase and rutile
phase TiO; [10-15]. Although there are some reports on fabricating pure anatase phase TiO,
films, their thermal stability is poor [3,13,17] due to the presence of (112) surface in anatase
phase TiO, [16-20], which limits the application of anatase phase TiO> films as sensing material.

Moreover, it is still strict issue to obtain pure anatase phase TiO, with good uniformity and
high crystallinity using current synthesis methods [9-11,21-28]. Particularly, it is difficult to
fabricate anatase phase TiO- 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 TiO> film is
kinetically controlled [1], which means the growth of anatase phased TiO; film is limited by
low decomposition rate of precursor. As a result, the crystallinity of obtained TiO; 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 TiO; film is limited by the lack of precursor,
resulting in a poor thickness uniformity of deposited TiO, film [10,27,28].

In order to fabricate pure anatase phase TiO: 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 TiO; thin films.

In this chapter, the mist CVD method was used to synthesize pure anatase phase TiO- 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 TiO,
film. Therefore, the effects of deposition temperature, TTIP concentration in the solution, film

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

3.2 Effects of deposition temperature on the properties of TiO; 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 TiO, films deposited under different temperatures.
There were no obvious peaks observed in the GIXRD patterns of TiO 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 TiO,, 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 TiO- films during deposition at temperatures from 300 °C to 400 °C. The crystallinity
of anatase TiO. film was significantly improved with the increase in temperature. The highest
(101) peak intensity was obtained at 400 °C, which suggested that the TiO, films with the best

crystallinity were obtained at this temperature.
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—3502€
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Fig. 3.1 XRD patterns of TiO; films deposited under different temperatures using the mist CVD method.

To confirm the uniformity, the TiO, films deposited under different temperatures were
imaged by AFM, as shown in Fig. 3.2. It was clearly observed that the TiO 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 TiO; 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 TiO; 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 TiO; 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(0C3H,), — Ti0, + 4C;Hg + 2H,0 (3.1)

Ti(0C5H,), + 2H,0 > TiO, + 4C5H,0H (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 H,O [34].
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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 H>O 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 TiO; 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(—E,/RT) (3.3)

where A is the frequency factor, E, 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 (ki) 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 ks and k, increased with an increase in temperature. When the deposition
temperature was 250 °C, k, was lower than ky, 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, k, showed a faster growth speed than that of ks. When the temperature was
lower than 274.56 °C, ki was higher than kp. When the temperature was greater than 274.56 °C,
ko was higher than ks, which suggested that the TiO- 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 TiO; 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 TiO; films.

To investigate the effect of TTIP concentration in solution of precursor on the structural
properties of the TiO; thin films, the optimized temperature of 400 °C was selected for further

investigation on TTIP concentration dependence.
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Fig. 3.4 Mechanism of TiO- films deposition during the mist CVD process.

3.2.3 Summary

Pure anatase phase TiO. films have been fabricated using the mist CVD method. The effects
of deposition temperature on the structural properties of TiO, films were investigated. The
crystallinities of TiO> films were significantly improved by increasing deposition temperature.
Pure anatase phase TiO- films with good uniformity were obtained from 300 °C to 400 °C. The
roughnesses of all TiO- 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 TiO; 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 TiO, 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 TiO; 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 TiO; films deposited at different TTIP concentrations are shown in Fig.
3.5. In the top view images, intertwined TiO; nanosheets with good uniformity were observed.
It was found that the aspect ratio of TiO, 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 TiO, nanosheets first increased and then decreased, while the variation tendency of
width was contrary to that of length. The highest aspect ratio of TiO, 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 TiO; 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 TiO, 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 TiO, nanosheets.

The AFM images of TiO; films deposited with different TTIP concentrations by mist CVD
were shown in Fig. 3.7. It was clearly observed that the TiO; 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 TiO; films were less than 10 nm regardless of
TTIP concentration variation. The lowest surface roughness of TiO; film was obtained with a
TTIP concentration of 0.40 mol/L, and the highest surface roughness of TiO; film was obtained

with a TTIP concentration of 0.30 mol/L.

Z|nm|
100.0

Fig. 3.7 AFM images of TiO: 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 TiO- films deposited with different TTIP concentrations.

TTIP concentration (mol/L)

Surface roughness (nm)

0.05
0.10
0.20
0.30
0.40

8.93
8.37
6.19
941
6.13

Figure 3.8a shows the GIXRD patterns of TiO; 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 TiO,, which suggested that

pure anatase phase TiO; 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.
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Fig. 3.8 GIXRD results of TiO- films deposited with different TTIP concentrations by mist CVD.
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((a) GIXRD patterns of TiO; films; (b) (101) peak intensity and FWHM of TiO; films).

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

maximum (FWHM) of TiO- 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 TiO> 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

TiO; 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 TiO; in these directions. Consequently,
the preferred growth of TiO; 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 TiO,. 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 TiO 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, and Ti 2ps,. peaks of
Ti*, and the peak ranged from 458.3 eV to 459.0 eV corresponded with the Ti 2ps. peaks of
Ti*,

34



——0.05 mol/L. —0.05 mol/L "
——0.10 mol/T. Ols (O-Ti-0) ——0.10molL T 2p,,
/ —_— i, Ti
—020molL. (35 (Ti-OH 0.20 mol/L
el O N DaeY ——0.30 mol/L
——0.40 mol/L,

458.3 ¢V

464.0 eV

4643 eV

Intensity (a.u.)
Intensity (a.u.)

464.4 ¢V

459.0 eV

464.8 eV

1 1 1 1 1 1 1 it 1 1 1 ! 1 1 1 1

540 538 536 534 532 530 528 526 524 522 470 468 466 464 462 460 458 456 454 452
Binding energy (eV) Binding energy (eV)
(a) (b)

Fig. 3.9 High-resolution XPS spectra of TiO, films deposited with different TTIP concentrations by mist
CVD. ((a) O 1s; (b) Ti 2p).

The Raman spectra of TiO; 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™! and
638 cm! corresponded with the Big mode and Eq mode of anatase phase TiO- respectively. The
peak at 514 cm™' was a doublet of the A14 and B1g modes of the anatase phase TiO.. All of the
peaks corresponded with the anatase phase TiO-, which indicated all of the deposited TiO- films
were pure anatase phase. This result was in agreement with that of the GIXRD measurement.

The transmission spectra of TiO, films deposited with different TTIP concentrations by mist
CVD is shown in Fig. 3.11. The transmittance of TiO; 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 TiO; films in the visible region.
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Fig. 3.10 Raman spectra of TiO- films deposited with different TTIP concentrations by mist CVD.
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Fig. 3.11 Transmittance of TiO, films deposited with different TTIP concentrations by mist CVD.

3.3.3 Summary

Pure anatase phase TiO- films were fabricated under different TTIP concentrations by mist
CVD method. The effects of TTIP concentration on the structural properties of TiO, films were
investigated. When the TTIP concentration increased from 0.05 mol/L to 0.40 mol/L, the aspect
ratio of TiO, nanosheets first increased then decreased. The highest aspect ratio of TiO-

nanosheets was obtained at a TTIP concentration of 0.20 mol/L. The deposition rate of TiO;
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films had the same variation tendency with aspect ratio. The roughnesses of all TiO; films were
less than 10 nm regardless of TTIP concentration variation. The crystallinity of TiO> 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 TiO, 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, TiO, thin film was deposited on glass substrate
in the reaction chamber. TiO; 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 TiO; 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 TiO,. 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 TiO; films increases with the increasing of film thickness and TiO; preferred to
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grow in the (101) direction.
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Fig. 3.12 GIXRD patterns of TiO films with different thicknesses deposited by mist CVD.

Figure 3.13 shows the Raman spectra of TiO films with different thicknesses deposited by
mist CVD. Three peaks are observed in the Raman spectra. The peaks at 398 cm™ and 638 cm®
L are corresponding to the B1y mode and Eq mode of anatase phase TiO, respectively. The peak
at 514 cm? is a doublet of the Aig and Big modes of the anatase phase TiO.. No peaks of the
rutile or brookite phase TiO; are observed in the Raman spectra. It indicates the TiO; 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 TiO- films increases gradually.

Figure 3.14 shows the AFM images of TiO; 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 TiO, films with different thicknesses are
uniform. With the thickness increasing from 100 nm to 500 nm, the RMS roughness of TiO;
film shows tendency of increase. This is because the TiO, preferred to grow in (101) direction.

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

() (e)
Fig. 3.14 AFM images of TiO; 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 TiO- films with different thicknesses.

Film thickness (nm) Surface roughness (hm)
100 3.89
200 3.73
300 6.00
400 7.67
500 7.12
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The transmission spectra of TiO; films with different thicknesses deposited by mist CVD is
shown in Fig. 3.15. It is found that the transmittance of TiO; films in the visible region is almost

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

region.
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Fig. 3.15 Transmittance of TiO: films deposited with different thicknesses by mist CVD.

3.4.3 Summary

The crystallinity of TiO, films increases with the increasing of film thickness. The
transmittance of all TiO- films is more than 75% in the visible region and almost independent
of film thickness. The surface of obtained TiO, films with different thicknesses are uniform.

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

3.5 Effects of substrate on the properties of TiO, thin films
3.5.1 Experimental

In order to investigate the effect of substrates on structural and optical properties of TiO;
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. TiO 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 TiO; 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 TiO.. All of the diffraction peaks were identified and
corresponded to the anatase phase of TiO, (JCPDS 21-1272). This result suggests pure anatase
phase TiO; 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 TiO; 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 TiO, 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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where | is the intensity of each diffraction peak from measured sample; lo 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.
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Fig. 3.16 GIXRD results of TiO- films deposited on different substrates by mist CVD.
((a) GIXRD patterns of TiO: films; (b) GIXRD intensity of TiO2 films).

The TC value of TiO 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 TiO; film was influenced
by the substrates. The TiO, film grown on glass substrate showed the highest TC value and
narrowest FWHM for (101) peak, indicating that TiO- film with best crystallinity was obtained
on glass. The crystallinity of TiO; 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

Texture coefficient

Substrate
(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
GZ0 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 TiO; films deposited on different substrates by mist
CVD. Three peaks were observed in the Raman spectra. The peaks at 398 cm™ and 638 cm™
corresponded to the B1g mode and Eq mode of anatase phase TiO; respectively. The peak at 514
cm* was a doublet of the Aiq and B1g modes of the anatase phase TiO.. However, in the case of
TiO; film on silicon substrate, the anatase peak at 514 cm™ was completely overlapped by a
strong substrate peak (LO phonon line of silicon at 520 cm). There were no peaks of the rutile
or brookite phase TiO; observed in the Raman spectra, which indicated the obtained TiO; films
were pure anatase phase on four kinds of substrates. This result was in a good agreement with
the GIXRD result.

The intensities of Big mode and Eq mode Raman peaks are shown in Fig. 3.17b. The ratio of
By peak intensity to E4 peak intensity was calculated and shown as dash line with point. The
TiO; on quartz glass and silicon showed a greater intensity of Big and Eq peaks than those on
glass and GZO substrates. It is reported that the Raman peak intensity of anatase phase TiO>
has a relationship with the exposed facets. The intensity of Biq peak is proportional to the
number of exposed {001} facets, and the intensity of Eq peak is proportional to the number of
exposed {101} facets [44]. Therefore, the percentage of exposed {001} facets in anatase TiO>
could be compared by the peak intensity ratio of the B.g and Eg peaks.

As shown in Fig. 3.17b, for TiO- film on silicon, the ratio of B1y peak intensity to Eq peak
intensity was higher than other substrates, which suggested that the TiO film obtained on
silicon had a higher percentage of exposed {001} facets. Accordingly, the TiO; 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 TiO; films deposited on different substrates by mist CVD.

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

The surface morphology of TiO; films deposited on different substrates by mist CVD was
evaluated by AFM (the scan area is 2 x 2 pm?). AFM images of TiO, films on different
substrates are shown in Fig. 3.18. As observed in the AFM images, the obtained TiO- 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 TiO; films on all substrates was less than 10
nm, indicating that TiO> films with good uniformity were obtained on all substrates. The surface
area of the TiO; 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 TiO; films deposited on p-type silicon substrate was larger
than that of TiO; films deposited on quartz glass, glass and GZO substrates. Therefore, the TiO>
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.
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Fig. 3.18 AFM images of TiO- films deposited on different substrates by mist CVD.
(@), (e): quartz glass; (b), (f): glass; (c), (g): GZO; (d), (h): silicon).

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

Substrate Surface roughness (nm)  Surface area (um?)
Quartz gass 7.71 4.87
Glass 9.62 4.82
GZO0 8.88 4.85
Silicon 8.18 5.04

Figure 3.19 shows the SEM images of TiO films deposited on different substrates by mist
CVD. In the top view images, intertwined TiO, nanosheets were observed on all substrates. As

shown in the top view images, TiO; 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.

L.

3 .

100 nm

100 nm

Fig. 3.19 SEM images of TiO; 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 TiO, films deposited on different substrates by mist CVD is
shown in Fig. 3.20. The transmittance of TiO, 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 TiO; films in the visible region. The high transmittance of the obtained TiO;
films was due to the good uniformity and vertical nanostructures of TiO; films, as shown in the

SEM results. The TiO; 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.
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Fig. 3.20 Transmittance of TiO; films deposited on different substrates by mist CVD.

3.5.3 Summary

Pure anatase phase TiO, films were synthesized on quartz glass, glass, GZO and p-type
silicon substrates by mist CVD. The TiO: films deposited on all substrates showed the same
dominant (101) growth orientation. The crystallinity of TiO; 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 TiO- films deposited on four kinds of substrates were pure anatase phase,
which was in a good agreement with the GIXRD result. The TiOz thin film deposited on p-type
silicon showed the highest percentage of exposed {001} facets. The TiO, films with good
uniformity were obtained on all of the substrates. The surface area of TiO> films deposited on
p-type silicon substrate was larger than that of TiO- 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 TiO- 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 TiO; 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 TiO> films were investigated.

1) The crystallinities of TiO, films were significantly improved by increasing deposition
temperature. Pure anatase phase TiO- films with good uniformity were obtained from 300 °C
to 400 °C. The roughnesses of all TiO, 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 TiO, nanosheets
was obtained at a TTIP concentration of 0.20 mol/L. The deposition rate of TiO; films had the
same variation tendency with aspect ratio. The roughnesses of all TiO, films were less than 10
nm regardless of TTIP concentration variation. The crystallinity of TiO, 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 TiO; films increases with the increasing of film thickness. The
transmittance of all TiO> films is more than 75% in the visible region and almost independent
of film thickness. The surface of obtained TiO. films with different thicknesses are uniform.
With the thickness increasing, the roughness of TiO- film shows tendency of increase.

4) The TiO; films deposited on all substrates showed the same dominant (101) growth
orientation. The crystallinity of TiO, 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
TiO; films deposited on four kinds of substrates were pure anatase phase, which was in a good
agreement with the GIXRD result. The TiO; thin film deposited on p-type silicon showed the
highest percentage of exposed {001} facets. The TiO, films with good uniformity were obtained
on all of the substrates. The surface area of TiO, films deposited on p-type silicon substrate was
larger than that of TiO, 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 TiO- 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 TiO: thin films with

methanol as solvent by mist CVD method

4.1 Introduction

For anatase phase TiO,, 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
TiO [11,12]. Anatase TiO; films can be synthesized by various methods. However, the well-
controlled growth of pure anatase TiO; thin film is still a critical issue [13-19]. For most anatase
TiO> film deposition methods, it is difficult to control the growth of {001} facets. Thus, the
anatase TiO, 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 TiO. 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 TiO; 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 TiO; 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(0C3H,), + 2H,0 — TiO, + 4C;H,0H (4.1)

Ti(0C3H,), — TiO, + 4C3Hg + 2H,0 (4.2)

The hydrolysis of TTIP was widely used to fabricate TiO, 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 TiO, was the predominant product when TTIP was applied as precursor. Due to the
influence of deposition process, the rutile phase TiO, 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 TiO; 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 TiO, films obtained from hydrolysis and

pyrolysis.
4.2 Effects of film thickness on the properties of TiO, 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, TiO; 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 %. TiO; films with different thicknesses (from 100 nm to500 nm) were

prepared for comparison. The deposition condition of TiO; 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 (°C) 400

Film thickness (nm) 100, 200, 300, 400, 500
Carrier Gas, Flow Rate (L/min) Nz, 2.5

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

4.2.2 Results and discussion

The SEM images of TiO; films deposited with different thicknesses by mist CVVD are displayed
in Fig. 4.1. From the top view SEM images, the TiO; films deposited with different thicknesses
showed good uniformity. When the film thickness increased from 100 nm to 300 nm, the average

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

Fig. 4.1 SEM images of TiO; 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 TiO- films with different thicknesses deposited by mist
CVD. The obtained TiO; 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 x 2 pm?)

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

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

Z|nm|
100.0

Fig. 4.2 AFM images of TiO- 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 TiO; films with different thicknesses.

Film thickness (nm) Surface roughness (nm) Surface area (Um?)
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 TiO; 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 TiO,. With the thickness of TiO, film
increasing from 100 nm to 300 nm, the (101) peak was dominant. When the thickness of TiO>
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.

— 100 nm

* peak of AZO —— 200 nm

— 300 nm

(101) 105 — 400 nm
(004) G0) QI soerim

*
L (204) (215)

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (degree)
Fig. 4.3 GIXRD patterns of TiO: films with different thicknesses deposited by mist CVD.

Figure 4.4 shows the Raman spectra of TiO- films with different thicknesses deposited by mist
CVD. Three peaks are observed in the Raman spectra. The peaks at 396 cm™ and 634 cm™ are

corresponding to the Big mode and Eg mode of anatase phase TiO- respectively. The peak at 514
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cmtis a doublet of the Aiq and B1g modes of the anatase phase TiO,. No peaks of the rutile or
brookite phase TiO, are observed in the Raman spectra. It indicates the TiO; 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 TiO; films increased gradually.
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E ——200 nm

Al +Bl —300 nm
y ——400 nm
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Fig. 4.4 Raman spectra of TiO; films with different thicknesses deposited by mist CVD.

The transmission spectra of TiO; 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 TiO; 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 TiO- films. Due to the relative high surface roughness, the transmittance of TiO;

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

4.2.3 Summary

Pure anatase phase TiO- films with different thicknesses were fabricated with methanol as
solvent by mist CVD. The effects of film thickness on the properties of TiO, films were
investigated. Uniform TiO; films with different thicknesses were obtained. With the thickness
increasing, the roughness and surface area of TiO, film showed tendency of increase. The
crystallinity of TiO; films increases with the increasing of film thickness. With the thickness

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

4.3 Effects of water to methanol ratio on the properties of TiO; 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 TiO. films, the
water-to-methanol volume ratio was set as 0 %, 1 %, 5 %, 10 % and 20 % for comparison. The

TiO- 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 (°C) 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 1x10° mol/L and 70 ml. The size of the anatase TiO, sample was 3x3 cm? The
photon flux of the UV light was 1.11x10° W/cm?. 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 TiO; films deposited under different water-to-methanol ratio by mist CVD
are displayed in Fig. 4.6. The TiO; 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 TiO, films increased.
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Fig. 4.6 SEM images of TiO; 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 TiO- films deposited under different water-to-methanol
ratios by mist CVD. As observed in the AFM images, the TiO, 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 x 2 um?) 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
TiO films changed only slightly as the water-to-methanol ratio decreased from 20 % to 5 %. The
surface roughness of TiO: 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 TiO- 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 TiO- films were obtained with a water-to-methanol
of 0 %. The lowest surface roughness and surface area of TiO, films were obtained with a water-

to-methanol of 5 %.
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Fig. 4.7 AFM images of TiO; 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 TiO; 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 TiO,. All of the
diffraction peaks were identified and corresponding to the anatase phase of TiO, (JCPDS 21-
1272). This result suggested pure anatase phase TiO- 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 TiO: films deposited under different water-to-methanol ratio by mist CVD.

((a) GIXRD patterns of TiO: films; (b) GIXRD intensity of TiO; films).

Table 4.5 Surface roughness and surface area of glass and TiO; films

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

Glass -
20
10

TiO; films 5
1

0

0.31
5.77
6.15
5.49
8.88
10.20

4.01
4.39
4.46
4.38
5.04
5.19

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

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

tand 634 cm are corresponding to the Big mode and Eq mode of anatase phase TiO; respectively.

The peak at 514 cm™ is a doublet of the A14 and B1qg modes of the anatase phase TiO,. There were

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

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

GIXRD result. Compared with other samples, the E4 peak of TiO, 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 TiO; films deposited under different water-to-methanol ratio by mist CVD.

Figure 4.10 shows the transmission spectra of TiO; 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 TiO: 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 TiO» 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 TiO- films. Due to the
relative high surface roughness, the transmittance of TiO; 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 TiO: films deposited under different water-to-methanol ratio by mist CVD.

Figure 4.11 shows the photocatalytic degradation result of MR with TiO> 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 (Eg. (4.3)) [29].

A = Kbc (4.3)

where A is absorbance; K is proportional constant; b is the optical pathlength of standard cell; ¢
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 TiO; 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 TiO; film obtained with a water-to-
methanol of 5 % was lower than that of TiO film obtained with a water-to-methanol of 10 %.
This is attributed to the fact that the TiO; 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 TiO, 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 TiO; films were fabricated with different water-to-methanol ratios by mist
CVD. The effects of water-to-methanol ratio on the properties of TiO; 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 TiO; 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 TiO; films was higher than 70 % in the visible
region. The photocatalytic efficiency of TiO- films showed an increasing trend with the decrease
of the water-to-methanol ratio. The TiO; 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 TiO; films have high potential for photocatalyst applications.

4.4 Conclusions

In this chapter, pure anatase phase TiO; 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 TiO; films were revealed.
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1) Uniform TiO; films with different thicknesses were obtained. With the thickness increasing,
the roughness and surface area of TiO- film showed tendency of increase. The crystallinity of
TiO; films increases with the increasing of film thickness. With the thickness increasing, the
transmittance of TiO; 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 TiO- 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 TiO films was higher than
70 % in the visible region. The photocatalytic efficiency of TiO: films showed an increasing trend
with the decrease of the water-to-methanol ratio. The TiO- 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-TiO; 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 TiO, 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 TiO; 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 TiO 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 TiO, layer by solution method, sol-gel
method and atomic layer deposition [4-6]. However, the phase controlling, thickness controlling
and poor uniformity of TiO; 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 TiO; 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 TiO> film by mist CVD method. The obtained ZnO-
TiO 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 (C¢H12N4, 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(NOs), (mmol/L) 25, 20, 15, 10,5
Concentration HMTA (mmol/L) 125,10,75,5,25

Concentration ratio of Zn(NOs), to NMTA  2:1
Deposition temperature (°C) 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.

300 nm

300 nm

300 nm

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.
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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.

Intensity (a.u.)

400 500 600 700 800 900 1000

Wavelength (nm)

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(NOs), 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),, HMTA
Solvent Ultrapure water

Concentration Zn(NOs), (mmol/L) 15

Concentration HMTA (mmol/L) 75
Deposition temperature (°C) 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.

360 nm

Fig. 5.5 SEM images of ZnO nanorods deposited with different time.
((@) 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.
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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-Ti10, 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(NOs), 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 TiO; 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(NOs3);, HMTA
Solvent Ultrapure water

Concentration Zn(NOs), (mmol/L) 15

Concentration HMTA (mmol/L) 75
Deposition temperature (°C) 95
Deposition time (h) 5
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Table 5.4 Deposition condition of TiO 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) 05,2,5,10,15

5.4.2 Results and discussion

As shown in Fig. 5.8, a schematic model is proposed to describe the mechanism of ZnO/TiO,
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 TiO, particle shells were deposited on the

surface of ZnO nanorods due to the pyrolysis reaction of TTIP at 400 °C [8].
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Fig. 5.8 Mechanism of ZnO/TiO, 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 TiO, for 30 seconds,

2 minutes and 5 minutes. When the TiO; coating time increased to 10 minutes and 15 minutes,

TiO; particles were observed on the surface of

smooth surface of as-deposited ZnO nanorods, the ZnO nanorods coated TiO, for 15 minutes
showed a rough surface with uniform TiO; 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 TiO; particle layers
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Fig. 5.9 SEM images of (a) as-deposited ZnO nanorods and ZnO nanorods coated with TiO, by mist
CVD ((b) 30s; () 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 TiO, 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 TiO; particles. As the electron mobility and chemical
stability are essential attributes of materials, this TiO; shell onto the whole surface of ZnO will
significantly improve the chemical stability of ZnO nanorods and the electron mobility of TiO;

thin films.

Fig. 5.10 The EDS elemental mapping images of ZnO nanorods coated with TiO; 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 TiO, 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 TiO; for 30 seconds and 2 minutes, the intensity of ZnO peaks
between 30 ° and 40 ° decreased, which suggested the growth of TiO, on the surface of ZnO
nanorods. When the TiO 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 TiO; observed from the ZnO nanorods
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coated with TiO; for 30 seconds, 2 minutes and 5 minutes, which might be due to the insufficient
thickness of TiO; layer. A (101) diffraction peak, which corresponded with anatase phase TiOz,
was observed at 2 theta of 25.3 © when the TiO; coating time was increased to 10 minutes and 15
minutes. The intensity of the TiO, (101) diffraction peak increased as the TiO, coating time

increased, which indicated the thickness of TiO- layer had increased.
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Fig. 5.11 GIXRD patterns of as-deposited ZnO nanorods and ZnO nanorods coated with TiO, by mist
CVD.

Figure 5.12 shows the Raman spectra of as-deposited ZnO nanorods and ZnO nanorods coated
with TiO;, by mist CVD. The Raman peaks at 438 cm™ and 582 cm™ were assigned to the En
mode and E; (LO) mode of ZnO respectively. Three more peaks were observed in the Raman
spectrum of ZnO nanorods coated with TiO, under 15 minutes. The peaks at 398 cm?, 639 cm™
and 515 cm* corresponded with the B1g mode, Eq mode and a doublet of the A;q and B1g modes
of anatase phase TiO,, which suggested that the ZnO nanorods were coated with TiO-

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 TiO; film on glass, as-deposited ZnO nanorods and ZnO nanorods coated
with TiO; 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 TiO; for 30 seconds and 2 minutes showed a slight red shift. As
the TiO; 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 TiO; (around 3.2
eV). It was found that PL emission peak of TiO from 400 nm to 700 nm was not observed from
the ZnO nanorods coated with TiO,. This PL quenching of TiO; 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 TiO. After ZnO nanorods was coated with TiO, for 30
seconds, the peak intensity of the visible emission decreased steeply. As the TiO; 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/TiO- core-shell nanorods
was obtained with a TiO; coating time of 10 minutes. The curve fitting of visible emission of ZnO
nanorods coated TiO, 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 TiO; film on glass, as-deposited ZnO nanorods and ZnO nanorods coated with
TiO, by mist CVD; (b) PL spectra curve fitting of as-deposited ZnO nanorods; (c) PL spectra curve fitting

of ZnO nanorods coated with TiO; 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 TiO,. 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 TiO;
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 TiO-
coating time increased from 30 seconds to 15 minutes.

The bandgap (Eg) of as-deposited ZnO nanorods and ZnO nanorods coated with TiO- could be
obtained from the transmittance and absorbance of ZnO nanorods using the following equations

[29]:

(ahv)? = A(hv — Ey) (5.1)
1 1
o= Eln (7) (5.2)

where a is the absorption coefficient, hv the incidence photon energy, A a constant, d the film
thickness, and T the transmittance. As shown in Fig. 5.14b, a plot of (chv)? as a function of hv
was made to determine Eg by linear fitting. After fitting, the Eq of as-deposited ZnO nanorods was
around 3.34 eV, which corresponded with the band gap of bulk ZnO (3.37 eV). The Eg4 of
ZnOITiO; core-shell nanorods was around 3.28 eV, which corresponded with the band gap of

anatase phase TiO; (3.2 eV).

87



100

3.0
L (a) - (b)
i 2.5+
— Before coating
& ‘g 20F —30s
= 60k o2 —— 2 mi
g 60 Before coating 2% - i 5 iEiE
= 30s o 19 ——10min
Z 40t ? min g —— 15 min
< =211 =
8 1.0
&= —— 10 min -::ZZ
—— 15 min
20r 0.5
0 1 1 1 0.0 1 1
300 400 500 600 700 800 3.0 3.1 3.2 3.3 3.4 3.5
Wavelength (nm) hv (eV)
Fig. 5.14 (a) Transmission spectra of as-deposited ZnO nanorods and ZnO nanorods coated with TiO; by
mist CVD; (b) Variation of (ahv)? of the as-deposited ZnO nanorods and ZnO nanorods coated with TiO;
as a function of the photon energy (hv).
5.4.3 Summary

Well-arrayed ZnO/TiO, core-shell nanorods had been successfully fabricated on AZO
substrate. It was found that mist CVD was a successful method for coating TiO- thin layers on
the ZnO nanorods. The TiO; shells on ZnO nanorods were confirmed as pure anatase phase. The
surface area of ZnO nanorods was significantly increased with increase in TiO; coating time. The
transmittance of ZnO nanorods decreased from 75 % to 65 % after 15 minutes coating TiO,. The
well-arrayed ZnO/TiO, 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/TiO, 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 TiO- film coating time
on the properties of ZnO/TiO; 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 TiO 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 TiO, coating time. The transmittance of ZnO nanorods
decreased from 75 % to 65 % after 15 minutes coating TiO>. The well-arrayed ZnO/TiO; 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.

89



5.6 References

[1]

[2]

3]

[4]

(5]

(6]

[7]

(8]

[9]

M.V. Baryshnikova, L.A. Filatov, A.S. Petrov, S.E. Alexandrov. CVD deposited titania thin
films for gas sensors with improved operating characteristics. Chem. Vap. Depos. 21 (2015) 327-
333.

M. Epifani, A. Helwig, J. Arbiol, R. Diaz, L. Francioso, P. Siciliano, G. Mueller, J.R. Morante.
TiO, thin films from titanium butoxide: Synthesis, Pt addition, structural stability,
microelectronic processing and gas-sensing properties. Sens. Actuator B 130 (2008) 599-608.
E. Sennik, N. Kilinc, Z.Z. Ozturk. Electrical and VOC sensing properties of anatase and rutile
TiO2 nanotubes. J. Alloys Compd. 616 (2014) 89-96. .

R. Zhao, L. Zhu, F. Cai, Z. Yang, X. Gu, J. Huang, L. Cao. ZnO/TiO; core-shell nanowire arrays
for enhanced dye-sensitized solar cell efficiency. Appl. Phys. A Mater. Sci. Process. 113 (2013)
67-73.

G.K.L. Goh, H.Q. Le, T.J. Huang, B.T.T. Hui. Low temperature grown ZnO@TiO- core shell
nanorod arrays for dye sensitized solar cell application. J. Solid State Chem. 214 (2014) 17-23.
L.E. Greene, M. Law, B.D. Yuhas, P. Yang. ZnO-TiO; core-shell nanorod/P3HT solar cells. J.
Phys. Chem. C 111 (2007) 18451-18456.

T. Kawaharamura, K. Mori, H. Orita, T. Shirahata, S. Fujita, T. Hirao. Effect of O; and aqueous
ammonia on crystallization of MgO thin film grown by mist chemical vapor deposition. Jpn. J.
Appl. Phys. 52 (2013) 035501.

Q. Zhang, C. Li. Pure anatase phase titanium dioxide films prepared by mist chemical vapor
deposition. Nanomaterials 8 (2018) 827.

Q. Zhang, C. Li. Effect of substrates on structural properties of pure anatase phase titanium
dioxide thin films prepared by mist chemical vapor deposition. ECS J. Solid State Sci. Technol.
7 (2018) P654-P659.

[10] S.E. Ahn, J.S. Lee, H. Kim, S. Kim, B.H. Kang, K.H. Kim, G.T. Kim. Photoresponse of sol-gel-

synthesized ZnO nanorods. Appl. Phys. Lett. 84 (2004) 5022-5024.

[11] T. Okada, B.H. Agung, Y. Nakata. ZnO nano-rods synthesized by nano-particle-assisted pulsed-

laser deposition. Appl. Phys. A 79 (2004) 1417-1419.

[12] X. Liu, X. Wu, H. Cao, R.P.H. Chang. Growth mechanism and properties of ZnO nanorods

synthesized by plasma-enhanced chemical vapor deposition. J. Appl. Phys. 95 (2004) 3141-3147.

[13] A. Yengantiwar, R. Sharma, O. Game, A. Banpurkar. Growth of aligned ZnO nanorods array on

ITO for dye sensitized solar cell. Curr. Appl. Phys. 11 (2011) S113-S116.

[14] S. Chu, D. Li, P.-C. Chang, J.G. Lu. Flexible dye-sensitized solar cell based on vertical ZnO

nanowire arrays. Nanoscale Res. Lett. 6 (2011) 38.

90



[15] V.-M. Guérin, J. Rathousky, T. Pauporté. Electrochemical design of ZnO hierarchical structures
for dye-sensitized solar cells. Sol. Energy Mater. Sol. Cells 102 (2012) 8-14.

[16] M. Thambidurai, N. Muthukumarasamy, D. Velauthapillai, C. Lee. Chemical bath deposition of
ZnO nanorods for dye sensitized solar cell applications. Journal of Materials Science: Materials
in Electronics 24 (2013) 1921-1926.

[17] G.R. Patil, R.S. Gaikwad, M.B. Shelar, R.S. Mane, S.H. Han, B.N. Pawar. Role of concentration
and temperature on well-aligned ZnO nanorod by low-temperature wet chemical bath deposition
method. Archives of Physics Research 3 (2012) 401-406.

[18] X. Li, C. Li, T. Kawaharamura, D. Wang, N. Nitta, M. Furuta, H. Furuta, A. Hatta. Influence of
substrates on formation of zinc oxide nanostructures by a novel reducing annealing method.
Nanosci. Nanotechnol. Lett. 6 (2014) 174-180.

[19] X. Li, C. Li, S. Hou, A. Hatta, J. Yu, N. Jiang. Thickness of ITO thin film influences on
fabricating ZnO nanorods applying for dye-sensitized solar cell. Compos. Part B Eng. 74 (2015)
147-152.

[20] S. Hou, C. Li. Aluminum-doped zinc oxide thin film as seeds layer effects on the alignment of
zinc oxide nanorods synthesized in the chemical bath deposition. Thin Solid Films 605 (2016)
37-43.

[21] S. Hou, C. Li. Fabricated ZnO Nanorods on transparent conductive Ga-Doped ZnO film as
photoanodes applying for dye-sensitized solar cell. Nanosci. Nanotechnol. Lett. 8 (2016) 561-
566.

[22] C. Li, T. Kawaharamura, T. Matsuda, H. Furuta, T. Hiramatsu, M. Furuta, T. Hirao. Intense green
cathodoluminescence from low-temperature-deposited ZnO film with fluted hexagonal cone
nanostructures. Appl. Phys. Express 2 (2009) 091601.

[23] C.T. Lee. Fabrication methods and luminescent properties of ZnO materials for light-emitting
diodes. Materials (Basel) 3 (2010) 2218-2259.

[24] Y. Liang, S. Wicker, X. Wang, E.S. Erichsen, F. Fu. Organozinc precursor-derived crystalline
ZnO nanoparticles: synthesis, characterization and their spectroscopic properties. Nanomaterials
8 (2018) 22.

[25] S. Vijayalakshmi, S. Venkataraj, R. Jayavel. Characterization of cadmium doped zinc oxide (Cd:
ZnO0) thin films prepared by spray pyrolysis method. J. Phys. D: Appl. Phys. 41 (2008) 245403.

[26] L. Saikia, D. Bhuyan, M. Saikia, B. Malakar, D.K. Dutta, P. Sengupta. Photocatalytic
performance of ZnO nanomaterials for self sensitized degradation of malachite green dye under
solar light. Appl. Catal. A Gen. 490 (2015) 42-49.

[27]1 Y. Mi, Y. Weng. Band alignment and controllable electron migration between rutile and anatase
TiO,. Sci. Rep. 5 (2015) 1-10.

[28] S.A.M. Lima, F.A. Sigoli, M. Jafelicci Jr, M.R. Davolos. Luminescent properties and lattice
correlation defects on zinc oxide. Int. J. Inorg. Mater. 3 (2001) 749-754.

91



[29] R.S. Reddy, A. Sreedhar, A.S. Reddy, S. Uthanna. Effect of film thickness on the structural
morphological and optical properties of nanocrystalline ZnO films formed by RF magnetron
sputtering. Adv. Mater. Lett. 3 (2012) 239-245.

92



Chapter 6

Gas sensitivity characterization of TiO: thin films

6.1 Introduction

In chapter 3 and chapter 4, pure anatase phase TiO; 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 TiOz thin films to ethanol vapor
was investigated.

As a typical n-type semiconductor, TiO; shows an extensive gas sensitivity to both oxidative
gases and reductive gases. When TiO: 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 TiO 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 TiO- 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 TiO, conduction band and
form O~ and O? 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 TiO, conduction band, which increases the
electron density. In other words, in this process step the reductant transfers electrons to the

oxidant TiO,. The detailed explanation of this reduction reaction is shown as Equation (6.4) [1].

0,(gas) + e~ < 0, (adsorption) (6.1)
%02 + e~ o 07 (adsorption) (6.2)
%02 + 2e~ o 0? (adsorption) (6.3)
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X + 0% o X'+ e (6.4)

where X is the target gas, X' the gas after the reaction, & 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 TiO, nanosheet. This oxidation step leads to a decrease in the electron density (lose
of electrons) on the exposed active TiO; surface, which will cause the formation of depletion
layer on the surface. The band bending on TiO. surface will bring a barrier for carrier transport

between the particles, which will cause the decrease of film conductivity.
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Fig. 6.1 Schematic depiction of the sensing mechanism of TiO, 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 TiO, surface, thereby
reducing the oxygen ions and causing a transfer of electrons back to the TiO, conduction band.
Following this process step, the electron (majority carrier in TiOz) 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 TiO; nanosheets surface

is exposed to oxygen and ethanol vapor.

Figure 6.3 shows a TiO; gas sensor after exposure to ethanol vapor. Initially TiO, gas sensor
was heated in air to form oxygen negative ions on the surface, which causes the change in
resistance. The TiO; 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 TiO- 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 TiO, 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 TiO, sensor upon exposure to the reducing gas.

6.2 Experimental

Pure anatase phase TiO- thin films were fabricated on p-type silicon substrates with different
TTIP concentrations. The deposition condition of TiO 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:

Rair - Rgas

Response =
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 TiO, 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 TiO; film was
almost same. With the working temperature increased 200 °C to 320 °C, the ethanol vapor
sensitivity of TiO> film first increased then decreased, and the highest sensitivity of TiO 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.
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Fig. 6.4 Gas sensitivity measurement result (with different working temperatures) of TiO» 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 TiO- film deposited with a TTIP concentration of 0.40 mol/L. The TiO- 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 TiO; 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 TiO; films deposited with different TTIP concentrations. With TTIP
concentration increased from 0.05 mol/L to 0.10 mol/L, the sensitivity of TiO, film increased.

With TTIP concentration increased from 0.10 mol/L to 0.20 mol/L, the sensitivity of TiO; film
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increased slightly. With TTIP concentration increased from 0.20 mol/L to 0.30 mol/L, the
sensitivity of TiO; film decreased dramaticly. With TTIP concentration increased from 0.30
mol/L to 0.40 mol/L, the sensitivity of TiO- film increased to the same level as that of TiO- film

deposited with a TTIP concentration of 0.05 mol/L.
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Fig. 6.5 Gas sensitivity measurement result (with a working temperature of 320 °C) of TiO; films
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deposited with a TTIP concentration of 0.40 mol/L.
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Fig. 6.6 Gas sensitivity measurement result (with a working temperature of 300 °C) of TiO; films
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deposited with different TTIP concentrations.
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6.4 Conclusions

The ethanol vapor sensitivity of TiO; at different working temperatures was investigated.
With the working temperature increased from 100 °C to 320 °C, the ethanol vapor sensitivity
of TiO; film first increased then decreased. The TiO film deposited with different TTIP
concentrations showed the same optimum working temperature of 300 °C. Compared with other
samples, the TiO, 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

In this thesis, the fabrication of pure anatase phase TiO- thin films in applications of gas sensors
was investigated to solve the shortcomings and technical challenges in current state-of-the-art TiO.
gas sensors.

Pure anatase phase TiO- 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 TiO,, TiO, films were coated
onto ZnO nanorods to fabricate ZnO/TiO- core-shell nanostructures.

The main conclusions of this thesis were summarized as followed:

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

In this part, pure anatase phase TiO; 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 TiO; films were investigated.

The crystallinities of TiO- films were significantly improved by increasing deposition temperature.
Pure anatase phase TiO: films with good uniformity were obtained from 300 °C to 400 °C. The
roughnesses of all TiO, 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 TiO,
nanosheets first increased then decreased. The highest aspect ratio of TiO, nanosheets was obtained
at a titanium tetraisopropoxide concentration of 0.20 mol/L. The deposition rate of TiO- films had the
same variation tendency with aspect ratio. The roughnesses of all TiO; films were less than 10 nm
regardless of TTIP concentration variation. The crystallinity of TiO, 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 TiO, films increases with the increasing of film thickness. The transmittance
of all TiO; films is more than 75% in the visible region and almost independent of film thickness. The
surface of obtained TiO, films with different thicknesses are uniform. With the thickness increasing,
the roughness of TiO- film shows tendency of increase.
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The TiO; films deposited on all substrates showed the same dominant (101) growth orientation.
The crystallinity of TiO; 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 TiO; films deposited on
four kinds of substrates were pure anatase phase, which was in a good agreement with the GIXRD
result. The TiO- thin film deposited on p-type silicon showed the highest percentage of exposed {001}
facets. The TiO- films with good uniformity were obtained on all of the substrates. The surface area
of TiO; films deposited on p-type silicon substrate was larger than that of TiO; 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 TiO; films on quartz glass, glass and GZO

substrates was higher than 75% in the visible region.

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

In this part, pure anatase phase TiO; 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 TiO; films were investigated.

Uniform TiO; films with different thicknesses were obtained. With the thickness increasing, the
roughness and crystallinity of TiO- film showed tendency of increase. The of TiO- films increases
with the increasing of film thickness. With the thickness increasing, the transmittance of TiO. 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 TiO; 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 TiO, films was higher than 70 % in the visible region. The
photocatalytic efficiency of TiO; film showed an increasing trend with the decrease of the water-to-
methanol ratio. The TiO, 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 TiO- films with different thicknesses were obtained. With the thickness increasing, the
roughness and crystallinity of TiO. film showed tendency of increase. The of TiO, films increases
with the increasing of film thickness. With the thickness increasing, the transmittance of TiO; films
decreased from around 80 % to around 65 % gradually.
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3. Fabrication of ZnO nanorods and ZnO/TiO; core-shell nanorods.

In this part, well-arrayed ZnO nanorods and well-arrayed ZnO/TiO, 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 TiO; film coating time on the properties of
ZnQOITiO; 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 %.

TiO; layer was successfully coated on ZnO nanorods. The TiO; 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 TiO>
coating time. The transmittance of ZnO nanorods decreased from 75 % to 65 % after 15 minutes
coating TiO2. The well-arrayed ZnO/TiO; 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 TiO; thin films

In this part, the sensing properties of TiO, 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 TiO; film first increased then decreased. All of TiO; films showed the
same optimum working temperature of 300 °C regardless of TTIP concentration variation. The TiO;

deposited with a TTIP concentration of 0.20 mol/L showed optimum sensitivity to ethanol vapor.
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