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Abstract

Fabrication of zinc oxide based thin films and nanostructures for photocatalytic
applications

In past several decades, photocatalysis has become crucial for tackling environmental
issues by efficiently breaking down harmful chemical pollutants and microorganisms. Recently,
there has been great interest in the potential of metal oxides primarily based on zinc oxide (ZnO)
for photodegradation. This can be attributed to their distinctive properties, involving a direct
wide bandgap (3.37 eV), large exciton binding energy (60 meV) at room temperature.

The efficiency of ZnO in photocatalysis is greatly influenced by its surface morphology,
wherein modifications of ZnO nanostructures, such as spheres, rods, tubes, and needles, play a
pivotal role in improving photodegradation performance. Notably, in the ZnO crystal growth,
the orientation along the (0001) crystal plane exhibits remarkable activity in photodegradation,
because of its high surface energy and polar character of the (0001) crystal plane of ZnO. This
polar facet enables efficient degradation of organic contaminants, thus leading to improved
photocatalytic efficiency. Additionally, controlling the growth of large surface area is crucial,
as it enhances the ability to absorb chemical reactants from the degradation process, facilitating
the high production of reactive oxygen species (ROS) and contributing to improve the
photodegradation efficiency.

Nevertheless, the rapid recombination rate of ZnO photogenerated charge carriers can
weaken the photodegradation efficiency. Strategies to mitigate this recombination include
surface modification, defects introducing, or incorporating transition metals by doping. Among
these, aluminum (Al) doping has demonstrated promise in reducing electron-hole
recombination rates. Various methods, such as atomic layer deposition, direct current or radio
frequency magnetron sputtering, chemical vapor deposition, spray pyrolysis, and sol-gel
processes, have been employed to introduce Al into ZnO films. Nevertheless, challenges persist
in controlling the morphology, growth orientation, and cost-effectiveness of AZO films.

In this content, mist chemical vapor deposition has attracted interests due to its advantages,
involving high uniformity, reproducibility, simplicity, controllability, and cost-effectiveness.
In our prior success in depositing titanium dioxide films using this method, we plan to use the
mist chemical vapor deposition process to deposit AZO thin films, exploiting on its potential
for efficient photocatalysis. Addressing the challenge of growth direction and surface area, we
propose a novel hybrid approach that combines radio frequency magnetron sputtering with mist



chemical vapor deposition. This synergistic technique aims to fabricate AZO films with
controlled crystal growth orientation with a large surface area, thereby enhancing their
performance in photocatalytic applications.

In summary, this research aims to contribute the photodegradation efficiency of ZnO by
several innovative points:
1. Deposition of highly uniform ZnO films with varying thicknesses using mist chemical vapor
deposition.
2. Fabrication of AZO films with different Al doping ratios by mist chemical vapor deposition
to reduce the electron-hole pairs recombination rate. Investigation of the resultant
photocatalytic efficiency.
3. Controlling the growth and crystallinity of AZO films via sputtered AZO seed layers with
varying Al doping ratios through mist chemical vapor deposition. Investigation of the resultant
photocatalytic efficiency.
4. Fabrication of well-aligned ZnO nanorods with different growth conditions through chemical
bath deposition to enhance surface area and (0001) crystal plane exposure. Investigation of the
resultant photocatalytic efficiency.
5. Fabrication of AZO/ZnO core-shells nanorods using mist chemical vapor deposition to
reduce the recombination rate of electron-hole pairs and enhance the surface area to improve

the generation rate of ROS species. Investigation of the resultant photocatalytic efficiency.

1. Fabrication of high uniformity ZnO thin films

To improve the photodegrading efficiency of ZnO-related thin films, we applied a novel
mist chemical vapor deposition method to fabricate ZnO thin films with remarkable uniformity
and high crystallinity. We systematically investigated the effect of varying film thicknesses on
the characteristics of resulted ZnO thin films.

Resulting ZnO films exhibited a consistent and uniform surface. Despite this, an
observable trend emerged as the average grain size was significantly increased with the
thickness increasing from 300 nm to 750 nm. Moreover, the structure of the obtained ZnO
films displayed an obvious improvement, with the emergence of a more defined columnar
structure at high thicknesses. As the thickness increased from 300 nm to 750 nm, there was a
clear enhancement in the crystalline quality observed in the direction of (002) growth. The high
crystallinity was achieved at the 750 nm-thick ZnO film. The ZnO films with high crystallinity



are expected to improve the photodegradation efficiency.

Furthermore, the increased film thickness significantly influenced the optical properties of
the ZnO thin films. As thickness increased, there was a corresponding increase in optical
transmittance. This increase in optical transmittance further enhances the potential of these ZnO
thin films for effective photocatalysis.

In summary, through the innovative mist chemical vapor deposition method, we
successfully fabricated ZnO thin films which was characterized by exceptional uniformity, high
crystalline quality, and high transmittance. These developments established the improvement
of ZnO-based photocatalytic efficiency, and offered the promising prospects for various
applications.

2. Fabrication of aluminum doped zinc oxide thin films with varied aluminum ratios

In order to minimize the recombination rate of electron-hole pairs for ZnO, AZO films
were fabricated on glass substrates using mist chemical vapor deposition method. We focused
on investigating the influence of varying Al doping ratios, ranging from 1 wt% to 5 wt%, on
the structural, optical and photocatalytic properties of the AZO films.

From XRD analysis, a significant diffraction peak corresponding to the (101) crystal plane
was observed for AZO films exhibiting with increasing of Al ratios to 3 wt%. Significantly, the
alteration of Al/Zn ratios caused a significant effect on the structural development of the AZO
films. Specifically, a distinctive intertwined nanosheet morphology emerged under conditions
where the ratios of Zn/O exceeded the ratios of Al/O, with a deposition temperature at 400 °C.

Within the visible range, the high transmittance of over 85% was achieved for all AZO
films. Significantly, 2 wt% Al-doped ZnO film displayed the most pronounced photocatalytic
effectiveness within the 475 nm to 700 nm wavelength range with high degradation reaction
rate of 0.004 min~L. In order to study the underlying relationship of AZO films with varied Al
doping ratios during mist chemical vapor deposition process, the growth mechanism was

revealed in this section.

3. Controlling the growth orientation and surface area of AZO films with different AZO

seeds layer

We present a hybrid methodology combining the mist chemical vapor deposition with
iii



radio frequency magnetron sputtering to fabricate AZO films with adjustable growth orientation

and crystallinity. Here is a breakdown of the proposed method:

1. Radio frequency magnetron sputtering for AZO seed layer deposition: We initiated the
process by employing a radio frequency magnetron sputtering system to deposit a 300 nm-thick
AZO film onto a glass substrate. Two different AZO targets were utilized for comparison: one
with a 2 wt% aluminum (AZO-2wt%) and the other with 5 wt% aluminum (AZO-5wt%).

2. In addition, we utilized the as-deposited AZO films with different Al ratios of 2 wt% and
5wit% as distinct seed layers for the further deposition of 300 nm-thick AZO films using the

mist chemical vapor deposition process.

The pivotal role of crystallinity in the AZO seeds layers was revealed after radio frequency
magnetron sputtering process, as it influenced the growth direction of AZO films. After the
mist chemical vapor deposition process, the obtained AZO films achieved the growth
orientation in the (0001) crystal plane, corresponding to the under-deposited AZO seed layer.
In particular, the low lattice mismatch between the obtained AZO films and the as-deposited
AZO seed layer facilitated the improvement of a more columnar structure. The high
photodegradation efficiency with high degradation rate of 0.0043 min-‘was achieved from the
AZO film deposited on the AZO-5wt%.

4. Synthesis of ZnO nanorods by chemical bath deposition method

In this part, we applied the chemical bath deposition method to grow high vertically
alignment ZnO nanorods on an AZO seeds layer. The structural, optical, and photocatalytic
properties attributes of the obtained ZnO nanorods were conducted, with particular attention
given to various growth reaction times.

It emerged that the growth direction of AZO seeds layer was notably influenced on the
growth orientation of the ZnO nanorods. Interestingly, as the duration of the reaction is
extended, there is an observed enhancement in the crystallinity of ZnO nanorods. It indicates
that the length of the ZnO nanorod increases with the growth rate in the c-axis orientation. The
most remarkable result was observed with ZnO nanorods grown for 5 hours, resulting in the

longest nanorods with the highest crystallinity.



This study further highlighted that extending the growth reaction time from 1 hour to 5
hours had a direct impact on improving the crystallinity of the ZnO nanorods. Notably, the ZnO
nanorods grown for 5 hours showed optimal alignment with the (0001) growth direction, a
result attributed to their high absorption of OH" ions and subsequent generation of hydroxyl
radicals, which is essential for degrading the methyl red dyes.

Furthermore, ZnO nanorods grown for 5 hours exhibited a large specific surface area
compared to those grown under other reaction times. This development potentially transferred
to a generation the greater number of reaction sites on the surface of ZnO nanorods, thereby
attributing the photodegradation reaction rate. Impressively, optical transmittance was around
70% within the visible region. The high photocatalytic efficiency was achieved with ZnO
nanorods grown for 5 hours, with a substantial photodegradation rate of 0.0051 min™. This
comprehensive study offered insights into the photocatalytic mechanism sustaining ZnO

nanorods.

5. Fabrication of AZO/ZnO core-shells nanorods by mist chemical vapor deposition
method

In this section, we modified the AZO core-shells structure on the well-aligned ZnO
nanorods by using mist chemical vapor deposition method. In order to evaluate the AZO coating
effects on the ZnO nanorods, the coating times were set up for 5, 10, 15, 20 minutes during mist
chemical vapor deposition process. The structural, optical, and photocatalytic properties were
investigated.

It was clearly observed that the formation of uniform ZnO nanorods exhibiting a hexagonal
structure on the AZO substrate before the coating process. Remarkably, as the coating time was
extended to 20 minutes, the entire surface of ZnO nanorods became entirely covered by AZO
particles. Moreover, it was observed that the ZnO nanorods exhibited a vertical growth
orientation on the AZO substrates before the coating process. After the coating time was
increased from 5 minutes to 20 minutes, the uniform distribution of AZO particle layers on the
surface of ZnO nanorods was observed.

Prior to the AZO coating, the as-deposited ZnO nanorods exhibited a growth direction
along the (002) crystal plane, which was identical to the growth direction of the underlying
AZO substrate. Upon initiation of the AZO coating, the resulting AZO/ZnO core-shell nanorods
maintained a single dominant (002) peak and it was observed that the crystallinity improved as
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the coating time increased to 20 minutes. The highest crystallinity was achieved from the
AZO/ZnO core-shell nanorods with AZO coating of 20 minutes.

The high transmittance of around 60% was observed in obtained all AZO/ZnO core-shells
nanorods. In the photodegradation process, the degradation efficiency of AZO/ZnO core-shells
nanorods was significantly improved when the AZO coating time was increased. The high
degradation rate of 0.0053 min with the high degradation efficiency was achieved from the

AZO/ZnO core-shells nanorods with AZO coating of 20 minutes.
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Chapter 1
Introduction

1.1. The literature review of photocatalysis

Water is an invaluable resource that is essential to human and environmental health.
However, the increasing demand for clean water due to industrialization, urbanization, and
climate change has resulted in a global water crisis [1]. The lack of clean water can spread
several diseases, such as typhoid, dysentery, hepatitis A, and diarrhea. Unfortunately, industrial
activities and human negligence have contaminated many freshwater sources worldwide,
necessitating purification [2-4]. In the last decades, industrialization has brought rapid
development to our society but also posed a significant challenge to reduce pollution and fossil
fuel consumption [5,6]. One of the challenges is the treatment of wastewater from the textile
industries, which uses many organic dyes. Approximately 7 x 10~ tons of organic dyes are
released globally every year, and more than 16% of them are discharged into the wastewater
during production and processing [7-9]. These chemicals have a high potential for toxicity and
damage to the living organism, and their intermediates can generate potentially carcinogenic or
mutagenic compounds through reductive processes unless inhibited. Among the various
hazardous dyes involved in wastewater, methyl red (MR) belongs to the category of Azo dyes,
which are notorious for their harmful and toxic characteristics. These dyes, including MR, have
been classified as hazardous substances due to their potential to induce irritation of eyes and
serious risks to both the skin and the digestive system. Ingestion or inhalation of these dyes can
lead to adverse health effects. It is imperative to handle Azo dyes with great caution and adhere
to proper safety protocols to mitigate the associated health hazards [10-12]. MR dyes have the
potential to induce elevated body temperature, harm the kidneys, and lead to spasms, given their
strong ability to dissolve in water and infiltrate the human body via the food chain. Indeed,
developing an effective degradation method for MR dyes utilizing metal oxide semiconductors
holds significant promise in addressing environmental pollution concerns. By harnessing the
photocatalytic properties of semiconductors metal oxides, it becomes possible to efficiently
degrade MR and mitigate its potential impact as an environmental pollutant. This approach
offers a sustainable solution for treating MR-contaminated water or wastewater, reducing the
risk of releasing harmful compounds into the environment and contributing to a cleaner and
safer ecosystem. Removing these MR dyes from wastewater is a severe issue, and developing

an environmentally friendly and cost-effective method is challenging for all researchers. Dye
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degradation is a degradation process that involves the catalytic activity of semiconductor
materials under photon irradiation [13]. However, the low separation of the electron-hole pairs
in the highly stable semiconductor metal-oxide can weaken the practical applications of this

attractive photocatalytic technique [14-18].
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Fig. 1.1 Photocatalytic process and its application.
1.1.1 Semiconductor metal-oxide based photocatalysis

During the photocatalytic process, semiconductors metal-oxide with nanostructured
materials can produce photogenerated charge carriers and then generate active oxygen species
when exposed to a suitable light spectrum such as ultraviolet (UV) or visible (VIS) light [19].
Photocatalysis involves modifying a chemical reaction rate due to the presence of a
photocatalyst, typically a semiconductor material when it is exposed to a light source. This light
source can include UV light, VIS light, a combination of both UV and VIS, or even solar
radiation. The interaction between the photocatalyst and light initiates a series of photochemical
reactions that can lead to the degradation or transformation of pollutants, contaminants, or
organic substances present in the environment. This process has gained significant attention for
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its potential applications in environmental remediation, water purification, and air treatment
due to its ability to harness solar energy for catalytic reactions that contribute to reducing
pollution and promoting sustainability [20-23]. The photocatalytic system requires certain
unique features, such as the optimal band gap, high surface area, chemical stability, and
reusability. Several kinds of photocatalyst metal oxides, including zinc oxide (ZnO), titanium
dioxide (TiO2), copper oxide, silver oxide, and iron (I11) oxide have been applied in wastewater
treatment [24,25]. The use of various semiconductor photocatalytic nanomaterials as catalysts
has been investigated extensively, and their efficiency in various light sources for MR dye

degradation is described in Table 1.1.

Table 1.1. Different semiconductor photocatalyst materials for MR dye degradation

Photocatalytic Synthesis method Light sources Reaction Degradation Ref.
material time (min) efficiency (%0)

ZnO Sol-gel, RF sputtering, UV lamp 120 95 [26]

CVD, Spray pyrolysis
TiO, Sol-gel, MOCVD UV lamp 60 94 [27]
SnO, Precipitation, RF UV lamp 120 90 [28]
sputtering, Sol-gel
AgO Precipitation, Sol-gel, UV lamp 70 87 [29]
Laser ablation
MgO Solvothermal UV lamp 120 81 [30]
Zn0O/GNc Chemical Precipitation Visible light 35 85 [31]
Composite

Ag/Ti0, y-Irradiation Solar light 45 84 [32]

Fe,0,/Cu,0 Hydrothermal 150 W Xe lamp 120 87 [33]

CuO Co-precipitation 300 W Xe lamp 180 77 [34]

Al,04 Sol-gel 11 WUV lamp 90 79 [35]

BiFeO, Sol-gel UV lamp 180 79 [36]

Among various photocatalyst materials, ZnO and TiO, are the most widely used
photocatalysts for the degradation of antibiotics in water due to their non-toxicity, chemical
stability, and low cost. The photocatalytic performances of ZnO and TiO- are anticipated to be
comparable due to their same band gap energy [37]. However, the performances of
photocatalyst metal oxide are dependent on the different morphology, charge-transfer process,
and surface reactions with dye molecules. Absolutely, ZnO indeed possesses specific intrinsic
characteristics that make it a promising and effective photocatalyst, positioning it as an
alternative metal oxide to TiO>. Notably, ZnO exhibits a high electron mobility, surpassing that

of TiO by a significant factor of 10 to 100 times. The high electron mobility is accompanied
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by a higher quantum yield, further enhancing its potential as a photocatalyst [38,39]. Moreover,
ZnO is naturally abundant and has been widely used as photocatalyst materials for several
decades due to their biocompatibility, remarkable stability in various conditions, and ability to
produce electrons and holes when excited with sufficient energy. Due to its direct and wide
band-gap energy near the UV spectral region, powerful oxidation ability, excellent
photocatalytic property, and high free-exciton binding energy (60 meV), ZnO has attracted

attention for environmental applications [40].
1.2. ZnO based photocatalytic properties

ZnO represents a notable semiconductor material classified within the [1-V1 category of
compound oxides. Since its initial exploration in 1912, ZnO has garnered considerable attention
as a compound semiconductor among semiconductor materials [41]. ZnO exhibits three distinct
crystalline structures: the hexagonal wurtzite, the cubic zinc blende, and the rock salt. The
primary crystalline of ZnO is the wurtzite structure, characterized by a hexagonal unit cell and
categorized under the space group pémc. In this structure, Zn** and O% ions establish two
interpenetrating sublattices that exhibit tetrahedral coordination [42,43]. The ZnO crystal
exhibits various common surface orientations, especially the polar facets of Zn-terminated
(0001) and O-terminated (000T), as well as non-polar (1010) and (1120) facets. Among these
orientations, the (0001) orientation emerges as the most thermodynamically favorable, as
indicated by its small Gibbs free energy, thereby serving as the preferred orientation for the
growth of wurtzite hexagonal ZnO structures [44,45].

Moreover, ZnO emerges as an environmentally friendly material, exhibiting
biocompatibility that is well-suited for everyday applications with minimal side effects on
human health and the environment [46]. The photocatalytic behavior of ZnO exhibits a
sequence of processes, excitation, diffusion, and the induction of photo-generated charge
carriers. When exposed to light with energy exceeding its band gap, ZnO experiences the
generation of charge carriers, wherein electrons get excited to the conduction band, leaving
holes in the valence band behind.

Consequently, the excited electrons within the valence band undergo a transition to the
conduction band, giving rise to electron-hole pairs. A visual representation of the ZnO
photocatalytic mechanism is provided in Fig. 1.2. Particularly, these photo-induced electrons
and holes undergo migration to the surface of the ZnO, wherein they take place in oxidation
and reduction reactions with oxygen and water molecules. The underlying reaction mechanism
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of ZnO can be delineated as follows:

e+02> .03 1)
h* + H,0 > OH + H* 2)
.07 +OH > °HO; (3)
°HO, + H* > H,0, (4)
H202 + & > OH + °OH (5)

According to Eq (1-5), The photo-excited electrons (e”) can migrate across the surface of
Zn0O, where they engage in oxidation processes with atmospheric Oz, producing superoxide
radicals (.03 ). In parallel, the positively charged holes (h™) initiate reactions with water
molecules (H20), leading to the generation of hydroxide ions (OH"). The produced superoxide
radicals (. O3) undergo a continuous reaction with dissociated hydrogen ions originating from
water molecules, resulting in the formation of hydrogen peroxide (H20.). This subsequently
leads to the generation of hydroxyl radicals (°OH). Remarkably, ZnO characterized by high
crystallinity facilitates an efficient occurrence of direct band transitions, thereby increasing the
rate of electron-hole pair generation and, consequently happening, the formation of superoxide
radicals (. 03) and hydroxyl radicals (°OH).

The utilization of ZnO nanoparticles in powder form is accompanied by certain limitations
inherent to repeated photocatalytic processes [47]. A strategy to overcome these limitations
involves the utilization of thin films or nanostructures deposited onto substrates [48,49]. In its
nano-structural form, ZnO presents significant potential for photocatalytic applications, such as
physical and chemical stability, less toxicity, abundance in nature, different fabrication
methodology, and the availability of varied nanostructure morphologies [50]. Incorporating
ZnO nanostructures has generated a distinct enhancement in photocatalytic efficiency,
primarily attributed to the large surface area-to-volume ratio that enhances high efficiency in

photocatalytic applications.
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1.2.1 Remained issues for ZnO in dye degradation from water pollutants

Although ZnO possesses a range of distinctive photocatalytic characteristics, it also
exhibits certain limitations that hinder its effectiveness in photodegradation. The primary issues
related to the usage application of ZnO from its unique tendency to exclusively absorb UV light,
a component constituting only a small portion of the broader solar spectrum. It also requires
expensive external sources of UV light to excite the bandgap of ZnO and generate electron-
hole pairs [51,52]. Moreover, the high recombination rate in ZnO prevents the migration of
pairs of electron-holes to the surface and thus reduces the photodegradation efficiency [53].
Furthermore, the fast recombination rate of ZnO hinders efficient movement of charge carriers
toward the surface of a material, thereby reducing the overall photodegradation efficiency
during the photodegradation process [54].

Hence, several strategies have been explored to enhance the capacity for absorbing visible
light, including several modifications like metal and non-metal doping, dye sensitization, and
synergistic combinations with other semiconductor materials. One particularly promising

method involves the Al incorporation into ZnO, as shown in the Fig. 1.3, which could reduce



the recombination rate within ZnO and consequently enhance photocatalytic performance
[55,56]. Furthermore, the practical extension of light absorption into the visible spectrum,
alongside the enhancement of electronic characteristics, can be achieved through surface
modifications of ZnO by integration with other semiconductor materials, noble metals, or
graphene, formation of innovative hybrid structures which consequently enhances the
photocatalytic activities [57-59]. The formation of defects within ZnO, coupled with additional
photocatalyst materials, is presumed to contribute to its visible light photocatalytic potential.
Notably, ZnO heterostructures have found widespread application in the high degradation of
diverse organic dyes under UV and visible light irradiation. However, the activity of these
heterostructures in catalyzing dye degradation in the absence of light remains unexplored. This

study focuses on the mechanism of dye degradation in ZnO under light irradiation.

_ 0,
e e e
" CB N _
— _ _ Reduction
€ |e| e e e
0,
OH’ ZnO

Doped o

ZnO OH

OH W+t ht oxidation

\ V.B V.B / OH~™

OH
OH™
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1.3 Fabrication methods of ZnO nanostructures

The controlled synthesis of ZnO nanostructures, with precise control over their size and
shape, is a compelling pursuit for researchers. ZnO possesses a diverse array of nanostructure
forms, ranging from one-dimensional (1D) configurations to three-dimensional (3D) shapes.
The 1D category encompasses a spectrum of shapes, including needles, nanorods, helices, rings,

springs, ribbons, tubes, belts, combs, and wires, while the 2D structures comprise nanosheets



and nanoplates. The 3D classification involves flowers, coniferous formations, snowflakes,
urchin-like arrangements, and dandelions [60-64].

To date, various fabrication methods have been utilized for the synthesis of ZnO
nanostructures, involving chemical bath deposition (CBD), vapor-liquid-solid (VLS) processes,
metal-organic chemical vapor deposition (MO-CVD), chemical vapor deposition (CVD),
thermal evaporation techniques, and metal-organic vapor-phase epitaxy, and etc. [65-69].

Several methods have been developed to synthesize different ZnO nanostructures.
However, numerous challenges remain for industrial applications, such as low reproducibility,
difficulty in controlling the alignment, complex fabrication processes, high cost, low stability,
and environmental pollution. Consequently, a novel method is required to fabricate controlled
vertical well-aligned ZnO nanostructures. Our research group has extensive experience in
fabricating high-quality ZnO thin film using a radio frequency (RF) magnetron sputtering
process [70]. We have already investigated the relationship between the deposition parameters,
the substrates, and the properties of obtained films. Recent advancements within our group have
successfully fabricated well-aligned hexagonal-cone ZnO nanostructures on as-deposited AZO
film by using the CBD method, which was distinct from other existing techniques of ZnO
nanostructures synthesis [71]. Nevertheless, using the current synthesis method, there still
needs to be a strict issue with fabricating doped ZnO nanostructures with good uniformity, large
surface area, and high crystallinity. In order to fabricate doped ZnO nanostructures with those

properties, it is essential to innovate a pioneering fabrication method.

1.4 Purposes and outlines of thesis

The focal point of this doctoral research is on the fabrication of thin films and
nanostructures related to ZnO, specifically emphasizing their properties for photocatalytic
applications. The ongoing investigation is directed toward enhancing the morphology, surface
area, crystallinity, and overall photocatalytic performance of ZnO-related thin films and
nanostructures. This research introduces a series of academic innovations and original
contributions to enhance photocatalytic efficiency. ZnO nanostructures intended for
photocatalytic applications must satisfy three primary criteria:

(@) Low recombination rate of electron-hole pairs

(b) Large surface area to absorb MR dye molecules

(c) High crystallinity along (0001) crystal plane to generate more hydroxy radicals
8



In my research, | have proposed several innovative approaches to address these
requirements:

1. Inorder to minimize the high recombination rate of charge carriers, Al was successfully
doped to ZnO using mist CVD method. The growth mechanism of obtained AZO films
with controllable Al doping ratios by mist CVD process was investigated. (one paper
published)

2. The crystallinity of deposited AZO films was controlled by using AZO seeds layer by
mist CVD process. The observed lower lattice mismatch between the AZO films and
the AZO seeds layer can be attributed to the significant growth of a high columnar
structure and high crystallinity along (0001) crystal plane. (one paper published)

3. Large surface area was achieved by growing the ZnO nanostructures for 5 hours using
the CBD method (one paper published) and modifying the AZO core-shells on ZnO

nanorods to hinder the recombination rate of electron-hole pairs.

The primary work of the thesis will be described the fabrication of ZnO-based thin films
with different thicknesses, different Al doping ratios, different AZO seeds layers, fabrication
of ZnO nanorods with different growth reaction times, and fabrication of AZO/ZnO core-shells

nanorods with different coating times.

Chapter 1: In this chapter, a detailed exploration of the general knowledge surrounding ZnO
material and ZnO-related photocatalysis was provided. Historical evaluation of ZnO and its
applications across various fields were extensively discussed, emphasizing its potential in
addressing environmental concerns. The primary objectives of the thesis were clearly outlined,
aiming to advance our understanding of ZnO photocatalytic capabilities and its potential for
pollutant degradation. Furthermore, the chapter established the overall structure of the thesis,
guiding the reader through the subsequent chapters and the logical progression of the research.

Chapter 2: This chapter offered a concise comprehensive overview of the underlying
principles about the fabrication and characterization processes, including the necessary
characterization methods and equipment. The fundamental mechanisms behind the fabrication
techniques were outlined, and the crucial role of various characterization tools in assessing
material properties was highlighted. By providing a clear foundation of the methodologies used,
this chapter helped the reader to understand the essential knowledge required to comprehend

the subsequent experimental work.



Chapter 3: In this pivotal chapter, the focus shifted to the detailed investigation of fabrication
of ZnO and AZO films—the deposition process of the films, varying in aluminum doping ratios.
The structural, optical, and photocatalytic properties on the properties of AZO films were
characterized. Special emphasis was placed on understanding the photodegrading properties,
and the influence of Al doping ratios on photocatalytic efficiency was thoroughly examined.
By addressing both fabrication and characterization aspects, this chapter arranged the

foundation for subsequent discussions and conclusions.

Chapter 4: The growth and crystallinity of AZO films were controlled by using the AZO seeds
layer by mist CVD method and photocatalytic properties of obtained samples were examined

in detail.

Chapter 5: Synthesis of well-aligned ZnO nanorods with different reaction times and
AZO/ZnO core-shells nanorods with different AZO coating times using the hybrid synthesis
methods of CBD and mist CVD method. The photocatalytic properties were investigated as

well.

Chapter 6: The primary works of this thesis have been summarized.
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Chapter 2
Synthesis equipment and characterization devices

2.1 Introduction

This chapter described a brief overview of the synthesis equipment performed for
fabricating and characterizing the obtained thin films, nanorods, and core-shell nanostructures.
Following the fabrication process of ZnO and AZO thin film, ZnO nanorods, and AZO/ZnO
core-shells nanorods, a comprehensive evaluation of the morphological, structural, optical, and
photocatalytic attributes was conducted using several characterization devices.

A scanning electron microscope (FE-SEM) was used to examine the surface morphologies
of the films and nanostructures. An atomic force microscope (AFM) was utilized to measure
the surface roughness and surface area measurements. The structural properties were analyzed
employing an X-ray diffraction (XRD) system. A confocal Raman microscope was utilized to
perform Raman spectroscopy. A spectrophotometer acquired to measure optical transmittance
spectra and absorbance of obtained samples after photodegradation measurement. All
characterization was measured at ambient room temperature. In the next two sections, each part

of equipment was explained in detail.

2.2 Synthesis equipment

2.2.1 Mist chemical vapor deposition

An innovative mist CVD technique was used to fabricate the metal oxide thin films. The
illustration of the conventional mist CVD setup is presented in Fig. 2.1. The mist CVD system
comprises two primary components: the supply chamber and the reaction chamber. In the
supply chamber, precursor materials are prepared through chemical solutions and transformed
into mist droplets via ultrasonic transducer-driven atomization. Film deposition is accomplished
through thermal decomposition and chemical reactions occurring in the vapor phase of these
droplets. The mist droplets, transferred by carrier gas and dilution gas, proceed to the reactor.

The reaction chamber encompasses a fine channel reactor (FC reactor) above a heater. The
FC reactor incorporates a narrow channel design to achieve a uniform thermal distribution [1,2].

Its initial section termed the mist mixing pool, promotes mist droplet collision. During this
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phase, pressures experience a rapid decrease due to the expansion of volume from a narrow to
a large space, resulting in a uniform flow of mist into the fine channel with a height of 1 mm.
After this transition, as mist droplets transfer from the mist mixing region to the FC, their kinetic
and pressure diminish due to the smaller space. The mist droplets do not undergo immediate
evaporation; instead, they generate a vapor phase covering the liquid phase. Upon reaching the
heated substrate, these mist droplets acquire thermal energy through heat flux, resulting in vapor
gas discharge into the surrounding environment. This prolonged evaporation is attributed to the
Leidenfrost state [3]. The combined effect of gravitational forces and absorption ensures the
effective transfer of mist droplets onto the substrate above the heating stage. This inventive
reaction chamber design enables precise growth control, large-area deposition, cost-
effectiveness, and operational simplicity. Hence, it stands as a promising advancement in

material growth and deposition.

Fig 2.1 Mist chemical vapor deposition process

2.2.2 Chemical Bath Deposition

The CBD method stands out as a notably uncomplicated and cost-effective approach for
depositing thin films and nanostructures, primarily attributed to its utilization of economical

equipment and its capability for facilitating large-scale depositions [4]. The CBD technique
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includes separate components, as illustrated in Fig. 2.2, specifically the heating and reaction
parts. The heating section serves the purpose of elevating the temperature of water or other
solutions to a predetermined level for initiating reactions. Concurrently, the reaction zone is
dedicated to the deposition of thin films or nanostructures, a process inherently governed by
chemical reactions. The main benefit of CBD is that it needs only solution containers and

substrate mounting devices.

| —— Sample

Sample holder Mixed precursor solution

Heater - stirrer

Fig. 2.2 Hllustration of CBD process.

2.2.3 Radio frequency magnetron sputtering

Sputtering, a physical vapor deposition is a widely employed technique for depositing thin
films onto various substrates [5]. A typical sputtering system comprises two main components:
the target and the substrate. The sputtering system can be categorized by the different power
supply: RF magnetron sputtering and direct current sputtering.

The RF magnetron sputtering process can be described as follows: Initially, inlet gas such
as argon, was generated an ionic plasma, by applying a high voltage to the glow tube. The target
placed on the cathode was bombarded by generated ions and induced the ejection of target

atoms, facilitated by energy and momentum transfer. Subsequently, the sputtered atoms are
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deposited onto the substrate, positioned on the anode, as shown in Fig. 2.3.

The rapid oscillation of the electric field causes a reciprocal movement of the plasma
between the substrate and target, thus upholding the potential difference between the cathode
and anode, during the sputtering process [6]. This unique characteristic allows RF sputtering
deposition of insulating materials and semiconductors.

On the other hand, the magnetron effect is the magnetic field orientation parallel to the
cathode surface. This enhanced plasma confinement results in high plasma density, leading to

a more substantial ejection of target atoms.
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Fig. 2.3. lllustration of RF magnetron sputtering process.

2.2.4 Photocatalytic degradation process

Photodegradation entails a photo-activated chemical process that occurs upon light
illumination onto the surface of a photocatalytic material positioned within a dye solution. This
interaction occurs as the material is submerged under the dye solution. Upon attaining a
required energy level, the excitation process happens, initiating free radicals at the contact area
of the material and dye molecules. The configuration of the photodegradation setup is outlined

in Fig. 2.4, offering a schematic representation of the apparatus performed for the
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photodegradation process.
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Fig. 2.4. Photodegradation measurement process

2.3 Characterization devices

2.3.1 Ellipsometry

Ellipsometry is a widely employed as a technique for measuring the thickness and
refractive index of thin films deposited on a substrate. The underlying principle of this
measurement revolves around the interaction of incident light waves, which are both reflected
from and transmitted through the surface of the thin film, as depicted in Fig. 2.5. The reflection
at a dielectric interface depends upon the polarization state of the incident light [7,8]. In contrast,
the passage of light through a transparent layer imparts a phase alteration to the incoming wave,
predicated upon the refractive index of the material.

Therefore, the film thickness and refractive index can be calculated when the refractive
index of the film and substrate are known. In this thesis, the thin film thickness and refractive
index was evaluated by employing the Cauchy model. The measurements were conducted
across 28 distinct transparent regions, performed a spectroscopic ellipsometer (J.A. Woollam,

W-VASE).
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2.3.2 Field emission scanning electron microscope

FE-SEM is one of the most versatile instruments available for analysis of the
microstructure morphology characterization. Field emission source are used for liberation of
the electrons and accelerated in a high electric field gradient. The primary electrons are focused
and deflected by electron lenses under the high vacuum in order to provide a narrow scan beam,
which exposes to the sample. Consequently, secondary electrons are emitted from sample. The
electrical signal was created from the detector, which detects the secondary electrons from the
sample. The digital image was obtained by the amplified electrical signal and transformed to a
video scan-image. The process of FE-SEM is described in Fig. 2.6.

Energy Dispersive X-ray Spectroscopy (EDX) is a methodology employed for discerning
the elemental composition of minute quantities, even on the scale of a cubic micron. This
apparatus is integrated with the FE-SEM to enable the retrieval of elemental details. In the EDX,
the atoms of the sample were ionized by electron beam, resulting in electrons were removed
and produces the holes in the core shell. The electron from the outer shells fill the holes and
generate the emission of the X-ray fluorescence lines. The EDX detector detects the emission
of the X-rays. The measurement of composition in the films was using the point measurement

mode, where five areas of the film and three points for each area were measured to reliably
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obtain the composition ratios in the film.

Fig. 2.6 FE-SEM

Fig. 2.7 AFM

2.3.3 Atomic force microscopy

AFM belongs to the category of scanning probe microscopes (SPMs). A fundamental
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characteristic shared by all SPM techniques is the utilization of an exceedingly sharp probe that
Is systematically moved across a surface of specimen to generate remarkably high-resolution
images of the sample. In the case of the AFM, the probe directory interacts with the surface of
the sample. The sample surface with high resolution was produced by probing the repulsive and
attractive force in which exist between the probe and surface sample. The AFM (AFM; Pacific
Nanotechnology, Nano-RJ) are shown in Fig. 2.7, with the closed contact mode was used for

the measurement the film surface roughness and surface morphology.
2.3.4 X-ray diffraction

XRD stands as a pivotal technique for analyzing a diverse array of materials, spanning
from fluids to powders and crystals. XRD finds extensive application in two primary domains:
the fingerprint characterization of crystalline substances and the elucidation of their structural
attributes. When a stream of X-rays interacts with a solitary crystal, multiple diffraction spots
emerge. The spatial coordinates of these spots are dictated by the dimensions and configuration
of the unit cell, as well as its inherent symmetry [9,10]. Meanwhile, the relative intensities of
these spots are governed by the spatial arrangement of atoms within the crystal lattice. In this
research, the structural properties of ZnO nanostructures were determined using an X-ray
diffractometer (XRD; Rigaku, Smart Lab) with using Cu — Ko tube (A =0.154178 nm) radiation.
The applied XRD equipment was described in Fig. 2.8.

ul

Fig. 2.8 The X-ray diffractometer
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2.3.6 Raman spectroscopy

Raman spectroscopy is an analytical method used to study the vibrational and rotational
modes of a system. A laser beam is employed to excite rotations of phonons in the materials,
molecular vibrations that cause energy shifting and provide the vibrational modes present in
that system. This technique offers qualitative and quantitative analysis for characterizing
different materials or phases of similar ones with high specificity. A confocal Raman
microscope (HORIBA, Lab RAM HR800) was utilized to investigate the structure of ZnO films
shown in Fig. 2.9.

\‘v
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Fig. 2.9 Raman spectroscopy

2.3.6 Spectrophotometer

A fundamental method, spectrometer is used for examining the optical characteristics of
specimens within the spectrum spanning from near-ultraviolet to infrared light, as shown in the
Fig. 2.10. The light from the source passes through a sample, some light is transmitted and some
are absorbed by the sample. The detector detected the light and compares light that passes
through a sample and compared to light that has not. The resulting spectrum depends on the
path length or sample thickness. The obtained spectrum from the measurement is unique to the
sample itself. Therefore, the system for generation of mist into TG-DTA 31 transmission
spectroscopy can be used as the qualitative measurement of the sample [11-13]. In this research,
the optical transmittance spectra of the thin films were measured using a UV-visible

spectrometer (Hitachi UV-Vis U-4100) in the wavelength range from 200 to 1000 nm and these
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results were used to estimate the band gaps of the films from the Tauc relation [14]:

(ahv)2=A (hv — Eg) 1)
Where « is the absorption coefficient, 4v is the photon energy, Eg is the band gap, and A

IS a constant.
The transmittance spectra and the photodegradation measurements of AZO films, ZnO

nanorods, AZO/ZnO core-shell structures, were characterized by this equipment.

U100

Fig. 2.10 Spectrophotometer
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Chapter 3

Synthesis and characterization of AZO films with varied Al doping ratios

using mist CVD method

3.1 Introduction

Regarding photocatalytic applications, ZnO films emerge as promising semiconductor
metal oxide films owing to their exceptional stability and high photocatalytic efficacy, and
developing ZnO films with novel structures and cost-effectiveness is essential to further
enhancing their photocatalytic potential [1-3]. However, notable challenges still need to be
addressed regarding the fundamental principles of photocatalysis utilizing ZnO, alongside the
complexity inherent in its synthesis methods. Until now, several methods such as chemical
vapor deposition, pulsed laser deposition, molecular beam epitaxy, sputtering have been
investigated to generate ZnO films with high crystallinity [4-7].

The innovative mist CVD method had unique properties including growth control,
deposition of large-area, cost-efficiency, and simplicity. In our previous research [8], we
successfully deposited TiO> thin films utilizing this novel mist CVD approach. The current
chapter extends this method to the synthesis of ZnO thin films. Notably, the thickness of the
deposited film, solution concentration, and different substrate stand as significant parameters
on the properties of ZnO films during the mist CVD process.

This investigation is focused on the influence of film thickness on the properties of the
ZnO thin film, synthesized using a mist CVVD process. A subsequent thermal annealing process
was operated to enhance the quality of the ZnO thin film. The ensuing exploration encompasses
an in-depth analysis of the structural, optical, and electrical attributes intrinsic to the fabricated
ZnO thin film.

3.2 Influence of film thickness on the properties of ZnO thin film

3.2.1 Experiment conditions

The experimental parameters for the deposition of ZnO films through mist CVD are

described in Table 1. A mixed precursor solution was prepared by dissolving zinc acetate (ZA)
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(0.04 mol/L) in a mixture of methanol and water (in a ratio of 90 ml methanol to 10 ml water).
This solution was subsequently introduced into the mist solution chamber and transported to
the reaction chamber by employing nitrogen gas as carrier and dilution gas. In order to
investigate the influence of deposition thickness, film thicknesses were systematically varied,
encompassing values of 300 nm, 450 nm, 600 nm, and 750 nm, each incremented by intervals
of 150 nm. The structural and optical properties of the deposited ZnO films were investigated

by using SEM, XRD and transmission spectroscopy techniques.

Table 3.1. Deposition conditions of ZnO films with varied thicknesses by mist CVD

Deposition Parameter Condition
Solute Zinc acetate
Solvent Methanol, H,O
Concentration (mol/L) 0.04
Deposition temperature (°C) 400
Carrier gas, flow rate (L/min) 2.5
Dilution gas, flow rate (L/min) 4.5

3.2.2 Results and discussion

Fig. 3.1 illustrates SEM images of ZnO films through the mist CVD technique, with
various thicknesses. In the top view, the surface images distinctly revealed the wedge-like
structure comprised of ZnO nanosheets with high uniformity across all film surfaces. Notably,
as the thickness of the ZnO films increased from 300 to 750 nm, the average grain sizes were
also increased, ranging from 98 to 200 nm. From the cross-sectional view, the columnar
structure was found and the 750 nm-thick ZnO film exhibited the most prominent columnar

structure.
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Fig. 3.1 SEM images of fabricated ZnO films with varied thicknesses by mist CVD. ((1) 300
nm; (2) 450 nm; (3) 600 nm; (4) 750 nm; (a) top view; and (b) cross-section view).

Fig. 3.2 presents the XRD patterns of ZnO thin films deposited by different thicknesses.
A dominant (002) peak appeared for all the films, which indicated the preference for c-axis-
oriented growth during the mist CVD process. The peak intensity was significantly increased
by increasing the film thickness from 300 nm to 750 nm. Remarkably, the 700 nm-thick ZnO
film exhibits the highest (002) peak intensity and the sharpest full width at half maximum
(FWHM). The highest crystallinity and smallest FWHM values were achieved from the 750
nm-thick ZnO film.

(002)

——300 nm
——450 nm

—— 600 nm

Intensity (a.u.)

20 (Deg)

Fig. 3.2 2 theta patterns of fabricated ZnO films with varied thicknesses by mist CVD.
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Fig. 3.3 Transmission spectra of fabricated ZnO films with varied thicknesses by mist CVD.
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Fig. 3.4 Variation of (ohv)? of the fabricated ZnO films with varied thicknesses by mist CVD

as a function of the photon energy (hv).
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The optical transmittance of ZnO films with varying thicknesses as shown in Fig. 3.3,
revealing an average transmittance of 72% within the visible region. A significant observation
is the shifting of the absorption edge towards shorter wavelengths as the film thickness increases.
Based on the Tauc’s plot theory [9]. The determination of the optical band gap involves
extrapolating the plot of (ahv)? against hv, as depicted in Fig. 3.4. Notably, the calculated band
gap energies for the as-deposited ZnO films are 3.244 eV, 3.269 eV, 3.273 eV, and 3.271 eV,
corresponding respectively to film thicknesses of 300 nm, 450 nm, 600 nm, and 750 nm. This

variation underscores the influence of film thickness on the band gap energy of ZnO films.

3.2.3 Conclusions

ZnO films with different thicknesses were successfully deposited by the mist CVD method.
Wedge-like structures of ZnO nanosheets with good uniformity were observed for all films and
the average grain size was increased when thickness of the ZnO film is increased. The dominant
peak of (002) was occurred for all films and high crystallinity was obtained from 750 nm-thick
ZnO film. The transmission spectra of all obtained ZnO films were around 70% in the visible

region. The obtained ZnO films were expected to apply in photocatalytic applications.

3.3 Influence of thermal annealing on the properties of ZnO film

In order to improve the film quality and the properties of obtained ZnO films. The vacuum

annealing treatment was carried out after the mist CVD process.
3.3.1 Experiment conditions

The deposition conditions of ZnO films were summarized in Table 3.1. The deposited
thickness of ZnO film was 300 nm. Following the mist CVD deposition, the obtained ZnO film
was annealed in the vacuum at 700°C for one hour. The structural and optical properties were

investigated as well.
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3.3.2 Results and Discussion

Fig. 3.5 SEM images of (1) as-deposited ZnO film, and (2) annealed ZnO film with 300 nm

thickness: (a) top view; and (b) cross-section view.

The morphology of as-deposited ZnO film and annealed ZnO thin film were examined
using an SEM, as illustrated in Fig. 3.5. Wedge-like structure was found on both ZnO surfaces
and the average grain size was increased from 200 nm to 240 nm when the ZnO was annealed.
It can be clearly observed that the most columnar structure was found in the annealed ZnO film.

Fig. 3.6 shows the XRD patterns of both as-deposited and annealed ZnO thin films. A
single dominant (002) peak was obtained in all the films, corresponding to the preferred c-axis
orientation growth. Following the annealing process, the intensity of the (002) peak was
enhanced with a reduction in the FWHM values. Moreover, the average c-axis crystallite size
was increased from 57.53 nm to 66.36 nm after annealing. It was clearly revealed that the

annealed ZnO films might be contributed to enhance the crystallinity of ZnO film.

30



(002)
As-deposited film

2 — Annealed film
G

2

=

L

5

32 33 34 35 36 37 38

20 (Deg)

Fig. 3.6 2 theta patterns of as-deposited ZnO film and annealed ZnO film with 300 nm thickness.

Fig. 3.7 illustrates the Raman spectra of both as-deposited ZnO film and annealed ZnO
film, both deposited through the mist CVD method. Distinct peaks at 580 cm™ and 720 cm™
corresponding with the E1 (LO) mode and the secondary Raman peak of ZnO were found,
respectively. Following the annealing process, a notable enhancement in the intensity of the
Raman peak is evident. This enhancement indicates a considerable improvement in the
crystallinity of the ZnO films, which had well agreement with the results obtained from XRD

measurements.
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Fig. 3.7 Raman spectra of as-deposited ZnO film and annealed ZnO film with 300 nm thickness.
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Fig. 3.8 Transmission spectra of as-deposited ZnO film and annealed ZnO film with 300 nm

thickness.
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The transmittance spectra of as-deposited ZnO film and annealed ZnO film deposited by
mist CVD method are shown in Fig. 3.8. It was observed the transmittance was increased to
over 80 % when ZnO film was annealed. The evaluated optical bandgap was decreased from
3.65 eV to 3.38 eV after annealed.

3.3.3 Conclusions

ZnO films were effectively deposited utilizing the mist CVD method. Subsequently, the
effect of thermal annealing on these ZnO films was explored. Notably, all the films displayed
wedge-like structures comprising ZnO nanosheets exhibiting high uniformity. After annealing
process, the average grain size of ZnO film was increased. The dominant peak for both ZnO
films was (002) peak, which was preferred to c-axis orientation growth along the (0001) crystal
plane. The highest crystallinity, and smallest FWHM values were obtained at annealed ZnO
film. The transmission spectra of as-deposited ZnO film were 70% in the visible region. After

annealing, the transmittance was significantly increased to over 80%.
3.4 Influence of Al concentration ratios on the properties of AZO films

Upon irradiation, excitation of photogenerated charge carriers, diffusion, and subsequent
surface transfer of generated electron-hole pairs can primarily determine the photodegradation
efficiency of ZnO [10]. Nevertheless, the rapid recombination charge carriers can diminish the
overall degradation efficiency of ZnO [11]. Decreasing the recombining effects of these charge
carriers can be achieved through surface modification, introducing defects, or incorporating
transition metals into the ZnO [12,13]. Among these strategies, incorporating Al is expected to
be particularly effective in reducing the recombination rate of electron-hole pairs in ZnO [14-
17].

In this section, we applied the mist CVD technique to deposit AZO thin films. The focus
of this study was to explore the influence of different Al doping ratios on the properties of the
resultant AZO films. Additionally, we examined the photodegradation performance, which
contributed to a comprehensive understanding of their potential in photocatalytic applications.
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3.4.1 Experiment conditions

Utilizing the mist CVD technique, 300 nm-thick AZO films were synthesized upon glass
substrates. To initiate this procedure, a precursor solution was prepared by mixing ZA (0.04
mol/L) and aluminum acetylacetonate (AA) in a solvent mixture consisting of water and
methanol, with a ratio of 90 mL of water to 10 ml of methanol. Subsequently, an ultrasonic
transducer at a frequency of 2.4 MHz was employed to generate mist droplets from the
precursor solution within the solution chamber. These droplets were then transported to the
reaction chamber, facilitated by nitrogen gas which served the dual purpose of carrier gas (flow
rate: 2.5 L/min) and dilution gas (flow rate: 4.5 L/min).

Within the reaction chamber, the substrate was strategically positioned within the FC
reactor. This substrate was consistently maintained at a temperature of 400°C during the mist
CVD process. The effect of varying Al doping ratios on the structural and optical characteristics
of AZO films was examined. A comprehensive summary of the deposition conditions of AZO
films is described in Table 3.2,

Table 3.2 Deposition conditions of AZO films by mist CVD method

Deposition Parameter Condition
Solute Zinc acetate, Aluminum acetylacetonate
Solvent Methanol, H,O
Concentration (mol/L) 0.04
Al doping ratio (wt%) 1,2,3.4,5
Deposition temperature (°C) 400
Carrier gas, flow rate (L/min) 2.5
Dilution gas, flow rate (L/min) 4.5

The photodegradation process of the deposited AZO films was performed within a glass
beaker during the degradation process, which conducted at ambient room temperature. A
solution of MR dyes with a concentration of 1x107° mol/L was dissolved in the water with the
concentration of 70 ml. Before photocatalytic experiment, the mixed solution was enveloped in
Al sheet to avoid light exposure for half hour. Following this stage, the solution was adequately

stirred prior to irradiation.
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Once the stirring process was completed, the prepared AZO film samples were
individually submerged into the precursor solution. Subsequently, the entire setup was
subjected under UV light irradiation (254 nm) for 5 hours. The irradiated solution was collected
at one-hour intervals throughout the experiment to examine the degradation rate with the

varying of Al doping ratios.
3.4.2 Results and Discussion

Fig. 3.9 displays AFM images of the AZO films deposited using the mist CVD technique,
with varying Al doping ratios. The scanned area for each image was 5 um x 5 um. When the
Al ratio increases from 1 wt% to 2 wt%, a fascinating fact is that the root mean square (RMS)
value of the AZO film decreases from 6.41 nm to 3.78 nm. Subsequently, as the Al ratios
increase to 5 wt%, the RMS values experienced a rise to 9.72 nm. Among these, 2 wt% Al
doped ZnO film showed the smallest RMS value. A comprehensive overview of the calculated

RMS values is shown in Table 3.3.
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Fig 3.9 AFM images of deposited AZO films with varied Al doping ratios(a) 1% Al, (b) 2%
Al, (c) 3% Al, (d) 4% Al, and (e) 5% Al
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Table 3.3. The AFM analysis data of AZO films

Al doping ratio (wt%) RMS roughness (nm)
1 6.4
2 3.7
3 4.6
4 8.8
5 9.7

Fig. 3.10 illustrates the XRD patterns of deposited AZO films with varied Al doping ratios.
For AZO films doped with 1 wt%, three diffraction peaks of (100), (002), and (101) were found.
With an increase in Al doping to 2 wt%, the (100) and (002) peaks exhibit a diminishing
intensity, then appeared dominant (101) peak upon further increasing the Al doping ratio to 3
wt%. This observation confirms that the growth of the AZO film predominantly aligns with a
highly preferred orientation along the (101) crystal plane. When the Al doping ratios reached
to 4 wt% and 5 wt%, no diffraction peaks can be observed, suggesting the formation of

amorphous film.
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Fig. 3.10 2 theta patterns of deposited AZO films with varied Al doping ratios
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Table 3.4 Texture coefficient values of AZO films deposited with varied Al ratios.

Al ratio (%) TC (100) TC (002) TC (101)
1 2.785 1.542 3
2 0.126 - 0.732
3 0.117 - 0.654
4 - -
5 - -

Moreover, when calculating the average crystallite size of AZO film obtained using the
Debye-Scherrer’s principle [18], it can be observed that the calculated crystallite size decreased
from 31.85 nm to 13.57 nm as Al doping ratios increased from 1 wt% to 3 wt%.

By using texture coefficient (TC) formula for the (h k 1) plane [19], the preferred growth
direction along various crystallographic planes, denoted as (h k ), can be measured. With the
increasing Al doping ratios ranging from 1 wt% to 3 wt%, the obtained TC values derived from
the XRD analysis data are presented in Table 3.4. Analysis of these TC values confirms that
the (002) peak was exclusively presented at 1 wt% Al doped ZnO film. Furthermore, a
significant reduction in the TC value of the (100) peak corresponded to the increase of the Al
ratio from 1 wt% to 3 wt%. Among three diffraction peaks, highest TC value was obtained from
(101) crystal plane, which was indicated that the preferred growth of AZO films predominantly
aligns with the (101) crystal plane.

Fig. 3.11 presents SEM images of AZO films deposited using the mist CVD method. It
can be observed distinct surface morphologies resulting from different Al doping ratios.
Notably, significant transformations in surface features are observed when the Al doping ratios
was increased. Specifically, the intertwined nanosheets structure was obtained from Al doping
ratios of 1 wt% and 2 wt%. However, when Al ratios increased from 3 wt% to 5 wt%, this
nanosheet structure undergoes a substantial reduction in length, eventually transitioning into
uniform particles. This structural evolution is likely attributed that the incorporation of varied
Al caused the shifts in the lattice structures of ZnO films. When the Al doping ratios increased,
the higher concentration of AI®* ions (with an ionic radius of 0.53 A), substituting Zn?* ions
(with an ionic radius of 0.74 A) within the ZnO film [20]. This substitution, driven by the
different ionic radii, introduces structural distortion, contributing to the changes in the
morphology of obtained AZO films.
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Fig. 3.11 SEM images of deposited AZO films with varied Al doping ratios. ((a) 1% Al,
(b) 2% A, (c) 3% Al, (d) 4% Al, and (e) 5% Al: (1) top view, and (2) cross-section view).
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Fig 3.12 Atomic ratios variations of Zn, Al, and O calculated from EDX analysis from deposited
AZO films with varied Al doping ratios.

To study the atomic variations of the AZO films with different Al doping ratios, EDX
measurement was performed. The atomic variations of Zn, Al and O are graphically presented
in Fig. 3.12. When the Al ratios increased from 1 wt% to 5 wt%, a high concentration of Al
ions was incorporated into the ZnO structure, then the atomic ratio of Al/Zn was significantly
increased, wherein the maximum ratio Al/Zn was attained at 3 wt% Al doping ratios.
Conversely, the atomic ratios of Al/O and (Al+Zn)/O exhibit slight increases when the Al ratios
was up to 5 wt%. Notably, the atomic ratios of Zn/O exceed ratio of Al/O when the Al ratios
was increased from 1 wt% to 2 wt%, which highlighted the predominant formation of Zn-O
bonds in generating ZnO.

However, when Al ratios exceed 3 wt%, the atomic ratio of Al/O was greater than the
atomic ratio of Al/O, which suggested that AI** aided as the oxidizing agents, and substituting
into Zn ions within oxygen ion sites, thereby giving rise to the formation of AZO and Al;.xOx
compounds. Nevertheless, the atomic ratio of (Al+Zn)/O exhibited distinct behavior. Initially,
it displayed an upward direction, reaching the highest value at 2 wt%, then decreased and
maintained a relatively steady level as the Al doping ratios increased to 5 wt%. It could be
attributed to oxygen ion bonding saturation point within composition.

In Fig. 3.13, the growth mechanism underlying the deposition of AZO films with varying
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Al doping ratios using the mist CVD. This growth process can be categorized into three steps:
(a) generation of mist droplets, (b) decomposition and (c) growth process. In initial step, a
precise mixture of ZA and AA precursors was poured within the prepared chamber.
Subsequently, the ultrasonic transducer was used to change the mixed precursor into mist
droplets. At decomposition process, both ZA and AA components in the form of mist droplets
were travelled to the reactor using a carrier and dilution gas. Within the reaction chamber, a

finely channeled substrate is preheated and maintained at a temperature of 400°C.
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Fig. 3.13 The growth process of deposited AZO films with varied Al doping ratios:(a)
generation of mist droplets, (b) decomposition, and (c) growth stage.

Continuously, when the substrate temperature (400°C) was over the decomposition
temperature of ZA (237°C) and AA (193°C), dissociation of AA and ZA precursors led to the
release of Al and Zn species. These liberated species then diffuse and adsorb onto the substrate
surface, initiating the nucleation of AZO thin films. Owing to the comparatively lower
decomposition temperature of AA, it is easy to promote the generation of decomposed Al ions.
The decomposition of aluminum ions proved to be notably more facile than zinc ions, resulting
in a greater propensity to form bonds with oxygen ions. This distinction can be attributed to the
lower decomposition temperature of AA than that of ZA. Due to the lower decomposition

temperature of AA than ZA, the generated Al ions exhibit an inherent tendency to bond with
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oxygen ions.

Furthermore, prior report [21] have indicated that when the deposition temperature is more
significant than 350°C, the bonding mode of AlOs might be established during a mist deposition
process. Consequently, under our experimental circumstances with the deposition temperature
of 400°C, the formation of Al-O bonding becomes dominant, thus leading to the formation of

Al1xOx compounds. The results were indicated that the nucleation of ZnO crystals was
suppressed.

In the growth stage, the obtained AZO films exhibiting a preference for growth along the
(101) orientation, possibly attributed to the faster growth rate than other growth directions [22].
As a result, the formation of intertwined nanosheet structures was observed as the Al doping
ratios increased from 1 wt% to 3 wt%.

100

80

Transmittance (%)

U 1 1 1 1 L
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 3.14 Transmittance spectra of deposited AZO films with varied Al doping ratios by mist
CVD method.

The transmittance spectra of obtained AZO films doped with varied Al ratios is shown in

Fig.3.14. It is evident that all AZO films exhibit transmittance exceeding 80% within the visible
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region. Interestingly, when the Al ratios are raised to 5 wt%, a noticeable blue shift in the
absorption edge is observed, indicating a slight increase in energy level gaps.
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Fig. 3.15. Variation of (ahv)? of the deposited AZO films with varied Al doping ratios as a
function of the photon energy (hv).

The variation of optical bandgap is depicted in Fig. 3.15, which is obtained from plotting
(chv?? against the photon (hv) for varied Al ratios. By using Tauc’s plot equation [23], the
calculated bandgaps exhibit an increase from 3.57 eV to 3.85 eV with the increasing of Al ratios.

The absorption spectra of MR solution corresponding to deposited AZO films using the
mist CVD method with varying Al doping ratios are shown in Fig. 3.16. An obvious decrease
in absorption intensities was observed within the 470 nm to 700 nm range when Al doping
ratios increased from 1 wt% to 2 wt%, in contrast to the origin MR solution. These observations
suggest achievement of photodegradation efficiency. When the doping ratios increased to 4
wit%, the absorption intensity was slightly increased. The most significant reduction in
absorption intensity was observed at an Al doping ratio of 2 wt%. However, as the Al ratios
were further raised to 5 wt%, the absorption spectra were greater than that of original MR

solution, indicating an absence of photodegradation efficiency.
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Fig. 3.16 The absorption spectra of MR solution for deposited AZO films with varied Al doping

ratios.
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Fig. 3.17 Plot of In (C/Co) with the irradiation times for deposited AZO films with varied Al

doping ratios.
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The MR absorption band at 520 nm was used for calculating the degradation rate of the
obtained AZO films. The degradation kinetics of various organic dyes was characterized by
employing the Langmuir—Hinshelwood (L—H) model [24]. This model describes the adsorption
rate on the surface of photocatalytic materials with the overall ratios of adsorbed reactants. Eq.

(2) was described the surface reaction rate (R) as follows [25-27]:
R =k (2)

Here, kr is the constant of reaction rate, and 0 is the overall ratios of surface reactants. Based
on adsorption theory, the capacity of adsorption and concentration of reactants are related to
the overall ratio of the reactant.

For pseudo-first-order reaction, based on the Eq. (2), Eq. (3) is derived as follows.

Kt = 1n(C—CO) 3)

where K is the constant first-order degradation reaction rate.

The graph of In(C/Co) with irradiation time, wherein the degradation of the MR solution
for AZO films was illustrated in Fig.3.17. A higher value of the first-order degradation rate
indicates superior photodegradation efficiency. In order to determine first order degradation
reaction rate k, Eq. (4) is derived be from Eq. (3).

In(5)

k= — @

The calculated degradation reaction rate was enhanced from 0.0031 min! to 0.0040 min™*
with increasing of Al doping ratios. Subsequently, a reduction from 0.00054 min™! to 0.00038
min~!' was observed while the Al doping ratios increased from 3 wt% to 4 wt%. Notably, the
AZO film exhibited a high reaction rate with an Al doping ratio of 2 wt%.

3.4.3 Conclusions

The mist CVD method was successfully employed to deposit AZO films with varying Al
ratios. The investigation revealed a substantial influence of the Al ratios on the properties of
AZO films. An enhanced preferred orientation along (101) crystal planes was observed with
the increasing of Al ratios to 3 wt%. Among varied Al doping ratios, 2 wt% Al doping ratios
exhibited high crystallinity and low surface roughness. With the increasing of Al doping ratios,
the intertwined nanosheets structure was transformed to uniform particles structure. A
strengthening of Al and O bonds, and suppressing Zn and O bonds, as the Al doping ratios
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increased, which was revealed the growth mechanism of AZO film at a deposition temperature
of 400°C. All AZO films showed a high transmittance exceeding 85% within the visible range.
Remarkably, the highest value of first-order reaction rate and high degradation efficiency were
achieved at 2 wt% Al doped ZnO film, which are expecting it to be a promising candidate for

potential photocatalytic applications.

3.5 Influence of thermal annealing on the properties of AZO film

3.5.1 Experiment conditions

Firstly, AZO film with 300 nm thickness was fabricated by mist CVD method. The
deposition condition of AZO film was described in Table 3.2. Following the deposition, the
obtained AZO films were vacuum annealed at 700 °C for 1 hour in the conventional furnace.

The photodegradation measurement of annealed AZO film was carried out. The condition
of degradation measurement was described in section 3.4.1 in detail. The structural, optical, and

photocatalytic properties of AZO films were investigated.

3.5.2 Results and Discussion

Fig. 3.18. SEM images of (1) as-deposited AZO film and (2) annealed AZO film with 300 nm
thickness :(a) top view and (b) cross-section view.
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Fig. 3.18 shows the SEM images of AZO films before annealing and after annealing
process. It can be seen that the intertwined nanosheet structure was not changed after the
annealing process. The aspect ratio of AZO nanosheets was changed from 3.77% to 7.31 % due
to the increased length and the decreased width. Highest aspect ratio of nanosheets and most
columnar structure were obtained at annealed AZO films. The results indicated that the
crystallinity of AZO films was improved after the annealing process.
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Fig. 3.19. 2 theta patterns of as-deposited and annealed AZO films with 300 nm thickness

Fig. 3.19 illustrates the XRD patterns of obtained AZO films before and after the annealing
process. The diffraction patterns reveal distinct peaks corresponding to the (100) and (101)
crystal planes. Notably, the (101) peak is the dominant peak in both AZO films, indicating a
strong preference for growth along the (101) crystal plane. Following the annealing process, a
obvious enhancement in the intensity of the (101) peak is observed, suggesting a significant
improvement in the crystallinity of the AZO films after annealing.

Fig. 3.20 shows the Raman spectra of AZO films before annealing and after annealing
process. There was a single dominant peak at around 440 cm™ which corresponds to the

standard peak of ZnO. The E2 peak of annealed AZO film was doublet of the as-deposited AZO
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film, which meant that the enhanced crystallinity of AZO films was achieved after the annealing
process, which is consistent with XRD results.
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Fig. 3.20. Raman spectra of as-deposited and annealed AZO films with 300 nm thickness.
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Fig. 3.21. Transmission spectra of as-deposited and annealed AZO films with 300 nm thickness.
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The optical transmittance of as-deposited AZO film and annealed AZO film are shown in
Fig. 3.21. The high transmittance of around 80% was obtained for all AZO films in the visible

region. After annealing process, transmittance of AZO film was increased from 71 to 83%.

3.5.3 Conclusions

The effect of thermal annealing on the properties of AZO film was investigated, the
photocatalytic property was investigated as well. The length and width of the intertwined
nanosheet structure were changed after the annealing process. The most columnar structure
of AZO film was obtained at annealed AZO film. The intensity of the (101) peak was
increased at annealed AZO film, which was pointed that the enhancement of crystallinity
after the thermal annealing process. The transmission spectra of AZO film were
significantly increased to around 80% after the annealing process. The highest
photodegradation efficiency was obtained at annealed AZO film and the highest

degradation rate was 0.0041 min~!.
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Chapter 4

Influence of AZO seeds layer on the control of growth and crystallinity
of AZO films

4.1 Introduction

Regarding the fabrication of AZO thin films through the mist CVD method, a notable
challenge remains in achieving AZO films with the high crystallinity and controllable growth
direction. In our prior investigations, we successfully deposited AZO thin films with high
crystallinity utilizing an RF magnetron sputtering system [1]. This approach is advantageous
for generating reproducible and uniform AZO thin films on large-area substrates, even at lower
deposition temperatures. The high-energy ejected species during the sputtering process enhance
the crystalline quality of films [2-10]. Furthermore, we synthesized AZO films with a large
surface area in the previous chapter utilizing an innovative mist CVD method. It had the
advantages for film deposition, including large surface area, uniformity, reproducibility,
simplicity, ease of control, and cost-effectiveness [10-14].

This chapter proposes a hybrid methodology combining mist CVD process with the RF
magnetron sputtering method. This synergistic approach aims to achieve AZO films with high
crystallinity and controllable growth direction. Simultaneously, we will explore the

photodegradation efficiency, further enhancing their applicability in photocatalytic processes.

4.2 Influence of AZO seeds layer on the properties of AZO films

4.2.1 Experiment conditions

‘ RF Magnetron Sputtering | AZO 2% AZO 5% (a)
a
300 nm—»

Mist CVD 'v l

AZO 2% / AZO 2% / AZO 2% / (b)

AZO 2% AZO 5%

Fig. 4.1 Sketch of (a) as-deposited AZO films with varied Al ratios, and (b) deposition of

double-layered AZO films on different substrates.
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Fig. 4.1 (a) illustrates the process of depositing AZO thin films (300 nm-thick) onto glass
substrates using an RF (13.56 MHz) magnetron sputtering process. The glass substrate was
preheated at 150°C for a duration of 1 hour, prior to sputtering process. Pure argon (30 sccm)
is served as the working gas, which was controlled by a mass controller during the deposition
process. The deposition power and pressure are kept at 180 W and 7 Pa, respectively. The
comparison is made between the AZO target with AZO-2wt% and AZO-5wt%.

After the deposition process, as-deposited AZO-2wt% and AZO-5wt% films are utilized as
seed layers for the subsequent deposition of AZO films (300 nm-thick) using the mist CVD
process, as depicted in Fig. 4.1 (b). To study the influence of the seed layer, 600 nm-thick AZO
film is directly deposited onto bare glass using the mist CVD method. During the deposition
process, the substrate is placed within the FC reactor and maintained at 400°C. The thicknesses
of the three AZO films are equivalent to 600 nm. Detailed deposition parameters for the AZO

films are comprehensively outlined in Table 4.1.

Table 4.1. Deposition conditions of double-layered AZO films by the mist CVD method.

Solute Zinc acetate, Aluminum acetylacetonate
Solvent Methanol, H,O
Concentration of zinc source(mol/L) 0.04

Concentration of aluminum source(mol/L)  0.02

Substrate Glass, AZO 2 wt%, AZO 5 wt%
Deposition Temperature (°C) 400

Carrier gas, Flow rate (L/min) Nitrogen , 2.5

Dilution gas, Flow rate (L/min) Nitrogen , 4.5

4.2.2 Results and Discussion

Fig. 4.2 shows the SEM images of the as-deposited AZO-2 wt% and AZO-5 wt%. The
uniform surfaces of both AZO films were obtained. A spherical morphology was displayed for
these as-deposited AZO films with average grain sizes of 74 nm for AZO-2wt% and 104 nm
for AZO-5wt% films. Both as-deposited AZO films exhibited columnar structures that grew
vertically to the glass substrates, which can be seen in cross-sectional view. The most columnar

structure was found from the AZO-5wt% film.
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Fig.4.2 SEM images of as-deposited AZO films with varied Al doping ratios :(a) 2 wt% Al, and
(b) 5 wt% Al; (1) top view, and (2) cross view.
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Fig.4.3 2 theta patterns of as-deposited AZO films with varied Al doping ratios.
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The XRD patterns of the as-deposited AZO-2wt% and AZO-5wt% are presented in Fig.
4.3. It can be confirmed that both AZO films showed a single dominant peak corresponding to
the (002) crystal plane. This finding indicates that the obtained as-deposited AZO films showed
the preferred growth orientation of the AZO was (0001) crystal plane, which was perpendicular
to the substrates. Furthermore, higher intensity of (002) peak with smaller FWHM of 0.24°
were obtained at AZO-5wt% film. The calculated c-axis crystallite size of the AZO-5wt% film
was determined to be 35.15 nm, which is notably greater than the 19.95 nm observed in the
AZO-2wt%. Accordingly, the highest crystallinity was obtained at AZO-5wt% film.

Z [nm]

nm -

B s o 1 e
Y [pum] 1 - X [pum]

(a)

Fig. 4.4 AFM images of double-layered AZO films fabricated by mist CVD: (a) AZO/Glass,
(b) AZO/AZO-2wt%, and (c) AZO/AZO-5 wt%.

In Fig. 4.4, the AFM images exhibit the AZO films deposited on different substrates
using the mist CVD method. Remarkable differences emerged in the RMS surface roughness
values for AZO films deposited employing distinct AZO seed layers. Specifically, the
AZO/AZO-2wt% film obtained a significantly reduced value of 4.13 nm, while the AZO/AZO-
5wt% film showed an even lower value of 3.76 nm. Furthermore, calculating the surface area,

the AZO/AZO-5wt% film measured at 23.5 m?/g, surpassing that of the AZO/AZO-2wt% film
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at 11.2 m?/g. These findings underscored that the AZO/AZO-5wt% films achieved the large

surface area and smaller surface roughness.

600 nm

300 nm

500 nm

Fig. 4.5 SEM images of double-layered AZO films fabricated by mist CVD: ((a) AZO/Glass,
(b) AZO/AZO-2 wt%, (c) AZO/AZO-5 wit%, (1) top view, and (2) cross-section view)

Fig. 4.5 shows SEM images of AZO films deposited on different substrates through the
mist CVD method. When viewed from the top, the images reveal well-defined intertwined
nanosheet structures that exhibit remarkable uniformity across all substrates. The average
diameters of these AZO nanosheets were measured at 16 nm, 27 nm, and 51 nm, for the
sequence of AZO/glass film, AZO/AZ0O-2 wt% film and AZO/AZO-5wt% film.

In the cross-sectional view of Fig. 4.5 (a-2), a randomly growth was appeared on the glass
substrate. Nevertheless, a distinct alteration in the growth direction of the nanosheets was
observed when deposited on the AZO substrates. Notably, the most columnar structure was
achieved from the AZO/AZO-5wt% film.
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Fig. 4.6 Atomic ratios variation of Zn, Al, and O calculated from EDX measurements for
double-layered AZO films fabricated by mist CVD.

Fig. 4.7 EDS mapping analyses of the double-layered AZO films fabricated by mist CVD; (1)

AZOIGlass, (2) AZOIAZO-2wt%, (3) AZO/AZO-5wid%.
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Fig. 4.6 describes EDX measurements of deposited AZO films after the mist CVD process,
which was highlighting the atomic variations of Zn, Al, and O. Remarkably, the deposited AZO
films on the AZO seed layers displayed increased atomic ratios of Al/Zn, indicative of increased
incorporation of Al into the AZO films. This trend was indicated by the substantial 80%
difference in the atomic ratios of Al/Zn for the AZO/AZO-5wt% film compared to 60% for the
AZOIAZO-2wt% film. EDX mapping supported these findings, illustrating the high
concentrations of Zn, Al, and O in instances where AZO seed layers were applied as substrates.

From Fig. 4.7 (2) and (3), during the mist CVD process, increased Al doping in ZnO films
enhanced the concentration of each element progressively from the bottom side to the top side.
This observation was aligned with the results presented in Fig. 4.6, emphasizing that AZO films
deposited on AZO seed layers exhibited significant increase in atomic ratios of (Al+zZn)/O
compared to those on glass. The increasing atomic ratios indicated the improvement in
crystalline quality facilitated by utilizing AZO seed layers.

Moreover, in direct comparison with the AZO/AZO-2wt% film, the AZO/AZO-5wt% film
exhibited increased atomic ratios of Zn/O and Al/O. Notably, the atomic ratio of Zn/O was
predominant in the AZO/AZO-5wt% film, signifying high crystallinity compared with
AZO/IAZO-2wt% film.

AZ0O/Glass (002}
—— A O/ALO 2wtV W
g — AZO/AZD 5wt
=
=
R
=
2
=
(100) (101)
30 31 32 33 34 35 36 37 38
20 (Deg)

Fig. 4.8 2 theta patterns of the double-layered AZO films fabricated by mist CVD.
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Fig. 4.8 shows the XRD patterns of AZO films deposited on different substrates
following the mist CVD method. Both AZO/AZO-2wt% and AZO/AZO-5wt% films exhibited
distinct (002) and (101) diffraction peaks. It was indicated that the dominant diffraction (002)
peak was corresponded to a preferred orientation along the (0001) crystal plane for both
obtained AZO films. Notably, the intensity of the (002) peak at AZO/AZO-5wt% film was
considerably higher than AZO/AZO-2wt% film. Calculation of the crystallite size along the c-
axis revealed that the large crystallite size (37.28 nm) was achieved at AZO/AZO-5wt% films
when compared with AZO/AZO-2wt% film (22.15 nm). The enhanced crystallinity observed
in the AZO/AZO-5 wt% film, indicated significant influence of seed layer crystallinity on the
resulting crystalline quality of deposited AZO films.

Importantly, no (002) diffraction peak was observed from the deposited AZO/Glass.
This observation meant during the mist CVD process, AZO seeds layers could effectively
control the growth orientation of AZO films. To explore influence of crystallinity on the AZO
seed layer, the calculated lattice mismatch [15] between the as-deposited AZO-5wt% film and
the AZO/AZO-5wt% film was determined to be 0.07%, a value lower than the lattice mismatch
between the as-deposited AZO-2wt% film and the AZO/AZO-2wt% film (0.13%). These
findings imply that the AZO/AZO-5wt% film maintained the similar orientation as the AZO-
5wit% seeds layer, highlighting improved crystallinity within the seed layer could be contributed
to the growth orientation of the subsequent AZO films.

The dislocation density (8) [16] was evaluated the density of defect states from the
obtained AZO/AZO-2 wt% and AZO/AZO-5wt% films, which are expressed in Eq. (1).

§=1/D 1)

As Al doping concentration increased, the calculated dislocation density decreased,
indicating a reduction in lattice imperfections and increased crystallite sizes, which attributed
to enhanced crystallinity in the AZO films.

Furthermore, referring to Table 4.2, the peak position (002) of AZO/AZO-2wt% shifted
from 34.21° to 34.42°, and for AZO/AZO-5wt% films, the shift was from 34.27° to 34.48°.
This shift showed that during mist CVD process, higher concentration of Al from underneath
AZO seed layer was incorporated into the AZO film. The substitution of AI** ions for Zn?* ions
in the ZnO lattice site leads to changes in peak position due to the differing ionic radii of AI®*
(0.053 nm) and Zn?* (0.075 nm) [17].
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Table 4.2. XRD analysis data of double layered AZO films fabricated by mist CVD method

Peak Position | (hkl) | d(nm) | Lattice Parameters (nm) Stress C-axis crystallite
AZO Films (Deg) . . (GPa) size (nm)
AZ0O (2wt%) 34.21 (002) |2.6224 |0.3231 0.5229 -3.3807 19.92
AZO/AZO (2wt%) | 34.43 (002) |2.6019 | 0.3246 0.5216 0.1934 22.15
AZO (5wt%) 34.28 (002) |2.6125 |0.3234 0.5211 -1.6555 35.14
AZO/AZO (5wt%) | 34.49 (002) |2.5966 |0.3253 0.5204 1.1152 37.28

In order to explore the influence of the AZO seed layer on the growth of AZO films during
the mist CVD process, the lattice mismatch between the AZO film and the underlying AZO
seed layer was conducted. The lattice mismatch calculations revealed that the mismatch
between the as-deposited AZO-5wt% film and the AZO/AZO-5wt% film was remarkably low
at 0.07%. This value was significantly smaller than the mismatch observed between the as-
deposited AZO-2wt% film and the AZO/AZO-2wt% film (0.13%), which indicated that, as the
Al concentration increased, the lattice constants closely approached those of bulk ZnO. The
results suggested that the AZO/AZO-5wt% film achieved a low lattice mismatch, indicating
that preferred orientation during the AZO deposition in the mist CVD process was consistent
with that of the AZO-5wt% seed layer.

The observation further confirms that using AZO seed layers contributes to improving
growth orientation along the (0001) crystal plane of AZO films. Consequently, the result can
attribute as a critical factor for attaining the columnar structure and improved crystallinity for
the AZO/AZO-5wt% film. Considering the growth direction of the as-deposited AZO thin films
deposited by the RF magnetron sputtering process, it was evident that ZnO crystal growth
strongly preferred the (0001) direction due to its lower bonding energy compared to other
growth directions [18]. In the mist CVD process, according to the following equations;

Zn (CHsCOO)g %  Zney+2CH;COO(,) 2)
H20( > 2H + O (s (3)
CH3COOs+ + Hisx=> CH3COOH(g) 4)
Zn + O (%) > ZnOg) ®)

The mist CVD process involved the generation of mist droplets from a mixed precursor
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solution containing ZA and AA. These mist droplets were subsequently directed into the reactor,
where the preferred substrate was maintained at 400°C. During the deposition process, the
decomposition temperature of ZA exceeded 237°C, leading to the release of zinc ions through
the mist droplets.

Under the mist CVD process, the decomposed Zn ions in the mist droplets on the surface
of the AZO seed layer engaged in a reaction with the oxygen atoms at ZnO nuclei sites. This
interaction resulted in the growth orientation of the newly formed ZnO crystals aligning with
the (0001) crystal plane of the underlying AZO seed layer. This phenomenon facilitated the

promotion of better crystallinity and enhanced growth orientation within the resulting AZO film.
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Fig.4.9 The absorption spectra of MR solution for the double-layered AZO films fabricated by
mist CVD.

Fig. 4.9 illustrated the absorption spectra of the MR solution for deposited AZO films
on different substrates. Original MR solution exhibited a decrease in absorption intensity with
irradiation time, where a lower absorption intensity correlated with higher photocatalytic
efficiency. Notably, the absorption intensities of AZO films deposited on the glass substrates
were greater than those deposited on AZO seeds layers, indicating a significant influence of the
AZO seed layer on the photocatalytic performance of the AZO film.
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Comparing the AZO/AZO-2wt% film, the decreased absorption intensity of AZO/AZO-
5wit% film exhibited a slight decrease, suggesting an enhancement in photocatalytic efficiency.
The lowest absorption intensity was observed at AZO/AZO-5wt%, indicating high
photocatalytic efficiency, which was shielded a range from 340nm to 700nm, indicating

improved photodegradation efficiency in the ultraviolet and visible regions.
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Fig. 4.10 Plot of C/Co versus the different substrates for the double-layered AZO films
fabricated by mist CVD.

In Fig. 4.10, the plot of Ct/Co is illustrated, showing the concentration variation over the
course of MR solution degradation. After photodegradation process, a decrease concentration
in MR solution signifies higher photocatalytic efficiency. Notably, the deposited AZO films on
AZO seed layers achieved lower MR solution concentrations in comparison to those on glass
substrates. Among them, the AZO/AZO-5wt% film demonstrated most notable reduction in
MR solution concentration, highlighting its exceptional photocatalytic performance.

Based on the L-H model [19], the calculated degradation reaction rates for the AZO/Glass
was 0.0015 min!. Particularly, these rates increased to 0.0041 min for the AZO/AZO-2wt%
film and further to 0.0043 min! for the AZO/AZO-5wt% film. Remarkably, the highest first-
order degradation reaction rate was achieved at AZO/AZO-5wt% film, which signifying its

superior photocatalytic performance.
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4.2.3 Conclusions

During the mist CVD process, the utilization of as-deposited AZO seed layers proved
effective in controlling the growth and crystallinity of the subsequently deposited AZO films.
The enhanced crystallinity in the AZO film fabricated via mist CVD was contributed by the
crystallinity of underneath AZO seeds layer. The low lattice mismatch between the AZO film
and seed layer facilitated the vertical alignment of the AZO film. Particularly noteworthy is
exceptional performance of deposited AZO film on the as-deposited AZO-5wt% seed layer,
showcasing high crystallinity and a substantial surface area. Additionally, a positive correlation
between the aluminum doping ratio and AZO film crystallinity was observed. The growth
mechanism underlying the AZO film on the AZO seed layer has been elucidated, highlighting
the alignment of the deposited AZO film with the (0001) orientation of the underlying AZO

seed layer.
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Chapter 5

Synthesis and characterization of ZnO nanorods and AZO/ZnO core-shells

nanorods by mist CVD method

5.1 Introduction

In recent times, nanostructures related with ZnO have garnered attention as effective
photocatalysts for efficiently breaking down the dye pollutants in water purification processes
[1-4]. Moreover, many studies have underscored the pivotal role of surface morphology and
several modifications in ZnO nanostructures (spheres, rods, tubes, needles, etc.) in enhancing
photocatalytic performance [5-8]. Among these, one-dimensional ZnO nanorods stand out for
their superior organic dye adsorption and enhanced photocatalytic activity, owing to their high
surface-to-volume ratio [9-13]. The exposed surface facets of ZnO nanorod and its
photodegradation efficiency has been extensively documented [14,15]. An increased proportion
of exposed polar surfaces could be enhanced the photodegradation, which attributed tendency
of the (0001)-Zn polar surface to adsorb OH ions, thus facilitating the formation of ROS species
upon interaction with hydroxyl radicals, which in turn, facilitate the degradation of organic
contaminants and microbial damage [16-24]. Furthermore, light absorption can be enhanced by
the substantial surface area of well-aligned ZnO rods, leading an increase in production of
charged carriers on the catalyst surface and consequently, an improvement in ROS species.

Based on several techniques, CBD process is an attractive method for synthesizing well-
aligned ZnO nanorods due to its simplicity, cost-effectiveness, scalability, and low-temperature
processing [25-28]. Notably, our earlier work has demonstrated that choosing substrates
significantly impacts the controlled growth of well-aligned ZnO nanorods. Among transparent
conductive oxide substrates, the vertical alignment of ZnO nanorods can be achieved by the
AZO film.

Building on our prior research experience, we have successfully fabricated conductive
AZO films using an RF magnetron sputtering system and fabricated well-aligned ZnO nanorods
on AZO films through the CBD method [29]. However, achieving precise control over the
vertically well-aligned ZnO nanorods remains a challenge. This section introduces an
innovative hybrid method, utilizing sputtered AZO seed layers to grow well-aligned ZnO
nanorods with the CBD technique. In order to analyze the effect of reaction times on ZnO

nanorods, the structural, optical, and photocatalytic properties were investigated
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5.2 Influence of reaction times on the properties of ZnO nanorods by CBD
method

5.2.1 Experiment conditions

A 300 nm-thick film of Aluminum-doped Zinc Oxide (AZO) was successfully applied
onto an Alkaline-free glass substrate known as Eagle XG. The deposition process employed an
RF magnetron sputtering system operating at a frequency of 13.56 MHz. The sputtering utilized
a 4-inch AZO target, where the composition ratio of ZnO to Al,O3 was 98:2 by weight. Prior
to the sputtering process, the glass substrate was pre-heated at 150°C for a duration of 1 hour.
Pure argon gas with a flow rate of 30 sccm was introduced into the chamber as the working gas.
The gas flow was meticulously regulated by a mass controller to maintain consistency.
Operating under controlled conditions, the pressure within the chamber was held at 1 Pa, while
the temperature was consistently maintained at 150°C. Specific details of the deposition

parameters can be found in Table 5.1.

Table 5.1. Deposition conditions of AZO films by RF magnetron sputtering

Substrate Glass

Target (ZnO:Al, 05 = 98:2 wt%)
Temperature (°C) 150

Pressure (Pa) 7

Power (W) 180

Working gas, Ar (sccm) 30

Following the sputtering procedure, the resultant AZO film, in its as-deposited state, was
utilized as a substrate for cultivating ZnO nanorods using the CBD technique. A solution was
prepared, combining Zn (NOs3)2-6H20 (0.015 mol/L) with hexamethylenetetramine (HMTA)
(0.0075 mol/L). This mixed precursor solution was dissolved within 200 ml of ultrapure water,
serving as the solvent. The solution was then introduced into a flask and maintained at a
constant temperature of 95°C.

To examine the impact of varying growth reaction on the ZnO nanorods, the growth times
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were progressively altered, ranging from 1 hour to 5 hours. This controlled exploration required
to clarify the relationship between reaction time and ZnO nanorod growth.

5.2.2. Results and Discussion

(002) n — As-depo AZO film
——CBD- 1lh
——CBD- 2h
CBD- 3h
CBD- 4h
——CBD- 5h

Intensity (a.u.)

32

(8]
[#8]

34 35 36 37 38
26 (Deg)

Fig 5.1 2 theta patterns of synthesized ZnO nanorods with different reaction times by CBD.

Fig. 5.1 displays the XRD patterns of both as-deposited AZO film and the synthesized
ZnO nanorods, subjected to various reaction times during the CBD process. Evidently, both as-
deposited AZO films and obtained ZnO nanorods showed a singular prominent diffraction peak
at (002), which is preferred growth orientation along the c-axis orientation. In Table 5.2, it can
be clearly observed that the intensity of the (002) peak experiences augmentation while FWHM
reduces. Employing Debye-Scherrer's formula [30], while the growth reaction time was raised
to 5 hours, the computed c-axis crystallite sizes of the ZnO nanorods expands to 39.47 nm. This
expansion leads to the relaxed lattice constant of bulk ZnO (0.52 nm) by converging calculated
lattice constant, c. The results imply an enhancement in the crystallinity of the ZnO nanorods
as reaction time extends. Particularly noteworthy is the achievement of high crystallinity in

ZnO nanorods grown for 5 hours.
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Table 5.2. XRD analysis data of as-deposited AZO film and ZnO nanorods

Samples Peak Intensity FWHM C-axis Lattice Compressive
position (cps) (Deg) d (nm) crystallite size | constant, ¢ | stress (GPa)
(Deg) (nm) (nm)

As-depo AZO film 34.32 9821 0.384 2.6098 21.2 0.52 -1.185
CBD-1h 34.36 21542 0.272 2.6085 30.2 0.52 -0.95
CBD-2h 34.39 37403 0.258 2.6077 31.8 0.52 -0.82
CBD-3h 34.41 40043 0.251 2.6051 32.7 0.52 -0.37
CBD-4h 3442 58367 0.242 2.6021 34.1 0.52 0.15
CBD-5h 34.45 81245 0.208 2.6003 39.5 0.52 0.47

For both the AZO film and ZnO nanorods, the compressive stress (o) was cultivated under

varying growth times, which can be mentioned by using the biaxial strain model [31] as follows:

_ 2Cf3—C33(C11+C12) « Crum=Chulk (1)
2C13 Chuik

In this equation, Cij represents the elastic modulus of bulk ZnO films, and "c" denotes the
lattice constant, with specific values of C11 = 208.8 GPa, C12 = 119.7 GPa, C13 = 104.2 GPa,
and Cs3 = 213.8 GPa. The lattice constant "c" can also be deduced through an analysis of

residual stress and XRD patterns.

The (002) peak position within the as-deposited AZO film at 34.32°, a gradual shift
occurred to 34.36°, 34.39°, 34.41°, 34.42°, and eventually 34.45° for ZnO nanorods grown
across distinct reaction times. Utilizing Eq. (1), the computed compressive stresses of ZnO
nanorods were found to be -0.945 GPa, -0.818 GPa, -0.372 GPa, 0.151 GPa, and 0.468 GPa,
respectively, with the growth time ranging from 1 hour to 5 hours. This analysis effectively
revealed a relief in compressive stress within the ZnO nanorods fabricated through the CBD
process. Furthermore, the lattice mismatching between the as-deposited AZO film and ZnO
nanorods was reduced from 0.09% to 0.06% with an increasing of reaction time from 1 hour to
5 hours. This reduction indicated that growth direction between the as-deposited AZO film and
ZnO nanorods became similar. Consequently, an enhancement in crystallinity was achieved
with the increasing of reaction time. Synthesized ZnO nanorods on the AZO seed layer for a
duration of 5 hours. The smallest lattice mismatch was observed from ZnO nanorods

synthesized for 5 hours.
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Fig. 5.2 SEM images of (a) as-deposited AZO film, and synthesized ZnO nanorods with
diffraction reaction times: (b) 1 hour, (c) 2 hours, (d) 3 hours, (€) 4 hours, and (f) 5 hours; (1)
top view, and (2) cross-section view.

Fig. 5.2 presents SEM images of as-deposited AZO film and ZnO nanorods synthesized
on the AZO substrate through the CBD method with different reaction times. The top-view
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images show that the surface of the as-deposited AZO film is uniformly flat, exhibiting an
average grain size of 53 nm. The resulting ZnO nanorods exhibit well-defined hexagonal facets
after undergoing the CBD process, as illustrated in Fig. 5.2 (b-f). Notably, the average diameter
of the ZnO nanorods was slightly increased, from 53 nm to 98 nm, when the reaction time was
increased from 1 hour to 5 hours.

Conversely, the density of ZnO nanorods experiences a decrease, transitioning from
311/um?2 to 87/um? as the reaction time is extended from 1 hour to 5 hours. The average length
of the ZnO nanorods displays a substantial increase, ranging from 145 nm to 1205 nm, in
alignment with the increment in reaction times from 1 hour to 5 hours. The longest ZnO
nanorods are observed in the AZO film grown with a 5-hour reaction time.

Under the CBD process, the growth mechanism underlying the formation of ZnO nanorods
with varying reaction times can be elucidated as follows:

During the CBD process, the mixed precursor solution comprising Zn (NO3).-6H20 and
HMTA is dissolved in water, thereby continually generating Zn?* and OH" ions, as described
by the following reactions [32]:

Zn (NOs)2 — Zn?* + 2 NOs )
CsH12Ns + H20 — 4 NHs + 6HCHO (3)
NHs + Ho0 <> NH* + OH" (4)
Zn?* + 2 OH — Zn (OH), (5)

Zn (OH)2 <> ZnO + H,0 (6)

As per the equations mentioned from (2) to (6), the Zn?* ions, arising from the dissolution
of Zn (NOs)2-6H20, undergo ionization and engage in a reaction with the OH" ions. These OH"
ions are generated through the hydrolysis of HMTA, eventually leading to the formation of Zn
(OH)2. The obtained Zn (OH)2 species undergoes dehydration, and transforming into ZnO. With
the increasing of the reaction time, more ZnO was likely to be generated and subsequently
stacked atop one another. This accumulation of ZnO contributes to the elongation of ZnO

nanorods, thus leading to an increase in their overall length.
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Fig. 5.3 Atomic ratios variations of Zn, Al, and O calculated from EDX analysis of as-deposited
AZO film, and synthesized ZnO nanorods with different reaction times by CBD.

The elemental composition of the as-deposited AZO film and synthesized ZnO nanorods
was carried out through EDX measurements. The plot depicting the variations in atomic ratios
of Zn, Al, and O is displayed in Fig. 5.3. Notably, the atomic ratio of (Zn+Al)/O was significant
increased with the increasing of reaction times from 1 hour to 5 hours. This result suggests a
more significant number of Zn ions were incorporated into the formation of ZnO nanorods.
Furthermore, the atomic ratios of Zn/O also exhibited a substantial increasing with the
increasing of reaction times. However, the atomic ratio of Al/O remained relatively constant as
the reaction time was increased, suggesting that the influence of aluminum on the ZnO nanorods
was negligible.

Conversely, the atomic ratios of Zn/O exceeded those of Al/O with the increase in reaction
time from 1 hour to 5 hours. This observation implies that a significantly more significant
number of Zn ions were generated and subsequently transformed into ZnO, leading to their
growth along the c-axis direction. The ZnO nanorods synthesized for 5hours showed the highest
atomic ratio of Zn/O, which directly attributed to the increasing in the length of ZnO during the
CBD process.
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Fig. 5.4 Transmission spectra of synthesized ZnO nanorods with different reaction times by
CBD.

Fig. 5.4 illustrates the optical transmittance spectra of the as-deposited AZO film and the
ZnO nanorods with varying reaction times. Notably, the as-deposited AZO film displayed a
high transmittance level of approximately 90%, and a comparable high transmittance of around
70% was observed for all ZnO nanorods in the visible region. It can be confirmed that changes
in the reaction times during the CBD process had minimal impact on transmittance. This
phenomenon may be attributed to the well-aligned vertical orientation of all ZnO nanorods on
the as-deposited AZO film, further contributing to their high transmittance characteristics.

When the reaction time was increased from 1 hour to 5 hours, the calculated bandgap
energy values of the synthesized ZnO nanorods exhibited a decrement from 3.32 eV t0 3.22 eV,
based on the Tauc’s plot equation. This alteration signifies that electrons originating from the
valence band can now more readily undergo transitions to the conduction band within ZnO
nanorods grown from 1 hour to 5 hours.

This high electron transition leads to an augmentation in the generation rate of active
radicals during the degradation process [33]. As the bandgap energy narrows, a larger portion
of the incident light spectrum becomes effective in generating charge carriers, facilitating a
more efficient photodegradation mechanism. Therefore, the progressive decrease in bandgap

energy of the ZnO nanorods, corresponding to the elongation of growth reaction time, bolsters
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the efficiency of photodegradation due to the increased availability of active charge carriers.

0.30
——0Original MR Solution
——CBD-1h
025 ——CBD-2h
CBD-3h
~o020 k CBD-4h
5 ——CBD-5h
=z
st
S 015
S
—
o
wy
R
< 0.10
0.05
0.00 S

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 5.5 The absorption spectra of MR solution for synthesized ZnO nanorods with different

reaction times by CBD.

Fig. 5.5 presents the absorbance of the MR solution for ZnO nanorods grown using varied
growth times by CBD method. It was found that when the reaction time was increased from 1
hour to 5 hours, the absorption intensities of ZnO nanorods were slightly decreased, in
comparison with original MR solution. It can be confirmed that the photodegradation efficiency
exhibited by all ZnO nanorods, with the ZnO nanorods grown over 5 hours achieving the lowest

absorption intensity.
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Fig. 5.6 Plot of C/Co with the irradiation times for synthesized ZnO nanorods with different
reaction times by CBD.

Analyzing the absorption spectra of ZnO nanorods (Fig. 5.5), it becomes apparent that all
absorption spectra fall within the wavelength range of 300 nm to 700 nm. The result suggests
that photodegradation efficiency was exhibited for all synthesized ZnO nanorods under UV
irradiation.

In order to understand the growth of ZnO nanorods during the CBD process, the
mechanism was revealed. The concentration of Zn (NOz3).-6H20 exceeded that of HMTA by
two times, indicating a significantly higher incorporation of generated Zn?* ions relative to OH-
ions. Consequently, the increased Zn?* ions may introduce zinc interstitial (Zn;) defects into the
ZnO nanorods during CBD growth. The Zn; defect could act as an intermediate energy level,
facilitating electron excitation with less energy. This phenomenon enhances the photocatalytic
efficiency of ZnO nanorods within the visible range.

Based on L-H model, the calculated rate constant (k) values for ZnO nanorods, was
increased from 0.00214 min™ to 0.00572 min™ with an increase in CBD reaction time from 1
hour to 5 hours. The highest reaction rate is achieved with ZnO nanorods grown for 5 hours.

To further study the photocatalytic process of ZnO nanorods, the photodegradation
mechanism is illustrated in Fig. 5.6. Under UV irradiation on ZnO nanorods, the generated

electrons (e) from the valence band excited to the conduction band, thus forming holes (h™) in
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the valence band. The photodegradation reaction of ZnO can be mentioned as follows:

e+02> .03 @)
h*+H0 > OH + H* 8
.0; +OH > °HO; (9)
°HO2 + H™ > H,02 (10)
H202 + & > °OH + OH" (11)

In Fig. 5.7 (a), the excited electrons (e) can be easily traverse surface of ZnO, subsequently
oxidizing with atmospheric O to generate superoxide radicals (. 03). Concurrently, holes (h*)
interact with water molecules (H-2O) to yield OH" ions. The generated superoxide radicals (. 03)
continue to react with decomposed hydrogen ions originating from water molecules, ultimately
resulting in the formation of H20>. This sequence of reactions culminates in the creation of

hydroxyl radicals (°OH), as governed by Eq. (7-11).
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Fig. 5.7 (a)Schematic diagram of photocatalytic mechanism occurring in ZnO, and (b) (0001)

plane of ZnO nanorod responsible for its improved photocatalytic efficiency.

To further enhance the photodegradation efficiency of ZnO, the active sites on the surface
of ZnO nanorods could be supported the formation rate of ROS radicals. The (0001) facets
possess large surface energy, giving rise to abundant reaction sites within the wurtzite structure
of ZnO, as illustrated in Fig. 5.7 (b). The OH" ions can be attracted on (0001) surface of ZnO
because of their inherent positive charge, leading to interactions with photogenerated holes (h*)

and giving rise to ROS species [34]. This mechanism reveals the photocatalytic efficiency. Most
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notably, the strong crystal facets in (0001) crystal plane were discovered in ZnO nanorods
fabricated for 5 hours.

Moreover, ZnO nanorods with high crystallinity along the (0001) crystal plane could be
significantly exhibited the direct band transitions within the ZnO nanorods. This high efficiency
fosters the accelerated generation of electron and hole pairs, thus enhancing the formation of
.05 and °OH radicals. Particularly, this study revealed an enhancement in ZnO nanorod
crystallinity over the growth reaction ranging from 1 hour to 5 hours. The ZnO nanorods
exhibited well alignment and having undergone 5 hours of growth, the highest crystallinity,
predominantly along the (0001) growth direction. This enhanced crystallinity enabled the
absorption of more significant OH- ions, thereby generating an increased quantity of hydroxyl
radicals for MR solution degradation.

Furthermore, when growth reaction time increased to 5 hours, there was a significant
increase in the volume of the resultant ZnO nanorods, involving both length and diameter. This
growth implied the creation of more surface-active sites and increased the absorption capacity
of the MR solution. It can be improved the absorption of a more significant number of incident
photons and consequently generating more photogenerated charge carriers. Consequently, the
degradation reaction rate improved, culminating in notable photocatalytic efficiency.
Remarkably, the well-aligned ZnO nanorods fabricated for 5 hours achieved a high

photodegradation efficiency with high degradation rate..

5.2.3 Conclusions

During the CBD process, the duration of the growth reaction played a pivotal role in
shaping the morphology and crystallinity of synthesized well-arranged ZnO nanorods. Notably,
the growth direction of the ZnO nanorods was significantly influenced on the growth direction
of the underneath AZO seed layer. An obvious enhancement in the crystallinity of ZnO
nanorods along the (0001) growth orientation were observed with the increasing of reaction
times. The most impressive crystallinity was achieved in ZnO nanorods grown for 5 hours. This
improved crystallinity was attributed to the increased generation and bonding of Zn?* ions with
oxygen. Consequently, these resultant ZnO crystallites demonstrated a propensity to align along
the c-axis (0001) growth direction, leading to an elongation in their length. It is worth
highlighting that all the fabricated ZnO nanorods exhibited a notable light transmittance

exceeding 70% within the visible spectrum. Notably, ZnO nanorods grown for 5 hours
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exhibited the most remarkable photodegradation efficiency, coupled with the high degradation
reaction rate of 0.00572 min™.

5.3 Influence of AZO coating times on the properties of AZO/ZnO core-shells
nanorods by mist CVD method

In upper section, we have succeeded in obtaining the well-aligned ZnO nanostructures on
AZO substrate using CBD method. However, ZnO has a strong affinity for dye molecules and
a high efficiency of electron injection, which leads to an increased recombination rate of
electron-hole pairs. In order to overcome this issue, ZnO nanorods were coated with AZO to
form AZO/ZnO core-shell nanostructures, which might be reduced the direct interaction
between dye molecules and ZnO, and decreased the electron-hole recombination rate. However,
the morphology of ZnO nanostructures still needed to be enlarged for the photocatalytic
application. In this section, a novel mist CVD technique was firstly introduced to treat obtained
ZnO nanostructures from CBD method. The effects of AZO coating times on the properties of

obtained ZnO nanostructures were investigated.
5.3.1 Experiment conditions

AZO thin film, with a thickness of 300nm, was successfully deposited onto alkali-free
glass sheets using an RF magnetron sputtering system. The deposition conditions for the AZO
film were consistent with those outlined in Table 5.1, as detailed in section 5.2.1.

Following the sputtering process, well-aligned of ZnO nanorods were vertically grown on
the AZO film utilizing the CBD method. Throughout the CBD process, a prepared mixed
precursor solution was employed. This solution consisted of Zn (NO3)2:-6H.O with a
concentration of 0.015 mol/L, along with HMTA at a concentration of 0.0075 mol/L, both of
which were dissolved in 200 ml of ultrapure water acting as a solvent. The substrate samples
were then immersed within this mixed precursor solution and held at a temperature of 95°C for
a duration of 5 hours.

Following the successful fabrication of the ZnO nanorods, a subsequent coating of AZO
was expertly applied through the mist CVD method. In order to examine the effects of AZO
coating on the ZnO nanorods, the coating times were set at 5, 10, 15, 20 minutes, respectively.
Deposition conditions for AZO coating process are given in Table 5.2.
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Table 5.2. Deposition conditions of AZO/ZnO core-shells by mist CVD

Solute Zinc acetate, Aluminum acetylacetonate
Solvent Methanol, H,O

Concentration (mol/L) 0.04

Al doping ratio (wt%) 2

Deposition temperature (°C) 400

Carrier gas, Flow rate (L/min)  Nitrogen , 2.5
Dilution gas, Flow rate (L/min) Nitrogen , 4.5
AZO coating time (minutes) 5,10, 15, 20

Substrate ZnO nanorod

5.3.2 Results and Discussion

Fig. 5.8 presents SEM images of both the as-deposited ZnO nanorods and AZO/ZnO core-
shells nanorods by the mist CVD process. In the top-view, the as-deposited ZnO nanorods
exhibited a hexagonal wurtzite structure prior to the AZO coating. Following a 5 minutes
coating process, the hexagonal structure transformed into a circular shape. After 20 minutes of
coating, it was observed that the AZO had completely covered the surface of the as-deposited
ZnO nanorods. In a cross-sectional view, it was observed that the as-deposited ZnO nanorods
exhibited a vertical growth orientation on the AZO substrates, with an average length of
approximately 1206 nm. It was clearly evident that small AZO nanoparticles attached to the as-
deposited ZnO nanorods after 5 minutes of coating, indicating that the coating process was
gradually building up on the as-deposited ZnO nanorods. When the coating time reached 20
minutes, the entire ZnO nanorods were successfully coated with AZO, while the length of the

ZnO nanorods remained unchanged after coating.
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Fig. 5.8 SEM images of (1) as-deposited ZnO nanorods and AZO/ZnO core-shells with
different coating times by mist CVD ((2) 5 min; (3) 10 min; (4) 15 min; (5) 20 min; (a) top

view; (b) cross-section view).
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Fig. 5.9 2 theta pattern of as-deposited AZO film, as-deposited ZnO nanorods and AZO/ZnO

core-shells with different coating times by mist CVD.

Fig. 5.9 shows the XRD pattern of as-deposited AZO film, as-deposited ZnO nanorods
and ZnO nanorods coated with AZO by mist CVD method. It was found that there was a
dominant (002) peak for as-deposited AZO film and as-deposited ZnO nanorods after CBD
process, which meant that the obtained as-deposited AZO film and the fabricated ZnO nanorods
were oriented along the c-axis orientation growth. After coating with AZO, the AZO/ZnO core-
shell nanorods could be kept the same growth orientation along the (002) crystal plane. When
the coating time increased from 5 minutes to 20 minutes, the intensity of (002) diffraction peak
showed a trend of increased, which can be contributed to the annealing effect due to the coating
temperature at 400°C during mist CVD process. The average crystallite size was enlarged from
41.2 nm to 78.6 nm when the coating time is increased from 5 minutes to 20 minutes after the
mist CVD process. AZO/ZnO core-shell nanorods coated with AZO for 20 minutes achieved
the highest crystallinity.
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Fig. 5.10 Raman spectra of as-deposited ZnO nanorods and AZO/ZnO core-shells with different
coating times by mist CVD.

Fig. 5.10 depicts the Raman spectra of both the as-deposited ZnO nanorods and the
AZO/ZnO core-shells nanorods with different coating times. Three distinctive Raman peaks
were prominently observed at 325 cm?, 583 cm?, and 715 cm™. These peaks could be
corresponded to the E2 (LO) mode, E1 (LO) mode, and secondary Raman peak characteristic
of standard ZnO [35], respectively. This observation strongly indicates the successful coating
of AZO onto the ZnO nanorods. Notably, the intensities of Raman peaks were enhanced when
the coating time was increased to 20 minutes. This enhancement in Raman peak intensities
signifies an improvement in crystallinity with the prolongation of coating time. These findings
are in alignment with the results obtained from EDS and GIXRD measurements.

Fig. 5.11 presents the transmission spectra of both the as-deposited ZnO nanorods and
AZO/ZnO core-shells nanorods with different AZO coating times. The initial transmittance of
the as-deposited ZnO nanorods stood at approximately 70% within the visible region. However,
as the AZO coating time was extended from 5 minutes to 20 minutes, the transmittance
gradually declined to approximately 55%. This reduction in transmittance can be attributed to
the introduction of more defects into the AZO/ZnO core-shell nanorods during the mist CVD
process. The optical bandgaps were enlarged from 3.52 eV to 3.65 eV when the coating time
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was increased to 20 minutes.
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Fig. 5.11 Transmission spectra of as-deposited ZnO nanorods and AZO/ZnO core-shells with

different coating times by mist CVD
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Fig. 5.12 Absorption spectra of MR solution of the as-deposited ZnO nanorods and AZO/ZnO

core-shells with different coating times by mist CVD.
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Fig. 5.12 illustrates the absorption spectra of the MR solution for both the as-deposited
ZnO nanorods and AZO/ZnO core-shell nanorods with different AZO coating times by the mist
CVD method. Evidently, for all AZO/ZnO core-shell nanorods with different AZO coating
times, the absorption intensities of the MR solution exhibit a gradual reduction as the coating
times increase from 5 minutes to 20 minutes, in comparison to the absorbance of the original
MR solution. It can be indicated the achievement of photodegradation efficiency for all
AZO/ZnO core-shell nanorods. Notably, the AZO/ZnO core-shell nanorods with a 20-minute

coating time exhibit the lowest absorption intensity, signifying enhanced photodegradation

efficiency.
ROS
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02 Al
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ROS

Al i/ paay madrypaazi

Glass AZO

Fig. 5.13 Schematic diagram of photocatalytic mechanism of AZO/ZnO core-shells under UV

irradiation.

In order to understand the photocatalytic mechanism of AZO/ZnO core-shell nanorods
under UV light irradiation, the photocatalytic mechanism occurring in the AZO/ZnO core-shell
nanorods is depicted in the schematic diagram shown in Fig. 5.13. The photocatalytic
mechanism of ZnO nanostructures under UV light irradiation has been described extensively
in the previous section. In our experiment, AZO was coated as a barrier to reduce the
recombination rate of electron-hole pairs and prevent direct contact of ZnO with dye molecules.

During the coating process, AI** replaced Zn?* in its sites, the extra electron of Al migrated to
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the surface of AZO/ZnO core-shell and self-excitation process of the electron could occur
during the degradation process. When the coating time increased, the high concentration of Al
was entered to the ZnO and increased the amount of extra electron of Al, which might be
contributed to improve the degradation efficiency. Moreover, the several defects could be
introduced to AZO/ZnO core-shell, which act as electron traps and inhibit electron
recombination, ultimately enhancing carrier separation and photodegradation efficiency of

AZ0O/ZnO core-shell nanostructures.
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Fig. 5.14 Degradation rate of irradiated MR solution of the as-deposited ZnO nanorods and
AZO/ZnO core-shells with different coating times by mist CVD.

The changes in the absorption spectra of MR solution provide understanding into the rates
of photocatalytic degradation, as illustrated in Fig. 5.14. Based on L-H model [36], the rate of
adsorption can be expressed through the coverage ratio of reactants adsorbed onto the surface
of the photocatalyst. The kinetic rate of the degradation reaction, denoted as K, can be

mathematically represented by the following equation:

k = In (C/Co)lt (1)

The observed first-order degradation reaction rate (k) is governed by the initial dye

concentration (Co) and the dye concentration at a specific time (Ct). In accordance with the L-
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H model, a higher first-order degradation reaction rate signifies an high photocatalytic
efficiency. Upon subjecting the obtained samples to UV light during the photodegradation
process, the calculated first-order degradation reaction rates for AZO/ZnO core-shell nanorods
with a 5-minute AZO coating were 0.0039 min’. This rate progressively increased to 0.0042
min, 0.0043 min?, and 0.0053 min?, respectively. Notably, the most pronounced
enhancement in degradation rate was observed in AZO/ZnO core-shell nanorods with a 20-

minute AZO coating time when exposed to UV light.

5.3.3 Conclusions

During the mist CVD process, the duration of the coating had a significant influence on
the growth and crystalline quality of AZO/ZnO core-shell nanorods synthesized on the initially
deposited AZO seed layer. These core-shell nanorods exhibited a vertical alignment that
relatively followed the growth orientation of the underneath AZO seed layer. The crystallinity
of AZO/ZnO core-shell nanorods along the (0001) crystal plane was improved as the coating
time was extended from 5 minutes to 20 minutes. The high crystallinity was achieved in
AZ0O/ZnO core-shell nanorods coated for 20 minutes. All the synthesized AZO/ZnO core-shell
nanorods confirmed the optical transmittance of approximately 60% within the visible region.
The AZO/ZnO core-shell nanorods coated for 20 minutes exhibited the highest
photodegradation efficiency, with a corresponding degradation reaction rate of 0.0053 min™.
The results could be suggested the efficient degradation capabilities of the ZnO nanorods
towards MR dye solutions, highlighting their strong potential for application in effective

photocatalysis.
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Chapter 6

Summary

In this thesis, fabrication of ZnO-related thin films and nanostructures in application of
photocatalytic was investigated.
Pure ZnO thin films with different thicknesses were fabricated using mist CVD method.
The structural, and optical properties were evaluated. In order to reduce the recombination rate
of electron and hole pairs, mist CVD method was used to dope the Al into ZnO thin films with
varied Al doping ratios and thermal annealing process was carried to enhance the quality of the
films. Their structural, optical and photocatalytic properties were evaluated. It was found that
the varied Al doping ratios were influenced on the properties of the AZO film. The crystallinity
of obtained AZO films can be improved by using the AZO seeds layers as substrate during the
mist CVD process. To further increase the surface-to-volume ratio of ZnO and enhance the dye
absorption during photocatalytic measurement, well-aligned ZnO nanorods were fabricated on
the AZO substrate, using CBD method with different reaction times. In order to prevent the
direct contact of dye molecules and ZnO, and to reduce the recombination rates of electron and
hole pairs, AZO was coated onto ZnO nanorods to fabricated AZO/ZnO core-shell
nanostructures.

The main conclusions of this thesis were summarized as follows;

1. Fabrication of ZnO films with different thicknesses

In this part, mist CVD method was applied to fabricated the high uniform ZnO thin film
on the glass substrate. The effect of thickness on the properties of ZnO thin film was
investigated. The crystallinity of obtained ZnO films was improved by increasing the film
thickness. Wedge-like structure was found on the surface of the ZnO film and the average grain
size was increased with the thickness increasing from 300 nm to 750 nm. High uniform ZnO
thin film with better crystallinity were obtained from 750 nm-thick ZnO film. The obtained all

ZnO films showed the high transmittance of above 70% within visible range.
2. Fabrication of AZO films with varied Al doping ratios

In this section, we applied the mist CVD method to fabricate AZO films with varying
87



ratios of Al doping. When the Al doping ratio was increased from 1% to 5%, the aspect ratios
of the AZO nanosheets initially showed an increase followed by a decrease. Remarkably, the
highest aspect ratio was achieved with the AZO film containing a 2% Al doping ratio. The
surface roughness of all the AZO films remained below 10 nm, irrespective of the Al doping
ratios. The crystallinity of the AZO films exhibited a consistent dominant growth direction
along the (101) crystal plane. The 2% Al doped ZnO film exhibited the most favorable
crystalline quality along the (101) direction. However, no distinct diffraction peaks were
observed on the AZO films when the Al doping ratios were raised to 4 wt% and 5 wt%,
indicating the films had transitioned to an amorphous state. The transmittance measurements
of the resulting AZO films demonstrated high optical transmittance of approximately 90%
within the visible spectrum. When the Al doping ratios were elevated from 1 wt% to 5 wt%,
the calculated optical bandgaps were enlarged from 3.58 eV to 3.87 eV. Notably, the AZO film
featuring a 2 wt% Al doping ratio exhibited high first-order reaction rate value of 0.004 mint
with the highest photodegradation efficiency and the

3. Fabrication of AZO seeds layer on the control of growth and crystallinity
of AZO films by mist CVD method

In this section, we introduced a novel hybrid approach that synergizes RF magnetron
sputtering with the mist CVD method, thereby enabling the fabrication of AZO films with
precise control over growth orientation and a substantial surface area. Our investigation
explored into the structural, optical, and photocatalytic attributes of these films.

The starting point involved depositing ZnO films with varying Al doping ratios through
radio frequency magnetron sputtering, which subsequently acted as the foundational seed layers
for the growth of AZO films by mist CVD process. Notably, it was affirmed that the growth
direction of AZO film during the mist CVD process was inherently influenced by the crystalline
quality of the as-deposited AZO thin films. This growth phenomenon followed the similar
orientation as the underneath as-deposited AZO seed layer, exhibiting alignment along (0001)
crystal orientation.

Our findings revealed a crucial interplay between lattice mismatch and columnar structure
growth. Lower lattice mismatch between the AZO films and the seed layer emerged as a key
factor that contributed to the promotion of higher columnar structure growth. Additionally,
augmenting the aluminum doping ratio within the ZnO film led to a reduction in compressive

stress. This, in turn, yielded an enhancement in the crystallinity of the AZO film.
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Remarkably, the most remarkable photocatalytic efficiency was observed in the AZO film
deposited onto the AZO seed layer featuring a 5 wt% Al doping ratio. The photocatalytic
prowess of this arrangement was particularly noteworthy, spanning a wavelength range from
340 nm to 700 nm. This comprehensive photodegradation efficiency encompassed both the
ultraviolet and visible regions of the electromagnetic spectrum. Specifically, the AZO film on
the AZO-5wt% seed layer exhibited the highest photocatalytic degradation rate, quantified at
0.0043 min™,

4. Fabrication of well-aligned ZnO nanorods on AZO substrate by CBD
method

Transparent conductive AZO films were employed as substrates for the fabrication of ZnO
nanorods via the CBD method. Structural, optical, and photocatalytic properties of obtained
ZnO nanorods were attributed by varying growth reaction times. A discernible trend emerged
as ZnO nanorods with a well-organized hexagonal structure were successfully synthesized by
extending the growth reaction time from 1 hour to 5 hours. Intriguingly, the crystallinity of the
as-deposited AZO seed layer exhibited a direct correlation with the orientation of ZnO nanorod.
Progressively elongated nanorods with a vertically aligned growth direction were achieved as
the reaction time was prolonged. This intriguing growth phenomenon was governed by the
interaction between the reaction times and the rate of nanorod growth. Specifically, longer
reaction times facilitated the formation of more ZnO crystalline structures that aligned and
stacked along the c-axis orientation, leading to a substantial increase in nanorod length. The
most pronounced outcomes, both in terms of length and crystallinity, were realized in ZnO
nanorods grown for 5 hours.

The optical transmittance properties of the resulting ZnO nanorods were impressive, with
all samples exhibiting transmittance levels exceeding 70% within visible range. Remarkably,
nanorods grown for 5 hours displayed exceptional MR dyes degradation efficiency under UV

irradiation, coupled with notable high degradation rate of 0.00572 min™.
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5. Fabrication of AZO/ZnO core-shells nanorods by mist CVD method

Following the growth of well-aligned ZnO nanorods on AZO substrate by CBD method,
AZO was coated on the as-deposited ZnO nanorods using mist CVD method to reduce the
recombination rate of photogenerated charged carriers. The influence of AZO coating on the
structural, optical and photocatalytic properties of AZO/ZnO core-shells was investigated.

It was clearly observed that the hexagonal structure of as-deposited ZnO nanorods was
transformed to circle structure when AZO was coated from 5 minutes to 20 minutes. When the
AZO coating time was increased, the high concentration of Al was replaced to the ZnO and the
structure was changed due to the different ionic radius between AI®* ions (0.53 A), and zZn?*
ions (0.74 A) during the mist CVD process. As the coating time increased, the crystallinity was
also enhanced along the (002) crystal plane and the highest crystallinity was obtained from the
AZO/ZnO core-shells nanorods coated for 20 minutes. The high crystallinity in (0001) growth
orientation could be contributed to absorb more OH" to generate ROS species and enhance the
degradation efficiency. The transmittance of around 60% was occurred in the visible region and
the optical bandgap was enlarged from 3.52 eV to 3.65 eV. The high degradation rate of 0.0053
min with high degradation efficiency was achieved from the AZO/ZnO core-shells coated
with 20 minutes. Furthermore, this thesis investigated into the explanation of the photocatalytic
mechanism underlying these promising outcomes, further enhancing our understanding of the

complicated relationship between growth conditions and photocatalytic performance.

6. Innovative points of thesis

This thesis aimed to enhance the photodegradation efficiency of thin films related to zinc
ZnO. The deposition of ZnO thin films with varying thicknesses was conducted using the mist
CVD technique. Upon structural and optical analysis, it was determined that an increase in the
thickness of ZnO films resulted in high crystallinity. Remarkably, the obtained ZnO films
exhibited high transmittance of approximately 75% within the visible region. It was pointed
that the applying of mist CVD could potentially increase the photodegradation efficiency of
ZnO thin films.

Based on the serious issue of rapid charged carrier recombination in pure ZnO, which can
unfavorably affect its degradation efficiency, Al was introduced into the ZnO film using mist
CVD. To investigate the influence of Al doping, different Al ratios ranging from 1 wt% to 5

wt% were selected. Notably, due to the differing ionic radii between A" and Zn?*, the structure
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of AZO film was transformed from an intertwined nanosheet structure to particle shapes as the
Al concentration increased. The growth of AZO film was observed to align with the (001)
growth direction during the mist CVD process, and the growth mechanism of AZO films was
revealed. Photodegradation analysis of obtained AZO films indicated that, except for the 5 wt%
Al, the remaining AZO films exhibited photodegradation efficiency. Notably, the highest
degradation efficiency, with a rate of 0.004 min™, was achieved from 2 wt% Al. To further
enhance the degradation rate, sputtered AZO seeds layer with different Al ratios (AZO-2wt%,
AZO-5wt%) were applied to control the crystallinity and growth of the AZO film. As estimated,
during the mist CVD experiment, the AZO seed layer played a pivotal role in directing the
growth of the AZO film along the (0001) crystal plane. The AZO/AZO 5% film exhibited high
crystallinity due to the low lattice mismatch between AZO film and AZO-5wt% seeds layer
during mist CVD process. The high transmittance of around 85% was achieved, optical
bandgaps were increased. Consequently, the degradation rate was further improved to 0.0043
min.

In order to increase the degradation rate, ZnO nanorods were fabricated using the CBD
technique to achieve the large surface area. Subsequently, obtained ZnO nanorods were coated
with AZO to reduce the recombination rate of charged carriers, accomplished through mist
CVD. Structural changes were observed as the AZO coating time was increased from 5 minutes
to 10 minutes, eventually covered on the surface of ZnO nanorods. High crystallinity was
achieved in AZO/ZnO core-shell nanorods coated with AZO for 20 minutes. The optical
bandgap was enlarged with increasing of AZO coating time. Remarkably, AZO/ZnO core-shell
nanorods coated with AZO for 20 minutes exhibited highest photodegradation effect. This
concluded in the understanding of an AZO/ZnO core-shell structure characterized by high
crystallinity and a large surface area, finally leading to a high degradation rate of 0.0053 min™.

In summary, as shown in the Fig. 6.1, the degradation effects were found to be improved
gradually, which indicated that this researches successfully enhanced the photodegradation
rates of ZnO related thin films from 0.004 min to 0.0053 min™ through a several innovative
approaches involving mist CVD technique, doping with Al, controlling crystallinity using AZO
seed layers, and fabrication of core-shell nanostructures. In Fig. 6.2, it can be clearly observed
that the color of the original MR dyes was changed to the colorless during the degradation
process which might be due to the high degradation effects of MR dyes by ZnO related thin
films. The resultant ZnO related thin films are promising significant advancements in

degradation efficiency of MR dyes, which is expected to apply in wastewater treatments.
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by mist chemical vapor deposition and applying for photocatalysis, Applied Physics and
Physics Chugoku-Shikoku Branch Joint Academic Lecture on 30, July, 2022,

Takamatsu. (Oral Presentation).

4. H. S. Wai; C. Li. Modification of AZO Core-shells on ZnO Nanorods Applying for
Photocatalytical Activity, Applied Physics and Physics Chugoku-Shikoku Branch Joint

Academic Lecture on 29, July, 2022, Shimane University. (Oral Presentation).

95



