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Abstract

The structural, morphological, optical, and electrical properties of Ga-doped ZnO NPs
layer prepared by spray-coating method have been studied in this research, concerning

two main topics with obtained two significant outcomes.

The 1% main topic is the effect of Ga-doping into ZnO NPs depending on the annealing
temperature was investigated. This research focuses on the consequences of annealing
temperature on electrical properties. One of the important aspects of this study is the Ga-
diffusion mechanism. However, the crystallite size and the orientation of sprayed NPs,
both are affected by the annealing with Ga-doping. To confirm the Ga-doping into ZnO,
Ga 3d, Zn 3d, and O 1s spectra were analyzed through XPS measurement. The variation
of the peak intensity and the energy difference suggested the Ga atoms diffused from
Gaz03 into ZnO NPs. The lowest sheet resistance attained 225 Q/sq in ‘‘Ga203/ZnO
mixed and thermally treated in air’’. It was therefore proposed that the NPs annealing at
800°C in our thermal diffusion type Ga-doping process plays an important role to reduce
the resistivity of sprayed NPs layer which will improve the electrical conductivity to aim

the TFT operation.

The 2" main topic is the electrical conductivity of Ga-doped ZnO NP layers in terms of

structural, optical, and electrical properties in relation to their thermal atmosphere.

Firstly, the structural properties of Ga-doped ZnO NPs layer have been investigated. The
Ga-doped ZnO NPs layer deposited on quartz substrates mainly shows high a-axis
preferred orientation perpendicular to the substrate when deposited at 800°C, while the
undoped ZnO shows both poor c-axis and a-axis orientation identical with lots of defects.
Such poor structural properties and defects seriously degrade the performance of electrical
conductivity of the NPs layer. The thermally Ga-diffused ZnO NPs samples registered a
higher intensity, indicating improved crystallite growth and crystallinity. So, the high-
temperature annealing leads to improvement of structural properties, depending on its
ambient atmosphere. To understand the effects of these ambient phenomena separately,
we employed the open-air, wet-air, dry-air, N2, and Oz atmosphere during annealing. It
was observed that improving the structure causes the crystallite size to increase and the
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crystallite boundary scattering to decrease, resulting in decreased resistivity which leads
to the improvement of electrical conductivity of the NPs layer. The electrical conductivity
was strongly deteriorated by the crystallite size and the crystallite boundary scattering

induced by the inadequate structural properties.

Secondly, optical measurements were used to investigate the progression of the defect
mechanism based on the previous findings. The native defects are cause for the
degradation of electrical properties and discussed each defect separately by deconvoluting
the PL spectra. The Donor-acceptor pair (DAP) emission and the redshift of the exciton

emission indicate the successful Ga doping into ZnO NPs.

Thirdly, the electrical properties of Ga-doped ZnO NP layers were investigated depending
on the annealing atmosphere. It was found that the electrical conductivity of Ga-doped
ZnO NP layers was significantly improved (increased 1000 times or greater) compared to
the undoped layer. Using open-air and wet-air atmosphere during annealing, a very low
resistivity of 8.0 x 102 )/sq and 8.8 x 10? Q/sq was achieved which improved the current
transportation ability between the TFT channel layer. This dramatic variation of sheet
resistance is mainly due to the high humidity effect. It had been suggested that humidity
is considered to play a key role in enhancing the characteristics of Ga-doped ZnO NPs

layers during annealing.
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1. Introduction
1.1 Background

The wurtzite structure of ZnO makes it a natural n-type semiconductor. ZnO has grown
in popularity as a material for a wide range of device applications during the last few
decades. ZnO is nowadays the focus of many studies because of its outstanding properties,
such as large exciton binding energy of 60 meV at room temperature, non-toxicity, and
low cost. Furthermore, it has the advantage of chemical and thermal stability even in
hydrogen plasma atmosphere compared to other oxides used in electronic devices such
as SnOz and ITO[1]. This enables it to function as a material model, particularly in its
wide range of uses (electronics, optics, optoelectronics, conversion photovoltaic)[2],[3].
ZnO in the form of transparent conductive oxides (TCOs) for usage as transparent
electrodes has recently received a lot of attention in various applications, especially in
optoelectronic devices such as thin-film photovoltaics (TFP)[4], flat panel displays
(FPD)[5], and light-emitting diodes (LED)[6,7]. Doping semiconductors is essential for
practical applications since it allows to adjust their properties according to demands.
Group I11, group I11B rare earth metals, group 1V, and group V11 elements are all potential
n-type dopants for ZnO [8]. Among various doping with ZnO Ga has proven one of the
best doping[9] because of reduced chemical reactivity, greater resistance to oxygen, and
is less resistance to moisture. Moreover, the radius of Ga®* ions (0.062 nm) is closer to
that of Zn?* ions (0.074 nm) than that of Al ions (0.053 nm)[10]. Furthermore, Ga-O
(1.92A) has a shorter covalent bond length than Zn-O (1.97 A)[10]. As a result, even in
the presence of a high Ga concentration, minimal distortion of the doped ZnO lattice
occurs.[11]. Gao et al. reported a comprehensive study of doped ZnO using atomic layer
deposition (ALD) technique where Ga doped ZnO films showed remarkable enhancement
with low resistive NPs layers as well as improved electrical properties[12]. Our study
mainly focused on the improvement of electrical conductance on ZnO nano-particle
layers aiming for thin-film-transistor applications with the use of thermal diffusion type

Ga doping.



1.2 Motivation and strategy

ZnO thin films have been prepared in various technics, such as vacuum arc plasma
evaporation (VAPE), magnetron sputtering (MSP), spray pyrolysis, pulsed laser
deposition (PLD), evaporation, ion plating (IP), and electrochemical deposition[13], [14].
The thin-film deposition is typically done using high vacuum equipment; however, the
upper deposition approach is not suited for our unique Ga doping procedure since Ga
doped ZnO NPs are directly sprayed on the substrate to prepare NPs layer. From this
compensation, our group developed a physical spray-coating process named “Spray
Method” and its highly effective because of its simple, extremely low cost compared to
conventional semiconductor, large-area process, broaden selectivity of substrates
(materials and surface morphology), etc.[15].

In the spray deposition of ZnO-NPs layers, thickness, structural orientation, defects, and
resistivity variation are crucial issues. Our previous group successfully demonstrated both
n-type and p-type TFTs, however, the performance of the TFTs declined due to the high
resistivity. In this manner, the Ga-doping with ZnO was carried out by thermal diffusion
type NPs annealing process to achieve the low resistive ZnO NPs layer to improve the
electrical conductivity of the TFT channel layer.

Electrical properties are strongly affected by the doping process depending on its thermal
and atmospheric condition. Then there's the issue of determining which component is the
most essential in restricting the electrical characteristics of doped ZnQO thin films prepared
by spray-coating: how do defects and structural qualities affect electrical properties?
Considerable attention has been paid to those issues, the following aspects about Ga-

doped ZnO thin films deposited by spray-coating process were addressed in this thesis.

1. The main objective of this study is to clarify the thermal effects of diffusion type Ga-
doped ZnO NP layers deposited by the spray-coating method in terms of the
electrical, optical, and structural properties. The discussion will especially focus on
the resistivity variation of the sprayed NP layers and the Ga diffusion into the ZnO
NPs.

2. This study also focused to clarify the ambient effects on the thermal diffusion type
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Ga-doped ZnO NPs layer fabricated by the spray-coating method in terms of the
electrical, optical, and structural properties. The discussion will focus on the
electrical conductivity of TFT channel layer by the consistency of structural, defect,

and the transport properties of the thermal diffusion type Ga-doped ZnO NP layers.

1.3 Application and possibilities of semiconducting particle layer
Semiconductor thin films are typically made up of one or more thin layers. Many
electronic materials, like transistors, sensors, and photovoltaic devices, are commonly
used in such structures. The thickness of semiconductor thin films ranges from a few
nanometers to hundreds of micrometers, and their structural, chemical and physical
properties are highly correlated to the fabrication technique. In this study, the
semiconducting particle layer is directly fabricated using the NPs through coating
technics and after obtaining the superior properties, this semiconducting NPs layer can be
employed in electronics and optoelectronics devices like transistors, sensors, photovoltaic

devices, printed photodetectors, LEDs, solar cells, and so on.

1.4 Scope of the thesis

The evaluation of electrical, morphological, structural, and optical properties of Ga-
doped ZnO NPs layers prepared by spray coating deposition technique is described in this

thesis. This thesis consists of six chapters.

"Introduction™ is the first chapter. This chapter summarizes the study's purpose, which

includes all of the study's topics, as well as the thesis's outline.

"Fundamentals™ is the second chapter. General properties of zinc oxide (ZnO) are briefly
discussed in this chapter, including crystal structure, crystallographic polarity, defects,
luminescence in ZnO, and donor-acceptor pair (DAP) emission. Doping elements,
thermal and surface conductivity of ZnO, thin-film/layer deposition technics including

spray-coating principles, and ZnO-based thin-film transistor (TFT) are also discussed.



"Research Methodology" is the third chapter. The methodology of our novel thermal
diffusion type Ga-doping process, the deposition method of NPs layers, and the
characterization techniques employed in this dissertation as well as the analytical

evaluations have been discussed in this chapter.

The main section of this thesis is divided into two chapters (chapters four and five), each
of which contains major themes that have been published (or will be published) in peer-
reviewed publications. Each chapter includes an introduction, a description of the

experimental procedure, results and discussion, a conclusion, and references.

The fourth chapter is entitled "Ga-doping into ZnO Nanoparticles using Thermal
Diffusion Process". The discussion is focused on the changing of the annealing

temperature and confirmation of the Ga-diffusion by various measurements.

The fifth chapter is entitled "Optimization of Ambient Atmosphere for Ga-doping and its
Application to TFT Channel Layers". The influences of the ambient effects on Ga-doped
ZnO NP layers are discussed by the measurement of electrical, structural, and optical

properties.

"Concluding Remarks" is the thesis's final chapter. This chapter summarizes the study's

results and accomplishments, as well as some concluding notes.
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2. Fundamentals
2.1 Zinc Oxide (ZnO)

In recent decades ZnO and its related materials have been a surge in interest to the
researchers for a variety of semiconductor device applications. ZnO is a promising
material because of its direct band gap of about 3.4 eV and a substantial exciton binding
energy of roughly 60 meV at ambient temperature[1]. For optoelectronics application the
ZnO materials are considered highly suitable because of its high binding energies. ZnO
crystallizes in the same wurtzite form as GaN, however, ZnO is basically form in huge
bulk single crystals [2]. Its characteristics have been investigated very beginning of
semiconductor technologies[3], but the lack of control over its electrical conductivity has
inhibited its usage as a semiconductor in electronic devices. The quality of ZnO single-
crystal substrates and epitaxial films has significantly improved during the last decade[4],
[5]. As a result, the idea of employing ZnO as an optoelectronic or electronic material by
itself has been revived. The possibility of employing ZnO as an alternative or replacement
for GaN in optoelectronics has prompted several research organizations throughout the
world to emphasize its semiconductor properties, attempting to control inadvertent n-type
conductivity and achieve p-type conductivity[6]. Our group has successfully fabricated
both n and p-type ZnO NPs by arc-discharge-mediated gas evaporation process and the

successful application has been done[7], [8].

2.1.1 Crystal Structure

Zn0O has a hexagonal wurtzite crystal shape, which is found naturally as the rare mineral
zincite[9][10]. ZnO has a different structure than rock salt, which possesses a metastable
cubic phase[11]. The n-type is virtually always present in large bulk single crystals of
ZnO[12]. Fig. 2.1 (a) depicts the Illustration of wurtzite lattice structure of ZnO: a-plane,
c-plane, and r-plane. X-ray diffraction revealed the hexagonal unit cell in the crystal
structure. The lattice parameters for the c-axis and a-axis are 5.206A and 3.25 A,
respectively[11][13]. The lattice parameters of semiconductors are primarily determined
by four factors. “(i) The concentration of free electrons, which influences the potential of

the conduction band's, which is generally filled by electrons. (ii) Impurity and defect



concentrations, as well as the variation in ionic radii between these defects and impurities
and substituted matrix ions. (iii) External strains (such as those caused by the substrate);
(iv) temperature”[9]. Another aspect, various imperfections or defects impair the lattice's
strict periodicity. These imperfections or defects have a significant and dominating

influence on semiconductor mechanical, thermal, electrical, and optical properties. XRD
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Fig. 2.1 Hlustration of wurtzite lattice structure of ZnO: a-plane, c-plane,

and r-plane.

measurements can be used in practical studies to estimate the a- and c-axis lattice constant
of ZnO and the volume of the unit cell. The interplanar distance (d) is a value that
represents the perpendicular distance between two consecutive planes in a hexagonal hkl

set and can be calculated by the following equation[14].
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where h, k, and | are the miller indices of the plane. The volume of unit cells (V) is

calculated using the values of the a and c lattice constants.
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2.1.2 Polarity of ZnO

There are four major low-index surfaces in ZnO crystals: (1010), (1120), (0001), and
(0001). As previously stated, the latter two are classified as polar since they play an
important role in the uses of this material and have distinct chemical properties. Because

ZnO has a visible bond, they exhibit a polar character in the c-axis direction, which is

known as crystal axis polarity. Both two sides faced Zn-polar (0001) and O-polar (0001)
while the other side of c-cut ZnO crystals on wurtzite ZnO exhibits a repetition of
positively charged Zn?* and negatively charged O% ions that is perpendicular to the c-axis
orientation. The difference between the Zn surface (C*) and the O surface (C°) polarity
produces changes in etching behavior, doping characteristics, defect creation, and growth
parameters[15]. Anisotropic electronic structure, mechanical characteristics, and
chemical properties are thought to be created by the polarity caused by the spontaneous
polarization of ZnO[16]. Fig. 2.2 demonstrates how ZnO crystallizes into the wurtzite
structure, which mainly consists of Zn and O atoms alternating planes along the c-axis.
[17], [18].
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Fig. 2.2 Atomic arrangements of Zn (0001) and O (0001) polar surface

to the c-axis in a wurtzite structure of ZnO.



2.1.3 Defects in ZnO

Although ZnO presents several benefits for optoelectronics and electronics device
application, doping & defect control, which are key features for device applications,
remain a major concern. Impurities and defects can control the electrical and optical
characteristics of ZnO. The impurity doping element such as Gallium (Ga), Aluminum
(Al), Indium (In), and Hydrogen (H) can sometimes be donor type, or of the acceptor
type, such as Phosphorus (P), Arsenic (As), Antimony (Sb), and N[19]. The performance
and properties of ZnO and doped ZnO are significantly influenced by native point defects.
Acceptor defects, such as zinc vacancies (Vzn) and oxygen interstitial (Oi), differ from
donor defects, which include zinc interstitial (Zni) and oxygen vacancies (Vo). O vacancy,
Zinc interstitial, and Zn antisite, which are related to O deficiency or the overabundance
of Zn, are donor-type defects. The Vzn, Oi, and Oxygen antisite are acceptor-type defects

related to Zn deficiency or the overabundance of Oxygen[20].

Although the Zni is described as a shallow donor[21], it is extremely motile[12] and
unstable in an open atmosphere[22]. As a result, the ZnO has been annealed out at a
temperature of 170 K [23]. The Vo counts as a deep level donor in n-type ZnO and cannot
be considered a source of negative carriers, whereas the Zn vacancy counts as a deep
acceptor and cannot be considered a substantial source of holes. First-principles
studies[24] have confirmed the deep donor properties of Vo. Despite the fact that Vo is a
deep donor, its formation energy is lower[25] than Zni, which is a shallow donor in
ZnO[20]. Compared to all other native defects in n-type ZnO, the Vzn is considered to be
the most significant deep level acceptors, having the lowest formation energy.

In addition, Impurities play a major role in native point defects such as Vo and Zni. Instead
of point defects and other impurities, hydrogen diffusion could occur on the ZnQ crystal.
According to reference No. 19, when the formation energy is minimal, H is indeed a donor
in ZnO and is immediately ionized. Based on a theoretical investigation, in n-type ZnO H
is anticipated as a shallow donor. According to first-principal calculations, H can occupy
an O substitutional site and behave as a shallow donor[24]. Furthermore, group I
elements as a dopant highly interact with native defects and H may affect the electrical

properties of ZnO. Native defect complexes with donor elements have been suggested by
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Look et, al. it should emerge in n-type ZnO and contribute to its conductivity [26]. The
introduction of impurities during the growth or annealing process can be used to regulate
native point defects[21]. In practical research, native defects of ZnO can be detected using
spectroscopic measurements such as photoluminescence (PL); nevertheless, the

significance of native point defects is yet uncleared.

2.1.4 Luminescence in ZnO

Zn0O is a good material based on its applications of phosphor technology because of its
intense luminosity in the green and white portions of the spectrum. The spectra feature a
broad emission peak at 495 nm [half-width of 0.4 eV] [27]. ZnO is highly suitable for
usage in vacuum fluorescent displays and field emission displays because of its n-type
conductivity[9]. Single crystals, thin films/layer and threads, nanocrystals, needles, and
other forms of ZnO have two luminescence bands: “a short-wavelength band near the
crystal's absorption edge, i.e., band-edge luminescence, and a broader long-wavelength
band, the maxima of which is typically in the green spectral range called green
luminescence” [31]. The existence of luminescence band structure of ZnO showed in Fig.
2.3.
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Fig. 2.3 The band structure of ZnO with Green and the band-edge luminescence
mechanism.
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2.1.4.1 Green Luminescence

Despite a large number of investigations, the nature of green luminescence still remains
unknown. Considering basic models of green luminescence and possible luminescence
centers, excluding implausible candidates in ZnO such as zinc interstitial (Zni) (known as
shallow donor) and oxygen anitisites, which have high formation energy. Few study stated
that the copper ions replace the zinc ions which mainly occur in a small portion in ZnO,
creating the green luminescence band with a maximum at Am = 535 nm (2.32 eV) and
FWHM E1/2 = 330 meV[28], [29]. Electronic transitions involving shallow donors and
deep level acceptors (Vzn) generate green luminescence in ZnO, as shown in[30], [31],
and the green band in ZnO behaves in a similar way to the yellow band in GaN. The
appearance of regularly spaced maximum at the short-wavelength edge of the green
luminescence band at helium temperatures is linked to the existence of two types of
shallow donors in ZnO with depths of 30 and 60 meV.[30]. This model was later
improved. Thin (300 nm) zinc oxide films containing nitrogen were utilized in the
experiment (ZnO:N)[31]. The intensity of green luminescence showed an unusual
temperature dependence: the luminescence intensity increased as the sample temperature
climbed from 15 to 50 K[31]. An examination of the data obtained came to the conclusion
that, rather than two types of shallow donors, there is only a single type of shallow donor
with 2 phases, the ground level, and the exciting level. According to the reference No. 31,
Electronic transitions between the ground (D°) and the excited (D”) states of the shallow

donor's to the deep acceptor (Vzn) induce the green illumination[31].

2.1.4.2 Edge Luminescence

The edge luminescence exhibits an excitonic characteristic, with a maximum at 3.35 eV
and a decay period of 0.7 ns[32]. Edge luminescence has a sub-nanosecond deexcitation
period, making it particularly useful for high-speed systems (lasers, scintillators,
phosphors). Edge luminescence involves free excitons (FXs), excitons associated with
acceptors and donors and related two-electron orbits, donor-acceptor coupling, and
phonon replicas. Reference[32] describes in detail the entire range of lines that pertain to

the centers mentioned above.
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2.1.4.3 Interrelation between Green and Edge Luminescence:

The proponents of both the model of Vzn[31] and the model of Vo[33] for green
luminescence centers have noticed that green luminescence is linked to edge
luminescence. The basic radiative transitions in ZnO are shown in Fig. 2.3, with Vzn
serving as luminescence centers. As previously stated, electronic transitions from the
ground (D°) and excited (D) states of a shallow donor to a deep acceptor (Vzn) which
mainly causes from green luminescence[25]. Energy transfer from excitons to Vo happens
in ZnO samples and in the form of oxygen vacancies. Green luminescence exciton
spectrum shows in a longer wavelength (broad band) is about 3.5 eV and a halfwidth of
300 meV, as well as strong peaks in the region of bound excitation energy is about 3.35
eV[34].

2.1.4.4 Donor-acceptor pair (DAP) emission

Semiconductors are frequently doped by both donor and acceptor impurities, either
purposefully or inadvertently. This is common in Integrated Circuit (IC) manufacturing,
an n-type doping is commonly performed by substituting a larger concentration of donor
impurities for the p-type acceptor impurities. In this instance, the majority of the acceptors
will be ionized by donor electrons rather than valence band electrons, ensuring that
neither impurity contributes to the free carrier population as shown in Fig. 2.4. These
contaminants in the donor and acceptor have adequately compensated for each other.
Electrons can be trapped and form neutral donors (D?), and holes can be trapped and form
neutral acceptors (A% if the semiconductor is optically stimulated or carriers are
introduced at very low temperatures[35]. Most of these sites will produce donor-acceptor
pair (DAP) excitons with their nearby complementary impurity in a properly
compensated (about equal D and A concentrations) sample, and these excitons can
efficiently luminesce. In semiconductors, excited electrons and holes can take a variety
of forms, ranging from basically free in high-quality high-temperature crystals to densely
bound excitons (electron-hole pairs) in disorganized or molecular systems.[36]. A key
light-emission mechanism in ZnO is the donor-acceptor-pair (DAP) transition in 1I-VI
and I11-V semiconductors. Another acceptor-related luminescence (DAP luminescence)

in ZnO has been seen such as acceptor bound excitons[37] and free-electron acceptor
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recombination[38].
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Fig. 2.4 Electronic energy structure of acceptor impurities and shallow
donor in a semiconductor.

Thonke et al. found a 3.232 eV peak in the luminescence spectra of ZnO, which they
attributed to a DAP transition, and the acceptor in the DAP transition was attributed to
being No (nitrogen replacing on an oxygen site)[32]. According to Wang et al., when the
temperature rises, the DAP peak position raises from 3.229 eV at 10 K to 3.246 eV at 100
K, (blue shift) then drops[39]. As the measurement temperature rises, the blue shift is
attributed to an increase in free-electron-to-acceptor (FA) emission due to shallow donor
activation and the red shift is due to the DAP effect. The peak positions of such two
phonon counterparts have likewise been observed blue shift as the temperature rises. [39].
The zero phonon line (ZPL) was determined at 2.8505 eV in defect emission, and the

relative intensity of the n' phonon was estimated using the relation. [40].

L, =1y(s™e™S/n!) ...coooviiiiiin 3

In this relation, the S is called Huang Rhys factor and the value of green band related

Huang Rhys factor S =~ 6.8 was estimated by [30].
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2.1.5 Thermal conductivity of ZnO

As a result of this feature, ZnO can be used as an additive material to improve the
thermal conductivity of a semiconductor device. This also makes ZnO a more appealing
substrate for homoepitaxy or heteroepitaxy (for example, growth of GaN, which has a
comparable lattice constant)[41], [42]. When the device is in use, it has excellent thermal
conductivity, which leads to a high heat extraction efficiency. The majority of the studies
focused on ZnO NPs but the thermal conductivity is extremely low at ambient
temperature[43]. Later on, the availability of higher-quality bulk ZnO samples resulted in
higher thermal conductivity measurements, owing to greater sample quality[4]. Florescu
et al. examined the thermal conductivity of bulk n-type ZnO developed by vapor-phase
transport in the [0001] plane at ambient atmosphere and observed values ranging from
98-116 W/mK[41]. For bulk ZnO the thermal conductivity was utilized using obtained
technique following various thermal treatments, reporting values in the range from 46 to
147 W/mK at ambient atmosphere[42]. Although interface scattering is predicted to
dominate phonon transport in compacted powder, the thermal conductivity revealed a
definite 1/T temperature dependency from those sintered samples, indicating that a
harmonic phonon scattering is dominant, as found in perfect or improvement of crystals.
As a result, sintering is quite likely to have aided the development of polycrystalline ZnO

with larger crystals[44].
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2.1.6 Surface conductivity of ZnO

The conductivity of ZnO thin films is highly dependent on the surface's exposure to a
variety of gases. It’s previously been reported that sheet resistance of ZnO is micro-ohm
(10 Q1) and has a good surface conductivity that is responsible for improved current
conduction ability. It's mostly exposed to UV without heating above the band gap or by
overheating above 500°C in a vacuum[45]. This conductive layer is quenched by exposure
to oxygen, especially in the presence of humidity. According to reference No. 46, the
molecular oxygen atoms were thought to behave as acceptors, trapping electrons in a
negative surface charge layer near the surface of a typical n-type crystal, resulting in a
depletion zone and reduced conductivity. Because the sample thickness is much greater
than the thickness of any depletion region, the size of the depletion region by itself is
insufficient to compensate for the conductivity reduction. Defects with a higher density
towards the surface could generate the layer such as oxygen vacancies, which could have
been caused by illuminance[46]. UV exposure was discovered to cause faults with the
same Electron Paramagnetic Resonance (EPR) signal as CO exposure and subsequent
CO2 desorption[46].

2.2 doping of ZnO

The doping concentration is critical to control the purposefully added impurities, which
are liable to stable the ZnO electrical properties, in order to develop any form of device
technology. Ambipolar doping is the main issue in using ZnO as a semiconductor for
electro-optic devices. This difficulty is common in broad band gap materials, in which
doping of n-type is easy to achieve up to high densities but doping of the p-type is
difficult. ZnO is naturally an n-type semiconductor[47]. Many studies have concentrated
on modifying ZnQO's physicochemical characteristics to fulfill specific of a specific
applications, which is crucial for improving the performance of innovative devices.
Because defect chemistry plays an important role in optoelectronic applications, it is well
accepted that the characteristics are highly reliant on the impurity level.[48], [49]. As a
result, doping was initially a highly useful approach to adjust the electrical and optical

properties of ZnO. Group 11 elements (Al, In, Ga) have higher energy states and can
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closely merge with conduction band levels and create free electrons to occupy the
conduction band when doping with ZnO [23], [50], [51]. Ga®" has been attracting
attention among these dopants because of its inexpensive cost, lack of toxicity, and high
closeness between the ionic radii of Ga** (0.61) and Zn?* (0.74)[52]. Because of its high
carrier concentration and electrical conductivity, Ga-doped ZnO (often abbreviated as
GZO) is a particularly attractive material for a variety of novel applications[53],[54].
However, in contrast to doping, the microstructural characteristics of ZnO, such as crystal
size, crystal orientation, aspect ratio, crystalline density, surface volume, surface
morphology, and so on, have a considerable impact on the electrical and optical properties
of the material[55]. From this sense, the structural and optical properties were studied
with the thermal diffusion type Ga-doped ZnO NPs layer. Among numerous doping

technologies, it's an innovative and simple process, notably for doping with NPs.

2.3 Thermal diffusion into ZnO

The thermal diffusion process is mainly due to the relative motion of the mixture by the
temperature gradient. A concentration gradient occurs in the mixture as a result of this
motion, and an ordinary diffusion is formed to eliminate the gradient. When the mass flux
of each species is zero in the stationary state, the thermal diffusion factor and thermal

conductivity of a binary mixture are defined as[56]
al = —— (m) .................................... 6

x1x, \ VT

Where x1 and x2 is the mole function of the component for 1 and 2,

VT and Vxu are gradients of temperature and mole fraction of heavier components, and
T is the temperature.

In general, thermal diffusion and ion implantation are well-known methods for impurity
doping. For isolating the chemical reaction of diffusion in an atmosphere free of impurity
components, highly pure gases such as POCls and N2, Oz, and others are utilized. Thermal
diffusion in a normal environment could function as well as the conventional method if a
method can prevent the silicon surface from the penetration of various contaminates while
allowing only the targeted substance to diffuse in the silicon surface in some way. The

ion implantation is basically used in high vacuum technology during thin-film
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deposition[57]. Thermal diffusion is often used in nanofluid technology to induce the
dopant[57]. In our thermal diffusion process used oxide NPs to introduce the impurity
doping by diffusion mechanism. The Ga203 and ZnO NPs directly annealed using furnace
temperatures ranging from 600~1000°C and the Ga** atoms occupied into the Zn?* sites
through a thermal diffusion mechanism. According to reference no. [58], for gallium
diffusion, two models are proposed: one based on the interstitialcy (kick-out) mechanism
and the other on the vacancy mechanism. The mechanism of interstitialcy (kick-out) is

stated as follows:

Gai — Gazn"+lzn® ..o 7(a)
— Gazn* +1z2%+ 2e ..ol 7(b)
The vacancy mechanism stated as follows
(Gazn + Vzn) — Gazn* +Vzn? ..., 8(a)
— Gazn* +Vzo®+2e............... 8(b)

According to the theories above, the gallium diffusion zone in ZnO is an n-type
semiconductor. Furthermore, it was assumed that donors diffused through zinc vacancies
in ZnO[22]. Considering the previous studies, the most likely diffusion model for gallium

in ZnO is the zinc vacancy-mediated mechanism shown in eqg. (8).

2.4  Film/Layer deposition technics

In thin-film/layer deposition techniques, vacuum-based and solution-based deposition
are the most frequent processes. Physical Vapor Deposition (PVD) and Chemical VVapor
Deposition (CVD) are the two most used vacuum-based deposition methods in thin-film
deposition technology[59]. Although solution-based deposition techniques are cost-
effective and simple to utilize, they also have significant drawbacks. Several factors, such
as cost, purity, and porosity, must be addressed while choosing the best fabrication

method for a certain application.

2.4.1 Physical Vapor Deposition (PVD) technic

PVD is called a physical vapor deposition method, it is generally classified into vacuum
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deposition[59], sputtering[60], and ion plating[61]. These are vacuum low-temperature
film formation technologies, and the film formation is due to the vaporized gas or
sputtered particles in the vacuum of the film raw material, so basically there is no need to
heat the processed material. Therefore, it is characterized by a wide range of applicable

base materials and a smooth surface of the obtained film.

2.4.2 Chemical Vapor Deposition (CVD) technic

CVD is a process that uses gas-phase sources to produce thin layers on the substrate
surface through chemical reactions. When the source gases are injected into the reaction
chamber, the diffusion mechanism happen into the surface layer inside the chamber and
forms the thin layer by a chemical reaction between the numerous gas atoms and the
substrate. Plasma assisted CVD uses active ions that appear in the plasma. Vacuum
evaporation and molecular beam epitaxy (MBE)[62], spray pylorosis[34], are based on
the Thermal process. Temperatures in the range of 600 to 1100°C are being used in CVD
coating procedures. Significant thermal impacts on the substrate material are possible at

these high temperatures.

2.4.3 Spray-coating method

Because the annealed NPs are directly deposited onto the substrate with solution-based
deposition technics in our thermal diffusion type Ga-doping technique, the
aforementioned coating technique is vacuum-based deposition technics and is highly
appropriate for thin-film fabrication. In this way, our group developed physical spray-
coating techniques for NPs layer fabrication, named the "spray™ method. Because of its
incredibly low cost compared to conventional semiconductor processes, large-area
process, broaden selectivity of substrates (materials and surface morphology), our spray-
coating is simple and cheapest compared with other solution-based deposition techniques.
In this method, sintering of the particles takes time and agglomerates, and it is
manufactured by a spray method using an airbrush. The general spraying method may be
carried out in atmospheric gas or reduced atmosphere pressure, but in this study, it is
carried out under atmospheric pressure. First by increasing the temperature of the hot

plate by keeping the amount to be sprayed constant, the sprayed ZnO nanoparticle
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dispersion to form a nanoparticle layer by adjusting the temperature of the hot plate. At
this time, though it is thought that suppression of the amount of evaporation of nitrogen
can be achieved. Due to the deposition of NPs layer in the atmospheric ambient, the defect

can arise on the NP surface and the defect properties are discussed in section four.

2.5 Oxide Semiconductor Thin-Film Transistors (TFTSs)

Oxide TFTs, have been gaining a lot of attention since 2003, when the first reports on
ZnO TFTs, particularly InGaZnO TFTs, were reported[63]. Because of its potential
features, such as high mobility at low processing temperatures, low fabrication cost, and
superior transparency, oxide semiconductors have recently been actively explored.
Additionally, oxide TFTs have various advantages over traditional a-Si TFTs, including
transparency in the visible region, high field-effect mobility, controlled turn-on voltage,
and high subthreshold swing[64]. Oxide thin film deposition with good uniformity and
smooth surface at low temperatures helps to expand the possible applications for a-oxide
semiconductor TFTs, such as in big areas, transparent displays, or flexible devices.
Oxide-TFTs are extremely simple to build into devices, in addition to their superior
qualities. Because a-Si reacts readily with Oz in air, the manufacturing of a-Si TFTs
necessitates a closed system and, in most cases, a vacuum. Despite this, Oxide-TFTs can
be manufactured in an open system at ambient pressure. TFTs and circuits-based devices
have a wide range of applications based on the structure, the most prominent of which is
undoubtedly flat panel displays. A viable technique is enabled by amorphous,
polycrystalline, and microcrystalline silicon. Channel mobility of <1 cm?/Vs and lon/orr
> 106 are typical performance values[64], [65]. Higher performance, reduced fabrication
temperatures, transparency, and flexible substrates are all advantages of oxide-based

devices.

2.5.1 In-Ga-Zn-0O (IGZO) TFTs

Metal oxide semiconductor thin-film transistors (TFTs), particularly those based on

indium—gallium-zinc—oxide (IGZO), have attracted a lot of attention since Nomura et al,
19



demonstrate the first amorphous IGZO TFT (a-1GZO) in 2004[63]. Crystalline 1GZO
materials were initially reported in 1985, before the development of the first a-IGZO-
based TFT[66]. However, Instead of amorphous and single-crystalline of IGZO, Nomura
et al. used in other materials as 1GZO-TFT channel layer until 2004[63]. Single-
crystalline TFTs have the advantage of having no surface defects, resulting in ultra-high
mobility TFTs. On the other hand, single-crystal development necessitates a high
temperature, which is inconvenient for large-area applications. In 2004, Nomura et al.
presented the first confirmation that a-1GZO films could be produced at low temperatures.
[67]. The most popular TFT channel semiconductor materials are now a-1IGZO films. a-
IGZO-based TFTs typically have field-effect mobility greater than 10 cm?/(V.s) when
compared to amorphous silicon TFTs, the mobility is less than 1.0 cm?/(V.s)[68], [69] but
nowadays for high-resolution display or high speed transistor application, the mobility is
insufficient. 1IGZO-based TFTs have been proved to have various potential uses in liquid
crystal displays (LCDs), organic light-emitting diodes (OLEDSs), and electronic paper
displays by several well-known display makers, sensor technology, various applications
in addition to flat panel displays (FPD) [70]. The major advantages of IGZO-based TFTs
are distinct light sensitivity, pressure sensitivity, pH sensitivity, gas sensitivity, and a few
other parameters which are important for these sensors. Moreover, it’s easier to
implement sensors with 1GZO-TFTs because of the relatively developed display
technology. Because of their superior properties like, light weight, ultrathin thickness,
and mechanical bend resistance, IGZO-based TFTs have a lot of potentials in particular
the field of flexible electronics[71].

25.2 ZnO-based Metal-Semiconductor Field Effect Transistor
(MESFET)

The MISFET principle is used in most oxide-based TFTs, which consists of a gate
contact with an insulating layer, with top or bottom gate electrode. While this method has
shown to be very useful in silicon technology because of the low defects at the Si/SiO2
interface and the low leakage current. The dielectric thickness in oxide MISFETS is
typically 50-200 nm. MESFETSs are less complicated and less expensive. In reality, the
gate insulator's growth is critical for MISFET performance and necessitates a great deal

20



2.6

[1]

of effort in growth procedures. To ensure minimal leakage currents, the insulator
thickness must be quite thin (in the region of 100 nm). Because a considerable portion of
the applied gate voltage is lost across this thick insulator, the MISFETSs can operate at
high operating voltages of 10 V or higher. MESFETS have a higher gain when the gate
voltage is between 1 and 3 V.[72]. MESFETSs have the most significant benefit over
MISFETSs due to the absence of an insulator-semiconductor interface: channel mobility is
greater due to fewer interface traps with which electrons can scatter. Furthermore, unlike
MISFETSs, the effects of visible light and voltage stress do not affect the threshold voltage
of MESFETs. MESFETs have channel mobility equal to the bulk mobility of their
individual semiconductor, which is much higher than most MISFETs' field-effect
mobility[73]. Based on the above circumstances we demonstrated the ZnO metal-
semiconductor field-effect transistor (MESFET) discussed in this study.

Mead proposed and demonstrated the MESFET for the first time in 1966[72]. A metal-
oxide-semiconductor field-effect transistor (MOSFET) is very similar to a MESFET[74].
The fundamental distinction is that a metal-semiconductor (Schottky) junction replaces
the MOS gate in a MESFET. Highly rectifying Schottky contacts such as Ag, Pt, Pd, or
Au deposited on thin ZnO channels by reactive DC-sputtering to make ZnO-based
MESFETSs. Lajn et al. revealed that Metals, with the exception of Au, are partially
oxidized on ZnO thin films, [75]. ZnO-MESFETSs are made on glass substrates that are
more industrially relevant. The conductivity of MESFET channels on quartz glass vs two
commercial borosilicate substrates differs significantly. Quartz has channel mobility of
about 1.3 cm?/Vs and the highest on/off ratio of about 4.7x10°[77]. MESFETS on
borosilicates have channel mobilities that are one to two decades lower. This means that
the gate material's oxidation has changed[77]. For the low voltage operation, the
MESFET is widely used in microwave applications. The operation of MESFET is

described in section four with detailed characterization.
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3. Research Methodology

3.1 NPs layer formation

3.1.1 Fabrication of ZnO NPs

ZnO-NPs were synthesized using the arc-discharge-mediated gas evaporation process.
In the arc plasma method[1], as a zinc source, commercially available zinc (4N) rod was
employed, and dry air was injected (5 L/min), while a carbon rod acted as a cathode. To
form a ¢ 2x2 cm cylindrical Zn metal block, the zinc rod was cut into small pieces of 1
cm range, placed in an aluminum crucible, and heated to 600°C in an ambient atmosphere
for an hour[1]. In the arc plasma unit, the Zn block is being positioned on the holder
(anode) inside a cylindrical chamber. Fig. 3.1 depicts the vertical layout of the free
burning arc discharge experimental setup. The cathode (carbon rod) was adjusted to a few
mm from the anode (Zn block) and the arc current was initiated by dc power supply after
controlling the fabrication conditions of current density, chamber pressure, and the flow
of dry air. As a result, the breakdown voltage was formed between the tiny gap of
cylindrical carbon cathode and a flat zinc anode, resulting in ionized plasmas and
collisions of a charged particle[1]. The arc current can be controlled depending on the

fabrication condition and it can be produced in a range of 1~100 A.

Zn(4N) ingot arbon Electrode

~~~~~~~~ . DC Power
. Supply

Filter

Dry Air
Exhaust m

Fig.3.1 Symmetric illustration of the arc-discharge-mediated gas
evaporation NPs formation method
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The chamber pressure was controlled using a rotary vacuum pump in the range 50~780
Torr. The compressed dry air was injected into the chamber at a rate of 5 L/min, which
was regulated by a flow controller. The 610 Torr and the 20 A arc current was used to
fabricate the n-type ZnO NPs which is used in this study. In addition, the nitrogen content
of the produced ZnO nanoparticles can be changed by controlling the pressure and the
discharge current according to the inflow of dry air[2]. Fig.3.2 shows the changes of
nitrogen concentration by controlling the pressure and current during the flow of dry air.
ZnO crystals exhibit n-type characteristics due to inherent defects, but since nitrogen acts

as an acceptor, they exhibit p-type characteristics when the nitrogen content is high[3].

o
w
v

0.3

610 Torr

0.25 |

0.2

0.15

0.1

0.05

Nitrogen concentration [ wt%

b

—

20 30 40 50 60 70
Arc current [ A ]

Fig.3.2 N2 concentration based on the arc current.
Referring [2]

3.1.2 Gadoping into ZnO NPs

Our laboratory synthesized ZnO and Ga20s particles manufactured by Sigma-Aldrich
Co. Ltd. were mixed by vortex and subjected to thermal diffusion treatment. Fig. 3.3 (a)
shows the electric furnace (manufactured by Fulltech, FT-01VAC-30) which is used for
heat treatment. Fig. 3.3 (b) shows a simplified annealing furnace. The annealing process
is carried out into several atmospheric conditions like open-air, dry nitrogen (N2), dry
oxygen (O2), wet-air, and dry-air only under temperatures ranging from 600~900°C for
60min. The open-air contains both N2 and Oz content and is performed under high

humidity conditions.
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Fig.3.3 (a) Electrical furnace 3(b) illustration of the simplified annealing

furnace

3.1.3 Dispersion processing

Outlet

The above annealed ZnO NPs dispersing by Ultrasonics homogenizer with 10g of

ultrapure water. After dispersing the Centrifugal separator was used to separate the large

particles from the solution. By using this most of the residual Ga:Os was removed

resulting in the 100 to 150nm median size NPs. Table 1 & 2 shows the detailed conditions

for dispersion processing.

Tablel. Ultrasonic homogeni

zer condition

Time[min] Power%[W] Pulse on/off
time[sec]
3 150 5

32



Table2. Centrifugal separator condition

Rotating Speed[G] Time[min]

3000 1

3.1.4 NPs layer fabrication:

The above dispersed 10 ml dispersion was sprayed onto the heated quartz substrate. In
this method, sintering of the particles takes time and agglomerates, and it is manufactured
by a spray-coating technic using an airbrush as shown in Fig. 3.4. The general spraying
method may be carried out in atmospheric gas or reduced atmosphere pressure, but in this
study, it is carried out under atmospheric pressure. First by increasing the temperature of
the hot plate by keeping the amount to be sprayed constant, the sprayed ZnO nanoparticle
dispersion to form a nanoparticle layer by adjusting the temperature of the hot plate. At
this time, though it is thought that suppression of the amount of evaporation of nitrogen
can be achieved. However, if the distance between the airbrush injection port and the
substrate is small, more particles can be attached to the substrate, but the particles tend to
aggregate readily if the distance is larger, resulting in a gap in the layer. The 7ml of
dispersion fluid was sprayed to the heated quartz substrate under the condition of table
3. The thickness can be controlled by varying the centrifuge condition at the time of
dispersion processing. On the time of sparing the dispersion sprayed onto the heated
quartz substrate with the hot plate temperature of 500°C but the thermographic
measurements stated that the surface temperature is around 370°C during spraying. The
5s interval was used from one to another shot of spray causing the surface temperature
drastically to decrease after dropped the dispersion onto the substrate and it goes back to
the previous state during that interval. By taking the intervals during spraying the

uniformity of the sprayed layer can be unchanged.
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Fig.3.4 Illustration of the spray coating process for NPs layer fabrication

Table 3 Sprayed layer formation condition:

Dispersion[ml] ~7

Distance (from injection point to 15

substrate) [cm]

Spray interval [sec] 5

Hot plate temperature [°C] 500

3.2 MESFET fabrication

The operation of MESFET (Metal Semiconductor-Field Effect Transistor) is similar to
that of a junction field-effect transistor (JFET)[4]. MESFET does not use the oxide film
(insulating film) used in general transistors such as MOSFET[5]. In addition, it is a

unipolar device with one type of carrier conduction, and in addition, it uses Schottky
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characteristics that use a potential barrier when a metal and a semiconductor come into
contact with each other. N-type I11-V compound semiconductors are used for MESFETs
fabrication because of their high electron mobilities and average drift velocities. A
schematic illustration of the MESFET device is shown in Fig. 3.5. The ZnO TFTs used
in this study were top-gate depletion-mode MESFET devices. The n-type ZnO channel
layer (~1 um) was grown on a glass substrate by spray coating, and Al evaporation (~50
nm) was used as the source (S) and drain (D) ohmic contacts. Finally, a gold (Au)
Schottky gate electrode was fabricated between the S and D contacts using a sputter (~30

nm).

Fig.3.5 Symmetric illustration of MESFET structure

3.3 Experimental techniques
3.3.1 Current-Voltage (I-V) measurement
In order to measure the |-V characteristics in a thin film, three methods are being used.

The two-probe, four-probe, and three-probe |-V measurement methods are the three

common methods. The term "two-probe measurement” refers to two wires that are
physically attached to the two electrodes of the practical device. Two independent contact
pairings are used in the four-probe measurement, one for applying the calibrated current
and the other for measuring the voltage. In a three-probe measurement, between the two

electrodes, a third microelectrode is used. The advantage of using a four-point probe
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measurement is that the contact contribution can be eliminated. The most frequent
measurement method is the two-point probe measurement, which is simple to set up.

In our present work, the evaluation of the ZnO NPs layer is carried out by a two-point
probe I-V characteristic measuring apparatus. This is the simplest method of measuring
resistivity. A symmetric illustration of I-V measurement shows in Fig.3.6. The resistivity

can be measured using equation (1).

Where: p is the resistivity.
Light is shielded by placing a sample in the shield box and the two probes are brought
into contact with Au electrodes to evaluate conductivity. Sets the voltage value range to
-10 Vto 10 V.

In my samples 0.3mm x 0.3mm square shape electrodes were used, so the sheet
resistance can be directly obtained from the slope of I-V curves. So, the Sheet resistance

is given by the equation (2).

Where: Rs is the sheet resistance; R is the measured resistivity of the samples; W is the

width of the electrodes; L is the length between the electrodes.
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Fig.3.6 A symmetric illustration of /-J" measurement

3.3.2 Optical measurement: Photoluminescence (PL)

Photoluminescence spectroscopy (PL spectroscopy) is a useful method for investigating
semiconductor properties and identifying native point defects. The light from the source
is directed onto a sample, where it is absorbed and photoexcitation might occur, resulting
in the emission of PL. The approach can reveal information on semiconductors'
photochemical and optical properties, as well as their electronic structure and point
defects in the interfacial region. Since this luminescence is easily affected by impurities
and defects in the substance, it is possible to obtain information on the presence, type, and
defects of impurities in the substance by spectroscopically analyzing the luminescence.
In addition, PL measurement is generally non-destructive measurement and does not

require pretreatment. A symmetric illustration of PL measurement is shown in fig. 3.7.
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Fig.3.7 Symmetric illustration of PL measurement

In this study, the optical properties of sprayed NP layers were measured by a Fluromax-
4 spectrofluorometer in the wavelength range from 340~600 nm.lIt is possible to identify
material defects and impurities by analyzing the luminescence spectrum. The light
scattered from inside a crystal and the method captured the defects. This approach can
easily obtain a defect signal if a crystal has a low carrier concentration. In our
measurement system spray-coated ZnO NPs layer with quartz substrate placed in 30 or
60-degree angle for front and back PL measurement respectively. The PL spectra of ZnO
grown at room temperature with various sprayed samples consist of an excitation
wavelength of 325 nm with 0.2 s exposure time. The exciton/defect ratio grew at 340nm

to 600nm wavelength visible region.

3.3.3 Structural Measurements: X-Ray Diffraction (XRD)

X-ray diffraction is a nondestructive technique for analyzing thin films. It can be used
to calculate the lattice parameter value, identify phases, and determine crystallographic
orientation and texture. A material is examined with x-rays with wavelengths near to
lattice spacing in x-ray diffraction. Bragg's law[6] specifies the conditions for diffraction.

nl = 2dsinf.............. (3)
In this study, 26 scans from 15° to 80° with sampling step of 0.02° were performed by
SmartLab, Rigaku Corporation, 1=1.54 A diffractometer and Cu-Ko radiation. The

sample can be rotated along with one of the axes (&-axis) and the detector can be rotated
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independently (26-axis) in this two-circle diffractometer. Fig.3.8 shows a schematic

diagram of the diffractometer.

Incident _
beam Diffracted beam

0 ’
/ 20
/ sample /

>
L

Fig.3.8 Schematic diagram of the diffractometer.

The Bragg-Brentano diffraction geometry is used in this diffractometer. In this geometry,
the diffracted beam is often in the plane containing both the incident and normal beams.
This diffractometer can only acquire diffraction data from surfaces that is parallel to the
sample's face since the sample can only be oriented along the -axis. A four-circle
diffractometer can be used to determine the film/layers in-plane orientation. In this setup,
the specimen can be rotated in response to the incident beam and rotate at 360 degrees all
around surface. The most common method for characterization of thin films/layers is 26
diffraction measurement. The lattice constant of a-axis and c-axis are calculated from 101
and 002 peak positions using 26 measurement also the crystallite size was calculated

using Scherrer's formula [7].

1

= AR+ R 2 (D)= (4)
hkl 3 c a2

d2

where dnk is the interplanar spacing calculated from Bragg’s equation, and h, k, and | are

the Miller indices.

3.3.4 X-Ray Photoelectron Spectroscopy (XPS)
When the surface of a sample is irradiated with X-rays under vacuum, photoelectrons
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are emitted into the vacuum from the surface (photoelectric effect). A symmetric

illustration of XPS measurement is shown in Fig. 3.9.
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Fig.3.9 symmetric illustration of XPS measurement

The kinetic energy of the photoelectrons can be measured to obtain information on the
elements and chemical states of the sample surface and the relationship formula[8] shown
in equation (5).
EB=h,—KE .............. (5)

Eb is the binding energy of bound electrons, h, is the energy of irradiated X-rays, and Ex
is the kinetic energy of photoelectrons. Since the binding energy of bound electrons is
unique to the element, the element existing on the surface of the substance can be
determined by analyzing the energy spectrum of the photoelectron. In addition, since the
peak position of each element shifts slightly due to the difference in the chemical state of
the surface, information on the valence band state can be obtained from the shift. Since
the distance (mean free path) that photoelectrons travel in a substance without inelastic
scattering is several nm, the detection depth in this analysis method is several nm. XPS
can measure insulation samples relatively easily and can also analyze in the depth
direction. For use in this research, we asked the Research Center for Quantum Integrated

Electronics, Hokkaido University to measure the sample.
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3.3.5 Dynamic Light scattering (DLS) measurement

To know the particle size of the NPs Dynamic Light scattering (DLS) particle size
analyzer was used. DLS is a well-established non-invasive technology for determining
particle size and size distribution. Particle size can be calculated by measuring the random
variations in the intensity of light scattered from a suspension or solution caused by the
Brownian motion (random thermal motion) of the small particles in suspension. The laser
light is dispersed at varying intensities due to Brownian motion of particles or molecules
in suspension. Using the Stokes-Einstein equation, the velocity of Brownian motion and

thus the particle size may be calculated from these intensity fluctuations[9].

Where Dn is the hydrodynamic diameter D: is the translational diffusion, ks is
Boltzmann’s constant, T is thermodynamic temperature, # is the dynamic viscosity.

For measuring the particle size of ZnO and Ga203 nanoparticles, (HORIBA, LB-550VS)
was used. The symmetric illustration of DLS measurement is shown in Fig. 3.10.
Nanoparticles were dispersed in pure water for the experiment and the particle size

distribution was recorded.

Incident light

/

1
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Scatterd light

detector Digital signal
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Fig.3.10 symmetric illustration of DLS measurement
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3.3.6 UV-Vis Spectroscopy

Spectroscopic measurement is a method of evaluating how much light is emitted (how
much light is absorbed by a sample) with respect to the light emitted to the sample.
At this time, the intensity lo of the incident light and the intensity | of the transmitted light

generally have a relationship called Lambert-Beer's law[10].

Where | = Intensity of light after passing through the samples,

lo = Intensity of light before passing through the samples, and

K = absorbance of 1cm pathlength samples.
Transmittance is related to the intensity of light after it passes through the cuvette (T).
The fraction of light that passes through the sample is known as transmittance. The

equation can be used to determine the transmittance.
I

T=L i (8)

Io

Transmittance is related to absorption (A) and can be stated by the following equation[8].
A=-log(T)=-log — ....... (9)
0

A UV-Vis spectrophotometer compares the light intensity passing through a sample (1)
vs. light intensity before it passes through (lo), represented as absorbance (A) or
transmittance (T). The spectrophotometer uses a tungsten source to produce visible and
near-infrared radiation and is a double beam double monochromator type. The beam is
separated into two sections, one of which is directed at the ZnO sample and the other of
which goes through a blank control area (substrate). The route lengths of the split beams
are all the same. After that, the detector compares the intensity of the two beams and
estimates the film's transmittance in relation to the substrate. The equipment compensates
for beam variations since the sample and reference beams are compared simultaneously.
The optical transmittance spectrum of ZnO thin film was obtained using UV-Vis
spectroscopic measurement in the wavelength range of 200 to 1100 nm. The absorption
coefficient, band gap energy, Refractive index, extinction coefficient, and Urban energy

can be determined using the measured spectrum[11].
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Shimadzu UV-Vis Spectrophotometer was used for the measurements. The symmetric

illustration of this measurement is shown in Fig. 3.11.

Incident light transmitted light
I, I

detector

Fig.3.11 Symmetric illustration of UV-VIS Spectroscopy measurement
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4. Ga-Doping into ZnO Nanoparticles using Thermal

Diffusion Process

4.1 Introduction

To obtain the conductive channel layer of thin-film transistors (TFTs), the
semiconductor nanoparticle (NP) layer is one of the notable methods[1]-[5] because of
its high selectivity of substrate materials, surface morphology, its compatibility of the
printing electronics, atmospheric processing, the low costing, and the large area process
and so on. Controlling the electrical conductivity of ZnO has remained a significant
concern despite recent rapid advances. Therefore, many efforts have been made to form
and demonstrate TFTs with the n-type ZnO-NP channels on various substrates[1], [6]—
[10] including demonstration of the logic operations[11]. Although a majority of research
groups had reported achieving p-type ZnO, there are still concerns about the results'
reproducibility and the p-type conductivity's stability. Our group had tried to fabricate
both n-channel and p-channel back-gate TFTs on Si/SiO2 substrates by using the simple
and easy spray-coating method using the ZnO-NPs synthesized in our laboratory[12] [13],
where NP-layers prepared by ZnO have a high probability of realizing complementary
logic circuits. However, the performances of obtained TFTs were degraded due to the
extremely high resistivity of horizontal carrier transportation in the sprayed ZnO-NP
layers (order of G€2/sq). Such large parasitic resistances cause the significant degradation
of the gain and switching speed in analog and digital operations, respectively. By simple
estimation with assuming the logic gate capacitances of several pF, even 100 Hz logic
operation will be impossible using these TFTs. Based on the above circumstances, we are
concerned to reduce the sheet resistances of obtained ZnO-NP layers for TFT channel
applications by impurity doping. The resistivity of impurity-doped ZnO is lower than that
of undoped ZnO and it is more stable. Al, Ga, In, B, Si, Ge, Ti, Zr, Hf, and F have
previously been doped in ZnO[14] [15]. Ga appears to be the most effective and potential
dopant, owing to benefits such as its ionic and covalent radii (0.62 A and 1.26 A), which
are similar to those of Zn (0.74 and 1.34 A), resulting in minimal ZnO lattice deformations
even at high Ga concentrations[9]. Thermal diffusion and ion planting are the most

common method for impurity doping. Direct doping into NPs through the thermal
45



diffusion process is preferable rather than doping onto the NP-layers, because such
doping processes after NP-layer formation should disturb the simplicity of the particle-
base process and the selectivity of substrate materials. In this study, the trial of direct Ga-
doping into ZnO-NPs by thermal treatment using Ga203-NPs, confirmation of Ga-

diffusion, and the temperature dependence sheet resistance behavior were examined.

This chapter's major content has already been published in the Journal of Surface
Science and Nanotechnology as listed on the page of Publications. (T. Yoshida, I. M.
Maruful, and Y. Fujita, “Trial of Ga-doping on ZnO nanoparticles by thermal treatment
with Ga203 nanoparticles,” e-Journal Surf. Sci. Nanotechnol., vol. 18, pp. 12-17, 2020,
doi: 10.1380/EJSSNT.2020.12).

4.2 Experimental

ZnO-NPs were synthesized by arc-discharge-mediated gas evaporation method[13],
[16]. The detailed NP synthesis process is described in chapter 2 with Refs. 13 and 16, in
which n-type conductive particle was recommended. Thus, the conditions to obtain ZnO
particles with less nitrogen doping were used. Thermal treatments were applied to some
of the obtained ZnO nanoparticles with Ga20s particles (Sigma-Aldrich Co. Ltd).
Particles of ZnO (0.2 g) and Ga20s (0.06 g) were mixed in the crucible and heated in the
electric furnace with a temperature of 600—900°C for 60 min. In this study, two types of
ambient gas were applied; one was the atmospheric air which was similar to the gas in
NP-synthesizing, and the other was pure nitrogen which would expectedly generate the
oxygen vacancies acting as native donors. In thermal treatment with the atmospheric air,
the valve of the furnace was opened to the atmosphere and the fresh air (with humidity of
about 60%) was supplied by thermal convection. In the case of pure nitrogen, the nitrogen
gas with the dew point of less than —60°C and the purity of 99.995% was supplied with
the rate of 0.5 L/min. In both cases, the temperature was increased from RT to the setting
value within 10 min and after 60 min thermal treatment, the samples were cooled down
to less than 40°C in 2 h. The dispersions were prepared by dispersing 0.2 g of above
mixed and thermally treated particles with 10 g of ultrapure water using ultrasonic

homogenizer with the power of 150 W for 3 min and by following centrifuging with 3000
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G for 1 min. To form particle layers[16], 30 mL of dispersion fluid were sprayed to heated
quartz substrates using a standard airbrush, as shown in Fig. 3.4, with 5-s intervals for 15
min. The setting value of the hot plate temperature was 500°C (the actual surface
temperature was about 370°C determined using thermographic measurement). The
estimated thickness of particle layers was about 10 um. Additional Al/Au electrodes with
the width and length of 0.3 mm were formed for /-7 measurements. /—J measurements
to determine the variation of sheet resistances were performed using a shielding prover
system and E5270B Precision measurement mainframe with E5287A Atto-level High-
Resolution SMU module (Keysight Technologies). Powder X-ray diffraction (XRD)
(SmartLab, Rigaku Corporation, A = 1.54 A) was used for 20-scan with a scanning speed
of 0.001°/step. Elemental analyses were performed by X-ray photoelectron spectroscopy
(XPS) with monochromatic Al Ka radiation. The measurements were carried out on the
surface of as-sprayed NP-layers without an additional cleaning process. Binding energies
were calibrated by shifting the C 1s peak position to 285.0 eV[17], [18].

4.3 Results and discussion

4.3.1 NPs size distribution

The particle size distributions of laboratory synthesized ZnO NPs and Ga20s NPs are
shown in Fig. 4.1 (a), which were prepared by dispersing each particle in ultrapure water
by ultrasonic homogenizer without centrifugal separation procedure. ZnO particles that
were synthesized in our laboratory have a main peak at around 150 nm and tail
distribution over 1000 nm. On the other hand, the Ga20s3 particles have sharp distribution
with a median size of 667 nm. To confirm the annealing effect of mixed ZnO/Ga203 NPs
with centrifugal separation procedure, the particle size was measured and shown in Fig.
4.1 (b). The particle distribution curve shows sharp distribution with a median diameter
of 153 nm. This result helps to reveal that the contribution of large NPs onto the layer can
be controlled by the centrifugal separation process. The rest of the dispersion fluid with
only a small size of NPs sprayed on the substrate resultant the suppress aggregation

phenomenon which was clearly shown in surface properties.
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Fig. 4.1 (a) Particle size distributions for separately measured ZnO and Ga,O; NPs
without centrifugal separation. Referring [19].

30

(After centrifugal separation) (b)
Zn0/Ga,0,
~ 20 [ g
S Mixed & thermal treated
- i
e
[5)
> 10 [~
o ]
1
O T T T Ip‘lmlmlall T
10 00
Size (nm)

Fig. 4.1 (b) Particle size distributions for mixed and thermally treated ZnO and
Ga,0; NPs after centrifugal separation. Referring [19].

4.3.2 Electrical properties

Two probe I-V measurement was used with the voltage ranging from -10 V to +10 V
and the sheet resistance variations of the fabricated particle layers were studied. The
variation of sheet resistance is summarized in Fig. 4.2, in which were the 300 um x 300
um square shape electrode mask was used, so the sheet resistance can be directly obtained
from the slope of 1-V curves. The measurement was carried out in several points in a

sample and Fig indicates the average value obtained from all points. The sprayed particle
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layers formed using as-prepared ZnO particles and only mixed with Ga203 particles
(without thermal treatment) show very high sheet resistance in the order of GQ/sq. These
data are labeled “Only ZnO” and “Zn0O/Ga203 only mixed”, respectively, and are shown
with filled triangles (A) in Fig. 4.2. Circular marks indicate the sheet resistance values
for the samples using thermally treated particles; filled circles (®) indicate that the thermal
treatments were carried out in atmospheric air and open circles (©) in pure nitrogen. The
result revealed that the temperature of thermal treatment less than 700°C had no effect to
reduce the sheet resistance[19], which means no impurity doping effects into ZnO
particles. On the other hand, thermal treatment with the temperature of 800°C and 900°C
showed a significant reduction of 4 to 7 orders of magnitude, especially in atmospheric
air annealed at 800°C, which indicate the most impurity doping was achieved in this
certain temperature and the minimum value was reached of 225 Q/sq. As for the
confirmation of Ga-doping effect, the sheet resistance was also obtained using thermally
treated ‘‘only ZnO’’ particles layer (at 800°C) and indicated in Fig. 4.2. The result
revealed that no significant effect has been seen in the sheet resistance behavior. Thus, it
is confirmed that the property of ZnO particles had been influenced by mixing with Ga203

particles and thermally treating with the temperature over 800°C. The NPs
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Fig. 4.2 Sheet resistance variations of various kind of particle layers used in this study

measured b%/ two-probe I-V measurements. Refcr_rin[% [1 r%‘l )
annealed in the ambient N2 showed no significant improvement compared with
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atmospheric air. The effect of ambient N2 is clearly shown in chapter 5.

4.3.3 Structural Properties

The structural properties of ZnO nanoparticles (particulates) and NP-layers sprayed with
Zn0/Ga203 mixed and thermally treated (800°C) particles in the air and N2 are evaluated
by XRD measurement, and the result showed in Fig. 4.3. Generally known peaks of the
ZnO particles with single crystalline state[20,21] were obtained from Fig. 4.3 (a). The
result indicates that the undoped ZnO has a preferred orientation of a-axis (100) and c-

nly ZnO (particulates)  (a) Zn0/Ga,0, (b)
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Fig. 4.3 XRD results for (a) ZnO nanoparticles (particulates) and (b and ¢) NP-layers
on quartz substrates sprayed with ZnO/Ga20s mixed and thermally treated (800°C)
particles in air and N2, respectively. For (b and c), dispersion was prepared with
centrifugal separation process. The inset in (b) shows the XRD spectra for Gaz03
particles (particulates). Referring [19].

axis (002) both are perpendicular to the substrate. After doping the (100) increased (for
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both air and N2 atmosphere) sharply which indicates that the doped ZnO has a preferred
orientation of a-axis only perpendicular to the substrate. In Fig 4(a, b), full-width at half-
maximum (FWHM) values were changed from 0.20° to 0.08° for the (100) peaks by
thermal treatment in the air. The crystallite size was calculated using Scherrer’s equation
and found the improved crystallite size for doped ZnO, especially in the air atmosphere.
The calculated crystallite size of ZnO/Ga203 mixed and thermally treated (800°C)
particles in air and N2 is 100 nm and 45 nm respectively. On the other hand, the XRD
spectra of Ga20s particles used in this study are shown in the inset of Fig. 4.3(b). These
peaks are consistent with previous results of the -Ga20s particles[22]. But there were no
Ga20s-related peaks in Fig. 4.3(b, ¢). It is confirmed, again, that almost all of the residual

Ga20s particles were removed by the centrifugal separation process.

4.3.4 Chemical analysis

To discuss the sheet resistance reduction mechanism, XPS spectra were analyzed. Fig.
4.4(a) shows Ga3d spectra for sprayed particle layers made of ZnO/Ga203 mixed with
and without centrifugal separation process (no thermal treatment), ZnO/Ga203 mixed and
thermally treated at 800°C in the air, N2 with centrifugal separation as a reference, and
only ZnO. Overlapping O2s spectra are also shown. The peak intensities were normalized
with those of the Zn3d spectra, as shown in the inset of Fig. 4.4(a) and the peak positions
were shifted to adjust Zn3d at 10.0 eV. The horizontal axis indicates the energy difference
from the Zn3d peak where the shifts of energy positions were within £0.1 eV. The Ga3d
spectrum obtained from ZnO/Ga20s mixed without centrifugal separation shows the
largest in-tensity because all Ga20s particles remained, but after centrifugal separation,
only the slight Ga3d component was observed. This again indicates the residual Ga203
particles can be removed by the suitable centrifugal separation process throughout this
study. On the other hand, a relatively large Ga3d peak was observed from ZnO/Ga20s
mixed and thermally treated (800°C) both in the air and N2 despite being processed with
centrifugal separation. These findings strongly suggest that Ga atoms diffused from
Gaz0s into the ZnO particles in the thermal treatment process at 800°C. Further analysis

on O1s spectra was carried out as shown in Fig. 4.4(b). In this figure, (A) ZnO/Ga203
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and (B) only ZnO particles with thermal treatment (800°C, air) and centrifugal separation
were compared. In both samples, the condition difference is only the existence of Ga20s3
particles in the thermal treatment process, and they were removed by following
centrifugal separation. Considering the fact that the difference between the O1s spectra
of O-Zn and O-Ga is 0.8 eV which can be determined using the O1s spectrum of Ga203
shown in Fig. 4.4(b) as a reference. The difference “(A)—(B)” indicates the new
component caused by the Ga incorporation into ZnO-NPs. Using the molecular weights
of ZnO, Ga20s3, and the intensity ratios of the Ga3d or O1s spectrum, the estimated Ga
amount in NP-layer of “Zn0/Ga203 mixed and thermally treated at 800°C in air” is about
5-7 at% assuming a uniform Ga distribution. If this estimate is correct, the measured
resistance in Fig. 4.2 should be one or two orders of magnitude smaller. The reason why
so much Ga was detected in Fig. 4.4 can be considered that diffused Ga was mainly
distributed near the surface of the ZnO particles, increasing the effective irradiated area
by X-ray and emphasizing the apparent intensity of the Ga3d and Ga-related O1s
signals[23]-[25]. From Fig. 4.4(a), thermal treatment in N2 caused a larger Ga
contamination, which can be explained using the smaller particulate size estimated by
XRD. The smaller size gave the larger surface and/or grain-boundary-like sites to
distribute the diffused Ga atoms. This can support the above assumption; however, further
consideration is difficult at this stage. Anyway, it can be concluded that the Ga atoms
diffused into the ZnO-NPs by the thermal treatment, and, because of the following
reasons, a part of them certainly substituted for the Zn atoms, and Ga was activated as
donors.

Another reason may due to the difference in the peak position of the Ga3d spectra. In Fig.
4.4(a), the obtained Ga3d peak positions from B-Ga203(100) single crystal substrate (20.5
eV, i.e., +10.5 eV from Zn3d) and a sputtered Ga-doped ZnO (GZO) film (19.6 eV, i.e.,
+9.6 eV) are also shown. Generally, the Ga atoms in the GZO film are activated by
substituting for the Zn atoms, which will cause the variation of a chemical bonding state
and the difference of the peak position in the Ga-related spectra. In the case of
“Zn0/Ga203 mixed (without centrifugal separation)”, all the Ga 3d signals originated
from the mixed Ga203 particles, naturally showing a similar peak position with that of
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Fig. 4.4 (a) XPS Ga 3d spectra for various samples. The peak position and intensity
were normalized with the Zn 3d peak. The inset shows the overall spectra of Zn and
Ga 3d. (b) Comparison of XPS O1s spectra between particle layers using thermally
treated only-ZnO and ZnO/Ga203-mixed particles. As a reference, Ga203 O 1s
spectrum is also shown. (C.S.: centrifugal separation). Referring [19].
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the B-Ga20s3 single crystal. On the other hand, in the case of “Zn0O/Ga203 mixed &
thermally treated (800°C, with centrifugal separation) in N2 and the air”, the peak position
shifted towards the lower binding energies tending to that of the GZO film. However, the
peak position is not the same as that of the GZO film, suggesting that some of the diffused
Ga atoms substituted for the Zn atoms.

The other reason is a lattice constant variation. The estimated lattice constants using the
Bragg’s law on the hexagonal system and the accurate peak positions of XRD (002)
signals are 5.2057 A (26 = 34.415°) and 5.2044 A (26 = 34.424°) from Fig. 4.3(a) and
4.3(b), respectively, i.e., about a 0.001-A reduction was observed after the thermal
treatment with the Ga20s particles. Generally, the lattice constant will be reduced by the
substitution of Ga (0.47 A) for Zn (0.60 A) because of a smaller ion radius[26]. In our
case, the observed change was small, but this can also explain that some of the diffused
Ga atoms substituted for the Zn atoms.

From the XRD and XPS analyses, direct Ga-doping to ZnO-NPs by simple mixing and
thermal treating with Ga203 particles was confirmed, which reduced the resistivity of the
sprayed ZnO NP-layers dramatically.

Finally, as described in the optical properties section, it was expected that the thermal
treatment in pure N2 tended to generate more defects compared to the open air, which
would act as native donors improving the conductance. However, the obtained sheet
resistances tended to show the opposite behavior. One possible reason is that the oxygen
vacancies were generated mainly at the surfaces of NPs, which cannot contribute to the
generation of carriers different from the bulk. Another possible reason is that the defects
were not generated as expected. Recent photoluminescence analyses (not shown here)
support the latter case, i.e., the thermal treatment in the pure N2 ambient leads less defects
compared with that in the open air. Controlling the defects is important for the diffusion
and substitution behaviors. So, it needs continuous investigation about the defect

properties on ZnO-NPs to achieve more effective Ga-doping.
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4.4 Chapter Conclusions

The detailed analyses of XPS and XRD results revealed that the expected Ga-doping
and the improved crystallite size of ZnO-NPs were confirmed by mixing and thermally
treating with Ga20s3 particles at 800°C in the air using our diffusion type Ga-doping
process, resulting in the dramatic reduction of the sheet resistances of the sprayed n-ZnO
NP-layers has been seen. The result of sheet resistance was confirmed as 800°C becoming

the optimal temperature during annealing, depending on ambient gas (air and N2).
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5. Optimization of Ambient Atmosphere for Ga-Doping and
its Application to TFT Channel Layers

5.1 Introduction

Using semiconductor nanoparticles (NPs) the formation of channel layers of thin-film
transistors (TFTs) with coating techniques is an attractive technology because of the high
selectivity of substrate materials, surface morphology, low cost, and large process
area[1]-[4]. ZnO is the subject of numerous ongoing studies because of exceptional
properties such as increased chemical and thermal stability—even when surrounded by
hydrogen plasma—as compared with other oxides (e.g., SnO2 and 1TO), wide band
gap[5], large exciton binding energy of 60 meV at room temperature[6], non-toxicity, and
low costs. These attributes, combined with its applications in a wide variety of fields such
as electronics, optics, optoelectronics, and conversion photovoltaics [7], [8], make it a
model material.
The presence and operation of both n/p-channel back-gate TFTs on Si/SiO2 substrates
have recently been demonstrated[9] employing laboratory-synthesized ZnO NPs[10].
However, the channel resistivity of NP layers was too high, inhibiting the TFT's
performance. Impurity doping such as Group Il elements can be effective to reduce the
resistivity of n-type ZnO NPs[11]. In a detailed review of doped ZnO, Gao et al.
concluded that Ga-doped ZnO obtained a low resistive NP layer as well as improved
electrical properties among various doping elements[12]. Indeed, for ZnO films, various
Ga-doping attempts have been made with many successes[13], e.g., magnetron
sputtering[14], chemical vapor deposition (CVD)/atomic layer deposition (ALD)[15]-
[17], chemical solution deposition (CSD) including the sol-gel method[18], and Various
techniques have been used in the preparation of ZnO thin films[19]. These deposition
methods are highly applicable for the fabrication of thin films; however, these methods
are inapplicable for particle processing such as solution-based deposition process. Several
discoveries on thermal-diffusion-type Ga-doping utilizing a multilayer system imply that
Ga-doping into ZnO NPs could be achieved through a diffusion mechanism[20]. In light
of the foregoing, our group has previously tried Ga doping into ZnO NPs utilizing the

thermal diffusion methodology with Ga.Os NPs and fabricate spray coated NP layers onto
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glass substrates[21]. Our unique Ga-doping process showed a dramatic reduction of sheet
resistance with a temperature of 800°C or greater; however, specific variables like the
ambient effect in the thermal process and the doping mechanisms were not optimized.

In this study, Ga was doped into ZnO NPs in a way that approximated thermal diffusion
utilizing Ga203 NPs under various atmospheric conditions. Spray-coated ZnO:Ga NP-
layers with low resistivity were obtained, and the structural, optical, and electrical
properties of the material were examined. Furthermore, for further investigation of Ga-
doping, depletion-type Schottky-gate TFTs were fabricated using the obtained ZnO:Ga
NP-layers.

The major part of this chapter has been published to ¢Coatings’> MDPI
(I.M.Maruful, Toshiyuki Yoshida, and Yasuhisa Fujita. 2022. "Effects of Ambience on
Thermal-Diffusion Type Ga-Doping Process for ZnO Nanoparticles” Coatings 12, no. 1:
57. https://doi.org/10.3390/coatings12010057).

5.2 Experimental details

An arc-discharge-mediated gas evaporation technique was used to synthesize ZnO NPs.
A commercially available zinc (4N) rod (metal Zn 99.99 %) was employed as the zinc
source, dry air was used as the oxygen source, and a carbon rod functioned as the cathode
in the arc plasma process[10]. The pressure inside the chamber was regulated at around
610 Torr using a rotary vacuum pump and a 20 A arc current was produced. A flow
controller was used to provide a 5 L/min flow of dry air through the chamber (suppressing
nitrogen doping mode). This fabricating condition has the lowest N2 concentration
(approximately 0.01 wt%), while condition 60A has the highest concentration (about 0.31
wt%)[22]. The aforementioned conditions (610 Torr, 20A) were used to generate n-type
ZnO NPs (commonly termed as as-prepared ZnO), which were the principal type of ZnO
NPs employed in this study.

Ga-doping was carried out by adding 0.06 g of Ga203 NPs (Sigma-Aldrich Co. Ltd.) with
0.2 g of ZnO NPs and annealed at 800°C for 60 min in atmospheric air (high humid

condition) including atmospheric N2 and O2; wet air; pure Nz; pure O2; and dry air
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(designated “ZnO:Ga-open air”, “ZnO:Ga-wet air”, “Zn0:Ga-N2”, “Zn0:Ga-02", and
“Zn0:Ga-dry air”, respectively). Wet air is defined as air that has a relative humidity of
about 100 percent and is produced by water bubbling. The dispersions were uniformly
dispersed 0.26 g of the aforementioned annealed NPs in 10 g of water with an ultrasonic
homogenizer (150 W, 3 min, 20 kHz) and centrifuging them (3000 G, 1 min) to remove
residual Ga20s NPs. As a result, practically all of the residual Ga20s particles were
successfully removed, and big ZnO NPs were precipitated. Seven milliliters of the
dispersion were sprayed on a quartz substrate at 5 s intervals for ~15 min, where the hot
plate temperature keeps constant at 500°C. An airbrush spray coating technique was
employed to sinter the NPs and avoid aggregation. The top-gate metal-semiconductor
(MES) field-effect-transistor (FET) ZnO NP TFTs were employed in this study. The n-
type ZnO NP channel layer (~1 um) was grown on a glass substrate by spray coating, and
Al evaporation (~50 nm) was used as the source (S) and drain (D) ohmic contacts. Finally,
a gold Schottky gate electrode (~30 nm) was fabricated between the S and D contacts
using a sputter.

Al/Au electrodes with a width and distance of 0.3 mm were deposited onto the sprayed
NPs layer for the two-probe (I-V) measurements. To determine the contact resistance,
sheet resistances, and TFT output characteristic, I-V measurements were carried out using
a shielding probe system. An E5270B precision measurement mainframe with an E5287A
Atto-level high-resolution SMU module (Keysight Technologies) was used to determine
such properties. A field-emission scanning electron microscope (FESEM; JSM-7001FA,
JEOL, 5 kV) & Powder X-ray diffraction (SmartLab, Rigaku Corporation, A = 0.154 nm)
was used to measure the Surface and structural properties of sprayed NPs layer. To
measure the optical properties of sprayed NP layers, a Fluromax-4 spectrofluorometer
(Horiba Advanced Techno Co. Ltd.) was used. The photoluminescence (PL) spectra were
taken with a 325 nm excitation wavelength and a 0.2 s exposure time, and the defect

spectra were analyzed using origin lab pro software.
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5.3 Experimental results and discussion

5.3.1
The

5.1, which were prepared by dispersing each particle in ultrapure water by ultrasonic
homogenizer without centrifugal separation procedure. The result revealed that the
particles have sharp distribution with a median size of 97.2, 130.9, 100.7, and 115.6 nm
for as-prepared ZnO, ZnO:Ga-air, ZnO:Ga-N,, and ZnO-Ga-O; respectively. The variation of

particle distribution clearly indicates the effect of thermal treatment in the NPs under

Nano-particle size distribution

particle size distributions of laboratory synthesized ZnO NPs and Ga203 NPs after
being mixed and thermally treated at 800°C under various atmospheres are shown in Fig.

various atmospheres during annealing.
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Figure 5.1 Nano-particle distribution curve of (a) as-prepared ZnO (b)
Zn0:Ga-air, (c) ZnO:Ga-Nz, (d) ZnO-Ga-O:..
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5.3.2 Surface Morphology

The surface morphologies of the as-prepared ZnO, ZnO:Ga-open air, Zn0:Ga-Nz2, and
Zn0:Ga-0O2 layers were studied using scanning electron microscopy (SEM) shown in fig
5.1. These images depict the surfaces as having developed uniformity after the Spray
process. By maintaining a high surface temperature at the time of spraying, the solvent
(H20 in this study) evaporated immediately, which reduced the movement of the ZnO
NPs and thus suppressed their aggregation. The roughness of NP layer was measured
using scanning probe microscopy/dynamic force mode (SPM/DFM) surface
characterization technique and the image depicts that the sample of as-prepared ZnO had
a surface roughness of 267.6 nm shown in Fig. 5.2. The scanning was done in a 30 x 30
pm area, and the roughness is mostly found at the corner, which could be attributable to
noise. However, because the roughness of the thin-film technology is rather significant,
the flow of current between source and drain can impede due to this rough surface. The
variations in particle distribution were within 34 nm in the DLS measurement, and the
surface roughness of the other Ga-doped ZnO NPs surfaces was comparable to that of as-

prepared ZnO when compared to the original surface roughness.

Figure 5.1 SEM image of the (a) ZnO:Ga-air, (b) ZnO:Ga-Nz, (c) ZnO-
Ga-Ozand, (d) as-prepared ZnO.
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Figure 5.2 SPM-DFM image and the roughness curve of as-prepared
Zn0O

5.3.3 Electrical properties

A two-probe approach was used to measure the electrical characteristics of the ZnO
layers. The sample is shielded from light by being placed in the shield box, and the two
probes are brought into contact with the Al/Au electrodes to measure the sample's
conductivity throughout a -10 V to 10 V range. The sheet resistance (Rs) was calculated
using Eqg. (1) from the slope of the 1-V curves using 0.3 mm x 0.3 mm square electrodes

placed 0.3 mm apart.

Rpy*W
Ro= — (1)

where Rw is the measured resistivity, W is the width, and L is the distance. Fig 5.2 shows
the calculated sheet resistance values for several sprayed-NP layers across several
distributions. Here, "ZnO-open air" refers to a sprayed NP-layer made of ZnO-NPs that
have been annealed in the open air without the use of Ga20s NPs, emphasizing the
necessity of thermal treatment without Ga doping. The average sheet resistances of the
as-prepared ZnO, ZnO-open air, ZnO:Ga-open air, ZnO:Ga-wet air, Zn0O:Ga-Nz,
Zn0:Ga-02, and ZnO:Ga-dry air layers were found to be 4.6 x 108, 6.8 x 10°, 8.0 x 10
8.8 x 102, 7.5 x 10°, 7.5 x 107, and 3.9 x 10° Q/sq, respectively. While previous research
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has shown that resistivity is dependent on annealing temperature [23], this research tried

to show that resistivity caused by Ga-doping is dependent on the
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Figure 5.2. Resistivity distribution graph for each sprayed NPs layer.
Referring [23].

annealing atmosphere. The resistivity distribution graph demonstrates that the ZnO:Ga-
open air and ZnO:Ga-wet air layers have the lowest resistivity. After thermal annealing,
without Ga diffusion, the resistivity of the ZnO-open air NPs layer was remained high,
which may due to the reduction of electron carriers with re-oxidation of oxygen
vacancy[23]. All Ga-diffused samples show a decrease in resistivity when compared to
the resistivity of the ZnO-open air layer, confirming that the characteristics of the ZnO
particles were impacted by Ga thermal diffusion. Especially, the resistance decrease for
Zn0:Ga-open air and ZnO:Ga-wet air layers was particularly considerable, reaching the
order of sub-k Q/sqg, whereas the resistivity of the other three types of layers remained
high. When compared to the ZnO-open air layer, the ZnO:Ga-N2 layer had a lower
resistance value; however, only this layer did not contain oxygen gas during the thermal
process, preventing re-oxidation of oxygen vacancies. As a result, the sheet resistance
value of the ZnO:Ga-N: layer can be comparable with the ZnO as-prepared samples. The

Zn0O:Ga-open air and ZnO:Ga-wet air layers only showed a significant reduction of sheet
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resistance. The presence of humidity during the Ga-doping using thermal diffusion
process is the only plausible distinction here.

The electrical properties of the sprayed NP layers as characterized by the Hall effect are
summarized in Table 5.1. All of the samples had n-type conductivity. In ZnO:Ga-open
air samples, the electron concentrations improved dramatically, indicating that the Ga
atoms effectively diffused into the Zn site. In ZnO, the enhanced carrier concentration is
due to the free electrons/holes donated by doping ions. As a result, incorporating donors
in the ZnO layers enhanced the carrier concentration. The minimum resistance and the
highest carrier concentration occur simultaneously in Ga doped ZnO with n-type
conductivity, especially in air annealed samples. The Hall mobility of sprayed NP layers
is increased and decreased based on the sheet resistance. For the lowest sheet resistance,
the Hall mobility was found to be increased. The increase in mobility is attributed to a
decrease in the scattering mobility of ionized impurities. The measured resistivity of the
NP layers is considerably high as compared to the two-probe measurement, but a similar
trend has been observed. The lowest career concentration, as well as the maximum sheet
resistance, were observed for the undoped ZnO NPs layer, clearly confirming the Ga-

doping effects.

Table 5.1: Hall measurement

Sample Career Concentration Mobility Resistivity
(cm3) (cm?2/V-s) (Q/sq)
As-prepared ZnO 1.30x10%0 2.9 1.70x101
ZnO:Ga-open air 6.89x1016 46.2 2.49x107
Zn0O:Ga-N, 2.00x10% 13.2 1.10x10%0
Zn0:Ga-0, 7.10x101 0.47 4.00x10%0
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5.3.4 Structural properties

X-ray diffraction (XRD) was used to determine the structural properties of the sprayed
NP layers, and the results revealed that all NPs had a hexagonal wurtzite crystal
structure[24], [25], which corresponded to the space group P63mc (No. 186, JCPDS No.
79-0208) shown in Fig 5.3. (a). All samples had strong peak intensity along (100) and
(101), and a relatively weaker peak was observed along (002) hkl plane. The crystalline
dimensions of 260 along the a-axis and the c-axis were approximately 31.78° and 34.42°,

respectively, for all samples. The strong (100) peak suggested that the deposited layers
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Figure 5.3 (a) X-ray diffraction patterns of spray coated NP layers, (b) the calculated
crystallite size, and (c) lattice constant for a and c value. Referring [23].

had a preferred orientation with the a-axis perpendicular to the substrate[26] and the
crystal structure of sprayed NPs layer was reliant on its thermal environment. The
diffraction angle of (002) peak position was observed at 34.414° for all cases which is
slightly lower than the corresponding value 34.467° for bulk ZnO (COD 10 11 258)[27].
This was attributed to a reduction of surface effects, resulting in lattice deformations and

an increase in the lattice constant along the c-axis[28]. The intensity of the thermally Ga-
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diffused NP samples was comparatively higher, indicating enhanced crystallite growth
and crystallinity. This was partly due to Ga®* being integrated into the ZnO matrix as
substitutional impurities on the Zn lattice sites at this annealing temperature[29]. The
coalescence of those crystallites that were contiguous with air molecules is responsible
for the low full-width-at-half-maximum (FWHM) value for ZnO:Ga-open air. Using
Scherrer's formula, as given in Eq. (2)[30], the crystallite size (D) of the sprayed layers
was calculated from the FWHM values based on the (100) peaks, with the findings shown
in Figure 5.3. (b).
= @)

where 1 is the wavelength of the incident XRD, g is the FWHM in radians, and & is the
Bragg angle of the diffraction peak. The crystallite sizes of the as-prepared ZnO, ZnO:Ga-
open air, ZnO:Ga-wet air, ZnO:Ga-N2, Zn0:Ga-02, and ZnO:Ga-dry air layers were
found to be 41, 103, 88, 42, 54, and 55 nm, respectively. The crystallite sizes increased
for Ga-doped NPs layer during annealing, particularly when annealing was performed in
the open air and the wet air atmospheric conditions. After Ga-doping and annealing, the
significant development of crystallite structure occurs in nanoparticles due to the atoms
move to an inclinable position and tend to interact with nearby crystallites, resulting in
the formation of large crystallites. The crystallite size of the thermal-diffused Ga-doped
NP layers was larger than that of as-prepared ZnO, this was because of the smaller lattice
deformation after annealing. This outcome is primarily due to the fact that the atomic
radii of Ga and Zn are similar[25]. The density of boundaries between crystallites
increased due to the smaller crystallite size of the sprayed NPs layer, resulting in a higher
resistivity of the conducting layer. The crystallite size increased during annealing,
resulting in reduced crystallite boundaries and lower resistivity. Bragg’s law (2dsin =

n/) and the relationship formula (Eq. 3)[31] were used to obtain lattice constants a and c:

1
d?pki

= [Hn*+k>+h)+? (D1, (3)

where dni is the interplanar spacing calculated from Bragg’s equation, and h, k, and | are
the Miller indices. The lattice parameters usually rely on several factors such as free-

electron concentration, the concentration of doping atoms, defects, the variation of ionic
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radii concerning the substituted matrix ion, external strains by substrate, and temperature.
The lattice parameters for the as-prepared ZnO layer were found to be a = 3.2485 A and
¢ =5.2057 A, while the lattice constant of ZnO was reported in the range from 3.2475 A
to 3.2501 A for the "a" parameter and from 5.2042 to 5.2075 for the "c" parameter[32].
Based on the doping elements, doping concentration, thermal temperature, thermal
atmospheres, these values can be varied. The calculated lattice constant values in
Armstrong (A) are shown in Fig. 5.3 (c) and the results depict that the lattice constant
values of “a” and “c” were found to be decreased phenomenon in ZnO:Ga-open air and
Zn0O:Ga-wet air layers compared to as-prepared ZnO.

This result indicates the incorporation of Ga atoms substituting Zn atoms effectively
because of smaller ionic radii of Ga (0.47 A) than that of Zn (0.60 A)[31]. Based on these
findings, the results also demonstrate that Ga was also successfully diffused in the
Zn0:Ga-02 layer; however, other factors such as the high density of crystallite boundaries
as determined by the XRD spectrum and the low crystallinity as determined by the
suppressed PL intensity explained below have deteriorated the ZnO:Ga-Ox2 layer's current
transporting possibility. Further research is necessary to determine how these

mechanisms affected the ZnO:Ga-O2 layer's lattice constant.

5.3.5 Optical properties

To identify the material defects and impurities by analyzing the luminescence spectrum
the PL study was investigated and the spectra of the as-prepared ZnO, ZnO:Ga-open air,
Zn0:Ga-N2, Zn0:Ga-02, ZnO:Ga-wet air, and ZnO:Ga-dry air layers are shown in
Figure 5.4 (a). The spectra consisted of ultraviolet (UV) region at a wavelength of 376—
384 nm called edge luminescence and a broad emission band in the visible range at 450—
550 nm called green luminescence. The variation of the UV peak intensity is also shown
in the inset of Fig 5(a). In PL spectra, the enhanced UV emissions induced by crystalline
improvement of the NPs layer and the red-shift phenomena of UV peak intensity may
induced by exciton and donor-acceptor (D—A) pair emissions: Layers of Ga-open air and
ZnO:Ga-wet air. These results predominantly indicate successful Ga-doping particularly

in these two samples, where a considerable reduction in sheet resistance values was also
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Figure 5.4 (a) Photoluminescence (PL) spectra, and deconvoluted PL spectra of (b)
as-prepared ZnO, (c) ZnO:Ga-open air, (d) ZnO:Ga-wet air, () ZnO:Ga-Nz, (f)
Zn0:Ga-02, and (g) ZnO:Ga-dry air. Referring [23].
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seen in two-probe measurements as shown in Fig. 5.2. The UV peak intensity of ZnO:Ga-
dry air layer exhibited red-shifting similar to that of the ZnO:Ga-wet air layer, however,
the luminescence intensity was too low which may could be owing to high density non-
radiative recombination levels, such as NP surface defects, which could explain why the
conductivity did not improve. The surface state density of the NPs will be compared in
the future. To investigate the defect mechanism in more detail, the green luminescence
from the PL spectra was deconvoluted using the Gaussian function distribution, as shown
in Fig. 5.4 (b) ~ 5.4 (g). The native defects of various ZnO samples in PL spectra may
differ from sample to sample, as it is mostly determined by the sample’s particular history,
such as synthesis process, thermal treatment, and so on. In addition, the positions of defect
emissions can alter and even combine under different conditions (e.g., n-/p-type doping,
annealing temperature/atmosphere/pressure, and Zn/O-rich). Based on the above
considerations, we deconvoluted the PL spectra that consist of four sub-bands located at
382(£3) nm, 449(£5) nm, 477(x3) nm, and 514(x6) nm for UV, Zni, Vo, and Vzn
respectively[33]. Here, the ratio of Vza in defect components was determined by the
FWHM and found to be 81%, 65%, 5%, 43%, and 46% for ZnO:Ga-open air, ZnO:Ga-
wet air, ZnO:Ga-N2, ZnO:Ga-02, and ZnO:Ga-dry air, respectively. According to these
findings, the Vza ratios in ZnO:Ga-open air and ZnO:Ga-wet air were substantially higher
than those in the other three situations. When ZnO material was annealed at high
temperatures (700-900°C) in H20 ambient, the sublimation of Zn atoms occurs[15], [34].
The sublimation of Zn atoms and the efficient substitution of Ga atoms into the Zn sites
might have occurred in parallel in the ZnO:Ga-open air and ZnO:Ga-wet air conditions,
indicating that humidity was present in the Ga diffusion process[21]. For ZnO:Ga-Nz,
Zn0:Ga-02 and ZnO:Ga-dry air, the Ga atoms could not be incorporated into a suitable
site, and the crystalline of ZnO NPs was degraded, despite significant Ga diffusion. The
XRD spectra in Figure 4(a) also stated that, the FWHM ratios of (002) and (101) to (100)
hkl plane for the ZnO:Ga-dry air, Zn0O:Ga-Oz2, and ZnO:Ga-Nz2 layers in the 28 region are
different from those of the ZnO:Ga-wet air and ZnO:Ga-open air layers. One possible
explanation is that Ga atoms diffused but did not properly substitute Zn sites, preventing
crystallite coalescence. Details are still unclear, and further study is needed to adequately

model out the entire phenomenon.

71



To estimate the bandgap of Ga doped ZnO NPs, UV-Vis absorption spectroscopy was
carried out. The measurement was performed after dispersing the NPs in ultrapure water.
The spectrum reveals a characteristic absorption peak of as-prepared ZnO and ZnO:Ga-
open air at the wavelength 371 and 373 nm, respectively. which can be assigned to the
intrinsic free exciton absorption of ZnO due to the electron transition from the valance
band to the conduction band (O2p—Zn3d)[35].

Bang gap (Eg) is the summation of exciton energy (Eex) and binding energy (Eb), in the
case of direct bandgap ZnO; Eg = Eex+Eb (60meV).

The roughly estimated bandgap for as-prepared ZnO is 3.40eV which is slightly higher
than Ga doped ZnO (3.38eV), assuming that the impurity doping is not so much affect
the exciton binding energy. However, this difference is comparable to the error in our
system, and it is just doping, not making alloy, and the doping amount is less. Burstein—
Moss effect is not observed in the transmission spectrum cause the conduction band is
fully occupied by the electron, which is obvious from the PL, Abs., and XRD results
(High intensity, exciton emission, and the large crystallite size). So, it is suitable to
conclude that the variation of the bandgap was less by the Ga-doping process. The

absorbance spectra are shown in Fig. 5.5.
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Figure 5.5 UV-Vis Spectroscopy for non-doped and Ga-doped ZnO NPs
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5.3.6 TFT properties

To confirm the current transportation ability using obtained spray-coated NP layers,
TFTs with MES-gate structure were demonstrated. Each TFT had a 450 m channel length
and a 300 m gate width. The MESFET's gate current behaves similarly to that of a
Schottky diode. The isolated work functions of the n-ZnO and gold (gate electrode) were
very similar to one another at approximately 4.2 and 5.1 eV, resulting in the formation of
a Schottky barrier along the channel[36]. For negative gate voltages, the Schottky barrier
between the Au gate electrode and the ZnO NP layer was biased in the opposite way, and
the gate current approximated the voltage independent Schottky junction saturation
current. The depletion width of the Schottky contact between the metal gate electrode and
the semiconductor determines the density of free charge carriers (and thus the
conductivity of the semiconductor) in a MESFET device[37]. The output characteristics
(Ib-Vps) of fabricated TFTs are shown in Fig. 5.6 (a), (b), (c), and (d). The TFT channels
layers were prepared with as-prepared ZnO, ZnO:Ga-open air, ZnO:Ga-N2, and ZnO:Ga-
O:2 layers, where the gate leakage current was sufficiently low in all conditions, on the
order of 101* A. The Ib-Vbs results revealed that the drain current of Ga-doped ZnO NP
layers (particularly in ZnO:Ga-open air) was significantly increased by at least 1000 times
or greater compared with the as-prepared samples. The drain current was found to be
decreased phenomenon in ZnO:Ga-N2 (10) and Zn0O:Ga-02(10"), which is highly
consistent with the resistivity behavior graph. This implies that the doped Ga atoms in the
ZnO NPs act as activated donors, generating carriers and thereby lowering channel
resistance. The variation of electric field-effect is clearly observed by changing the
applied gate voltage (Vc) for all cases. Because of the depletion mode MESFET structure,
the maximum drain current is obtained at the gate voltage is zero (Ve=0V), suggesting
that the device is typically ON. Furthermore, when the negative terminal voltage (-Va) is
applied, the drain current gradually decreases, increasing the depletion region and
inhibiting electron transport in the conduction layer. If the gate voltage is negative
enough, the current will saturate, and the device will turn OFF. As a result of this electrical
characterization, the ambient effect of our unique Ga-doping on ZnO-NPs was clearly

observed.
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Figure 5.6 Io—Vp characteristics of MESFETSs consisting of channels prepared from (a)
as-prepared ZnO, (b) ZnO:Ga-open air, (c) ZnO:Ga-Nz, and (d) ZnO:Ga-0:. Referring
[23].

5.4 Chapter Conclusions

Various atmospheric ambient was carried out during thermal diffusion-type Ga-doping
processes on ZnO NPs. In our unique diffusion type Ga-doping process the ambient air
and wet air conditions were found to be effective to achieve the low resistive ZnO NP
layers. Humidity (H20) plays a key role in the improvement of layer properties in the
manner of Ga diffusion. The impact of the ambient atmosphere was extensively outlined
in our study throughout the PL and XRD analyses. These findings imply that the lowest
sheet resistance was attributed to improved current transportation ability and the
improved crystallinity was achieved due to the strong UV emission intensity. The current
transportation ability can be dramatically improved by applying these ZnO:Ga NP layers

to TFT channels. Our innovative Ga-doping into ZnO NPs technology, as well as their
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spray coating method, are ideal for obtaining semiconducting NP layers for TFT

applications.
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6. Concluding Remarks

The research presented in this thesis focused on the attributes of a thermal diffusion
type Ga-doped ZnO NPs layer prepared by spray-coating technics, the NP layers was used
to develop a highly conductive TFT channel layer for thin-film transistor operation. The
fabricated Ga-doped ZnO NPs layer was examined in terms of morphological, structural,
optical, and electrical properties. The research mainly investigates the impact of thermal
atmosphere and temperature of Ga-doped ZnO NPs layer by concerning the crystallite
size, defect analysis, and the diffusion mechanism to achieve the low resistive TFT
channel layer. The structural measurement revealed that the crystal properties have been
influenced by highly a-axis orientation after Ga-doping. Concerning the resistivity of
NPs Layer, current conduction ability increased with a decrease of layer resistivity, which
lead to the successful TFT operation in this dissertation.

As the first topic, the effect of Ga-doping into ZnO NPs depending on the annealing
temperature was investigated with detailed effects of annealing temperature on electrical
properties. It was found that the NPs annealed at 800°C effectively reduce the resistivity
of NPs layer and the XPS analysis revealed that the Ga-doping was successfully achieved.
As the second topic, concerning to electrical properties of Ga-doped ZnO NP layers with
structural and defects analysis was discussed. It was pointed out that the significance of
crystallite size, crystallite boundary, and the low defect ratio with large exciton emission
sufficiently reduce the resistivity on the sprayed NPs layer, resulting in the improved
current transportation ability was achieved by the TFT measurement. It was stated clearly
that the a-axis orientation of NPs layer reduces the contribution of crystallite boundary
as well as increased crystallite size. The various native defects formed by the annealing
atmosphere and or the doping-related materials were discussed. The reduction of defects
and improved exciton emission imply the improvement of electrical conductivity by
reducing the resistivity of NPs layer. These findings refer to two key parameters to
consider while attempting to increase the performance of Ga-doped ZnO NPs layer
deposited at 800°C, one is the preferred orientation of the NPs perpendicular to the a-axis
on the surface to minimize the crystallite boundary and the other one is the variation of
native defects induced by the thermal atmosphere and or the doping-related defects. It

should be emphasized that annealing with high humidity for Ga-doping using our novel
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thermal diffusion technique can effectively reduce the layer resistivity with improved
optical, structural, and electrical properties.

For the practical application of Ga-doped ZnO NPs layer as Thin-film Transistor, low
resistivity with enhanced electrical properties is required confirmed based on the above
discussion. One of the crucial issues of ZnO-based TFT is low voltage application, that
is, the resistivity of the NPs layer strictly inhibits the current conductivity of the channel
layer which means that the high voltage should be applied to the device turn ON/OFF for
high resistive channel layer TFTs. In order to overcome this issue, the influence of
thermal temperature and thermal atmosphere with Ga-doping has been investigated in this
thesis.

The findings from the research presented in this dissertation are likely to aid in the

development of a variety of applications of Ga-doped ZnO NPs layers.
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