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Abstract

The structural, electrical, optical, and transport properties of Ga-doped ZnO (GZO)
thin film prepared by radio frequency magnetron sputtering have been carefully
investigated. In this study, there concerned two main topics on properties of

polycrystalline GZO thin films, and obtained four significant results.

First main topic is concerning to electrical and optical properties of GZO thin films in

relation with structure and defects.

Firstly, the effects of heated substrate on depositions of GZO films have been
investigated. The polycrystalline GZO films deposited on glass substrates commonly
show high c-axis preferred orientation when deposited at 200 °C, while they show
poor c-axis orientation concomitant with lots of defects when deposited at room
temperature (RT). Such the poor structural property and the defects seriously degrade
performance of GZO films. So the high temperature deposition leads to improvement
of structure, and annealing out of defects simultaneously. To understand effects of
these two phenomena separately, we employed control of structure and post-
deposition annealing. The structure of GZO film deposited at RT was controlled by
inserting highly c-axis oriented self-buffer layer. It was revealed that the
improvement of structure leads to reduction in contribution of grain boundary
scattering to the Hall mobility. Whereas, the improvement of structure was not
sufficiently effective to reduce the defects causing carrier concentration, low in-grain
electron mobility, and low transmittance of GZO deposited at RT. Such the defects
were able to be eliminated by the post-deposition annealing. Even though the in-grain
mobility increase by annealing out of defects, the Hall mobility was strongly

deteriorated by the grain boundary scattering caused by the poor structural properties.

Secondly, based on the preceding findings, the evolution of scattering mechanism and
annealing out of defects were explored with varying substrate temperature (7s) from
RT to 200 °C. The defects probably caused by ion bombardment were gradually

eliminated by increasing the 7s. The in-grain electron mobility which can be



evaluated by optical mobility, the carrier concentration, and the transparency which is
decreased by absorption originating in defects, were gradually increased owing to the
annealing out of defects. On the other hand, the contribution of the grain boundary
scattering remained up to the Ts of 150 °C, and it abruptly vanished at 175 °C
accompanied by the perfect c-axis orientation. From the characterization of structural
properties, it was revealed that existence of oriented domains that has (10-11) plane

parallel to the substrate was related to the scattering observed at the lower 7.

Thirdly, the electrical properties of GZO thin films with film thickness of several tens
nm were investigated from a viewpoint of crystallographic polarity. It was found that
the electrical properties of GZO films deposited on Zn-polar ZnO were significantly
improved compared to those deposited on O-polar ZnO. Using Zn-polar ZnO
templates, a very low resistivity of 2.62 x 10* ©Q cm was achieved for 30 nm-thick
GZO films on a glass substrate. It was proposed that polarity inversion plays an

important role in determining the electrical properties of extremely thin GZO films.

Second main topic is application of GZO films for hydrogen gas sensors. In this
study, we focus on the effects of structural properties on gas sensitivity. One of
important parameter as sensing materials is film thickness. However, the grain size
and c-axis orientation both changed depending on the films thickness. Accordingly, it
was difficult to interpret dominant factor to determine gas sensitivity. To clarify this
issue, highly c-axis oriented ZnO templates were used to control the structural
properties. The grain size of GZO films on ZnO template increased with increasing
the thickness of template, while the c-axis orientation was kept as comparable. It was
found that the hydrogen gas sensitivity increased with increasing tilting of c-axis. It
was therefore proposed that c-axis orientation plays an important role to determine

the hydrogen gas sensitivity of polycrystalline GZO thin films.
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1. Introduction

1.1 Background

ZnO has a wurtzite structure that naturally performs as an n-type semiconductor.
Over the last few decades, there has been growing interests of ZnO as material for a
wide variety of device applications. For practical applications, doping to
semiconductor is fundamentally necessary in order to control their properties
depending on purposes. There are several candidates of n-type dopant for ZnO, e.g.,
group III elements (B, Al, Ga and In), group IIIB of rare earth metals (Sc and Y),
group IV elements (Si, Ge, and Sn), and group VII elements (F and CI) [1]. The report
on doping of ZnO thin films can be seen on several topics, group IV impurity-doped
Zn0O [2], and Ti-doped ZnO [3] for transparent conductive films, Cu-doped [4], Eu-
doped [5], and Er-doped ZnO [6, 7] for nonlinear optics or fluorescent thin films, and

SO on.

In the optoelectronic applications such as thin-film photovoltaics [8], flat panel
displays [9], and light-emitting diodes [10], considerable recent attention has been
paid to transparent conductive oxides (TCOs) for use as transparent electrodes. The
development of TCO materials has already started in about 1950s based on material
of CdO and Sn-doped In,O5 (ITO) [11, 12]. Nowadays, the most widely used TCO is
ITO, however, some alternatives to ITO have been desired in the last decade because
of scarcity of In and also toxicity issues with its processing [13, 14]. ZnO-based
TCOs like as Al-doped ZnO (AZO) and Ga-doped ZnO (GZO) have been studied for
long time as materials for transparent electrodes as well [13, 14]. In the last few
years, GZO and AZO films have widely been proposed as an alternative to ITO due
to their similar low resistivity (~1-3 x 10 Q.cm), their large optical band gap
(higher than 3.4 eV for GZO and ~3.7 eV for ITO), and the advantages of higher
transmittance of GZO in the visible wavelength range compared with ITO [15-17].
Recently, current research on the heavily doped ZnO is more focus on transport

properties.



On the other hand, considerable attention has been paid to hydrogen as a one of
promising clean energy resources in the world [18]. There are a lot of advantages of
hydrogen in wide area, i.e., hydrogen for fuels, automobile, fuel cells, chemical
material industry, and so on [19, 20]. On the concentration of higher than 4% in air,
the hydrogen gas was flammable and explosive [20]. Since hydrogen gas has specific
properties such as odorless, tasteless, colorless, and undetectable by human senses, it
is very important to fabricate sensitive and reliable sensing devices to detect
hydrogen. For this purpose, there has been growing interest again on gas sensors

based on metal oxide semiconductors, e.g., SnO,, In,03, and ZnO.

1.2 Motivation and strategy

The heavily doped ZnO films can be prepared by several deposition methods, such as
magnetron sputtering (MSP), pulsed laser deposition (PLD), evaporation, metal
organic chemical vapor deposition (MOCVD), ion plating (IP), vacuum arc plasma
evaporation (VAPE), spray pyrolysis, and electrochemical deposition [1, 21]. The
MSP is one of the most effective methods for film deposition due to its low-
temperature deposition, easy scalability to large-area deposition, homogenous and
fairly dense of films and also relatively simple control over the film thickness [22,

23].

In the MSP deposition of ZnO-based TCOs, defects caused by ion bombardment
during deposition is one of crucial issue. Bikowski et al. [24] demonstrated that the
electrical properties of AZO films are strongly affected by negative oxygen ion
bombardment during deposition. The electrical resistivity improves by increasing the
substrate temperature 7s, and the improvement has been explained by annealing out
of the defects by increasing 7's [24]. On the other hand, it was also reported that the
structural properties of ZnO thin films like as grain size and c-axis preferred
orientation can be improved by increasing Ts [25]. Concerning transport properties,
the influences of intrinsic defects on transport [26, 27], scattering mechanisms

limiting the carrier mobility [28, 29], and the relationship between microstructural



properties and transport [30-32] have been reported for ZnO-based TCOs. The
influence of grain boundaries on the carrier transport also has been discussed [30-35].
It was reported that the contribution of grain boundary scattering strongly depended

on the structural properties [36].

As mentioned above, the point defects decrease with increasing 7s, while the
structural properties improve with increasing 7s as well. Both the defects and
structure will affect electrical properties of heavily doped ZnO thin films. Then,
questions arise: what is the main factor limiting electrical properties of heavily doped
ZnO thin films deposited by the MSP at low temperature: how each of defects and

structural properties influence the electrical properties.

Next issue is the electrical properties of thinner films below 100 nm on highly doped
ZnO. It has been recognized the electrical properties of heavily doped ZnO shows
strong thickness dependence especially thickness below 100 nm [Ref. 37, 38, 39, and
40]. Yamada et al. [37] discussed electrical properties in relationship with the c-axis
orientation and grain size. Look et al. [38, 39] suggested that electrical properties
influenced by a poor interface layer due to high density defects at the interface of
substrates. Bikowski et al. [41] reported the inhomogeneous distribution of Al
dopants for very thin films. Considerable attentions have been paid for the issue,

however, causes of the high resistivity of very thin films are still under discussion.

From a viewpoint of application of the heavily doped ZnO, it has been considered to
be one of promising candidates as sensing materials for hydrogen gas sensors [18].
The sensing mechanism is based on change of electrical properties caused by surface
reactions with hydrogen [20]. Since the electrical properties strongly depends on
structural properties of thin films in doped ZnO as discussed above, the sensing
properties might be also influenced. Effects of grain size has been studied for several
metal oxides semiconductors including ZnO [42, 43, 44, 45], however, there is no

report on effects of c-axis orientation on gas sensing properties.



Based on the above mentioned present status about heavily doped ZnO thin films, this
thesis aimed to clarify the following issues on heavily Ga-doped ZnO thin films

deposited by Radio Frequency (RF) magnetron sputtering.

1. This study aimed to clarify the effects of the 7's on the properties of GZO films
deposited by RF magnetron sputtering in terms of the microstructural properties
and annealing out of the point defects. The discussion will especially focus on
the scattering mechanisms of charge carriers.

2. This study also aimed to clarify cause of strong thickness dependence of
electrical properties of GZO films deposited by RF magnetron sputtering with
thickness below 100 nm. The discussion will focus on the influence of
crystallographic polarity.

3. As aone of application of GZO films deposited by RF magnetron sputtering, the
study aimed to clarify the effects of structural properties (grain size and c-axis

orientation) on hydrogen gas sensing.

In order to achieve these objectives, a template or a buffer layer on substrate is
cleverly utilized to control microstructural properties of GZO thin films. In addition,
comparison between the Hall mobility and optical mobility is employed to explore

carrier scattering mechanism governing the electrical properties of GZO thin films.

1.3  Scope of the thesis
The thesis describes the study of structural, electrical, optical, and transport properties
of Ga-doped ZnO thin films prepared by RF magnetron sputtering. This thesis

consists of eight chapters.

First chapter is “Introduction”. In this chapter, purpose of the study covering all

topics in this study, and outline of this thesis are summarized.

Second chapter is “Fundamentals”. In this chapter, general properties of zinc oxide

(ZnO) like as crystal structure, crystallographic polarity, and defects, are briefly



introduced. In addition, scattering mechanism of charge carriers, principles of
magnetron sputtering, and gas sensors based on metal oxide semiconductors are

briefly introduced.

Third chapter is “Research Methodology”. In this chapter, methodology of thin film
deposition, characterization techniques employed in this dissertation, and analytical

evaluations are described.

Next four chapters are main part of this thesis consists of four topics published (or to
be published) in refereed journals. Each chapter consists of introduction,

experimental method in details, results and discussion, conclusion, and references.

Fourth chapter is focus on the influence of microstructure and point defects on
electrical and optical properties of GZO films deposited at room temperature on glass
substrates. The influences are separately discussed by combining microstructural

control and post deposition annealing.

Fifth chapter investigated the effects of substrate temperature on properties of GZO
films in terms of microstructure annealing out of defects and improvement of c-axis

orientation. The discussion is focus on the change of scattering mechanism.

Sixth chapter is focus on the properties of thinner GZO films. The influence of

polarity inversion has been discussed and clarified.

Seventh chapter is focus on the hydrogen gas sensor based on GZO thin films. The
GZO as a material class of TCOs reveals not only applicable for optoelectronic

applications but also for gas sensing applications.

The last chapter of this thesis is “Concluding Remarks”. This chapter concludes

findings and achievement thorough this study and some concluding remarks are given.
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2. Fundamentals

2.1 Zinc Oxide as a semiconductor

In the last decades, there has been a growing interest in ZnO and related materials.
Zn0O is one of promising materials for several semiconductor device applications.
ZnO have direct band gap of about 3.4 eV at room temperature with large exciton
binding energy of about 60 meV [1]. Such the large binding energy has been
considered to be suitable for optical device applications. ZnO material also reveals
large piezoelectric constants [2] that will suitable for sensors and actuators
applications based on mechanical properties. In addition, ZnO has been considered as
sensing materials in gas sensors. The surface of ZnO are very reactive to gases such
as oxygen and hydrogen. In this section, fundamental properties of ZnO as a

semiconductor are out looked.

2.1.1 Crystal Structure

The crystal structure of ZnO is hexagonal wurtzite that occur naturally as the rare
mineral zincite [3]. The phase of wurtzite structure under ambient condition is
thermodynamically stable [4]. ZnO also have another structure such as rock salt that
showed metastable cubic phase [5, 6]. The ZnO large bulk single crystals naturally
almost always available as n-type [2]. The structure of wurtzite ZnO can be seen in
the Fig. 2.1 (a). The Fig. 2.1 (b), (c), and (d) show the different orientations of a

crystal with hexagonal structure.

The crystal structure measured by using X-ray diffraction showed the hexagonal unit
cell. The c-axis and a-axis lattice parameters are 0.52066 nm and 0.325 nm,
respectively [5, 7]. In general, the lattice parameter of a semiconductor can be
affected by several factors, i.e., 1) deformation potential of a conduction band
minimum that occupied by free electron concentration, 2) the substituted matrix ions
that related to the concentration of foreign atoms and defects, and 3) by their

difference of ionic radii, external strains, and also temperature [4]. The deviation such



as the increasing of lattice parameter could be influenced by lattice stability, ionicity,

point defects (e.g., oxygen vacancies, zinc antisites), and extended defects (e.g.,

threading dislocations) [4].
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Fig. 2.1 The wurtzite structure with a and c lattice constants (a) and the schematic

drawing of a hexagonal single crystal with different crystallographic planes: a-plane

(b), c-plane (c) and r-plane (d), respectively. [Images referred to Ref. 2, 4, 8, 9, with

modification].

In the practical studies, the a and c-axis lattice parameters and volume of unit cell of

ZnO can be estimated by XRD measurements. The value of inter-planar spacing (d)
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that showed perpendicular distance between adjacent planes in the set of 4kl for the

hexagonal structure can be calculated by the following equation [10],

a2 3 2

1 4(h2+hk+k2> 12
—2 +
a
where A, k, and [ related to the miller indices of the plane. By using the value of @ and

c lattice constants, the volume of unit cells (¥) is given by,
V= (V3 a%c)/2 = 0.866a’c

The miller indices using four-digit system, i.e., hk-il, where h+k =-i are shown in Fig.
2.1. It should be noted that the Akl in three-digit system of miller indices is
corresponding to /k-il in the four-digit system. The c-axis direction is referred to as
[0001] and the hexagonal (0001) plane means that the lattice plane is perpendicular to
the c-axis [9].

2.1.2 Polarity of ZnO

Since ZnO materials have conspicuous bond, this material shows polar character in c-
axis direction that so-called crystal axis polarity [9]. On wurtzite ZnO, the opposite
polarity for c-cut ZnO crystals, i.e., Zn-terminated (0001) face on one side and the O-
terminated (0001) face on the other side represent a sequence of positively charged
Zn*" and negatively charged O* ions in planes perpendicular to the c-axis. The
different polarity of Zn-face and O-face causes the differences of etching behavior,
doping characteristics, formation of defects and growth properties [4, 9]. The polarity
that is caused by spontaneous polarization of ZnO has been expected to be
responsible for anisotropic electronic structure, mechanical properties, and chemical
properties [4, 11]. Fig. 2.2 shows the ZnO crystallizes into the wurtzite structure

along the c-axis that consists of alternating planes of Zn and O atoms [12, 13].
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Zn-polar face (0001)

O-polar face (0001)

Fig. 2.2 The ZnO crystallizes into the wurtzite structure along the c-axis that consists

of alternating planes of Zn and O atoms.

2.1.3 Defects in ZnO

While ZnO has many advantages for applications in the optoelectronic and sensor
devices, control of doping and defects, which are very important factors for device
applications, is still remaining as critical issue. On ZnO, the electrical and optical
properties can be controlled by impurities and defects. The impurities can be as donor
type impurities such as Ga, Al, In, H and can be as acceptor type impurities such as P,
As, and N [14]. The performances and properties of ZnO and doped ZnO are strongly
affected by native point defects. The native point defects are also classified into donor
type defects such as zinc interstitial (Zn;) and oxygen vacancies (Vo) and acceptor

type defects such as zinc vacancies (Vz,) and oxygen interstitial (O;).

The Zn; is stated to be a shallow donor [15], but it is highly mobile [16] and not stable
at room temperature [17]. So the Zn; has been considered to be annealed out at a
temperature of 170 K [18]. On the other hand, the V¢ is a deep donor that cannot be

considered as source of residual carriers in n-type ZnO. The deep donor
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characteristics of Vo has been confirmed by first-principles calculations [19]. Even
though the Vg act as deep donor, the formation energy of Vo is lower [20] compared
to the Zn; acting as shallow donor in ZnO [21]. For the acceptor type of defects, the
Vza 1s considered to be the most important deep level acceptors [20] with the lowest
formation energy compared to all other point defects in n-type ZnO. Whereas, the O;

has higher formation energy in ZnO [16].

In addition to the native point defects like as Vo and Zn;, impurities also play
important role [18]. The diffusion of hydrogen might be occurred on the ZnO crystal
instead of point defect and other impurities. The report suggests that H is always a
donor in ZnO and it was easily ionized when they have low formation energy [14].
Based on the theoretical work, H has been considered to be a shallow donor in the #-
type ZnO [22]. Based on the first-principle calculations, an O substitutional site can
be occupied by H, and the H act as a shallow donor [23]. Furthermore, native defects
interacting with dopants of group III elements and H might affect the electrical
properties of ZnO. Look et al suggested that native defect complexes with donor
elements can appear and contribute to conductance of n-type ZnO [24]. It was pointed
out that control of native point defects is possible by incorporation of impurities
during growth or annealing process [16]. In the practical studies, the native point
defects in ZnO may be possibly observed by spectroscopic experimental techniques
like as photoluminescence, however, the role of native point defects are still not so

clearly understood at the present.

2.2 Charge Carrier Scattering Mechanism

In a semiconductor, the scattering plays an important role to determine carrier
transport properties. Accordingly, it is important to understand scattering mechanism
governing the carrier mobility. Generally, the charge carrier was considered to be
scattered by two aspects: one is stationary defects e.g., impurities and dislocations

and another is dynamic defects e.g., electrons, holes and lattice phonons [4].
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The electrical resistivity of an n-type semiconductor can be calculated in a part of the

electrical mobility and carrier concentration as:

where n is carrier concentration, u is electron mobility and ¢ is the electron charge.
The electron mobility can be expressed in a part of the conductive effective mass m,*

and the relaxation time 7z by:

_ q{t)
me

n

where (1) is the average relaxation time [25]. Generally, based on the Matthiesen’s

rule, the overall of mobility can be expressed as the following formulation:

1 _on 1

p-.l

where y; is the mobility due to the iy scattering mechanism.

When the impurity or dopant content increase, the mobility will be limited by the
ionized impurity scattering as the carrier concentration increase. It was reported for
polycrystalline ZnO films that the main contribution is grain boundary scattering
when the value of carrier concentration N < 10" ¢cm™, while the dominant scattering
mechanism is ionized impurity scattering when N > 10" ¢m™ [26]. Furthermore,
Look et al [27] suggested that scattering at boundaries (surfaces and interfaces) must
be considered in thin films, and that phonon scattering should be included especially
at high temperatures. Then, the total mobility of thin films, u,, can be expressed

using these major scattering mechanisms as:
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HUtot Hii HUphonon Uboundary

where p;; is the ionized impurity scattering (scattering by impurities and point defects
depending on donor (Np) and acceptor (N,) concentrations), Uphonon 1S the phonon
scattering, and Ucoundary 1S the scattering at boundaries (surface, interface between film
and substrate, and also grain boundaries). Each of the major scattering mechanisms
that generally governs the electron transport in doped n-type ZnO thin films is

explained in the following sections.

2.2.1 Polar optical phonons (POP) scattering

The POP scattering is stirred by the interaction between the charge movements over
the lattice with an electric field induced by electric polarization that concomitant with
lattice vibration due to the nature of partially ionic bonding in a polar semiconductor
[4, 26, 28]. In a polar material, POP scattering plays an important role at temperature
near or above room temperature [29]. The effect of this scattering is much robust than
other scattering mechanisms. The temperature dependence of mobility is limited by

POP scattering. The relationship of them can be expressed as below [30]:

2 T 2 o
Hpop l%l = 0.199x mx(%) x(%)\/f (1022M[g])
x(10%3Va[cm®*]Dx (10" Bw[s™1])

x(ek};_wT—l)xG (k’zla_wr)

where e* is the effective charge, M is the reduced mass, V, is the volume of the unit
cell, and m* 1s the effective mass of electron and kB is the Boltzmant constant. The
POP scattering is very essential since Fermi level situation is more deeply in the

conduction band. The details of POP scattering can be found in Ref. 29.
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2.2.2 Ionized impurity scattering

The deflection of free carriers by the long-range coulomb potentials of the charge
centers that triggered by intentionally doped impurities or unintentionally formed
defects lead to crucial contribution of the ionized impurity scattering. This scattering
act as a local perturbation of the band edge that can affect the motion of electrons [4].
The ionized impurity scattering is very important in doped materials, particularly for
heavily doped semiconductors like as TCOs. The long range electrostatic fields
which related to defects and dopants like vacancies and interstitials are indication of
this scattering [26]. Look et al reported that dominant scattering mechanism at room
temperature was not phonons but charge of donors and acceptors which act as
scattering centers in the whole temperature range in the case of highly Ga-doped ZnO.
Since carrier concentration n does not depend on temperature, the ionized impurity
scattering can be conveyed from the degenerate form of the Brooks-Herring formula

[29, 31]:

_ 24m3egnd 1

.umax T 52,340 %2 (
223 14y ()] -2

where e and ggare the elementary charge and dielectric constant, respectively, which

correspond to the ionization of Z,

3347 /3gyh2n"/3

with y(n) = where m* is an effective mass.

eZm*

2.2.3 Grain boundary scattering

Generally, in polycrystalline thin films, carriers can be scattered due to the
discontinuity at grain boundaries [26]. When the grain size is comparable with mean
free path of the charge carriers, the grain boundary scattering intensely affect the
mobility of TCOs. The grain boundary scattering can be specified by prevailing

defects resulting in chemical bonds at grain boundaries. The equation below
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represents the carrier mobility due to the grain boundary scattering in degenerate
semiconductors that was established originally by Seto [32], and was also mentioned

by Terasako et al [33] for heavily Ga-doped ZnO thin films as below:

eL —VB)
= ————exp|—
Hab = kot p(kBT

where m* is the effective mass which depends on n, L is the grain size, V3 is the

potential barrier height between grain boundaries, and k3 is the Boltzmann constant.

2.3 Magnetron Sputtering

The deposition methods of thin film can be classified to Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD) process. The process of PVD is
broadly divided into thermal process and plasma process. The plasma processes
including magnetron sputtering, ion plating and plasma CVD are utilizing active ions
appearing in the plasma for depositions. On the other hand, the vacuum evaporation
and molecular beam epitaxy are operated based on thermal process [34]. The
magnetron sputtering that classified into PVD process is one of the most widely used
deposition methods to fabricate ZnO thin films. The advantages of magnetron
sputtering compared to other methods are its low cost, simplicity of the deposition
process, and possibility to deposit film at low substrate temperature with fairly high
film quality and uniformity. In the sputtering deposition, particles sputtered out from

target materials are condensing onto a substrate in a high vacuum environment [35].

The principle of magnetron sputtering is transfer of thermal energy assisted by a
magnetic field. Generally, there are three types of magnetron sputtering, i.e., DC
magnetron sputtering, RF magnetron sputtering, and reactive magnetron sputtering.
In the sputtering deposition of oxide films, either metallic or ceramic materials can be
used as target materials. At the present, the selection of ceramic target showed more

benefit due to more simple control of gas atmosphere such as combination between
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Ar and oxygen during the sputtering process. When using metallic target, it is
necessary to control gases precisely in order to control not only sputtering activity but
also metal to oxygen ratio that will be correlated to their stoichiometry and process

stability during deposition.

In the magnetron sputtering method, the Ar gas was introduced to create ion plasma
that can accelerate the collision ions and atoms from target onto substrate. In order to
normalize the sputtering yield rate from the ZnO target, the RF power was adjusted
and applied to the plasma [4]. On the experiments, usually the target is pre-sputtered
for 5 to 15 minutes prior to the practical deposition in order to remove any
contamination on the surface of target, to stabilize the system, and to reach the
optimum conditions. A Turbo Molecular Pump (TMP) is used to evacuate the
chamber reach to the high vacuum level in the order from 10 to 10 Pa that was
enough to prevent and to reduce the contaminations. In order to maintain deposition
conditions, a load-lock or transfer chamber, which allows us to transfer substrates
without opening a main deposition chamber, would be desired connecting to the main

chamber in magnetron sputtering systems.

The materials usually used as targets for deposition of oxide films are oxides type.
The substrate is usually located on the top (or bottom) of main chamber together with
heating system as an anode part, while the oxide target is engaged on the bottom (or
top) together with magnet and cooling system that act as a cathode part. The ambient
gas, i.e., Ar gas is filled in between these two electrodes in the sputtering chamber
during deposition. When the power is applied, this Ar gas will be ionized. The
formation of plasma or glow discharge will occur due to the ionization of Ar gas. The
magnetic field leads to effective interactions between electrons and Ar ions that
responsible to the plasma occurrence. The high energy gas ions will exist due to the
effects of coulomb attraction from cathode target initiation. Then, the ejection of

atoms from the surface of target will be active due to the bombardment of gas [35].
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The process and principle of magnetron sputtering can be illustrated in Fig. 2.3.
Generally, when the target material is bombarded by energetic ion (Ar), the target
atom will be ejected into the space due to the vigorous collision of the energetic ions.
Then, the ejected atoms will be move out in some distance until reach to the substrate
and start to condense into a film. When the coalescence of atoms on the substrate
continuously active, the atom will start bind to each other at the molecular levels that
will form a strongly bound of atomic layer. The layers of atom will depend on the
sputtering time or deposition rate that will lead to the precise layer of thin films

structures on such thin films deposition [35, 36, 37, 38].

Vacuum
System
| Anode |
Substrate

Plasma torus

Ground
shield

( ) Z‘S Cathode (power supply) AP L
Inlet (Ar) Water cooling

Fig. 2.3 Schematic view of thin films deposition using magnetron sputtering system

[35, 36, 37, 38].
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2.4 Gas sensors based on metal oxides semiconductor

The surface conductivity or resistance of metal oxides could be intensely influenced
by the environment gas atmosphere such as hydrogen and oxygen. The Fermi level
can be affected by the adsorption of such gases onto the surface [9]. Based on this
indication, the metal oxides are potential candidate as sensing materials for gas sensor
application. Lots of studies on the application of metal oxide for gas sensors are
reported in Ref. 39-51. Several kinds of metal oxides have been tested for detecting
combustible, reducing or oxidizing gases, e.g., In,O3, TiO,, WO;, Ga,03, SnO,, MgO,
ALO3 and ZnO [39, 52]. A sensor element normally provides part of sensitive layer
over the substrate with electrodes and heater. The electrodes are used for
measurement of the electrical characteristics of the sensitive layer [44]. Commonly,
the resistance or current is monitored as a function of target gas concentration or

operating temperature.

Grains Surface
layer
Bulk oxygen diffusion:
- Change of bulk Adsorption/Desorption:
conductivity - Change of surface
- Change of the thickness

. <:|l charge
: - Change of surface

potential

of space-charge region

Interface
region

Inter-grain (surface) diffusion:

- Change of metal oxide stoichiometry

- Change of inter-grain potential barrier height
- Change of inter-grain resistance

Fig. 2.4 The illustration diagram of process taking during gas detection and their
influences especially for polycrystalline metal oxides properties [Adapted from Ref.

40, with modification].

On the metal oxides, the gas response would be affected by surface reactions process,

i.e., adsorption-desorption, reduction, re-oxidation, chemical reactions, electron

20



exchange (between adsorbed species and surface or bulk), and diffusion process, e.g.,
inter-grain oxygen diffusion, bulk oxygen diffusion, surface diffusion of adsorbed
species and gas diffusion within the bulk [39]. The phenomena related to the gas

sensing are summarized in Fig. 2.4.

In order to examine the sensor characteristic or properties, usually metal oxide
semiconductor materials in form of thin or thick films are exposed to the gas
atmosphere. Gas sensor response or sensitivity can be determined by measuring the
change of its electrical conductivity or resistance upon exposure to target gases with

reference to the baseline in air atmosphere as illustrated in Fig. 2.5.

Target gas,
Adsorbed eg., H;
Oxygen ion

7
=S

Conduction Band (CB)

<>
o

Valence Band (VB)

RN

Fig. 2.5 Characteristic of dynamic sensor response as a function of time ¢ which
determined by the change of electrical resistance when the sensor sample expose to

air and target gas.
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Basically, the surface reaction phenomena play the most important role in the gas
sensing mechanism. Interaction of gases with metal oxides semiconductor surfaces
will follow such reaction type, e.g., adsorption-desorption, reduction/oxidation, ion
exchange, and surface state [53]. The influence of gas reaction on sheet carrier
concentration, N;, can be explained by the interaction between oxygen and surface of
sample at specific operating temperature. For instance, the interaction with
atmospheric oxygen at temperature between 100 °C and 500 °C leads to its
ionosorption in molecular (0;) and atomic (0~,0;) [44, 54]. The interaction

mechanism is formulated as in Table 2.1 below [44]:

Table 2.1 The interaction of sensor sample and oxygen

The type of Operating Chemical reaction

reaction temperature ( °C)

Physisorption 0,(gas) & 0,(ads)
Tonosorption 150 °C — 200 °C 0,(ads) + e~ (CB) < 05 (ads)

Tonosorption Between 200 °C and 05 (ads) + e (CB) & 05 (ads) < 20~ (ads)
400 °C or higher

Ionosorption Between 200 °C and 0~ (ads) + e~ (CB) & 0% (ads)
400 °C or higher
0% (ads) & 02~ (1st bulk layer)

The gas detection in metal oxide semiconductor generally starts from reaction in air.
At the thin film surface, when the working temperature of sensor between 150 °C and
400 °C or higher are applied, the oxygen molecule could be adsorbed by trapping
conduction band electrons from the bulk. As a result, the resistance increases for the
the sensor of n-type materials (the resistance will decrease for p-type materials).
When the target gas interacts with the adsorbed oxygens, the electrons will be back to
the surface resulted in decreasing of resistance (increasing of resistance for p-type

materials) [55]. Based on this description, there are two kinds of important aspect in
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the sensors. One is the reception function that related to the surface reaction taking
place between the material and the gases. Another one is the transduction of receptor

function that related to the change of the electrical sensor resistance.

On the semiconductor, the bulk conductance of thin films can be defined as:

C=N wd
= ‘ZML

where N is a bulk carrier concentration, u is the mobility of electrons, and w, d, L are

width, film thickness and length, respectively [53].

The definition of conductance can be emerged into the current as:

wd
[ =GV = NQMTV

One of important parameters on the characteristic of gas sensor is the sensitivity. In
general, the sensitivity can be defined as ratio of change of electrical conductance
before and after exposed to target gas, AG, to conductance before exposed to target
gas, Gy (normally conductance in air). Then the sensitivity of gas sensors based on n-

type materials for reducing gas can be defined as follows:

5226 (Go= Gy (blo) A
GO IO

where G, and I, are the conductance and current before exposed to target gas, and G,
and I, are the conductance and current after exposed to target gas, respectively.

When resistance R (=1/G) is used as data in experiments, the sensitivity can be
calculated using the relationship among resistance (R), current (/) and voltage (V)

from basic ohm’s law as below:
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ool Ry Ry _Ro—Ry AR
I, 14

R,

Note that the denominator of fraction is Ry, which is resistance after exposed to target
gas. Depending on the data used in the experiments, we can calculate the sensitivity

based on the above formulas. The slightly different definition to estimate the

ROZ

sensitivity has been also used in Ref 56, S = that is also equivalent to form of

02+CO

G . . . .
S = -22*%C This type of definition for current was also used in Ref. 57. The ratio
02

Ro/Rg; and G4/Gy will be equivalent to AR/R, and AG/Gy when AR and AG is large

enough compared to R, and Gy, respectively.
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3. Research Methodology

3.1 Thin Films Deposition

3.1.1 Substrate Cleaning

In this study, the GZO films were deposited on alkali-free glass substrates (Corning,
Eagle XG) with diameters of 50 mm. Before use for sputtering deposition, the glass
substrate was cleaned in an ultrasonic bath using two steps. Firstly, the glass substrate
was degreased by 2-propanol around 10 minutes, then rinsed by deionized water
around 10 minutes in order to ensure that no organic material remaining on the glass
surface. After that the substrate was dried by nitrogen blow using nitrogen gun. Then

the substrate was introduced to a load-lock chamber for depositions.

3.1.2 Films Growth

The GZO films were prepared by RF magnetron sputtering using an excitation
frequency of 13.56 MHz. The GZO films were deposited on glass substrates using a
ZnO ceramic target containing 5.7 wt % Ga,O3 (AGC Ceramics, GZO). The target
dimension was 76.2 mm in diameter and 6 mm in thickness. The distance between the
substrate and target was 100 mm. The base pressure of the deposition chamber was
kept below 5x10” Pa, and ultra-high purity Argon gas (99.9999 %) was introduced
during the sputtering deposition at a flow rate of 450 sccm and a RF power supply
was about 100 W. The film thickness was confirmed by a surface profiler (KLA
Tencor, Alpha-Step 1Q). The substrates temperature (7s) was varied from RT (Room
Temperature) to 200 °C depending on purpose. Our sputtering system consists of two
vacuum chambers, one is a load-lock chamber that used to introduce substrates
without opening a main sputtering chamber, and another is the main sputtering
chamber that used for deposition. The load-lock chamber and main chamber were
evacuated by individual turbomolecular pumps in order to keep on required pressure
during running on system. The pressure inside main chamber was controlled by Ar

gas flow rates during depositions.
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3.2 Electrical Measurements: Hall-Effect Measurements

The electrical properties have been characterized using HL5500PC Hall Effect
Measurement System with HL5580 Buffer Amplifier. The partly content on this part
was summarized from the user manual article of HL5500PC Hall Effect
Measurement System with HL5580 Buffer Amplifier, User Manual Issue 4.0, Accent

Optical Technologies. The complete user manual can be found in Ref 1.

Fig. 3.1 Hall Effect Measurement System (Accent, HL5500PC)

Firstly, the sample was prepared in well-defined squared geometries and good ohmic
contacts in order to obtain the accurate results. We putted small indium droplets at
corners for some samples in order to obtain the ohmic contacts. Next, we performed

resistivity measurements using geometry of van der Pauw as shown in Fig. 3.2 [1, 2].

Substrate

Fig. 3.2 Resistivity measurement on the van der Pauw method.
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On this method, the sufficiently small of contact, the uniformity and homogenous of

sample thickness and symmetrically placed or circumference of contact are necessary
[1, 3]. On the van der Pauw method for pg (sheet resistance) measurements, when the

current and voltage are applied in parallel configuration, a resistance is obtained [2].

When the thickness of films 7 is known, a sheet resistance can be defined using bulk

resistivity p as below:
_ P
ps =2 > @/50)

Using this van der Pauw method as shown in Fig. 3.2, we can measure the Hall
mobility and carrier concentration separately. In order to obtain the Hall mobility, the
perpendicular configuration of current and voltage is applied from the same contact

as shown in Fig. 3.3:

Slen
<

Fig. 3.3 Hall effects arrangement using van der Pauw measurements.
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When magnetic field B is applied perpendicular to the film, the current I, will occur
due to the charge carrier. The relationship between them can be expressed by the

Lorentz force as below [1, 2, 4]:

F=F+Fg=q,E+q.,vXB
q( v®B)=q.E

where ¢ is the elementary charge of an electron or hole and the electric field of E
related to the magnetic field of B and the carrier of velocity v. The Fp is

perpendicular to the voltage (V) and magnetic field B.

The Hall voltage can be obtained by V,, = E.W. When Ry is defined as the Hall

coefficient, then the Ry can be expressed as [1]:

o 1
H= e N LB

)

Other formulation on the Hall system measurements can be expressed and

summarized in Table 3.1 below [1]:

Table 3.1 Summarize of items formulation on Hall system measurements

Items Equation Units
Sheet Hall coefficient
(when the thickness of active R = Ry Vy )

layer is known ) Hs ="t " 1.B (m/C)

Carrier density N, 1 .
) NS B q-RHs (Cm 2)

Bulk carrier density of N 1 )
N = (cm™)

(with input the thickness t) q.t.Rys
Hall mobility o= Rys (cm?/V.5)

(not depends on film thickness) HE= Ds .
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On the practical characterization, the samples were cut on dimension of 1x1 c¢cm for
each sample. The Hall effect measurements were performed at room temperature in

this study.

3.3 Optical Measurements

Spectrophotometer consists of light sources, spectroscopes, a sample cell, and
detectors. Generally, there are two types of light source, tungsten halogen lamps with
wavelength range of 340-1100 nm and deuterium lamps with wavelength on the
range 185-360 nm. The function of spectroscope is to selecting a monochromatic
light from a light source (white light). The spectroscope consists of filters, prisms and
diffraction gratings. The light that has transmitted from a film sample are detected
and changed into an electric signal by a detector. A semiconductor photodiode and or

a photomultiplier can be used as detectors.

Fig. 3.4 The U-4100, Hitachi spectrophotometer system with 5° specular reflectance.

In this thesis, the optical properties of samples were characterized by a
spectrophotometer Hitachi, U-4100 in the wavelength range from 200 nm to 2500 nm.
The transmittance (T) and reflectance (R) measurements were performed with an
angle of incidence for light at 5°. The reflectance of films properties does not
appreciably change in an incident angle range of 0° to 5°. Thus, absolute reflectance

at an incident angle of 5° were measured using a 5° specular reflectance unit [5]. The
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incident angle of the system measurements is 5+1°. The detector is photomultiplier
(UV-Vis)/cooled type PbS (NIR) integrated sphere whose inside wall is coated with
BaSO, and the light source is a deuterium lamp for ultraviolet region and a S0W

halogen lamp for visible-near infrared region. The set-ups of sample measurements
are displayed as follows:

G Ak

a) Reference b) Reflectance (R) c) Transmlttance (7)

Fig. 3.5 The illustration of (b) Reflectance (R) and (c) Transmittance (7)
measurement using incident angle of 5° specular reflectance. (Fig. 8 (a) is the

geometry of reference position) [5].

Firstly, it is necessary to measure baseline as reference before practical sample
measurements. The configuration set-up is illustrated as shown in Fig. 3.5 (a), i.e.,
without sample. Then for reflectance measurement the configuration is shown in Fig.
3.5 (b) while for transmittance is shown in Fig. 3.5 (c). Generally, the total intensity
of light in the optical measurements can be written as:

I,b=T+R+A4

where 4 is the absorbance and I is the total of incoming light intensity.
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Substrate

50 -
\R

Thin

Fig. 3.6 The total of incoming light intensity

film

in the optical measurements is equal to

the total of Transmittance, Reflectance and Absorbance.

The relationship between incoming intensity I,, the transmitted intensity /., the

reflected intensity I, , and the absorbed intensity I, with the transmittance 7,

reflectance R and absorbance 4 can be calculated as below:

I
T=2=L
Iy
I
R=-"
Iy
I
A==
Iy

The total of 7, R and 4 will be equal to 1 that can be written as:

1=T+R+A

When the light transmitted through a film with thickness of d, having absorption

coefficient a, the transmittance 7" can be approximated as follows [6]:

T =(1—-R)exp(—ad)

34



Using this relationship, we can obtain a from measured 7, R and d like as:

—1l (1—R)
*=am\T

From the optical characterization, we can evaluate the optical band gap from the
absorption coefficient, the optical mobility and the optical carrier concentration by

simulation described in the following section.

3.4 Calculation of optical mobility

The optical mobility uq can be deduced from an analysis of the reflection and
transmission spectra or spectroscopic ellipsometry. On the doped ZnO based TCO,
the dielectric function of bulk layer was modeled by combining the Drude model for
response of free carriers and the Tauc-Lorentz (TL) model for optical bandgap. The
TL model can be applied for dielectric function modeling of amorphous materials and
TCOs materials [7]. The excellent fitting from various experimental data of TCO’s,
e.g., ZnO [8] and SnO; [9] has been confirmed by TL model. The dielectric function
of TCO can be modeled as the following [7, 10]:

e(E) = &(E) — igy(E)
g(E) = er (E) + &p(E)

where &7, (E) indicates the part of the Tauc-Lorentz model representing the optical
band gap transition, and &j, (E) indicates the part of the Drude model representing the
contribution of free carriers. The expression of the Drude model is given by [7]:

o= -t ()~ 50

E2—iTpE E24T% E24T%E

Here, the amplitude Ap and the broadening parameter, I'p, are given by [7, 11]:
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h2e?Nyy: he
AD = # and FD =

m &g m*Uopt

where f, e, and m* are the reduced plank constant, elementary charge, and effective
mass, respectively. The value of I, can be obtained by fitting the calculated

transmittance (7) and reflectance (R) spectra to the experimental result. The o can

he

be deduced from the expression of this formula, I}, = . The empirical formula

m*popt
of m* for ZnO, i.e., m*(ZnO) = (0.280 + 0.010x10™° Nygan) mo, referred to Ref. 7

(Fujiwara et al).

The typical fitting result for experimentally obtained transmittance and reflectance is
shown in Fig. 3.7. The GZO film with thickness approximately 200 nm deposited at
Ts of 200 °C was selected as example. The fitting shows well reproduced of 7 and R

spectra especially in IR wavelength region governed by free carriers.

100
As-depo 200 nm
80 4 T and R spectra
are reproduced well
in IR region governed
SR by free carriers
?_"_ — — - Experiment
40 4 — Fitting
20
0

————————————————————
500 1000 1500 2000 2500
Wavelength (nm)

Fig. 3.7 The typical fitting based on the simulation of 200 nm thick GZO films that

shows T and R spectra are reproduced well in IR region governed by free carriers.
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3.5 Evaluation of In-grain and grain boundary scattering

Generally, the Hall mobility is limited by the contributions of several scattering
mechanisms based on Matthiessen’s rule [7, 12]. The in-grain mobility in heavily
doped semiconductors is limited by ionized impurity scattering, optical phonon
scattering, and scattering by defects [7]. In the case of polycrystalline films, the Hall
mobility can be also affected by grain boundary scattering even in the very high
doping regime [13]. To evaluate the contribution of grain boundary scattering, we
employed optical mobility obtained from optical measurements as already mention in
part of 2.4. The optical mobility exhibits a close relationship with the in-grain
mobility [7, 11, 14, 15], even though there is still a debate and discussion on the
origin of the difference between the Hall mobility and the optical mobility. The
difference between the uop and upan has been reported in several studies [12, 14, 16,
17]. However, the cause of the difference is not so clear at the present. One
explanation is the contribution of grain boundary scattering to the Hall mobility [12,
17]. Here, we tentatively attribute the difference to the grain boundary scattering. The
Uopt Will not be affected by the grain boundary scattering [17]. Considering that the
optical mobility corresponds to the in-grain mobility, the Hall mobility can be

expressed as follows [12, 14]:

11 1

Hhall Hopt Ugb

Based on the equation above, we can say that the uy,is equal to or near to be similar

with the uop, when Mi value near to zero. This means that the contribution of grain
gb

boundary scattering to the Hall mobility is less or nearly negligible. Schematics of
mobility determined by the in-grain scattering (u,) and the grain boundary scattering

(4gp) on doped ZnO are illustrated in Fig. 3.8, as below:
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Fig. 3.8 The illustration of u;, and x,p, on the transport properties of doped ZnO based
TCO. The red arrow is electron carrier transport path and the black arrow is electron

scattering path.

3.6 Structural Measurements: X-Ray Diffraction

A powerful tool to determine the structural properties of materials is X-ray diffraction
(XRD) method. The out-of-plane method with scan axis 20/w and in-plane
measurement with scan axis 20/ are two general methods in characterization of
thin films. As a part of out-of-plane measurement, the degree of c-axis orientation can

be characterized using the w rocking curve technique.

As shown in Fig. 3.9, the instrument of XRD for thin films basically consists of X-ray
source, incident optical system, goniometer, receiving optical system, and detection
system. In general, the diffractometer is composed by four axes, i.e., the sample
rotation axis ® as also called the 6 axis in conventional XRD measurement for

powder, the tilting axis y, the in-plane rotation axis ¢, and the 20 axis for scanning
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the detector. The sample rotation of ® axis is commonly controlled independent of

the 26 axis in XRD thin film measurements [18].

Fig. 3.9 X-ray diffraction (XRD), Rigaku ATX-G system with Cu Ka X-ray source
(wavelength of 0.15418 nm).

The out-of-plane diffraction measurement is the most generally used method for
characterization of thin films. In this measurement, measurable planes are parallel to
the surface of films. In the case of c-axis oriented ZnO thin films, c-plane can be
measured using this method. The geometries of the out-of-plane measurement are

shown in Fig. 3.10 [19]:

Fig. 3.10 The geometry of out-of-plane XRD measurements.
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On the polycrystalline films, the degree of orientation is one kind of important
structural parameters, which determines properties of the films. In order to
characterize the degree of preferred orientation, a w rocking curve measurement gives

useful information regarding tinting of crystal axis as shown in Fig. 3.11.

Surface
normal
o scan
Thin film e 20
Substrate

Fig. 3.11 The geometry of XRD rocking curve measurement. (Figure adapted from

Ref. 19, with modification).

On the rocking curve measurement, the detector is kept on fixed angle of 20 in order
to estimate the intensity of diffraction for preferentially-oriented lattice planes, and
the incident angle ® is scanned. The value of a FWHM (full width at half maximum)
estimated from the rocking curve profile gives how largely tilting the oriented planes

each other [19].

The in-plane measurement is usually used for measuring diffraction from lattice
planes perpendicular to the surface of films. Another characteristic of this
measurement that the diffraction of an extremely thin film can be obtained [20]. The

geometry of in-plane measurement is shown in Fig. 3.12.
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Fig. 3.12 The geometry of in-plane XRD measurement. (Figure referred to Ref. 19,

with modification).

On the practical measurement in this thesis, the measurement of out-of-plane has
been done in the range of 20 from 20° to 80° using a Ni filter to cut K/ radiation,
with sampling step of 0.02° and scan speed of 2°/min, whereas for in-plane
measurement, the measurement was on the range from 20° to 120°. The scan speed
was adjusted depending on measured samples in order to obtain enough signal to
noise ratio of each peaks. All of the sample measurement has been done using Cu Ka
radiation X-ray source with wavelength of 0.15418 nm. The measurement was

controlled by ATX-G operation software.

The out-of-plane and in-plane measurements were also used for calculation of c-axis
lattice constant from 0002 peak, a-axis lattice constant from 1010 peak, and volume
of unit cells from hexagonal wurtzite type using equation of V = 0.866a%c. On the
other hand, the grain size was evaluated using Williamson-Hall plot analysis [21].
The five main peaks in in-plane measurement, i.e., 1010, 1120, 2020, 2130, and 3030

peaks were used for the estimation of grain size.
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3.7 Valence @ Band  Measurements: X-Ray  Photoemission

Spectroscopy
One of the most powerful techniques for analysis of electronic structure of materials
is X-ray photoelectron spectroscopy (XPS). The principle of XPS is based on the
effect of photoelectric. The kinetic energy of photoelectrons can be analyzed by the
XPS system. The kinetic energy KE of emitted electrons can be expressed as below in
relationship with their initial state of electrons and photon energy of X-ray used for

excitation [22]:
KE = hv — BE — ¢y

where photon energy of X-ray was represented by hv, binding energy by BE and

work function of spectrometer indicated by ¢s.

@ Photoelectron
'\ (Ejected N electron)

EVacuum

Energy Fermi, Er | ‘ \Valence band I

\

Zps/2 Photon
(hv)

L, 3 o0r2p
2p1/2

L, or2s 0—(0/
K orls & L2

Fig. 3.13 The photoemission on the XPS system process.

Binding energy of ejected photoelectron can be indicated by the final state

configuration after photoemission. Fig. 3.13 shows the XPS emission process for a
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model atom. The ejected N electron was caused by an incoming of incident X-ray
(Photon). The kinetic energy of ejected electrons will be analyzed by electron
spectrometer. On the practical XPS measurements, graph of count versus binding

energy of electrons are usually used for analysis.

An electron spectroscopy on the XPS system usually consists of a source of the
primary beam, either of X-rays or electron, an energy analyzer and the detection
system. All of these modules enclosed within a vacuum chamber. In order to comply
with the issue of surface sensitivity of the measurement techniques, the vacuum
systems are intended to operate in the ultra-high vacuum (UHV) in the order of 10™®
Pa. In order to overcome the binding energies of electron core level, the X-ray source
on the XPS system must produce enough energetic beams. The most commonly used
X-ray source in XPS systems are Mg Ka (1253.6 eV with linewidth 0.7 eV), Al Ka
(1486.6 eV with linewidth 0.85 eV) or monochromatic Al Ka (1486.7 eV).
Penetrating power as effect of this photon energy is limited on the order of 1-10
micrometers [22]. In the case of High Energy XPS (HE-XPS) or hard X-ray XPS
(HAX-PES), the Cr Ka line with photon energy of about 5414.87 eV can be used for

bulk sensitive analysis reach to 20 nm without any surface treatment.

A custom-made HE-XPS system equipped with Al Koaand Cr Ko X-ray sources
provides surface sensitive and bulk sensitive measurements, respectively, in one
equipment. The system is illustrated in Fig. 3.14 [23]. In this thesis, valence band
spectra were measured by the custom-made HE-XPS system using a wide acceptance
angle electron analyzer (VG Scienta EW4000) and a Cr Ka X-ray source with the
photon energy of 5414.87 eV (ULVAC-PHI).

The sample measurement was performed under UHV condition. The base pressure

inside the chamber reached to as high as 7 x 10 Pa. The chamber was utilized by

two turbo molecular pumps in order to evacuate the system reach to the ultra-high
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vacuum level. In this system, the XPS chamber is connected to the load lock chamber

of sputtering system for in-situ measurements after deposition of films.

X-ray source
Cr Ka

X-ray source
Al Ka

Fig. 3.14 HE-XPS system with a wide acceptance angle electron analyzer (VG
Scienta EW4000) and X-ray sources of Cr Ka and Al Ko (ULVAC-PHI).

3.8 Hydrogen gas sensor measurements

The evaluation of gas sensor response was performed by a custom-made set-up for
gas sensing measurements. The layout of system can be seen in Fig. 3.15. The GZO
film was prepared on the dimension of 5 mm to 5 mm with two area of Au electrode
(distance between electrode was about 1 mm for each other). The sample was placed
on the compact cylindrical chamber with volume of approximately 200 cm® for the
sensor test measurement. Change of resistance and sensitivity of sensors was
extracted from the current data of films that evaluated using a system source meter
(2602A, Keithley), with an applied voltage of 3V under operating temperature of
330 °C. A ceramic heater settled under the sample was used to control the operating
temperature. Pure N, gas was continuously flowed into the sample chamber at a flow
rate of 300 sccm, and then 1% H; and N, gas mixture was introduced at a flow rate of
100 sccm as target gas in the sensing measurements. The flowing time of the target

gas was 10 s for each sample measurements. The evacuation and releasing gas was
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done in the atmospheric pressure through gas inlet and outlet in the system test

chamber [24].

1 mm GZO film
<> on Glass
3m GZO thin T
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Fig. 3.15 Schematics of gas sensing measurements, (a) geometry of thin film sample
for measurements and (b) set-up of sensing test measurements (The figure referred to

Ref. 24, with modification).
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4. Controlling of microstructure and annealing out of

defects: their effects on properties

4.1 Introduction

In the last decade, there has been a growing interest on using transparent conducting
oxides (TCOs) as materials for transparent electrodes [1]. Heavily doped ZnO, such
as Ga-doped ZnO (GZO) and Al-doped ZnO (AZO), are promising candidates as
alternatives to indium tin oxide (ITO) which is the most commonly used TCO in
displays, due to low resistivity, high transparency, low cost, and non-toxicity of ZnO
[2, 3]. ZnO-based TCOs have been developed for transparent electrodes in
optoelectronic applications, such as thin film photovoltaics [4], flat panel displays [5],
and light emitting diodes [6]. Currently, most of the research on ZnO-based TCOs
has focused on transport properties, e.g., influences of intrinsic defects on transport [7,
8], scattering mechanisms limiting the carrier mobility [9, 10], and relationship
between micro structural properties and transport [11-13]. The effect of
crystallographic microstructural properties, similar to grain boundaries, on carrier
transport in heavily doped ZnO has been extensively discussed, especially in
polycrystalline films [11-16]. However, this is not clearly understood. Therefore,

there are still some interesting and relevant problems to be addressed.

Doped ZnO films can be prepared by several deposition methods, such as magnetron
sputtering, pulsed laser deposition (PLD), evaporation, metal organic chemical vapor
deposition (MOCVD), spray pyrolysis, and electrochemical deposition [17]. Radio
frequency (RF) magnetron sputtering is one of deposition methods that is currently
used to produce dense and high quality films even at low temperatures below 200 °C.
Doped ZnO films deposited by magnetron sputtering on heated substrates at
approximately 250 °C have shown better electrical and optical properties than those
deposited at room temperature (RT) without heating the substrates. It is well known
that polycrystalline ZnO films deposited on heated glass substrates shows high

orientation in the c-axis normal to the substrate surface, while ZnO films deposited at
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RT show rather poor crystallinity. On the other hand, it has been noted that some
point defects caused by ion bombardment could be annealed out during the deposition
of AZO films on heated substrates [18]. Both the point defects and microstructural
properties can affect the transport properties of doped ZnO films. Thus, in order to
improve the RT deposition, it is necessary to understand the effects of heated

substrates on the growth of polycrystalline GZO films in more detail.

In this chapter, we study the effects of heated substrates on the properties of GZO
films deposited by RF magnetron sputtering, in terms of the microstructural
properties and annealing out the point defects separately, by combining
microstructural control and post deposition annealing. The microstructure is
controlled by a buffer layer, and a post deposition annealing was employed in order to

anneal out the defects.

The main part of this chapter has been published in Thin Solid Films as listed in page
of Publications. (L. Nulhakim and H. Makino, Thin Solid Films 615, 158-164 (2016))

4.2 Experimental details

GZO films were prepared by RF magnetron sputtering using an excitation frequency
of 13.56 MHz. The GZO films were deposited on alkali-free glass substrates
(Corning, Eagle XG) with diameters of 50 mm using a ZnO ceramic target containing
5.7 wt % GaO3 (AGC Ceramics, GZO). The target dimension was 76.2 mm in
diameter and 6 mm in thickness. The distance between the substrate and target was
100 mm. The base pressure of the deposition chamber was kept below 5x10 Pa, and
ultra-high purity Argon gas (99.9999 %) was introduced during the sputtering
deposition at a flow rate of 450 sccm. The pressure in the chamber during the

deposition was ~ 0.3 Pa, and the supplied RF power was 100 W.

Three types of GZO films were prepared in this study. A GZO film with a thickness

of approximately 200 nm was deposited at RT on an unintentionally heated glass
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substrate (named RT). In order to control the microstructure of the GZO film, we
employed a 40 nm thick GZO film deposited at 200 °C as a self-buffer layer or a seed
layer. The 40 nm thick GZO film was first deposited at 200 °C, followed by a
deposition of a 160 nm thick GZO film at RT after sufficiently cooling down the
substrate temperature (named RT/Buffer). The total film thickness was approximately
200 nm. A200 nm thick GZO film was also deposited at a substrate temperature of
200 °C as a reference (named HT). In order to explore the influence of thermal
annealing on the films, the GZO films were annealed at 200 °C in the deposition
chamber after the deposition under a flowing Ar gas at 450 sccm, which was in a
comparable environment as that during the deposition. Then, the properties of the

films before and after the post deposition annealing were compared.

The crystal structural properties of the GZO films were characterized by X-ray
diffraction (XRD) using Cu Ka radiation (wavelength of 0.15418 nm) (Rigaku, ATX-
G system) with out-of-plane and in-plane measurements. Transmittance (T) and
reflectance (R) measurements were performed with an angle of incidence for light at
5° by a spectrophotometer (Hitachi, U-4100). The electrical properties of the GZO
films were investigated by a Hall Effect measurement system (Nanometrics,
HL5500PC) at room temperature using the van der Pauw method to obtain the

resistivity, the carrier concentration, and the Hall mobility.

4.3 Experimental results and discussion

4.3.1 Structural properties

Fig. 4.1 shows the out-of-plane (20 - ®) XRD patterns of the GZO films, i.e., RT (a),
RT/Buffer (b), and HT (c).The out of plane XRD pattern for the film with the self-
buffer layer (RT/Buffer) showed a strong c-axis orientation, as indicated by intense
002 and 004 diffraction peaks at approximately 34.4° and 72.6°, respectively. It can
be observed that the intensity of each diffraction peak was comparable with those of
the GZO film deposited at 200 °C (HT). On the other hand, for the GZO film without
the self-buffer layer (RT), the XRD pattern also showed a preferred orientation in the
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c-axis; however, it showed a poor crystallinity and poor c-axis orientation, i.e., the
intensity of the 002 peak of the RT film was one order of magnitude lower than that
of the RT/Buffer film. In addition to the 0002 and 0004 diffraction peaks, very weak
peaks were also observed, corresponding to the 1011, 1012, and 1013 diffractions.
This observation indicated that the c-axis orientation was not fully realized in the low

temperature deposition on the unintentionally heated substrate at room temperature.
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Fig. 4.1 Out-of-plane 20-o» scan for GZO films deposited on glass substrates at (a)
RT, (b) RT/Buffer, and (c) HT.

In order to evaluate the degree of c-axis orientation, we compared 0002 ®-rocking
curves. The full-width half-maximum (FWHM) of the w-rocking curve of the RT film
was approximately 12 degrees. In contrast, the FWHM of the w-rocking curve of the
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RT/Buffer film was approximately 4 degrees. This value was comparable with that of

the HT film, which showed a FWHM of approximately 3.7 degrees.
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Fig. 4.2 In-plane 20y-¢ scan for GZO films deposited on glass substrates at (a) RT,
(b) RT/Buffer, and (c) 200 °C.

Fig. 4.2 shows the in-plane XRD patterns of the GZO films, i.e., RT (a), RT/Buffer
(b), and HT(c). The in-plane XRD patterns of RT/Buffer (b) showed five diffraction
peaks: 1010, 1120, 2020, 2130, and 3030, which corresponded to the crystal lattice
planes perpendicular to the c-plane of wurtzite ZnO. This observation also indicated
highly oriented GZO film by inserting the self-buffer layer. On the other hand, we
observed the diffraction peaks of 1011, 2021, and 2131, in addition to the five

diffraction peaks, in the case of the RT film (a). This characteristic also suggested
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that the GZO film deposited at the low temperature was not yet well oriented in the c-

axis perpendicular to the substrate surface.

These observations in the out-of-plane and in-plane XRD measurements confirmed
that the insertion of the self-buffer layer resulted in a highly c-axis orientation, which

was comparable with the higher temperature deposition at 200 °C.

It is well known that post deposition annealing can lead to changes of microstructural
properties resulting in the improvement of electrical properties [18]. We also
performed out of plane and in-plane XRD measurements on the GZO films after post
deposition annealing. However, there were no significant changes of structural
properties after post deposition annealing regarding the c-axis orientation or the grain

size. This was because of the rather low annealing temperature of 200 °C.

The lattice constants and unit cell volumes of the GZO films are summarized in Table
4.1. The change in the lattice constants showed different characteristics between the
low temperature deposition at RT and the higher temperature deposition at 200 °C.
For the as-deposited GZO films, the a-axis lattice constants of the films deposited at
RT, i.e., the RT and RT/Buffer films, were a little larger compared to that of the HT
film. The a-axis decreased after annealing, and the values became nearly identical
with each other. On the other hand, the c-axis lattice constants of the as-deposited
films were nearly identical with each other; however, the values were enlarged after
annealing for the RT and RT/Buffer films. The unit cell volumes of the RT and
RT/Buffer films were a little larger than that of the HT film. It should be noted that
the change was not dependent on the degree of c-axis orientation but was dependent
on the deposition temperature. The different behavior of the lattice constants
depending on the deposition temperature might be due to defects in the films

deposited at RT, which will be discussed later.
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Table 4.1 The a-axis lattice constant (a), c-axis lattice constant (¢) and volume of unit cells

(V) of GZO films deposited at RT, RT/Buffer and HT.

As-deposited Annealed
GZOfilms =757 T C(A) | VA) | ad) | c(A) V (A)
RT 3254 | 5202 | 4778 | 3249 | 5227 | 47.77
RT/Buffer | 3.250 | 5218 | 47.85 | 3.250 | 5.21 47.75
HT 3248 | 5219 | 47.69 | 3.248 | 5217 | 47.66

We also evaluated grain size from the in-plane XRD. The grain size of as-deposited
films increased after inserting the buffer layer. The grain size was ~ 21 nm for the RT
film, while the grain size increased to ~ 28 nm for the RT/Buffer film. The grain size
of the HT film deposited at 200 °C was ~ 38 nm, which is larger than the others.

However, the grain size showed nearly no change after post deposition annealing.

From the results of structural properties, the c-axis orientation of GZO films
deposited at RT was improved by inserting a self-buffer layer, while no contribution

of post deposition annealing to the improvement of structural properties was observed.

4.3.2 Electrical properties

Fig. 4.3 shows the variations of the resistivity, p (a), the carrier concentration, N (b),
and the Hall mobility, pyay (c), of the GZO films. First, the as-deposited GZO films
will be discussed. The RT film showed the highest resistivity. The resistivity of the
RT/Buffer film was lower than that of the RT film, but was still higher than that of
the HT film. It can be observed that the carrier concentration only depended on the
deposition temperature regardless of the control of microstructure. The carrier
concentration was nearly identical for the RT and RT/Buffer films, which was lower
than the HT film. The Hall mobility was also dominated by the deposition
temperature, although it was slightly improved by the control of microstructure. The
Hall mobility of the RT/buffer film was slightly higher than the RT film; however,
even the Hall mobility of the RT/buffer film was very low compared to the HT film.
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Fig. 4.3 Resistivity p (a), carrier concentration N (b), and Hall mobility py,y (c) of the
GZO films, i.e., the RT, RT/Buffer, and HT films, obtained by Hall effect

measurement at room temperature.
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Next, the effect of the post deposition annealing will be discussed. Nearly no changes
in the electrical properties were observed in the HT film (200 °C) before and after
annealing. This was reasonable because post deposition annealing was conducted
under nearly the same condition as the deposition of the HT film. In the case of the
films deposited at room temperature (the RT, and the RT/Buffer), the resistivity
drastically decreased after annealing. The resistivity of the RT/Buffer film after
annealing was eventually comparable with that of the HT film. However, the
resistivity of the RT film was still higher than that of the others even after annealing.
It can be observed that the decrease of the resistivity by annealing was due to the
increase of carrier concentration, and the characteristics were nearly the same

between the RT and RT/Buffer films.

Although the change of carrier concentration by post deposition annealing was nearly
the same for the RT and RT/Buffer films, the change of the Hall mobility showed
clear differences between the RT and RT/Buffer films. The Hall mobility of the
RT/Buffer increased from 16 cm?/Vs to 22 cm?/Vs after annealing; however, the Hall
mobility of the RT film did not change significantly, i.e., from 12 cm*/Vs to 14
cm?/Vs after annealing. It should be noted that the limited change in the Hall mobility

resulted in a higher resistivity of the RT film even after annealing.

Because the change of electrical properties by annealing has often been considered as
events limited at the surface region, we also confirmed the change of the carrier
concentration through another route, i.e., using optical absorption spectra. It is known
via the Burstein-Moss effect that the fundamental optical band gap, E,, is widened
linearly with N2/3 [20, 21] because of the change of population in the conduction
band and is narrowed with increasing carrier concentration because of band gap
renormalization [20]. The absorption coefficient, a, can be obtained using the

following formula:

a = %ln (100—R)

T

(1
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where d is the film thickness, and R and T are the % of reflectance and % of

da

transmittance, respectively. In this study, £, was estimated from the maximum of e

according to the literature [20, 21]. a and E are the absorption coefficient and photon
energy, respectively. The estimated E, values are plotted in Fig. 4.4. It was revealed
that the change of E, was consistent with the change of the carrier concentration
evaluated by the Hall effect measurement. Although a quantitative discussion in the
dependence of the E, on the carrier concentration is beyond the scope of the present
study, the results here showed the increase of carrier concentration after post

deposition annealing regardless of the existence of a self-buffer layer.

] A As-deposited
4.15 @ annealed

3.80- T T
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Fig. 4.4 Variations in the optical band gap E, of the GZO films, i.e., the RT,
RT/Buffer, and HT films.

The enhancement of carrier concentration after post deposition annealing in the
sample deposited at RT (Fig. 4.3 (b)) can be related to the annealing out of acceptor
type defects, such as zinc vacancy, Vz, [8, 22], and/or oxygen interstitial O; [18].
Such defects were already annealed out during the deposition of the GZO film at 200

°C, which resulted in the higher carrier concentration of the HT sample.
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4.3.3 Optical properties

We studied optical absorption possibly related to defects in the GZO films. Fig. 4.5
(a) and (b) show the absorption spectra of GZO films before and after annealing for
the RT (a) and RT/Buffer (b) films, respectively. The absorption spectra of the HT
film were also plotted as a reference. We observed rather strong optical absorption in
the visible region in the as-deposited GZO films. It can be observed that the

absorption band clearly decreased after the post-deposition annealing.
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film (a), and RT/Buffer film (b). Inset of figures shows the transmittance spectra.

Those of HT film are also plotted as reference.
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The inset of Fig. 4.5 shows the transmission spectra in the visible wavelength range.
The transmittance of the as-deposited GZO films deposited at room temperature was
lower compared to that of the HT. The average transmittances in the visible
wavelength range from 380 nm to 750 nm were78.8 % and 82.8% for the RT and the
RT/Buffer films, respectively, while that of the HT was 86.3%. The lower
transmittance was due to absorption in the visible range. After the post-deposition
annealing, the transmittance increased because of the decrease of the absorption band.
The average transmittances after annealing were 84.3% and 86.2 % for the RT and

RT/Buffer films, respectively.

Next, we address the effects of the buffer layer on the optical properties. The
absorption of the RT/buffer film shown in Fig. 4.5 (b) appeared a little weaker
compared to that of the RT film shown in Fig. 4.5 (a). The thickness of the RT film
was approximately 200 nm, while the RT/Buffer film consisted of al60 nm thick top
layer and a 40 nm thick buffer layer, with a total thickness of 200 nm. The lower
absorption in the RT/Buffer film may be caused by the contribution of the buffer
layer deposited at 200 °C. Thus, we considered that the lower transmittance and the
higher absorption in the visible wavelength region for the as-deposited GZO films
were independent of the self-buffer layer. At least, the control of microstructure had a

minor effect on the optical absorption in the GZO films.

Such absorption in the visible wavelength region has been observed in GZO films
[23] and has been considered as a contribution of the oxygen vacancy, Vo [23]. It was
also predicted theoretically that the formation of Vo in GZO resulted in optical
absorption in the visible wavelength region [24]. The absorption band also vanished
by post deposition annealing [23]. Vo has been considered as native donors and a
source of residual carriers for a long time. If that is the case, the carrier concentration
will decrease after annealing. In the present study, the absorption band was
significantly decreased by the post-deposition annealing, while the carrier

concentration increased. Because Vo can form deep donor states according to first-
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principle electronic structure calculations [25], it cannot be considered as a source of
carriers itself. On the other hand, the increase of carrier concentration after annealing
was likely due to the annealing out of acceptor type defects, such as Vz, and/or O; as
discussed above. However, such defects cannot cause absorption in the visible
wavelength region [24]. We can conclude that not only acceptor-type intrinsic defects,
i.e., Vz, and O;, but also donor-type intrinsic defects, i.e., Vo, existed in the GZO
films deposited at RT by RF magnetron sputtering. Such point defects can be
annealed out during the deposition on heated substrates or by post-deposition

annealing.

However, the situation of defects could be different between the films deposited on
the heated substrate and films annealed after low temperature deposition. This was
reflected in the higher carrier concentration and lower Hall mobility in the RT/buffer
film even after annealing when compared to the HT film. The difference in the
defects between high and low temperature depositions was also reflected in the

different behavior observed in the lattice parameters.

4.3.4 Comparison between optical mobility and Hall mobility on the GZO
films

An important measure for investigating the transport properties of TCO is the optical

mobility, uop, which can be deduced from an analysis of the reflection and

transmission spectra or spectroscopic ellipsometry. The dielectric function modeling

of the TCO including GZO, i.e.,e(E) = & (E) — ie,(E), can be expressed as follows

[26]:

e(E) = er,(E) + ep(E) (2)

where &7, (E) indicates the Tauc-Lorentz model representing the band gap transition,
and &5 (F) indicates the Drude model representing the contribution of free carriers.

The expression of the Drude model is given by [26]:
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Here, the amplitude, Ap, and the broadening parameter, I'p, are given by [14, 26]:

_ hZeZNopt
Ap =— == (4)
he
o = o ©)

where h, e, and m* are the reduced plank constant, electron charge, broadening
parameter, and effective mass, respectively. Using a simple four layer model, the
value of I'p can be obtained by fitting the transmittance (7) and reflectance (R)
spectra to the experimental result. The pop can be estimated from the expression

below:

he

‘Llopt - FDm*

(6)
Here, we employed the empirical formula of m* for ZnO, i.e., m*(ZnO) = (0.280 +

0.010x102° Nuan) mo, which was reported by Fujiwara et al [26].

Fig. 4.6 (a) shows the uop and uuan for all samples studied here. The error bars of the
Uopt WeTe estimated by inserting an error of 10 % for the m™*. As shown in Fig. 4.5 (a),
the RT sample showed a higher absorption band in the visible wavelength region. We
also estimated the uoy by including an additional Gaussian function, which
represented the absorption band. The difference was approximately 0.2 cm?*/Vs,
which was smaller than the error bars. The difference between the uop: and ppan was
obvious in the RT film regardless of the annealing procedure, while it was less or

negligible between the RT/Buffer and HT films.
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Fig. 4.6 Comparison between Hall and optical mobilities (a), and contributions of

grain boundary scattering (b) of the GZO films, i.e., the RT, RT/Buffer, and HT films.

The difference between the uope and ppai has been reported in several studies [11, 14,
27, 28]. However, the cause of the difference is not so clear at the present. One
explanation is the contribution of grain boundary scattering to the Hall mobility [11,
27]. Here, we tentatively attribute the difference to the grain boundary scattering. The

Uopt Will not be affected by the grain boundary scattering [27]. Considering that the
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optical mobility corresponds to the in-grain mobility, the Hall mobility can be

expressed as follows [11, 28]:

1 1 1

=+ @

Hhall Hopt Ugb

The contribution of grain boundary scattering,%, is plotted in Fig. 4.6 (b). When
gb

ML = 0, the pupan is equal to the pop. This means that the contribution of grain
gb

boundary scattering to the Hall mobility is negligible. It can be clearly observed that

%strongly depended on the microstructural properties. The value of %was higher in
gb gb

the GZO films deposited at RT without the buffer layer, and it was comparable before

and after annealing. On the other hand, the value of ML was nearly negligible in the
gb

RT/Buffer and HT films. This result suggested that the contribution of grain
boundary scattering could be reduced by controlling the microstructure of the GZO

films by using a self-buffer layer.

The relationship between the carrier concentration and the contribution of grain
boundary scattering was reported by K. Ellmer et al. [9]. They reported that the Hall
mobility was limited by grain barrier scattering for carrier concentrations of n < ~
5x10% cm™, while the Hall mobility was limited by ionized impurity scattering for n
>~ 5x10%” cm™. In this study, the carrier concentration of the RT film after annealing
was 9 x10%” cm™, which was much higher than the boundary, but it still showed a
clear difference between the tp and ppan. The contribution of the grain boundary
scattering in polycrystalline GZO films has been theoretically studied by Yamamoto
et al. [29] based on the classical grain size effect on the resistivity of thin films
proposed by Mayadas and Shatzkes [30]. The contribution of grain boundary
scattering has also been analyzed using the extended Seto model in AZO films, and it
was suggested that the grain boundary scattering partially contributed to the Hall

mobility even for high carrier concentrations of more than 10*! cm™ [31].
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Fig. 4.7 Scheme of GZO film improvement by microstructural control and post

deposition annealing.

Fig. 4.7 shows the schematic illustration related to the improvement of the GZO film
properties deposited on the glass substrate at RT with and without the self-buffer
layer. First, the GZO film deposited at RT without the self-buffer layer revealed that
the contribution of grain boundary on the Hall mobility existed for both the as-
deposited and annealed films. On the other hand, the GZO film with the self-buffer
layer revealed that the grain boundary contribution was nearly negligible owing to the
improvement of the c-axis orientation. Thus, the main effect of the improvement of
the microstructure was reducing the contribution of the grain boundary on the Hall
mobility. Second, the in-grain properties were strongly dependent on the deposition
temperature. The reduced carrier concentration and the absorption band caused by
defects in the films were clearly observed in the GZO films deposited at RT
regardless of the microstructure. Such defects decreased after the post deposition

annealing, resulting in the enhancement of carrier concentration, the increase of in-
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grain mobility reflected in the uoy, and the reduction of the absorption band.
Although the in-grain properties were improved by annealing, the Hall mobility was
still limited at low values in the GZO film without the self-buffer layer because of

poor c-axis orientation.

The results of this study suggest two aspects that should be considered in order to
improve the properties of GZO films deposited at RT. One aspect to consider is the
microstructure of the films, such as the c-axis orientation, in order to reduce the
contribution of grain boundary. Another is the elimination of defects, which were
commonly annealed out in the case of high temperature deposition. Such defects

cannot be reduced only by controlling the microstructure.

4.4 Chapter Conclusions

We studied separately the influences of microstructure and defects on the properties
of polycrystalline GZO films deposited at RT on glass substrates by RF magnetron
sputtering by combining microstructural control and post deposition annealing. The
c-axis orientation of GZO films was significantly improved by inserting a self-buffer
layer deposited at a high temperature. The higher degree of c-axis orientation led to a
reduction of the grain boundary contribution to Hall mobility. On the other hand, the
in-grain properties were mainly improved by the post deposition annealing. The
carrier concentration, in-grain carrier mobility, and transparency in the visible
wavelength were improved owing to the elimination of defects in the GZO films.
Although the in-grain properties were improved by annealing, the Hall mobility of
films deposited on glass without the self-buffer layer was still limited by the

contribution of grain boundary because of the poor c-axis orientation.
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5. Change of scattering mechanism and annealing out of

defects with increasing substrate temperature

5.1 Introduction

Quite recently, considerable attention has been paid to the transparent conductive
oxide (TCOs) as transparent electrode in optoelectronic devices. The most important
TCOs for electrode applications are Sn-doped In,O3 (ITO), Al-doped ZnO (AZO) and
Ga-doped ZnO (GZO). In the last few years, GZO is widely proposed as alternatives
to ITO due to the similarity of practical low resistivity (~ 1-3 x 10 Q.cm), the
comparability of optical band gap (higher than 3.4 eV for GZO and ~ 3.7 eV for
ITO), and the advantages of higher transmittance of GZO in the visible wavelength
range compared to ITO [1-3]. In addition, from the view point of cost and
availability, ITO is expensive compared to GZO due to scarcity of In and also toxic

issue in the processing of materials.

Several deposition methods have been used to prepare ZnO based TCOs films such as
vacuum arc plasma evaporation (VAPE), chemical vapor deposition (CVD), pulsed
laser deposition (PLD) and magnetron sputtering (MSP) [4]. MSP system is one of
the effective methods for film deposition due to the flexibility to fabricate on low
temperature deposition, easily scalable to large deposition area and the fairly high
quality films with good homogeneity. Currently, research on highly doped ZnO thin
films are focused on transport properties to clarify scattering mechanism. Several
publications have appeared in recent years focusing on the transport properties of

highly doped ZnO [5-10].

The substrate temperature, 7Ts, is one of the most important parameters on thin films
depositions. Commonly, films deposited at low Ts showed poor structural properties
and low electrical properties indicated by high resistivity, low mobility, and low
carrier concentration. The electrical properties of GZO films can be improved by

increasing the 7's and the decreasing of resistivity was due to the increase both in Hall
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mobility and carrier concentration [11, 12]. S.M. Park et al suggested that the
improvement of carrier concentration presumably related to the increasing of Ga
diffusion from grain boundaries and interstitial locations into the Zn cation sites [11].
A. Bikowski et al[13] demonstrated that the electrical properties strongly affected by
the effect of ion bombardment during deposition. It has been known that on the
sputtering deposition system, the electrical properties of AZO films decreased due to
the effect of damage that was affected by negative oxygen ion bombardment during
deposition by direct current (DC) and radio frequency (RF) MSP. The electrical
resistivity of AZO films was improved by increasing 7’s. This improvement has been
explained on the fact that the defect which caused by ion bombardment could be

annealed out by increasing 7s [13].

The relationship between structural properties and electrical properties has been
reported on thickness dependence of GZO films from view point of grain boundary
scattering [2]. It was also found that crystallite size and micro strain of AZO films
increased as increasing 7's on the range from 30 °C to 400 °C deposited by RF-MSP
on glass [14]. They suggested that surface diffusion of adsorbed species of sputtering
was higher at higher 7's which lead to faster coalescence [14]. Recently, we examined
the effects of structural properties on electrical and optical properties of GZO films
deposited by RF-MSP at room temperature [15]. Highly oriented GZO films were
realized by inserting a thin GZO self-buffer layer deposited at the higher Ts. It was
found that the low carrier concentration and the optical absorption in visible
wavelength region, which reduce transparency of the films, were appeared regardless
of the structural properties, however, contribution of the grain boundary scattering

was strongly depending on the structural properties [15].

Although the Ts has been commonly recognized as one of important parameters in
deposition of ZnO based TCO films, the influences of defects and structural
properties governed by the Ts on their electrical and optical properties has been not

yet clearly understood. The discussion on this article will be focus on the change of
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scattering mechanism controlled by the micro structural properties of films and

annealing out of defects on GZO films deposited by RF-MSP changing the Ts.

The main part of this chapter has already been published in Journal of Applied
Physics as listed in page of Publications. (L. Nulhakim and H. Makino, Journal of
Applied Physics 119, 235302 (2016))

5.2  Experimental

GZO transparent conducting films were prepared by RF-MSP using excitation
frequencies of 13.56 MHz. The GZO films with thickness of approximately 200 nm
was deposited on alkali-free glass substrate (Corning Eagle XG) with diameter of ~
50 mm at substrate temperature of room temperature (RT), 100 °C, 125 °C, 150 °C,
175 °C, and 200 °C, respectively, using a ceramic target ZnO:Ga,03 5.7 wt %. The
RF power was 100 W. The base pressure of the deposition chamber was kept below 5
x 107 Pa. The ultra high pure Argon gas (99.9999 %) with flow rate of 450 sccm was
introduced during sputtering deposition. The pressure during deposition was ~ 0.3 Pa.
The distance of substrate-target was fixed at 100 mm with target dimension of 76.2

mm in diameter and 6 mm in thickness.

We characterized the crystal structure by x-ray diffraction (XRD) using Cu Ka
radiation (Rigaku, ATX-G system). Transmittance (T) and reflectance (R)
measurements have been performed with an angle of incidence for light at 5° by a
spectrophotometer (Hitachi, U-4100) to determine the optical properties. The
electrical properties of GZO films were characterized by Hall measurement system
(Accent, HL5500PC) at room temperature using van der Pauw method to obtain

resistivity, carrier concentration and Hall mobility.
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5.3 Results and discussion

5.3.1 Structural properties

Firstly, we studied the structural properties of the GZO films by the XRD
measurement. Fig. 5.1 (a) and (b) presents out of plane 20 - @ scan profile of the GZO
films. The Fig. 5.1 (b) shows the detail slow scan focus on 26 on the range of 32 to 38
degree. Note that the diffraction intensity on the y-axis is represented in a logarithmic
scale in order to see even week intensity peak. The XRD spectra depicts the films is
polycrystalline with a wurtzite-type hexagonal structure without the existence of Ga
oxide or Zn metal peaks. The films deposited at from RT to 150 °C revealed poor c-
axis orientation which indicated by weak peak intensity of 0002 and 0004 diffraction
peaks and also the appearance of 10-11 peak. On the other hand, the GZO films show
completely well aligned of c-axis orientation for the 7s higher than 175 °C. The films
with the 7s of 175 °C and 200 °C showed only two diffraction peaks of 0002 and
0004 without any additional peaks.

In order to characterize the degree of c-axis orientation, we evaluated the full width at
half maximum (FWHM) of 0002 w-rocking curve as a function of 7s. As shown in
Fig. 5.2, the FWHM of 0002 o-rocking curve steeply decreased with increasing the
Ts up to 125 °C, and then gradually decreased with increasing the Ts. This represents
that the fluctuation of c-axis orientation between grains decreased with increasing the

Ts.

Fig. 5.1 (c) showed the in-plane 20y-¢ scan of 200 nm thick GZO films depending on
the 7s. The patterns of GZO films deposited at 7s of 175 °C and 200 °C showed
complete preferred c-axis orientation normal to glass substrates that indicated by no
other peak instead of five main peaks, i.e., of 10?0, 1150, 2050, 2150, and 3030
which corresponding to lattice planes perpendicular to c-plane of wurtzite ZnO.
Several peaks were observed for GZO films below the 7's of 150 °C. This observation

was consistent with the results of out-of-plane measurements.
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It would be worth mentioning here that the appearance of 10-11 peak in the out-of-
plane XRD profile cannot be explained by tilting of the c-axis in the c-axis
orientation. The angle between (10-11) plane and c-plane is around 62 degrees.
However, the value of FWHM of 0002 o-rocking was about 4.5 degree at the 7s of
125 °C. It was already sharp enough and not so largely different from that of 200 °C
with 3.5 degree. So the appearance of the 10-11 peak suggests existence of grains
with the (10-11) plane parallel to the glass substrate surface. The existence of such

oriented grains has been confirmed by w-rocking curve measured for the 10-11 peak.

The a-axis lattice parameter, a, and the c-axis lattice parameter, ¢, were evaluated
from the peak position of 10-10 diffraction peak measured by in-plane XRD, and that
of 0002 peak measured by the out-of-plane XRD, respectively. As shown in Fig. 5.3
(a), the a is nearly independent on the Ts, while the ¢ changed depending on the Ts.
The ¢ increases with increasing the Ts from RT to 125 °C. It turns to decrease beyond
the 125 °C. The evolution of the lattice constant cannot be explain by residual strain
in the films because the a was nearly constant with independent on the 7s. The
change of the lattice parameter ¢ possibly reflects defect states in the GZO films

resulted in the change of the unit cell volume as shown in Fig. 5.3 (¢).
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5.3.2 Electrical properties

Fig. 5.4 represents the variation in resistivity (a), carrier concentration (b) and Hall
mobility (¢) of GZO films as a function of 7s. The resistivity of GZO films decreased
as increasing Ts with the lowest resistivity about 3.0 x 10 Q.cm deposited at the T's
of 200 °C, while the GZO film at RT showed the highest resistivity about 8.8 x 10™
Q.cm. The carrier concentration monotonously increased as increasing the 7s. The
lowest carrier concentration at the 7s of RT was as low as 5.7 x 10%° cm™ while the
highest carrier concentration at the Ts of 200 °C was as high as 7.7 x 10*° cm™. The
increase of carrier concentration as increasing 7s can be considered as annealing out
of defects during deposition as already pointed out by A. Bikowski et al [13]. The
increase of carrier concentration could be tentatively attributed to the decrease of
acceptor type defects such as interstitial oxygen O; and/or zinc vacancy Vz, [13, 16-
17]. However, we found somewhat different behavior on the 7s dependence of the
Hall mobility as shown in Fig. 5.4 (c). Although the carrier concentration
monotonously increased with increasing the 7's, the Hall mobility gradually increased
or less changed with increasing the 7s from RT to 150 °C and jumped up beyond the
150 °C. The Hall mobility rapidly improved from 16.1 cm?/Vs at 150 °C to 23.9
cm?®/Vs at 175 °C. Then, the highest Hall mobility as high as 26.7 cm*/Vs was
achieved at the 7s of 200 °C. It should be mentioned that there was something
improvements at the 7s between 150 °C and 175 °C. We will discuss it later in section

5.34.
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5.3.3 Optical properties

We also characterized the optical properties of GZO film. Fig. 5.5 (a) shows the
transmittance spectra in the wavelength range from 300 nm to 900 nm. We can see
that the transmittance increased as increasing the 7s. The average transmittance
(between 380 nm and 750 nm) for the Ts of 200 °C was about 86.7 %, while that for
the 7s of RT was about 78.8 %. It was found that the lower transmittance of the low

temperature deposition was caused by optical absorption.

Fig. 5.5 (b) shows the absorption spectra plotted as a function of photon energy. The

absorption coefficient, o, was obtained by the equation as follow [18§],

1 100—-R
a = —ln( )
d T

where R and T are the % of reflectance and % of transmittance, respectively. The d is
the film thickness. The increase of absorption lower than about 1.5 eV toward low
energy is corresponding to the free carrier absorption [19]. On the other hand, the
absorption higher than 3 eV toward higher energy is so-called band gap absorption
from the valence band to the Fermi level in the conduction band, which is depending
on the carrier concentration. Inset of Fig. 5.5 (b) shows the Ts dependence of the
optical band gap (Eg) calculated by the maximum of %, where a and E are absorption
coefficient and photon energy, respectively. The method for estimating the Eg on
highly doped metal oxide followed the reference by I. Hamberg and B. E. Sernellius
et al [20-22]. As shown in the inset of Fig. 5.5 (b), the Eg increased as increasing 7.
The tendency of the Eg can be understood by the Burstein-Moss (BM) shift. The

change of Eg is consistent with the change of carrier concentration displayed in Fig.

5.4 (b).
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In addition to the above mentioned two contributions related to the free carriers, it can
be also seen that the absorption band observed in the visible region, corresponding
photon energy range between 2 eV and 2.8 eV, decreased as increasing the Ts as
shown in Fig. 5.5 (b). The absorption coefficient at photon energy of about 2.5 eV or
at approximately wavelength of 496 nm was plotted as a function of the 7s in Fig. 5.5
(c). The absorption band was nearly negligible in the GZO films of the 7s higher than
125 °C. Such the absorption band has been reported in the GZO films deposited by
the ion-plating with DC arc discharge [18]. The absorption band diminished with
increasing the O, gas flow rate during the deposition. It was also decreased by post-
deposition annealing [18]. Then the absorption band has been considered to be caused
by oxygen vacancy, V,, in the GZO films [23-26]. If that is the case, the decreasing of
absorption in the visible region with increasing 7's could be related to the annealing
out of defects such as V,. The V, has been considered to be a source of residual
carriers in the metal oxides. However, the carrier concentration increased with
increasing the 7s. This is contradicting to the present results. According to the
theoretical prediction [27], the energy level of V, in the band gap will be too deep to
activate carriers. Another report on GZO and AZO thin films revealed that the
improvement of n-type conductivity and optical transparency was affected by the

presence of defect complex V, - Zn; [28].

5.3.4 Change of scattering mechanism

Firstly, let us discuss about change of scattering mechanism as increasing the 7s.
Generally, the Hall mobility is limited by contribution of several scattering
mechanisms based on the Matthiessen’s rule [2, 29]. The in-grain mobility in heavily
doped semiconductors is limited by ionized impurity scattering, optical phonon
scattering, scattering by defects [29]. In the case of polycrystalline films, the Hall
mobility can be also affected by grain boundary scattering even very high doping
regime [30]. In order to evaluate contribution of the grain boundary scattering, we
employed optical mobility obtained from optical measurements. Although there is

still remaining discussion on the origin of the difference between the optical mobility
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and the Hall mobility, the optical mobility shows close relationship with the in-grain
mobility [2, 5, 29, 31-32]. The dielectric function of GZO films can be expressed by

using the Drude model and the Tauc Lorentz (TL) oscillator model as follow:

e(E) = er,(E) + ep(E)

The TL model was used to describe the spectral data of the Eg corresponding to
transition from the valence band to the conduction band. For the contribution of free

carriers, the Drude model can be expressed as follow:

Ap Ap . ( ApI'p
ep(E) = — = (— ) - l(
p(E) E2—ilpE E2+T E24T3E

where amplitude, Ap, and broadening parameter, I}, are given by [5, 29]

hZeZNopt
Ap =——
m-&g
and
he
Ip =—
m Uopt

Here, h, e, and m* are reduced plank constant, electron charge, and effective mass of
carrier, respectively. Based on the above equations, the optical mobility can be

estimated from the expression:

he

‘Llopt - FDm*

In this study, the m* estimated from the previously reported expression by m*(ZnO)
= (0.280 + 0.010x107%° Nar) m029 were used. We deduced optical mobility by least
square fitting to the transmission and reflection spectra using the Ap and the I}, as

fitting parameters.
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Fig. 5.6 (a) shows comparison between the Hall mobility and the optical mobility as a
function of Ts. It can be seen that the optical mobility monotonously increased with
increasing the T’s like as the case of carrier concentration as shown in Fig. 5.4 (b). The
tendency is different from the Hall mobility. In the case of polycrystalline films, the
Hall mobility, pyan, can be expressed as follows including the in-grain mobility, L,
and the mobility at grain boundary, pg,, as the contribution of grain boundary

scattering:

1 1 1

HHaul a Uig Hgp

When the contribution of grain boundary, 1/p,, 1s negligible, the . is identical to
the ;.. Considering that the optical mobility is corresponding to the in-grain mobility,
we evaluated the contribution of grain boundary. The contribution of grain boundary,
1/pgp, 1s plotted as a function of the 7s in Fig. 5.6 (b). It was revealed that the grain
boundary contribution nearly stable up to 150 °C then drastically decreased from
150 °C to 175 °C. Eventually, the contribution of grain boundary on the Hall mobility
nearly neglected at 200 °C.

The evolution of contribution of grain boundary reminds us the characteristics of the
structural properties. We observed the 10-11 diffraction peak in the out-of-plane
XRD profile up to 150 °C, then the peak disappeared higher than 175 °C. Thus, there
is close relationship between the structural properties and the Hall mobility. The Hall
mobility was reduced by the contribution of grain boundary, and the contribution of
grain boundary was suppressed concomitant with the disappearance of the 10-11 peak.
In other word, the existence of 10-11 oriented grains strongly decreases the Hall
mobility through grain boundary scattering. The films with 7s higher than 175 °C
showed perfectly c-axis orientation without any other orientation like as (10-11)

lattice plane and hence showed nearly no influence of grain boundary contribution.
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Details on the mechanisms how the existence of the other oriented grains influence

the Hall mobility is not clear at the present.

5.3.5 Annealing out of defects

Next, let us discuss about annealing out of the defects, which were most probably
caused by the ion bombardment during the RF-MSP deposition. We observed the
optical absorption band in visible wavelength region in the GZO films deposited at
the RT. We tentatively attributed the defects to the Vo. The absorption band
decreased with increasing the 7§, and diminished at the 7s of 125 °C. It means that
the defects related to the absorption band can be suppressed by a little increase of the
Ts. In other word, such the defect was not so stable in the GZO films at such the low

temperature deposition.

As shown in Fig. 5.4 (b), the carrier concentration gradually increased with increasing
the 7T’s. The increase of carrier concentration can be explained by the annealing out of
the acceptor type defects, such as O; and/or Vz,, with increasing the Ts. Since the
optical mobility reflect scattering of carriers in grain bulk, the change of optical
mobility in Fig. 5.6 (a) can be also explained by the annealing out of acceptor type
defects such as O; and/or Vg, created in the grain bulk. Bikowski et al reported that
O; is the most probable candidate for the defects in AZO films caused by the ion
bombardment during deposition by MSP based on the decrease of the c-axis lattice
constant [13]. In the present study, the ¢ increased with increasing the Ts up to 125 °C,
then turned to decrease with increasing the 7's. This can be explained by contribution
of different kinds of defects. From RT to 125 °C, the Vo decreased with increasing
the 7s. The decrease of Vg contributed to the increase of c-axis lattice parameters and
the volume of unit cell up to 125 °C. While beyond the 125 °C, the decrease of O;
with increasing the 7's started to dominate the change of the lattice parameters, and

then resulted in the decrease of the ¢ as shown in Fig. 5.3 (b).
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The improvement of crystalline quality or the improvement of c-axis orientation
might be also related to the decreasing of intrinsic defects leading to the increase of
carrier concentration and Hall mobility [33]. However, according to our preceding
study [15], the control of structural properties itself, that is the improvement of c-axis
orientation, was not enough to decrease the defects observed in this study. This aspect
suggests importance of reducing the formation of such defects caused by the ion
bombardment in order to improve electrical and optical properties of ZnO based
TCOs deposited at RT. Additionally, it is also important to control structural
properties, that is to say, good c-axis orientation without other oriented grains like as
grains with (10-11) plane parallel to glass surface, in order to obtain higher Hall
mobility without contribution of grain boundary scattering that significantly decrease

the Hall mobility.

5.4 Chapter Conclusions

In conclusion, to further understanding about the change of scattering mechanism and
annealing out of defects on GZO films, we studied the GZO films deposition by RF-
MSP method with varying the Ts from RT to 200 °C. We separately discussed that
there are two effects of high temperature deposition, the first is annealing out of point
defects and the other is improvement of c-axis orientation. The observations showed
that the defects caused by ion bombardment during deposition could be eliminated by
increasing Ts. The reduction of these defects leads to the improvement of carrier
concentration, optical mobility, and transparency. It was also found that the
appearance of 10-11 peak was closely related to the contribution of grain boundary
scattering which significantly decrease the hall mobility. The grain boundary
contribution was nearly neglected at Ts higher than 175 °C, which indicated by
completely well aligned c-axis orientation without the appearance of 10-11 peak.
Clearly, further research will be required to clarify detailed scattering mechanisms

governed by the existences of 10-11 peak observed at rather lower Ts below 150 °C.
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6. Effect of polarity inversion on the electrical properties

6.1 Introduction

Zinc oxide based transparent conductive films like as Ga-doped ZnO (GZO) and Al-
doped ZnO (AZO) have been gaining importance in recent years as a material class of
transparent electrodes for optoelectronic applications, e.g., flat panel displays [1],
light emitting diode [2], and thin film photovoltaic [3, 4], etc. Researchers have
extensively studied the doped ZnO based on several criteria, i.e., the Zn material is
abundance in nature, low cost in processing, and non-toxicity. The RF magnetron
sputtering (RF-MSP) is one of the effective methods to prepare high quality ZnO
films, e.g., dense film, good homogeneity and uniformity of films and relatively

simple to control film thickness [5, 6].

For several years great effort has been devoted to the study of thickness dependence
of heavily doped ZnO either thin or thick films on the range from a few nm to higher
than 500 nm [7-13]. It has been reported that electrical properties strongly depends on
films thickness. Yamada et al [7] studied the low resistivity GZO thin films of
thickness less than 100 nm by ion plating method and discussed the electrical
properties in relation to their structural properties. Itagaki et al [14] improved
resistivity of 20 nm thick AZO films utilizing a ZnO buffer layer fabricated by solid-
phase crystallization, and it was argued that the improvement was owing to the
improvement of structural properties [14]. Look et al/ mentioned that the lower
mobility of very thin films was caused by the poor interface layer with high density
defects formed at interface of lattice mismatched substrates [10-11]. Bikowski et al
recently reported that the resistivity of AZO films deposited by RF-MSP was strongly

influenced by inhomogeneous distribution of Al dopants [13].
In this chapter, we propose influence of crystallographic polarity on electrical

properties of GZO films deposited by RF-MSP as one of causes for the strong
thickness dependence below 100 nm. We achieved a 30 nm thick GZO thin film with
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resistivity of 2.62 x 10™ Qcm, Hall mobility of 26.9 cm?/Vs, and carrier

concentration of 8.87 x 10%° cm™ using Zn-polar ZnO template on glass substrate.

The main part of this chapter has already been published in Physica Status Solidi-
Rapid Research Letter as listed in page of Publications. (L. Nulhakim and H. Makino,
Phys. Status Solidi-Rapid Res. Lett. 10, 535-539 (2016))

6.2 Experimental

Polycrystalline GZO films were prepared by RF-MSP (frequencies 13.56 MHz) using
a ceramic target Zn0:Ga,0; 5.7 wt. % (AGC Ceramic) at a substrate temperature of
200 °C. The ultra-high purity Argon gas (99.9999 %) was introduced at a flow rate of
450 sccm. The deposition rate was 10.7 nm/minutes under a RF power of 100 W.
GZO films with several thicknesses in the range of 10 nm to 500 nm were deposited
on glass substrates (Corning, Eagle XG). The film thickness was controlled by
deposition time and confirmed by a surface profiler (KLA Tencor, Alpha-Step 1Q).
The electrical properties were characterized by room temperature Hall measurement
(Accent, HL5500PC) using van der Pauw method. The crystal structure was
characterized by x-ray diffraction (XRD) using Cu Ka radiation (Rigaku, ATX-G).
The valence band spectra were measured by a custom made laboratory high energy x-
ray photoelectron spectroscopy (HE-XPS) system equipped with a Cr Ka x-ray
source with photon energy of 5414.87 eV (ULVAC-PHI) and a wide acceptance angle
electron analyzer (VG Scienta EW4000).

6.3 Results and discussion

Fig. 6.1 showed the electrical properties of GZO films deposited on glass substrates
as a function of films thickness. As shown in Fig. 6.1 (a), resistivity rapidly decreased
with increasing the films thickness below 100 nm and then it was nearly stable at
higher than 100 nm. The resistivity of 30 nm thick GZO thin films was ~ 1.4 x 107

Qcm, while those of thicker than 100 nm were ~ 2.9 X 10* Qcm. The carrier
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concentration rapidly increased with thickness below 100 nm and then nearly
identical up to 500 nm as shown in Fig. 6.1 (b). The Hall mobility also rapidly
increased with increasing thickness between 30 nm and 100 nm, and then gradually
increased up to 500 nm. These observations were basically similar to previously

reported thickness dependence of GZO films deposited by the ion-plating [8, 9].
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Fig. 6.1 Variation in (a) resistivity p, (b) carrier concentration N, and (c) Hall
mobility p of GZO films deposited on glass substrates at 200 °C as a function of film

thickness.

Fig 6.2 (a) and (b) show the out-of-plane and in-plane XRD patterns of the GZO
films deposited on glass substrates. We observed 0002 and 0004 diffraction peaks for
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all the GZO films in the out-of-plane XRD. On the other hand, we observed five

diffraction peaks of 10?0, 1120, 2050, 21§0, and 3030 that corresponding to lattice
planes perpendicular to c-plane of ZnO in the in-plane XRD. These results suggest

that the GZO films show strong preferred orientation in c-axis normal to glass

substrates.
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Fig. 6.2 Out-of-plane 26-® scan (a), grazing incidence in-plane 20y-¢ scan (b) of

GZO films deposited on bare glass substrates as a function of film thickness.

We also found that the structural properties of GZO films like as degree of c-axis
orientation and grain size were nearly comparable between the RF-MSP (this study)
and the ion plating [8, 9]. We measured w-rocking curve for 0002 diffractions, and
characterized the full width at half maximum (FWHM). The grain size of GZO films
was evaluated from the in-plane XRD using the Williamson-Hall plot analysis.
Fig.6.3 shows the full width at half maximum (FWHM) of 0002 ® rocking curve and
grain size of GZO films deposited by RF-MSP as a function of films thickness. The
data of GZO films deposited by ion plating from references [8, 9] were also plotted
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for comparison. The FWHM of 0002 o rocking curve and the grain size for GZO film
deposited by RF-MSP were practically comparable to those deposited by the ion-

plating method [8, 9].
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Fig. 6.3 FWHM of 0002 o-rocking curve and grain size of GZO films deposited on
glass substrates at 200 °C as a function of film thickness. The data of ion-plating from

references [8, 9].

Fig. 6.4 shows the lattice parameters of GZO films as a function of film thickness. It
can be seen that a-axis lattice parameter slightly increased up to the thickness of 100
nm then saturated until 500 nm. Whereas, c-axis lattice parameter drastically
decreased up to thickness of 100 nm then nearly saturated until 500 nm. The volume
of unit cell was entirely identical over the range of film thickness. These tendencies
can be explained by relaxation of the compressive residual strain with increasing the
film thickness up to 100 nm. And such behavior was also observed the thickness

dependence of GZO deposited by the ion-plating [8, 9].
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Fig. 6.4 The a-axis and c-axis lattice parameters and volume of unit cell of GZO films

deposited on bare glass substrates as a function of film thickness.

Yamada et al. suggested that the change of grain structures depending on the
thickness would lead to formation of some defects resulting in the degradation of
electrical properties below 100 nm [8]. In the case of RF-MSP, we could not observe
any obvious differences in structural properties of GZO films from the ion-plating
deposition [8]. However, the change of the electrical properties below 100 nm was
more abrupt in the present case resulting in much higher resistivity of the very thin

films compared to that deposited by the ion-plating [8]. Accordingly, we needed to
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consider additional influences on their electrical properties, and we noticed the

influence of polarity.

The spectral shape of the valence band (VB) measured by XPS has been known as
one of finger prints of crystallographic polarity in wurtzite type semiconductors [15,
16]. Fig. 6.5 shows the VB spectra of Zn-polar (0001) face and O-polar (OOOT) face
of a single crystalline ZnO measured by HE-XPS as reference. The Zn-polar face can

be indicated by the appearance of sub peak at binding energy of ~ 5 eV.

Zn-face of bulk ZnO
e O-face of bulk ZnO

\,\‘/\.\-\/'\/\,\

Intensity (arb. units)

10 9 8 7 6 5 4 3 2
Binding energy (eV)

Fig. 6.5 Valence band spectra for Zn-polar and O-polar faces of single crystalline
Zn0.

Fig. 6.6 shows the VB spectra for the GZO films with various thicknesses of 10, 30,
40, 100, 150, 300, and 500 nm, respectively. As shown in Fig. 6.6, the spectra of the
thinner films (10 and 30 nm) showed more likely to O-polar face, and then a sub peak
at ~ 5 eV appeared and increased with increasing thickness from 30 to 100 nm. The
films higher than 100 nm showed the Zn-polar face because the sub peak at ~ 5 eV
was more obvious. This observation suggests polarity inversion from O-polar to Zn-

polar with increasing film thickness.

92



Intensity (arb. units)

I I I I I I I

9 8 7 6 5 4 3
Binding Energy (eV)

Fig. 6.6 Valence band spectra for GZO films of different thicknesses deposited on

bare glass substrates.

Such the flipping of polarity during growth of doped ZnO films have been reported
and discussed based on film growth mechanism [17-19]. Ogino et al reported that the
GZO tend to be nucleation of grains with Zn-polar, and resulted in the growth of Zn-
polar films in heavily doped GZO while flipped to O-polar films in lightly doped
GZO by abnormal grain growth [18]. Abduev et al proposed the GZO shows
nucleation of grains with both Zn-polar and O-polar grains, and then Zn-polar grains

dominate in heavily doped GZO while O-polar grains dominate in lightly doped GZO

93



after reached to film growth stage [19]. In the present study, we deposited in high
doping regime, so it is consistent with the previous reports that we obtained Zn-
polarity in the thicker films. Accordingly, it is reasonable to say that the growth of
GZO starting with nucleation of possibly both Zn-polar and O-polar grains but O-
polar dominant, and then flipping to Zn-polarity with increasing film thickness. Such

the polarity inversion occurred at early stage of film growth at very thin films.

ZnO template

—— 200 °C (sapphire)
= 300 °C (sapphire)
200 °C (glass)

Intensity (arb. units)

9 8 7 6 5 4 3
Binding Energy (eV)

Fig. 6.7 Valence band spectra of ZnO templates deposited on glass and sapphire

substrates.

In order to explore the influence of polarity on electrical properties of GZO films
more clearly, we examined GZO films deposited on ZnO templates having different
polar faces, that is, Zn-polar and O-polar faces. We prepared two kinds of ZnO films
using ion plating with direct current arc discharge. Fig. 6.7 showed the VB of XPS
spectra of un-doped ZnO films with film thickness of 200 nm deposited on c-plane
sapphire substrates at the substrate temperature of 200 °C and 300 °C. It can be seen
that the ZnO film deposited at 200 °C shows typical feature of Zn-polar face, while
that deposited at 300 °C shows characteristics of O-polar face. On these ZnO films,
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the 30 nm thick GZO film was deposited using the RF-MSP at the same deposition
conditions mentioned above. The electrical properties of these GZO films are
summarized in Table 6.1. We can recognize that the carrier concentration and the Hall
mobility of the GZO film on O-polar ZnO were much smaller than those on Zn-polar
Zn0O. This result suggests that the electrical properties of GZO films are seriously

influenced depending on the polarity.

Table 6.1 Electrical properties of 30 nm-thick GZO films deposited on Zn-polar faces and O-
polar faces. A 30 nm GZO film deposited on glass without a ZnO template is also listed for

comparison.

[ somezofims | 30 nm GZO films on: p (Qcm) 1 (cm?/Vs) N (cm™)
IPZnO template (200nm) | Zn-polar ZnO (sapphire)  2.09 X 10~ 32:7 9.11 X 10%°

| Sapphire | O-polar ZnO (sapphire) ~ 6.50 X 10 19.9 4.83 X 10%

[ soamczofims | 30 nm GZO films on: p (Qcm) u (cm?/Vs) N (cm)
Zn-polar Zn0 (~200nm) Zn-polar ZnO (glass) 2.62 X 10+ 26.9 8.87 X 102

[ S | Glass w/o template 1.44 X 1073 11.9 3.64 X 10%°

Based on the result, we also prepared a Zn-polar ZnO film on glass substrate using
the ion-plating at the substrate temperature of 200 °C. The VB spectra of the ZnO
film was also plot in Fig. 6.7. The result supports the Zn-polar face of ZnO layer even
on the glass substrate. Then 30 nm thick GZO film was deposited on the ZnO
template on glass, and its electrical properties are also listed in Table 6.1 together
with that of bare glass substrate without the ZnO template. Indeed, we observed
significant improvement of the electrical properties. The resistivity, Hall mobility, and
carrier concentration was 2.62 x 10™ Qcm, 26.9 c¢cm?/Vs, and 8.87 x 10%° cm?,
respectively. Surprisingly, these properties were much better than those of the GZO
film on O-polar ZnO on sapphire, although it was deposited on glass substrate. It
should be mentioned that the significant improvement was not owing to structural

properties. It has been known that the c-axis orientation is one of the key structural

properties which influence to the electrical properties of doped ZnO films [9, 20].
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Fig. 6.8 (a) and (c) shows the out-of-plane and in-plane XRD diffraction patterns of
GZO films deposited on the ZnO templates. It was also confirmed that the films
showed alignment of c-axis normal to the substrates. In addition, we only observed
10-10, 20-20, and 30-30 in the in-plane XRD patterns of the GZO films deposited on
sapphire substrates. This means that a-axis was also aligned in in-plane direction, and
the epitaxial GZO films were successfully grown on the c-plane sapphire substrates
without rotational domains. Fig. 6.8 (b) shows the FWHM of 0002 ® rocking curve
for the 30 nm GZO films deposited on Zn-polar and O-polar face. The FWHM of
GZO films on Zn-polar and O-polar ZnO using sapphire substrates were 1.06° and
0.69°, respectively. The FWHM of the GZO film on Zn-polar ZnO using glass

substrate was 2.25°, and it was worse among them.

When we compare the results of Zn-polar face between glass and sapphire substrates,
the carrier concentration was comparable, while the Hall mobility was a little bit
higher on sapphire substrate. The higher Hall mobility on sapphire could be owing to
better crystallinity of well aligned epitaxial films [21]. On the other hand, the
electrical properties of GZO films on O-polar face showed poor electrical properties
compared to those deposited on Zn-polar face even though the tilting of c-axis was
smaller than the others. This also supports that the poor electrical properties of the

GZO film on O-polar face is mainly caused by the polarity.

Such the improvement of electrical properties of highly doped ZnO on un-doped ZnO
buffer layer has been reported [10, 14]. Look et al argued that the lower mobility of
very thin AZO without ZnO buffer layer was due to the interface layer caused by
lattice mismatch between substrate and film, which trap electrons and act as
scattering centers, and then the influence of the interface layer could be reduced by
inserting the ZnO layer or increasing film thickness [10]. However, this is not fully
attributed to the present 30 nm thick GZO films. In the case of GZO thin films
deposited on Zn-polar ZnO, such the interface layer could be reduced by the inserting
the ZnO layer. However, this is not the case in the GZO thin film on O-polar ZnO.
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It has been known that effectiveness of incorporation of dopant in ZnO strongly
depends on the polarity [22]. We confirmed that the Ga content in the GZO film was
relatively higher in the film deposited on O-polar ZnO face than that on Zn-polar face
using intensity ratio between Ga 2p and Zn 2p core spectra measured by HE-XPS.
This is also the case of the thickness dependence on glass, that is, relatively higher Ga
content in the thinner films when we compared between the 30 nm thick and the 100
nm thick GZO films. In the case of growth on O-polar face, Ga species might be
accumulated on the surface during RF-MSP deposition that will lead to the change of
surface energy and surface adsorption coefficient for species of O and/or Zn [17].
However, when the film thickness and the surface energy increased during deposition,
the nucleation predict to be enhanced. Then, it would be switch the polarity of surface
from O-polar to Zn-polar together with increasing film thickness during deposition.
Although detailed mechanisms on the low electrical properties of thin GZO films on
O-polar face has not yet clear at the present, the polarity inversion strongly affects the

electrical properties of GZO films especially very thin thickness below 100 nm.

6.3 Chapter Conclusions

In conclusion, the improvement of electrical properties of 30 nm thick GZO films
was achieved by inserting a Zn-polar face of ZnO layer on glass substrate. The
evolution of the VB spectra measured by HE-XPS suggests that the very thin GZO
film was dominated by O-polarity, and then flipping to Zn-polarity with increasing
films thickness. The GZO films deposited on Zn-polar face showed higher carrier
concentration and higher mobility compared to the deposition on O-polar face owing
to inhibition of polarity inversion. The growth on Zn-polar face leads to the
improvement of electrical properties of very thin GZO films. These findings suggest
that the polarity inversion plays an important role on the electrical properties of GZO

thin films.
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7. Hydrogen gas sensor based on GZO thin films

7.1 Introduction

In the last few years, considerable attention has been paid to hydrogen as a one of
promising clean energy resources in the world [1]. There a lot of advantages of
hydrogen in wide area, i.e., hydrogen for fuels, automobile, fuel cells, chemical
material industry, etc [2, 3]. Based on the reference [3], hydrogen gas was flammable
and explosive on the concentration of higher than 4% in air. Since hydrogen gas has
specific properties such as tasteless, odorless, colorless, and also un-detectable by
human senses, development of highly sensitive and reliable hydrogen gas sensors
with fast response and recovery times become very important to detect leakage in the

environment.

Metal oxide semiconductors such as ZnO have been considered as one of promising
candidates of sensing materials for such gas sensors. Look et al [4] stated that the
reactive surface of ZnO is strongly suitable for gas sensing materials. The reactive
surface leads to the change of electrical properties through charge transfer
interactions with reactive gases in environment such as hydrogen, oxygen, carbon
monoxide, ethanol, etc [5]. In the last few years, the gas sensors for such specific
target gas have been reported using n-type semiconductors, e.g., SnO,, In,O3, and
Zn0O. Gas sensors based on p-type materials such as CuO have been also reported
recently by Lupan et al [6]. In the case of gas sensors based on ZnO, Al-hardan et a/
reported that the conductivity was controlled by surface reactions [1]. The mechanism
was mainly attributed to the surface charge at grains [1]. Haidry ef al suggested that
the sensitivity of TiO, thin films to hydrogen gas was enhanced by increment of
surface roughness that offer more adsorption sites [7]. Enachi et al discussed the
effects of annealing on hydrogen gas sensing properties of TiO, based sensing

materials [8].
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On the other hand, the effects of doping on metal oxide gas sensors have been
discussed as well. It was reported that the additive such as gallium and phosphorus
would be useful for optimization of gas sensing characteristics in the case of gas
sensors based on In,Os; [9]. Korotcenkov ef al also reported a correlation between
grain size and influence of air humidity on sensitivity in the gas sensors using highly
Ga-doped In;O; [9]. Another study reported that the doping of Cr to ZnO lead to the
enhancement of sensitivity at low operating temperature [10]. The improvement was
attributed to the higher oxidation state of chromium [10]. Recently, Kishimoto et al
reported gas sensors based on GZO thin films that showed large change of current
under exposure to carbon monoxide [11]. In their study, a correlation between
electrical properties of as-deposited GZO films and gas sensing characteristics has

been explored, however, it was not clearly observed [11].

The microstructure sensing materials such as grain size have been known as one of
main factors to determine sensitivity of gas sensors based on metal oxides. Several
studies related to the effects of grain size to the performance of gas sensor have
already published [4, 5, 12-13]. The effect of crystallographic planes on sensing

properties has been also reported for the gas sensor based on SnO; [14, 15].

In the case of ZnO based TCOs, the microstructure of the thin films like as grain size
and c-axis orientation strongly influence to their transport properties as discussed in
the preceding three chapters in this thesis. However, the effects of structural
properties on gas sensing are still not yet clarified for ZnO based gas sensors. Based
on the brief survey of literatures, the sensing characteristics of hydrogen gas sensors
based on highly doped ZnO such as GZO has not yet well understood. In this chapter,
influences of grain size and c-axis orientation on hydrogen gas sensing properties has
been studied for highly Ga-doped ZnO thin films deposited by RF magnetron

sputtering.
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7.2 Experimental

Highly doped GZO thin films were deposited by radio-frequency (RF) magnetron
sputtering method using a Zn0:Ga,0; 5.7 wt% target at substrate temperature (7s) of
200 °C with Ar flow rate of 450 sccm and RF power of 100 W. Two series of GZO
films have been prepared on glass substrates. One is GZO films directly deposited on
bare glass substrates with film thickness about 30 nm, 50 nm and 100 nm (hereafter
referred to as “S1, S2, and S3, respectively”). Another one is 30 nm thick-GZO films
deposited on undoped ZnO template with film thickness about 30 nm, 80 nm and 200
nm (hereafter referred to as “S4, S5, and S6, respectively”). The ZnO templates were
deposited by ion plating method on glass substrates at 7's of 200 °C in order to control
the microstructure of GZO films. We also prepared 30 nm thick GZO films on ZnO
templates deposited on c-plane sapphire substrates. The structural properties were

characterized by X-ray diffraction measurement.

The evaluation of gas sensor response was performed using a custom-made set-up for
gas sensing measurement. The GZO film was cut in a 5 mm square, and two circular
Au electrodes in diameter of 1 mm were deposited on the films. The distance between
electrode was about 1 mm. The sample was placed on a compact cylindrical chamber
with a volume of approximately 200 cm’, and the sample was heated up to 330 °C.
Current was monitored using a system source meter (2602A, Keithley) with an
applied voltage of 3 V. Details on the measurement system have been reported
elsewhere [11]. Pure N, gas was continuously flowed into the test chamber at a flow
rate of 300 sccm, and then a mixture gas of N, and 1% H, gas was additionally
introduced at a flow rate of 100 sccm for the sensing measurements. The condition
corresponds to introduction of 0.25 % H, gas diluted by pure N, gas. The flowing
time period of H, mixture gas was 10 s for each measurement and repeated several

times to see stability of the response.
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7.3 Experimental results and discussion

7.3.1 Structural properties

Fig. 7.1 show the out-of-plane 26-® scan (a) and the variation of FWHM 0002 ®-
rocking curve and grain size (b) for sample S1, S2, S3, S4, S5, and S6. It can be seen
that all of sample showed preferred c-axis orientation which only showed 0002 and
0004 diffraction peaks without any other peaks. The intensity of 0002 and 0004 peak
increased as increasing the film thickness. The increase of diffraction intensity
suggests improvement of crystallinity of the films. To evaluate the degree of c-axis
orientation, the FWHM of 0002 m-rocking curve were compared in Fig. 7.1 (b). The
FWHM decreased as increasing the film thickness. Accordingly, the preferred
orientation in c-axis improved as the film thickness increases. We also estimated the
grain size by Williamson-Hall plot for in-plane XRD measurement and plotted in Fig.
7.1 (b). It can be seen that the grain size increased as increasing film thickness. The
details on structural properties of GZO thin films deposited on bare glass substrates

can be seen in chapter 6 and in reference [16].

For the GZO films deposited on ZnO templates, the relationship between the FWHM
of 0002 o-rocking curve and the grain size showed a little difference. The grain size
seems nearly determined by the total thickness of ZnO and GZO layers. The sample
S6 showed the largest grain size, this is due to the total thickness of this sample was
about 230 nm. The total thickness of S5 (~110 nm) and S3 (~100 nm) were
comparable, resulting in comparable grain size of about 30 nm. The S4 was totally ~
60 nm that nearly comparable with S2 (~ 50 nm). The grain size of these two samples
was ~ 23 nm. The S1 sample showed the smallest grain size of ~ 21 nm compared to

those of all other samples.
On the other hand, the FWHM of 0002 o-rocking curve was entirely narrower than

that of the GZO films on bare glass. For instance, the thickness of S4 was nearly
comparable with that of the S2, however, the FWHM of 0002 ®-rocking curve for the
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S4 was obviously smaller than that of the S2. This is because of higher degree of c-

axis orientation in the case of undoped ZnO templates deposited by the ion-plating.
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Fig 7.1 Out-of-plane 20-® scan of XRD measurement (a) and variation of FWHM
0002 m-rocking curve and grain size (b) for GZO films deposited on bare glass and
ZnO templates.
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7.3.2 Sensing characteristics

For the semiconductors, the bulk conductance of thin films can be defined as [17]:

C=N wd
= ‘ZML

where N is a bulk carrier concentration, u is the mobility of electron, and w, d, L are
width, film thickness and length, respectively. In the case of gas sensors, the
conductance would increase when carrier concentration or hall mobility increases by

reactions with hydrogen gas.

The definition of sensitivity can be calculated by [17]:

¢ _AG_AR_ (R, R,
Gy, R, \ R,

where G, and Ro are the conductance and resistance before expose to air and G, and
Rg are the conductance and resistance after the sample expose to hydrogen,
respectively. It should be mentioned here that the GZO layer dominantly contribute to
the conductivity measurements because of large difference in conductivity between
the highly doped GZO layer and the undoped ZnO template. The contribution of ZnO

layer on gas sensing measurements would be nearly negligible in this study.

Fig. 7.2 shows the sensing characteristic of hydrogen gas sensor based on GZO films.
Here, the time of H, gas introduction was settled to zero for each measurement. Fig.
7.2 (a) is the dynamic response for typical S1 sample. The resistance of sample before
exposed to hydrogen (R)) is about 5430 Q. The resistance decreased after exposed to
hydrogen gas (R,) to about 1038 Q. Then the change of resistance (R-R,) or AR was

about 4392 Q. The sensitivity was calculated by 2—R, and it was 4.23. The response
g

curves (Ry — R) /Ry of each samples are plotted in order to compare the tendency of
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sensing characteristics in Fig. 7.2 (b). It was found that the sample S1 showed the

highest sensitivity. Inset of Fig. 7.2 (a) shows introduction of H, gas.
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Fig. 7.2 The typical dynamic response base on change of resistance for 30 nm GZO

films deposited on a bare glass (a) and variation in sensitivity curve as a function of

time (b).
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Fig. 7.3 The dynamic response of S1, S2, S3, S4, S5, and Sé6.
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The dynamic response curves of other samples are plotted in Fig. 7.3, in order to
show the variation of practical values of Ry, Ry, and AR. The value of AR represented
the change of resistance before and after exposure to hydrogen gas. The sensitivity

value seems depends on not only AR but also the R,

7.3.3 Relationship between grain size and c-axis orientation to the sensitivity

Fig. 7.4 (a) shows the relationship between grain size with the gas sensitivity for
hydrogen. It can be seen that the highest sensitivity has been achieved on sample S1
which has the smallest grain size of ~21 nm. Interestingly, in the case of S4 sample,
even grain size (~23 nm) was smaller than that of S3 sample (~33 nm), but the
sensitivity was comparable. The S1 and S4 showed nearly comparable grain size of
~21 nm and ~23 nm, respectively, however, the sensitivity was largely different.
Based on this result, it seems that the grain size was not the main factor to determine
the sensitivity of GZO thin films. The Fig. 7.4 (b) shows the relationship between the
FWHM of o-rocking curve and the sensitivity. The sample S1 with the widest
FWHM value of 6.5-degree showed the highest sensitivity, whereas the narrowest
FWHM of S6 showed the lowest sensitivity. The sensitivity obviously increased with
increasing the FWHM of w-rocking curve. A sample S7 was additional sample of 30
nm-thick GZO films deposited on ZnO template using sapphire substrate [16]. This
sample showed very well oriented films due to characteristics of single crystalline
epitaxial layer. The FWHM for this sample was 1.06, and the grain size was ~ 82 nm.
Details on this sample has already shown in chapter 6. Another additional sample was
S8, which is 30 nm thick GZO films but using 3 wt% Ga,0O3 doped ZnO target
deposited on 30 nm thick ZnO template on glass substrate. The grain size and FWHM

of this sample were ~ 29 nm and 3.21 degree, respectively.
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Fig. 7.4 Effects of grain size (a) and the degree of c-axis orientation (b) to the
sensitivity of GZO films deposited on bare glass and ZnO template.

7.3.4 Sensing mechanism of hydrogen gas sensors
Since a long time ago researcher have discussed about possibility where is gas
sensing taking place [5, 18, 19]. In order to obtain knowledge about this issue on the

polycrystalline GZO films, we prepared an additional sample of 30 nm-thick GZO
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film using an epitaxial ZnO template grown on sapphire substrate (S7 in Fig. 7.4).
The film not only showed orientation in c-axis normal to the substrate, but also
showed well oriented a-axis in in-plane direction without rotational domains due to
epitaxial growth on single crystalline substrates. The hydrogen gas sensitivity was
0.04 widely smaller than others. Considering the fact that the sensitivity depending on
grain size and c-axis orientation, we consider here that the hydrogen gas sensing in
the GZO films deposited on glass substrate is taking place not only at surface but also
at grain boundaries. In the case of well oriented films like as S7, the reaction takes
place most probably only at the surface, while the reaction takes place at surface and

sensitive grain boundary in the case of poor c-axis orientation or high tilting of c-axis.

Surface roughness has been considered to be another factor to determine gas
sensitivity [20]. We characterized surface roughness of typical samples by atomic
force microscopy. The GZO films deposited on glass substrates showed very flat
surface and comparable roughness. The RMS roughness was 0.74 nm for 40 nm thick
film and 0.99 nm for 100 nm thick film, respectively. We cannot expect any influence

of surface roughness on the sensitivity in the present case.

The change of resistance will be governed by the occurrence of oxygen adsorption-
desorption that will lead to the change of gas sensitivity. Before the sample exposes
to the hydrogen gas, the sensitive layer will adsorb oxygen molecules in air. Then the
electron from conduction band will be captured by this oxygen change to oxygen ions.
Subsequently, the number of electrons in thin films will decrease that will lead to the
increasing of resistance. In the case of GZO films exposed to the air, the gas reaction

at operating temperature of sensing test can be express as follow:

0,(ads) + e~ » 0, (ads) + e~ = 207 (ads)

When the films expose to hydrogen gas, the molecules of hydrogen will diffuse to the

layer of GZO films resulting in the reaction between the molecules and the oxygen
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ions on films layer. The hydrogen molecule interacts with the adsorbed oxygens. The
results of reaction will release the electrons back to the conduction band resulting in
the decreasing of resistance. The reaction when the GZO films expose to the

hydrogen gas at operating temperature of 330 °C can be shown as follow:

H, + 0~ (ads) —» H,0(des) + e~

Next, let us discuss about the effects of grain size and c-axis orientation on the
sensitivity. According to the reference, when the grain size decreases, the number of
grains and the amount of grain boundaries would be increased [5]. Based on this, the
sensing area will increase with decreasing the grain size [5]. Accordingly, the amount
of oxygen adsorbates will increase [21]. The increase of sensing area or oxygen
adsorbates resulted in the enhancement of H; sensitivity [5]. Such the effect of grain
size seems observed in gradual increase of sensitivity with decreasing the grain size

for GZO films deposited on the ZnO template (S4, S5, and S6).

As shown in Fig. 7.4 (b) of previous section, the sensitivity of GZO films was
depending on the c-axis orientation. One of possible explanations for the effects of c-
axis orientation is increase of density of reaction sites with increasing the FWHM of
o rocking curve. When the c-axis shows highly tilting, it might lead to increase of
adsorption sites for oxygens like as dangling bonds of Zn at grain boundaries.
According to the molecular orbital theory, it has been known that ZnO involves the
four Zn dangling bonds (sp3 hybrids) and two electrons that will related to the
formation of oxygen vacancy (Vo) [22]. The higher density of adsorption sites at
grain boundaries similar to the Vo may result in the higher sensitivity. The adsorption
of some chemical species may have preference to be occurs on the corner and edge
sites or on their plane facet [23]. Such the effect also might be lead to higher
sensitivity of highly c-axis tilting GZO thin films.
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Another possible explanation is diffusivity of gas through grain boundaries. When the
samples have higher tilting of c-axis, the grain boundaries will be sparser than the
well oriented samples. In this case, the oxygen can diffuse into more deeply inside of
the GZO films thorough grain boundaries to form sensitive grain boundaries. When
the samples have comparable grain size, the area of grain boundaries is also
comparable, however, the density of adsorbed oxygens could be different depending
on the situation of c-axis orientations because of the higher density of adsorption sites

or the higher diffusivity of gas thorough grain boundaries.

Although the sensing mechanism of GZO films is still not yet clear at the present, it
seems that the degree of c-axis orientation plays an important role on the sensing of
hydrogen gas by highly Ga-doped ZnO polycrystalline thin films deposited by RF
magnetron sputtering on glass substrates. As shown in Fig. 7.5, in the case of well
oriented GZO thin films like as epitaxial layer on sapphire substrates, the sensing is
dominated at the surface. In the case of poor oriented GZO thin films, the grain

boundary is more sensitive resulting in the higher sensitivity of gas sensors.

Adsorbed
S0THe Hydrogen as
oxygen
— target gas
e
Grain

Reaction: surface & sensitive GB Reaction on surface

Fig. 7.5 Schematic picture of enhancement of hydrogen gas sensitivity in highly Ga-
doped ZnO thin films.

113



Finally, influence of Ga doping density in GZO films was preliminarily checked in
this study. Korotcenkov et al showed that there was influence of doping additive of
Ga to In,O3 [24]. It was also reported that doped ZnO lead to higher donor content of
Vo that can modify surface state resulting the enhancement of gas sensing [25, 26].
We prepared another additional sample (S8) of 30 nm thick-GZO film deposited on
ZnO template using 3wt% Ga,O3; doped ZnO ceramic target. This sample showed
grain size about 29 nm (FWHM of o rocking curve: 3.2 degree) that was comparable
with sample S5 with grain size about 30 nm (FWHM of o rocking curve: 2.6 degree).
These two samples showed really comparable sensitivity of about 0.8. We could not

see any dependence on doping density within the doping level studied here.

7.4 Chapter Conclusions

In summary, the sensitivity of highly Ga-doped ZnO thin films was mainly
determined by tilting of c-axis compared to grain size. The highest sensitivity as high
as 4.23 for concentration 0.25 % of H, gas at 330 °C was achieved by 30 nm thick-
GZO films deposited on bare glass which have the smallest grain size and the highly
tilting of c-axis. On the other hand, the sensitivity was as low as 1 to 1.5 for samples
which showed higher preferred c-axis orientation. These findings are important for

gas sensing devices base on highly Ga-doped ZnO thin films.
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8. Concluding Remarks

The studies reported in this thesis have investigated topics related to properties of
polycrystalline Ga-doped ZnO thin films as transparent conductive films, and to
hydrogen gas sensor using Ga-doped ZnO thin films as sensing materials. The
structural, electrical, optical, and transport properties of GZO thin films deposited by
RF magnetron sputtering have been investigated. The studies especially focus on the
influence of structural properties of polycrystalline GZO thin films like as grain size
and c-axis preferred orientation. In this thesis, such the structural properties have
been artificiality controlled using highly c-axis oriented ZnO based thin films called
as buffer layer, or seed layer, or template for growth of over layer, in order to discuss
the influence of the structural properties more clearly. Concerning the carrier
transport properties of polycrystalline GZO films, optical mobility, which is
evaluated by optical spectroscopy, has been positively employed as effective measure

to discuss charge carrier scattering mechanisms.

As the first topic, influences of microstructural properties and defects caused by ion
bombardment during film deposition by RF magnetron sputtering on electrical,
optical, and transport properties of polycrystalline GZO films have been separately
discussed. To separate the influences, control of microstructure and post-deposition
annealing has been employed in sequence. It was clearly observed that the
contribution of grain boundary scattering resulting in the lower Hall mobility
compared to the optical mobility reflecting in-grain electron mobility was caused by
the partially oriented domains like as (10-11) planes different from the main preferred
orientation of c-plane. It was clarified that the c-axis orientation reduces the
contribution of grain boundary scattering. The defects formed by ion bombardment
can be gradually annealed out with increasing substrate temperature. The reduction of
defects was resulting in improvement in-grain mobility and transparency of the films.
These findings suggest two important factors to be considered to improve
performance of GZO films deposited at RT, one is c-axis orientation in order to

reduce the grain boundary scattering and another one is elimination of defects caused
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by the ion bombardment during the deposition process. It should be emphasize that

such defects cannot be simply reduced only by controlling the microstructure.

For the practical application of GZO films as transparent electrodes, extremely thin
film with good electrical properties is required sometimes depending on the purpose.
The one of critical issue of ZnO based TCO is obvious thickness dependence of
electrical resistivity, that is, the resistivity strictly increased with decreasing the film
thickness. In order to overcome this issue, influence of crystallographic polarity has
been investigated in this thesis. It was found that polarity inversion plays an
important role to determine electrical properties of heavily doped GZO thin films
especially very thin thickness region. The growth as Zn polarity is quite important for

highly doped GZO thin films to realize fairly low resistivity.

As the second topic, the hydrogen gas sensors based on polycrystalline GZO thin
films have been investigated in this thesis with focused light on the effects of
structural properties on the sensitivity. The effects of c-axis orientation on the
sensitivity have been explored for the first time. It was found that not only grain size
but also c-axis orientation is important factors to influence the hydrogen gas

sensitivity of the heavily doped GZO films.

It is believed that these findings obtained through the studies in this thesis powerfully
contribute to develop any kinds of applications based on Ga-doped ZnO thin films.
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