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Chapter 1
General introduction

1.1 Flexible electronic devices using polymer substrates

The development of science and technology has led to the use of advanced electronic
devices in various fields of social life [1]. As typified by smartphones, we are now in an
advanced information society in which a great deal of information is aggregated through
the constant use of electronic devices by many people, and the optimum environment
using this information is provided [2-4]. Flexible devices are actively being developed
for further information and energy applications. Metal oxides, organic materials, carbon
nanotubes (CNTs), and two-dimensional (2D) materials such as graphene and transition
metal dichalcogenides (TMDs) are candidates for next-generation flexible device

materials after amorphous silicon [5-7]. The characteristics of each material are as follows,

Oxide semiconductors such as n-type ZnO and amorphous indium gallium zinc oxide
(IGZO) have wide bandgap and show high performance with mobility of more than
10 ecm?V~!s7!, a high on/off ratio and stability. however, an optimal p-type oxide
semiconductor has not yet been realized [8,9].

Organic semiconductors are attractive because of their flexibility, relatively low
process temperature, ease of deposition, and large area. Although remarkable progress
has been made in recent years, there were reports that the mobility exceeded 1
cm?V~ 157! but compared to amorphous silicon and oxide, improvement is still desired
in terms of performance [10,11].

CNTs are cylindrical materials with a two-dimensional, six-membered ring network
of carbon, and are excellent materials that provide excellent mechanical properties
and high mobility [12,13].

2D materials, especially TMDs, exhibit metallic, semi-metallic, semiconducting,
insulating, and superconducting based on their chemical composition and structural
configuration, resulting in unique electrical and optical properties such as strong
photoluminescence, high mobility, and on/off ratio. They also exhibit high resistance

to mechanical deformation and flexibility. [14,15].

Among flexible device materials, metal oxide semiconductors are most promising as
next-generation flexible device materials not only because of their high optical

transparency, electron mobility, and excellent mechanical properties, but also because of



their cost, processability, and scalability, which are not inferior to those of organic
materials [16-18].

Figure 1.1 shows typical flexible oxide electronics and their applications [19]. A variety
of electronic devices are expected to become flexible, including solar cells, displays, and
memory [20-23]. Sensors that grasp the movement of the shape are also fabricated via
flexible devises. Especially in the medical field, the use of detailed and constant
information will increasingly contribute to society. The development of wearable self-
powered devices and timely sensors that can be operated in environments that
conventional electronics cannot handle would be accelerated by the fabrication of flexible

devices [24,25].

o T

Figure 1.1 Typical flexible electronics and their applications [19].

Traditionally, inorganic material substrates such as silicon and glass have been
exclusively used for such electronic devices, with crystalline oxide thin films being
employed in terms of required characteristics and stability [26,27]. On the other hand,
flexibility is strongly dependent on the substrate for flexible devices [28]. Ultra-thin glass,
cleaved films of layered inorganic compounds such as a mica, metal foils, and polymer
films are considered flexible as substrates [29-31]. Glass and single-crystal oxide films
are able to be bent by making them ultra-thin and have advantage in term of the enough
qualities and thermal stability in production process, but they are brittle and expensive to
manufacture [32,33]. Metal foils have properties such as stability at relatively high

temperatures, flexibility, and gas barrier properties. However, metal does not transmit



light, which may limit its applications [34]. Polymers are promising substrates for flexible
devices because they are visible light transparent, lightweight, flexible, and robust [31,35].
They are also being actively used as an alternative to glass substrates. Therefore,
polymeric materials are often suitable as substrates for flexible devices [36-38]. On the
other hand, the variable surface roughness of the as-received polymer substrate before
surface treatment would result in not enough performance and irregular crystal growth

during thin film formation.



1.2 Surface modification of polymer substrates

Compared to ceramics and metal materials, polymer materials as electronic device
substrates have the advantages of flexibility and light weight, but they also present
stability issues [39-41]. In response, engineering polymers such as Polyimides (PI) and
cyclo-olefin polymers (COP) have been developed to improve mechanical strength and
chemical and heat resistance [42-44]. On the other hand, these highly stable polymer
materials are designed to have low reactivity with surrounding materials as well as the
surface, which is derived from van der Waals bonds between molecular chains [45,46].
Therefore, for device applications, it is necessary to impart different properties only to
the surface while maintaining the bulk properties [47-49].

Physical and chemical surface treatment are used to form new functions to polymer

materials shown in Figure 1.2 [50,51].

Physical modification Chemical modification
Morphological changing Functionalization Coating
[ J
o @
(]
o\c . 0§C,OH

Figure 1.2. Schematic diagram of physical and chemical modification onto polymer

surface.

Physical surface modification is a method of modifying a surface by changing its
morphology without changing its chemical composition and is performed with electron
beam and nanoimprint lithography techniques [52,53]. The formation of pattern at the
nano- and sub-nano-level not only has a structural impact on physical properties but can
also induce a specific ordered structure in the material, allowing for dominant crystal
growth [54-56]. From the viewpoint of crystal growth, the increase in specific surface
area due to substrate patterning increases surface free energy and nucleation sites. On the
other hand, a flat surface improves orientation by promoting uniform crystal growth [57].

Chemical surface modification is a method of modifying a surface by introducing
elements that differ from the original chemical composition. The chemical state of the
polymer surface is modified by forming functional groups on the polymer surface through

oxidation treatments such as solution, plasma, corona discharge, and ultraviolet



irradiation, or by coating the polymer surface with a film having a different function
through vapor deposition, casting, or plasma polymerization. [58-62]. They are often used
because they are more effective than physical modification. Many of them also involve
effects where the morphology of the surface is simultaneously modified [63,64].

Surface modification is also used to advance the crystal growth of oxide thin films on
polymer substrates. Table 1.1 shows the polymer substrate surface modifications that have
an effect on the crystal growth of ZnO thin films [65-74]. There are two main approaches
to modifying substrate surfaces: the first is to directly modify the morphology and
chemical state of the polymer substrate; the second is to coat the substrate surface with a
so-called buffer layer or seed layer. Direct modification of polymer substrates involves
the addition of polar functional groups to the surface of the polymer substrate to improve
adhesion and nucleation site of oxide thin film and the associated changing of the surface
morphology. Most of the reports use plasma treatment, which increases surface roughness
at the same time. Polymer surfaces with increased surface energy and surface area are
expected to improve the crystallinity or crystallite size of ZnO thin films. On the other
hand, few studies have attempted to control the nucleation and orientation of oxide thin
films by modifying only the surface morphology of the polymer substrate. In the
technique of coating on polymer substrates, weather-resistant oxide thin films such as
silica and alumina are mainly prepared. Oxides have a large surface free energy relative
to polymer materials and are expected not only to nucleate the target thin film and
improve adhesion, but also to serve as a protective layer against inter-diffusion and
plasma damage during thin film formation [72,73]. It has been reported that surface
modification with amorphous oxide buffer films improves the crystallinity of ZnO thin
films. In addition to that, when an oriented oxide films were prepared as a buffer, not only

the crystallinity but also the orientation of the ZnO thin film was controlled [74].



Table 1.1 Polymer substrate surface modifications that have an effect on the crystal
growth of ZnO thin films.

Treatment Changes to polymers Effects on films Ref.
Increase surface roughness .
Os plasma Crystallinity [65]
Decrease contact angle
O: plasma Increase surface roughness Crystallinity [66]
Increase surface roughness .
O plasma Mobility [67]
Decrease contact angle
O plasma Decrease contact angle Crystallinity [68]
Improvement of the crystallinity .
Ar plasma Crystallinity [69]
Increase the surface energy
Corona discharge Decrease contact angle - [70]
uv/ . .
Surface dipole modulation to electron o
Self-assembled . Crystallinity [71]
donating group
monolayers
AL Os buffer Formation of Al,O3 buffer layer Crystallinity [72]
SiOs buffer Formation of SiO> buffer Crystallinity [73]
2D nanosheet Introduction of buffer or seed layers Crystallinity
. . o [74]
coating such as single crystal sheets Orientation




1.3. Crystal growth of oxide thin films on polymer substrate

The growth modes of thin films are understood as the Frank-van der Merwe (FM) mode,
which is a layered two-dimensional growth, the Stranski-Krastanov (SK) mode, which is
an island-like three-dimensional growth after two-dimensional growth, and the Volmer-
Weber (VW) mode, which is an island-like three-dimensional growth from the beginning,
based on the relative surface energies before and after the growth [75,76]. That is, when
the surface free energy formed by the adatoms is larger than the original surface free
energy of the substrate, the growth proceeds as an island-like VW-mode.

On the other hand, it has been suggested that the structure of a sputtered film can be
understood in terms of the melting point and the temperature at which the thin film is
formed [77,78]. Growth on oxide substrates deposited at high temperatures results in the
growth of columnar grains over the full thickness of the growing thin film due to
migration and recrystallization of grain boundaries with high adatom mobility at the
surface, whereas polymer substrates have limited deposition temperatures, resulting in
low adatom mobility at the surface and the initial nuclei are likely to be a dense array of
tapered crystals or fibrous grains that have grown in the direction of the available
precursor and have begun to self-diffuse slightly [77].

Regarding the temperature dependence of nucleation density and crystal growth rate,
it is known that nucleation is more dominant at low temperatures. Since surface migration
is suppressed in growth near room temperature where the deposition temperature is
limited, it is expected that many crystal nuclei are generated on the substrate and the
crystal grain size becomes smaller. Thus, crystal growth of oxide thin films is not enough
on polymer substrates. Even in case of ITO thin film, which is promising as a transparent
conducting film, requires thermal treatment at approximately 200°C or higher for
sufficient crystallization to obtain low resistivity [79]. Figure 1.3 shows the Crystal
growth of oxide thin films grown on a polymer substrate [80,81]. Because of the limited
growth temperatures on polymer substrates, the thin films are often amorphous or
polycrystalline with small grain size and non-orientation, especially in the initial stages
[73,80].



Figure 1.3 Crystal growth of oxide thin films grown on a polymer substrate [80,81].

During the nucleation and crystal growth process of ZnO thin films, many studies have
reported that the ZnO thin films often grow in a self-oriented crystal growth. While these
phenomena have been attributed to several stochastic processes acting during the
nucleation and growth stages to dictate the final orientation of the ZnO thin film, the most
commonly used explanation for this is surface energy minimization [82]. This involves
the preferential nucleation on the substrate of initial nuclei with a particular
crystallographic orientation perpendicular to the substrate and a process whereby particles
with the fastest growth rate perpendicular to the substrate envelop other particles and
ultimately dominate the film [83]. Several studies have reported that dense nucleation
promotes grain growth along planes with the lowest surface energy and improves
crystallinity by growing equiaxed columnar grains from the interface [84]. The
crystallinity of the ZnO thin film on the polymer substrate also depends on the film
thickness [85]. In order to grow high-quality oxide thin films, it is necessary to improve
the crystallinity and orientation, especially at the nucleation and initial stage of crystal
growth.



1.4 Crystal growth of ZnO thin films on various substrates

Zinc oxide (ZnO) has a predominantly hexagonal wurtzite-type crystal structure as
shown in Figure 1.4 [86]. The lattice parameter is a= b= 0.32 nm and ¢ = 0.52 nm, with
Zn at the center and O around it in a tetrahedrally coordinated unit [87,88]. The upper and
lower planes are not equivalent, and there are Zn-face (+c) and O- (-c) face shown in
figure 1.4 [89].

Zn-face O-face
[0001] [0007]

Figure 1.4 Crystal structure and polar surface of wurtzite-type ZnO.

ZnO is a direct transition semiconductor with a band gap of about 3.37 eV. In ZnO, the
valence band (V.B.) consists mainly of oxygen 2p orbitals and the conduction (C.B.) band
consists mainly of Zn 4s orbitals [90]. Intercalation Zn and oxygen defects are mainly
donor defects, which are considered to be donors that provide electrons to the conduction
band due to their low ionization energy. It also has a high exciton binding energy of about
60 meV [91,92]. These characteristics make it an attractive material for many applications,
especially thin-film transistors, transparent conducting films, ultraviolet light devices

such as lasers and LEDs, and piezoelectric devices as shown in Figure 1.5 [93-96].
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Figure 1.5 Various applications using ZnO thin films [93-96].



Crystalline ZnO thin films have been reported to have been prepared by various
deposition techniques such as sputtering, chemical vapor deposition, solution method,
and molecular beam epitaxy [97-102]. In particular, ZnO thin films prepared in a vacuum
atmosphere are n-type semiconductors with a degenerate carrier density in the range of
102°-10%! ¢cm ™ due to donors and impurity dopants such as Al and Ga resulting from
oxygen depletion [103,104]. Table 1.2 shows previously reported crystal growth and
electrical properties of pure, and impurity doped ZnO films ZnO thin films prepared by
various techniques [105-121]. ZnO thin films have been prepared on substrates of many
materials, including polymer substrates as well as oxide substrates, because of their
excellent properties and relatively easy formation of crystalline layers. High quality ZnO
thin films were prepared by epitaxial growth on single crystal substrates such as sapphire,
and regardless of the method, the rocking curve was obtained less than 0.1 degree. The
impurity doped ZnO films had carrier concentrations above 102! and mobility about 40,
resulting in resistivity in the 107 range. These were quite excellent values for an oxide
transparent conducting film, and demonstrated to be comparable to ITO thin films. The
growth on ZnO thin films was c-axis orientation even on amorphous glass substrates,
resulting in highly crystalline and oriented ZnO thin films were fabricated at particularly
high temperatures.

However, compared to epitaxially grown ZnO thin films, the orientation of self-
oriented ZnO thin films was lower. The crystallinity was also lower for the as well.
Nevertheless, a carrier concentration of about 1.54 x 10?!, a mobility of 47.6, and a
resistivity in the 107> range were achieved for the Al-doped ZnO thin film, indicating that
ZnO thin films on glass substrates have good potential as transparent conducting films.

Although crystal growth of ZnO thin films on polymer substrates is limited by
deposition temperature, it has been reported that ZnO thin films on polymer substrates
were also crystallized and showed oriented growth, similar to films on glass substrates.
Nevertheless, their quality was still somewhat unsatisfactory compared to that on oxide
substrates. There are few studies on degree of c-axis orientation of ZnO thin films on
amorphous substrates, the results of XRD rocking-curves suggest that orientation growth
is disrupted in crystal growth. The FWHM value in 26/0-scans also increased 3-times,
was suggesting that only a third of the crystallite size was achieved in terms of estimation
of by Scherrer's formula [122]. Usually, although electrical properties are often estimated
the carrier transport in parallel to the film surface and crystallite size is estimated in
perpendicular to the film surface, it is thought that the crystallite size estimated in the
direction perpendicular to the film surface is correlated with the crystallite size in the

direction parallel to the film surface, resulting that the crystallite size and Hall mobility

10



are closely related [103]. Thus, ZnO thin films fabricated on polymer substrates show a
decrease in mobility, probably due to grain boundary scattering caused by crystallinity
degradation. The lowest range of reported resistivity is 2-3 x 1074, which is high compared
to films on single crystal and oxide glass substrates, which are grown at high temperatures.
Fabrication of ZnO thin films with crystalline growth on polymer substrates at the same
level as on oxide substrates leads to further development of flexible devices. Thus, it is
necessary to develop deposition techniques that improve the crystallinity and orientation

of ZnO films on polymer substrates at low temperatures.
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Table 1.2 shows the results of XRD measurement and electrical properties of ZnO

thin films prepared on various substrates.

. . Carrier i
. Rocking-curve 20/6 Resistivity . Mobility
Method Film Substrate FWHM [] FWHM [‘] [Qcm] c0ncentf3at10n [cm?V-ls 1] Ref.
[em™]
rf-magnetron ;o ALO, 0.078 ; ; ; ; [105]
sputtering
CVD ZnO YSZ 0.0367 - - - 20-25 [106]
PLD ZnO a-ALO; 0.042 0.011 - - 74 [107]
PLD GZO a-ALO; - - 51x107°  2.8x10% 41.9 [108]
PLD AZO/GZO a-AlLO; - - 84x107°  1.6x10* 45 [109]
PLD ZnO Glass 1.23 0.110 - - - [110]
rf-magnetron Glass - 0.23 0.5 1.7%10% 10 [111]
sputtering
rf-magnetron Glass 40 0346  10°-101 ; ; [112]
sputtering
CVD ZnO Glass - 0.205 - 2x10" 68 [113]
PLD AZO Glass - 0.344 8.54x107°  1.54x10%! 47.6 [114]
Pulsed-DC 75 Glass - - 17x104  1.2x10 40 [115]
sputtering
Ion-plating GZO Glass - 0.16 2.1x107 1.1x10%! 27.6 [116]
CVD ZnO PI - 0.339 - - - [117]
CAPD ZnO PI - 0.343 6.68x1073  1.32x10% 11.24 [118]
PLD ZnO Cop - 0.38 1.5%10? - - [119]
Nanosheet 4.92 5
PLD ZnO PEN 2079 - 3x10 - - [74]
rf;gﬁ:gggn GZO PES - 03797  23x10*  3.39x10?! 797 [120]
PLD AZO PES - - 2.349x107* - 17.18 [67]
Ion-plating GZO COP - 0.37 5.9x107* - - [121]

Scattering mechanisms in degenerate semiconductors such as tin-doped indium oxide
(ITO) and impurity-doped ZnO films have been investigated to realize transparent
conducting films with low resistivity [123]. In ZnO thin films with carrier concentrations
on the order of 10%°-10?! ¢m™3, Hall mobility is thought to be dominated primarily by

ionized impurity scattering [103]. Minami et al. report that the relationship between Hall

12



mobility and carrier concentration experimental results for ZnO films with carrier
concentrations on the order of 10!°-102!¢cm™ prepared using various deposition methods
can be explained by combining Brooks-Herring-Dingle (B-H-D) theory and mobility
dominated by ionized impurity scattering modified by considering conduction band
degeneracy and nonparabolicity, and mobility dominated by grain boundary scattering
given by Seto [124,125]. It is also known that in polycrystalline ZnO films, the Hall
mobility is strongly affected by the crystallinity of the films. An understanding of these

scattering mechanisms is necessary for the preparation of low-resistivity ZnO thin films.
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1.5 Objective of this study

The combination of polymer substrates and oxide thin films is expected to be applied
to flexible and wearable devices because of the electrical and optical properties based on
the crystal structure of oxides and the light weight and flexibility of polymer substrates.
In particular, ZnO thin films are promising materials in many fields because of their
electrical and optical properties.

In general, crystal-oriented growth is important for to formation devices using oxide
semiconductors including ZnO thin films, to control the physical properties, and they
have been fabricated at high temperature on single-crystal or oxide glass substrates. Low-
temperature nucleation and growth orientation control techniques are required to realize
such highly crystalline and oriented thin films on polymer substrates with low thermal
stability that exhibit glass transition at relatively low temperatures. The use of surface-
modified polymer substrates and oxide buffer layers have been investigated in this regard,
but not much is known about the effect of the surface morphology and chemical state of
the polymer substrate surface on the crystal growth of ZnO thin films. There are also few
studies on the effect of surface modification on mosaicity of crystal growth and properties,
especially on modified polymer substrates surfaces.

The object of this Dr thesis study is to clarify the effect of physical and chemical surface
modification of polymer substrates on the crystal growth of ZnO thin films on polymer
substrates, which affects the crystallinity and orientation, and to verify the surface
modifying conditions for the preparation of highly crystalline and oriented ZnO thin films
to achieve high electrical and optical properties. The control of crystal growth of ZnO
thin films grown by room temperature pulsed laser deposition using morphological and
chemical surface pretreatment as a modification of polymer surfaces was investigated. In
addition, crystal growth of ZnO thin films on polymer substrates pretreated with a
combination of physical and chemical surface modification techniques was clarified, and
methods for fabricating high-quality ZnO thin films on composite surface-modified
polymer substrates were discussed.

This thesis consists of seven chapters, including a general introduction and individual

chapters.

In Chapter 1, the background and objective of this thesis were described in the general
introduction. In particular, materials for flexible devices, the effect of surface
modification of polymer substrates, crystal growth of oxide thin films on polymer

substrates, and previous studies of ZnO thin films on various substrates are mentioned.

14



In Chapter 2, the basic surface modification and thin film deposition and analysis
techniques used in this study are presented.

In Chapter 3, the crystal growth, and properties of ZnO thin films on ultra-flat polymer
substrate surfaces with atomic-step pattern prepared by thermal nanoimprinting were
discussed.

In Chapter 4, the surface morphology and chemical state of polymer substrates were
modified by vacuum ultraviolet light irradiation, and the crystal growth and properties of
ZnO thin films on those substrates were discussed.

In Chapter 5, the growth, and properties of ZnO thin films on oxide buffer layers with
various crystal structures and crystallinity were investigated.

In Chapter 6, the crystal growth and properties of ZnO thin films grown on surface
modified COP substrates with a combination of physical and chemical surface
modification was investigated. The combination of surface modification techniques was
performed by thermal nanoimprinting and oxide buffer insertion. Impurity-doped ZnO
thin films on surface modified polymer substrates were also investigated for the
producing highly conductive ZnO thin films using these techniques.

In Chapter 7, general conclusions, and a summary of the results obtained in this study

are mentioned.
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Chapter 2
Experiment

2.1. Sample preparation
2.1.1. Thermal nanoimprint

The nanoimprint method is a technique to transcribe the surface shape of a material
used as a mold to a glass material such as a polymer, as in stamping [1]. Once a mold is
made, the shape can be transcribed to a large area at once [2]. In addition, being able to
use it repeatedly is economical [3]. Figure 2.1 shows schematics of the thermal
nanoimprinting process. First, the mold and substrate are placed, and then the mold is
heated to a temperature above the glass transition temperature of to lower the viscosity of
substrate, which is then pressed to transcribe the mold shape to the substrate. The mold is
then cooled, and the pressure is removed to release the mold. This simple process can be

used to modify the surface shape.

Setting

M Heating * Press

Figure 2.1 Schematic of the thermal nanoimprint process

Cooling - Release

Thermal nanoimprinting on thermoplastics is generally performed at temperatures
about 40°C above T, and under conditions of several to several hundred MPa [4]. In this
experiment, thermal nanoimprinting was performed using a nanoimprint system (X300,
SCIVAX corp.). Double side polished glassy carbon sheets which are high specific heat
property to avoid thermal shock and aluminum foil to enhance adhesion were inserted

between the sample and the heating/pressure stage.
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Figure 2.2 Appearance of the nanoimprinting system and the sample setup for this
experiment.

An atomic step structure of a single crystal of inorganic material ordered at sub-
nanometer height surface was employed as the molds [5,6]. The atomic step shape of the
surface of a single-crystal substrate is obtained by the misalignment between the crystal
orientation of the substrate and the substrate surface miscut. The rearrangement of atoms
in such a way as to decrease the surface free energy creates a step-terrace shape [7]. The
width of the terrace W is determined from the angle 0 between the substrate orientation
and the miscut surface and the step height h, which is determined by the crystallography

of the substrate material is determined by the following equation.

H=W-tanf

The step height is specific to each crystallographic surface of the material, and the
terrace width can be arbitrarily changed by changing the angle of the miscut. It is possible
to impart atomic step to single-crystal substrates by using acid etching or heat treatment
as a method to induce self-assembly [8,9]. Even in materials that exhibit cleavage with
low interlayer binding energy, an atomic step can be obtained by displacing the cleavage
angle from the cleaved crystalline plane [10,11].
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2.1.2. Vacuum ultraviolet (VUV) light irradiation

Surface modification and treatment using light such as lasers and lamps are very widely
used [12,13]. Surface modification of polymer materials is also performed using light
irradiation at various wavelengths. Among them, ultraviolet (UV) light, which has a short
wavelength and large photon energy, is expected to have a greater surface modification
effect because it corresponds to the binding energy of the polymer material [14]. Excimer
light sources are used as UV light sources for surface modification because of their
intensity and convenience [15]. Excimer, in which excited atoms combine to form
molecules, decomposes in a short-lived manner, emitting photons corresponding to the
excitation energy. The wavelength varies depending on the discharge gas, but in particular,
those by Xe gas have a wavelength of 172 nm [15]. This corresponds to what is called
“Vacuum Ultraviolet (VUV) light”, since light under 200 nm is absorbed especially in the
atmosphere. At this wavelength, not only does it have a large photon energy, but also
when irradiated with excimer light in the atmosphere, absorption of oxygen and following

reactions was occurred [16].
0, + hv — OCP) + O('D)

The dissociated oxygen atoms then generate oxygen radicals and ozone through the

following reactions.
0, + O(CP) — O;

From the above, it must be noted that when VUV light is used in air, the actual intensity
of the light up to the sample surface is reduced due to absorption of oxygen in the air and
the generation of ozone and oxygen-active species that are generated. Figure 2.3 shows
an attenuation curve for a wavelength of 172 nm calculated from the absorption
coefficient of oxygen versus wavelength and the partial pressure of oxygen in the
atmosphere [17]. It is estimated that the exponential decrease in irradiation intensity and

the generation of ozone and other substances increase with irradiation distance.
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Figure 2.3 Attenuation curve of light at 172 nm in air calculated from the absorption
coefficient and partial pressure of oxygen.

Among VUV light sources using excimer, surface modification using excimer lamps
has been attracting attention in recent years. Compared to conventional modification
methods using laser or plasma treatment, excimer lamps enable surface modification by
uniformly and continuously irradiating a large area under mild conditions [15]. In addition,
compared to the conventionally used low-mercury lamps, excimer lamps have higher
photon energy and can generate monochromatic light. For excimer lamp light sources,
radio frequency (RF) discharge of flat lamps was adopted to ensure uniform, flicker-free,
and stable irradiation of large areas (FLAT EXCIMER EX-mini, Hamamatsu Photonics
K.K., Japan). A schematic diagram of the excimer lamp used in this study is shown in
Figure 2.4. Samples were located by adjusting the stage position from the lamp surface.
Irradiation atmospheres are available in air and inert gas substituted, as well as a vacuum
chamber in which the sample is sealed. Air in the equipment is always exhausted except
when it is replaced by an inert gas.

Ozon decomposition unit
I

Distance between

////
lamp substrates

H / —~
Excimer / S

lamp |
Vent
Sample Q‘ E
JackZ :
/ L )
q

Figure 2.4 Schematic diagram of the excimer lamp used in this experiment.
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2.1.3. Pulsed Laser Deposition (PLD)

While chemical vapor deposition (CVD) is a thin film deposition method that utilizes
chemical reactions, physical vapor deposition (PVD) is a thin film deposition method in
which the target material is evaporated to form a thin film with its original composition.
PVD methods include vacuum evaporation, which forms a thin film by evaporating a
target material in a vacuum chamber by heating, laser, or electron beam and depositing it
on an opposing substrate [ 18-20], and sputtering, which uses the phenomenon that atoms
or molecules constituting a solid are released into space when accelerated particles strike
a solid surface [21]. In this study, the pulsed laser deposition (PLD) method was employed
as a thin film deposition technique on polymer substrates. The PLD method uses laser
light as the evaporation source of solid target materials. The target materials are ablated
into electronic, photochemical, and thermal energy are ablated on the solid surface when
irradiated with laser light above a threshold value, and neutral atoms, molecules, positive
and negative ions, radicals, clusters, electrons, and photons are emitted, which fly in and
form a thin film on the opposing substrate [22]. KrF excimer at a wavelength of 248 nm
was used in this experiment. This wavelength corresponds to a relatively large photon
energy of about 5 eV, which is suitable for the formation of wide bandgap oxide materials
including ZnO. The PLD method, which can obtain relatively high-energy precursors
without intentionally heating the substrate, makes it possible to form highly crystalline
thin films at low temperature [23]. In PVD methods such as sputtering, the substrate
temperature usually rises considerably without actually heating it intentionally [24]. In
contrast, the increase in substrate temperature during thin film formation by the PLD
method, as measured by thermocouples, is limited to a rise of only a few degrees [25]. A

schematic of the PLD system used in this study is shown in Figure 2.5.

KrF excimer laser

— '”"|577 — / & Focus
olymer A4 lens
RHEED |  substiale . " pheep
e-gun [\ | :
] I\/// - 2 screen
o2 gas \\y»(

target

| |

Figure 2.5 Schematic diagram of PLD system in this experiment.
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The KrF excimer laser light (A=248 nm, pulse width ~20 ns) was focused onto the
target surface through a synthetic quartz window. The energy value to be introduced was
adjusted at front of the introduction window. The base pressure in the chamber was set to
an ultrahigh vacuum of about 7x10 Pa by a turbo molecular pump, and oxygen gas was
introduced through a nozzle. RHEED electron gun and a fluorescent screen were installed,

and the sample after deposition was observed while being held in vacuum.
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2.2. Analysis and Characterization
2.2.1. Atomic Force Microscope (AFM)

Atomic force microscopy (AFM) is classified as a scanning probe microscope (SPM),
which is a method of scanning a sample surface using a probe [26]. The signal is based
on the interaction between the tip and the sample, i.e., the interatomic force and the
resulting leverage deflection. The deformation of the cantilever due to the atomic force is
determined by detecting the position of the change in the reflection direction of the laser
light emitted from the back of the cantilever using a photodiode and is output as a change
in the distance from the sample surface. Because it uses atomic forces, it is also suitable
for observing the surface topography of insulating materials. To avoid the influence of
the cohesive force between the cantilever and the sample, there is a tapping method in
which the cantilever is vibrated near its resonance frequency and the interaction is
detected as a change in its vibration characteristics. This is expected to be applied to the

measurement of soft or soft samples.[27]
2.2.2. Contact angle measurement

The contact angle method is generally used to evaluate the surface energy of solids.
The contact angle is the angle between the solid surface and the tangent line drawn to the
droplet at the intersection of the solid surface and the droplet surface on the solid as shown

in Figure 2.6.

YL
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Figure 2.6 Schematic diagram of Contact angle between solid surface and liquid.

The relationship between the contact angle on the solid is as follows [28],
yS =St +yLcosd
where y* is the liquid, y° is the solid, and y°t corresponds to the surface free energy
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(surface tension) of the liquid/solid.

5L is the surface energy per unit area, a scalar quantity with units [Jem2], which can
be balanced by the surface tension and has the same dimension as the surface free energy
with units [Nm™!]. Wettability is defined by the magnitude of the contact angle 6. The
smaller @ is, the better the wettability (hydrophilic), and the larger @ is, the worse the
wettability (hydrophobic) [29]. In this experiment, 2 puL of liquid was dropped and the
contact angle was estimated by the 6/2 method [30]. Surface free energy can also be
classified by the same mechanism as intermolecular forces [31]. The components of
surface free energy y are classified into dispersive components y¢ and y" based on

hydrogen bonding and dipole-dipole interactions by the Owens-Wendt formula [32].
y=y'+"
From the above equation, the surface free energy of the film can be determined by

finding the respective contact angles at two liquid and solid surfaces with known surface

free energies.
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2.2.3. Reflection High Energy Electron Diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) is a method of examining the
crystal structure and surface topography of a sample from the diffraction pattern of
accelerated electron beams incident on the sample surface at a small angle and diffracted
by a crystal lattice and projected onto a fluorescent plate [33]. Diffraction is obtained by
the wave nature of the electrons, and its wavelength is expressed by the acceleration

voltage as follows,

In this study, the accelerating voltage was set to 25 kV, which corresponds to a
wavelength of about 0.076 A. Grazing incident angles allow the electron beam to
penetrate only a few atomic layers from the sample surface, making the near-surface
structure sensitive. However, due to the effect of the Laue function for finite sample sizes
when the surface consists of out-of-phase domains smaller than the coherence length of
the electron beam, the width of the reciprocal rod becomes wider, and the intersection of
the Ewald sphere and the reciprocal rod is a large ellipse. The RHEED pattern projects a
long, narrow diffraction spot (streak) [34].

2.2.4. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a method for identifying crystal structures using the
diffraction phenomenon that occurs when X-rays with wavelengths close to the lattice
spacing are incident on a sample. When the lattice spacing is d, the path difference of X-

rays scattered between the lattice planes is given by the following Bragg's equation [35]
2dsing =ni

When the path difference is an integer multiple of the incident X-ray wavelength 4, the
phases match and show a high intensity ratio. € is the Bragg angle, and 26 (the angle
between the incident and diffracted X-ray directions) is the diffraction angle. X-ray
diffraction profiles can be obtained by incident x-rays of known wavelength 1 on a
material and measuring the diffraction angle 26 and its diffraction intensity. The intensity

and width of the peaks depend on the strain of the constituent crystal lattice and the degree
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of crystallization, revealing the crystal structure of the sample. In this study, the
characterization of crystal planes and the evaluation of crystallinity were employed by
XRD system with Bragg-Brentano optics (RINT-2100V, Rigaku Corp.) and parallel beam
optics (Smart lab, Rigaku Corp.).

XRD measurements were also used to assess the degree of orientation of the samples.
Although the degree of orientation may indicate the degree to which a particular crystal
plane has grown in alignment, the degree of orientation in an oriented thin film is
generally considered to represent the degree of dispersion of a particular crystal
orientation. Rocking-curve measurement is a method of evaluating the degree of
dispersion by measuring the change in diffraction intensity as the sample is rocked with
respect to a certain diffraction plane of the thin film [36]. It is also used to evaluate the
in-plane orientation of a sample by scanning it extensively in the direction of crystal
rotation, and to identify the symmetry of a crystal plane and epitaxial growth. In this study,
the orientation of the thin films was evaluated by XRD measurements with a two-
dimensional (2D) detector (Pilatus, Rigaku Corp,). The 2D-detector is a device that has
the ability to simultaneously acquire intensities in two-dimensional space and analyze
them as two-dimensional diffraction data, while the scintillation counter measures only
the intensities [37]. A schematic diagram of the intensity acquisition in reciprocal lattice
space using the rectangular 2D-detector used in this experiment is shown in Figure 2.7.
Since the obtained data are spatially separated, the intensity distribution corresponding to
the intersection of the Ewald sphere and the reciprocal lattice point of the scattering vector
O = k, — ki, which satisfies Laue's condition, is recorded for each incidence angle [38].
The two-dimensional spatial arrangement of the diffracted X-ray intensities shows the
spread of the lattice width and arrangement at a glance, i.e., the crystallinity and

orientation can be evaluated at once.

Ewald space 9q:

Figure 2.7 Schematic diagram of reciprocal space mapping using a two-dimensional
detector.

31



2.2.5. Scanning Electron Microscope (SEM) and Transmission Electron
Microscope (TEM)

Electron microscopy is a technique for observing microscopic features by irradiating
electrons with wavelengths much shorter than those of visible light [39]. Electron
microscopes are classified into transmission electron microscope (TEM) and scanning
electron microscope (SEM) based on differences in principle [40]. TEM is a technique to
obtain a transmission image of a sample by irradiating the sample with electrons
accelerated by high voltage and magnifying the transmitted electron image. The principle
of TEM image magnification is that the interference image of electrons transmitted
through the sample is magnified and observed, the same way that the lens of an optical
microscope magnifies the image. Therefore, the transmitted electrons are magnified and
observed by forming an image with a magnetic field lens [41]. Although the sample to be
observed must be very thin, it can be observed on the order of an atomic level, making it
possible to evaluate arrangement of atoms. The samples were thinned by a focused ion
beam and observed by a TEM (JEM-2100F, JEOL Ltd., Japan) with an acceleration
voltage of 200 kV in this study.

SEM is a technique to obtain an image by detecting secondary electrons emitted from
the sample surface while irradiating and scanning a sample with electrons (electron beam)
focused by an objective lens [42]. FE-SEM is equipped with a field emission electron gun
that can narrow down the electron beam to obtain an image with higher resolution [43].
SEM is widely used for its relatively simple observation of the morphology of the
observed sample surface. The sample was cooled and solidified in liquid nitrogen and
ruptured by bending, or cut with a blade to form a cross-section, and the surface was
observed by FE-SEM (REGULUS 8230, Hitachi High-Tech Corp.).
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2.2.6. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an analytical technique to obtain
information on the elements that make up a material and their chemical states by
measuring the kinetic energy spectrum of photoelectrons emitted when electrons in
atomic orbitals absorb photon energy when a sample is irradiated with light such as soft

X-rays. Electrons have the following kinetic energies (Ex) [44].
Ec=hv—-E,—¢

where hv is the electron energy of the incident electron, Ey is the binding energy of the
atoms in orbit, and ¢, is the work function of the spectrometer. The binding energy can
be thought of as the energy difference between the initial and final states of a
photoelectron. Since each element has an inherent binding energy, elements can be
identified from their spectra, and the chemical shift in the binding energy of an element
identifies its chemical state [45]. In this experiment, measurements were performed with
an XPS analysis instrument (Kratos Ultra 2, shimadzu Co.) using monochromatized AlKa
(1486.6 eV) soft X-ray.

2.2.7. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Secondary ion mass spectrometry (SIMS) is a method for elemental analysis by mass
separation of secondary ions generated by the sputtering phenomenon that occurs when a
solid surface is irradiated with primary ions according to the mass-to-charge ratio [46].

Time-of-flight mass spectrometers are separated using the fact that the time it takes for
secondary ions to reach the detector varies with mass [47]. The use of a time-of-flight
analyzer allows for excellent mass resolution and sensitivity and depth profiling
capabilities with good resolution [48]. All elements including hydrogen can be measured
[49]. The samples in this experiment were analyzed for depth composition using a ToF-
SIMS system (TOF-SIMS 5-100-AD, ION-TOF GmbH).
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2.2.8. Ultraviolet-visible spectroscopy (UV-vis)

Ultraviolet-visible spectroscopy (UV-vis) is a method of optical evaluation based on
optical absorption spectra by measuring the transmission of UV and visible light
irradiated on a sample. When a material is irradiated with ultraviolet or visible light, it
exhibits absorption specific to the material associated with the transition from the ground
state to the excited state [50]. The following Bouguer-Beer law holds for this absorption
and the incident light (/,) and transmitted light (/), absorption coefficient («), and film
thickness (7) [S1].

I =Iye™

In this study, optical transmittance was carried out in the wavelength range 190-900 nm
by UV/vis (JASCO V-550, deuterium/halogen lamp). The system was employed with a
double-beam system, in which the light emitted is divided into two beams by a beam

splitter and irradiated to the sample and reference shown in Fig. 2.8.

Reference

Mirror
—
Detector Beam
splitters
—
Sample Mirror

Figure 2.8 Schematic diagram of UV-visible spectrometer with double-beam line.

Transmittance was measured by dividing the light flux into two fluxes while correcting

for the drift that occurs during measurement using the following equation.

Sample <100

X 100 — Reference X 100

Baseline Bascline o

Reference

Sample

%T =

The double-beam method provides stable measurements with little drift over long periods
of time. SEM is widely used for its relatively simple observation of the morphology of
the observed sample surface.
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2.2.9 Electrical resistivity measurement

Electrical resistance is one of the most important indicators in the application of
electronic materials. Various methods are used to measure electrical resistance [52].

Figure 2.9 shows a typical resistance measurement technique.

oy MO N -

Figure 2.9 Schematics of the resistivity measurement employed in this experiment:

(a) 4-terminal method, (b) in-line 4-probe method, (c¢) square 4-probe method, (d)

van der Pauw method.

The 2-terminal method is the simplest measurement method, but it is not appropriate
for low-resistance samples because it includes contact resistance. Therefore, in the 4-
terminal method shown in Fig. 2.9 (a), current flows through the outer electrode and the
potential difference are measured via the inner electrode. This method is suitable for low-
resistance and accurate resistance measurements because it eliminates the effect of

contact resistance with the sample.

where [ is the current, V is the potential difference, 7 is the width of electrode, and L is
the distance between each electrode.

Among the 4-terminal methods, the 4-point probe method shown in Fig. 2.9 (b) and
(c), is a simple technic for measuring the resistance of a sample. This method is applicable
when the distance between probes is small enough for the sample size. The resistivity of
a sample measured for a probe arrangement and two-dimensional sample is given by the

following equation [53].

pline 1n2 ]
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2mV

P 2T

where / is the current and V' is the potential difference.

In contrast, the van der Pauw method shown in Fig. 2.9 (d) of measuring resistivity
does not limit the sample shape. However, the electrodes must be located on the corner
of the sample, they must be small enough for the sample size, ohmic contact must be
obtained, and the sample thickness must be uniform, and the sample surface must have a
single connection and no isolated holes [54]. As shown in Figure 2.9 (d), the resistance
of an arbitrarily shaped sample is given by the following equation from the resistance
between each electrode [52-54].

_m RAB,CD+RBC,DA] RaB,cD
P~ 2 2

RBC,DA

2.2.10. Hall effect measurement

Hall effect measurement has been an important method for characterization of
semiconductors since it was reported by Edwin Hall in 1879, including identification of
charge carriers [55]. Hall effect measurements utilize the phenomenon generated by the
Lorentz force, in which the application of a magnetic field perpendicular to the current
flowing through a sample produces an electric field in the direction perpendicular to the
current and the magnetic field. The following relationship is shown between resistivity p,

carrier density n, and carrier mobility u [56,57].

When a perpendicular magnetic field B is applied, the charge carriers in motion are
deflected by the Lorentz force. This deflection of charge carriers due to Lorentz force is
compensated by the electric field generated by the redistribution of charge carriers. At
steady state, the transverse current is zero and a Hall voltage is measured between
opposite sides of the sample [56]. This Hall voltage is as shown in the following equation
[56,57].
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RyIB
VH = d

And the Hall coefficient is as follows [56,57]

R _yd 1
" 1B _qn

q 1is the carrier charge (holes > 0, electrons < 0). Therefore, if the Hall coefficient is
negative, it is an n-type semiconductor or if positive, a p-type semiconductor.

In this study, the electrical properties of the samples were evaluated at RT in air under
a magnetic field of 0.4 T using a van der Pauw-type Hall effect measurement system
(HEMS-MD-S-30, Seinan Industry Co., Japan). Hall resistance was measured by
reversing the direction of the magnetic field and current, respectively.
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Chapter 3
Crystal growth and properties of ZnO thin films on
nanoimprinted polymer substrates

3.1 Introduction

Oxide thin films, which are high quality are generally prepared by epitaxy technics on
single crystal substrates or by high temperature growth on oxide glass substrates [1,2].
However, forming flexible devices on polymer substrates requires deposition techniques
that consider glass transition at low temperatures and thermal expansion differences [3].
Among the oxide thin films, ZnO thin films are relatively easy to crystal grow even on
amorphous substrates at low temperature [4,5]. However, their properties remain lower
than those on single crystal or oxide glass substrates [6]. In order to reduce grain boundary
scattering and control of oxygen defects from the viewpoint of TFT and TCO applications,
the formation of highly oriented and crystalline thin films contributes to the improvement
of their properties. As for the effect of substrate surface roughness on the crystal growth
of ZnO thin films, a flatter surface may contribute to better orientation of the ZnO thin
film, and a larger specific surface area may lead to more ZnO nucleation sites [7,8].
Polymer substrates exhibit larger surface roughness than polished commercial oxide
substrates. However, until now, there have not been many reports on the effect of surface
roughness of polymer substrates on the crystal growth of ZnO thin films. The effect of
polymer substrates with improved surface roughness from the inherent surface roughness
derived from the manufacturing process on the crystal growth of ZnO thin films is also
not clear. In this study, crystal growth and properties of ZnO thin films on polymer
substrates with improved surface roughness by thermal nanoimprinting was investigated

to prepare highly oriented ZnO thin films on polymer substrates.
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3.2 Experiment

Prior to deposition of the thin film, the polymer substrates were carried out thermal
nanoimprint using a-Al,Os (sapphire) (1012) wafer molds with atomic steps. The stepped
sapphire molds were obtained via thermal annealing commercial mirror-polished
sapphire wafers at 1000 °C for 3 h in air [9]. Cyclo-olefin polymer (COP) sheets (10 mm
x 10 mm, 188 um thick, ZF16-188, Zeon Corp.,) were used as polymer substrate in this
experiment. The atomic step and terrace pattern of the sapphire molds were transcribed
onto the as-received COP sheets using a thermal nanoimprinting system (X-300S,
SCIVAX Corp.) at 180 °C for 5 min under 2.0 MPa pressure in vacuum purged four times
with Ar (99.9999%) gas of 3 x 103 Pa. A glassy carbon susceptor (Tokai Carbon Co.,
Ltd.) with a low thermal conductivity was used to prevent rapid temperature changes [10].
In addition, an aluminum foil was inserted to improve the adhesion between the susceptor
and the sample. The thermal nanoimprinting procedure consisted of pressurizing to 2.0
MPa at room temperature, raising and holding the temperature, cooling to room
temperature, and finally removing the pressure [11].

The ZnO thin films were deposited on the untreated and nanoimprinted COP substrates
via PLD using KrF excimer laser (A = 248 nm, laser fluence = 1.2 J cm?) with a sintered
ZnO target (99.99%) at RT without intentionally heating. The O gas pressure was fixed
at 1.0 x 107 Pa, and target-substrate distance was located at 5 c¢cm. The surface
morphology of the samples was observed by atomic force microscopy (AFM;
Nanocute/Nanonavi, Hitachi High-Tech Science Corp.) operated in the contact mode.
The crystal structure of the thin films was characterized by X-ray diffraction (XRD;
RINT-2100V, Rigaku Corp.) and reflection high energy electron diffraction (RHEED;
Pascal Corp.). The orientation of ZnO thin films was evaluated by reciprocal space
mapping (RSM) using point focused Cuka x-rays on an XRD system (Smart Lab, Rigaku)
equipped with a two-dimensional detector (PILATUS 100 K/R, Rigaku). The progress of
crystal growth of ZnO thin films was also observed by field emission scanning electron
microscopy ((FE-SEM; REGULUS 8230, Hitachi High-Tech Corp.) of liquid nitrogen
cooled and fractured samples. The optical transmittance of ZnO thin film on the COP
sheet was measured using a UV/vis spectrophotometer (V-550, JASCO Corp.). The
electrical properties of the samples were evaluated at RT in air under a magnetic field of
0.4 T using a van der Pauw-type Hall effect measurement system (HEMS-MD-S-30,
Seinan Industry Co., Japan).
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3.3 Results and Discussion

Figure 3.1 shows AFM image of sapphire mold with the atomic step and terrace pattern
and cross-sectional profile of the location indicated by white line. A regularly arranged
atomic step pattern was observed at approximately 500 nm intervals on the surface of the
sapphire substrate used as the mold for nanoimprinting. The cross-sectional profile
showed the formation of an atomic step pattern with a height of approximately 0.3 nm

and an ultra-flat terrace structure on sapphire surface [9].
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Figure 3.1 AFM images of sapphire mold with the atomic steps and cross-sectional
profiles of the locations indicated by white lines.

Figure 3.2 shows AFM images of (a) untreated and (b) nanoimprinted COP substrate.
The untreated COP substrate exhibited random irregularities, while the nanoimprinted
COP substrate was observed to have a flat surface with the same atomic step pattern as
the sapphire mold shown in Figure 3.1. The cross-sectional profile was also showed that
an atomic step pattern with a height of about 0.3 nm and an ultra-flat terrace structure
were formed on the COP substrate surface. The root-means-square (RMS) roughness was

0.8 nm for the untreated COP substrate but was reduced to about 0.2 nm for the

nanoimprinted COP substrate.
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Figure 3.2 AFM images of (a) untreated and (b) nanoimprinted COP substrate and
cross-sectional profiles of the locations indicated by white lines.
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Figure 3.3 shows AFM images of ZnO thin films grown on (a) untreated and (b)
atomic-step-pattern-transcribed (stepped) COP substrates. The surface morphology of the
ZnO thin films reflected the topography of the COP substrate. The ZnO thin film grown
on stepped COP substrate had a flat surface with a slightly visible atomic-step pattern of
the COP substrate, while the ZnO thin film on the untreated substrate had an irregular
surface reflecting the unevenness of the substrate. The RMS roughness was 3.0 nm for
the untreated COP substrate, but was greatly reduced to about 0.6 nm for the
nanoimprinted COP substrate. It has been found that the growth of ZnO on Si substrates
is nearly perpendicular to the local plane direction of the substrate and clearly changes
from a perpendicular arrangement to a flower-like morphology with increasing substrate
surface roughness [10]. The original rough surface morphology of the polymer substrate
may have induced crystal growth of the ZnO thin film in random directions, increasing
the surface roughness.

On the other hand, we attempted to observe the initial crystal growth of ZnO thin films
on the polymer substrates by taking advantage of the ultra-flatness of the stepped COP

substrate, but the nuclei generated at RT were small in size and difficult to identify.

(a) (b)

29 nm

Figure 3.3 AFM images of ZnO thin films grown on (a) untreated and (b) stepped
COP substrate.

The crystal structure ZnO thin films on substrates with different surface morphologies
was characterized via XRD measurements and RHEED observations. Figure 3.4 shows
the XRD 26/0 profiles of ZnO thin films grown on untreated and stepped COP substrates.
The inset shows the respective RHEED patterns. The XRD profiles show that the ZnO
thin films on both COP substrates have only a peak attributed to ZnO (0002) at about
34.0°, indicating oriented growth with a c-axis of about 0.53 nm. This is slightly larger
than the stoichiometric bulk ZnO value, was suggested that the unit lattice has expanded

due to the inclusion of oxygen vacancies and interstitial zinc [12]. The full width half
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maximum (FWHM) value of the ZnO 0002 peak was estimated to be 0.69° for the ZnO
thin film on the untreated COP substrate and 0.65° for the that on the stepped COP
substrate. The FWHM value was decreased by about 6%, indicating that the crystallinity
of the ZnO thin film on the stepped COP substrate was slightly improved. On the other
hand, as seen in the RHEED image of the ZnO thin film grown on the stepped COP
substrate, a slight streaky pattern was observed, but that of the ZnO thin film grown on
the untreated COP substrate was only a ring pattern characteristic of randomly oriented
polycrystalline films. Thus, the RHEED results indicate that the ZnO thin film grown on

the stepped COP substrate had improved c-axis orientation.

FWHM: 0.65°
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Figure 3.4 XRD 20/0 profiles and RHEED patterns (inset) of ZnO thin films grown
on untreated and stepped COP substrates.

Reciprocal space mapping by XRD measurement using 2D-detector was performed to
investigate of the detailed crystal growth and orientation of c-axis oriented grown ZnO
thin films on COP substrates. Figure 3.5 shows the reciprocal space maps (RSMs) of ZnO
thin films grown on untreated and stepped COP substrates. The same as the result of 26/0-
scan from Figure 3.4, only the peak attributed to ZnO 0002 was observed in both ZnO
thin films. This also indicated that the ZnO thin films were grown in a roughly aligned c-
axis orientation on the COP substrate. Considering the broadly large 0002 diffraction
spread of the RSMs in evaluating the degree of orientation of c-axis oriented ZnO thin

films on amorphous substrates, the commonly used # or w axis rocking-curve
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measurement would not show the entire diffraction of ZnO 0002 from an XRD system
arrangement perspective. One-dimensional profiles of the rocking-curves were obtained
from each ZnO 0002 diffraction in the y direction corresponding to the arc-like
broadening on the RSMs to evaluate the orientation of the ZnO films on the COP substrate.
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Figure 3.5 Reciprocal space maps of ZnO thin films grown on (a) untreated and (b)
stepped COP substrates.

Figure 3.6 shows the y-rocking curve results for ZnO thin films grown on untreated
and stepped COP substrates. The rocking-curves extracted shows that contrasting peaks
were obtained. The FWHM value was 17.9° for the ZnO thin film on the untreated COP
substrate and 14.5° on the stepped COP substrate. Flattening the surface of the COP

substrate would have improved the orientation of the ZnO thin film by about 20%.
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Figure 3.6 XRD rocking-curves of ZnO 0002 diffraction for the films on untreated
and stepped COP substrate.

The entire ZnO 0002 diffraction spread in two-dimensional reciprocal lattice space in
RSMs was converted to a 26/ profile to investigate the crystallization of ZnO thin films.
The range of integrated x was approximately £24° from the center of the peak. Figure 3.7
shows 20/w profiles of ZnO thin films grown on the untreated and the stepped COP
substrates. The results of general XRD 26/0 measurements in Figure 3.4 show that the
integrated intensities of ZnO thin films grown on untreated and stepped COP substrates
differ by about 20%, but the difference in the broad peak intensities obtained from the
RSM was only about 5%. This suggested that the crystal growth of ZnO thin films on a
flat COP substrate aligns the growth direction rather than influencing the degree of

crystallization.
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Figure 3.7 XRD 20/® profiles of ZnO thin films grown on the untreated and the
stepped COP substrates (the range of integrated y was +£24°).
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The influence of the surface morphology of the COP substrate on the crystal growth
process of ZnO thin films was evaluated via cross-sectional observation of FE-SEM.
SEM observation samples were immersed in liquid nitrogen to cool and reduce toughness,
and the sample was broken by bending as it was, and the cross section was obtained.
Figure 3.8 shows cross-sectional FE-SEM images of ZnO thin films grown on untreated
and stepped COP substrates. The ZnO thin films on both COP substrates showed
columnar growth, which was consistent with previous reports of c-axis oriented growth
[13,14]. The ZnO thin film grown on the untreated COP substrate was found to grow in
a slightly scattered orientation relative to the vertical of the substrate. The generation of
domains in the film thickness direction was also confirmed. On the other hand, the growth
of ZnO thin films on the stepped COP substrate was clearly aligned perpendicular to the
substrate from the initial stage. The FE-SEM observations indicated that the crystal
growth of ZnO thin films on COP substrates proceeds perpendicular to the topography of
the COP substrate surface. Flatten surface of the COP substrate promotes vertically

oriented growth of ZnO thin films and improves orientation was suggested.
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Figure 3.8 Cross-sectional FE-SEM images of ZnO thin films grown on (a) untreated
and (b) stepped COP substrates.

Optical properties were characterized by UV/vis transmittance measurements. Figure
3.9 shows the transmittance of ZnO thin films on untreated and stepped COP substrates
and the tauc plot results calculated near the band edge. Transmittance in the visible light
range on both substrates was approximately 80% or higher. It was slightly higher for the
ZnO thin film on the stepped COP substrate. The optical band gap of the ZnO thin films
on both substrates was estimated to be about 3.3 eV from the Tauc plots. The ZnO thin
film on the stepped COP substrate has slightly higher transmittance in the visible light

transmission range, but the estimated optical band gap is almost the same value of that on
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untreated COP substrate. This might be due to the fact that the orientation of the ZnO thin

film was slightly improved, but the crystallinity was not so much improved, as shown in
Figures 3.4 and 3.6.

100 6
ZnO/stepped COP

__ 90 & 5 ZnO/untreated COP
X ZnO/stepped COP g
9 80 — ZnO/untreated COP N% 4
Q —
£ 70 S 34
g X
§ 60 — =2
= >

50 @ 1 —

40 ! | ! | ! 0 | | - | | |

300 500 700 900 28 30 32 34 36 38 40
Wavelength [nm] Photon energy [eV]

Figure 3.9 Transmittance of ZnO thin films on untreated and stepped COP
substrates and the tauc plot results calculated near the band edge.

Table 3.1 shows electric properties of the ZnO thin films grown on the untreated and
stepped COP substrates estimated from the van der Pauw-type Hall effect measurements
at RT. The resistivity of ZnO thin film grown on the stepped COP substrate was reduced
the about 4% from that on the untreated COP substrate. The slight improvement in
resistivity was attributed to the increase in carrier concentration. The improvement of
orientation of the ZnO thin film might have led to an increased the carrier concentration
in the ZnO thin film, as shown in the results in Figure 3.6 where the change in orientation
was large relative to the change in crystallinity. The oxygen defects and Zn intercalation
act as donors in undoped ZnO films, may have been responsible for the carrier increase
[15]. The improved orientation may have reduced the amount of oxygen adsorbed at grain
boundaries and surfaces [16]. The slight decrease in Hall mobility might include the effect
of ion scattering due to increased carrier concentration. However, further investigation is

needed to clarify.
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Table 3.1 Electric properties of the ZnO thin films grown on the untreated and
stepped COP substrates estimated from the van der Pauw-type Hall effect

measurements at RT.

| Resistivity Hall mobility Carrier
Film sample ]l concentration
(Qcm) (cm*V7's™) 3

(cm™)

ZnO thin film on 3 20
untreated COP 2.86x10 14.0 1.55%10

ZnO thin film on 3 20
stepped COP 2.75%10 12.8 1.78x10

50



3.4 Summary

The crystal growth of ZnO thin films on polymer substrates with improved surface
morphology was investigated. The ZnO thin films were grown by PLD at RT on a
polymer substrate with an ultra-flat surface on which an atomic step pattern of
approximately 0.3 nm height was transcribed by thermal nanoimprinting. The surface
morphology of the ZnO thin film on the nanoimprinted polymer substrate was flat with
an RMS roughness of 0.6 nm on a 3 um square. XRD and RHEED analysis revealed that
ZnO0 thin film grown on stepped COP substrates was (0001) oriented growth, with a slight
crystallinity improvement and a clear orientation improvement. The growth of ZnO thin
films on COP substrates was suggested c-axis oriented growth perpendicular to the
substrate surface direction via RSM of XRD, and FE-SEM observation. A slight
improvement in visible light transmittance and a decrease in resistivity of the ZnO thin

film grown on stepped COP substrate was obtained.
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Chapter 4

Crystal growth and properties of ZnO thin films on polymer
substrates surface-treated with vacuum UV light irradiation

4.1 Introduction

Formation of flexible devices on polymer substrates requires techniques to improve
crystal growth, considering glass transition at low temperatures and thermal expansion
differences [1]. Chemical modifications are generally selected because they are highly
effective relative to physical modifications [2]. A typical example is the use of oxygen
plasma treatment to form oxygen-containing functional groups to the polymer substrate
surface in an attempt to increase the surface free energy of the substrate and induce
nucleation sites for ZnO thin films [3-5]. On the other hand, such chemical surface
modification is accompanied by surface morphological changes, and plasma treatment
also has the effect of increasing surface roughness. Although the increase in substrate
surface roughness is an advantage in terms of increased nucleation sites and adhesion, it
is a negative factor in the oriented growth of ZnO thin films. It is also desirable to have a
flat surface because surface roughness can lead to a decrease in performance and
reliability during device formation [6].

As a surface modification technique, vacuum ultraviolet (VUV) light irradiation has
the advantage of being gentle and highly effective in imparting polar functional groups to
the surface in contrast to these chemical treatments [7]. Therefore, irradiation is expected
to increase the surface free energy without increasing the roughness of the polymer
surface [8]. Crystal growth of ZnO thin films on a flat and active polymer substrate
surface is expected to improve orientation and crystallinity. In this study, the effect of
VUYV light irradiation for surface modification of polymer substrate surface on the crystal

growth and properties of ZnO thin films was investigated.
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4.2 Experiment

Cyclo-olefin polymer (COP) sheets (10 x 10 mm?, 188 um thick, ZF16-188, Zeon,
Japan) were pretreated via VUV light irradiation with an Xe>* excimer lamp light source
(wavelength: 172 nm, irradiation intensity: 65 mW/cm?, FLAT EXCIMER EX-mini,
Hamamatsu Photonics, Japan) as a surface modification for the polymer substrate. Since
VUV light attenuates during irradiation due to the absorption of oxygen gas in air, the
light intensity on the sample surface was calculated from the oxygen partial pressure in
the air and the absorption coefficient [9]. As a result, it was confirmed that the light
intensity decreased to about 50% of the initial value. The excited oxygen species such as
ozone and oxygen radicals in the atmosphere would be also generated around the sample
during VUV light irradiation [10].

Subsequently, the ZnO thin films were deposited on the untreated and VUV light
pretreated COP substrates by pulsed laser deposition (PLD) using KrF excimer laser (A =
248 nm, laser fluence = 1.2 Jem2) with a sintered ZnO target (99.99%) at room
temperature (RT) without intentionally heating. The O, gas pressure was fixed at 1.0 x
1073 Pa. The target-substrate distance was located at 5 cm.

The surface morphology of the samples was observed by atomic force microscopy
(AFM; Nanocute/Nanonavi, Hitachi High-Tech Science Corp.) operated in the contact
mode. The chemical state of the COP substrate surface was determined by determining
the contact angle by the 6/2 method using a drop method with approximately 2 uL of
liquid. The crystal structure of the thin films was characterized by X-ray diffraction
(XRD; RINT-2100V, Rigaku Corp.) and reflection high energy electron diffraction
(RHEED; Pascal Corp.). The orientation of ZnO thin films was evaluated by reciprocal
space mapping (RSM) using point focused Cuka x-rays on an XRD system (Smart Lab,
Rigaku) equipped with a two-dimensional detector (PILATUS 100 K/R, Rigaku). The
initial growth of ZnO thin films was also observed by cross-sectional transmission
electron microscope (TEM, JEM-2100F, JEOL Ltd., Japan) at 200 kV. The polarity of
the ZnO films was determined by X-ray photoelectron spectrometer (XPS; AXIS Supra,
Shimadzu corp.). The compositional state of the ZnO thin films and COP substrates was
analyzed by a time-of-flight secondary ion mass spectrometer (TOF-SIMS) system (TOF-
SIMS 5-100-AD, ION-TOF GmbH). The optical transmittance was measured using an
ultraviolet-visible (UV/vis) spectrophotometer equipped with double-beam optics. (V-
550, JASCO Corp., Japan). The electrical properties of the samples were evaluated at RT
in air under a magnetic field of 0.4 T using a van der Pauw-type Hall effect measurement
system (HEMS-MD-S-30, Seinan Industry Co., Japan).
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4.3 Results and Discussion

Figure 4.1 shows (a) AFM images (3 x 3 um?) and (b) surface roughness profiles of
untreated and VUV light irradiated COP substrates for 60 s, 300 s, and 600 s. The
untreated COP substrate surface showed random unevenness, but the COP substrates
irradiated with VUV light irradiation for more than 60 seconds showed flat surfaces as
surface irregularities disappeared. This is thought to be due to dry etching caused by
oxidation reactions such as ozone generated [11]. The root means square (RMS)
roughness of the untreated COP substrate was 0.8 nm, which was reduced to
approximately 0.2 nm by VUV light irradiation. The RMS roughness was decreased
exposure up to 300 s of VUV-light irradiation, but increased slightly over 300 s of VUV-
light irradiation. This was suggested that the COP substrate surface was degraded due to

degradation into low molecular weight fragment caused by excessive irradiation [12].
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Figure 4.1 (a) AFM images and (b) surface roughness profiles of untreated and VUV
light irradiated COP substrates for 60 s, 300 s, and 600 s.

Figure 4.2 shows the water contact angle between the untreated COP substrate and 60,
300, and 600 s of VUV light irradiation respectively. The untreated COP substrate surface
showed a hydrophobic surface of more than 90 degrees, but the COP substrate irradiated
with VUV light for more than 60 seconds reduced the contact angle to approximately 20

degrees.

55



Water contact angle [deg]

20 —
20 Y °
T T T 1
0 300 600
VUV irradiation time [sec]

Figure 4.2 Water contact angle of untreated and VUV light irradiated COP
substrates for 60 s, 300 s, and 600 s.

The contact angles to water and ethylene glycol were measured for the untreated COP
substrate and the COP substrate irradiated with VUV light for 2 seconds, and the surface
free energy was calculated based on Owens-Wendt theory [13].

Table 4.1. Surface free energy of COP substrate calculated by Owens—Wendt theory

from contact angle.

Surface free energy (mJm™2)

COP substrate - -
Dispersion Polar Total
Untreated 14 3 17
VUV light irradiated for 2 sec 12 43 55

Table 4.1 shows the surface free energy of the untreated COP substrate and the 2-s-
VUV light-irradiated COP substrate calculated based on Owens-Wendt theory. The VUV
light irradiation increased the surface free energy, which was attributed to the increase in
polar components of COP surface. Based on previous reports, it was considered that polar
functional groups such as hydroxy and carboxyl groups were formed on the COP substrate
surface by VUV light irradiation.
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Figure 4.3 shows AFM surface images (3 x 3 pum?) and the surface RMS roughness of
the ZnO thin films grown on the untreated and VUV-light-pretreated COP substrates. The
surface RMS roughness was found to decrease from about 3.0 nm for the film grown on
the untreated substrate to about 0.6 nm for the film grown on the VUV-light-pretreated
substrate, suggesting reflection of the decreased surface roughness for the VUV-light-

pretreated COP substrate surfaces as shown in Figure 4.1.
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Figure 4.3 AFM images of ZnO thin films grown on untreated and VUV light
pretreated COP substrates for 60 s, 300 s, and 600 s.

Figure 4.4 shows the XRD and RHEED (inset) patterns of the ZnO thin films grown
on the untreated and VUV light pretreated COP substrates. The peaks attributed to ZnO
(100) and ZnO (002) were observed at about 31.6° and 34.0°, respectively, on the
untreated COP substrate. Polycrystalline randomly oriented ZnO thin films were grown
on untreated COP substrates, as seen in the peaks attributed to multiple crystal planes of
ZnO. This randomly orientation was also confirmed via the ring pattern in RHEED of the
ZnO thin film on the untreated COP substrate.

On the other hand, the ZnO (100) peaks were not present in the ZnO thin films grown
on the COP substrate pretreated with VUV-light for 60 to 600 s, and the only ZnO (002)
peaks were observed. Furthermore, the RHEED patterns of the ZnO thin films grown on
the VUV light pretreated COP substrates were seen to be not ring pattern but slightly
streaky spot pattern. The c-axis oriented growth of the ZnO thin films was obtained on
the VUV light pretreated COP substrates from XRD and RHEED measurement. The
improvement in the crystallinity of the ZnO thin films grown on the VUV light pretreated
COP substrates was thought to be caused in part by the smoothness of the surface of the
VUV light pretreated COP substrates as shown in Fig. 4.1. The comparatively rough
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surface of the untreated COP substrate may induce inhomogeneous nucleation and
polycrystalline growth of the ZnO thin film However, the smooth surface on the VUV
light pretreated COP substrates may contribute to the homogeneous nucleation of the ZnO
thin films and thus promote the c-axis orientated growth [14].

The XRD integrated intensity of the ZnO (002) peak was found to increase with
increasing with VUV-light pretreatment time. The XRD intensity of ZnO (002) peak on
the film grown on the 300-s-VUV-pretreated COP substrate was approximately twice that
of the sample grown on the untreated substrate, and its full width at half maximum
(FWHM) value decreased from 0.9° to 0.6°. These XRD results indicate that the VUV-
light pretreatment onto the COP substrates leads to a significant improvement of
crystallinity of the ZnO thin films as well as an enhancement of c-axis oriented growth.

The crystallite sizes estimated from the Scherrer's equation were 9 nm and 15 nm on
the ZnO thin film on the untreated COP substrate and on the 300-s-VUV-light-pretreated
COP substrate, respectively [15]. A decrease in integrated intensity and a slight increase
in FWHM value were confirmed on ZnO thin film on COP substrates pretreated for longer
than 300 s. This behavior was similar to that reported previously for O» plasma
pretreatment and would be due to degradation of the COP substrate surface into low

molecular weight fragments caused by excessive surface pretreatment [4,5].
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Figure 4.4 XRD 20/0 profiles and RHEED patterns (inset) of ZnO thin film grown
on the untreated and the VUV-light-pretreated COP substrate.
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Reciprocal space mapping with an XRD 2D-detector was performed to investigate the
orientation of c-axis oriented ZnO thin films grown on VUV light-pretreated COP
substrates. Figure 4.5 shows the reciprocal space maps (RSMs) of ZnO thin films grown
on (a) untreated and (b) 300-s-VUV-light-pretreated COP substrates. Only the ZnO 002
diffraction was observed in ZnO thin films on both substrates. The not present of the peak
attributed to ZnO (100) identified in Figure 4.4 may be due to differences in irradiation
area of x-ray and optical system. The contrast of ZnO 002 diffraction of the ZnO thin film
on the VUV-light-pretreated COP substrate was clearly strong and the dispersion is
small.This was indicated the improved crystallinity and orientation.
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Figure 4.5 Reciprocal space maps of ZnO thin films on (a) untreated and (b) 300-s-
VUV-light-pretereated COP substrates.

The y-rocking curve of the ZnO thin film was introduced from the ZnO 0002 diffraction
of the RSMs to evaluate the orientation of the film on the COP substrate. Figure 4.5 shows
the y-rocking curve results for ZnO thin films grown on untreated COP substrates and
300-s-VUV-light-pretreated COP substrates. The FWHM values were 17.9° for the ZnO
thin film on the untreated COP substrate and 12.3° on the 300-s-VUV-light-pretreated
COP substrate. The orientation of ZnO thin film grown on VUV-light- pretreated COP
substrate was improved by about 32%. Considering that the reduction of the rocking curve
FWHM of the ZnO thin film on the COP substrate with only the surface flatness improved
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in Chapter 3 was about 20%, it was suggested that the VUV light pretreatment improved
the orientation by about 12% by improving the crystallinity of the ZnO thin films.

ZnO / 300-s-VUV-light-pretreated COP
ZnO / Untreated COP

Normalized intensity [arb. unit]

X [degree]

Figure 4.6 XRD rocking curves of ZnO 0002 diffraction for the films on untreated
and 300-s-VUV-light-pretereated COP substrates.

Figure 4.7 shows a cross-sectional transmission electron microscope (TEM) images of
Zn0 thin films grown on (a) untreated COP substrate and (b) 300-s-VUV-light-pretreated
COP substrate and a selected area electron diffraction (SAED) image (area with a radius
of'about 200 nm from the film center) in the inset. The electron diffraction spots attributed
to ZnO (002) seen in the SAED images of ZnO thin films on both COP substrates of inset
of Figure 4.7 indicated c-axis oriented growth of the ZnO thin film perpendicular to the
COP substrate surface. This was consistent with the results of the RSMs measured by
XRD. The ZnO thin film on the VUV-light-pretreated COP substrate was adhered to COP
substrate during thinning with a focused ion beam, whereas the film on the untreated COP
substrate was occurred peeling. This was presumably related to possible physicochemical
bonds between the oxygen-containing polar functional groups and the ZnO crystal nuclei
formed on the surface of the COP substrate pretreated with VUV light in air [16].
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Figure 4.7 Cross-sectional TEM images of ZnO thin films grown on (a) untreated
COP and (b) 300-s-VUV-light-pretreated COP substrates, inset shows a selected
area electron diffraction (SAED) images (area with a radius of about 200 nm from
the film center).

Figure 4.8 shows a high magnification cross sectional TEM image of a ZnO thin films
grown on an untreated COP substrate and 300-s-VUV-light-pretreated COP substrate.
Note that the film on the untreated COP substrate could not be thinned to the same degree
as the sample of VUV-light-pretreated COP substrate due to low bonding. A regular
lattice image attributed to ZnO (0001) was observed extending in the out-of-plane
direction from near the interface of the COP substrate. This indicated that the ZnO thin
film was grown with crystallized growth from the initial growth stage at RT. The lattice
images of ZnO thin film grown on the VUV-light-pretreated COP substrate was clearly
aligned, suggesting that the surface modification improved the crystal growth of the ZnO
thin film from the initial growth stage.

Figure 4.8 High magnification cross-sectional TEM images of ZnO thin films grown
on untreated COP and 300-s-VUV-light-pretreated COP substrates.
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The polar growth of ZnO thin films grown in the c-axis orientation was evaluated.
Figure 4.9 shows X-ray Photoelectron Spectroscopy (XPS) spectra of around the valence
band of ZnO thin films grown on untreated COP and 300-s-VUV-light-pretreated COP
substrates [17-19]. The polarity of the wurtzite type including ZnO, was determined by
XPS analysis of the subpeaks near the valence band. Each XPS profile was fitted with a
Gaussian function. The subpeaks appearing around 4.5 eV and 7.3 eV are thought to
correspond to the Zn-face: (0001) and O-face: (0001), respectively. The polarity of the
samples was often determined by simply comparing the intensities of these two peaks but
was also complemented by comparing the areas determined by Gaussian fitting [17-19].
The subpeak around 4.5 eV was more intense and had a larger fitted area. The results
indicated that under the growth conditions of this study, the Zn-face; (0001) was the
dominant of growth orientation of ZnO thin films, regardless of the surface modification
of the COP substrate.
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Figure 4.9 XPS spectra of around the valence band of ZnO thin films on untreated
COP and 300-s-VUV-light-pretreated COP substrates.

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) depth analysis was
performed to analyze the chemical state of ZnO thin films and COP substrates. Figure 4.9
shows the TOF-SIMS sputtering time profile for cations and anions, respectively, of ZnO
thin films grown on untreated and VUV-light-pretreated COP substrates. Figure 4.10
shows the ToF-SIMS sputtering time profile for cations and anions, respectively, of ZnO
thin films grown on untreated and 300-s-VUV-light-pretreated COP substrates. No
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interdiffusion layers were confirmed between the ZnO thin films and the COP substrates
for either ion on both substrates. Although there was no difference in the chemical states
of the two ZnO films, the O -counts in substrate side were clearly higher on the VUV-
light-pretreated COP substrate, suggesting that oxygen-containing functional groups were
formed due to VUV light irradiation in air. The counts remained higher than those of
untreated COP substrates even at sputtering times longer than 150 seconds, suggesting
that the oxygen-containing layer was formed to some depth [20]. This suggested that the
introduction of polar functional groups near the surface of the COP substrate by VUV-
light surface modification had an effect on the crystal growth of the ZnO thin film.
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Figure 4.10 ToF-SIMS sputter time profiles of (a) cations and (b) anions of ZnO thin
films grown on untreated COP substrates and (c) cations and (d) anions of ZnO thin
films on 300-s-VUV-light-pretreated COP substrate.
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Optical properties were characterized by UV/vis transmittance measurements. Figure
4.11 shows the optical transmittance spectra and the Tauc plot obtained from around the
absorption edge of the ZnO thin films grown on the untreated and 300-s-VUV-light-
pretreated COP substrate. The transmittance in the visible light region is about 70%—-80 %
at 400 nm and about 90% at 700 nm for the films on both substrates. Both optical
bandgaps of the ZnO thin films were estimated to be about 3.3 eV, which was close to
the previously reported values [21,22], although the bandgap of the ZnO thin film on the
300-s-VUV-light-pretreated substrate seems to be slightly larger. This would be related
to the improved crystallinity of the ZnO thin film grown on the VUV-light-pretreated
COP substrate compared with that grown on the untreated COP substrate in Figure 4.4.
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Figure 4.11 The optical transmittance spectra and the Tauc plot obtained from
around the absorption edge of the ZnO thin films grown on the untreated and 300-
s-VUV-light-pretreated COP substrate.

Table 4.2 shows electric properties of the ZnO thin films grown on the untreated and
300-s-VUV-light-pretreated COP substrates estimated from the van der Pauw-type Hall
effect measurements at RT in air. The ZnO thin film grown on the 300-s-VUV-light-
pretreated COP substrate has the about 40% reduced resistivity, about 60 % increased
Hall mobility, and about 8 % increased carrier concentration compared to the ZnO thin
film on untreated COP substrate. So that, the present decrease in resistivity is thought to
be primarily caused by an increase in the Hall mobility, which could be induced by an
increase in the crystallinity of the ZnO thin film grown on the VUV-light-pretreated COP
substrate, that is, about 67% increase in the estimated crystallite size of ZnO thin film on
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the 300-s-VUV-light-pretreated COP substrate, which leading to the decreased grain-
boundary scattering of electron carriers, as mentioned above in the section of Fig. 4.3[23].
Thus, VUV-light pretreatment of the COP substrate resulted in the improved ZnO film

crystallization with the larger crystallite size, leading to an increase of Hall mobility.

Table 4.2 Electric properties of the ZnO thin films grown on the untreated and 300-
s-VUV-light-pretreated COP substrates estimated from the van der Pauw-type Hall
effect measurements at RT.

. Resistivity Hall mobility Carrier
Film sample ]l concentration
(Qcm) (cm“V's™) 3
(cm™)
ZnO thin film on 3 20
untreated COP 3.87x10 7.54 2.14x10
ZnO thin film on
300-s-VU V-light- 2.27x1073 11.86 2.32x10%
pretreated COP
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4.4 Summary

In this study, the effect of VUV-light irradiation onto the COP substrate for surface
modification of polymer substrate on the crystal growth of the ZnO thin films via PLD at
RT. The VUV-light irradiation in air modified the COP substrate surface hydrophilic and
smooth. The ZnO thin films grown on the VUV-light-pretreated COP substrates exhibited
an enhanced (0001) orientation growth and crystallinity improvement, as well as
atomically sharp interface between the film and the substrate, from XRD, RHEED and
TEM analyses. The electrical resistivity of the ZnO thin film grown on the VUV-light-
pretreated COP substrate was estimated at RT from van der Pauw-type Hall effect
measurements to be 2.3 x 1072 Qcm, this value is 40% smaller than that of the films grown
on the untreated substrates, which might be related to the improvement of crystallinity of
the film grown on the pretreated COP substrates, as well as the associated increase in Hall
mobility of the sample.
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Chapter 5

Effect of insertion of oxide buffer layer onto polymer substrates
on crystal growth and properties of ZnO thin films

5.1 Introduction

Amorphous oxide buffer layers were introduced as buffers to improve adhesion to the
polymer substrate and prevent inter-diffusion, when forming crystal oxide thin films on
polymer substrates [1,2]. On the other hand, there are not many reports on the effect of
the formation of such oxide buffer layers on the crystal growth of oxide thin films. In
general, oxides have higher surface free energies than polymer materials, which may
affect thin film growth during the nucleation process [3]. Although ZnO thin films are
known to preferentially grow in the c-axis orientation even on amorphous substrates, their
crystallinity and electrical and optical properties are inferior compared to growth on oxide
substrates [4-6]. The crystallinity and orientation of ZnO thin films could be improved by

forming an appropriate oxide buffer layer.
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5.2 Experiment

The following two techniques were used in the formation of the oxide buffer layer in
this study. The amorphous and polycrystal oxide buffer layers were formed on the cyclo-
olefin polymer (COP) substrates by PLD using KrF excimer laser (A= 248 nm, laser
fluence= 1.2 Jem2) with a sintered and single crystal target at RT without intentionally
heating. The O, gas pressure was fixed at 1.0 x 107 Pa, and target-substrate distance was
located at 5 cm.

The B-Ga,0s single crystal was selected as the single-crystal buffer formation. -Ga>O3
is monoclinic structure and has cleavage planes in the crystal [7]. B-Ga,Os single crystal
buffers were simply exfoliated from a commercial B-Ga>Os (100) single crystal substrate
(Adamant Namiki Precision Jewel Co., Ltd. / Novell Crystal Technology Co.) by the tape-
method using commercial Scotch-tape and bonded in air to a COP substrate that was
surface modified by VUV light irradiation (A=172 nm, E~65 mW/cm?, d~2 mm, EX-mini,
HAMAMATSU PHOTONICS K.K.).

Subsequently, the ZnO thin films were grown on the COP substrates with or without
oxide buffers by PLD using KrF excimer laser (A = 248 nm, laser fluence = 1.2 Jem2)
with a sintered ZnO target (99.99%) at RT without intentionally heating. The O, gas
pressure was fixed at 1.0 x 107 Pa, and target-substrate distance was located at 5 cm.

The surface morphology of the samples was observed by atomic force microscopy
(AFM; Nanocute/Nanonavi, Hitachi High-Tech Science Corp.) operated in the contact
mode. The crystal structure of the thin films was characterized by X-ray diffraction
(XRD; Smart lab and RINT-2100V, Rigaku Corp.) and reflection high energy electron
diffraction (RHEED; Pascal Corp.). The orientation of ZnO thin films was evaluated by
reciprocal space mapping using point focused x-rays with Cu target on an XRD system
(Smart Lab, Rigaku) equipped with a two-dimensional detector (PILATUS 100 K/R,
Rigaku). The polarity of the ZnO films was determined by X-ray photoelectron
spectrometer (XPS; AXIS Supra, Shimadzu corp.). The optical transmittance of ZnO thin
film on the COP sheet was measured using a UV/vis spectrophotometer (V-550, JASCO
Corp.). The electrical properties of the ZnO thin film grown on amorphous buffer layer
was evaluated at RT in air under a magnetic field of 0.4 T using a van der Pauw-type Hall
effect measurement system (HEMS-MD-S-30, Seinan Industry Co., Japan), and
measured using the conventional four terminal method (Model 2750 Multimeter/Switch

System, Keithley) of the film grown on single-crystal buffer layer.
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5.3 Results and discussion
5.3.1 Effect of insertion of amorphous and polycrystal buffer layer

Figure 5.1 shows XRD 26/0 profiles of ZnO thin films on untreated and oxide buffered
COP substrates. The integrated intensity of ZnO 0002 diffraction was clearly increased
when AlOy, GaOy, and TiOx were used as buffers, but decreased when MgOx and CeOx
were used, compared to the film on without buffer layer. The formation of oxide buffers
was suggested to have both positive and negative effects on the crystal growth of ZnO
thin films on polymer substrate. Among the buffer layers with enhanced integrated
intensity of diffraction of ZnO 0002, AlOx and GaOx were more effective than TiOx. The
larger surface free energy of the buffer layer, estimated from the surface free energy of
each crystalline layer, although the actual value is different because the buffer layer is
amorphous, or the introduction of a cation with a small difference in electronegativity

from Zn as ZnO, a strongly ionic crystal, may have carried the effect on crystal growth

of ZnO thin films [8-12].
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Figure 5.1 XRD 260/0 profiles of ZnO thin film grown on COP substrates with or
without oxide buffers.

The effect of the oxide buffer layer on the crystal growth of the ZnO thin film was
identified by XRD reciprocal space mapping. Figure 5.2 shows the reciprocal space maps
(RSMs) of ZnO thin films on the GaOy buffer layers of thicknesses of 1, 10, and 100 nm,
respectively, which showed effects to improve the crystal growth of ZnO thin film in

Figure 5.1. The GaOy buffer was found to be amorphous since no diffraction peaks
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attributed to gallium oxide were identified at any film thickness. The ZnO 0002 peaks on
the amorphous GaOy buffer show stronger contrast and smaller dispersion as the thickness
increases. The same results of effect on crystal growth of ZnO thin films were obtained
when AlOx was used as a buffer. This was suggested the certain thickness of the
amorphous oxide buffer was necessary for improved crystallinity and orientation of the
ZnO thin film.

(a) (b) © (©)

Zn0 0004 Zn0 0004

Zn0 0004

Zn0 0002

-

Zn0 0002 Zn0 0002

e s ——

Figure 5.2 Reciprocal space maps of ZnO thin films on COP substrates with (a) no
buffer, (b) 1 nm (c¢) 10 nm, and (d) 100 nm thick GaOx buffer layer.

Figure 5.3 shows the RSMs of ZnO thin films on the CeOx buffer layers of thicknesses
of 1, 10, and 100 nm, respectively, which showed effects to inhibite the crystal growth of
ZnO thin film in Figure 5.1. The peak intensity of the ZnO 0002 film was enhanced on a
I nm thick cerium oxide buffer, but it was dispersed on the buffers that thickness was
more than 10 nm. The non-oriented diffraction peak attributed to CeO was also observed
when the cerium oxide buffer thickness was more than 10 nm. The c-axis orientation of
the ZnO thin film was decreased with the appearance of the crystalline layer of the CeO-
buffer. The similar degree of dispersion in the orientation of the CeO, /11 diffraction of
buffer and the ZnO 0002 diffraction of film was suggested that the ZnO thin film inherited
the crystal growth of non-oriented crystalized cerium oxide buffer.

In the case where MgO was investigated for the buffer layer, a clear ring pattern due to
the non-oriented crystallized layer was observed in the RHEED observation for a MgO
film of about 50 nm as well, although it could not be observed for a 10 nm film due to

charging of the sample.
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Figure 5.3 Reciprocal space maps of ZnO thin films on COP substrates with (a) no
buffer, (b) 1 nm (c¢) 10 nm, and (d) 100 nm thick CeOx buffer layer.

The effect of 100 nm thick GaOx and AlOx buffers on the crystallinity of ZnO thin
films, which are considered to be most effective in improving the crystal growth of ZnO
thin films from the results of Figures 5.1 and 5.2 was examined. Figure 5.4 shows the
XRD 26/6 profile of the ZnO thin film with AlOx or GaOx buffer layers of 100 nm and
without buffer layers. The integrated intensity of the ZnO 0002 peak increased about 7
times compared with the case of not inserting the buffer layer. The full width at half
maximum (FWHM) is also reduced to 0.71° without the buffer layer and 0.56° and 0.53°
with the GaOx and AlOx buffer layers, respectively. These XRD results indicated that the
insertion of an amorphous buffer layer on the COP substrate significantly improved the
crystallinity of the ZnO thin film and promoted the c-axis oriented growth. In addition,
the formation of the AlOx buffer layer was advantageous for the oriented crystal growth
of the ZnO thin film, although it was slight. Since both buffer layers are amorphous from
the XRD results, it was thought that the difference in surface chemical state slightly
affects the crystallinity of the ZnO thin film as mentioned in the results of Figure 5.1.
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Figure 5.4 XRD 20/0 profiles of ZnO thin films grown on COP substrates with A1Ox
or GaOx buffer layers of 100 nm and without buffer layers.

Reciprocal space mapping was performed to investigate the effect of amorphous oxide
buffer on orientation of ZnO thin films. Figure 5.5 shows the RSMs of ZnO thin films
grown on (a) untreated and (b) AlOx (#~100 nm) buffered COP substrates. The only
diffraction of ZnO 0002 was observed in the ZnO thin films on both substrates, but it was
clearly different with respect to its spread. As you can see, the crystal growth of the ZnO
thin film was clearly improved.
®
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Figure 5.5 Reciprocal space maps of ZnO thin films grown on (a) untreated and (b)
AlOx buffered COP substrates.
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The y-rocking curve of the ZnO thin film was introduced from the ZnO 0002 diffraction
of the RSMs to evaluate the orientation of the film on the COP substrate. Figure 5.6 shows
the x-rocking curve results for ZnO thin films grown on untreated and AlOx buffered COP
substrates. The FWHM values were 17.9° for the ZnO thin film on the untreated COP
substrate and 6.7° on the AlOx buffered COP substrate. The effect of AlOx buffer
formation on the orientation of ZnO thin films grown on COP substrates was shown to
be more effective than the direct surface modification of COP substrates by the surface
flattening and formation of polar functional groups in Chapters 3 and 4. This might be

occurred due to surface free energy, oxygen content, or affinity between oxides [2].
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Figure 5.6 XRD rocking curves of ZnO 0002 diffraction for the films on untreated
and AlOx buffered COP substrates.

The polar growth of ZnO thin films grown in the c-axis orientation was evaluated.
Figure 5.7 shows x-ray Photoelectron Spectroscopy (XPS) spectra of around the valence
band of ZnO thin films grown on untreated COP and AlOx buffered COP substrates. The
subpeak presented around 4.5 eV was correspond to the Zn-face (0001) [13,14]. Even
with AlOx buffer insertion, the crystal growth of ZnO thin film deposited these conditions
was a Zn-face (0001) orientation.
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Figure 5.7 XPS spectra of around the valence band of ZnO thin films on untreated
COP and AlOx buffered COP substrates.

Figure 5.8 shows AFM surface images (3 x 3 um?) and the root-means-square (RMS)
surface roughness of the ZnO thin films grown on the untreated and AlOx buffered COP
substrates. The surface roughness was found to decrease from about 3.0 nm in the case of
the sample grown on the untreated substrate to about 0.7 nm for the sample grown on the
alumina buffered substrate. The alumina buffer onto the COP substrates was thought to
promote nucleation of the ZnO thin film, resulting in high-density nucleation and

improved surface flatness [15].
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Figure 5.8 AFM images of ZnO thin films grown on untreated and AlOx buffered
COP substrates.
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Table 5.1 shows electric properties of the ZnO thin films grown on the untreated and
AlOx buffered COP substrates estimated from the van der Pauw-type Hall effect
measurements at RT. The ZnO thin film grown on the AlOx buffered COP substrate has
the about 34% reduced resistivity, about 29 % increased Hall mobility, and about 80 %
increased carrier concentration compared to that on untreated COP substrate. The
increased crystallinity of the ZnO thin film grown on AlOx buffered COP substrate shown
in Figure 5.4 was thought to have contributed to the increase in Hall mobility by reducing
the scattering of electron carriers at grain boundaries. On the other hand, considering that
the diffusion of buffer elements into the film was unlikely to occur at RT deposition, the
improvement of carrier concentration of ZnO thin film might be due to improved

orientation. This phenomenon was required further investigation.

Table 5.1 Electric properties of the ZnO thin films grown on the untreated and AlOx
buffered COP substrates estimated from the van der Pauw-type Hall effect

measurements at RT.

. Resistivity Hall mobility Carrier
Film sample P concentration
(Qcm) (cm“V's™) 3

(em™)

ZnO thin film on 3 20
untreated COP 3.87x10 7.54 2.14x10

ZnO thin film on 3 20
AIO, buffered COP 2.57x10 9.75 3.87x10
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5.3.2 Effect of insertion of single crystal buffer layer

The introduction of a flexible single-crystal oxide buffer layer on polymer substrate,
and the effect of a single-crystal oxide buffer layer on the crystal growth of ZnO thin
films were investigated. p-Ga,Os sheets were employed as a single crystal oxide buffer
layer on a polymer substrate in this study. Figure 5.9 shows AFM images of the surface
of (a) cleaved B-Ga>O3 (100) single crystal buffer layer on COP substrate and cross-
sectional profile along atomic steps and terrace structures, and (b) ZnO thin film grown
on COP substrate with -Ga>O3 (100) single crystal buffer layer. The cleavage plane was
found to have a flat terrace on the (100) plane and a stepped shape facing the other (001)
cleavage plane in figure 5.9 (a) [ 16]. The ultra-flat surface morphology was obtained with
cleavage plane. The minimum height of that step was about 0.6 nm from the cross-
sectional profile shown in the white line, which corresponds to a half-unit of -Ga,O3
(100) [7]. These show that a buffer layer of B-Ga,Os with a cleaved flat surface has been
formed on the COP substrate. The cleavage surfaces are atomically ordered in alignment
which would promote unified polar orientation growth and homogeneous nucleation in
initial stage of ZnO thin films. The ZnO thin film grown on the f-Ga,0s buffer layer had
an ultra-flat surface, clearly reflecting the atomic step pattern of the buffer of f-Ga,O3
(100) shown in figure 5.9 (a).

(2) (b)

Height [nm)]
"~ >

2000 4000 6000 8000
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Figure 5.9 AFM images of the surface of (a) cleaved p-Ga;0;3 (100) single crystal
buffer layer on COP substrate and cross-sectional profile along atomic steps and
terrace structures, and (b) ZnO thin film grown on COP substrate with -Ga,O3
(100) single crystal buffer layer.
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Figure 5.10 shows the XRD 26/w profile and of the ZnO thin film grown on the -
GayOs single crystal buffered COP substrates. The peak seen around 20 degrees was the
peak attributed to the COP substrate. Only the peak attributed to (100) was observed as
the buffer layer of f-Ga20s3, that was indicated only the cleaved (100) surface was formed
on the substrate surface for f-Ga>O3 single crystal buffer prepared by the tape method.
The diffraction peaks 0002 and 0004 of the ZnO thin film on the B-Ga,O3 single crystal
buffer are clearly identified, that was indicated highly c-axis oriented growth. Although
the B-Ga,0;3 buffer layer and ZnO (0001) have different crystalline symmetries, the
deposition at RT probably favors c-axis growth, the most stable plane of the wurtzite type.

This is similar to the previously reported results for wurtzite-type thin films [17].
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Figure 5.10 XRD 20/o profile of the ZnO thin film grown on COP substrate with p-
Ga;0s single crystal buffer layer.

Figure 5.11 shows the XRD phi-scan of the ZnO thin films and f-Ga>Os3 single crystal
buffer layer respectively. The six peaks of the ZnO (1101) plane presented every 60°.
These XRD patterns indicated that the ZnO thin film grown on B-Ga>Os3 single crystal
buffered COP substrate was epitaxial grown at RT. The two peaks of the $-Ga,03 (420)
plane were also shown to be present every 180°. From these results, the epitaxial
relationship between the two was ZnO (0001) / p-Ga,Os3 (100) with ZnO [1120] Il -
Ga»053 [010] and ZnO [1100] || B-Ga20; [001]. This is due to the alignment of the Ga or
O on the top surface of the cleaved B-Ga,Os in rows relative to the opposite sides of a
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regular hexagon, which is in good agreement with the (0001) atomic arrangement of ZnO.
This is consistent with the results also reported for wurtzite-type film on -Ga>O3 (100)
[18].

— ZnO 1011

~ 63203 420

Intensity [arb. unit]
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Figure 5.11 XRD phi-scan of the ZnO 1101 and B-Ga»O3 420 diffractions.

Figure 5.12 shows (a) RSMs of ZnO thin films grown on B-GaOs single crystal
buffered COP substrates measured by 2D-detector, and (b) rocking curves of ZnO 0002
diffraction. Only diffraction peaks in the out-of-plane direction are present that are
attributed to ZnO (0001) and B-Ga203 (100), consistent with the 26/® scan profile in Fig.
5.10. The arc-like broadening of the peaks in the ZnO 0002 corresponds to dispersion of
texture of ZnO thin film. Figure 5.12 (b) shows the y-rocking-curve profile extracted in
arc form from ZnO 0002 diffraction. The FWHM was about 1.7° for the ZnO thin film
on COP substrates with the B-Ga>Os single crystal buffer layer. This value was quite small
for that on a polymer substrate, which can only be fabricated at low temperatures, and
was evident when compared to Figure 5.6. This was also indicated that the texture of the
ZnO thin film is highly oriented. The FWHM values comparable to previously reported
ZnO thin films on B-GaxO3 at deposited high-temperature was suggested that
homogeneous nucleation of ZnO might be occurred due to growth on the ultra-flat surface
obtained at the cleavage -Ga>O3 (100) plane shown in Fig. 5.9 [19,20].
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COP substrate and (b) rocking curves of ZnO 0002 diffraction.

Figure 5.13 shows the optical transmittance and the Tauc plot obtained from
transmittance measurements around the absorption edge of ZnO thin film grown on (-
GaxO; buffered COP substrate. The transmittance of the thin film including the seed layer
was more than 80% in the visible light range. The absorption seen from around 400 nm
and 280 nm corresponds to the ZnO thin film and B-Ga>0s seed, respectively. The optical
band gap of the ZnO thin film is estimated to be about 3.4 eV, close to the bulk value,

which is due to the high crystallinity of the ZnO thin film [21,22].

81




~
o
~—

100

B o) o
=) =} =
| | |

Transmittance [%]

)
=1
|

| [ T T T T 0~01lll|l||'||1|||
300 400 500 600 700 800 900 2.5 3.0 3.5 4.0

Wavelength [nm] Photon energy [eV]

Figure 5.13 (a) optical transmittance spectra and (b) the tauc plot obtained from
transmittance measurements around the absorption edge of the ZnO thin films
grown on B-Ga:0s single crystal buffered COP substrate.

Figure 5.14 shows the temperature dependence of the resistivity of ZnO thin film
grown on [-Ga0Os3 single crystal buffered COP substrate. The resistivity at RT was about
2.1x1073 Qcm. The increase in resistance with increasing temperature is semiconducting
behavior, indicating that the ZnO thin film on the B-Ga>O3 seed layer did not have high
carrier concentration to degenerate [23].
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Figure 5.14 Temperature dependence of the resistivity of the ZnO thin film grown
on B-Ga;Os; single crystal buffered COP substrate.

82



5.4 Summary

In this study, the effect of oxide buffer layer formation as a surface modification of
polymer substrates on the crystal growth of ZnO thin films by PLD at RT was investigated.
The crystal growth of c-axis oriented ZnO thin films enhanced on amorphous oxide
buffers such as AlOx and GaOx, while scattered on randomly oriented and crystallized
oxide buffers such as MgO and CeOz. In particular, the orientation and crystallinity of
ZnO films on polymer substrates were clearly improved by the formation of amorphous
AlOx buffer layers. The electrical resistivity of ZnO films grown on AlOx buffered COP
substrates was estimated from van der Pauw-type Hall effect measurements to be 2.6 X
1073 Q cm at RT, which was 34% smaller than that of films grown on untreated substrates.
This is thought to be related to the improved crystallinity and orientation of the films
grown on the pretreated COP substrates.

Epitaxial growth of ZnO thin films was obtained on B-Ga>O3 single-crystal buffered
COP substrates. The epitaxial relationship between the ZnO thin film and the B-Ga>03
single crystal buffer was estimated to be ZnO (0001) / B-Ga>03 (100) with ZnO [1120] ||
B-Ga,03 [010] and ZnO [1100] || B-Ga203 [001] from the phi-scan results of XRD. The
FWHM value of the rocking-curve was about 1.7°, which was quite low despite grown
on a polymer substrate. The resistivity near RT measured by the four-terminal method

was 2.1 x 1073 Qcm, which is the lowest value on polymer substrate in this study.
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Chapter 6

Effect of combinations of physical and chemical surface
modifications of polymer substrates on crystal growth and
properties of ZnO thin films

6.1 Introduction

The development of flexible devices will be advanced by synthesizing oxide thin films
on polymer substrates with performance and quality equivalent to those of traditional
oxide substrates [1]. From the viewpoint of device formation, the flatness of the substrate
surface is an issue that directly affects not only performance improvement but also
reliability [2]. In addition, the properties of oxide thin films are controlled by their
orientation and crystallinity. Therefore, various techniques have been developed to obtain
high orientation and crystallinity on polymer substrates for the purpose of producing high-
performance oxide thin films. One is to increase the energy of the precursor or
introduction of directional energy while maintaining the low temperature of the substrate,
which has resulted in more highly crystalline thin films [3-5]. However, the most widely
used technique is probably the cleaning and modification of the substrate surface and the
formation of a buffer layer prior to the deposition of the oxide thin film [6-8]. Much work
has been used epitaxial growth in case of film deposition on single crystal substrate and
optimizing the matching of the crystal lattice by the introduction of buffers has lowered
the temperature to obtain crystalline layers of oxide thin films [9]. However, this approach
is not expected on amorphous substrates. Therefore, it would be desirable to adjust the
flatness, uniformity, and chemical state of the substrate surface [10,11]. Temperature and
effect on bulk performance must also be considered for polymer substrates [12]. There
have been seldom reports on optimizing the morphology and chemical state of polymer
substrate surfaces. It is possible that the much performance of oxide thin films on polymer
substrates has not been realized. In this study, the effect of combination of surface
modification techniques to obtain ZnO thin films with improved surface flatness,
orientation, and crystallinity with the purpose of preparing high performance and quality

oxide thin films on polymer substrates was investigated.
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6.2 Experiment

In this study, the following two surface modification techniques were carried out as
substrate surface modifications. cyclo-olefin polymer (COP) sheets (10 mm % 10 mm,
188 um thick, ZF16-188, Zeon Corp.) were used as polymer substrates in this experiment.
Firstly, The COP substrate was surface morphology modified by thermal nanoimprinting
(X-300S, SCIVAX Corp.) using an atomically stepped sapphire mold at 180 °C for 5 min
under 2.0 MPa pressure in vacuum purged four times with Ar (99.9999%) gas of 3 x 10°
Pa. A glassy carbon susceptor (Tokai Carbon Co., Ltd.) with a low thermal conductivity
was used to prevent rapid temperature changes [13]. In addition, an aluminum foil was
inserted to improve the adhesion between the susceptor and the sample. The thermal
nanoimprinting procedure consisted of pressurizing to 2.0 MPa at room temperature,
raising and holding the temperature, cooling to room temperature, and finally removing
the pressure [14].

Next, the oxide buffer layers were formed on the COP substrates by PLD using KrF
excimer laser (A= 248 nm, laser fluence= 1.2 Jcm?) with a sintered and single crystal
target at RT without intentionally heating. The O gas pressure was fixed at 1.0 x 107 Pa,
and target-substrate distance was located at 5 cm.

Subsequently, The ZnO and Al-doped ZnO thin films were deposited on the untreated
and surface-pretreated COP substrates via PLD using KrF excimer laser (A = 248 nm,
laser fluence = 1.0 Jem™? (pure-ZnO), 0.3 Jem 2 (AZO)) with a sintered ZnO and Al (2
wt%) doped ZnO target at RT without intentionally heating. The O, gas pressure was
fixed at 1.0 x 107 Pa, and target-substrate distance was located at 5 cm.

The surface morphology of the samples was observed by atomic force microscopy
(AFM; Nanocute/Nanonavi, Hitachi High-Tech Science Corp.) operated in the contact
mode. The crystal structure of the thin films was characterized by X-ray diffraction
(XRD; RINT-2100V, Rigaku Corp.), and reciprocal space mapping using point focused
Cuka x-rays on an XRD system (Smart Lab, Rigaku) equipped with a two-dimensional
detector (PILATUS 100 K/R, Rigaku), reflection high energy electron diffraction
(RHEED; Pascal Corp.). The optical transmittance of ZnO thin film on the COP sheet
was measured using a UV/vis spectrophotometer (V-550, JASCO Corp.). The electrical
properties of the samples were evaluated at RT in air under a magnetic field of 0.4 T using
a van der Pauw-type Hall effect measurement system (HEMS-MD-S-30, Seinan Industry
Co., Japan).
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6.3 Results and discussion

6.3.1 Effect of nanoimprinting and oxide buffer insertion of polymer
substrates on crystal growth of ZnO thin films

Figure 6.1 shows AFM images of ZnO films (#~40 nm) grown on stepped COP
substrates (a) without buffer layer and (b) AlOx buffer layer. The atomic step pattern
reflecting the nanoimprinted COP substrate can be seen in both ZnO thin films. However,
the ZnO thin film grown on the inserted AlOy buffer layer shows a clear atomic step shape,
while the only slight shapes can be seen in case of without oxide buffer layer.

The root-mean-square (RMS) surface roughness was 0.6 nm without the oxide buffer
layer but was greatly reduced to about 0.2 nm on the AlOx buffer layer. This RMS
roughness value remained the same as that of the stepped COP substrate before ZnO thin
film formation. This was thought to be due to the amorphous oxide buffer layer increased
the surface free energy, resulting in dense nucleation and more accurately reflecting the
COP substrate surface pattern [15].

RRMS =0.16 nm

Figure 6.1 AFM images of ZnO films (#~40 nm) grown on on stepped COP substrates
(a) without buffer layer and (b) with AlOx buffer layer.

Figure 6.2 shows XRD 260/0 profiles and RHEED images of ZnO thin films grown on
stepped COP substrates (a) without buffer layer and (b) with AlOx buffer layer. ZnO 0002
diffraction was shown in both ZnO thin films, confirming c-axis oriented growth.
However, the ZnO thin film grown on the AlOx buffer layer showed a significant increase
in the integrated intensity of the 0002 peak of the ZnO thin film and improved crystallinity,
as in the case of simply AlOx buffered film. The RHEED images also showed that the
streak spots of the film on stepped COP without the buffer layer, but with the amorphous

AlOybuffer, the streak pattern, which indicates orientation, was more clearly defined. this
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confirmed that the film was highly oriented. Maintain a distinct atomic step pattern of the
COP substrate surface probably further improved mosaicism in the crystal growth of the
ZnO thin film as shown in Figure 6.1. It was shown that ZnO thin films with high

crystallinity and orientation as well as improved flatness can be obtained.

Zn0 0002

ZnO/AlO,/stepped COP

Intensity [arb. unit]

30 32 34 36 38 40
20 [degree]

Figure 6.2 XRD 20/0 profiles of ZnO films grown on stepped COP substrates
without buffer layer and with AlOx buffer layer.
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6.3.2 Effect of nanoimprinting and oxide buffer insertion of polymer
substrates on crystal growth and propertied of Al-doped ZnO thin films

Figure 6.3 shows AFM images of Al-doped ZnO (AZO) thin films on (a) untreated
and (b) stepped and AlOy buffered COP substrates. As seen in Figure 6.3 (b), a slight
atomic step pattern was observed even after about 200 nm thick of AZO thin film
deposition. The RMS surface roughness was 1.3 nm for the AZO thin film on the
untreated COP substrate, but decreased to about 0.5 nm for the AZO thin film on the
stepped and AlOx buffered COP substrate. This value is reduced to about 50% of that of
a ZnO thin film with comparable conductivity [16].

] ' ‘ fm]
RRMS=1'26 nm RRMS=O'48 nm

Figure 6.3 AFM images of AZO thin films (#~200 nm) grown on (a) untreated and
(b) stepped and AlOy buffered COP substrates.

Figure 6.4 shows the reciprocal space maps (RSMs) results of AZO thin films grown
on (a) untreated, stepped and (b) MgO, (c) GaOx, (d) SiOx, and (e) AlOx buffered COP
substrates. Only diffraction peaks attributed to ZnO (0001) were observed in both AZO
films, confirming c-axis oriented growth. However, as shown in chapter 5, only the
insertion of random-oriented polycrystalline MgO buffer scattered AZO 0002 diffraction,
while the GaOx, SiOx, and AlOx buffers were amorphous with no respective peaks and
improved mosaicism of AZO thin films. This is consistent with the result of the effect of

crystallinity of the oxide buffer layer obtained in the pure-ZnO thin film.
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Figure 6.4 XRD reciprocal space maps of AZQO thin films grown on (a) untreated,
stepped and (b) MgO, (¢) GaOy, (d) SiOx, and (e) AlOx buffered COP substrates.

Table 6.1 shows analysis of XRD RSM results for 0002 diffraction of AZO thin films
on untreated and respective combined surface-modified COP substrates of Figure 6.4.
The FWHM of 26/w-scan and the crystallite size derived from its results by Scherrer's
formula were obtained [17]. The FWHM of rocking-curve was also obtained from the
analysis of RSMs. The FWHM of the 20/w-scan of the AZO thin film on the untreated
COP substrate was 0.32° and the FWHM of the locking curve was 15.3° and in case of
oxide buffer layer insertion, the FWHM of the 20/w-scan and rocking-curve were, 0.33°
and 28.6° for MgO, 0.31° and 9.2° for GaOx, 0.30° and 28.4° for SiOx, and 0.29° and 7.7°
for AlOy, respectively. For AZO thin films at 200 nm thickness, the improvement of
orientation of the AZO thin film was associated with improved crystallinity. This result
was also confirmed by the degree of dispersion and contrast of AZO 0002 in each of the
RSMs in Fig. 6.4. The crystallinity and orientation of the AZO thin film were most
improved when AlOx was used as a buffer layer.

The 26/®-scan and rocking-curve FWHM values of combined surface-modified AZO
thin film show the lowest level for a ZnO thin film on a polymer substrate. The FWHM
value of the highly crystalline ZnO thin film grown on glass substrate at high temperature
reported so far is about 0.1~0.2°, which is lower than the AZO thin films grown on
surface-modified COP substrate in this study [18,19]. However, considering that the
previous reported FWHM value of the highly crystalline ZnO thin film grown on the
polymer substrate was about 0.35°, a thin film with sufficiently high crystallinity as an

AZO thin film grown at room temperature was produced [20,21]. The previous reported
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minimum FWHM value of the rocking curve reported on polymer substrates is less than

5° when 2D nanosheets are inserted, which is the next highest orientation [22].

Table 6.1 Results of XRD for 0002 diffraction of AZQO thin films on untreated and

respective surface-modified COP substrates.

Sample 20/w Crystallite size Rocking-curve
i FWHM [7] [nm] FWHM []

On untreated COP 0.32 22.0 153
On stepped and

MgO buffered COP 0.33 24.9 28.6
On stepped and

GaOx buffered COP 0.31 26.7 9.2
On stepped and

$iO, buffered COP 0.30 273 8.4
On stepped and

AIO, buffered COP 0.29 283 7.7

Table 6.2 shows electric properties of the ZnO thin films grown on untreated, stepped
and MgO, GaOx, SiOx, and AlOx buffered COP substrates estimated from the van der
Pauw-type Hall effect measurements at RT. Resistivity was 4.0 x 10~*Qcm of AZO thin
film grown on untreated COP substrates, increasing to 4.8 x 107 Qcm with insertion of
MgO buffers, but decreased to 4.0 x 107* Qcm, 3.4x107* Qcm, and 2.8 x 107* Qcm, for
insertion of GaOx, SiOx, and AlOx buffers, respectively. This change in resistivity
corresponded to the results of crystallinity and orientation shown in Fig. 6.4 and table 6.1.
In particular, the AZO thin film on the stepped and AlOx-buffered COP substrate was
about 30% lower than the film on the untreated COP substrate. The change in Hall
mobility was about 10% less with the introduction of oxide buffer from the AZO thin film
on the untreated COP substrate from the Hall effect measurements. On the other hand,
the carrier concentration increased by about 60%, in case of the AlOx buffer insertion
from the AZO thin film on the untreated substrate, indicating that the change in resistivity
is largely due to the effect of carrier concentration. The degree of Hall mobility decreases
for films with larger carrier concentrations was suggested that the low Hall mobility
despite the improved crystallinity in Table 6.1 was due to the increased effect of ion
scattering caused by the increased carriers concentration. This resistivity was quite low

level for a ZnO-based transparent conductive film on a polymer substrate. On the other
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hand, since the lowest resistivity was not obtained despite the highest level of crystallinity
as a ZnO-based thin film reported so far, further investigation of the amount of impurity

doping and the oxygen atmosphere during film deposition [16,23,24].

Table 6.2 Electric properties of the ZnO thin films grown on untreated, stepped and
MgO, GaOxy, SiOx, and AlOx buffered COP substrates estimated from the van der

Pauw-type Hall effect measurements at RT.

Film sample Resistivity [Qcm] }[I?rlrllzn\lﬁ?slgt]y concentcrzlgir(i)i [em™]
On untreated COP 4.0x10* 22 6.9x10%°
el e s
ol o 2
sorarie,  aa: 2
et e 2

The correlation between Hall mobility, crystallite size, rocking-curve FWHM, and
carrier concentration was investigated to the relationship between crystal growth and
electrical properties of AZO thin films on polymer substrate. Figure 6.5 shows
relationship between XRD measurements (Table 6.1) and Hall effect measurements
(Table 6.2). An increase in carrier concentration was observed as the degree of rocking
curve of the AZO thin film decreased. This suggests that the improvement in the
orientation of the AZO film improves the carrier concentration. No clear correlation to
Hall mobility was found for the increase in crystallite size. This is thought to be due to
the effect of ion scattering caused by the increase in carrier concentration in the AZO thin
film on Hall mobility [25]. It is known that increased crystallinity improves Hall mobility,
but the AZO thin film on the surface-modified COP substrate fabricated in this
experiment shows significant changes in orientation and carrier concentration in addition
to increased crystallinity. This suggested that the electrical resistivity may be mainly

dominated by changes in carrier concentration.

93



Mobility [em?V-'s]

204

with oxide buffer
without oxide buffer

24 28 32
Crystallite size [nm]

with oxide buffer
without oxide buffer

Carrier concentration [ X 10%° cm™]

=)
1

0 10 20
Rocking-curve FWHM [°]

30

Figure 6.5 Relationship between results of XRD measurements and Hall effect
measurements

Optical transmittance was measured in the UV and visible light range. Figure 6.6
shows the transmittance of ZnO thin films on stepped and AlOx buffered COP substrates;
the transmittance of the AZO thin film with AIOy buffer was about 90% or higher in the
visible light region. The high transmittance might be obtained due to the improved high
crystallinity and orientation of the AZO thin film shown in Figure 6.4.
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Figure 6.6 Transmittance of AZO thin films on stepped and AlOx buffered COP

substrate.
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6.4 Summary

In this study, the effects of a combination of physical and chemical surface
modifications as surface modification of polymer substrates on the crystal growth of ZnO
thin films by PLD at RT was investigated. Nanoimprinting of atomic step pattern and
deposition of oxide buffer were used as surface modifications. Atomic step pattern (z~40
nm) in the ZnO thin film were shown to be slight when no amorphous oxide buffer was
inserted; when the AlOyx buffer was inserted, the patterns were clearly shown, and the
flatness was improved. The insertion of the AlOx buffer layer more clearly reflected the
surface morphology of the COP substrate in the ZnO thin film. XRD measurements also
showed that the AlOx buffer had the same effect of promoting oriented crystal growth as
the insertion of AlOx buffer onto untreated COP substrate. An appropriate combination
of physical and chemical surface modifications had a greater synergistic effect than if
they were used alone.

Al-doped ZnO thin films (z~200 nm) were prepared for highly conductive ZnO films
on polymer substrate. AZO thin film on stepped and AlOx buffered COP substrate showed
a slight atomic-step pattern and had improved flatness with a surface RMS roughness of
about 0.5 nm in 3 pm? The crystallinity and orientation of the AZO films varied
depending on the oxide buffer layer materials, with the AlOx buffer showing the most
improvement in crystal growth. The obtained resistivity was 2.8 x 107* Qcm, which is
low even on polymer substrates. The improvement in orientation corresponds to an
increase in carrier concentration was suggested resulted by XRD and Hall-effect
measurement. The transmittance of the AZO thin film was approximately 90% or higher
in the visible light region.
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Chapter 7

General conclusions

In this thesis, the crystal growth and properties of ZnO thin films on surface-modified
polymer substrates has been studied.

The objective of this thesis is to clarify the effect of physical and chemical surface
modification of polymer substrates on the crystal growth of ZnO thin films on polymer
substrates, which affects the crystallinity and orientation, and to verify the surface
modifying conditions for the preparation of highly crystalline and oriented ZnO thin films
to achieve high electrical and optical properties. The control of crystal growth of ZnO
thin films grown by room temperature pulsed laser deposition using morphological and
chemical surface pretreatment as a modification of polymer surfaces was investigated. In
addition, crystal growth of ZnO thin films on polymer substrates pretreated with a
combination of physical and chemical surface modification techniques was clarified, and
methods for fabricating high-quality ZnO thin films on composite surface-modified

polymer substrates were discussed. The results of this study can be summarized as follows.

In chapter 3, the crystal growth and properties of ZnO thin films grown on surface
morphology improved polymer substrates was investigated. The ZnO thin films were
grown by PLD at RT on a COP substrate with an ultra-flat surface on which an atomic
step pattern of approximately 0.3 nm height was transcribed by thermal nanoimprinting
(stepped COP substrate). The surface morphology of the ZnO thin film on the stepped
COP substrate was flat with a root-means-square (RMS) roughness of 0.6 nm on a 3 um
square. The ZnO thin film grown on stepped COP substrates was (0001) oriented growth,
with a slight crystallinity improvement and a clear orientation improvement. The growth
of ZnO thin films on COP substrates was suggested c-axis oriented growth perpendicular
to the substrate surface direction. A slight improvement in visible light transmittance and
a decrease in resistivity of the ZnO thin film grown on stepped COP substrate was

obtained.

In chapter 4, the crystal growth and properties of ZnO thin films grown on morphology-
improved and chemical-changed COP substrates was investigated. The ZnO thin films
were grown by PLD at RT on a COP substrate pretreated with a VUV-light irradiation.
The surface morphology of the ZnO thin film on the VUV-light pretreated COP substrate

was smooth with an RMS roughness of 0.6 nm on a 3 um square. The ZnO thin film
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grown on VUV-light-pretreated COP substrates was (0001) oriented growth, with a clear
crystallinity and orientation improvement. The electrical resistivity of the ZnO thin film
grown on the VUV-light-pretreated COP substrate was 40% smaller than that of the films
grown on the untreated substrates, which might be related to the improvement of

crystallinity of the film grown on the pretreated COP substrates.

In chapter 5, the crystal growth and properties of ZnO thin films grown on oxide
buffered COP substrates was investigated. The ZnO thin films were grown by PLD at RT
on a COP substrate with amorphous, polycrystal and single crystal buffer layer insertion.
The surface morphology of the ZnO thin film on the amorphous AlOx buffered COP
substrate was slight unevenness with an RMS roughness of 0.7 nm on a 3 um square. The
crystal growth of c-axis oriented ZnO thin films enhanced on amorphous oxide buffers,
while scattered on randomly oriented and crystallized oxide buffers. The ZnO thin film
on B-Ga,0s single-crystal buffered COP substrates was epitaxially grown. The electrical
resistivity of the ZnO thin film grown on the AlOx buffered COP substrate was 34%
smaller than that of the films grown on the untreated substrates, and the resistivity of ZnO
thin film grown on B-Ga»Oj3 single-crystal buffered COP substrate was 2.1 x 103 Qcm,

which is the lowest value on polymer substrate in this study.

In chapter 6, the crystal growth and properties of ZnO thin films grown on surface
modified COP substrates with a combination of physical and chemical surface
pretreatment was investigated. The ZnO thin films were grown by PLD at RT on a COP
substrate with atomic step pattern formation and oxide buffer insertion. The surface
morphology of the ZnO thin film on the stepped and AlOx buffered COP substrate was a
clear atomic step pattern with an RMS roughness of 0.2 nm on a 3 pm square. The ZnO
thin film grown on stepped and AlOy buffered COP substrates was (0001) oriented growth,
with clear orientation and crystallinity improvement. The combination of physical and
chemical surface modification has resulted in more effective crystal growth and planarity
of ZnO thin films.

Highly conductive Al-doped ZnO (AZO) thin films were prepared to investigate their
application to devices using the surface modification technique resulted in this study. The
AZO thin films on stepped and AlOx buffered COP substrates exhibited a slight atomic
step pattern, with a surface RMS roughness of about 0.5 nm at 3 pm?, a resistivity of 2.8
x 107 Qcm, and a transmittance in the visible light region of about 90% or more. These
were achieved by the growth of highly crystalline and oriented ZnO thin films on the

surface-modified polymer substrate.
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Through the results of the above chapters, the effects of various surface modifications
of on polymer substrates on the crystal growth of ZnO thin films were clarified. As a
result, the modification of the surface morphology of the polymer substrates contributes
to the improvement of surface flatness and orientated crystal growth of ZnO thin films,
and modification of the surface chemical state of the polymer substrate contributes to the
improvement of crystallinity as well as orientation of the ZnO thin films were identified.
It was also revealed that the crystallinity of the oxide buffer layer insertion onto the
polymer substrate effects the oriented crystal growth and properties of the ZnO thin films.
In addition, it was found that the combination of the surface modification technics of
polymer substrate has a higher effect on the ZnO thin film and leads to prepare a high-
quality ZnO thin films. This knowledge of the effect of surface modification of polymer
substrates on the crystal growth and properties of ZnO thin films in this study provides
an effective preparation method for the formation of devices using ZnO thin films on
polymer substrates. The surface modification technique and the high quality ZnO thin
films grown on it are expected to improve the of device performance on polymer substrate
and contribute to further flexible device development.

This knowledge of the effect of surface modification of polymer substrates on the crystal
growth and properties of ZnO thin films in this study are expected to improve the of
device performance using ZnO thin films on polymer substrate and contribute to further

flexible device development.

100



Accomplishments

Original Articles
[1] Original Articles directly related to Dr. thesis study

1.

T. Oga, S. Yamada, N. Kaneko, S. Kaneko, A. Matsuda, M. Yoshimoto, “Fabrication
of ultra-flat c-axis oriented ZnO thin films on atomically stepped cyclo-olefin
polymer (COP) substrates by pulsed laser deposition at RT”, Jpn. J. Appl. Phys., 59,
128001 (2020).

T. Oga, R. Kai, N. Kaneko, H. Miyazaki, S. Kaneko, A. Matsuda, M. Yoshimoto,
“Crystallinity improvement of room-temperature PLD-deposited ZnO thin films on
cyclo-olefin polymer substrates subject to surface-pretreatment with vacuum-UV-
light irradiation”, J. Cryst. Growth, 603, 127012 (2023).

T. Oga, S. Kaneko, A. Matsuda, M. Yoshimoto “Room-temperature fabrication of
epitaxial ZnO thin films on polymer substrates coated with a seed layer of exfoliated
B-Ga,0s single-crystal thin sheets by pulsed laser deposition”. (Accepted for
publication in J. Ceram. Soc, Japan, (2023)).

[2] Original Articles partly related to Dr. thesis study
4. H. Fukuta, G. Tan, T. Oga, A. Matsuda, M. Yoshimoto, K. Umezawa, "Surface

structural analysis of CaF(111) using low-energy atom scattering spectroscopy".
(Under review, submitted to J. Vac. Sci. Technol. A, (2022)).

Y. Maeda, N. Kaneko, T. Oga, S. Kaneko, A. Matsuda, M. Yoshimoto, “Formation
of 0.3 nm-high atomic step and ultra-smooth terrace on PEDOT:PSS conducting
polymer thin film surface by thermal nanoimprinting". (Under review, submitted to
Microelectron. Eng., (2023)).

R. Kai, T. Oga, K. Watanabe, S. Kaneko, A. Matsuda, M. Yoshimoto, “Fabrication
of highly-oriented B-GaxO; thin film on ZnO/AlOx-buffered cyclo-olefin polymer
substrate by excimer laser annealing at room temperature”. (Under review, submitted
to Jpn. J. Appl. Phys., (2022)).

Presentation at international conference

1

T. Oga, K. Iwasa, S. Yamada, H. Morita, S. Kaneko, A. Matsuda, M. Yoshimoto,
“Fabrication of UV-sensitive semiconductor thin films on ultra-flat polymer sheets
with 0.3 nm-high atomic step-and-terrace surface”, 2019 Material Research Society
Spring Meeting, Phoenix, Apr. 23, 2019.

101



T. Oga, H. Morita, S. Kaneko, A. Matsuda, M. Yoshimoto, “Orientation controlled
room-temperature growth of ZnO (0001) thin films on atomic-step patterned flexible
polymer substrates” Materials Research Meeting 2019, Yokohama. Dec. 13, 2019.
T. Oga, N, Kaneko, K. Kaneko, S. Kaneko, A. Matsuda, M. Yoshimoto, “Room-
Temperature Growth of Ultra-Flat Transparent Conducting ZnO Thin Films on the
Morphologically and Chemically Surface-Modified Polymer Substrates for Flexible
Optoelectronics Devices” 2021 Material Research Society Fall Meeting, Virtual, Dec.
7,2021.

T. Oga, N, Kaneko, S. Kaneko, A. Matsuda, M. Yoshimoto, “Room-temperature
highly-oriented growth of ZnO thin films on surface modified cyclic olefin polymer
substrates”, Materials Research Meeting 2021, Online, Dec. 14, 2021.

T. Oga, R. Kai, N. Kaneko, K. Kaneko, H. Miyazaki, S. Kaneko, A. Matsuda, M.
Yoshimoto, 2022 Material Research Society Spring Meeting, “ Fabrication of
Highly-Oriented Wide-Bandgap Oxide Thin Films on the Surface-Modified Polymer
Substrates by Room-Temperature UV Laser/Light Processes”, Virtual, May 23, 2022.
T. Oga, H. Miyazaki, S. Kaneko, A. Matsuda, M. Yoshimoto, “Influence of atomic-
scale thermal-nanoimprint patterning and surface modification of the polymer
substrate on growth of functional oxide thin films”, The 22nd International
Conference on Nanoimprint and Nanoprint Technology (NNT 2022), Toyama, Oct.
6, 2022.

T. Oga, R. Kai, H. Miyazaki, S. Kaneko, A. Matsuda, M. Yoshimoto, “Lowering in
resistivity and ultra-flattening of AZO thin films on cyclo-olefin polymer substrates
via substrate-surface modification for flexible optoelectronics”, 2022 Material
Research Society Fall Meeting, Virtual, Dec. 7, 2022.

Presentation at domestic conference

1

3

REREE, RHLZ, MWAERL, LERES, &1 &, WHRE, &R E,
(AT X</ L —F—BENIC X 2 B-GayOs 1 fIE o 35 B &S ik 7 o

XD, 5 79 [\l JCHYIBY 2 KEAITEEEES (The 79th JSAP Autumn

Meeting), % i EEFRSHS, 2018 4 9 H 18 H.

RERBE, A, DS S8, A 5, SR, [RLyE ik
DEREE L ORHEICKIETT R Y v —HERREIC BT LRI R — v
DRZE |, 66 Bl JGHYIY S BEFAMGEES (The 66th JSAP Spring

Meeting,), B TIHERPKMELF ¥ ¥ %, 201943 A 11 H.

REREE, KEESE, 7R, &78, HRR, HRE, [mFo~hk7
ot 2 HWZBTEHEAR ) v —HK ETD Zn0 HIEOKIRA K & Sk S

102



10

11

12

FAE], 28 80 [l JEHPEYE 2 B2 2 (The 80th JSAP Autumn
Meeting), ALiEEKFEALBEF ¥ ¥ %, 2019 9 H 20 H.

RERIE KEESR, 7R, &7/, MHR%, HA#, [copPERIcE
FRIE—FEF 4T Y v I X BRI & EE R LY D
HER ], % 67 Inl JCHIWBE Y& BFAMFEIIES (The 67th JSAP Spring
Meeting), E&KY A F v v o¥%,2020 4 3 H.

RERIE KEESR, TR0, 78, DHRR, HAHE, =% <l
BleF )4 v 7Y v ERY v —HEBRKREHOJR T L~ FHEA &
ZnO EE O &5 R, HA® 7 2 v 7 214 2020 4E4E 4 (The Ceramic
Society of Japan Annual Meeting 2020), 2020 4 3 H.

RERBE KEEHR, TR0, 78, DHRR, 5K, [BRRAL 74
VAR ) = —HRKA~D 172nm BEZ2EH I 23 X IE 3 ZnO WAL A R
~OFZE ], 5 81 [l ICHYIBE S KRS (The 81st JSAP Autumn
Meeting), 4 ¥ 7 4 2020 4£ 9 A 10 H.

RERE TR, KEEL, &78, WHRR, HA#E, [ 7o tL 7
4 VR Y 2 —HROEZZEI IR X B ZnO JEERE K E A~ D RS2 |,
MRM Forum 2020, # ¥ 74 »,2020 4 12 H 8 H.

RERBE, 7R MN, &78, MHRR, 5A#E, [RRFL 74 vF)~w—
FM~DFE 4 O RENERT 2 T3 ZnO FEE D FL A SR~ D2 |, 4 68
b ISP Y2 BIATEEEE (The 68th JSAP Spring Meeting), # ¥ 7 4
v,2021 43 H 19 H.

RERBE 7R MN, &78, mHZR, 5R#E, [HEEEIGLRNLZv 2
AL 74 vERY) ~—HiR I BT 2 BIEE o EiRERRE ], HARE
7 v o7 Ape 834 mFKFE S v R P Y L (The Ceramic Society of Japan The
34th Fall Meeting), + ¥ 74 v, 202149 H 1 H.

RERBE, 7R MN, &78, mHRR, 5A#E, ROl retL
74 v R ~w—Hik Bk T 2 Zn0 HEO S MR & FRERE ], 2 82
[ GBS BEEETREE S (The 82nd JSAP Autumn Meeting), 4 v 7
4 v,2021 £ 9 H 12 H.

RERBE, =, 78, IHEE, 54, [~Z2/L 72 B-Ga:,05 (100) %
v FEE LR v —HR ECcoORBERIEYEREO = v X % v v LK
£, HAR+® 7 1 v 7 X4 2022 44 (The Ceramic Society of Japan Annual
Meeting 2022), #* ¥ 7 4 »/,2022 43 A 10 H.

RERE, =, @78, HRE, 54#E, [B-Ga0s Bk ~25l —
FEZHWAERY) =R EZn0 Mo = v & ¥ o v VR, 2 69 [A] )&
FP 2 BIFTHEZ (The 69th JSAP Spring Meeting, 2022), * v 7 4

103



v,2022 3 H 25 H.

13 KERB, =iH, &8, IHRk, 54#, vt 74 v FK)<=—

B F ZnO I O KIR PLD #d iR IC 5- 2 2 PR - {LS20 70 FAR R & Affi
DRI, HREZ I v 7 Xge 5§ 35 BIKFES v K v L (The Ceramic
Society of Japan The 35th Fall Meeting), & K¥H =& F v v 3%, 2022 49
A 14 H.

14 KERB, =iH, &8, IHRk, 54#, vt 74 v FK)<=—

Fi~ DR AMERM 23 AZO HIE D EXFFIEICE 2 2522 ], 55 83 [0l LY
Vo KEEFATRRE 2 (The 83rd JSAP Autumn Meeting), AL KA F v v
PNZ,2022 49 H 23 H.

Award

1.

HAR+® 7 I v 7 e 2022 FFFEE

BHERRA X —HRE BFE

RERBE, =i, 78, WH%E, S48, [~Z2H L 72 B-Ga,0;5 (100)%
= FEE LR v~ —HR ECcoBEBIEYERO = v 2 % v v LK
R

104



Acknowledgements

The present thesis has been carried out at the Department of Materials Science and
Engineering, School of Materials and Chemical Technology, at Tokyo Institute of
Technology under the direction of Prof. Mamoru Yoshimoto. I would like to express my
gratitude for the many knowledgeable and attentive advice I received at all times. I would
like to express my sincere gratitude to Associate Professor Akifumi Matsuda for not only
his guidance on materials science but also his detailed technical training and advice,
which enabled me to steadily advance my research.

I would also like to acknowledge with appreciation to Prof. Hiroshi Funakubo, Prof.
Yutaka Majima, and Associate Prof. Hiroyuki Wada for not only serving as judging this
thesis but also for their thoughtful guidance and support.

I would like to appreciate Dr. Satoru Kaneko of Kanagawa Institute of Industrial
Science and Technology, Assistant Prof. Hisashi Miyazaki of National Defense Academy
for their collaboration and helpful advice and support.

I would like to thank my co-workers of Yoshimoto-Matsuda laboratory, Ms. Naho
Kaneko, Ms. Shiori Yamada, and Mr. Ryoya Kai, Mr. Yuki Ikea, Mr. Ken Iwasa, Mr.
Shoyo Ito, Mr. Hiroyuki Morita, Mr. Subaru Nakanishi, Mr. Yoshiki Horimatsu, Mr.
Atsushi Oshima, Mr. Yoshiharu Shinozaki, Mr. Takumi Matsushima, Mr. Takahiro Ikuta,
Mr. Kenta Kaneko, Mr. Kazuki Watanabe, Mr. Shohei Hisatomi, Mr. Yuki Goto, Mr.
Hiroki Shoji, Mr. Yuto Maeda, Ms. Ruka Umemoto, Mr, Itsuki Osawa, Mr. Reo, Kato,
Ms. Yuka Shimada, Mr. Takumi Numata, Mr. Kazuya Kawamura, Mr. Yuchi Qiao, for
their collaboration and many helpful suggestions and support in this thesis.

Finally, I would like to express my gratitude to my wife, Sayaka and sons, Takuma and

Shoya for their warm support.

March 2023
Tomoaki Oga

105



