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Abstract

Study on Solid-Phase Crystallization Mechanism of Hydrogen-Doped

Indium Oxide for Thin-Film Transistor Application

With the rapid development of computer and network technologies, there is an
increasing requirement for personalized and intelligent information exchange interfaces.
These advancements are inseparable from the development of new display technologies
and materials. Flat panel display (FPD) technology, as a significant component of the
display technology field, has gradually been applied to various aspects of daily life and
industrial applications. Thin-film transistors (TFTs), which play a crucial role in FPD
technology, have attracted considerable attention. In particular, the performance of thin
film materials used in TFT devices is a critical factor that directly determines the display
quality and performance of FPD.

Metal oxide semiconductors have attracted great attention for use as channel layers of
thin film transistors (TFTs) for next-generation flat-panel displays, gas sensors,
biosensors, and so on. Compared to amorphous Si TFTs, which show field-effect mobility
of approximately 1 cm?/Vs, and LTPS (low temperature polycrystalline silicon), which
requires a fabrication temperature above 600°C, metal oxide semiconductors, represented
by In-Ga-Zn-O (IGZO), can be deposited at room temperature and exhibit high field-
effect mobility of more than 10 cm?/Vs. However, further improvement in field-effect
mobility is required to expand their applications. Many oxide semiconductors with
various cation combinations have been reported. The composition of amorphous oxide

semiconductors becomes more complex.



Among metal oxide semiconductors, single-crystal indium oxide exhibits a
considerably high Hall mobility of as high as 160 cm?/V's, making it a candidate material
for high-performance thin-film transistor (TFT) applications. The large spatial spread and
significant overlap of the In 5s orbital facilitate efficient electron transport, resulting in
high electron mobility. However, InO; films show a high carrier density of over 10! cm™
3, which is unsuitable for TFT application. Currently, impurities having a high bond
dissociation energy with oxygen, such as Sn, Ti, W, Ce, Zn, and Ga, were doped into
amorphous indium oxide (InO,) films to suppress the carrier density of the film. However,
the dopant of impurity element reduces the mobility of amorphous oxide semiconductors
(AOS), requiring a trade-off between these factors.

In addition to AOS, polycrystalline semiconductors are also considered promising
materials due to their excellent electrical properties. Hydrogen is one of the most common
types of impurities, which usually acts as a shallow donor in semiconductors. It is reported
that hydrogen-doped InO, (InO.:H) films showed a high Hall mobility of over 100 cm?/V's
after annealing in N2 at 250°C with film converted to a polycrystalline phase. A thin film
transistor with field-effect mobility of 139 cm?/Vs was fabricated using InOy:H films as
the channel layer. Nevertheless, despite the fact that H is the most common impurity, its
role and influence in each particular case can vary significantly. The mechanism of
crystallization and metal-semiconductor transition and the role of hydrogen in
polycrystalline film require further study and comprehensive analysis, while the
mechanism still remains without proper explanation.

In this study, in order to improve electrical properties of InOx:H films and enable its
application in TFT fabrication, the mechanisms of solid-phase crystallization (SPC) and

metal-semiconductor transition were systematically investigated. In addition, hydrogen,



as a dopant in InOx:H, was investigated for its role in solid-phase crystallization (SPC)
and metal-semiconductor transition (MST)

The purpose of this dissertation is to comprehensively elucidate the characteristics of
InO, before and after crystallization, the significant changes in electrical properties
caused by hydrogen doping, and their fundamental mechanism. To achieve nondegenerate
InO,/InOx:H films, the roles and variations of critical factors throughout the process—
from film deposition to the completion of post-deposition treatment—are systematically

investigated to understand the mechanism of metal-semiconductor transition.

Chapter 1 Introduction

As a background of this dissertation, this chapter shows an overview of the background
and current development of semiconductors for application on thin film transistors. Then,
we present and compare the performance of various channel materials, providing an
overview of the characteristics, advantages, and limitations of these semiconductor
materials. The subsequent sections focus on the history, development, recent
advancements, and characteristics of metal oxide semiconductors. The chapter focuses on
the role and effect of hydrogen in amorphous and polycrystalline semiconductors. The
change in electrical properties, passivation of defects, and improvement in device

performance were discussed.

Chapter 2 Fabrication techniques and characterization techniques
The working principles, apparatus structures, and parameters of the fabrication
techniques (magnetron sputtering, rapid thermal annealing) and characterization

techniques (Hard X-ray photoelectron spectroscopy, Scanning Electron Microscopy, X-
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ray diffraction, Thermal Desorption Spectroscopy, and Hall measurement) were

systematically described.

Chapter 3 Improvement of electrical properties of indium oxide films by
hydrogen doping

This chapter describes the research of InO, and InO.:H film with different deposition
conditions before and after annealing.

It was preliminarily demonstrated that undoped InO; film did not show a significant
improvement in electrical properties even after annealing in N». In contrast, hydrogen-
doped InOy film exhibited a notable increase in Hall mobility of ~70 cm?/Vs after
annealing at 250 °C in Na.

In comparison to InOy films, the introduction of hydrogen caused a decrease in Hall
mobility of as-deposited film due to an increase of impurity scattering from hydrogen.
Then, Hall mobility increased significantly after annealing at above 200 °C in N,
regardless of the hydrogen flow ratio. On the other hand, a decrease of the oxygen flow
ratio increases the SPC temperature of InO:H film. Therefore, oxygen deficiency in the
InO,:H film prevents the formation of a substantial amount of hydrogen-oxygen bonds,
leading to the presence of significant amount of hydrogen as interstitial hydrogen within
the film. Excess interstitial hydrogen was desorbed as H, and H>O during SPC, which
require more energy.

Even extending the annealing time to 60 min, electrical properties, and grain size did

not change, indicating good stability for TFT application.

Chapter 4 Solid phase crystallization mechanism in Hydrogen-doped InO,

\



films

It is presented that SPC occurred when hydrogen-doped InOy film was annealed at a
low temperature of 250 °C in N, resulting in a significant increase of Hall mobility. Most
of the SPC poly-InO,:H have focused on their film thickness of more than 100 nm for
TCO applications. On the other hand, there are few papers on the study of the SPC poly-
InOx:H for TFT applications with a thickness of less than 50 nm. The understanding of
SPC process for very thin (<50 nm) InO,:H film, such as nucleation density and lateral
growth rate, is essential for TFT applications.

In this chapter, nucleation and grain growth were discussed as a means of clarifying
the mechanism of the rapid solid phase crystallization (SPC) process from H»-doped
amorphous indium oxide (InO,:H) films. H>-doping in InO,:H films reduced nucleation
density at 250 °C from 4.1 to 1.1 pm™, resulting in an increase of grain size and Hall
mobility of the poly-InO.:H films. Lateral growth rate from the nucleus was estimated to
be 220 nm/min for the InO,:H film at 250 °C. Thus, an amorphous InO,:H film could be
converted to a poly-InO,:H film within 3 min owing to a fast lateral growth rate from the
nucleus. Almost the same grain size, Hall mobility, and carrier density could be obtained
from the poly-InO.:H films after annealing at 250 °C only for 3 min, irrespective of the
ramp rate. The results demonstrated a wide range of processing windows of the SPC for

poly-InO,:H films.

Chapter 5 Metal-semiconductor transition mechanism of InO,:H film
In this chapter, Nondegenerate poly-InOx:H films were formed by rapid SPC in air.
Defect passivation and band structure were discussed as a means of clarifying the

mechanism of metal-semiconductor transition. Hydrogen in InOx:H films act as shallow
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donors, providing free carriers, resulting in degenerate as-deposited InOx:H films with
higher carrier density than InOy films. lonized H, which provided a portion of carrier, was
desorbed as H>O at temperature of 200 °C, causing reduction of carrier density. The
doping of H promoted the formation of Vo. Reduction in relative area ratio of Vo was
observed after annealing in N, caused by crystal rearrangement. Oxygen vacancy
decreased with the decrease of near Er states, indicating that oxygen vacancy acts as
shallow donor in InO.:H films. Finally, these caused the decrease in carrier density.
Carrier density of the InOx:H films significantly decreased to ~10%" cm after SPC in
air at 250 °C. Relative area ratio of Vo in InOx:H films shows a more substantial decrease
as compared to the films annealed in air, decreasing from 37.10% to 3.23%, with near Er
states decreasing to extreme low state. In contrast, the near VBM states increased with
annealing, caused by -OH. Extremely low relative area ratio of the Vo and the suppression
of carriers by -OH jointly result in the formation of nondegenerate InO,:H films.
Intrinsic oxygen in InO.:H films, controlled by deposition conditions, plays an
important role in the metal-semiconductor transition at low temperature. Degenerate
InO.:H films with sufficient intrinsic oxygen can be converted to a nondegenerate state

after annealing in air at temperature below 250 °C.

Chapter 6 Conclusion

The main results obtained from this research work are summarized.
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Chapter 1

Introduction

1.1 Background

In the modern digitalizing society, one of the core components of visual output devices
is display, the development of which plays a crucial role in enhancing interactivity and
efficiency in information transmission. Display technology developed from cathode ray
tube displays (CRTs)[1] to liquid crystal displays (LCD)[2], organic light emitted diode
(OLED)[3], as well as other advanced technology, since the early 20th century. As
technology evolves and consumer requirements diversify, display technology encounters
unparalleled opportunities and challenges for development. Currently, the rising
popularity of augmented reality (AR) and virtual reality (VR) devices highlights the
significance of display technology.

Figure 1. 1[4] shows the difference between the image qualities for different display
pixel density. The pixel density of a typical smartphone is about 400 ppi. So, it looks
rough when the display is enlarged with a VR device lens. Thus, higher pixel density is

required for display for the application of VR equipment.

~_ Smartphone VR@2016 VR@2018 VR@2021 VR@2025

1201ppi 2000ppi(4k8k)

Pixel size
(schematic)

Figure 1. 1 Difference between the image qualities for different display pixel density.[4]
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The essential feature of VR devices is the sense of immersion into the world of images.
Therefore, realistic image quality, motion blur suppression, and low latency are necessary.
To achieve devices with high performance, resolution, pixel density, and refresh rate were

required, as shown in Figure 1. 2.[4]

. 1700~2500ppi s
Resolution w/ Local Dimmiﬁ;’ Brightness
4k x 4k per eye 1,000cd/m2
PPD*t >30 Tailored to pancake lens optical
FOV*2 130 degrees systems
Optimal Screen Size Display Time
Di 1 2.x inch
ina:jgeo:SV W)Etllri?\ gps)timized eye-box (Impu |Se)

size <0.5 ms (BL lighting ratio 6% @ 120Hz)

Refresh Rate

>120Hz
High refresh rate that can smoothly
process pass-through video

HDR Compatibility
Contrast: >100k
Color Gamut: >DCI-P3 95%

Figure 1. 2 Requirements for displays in VR devices.[4]

In addition to displays, electronic devices, such as sensors and nonvolatile memories,
are also required to achieve high performance as well as upgraded energy efficiency,
reduced costs, and improved integration for further application. A fundamental
component of these technologies is the transistor, particularly the thin-film transistor
(TFT) used for operating flat-panel displays (FPD) and sensors. Figure 1. 3 shows the
required field effect mobility of active matrix TFTs for next-generation displays. To
achieve super-high-definition TVs and operate various devices, the required mobility
increased to be over 10 cm?/Vs, which is an impossible value for amorphous silicon
technology ( < 1 cm?/Vs). Polycrystalline Si exhibited high field effect mobility of ~100
cm?/Vs. It is possible to crystallize by supplying a large amount of thermal energy

(<1000 °C). However, the substrates that are usually used cannot withstand the high
2



annealing temperature above 600 °C. Oxide semiconductors exhibited a high field effect

of 10 cm?/V's with lower process temperature and cost than LTPS, making them a strong

candidate for TFT.

1
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Figure 1. 3 Required field effect mobility of active matrix TFTs for next-generation

displays.[5]

Table 1. 1 summarizes common semiconductor materials. Electrical properties,

fabrication conditions, and cost were compared. Polycrystalline oxide semiconductors

have big advantages compared with a-Si and LTPS, such as Higher mobility, low process

temperature, and production cost, making them strong candidates for next-generation

displays.



Table 1. 1 Summary of semiconductor properties, formation condition, and cost.

Amorphous Polycrystalline

TFT ) . .
) a-Si:H LTPS oxide oxide
properties . .
semiconductor  semiconductor
Field effect
mobility <1 ~300 >10 > 60
(cm?/Vs)
. PECVD + Excimer Sputtering + solid
Formation . .
PECVD Laser Annealing Sputtering phase
method o
(ELA) crystallization
Process
150 ~
temperature 150 > 400 RT~300 RT~300
(°C)
Thermal A few tens of ) )
) 60 ~ 90 min 3 ~90 min
Process time nanoseconds
Cost Low High Low Low

The fundamental operation of TFTs heavily relies on semiconductor materials, which
are essential to the transistor structure. Understanding the role of semiconductors in TFT
technology 1is crucial for enhancing display performance and efficiency since
semiconductors directly influence speed, energy consumption, and the overall quality of
electronic displays. In addition to TFTs, semiconductors are involved in nearly all fields
related to electronics and information technology, making them the core foundation of
modern electronics industry. The worldwide semiconductor market is anticipated to rise

from $600 billion in 2021 to $1 trillion by 2030, as shown in Figure 1. 4.



Global semiconductor market value by vertical, indicative, $ billion

CAGR, 2021-30, %

7 1,065
60 Wired communication
95 Consumer electronics
4 130 Industrial electronics
‘ 150 Automotive electronics
590 D
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280 Wireless communication
6

350 Computing and data storage

2021 2030

te: Figures are approximate

Figure 1. 4 Global semiconductor market.[6]

1.2 Historical overview of oxide semiconductors

The history of semiconductor development for display technology applications begins
in the middle of the last century. Figure 1. 5 shows the timeline of semiconductor and
TFT development. The initial bipolar transistor was introduced by Bell Telephone
Laboratories in the 1940s, promoting the evolution of computers from room-sized ENIAC
to desktop devices.[7,8] In the late 1960s, the first operational thin-film transistor was
designed using CdS by Weimer et al.[9] Subsequently, Klasens and Koelmans
successfully employed a semiconducting metal oxide in TFTs in 1964.[10] Le Comber
and Spear proposed photoelectric properties of amorphous silicon. Amorphous silicon
cannot be used for TFT fabrication due to its high carrier density. Spear et al. utilized

hydrogenated amorphous silicon (a-Si:H) as a thin-film transistor material for operating



active-matrix LCD.[11] The development of a-Si:H attracted attention due to its low-cost,
large-area semiconductor films, which are suitable for TFTs and solar cell fabrication.[12]
LCD driven by a-Si:H replaced CRT displays, making TV, mobile phone, and computer
screens thinner and lighter with lower costs. With the improvements in thin-film
deposition and doping techniques, polycrystalline silicon (poly-Si) emerged as a key
semiconductor material for TFTs in displays. Poly-Si TFTs offered higher carrier
mobilities and better stability than a-Si:H, paving the way for advanced display backplane
technologies.[13] Hosono et al. proposed transparent electronic conducting amorphous
semiconductors, demonstrating amorphous metal oxides exhibited both high transparency
and semiconductor properties in 1996.[14] A major breakthrough in transparent and
flexible electronics was the demonstration of Indium Gallium Zinc Oxide (IGZO) TFTs
by Hosono in 2004.[15,16] IGZO offered higher electron mobility and better uniformity
than a-Si:H film, enabling next-generation and flexible displays. At the beginning 0f 2010,
Kris Myny and Paul Heremans developed the organic transistor, an innovative
nanoelectronics device.[17] The research indicated substantial progress in organic
electronics and enabled the growth of flexible and printable electronics. Currently, TFT
with further enhancement in electrical properties, process temperature, and cost is
required. Magari et al. reported TFT with high field effect mobilities of 139 cm?/Vs using

In;03:H as a channel layer in 2022.[18]
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1940 H 1968
Transistor ‘ T . 1964
* First bipolar & * First . « First invented
. g il *  Metal oxides
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2022 5016 2004 oxides in TFT | 4982
« a-I620 TFT 1996

Figure 1. 5 Diagram indicating the recorded timeline of TFT development.[19]

1.3 Amorphous oxide semiconductors (AOS)

Oxide semiconductors are a class of materials widely known for their diverse electronic,
optical, and chemical properties. They have attracted significant attention in recent
decades due to their transparency, simple fabrication process, low fabrication temperature,
and high electrical properties. Compared to LTPS, oxide semiconductors require low
process temperature and cost, making it a wider application aspect, such as next-
generation flat-panel displays [20-22], gas sensors [23,24], biosensors [25],
neuromorphic systems [26], and nonvolatile memories [27] and high power electronics,

as shown in Figure 1. 6.
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Figure 1. 6 A variety of applications and emerging technologies based on wide bandgap

oxide semiconductors.[28]

1.3.1 Electronic structure and unique feature of AOS

Following the progression of hydrogenated amorphous silicon (a-Si:H), high-
temperature annealed polycrystalline silicon (HTPS), laser-annealed low-temperature
polycrystalline silicon (LTPS), and organic semiconductors, AOS has emerged as a novel
material system uniquely suited for large-area semiconductor devices.

AOS is a new semiconductor material system for large-area semiconductor devices that
came into prominence following hydrogenated amorphous silicon (a-Si:H), high-

temperature annealed polycrystalline silicon (HTPS), laser-annealed low-temperature



polycrystalline silicon (LTPS), and organic semiconductors.

Hosono et al. reported transparent electronic conducting amorphous semiconductors,
demonstrating amorphous metal oxides exhibited both high transparency and
semiconductor properties with wide band gap. An electronic configuration, according to
equation 1.1 for heavy metal cations (HMC), was proposed as a new material design
concept.

M: (n—1)d"ns’ (n>5), (1.1)

where M is metal cation, n is principal quantum number, describes the electron’s
state.[29] Figure 1. 7 shows the schematic illustration of the carrier transport paths in
covalent semiconductor and oxide semiconductors. In a crystalline system such as silicon,
electrons may be envisioned as traveling along the sp* orbitals of the constituent atoms,
which overlap in a regular lattice arrangement commonly referred to as sp* hybridization
(illustrated in Figure 1. 7(a), top). However, if the crystal structure is disrupted by defects,
or the material is amorphous, this conduction pathway is broken (Figure 1. 7(a), bottom),
leaving electrons to hop between orbitals in a process known as tail-state hopping.[30]
This dramatically reduces the mobility of the material from 1000 cm?/Vs to 0.05
cm?/Vs.[31] In contrast, metal oxide semiconductors do not depend on the overlap of sp*
orbitals to form the conduction band pathway. Instead, they rely on different mechanisms
to facilitate electronic conduction. The large s orbitals associated with the transition metal
cations overlap to provide a conduction path, as shown in Figure 1. 7(b). Because the s
orbitals are spherically symmetrical, this overlap is the same whether the atoms are
ordered in a regular crystal structure or completely disordered in the amorphous
form.[32,33] It should be noted that the mobility in the a-IGZO is also lower than that of

c-IGZO, which is also due to the presence of a large number of different defects. However,
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to obtain the single-crystalline films of such complex structure oxides, a high temperature
of about 1400 °C is required. Based on the same theoretical system, a-AgSbOs, a-
Cd>GeOs, and a-Cd2PbO4, with Hall mobility about 10 cm? /Vs, which are one order
larger compared to a-Si:H, were reported.[15] There are two research directions for

further study: polycrystalline and amorphous.

a b
Covalent semiconductors, for example, silicon Post-transition-metal oxide semiconductors
Crystalline Crystalline
T A '
. S sp3-orbital

‘77 : - L -

Figure 1. 7 Schematic illustration of the carrier transport paths in covalent
semiconductor and oxide semiconductors: (a) c-Si; (b) a-Si; (c) ¢-IGZO; (d) a-
IGZO.[15]

1.3.2 Electronic transport and origin of high mobility
The electron transport properties exhibit a peculiar behavior, as shown in Figure 1. 8(a).

Compared to conventional covalent amorphous semiconductors, definite Hall voltages,

10



and electron mobilities can be observed for AOSs through usual Hall measurements. Hall
mobility increased with the increase of carrier density. This trend is opposite to that
observed in simple crystalline semiconductors and may be explained by percolation

conduction as shown[32] in Figure 1. 8(b).

—_
o
L

—

Mobility (cm?2/V's)

c-1GZO

1

105 10 107 10 10 10
Carrier density (cm3)

Figure 1. 8 Carrier transport in a-IGZO. (a) Relationship between Hall mobility and
carrier density for c-IGZO and a-IGZO. (b) Illustration of percolation conduction
showing examples of (i) a shorter path and (ii) a longer winding path. The isosurface

represents the electron potential in the conduction band.[32]

Amorphous IGZO TFTs exhibit high field-effect mobility of more than 10 cm?/Vs and
excellent uniformity.[15,34] However, instability in amorphous IGZO thin-film
transistors 1s problematic, especially light instability, which originates from Vo and
hydrogen-related defects.[35] In addition to instability, further improvement in field-
effect mobility is required to expand their applications. Active efforts have been
performed to increase field-effect mobility and stability of AOS TFTs, such as
optimization of the composition of the AOSs,[36-38] develop other IGZO thin film

fabrication technologies[39], film thickness reduction[40], surface treatment, and
11



annealing in high oxygen atmosphere[41-43]. In addition, impurities having a high bond
dissociation energy with oxygen, such as Sn, Ti, W, Ce, Zn, and Ga, were doped into
amorphous indium oxide (InO,) films to improve field-effect mobility of AOSs TFTs.
[44-49] Multi-component AOSs have been widely investigated for use in TFTs. [50-52]
However, the use of multi-component AOSs complicates the control of film composition

and electrical properties.

1.4 Polycrystalline oxide semiconductors

Until now, many oxide semiconductors with various cation combinations have been
reported. The composition of amorphous oxide semiconductors becomes more complex.
Figure 1. 9 shows the relationship between the mobility and the composition of indium
oxide, gallium oxide, and zinc oxide. Compared to AOQOSs, single crystalline or
polycrystalline oxide semiconductors exhibited high mobility and low concentration of
defects such as Vo.[53,54] Among them, indium oxide is a promising material for high-
mobility TFTs since single-crystal Hall mobility of 160 cm?/Vs has been reported.[55]
The fabrication of single-crystal indium oxide requires stringent equipment and

experimental conditions, which makes large-scale production challenging.[55]
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Figure 1. 9 (a) Amorphous and crystalline formation and (b) electron transport

properties of thin films in relation to different compositions. [32]

In the 1950s, polysilicon was used as a substitute for single-crystal silicon in the
fabrication of early transistors. During the 1990s, low temperature polycrystalline silicon
(LTPS) was obtained with high field effect mobility of ~300 cm?/Vs, which are essential
for high performance macroelectronics due to their higher field-effect mobility.[56,57] To
achieve LTPS films with high electrical performance, excimer laser annealing (ELA)

method is an essential technique for crystallization, as shown in Figure 1. 10.[58-61]

Line Beam Scan Direction

(Excimer Laser) »
Poly-Si

221

PEPCVD a-Si

Buffer Layer

Glass substrate

Figure 1. 10 Schematic of ELA-induced phase transformation from a-Si to LTPS.[58]
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In the 2000s, polycrystalline ZnO was used in varistors and UV detectors.[62]
Polycrystalline In2O3 was used as a transparent conductive oxide (TCO) in touch screens
due to its high electrical properties. Thus, the crystallization of oxide semiconductors has
attracted widespread attention.

Amorphous oxide semiconductors show long-range disorder, short-range order, and no
grain boundaries. Polycrystalline oxide semiconductors show long-range order and grain
boundaries. Polycrystalline oxide semiconductors showed high electrical properties due
to the existence of crystal. Oxygen vacancy contributed to the free carrier as shallow
donor. The mobility of polycrystalline oxides is determined by two main mechanisms:

electron transport in the grains themselves and grain boundary scattering.[63]

1.5 Role of hydrogen in oxide semiconductors

Hydrogen is one of the most common types of impurity and displays a range of
complex behaviors when introduced in semiconductors. Hydrogen can be found in
deposition chamber in a form of residual H>O or H, molecules.

Hydrogenated amorphous silicon (a-Si:H) is the most commonly used material for
large-area electronic and optoelectronic devices because it can be deposited as thin layers,
which absorb light much more efficiently than crystalline silicon, in which crystal
momentum conservation restricts optical transitions, and because it can be doped both n-
type and p-type, allowing the manufacture of junction devices and thin-film
transistor.[64,65] Hydrogenation is important for controlling native defect density. The
role of hydrogen in passivation of the dangling bonds in a-Si:H was shown in Figure 1.
11. a-Si:H was commonly used to fabricate back panel of LCD, with field effect mobility

below 1 cm?/Vs [66]. a-Si:H has advantages in low process temperature, low cost, and

14



high uniformity. However, a-Si:H has a disadvantage in terms of its bias instability and
low electrical performance, which make it difficult to meet the requirements for high-

performance TFTs.

Mobility gap

1911

@®— si— Si—Si —Si—@ o ¥ T ?
i 1§ F® vy
.—Tl—SI—SI—S|I—. o~si_, r.__l‘s{\ /.
@—Si— Si—Si—Si—@ .—?T "> ® gi
e N |
._Si_s'_i_'l' ./jl—il\. ./sa\. ® 38
a) c-Si b) a-Si:H ¢) Density-of-states in a-Si

Figure 1. 11 Schematic representation for the structures of (a) c-Si; (b) a-Si:H; (c)

density-of-states in subgap of a-Si.[67]

Hydrogen usually exists in oxide semiconductors in the form of interstitial H,
substitutional H, and -OH by first-principles calculations, as shown in Figure 1. 12.
Oxygen vacancy increased with the introduction of hydrogen, resulting in the increase of
electron density from 4.0x10' cm™ to 3.1x10%° cm?™.[68] Koida et al. have reported
polycrystalline hydrogen-doped In>O3:H with high Hall mobility of over 100 cm?/Vs,
making it a promising candidate for TCO. However, there are few researches about

crystallization and metal-semiconductor mechanism of thin poly-In,Os films.
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Figure 1. 12 Schematic diagram of In2O3:H Crystal structure, including defect
scattering.[68]
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Chapter 2

Fabrication techniques and characterization techniques

2.1 Fabrication techniques

In terms of fabrication techniques, Indium oxide films were deposited by magnetron
sputtering (Shinko, SRL3320). Post-deposition annealing was performed by rapid
thermal annealing (RTA).

2.1.1 Magnetron sputtering

Physical vapor deposition (PVD) is a coating method in which thin films are deposited
by the condensation of a vaporized form of the film material on the substrate. The PVD
method has been used for film deposition for decades, including thermal evaporation and
sputtering. Since the primary source of the deposited film is typically a solid target, the
PVD method has few limitations in deposition materials, such as metal, semiconductor,
insulator, and polymer.

Magnetron sputtering, one of the PVD methods, is cathodic sputtering of target
material in magnetron discharge plasma.[1] It overcomes the disadvantages of diode
sputtering, such as low deposition rate, uniformity, and film quality, making it an effective
method for the deposition of a wide range of thin film materials[2-5]. In a sputtering
process, argon was first ionized to electrons and cations (Ar") in the vacuum chamber,
resulting in the formation of glow discharge. Plasma (almost from Ar") was confined in
front of the target, which was achieved by the combination of electric and magnetic fields.
Then, energetic ions generated in a glow discharge plasma bombard the target, causing
the sputtering of target atoms. These sputtered atoms then condense on a substrate,

forming a thin film.[3] Figure 2. 1 shows the schematic of the sputtering process.
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Figure 2. 1 Schematic diagram illustrating the basic components of a magnetron
sputtering system.[6]

2.1.2 Rapid thermal annealing

Thermal treatment is a crucial process used to improve the electrical properties and
physical structure of materials. In the semiconductor fabrication process, Annealing is
usually used to passivate lattice defects, activate dopants, and improve the properties and
uniformity of thin films.[7-9] The annealing methods include furnace annealing, rapid
thermal annealing (RTA), lasering annealing, and flash lamp annealing. Among annealing
methods, RTA achieves thermal treatment in a short time, showing significant advantages
in precise adjustment of film properties and accelerating fabrication processes.[10] In this

study, RTA was performed to anneal oxide semiconductors.

2.2 Characterization techniques

2.2.1 X-ray diffraction (XRD)

X-ray diffraction is one of the most essential non-destructive measurement methods to
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analyze the structure information of solid materials, including ceramics, metals,
intermetallics, minerals, inorganic compounds, and so on.[11] Bragg’s Law (equation 2.1)
is one of the keystones in understanding X-ray diffraction. In this equation, n is an integer
number, A is X-ray wavelength, d is lattice constancy, and 0 is the incident angle. Figure
2. 2 shows the working principle of XRD measurement. When an X-ray beam strikes a
crystalline sample, constructive interference occurs when the path difference of the
scattered beams is an integer multiple of the X-ray wavelength, resulting in a pronounced
reflection. Conversely, destructive interference results in the partial or entire cancellation
of the reflected beams when the path difference is not an integer multiple of the
wavelength. Measuring the intensity of diffracted beams at different angles obtains a
characteristic diffraction pattern that reveals essential structural information about the

material, including lattice parameters, crystallographic phase, and crystallite size.

nA = 2dsinf (2.1).
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Figure 2. 2 Schematic of XRD measurement.[12]

2.2.2 Scanning Electron Microscopy (SEM)

Figure 2. 3 shows the comparison of the typical spatial resolution of key materials

26



characterization imaging methods. Compared to light microscopy, high accelerating
voltages lead to a resolution ranging from 1 ~ 10 nm, resulting in a potential step change
in image spatial resolution. Thus, SEM is one of the most versatile instruments available
for the evaluation and analysis of microstructure morphology and chemical composition

characterizations.[13]
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Figure 2. 3 Comparison of the typical spatial resolution of key materials
characterization imaging methods SPM, AFM, TEM, SEM, SIMS, X-ray imaging, and
light microscopy.[14]

Figure 2. 4 shows a schematic of a scanning electron microscope, including an electron
gun (electron source and accelerating anode), electromagnetic lenses to focus the
electrons, a vacuum chamber housing the specimen stage, and a selection of detectors to
collect the signals emitted from the specimen.[14,15] Electrons are produced at the top of
the column in the electron gun and accelerated through the column at an accelerating

voltage. Lenses focus the electron beam on the sample surface. The position of the
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electron beam on the sample is controlled by scan coils situated above the objective lens.
The sample is struck by a scanned electron beam, generating various signals, including
secondary electrons, backscattered electrons, and characteristic X-rays, which provide
information on the sample's topography and composition. These signals are then detected
by appropriate detectors. The intensity of electrons captured from each point on the

sample surface is then converted into an image.
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Figure 2. 4 Schematic of a scanning electron microscope.[14]
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2.2.3 Thermal Desorption Spectroscopy (TDS)

Thermal Desorption Spectroscopy (TDS) is an analysis technique widely used to
investigate gas desorption processes.[16] Figure 2. 5 shows a schematic of the TDS
system. The TDS system is divided into three portions for (i) pre-evacuating and
transporting system, (ii) heating system in the main chamber, and (iii) detecting system
by QMS (quadrupole mass spectrometer). TC: thermo couple, TMP: turbo-molecular
pump, RP: rotary pump, VG: vacuum gague, PS: pressure switch.

In TDS measurement, the sample is gradually heated in a base pressure below 5x107
Pa, enabling it to acquire sufficient thermal energy for desorption. The desorbed
molecules, including hydrogen, H,O, O, and In, are then detected using a QMS,
providing data about the desorbed species, the temperatures at which desorption occurs,
and the desorption rate. Analyzing this data enables inferences on the chemical
composition of the material, adsorption energies, and the kinetics of surface reactions.
TDS is extensively utilized in semiconductors, surface chemistry, catalyst

characterization, and investigations of material surface changes.[16—18]

29



e T e I e e e

Pre-evacuation

chamber E PN S S e i |
il .

i L Main

'l chamber || !

| TC2\\| Specimen II |

__ E % cp L i

— — i W T™™P | |

' (4001/s) | : |

Carrier E: _;_.__ |

device | :

|
— i !
[ I |
TMP : | [ :
! : Infrared || i
E | heating | |
Lo unit ! |
Vo I :
| | \VaVJ I__I
| L | I
| !i
1| Temperature™ ;| Computer
, 1/ lemp RP | P
. Ilcontrol unit O !
! I

Figure 2. 5 A schematic of the thermal desorption spectroscopic system.[18]

2.2.4 Hard X-ray photoelectron spectroscopy (HAXPES)

Since the pioneering works of Kai Siegbahn and his co-workers, X-ray photoelectron
spectroscopy (XPS) has grown to be a popular analytical technique in materials science
as it can assess the surface chemistry of a broad range of samples.[19-21] XPS is based
on the photoelectric effect, which can be described in equation 2.2. The kinetic energy of
the ejected electrons is named Ex. The binding energy of an electron is represented by Ep,.
The energy of a photon is given by hv, where h is the Plank’s constant and v is the
frequency of a photon. The work function is represented by the symbol ¢, which is the

minimum energy needed to remove an electron from a solid.
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Ex =hv-Ep- ¢ (2.2)
When X-rays hit a material, the photons have a certain energy and the electrons from
the atoms in the sample are then ejected from the atom as photoelectrons. The electrons
ejected are analyzed in the XPS detector by measuring the kinetic energy of electrons,

which provides the information to determine the kind of elements present in the

sample.[22—-24]
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Figure 2. 6 Schematic representation of the energy level diagrams with the associated
transitions and the corresponding peaks in XPS spectra.[25]

XPS and Hard X-ray Photoelectron Spectroscopy (HAXPES) are both surface analysis
techniques based on the photoelectric effect, with the primary difference being the energy
of the X-rays. XPS generally uses low-energy X-ray sources, typically Al-Ka (1486.7 eV)

or Mg-Ka (1253.6 eV), which restrict the penetration depth to a few nanometers of the
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sample surface. On the other hand, HAXPES uses higher-energy X-ray, typically greater
than 2.5 keV. One of the most advantageous features of HAXPES compared to
conventional photoemission spectroscopy is its potential for bulk sensitive measurements,
as shown in Figure 2. 7.[20] Compared to conventional XPS, HAXPES, utilizing higher
energy X-rays, increases the depth of investigation, which effectively avoids
contamination or oxidation caused by air exposure, resulting in more accurate

measurement results. [26]
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Figure 2. 7 Typical values of the inelastic mean free path of photoelectrons emitted
using different X-ray sources.[27]

2.2.5 Hall measurement
Electrical properties of oxide semiconductor films are evaluated by Hall Effect
Measurement system using van der Pauw geometry. The van der Pauw Method is a widely

used technique for measuring the electrical properties of materials in thin film form. This
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method operates in a four-probe mode and can be used in any arbitrary shape with a flat
shape of uniform thickness, no isolated holes, and the four contacts must be located at the

edges of the sample, as shown in Figure 2. 8.[28-31]

Figure 2. 8 Sample preparation for Hall measurements.
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Chapter 3
Improvement of electrical properties of indium oxide films by

hydrogen doping
3.1 Introduction

As technology advances at high speed, emerging applications and new device concepts
continuously raise the standards for display technologies, requiring high characteristics
of TFT. IGZO, a representative amorphous metal oxide semiconductor, has gained
significant attention since Nomura et al. reported the use of IGZO as the channel layer in
TFTs in 2004.[1] IGZO TFT shows a field effect mobility of 10 cm?/Vs. However, further
improvement in mobility is required to expand their applications. Thus, there have been
active efforts to increase mobility, such as optimization of the composition of IGZO.
Among oxide semiconductors, indium oxide is a candidate material for use as a channel
layer due to its single-crystal Hall mobility of 160 cm?/Vs.[2] Amorphous InO, film
exhibited low Hall mobility of ~40 cm?/Vs. Hall mobility of polycrystalline InO, film
with different crystal qualities ranged from 50 cm?/Vs to 70 cm?/Vs, depending on the
deposition and post-deposition treatment method.[3-5] Polycrystalline InO, film with
high Hall mobility requires extra complex processes and additional equipment, which
increases fabrication costs.

In order to enhance the electrical properties of InO, films by simple material and a
simple process, elements such as H, Sn, Ti, Mo, and Ga were doped into films. The Hall

mobility of these films is shown in Table 3. 1.
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Table 3. 1 Summary of dopant elements in InO, and their Hall mobility.

Hall mobility
Dopant Reference
(cm?/Vs)

H > 130 [5]

Sn 40 [6]

Ti 80 [7]

Zr 62-76 [8]
Mo 80-130 [9]

W 60-112 [10]
Ga 40 [11]

Amorphous metal oxide semiconductors, such as IGZO, ZnO, and indium oxide films,
were fabricated at RT. Three categories of defects are identified: point defects, which
create structural anomalies including metal-metal or oxygen—oxygen bonds; defects
caused by modifications in material stoichiometry, including vacancies and interstitial
atoms; and interfacial defects that inevitably occur in the active channel and at the
interfaces between the channel and insulator layers.[12] Hydrogen was widely used as a
dopant in oxide semiconductors, including binary and multinary semiconductors, to solve
these issues. Because the dopant of hydrogen has been found to be an effective and
straightforward method to passivate defects and increase electron mobility.[13-16]
Nomura[17] reports that the carrier density of IGZO film was controlled, ranging from
10" ~ 10?° cm?, by annealing in H». Rostislav Velichko[18] and S. G. Mehadi Aman[19]
demonstrated that the introduction of hydrogen decreases activation temperature and
defects, and enhances electrical properties of IGZO:H film. Hydrogen doping shows
significant potential for enhancing the electrical properties of the semiconductor film.

Kataoka et al.[20] investigated InO, and InO,:H films in detail. It was found that InOx

film showed a polycrystalline phase before and after annealing. Whereas hydrogen-doped
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InO; film started to convert from amorphous to polycrystalline phase at a temperature

above 175 °C, as shown in Figure 3. 1 and Figure 3. 2.
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Figure 3. 1 Changes in XRD spectra of (a) InOx and (b) InO«:H (R[H2] = 5%) films with
PDA at different temperatures for 60 min.[20]

(b) InO:H

Figure 3. 2 SEM surface views of (a) poly-InO, (R[Hz2] = 0]) and (b) poly-InO.:H
(R[H2] = 5% films after PDA at 250 °C.[20]

Figure 3. 3 shows that InO, film exhibited low Hall mobility of ~40 cm?/V's before and
after annealing. In contrast, Hall mobility of InO.:H films significantly increased from
~30 ¢cm?/Vs to 80 cm?/Vs after annealing in N,. The increase of Hall mobility

corresponded with the occurrence of solid phase crystallization (SPC).[5,21-24]
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Figure 3. 3 Hall mobility of InoO3 and In2O3:H deposited at different R[H>] values as a

function of the annealing temperature in N».[20]

Even though hydrogen doping has been demonstrated to improve the electrical
characteristics of InO, and has been successfully used in the fabrication of TFTs. However,
the effect of deposition conditions has not been investigated in detail. In this chapter, the

effects of gas during the deposition of InO, were investigated.

3.2 Experiment

50-nm-thick InO. and InO.:H films were deposited by RF magnetron sputtering
(Shinko, SRL3320) at room temperature from a ceramic In,O3 target at room temperature
on glass (EAGLE XG) or SiO2 (100 nm)/S1 substrates. Figure 3. 4 shows the schematic
RF magnetron sputtering system. The O2 gas flow ratio, which was defined as R[O2] =
02/ (Ar + O2+ Hz), ranged from 2% to 4%, while the H» gas flow ratio, which was defined
as R[Hz2] = H2 / (Ar + Oz + H»), ranged from 0% to 5% for InO, and InO,:H films.

Equipment and process parameters are shown in Table 3. 2. The electrical properties of
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the films were measured by Hall effect measurements using van der Pauw geometry
(Toyo, ResiTest8400). The surface of the InO, and InO,:H films were analyzed by
scanning electron microscope (SEM). The amounts of hydrogen and hydroxyl groups in
the films were measured by thermal desorption spectroscopy (TDS). Chemical bonding
states of the films were evaluated by hard X-ray photoelectron spectroscopy (HAXPES)

system at the BLO9XU of SPring-8.

N

| Glass substrate |
LN,
trap -
In,0; (3-inch)
FII‘MIP Cathode
RP
—
Matching g E
controller = =
= RF power supply Ar O, Hy/Ar

Figure 3. 4 RF magnetron sputtering system for InO; film deposition in vacuum.
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Table 3. 2 Deposition and annealing parameters of the InO, and InO,:H films.

Target In203
EAGLE XG Glass
Substrate ) )
SiO2 (100 nm)/Si substrates
Film thickness 50 nm
Deposition time 3'4"

< 1x10*for InOy

Back
ack pressure < 3x10*for InOx:H

Deposition pressure 0.4 Pa
RF power 200 W
Total gas flow (Ar+O2+H>) 10 sccm
Deposition temperature (°C) RT
R[O2] = Oz / (Ar+O2+Hb2) (%) 2~4%
R[Hz2] = H2 / (Ar+O2+H2) (%) 0~5%
Annealing temperature 150 °C ~ 400 °C

Annealing time 0 ~ 60 min
Annealing Ramp rate 115 °C/min

3.3 Development of electrical properties of InO, film by H: doping
3.3.1 Effect of H: flow ratio on the electrical properties of InOx and InOx:H films
Electrical properties of the InO, and InO.:H films deposited at fixed R[O2] of 4% and
at various R[H:] were analyzed. Figure 3. 5 shows Hall mobility and carrier density of
InOx and InOx:H films with different hydrogen flow ratios as a function of annealing
temperature in N> for 60 min. Hall mobility and carrier density of InO; films ranged from
18 ~ 47 cm?/Vs and 4.2x10" ~ 2.2x10%° cm™, respectively, which did not change
dramatically. Whereas with the increase in temperature, Hall mobility of InOx:H films
initially rises from ~20 cm?/Vs for as-deposited film and reaches a peak value of ~60
cm?/Vs above 200 °C in N, regardless of hydrogen flow ratio. Then, as the annealing
temperature continues to increase, the Hall mobility drops to below 10 cm?/Vs. Carrier
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density of InO,:H films decrease from 10%° to 10'® cm™ with the annealing temperature
increasing. The results demonstrated that the introduction of hydrogen increased Hall
mobility of InO,:H films significantly after annealing in N». For as-deposited films, the
Hall mobility decreased and carrier density increased with the increase of hydrogen. It is
considered that impurity scattering originating from doped hydrogen in films was
increased, leading to the decrease of Hall mobility. In addition, doped impurities ionized,

leading to a increase of carrier density.
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Figure 3. 5 (a) Hall mobility and (b) carrier density of InO, and InO:H films with

hydrogen flow ratio of 1% and 5% as a function of annealing temperature (in N»).

Figure 3. 6 shows Hall mobility and carrier density of InOy and InO.:H films with
different hydrogen flow ratios as a function of annealing time in N> at a temperature of
250 °C. Figure 3. 7 shows SEM surface views of InO, and InO.:H films before and after
annealing at 250 °C for 5 and 60 min. InOx film exhibits constant Hall mobility and carrier
density with the extension of annealing time. InO, films maintained nanocrystalline phase

before and after annealing. On the other hand, Hall mobility of InO.:H films rapidly
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increased to maximum value within 5 min due to SPC, regardless of the hydrogen flow
ratio during deposition. As the annealing time extends, the Hall mobility and carrier
density of InOy:H films were approximately 60 cm?/Vs and ~10%° cm™, respectively.
InOx:H film was converted from amorphous phase to polycrystalline phase within 5 min,
resulting in a large grain size, as shown in Figure 3. 7. The grain size did not show a
significant change with an annealing time extension to 60 min, as shown in Figure 3. 7,
which corresponds well with the results of the time dependence of electrical properties.
In contrast to InO, film, which maintains a constant carrier density after annealing, the
carrier density of InO,:H film decreases with increasing H> flow ratio after annealing in
Nz. With an increase in H> flow ratio to 5%, the carrier concentration drops by an order
of magnitude after annealing. Next, the change in chemical bonding states during SPC

was investigated by HAXPES and TDS.
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Figure 3. 6 (a) Hall mobility and (b) carrier density of InO, and InO:H films with

oxygen flow ratio of 1% and 5% as a function of annealing time (in N2).
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(60 min)
Grain size Grain size
~0.67pm ~0.64pm

Figure 3. 7 SEM surface views of (a) as-deposited, annealing for (d) 5 and (g) 60 min
InOx films, respectively; (b) as-deposited, annealing at 250 °C for (¢) 5 and (h) 60 min
InOx:H films(R[H2] = 1%); (c) as-deposited, annealing for (f) 5 and (i) 60 min InOx:H
films(R[H2] = 5%).

The chemical bonding states of InO, and InO:H films were evaluated by HAXPES in
order to characterize their chemical composition. Figure 3. 8 shows O 1s spectra obtained
from both the InOx and InOx:H (R[H2] = 5%) samples before and after annealing in N at
250 °C. A noticeable difference is a shoulder in the region of higher binding energy was
found between the as-deposited InOx and InOx:H samples, as shown in Figure 3. 8(a),
while a reduction of disparity in the same region was observed, as shown in Figure 3. 8(b).
The obtained O 1s spectra after deconvolution are shown in Figure 3. 8(c) and (d).
According to the best fitting, the corresponding binding energies were assigned to 530.0
eV, 530.6 eV, and 531.8 eV as the metal-oxygen (M-O), oxygen vacancies (Vo), and
oxygen in the hydroxides (-OH), respectively.[25-28] Table 3. 3 is a summary of the

relative area ratio of the M-O, Vo, and -OH in InO;, and InOs:H films. The initial content
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of chemical bonds in InOx and InOyx:H films shows significant differences. Relative area
ratio of M-O (R[M-O]) decreased, and Vo (R[Vo]) and -OH (R[-OH)) increased with the
increase of Hy flow ratio. Hydrogen doped in InOx:H films acts as -OH, resulting in the
increase of Vo. The relative area ratio of the chemical bonds, including M-O, Vo, and -
OH, almost did not change in the InOx films. The introduction of hydrogen promotes the
formation of Vo and -OH. Then, R[M-O] increases, and R[Vo] decreases enormously
after annealing in N2. Due to the precision limitations of HAXPES, the differences and
variations of hydrogen in the film cannot be clearly compared. Next, the changes of

hydrogen in the film will be discussed using the TDS method.
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Figure 3. 8 HAXPES analysis of InO, and InO,:H films: O 1s spectra of (a) and (c) as-
deposited before and after deconvolution, respectively; (b) and (d) annealed films in N>
for 60 min before and after deconvolution.
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Table 3. 3 Relative area ratio of the M-O, Vo, and -OH in InOy and InOy:H films
deposited at fixed R[O2] of 4% and at various R[Hz] before and after annealing at

250 °C for 60 min.
Hydrogen flow
: R[M-O] (%) R[Vo] (%) R[-OH] (%)
ratio (%)

0 87.52 10.35 2.13

As-deposited 1 61.37 32.76 5.86
5 57.05 37.01 593

0 87.69 11.04 1.27

After
. 1 81.56 13.83 4.61
annealing

5 85.06 9.70 5.24

Figure 3. 9 shows TDS spectra of H, and H2O for InOx (R[H2] = 0) and InOx:H films
(R[H2] =1, 5%). These desorption states reflected the crystallization process, changes in
chemical structure, and composition of the film. There is no change in H> desorption with
the introduction of hydrogen. On the other hand, the results of desorption of H,O
exhibited significant change. InOx film shows the smallest desorption peak of H2O during
the whole measurement process. Compared to InOx film, InOx:H film shows obvious H.O
desorption peak at the stage temperature of ~200 °C and 600~800 °C. SPC started at
approximately 200 °C with a desorption peak of H20, as shown in Figure 3. 9 (b). INOx:H
films with R[H2] of 1% exhibited a lower H20 desorption peak than that of films with
R[H2] of 5%. The H>O desorption peak located at the stage temperature of 600~800 °C is
attributed to -OH.[24] It is indicated that doped hydrogen acts as interstitial H and -OH
in InOx:H films. lonized H increased the impurity scattering, leading to a decrease in Hall
mobility. Interstitial H was desorbed at temperature of ~200 °C as H0O, resulting in
dramatical structural rearrangements. The content of -OH increased with the increase of

hydrogen flow ratio. It is considered that the balance of impurity scattering caused by
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interstitial H and -OH formed by doped H and intrinsic oxygen plays an important role in

improvement of Hall mobility.
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Figure 3. 9 TDS spectra of as-deposited (a) H2 and (b) H2O for InOx and InOx:H films
with different Hz flow ratios during deposition.

3.3.2 Effect of oxygen flow ratio on the electrical properties of InO.:H films

Figure 3. 10 shows Hall mobility and carrier density of InO,:H films deposited at fixed
R[Hz] of 5% and at various R[ O] as a function of annealing temperature in N> for 60 min.
Hall mobility of as-deposited InO.:H films increased with the increase of R[O2]. As
described above, a portion of doped hydrogen acts as ionized interstitial hydrogen. It is
considered that excess ionized H increased impurity scattering, resulting in the decrease
of Hall mobility.

As described above, the Hall mobility of InO,:H films increased enormously when SPC
occurred. InO,:H films with R[Oz] of 2% required a higher SPC temperature of above
250 °C. Carrier density of all the films decreased by one to two orders of magnitude with

annealing temperature increasing, regardless of R[O-].
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Figure 3. 10 (a) Hall mobility and (b) carrier density of InO,:H films with oxygen range

from 2% to 4% as a function of annealing temperature (in N»).

Figure 3. 11 shows Hall mobility and carrier density of InO.:H films with R[O2]
ranging from 2% to 4% as a function of annealing time at 250°C (in N»). Figure 3. 12
shows SEM surface views of InO.:H films before and after annealing at 250 °C for 5 and
60 min in N>. SPC of all the films completed within 5 min, with an increase in Hall
mobility, regardless of R[O2] during deposition. All the films exhibited the same trend in
Hall mobility, indicating that R[O2] showed little effect on the SPC process. SEM surface
of all the polycrystalline InO,:H films did not exhibit noticeable differences in grain size.
It is noticeable that the carrier density of InO,:H films with R[O;]-R[H2] of 4-5%
decreased by an order of magnitude after SPC, indicating the intrinsic oxygen decreased

carrier density during SPC.
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Figure 3. 11 (a) Hall mobility and (b) carrier density of InO.:H films with oxygen range

from 2% to 4% as a function of annealing time (in N»).
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Figure 3. 12 SEM surface views of InOyx:H films (a) before and after annealing for (d) 5
and (g) 60 min[R[O2] = 2%]; InOx:H films (b) before and after annealing for (e) 5 and
(h) 60 Min[R[O2] = 3%]; InOx:H films (c) before and after annealing for (f) 5 and (i) 60
min[R[O2] = 4%].
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Figure 3. 13 shows O 1s spectra obtained from both InOx:H samples with R[O2] ranging
from 2% to 4% before and after annealing at 250 °C for 60 min. Table 3. 4 is a summary
of the relative area ratio of the M-O, Vo, and -OH. For as-deposited films, the R[Vo] did
not show significant changes with the increase in R[O2]. However, as the R[Oz] increased
from 2% to 4%, the R[Vo] decreased from 21.13% to 9.70% after annealing, as shown in
Figure 3. 13 and Table 3. 4. Although the increase of R[O2] during film deposition did not
markedly change the R[ Vo] before annealing, it influenced the stability of these Vo during
thermal treatment. The annealing enhances the passivation of Vo, leading to a

rearrangement of crystal and the increase of Hall mobility.
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Figure 3. 13 HAXPES analysis of InOx:H films deposited at fixed R[Hz] of 5% and at

various R[O2]: O 1s spectra of (a) as-deposited and (b) annealed samples.
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Table 3. 4 Relative area ratio of the M-O, Vo, and -OH in InO,:H films deposited at
fixed R[H2] of 5% and at various R[O:] before and after annealing at 250 °C for 60 min.

oxygen flow

M-0 (% Vo (% -OH (%
ratio (%) () 0 (%) (%)
A 2 57.87 35.56 6.57
> 3 54.28 38.88 6.85
deposited
4 57.05 37.01 5.93
2 73.46 21.13 5.40
After
) 3 79.17 15.96 4.87
annealing
4 85.06 9.70 5.24

Figure 3. 14 shows TDS spectra of H> and H>O for as-deposited InOx:H films with
R[O2] ranging from 2% to 4% during deposition. When R[O:] decreases to 2%, a
desorption peak for H» is observed at 20 0°C, corresponding with a desorption peak for
H>O at the same temperature due to SPC. InOx:H film with R[O2] of 2% shows the highest
desorption peak of H2O at a stage temperature of ~200 °C and the smallest peak at a stage
temperature of 600~800 °C. Intrinsic oxygen plays a crucial role in stabilizing hydrogen.
Excessive interstitial H desorbs significantly into H2 and H2O at 200 °C, as shown in
Figure 3. 1, resulting in lower Hall mobility. The increase of -OH decreased Hall mobility
for films with R[Oz] increasing from 3% to 4%. It is considered that excessive H or O
will result in the reduction of Hall mobility due to impurity scattering and -OH,
respectively. Therefore, INOx:H film with R[O2] of 3% achieved an optimal equilibrium

between scattering suppression and -OH, obtaining a high Hall mobility of 75 cm?/Vs.
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Figure 3. 14 TDS spectra of as-deposited (a) Hz and (b) H2O for InOx:H films with O>
flow ratios ranging from 2~4% during deposition.

3.4 Conclusion

In this chapter, InOx and InOyx:H films with various oxygen and hydrogen flow ratios
were deposited by RF magnetron sputtering. The structure and electrical properties, and
chemical bonding states of both the InOx and InOx:H films were investigated to clarify
the effect of the gas flow ratio during deposition.

1. Hydrogen acts as shallow donor to adjust electrical properties. Hydrogen doped in
InOy film acted as interstitial H and -OH, resulting in changes in as-deposited InOx film.
Furthermore, the introduction of hydrogen promoted the formation of Vo, resulting in a
decrease in the Hall mobility. Impurity scattering, originating from interstitial H and Vo,
decreased Hall mobility for as-deposited film. The oxygen adjusted the ionized interstitial
H and free carrier in as-deposited films. At a low oxygen flow ratio, ionized H increased,
resulting in the decrease of Hall mobility due to increasing impurity scattering.

2. Solid phase crystallization occurred at the annealing temperature of ~200 °C in N>

for InOx:H films, resulting in a significant increase of Hall mobility to 60~70 cm?/Vs. In
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contrast, the Hall mobility of InOx films did not exhibit an enormous increase after
annealing. It is considered that InOx films exhibited a nanocrystalline phase. The
introduction of hydrogen caused dramatical structural rearrangements by SPC, leading to
a large grain size in polycrystalline film. The oxygen has a significant impact on the SPC
process. A high R[O2] promoted the passivation of oxygen vacancies during SPC and
reduced the SPC temperature. Oxygen enhanced the stability of hydrogen in the film,
leading to the reduction of H> and H2O desorption during the SPC process, while
increasing the relative area ratio of -OH in the film.

3. After annealing, hydrogen desorbed from the InOx:H film in the form of H, and H20,
leading to a decrease in the relative area ratio of Vo. lonized H and Vo were passivated
by SPC, causing the increase in Hall mobility. However, during the SPC process, the
reduction of defects and the increase in grain size, due to the introduction of hydrogen,
significantly improved the Hall mobility of InOx:H films. Even though H promoted the
formation of Vo, significant passivation of Vo occurred during SPC, reducing its relative
area ratio to ~10%, which is the same as that of InOx:H films. The intrinsic oxygen
affected the electrical properties of the film after annealing. At high R[O:] during
deposition, the relative area ratio of Vo decreased, resulting in a further reduction in
carrier density after SPC. In addition, excessive H or O will result in the reduction of Hall

mobility due to impurity scattering and -OH, respectively.
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Chapter 4
Solid phase crystallization mechanism in Hydrogen-doped

InOx films

4.1 Introduction

Crystallization occurred when hydrogen-doped InO. film was annealed at a low
temperature of 250°C in N, resulting in a significant increase in Hall mobility as
described in Chapter 3, indicating that crystallization is a key process in improving the
structural and electrical properties of oxide semiconductors. Since the first report of
epitaxial reordering of amorphous silicon on a crystalline silicon substrate in 1968 by
Mayer et al.[1] A large number of research on solid phase crystallization (SPC) was
performed for decades years. Polycrystalline semiconductor thin films have attracted
great attention for a wide variety of applications, such as solar cells[2,3], channel layers
of thin film transistors[4—6], and sensors[7-9]. Table 4. 1 shows the comparison of
crystallization methods and their typical applications in Semiconductors. In addition to
SPC, there are several other methods that can be applied to the crystallization of
semiconductors, such as CVD, laser annealing, and metal-induced crystallization (MIC).
However, these methods each come with their own limitations. For instance, CVD and
laser annealing require high temperature, which are unsuitable for flexible TFT
application. MIC method can affect the electrical properties of the semiconductor film
due to metal contamination[10,11]. Currently, SPC has been a common method for the

fabrication of high-performance semiconductors.
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Table 4. 1 Comparison of crystallization methods and their typical applications in

Semiconductors.
Crystallization Typical Semiconductor
Temperature . Reference
method Materials
Solid phase Oxide semiconductors,
o 175 ~ 400 °C . [12]
crystallization amorphous Si
Si, GaAs, oxide
CVD 800 ~ 1200 °C . [13]
semiconductor
Laser Annealing 800 ~ 1200 °C Amorphous Si [14]
Metal-Induced Amorphous Si, oxide
o 200 ~ 600 °C . [15]
Crystallization semiconductors
Melt Crystallization >1000 °C Si, compound semiconductors [16]
Solution process ~200 °C Organic material [17]

It is shown that the improvement in grain size is the main cause of the increase in Hall
mobility. In order to enlarge grain size to obtain the best optoelectronic properties, Macco
et al.[18] reported the SPC- In,O3:H TCO films prepared by atomic layer deposition
(ALD). To obtain the best optoelectronic properties for TCO application, it is crucial to
deposit the In203:H films at the lowest possible temperature of ALD method because a
low density of embedded crystallites acts as seeds for further crystallization, resulting in
a large grain size after SPC.

However, most of the SPC poly-InOx:H have focused on their film thickness of more
than 100 nm for TCO applications. On the other hand, there are few papers on the study
of the SPC poly-InOx:H for TFT applications with a thickness of less than 50 nm. The
understanding of SPC process for very thin (<50 nm) InOx:H film, such as nucleation
density and lateral growth rate, is essential for TFT applications.

In this chapter, we investigated the phase transition mechanism of 30-nm-thick
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amorphous InOx:H into poly-InO,:H films during SPC process in detail. Nucleation
density and lateral growth rate of the InO.:H films were evaluated using electron
backscatter diffraction (EBSD) measurements by varying the ramp rate and hold time

during SPC process.

4.2 Experiment

In this experiment, 30-nm-thick InO, and InOx:H films were deposited by radio
frequency magnetron sputtering from a ceramic In,Os target at room temperature on glass
or SiO; (100 nm)/Si substrates. Mixed gases of Ar, O2, and H> were used to deposit InOx
and InO,:H films. The O» gas flow ratio was set at 3% for both films, while the H, gas
flow ratio was set at 0 and 5% for InO, and InO.:H films, respectively. All the films were
deposited at 0.4 Pa. Then, the films were annealed in N2 by rapid thermal annealing (RTA,
ULVAC, MILA-3000) at temperatures (7a) ranging from 100 to 400 °C. The temperature
profile of the RTA was shown in Figure 4. 1. Carrier density and Hall mobility of the films
were measured by Hall effect measurements using van der Pauw geometry. Crystallinity
and structure properties of the films were evaluated by X-ray diffraction (XRD, Rigaku
Smart-Lab) and Electron Backscatter Diffraction (EBSD, AMETEK, EDAX-TSL)
analyses. Deposition parameters of InO, and InOx:H films are summarized in Table 4. 2.
Chemical bonding states of the films were evaluated by hard X-ray photoelectron

spectroscopy (HAXPES) system at the BLO9XU of SPring-8.
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Figure 4. 1 Temperature profile of SPC.

Table 4. 2 Deposition parameters of the H doped InOx and InOyx:H films.

Target
Substrate
Film thickness

Deposition time
Back pressure

Deposition pressure
RF power

Total gad flow (Ar+O>+H>)

Deposition temperature (°C)
R[O2] = O2 / (Ar+0O2+H2) (%)
R[Hz2] = H2 / (Ar+O2+H>) (%)

Annealing temperature
Annealing time

Annealing Ramp rate

In203
EAGLE XG Glass
30 nm
1'50"
< 1x10*for InOx
< 3x10*for InOx:H
0.4 Pa
200 W
10 sccm
RT
3%

5%

150 °C ~ 400 °C
0 ~ 60 min
5.8 °C/min ~ 115 °C/min

61



4.3 Effect of hydrogen doping on poly-crystalline InO, and InOx:H
Films
4.3.1 Comparison of crystallinity between InO. and InO.:H films

Figure 4. 2 shows the XRD spectra of the (a) InOx and (b) InO,:H films before (as-
deposited) and after annealing at 7a of 175, 200, and 250 °C in N> for 3 min. The ramp
time, which was shown in Figure 4. 1, was maintained at 2 min for each temperature.
Both the InO, and InO.:H films showed amorphous phase before annealing. The InO,
film exhibited a polycrystalline nature after annealing at 7x of more than 200 °C, while
the amorphous InO.:H films were converted to a polycrystalline phase after annealing at

Ta of 250 °C.

A 200°C | 200°C

XRD Intensity (arb. units)

e 175°C e . 175°C
N As-deposited = As-deposited
2I0 3I0 4I0 5IO GIO 70 2I0 3I0 4I0 5I0 GIO 70
20 (deg.) 20 (deg.)

Figure 4. 2 Changes in XRD spectra of (a) InOx and (b) InOx:H films before and after
annealing at 175, 200, and 250 °C for 3 min.

4.3.2 Hydrogen effect on electrical Properties of InOx:H Films

Figure 4. 3 shows (a) Hall mobility and (b) carrier density of the InO, and InO,:H films
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as a function of annealing temperature in N». The ramp time was maintained at 2 min for
each T with a hold time for 3 min. After annealing at 250 °C, Hall mobility of the InO.
films increased from 32 (as-deposited) to 47 cm?/Vs, whereas that of the InO.:H films
increased from 12 to 83 cm?/Vs. Both the films remained in a degenerate state even after
annealing in Na>. Although both the InO and InO.:H films exhibited polycrystalline nature
after annealing at 250 °C as shown in Figure 4. 2, Hall mobility of the poly-InO.:H film
markedly increased as compared with the poly-InO, film. This result indicated that the

introduction of hydrogen significantly increased Hall mobility of the poly-InO,:H film.

(a) 3 (b)
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Figure 4. 3 (a) Hall mobility and (b) carrier density of InO, and InO.:H films as a
function of annealing temperature (in N2). Ramp and hold time are 2 and 3 min,

respectively.

4.3.3 Cause for the increase in Hall mobility of InO.:H films after SPC

To investigate the main cause of the difference of Hall mobility between poly-InO, and
poly-InO,:H films, grain size of the as-deposited and 250 °C annealed [ hold at 250 °C
for 3 min with the ramp time of 2 min (115 °C/min)] InO, and InO,:H films were evaluated

by EBSD. Area weighted grain size is the most useful 2D method for average grain
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sizes.[19-21] Grain size was obtained by following equation:
Average grain size= ),(d; X A;)/ Y A; 4.1)

Where di and A; are grain size and area fraction, respectively.

Figure 4. 4 shows the EBSD images (probe step 100 nm) and area fraction of grain size
for both the InO, and InO.:H films. Initially, no grain was observed from both the as-
deposited InOy and InO,:H films as shown in Figure 4. 4(a) and (b). Both the EBSD and
XRD results indicated that the as-deposited InOx and InO,:H films were in an amorphous
phase. When the hold time (250 °C) increased for 3 min, both the InO, and InOx:H films
completely converted to a polycrystalline phase without amorphous region as shown in
Figure 4. 4(d) and (e). Figure 4. 4(f) shows the area fraction of the grain size of the InOx
and InO,:H films after annealing at 250 °C with hold time of 3 min. Large grains with
1.03 pm in diameter were observed from the poly-InOx:H film, while the grain size of the
poly-InO, film was 0.46 um as shown in Figure 4. 4(f). These results indicated that the
enlargement of the grain size plays an important role in the improvement of Hall mobility.
Moreover, low-temperature (250 °C) and fast SPC process is one of great advantages of

the poly-InO,:H film for enhancing the performance of flexible devices.
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Figure 4. 4 EBSD images of as-deposited and SPC (a, d) InO, and (b, ¢) InOx:H films.
SPC was carried out at 250 °C for 3 min. Area fraction of grain size of (¢) as-deposited
and (f) SPC films.

4.4 Mechanism of SPC poly-InO,:H film

As we previously discussed in chapter 4.3, both the InO, and InO,:H films showed
poly-crystalline phases with a hold time of 3 min at 7a 0of 250 °C in N». To investigate the
main cause of the difference in grain size between poly-InO, and poly-InO,:H films, the
hold time was varied from 0 to 60 min to investigate the process of the nucleation and

lateral grain growth at 7'x of 250 °C in detail. Ramp time was set for 2 min at 7 of 250 °C.

4.4.1 Effects of H2> doping on nucleation density and lateral growth rate of InO.x:H
film

Figure 4. 5 shows (a) Hall mobility and (b) carrier density of the InO, and InO:H films
as a function of hold time at 7a of 250 °C. Initially, Hall mobility of both the InO, and

InO,:H films increased with an increase of hold time. Then Hall mobility remained at ~47
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cm?/Vs for the InO; and ~80 cm?/Vs for the InO,:H after holding at 250 °C for more than

3min.
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Figure 4. 5 (a) Hall mobility and (b) carrier density of InO, and InO,:H films as a
function of hold time at 250 °C (in Ny).

Figure 4. 6 shows EBSD images and area fraction of grain size for both the InOx and
InO,:H films annealed at 250 °C for 0 to 60 min. The InO. film showed mostly
polycrystalline grains even without a hold time at 250 °C as shown in Figure 4. 6(a). Grain
size with 0.36 pm in diameter was observed from the InO, film as shown in Figure 4. 6(c).
When the hold time (250 °C) increased for 3 and 60 min, InOy films completely converted
to a polycrystalline phase with grain size of ~0.54 um as shown in Figure 4. 6(f) and 6(i).
In contrast, The InO:H film showed a mixed phase of amorphous and polycrystalline
when the hold time of less than 1 min as shown in Figure 4. 6 (b) and (d). Poly-crystalline
InO,:H films with large grain size of ~0.95 um were obtained, and grain size almost no
change when the hold time (250 °C) increased more than 3 min as shown in Figure 4. 6(g)
and (j). Changes in the grain size of the films are well agreed with the Hall mobility of

the films.
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Nucleation density of the InO, and InO.:H films were estimated by the EBSD results
shown in Figure 4. 6(a) and (b), respectively. Table 4. 3 shows the nucleation density of
both films. Result revealed that the introduction of hydrogen in the film markedly reduced
nucleation density from 4.1 pm? for the InO, film to 1.1 um? for the InOx:H film,
resulting in an increase of the grain size after SPC. The laterally growth rate of crystal
nuclei is defined by the grain size difference between the hold time from 0 (0.66 pum) to
1 min (1.10 pm). Lateral growth rate from the nucleus was estimated to be 220 nm/min
for the InO,:H film. Thus, an amorphous InO,:H film could be converted to a poly-InO,:H
film within 3 min owing to a fast lateral growth rate from the nucleus. Hall mobility also

exhibited ~80 cm?/Vs for the poly-InO,:H film with the hold time of more than 3 min.
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F1gure 4. 6 EBSD images of (a, f, and i) InO, and (b, d, g, and j) InO.:H films annealed
in N> at 250 °C with different hold time (0, 1, 3, and 60 min). (c, e, h, and k) Area

fraction of the grain size of the films with different hold time (0, 1, 3, and 60 min).

Table 4. 3 Nucleation density of films at 250 °C without hold time.
Film (Hold 0) InOx InO:H
Nucleation density (um) 4.1 1.1

68



Figure 4. 7 shows the HAXPES O 1s core spectra of InO,:H films as a function of hold
time. A significant difference induced by change of Vo as a shoulder in the higher binding
energy region was observed for the InO.:H films. Four clear distinguishable Gaussian—
Lorentzian curves after the O 1s spectra deconvolution were assigned to 530.1 eV, 530.6
eV, 531.8 eV, and 533.2 eV, corresponding to the metal-oxygen bonds (M-O), oxygen
vacancies (Vo), oxygen-hydrogen (OH), and SiO; in substrate, respectively.[22,23] Table
4. 4 is a summary of the relative area ratio of the M-O, Vo, and -OH as a function of hold
time. The relative area ratio of the Vo decreased enormously from 49.69% (hold time of
0 min) to 33.50% (hold time of 3 min) with InO:H film converted from mixed phase to
polycrystalline phase. Then the relative area ratio of the Vo of poly-InO,:H film decreased
slightly from 33.50% to 28.29% with extension of hold time to 60 min. Vo is mainly
located at the amorphous phase. After SPC completion, Vo in grain boundary was

passivated gradually, without obvious change in grain size.
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Figure 4. 7 O 1s HAXPES spectra obtained from InO,:H films as a function of hold

time without hold time (a) before and (b)-(c) after deconvolution.

Table 4. 4 Relative area ratio of the M-O, Vo, and -OH in InO,:H films deposited at
R[0O2]-R[H2] of 3-5% as a function of hold time.

Hold time
) M-O (%) Vo (%) -OH (%)
(min)
0 46.34 49.69 3.98
3 65.55 33.50 0.96
60 71.13 28.29 0.58

As shown in Chapter 3, as-deposited InO; film exhibited high relative area ratio of M-
O (87.52%), then almost no change after annealing (87.69%). On the other hand, relative
area ratio of M-O increased from 57.05% for as-deposited InO.:H film to 85.06% for
polycrystalline InO,:H film.

The results indicated that the grains in polycrystalline phase are primarily composed

of M-O. High relative area ratio of M-O promoted atomic aggregation, thereby forming
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crystalline nuclei, resulting in high nucleation density for InO, films. For InOx:H film, the
doped H, acting as interstitial H and -OH in InO,:H films, suppressed and decelerated
atomic aggregation. During the SPC process, the dramatical rearrangement of film

structure also suppressed the formation of crystalline nuclei.

4.4.2 Influences of ramp rate on grain size and Hall mobility of InOx:H films

As we previously discussed, nucleation density and resulting grain size of the film have
a strong impact on Hall mobility. Next, the ramp rate of the SPC process, which was
shown in Figure 4. 1, was varied to investigate its effect on grain size and Hall mobility
of the InO.:H film. Figure 4. 8(a)-(d) show EBSD images of the InOx:H films after
annealing at 7a of 250 °C with different ramp rate without hold time. Complete
crystallization was observed from the films annealed at the ramp rates of 5.8 and
11.5 °C/min. On the other hand, the films showed a mixed phase of amorphous and
crystalline at the ramp rates of 23.0 and 115 °C/min.
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Figure 4. 8 EBSD images of SPC (250 °C) poly-InO.:H films without hold time. The
ramp rate was set at (a) 5.8 °C/min, (b) 11.5 °C/min, (c) 23.0 °C/min, and (d)

115.0 °C/min, (e) Area fraction of the grain size of the films (250 °C, 0 min) with
different ramp rate.
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Figure 4. 9 shows (a) Hall mobility and (b) carrier density of the InO,:H films annealed
at Ta of 250 °C as a function of ramp rate with different hold time. For the InO,:H films
without hold time, Hall mobility decreased and carrier density slightly increased for the
films without hold time when the ramp rate increased due to crystalline volume fraction
decreased. Hall mobility increased for the films with the ramp rate of more than
11.5 °C/min when the hold time increased from 0 to 3 min. This result indicated that the
crystalline volume fraction of the films increased with the hold time owing to a lateral
growth from crystalline nuclei as shown in Figure 4. 6. Almost the same Hall mobility
(~80 cm?/V's) was obtained from all the films after hold time for 3 min irrespective of the
ramp rate, suggesting that the ramp rate did not have an impact on the nucleation density

and grain size of the film as shown in Table 4. 5.
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Figure 4. 9 (a) Hall mobility and (b) carrier density of SPC (250 °C) poly-InO.:H films

as a function of ramp rate with different hold time.

Table 4. 5 Nucleation density of the InO.:H films as a function of ramp rate without

hold time.
Ramp rate(°C/min) 23.0 115.0
Nucleation density (um) 1.1 1.1
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Figure 4. 10 shows the HAXPES O 1s core spectra of InO,:H films as a function of
ramp rate without hold time. A noticeable difference as a shoulder in the higher binding
energy region was observed for the InO,:H films annealed at 250°C [hold time 0 min] in
N2 with different ramp rate as shown in Figure 4. 10. Table 4. 6 is a summary of the
relative area ratio of the Vo as a function of ramp rate without hold time. Relative area
ratio of the Vo increased with the increase of ramp rate, indicating that a large amount of
Vo was concentrated in amorphous regions of InO:H film, which facilitates the formation
of defects due to the disorder of lattice structure. As crystalline volume fraction increased,
the relative area ratio of the Vo decreased, corresponding to the decrease of carrier density,

as shown in Figure 4. 9.
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Figure 4. 10 O 1s HAXPES spectra obtained from InO,:H films as a function of ramp

rate without hold time (a) before and (b)-(c) after deconvolution.
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Table 4. 6 Relative area ratio of the oxygen vacancies (Vo) of InO,:H films as a function
of ramp rate without hold time.
Ramp rate (°C/min) 5.8 23.0 115.0
Vo (hold 0) (%) 39.7 52.0 49.7

Figure 4. 11 shows (a)-(d) EBSD images and (e) area fraction of grain size of the poly-
InO,:H films after annealing at 7a of 250 °C for 3 min with the ramp rate in the range
from 5.8 to 115.0 °C/min. Polycrystalline phase was observed from all the films after
annealing at 250 °C for 3 min even with different ramp rate. In addition, almost the same
grain size was observed from all the films even with different ramp rate as shown in
Figure 4. 11(e), indicating that the nucleation density was not changed by the ramp rate.
Almost the same grain size, Hall mobility and carrier density could be obtained from the
poly-InO.:H films after annealing at 250 °C for 3 min, irrespective of the ramp rate. These
results indicated that SPC poly-InO.:H films have a wide range of processing windows

which is also beneficial for the industrial applications.
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Figure 4. 11 EBSD images of SPC (250 °C for 3min) poly-InO.:H films with the ramp
rate of (a) 5.8 °C/min, (b) 23.0 °C/min, (¢)11.5 °C/min, and (d) 5.8 °C/min. (e) area

fraction of the grain size of the films (250 °C, 3 min) with different ramp rate.
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Figure 4. 12 shows the HAXPES O 1s core spectra of InO,:H films as a function of
ramp rate with hold time of 3 min. Table 4. 7 summarizes the relative area ratio of the Vo
as a function of ramp rate with hold time of 3 min. All the films exhibited almost identical
O 1s spectra and ratio of oxygen vacancies after SPC completion irrespective of the ramp
rate. As the amorphous regions disappears, the relative area ratio of the Vo decreases to
approximately 33.4% for polycrystalline InO.:H films. It was demonstrated that InO.:H

films exhibit stability against ramp rate after SPC.
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Figure 4. 12 O 1s HAXPES spectra obtained from InO,:H films as a function of ramp

rate with hold time of 3 min (a) before and (b)-(c) after deconvolution.

Table 4. 7 Relative area ratio of the oxygen vacancies (Vo) of InO,:H films as a function
of ramp rate after holding at 250 °C for 3 min.
Ramp rate (°C/min) 5.8 23.0 115.0
Vo (Hold 3 min) (%) 32.5 343 33.5

75



4.5 Conclusion

In this chapter, poly-InO, and poly-InO:H films were formed by rapid SPC. Structure
and electrical properties of both the InO, and InO.:H films were investigated to clarify
the mechanism of phase transition of 30-nm-thick amorphous InO,:H into poly-InO.:H
films during rapid SPC process. Hall mobility of the InO,:H films significantly increased
to 83 cm?/Vs after annealing in N> at 250 °C for 3 min, whereas that of the InO, films
increased to 47 cm?/Vs due to the difference of the grain size. We found that H>-doping
in InO,:H films reduced a nucleation density at 250 °C from 4.1 to 1.1 pum™, result in an
increase of a grain size and Hall mobility of the poly-InOx:H films. The crystalline volume
fraction in the InO.:H films annealed at 74 of 250 °C without hold time decreased with
an increase of the temperature ramp rate. The lateral growth rate from the nucleus was
estimated to be 220 nm/min for the InO,:H film. Thus, an amorphous InO,:H film could
be converted to a poly-InO,:H film within 3 min owing to a fast lateral growth rate from
the nucleus. Hall mobility exhibited ~80 cm?/Vs for the poly-InOx:H film with the hold
time of more than 3 min. In addition, almost the same grain size, Hall mobility and carrier
density could be obtained from the poly-InO,:H films after annealing at 250 °C for 3 min
irrespective of the ramp rate. These results indicated that SPC poly-InO,:H films have a
wide range of processing window which is also beneficial for the industrial applications.
Low-temperature (250 °C) and fast lateral growth is a great advantage of the poly-InO.:H

film for enhancing the performance of flexible devices.
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Chapter contribution
Based on this chapter the manuscript titled «Nucleation and grain growth in low-
temperature rapid solid-phase crystallization of hydrogen-doped indium oxide», Xiaoqian

Wang, Yusaku Magari, and Mamoru Furuta, Japanese Journal of Applied Physics, 63,

03SP38 (2024), https://dx.doi.org/10.35848/1347-4065/ad2 1ba, was published
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Chapter 5

Metal-semiconductor transition mechanism of InOx:H film

5.1 introduction

Oxide semiconductors have been widely researched over the past few decades for use
as transparent conductive oxides (TCO) [1], channel layers for flat panel display[2],
sensors[3], and flexible devices[4], benefiting from their high electrical properties and
low temperature fabrication process. Among them, IGZO (indium gallium zinc oxide) has
attracted considerable attention as a channel layer since it was reported by Nomura et
al.[5] in 2004. TFTs using IGZO as the channel layer exhibit a field effect mobility of 10
cm?/Vs. In order to obtain TFTs with higher field effect mobility, we focus on
polycrystalline film. Indium oxide has been studied as transparent conducting oxide for
decades due to its high Hall mobility[6,7]. In Chapters 3 and 4, InO.:H films with high
Hall mobility were obtained by SPC. The mechanism of SPC was investigated. However,
InO,:H films before and after annealing in N> exhibited a high carrier density of 10?° cm
3, which is not suitable for TFT application. Figure 5. 1 shows relationship between carrier
density and application of (semi)conductive metal oxides as a function of their carrier
density. It is essential to control the carrier density ranging from 10> ~ 10'® cm™ for TFT
fabrication. Stable carrier density ensures long-term operational reliability and minimizes

device degradation.
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Figure 5. 1 Schematic of various aspects of (semi)conductive metal oxides as a function

of their carrier density.[8]

M. Nistor et al. obtained nondegenerate undoped In203 films by pulsed electron beam
deposition at a deposition temperature of 500 °C.[9] There are some issues with this
fabrication. The obtaining of nondegenerate InoO3 films required high temperature and
complex equipment. The carrier density of InoO3 films was very sensitive to oxygen gas
pressure during deposition. Nondegenerate InoO3 films require improvement in stability
at a wide range of deposition condition parameters, controlling carrier density in a wide
range, using simple methods.

In oxide semiconductors, carrier density control methods primarily include doping,
thermal annealing, controlling the atmosphere during deposition, and ion implantation.
The carrier density controlling method is summarized in Table 5. 1. Among these methods,
doping is widely used to change electrical and structural properties, which can achieve a

wide range of carrier density films[10]. The advantages of doping are wide material
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selection and carrier density adjustment range. Annealing is usually used to decrease
carrier density. Annealing changes the defect structure (such as oxygen vacancies and
interstitial impurities) inside the material through thermal treatment, thereby controlling

the carrier density.

Table 5. 1 Carrier density controlling method for oxide semiconductor.

Range of carrier

Method Mechanism ] Reference
density (cm™)
Changin
Doping nemne 10'5 ~ 102! [11-13]
electronic structure
Repair or generate
Thermal annealing defects at high 107 ~ 10" [14-16]
temperature
Control atmosphere ~ Repair or generate
. P P s 10'7 ~ 10% [17]
during deposition defects
Hydrogen treatment  Passivate defects 10'7 ~ 10" [18,19]
Supply donor
Ion implantation PPy 10" ~ 10%! [20-22]
element

As a representative semiconductor material, the carrier density of IGZO can be
controlled within the range of ~10'* to ~10*° cm™ by varying the oxygen pressure and
annealing during the deposition and thermal treatment process, respectively.[23,24]
Indium oxide shows a high carrier density of 10'® cm™ due to the excess oxygen vacancy.
In the research of semiconductors and applications, accurate control for carrier density is
crucial for achieving high performance and stable operation of devices. The electrical
properties of oxide semiconductors are determined by intrinsic band structure, impurities,
and defects, which can be controlled by deposition conditions and post-deposition

treatment.
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Kataoka et al.[25] have reported that nondegenerate poly-InO.:H thin films were
successfully prepared by SPC. Figure 5. 2 shows carrier density of as-deposited and 25
0°C annealed poly-InOx and poly-InO.:H films as a function of R[H2] during film
deposition. Carrier density slightly increased with hydrogen dopant. After annealing at
N2 for 60 min, all the films show almost the same carrier density of ~10?° cm™, regardless
of R[Hz]. On the other hand, after annealing at 250 °C in air, poly-InO, film remained in

a degenerate state, while poly-InO,:H films exhibited a nondegenerate state.[26]

19 | —&— as-deposited i
10 —m— 250°C PDA in N2 3
o —@— 250°C PDA in air ]

Carrier density (cm™)

R(H,) (7o)

Figure 5. 2 Carrier density of InO, (R[H2] = 0) and InO.:H (R[H2] = 1, 5, 9%) films
before (as-deposited) and after 250 °C PDA (in both N> and air) as a function of
R[H2].[25]

5.2 InO, and InO«:H films deposition conditions

In order to investigate the mechanism of carrier density reduction, 50-nm-thick InOx
and InO,:H films were deposited by radio frequency magnetron sputtering from a ceramic
In2Os3 target at room temperature on glass or SiO2 (100 nm)/Si substrates. Mixed gases of

Ar, Oy, and H, were used to deposit InO, and InOy:H films. The O, and H» gas flow ratios
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ranged from 2% to 4% and 0 to 5%, respectively. Since it is known that hydrogen
generates carrier, which has an effect on the electrical properties of InOy films, in order
to minimize the influence of water from the atmosphere and residual H content after
deposition, the main chamber was pumped out to a back pressure below 1x10™* Pa. The
RF power and deposition pressure were 200 W and 0.4 Pa, respectively. Deposition
parameters of InO, and InOx:H films are summarized in Table 5. 2. Then, the films were

annealed in N> and air by RTA at temperatures ranging from 100 to 400 °C, as shown in

Table 5. 3.

Table 5. 2 Deposition parameters of the H-doped InO, and InO,:H films.

Target In203
EAGLE XG Glass
Substrate ) ]
Si0; (100 nm)/Si
Film thickness 50 nm
Deposition time 3'4"

< 1x10*for InOy

Back pressure <3x10*for INOx:H

Deposi+tion pressure 0.4 Pa
RF power 200 W
Total gad flow (Ar+O>+H>) 10 sccm
Deposition temperature (°C) RT
R[O2] = O2 / (Ar+O2+H2) (%) 2~4%
R[H2] =H2 / (Ar+O2+Hz) (%) 0, 5%

Table 5. 3 Annealing parameters of the H-doped InO, and InO,:H films.

Annealing temperature 150 °C ~ 400 °C
Annealing time 0 ~ 60 min
Annealing Ramp rate 115 °C/min
Annealing ambient gas Na, Air
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5.3 Mechanism of carrier density reduction of InOx:H film
5.3.1 Carrier density reduction by decrease of ionized impurities

Figure 5. 3 shows Hall mobility and carrier density of 50-nm-thick InO. (R[H2] = 0%)
and InO,:H (R[H2] = 5%) films as a function of annealing temperature in N». As reported
in Chapter 3, Hall mobility increased with the occurrence of crystallization for InO, and
InOx:H films at 200 °C. Carrier density of as-deposited films increased with the doping
of H from 1.8x10?° cm™ for InO, film to 4.5%10?° cm™ for InO,:H film due to the ionized
impurities. After annealing in N2, carrier density of InO, film almost did not change as
the annealing temperature increased. On the other hand, carrier density of InO.:H film
started to decrease at the temperature of 200 °C and further reduced to 2.9x10'® cm™ as

the temperature increased to 350 °C.
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Figure 5. 3 (a) Hall mobility and (b) carrier density of InO, (R[H2] = 0%) and InO,:H
(R[Hz2] = 5%) films as a function of annealing temperature (in N2). R[O2] was set at 4%.

Ramp and hold time are 2 and 60 min, respectively.

Figure 5. 4 shows SEM surface views of InO, (R[Hz2] = 0%) and InO,:H [R[H2] = 5%]
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films before and after annealing in N>. No significant change was observed in InO; films
before and after annealing. Whereas SPC occurred for InOx:H films during annealing at
250 °C, causing drastic rearrangement of crystal and obviously large grain size. It is
considered that the obvious phase transition due to SPC is one of the causes of carrier

density reduction.

R[H,]=0% R[H,]=5%

As-deposited

250°C in N,
(60 min)

Grain size
~0.64pm

Figure 5. 4 SEM surface views of InOx films (R[H2] = 0%): (a) as-deposited, (b)
annealed in N> at 250 °C (60 min). InO,:H films (R[H2] = 5%): (c) as-deposited, (d)
annealed in N> at 250 °C (60 min).

Thermal desorption spectroscopy (TDS) analysis was performed in order to investigate
the change in InO, and InO.:H films during SPC, as shown in Figure 5. 5. No desorption
of Hz was observed during the whole measurement, as shown in Figure 5. 5(a). There is
a small desorption peak of H,O at ~100 °C for InO, film. In contrast, an obvious

desorption peak of H>O was observed at below 200 °C. It is indicated that the ionized H
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was desorbed as H,O during SPC, causing the decrease in carrier density. It is considered
that ionized H and Vo act as shallow donors, which were desorbed or passivated at low
temperature. On the other hand, -OH was located at a deep level state, which can be

desorbed at a high temperature of above 500 °C, as shown in Figure 5. 5(b).
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Figure 5. 5 TDS analysis of the 50-nm-thick as-deposited InO, (R[H2] = 0%) and
InO,:H (R[Hz2] = 5%): films (a) m/z = 2 (H»); (b) m/z = 18 (H20).

5.3.2 Carrier density reduction by passivation of oxygen vacancy

In order to investigate the role of H in films and clarify the change that occurred during
SPC, chemical bonding states and subgap states of the InO, and InO,:H films were
measured by HAXPES. Figure 5. 6 shows O 1s HAXPES spectra obtained from InO, and
InO,:H films before and after annealing in N». Relative area ratios of metal-oxygen (M-
0), oxygen vacancies (Vo), and oxygen-hydrogen (-OH) in the InOy and InOx:H films
before and after annealing in N are summarized in Table 5. 4. Relative area ratio of Vo
increased from 10.35% for as-deposited InO, films to 37.01% for as-deposited InO,:H
films with the introduction of H, indicating that H doping promoted the formation of Vo.

R[Vo] of InO;, films almost did not change after annealing in N2. Whereas R[Vo] of
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InO,:H films significantly decreased from 37.10% to 9.70%. It is considered that Vo
provided a portion of the carrier density. Then, Vo was passivated due to rearrangement
of crystal by SPC, causing the reduction of carrier density.

A low relative area ratio of -OH (2.13%) was observed in as-deposited InO, films due
to unintentional doping of H>O. As H is intentionally introduced, the relative area ratio of
-OH increased to 5.93% for as-deposited InO,:H films. Relative area ratio of -OH of both
the films slightly decreased after annealing. It is considered that -OH did not play an

active role in carrier density reduction during annealing.
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Figure 5. 6 O 1s HAXPES spectra obtained from as-deposited (a) InO, (R[H2] = 0%)
film and (b) InO.:H (R[H2] = 5%) films; polycrystalline (c¢) InOy films and (d) InO.:H

films after deconvolution.
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Table 5. 4 Relative area ratio of the metal-oxygen (M-O), oxygen vacancies (Vo), and
oxygen-hydrogen (-OH) in the InO, and InO,:H films before and after annealing in N»

for 60 min after deconvolution of O 1s spectra.

R[H2] (%) R[M-O] (%) R[Vo] (%) R[-OH] (%)

0 87.52 10.35 2.13
As-deposited
5 57.05 37.01 5.93
0 87.69 11.04 1.27
Annealed in N
5 85.06 9.70 5.24

Figure 5. 7 shows the valence band configuration from Ef of the (a) as-deposited and
(b) annealed films, respectively. As can be seen in Figure 5. 7(a), near Er states of as-
deposited InO,:H film was slightly increased as compared with the as-deposited
conventional InO, film. Then, near Er states of InO.:H film significantly decreased.
Whereas that of InOx film almost did not change. It turned out that the change in near Er

states reflects the change in Vo.
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Figure 5. 7 HAXPES spectra around band gap of the InOx (R[Hz2] = 0%) and InO.:H
(R[Hz2] = 5% films deposited at fixed R[O2] = 4%: (a) as-deposited; (b) after annealing
for 60 min in N> at 250 °C.
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5.3.3 Effect of annealing atmosphere gas on carrier density reduction

Figure 5. 8 shows (a) Hall mobility and (b) carrier density of 50-nm-thick InO. (R[H2]
= 0) and InO«:H (R[H2] = 5%) films as a function of annealing temperature in air.
Nondegenerate InO, films were obtained by annealing in air at above 300 °C, causing a
significant decrease in carrier density from 1.8x10?° cm™ to 5.1x10'7 cm™. In contrast,
nondegenerate InO,:H films were obtained at a lower temperature of 200 °C, causing a
wider reduction in carrier density, from 4.5%10?° cm™ to 6.3x10'¢ cm™. In addition to the
reduction in carrier concentration resulting from crystal rearrangement due to SPC, the

annealing atmosphere is also a factor influencing the decrease in carrier concentration.
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Figure 5. 8 (a) Hall mobility and (b) carrier density of InO. (R[Hz2] = 0%) and InO,:H
(R[Hz2] = 5%) films as a function of annealing temperature (in air). R[O>] was set at 4%.

Ramp and hold time are 2 and 60 min, respectively.

Figure 5. 9 shows TDS analysis of InOx and InOx:H films before and after annealing in
N> and air. No desorption peak of H» was observed during the whole measurement for as-

deposited and annealed films, as shown in Figure 5. 9(a) and (c). Compared to films after

91



annealing, an obvious H>O desorption peak was observed at a temperature below 200 °C
for as-deposited films. Interstitial H, substitutional H, and weakly bond O were desorbed
as H,O. However, as-deposited and annealed samples exhibited the same intensity at
temperature above 500 °C, indicating that annealing at 250 °C did not affect -OH, which

formats deep localized states, as shown in Figure 5. 9(b) and (d).
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Figure 5. 9 TDS analysis of the 50-nm-thick InOx films: (a) m/z =2 (H») and (b) m/z =
18 (H20); InOx:H films: (¢) m/z =2 (H2) and (d) m/z = 18 (H20).

Figure 5. 10 shows SEM surface views of InO, (R[H2] = 0) and InO,:H [R[Hz] = 5%]

films before and after annealing in air at 250 °C. No significant change was observed in
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InOx films before and after annealing in N> and air. Large grain due to SPC was observed.
However, polycrystalline films exhibited almost the same grain size of ~0.65um,

irrespective of the annealing atmosphere.

R[H,]=0% R[H,]=5%

As-deposited

250°C in air
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Figure 5. 10 SEM surface views of InOy films (R[H2] = 0%): (a) as-deposited, (¢)
annealed in air at 250 °C (60 min); InO,:H films (R[H2] = 5%): (b) as-deposited, (d)
annealed in air at 250 °C (60 min).

As described above, crystallization is not the cause of metal-semiconductor transition.
Next, chemical bonding states and subgap states of the InOx and InOx:H films were
investigated. Figure 5. 11 shows O 1s HAXPES spectra obtained from InO, and InO.:H
films before and after annealing in air. Relative area ratios of M-O, Vo, and -OH in the
InO, and InO,:H films before and after annealing in air are summarized in Table 5. 5.
Relative area ratio of Vo and -OH of InO, films slightly decreased from 10.35% to 6.00%
and 2.13% to 0.92%, respectively. The change of chemical bonds in InOy films can not

result in an obvious decrease. Relative area ratio of Vo of InOx:H films shows a more
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substantial decrease compared to films annealed in N2, decreasing from 37.10% to 3.23%.
The oxygen in annealing atmosphere further passivated the Vo, causing a further decrease
in carrier density. Relative area ratio of -OH of InOx:H films slightly decreased from
5.93% to 4.63%. However, the relative area ratio of -OH of InO,:H films is higher than
that of InO; films after annealing. It is considered that -OH suppressed the formation of

carrier density.
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Figure 5. 11 O 1s HAXPES spectra obtained from as-deposited (a) InO, (R[H2] = 0%)
film and (b) InOx:H (R[Hz] = 5%) films; polycrystalline (c) InO; films and (d) InOx:H

films annealed in air after deconvolution.
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Table 5. 5 Relative area ratio of the M-O, Vo, and -OH in the InOy and InOy:H films

before and after annealing in air for 60 min after deconvolution of O 1s spectra.

R[H2] (%) R[M-O] (%) R[Vo] (%) R[-OH] (%)

0 87.52 10.35 2.13
As-deposited
5 57.05 37.01 5.93
0 93.07 6.00 0.92
Annealed in air
5 92.14 3.23 4.63

Figure 5. 12 shows the valence band configuration from Er of the (a) as-deposited and
(b) annealed (in air) InO, and InOx:H films, respectively. High near Er states were
observed for InO, film even after annealing in air with almost no change in carrier density.
Compared to InO, films, near Er states of InO,:H film further decreased, which

corresponded to the decrease in carrier density.
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Figure 5. 12 HAXPES spectra around band gap of the InO, (R[H2] = 0%) and InO.:H
(R[H2] = 5%) films deposited at fixed R[O2] = 4%: (a) as-deposited; (b) after annealing
for 60 min in air at 250 °C.
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Next, the change in HAXPES spectra around band gap during annealing in N> and air
for InOy and InO,:H films was investigated in detail. Figure 5. 13 shows HAXPES spectra
around band gap of the (a) InOx (R[H2] = 0%) and (b) InO,:H (R[Hz] = 5%) films before
and after annealing for 60 min in N> and air at 250 °C. High near Er states and the same
near-VBM states were observed before and after annealing in N> and air. In contrast, a
significant decrease in near Er states was observed after annealing. An obvious increase
in near-VBM states after annealing. It is considered that the extremely low relative area

ratio of the Vo and the suppression of carriers by -OH jointly result in the formation of

nondegenerate InO,:H films.

0.20FF 0.20F
z R[0,]-R[H,]=4-0%

]
|| —— As-deposited
H

1

R[O,]-R[H,]-4-5%
— As-deposited

=015khl 0 U Annealed inN, | — 5L v o Annealed in N,

E B - - - Annealed in air | S ' - - - Annealed in air
HI

"E Hl ,.e \

. i &) |

ECRCI AU

g z

£ g

= 0.05F = 0051

2.0 1.0 0.0 2.0 1.0 0.0
Binding energy (eV) Binding energy (eV)

Figure 5. 13 HAXPES spectra around band gap of the (a) InO. (R[H2] = 0%) and (b)

InO,:H (R[H2] = 5%) films before and after annealing for 60 min in N> and air at
250 °C.

5.4 Effect of intrinsic oxygen on carrier density reduction
5.4.1 The effect of intrinsic oxygen on InOx:H films before and after annealing in N2
Figure 5. 14 shows the carrier density of InO,:H films as a function of annealing

temperature in N». As-deposited InOy:H films exhibited almost the same carrier density
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of 5 x10?° cm™ with R[O2] ranging from 2 ~ 4%. The R[O2] during deposition did not
show an obvious effect on carrier density. Carrier density of all the InO,:H films decreased
with annealing temperature higher than 200°C. InO,:H films with R[O2] of 2% showed
higher carrier density than films with R[O2] of 3 and 4% after SPC in N». Intrinsic oxygen,
determined by the oxygen flow ratio during deposition, reduced carrier density after SPC.
However, carrier density of InO,:H films showed a slight difference with different R[O2].

Next, the SEM surface views were investigated.
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Figure 5. 14 Carrier density of InO.x:H (R[O2] =2 ~ 4%) films as a function of annealing
temperature (in N2). R[H>] was set at 5%. Ramp and hold time are 2 and 60 min,

respectively.

Figure 5. 15 shows SEM surface views of InO.:H films with R[O;] ranging from 2%
to 4%. SPC occurred for all the films with hydrogen doping, causing a slight decrease of
carrier density. Large grains were observed for all the films, irrespective of R[O2]. No
significant correlation was observed between grain size and carrier density of InO,:H

films.
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Figure 5. 15 SEM surface views of as-deposited InO:H films with R[O2] of (a) 2%, (b)
3% and (c) 4%; annealed InOy:H films with R[Oz] of (a) 2%, (b) 3% and (c) 4% (in N>).

Annealing time and temperature are 60 min and 250 °C, respectively.

Figure 5. 16 shows O 1s HAXPES spectra obtained from InOy:H films with R[O2]
ranging from 2 ~ 4% before and after annealing in N> at 250 °C. Relative area ratios of
M-O, Vo, and -OH in the InO:H films before and after annealing in N> are summarized
in Table 5. 6. As-deposited InOx:H films with different R[O2] show almost the same
chemical bonding states, corresponding to the same carrier density. In contrast, relative
area ratios of M-O increased, and that of Vo and -OH decreased obviously with the
increase of R[Oz] after annealing in N». It is discussed above that the near Er states are
related to the carrier density of InO:H films after annealing. Next, the HAXPES spectra

around band gap was investigated.
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Figure 5. 16 O 1s HAXPES spectra obtained from as-deposited InO.:H films with R[O>]
of (a) 2%, (c) 3%, and (e) 4%; InOx:H films annealed in N> at 250 °C with R[Oz] of (a)
2%, (¢) 3%, and (e) 4%.

Table 5. 6 Relative area ratio of the M-O, Vo, and -OH in the InOx:H films with R[O]
ranging from 2~4% before and after annealing in N> for 60 min after deconvolution of

O Is spectra.

R[H:2] (%) R[M-O] (%) R[Vo] (%) R[-OH] (%)

2 57.87 35.56 6.57

As-deposited 3 54.28 38.88 6.85
4 57.05 37.01 593

2 73.46 21.13 5.40

Annealed in N2 3 79.17 15.96 4.87
4 85.06 9.70 5.24
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Figure 5. 17 shows the valence band configuration from Er of the InOx:H films with
R[O:] ranging from 2 ~ 4% after annealing for 60 min in N3 at 250 °C. Polycrystalline
InO,:H films with R[Oz] of 2% show higher near Er states and near-VBM states than
films with R[O2] of 3 and 4%. It is indicated that the intrinsic oxygen decreased near Er
states and near-VBM states of polycrystalline films, resulting in the decrease of carrier
density. However, the increase of R[O2] caused a slight change in carrier density of

InOy:H films. Next, a further reduction of carrier density was achieved.
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Figure 5. 17 HAXPES spectra around the band gap of the InO,:H films with R[O2]
ranging from 2 ~ 4% after annealing for 60 min in N> at 250 °C. R[Hz] was fixed at 4%.

5.4.2 Synergistic effect of intrinsic oxygen and annealing ambient oxygen on carrier
reduction

Figure 5. 18 shows the carrier density of InO,:H films as a function of annealing
temperature in air. The metal-semiconductor transition temperature decreased with the
increase of R[O2]. Carrier density of InOy:H films (R[O2] = 4%) decreased from 4.5x10?°

cm™ t0 6.3x10' cm™ at a lower temperature of 200 °C. In contrast, carrier density InOx:H
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films with R[O2] of 2% decreased to 1.6x10!7 cm™ at the annealing temperature of 400 °C.
Nondegenerate InO,:H films can be obtained at low temperature (below 250 °C) with
R[O:z] higher than 3% during deposition. Next, the cause of the difference in metal-

semiconductor transition temperature was investigated.
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Figure 5. 18 Carrier density of InO.:H (R[O2] =2 ~ 4%) films as a function of annealing
temperature (in air). R[Hz] was set at 5%. Ramp and hold time are 2 and 60 min,
respectively.

Figure 5. 19 shows carrier density of InOx:H films as a function of annealing time.
Carrier density of InOx:H films with R[O2] of 2% decreased by half an order of magnitude
within 3 min. Then carrier density exhibited constant value with the extension of
annealing time. Carrier density of InO.:H films with R[O2] of 3% decreased from
6.7x10% to ~10'” cm™ gradually during 30 min. Carrier density of films with R[O2] of
4% decreased rapidly to 2.5x10'® cm™ within 5 min. Then carrier density ranged from

1.9x10' cm™ to 1.4x10'7 cm™ with annealing time extending. The results indicated that
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the increase of R[O2] during deposition decreased the metal-semiconductor transition
temperature, making it possible to obtain nondegenerate InOx:H films at below 250 °C.
In addition, the increase of R[O:] accelerated the decrease of carrier density during

annealing in air.
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Figure 5. 19 Carrier density of InOx:H (R[O2] =2 ~ 4%) films as a function of annealing

time (in air). R[H>] was set at 5%. Annealing temperature is 250 °C, respectively.

Figure 5. 20 shows O 1s HAXPES spectra obtained from InOx:H films with R[O2]
ranging from 2% to 4% after annealing in air. Relative area ratios of M-O, Vo, and -OH
in the InOx:H films after annealing in air are summarized in Table 5. 7. InO.:H films with
R[O2] of 2% exhibited obviously higher R[Vo] of 12.68% than that (~2.96%) in InO.:H
films with R[O2] of 3 and 4%, corresponding to the high carrier density of InO.:H films
with R[O2] of 2%. The deficiency of intrinsic oxygen suppressed the passivation of Vo

even after annealing in air.
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Figure 5. 20 O 1s HAXPES spectra obtained from InO,:H films annealed in air at
250 °C with R[O2] of (a) 2%, (c) 3%, and (e) 4%.

Table 5. 7 Relative area ratio of the M-O, Vo, and -OH in the InOx:H films with R[O]
ranging from 2~4% before and after annealing in air for 60 min after deconvolution of

O 1s spectra.

R[H:] (%) R[M-O] (%) R[Vo] (%) R[-OH] (%)

2 82.50 12.68 4.83
Annealed in air 3 92.38 2.68 4.94
4 92.14 3.23 4.63
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As discussed above, the extremely low R[Vo] is essential for the formation of
nondegenerate InO,:H films. Figure 5. 21 shows the valence band configuration from Er
of the InOx:H films with R[O:] ranging from 2 to 4% after annealing for 60 min in air at
250 °C. A peak in near Er states was clearly observed for InO,:H films with R[O2] of 2%.
Near Er states decreased with the increase of R[O2] after annealing in air. Nondegenerate
InO,:H films with R[O2] of 3% and 4% show almost the same intensity in near Er states.
In addition to extremely low R[Vo], sufficient intrinsic oxygen in as-deposited films is

another critical factor in the fabrication of nondegenerate InO,:H film at low temperature.
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Figure 5. 21 HAXPES spectra around the band gap of the InOx:H films with R[O2]
ranging from 2 ~ 4% after annealing for 60 min in air at 250 °C. R[Hz] was fixed at 4%.

Figure 5. 22 shows SEM surface views of InO.:H films before and after annealing in
air for 5 and 60 min. All the films can be converted to polycrystalline phase with grain
size ranging from 0.55 pm to 0.66 um. InOx:H films with sufficient intrinsic oxygen
exhibited a clear grain boundary with annealing time extending to 60 min. In contrast, it

is noteworthy that the InO,:H film with R[O2] of 2% exhibits a change in grain boundary
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with annealing time extending. Clear grain boundary was observed for InO.:H films with
R[O2] 0of 2% after annealing for 5 min, which is the same as other InO:H films with R[O>]
of 3% and 4%. However, as the annealing time was extended, the grain boundary became
blurred, as shown in Figure 5. 22(g). It is considered that the accumulation of oxygen in
the annealing ambient at the film surface leads to a blurring of the grain boundary, thereby
hindering the diffusion of oxygen from the annealing gas into the film. Therefore, the Vo
in InOx:H film with R[Oz] of 2% was not passivated completely after annealing in air,

resulting in a high carrier density of 10%° cm™.

R[0,]=2% R[0,]=3% R[O,]=4%
(b)
As-
deposited
Annealed
in air for
S min Grain size Grain size Grain size
~0.55pm ~0.60pm ~0.61pm
Annealed
in air for
60 min Grain size Grain size Grain size
~0.60pm ~0.59pm ~0.66pm

Figure 5. 22 SEM surface views of as-deposited InOx:H films with R[O2] of (a) 2%, (b)
3% and (c) 4%; annealed InO,:H films in N2 with R[O2] of (d) 2%, () 3% and (f) 4%;
annealed InO,:H films in air with R[Oz] of (g) 2%, (h) 3% and (i) 4%. Annealing
temperature is 250 °C.
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5.5 Conclusion

In this chapter, nondegenerate poly-InOx:H films were formed by rapid SPC in air. The
chemical composition, structure, and electrical properties of both the InOx and InOx:H
films were investigated to discuss the effect of hydrogen on the metal-semiconductor
during the deposition process. Hydrogen in InOx:H films act as shallow donors, providing
free carriers, resulting in degenerate as-deposited InOx:H films with higher carrier density
than InOy films. lonized H, which provided a portion of carrier, was desorbed as H20 at
temperature of 200 °C, causing reduction of carrier density. INOx:H films exhibited higher
relative area ratio of Vo, indicating that the doping of H promoted the formation of Vo.
Significant reduction in oxygen vacancy were observed after annealing in N». Oxygen
vacancy was passivated by crystal rearrangement in N», causing the decrease in carrier
density. Oxygen vacancy decreased with the decrease of near Er states, indicating that
oxygen vacancy acts as shallow donor in InO,:H films.

Carrier density of the InOx:H films significantly decreased to ~10'” cm™ after annealing
in air at 250 °C. Relative area ratio of Vo of InO.:H films shows a more substantial
decrease compared to films annealed in air, decreasing from 37.10% to 3.23%, with near
Er states decreasing to extreme low state. In contrast, the near VBM states increased with
annealing. Extremely low relative area ratio of the Vo and the suppression of carriers by
-OH jointly result in the formation of nondegenerate InO,:H films.

The intrinsic oxygen for InOx:H films was controlled by deposition conditions. The
deficiency of intrinsic oxygen increased the metal-semiconductor transition temperature.
INOx:H films with R[O2] of 2% remained in a degenerate state at a low annealing
temperature of 250 °C. We found that grain boundaries of InOx:H films with deficient

intrinsic oxygen shown on the film surface become blurred with the increase of annealing
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time (in air). The diffusion of oxygen from the annealing gas into the film was hindered,
leading to incomplete passivation of Vo during annealing in air. These unpassivated Vo

act as shallow donor, resulting in high carrier density.
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Chapter 6

Conclusion

6.1 Findings of this study
Chapter 3. Improvement of electrical properties of indium oxide films by hydrogen
doping

In this chapter, InO, and InOx:H films with various oxygen and hydrogen flow ratios
were deposited by RF magnetron sputtering. The structural properties, electrical
properties, and chemical bonding states of both the InO, and InOx:H films were
investigated to clarify the effect of the gas flow ratio during deposition.

Hydrogen acts as shallow donor to adjust electrical properties. Hydrogen doped in InOx
film acted as interstitial H and -OH, resulting in changes in as-deposited InOx film.
Furthermore, the introduction of hydrogen promoted the formation of Vo, resulting in a
further increase in the carrier density. Impurity scattering decreased Hall mobility for as-
deposited film. The oxygen adjusted the ionized interstitial H and free carrier in as-
deposited films. At a low oxygen flow ratio, ionized H increased, resulting in the decrease
of Hall mobility due to increasing impurity scattering.

Solid phase crystallization occurred at the annealing temperature of ~200 °C in N, for
InOx:H films, resulting in a significant increase of Hall mobility to 60~70 cm?/Vs. In
contrast, the Hall mobility of InOx films did not exhibit an enormous increase after
annealing. Nanocrystalline phase with a large area of grain boundary. The introduction
of hydrogen caused dramatical structural rearrangements by SPC, leading to a large grain
size in polycrystalline film. The oxygen has a significant impact on the SPC process. A

high R[O2] promoted the passivation of oxygen vacancies during SPC and reduced the
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SPC temperature. Oxygen enhanced the stability of hydrogen in the film, leading to the
reduction of H, and H>O desorption during the SPC process, while increasing the relative
area ratio of -OH in the film.

After annealing, hydrogen desorbed from the InOx:H films in the form of H2 and H20,
leading to decrease in relative area ratio of Vo. lonized H and Vo were passivated by SPC,
causing the increase in Hall mobility. In addition, the large grain size of InOx:H films was
considered one of the causes of high mobility. However, excessive H or O will result in
the reduction of Hall mobility due to impurity scattering and -OH, respectively. Therefore,
to obtain INOx:H films with high Hall mobility, it is essential to achieve an optimal

equilibrium between scattering suppression and -OH.

Chapter 4. Solid phase crystallization mechanism in Hydrogen-doped InOx films

In this chapter, poly-InO, and poly-InO«:H films were formed by rapid SPC. The
structure and electrical properties of both the InO, and InO.:H films were investigated to
clarify the mechanism of phase transition of 30-nm-thick amorphous InO.:H into poly-
InO.:H films during rapid SPC process.

Hall mobility of the InO,:H films significantly increased to 83 cm?/Vs after annealing
in Ny at 250 °C for 3 min, whereas that of the InO; films increased to 47 cm?/Vs due to
the difference in the grain size. We found that H>-doping in InOx:H films reduced a
nucleation density at 250 °C from 4.1 to 1.1 pum™, resulting in an increase of a grain size
and Hall mobility of the poly-InO,:H films. The crystalline volume fraction in the InO.:H
films annealed at 7a of 250 °C without hold time decreased with an increase of the
temperature ramp rate. The lateral growth rate from the nucleus was estimated to be 220

nm/min for the InO.:H film. Thus, an amorphous InO.:H film could be converted to a
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poly-InOx:H film within 3 min owing to a fast lateral growth rate from the nucleus. Hall
mobility exhibited ~80 cm?/Vs for the poly-InOx:H film with the hold time of more than
3 min. In addition, almost the same grain size, Hall mobility, and carrier density could be
obtained from the poly-InO,:H films after annealing at 250 °C for 3 min, irrespective of
the ramp rate. These results indicated that SPC poly-InO,:H films have a wide range of
processing windows, which is also beneficial for the industrial applications. Low-
temperature (250 °C) and fast lateral growth are great advantages of the poly-InO,:H film

for enhancing the performance of flexible devices.

Chapter 5. Metal-semiconductor transition mechanism of InO,:H film

In this chapter, nondegenerate poly-InO,:H films were formed by rapid SPC in air. The
chemical composition, structure, and electrical properties of both the InOx and InOx:H
films were investigated to discuss the effect of hydrogen on the metal-semiconductor
during the deposition process.

Hydrogen in InOx:H films act as shallow donors, providing free carriers after ionization,
resulting in degenerate as-deposited InOx:H films with higher carrier density than InOx
films. lonized H, which provided a portion of the carrier, was desorbed as H20 at a
temperature of 200 °C, causing a reduction of carrier density.

H promoted the formation of Vo. Vo, acting as shallow donor, was passivated by
crystal rearrangement by SPC, causing the decrease in carrier density. The change in near
Er states reflected the change of Vo. Carrier density decreased with the decrease of Vo
and near Er states.

Carrier density of the InOx:H films significantly decreased to ~10'’ cm after annealing

in air at 250 °C, obtaining nondegenerate InOx:H films. Relative area ratio of Vo of
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InO.:H films shows a more substantial decrease compared to films annealed in air,
decreasing from 37.10% to 3.23%, with near Er states decreasing to extreme low state. In
contrast, the near VBM states increased with annealing. Extremely low relative area ratio
of the Vo and the suppression of carriers by -OH jointly result in the formation of
nondegenerate InO,:H films.

The deficiency of intrinsic oxygen increased the metal-semiconductor transition
temperature. INOx:H films with R[O2] of 2% remained in a degenerate state at a low
annealing temperature of 250 °C. We found that grain boundaries of InOx:H films with
deficient intrinsic oxygen shown on the film surface become blurred with the increase of
annealing time (in air). The diffusion of oxygen from the annealing gas into the film was
hindered, leading to incomplete passivation of Vo during annealing in air. These

unpassivated Vo act as shallow donor, resulting in high carrier density.

6.2 Summary

The purpose of this study was to investigate the effects of H> doping to improve the
electrical properties of indium oxide and to establish the mechanism of solid phase
crystallization and metal-semiconductor transition.

From the research results described in Chapter 3, interstitial hydrogen and oxygen
vacancy act as shallow donors, providing carrier after ionization. Ionized impurities
(oxygen vacancy, H") increase impurity scattering, decreasing the Hall mobility of as-
deposited InOx:H film. SPC occurred during annealing in N2, resulting in increase of Hall
mobility. Interstitial H was desorbed as H>O during SPC. Large grains were obtained for
H-doped poly-InOy films, which was one cause of high Hall mobility.

In Chapter 4, Hall mobility of the InO,:H films significantly increased to 83 cm?/Vs
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after annealing in N> at 250 °C for 3 min, whereas that of the InO; films increased to 47
cm?/Vs due to the difference of the grain size. Ho-doping in InOy:H films reduced a
nucleation density at 250 °C from 4.1 to 1.1 pm™, resulting in an increase of a grain size
and Hall mobility of the poly-InO,:H films. The lateral growth rate from the nucleus was
estimated to be 220 nm/min for the InO.:H film. Thus, an amorphous InO.:H film could
be converted to a poly-InO,:H film within 3 min owing to a fast lateral growth rate from
the nucleus.

In Chapter 5, lonization hydrogen provided carrier, resulting in degenerate as-
deposited InOx:H films with higher carrier density than InOy films. Decrease in ionization
hydrogen and Vo causes carrier density reduction of InOx:H films with the reduction in
near Er states.

Nondegenerate poly-InO,:H films were formed by rapid SPC in air. Relative area ratio
of Vo of InO,:H films shows a more substantial decrease compared to films annealed in
air, with near Er states decreasing to extreme low state. In contrast, the near VBM states
increased with annealing. Extremely low relative area ratio of the Vo and the suppression
of carriers by -OH jointly result in the formation of nondegenerate InO,:H films.

Intrinsic oxygen in InO,:H films, controlled by deposition conditions, plays an
important role in the metal-semiconductor transition at low temperature. Degenerate
InOx:H films with sufficient intrinsic oxygen can be converted to a nondegenerate state

after annealing in air at temperature below 250 °C.
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