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Series Editor’s Foreword

The introduction of active matrix backplanes into mainstream display technologies has argu-
ably been more significant for the development of man—machine interaction than any one of the
electro-optic effects which are exploited. Universally, the large and high-quality displays we
use every day rely on active matrix switching, with only the smallest and simplest devices using
passive addressing.

A variety of semiconductor materials and devices have been explored for this purpose: the
performance advantages of compound semiconductors (such as cadmium selenide) have been
well rehearsed, and polycrystalline silicon as well as single-crystal silicon have long been
exploited for high-resolution applications. However, since the 1980s, hydrogenated amorphous
silicon (a-Si:H) has become established as the commodity route to high-quality liquid crystal
displays and has been overwhelmingly the dominant approach to their manufacture. Now this
dominance is challenged, on the one hand by the promise of reduced manufacturing costs
through the use of low-temperature and solution-processed materials and on the other hand with
the drive towards higher pixel counts and resolution, as well as the introduction of active matrix
OLED displays, having prompted a re-examination of crystallised forms of silicon and of
amorphous and crystalline oxide-based semiconductors.

The present volume is the first in a series of three books which are planned to provide a com-
prehensive account of one approach to oxide semiconductor technology — the c-axis-aligned
crystal (CAAC) morphology. The CAAC approach provides TFTs with high mobility and
extremely low leakage current, and moreover avoids the stability problems found in some other
oxide devices. Dr. Yamazaki and his co-authors bring to this topic not only their outstanding
knowledge and research background, but also a real passion for explaining the properties and
applications of the materials and devices they describe.

This book takes the reader from the deposition equipment and conditions needed to obtain
CAAC oxide materials, through accounts of their structure and properties, to the properties and
advantages of CAAC TFTs. A full account of the structural characterisation of the materials is
included, together with their interpretation, as well as descriptions of the special measurement
methods needed to understand these materials and the performance of CAAC TFTs, together



Series Editor’s Foreword xiii

with a comparison with silicon devices. A brief account of the applications of CAAC oxide
semiconductors concludes the volume.

Further series volumes will provide detailed accounts of the application of CAAC oxides to
LSI (including imaging sensor) applications, and to displays. The value of CAAC oxide sys-
tems has already been demonstrated by the production of a number of exceptional high-
resolution and high-complexity displays. As this exciting field develops, we expect that these
books will provide the reader with a definitive source work and technical reference.

Ian Sage
Malvern, UK, 2016



Preface

Entering the 21st century, it seems that the growth of the electronics industry is hitting satur-
ation level, even though it is the largest industry in the world. This is because the amount of
energy used by people, which has already become enormous — as reflected in the abrupt climate
change in recent years — is going to increase even more with its growth. Especially, the energy
consumptions of cloud computing and electronic devices such as smartphones and supercom-
puters will continue to increase. Therefore, it is not an exaggeration to say that the development
of new energy-saving devices has a direct influence on the continued existence of all mankind.

For this reason, we started extensive research on crystalline oxide semiconductors (OS),
especially on a c-axis-aligned crystalline indium—gallium—-zinc oxide (CAAC-IGZO)
semiconductor. Due to the economic downturn in the aftermath of the Lehman Brothers’ bank-
ruptcy in the autumn of 2008, many companies withdrew from research on this subject, but
I never gave up and our research in this area has continued to the present day. One of the most
important characteristics of a field-effect transistor (FET) using this wide-gap semiconductor is
that the off-state current is on the order of yoctoampgre per centimeter (1072* A/cm) (yocto is
the smallest SI prefix), which is smaller than that of any other device measured so far. This
characteristic effectively reduces the energy consumption, and thus we believe that it coincides
with society’s need to save energy.

It has been less than 10 years since I started researching and developing oxide semiconduct-
ors, but I think that proposing their effectiveness without delay is the first step toward a con-
tribution to humanity. That is why I would like to introduce this book series, Physics and
Technology of Crystalline Oxide Semiconductor, consisting of Fundamentals, Application
to LSI, and Application to Displays, even though I know that it cannot be said that every detail
is completely covered in the book series.

The book series contains the discovery of CAAC-IGZO by me, Shunpei Yamazaki, one of
the editors and authors thereof, as well as the research results on its application obtained at
Semiconductor Energy Laboratory Co., Ltd. (SEL), where I serve as president. We have
decided to write the experimental facts down in as much detail as possible, and publish models
whose principles have yet been verified. The reason is that I would like to give a couple of hints
to readers — graduate students, on-site researchers, and developers — so that they can conduct



Preface Xv

further R&D as soon as possible. For these reasons, as well as the limited number of pages,
I would like you to accept my deepest apologies for not being able to publish all of the data
in these books. Even after the publication of these three books about crystalline oxide semicon-
ductors, I would like to continue making our CAAC-IGZO technology known to the public by
conducting further research on it from both engineering and academic points of view.

This book covers a wide range of topics such as an In,O3—-Ga,03-Zn0O-based material,
related compounds thereof, and devices (displays and LSI) using a CAAC-IGZO. Regarding
this book, for those who want to know more about the IGZO crystal, please start reading from
Chapter 1. If you would like to know how to make CAAC-IGZO films, please turn to Chapter 2.
For all those among you who would like to know more about the physical properties of IGZO,
please begin with Chapter 3. If you would like to know CAAC-IGZO’s applications, please
start from Chapter 4.

In the past, Bell Laboratories published a set of books called The Bell Telephone Labora-
tories series about the invention of transistors and research results thereof, which accordingly
spread the current concept of transistors throughout the world. We sincerely hope that our book
series will help to spread the CAAC-IGZO technology just as The Bell Telephone Laboratories
series helped to popularize the concept of transistors. I think that CAAC-OS, especially CAAC-
IGZO, still has many unexplored possibilities and thus more institutions and scientists should
research it in cooperation with each other. I am expecting that the CAAC-IGZO which we dis-
covered will flourish in the 21st century, by publishing its physical properties and principles, as
well as by applying it in the display and LSI fields, especially in energy-saving devices.

So far, we have made some efforts by submitting papers and giving presentations at various
conferences about crystalline oxide semiconductors and OS FETs. However, we have never
heard of another case where a ceramic was used for an active element on a mass-production
basis in Si LSI or displays; thus, many companies (with the exception of Sharp Corporation)
will face a lot of difficulties in terms of mass production. Note that a ceramic with an amorph-
ous structure has been proposed before, but it was not put into practical use due to reliability
problems. Especially, the great depression following 2008 made many companies quit their
R&D of ceramics with an amorphous structure, which was deemed to be fruitless because a
FET utilizing amorphous ceramic lacks reliability. The actual reasons are that many oxygen
vacancies (Vo) as well as hydrogenated oxygen vacancies generated by hydrogen trapped
in Vg exist in a less-crystallized IGZO. This book also covers that point.

I, Shunpei Yamazaki, observed a TEM image of an IGZO film in front of a TEM screen to
find a solution for this reliability issue. At that time, I discovered that a CAAC structure existed
in the IGZO film. I thought that the problem of reliability could be solved by the use of this kind
of material, and thus shifted the focus of our R&D to CAAC-IGZO. A FET using this CAAC-
IGZO has a high level of reliability, which cannot be said about FETs which use amorphous
IGZO. Thus, a FET with CAAC-IGZO is excellent from a repeatability point of view in that it
can be measured and evaluated stably, both on the material and device level. As a result of the
stable measurement and evaluation, we discovered that the off-state current is on the order of
yoctoamps per centimeter (107>* A/cm), as mentioned above. Additionally, since IGZO has a
wide solid-solution phase, we succeeded in fabricating FETs using CAAC-IGZOs having high
mobilities of 30-70 cm?/V-s, thus exceeding 50 cm?/V-s, by changing the composition ratio
and the device structure. A mobility equaling that of an LTPS-FET means that the CAAC-
IGZO might not only be able to fight evenly with an LTPS-FET, but outperform it in the
industry. Furthermore, we tried to apply CAAC-IGZO FETs to LSI, something which has
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never been done before, and discovered that such a FET can operate with a channel length of
just 20—60 nm.

Our data has been reviewed by many specialists, but it seems that to help people understand
the true value of the crystalline oxide semiconductor, there is still a need to further explain the
numerous issues concerning fundamental properties, which have not yet been fully understood.
Moreover, a lot of people gave us the same advice: to help intellectuals grasp the whole picture
of the technology by publishing a series of at least three books (Fundamentals, Application to
LSI, and Application to Displays). Accordingly, I decided to publish them. Note that almost the
whole content of these books is based on our experimental data. Hence, please acknowledge
SEL and Advanced Film Device Inc. (AFD Inc.), a subsidiary of SEL, as the sources of these
books, unless otherwise specified.

During the creation of this book, many people helped and guided us. I would like to express
my sincere appreciation especially to Dr. Noboru Kimizuka, who was the first scientist in the
world to have succeeded in the synthesis of IGZO. He has given us his guidance as a corporate
adviser over the past several years, and kindly accepted our offer to become an editor and co-
author of Fundamentals.

Moreover, during the research and development on which these books are based, as well as
during the writing process, many young researchers at SEL also contributed. The names of all
the authors involved can be found in the List of Contributors.

We would also like to extend our heartfelt thanks to Dr. Johan Bergquist, Dr. Michio Tajima,
Dr. Yoshio Waseda, and Mr. Jun Koyama for helping us with the English translation of this
book — by checking for errors and giving us a great deal of advice on how to improve the text.

I was blessed with support and cooperation from many outstanding individuals. I would like
to add that I could not have finished these books in such a short period of time without the
efforts of Dr. Ian Sage, a Wiley-SID book series editor, who suggested the publication of
the books within this time, as well as Ms. Alexandra Jackson and Ms. Nithya Sechin of John
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Introduction

Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO is composed of
three books: Fundamentals, Application to LSI, and Application to Displays. Their association
is shown in Figure 1.

This book, Fundamentals, presents characteristics of materials for an oxide semiconductor
and its film-deposition mechanism. Specifically, this book covers results of atomic-level crystal
structure analysis in nanometer order using high-resolution transmission electron microscopy
(TEM) images, and proposes the deposition mechanism of c-axis-aligned crystalline indium—
gallium—zinc oxide (CAAC-IGZO). Moreover, besides the fundamental properties of
CAAC-IGZO, the electrical characteristics of CAAC-IGZO field-effect transistors (FETs)
and a comparison of CAAC-IGZO FETs and silicon (Si) FETs are shown.

In Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZ0O, Fundamen-
tals is positioned as the trunk, branching into Application to LSI and Application to Displays.

Application to LSI is expressed by one thick branch extending toward the miniaturization
and integration (hybrid process) of LSI devices. It describes the process technologies of
CAAC-IGZO FETs: a microfabrication process, a combination with Si process, and a combin-
ation process with other components such as wirings, insulating films, and capacitors. As
fruits of these technologies, memories, CPUs, image sensors, and integrated circuits such as
field-programmable gate arrays (FPGAs) are introduced.

Application to Displays is another thick branch extending toward high productivity and
large-sized display devices. It describes the process technologies of CAAC-IGZO transistors:
manufacturing process flows for a variety of types of transistor, a large-sized substrate, high
productivity, low cost, and a combination with other components such as wirings, insulating
films, and capacitors. The book covers, for application to organic light-emitting diode (OLED)
displays and liquid crystal displays (LCDs) using CAAC-IGZO thin-film transistors (TFTs),
TFT characteristics, driver circuits for display devices, high-resolution technology,
low-power-consumption technology, transfer technology, and so on. As fruits of these tech-
nologies, a variety of prototyped displays (e.g., OLED displays, LCDs, and flexible displays)
are introduced. In particular, the off-state current characteristic, which is the most outstanding
feature, is explained in detail.
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The three books are closely associated with each other. Besides Fundamentals, Application
to LSI and Application to Displays are of value to readers who might be interested in the basic
theories and fabrication process of CAAC-IGZO devices. Data and references in these two
books will also be useful to readers. The editors hope that this book series will be a foundation
for the further development of CAAC-IGZO technology.
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Layered Compounds in the
In,03—Ga,05—Zn0O System
and Related Compounds

in the Ternary System

1.1 Introduction

Indium—gallium-zinc oxide (IGZO) has gained traction as a novel semiconductor material in
electronics. IGZO thin-film transistors are currently employed in the backplanes of mass-
produced flat-panel displays, and their potential in various devices has been discussed in recent
studies. The features and physical properties of IGZO differ from those of silicon, which is
widely used in electronic devices. For instance, IGZO is a multi-component oxide with three
cations. Furthermore, the distinctive layered structure of IGZO has led to the discovery of a new
crystal morphology, c-axis-aligned crystalline IGZO (CAAC-IGZO), which will be detailed in
the following chapters. The present chapter mainly describes the phase equilibrium diagrams
of multi-component oxides and crystal structures of InGaO;(Zn0O),, (m>0) with layered
structures.

The properties of IGZO vary with the composition ratio of the metal elements. The bandgaps
of In,O3, ZnO, and Ga,O3 (with different chemical compositions) are 2.6-2.9 [1, 2], 3.4 [3],
and 4.8 eV [4], respectively. IGZO exhibits semiconductor properties in a relatively wide
range of the phase equilibrium diagram. In the ZnO-InGaZnO, system, because ZnO
and InGaO3(ZnO) (m=1) show semiconductor properties, we speculate that a series of
InGaO5;(Zn0),, will also behave as semiconductors. The InGaO5(Zn0O),, series has a layered
structure in which O®~ is two-dimensional close-packed but may not be in contact with each
other. This structure is closely related to the crystal morphology of CAAC-IGZO films, which
will be described in the next chapter.

Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO: Fundamentals, First Edition.
Edited by Noboru Kimizuka and Shunpei Yamazaki.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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From the 1950s through the 1960s, the National Bureau of Standards [NBS, currently the
National Institute of Standards and Technology (NIST)] in the United States comprehensively
investigated the phase relationships of binary oxide systems such as R,05—R,03, R,03-A4,05,
and R,O3-TiO, at temperatures up to 1800°C under atmospheric pressure. Here, R and R’
denote lanthanides, Y, or Sc; A denotes Fe, Ga, Cr, or Al. Consequently, the NBS reported
the thermochemical stability and crystal structures of the cationic elements in RAO5 (perovsk-
ite), R3As01, (garnet), magnetoplumbite, and R,Ti,O (pyrochlore) [5—7]. Independently of the
NBS research, Kimizuka and coworkers [8—17] added oxides of divalent cations, BO, to the
binary system and investigated the resulting ternary system. This investigation, performed
in the 1970s, is historically important as an extension of the NBS studies to a ternary system.
In their systematic search for materials, Kimizuka and colleagues experimentally determined
the phase equilibrium diagrams of the R,03—-A,03;—BO system at high temperatures and found
a large number of (RAO3),BO and RAO3(BO),,. Here, R is a lanthanide, Y, In, or Sc; A is a
trivalent cation and B is a divalent cation; m and n are natural numbers with no identified
upper limits.

Subsequently, some RAO5(BO),-type and (RAO;),BO-type single crystals were grown,
and their structures determined using single-crystal X-ray diffraction analysis. In addition, sin-
tered powder bodies of these compounds were analyzed by powder X-ray diffraction and by
electron beam diffraction. Consequently, the crystal structure of the homologous compounds
RAO5(BO),, was revealed: the R cation is located within the octahedral coordination of the 0>~
anions, and the A and B cations are located within the trigonal-bipyramidal and tetrahedral
coordination of the O*~ anions. All cations and anions in these oxides lie on the triangular lat-
tice, and the O®~ anions stack perpendicular to the c-axis of the hexagonal crystal system
[18-23]. The basic crystal structure was determined by analyzing YbFe,O,4, an RAO5(BO),,
member with m=1 [18]. The crystal structures of AB,X4-type compounds, classified by their
coordination numbers, are listed in Table 1.1 [8, 24]. In the YbFe,O4-type crystal structure, R3*
occupies the sites of 6-fold oxygen octahedral coordination, and the A** and B>* cations locate
in the 5-fold oxygen trigonal-bipyramidal coordination. The InGaOs3(ZnO),, group
InGaO5;(ZnO0) is isostructural with YbFe,O,. Before the discovery of YbFe,O,4, no AB,X4-type
compounds with 5- and 6-fold coordination were known. Compounds with layered structures
related to RAO3(BO),,, including aluminum carbonitrides [25, 26] and sulfides (containing
indium, gallium, and zinc), have also been reported [27].

Table 1.1 Classification of crystal structures with the general formula AB,X4, based on the coordination
number (CN) of their cations. Source: Reprinted from [8], Copyright (1985), with permission from
Elsevier

CN of B
CN of A 4 5 6 8 9 and/or 10
4 Phenacite Olivine, spinel K,WO, /-KoSOy

6 YbFCQO4 SrszO4, CaZIrO4, etc. K2N1F4

8 CaFezO4, CaTi204
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As noted above, the R,03-A,03—BO system includes RAO5(BO),, compounds with
layered structures. In particular, layered InGaO3(Zn0),, can be synthesized over a wide com-
positional range, and each InGaO3(Zn0O),, has substitutional solid solutions in the range
In; 4+,Ga;_,03(Zn0),, (-1 <x<1). Although structural uniformity is difficult to achieve in a
multi-component system, such wide-ranging composition and solid solution suppresses the
structural variation among the various chemical compositions. Therefore, the fundamental
properties of layered crystals in the In,O3—Ga,03—ZnO system, which are not expected to vary
significantly, are suitable for the mass production of semiconductor devices. Kimizuka’s
elucidation of the phase equilibrium in In,O3-Ga,O3—ZnO has contributed significantly to
the subsequent technology and mass production of CAAC-IGZO devices.

As a prelude to the succeeding chapters, this chapter introduces the crystal structures and
phase equilibrium diagrams at high temperatures in the R;03—-A,03;—BO system, including
the layered oxides mentioned above. Section 1.2 describes the phase equilibrium diagrams
of ternary systems, including InGaO5(Zn0),,, and shows that their characteristics are not
limited to the In,03—Gay03—ZnO system. Section 1.3 presents the crystal structure of
InGaO5(Zn0),, and its layer-stacking sequences, obtained in a crystal structure analysis of
powdered and single-crystal specimens. Section 1.4 presents transmission electron microscopy
(TEM) images of InGaO3(Zn0O),, (where m is non-integer) with a long-period disordered stack-
ing sequence along an axis perpendicular to the layer. The methods used to acquire the scanning
TEM (STEM) images [annular bright field (ABF) and high-angle annular dark field (HAADF)]
are outlined in Appendix 1.A.

1.2 Syntheses and Phase Equilibrium Diagrams

Here we describe what led to the discovery of InGaZnQ,. The first important study was on a
phase equilibrium diagram of the Y,03—Fe,03;—FeO system at high temperatures [19, 28]. This
system includes YFe,O4, a mixed-valence compound containing Fe** and Fe®* which is iso-
structural with InGaZnQ,. Subsequently, the phase equilibrium diagram of the R,O3;—Fe,O3—
FeO system (R = Ho, Er, Tm, Yb, and Lu) was determined [29-32], and a new phase
(RFe03),,FeO (n>0) with members (RFeO3) FeO, (RFeOs), FeO, ... was found. RFeO;(FeO)
and (RFeO;),(FeO)are isostructural with InGaO3(Zn0O) and (InGa0O3),Zn0, respectively.

When determining the phase relationships of the above-mentioned systems comprising FeO,
the oxygen partial pressure P(O,) must be controlled. The phase equilibrium diagrams of these
systems were determined in situ using thermogravimetric analysis, controlling the P(O,) in the
gas phase. Among these systems, Y,03;—Fe,O3;-FeO and Yb,0;-Fe,0;—FeO were particularly
selected as case studies in Subsection 1.2.1.

The phase equilibrium diagram of the ternary system R,O3;-A,03—BO (R= a lanthanide elem-
ent, In, or Sc; A = In, Fe, Ga, or Al; B=Mg, Mn, Co, Cu, or Zn) was determined from solid-
phase reactions of R,O3, A,O5, and BO powders [8, 11]. These compounds were synthesized
with the classical quenching method, in which the starting materials were sealed in platinum
tubes and the mixtures rapidly cooled in water after heating for a predetermined time. The dia-
grams were constructed from the crystal structures of the synthesized powders, as identified by
powder X-ray diffraction and electron beam diffraction methods. For example, the following
compounds were discovered: In,O3(Zn0),, [23, 33-37], InAlO5(Zn0O),, [16], InFeO3(Zn0),,
[10, 14, 21], (InFeOs;),(Cu0),, [9], (InGaOj;),(Cu0),, [9], InFeO3(MnO),, [38], and
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InGaO3;(MnO),,, [12], all of which are isostructural with InGaO5(Zn0O),, [8, 11, 15, 23, 39].
Among these, the In,O3—-Ga;03—-BO system (B = Zn, Mg, Cu, and Co) is discussed in
Subsection 1.2.2.

As mentioned above, a series of phases is generally expressed by a composition formula
with a certain variable (e.g., a natural number n). These phases are called “homologous’
phases.” For example, the series of vanadium oxide compounds VO,, V,03, V30s, ... is
defined by the general formula V,0,,_;. Such phases are called Magnéli phases; meanwhile,
phases with the general formula V,0,,, are called Wadsley phases. Although Magnéli and
Wadsley phases are given by different formulae, in the context of this book, these
phases belong to the homologous phase. As described in Section 1.1, the compounds
InGa03(Zn0), InGaO5(Zn0O),, InGaO3(Zn0O)s, ... are generally referred to as homologous-
phase InGaO5(Zn0O),,,; compounds belonging to homologous phases are termed “homologous
compounds,” and homologous compounds with the composition formula InGaO5(ZnO) are
termed “homologous InGaO3(Zn0O).”

1.2.1 Phase Equilibrium Diagrams in the System R,O3;—Fe;03;—FeO
(R=Y and Yb)

(RFeO3) FeO (R = Y and Yb) and (RFeO;), FeO are isostructural with (InGaO3)ZnO and
(InGa05),Zn0, respectively. This subsection describes the Y,03;—Fe,O3z—Fe and Yb,O5—
Fe,O;-Fe systems, from which the homologous (RFeQ3),(BO) were synthesized. The phase
equilibrium diagrams of these systems were determined in situ by thermogravimetric analysis
under controlled oxygen partial pressure P(O,). Thermogravimetric analysis directly measures
the weight change of a sample heated at a constant rate using a thermobalance. The total
pressure is 1 atm, and the oxygen partial pressure is controlled by the mixing ratio of the
CO; and H, gas. In analyzing the above systems, the temperature was set to 1200°C, and
the oxygen partial pressure (measured using a stabilized zirconia electrolyte cell) was
increased from 1.0 to 1.58 x 107" atm.

1.2.1.1 Y,03-Fe,03-FeO System at 1200°C

As mentioned above, the phase equilibrium diagram of the Y,03;—Fe,O3;—Fe system was deter-
mined at 1200°C [19, 28]; we describe the subsystem Y,03;—Fe,O3—FeO. In this subsystem,
Y,0;3, Fe,O5 (hematite) and FeO (wiistite) have bixbyite, corundum, and rock salt structures,
respectively. The binary Y,03;—Fe,O3 system includes YFeO; (distorted perovskite) and
Y3Fes0,, (yttrium—iron garnet). The binary Fe,O;—FeO system has Fe;O,4 (magnetite) with
Fe’ and Fe*". YFe,0,, a new phase composed of Y,05-Fe,03;-FeO, lies between YFeO;

! The term “homologous™ has various meanings in different fields. For example, in biology, “homologous” means “cor-
responding in structure and in origin,” as for example the wing of a bird and the foreleg of a horse [A: Random House
Dictionary]. In organic chemistry, “homologous” refers to a series of organic compounds “having similar character-
istics and structure but differing by a number of CH, groups” [B: Collins English Dictionary]. In crystal chemistry, the
term is used for a series of compounds expressed by a general formula. For example, IGZO has a series of compounds
group, e.g., In,Ga,Zn05, InGaZn,0s5, InGaZn;0, and so on. These compounds are called a “homologous” series.
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Figure 1.1 (a) Phase equilibrium diagram of the Y,03—Fe,03-Fe system at 1200°C and (b) detailed
phase equilibrium diagram near FeO, 5. @, Single phase. In (a), the numbers signify the values of the
—logP(0,) fields equilibrated with the three solid phases. Small letters (a to 1) in the diagram
represent a chemical composition of a single phase as in the right of this figure. In (b), capital letters
(A to M, W, and Y) in the diagram represent a phase of a chemical composition: letters A to
L correspond to the small letters a to 1 in (a); letters M, W, and Y are as shown in the right of this
figure. M is magnetite solid solution, W is partial solid solution of wiistite, and Y is solid solution or
partial solid solution of YFe,Oy. Source: Adapted from [28]

and FeO (shown in Figure 1.1) [28]. The YFe,O, phase is isostructural with InGaO3(Zn0O), as
described later, and constitutes a mixed-valence compound with a layered structure of Fe** and
Fe*. YFe,0, was grown under controlled oxygen partial pressure by the floating zone method,
and its crystal structure was determined by X-ray diffraction [19].
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This YFe,O, phase is stable at oxygen partial pressures P(O,) from 7.41 x 107" to 1.14 x
107'2 atm, and its chemical composition varies from YFe,03 995 to YFe;04 000 Above this
P(O,) range, it decomposes into Y,0O5 and metallic iron (y-iron); below this range, it dissociates
into YFeOs5 and wiistite (FeO). This dissociation is also observed at temperatures between 900
and 1100°C at a pressure of 4.9 GPa. A melt phase emerges at 1400°C. Under atmospheric
pressure at 800°C, the YFe,O,4 phase dissociates into an E phase (with a chemical composition
of Fe, 957,04) and wiistite (FeO).

1.2.1.2 Yb,03-Fe,03-FeO System at 1200°C

Subsequent to the Y,03—Fe,O3;—Fe system, the next phase equilibrium diagram was con-
structed for the Yb,O3;-Fe,O;-Fe system at 1200°C [29]; we describe the subsystem
Yb,03-Fe,03—FeO. Homologous (YbFeOs),FeO (n = 1, 2, 3, and 4) were found as a new
phase of this ternary system. Yb,Oj; is a sesquioxide isostructural with the mineral bixbyite,
similar to the above-mentioned Y,O3;. However, the ionic radius of Yb** is smaller than that
of Y>* [40]. As with the Y,0;-Fe,0;-Fe system, the thermal equilibrium state of this system
was analyzed at 1200°C under controlled partial oxygen pressure. In the YbFeOz—FeO system,
YbFe,0, and Yb,Fe;0; are stable at oxygen partial pressures P(O5) ranging from 1.66 x 10™'2
t0 5.01 x 107 and 2.00 x 107" to 5.01 x 107 atm, respectively. Single crystals of (YbFeOs)
FeO and (YbFeO;),FeO were grown, and their crystal structures were revealed [41]. Like the
compounds in the Y,0;-Fe,03;-FeO system, the YbFe,O, [18, 29] and Yb,Fe;0; [29, 42] in
the Yb,03—Fe,05—FeO system are mixed-valence phases of Fe?* and Fe*". These phases are
isostructural with InGaO3(ZnO) and (InGaOs3),Zn0, respectively, as mentioned later.
Figure 1.2 shows the phase equilibrium diagram of the Yb,O3;—Fe,O3;-FeO system at
1200°C. Note that YbzFe O,y and Yb,FesO;3 are generated as the heating temperature
increases [43, 44].

1.2.2  Phase Equilibrium Diagram for the System In,O;—A,03;—BO
(A = Ga and Fe; B=27Zn, Mg, Cu, and Co)

In the phase equilibrium diagrams of the system R,O3—Fe,03;—FeO (R =Y and Yb), new phases
were found; namely, YFe,0,4 and (YbFeOs),(FeO) (n = 1, 2, 3, and 4). Subsequently, the lan-
thanide element was replaced with an element of smaller ionic radius (indium), and the phase
equilibrium diagram of the resulting system In,O3-A,03;—BO (where A is a trivalent cation and
B is a divalent cation) was comprehensively investigated.

This subsection focuses on the relationship between the component BO (B =Zn, Mg, Cu, and
Co) and the phase equilibrium diagram of the system In,O3-Ga,05;—BO. In these systems, each
oxide has the following features: indium has a smaller ionic radius than a lanthanide; In,05, like
Y,0;3 and Yb,Os, is isostructural with the mineral bixbyite. The indium cation in the oxide is
trivalent with 4-, 5-, 6-, and 8-fold coordination [40]. In contrast, 4- and 5-fold coordination is
unknown in rare-earth elements. The gallium oxide is isostructural with -Ga,Oj3. The trivalent
gallium cation has coordination numbers of four, five, and six. Empirically, trivalent gallium
cations are known to favor four-coordinate cations more than trivalent iron cations. The
divalent cations (B**) of Zn**, Co>*, and Cu®* are more inclined to be 4-fold coordinated
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Figure 1.2 (a) Phase diagram of the system Yb,03;—Fe,Os-Fe at 1200°C and (b) detailed phase
equilibrium diagram near FeO, s. @, Experimental results. In (a), the numbers signify the values of
the —log P(O,) fields equilibrated with the three solid phases. Small letters (a to n, p, q, and y) in the
diagram represent a chemical composition as in the right of this figure. In (b), capital letters in the
diagram represent a phase corresponding to a chemical composition as in the right of this figure.
These letters correspond to the small letters in (a). Solid solution of YbFe,O, and Yb,Fe;O; exists
in the range from 1 to n, and from j to k. YbFe,O, and Yb,Fe;0; belong to homologous
(YbFeOs3),(FeO). Source: Adapted from [29]

than Fe**. The 4-fold coordination geometry of Co?* and Cu®* differs from that of Zn>*,
resulting in the difference in their crystallographic behavior.

In Subsections 1.2.2.1-1.2.2.4 we explain the phase equilibrium diagrams of two
In,03-Ga,05-BO systems. In the first instance, B = Zn; in the second instance, B =
Mg, Cu, and Co.
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1.2.2.1 Iny,03-Ga,03-Zn0 System at 1350°C

Under atmospheric pressure, the In,O3;, Ga,0O3, and ZnO in the In,O3;-Ga,03—Zn0O system
exhibit a bixbyite-type structure, a /-Ga,Os-type structure, and a wurtzite-type structure, respect-
ively. At high temperature, Ga,Oj is a mineral corundum, as is Fe,O5. The In,03—ZnO system
contains hexagonal In,O3(Zn0),,, whereas the Ga,O;—ZnO system contains orthorhombic
Ga,03(Zn0),,. Likewise, the In,O3—Ga,0O3—ZnO system contains (InGaO3),ZnO and
InGaO5(Zn0),,. Figure 1.3 shows the phase diagram of the In,03—Ga,03—ZnO system. The
regions (1)—(5) in this figure are explained below.

(a) InO, 5

a = Ing4,Ga, (s05(Zn0)
b = InGa04(Zn0)

: ¢ = Iny3Ga, ;05(Zn0)
\ d = In,04(Zn0),

e = In,04(Zn0),4
f=Zn(In, 3Ga, 47)0,

g = (InGa0,),Zn0O

(In+Ga):Zn =2:1 [":9“ =1

; £1.05) 3
Zn0 () ZnGa,0, GaO, 5
(b) InO, 5
) it
@
o
]ﬂ:(—)_‘(zno)m - . In:Ga = 1:1
In,,.Ga, 04(Zn0),,
—l1<x<1)
ZnO GaO

Ga,04(Zn0),, 15" (in atomic ratio)

Figure 1.3 (a) Phase equilibrium diagram in the In,O3;—-Ga,03—ZnO system at 1350°C and (b) detailed
phase equilibrium diagram near ZnO. Filled circles (@) and solid lines connecting two filled circles
are a single phase. (a) Small letters (a to g) in the diagram represent a chemical composition as
in the right of this figure. Regarding homologous compounds, the solid lines connecting
In,03(Zn0),,—~InGa03(Zn0),,—In; ,,Ga; _,03(Zn0),, with the same m denote the solid-solution
range. InGaO3(Zn0),, and InGaO3(Zn0),, have a hexagonal lattice, and Ga,O3(Zn0),, has an
orthorhombic lattice. Source: Adapted from [15]
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Region (1)

The In,O3—Zn0O system contains In,O3(Zn0),, (m > 3). Kasper [33] reported on In,O3(Zn0O),,
(m=2,3,4,5,7), Cannard and Tilley [34] reported on In,O5(Zn0),, (m=4,5,6,7,9, 11), and
Dupont et al. [35] reported on InyO3(Zn0),, (m = 90). In,03(Zn0),, (m = 5, 7) does not decom-
pose at temperatures above 1100°C; the other In,O5(Zn0),, single phases are stable at higher
temperatures. For example, In,O5(Zn0O)j; is stable at 1265°C or higher, but decomposes into
In,O5 and In,03(Zn0)s at 1190°C, and into In,O5; and In,O3(Zn0O), at 1200°C [23].

Region (2)

The Ga,03;—Zn0O system contains ZnGa,O, (spinel type [45]) and Ga,O03(Zn0O),, [46—49]. The
crystal lattice of Ga,03(Zn0),, is orthorhombic and differs from the hexagonal crystal lattice of
InGaO5(Zn0),,. In the Ga,05(Zn0),, crystal structure, all cations have 4-fold or 5-fold oxygen
coordination; 6-fold coordination is not observed.

Region (3)

Under atmospheric pressure, the In,O3—Ga,O3 system has solid-solution phases of $-Ga,O;
and bixbyite In,Os; these phases co-exist at an In:Ga atomic ratio of 1:1. Hexagonal InGaOj3
is unstable under atmospheric pressure, but InGaOj; isostructural with Y AlO; forms under pres-
sures higher than 0.3—1.5 GPa at 1100°C [50].

Region (4)

In the InGaO3—ZnO system, (InGaOs3),(ZnO) and InGaO3(Zn0),, (m=1) are present.
InGa03(Zn0) is isostructural with YbFeO3(FeO). An X-ray powder diffraction pattern con-
firms that (InGaOs3),(ZnO) is isostructural with (YbFeO3),FeO, although single crystals of this
compound have yet to be synthesized. Layered structures in the InGaO;—ZnO system can be
approximately derived by stacking Cdl,-type and wurtzite-type structures, or by stacking
YAIOs-type and wurtzite-type structures. These crystal structures will be explained in
Section 1.3. The In,03-ZnGa,04~Zn0 system forms a solid solution of each InGaO5(Zn0O),,,
phase, and its solid solution ranges as In;,,Ga;_,03(Zn0O), (m=z1, —1<x<1, where x
depends on m). When m >3, the indium solid-solution limit of In; . .Ga;_,O3(Zn0O),, corres-
ponds to In,O3(Zn0),,, in the binary In,03;~ZnO system. In other words, solid solutions exist in
the range In,O3(Zn0O),, to InGaO5(Zn0O),, (Figure 1.3). Ga-rich compositions in the range
InGaO5(Zn0),, to In;,,Ga;_,03(Zn0),, (m=21, —1<x<0) also form solid solutions [15,
39]. Layered Ga-rich structures form solid solutions over a narrow range; thus, no Ga,03(Zn0),,,
is isostructural with InGaO;(Zn0O),,. For example, in (In+Ga):Zn=2:1 (atomic ratio),
InGaO5(Zn0O) forms a solid solution in the range In; 33Gag ¢703(Zn0O) to Ing 9oGa; 1g03(Zn0O).
Note that the system In,O3—-A,05;-Zn0 (A =Fe, Al) [14, 16] also contains InAO3(Zn0O),,, which
is isostructural with InGaO3(ZnO),,,.

Region (5)

In (In+Ga):Zn=2:1 (atomic ratio), spinel-type ZnGa,0, forms at the Ga-rich limit. The
upper limit of the indium solid-solution range of ZnGa,0, is approximately 3 mol% [15].
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1.2.2.2 Iny,03-Ga,03;-MgO System at 1300°C

In addition to the In,03-Ga,;03—Zn0 system, the In,O03;—-Ga,03;—BO system is likely to contain
compounds isostructural with (YbFeOs3),FeO and InGaO5(Zn0Q),, and their solid solutions. The
presence of such groups of compounds and their solid solutions depends on the combination of
trivalent cations (In>*, Ga®") and divalent cations. Here we describe the In,05-Ga,05-MgO
system, which has a group of layered-structure compounds isostructural with the In,O;—
Ga,03-Zn0 system, and whose spinel-type MgGa,0,4 (MglIn,0,4) has a wide range of substi-
tutional solid solutions involving indium (gallium) cations.

The phase equilibrium diagram of the In,03;-Ga,03;—MgO system at 1300°C [13] allows
layered-structure InGaO3;(Mg0O),, (m=1, 2) and spinel-type MgGa,O4 (shown in
Figure 1.4) [51, 52]. InGaO3(MgO) and InGaO5(MgO), are isostructural with InGaO3(ZnO)
and InGaO5(Zn0O),, respectively. InGaO3(MgO) forms a solid solution in the composition
range InGaO;(MgO) to In;,,Ga;_,03(MgO)(x=0.2) (solid line R-S in Figure 1.4). Like
InGa03(Zn0), InGaO3(MgO) retains its layered structure at various composition ratios of
trivalent cations (In**, Ga>").

Unlike the In,03—-Ga,;03-Zn0 system, the MgIn,0,—~MgGa,0, system has a wide range of
spinel-type solid solutions. In the range Mg(In, _ ,Ga,)O4 (0<x<0.32), Ga,O5 and Mgln,0,4
are dissolved (solid line P-Q in Figure 1.4), whereas in the range Mg(In,Ga,_,)Oy
(0£x<0.40), In,0O3 and MgGa,0,4 mix (solid line U-V in Figure 1.4). In solid solutions of
Mgln,0, in which Ga substitutes for In, and of MgGa,O, in which In substitutes for Ga,
Mg(In, _ ,Ga,)O, and Mg(In,Ga,_, )0, have an inverse spinel-type structure.

InO, 5

P =Mgln,0,

Q = Mg(In, 43Gay 3,)0,4
R =1In, 5Gag 50,(MgO)
S = InGaO,(MgO)

T = InGaO,(Mg0),

U = Mg(In, 4Ga, 60)04
V =MgGa,0,

(IntGa):Mg = 2:1
In:Ga = 1:1

GaO,

{in atomic ratio)

Figure 1.4 Phase equilibrium diagram in the In,03-Ga,03;-MgO system at 1300°C. Filled circles (@)
and solid lines connecting two filled circles are a single phase. Capital letters (P to V) in the diagram
represent a chemical composition as in the right of this figure. At the triangle vertexes corresponding
to InO, 5, GaO; 5, and MgO, the single phases In O3, Ga,03, and MgO exist, respectively. The line
between P and V denotes (In+Ga):Mg=2:1. The dashed line extending from MgO denotes
In:Ga=1:1. The solid lines P-Q and U-V indicate a solid-solution range of the spinel-type structure,
and the solid line R-S indicates a solid-solution range of the YbFe,O,-type structure. Source:
Adapted from [13]
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As mentioned above, the multi-component oxides of the In,03-Ga,0;-MgO system have a
narrow composition range for layered structures and a wide range for spinel-type structures. When
(In+Ga):Mg=2:1, spinel-type structures form in the In-rich and Ga-rich limits, whereas
layered structures form when In and Ga have approximately the same chemical composition.

1.2.2.3 In,03-Ga,03-CuO System at 1000°C

The In,O3—Ga,O5;—CuO system substitutes Cu** for Zn”" in the In,03~Ga,03-ZnO system. At
1000°C, this system includes bixbyite-type In,O3, f-Ga,O3-type Ga,0s3, tenorite-type CuO,
spinel-type CuGa,0,4, and Ho,Cu,05-type In,Cu,05 [53]. The InGaO3—CuO system includes
(InGaO5)CuO and (InGaOs),CuO, which are isostructural with (YbFeO;)FeO and
(YbFeO3),Fe0, respectively. The homologous phases in the In,O3;—Ga,03—CuO system are
shown in Figure 1.5, and their lattice constants are shown in Table 1.2. A phase isostructural

InO, 5

(In+Ga):Cu=2:1

\

\ ~
(InGaO;)Cu0 %~ N\
-7\ (InGa0,),Cu0

- \\
- \
-~ \

- \
- \

Cuo CUG3204 Gao 15

(in atomic ratio)

Figure 1.5 Phase equilibrium diagram in the In,O3-Ga,03;—CuO system at 1000°C. @ Indicates
that InGaO;(CuO) and (InGaOs),CuO are isostructural with YbFeO3(FeO) and (YbFeOs;),FeO,
respectively. Source: Adapted from [9]

Table 1.2 Lattice constants of homologous compounds in (InGaOs),CuO and
(InGa03),,Zn0O, both shown in a hexagonal system. Source: Adapted from [9, 15]

(InGaO3)CuO [9] (InGa03)ZnO [15]
a [nm] 0.3350 0.3296
¢ [nm] 2.482 2.602
(InGa03),CuO (InGa03),ZnO
a [nm] 0.3332 0.3306

¢ [nm] 2.870 2.946
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with InGaO5(Zn0),, (m>2) and its solid solution are not found, because the coordination
geometry differs between Cu?* and Zn>*. CuO and ZnO have 4-fold oxygen coordination
but exhibit different coordination geometry; square planar and tetrahedral, respectively.
Therefore, the compounds in the In,03;—-Ga,0;—CuO system are not isostructural with
InGaO3(Zn0),,, (m=2).

1.2.2.4 In,03-Ga,03—-CoO System at 1300°C

At 1300°C, the In,03;—-Ga,03;—CoO system includes bixbyite-type In O3, p-Ga,O5-type
Ga,0;, NaCl-type CoO, and spinel-type CoGa,0,. InGaO;(CoO) isostructural with YbFe,O,4
also exists; however, there have been no reports on (InGaO;),CoO (n=2),
InGaO3(Co0),, (m=2), and a solid solution of InGaO;(CoO). The solid solution
Co(In,Ga,_,)O4 of indium-substituted CoGa, 0y is in the range 0.0 <x<0.4. The phase dia-
gram of the In,O3;—Ga,03;—CoO system (Figure 1.6) resembles that of In,0;—Ga,0;—MgO
rather than In,03;-Ga,03;—Zn0O, although the In,O;—CoO system contains no spinel-type
COIH204'

1.2.3  Phase Equilibrium Diagram of the System In,03;-A,03;-Zn0O
(A = Fe and Al)

The previous subsection described the phase diagram of the In,03;—Ga,03;—BO system (B = Zn,
Mg, Cu, and Co), whose element combination determines the chemical composition ranges of

InO, 5

(IntGa):Co =2:1
I

1nGaO,(Ca0) %~
e - \

-
- \
-

- \
/ \
7 Co(Ino.4Ga,_(,)O\

CoO Coda204 ('}aOL5

(in atomic ratio)

Figure 1.6 Phase equilibrium diagram in the In,O3;—Ga,O;—CoO system at 1300°C. Plotted are
YbFe,04-type InGaO3(Co0) and spinel-type CoGa,O,4. Indium solid solution of CoGa,0O, exists up
to Ing4Ga; 603(Co0). The solid line shows the indium solid-solution range of CoGa,QO4. Source:
Adapted from [9]
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the homologous compounds and the solid solutions. In fact, some InGaBO4-type compounds
are reported to contain compounds that take both layered and spinel-type structures; the In,O3—
Ga,03-MnO system contains spinel-type and YbFe,O,-type InGaMnOy, [8].

Within the system In,O3—Ga,0O3—BO (B = Zn, Mg, Cu, and Co), the In,03—Ga,0O3—ZnO
system has the largest number of homologous phases, and InGaO5(ZnO),,, has a wide solid-
solution range. This indicates that ZnO is currently the best combination for forming layered
structures over a wide chemical-composition range in ternary oxide systems including In,O3
and Ga,0s;.

The In,0O3-A4,03-7Zn0 (A = Ga, Fe, and Al) system forms layered structures over an
extensive range of chemical compositions [14, 16]. The phase equilibrium diagram of the
In,05-Ga,03-Zn0 system was presented in Subsection 1.2.2.1; we now present the phase
diagram of In,03-A,03—Zn0 (A = Fe and Al).

1.2.3.1 In;0;3-Fe;03—ZnO System at 1350°C

Under atmospheric pressure, In,O3, Fe,O3, and ZnO in the In,03;—Fe,03;—ZnO system exhibit
bixbyite-type, corundum-type, and wurtzite-type structures, respectively. The In,O3;—ZnO sys-
tem includes homologous compounds of the form In,03(Zn0O),,. Likewise, the In,O3;—Fe,O3—
ZnO system includes homologous compounds of the form InFeO3(Zn0O),,. The phase diagram
of the In,O3-Fe,03;—Zn0 system is shown in Figure 1.7. Regions (1)—(4) in that figure are
explained below.

Region (1)
The In,O3—ZnO system contains In,03(Zn0),, (m = 3) (see Subsection 1.2.2.1).

Region (2)
In addition to spinel-type ZnFe,O,, the Fe,05—Zn0 system includes Fe,03(Zn0),, im =12, 13)

[14], which is not isostructural with InFeO3(Zn0O),,. Fe,03(Zn0),, with smaller m exist at
1550°C [21].

Region (3)

In the InFeO3;—ZnO system, InFeO3(Zn0O),, (m=1) is present. As with InGaO3(ZnO),
InFeO3(Zn0) is isostructural with YbFeO3(FeO). In the In,O3—ZnFe,04~Zn0O system, each
phase of InFeO;(Zn0O),, has a solid solution in the range In..Fe;_,O3(Zn0), (m=1,
—1<x<1, x depends on m). When m > 3, the limit of indium solid solution is In,O03(Zn0O),),.
Solid solutions also form in Fe-rich compositions [14] over ranges that depend on m. Note
that In, ; Fe;_,03(Zn0),, solid solutions exclude Fe,05(Zn0),, in region (2), because this
compound is not isostructural with InFeO3(ZnO),),.

Region (4)

The chemical composition (In+Fe) : Zn=2: 1 (atomic ratio) admits spinel-type ZnFe,O,4. The
indium solid solution of this compound ranges from ZnFe,O, to In,Fe,_,03(Zn0),.



