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Series Editor’s Foreword

From 2003 onward when IGZO TFTs were first developed, this transparent semiconductor
technology has aroused huge interest for display applications. In 2012 the first products entered
the market, and since then oxide-based active matrix displays have made spectacular progress,
as evidenced by the demonstration of devices with ever-increasing size and complexity.
Especially in the field of high-resolution displays, IGZO backplane devices have matched
and then exceeded the capabilities of other thin-film technologies. Meanwhile, oxide active
matrix displays have realized unique advances in areas such as power saving through slow
refresh rates and improved aperture ratios.

The present book provides a comprehensive view of the application of one form of oxide
semiconductor — the c-axis-aligned crystal (CAAC) form — to displays. The high mobility
(compared with more traditional «-Si), extremely low leakage current, and relative immunity
from short-channel effects in CAAC oxide TFTs allows them to provide all the advantages
outlined above, and allows integration of gate-driver circuits on the display, providing
extremely narrow bezel widths. The different TFT structures which can be applied to CAAC
oxide devices are described, together with their fabrication process flows and resulting prop-
erties, as well as an account of different pixel and driver circuits.

In addition to accounts of AM backplane technologies and driver architectures, other topics
of central importance to exploiting these advantages are detailed. One is the use of oxide-doped
organic materials as hole-injection layers in OLEDs. The resulting layers are highly conductive
and can be made thick to increase the yield and reliability of OLED structures, without increas-
ing the drive voltage. A second technology is the fabrication of flexible OLEDs through the use
of tungsten release layers; this approach is complementary to the ability of CAAC AM layers to
withstand flexing without alteration of their switching properties, and provides a basis for scal-
able manufacture of flexible OLED devices.

In this book, together with its companion volumes on CAAC oxide Fundamentals and on
Applications to LSI, the editors and authors provide an account of CAAC-oxide semiconduct-
ors which will be invaluable to those seeking to exploit or understand the field, spanning as it



xiv Series Editor’s Foreword

does the whole subject from deposition conditions and structural studies, to the fabrication pro-
cess flow for complete displays. Dr. Yamazaki and his colleagues bring unrivalled research
experience and enthusiasm to their treatment of the subject, to provide a comprehensive and
approachable description.

Tan Sage
Malvern, 2016



Preface

Entering the 21st century, it seems that the growth of the electronics industry, one of the largest
industries in the world, is hitting a growth saturation level. That 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 consump-
tion of cloud computing and electronic devices such as smartphones and supercomputers 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 (OSs),
especially on a c-axis-aligned crystalline indium—gallium-zinc oxide (CAAC-IGZO) semicon-
ductor. Owing to the economic downturn in the aftermath of the Lehman Brothers bankruptcy
in the autumn of 2008, many companies withdrew from research on this subject, but I never
gave up and our research has continued to the present day. One of the most important charac-
teristics of a field-effect transistor (FET) using this wide-gap semiconductor is that the off-state
current is on the order of yA/cm (10>*A/cm) (where 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 research results on its application obtained at Semi-
conductor 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 to be verified. The reason is that I would like to give a couple of hints
to our readers — such as graduate students, on-site researchers, and developers — as soon as



xvi Preface

possible, so that they can conduct further R&D. 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
semiconductors, I would like to continue making our CAAC-IGZO technology known to
the public by conducting further research from both an engineering and an academic point
of view.

This book presents various topics on CAAC-IGZO applications to display technologies,
which enable displays with low power consumption, flexible displays, and next-generation
organic light-emitting diode (OLED) displays.

In the past, the 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
books will help to spread the CAAC-IGZO technology, just as The Bell Telephone Laborator-
ies 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 discovered will flourish in the 21st century, by publishing its physical properties and prin-
ciples as well as by applying it in the display and LSI fields, especially applying it to 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 about any case where a ceramic material was used for the active element on a mass-
production basis in Si LSI or displays; thus, many companies, with the exception of Sharp
Corporation, will face difficulties in terms of mass production. Note that a ceramic with an
amorphous structure has been proposed before, but it was not put into practical use due to reli-
ability problems. In particular, the depression following 2008 made many companies quit their
R&D of ceramics with an amorphous structure; it was deemed fruitless, because FETs utilizing
amorphous ceramics lack 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.

I observed a transmission electron microscopy (TEM) image of an IGZO film in front of a
TEM screen to find a solution for the 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 a CAAC-IGZO is excellent from a repeatability point
of view, in that it can be measured and evaluated stably, both at the material and device level.
As aresult of the stable measurement and evaluation, we discovered that the off-state current is
on the order of yA/cm (1()*24A/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 be able to not only fight evenly with an LTPS-FET but also outperform it in
the industry. Furthermore, we tried to apply CAAC-IGZO FETs to LSI, something which
has never been done before, and discovered that such a FET can operate with a channel length
of just 20—60 nm, while such a short channel causes short-channel effects in Si FETs.
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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 most of the
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.

After we started planning the book series on CAAC-IGZO, SEL progressed significantly in
R&D on crystalline oxide semiconductors, which were not included in the criterion of CAAC-
IGZO. Now we understand that the world of science and technology on crystalline oxide semi-
conductors is expanding wider and deeper beyond the CAAC-IGZO presented in this book
series. I would be very happy if we could introduce you to our expanded and enriched visions
on crystalline oxide semiconductors in a revised and enlarged edition of this book series in the
near future.

During the creation of this book, many people helped and guided us. We would like to
express our sincere gratitude especially to Dr. Tetsuo Tsutsui for being a co-editor of this book,
Application to Displays. Dr. Tsutsui has given us instruction regarding OLED research for
more than 17 years. During that period, he has exerted himself to educate many of our research
members as a corporate advisor. He has also given us opportunities for joint research with other
institutions on organic compounds having a tandem or hybrid structure. I am really grateful that
Dr. Tsutsui kindly accepted the position of director of this book.

Moreover, during the R&D on which these books are based, as well as during the writing
process, many young researchers at SEL also contributed. Their names appear in the list of
contributors.

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

I have been 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, Wiley-SID book series editor, who suggested the publica-
tion of the books, as well as Ms. Alexandra Jackson, Ms. Ella Mitchell, and Ms. Nithya Sechin
of John Wiley & Sons, Limited. Last but not least, I would like to express my sincere gratitude
to the publishers and authors for allowing us to use their figures as references in these books.

Shunpei Yamazaki
President of Semiconductor Energy Laboratory Co., Ltd.
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Introduction

Field-effect transistors (FETSs) are developed using various semiconductor materials, the most
common of which is silicon (Si). FETs are employed in many products and lead to performance
improvements and reductions in size and weight, with increasing miniaturization. The extra-
ordinary progress in the Si FET technology used in both large-scale integrated circuits
(LSIs) and flat-panel displays has a tremendous impact on lifestyles. Several players continue
to be engaged in the fierce race to further develop Si FET technology. Meanwhile, device
power consumption continues to increase, and lowering the power consumption has become
necessary for various applications, such as the Internet of Things (IoT) and wearable
applications.

Given these circumstances, crystalline oxide semiconductors (crystalline OS) draw much
attention for their ability to reduce power consumption in electronic circuits. IGZO has been
particularly studied in detail, and its fundamental properties have been examined to develop its
applications for products. The discovery of a unique class of crystalline OS, the c-axis-aligned
crystalline IGZO (CAAC-IGZO), is a key finding of these studies.

Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO documents the
research and developments reported by S. Yamazaki and colleagues to date. It consists of three
volumes, namely Fundamentals, Application to LSI, and Application to Displays (Figure 1.1).
Fundamentals introduces oxide semiconductor materials, crystal structure analysis, the funda-
mental properties and FET characteristics of CAAC-IGZO, and a comparison with Si FETs [1].
Application to LSI focuses on the applications of CAAC-IGZO to LSI devices, and describes
the FET structures, fundamental electrical characteristics, nano-sized (e.g., 20-nm node)
transistor prototypes, and examples of LSI applications, including non-volatile memory
devices [2].

This volume, entitled Application to Displays, introduces approaches to fulfill the market
demand for devices with further enhancements in image displays at lower costs and power

Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO: Application to Displays, First Edition.
Edited by Shunpei Yamazaki and Tetsuo Tsutsui.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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consumption. In particular, it describes the CAAC-IGZO FET structure, manufacturing pro-
cesses, FET characteristics, and circuit design. Subsequently, the organic light-emitting diode
(OLED) display, a highly promising next-generation technology, is presented. In particular, the
materials and elements for power-efficient operations are discussed in detail, along with the
pixel structures for high-yield displays with a high pixel density.

This volume also introduces the fabrication method of flexible displays based on OLED
displays, and proposes new possibilities for displays, sensors, and other devices. In addition,
it presents a review of liquid crystal displays (LCDs), which are currently the most popular
displays, from the point of view of providing high resolution and low power consumption.

Furthermore, the volume also discusses actual OLED displays with CAAC-IGZO FETs,
LCD circuit designs, and display prototypes with a high pixel density.

1.1 History of Displays

For more than half a century, cathode-ray tubes (CRTs) were used to develop display devices
for televisions (TVs) and monitors. However, the development and widespread use of LCDs [3]
has replaced CRTs as they produce flat-panel displays that are thin, light, and have low power
consumption. The earliest LCDs used in watches and calculators displayed monochrome alpha-
numeric characters in a small display area. Then, larger LCDs were developed and used in word
processors, which displayed more characters and pictures. This was followed by laptop
computers, which displayed more detailed color images. Next, pagers — as portable personal
terminals — attracted the attention of companies and students, but were swiftly replaced by
mobile phones. The first mobile phones could only display alphanumeric characters. Subse-
quently, mobile phones were developed to include integrated cameras capable of handling
images, mapping data, and downloading audiovisual information from the Internet. As a result,
larger color displays with an increased number of pixels appeared and resulted in displays with
higher pixel densities.

The increasing number of pixels forced the LCDs to abandon a passive-matrix-driving
method in favor of active-matrix (AM) driving [4], by incorporating a storage capacitor and
thin-film transistors (TFTs) in each pixel. Additionally, the video display required a shorter
display refresh period and this was another reason for the introduction of AM LCDs. The
passive-matrix driving was slow, because of both the liquid crystal material response and
the duty driving that could not retain the amount of rewriting required for gate lines in a limited
period. There was also a limit on reducing the distance between pixels, because of the crosstalk
between adjacent pixels. AM displays were popular, as they allowed high-speed refresh for
video portrayal, because of the direct writing of video data into the storage capacitor through
the pixel FET. Hence, fast data rewriting was possible even for a significantly large number of
pixels without the need to wait for the refresh to complete. AM LCDs also ensured a large num-
ber of gray shades and high contrasts, because the gray levels were completely stored as an
analog amount of charges written in the storage capacitor.

With the coming of the 21st century, large CRT TVs were eventually replaced by AM LCD
TVs. Simultaneously, TV broadcasting moved from analog to digital, and full high-definition
TVs (1920 x 1080) were widely adopted by the market. Currently, 4 K TVs (3840 x 2160),
which are compatible with 4 K broadcasting, are being developed in mainstream markets. They
will shortly be succeeded by 8 K broadcasting and 8 K TVs (7680 x 4320) [5, 6].
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1.2 Requirement for Displays

Early AMLCD TV displays exhibited motion blurring as a result of the sample-and-hold address-
ing. Hence, many LCDs adopted black frame insertion (BFI) between video frames and/or back-
light blinking to solve the problem of blurring. A refresh rate higher than 50/60 Hz, similar to
CRTs, is thereby required to avoid flicker, which disappears at approximately 75-85 Hz. How-
ever, the broadcasting and video standards were sampled at 50 or 60 Hz (25 or 30 Hz interlaced)
to avoid image tearing by doubling the chosen refresh rate, particularly in the case of 50 Hz CRTs.
The AM LCDs with BFI or backlight blinking similarly doubled the refresh rate. Frame
interpolation with constant backlight and without BFI was introduced, as they faced the issue
of reduced luminance. Some products even adopted quadruple refresh rates.

To date, the pixel FETs in large displays, such as TVs and monitors, use amorphous silicon
(a-Si) because of the mass-manufacturing compatibility for large glass substrates [7]. Unfor-
tunately, the a-Si TFTs have low mobility and are not compatible with high-speed data writing
in large screens with high resistive/capacitive (RC) loads. Therefore, the pixel numbers
required for full high definition (1920 x 1080) are barely manageable with a-Si TFTs. Hence,
other FET technologies are required for 4 K (3840 x 2160) and 8 K (7680 x 4320) displays,
which exhibit much higher RC loads. Various attempts were made to reduce the loads.
Examples of these include introducing copper wirings, dividing the driving by splitting the
screen horizontally or vertically, inserting black frames by synchronizing the partition control
of the backlights, and rewriting the image data. However, these approaches resulted in
increased costs and also increased the power consumption of the control ICs and backlights.

The development of both cable and wireless Internet networks allows individuals to ubiqui-
tously access information. This facilitated the transition from mobile phones to smartphones,
and from laptops and desktop computers to tablet computers. The development of devices and
infrastructures that could handle large amounts of data, such as high-bandwidth videos, has also
contributed to this situation. Additionally, touch sensors revolutionized the human—machine
interface (HMI) through increased interactivity. This also necessitated high-performance dis-
play devices.

For personal displays for virtual reality (VR) and augmented reality (AR) applications, the
pixel density, cost, and power consumption are extremely challenging issues, particularly for
the 8K format, so new solutions are necessary. There is also a growing trend of curved displays
in, for example, automotive applications.

The key quality factors for high-performance displays include high contrast, excellent color
reproduction, high resolution, and crisp and flicker-free moving images. In particular, displays
viewed at a short distance require high resolution to avoid jaggedness.

The requirements for these displays depend on their use case and screen size. Small-display
personal devices require particularly high pixel density and smaller FETs. For example, a pixel
density of over 1000 PPI (for VR and AR applications) requires FETs with a channel length as
short as 2-3 pm. This size cannot be achieved even by low-temperature polysilicon (LTPS),
which is a FET technology widely used in current small-sized displays. Furthermore, the
increase in the number of pixels also increases the number of gate lines and pixel data lines.
Hence, higher-performance FETs are necessary in the driving and control circuits integrated on
the display substrate. For example, when a display panel is synchronized with a touch sensor, a
part of the display period is allocated to the sensor driving and read-out. Thus, the control FETs
are required to be smaller and to be operated at higher speeds and higher currents. This in turn
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necessitates high mobility and on-state current. The small FETSs also ensure a higher aperture
ratio, which leads to a lower total power consumption for a given display luminance.

The above discussion is mainly applicable for LCDs, which are common display devices.
However, it is also important to focus on OLED displays, which constitute the next-generation
displays already being mass produced by some manufacturers. The FETs for OLED displays
require higher performances than those of LCDs, as they are driven by current.

Although large-sized and medium-sized LCD TVs and monitors still use a-Si TFTs, they are
unable to sustain the increasing RC loads associated with the higher pixel counts and refresh
rates. This problem was addressed by increasing the circuit scale and/or using division driving
or other methods. However, this increased the cost and power consumption. Therefore, a-Si
TFTs in these devices should be replaced by oxide semiconductor FETs. The currently
mass-produced OLED TVs also use oxide semiconductor FETs because of their good current
uniformity and compatibility with large-sized manufacturing.

LTPS TFTs are unsatisfactory for use in small displays with ultra-high pixel density.
This will be discussed in detail later in this volume. They also face a challenge in the mass
production of large displays.

This volume explains the reasons why CAAC-IGZO FETs can be applied to a wide range of
displays (from large TVs to small displays with high pixel densities), as well as to circuit tech-
nologies of the displays using them. It also describes a fabrication technology for small and
large foldable displays and the development of an apparatus for this purpose.

1.3 Transistor Technology for Displays

Various devices using flat-panel displays, such as TVs and smartphones, are widespread and
indispensable in our daily life. The current mainstream flat-panel displays are LCDs. As
next-generation displays, OLED displays are actively being developed by an increasing
number of organizations [8]. Traditionally, hydrogenated amorphous silicon (a-Si:H) TFTs
were widely employed for LCD TVs and monitors as switching elements.

As the demand for higher-performance display panels increases, FETs (in the following
description, there are cases where the term “FETs” includes “TFTs”) with higher driving cap-
ability are required. This has led to the development of LTPS by several manufacturers [9-12].
However, since LTPS is fabricated by crystallizing a-Si, expertise is required to control the
crystallization process. Furthermore, the application of LTPS to larger substrates is considered
to be difficult compared with a-Si:H.

Recently, the use of oxide semiconductors as FETs has drawn much attention [13]. As
mentioned in this book series, this class of semiconductor materials is remarkably different
from Si; they have driving capabilities lower than that of LTPS but higher than that of a-Si:
H. Oxide semiconductors are also characterized by their applicability to large substrates and
relaxed fabrication requirements, such as low process temperatures and easy etching. Unlike
LTPS, they do not require laser annealing, which is expensive and difficult for large substrates.

Oxide semiconductors offer an advantage in the form of higher driving capabilities but
formerly had a disadvantage in the instability of the film formation and device characteristics
compared with a-Si:H. Yamazaki and co-workers discovered crystalline IGZO (i.e., CAAC-
IGZO; for more details, see [1]). This has a small film-defect density, enabling the fabrication
of FETs with a short channel length, and thereby extending their applicability to high-resolution
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displays. CAAC-IGZO provides unique characteristics, including extremely low off-state cur-
rent, compared with the widely used Si. This will be described in detail later.

This section reports on the process and characteristics of CAAC-IGZO FETs for display
applications compared with those of Si.

1.3.1 Comparison of Silicon and Oxide Semiconductors

This subsection compares a-Si:H, LTPS, and IGZO. In terms of the FET fabrication process,
a-Si:H is the shortest and contains fewer steps, followed by CAAC-IGZO, and LTPS is the
longest. It is critical to reduce the number of process steps and their complexity to maximize
the manufacturing yield. LTPS has a more extensive process than those of a-Si:H and CAAC-
IGZO, as it requires the linear-beam laser crystallization of Si, high-temperature annealing, and
ion doping. LTPS also has the disadvantage of expensive plant and equipment investment,
because it requires special apparatus and expensive ion doping. The linear-beam laser equip-
ment is also difficult to fabricate, especially for a large substrate such as G8. In contrast, a-Si:H
and CAAC-IGZO technologies do not need any special apparatus, and are thus easily applic-
able for large substrates.

Semiconductor Energy Laboratory Co., Ltd. (SEL) initiated the development of linear-beam
laser equipment (Figure 1.2) [14—17]. This was undertaken by equipment manufacturers in a
widespread manner and is now indispensable for LTPS crystallization. The linear-beam laser
equipment was initially developed for element separation in the modularization of solar cells.
After using the linear-beam laser equipment for LTPS, SEL then researched CAAC-IGZO,
with its high uniformity and large substrate capability.

Figure 1.2 Linear-beam laser equipment developed by SEL. Source: Reproduced from [17]. Copyright
(2014), with permission from Wiley
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Table 1.1 Substrate size class and intended use of a-Si:H, LTPS, and IGZO

Resolution a-SitH LTPS CAAC-IGZO
Large TV Higher Fair Poor Good
(60 inch or more) Lower Good Poor Good
Medium TV Higher Good Poor Good
(20-55 inch) Lower Good Poor Good
Small and medium panel for tablet computers  Higher (4K2K)  Fair Good  Good
(up to 10 inch) Medium (FHD)  Good Good Good

Lower (HD) Good Good Good
Small and medium panel for smartphones Higher (4K2K)  Fair Good  Good
(up to 6 inch) Medium (FHD)  Fair Good Good

Lower (HD) Good Good Good

Increasing the substrate size significantly contributed to lowering unit fabrication costs, as a
larger substrate could yield a larger number of display panels. Table 1.1 lists some classes of
substrate size intended for use in display manufacturing, and the potential for achieving high-
resolution displays by employing silicon and oxide semiconductors. As described above, a-Si:
H and CAAC-IGZO do not need any special equipment; thus, they could readily be applied to
large substrates up to the tenth generation mother-glass size (approximately 3 m square). This
allows the manufacture of large-sized TVs mainly by using LCD backplanes fabricated from
a-S:H TFTs. Recent advances in the development of CAAC-IGZO have demonstrated that it
also enables large TV fabrication. Additionally, it exhibits higher FET performance compared
with a-Si:H, thereby enabling gate driver integration even for large TVs with high resolutions.

Large mother glasses also enable the manufacture of small-sized and medium-sized display
panels in large volumes for smartphones and tablet computers. High resolution is a key factor
for such panels, and requires increasing the FET driving capability. To date, LTPS with higher
FET performance compared with a-Si:H was used for small and medium panels with high reso-
lutions. Nevertheless, some aspects of the performance of CAAC-IGZO FETs are comparable
with that of LTPS TFTs for small-sized and medium-sized panels. Therefore, CAAC-IGZO
could be regarded as a prospective material for the production of display panels in a wide range
of sizes and for various uses.

Figure 1.3 shows the FET characteristics of silicon and oxide semiconductors. FETs with
silicon as an active layer exhibit a high off-state current, whereas the CAAC-IGZO FET exhib-
its an off-state current lower than the detection limit of the measurement apparatus. The low
power consumption is an important characteristic for Displays. Applications utilizing the
low off-state current will be described in Chapter 6 and elsewhere.

Table 1.2 compares silicon and oxide semiconductors in terms of manufacturability. Liquid
crystal panels could be fabricated with almost the same number of masks as that of a-Si:H by
using CAAC-IGZO [18, 19]. As the FET performance of CAAC-IGZO is higher than that of
a-Si:H, it permits the narrowing of the bezels by integrating the gate driver on the panel
(GOP), even in high-resolution displays [20]. The CAAC-IGZO FETs have an off-state current
on the order of yoctoamps per micrometer (yA/pm) (where y = 10724 compared with femtoamps
per micrometer (fA/pm) (where f= 107'5) for LTPS TFTs and a-Si:H TFTs. As a result, it
enables low-frequency display refresh and an associated lower power consumption (the panel
driving power is proportional to the refresh frequency). This feature is also known as idling-stop
(IDS) driving. IDS driving is a method for reducing power consumption for displays by showing
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Table 1.2 Comparison of a-Si:H, LTPS, and CAAC-IGZO. Source: Reprinted from [18, 19]. Copyright
(2015), with permission from Wiley

a-Si:H LTPS CAAC-IGZO
Number of masks for fabricating LCD  5-8 8-12 6-8
(for FET only) “) ) 4)
Process temperatures 350°C 400°C 350°C
Gate driver Depends Applicable Applicable

on specifications
Mobility Upto lecm?V-s  Upto 100cm*V-s  Up to 40 cm*/V-s
Size of mother glass G4.5-G10 G4.5-G6 G4.5-G10
Device costs Low High Low
Plant costs Low High Low

static images. This topic will be described in detail in Chapter 6. IDS driving provides a signifi-
cant power advantage, particularly for always-on, reflective or transflective mobile displays.

1.3.2 FETs in LCDs

FETs are used in pixel circuits, gate drivers, and other parts of LCDs and OLED displays. The
characteristics of FETs required for these devices are briefly described below.

Figure 1.4 shows a pixel circuit of LCDs. The FET in the pixel circuit is used as a switch, as
described in Figure 1.5. It performs image writing and retention operations when it is turned on
and off, respectively.

As shown in the timing diagram illustrated in Figure 1.6, the retention operation is executed
by turning off the pixel FET so that the voltage written into the capacitor Cs remains until the
subsequent write period. As mentioned, IGZO features an extremely low off-state current that
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Table 1.3 Pixel capacitances and off-state current (allowable range of voltage shift is 20 mV)

Required off-state current

Standard driving IDS driving
Capacitance per pixel (60 Hz) (1Hz)
150 {F 1.8x107% A 3.0x107° A
15 fF 1.8x 107 A 3.0x1071° A

enables driving at a low refresh frequency. Table 1.3 shows the off-state current required for
this type of driving. The maximum allowed off-state current depends on the storage capacitance
of the pixel, and it has to be lower as the storage capacitance becomes smaller. As the resolution
increases, the pixel size decreases, and hence the storage capacitor becomes small. Thus, a
much lower off-state current is required for the IDS driving of high-resolution displays. In add-
ition, the retention period is much longer than the writing period, thus, reliability is required in
the off state, in which a negative voltage is applied to the gate.
The calculation conditions are as follows:

* Standard driving (60 Hz refresh rate)

Lr=150x107"x0.02/(16.67x107%) =1.80x 107" A.

* IDS driving (1 fps)
L =150x 10719 % 0.02/1=3x 1071 A.

Next, the image data-writing operation is described. The pixel FET is turned on to write
image data to a pixel. A data voltage from a source line is written to the pixel capacitor Cs.
In this case, the writing of the data voltage should be completed within the writing period,
as shown in Figure 1.6.

If the on-state current is sufficiently large, the time constant of the source line, which is deter-
mined by a wiring resistance and parasitic capacitance, is generally larger than that of the pixel,
which is determined by the on-state resistance of the switch FET and the storage capacitance. In
the case of CAAC-IGZO FET or LTPS TFT, unlike a-Si, the channel width of the switch FET is
determined by the design rule, and hence a large variety of LCDs can be driven.

Furthermore, as illustrated in Figure 1.7, the FETSs function as a switch in the driver circuits.
Figure 1.7 shows an output part in a driver circuit. The on-state current of the FET determines
the time delay of the output part in a driver circuit, as shown in Figure 1.8. Therefore, a high on-
state current is required for high-frequency operations in a driver circuit. In addition, a FET
with large on-state current is necessary because the gate line has a large load capacitance.
A method to increase the on-state current involves increasing the FET channel width. However,
this also increases the driver circuit size, and thus the display bezel width.

As shown in Figures 1.7 and 1.8, alow off-state current is not as necessary in a driving circuit
as in a pixel circuit. Nevertheless, the total power consumption of the driving circuit can be kept
low by keeping this current as low as possible.
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1.3.3 FETs in OLED Displays

OLED displays consist of an array of self-emitting organic electroluminescent (EL) elements.
Hence, unlike LCDs, they do not require any backlight source. Additionally, OLED displays
could easily be made flexible. This is because the image formation is not based on optical
retardation, a mechanism readily affected by even nanometer-sized changes in the display
structure [21].

As shown in Figure 1.9, the OLED pixel luminance is proportional to the current per pixel.
Thus, the image and display total dimming could easily be controlled. Conversely, the electro-
optical transfer function of LCDs has an S-shape; thus, a look-up table (LUT) is necessary to
achieve a linear response.

Driver circuits on a FET substrate for both OLED displays and LCDs comprise shift registers
for selecting pixel rows. Thus, although the supply voltage is different, the scan or gate-driver
circuits are almost identical. As shown in Figure 1.10, the pixel FET in an LCD functions as a
voltage switch. In contrast, the driving FET in an OLED pixel adjusts the current flowing
through the OLED element, which is connected serially with the driving FET (M2) [18]. This
indicates that the OLED luminance also changes by degradations in the OLED element and/or
driving FET, resulting in an undesired variation in the luminance across the panel. Therefore,
OLED displays generally contain compensation circuits that keep the current constant by
adjusting the driving voltage. However, as the degradation progresses, there is a voltage limit
by which this compensation could be carried out.
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V4 can be expressed by as follows:
Va=Vac—Ve, (11)

where

V4 = voltage between the source and drain of the driving FET
V.1 = voltage drop across the OLED element
V.. = voltage between the OLED cathode and the drain of the driving FET.

Therefore, V4 of the driving circuit is adjusted according to the changes in OLED element
resistance associated with its degradation.
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As shown in Figure 1.11, the light emission from the OLED element in an OLED display
depends on the I[-V characteristics of both the driving FET and OLED elements. The
intersection between the two I-V curves gives the current value for light emission. The OLED
element emits light proportional to the current value.

Accordingly, the current flowing through the driving transistor (and OLED element)
decreases as a result of degradation [downward shift in Figure 1.11(a)], that is, a shift in V.
Furthermore, the luminance and anode/cathode voltage is reduced accordingly, as indicated
by a leftward shift in Figure 1.11(b).

It is important to use the anode/cathode voltage in the /-V saturation region of the driving
FET to minimize the influence of V4 reduction by degradation of the OLED element. Therefore,
the saturation characteristics (current independent of the voltage) of the driving FET are
important.

From the above discussion, the following three features of driving FETs are considered
necessary.

1. Constant current characteristics (saturation in I~V characteristics).
2. Reduction in spatial current variation (especially variation between adjacent pixel FETs).
3. Stability over time (such as drain current variation resulting from current stress).

1.3.4 Recent FET Technologies

LCD and OLED display backplanes with various CAAC IGZO materials and FET structures
were developed and evaluated to obtain the three previously discussed features.
Figures 1.12—-1.14 show comparisons of the I-V characteristics, on-state currents, S-values
of several types of CAAC-IGZO, and commercialized LTPS TFTs. The CAAC-IGZO FETs
have a top-gate self-aligned (TGSA) structure, which will be introduced in Section 2.3. It
should be noted that “nIGZ0O” and “sIGZO” in the figures are new materials, which will be
described in detail in Section 2.4: nIGZO is a high-mobility CAAC-IGZO and sIGZO is a
material that exhibits further higher mobility than nIGZO [22].

Even with a channel length of L=2 pm, the sIGZO FET exhibits improved on-state current
(the field-effect electron mobility was approximately 60 cm?/V-s). This was equivalent to the
mobility of the commercialized LTPS TFT (L~6.4 pm). Simultaneously, the sSIGZO FET
maintained the normally-off characteristics of nIGZO. The S-value of the SIGZO FET was
approximately half that of the LTPS TFT. This indicated that it was more suitable for low-
voltage driving compared with LTPS TFTs.

Figure 1.15 shows the results of gate bias temperature (GBT) stress tests. As shown, the
change in threshold voltage as a result of the stress was similar for the sSIGZO FET and the
p-channel LTPS TFT in a gate driver. Details of the GBT stress test will be given in Section 2.5.

As previously mentioned, the two FET requirements for OLED display driving include
the following: (1) a constant current irrespective of the changes in the drain voltage Vy; (2)
a small current change from FET deterioration. As shown in Figure 1.16, the I;—Vjy sat-
uration characteristics of FETs used for driving the OLEDs were measured to evaluate both
the aforementioned factors; the saturation properties of the LTPS TFT are not enough, even
with a channel length of Lx6.4 pm [23]. This was attributed to a short-channel effect, and
suggested that there was a limitation on scaling down the LTPS TFT size. However, the nIGZO
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Figure 1.15 Results of the GBT stress tests of FET's with different semiconductor materials and structures.
Test conditions: V= +30 V and Vg=V,=0 V (COMMON); stress temperature 60 °C; application time
of stress 1 h; dark/photo stress (pseudo-white OLED, 10,000 1x). PBTS, NBTS, PBITS, and NBITS stand
for positive bias temperature stress, negative bias temperature stress, positive bias illumination
temperature stress, and negative bias illumination temperature stress, respectively

and sIGZO FETs exhibited sufficient saturation even with a short channel length of L=2 pm.
This proved that CAAC-IGZO FETs are highly resistant to the short-channel effect,
and thereby enabled FET size reduction. It also resulted in higher display resolutions and smal-
ler footprints.

Lastly, the FET characteristic of the latest IGZO is presented in Figure 1.17. The latest IGZO
has a mobility of a record of 100 cm?/V-s or higher. Thus, in the near future, IGZO is expected
to achieve a practical level with higher mobility than LTPS.
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1.3.5 Development of OLED Displays

As described in the previous sections, CAAC-IGZO FETs have several advantages over Si
TFTs. Therefore, displays are developed with CAAC-IGZO FETs to exploit these advantages.
In particular, CAAC-IGZO matches the requirements of ultra-high-resolution OLED displays
and flexible OLED displays for wearable devices. The details of these devices will be described
in the following chapters. Figure 1.18 illustrates the current development status of the OLED
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Figure 1.18 The developments for OLED displays

displays. The development of the OLED materials and FETs for a transfer process (see
Chapter 5) to enable flexible display fabrication is currently in progress. As shown in
Figure 1.19, the display resolution has increased steadily since 2012. This was also reported
at various exhibitions and academic societies, including the Society for Information Display
(SID) [24-28]. This volume offers an in-depth discussion of the fabrication of OLED displays

reported at SID and elsewhere. The authors hope that the reader will find this information useful
(see Chapters 4 and 5).
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Subsequent chapters explain the two types of CAAC-IGZO FET structure and their fabrica-
tion processes. This is followed by descriptions of the circuit designs for displays using
CAAC-IGZO.
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2

Applications of CAAC-IGZO
FETSs to Displays

2.1 Introduction

As described in Chapter 1, a field-effect transistor (FET) using c-axis-aligned crystalline
indium—gallium—zinc oxide (CAAC-IGZO) offers advantages over thin-film transistors
(TFTs) based on hydrogenated amorphous silicon (a-Si:H) or low-temperature polysilicon
(LTPS). For instance, one advantage of using CAAC-IGZO as a backplane of a liquid crystal
display (LCD) panel is the possibility of slow-refresh driving (see Chapter 6), which exploits
the extremely low off-state current of the FETs. Another advantage is that the FET size can be
reduced to increase the aperture ratio, while retaining the high mobility, and demultiplexers
(DEMUX) as well as gate drivers can be incorporated to achieve a bezel width equivalent
to that of an LTPS display. Finally, CAAC-IGZO panels can be manufactured with equipment
and running cost comparable to those of a-Si:H, and existing manufacture lines can be used.
Because of these advantages, CAAC-IGZO FETs are being employed in backplanes for
flat-panel displays. Furthermore, the FETs also find applications in low-power large-scale
integration (LSI) devices such as central processing units (CPUs) and memories, as described
in detail in Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO:
Applications to LSI [1].

Although the CAAC-IGZO active layers are formed by film-deposition process, the struc-
tures of the FET's are sometimes beyond the category of TFTs (e.g., like those used in LSI appli-
cations). Therefore, the term “CAAC-IGZO FET” is used in this book, instead of “CAAC-
IGZO TFT.” As is generally known, the metal-oxide—semiconductor field-effect transistors
(MOSFETs) mainly used in displays are often called “TFTs,” and in some cases the
“CAAC-IGZO FETs” shown in this book can be regarded as “CAAC-IGZO TFTs.”

In this chapter, four structures of FETs for the backplane of LCDs and organic light-emitting
diode (OLED) displays are explained. The FETs based on CAAC-IGZO as an active layer

Physics and Technology of Crystalline Oxide Semiconductor CAAC-IGZO: Application to Displays, First Edition.
Edited by Shunpei Yamazaki and Tetsuo Tsutsui.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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Figure 2.1 Examples of FET structures: (a) BGTC structure, (b) BGBC structure, (¢c) TGTC structure,
(d) TGBC structure. Source: Adapted from [2]

belong to the category of MOSFETS, which control the current across the source/drain (S/D)
regions, using a gate field through an insulating film. The FETs can be roughly classified into
the following four structures, depending on the positions of the active layer, gate electrode
(GE), and S/D electrodes (see Figure 2.1):

. bottom-gate top-contact (BGTC)

. bottom-gate bottom-contact (BGBC)
. top-gate top-contact (TGTC)

. top-gate bottom-contact (TGBC).

o0 o

The position of the gate electrode determines the structure to be either top-gate or bottom-
gate; the top-gate structure has a gate electrode above the CAAC-IGZO active layer, while it is
located below it in the bottom-gate structure. Meanwhile, the position of the S/D electrodes
determines whether the structure is top- or bottom-contact. In the former, the S/D electrodes
are located above the active layer, whereas they are located below it in the latter. Thus, the
combination of these structures determines FET structures (a)—(d).

Among the structures in Figure 2.1, bottom-contact structures [(b) BGBC and (d) TGBC]
have the active layer sputtered on top of the S/D electrodes, so CAAC-IGZO is immune to
any damage caused by S/D electrode formation (e.g., during deposition or etching). However,
CAAC-IGZO is sputtered in an oxygen atmosphere and thus oxide films are formed on the
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surfaces of S/D electrodes, thereby increasing their contact resistance. The amount of oxide
formation depends on the electrode materials.

Note that in addition to the four structures shown in Figure 2.1, other types of structure are pos-
sible, for example, a dual-gate structure, which has gate electrodes both on the top and bottom of
the active layer [3], and a top-gate self-aligned (TGSA) structure, which has n™ regions self-aligned
to the gate-electrode pattern [4]. Figure 2.2 shows cross-sectional views of these structures.

BGTC and TGSA structures, described in Sections 2.2 and 2.3, respectively, are mainly
developed for displays because the FET size and parasitic capacitance of the structures can
be reduced. They can be used in all display sizes, from small- and medium-sized mobile
high-resolution displays to large displays for 8K TVs. Sections 2.2 and 2.3 specifically describe
the advantages and disadvantages, and explain the process flows and electrical characteristics
of the two structures. Section 2.4 explains ways of maximizing the performance and reliability
of CAAC-IGZO FETs by selecting high-mobility oxide semiconductor material and/or dual-
gate structure with a surrounded-channel (S-channel). These technologies allow the fabrication
of FETs with a performance and reliability equivalent to LTPS TFTs.

Section 2.5 explains how to counter the typical degradation mode of CAAC-IGZO FETs
[i.e., degradation due to negative bias illumination temperature stress (NBITS)] and the mech-
anism that causes it. It also explains the main factors of NBITS degradation; deep level defects
in the oxide semiconductor (oxide vacancies V) and defect levels in the gate insulator (GI)



