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Preface

In the 30 years that have passed since the release of the “first OLED paper,”
there have been many publications promoting organic light-emitting diode
(OLED) displays as a superior technology. Although many aspects of OLED
performance are excellent, such as the ultimate high contrast provided by its
self-emissive mechanism, it has not been an easy path to achieve wide accep-
tance in the industry. A decade ago, I was often told by my customers that they
totally agree with the beauty of OLED screens, but they are not affordable for
common display applications. It is always the case that emerging technology
faces difficulty in the wide-scale adoption, in spite of its inherent advantages.
The well-established liquid-crystal display (LCD) has been manufactured for a
very long time, so it has already been progressively engineered to improve its
shortcomings, such as viewing angle, response time, and cost. It was not easy
for OLED to overcome such a situation.

What triggered OLED to become so popular was the rapid growth of smart
phones. The touchscreen interface paired very well with the OLED screen, as
OLED did not show any “touch mura,” a smear-like contrast reduction caused
by flow-induced liquid crystal deformation. LCD, in a short time, improved the
touch mura, but OLED makers utilized this momentary advantage to obtain
a chance of growth. From this penetration of OLED display screens, end cus-
tomers had a chance to recognize the superior display image quality of OLED,
especially the beauty of its high contrast. This fortunate circumstance was a
major benefit to OLED technology.

More recently, OLED has also penetrated the large television market, taking
advantage of the high color gamut white + color filter method we developed,
which promises high-yield manufacturing. OLED technology offers many
important features for good television, so we expect it will gradually become
more popular as the manufacturing cost goes down.

It is still a very important phase for OLED technology to become more widely
used. The purpose of this book is to provide necessary information for everyone

xiii
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who is involved with this great technology, so that such knowledge can lead to
further improvements. I also hope the contents will help readers to hit upon

new great applications, taking advantage of the features of OLED devices.

Takatoshi Tsujimura



Series Editor’s Foreword to the Second Edition

In the 4 years since the first edition of Dr Tsujimura’s book was published, the
status of OLED displays has undergone a transformation. Their development
can be exemplified by two products; the introduction of OLED televisions with
diagonal screen sizes and resolution fully matching those of LCD sets but with
curved screens represented a striking innovation which at that time could not
be provided by LCD panels. Many commentators were surprised by the speed
with which LCD manufacturers responded to this challenge. On the other
hand, OLED panels on flexible substrates provide thin, conformable displays
offering excellent compatibility with touchscreen technologies, which many
users regard as a benchmark for display performance on mobile electronic
devices.

OLED devices are therefore showing their ability to drive customer expec-
tations for display performance. OLED displays provide a performance lead in
terms of thin profile, response speed, and black level dominated dark room
contrast, which appear difficult to challenge, while brightness, stability, and
manufacturing cost are relatively weaker points. Meanwhile, competition
between OLED and LCD manufacturers has stimulated innovation in both
technologies, driving improvement in key areas such as power efficiency, color
gamut, and resolution. As self-emissive devices, OLEDs are also generating
widespread interest for lighting applications where their ability to offer a large
area source and to achieve high-quality color rendering and tunable color
temperature promises an excellent quality of illumination.

This second edition of Dr Tsujimura’s book recognizes all these advances
through updating and revision of his earlier material, and the addition of
extensive new sections covering advances in the technological exploitation
of OLEDs. Some of the most prominent of these include approaches to
improved power efficiency and color gamut for OLED television, and how to
combine both of these key advances; materials and manufacturing methods
for flexible OLED displays; roll-to-roll manufacture of OLED lighting panels;
and structures of transparent OLED panels. The treatment of a number of the
underlying scientific principles involved in device operation and efficiency is

XV
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Series Editor's Foreword to the Second Edition

also expanded, with new material on luminescence mechanisms, light trapping
and extraction, the behavior of various pixel driver circuits, and numerous
other topics. It is our hope that these changes will both maintain the currency
of the volume and increase its value to a broad range of users.

Dr Tsujimura brings to his subject, the experience and background knowl-
edge gained through his long career researching and developing active matrix
technologies, liquid crystal displays, and OLEDs. His knowledge and enthu-
siasm for his subject are clear in this book, which I believe will continue to
provide a most valuable resource both for those working on OLED technologies
and their applications, and for scientists and engineers who wish to increase
their knowledge of this important field.

Malvern, UK Ian Sage, Series Editor



Introduction

The basic structure of organic light-emitting diodes (OLEDs) was reported by
Tang and Van Slyke at Eastman Kodak in 1987 [1]. This was a groundbreak-
ing study and was later referred to as the “first OLED paper.” Now, almost
30 years later, there is a large market for OLED devices. The first OLED pro-
duct was developed by Pioneer for car audio. Then the first mass production
of AMOLED by SK display (a joint manufacturing venture by Eastman Kodak
and Sanyo Electric) for Kodak’s LS633 digital camera (Figure 1.1) accelerated
the use of OLED for display applications.

This was followed by the widescale development of many other OLED-based
products, including cellular phones (Figure 1.2), smart watches (Figure 1.3),
audio players (Figure 1.4), and portable global positioning satellite (GPS)
devices, which now provide high-resolution displays in brilliant, multitone
colors.

Larger-display products have also been introduced on the market, such as
those shown in Figure 1.5. Much larger prototypes have also been developed
(Figure 1.6). Because of their superior features such as slim flat-screen design
and aesthetically pleasing screen image, and due to high-contrast image signal
emission and very good response time, the current state of the art of OLED
television technology that has debuted in the marketplace is indeed ground-
breaking [2].

The main objective of this book is to explain the basics and application of this
promising technology from various perspectives.

OLED Display Fundamentals and Applications, Second Edition. Takatoshi Tsujimura.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.



2| 1 Introduction

Figure 1.1 The first active-matrix OLED display product on the market (Kodak LS633 digital
camera).

Figure 1.2 Example of a
cellular phone using
active-matrix OLED
(AMOLED) (Galaxy S7
smartphone by Samsung).
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Figure 1.3 Example of a
smart watch using
active-matrix OLED
(AMOLED) (Apple Watch
Series 2 by Apple).

Figure 1.4 Example of an audio player using active-matrix OLED (AMOLED) (Sony Walkman
NW-X-1050).
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Figure 1.5 Example of a large television using active-matrix OLED (AMOLED) (65-in. curved
OLED TV demonstrated in SID2015 by LG display).

Figure 1.6 111-in. dual-sided flexible OLED television prototype (LG Display at IMID2016).
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2

OLED Devices

2.1 OLED DEFINITION

Before any in-depth discussion of OLED display structure, let us consider the
initial origins of OLED technology, which are based on early observations of
electroluminescence (EL). In the early 1950s, a group of investigators at Nancy
University in France applied high-voltage alternating-polarity fields in air to
thin films of cellulose or cellophane containing deposited or dissolved acri-
dine orange and quinacrine, and observed light emission [1]. One mechanism
identified in these reaction processes involved excitation of electrons. Then in
1960, a team of investigators at New York University (NYU) made ohmic (a
nonrectifying charge injection, which shows linear current—voltage relation-
ship) dark-injecting electrode contacts to organic crystals and described the
necessary workfunctions (energy requirements) for hole and electron-injecting
electrode contacts [2]. These contacts are the source of charge injection in all
present-day OLED devices. The same NYU group also studied direct-current
(DC) EL in vacuo on a single pure anthracene crystal and tetracene-doped
anthracene crystals in the presence of a small-area silver electrode at 400 V [3].
The proposed mechanism for this reaction was termed field-accelerated elec-
tron excitation of molecular fluorescence. The NYU group later observed that
in the absence of an external electric field, the EL in anthracene crystals results
from recombination of electron and hole and that the conducting-level energy
of anthracene is higher than the exciton energy level [4].

Because of the association between EL and later OLED development on the
basis of these and other early EL studies, the term organic EL gradually emerged
and is still used today. EL includes two basic phenomena:

1. Light emission due to the presence of excited molecules caused by acceler-
ated electrons (i.e., electrons that are accelerated to higher energy levels)

2. Light emission due to electron—hole recombination, as in all light-emitting
diodes (LEDs).

OLED Display Fundamentals and Applications, Second Edition. Takatoshi Tsujimura.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.
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2 OLED Devices

Table 2.1 Differences between Liquid Crystal and OLED Displays

Parameter LCD OLED

Response time Slow Fast

Luminance boost Difficult Possible

Viewing angle Narrower high contrast angle ~Lambertian distribution®
region

Number of components More Fewer

Differential aging” Small Larger

Susceptibility to water and O, Larger

a) Outgoing light distribution whose luminance is proportional to cos 6. To be discussed in
Section 4.2.1.4.

b) Luminance reduction in terms of use of a particular pixel and between colors. To be
discussed in Section 2.5.

Phenomenon 1 is the narrower definition. Current OLED devices, after Tang
and Van Slyke’s “first OLED paper,” utilize exclusively LED-like emission mech-
anisms, that is, phenomenon 2.

Table 2.1 lists the differences between a liquid crystal display (LCD) and an
OLED display. The OLED has a very short response time and is capable of using
“punching” (an imaging technique for enhancing the local luminance to empha-
size the highlighted region of an image). The punching technique is used in
cathode ray tubes (CRTs), which can have much higher luminance of a dot than
the screen luminance. An OLED can use a similar operation, while a normal
LCD display cannot.

Table 2.2 outlines the chronological history of OLED technology develop-
ment.

The chronological sequence of development listed in Table 2.2 reflects the
emergence of some general terms of classification of OLED technologies,
including the following:

¢ Small-molecule OLED (SMOLED) and polymer OLED (PLED)

e Passive-matrix OLED (PMOLED) and active-matrix OLED (AMOLED)
displays

e Fluorescent emission and phosphorescent emission.
The developments listed here and in Table 2.2 indicate that the rapid advances

in OLED technologies resulted from extensive experimental trial and error.
Each technology is discussed in further detail later in the book.

There are several kinds of “luminescence” in nature, which can be explained by
a mechanism similar to that of an OLED.



Table 2.2 Timeline for OLED Technology Development

2.1 OLED Definition

Year

Event?

Company/Institute

1960-mid—1970s

1983

1987

1988
1990
1994
1996

1998
1999
1999

2001

2001
2001
2002
2002
2003

2003

2003

2006

2007
2007

2008
2008
2008

2009
2009

D OLED crystal molecule, anthracene,
etc.?

D First observation of
electroluminescence from polymer film

P OLED diode structure paper in Appl.
Phys. Lett.”

P Double heterojunction®
P First PLED paper in Nature
P White OLED demonstration®

P first AMOLED demonstration
(QVGA)P

D first phosphorescence OLEDY
D first passive OLED product

D Color OLED display by white + color
filter method®

D 0.72-in. headmount display by
AMOLED on silicon”

D 13-in. SVGA AMOLED prototype

D 2.1-in. 130-ppi AMOLED prototype”
D 15-in. 1280x720 OLED prototype®

P Tandem OLED device demonstration®
D digital camera with 2.2-in. AMOLED
display®

D Tiled 24-in. AMOLED prototype with
by 12-in. display®

D 20-in. phosphorescence AMOLED
prototype by a-Si backplane®

P White OLED with phosphorescent
emitter®

D 11-in. OLED Television product®

P White OLED by all phosphorescent
emitters®

P 12-in. Transparent OLED prototype®
P 4-in. Flexible OLED prototype®

P 100% NTSC low power OLED by
white + color filter method®

D OLED lighting product®
P TADF OLED device®

NRC (Canada), RCA

National Physical
Laboratory

Eastman Kodak

Kyushu University
Cambridge University
Yamagata University
TDK

Princeton University
Pioneer
TDK

eMagin

Sony

Seiko Epson/CDT
Eastman Kodak/Sanyo
Yamagata University

Eastman Kodak
Sony
ChiMei/IDT/IBM
UDC

Sony

Konica Minolta

Samsung
Samsung
Kodak

Philips
Kyushu University

9
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2 OLED Devices

Table 2.2 (Continued)

Year Event? Company/Institute

2010 P White OLED over 100 Im/W UDC

2011 D OLED lighting product by all Konica Minolta/Philips
phosphorescent emitters®

2013 D 55-in. OLED Television product by LG display
white + color filter method?

2013 P 4KOLED Television prototype® Sony/Panasonic

2014 D Flexible OLED display product® LG display

2014 D Flexible OLED lighting product by Konica Minolta

roll-to-roll manufacturing®

a) Abbreviations in this column: a-si—amorphous silicon; AMOLED—active-matrix OLED;
D—development of; P—publication or presentation/demonstration of; PLED—polymer
(O)LED; ppi—pixels per inch; QVGA—quarter videographics array (320 X 240 pixels);
SVGA—super videographics array (800 x 600 pixels).

b) SID International Symposium (2003), 40 Years of SID Symposia—Nurturing Progress in
EL/OLED Technology, Baltimore, MD. http://sid.org/Portals/sid/Files/DisplayHistory/EL-
OLED_History.pdf.

c) By Takatoshi Tsujimura, “Evolution and future of OLED lighting,” OLED Forum Japan
presentation, Kyushu University 11/12/2015.

A molecule has multiple discrete energy levels, each able to hold two elec-
trons. When electrons fill these levels completely, beginning from the lowest in
energy, the system is stable. This is called the ground state.

If an electron is moved to an upper empty energy level, the resulting
configuration is called an excited state. The excited state is normally unstable,
so the electron tends to release the energy and return to the ground state. In
such a transition, the excess energy is released as light (called “luminescence”)
and/or heat.

Luminescence can be classified depending on how the energy is transferred
to the system. Light emission by a firefly is a type of luminescence. Luciferin is
oxidized to “oxyluciferin” in an excited state by luciferase enzyme in the pres-
ence of adenosine triphosphate. As the oxyluciferin converts to its ground state,
the molecule loses energy that it emits as light. If an excited state created by a
chemical reaction causes the photon emission as in this case, it is referred to as
chemiluminescence.

Fluorescent paint shines when it is illuminated by short-wavelength light. By
absorption of this light, an excited state is created and it causes light emission
at a longer wavelength, termed photoluminescence (PL).


http://sid.org/Portals/sid/Files/DisplayHistory/EL-OLED_History.pdf
http://sid.org/Portals/sid/Files/DisplayHistory/EL-OLED_History.pdf

2.1 OLED Definition

When energy is transferred to the molecule by an electric field or current,
subsequent light emission is called EL.

There are also many other luminescence effects, such as mechanolumines-
cence, and so on. Many of these phenomena have similar mechanisms, in which
excess energy is released as photons and the system relaxes to the ground state,
as a result.

OLED, LED, and inorganic EL devices all emit light electrically, so the distinc-
tion between them may be confusing. Here, the features for each technology
are summarized.

2.1.3.1 InorganicEL

An inorganic EL device has a structure similar to an OLED, with emissive layers
sandwiched by insulators and two electrodes. However, the emission mecha-
nism is quite different.

An inorganic EL device’s emissive layer is a mixture of a semiconductor and a
metallic compound. Free electrons in the semiconductor are accelerated by an
electric field and their kinetic energy is transferred to emission centers, which
are excited by their impact. The excited emission center is unstable and loses
its energy by emitting a photon.

If a DC voltage were used for electron acceleration, the emission would stop
when the electric field in the semiconductor was sufficiently shielded by the
electron movement. Therefore, inorganic EL devices are driven by an AC volt-
age so that the emission is continued.

2.1.3.2 LED
Normally, inorganic LEDs are simply called “LEDs.” Though the materials are
different, LEDs and organic LEDs have similar emission mechanisms.

Pure semiconductors normally have very few mobile charge carriers. For
electronic purposes, doping of impurities into the semiconductor is frequently
used to change its conductivity. The impurities may be of two kinds.

1. “Donor”-type impurities, which supply electrons to semiconductors. Elec-
trons are the major charge carriers in this case and such semiconductors
with donor impurities are called “n-type.”

2. “Acceptor’-type impurities, which supply holes to semiconductors. (As a
“hole” means “lack of an electron,” supplying a hole is equivalent to accepting
an electron.) Holes are then the major charge carriers and semiconductors
with acceptor impurities are called “p-type.”

If layers of n-type and p-type semiconductors are stacked together to form
a junction with electrodes sandwiching the p/n junction layers, electrons from
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the n-type semiconductor and holes from the p-type semiconductor recombine
when electric current is applied between the two electrodes. Recombination in
the p—n junction creates excited states that emit photons.

Thus, inorganic LEDs have a mechanism similar to that of organic LEDs,
which also emit light due to electron—hole recombination. (To be precise, the
conduction mechanisms of LEDs and organic LEDs are not the same. Inorganic
semiconductor charge carriers are described by a band theory, in which the
periodic potential of the semiconductor crystal leads to formation of a Bloch
wave. This theory cannot normally be applied to the disordered layers formed
by the organic molecules used for OLEDs. So LEDs and OLEDs operate
by the same charge recombination route but due to different conduction
mechanisms.)

2.2 BASICDEVICE STRUCTURE

Emission from all OLED devices—whether of the small-molecular or polymer
family—can be explained by the same principle. Through electron-hole recom-
bination, a high-energy molecular state is formed. This state is called an exciton,
as it behaves like a single molecule with high energy. This exciton emits light
after an exciton lifetime period (Figure 2.1). (It should be noted that “exciton
lifetime” is the exciton decay period and does not refer to the OLED device
lifetime.) [Another type of emission, termed photoluminescent (PL) emission,
is caused by light (e.g., UV)-induced molecular excitation.]

The wavelength of this light emission corresponds to the exciton energy, so
it is possible to control the color of the emission by adjusting the molecular
design of the color center. This feature is quite advantageous for OLED display
applications.

In experiments using tetracene-doped anthracene crystals and materials,
OLED emission had been observed before the so-called first OLED paper
in 1987 [5] (see Row 1 in Table 2.2 [4]). However, the operating voltage and
efficiency levels were insufficient for actual application. The structure depicted
in Figure 2.2 and described in the Tang—Van Slyke paper [5] represents
advanced concepts that remain valid today:

1. Significant enhancement of the recombination efficiency by using a layered
structure using multiple different materials (heterostructure)

2. Fabrication of low-voltage, high-quality devices through evaporation

3. Appropriate choice of electron and hole injection materials and of work-
functions for cathode/anode electrodes

4. High electric field obtained by ultrathin-film formation.

OLED devices could emit very dim light before these developments, but
high-luminance operation was achieved only after the first OLED paper.



