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Abstract

A novel hybrid pixel structure of organic electraluminescence devices and RLCD
is proposed and demonstrated.:The hybrid: pixel structure is designed to replace the
backlight system of conventional transflective display with OLED as the emission
component. Without the backlight module, the hybrid display is thinner and lighter
than transflective LCDs. Moreover, the contrast ratio of the OLED in bright ambience
can be improved by blocking undesired reflection with the modulation of LC layer.
Prototypes of two proposed structures were fabricated and measured. From the
experimental results, an enhancement of ambience contrast ratio of the emissive mode
with gain factors of 14.35~19.04 and 6.14~7.10 for structure 1 and structure 2 were
derived respectively, evidently demonstrated the readability of the hybrid display in
all kinds of ambience intensity.
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Chapter 1

Introduction

1.1 Portable Display Technology

In the dawn of twenty-first century, a new era of 4C, which contains computer,
communication, consumer electronics, car electronics, and 3G (the third generation
mobile phone) is coming. It is the trend of future to transport greater amount of
information through thinner and lighter interface. Thus, flat panel displays (FPD) with
better performance which is more suitable for future life style are desired for people to
fulfill the demand of these portable multimedia usages. In addition to the basic image
quality, the required features of portable FPDs “also include light weight, sunlight
readability, and low power consumption. While the mainstream of FPD industry is
recently held by LCDs (liquid crystal displays) [1], conventional transmissive LCDs
which utilize backlight system as the light source do not seem to meet the requirements
of portable displays due to its size and power consumption. Therefore, several display
technologies have been developed in order to meet the requirements which are mentioned
above. For example: transflective LCD, OLED displays are two of the most competitive

display technologies in portable display applications.

1.2 Liquid Crystal Displays
1.2.1 Transmissive Liquid Crystal Display

Liquid Crystal Display is a well developed and widely utilized for portable display



applications. A transmissive LCD, which equipped with an illuminator called backlight is
placed at the rear surface of the LCD panel, is used to exhibit information. The amount of
light emitted from backlight is controlled by the liquid crystal panel to show images, as
shown in Fig. 1.1. Although the transmissive LCD can provide higher contrast ratio and
better color saturation by using backlight, the amount of transmitted light is relatively
small. The backlight consumes 50% or more of the total power consumption of the
display. Besides, the transmittances of polarizer and color filter are 50% and 30%,
respectively. Therefore, a typical transmissive type LCD only has a light efficiency of
about 7.4%. In order to get acceptable luminance, it can be solved by utilizing a brighter
backlight, but the power consumption will be further increased. Moreover, the image of
transmissive LCD will be washed=6ut under brighter environment. As a result,

transmissive type LCD is not enotigh for portable ‘applications.
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Fig. 1.1 Transmissive LCD



1.2.2 Reflective Liquid Crystal Display

In order to overcome the issues of transmissive LCD, a reflective type LCD was
proposed [2, 3], as shown in Fig. 1.2. The reflective type LCD is composed of a bottom
reflector and a liquid crystal panel. Thus, the incident beam of light passes through the
LC cell and is reflected by the bottom reflector. The beam of light undergoes a double
passage through the LC layer twice before exiting the cell. The optical path difference
between a transmissive LCD and a reflective LCD is shown in Fig. 1.3. It should be
noted that the bottom reflector is the essential part in the reflective LCDs. On the whole,
all transmissive LCDs can be employed for reflective LCDs. Due to the double passage
of the beam of light, only one polarizer, the top polarizer, is needed to obtain polarization
difference to switch between the bright state and.the dark state. Because the image is
exhibited by using reflector to reflect ambient. light, the luminance of reflected light is
close to that of the environment. ‘Hence, the washout effect can be reduced substantially.
Besides, the power consumption issue-can be-eliminated due to the removing of the
backlight system. However, since the reflective type LCD uses the ambient light as the
light source to present the images, the luminance of the reflected light thus highly
depends on the ambient light, and always loses its readability in the dark environment.
Furthermore, to control the optical properties of ambient light is difficult. As a result, the
reflective LCD, which can not provide higher contrast ratio and color saturation under all

environments, is limited for portable applications.
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Figure 1.3 (a) a reflective LCD:/and (b) a transmissive LCD

1.2.3 Transflective Liquid Crystal Display

In order to improve the issues of transmissive and reflective LCDs, a configuration
which realizes both the transmissive and reflective type display in a single liquid crystal

device has been developed and named as transflective LCD [4, 5], as shown in Fig. 1.4,
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Fig. 1.4 Transflective LCD
The liquid crystal displays using both the transmitted light and reflected light are
generally referred to transflective LCDs- whigch, can provide better image quality under
any circumstance. A transflectlve LCD V\(hlch comprlses a transflector between liquid
crystal cell and glass substrate |s shown |n F|g 1 4. The transflector functions partially

transmission and reflection. In the transmlsswe mode backlight passes through

transflector to display information. On the other hand, ambient light is reflected by

transflector to realize images in the reflective mode.



1.3 Organic Electroluminescence Device

Electroluminescence (EL) is the generation of light by electrical excitation. The
first report of EL from organic semiconductors was from Helfrich and Schneider in
1963 [6]. They demonstrated electroluminescence in thick (50, m to 1mm) crystals
of anthracene. However, due to the high operating voltage (50~1000V) and the poor
performance, these early devices were not practical. Breakthroughs of organic EL was
made in 1980’s by Tang, VanSlyke, and Chen [7, 8]. They fabricated a
dual-layer-device structure using molecular thin films (a few hundred angstroms) of
8-hydroxyquinoline aluminum (Alg3) as the emissive layer and aromatic diamine as
the hole-transport layer. The organic layers were sandwiched between the anode ITO
and the cathode Mg-Ag alloy. Its low operating voltage (<10V) and high luminance
(up to 2000 cd/m?) immediately: attracted researchers to continuously improve the

device performance for practical applications.

In 1990, Burroughes and the.co-workers_at-Cambridge University successfully
demonstrated a polymer-based OLED using the conjugated polymer with low voltage
operating [9, 10]. Again, this successful demonstration also triggered a lot of research

on polymer light emitting diodes (PLED).

The operating voltage, brightness, and the color performance of current OLEDs
are eligible for many display applications, either as backlight sources or directly as
emitter in emissive displays. Compared with the currently dominant LCD technology,
FPDs made of OLEDs have the inherent advantages of emissive displays, its wide
viewing angle. In addition, due to the flexible nature of the OLED materials, flexible
flat panel displays for portable electronics is made possible [11, 12, 13]. The

prototypes of OLED display have also been demonstrated in recent years [14, 15].



The contrast ratio (CR) of OLED display exhibited by Samsung in 2005 can
reach 5000:1 in dark ambience, as the photo shown in Fig 1.5, while the contrast ratio
of LCD is only 1000:1. This difference is due to the display principles. But EL
displays have its own drawbacks. As a result of the multilayer structure of EL devices,
these layers, especially the metal cathode, are high reflectance surfaces, thus, while
operating outdoors or under bright ambience, the inactivated pixel will reflect the
ambient light which makes the CR lower. Besides, the photoluminescence is induced
because of the absorption of the UV in the sunlight. The phenomenon will induce a
serious decrement of the contrast ratio of the EL displays and make the image
illegible. This is called as wash-out phenomenon of EL devices, as shown in Figs. 1.5

and 1.6.

Fig. 1.5 Photos of an OLED display at the indoor and outdoor environments.

Ambient Light Reflection from the interfaces

Air

Glass Substrate Photoluminescence
ITO S >
Emission Layer \Y

Metal Cathode

Fig. 1.6 the ambient light is reflected by the EL device pixel



1.4 Motivation and Objective of this Thesis

Transflective LCDs can be operated both indoors and outdoors. When operating
indoors, a transflective LCD works as conventional transmissive LCD, the backlight
system serves as the light source. While for outdoors operation, it is switched to the
reflective mode. Backlight is turned off and the total power consumption is fairly low.
But comparing with a reflective LCD where no backlight is used, the size and low

aperture ratio of transflective LCDs are two concerns.

On the other hand, EL devices such as OLED or PLED are self-emitting devices
which can operate without the backlight system. Thus, the thickness is comparatively
thin to transflective LCDs. But, as it was mentioned previously, the contrast ratio of
OLED display for outdoor operation is;peer;and the washout phenomenon makes the

image illegible.

Since both displays are superior-to the-other in different ambient light, we
present a hybrid display which combines a reflective LCD and an EL device in a
single structure by stacking two devices together. The hybrid display can be switched
between two modes : the reflective mode and the Emissive mode. The reflective LCD
can compensate the poor contrast ratio of EL device in bright ambient light. While the
EL device replaced the backlight system of transflective LCD, which make the total

thickness and weight reduced from the original transflective LCD.

In such a stacking configuration, the pixel area of the hybrid display is not
divided into the transmission region and the reflective region as transflective LCDs.
Thus, the aperture ratio will not be decreased and the light efficiency is higher than

the conventional transflective LCDs.



1.5 Organization of this thesis

The thesis is organized as following: the principles and the features of the
proposed hybrid display will be presented in Chapter 2. The mode of operation will
also be discussed. In Chapter 3, the fabrication process to realize our hybrid display
of R-LCD and EL device is summarized. The measurement equipments will be
illustrated. In Chapter 4, the fabricated hybrid display of R-LCD and EL device will
be demonstrated. Further, the measurement results including optical and electrical
performances will be evaluated. The summary of the dissertation and the future works

are given in Chapter 5.



Chapter 2

Principle

2.1 Overview
An overview of the basic display principle of reflective LCD and EL display will
be given in this chapter respectively. Then, two different structures of the proposed

hybrid display and their operation principle will be shown.

2.2 Principle of Liquid Crystal Displays
2.2.1 Reflective LCD

Liquid crystals can be employed for, display applications after combining with
the backlight. Transmissive modeil CDs requite two. polarizers to control the intensity
modulation at each pixel. The input polarizer prepares a linear polarization state
before entering the LC layer. The analyzer-is employed to achieve the polarization
interference to produce the black or the'dark state. If the backlight is replaced with a
mirror and the light is illuminated from the front, only one polarizer is needed since
the light passes through the LC layer twice. For direct-view applications, the light is
provided by the ambient light. Reflective LCDs can also be employed for projection
displays. Next, the property of general twist nematic (TN) LCD with a back mirror
which is employed in our design will be introduced. Referring to Fig. 2.1a, a
reflective display that employs a TN-LC of STN-LC sandwiched between a sheet
polarizer and a mirror is set up. This configuration is used for direct view reflective
displays [16, 17, 18]. For projective applications, the sheet polarizer is replaced with a

polarizing beam splitter (PBS), as shown in Fig. 2.1b.

10
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e
(a)
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» x Director at front surface
()

Fig. 2.1 (a) Schematic drawing of a direct view reflective LCD. (b) Schematic
drawing of a projective reflective LCD. (c) The Azimuth angle of various components
in the reflective LCD. The x axis is chosen to be parallel to the director at the input

surface. ¢ is the total twist angle of the LC layer, 0 is the angle of the transmission

axis of the polarizer.
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First, the reflection and transmission properties of the reflective LCD in the off
state at normal incidence are considered. According to Fig. 2.1b, the incident and
reflected polarization states, as determined by the orientation angles of the polarizer

reflection axis, are given by

V, _(cosd V', _(cosd 0-1)
V, ) (sing)’ \V',) (sin@
where 0 is the angle of the plane of polarization of the incident and reflected beam.

Assuming an incident beam of polarized light, the intensity of reflectivity of the LCD

shown in Fig. 2.1 is given by, according to the Jones matrix method

B 2
R:%'V'oM MV (2-2)
cos X —irszl?(x ¢SH)1(X
M = . . (2-3)
_¢sz cosX+irsmx

2X
where M is the Jones matrix of the L€ €ell;-the-tilde ~ indicates a transpose operation,
and V and V’ are the incident and reflected Jones vectors, respectively. Using Eq. (2-
1) for M, and Eq. (2- 3) , after a few steps of matrix multiplication, the reflectivity is
obtained that
R:%M+BF

, sin” X _1“_zsin2 X
X? 4 X?

A=cos’ X +¢ (2-4)

BzfsinX

[cos2ecos X +sin26 ¢Sl; X }

where 0 is the angle between the angle of the reflection axis of the PBS measured

from the local director at the input surface, ¢ is the total twist angle of the LC cell,

and X is given by

X = ¢2+f—) (2-5)



The reflectivity can also be written as

.2 2 .2 2
R=%{C082X+¢ZSIH X TI'"sin X}

X2 4 X2

1 |T'sin X
+_
2

. 2
{cos 20cos X +sin 26 ¢s1)r(1 X }} (2- 6)

By using the Mauguin parameter U such that

X =g1+u>  with U :23: 7ANd 2-7)

The reflectivity can be written as

2 2 . . .2 2
R=l 0052X+1 uzsinZX o cos28cos X sin X +51n26’s1121 X 2- 8)
2 1+u Vi+u? 1+u

The transmission is given by
T=1-R (2-9)
In the case when a sheet polarizer is used, as shown in Fig. 2.1a, Eq. (2- 8) is the
reflectivity of the reflective display system;-where 0 is the angle of the transmission
axis of the polarizer measured from the'local director at the input surface.
By examining Eq. (2- 8) for the reflectivity, it is found that for a given TN-LC or
STN-LC cell with a twist angle ¢ and a Mauguin parameter U, the reflectivity R is a
periodic function of the angle 0. By differentiating Eq.(2- 8) with respect to the angle

0, the following maximum and minimum reflectivity is obtained:

2 2 / 2
R, :l cos” X + u2 sin® X ¢ , when tan26 . =-— I+u (2-10)
2 I1+u tan X
And
1 tan X
R,.x ==  Wwhen tan260 . = (2-11)
2 N

Furthermore, according to Eq. (2- 10)

13



2

R, =0 when tan X ==+ u2+i
u —_

(2- 12)

In summary, Ry, is always possible provided the polarizer orientation angle 0
satisfies the condition Eq.(2- 11). On the other hand, full reflection (Rpyax=0.5) is
possible provided that the Mauguin parameter satisfies the condition (2- 12).In other
words, a normally black TN-RLCD which can switch reflectivity from 0 to 0.5 is

possible through the designed setup.

2.3 Operation Principle of EL Devices
2.3.1 Electroluminescence

The emitting principle of electroluminescence can be explained in three steps. As
show in Fig. 2.2, when a positive voltage is applied across the electrodes, the holes
and electrons will be injected intd the highestoccupied molecular orbital (HOMO) of
the hole transporting layer (HTL) and the lowest unoccupied molecular orbital
(LUMO) of the electron transperting layer-(ETL) respectively. In the second step,
electric charge is driven by the electric field and transported to the interface of the
HTL and the ETL. Due to the difference in energy levels at the interface, there will be
charge accumulation at the interface. After that, when the holes and electrons
recombine in the emissive material, excitons are generated. The excited state of the
excitons is an unstable state. So, the energy will be released in the form of light and
heat and return to the ground state. Thus, the electroluminescence is a current-driven

process.

14
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Fig. 2.2 The principle of electroluminescence (a) hole and electron Injection,

(b) the charge transportation, and (c) recombination of hole and electron.
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2.3.2 Transparent and Top Emission EL Structure
Conventional EL devices emit light from the bottom substrate, this is so called
the bottom emission. While the top emission referred to the emitted light does not
pass through the bottom substrate but goes in the other direction. As shown in Fig.
2.3b, if the anode on the substrate has high reflectance and the cathode is
transparent, the emitted light will pass through the cathode. If the electrodes are
conventional ITO anode and transparent cathode, both sides of the device emit light.

This is so called the transparent devices [19], as shown in Fig. 2.3c.

r 1T

Cathode Transparent cathode Transparent cathode
Emissive layer Emissive layer Emissive layer
ITO anode Reflective anode ITO anode
Glass substrate Glass substrate Glass substrate

1L 1L

(a) (b) (c)

Fig. 2.3 Structure of (a) bottom emission, (b) top emission, and (c¢) transparent devices
2.3.3 Transparent Cathode and Passivation of EL Devices

Among the transparent and top emission device structures, the most important
part is the transparent cathode. In order to let the light pass through the cathode, the
most direct way is to make the cathode of a bottom emission device extremely thin.
So there will not be any work function issue. The most suitable metals for the
injection of the electrons into the organic layers are Al, Ag, Mg, and Ca. Single and

double layer structures of these metals with different thicknesses show different
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conductivities and transmittance. All metal layers were deposited by the vacuum
thermal evaporation technique which is harmless to the emissive layer of the EL
devices. However, when the cathode is extremely thin, the metal tends to be oxidized
easily. Thus, ITO is often deposited onto the cathode as the assistant electrode to
increase the conductivity of the cathode. Nevertheless, sputtering ITO onto organic
layer without damaging the device is not easy and needs techniques to overcome.
Different kinds of transparent electrodes and their corresponding transmittance are
shown in table 2.1.

In our proposed structures, two kinds of EL devices are used. One is bottom
emission EL device, the other is transparent EL device. For the cathode of the
transparent device, in order to obtain a high transmittance without any damaging
process, the transparent cathode adopted is Ca/Ag cathode structure [20, 21].

Table 2.1 Different transparent cathodes [22]

Cathode structure T max Device struture
Mg:Ag(10nm) /ITO (40nm) 70% transparent
CuPc/ITO 85% transparent
CuPc/Li (1nm) /ITO -- transparent
BCP/Li (0.5~1nm) /ITO 90% transparent
Ca (10nm)/ITO (50nm) 80% transparent
LiF (0.3nm) / Al (0.6nm) /Ag (20nm) /Alqs -- top emission
LiF (0.5nm) / Al (3nm) /Al:SiO  (30nm) -- top emission
Ca (12nm) /Mg (12nm) /ZnSe 78% top emission
Ca (20nm) /Ag (15nm) -- top emission
Ca (10nm) / Ag (10nm) 80% top emission
n-doped/ITO >90% top emission
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2.3.4 Passivation of EL Devices

In order to inject holes and electrons into the emission layer, the most direct
method is to lower the injection energy barrier. Because most the energy level of the
emission materials’ LUMO are about 2.5-3.5 eV, and the energy level of HOMO is
5-6 eV. Thus, the material of cathode must be metals with low work function
corresponding to the anode with high work function. While the low work function
means the activity of the cathode material is high, the cathode will be oxidized easily.
The oxidation of cathode will result in the failure of the EL device. Thus, the
encapsulation of the EL device which isolates the device from the intrusion of water
vapor and oxygen is very essential to the EL device.

Conventional EL device is encapsulated with a glass or metal lid, as shown in
Fig. 2.4. The EL device is encapstlated by sealing the glass or metal lid on the EL
device with glue in an inert atmesphere, such as nitrogen or argon. The method makes
the thickness of the device increased. Besides, metal or glass lids will require a

relative wide glue edge which makes it unsuitable for small size OLED displays.

glass or metal

OLED layer =

glass substrate

Fig. 2.4 the conventional encapsulation of OLEDs
By replacing these coverings with a thin film encapsulation (TFE) layer [23, 24],
the advantage of EL display in thickness is restored. Another benefit of thin film
packaging is that smaller displays are enabled without the sealing border. Furthermore,

thin film encapsulation allows flexible OLED display applications to become feasible.
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If the TFE is transparent, it can also be used for top emitting displays.

In metal or glass packaging, a getter such as calcium oxide or barium oxide is
needed to absorb gas produced by the display sealing processing. The getter absorbs
also residual water that is present after sealing or desorbed from the glass. Usually,
this getter is situated on top of the cathode since placing the getter on the side would
increase the sealing border width of the device. For thin film packaging, no getter is
required, since it is in direct contact with the active layers of the device, no residual
water is present. On the other hand, there are a few stringent demands, which the thin
film encapsulation has to fulfill. First, it has to be a very good diffusion barrier to
water and oxygen penetration. Secondly, it has to be free of pinholes. Furthermore,
the encapsulation layer must be made as mechanically robust as glass or metal lids.
This could be done with extra protéetion layers on'top of the thin film packaging layer.
Moreover, the TFE must be eompatible with the processing of the active layers
beneath. It is quite clear that the encapsulation layer has to be deposited after the
organic deposition and cathode depesition.~This procedure limits the processing
possibilities, since the organics cannot withstand high process temperature and also

require an inert processing environment. A schematic of TFE of EL device is shown

in Fig. 2.5.
Thin Film
/ packing layer
Metal cathode
Organic luminescent

~ layer

——HTL
ITO anode —_—,
Glass substrate — Viewing side

Fig. 2.5 Schematic of layer stack of a OLED with thin film encapsulation
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TEF is essential to the proposed hybrid display because the spacing between the
two devices, the LCD and the EL device, must be as small as possible to eliminate the
parallax effect resulting from the difference in depth of view. Furthermore, the hybrid
display is possible for flexible and active matrix driven application as long as the TFE
can provide a flexible encapsulation which enables the via connecting from the TFT
backplane. While conventional glass lid is non-flexible and too thick for via to
connect the cell to the backplane AM driving circuit. But to avoid the complexity of
multilayer TFE and to facilitate the whole process, glass lid encapsulation of EL
device will be adopted in our prototype demonstration.

2.3.5 Contrast Ratio of EL Display

After the structural consideration, image quality improvement for the hybrid
display will be introduced. Contrast ratio (CR), defined as the ratio of the luminance
of the display in bright state te that in the dark,state, is an important feature of a
display and also an index of the-readability-of-the image. A good CR can compensate
the shortage of brightness, while under.poor.€R, the appearing image quality will be
poor even with sufficient brightness. As it is mentioned in chapter 1, the CR of EL
devices under bright ambient light suffers from the reflection of each layer of itself.

The contrast ratio with ambience reflection is defined as Eq. (2-13).

_ I—on + RX Lamb

CR=—"——""
Ly +RxL,.,

(2- 13)

Where L,, is the luminance of the activated pixel, Lo is the luminance of the
inactivated pixel, R is the reflectance of the interface, and L,y is the luminance of the
ambient light. Thus, a higher contrast ratio of EL can be obtained with a brighter
bright state and a darker dark state.

From the definition, it shows that greater ambient luminance will decrease the
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CR. Hence, the image will be washed-out while the CR is severely decreased. This
problem can be solved by adding a polarizer which is often used in LCDs, as shown
in Fig. 2.6. Taking circular polarizers for example, the circular polarizer is comprised
of a linear polarizer and a quarter wave retarder. the angle between the axis of the
retarder and the polarizer 1s 45°. After the incident light passes through the circular
polarizer, the beam of light is turned into a circular polarized light. After being
reflected by the cathode, the beam of light passes through the retarder for the second
time. The circular polarized light returned to a linear polarized light and the
polarization is 90° different from the original incident light. Thus, the reflected light
can not pass through the linear polarizer. This method can reduce the reflectance
resulted from the ambient light and increase the contrast ratio. As for the light emitted
from the device itself, it can pass through the circular polarizer because the light
passes through the polarizer only one time. But the transmittance of general polarizer
is only about 30~40%. So, most-of the €mitted-light will be lost, and the light intensity

1s decreased.

Reflective Cathode A4 film Linear polarizer

- @ ffffffff .

Circular polarized light (+)

longitudinal

Linearly polarized
light

Circular polarized light (-)

Ambient
@ light
——————————————————— > @ -
transverse

T
Circular polarizer

Fig. 2.6 The anti-reflective function of a circular polarizer can increase the CR of the

EL device.
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The mechanism of the CR improvement of hybrid display is similar to that of the
circular polarizer. While the TN LC plays the role of the quarter wave plate. But
unlike the circular polarizer, the hybrid display provides not only the antireflection
function but also the reflective mode operation which utilize ambient light as the light
source.

2.4 Hybrid Display of R-LCD and Electroluminescence Device
2.4.1 The Structure of the Hybrid Display

The proposed hybrid display stacks EL device and R-LCD with two types of
configurations. The first structure is a stack of an EL device over a RLCD, as shown
in Fig. 2.7 (a). The whole structure comprises the reflective electrode, the LC layer,
the top electrode of LCD, the passivation layer, the transparent anode of the EL
device, the emissive material of the EL device, the ITO anode of the EL device, the
top glass, and the polarizer sequentially from the bottom to top. It should be noted that
the EL device used for the first-struétute-(EL-device on RLCD) is a transparent type
structure where a highly transparent metal serves as the cathode. The R-LCD in the
hybrid display can be any mode of nematic liquid crystal displays, such as TN, STN,
VA mode LCD or cholesteric liquid crystal display. The second structure is the
reverse of the first structure. the R-LCD is stacked on the EL device. As the Fig. 2.7b
shows, the EL device for structure 2 is a top emission structure of which the anode
cathode is transparent.

Polarizer
W Electrode for LCD
LC layer
L A Electrode for LCD
/ Z Passivation layer

i 7 Transparent electrode
Emissive material

_ Reflective electrode
(a)

22



// ///////A//////f E:’.I::::: for LCD

LC layer
e 'i Electrode for LCD
/ Passivation layer
2L /7 Transparent electrode
Emissive material
Reflective electrode

(b)

Fig. 2.7 Two different structural configurations of the hybrid display (a) structure 1 :
EL device on R-LCD and (b) Structure 2 : R-LCD on EL device

2.4.2 The Operation of the Hybrid Display

In the following section, theé operation principle of both structures will be
introduced respectively. For the explanation,,a NB=ITN LCD will be applied as the
R-LCD part.

For the operation of the second structure; it can be operated in two modes : the
reflective mode and the emissive mode. For the reflective mode operation, the EL
device is turned off. Thus, the whole device is operated as a R-LCD. To obtain the
bright state, a voltage is applied to the TN-LC layer and an electric field is induced so
the LC molecules are aligned homeotropically perpendicular to the plate. Therefore,
the incident ambient light, for example at normal incidence, will pass through the
polarizer and be linearly polarized. Then, the polarized light will pass through the LC
layer and reach the bottom reflector. After being reflected by the bottom reflector, the
beam of light will retrace and pass through the polarizer again and the bright state is
attained. To obtain the dark state, the voltage between electrodes is removed and the
electric field turns to zero. The 45° TN-LC can be taken as a A/4 plate. Thus, the

linearly polarized incident light will undergo a phase retardation and become circular
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polarized. After being reflected by the reflector, the beam of light passes through the
LC layer for the second time. The circular polarized light returns to a linear polarized
light and is 90°different from the original incident light. The principle is similar to
that of the circular polarizer method which is mentioned in section 2.3.5. Thus, the
reflected light will be blocked by the linear polarizer. The schematic of the operation
is shown in Fig. 2.8 (a). The reflective mode is activated when the ambient light is

sufficient to reduce the power consumption.

Bright state Dark state
|' ']
Polarizer
Electrode for LCD
LC Iayur
Elactrodrfnr ‘Lep

Tragnnpa teluch'odu

Emissive I aterial -
Raﬂecthra aiﬁmmdo

Bright state Dark state

Polarizer
i Electrode for LCD /AZ;ZZE%ZE;ZE% ;
LC layer F ¥ S

/ WO Electrode for LCD
Al Transparent electrode

Emissive material
Reflective electrode

(b)
Fig. 2.8 (a) the reflective mode of the hybrid display (b) the emissive mode of the
hybrid display of structure 2.

When the ambient light is not enough, the hybrid display can be operated in the

24



emissive mode. Comparing with the transmissive mode of transflective LCDs in
which the whole backlight system is turned on, the emissive mode of the hybrid
display selectively activate those pixels which need to be turned on. For the emissive
mode operation of the structure 2, the TN-LCD still needs to switch on and off
respectively for bright and dark state to reduce the undesired reflection of ambient
light. While the EL device remains its ordinary operation in the emissive mode. So, in
the bright state, the EL device is driven by the current and emits light. Generally, the
light emitted from the EL device is isotropic. Thus, the upper half of the light will
directly go up and pass through the LC layer and the polarizer. The lower half of the
light will go down to the reflector, and go up after the reflection. Furthermore, both
the EL device and the R-LCD are switched off in the dark state. Therefore, there will
be neither emissive light from the EL device nor reflected ambient light. This
schematic of the emissive mode-operation is shown in Fig. 2.8b.

Because of the R-LCD/EL-device configuration of structure 2, the light emitted
from the EL device is partially absotbed by the LC layer and the polarizer. The
transmitted proportion of the light emitted from the EL device is less than 50% in the
first structure. Furthermore, the features of EL device such as wide viewing angle or
fast switching will be eliminated due to the coverage of LC layer. In order to retain all
the superior features of EL displays, we proposed a modified structure which reverses
the structure and make EL device on the top of LC layer.

The operation principle of the structure 1, the EL device over R-LCD one, is
shown in Fig. 2.9. Unlike structure 2, structure 1 adopts EL device as the main
component. Thus, the operation mode is different from that of structure 1. When the
ambient light of the surrounding is dim, the emissive mode can be activated. EL
device actively emits light. The light can directly reach viewer’s eyes without being

blocked by the LC layer. Thus, the emissive mode operation of structure 1 is much
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like conventional OLED displays. While the ambient light is bright enough, it can be
switched to the reflective mode. Owing to the dual mode operation of structure 1, it

enables the readability under any condition.

Bright state Dark state

/4 Emissive material
Transparent cathode

Passivation layer
Electrode for LCD

Dark state

/4 Emissive material
& Transparent cathode

Passivation Jayer
Electrode for LCD

(b)
Fig. 2.9 (a) the reflective mode of the hybrid display and (b) the emissive mode of the

hybrid display of structure 1.
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To demonstrate the operation of the hybrid display in detail, the emissive mode
will be first introduced. In the emissive mode operation, the bright state is obtained by
turning on the EL device and switching the R-LCD part to the bright state. The upper
half of the light emitted from the EL device will directly be output. While the lower
half of the light emitted from the EL device will be reflected by the R-LCD and out
put. There will be a loss of light which is about 50% resulted from the absorption of
the linear polarizer on the top of the structure. If in-cell polarizer is employed, only
half of the light emitted from the EL device will be absorbed. Then, the loss can be
reduced to 25%. But in our prototype demonstration, the polarizer is put on the top of
the structure to facilitate the whole process. But comparing with the transmissive
mode of the first structure of which the loss of light is 50%, structure 1 has better light
efficiency.

As for the reflective mode-of structure 1 the whole device can be regarded as a
R-LCD covered with a semi-transparent-film-as the EL device is inactivated. Thus,
the incident ambient light will "bepartially. absorbed by the EL device. The
transmittance of the EL device depends on the emission layer and the cathode,
especially the cathode. The reflected light undergoes a double passage through the EL
device which means the intensity of reflected light is attenuated twice by the EL
device. So, the cathode of the EL device must be made thin enough otherwise the
reflected intensity will be very weak.

Tthe configuration decides the two structures’ performance of each mode. The
component on the top of the other can retain its original feature, while the
performance of the lower component will be debased due to the top shielding of the
upper component. Structure 2 is more favorable for reflective mode operation while
structure 1 is more favorable for emissive mode operation. This hypothesis will be

verified in chapter 4.

27



2.5 Summary

The basic operation principle of R-LCD and EL device are introduced in this
chapter. The thickness and transmittance of the EL device’s electrodes decide the light
emitting behavior of the devices. Two structures of the hybrid display have been
proposed. The first structure of the hybrid display is comprised of a transparent type
EL device and a R-LCD. The second is comprised of a R-LCD over a top emission
type EL device. Both structures are designed for dual mode operation, reflective mode
and emissive mode, under bright and dim ambience. The optical performance of each
structure is more favorable of certain mode due to the difference in structural
configuration. The performance of the hybrid display will be measured and shown in

chapter 4.
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Chapter 3

Fabrication and Measurement

3.1 Overview

A preliminary structure will be used to demonstrate the features of the hybrid
display of R-LCD and EL device. The embodiment including several fabrication
processes will be shown in the following sections, and all the fabrication process,
technologies and instruments which are available to develop such a preliminary
structure will be introduced in this chapter. First, the fabrication process includes wet
etching, thermal evaporation, spin coating, exposure, development, sputtering, and
liquid crystal injection. Besides,'the features and performance of the fabricated
structure and each component, such.as the luminance, contrast ratio and contrast ratio
enhancement were measured by-Conoscope.-T-he major features of the Conoscope will

be illustrated in this chapter.
3.2 Fabrication Process

The fabrication of the hybrid display is basically the integration of the R-LCD
and EL device processes. As it was mentioned, the best integration of R-LCD and EL
device is done through thin film encapsulation which provides a robust barrier to
prevent the intrusion from the water vapor and oxygen and remains the thin structure.
However, in our prototype demonstration, conventional glass lid will be employed as
the encapsulation of EL device to avoid the multilayer TFE process and simplify the
fabrication process. Moreover, EL devices comprehend organic light emitting diodes
and polymer light emitting diodes. The prototype of our hybrid display will adopt
OLED as the EL device part.
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As it was mentioned in chapter 2 that there are two different structures of the
hybrid display, each of them is the reverse of one another. For our prototype
demonstration, both of the structures are fabricated to compare their optical
performance. Due to the similarity of fabrication process, only the fabrication of the

structure 1 (EL device on R-LCD) will be given in the following section.

The detail steps to produce the prototype are listed below.

(@) The R-LCD part

(1) Alignment layer process: the material of the alignment layer is
polyimide (PI). To form the alignment layer, Pl is spin coated onto the first
glass substrate. Then, a hard baking is applied to solidify the PI film. Next,
the PI film is rubbed with.a roller to form tiny grooves which LC molecules
align with. It should be noticed that ‘any high temperature process might
cause the degradation of the OLED after the Pl rubbing process. Thus, the
RLC is proceeded first so.that the OLED will not be damaged during the
alignment layer process.

(2) Providing the second substrate: R-LCD requires a reflector. In our
designed structure, the reflector is the reflective electrode on the second
substrate. Thus, the second substrate is coated with aluminum and then
patterned through wet etching. Then, photo spacer is formed to provide the
LC cell a homogeneous cell gap. After that, the alignment layer process is
proceeded on the reflective electrode.

(3) Cell assembly and LC injection: next, the LC cell is assembled by
sealing the prepared second substrate to the first substrate with UV glue.

Then, TN LC is injected to cell through capillarity injection.
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(b) The OLED part
(1) Glass preparation: For the display application, the glass is widely used
as substrate. In the fabrication, the sodaline double-side polished glass with
0.7mm thick was chosen.
(2) ITO coating: The anode for transparent type OLED is made with ITO
which is highly transparent for visible spectrum. The ITO is sputter on to the
glass substrate and then patterned as the anode of the OLED.
(3) Hole transport layer depositing: the material of HTL, NPB, is thermal
evaporated ted on the first substrate.
(4) Emission layer depositing: the emissive material of OLED in the
prototype is Algs. The emissive material is thermal evaporated onto the HTL
by a thermal evaporator.
(5) Thermal evaporation.of cathode: the-cathode of the transparent type
OLED must be thin enough-to-let-the light pass through. A double layer
structure of calcium and-silver is-coated by thermal evaporation. The
thickness of calcium and silver are both 50 nm.
(5) Encapsulation of OLED: the encapsulation of the OLED part of the
hybrid display is made with the RLCD cell as the glass lid and sealed by UV

glue.

(c) Characterization : after the fabrication the optical performance will be

measured.

Another fabrication process which employs the single-substrate LCD process [25]
is developed. The fabrication process of the prototype is a sequential process which
R-LCD is encapsulated on the OLED. The temperature resistance of OLED is weak.
Thus, the sequential process may cause damage to the OLED during the high
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temperature alignment layer process. While the fabrication of the single-substrate

LCD can be entirely independent from the process of the EL device, and the two

devices are combined thereafter. It ensures that the EL device will not be damaged

during the R-LCD process.

The fabrication of the hybrid display which uses single-substrate LCD is

proceeded by separating the process into

()

(b)

The EL part :

each layer of the EL device is sequentially coated onto the substrate.
Thereafter, the passivation of the EL device is proceeded with TFE. The
objective of this second fabrication process is to isolate EL device process
from LCD process and also reduce the thickness of the whole device. Hence,

glass or metal lid encapsulation‘is:not suitable here.

The LCD part :

single-substrate LCD is fabricated by confining the LC between a substrate
and a protection layer. Because the alignment layer is only provided on the
side of the substrate, the corresponding LC mode will be single-sided
alignment mode, such as in-plane switching (IPS) mode. The
single-substrate LCD process is an ideal fabrication process but is not
performed in our present work. Each step can proceed in several ways. Thus,
only the sequence is given but not the practical methods. The steps of the
single-substrate LCD process are listed below:

(1) The second substrate is provided.

(2) A transparent electrode is coated onto the second substrate.

(3) The photospacer is formed on the transparent electrode.

32



(4) The alignment layer is formed on the electrode.
(5) The liquid crystal is dripped on the alignment layer.

(6) The protection layer is formed on the LC layer.

(c) The combination :
after the two components are fabricated respectively, the LCD and the EL

device are combined. The reflector for the R-LCD is formed at last.

The flow chart of the new fabrication process is shown in fig. 3.1.

Providing the first substrate ” Providing the second substrate
Formation of a EL device on Formation of a transparent
the first substrate electrode on the
l second substrate
Formation of the passivation l
onthe EL device Formation of photo spacer on
the EL device

;

Formation of a alignment layer
on the electrode

!

Dripping liquid crystal on the
alignment layer

I

Formation of a protection layer
on the LC layer

¥

Combination of the first
and second substrate

}

Formation of the reflector
on the second substrate

Fig. 3.1 the flow chart of the new proposed fabrication process in which

single-substrate LCD is employed.

3.3 Measurement System

After the fabrication of the hybrid display of EL device and R-LCD, individual
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components of the hybrid display, the R-LCD and OLED, are also fabricated. Thus,
the inspection will be performed to measure each components and the hybrid display
and demonstrate the image quality improvement of the hybrid display. Therefore, the

optical performance measurement system, the conoscope will be demonstrated.

3.3.1 Optical performance measurement systems

After the preliminary fabrication of the hybrid display of R-LCD and EL device,
we used a measurement instrument, conoscope, to measure the luminance, contrast

ratio, and reflectance.

3.3.1.1 ConoScope

(@) Introduction:

Fig. 3.2 Schematic diagram of a conoscope
The ConoScope can be used for visual performance evaluation, such as
luminance, contrast ratio, color shift, gray scale and many characteristics, as shown in

Fig. 3.2. The basic working principle of the ConoScope is described as following. A
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typical scanning device called "gonioscopic system™ would scan the half cone above
the display to detect the variations of luminance and color for each specific direction,
as it can be seen in the upper right part of Fig. 3.3. Plotting each azimuthal angle on a
circle was the radius from the center additionally indicates the polar angle results in
the polar coordinate system, as shown in the left upper part of Fig. 3.3. Using such a
polar plot to mark for each direction luminance and color will result (in the case of
color) a colored figure, shown in the lower part of Fig. 3.3
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" appear under a certain obsenvation direction
results in the colores polar plot

Fig. 3.3 A directional receiver scanning the viewing cone of a display
An arrangement of several lenses (here represented by one single lens) modifies
the light propagation directions in a way that all beams emerging from the sample in
the same direction will meet in one spot in the focal plane. The Conoscope lens
projects all parallel beams on one spot in the focal plane. The resulting figure is called
the "conoscopic figure”. This means, that each spot on the focal plane or within the
""conoscopic figure" corresponds to one specific direction of the viewing cone. The

conoscopic figure directly shows color and luminance as they would have been
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plotted in a polar coordinate system as described under figure 3.4.

The conoscopic figure
as aresult of the
interfering light

beams for all 7
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forming one spot
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P Measurement
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Fig. 3.4 lllustrations of the conoscope detector.

The apparatus is based on the well known conoscopic method where a cone of
elementary collimated light beams'-C",:'.t}a_n§'m.i;£éd by the sample S (S is located in the
front focal plane of the conosco'{.?'i.(: IensE 'Eitlj:',éﬁd"pfig-jnating from the measuring spot
is collected simultaneously ove;'r__._é IardeSohd-angleby the lens L1 as sketched in Fig

3.5.

--N-q

Fig. 3.5 the optical system of the conoscope where
C: Cone of converging elementary parallel beams illuminating the transmissive
sample S;
F1, F'1, F2, F'2: front and rear focal plane of lenses L1 and L2, respectively,

IF: mapped pattern,
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AZ2: variable aperture,

L2: relay lens for projection of IF1 to detector array in the plane of IF2

A pattern IF1 is generated in the rear focal plane F'1 of the lens L1 with the
intensity of each area element corresponding to the intensity of one elementary
parallel beam with a specific direction of light propagation.

The light propagating parallel to the optical axis of the conoscopic receiver forms
the center of that circular pattern IF1 and beams with constant angle of inclination g
form concentric circles around the center with the radius of the circles being
proportional to the inclination g.

In the pattern IF1 the directional intensity distribution of the cone of elementary
parallel light beams C is projected:into a two-dimensional intensity distribution with
each location in the pattern corresponding to one direction of light propagation (g, f).

A second optical system' L2 -optionally projects the pattern IF1 on a
two-dimensional detector array (e.g. electronic .camera) for evaluation of the spatial
intensity distribution which corresponds to the directional intensity distribution of the

light emerging from the measuring spot on the sample.
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Chapter 4
Experimental Results and Discussions

4.1 Introduction

To demonstrate the optical performance of the hybrid pixel structure, the two
types of hybrid pixel proposed in chapter 2 were fabricated in this thesis work.
Standard reflective LC pixel structure and OLED component were also made to
compare with the proposed hybrid pixel. For the R-LCD, the V-R characteristic,
viewing angle, and the ambient contrast ratio were measured. The optical performance
including transmittance, 1-V-L characteristic, and contrast ratio of the OLED were
derived through the measurements., Alsoj the.emissive and reflective mode of the
hybrid pixel operated in different ambience condition are examined and measured. At

the end of the chapter, the experimental results-will be compared with the prior arts.

4.2 Results of Components

4.2.1 Results of Reflective LCD

Two types of RLCD were fabricated for each hybrid pixel structure. For the
structure 1, a RLCD equipped with diffusive micro slant reflector (DMSR) [26] was
fabricated. Because the RLCD was set on the bottom of the hybrid pixel structurel,
DMSR which is developed to enhance the light efficiency can compensate the light
intensity attenuation result from the absorption of the OLED on the top. For the
hybrid structure 2, the RLCD was configured on the top surface of the OLED. To
retain the wide viewing angle of OLED, the RLCD chosen for structure 2 showed

wider viewing angle than that used in structure 1. The maximum reflectivities of the
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two RLCDs are 36% and 21% respectively. This R-V characteristic is shown in Fig.

4.1.
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Fig. 4.1 The R-V/ characteristic' of the RLCDs

The viewing angle is defined as the angle between which the contrast ratio is
equal to or larger than ten. From the iso-contrast contour graph shown in Fig. 4.2 (),
the RLCD with DMSR structure appears an asymmetric property resulted from the
slant structure. The slant structure will redistribute the reflected light so that an
asymmetric viewing cone can be generated to increase the brightness in this area. This
asymmetric characteristic will be taken as the basis of the viewing angle effect of the
RLCD to the hybrid pixel structure. The contrast ratios of the RLCD samples were
measured and shown in Figs. 4.3 and 4.4. From Fig. 4.3, it is obvious that the viewing

angle of RLCD 2 is wider than that of RLCD 1.
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Fig. 4.2 The iso-contrast graphs of (a) RLCD 1 and (b) RLCD 2.
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Fig. 4.3 The contrast ratio (a) in the horizontal and (b) in the vertical direction with
respect to different viewing angle of RLCD 1 and (b) RLCD 2.
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The contrast ratios of the RLCDs under different ambience luminance were
measure by conoscope. The source intensity given by conoscope was 30~600 Cd/m?.
In the region of the applied ambience intensity, the contrast ratio of the two samples
remained unchanged. The contrast ratio of RLCD 1 with DMSR averaged 77.83. the

contrast ratio of RLCD 2 averaged 23.01.
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g 50
£ 40
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ambience luminance (cd/mz)
=—RLCD 1 with DMSR ——RLCD 2

Fig. 4.4 The contrast ratio of the RLCD samples under different ambience intensity.
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4.2.2 Results of OLED

OLEDs with semi-transparent cathodes were fabricated by thermal evaporation.
The structure of the OLED and thickness of each layer are shown in Fig.4.6. The
thickness of the transparent cathode was designed to be made 40 A thick, but the life
time of the device with such thin cathode is too short for the measurement. Thus, the
transparent cathode of the OLED was made 100A to provide sufficient transparency
and lifetime at the same time. The transmittance of the OLED and the OLED without
the cathode were measured by a spectrometer. As shown in Fig. 4.6 the
transmittance of OLED device is 15.03% which is not transparent enough for our
ideal design. Thereby, the transparent part of the OLED without the metal cathode
was also measured as the ideal optical, performance of the transparent OLED. The
measured transmittance averages:90.47%;in-visible spectrum which is close to the
most transparent OLED (85%) to date [27]. The photographs of the transparent OLED

whose pixel can emit light in both directions‘are shown in Fig. 4.8.

Ca/Ag 100 A

LiF 10 A

Alq 375 A

Alq / C545T 375 A

NPB 600 A

0,/ CFx

ITO 100 A

Glass substrate 0.7 mm

Fig. 4.6 the structure of the semi-transparent OLED
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Fig. 4.7 The transmittance of thesemi-transparent OLED.

(a) (b)

Fig. 4.8 (a) The front view and (b) the rear view of the emitting transparent
OLED.
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The ambience contrast ratio of the transparent OLED was measured with
conoscope by applying different light intensity. The light intensity which conoscope
can provide was 30~600 Cd/m?. A decrescent trend of the contrast ratio as the
ambience luminance increases is observed in Fig. 4.9. The contrast ratio dropped
substantially from 1348.32 to 67.66. This is so called the washout effect which makes

the OLED device illegible in bright ambience.

The viewing angle of the transparent OLED can also be interpreted from the
same data. The iso-contrast contour graph of the OLED is shown in Fig. 4.10. In order
to compare with the RLCD, the contrast ratio is measured under the ambience
luminance of 600 Cd/m?. The contrast ratio of the OLED under such bright ambience
is 67.66 uniformly distributed in all. viewing-angles. Due to the self-emission feature,
the viewing angle of the OLED:is larger-than 160°which is the widest range that a
conoscope can detect. This result of the wide viewing angle of the OLED is shown in

Fig. 4.10.

1600
1400

1200 | \
1000

800

contrast ratio

600 |

400
200 | \\
\*\_’—Q
O Il Il
0 100 200 300 400 500 600 700

) . 2
ambience luminance (cd/m”)

Fig. 4.9 The ambience contrast ratio of OLED.
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Fig. 4.10 The iso-contrast contour graph of the OLED
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Fig. 4.11 The contrast ratio of the OLED measure under 600 Cd/m? ambience
luminance with respect to difference viewing angle.

45



4.3 Results of the Hybrid Pixel

The results of the hybrid pixel structure will be explained in three aspects: the

contrast ratio, the viewing angle and the visual appearance.

4.3.1 The Contrast Ratio of the Hybrid Pixel Structure

The contrast ratio characteristic of the hybrid pixel structures are sorted by their
operation modes. First, the emissive mode of the two hybrid pixel structures is
compared with the OLED. Although the washout effect was still observed in all three
samples due to the reflective intrinsic of the OLED structure as shown in Fig. 4.12, a
great improvement in contrast ratio is achieved by the combined pixel structures. The
contrast ratio of the hybrid pixel structure 1 achieved a gain factor of 14.35 and 19.04
in dim and bright ambience respectively, while the eontrast ratio of the hybrid pixel
structure 2 achieved a gain factor iof 6.14-and 7.10 in dim and bright ambience
respectively. From the results shown.in Table 4.1, the hybrid pixel structure 1
appeared better ambience contrast ratio characteristic than hybrid pixel structure 2 did.
The gain factor difference of the two structures resulted from their stacking
configuration. Because the emissive mode of the structure 2 is covered by the LC
layer and the middle substrate, the light emitted from the OLED is partially absorbed

these layers. Thus, the bright state of structure 2 is darker than that of structure 1.
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Table 4.1 The improvement in contrast ratio of the hybrid pixel structures.

Dim Ambience ( 30 Cd/m?) Bright Ambience (600 Cd/m?)
CR Gain Factor CR Gain Factor
OLED 1348.32 - OLED 67.66
Structure 1| 19354.84 14.35 Structure 1 1288 19.04
Structure 2 8277.23 6.14 Structure 2| 480.71 7.10
20000
18000 \\
16000 \
14000
o \
@ 12000 \
‘g 10000 \
S 8000 \
[&]
6000
4000
2000 ~—
S———
0 .\\l\ a a
0 200 400 600 800
ambience luminance (cd/mz)
—e—structure 1 with top polarizer structure 2 —=— OLED

Fig. 4.12 The ambience contrast ratio of the hybrid pixel structures and the OLED.
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The contrast ratio of the reflective mode of each structure was also obtained in
the ambience contrast ratio experiment. Both RLCD 1 and RLCD 2 showed a
decrement in their contrast ratio after combined with the OLED. For structure 1, the
contrast ratio dropped from 77.14 to 47.30. For structure 2, the contrast ratio dropped
from 23.01 to 18.63. The main reason of the decrement in contrast ratio is the
weakened bright state. The weakened bright state is caused by the light attenuation
resulted from the absorption of OLED which can be solved by using OLED with
higher transmittance. The incomplete dark state also affected the results. The
incomplete dark state is caused by the birefringence feature of OLED. Even slight
birefringence effect will lead to the light leakage in the dark state. Thus, to
compensate the incomplete dark state, the LC layer must not be switched to full off

but a state with very little transmittance instead.

100

90

80

70

60
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contrast ratio

40

30
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0 100 200 300 400 500 600 700
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+ structure 1 with top polarizer
= RLCD 1with DMSR
——structure 2
——RLCD 2

Fig. 4.13 The ambience contrast ratio of hybrid pixel structures and RLCDs
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4.3.2 The Viewing Angle of the Hybrid Pixel Structure

The upper component in the stacking pixel structure limits the performance of
the lower component because the light emitted from the lower component must pass
through the upper component. This phenomenon applies to the viewing angle
characteristic of the hybrid pixel structures. Comparing Fig. 4.3 (a) with Fig. 4.14 (a),
the viewing angle of the reflective mode of the structure 1 remained the same as
RLCD 1. Comparing Fig. 4.11 and Fig. 4.14 (b), the viewing angle of the emissive
mode of the structure 1 remained larger than 160°. This result of the unchanged
viewing angle indicated that the OLED on the top and RLCD on the bottom did not

affect the viewing angle of each other in the hybrid pixel structure 1.

Comparing Fig. 4.3 (c) with Fig. 4:25 (a), the viewing angle of the reflective
mode of structure 2 shrunk from 132° to 104°. The shrinkage in viewing angle
resulted from the absorption of the OLED. " Fhe-viewing angle of the emissive mode of
the structure 2 remained larger than 160°. But unlike the uniform contrast ratio of the
original OLED device, the contrast ratio of the emissive of structure 2 varied
substantially as the viewing angle changed. This result of the varied viewing angle
indicated that the RLCD on the top and the OLED on the bottom limited the viewing

angle of each other in the hybrid pixel structure 2.
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Fig. 4.14 The viewing angle of thei(a) reflective and (b) emissive mode of structure 1.
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Fig. 4.15 The viewing angle of the (a) reflective and (b) emissive mode of structure 2.
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4.3.3 The Visual Appearance of the Hybrid Pixel Structure

For the reflective mode, the bright state of structure 2 looked slightly brighter
than that of structure 1, while the dark state of structure 2 looked apparently darker
than that of structure 1. The actual images of the hybrid pixel structure operated in
bright ambience were shown in Fig. 4.16 (a). This difference in visual appearance

showed the favorableness of the structure 2 to its reflective mode.

For the emissive mode, the bright state of structure 1 looked much brighter than
that of structure 2, while the dark state of structure 1 looked slightly darker than that
of structure 1. The actual images of the hybrid pixel structure operated in dim
ambience were shown in Fig. 4.16 (b). This difference in visual appearance showed

the favorableness of the structured to its emissive mode.

Reflective Mode Emissive Mode
Operating in bright ambiance Operating in dim ambiance
#1 #2 #1 #2

Bright ; Bright
state ud state
Dark Dark
state state

(@)

(b)

Fig. 4.16 The photographs of the (a) reflective and (b) emissive mode of the two

hybrid pixel structures.
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4.4 Discussion

(1) cell gap considerations

There are two types of transflective LCD, single and double cell gap, as depicted
in Figs. 4.17 (a) and (b). In single cell gap category, the phase retardations of
reflective (R) region and transmissive (T) region are different, which results in the
different light outputs of R-region and T-region. On the other hand, double cell gap
category does not have this problem, since the phase retardations of R-region and
T-region are identical. However, the T-pixel has slower response time than R-pixel for
the different thickness of LC layer, and the T-pixel and R-pixel should be driven by

different gamma voltages.

50%

Ambient Light

_—~Polarizer
M4 retardation film

Color Filter

M4 retard LC layer

M4 retardation film
Polarizer

Reflective Region ransmissive Region |

Back Light
(a)

Ambient Light 100%

__—Polarizer
P~ W4 retardation film

Color Filter

e — 1—N2 retard LC layer

d i Reflective Region FAs]
Transmissive ngglson M4 retardation film
" ;: Polarizer
Back Light

Fig. 4.17 Transflective LCDs using (a) single cell gap and (b) double cell gap. [28]
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In our proposed hybrid display structures, the OLED and RLCD are driven by
different driving circuits which agree with the single cell gap transflective display. It
should be noted that the color saturation of T-pixel and R-pixel of single cell gap
transflective display are different because the incident light passes the color filter
twice than transmissive light does. Nevertheless, our proposed structures can achieve
the identical color saturations of R-mode and T-mode by selecting the appropriate

material of OLED.

Polarizer

ITO anode

Emissive material
Transparent cathode
Passivation layer
Electrode for LCD

LC layer
= / Reflective electrode

()

/ Polarizer
< % Electrode for LCD
LC layer
A W e Electrode for LCD
Z Passivation layer
Transparent electrode

Emissive material
Reflactive electrode

(b)
Fig. 4.18 (a) Structure 1: hybrid display with OLED(top) and RLCD(bottom)
(b) Structure 2: hybrid display with RLCD(top) and OLED(bottom)

Table 4.2 Comparison of different kinds of transflective display

Single cell gap | Double cell gap | Structure 1 | Structure 2

Number of driving circuit Two One Two Two

Color saturation of R- and T- pixel Different Different Same Same

Response time of T- pixel
comparing to R-pixel

Same Slower Faster Faster
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(2) combined structure

Although the integration of hybrid OLED and RLCD is first demonstrated
by FPD system lab, NCTU, the idea of combination of OLED and LCD was first
proposed by E. Lueder in 2000, the schematic diagram is shown as Fig. 4.19 (a). After
that, several reports of stacking device were presented, for instance, Mutsumi Kimura
and Yeh-Jiun Tung proposed hybrid display composed of LCD and OLED [29], A.
Mosley brought up the idea of reflective OLED as the backlight of transflective LCD,
as shown in Fig 4.19 (b), Jiun-Haw Lee discussed about the tandem structure of

RLCD and OLED, as shown in Fig 4.19 (c). [30, 31, 32]

In these proposed structures, the OLEDs are configured beneath, which makes
OLED under-utilized. Moreover, the structures which demonstrated in these works are
all combination of discrete components, while ‘our demonstrated structures are
fabricated with an integrated process. The-distance between the two components is
reduced. Thus, parallax effect is ‘improved: As for the ambience contrast ratio,
Jiun-Haw Lee’s structure has achieved about seven times improvement in contrast
ratio which is close to the result of the structure 2 made by us. However, the structure
1 in our work, which is the first OLED on RLCD configuration, can even achieve a
gain factor of 14.35~19.04 in ambience contrast ratio. The comparison is shown in

table 4.3.
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Figure 1: SSFLCD in A/4 Mode
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Figure 2: Cross-section of an OLED.
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(c)
Fig. 4.19 Configurations of hybrid display proposed by (a) E. Lueder, (b) A. Mosley,
and (c) Jiuw-Haw Lee.

-
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Table 4.3 The comparison of different hybrid pixel structures of RLCD and OLED.

The Combination of | Reflective Backlights Tandem Reflective
Transflective FLCD for Liquid Crystal Liquid Crystal Display | The Hybrid Display of Organic
with OLED Displays and OLED Electroluminescence and RLCD
ﬁ: Jnﬁﬂul ll‘ll! soures
T bt o P
Desi L] | | e . g:‘l ::;f:“m sterial
cen ||| = ={> Emissive el
== | = R DN -
OLEul prbsoe 4 T i e i AR [ renective seciroce
s s — s s Ry & - . .
! ! m"" H plass
:‘D;:u H'—i '. 4 xgmc .\.15;1:
Author E. Lueder A. Mosley Shin-tson Wu et al. FPD Lab, NCTU
LCD, OLED Structure 1 : OLED on LCD
_ LCD on OLED LCD on OLED 7».LCD on OLED
configuration A : Structure 2: LCD on OLED
Components Discrete Discrete Discrete Integrated
Gain factor of E % 1896 Structure 1: 14.35~19.04
N.A. NA. ~7
ACR oy Structure 2:  6.14~7.10
Viewing angle Normal Normal Normal Wide
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4.5 Summary

In the section, the optical performances in both reflective and emissive modes of
the two hybrid pixel structures were evaluated. We also compared the measured
results with the original RLCD and OLED. The results showed that both structures
improved the contrast ratio of OLED. For structure 1, the contrast ratio of the
emissive mode was increased 14.35~19.04 times as increasing ambience luminance
30~600 Cd/m?. Further, structure 1 proved to remain the viewing angle characteristic

of RLCD and OLED which can not be done by structure 2.

For structure 2, the contrast ratio of the emissive mode was increased 6.14~7.10
times as increasing ambience luminance 30~600 Cd/m? However, the viewing angle

of the reflective mode was decreased from132°.to 104°.

The contrast ratio of the reflective mode-of both-the two structures was decreased.
Hence we suggested to replace the'OLED. with highly transparent OLED to avoid the
light attenuation resulted from the absorption of the OLED cathode and the organic

layers.
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Chapter 5
Conclusion and Future work

5.1 Conclusion

An innovative hybrid display of organic electroluminescence devices and
reflective liquid crystal display was proposed and successfully demonstrated by
experiments. The hybrid pixel structure is designed to replace the backlight system of
conventional transflective display with OLED as the emission component. Without
the backlight module, the hybrid display is thinner and lighter than transflective LCDs.
Moreover, the contrast ratio of the OLED in bright ambience can be improved by

blocking undesired reflection with.the modulation:of LC layer.

Two configurations were:Setup to.study the optical performance of different
stacking structures. OLED is stacked on the top of the RLCD in structure 1, while
structure 2 is the reversion of structure 1. Both structures can operate in reflective and

emissive modes in bright and dim ambience respectively.

The contrast ratio in different ambience intensity was measured by conoscope.
The ambience contrast ratio of the emissive mode was improved with gain factors of
14.35~19.04 and 6.14~7.10 for structure 1 and structure 2 respectively. The
experimental results agreed with the design. However, the contrast ratio of the
reflective mode decreased 38.7% and 19.0% for structure 1 and structure 2. The main
reason of the decrement of the contrast ratio of the reflective mode is the weakened

bright state resulted from the absorption of OLED.

Comparing with the prior works of hybrid displays, our proposed structure is the
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first integrated structure instead of the combination of discrete components. Further,
the configuration of OLED on RLCD remained the superior display features of OLED
which were under-utilized in former research. These experimental results suggested

the utility of this hybrid pixel structure design.

5.2 Future works

The future work of the hybrid display is applying the hybrid pixel structure to
practical display panel. The current encapsulation of the transparent OLED is done
with glass lid (the substrate of LC cell), while the thickness of glass substrates is
usually about 0.5 to 1.1 mm which is too thick for semiconductor process to etch
through. Thus, thin film encapsulation which enables metal contacts to TFT backplane
can substitute for the glass lid passivationjto achieve an AM driven hybrid display of

higher display quality.
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