Flat Panel Displays

1.1 INTRODUCTION

Displays provide a man—machine interface through which information can be passed to the human visual
system. The information may include pictures, animations, and movies, as well as text. One can say that the
most basic functions of a display are to produce, or re-produce, colors and images. The use of ink to write, draw,
or print on a paper as in a painting or a book might be regarded as the longest established display medium.
However, the content of such a traditional medium is static and is typically difficult or impossible to modify
or update. Also, a natural or artificial source of light, is needed for reading a book or viewing a picture. In
contrast, there are now many electronic display technologies, which use an electronic signal to create images
on a panel and stimulate the eyes. In this chapter, we first introduce flat panel display (FPD) classifications
in terms of emissive and non-emissive displays, where non-emissive displays include both transmissive and
reflective displays. Then, specifications of FPDs will be outlined. Finally, the FPD technologies described in
the later chapters of this book will be briefly introduced.

Displays can be subdivided into emissive and non-emissive technologies. Emissive displays emit light from
each pixel which forms a part of the image on the panel. On the other hand, non-emissive displays modu-
late light by means of absorption, reflection, refraction, and scattering, to display colors and images. For a
non-emissive display, a light source is needed. Such non-emissive displays can then be further classified into
transmissive and reflective types. In historical terms, one of the most successful technologies for home enter-
tainment has been the cathode ray tube (CRT), which enabled the widespread adoption of television (TV). It
exhibits the advantages of being self-emissive and offering wide viewing angle, fast response, good color satu-
ration, long lifetime, and good image quality. However, one of its major disadvantages is its size and bulk. The
depth of a CRT is roughly equal to the length or width of the panel. For example, for a 19 in. (38.6 cm X 30.0 cm)
CRT with aspect ratio of 4 : 3 the depth of a monitor is about 40 cm. Hence, it is hardly portable; its bulky size
and heavy weight limit its applications.

In this book, we introduce various types of FPDs. As the name implies, these displays have a relatively thin
profile, several centimeters or less, which is largely independent of the screen diagonal. Specifying a display
or the design and optimization of a display-based product require selection of an appropriate technology,
and are strongly dependent on the application and intended conditions of use. These issues, together with
the intense pace of FPD development, which has made available many options and variations of the different
display types, have made a thorough understanding of displays essential for product engineers. The options
can be illustrated by some typical examples. For instance, the liquid crystal display (LCD) is presently the
dominant FPD technology and is available with diagonal sizes ranging from less than 1 in. (microdisplay) to
over 100 in. Such a display is usually driven by thin-film-transistors (TFTs). The liquid crystal cell acts as a light
modulator which does not itself emit light. Hence, a backlight module is usually used behind a transmissive
LCD panel to form a complete display module. In most LCDs, two crossed polarizers are employed which
can provide a high contrast ratio. However, the use of polarizers limits the maximum optical transmittance
to about 35—-40%, unless a polarization conversion scheme is implemented. Moreover, at oblique angles the

Introduction to Flat Panel Display, Second Edition. Jiun-Haw Lee, I-Chun Cheng, Hong Hua, and Shin-Tson Wu.
© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.



2

1 Flat Panel Displays

optical performance of the assembly is degraded by two important effects. Firstly the projections of optic axes
of two crossed polarizers onto the E vector of the light are no longer perpendicular to each other when light
is incident at an oblique angle, so it is difficult to maintain a good dark state in the display over a wide viewing
cone. Secondly, the liquid crystal (LC) is a birefringent medium, which means that electro-optic effects based
on switching an LC are dependent on the relative directions of the incident light and the LC alignment in the
cell. Hence, achieving a wide viewing angle and uniform color rendering in an LCD requires special care. To
achieve wide-view, multi-domain architectures and phase compensation films (either uniaxial or biaxial) are
commonly used; one for compensating the light leakage of crossed polarizer at large angles and another for
compensating the birefringent LC layer. Using this phase compensation technique, transmissive multi-domain
LCDs exhibit a high contrast ratio, high resolution, crisp image, vivid colors (when using quantum dots or
narrow-band light emitting diodes), and a wide viewing angle. It is still possible for the displayed images to
be washed out under direct sunlight. For example, if we use a smartphone or notebook computer in the high
ambient light conditions found outdoors in clear weather, the images may not be readable. This is because
the reflected sunlight from the LCD surface is much brighter than that transmitted from the backlight, so the
ambient contrast ratio is greatly reduced. A broadband anti-reflection coating and adaptive brightness control
help improve the sunlight readability.

Another approach to improve sunlight readability is to use reflective LCDs [1]. A reflective LCD uses ambi-
ent light to illuminate the displayed images. It does not need a backlight, so its weight, thickness, and power
consumption are reduced. A wrist watch is such an example. Most reflective LCDs have inferior performance
compared to transmissive ones in terms of contrast ratio, color saturation, and viewing angle. Moreover, in
fully dark conditions a reflective LCD is not readable at all. As a result, its application is rather limited.

To overcome the sunlight readability issue while maintaining high image quality, a hybrid display termed a
transflective liquid crystal display (TR-LCD) has been developed [2]. In a TR-LCD, each pixel is subdivided
into two sub-pixels which provide, respectively, transmissive (T) and reflective (R) functions. The area ratio
between T and R can be adjusted depending on the applications. For example, if the display is mostly used out
of doors, then a design which has 80% reflective area and 20% transmissive area might be used. In contrast, if
the display is mostly used indoors, then we can use 80% transmissive area and 20% reflective area. Within this
TR-LCD family, there are various designs: double cell gap versus single cell gap, and double TFTs versus single
TFT. These approaches attempt to solve the optical path-length disparity between the T and R sub-pixels. In
the transmissive mode, the light from the backlight unit passes through the LC layer once, but in the reflective
mode the ambient light traverses the LC medium twice. To balance the optical path-length, we can make
the cell gap of the T sub-pixels twice as thick as that of the R sub-pixels. This is the dual cell gap approach.
The single cell gap approach, however, has a uniform cell gap throughout the T and R regions. To balance the
different optical path-lengths, several approaches have been developed, e.g. dual TFTs, dual fields (providing a
stronger field for the T region and a weaker field in the R region), and dual alignments. Although TR-LCDs can
improve sunlight readability, the fabrication process is much more complicated and the performance inferior
to transmissive devices. Therefore, TR-LCD has not been widely adopted in products.

Light-emitting diodes (LEDs) consist of a semiconductor p—n junction, fabricated on a crystalline substrate.
Under a forward bias, electrons and holes are injected into the device where they recombine and emit light. The
emission wavelength of the LED is determined by the bandgap of the semiconductor. For longer wavelength
(such as red and yellow) emission, an AlGalnP-based semiconductor is needed. Three group III (Al, Ga, and
In) and one group IV (P) atoms are needed to allow tuning of the emission wavelength and lattice-matching to
the substrate (e.g. GaAs). However, for shorter wavelength (green and blue) emission, it was not easy to find
a lattice-matched substrate. Besides, there were other technological difficulties in fabricating nitride-based
LEDs such as p-type doping and InGaN growth. In recognition of their successful demonstration of the
InGaN-based blue LED, Professor Isamu Akasaki, Professor Hiroshi Amano, and Professor Shuji Nakamura
were awarded the Nobel Prize in Physics in 2014. By combining the blue LED with phosphors, white emis-
sion is possible from a single chip. LEDs have been used for many display and lighting applications, such as
traffic lights, very large diagonal (over 100in.) signage, backlights of LCD, and general lighting, due to their
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long lifetime and high efficiency. A detailed description of LEDs from the viewpoints of materials, devices,
fabrication, and applications will be presented in Chapter 5.

In Chapter 6, organic light-emitting devices (OLEDs) will be introduced. The operating principle of OLEDs
is quite similar to that of the LED. It is also an electroluminescence (EL) device, but fabricated from organic
materials rather than a semiconductor. In contrast to LEDs, it is not necessary to fabricate OLEDs on a
crystalline substrate. From the manufacturing viewpoint, the OLED is similar to an LCD because it can be
fabricated on a very large glass substrate. Apart from the usual glass substrate, OLEDs can be also fabricated
on a flexible substrate if suitable processes are used. The device structure of the OLED is quite simple, compris-
ing a stack of thin organic layers (~200 nm) sandwiched by anode and cathode electrodes. When transparent
conductors are used for both the anode and cathode, a transparent display can be fabricated, while a metallic
cathode layer can provide a mirror-like appearance. When the OLED is not activated the panel appears highly
reflective, while information displayed on the OLED is superimposed on the mirror-like background. In addi-
tion to displays, OLEDs can provide a flat, large-area, and diffuse light source for general illumination. This is
quite different from LED lighting which provides a point source and highly directional emission of light.

In Chapter 7, the basic working principles of several reflective display technologies, including elec-
trophoretic displays, reflective liquid crystal displays, interferometric modulator displays and electrowetting
displays, will be reviewed. These reflective displays do not require an internal light source. They possess
some attractive features, providing low eye strain, low power consumption, and excellent optical contrast
under high ambient light levels, and are favored for portable reading applications and for outdoor use. Some
reflective displays require the image being displayed to be constantly refreshed, while some are bistable and
retain the image without power. In bistable displays, energy is only consumed during switching operations.
In addition, some have a video-rate switching capability, while others are more suitable for displaying still
images. Today most monochrome reflective display technologies match the typical contrast ratio standard of
10:1 for printed images on paper, but the reflectance of their bright states are still less than the typical value
of 80% for white paper. Many color reflective displays rely on color filters or side-by-side pixel subdivision.
However, to achieve color images with good brightness and saturation, multiple colors within the same pixel
area is desirable.

By fabricating a display on a flexible substrate rather than rigid glass, flexible displays (using technologies
including LCD, OLED, and electrophoretic effects) can be fabricated with the advantages of being thin, robust,
and lightweight.

Most FPDs have been developed to provide a format for direct-view applications, such as T'Vs, computer
monitors, laptop screens, tablets, and smart phones. However, several FPD technologies including LCDs and
OLEDs, can readily be made into microdisplays with panel sizes less than 1 in. and pixel sizes of tens of microns
or less. Such microdisplays are not suitable for direct-viewing, but they have found applications in an emerging
class of head-mounted displays (HMDs) which are key enablers for virtual reality and augmented reality sys-
tems. In Chapter 8, the working principles and recent development of head-mounted displays will be reviewed.
Unlike a direct-view display, an HMD system requires an optical system to collect light from a microdisplay
source and couple it into the viewer’s eye. The system may use a single microdisplay and optical system to
display a two-dimensional image to one eye, yielding a monocular information display. Alternatively, it may
be configured with a microdisplay and viewing optics for each eye, yielding a binocular system with the capa-
bility of rendering stereoscopic views. In some of the most advanced HMD systems, each set of optics may be
capable of rendering light fields which replicate the configuration of light rays originating from a real scene,
enabling a true 3D viewing experience. The proximity of an HMD system to the eye allows it to be configured
into one of two different types — either an immersive or a see-through display. An immersive HMD blocks a
user’s view of the real world and places the user in a purely computer-rendered virtual environment, creating
the immersive visual experience known as virtual reality. A see-through HMD, on the other hand, blends views
of the real world and a computer-rendered digital environment, creating an experience variously known as
augmented reality, mixed reality or increasingly as spatial computing. Chapter 8 will start with a brief intro-
duction to the optical principles of HMD systems and an overview of historical developments, then follow
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with a brief review of the human visual system parameters critical to the design of an HMD system. It will
then review paraxial optical specifications, common miniature display sources, optical principles and archi-
tectures, summarize optical design methods and optical performance specifications critical to HMD system
design, and the chapter concludes with a review of several emerging HMD technologies with advanced capa-
bilities, such as eyetracking, addressable focus cues, occlusion capability, high dynamic range, and light field
rendering.

A touch panel (TP) is not a “flat panel display.” However, it provides an intuitive interface which provides
input to the machine, and provides an enhancement to many displays which is critical to their application.
In some cases, a single touch sensing function is enough, such as in an automatic teller machine (ATM). On
the other hand, a multi-touch function is needed for controlling many mobile devices (such as mobile phones
and tablet computers). Usually, electrical parameters (such as resistance or capacitance values) of the TP are
changed by touch and the x—y positions at which these changes occur provide the input function. So, a TP
must be transparent to allow mounting on top of the display, and a separate TP increases the thickness of the
display module. Integration of the TP and the display can reduce the module thickness. TP technologies will
be introduced in Chapter 9.

1.2 EMISSIVE AND NON-EMISSIVE DISPLAYS

Both emissive and non-emissive FPDs have been developed. In emissive displays, each pixel emits light with
a different intensity and color which stimulate the human eyes directly. CRTs, LED panels, and OLEDs are
emissive displays. When the luminance of the panel viewed from different directions is constant, the device is
called a Lambertian emitter and this represents an ideal performance for an emissive display because it results
in a wide viewing angle performance. Due to the self-emissive characteristics, it can be used in conditions of
very low ambient light. When such displays are turned off, they are completely dark (ignoring any ambient
reflections). Hence, the display contrast ratio (see also Section 1.3.3) under low ambient light can be very high.
On the other hand, displays which do not emit light themselves are called non-emissive displays. An LCD is a
non-emissive display in which the liquid crystal molecules in each pixel work as a light switch, independently
of the other pixels. An external voltage reorients the LC director which controls an optical phase retardation.
As aresult, light incident from the backlight unit or from the ambient is modulated. Most high-contrast LCDs
use two crossed polarizers. The applied voltage controls the transmittance of the light through the polarizers.
If the light source is behind the display panel, the display is termed a transmissive display. On the other hand, it
is also possible to use the ambient light as the illumination source, imitating the principle of traditional media,
such as reading a book, and the device is then called a reflective display. Different technologies for reflective
displays such as electrophoretic, interferometric modulators, and electrowetting displays as well as LCDs will
be introduced in Chapter 7. Since no extra light source is needed in a reflective display, its power consumption
is relatively low. Under high ambient light conditions, images on emissive displays and transmissive LCDs
can be washed out. In contrast, reflective displays exhibit a higher luminance as the ambient light increases.
However, they cannot be used in dark conditions. Hence, transflective LCDs have been developed, which will
be described in Chapter 4.

1.3 DISPLAY SPECIFICATIONS

In this section, we introduce some specifications which are generally used to describe and evaluate FPDs in
terms of their mechanical, electrical, and optical characteristics. FPDs can be smaller than 1 in. for projection
displays, 2—6in. for cell phones, 7-9 in. for car navigation, ~8—20in. for tablets and notebooks, ~10-25 in.
for desktop computers, and ~30—110in. for direct-view T'Vs. For different FPDs, their requirements for pixel
resolution also differ. Luminance and color are two important characteristics which directly affect the display



1.3 Display Specifications

performances. Dependencies of these two parameters on viewing angle as well as image uniformity, device
lifetime, and response time should be addressed when describing the performances of a FPD. Contrast ratio
is another important parameter, which strongly depends on the ambient environment.

1.3.1 Physical Parameters

The basic physical parameters of a FPD include the display size, aspect ratio, resolution, and pixel format. The
size of a display is typically specified by the diagonal length, in units of inches. For example, a 15 in. display
indicates that the diagonal of the viewable area is 38.1 cm. Display formats, include landscape, square, and
portrait types, corresponding to display widths larger than, equal to, and smaller than the height, respectively.
Most monitors and T'Vs use a landscape format with the width-to-height ratio, also called the “aspect ratio,”
of4:3,16:9, or 16: 10, typically.

FPDs typically provide a rectangular “dot matrix” of addressable pixels which can display images and charac-
ters. To increase image quality, one may use more pixels in a display. Table 1.1 lists some standard resolutions
of FPDs. For example, video graphics array (VGA) indicates a display 640 pixels in width and 480 in height.
The aspect ratio is 4: 3. Higher resolution typically (but not necessarily) provides better image quality. The HD
series includes several wide screen standards with an aspect ratio of 16 : 9. FHD has a resolution of 1920 X 1080,
which may be abbreviated as 2K1K. Doubling the pixels count in columns and rows results in 4X the resolu-
tion, which is termed UHD, 4K2K, or 4K. Similarly, an 8K standard is proposed with still higher resolution.
Once the resolution, display size, and aspect ratio are known, one may obtain the pitch of pixels. For example,
a 5.5in. display with aspect ratio of 16:9 and FHD resolution has a pitch of ~63 pm. Or, we can use pixel per
inch (ppi) to describe the pixel density of the display. The above example corresponds to ~401 ppi.

In the case of an HMD system for VR or AR applications, a microdisplay source is used. Although the
pixel resolution of the microdisplay is a critical contributor to the system performance, the image resolution
perceived by the viewer also depends on the optical magnification of the viewing optics. For instance in an
HMD system, a VGA resolution microdisplay can produce an image with an apparent angular resolution
equivalent to or better than an image provided via a FHD microdisplay if the optical magnification to the
VGA panel is substantially lower than that to the FHD panel, this angular resolution being traded off against
the field of view of the image. More detailed discussion on the resolution metrics of HMD systems can be
found in Chapter 8.

Note that not all of the panel area contributes to the displayed image; the active area of each pixel is normally
surrounded by a small inactive area occupied by inter-electrode gaps and possibly other structures such as
stray light barriers. One can define the “fill factor” or “aperture ratio” as the ratio of the active display area in
a pixel over the whole pixel size, with its maximum value of 100%. Also, for a full-color display, at least three
primary colors are needed to compose a color pixel. Hence, each color pixel is divided into three subpixels,
red, green, and blue (RGB) which share the total pixel area. For example, if we assume that a color pixel has

Table 1.1 Resolution of FPDs.

Abbreviation Full name Resolution
VGA Video graphics array 640 x 480
SVGA Super video graphics array 800 x 600
XGA Extended graphics array 1024:x 768
HD High definition 1280x 720
FHD Full high definition 1920 % 1080
UHD (4K) Ultra-high definition 3840 % 2160

8K 7680 x 4320
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Figure 1.1 Subpixel layout of a FPD: (a) stripe, (b) mosaic, and (c) delta configurations.
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Figure 1.2 (a) White (red + green + blue) pixels lit-on at the edge of the slope, and (b) with subpixel rendering in a stripe
configuration. (c) “m” in italic (2) without and (3) with subpixel rendering on a display [3].

a size of 63 pm X 63 pm, then the dimension of each subpixel will be 21 pm X 63 pm. If the area of each active,
switchable sub-pixel which contributes to light emission or transmission is 18 pm X 60 pm, then the fill factor
will be ~82%.

Different layouts of RGB subpixels are possible, as shown in Figure 1.1. A stripe configuration, is straight-
forward and makes fabrication and driving circuit design relatively easy. However, for a given display area and
resolution it provides a poor color mixing performance. Both mosaic and delta configurations make the fabri-
cation process and/or the driving circuits more complicated, but the resulting image quality is higher because
of their better color mixing capabilities.

When displaying an oblique black-on-white pattern on a display with a stripe subpixel configuration as
shown in Figure 1.2, a clear sawtooth can be seen at the edge. However, because each pixel is formed of three
subpixels, these can be switched on in a controlled sequence from the top to the bottom such that edge of the
pattern appears smoother — a technique called “subpixel rendering.” [3] Obviously, the colors at the edges of
some rows are no longer white. For the first and the fourth rows, the red subpixel is switched on at the edge
while for the second and the fifth rows, red and green emission results in a yellow color at the edge. This is
called a “color fringing artifact.” Figure 1.3 shows the letter “m” in italic, without and with subpixel rendering.
A smoother edge can be clearly seen when subpixel rendering is used. Advanced sub-pixel rendering algo-
rithms not only switch different sub-pixels on or off at an oblique edge, but also adjust their luminance values
to optimize the visual quality of the image.
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(a) (b) (c)

Figure 1.3 (a) stripe, (b) PenTile™ RGRB, and (c) PenTile RGBW configurations [3].

There are three kinds of photoreceptor cells in human eyes, which respond to long, medium, and short
wavelength regions of the visible spectrum. That is the major reason we use red, green, and blue as three
primaries for the display and will be discussed further in Chapter 2. The arrangement of the photoreceptor
cells does not correspond to a stripe configuration. Besides this, the numbers for different types of cell are not
the same. The PenTile™ configuration has been proposed to mimic the layout of different photoreceptors in
the eye to achieve better color mixing [4]. Here, “Pen” is a contraction of the Greek prefix “penta” meaning five
and indicates that five subpixels form a pixel. There are many possible formats; Figure 1.3b shows one of them
which is called the RGBG format. Combined with the subpixel rendering technique, a high display resolution
can be obtained with a larger subpixel size. Figure 1.3a,b show the stripe and PenTile layouts with the same
resolution. One can see that PenTile configuration allows larger red and blue subpixels. This is important for
some displays, such as OLEDs, because it is not easy to reduce the subpixel size during fabrication. Hence,
the PenTile arrangement can relax the design rules required in manufacture of displays for a given resolution.
Also for OLED displays, the lifetime of the blue sub-pixel is an issue and by enlarging the blue emitting region
its current density can be reduced and its lifetime extended. Another type of PenTile pattern is the RGBW
arrangement, shown in Figure 1.3c. Here, a white subpixel is added alongside the three primary colors. In
some displays such as LCD, where different colors are obtained by filtering unwanted colors from a white
backlight, the blocked light is responsible for a major loss in efficiency. With the introduction of the white
subpixel, the efficiency can be raised.

A device in which the pixel density is increased to the point where the human eye cannot resolve the indi-
vidual pixels, is called a “retina display.” This implies a very high resolution so that when projected onto the
retina of the eye, the pixel density is higher than that of the photoreceptors in the retina. Evidently, a higher
ppi is required for displays such as phones which are used closer to the eye, in order to satisfy the requirement
for a retina display. Typically, ~300 ppi is required for a phone with a typical viewing distance of ~30 cm. With
larger viewing distances such as those normal when watching a TV, a larger pixel is acceptable in a retina
display. A detailed illustration of retina displays will be presented in Chapter 2.

1.3.2 Brightness and Color

Luminance and color gamut are two of the most important optical characteristics of a FPD. A display with
high luminance looks dazzling under dark conditions. On the other hand, a display with insufficient brightness
appears washed out under high ambient light levels. Typically, the luminance of a FPD should be as bright
as (or a little brighter than) real objects under the ambient light in which the display is used. In an ordinary
indoor environment, a monitor has a luminance of 200-300 cd m~2. For a large screen TV, a higher luminance
(500-1000 cd m~2) may be needed. A FPD is used to produce or reproduce colors, hence, the number of colors
a FPD can display, and how closely the color displayed on a FPD matches that of the real object (color fidelity)
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are two important characteristics to judge display performance. Since the color on a FPD is produced by
mixing together (at least) three primary colors, i.e. RGB, more “pure” (narrow-band) primaries result in a
broader range of colors which can be displayed, which is called the “color gamut” (see Section 2.4.5). As well
as the usual three primaries (red, green, and blue), more primaries (such as yellow and cyan) can be added into
the subpixels and can further broaden the color gamut. Besides, with suitable design of the driving method,
the power consumption of the display can be reduced simultaneously [5, 6]. The perceived range of brightness
from dark to bright can be divided into equal steps defined by numbers with 2, 4, 8, or more bits, which are
called “gray levels” or collectively a “gray scale” (see Section 2.4.3). For example, a FPD can display 16 million
colors (28 x 28 x 28 ~16.8 M) when each RGB subpixel can show 256 (8 bit) gray levels.

1.3.3 Contrast Ratio
The device contrast ratio (CR) of a FPD is defined as:
CR=L,/L,LCR=L,/L,, (1.1)

where L, and L, are the luminances of the white and black states, respectively. A higher CR requires a higher
on/off ratio and hence potentially better image quality and higher color saturation. When CR is equal to or
below 1, the information content of a FPD is lost or inverted. For most emissive displays, the off-state lumi-
nance is zero. Hence, the contrast ratio is infinite under perfectly dark viewing conditions. However, under
ambient light conditions, surface reflections from the display mean that Eq. (1.1) should be modified to:

CRA = (Lw + Lar)/(Lb + Lar)’ (12)

where CR, stands for the ambient contrast ratio, and L,, is the luminance from ambient reflection. From
Eq. (1.2), as the ambient reflection increases, CR, decreases sharply. To maintain a high ambient contrast
under increasing ambient light levels, one can: (i) increase the on-state luminance, and (ii) reduce the
reflectance of the display surface. However, under a very high ambient such as outdoor sunlight, luminance
from the direct sun is 4 orders of magnitude higher than a FPD, which severely washes out the information
content of any emissive or transmissive FPD. Sunlight readability is an important issue especially for mobile
displays. On the other hand, an adequate ambient light is required for viewing conventional media such as a
book or newspaper. A similar consideration applies to reflective displays, such as reflective LCDs.

1.3.4 Spatial and Temporal Characteristics

Uniformity of a FPD refers to any unwanted change in the luminance and color over a display area. Human
eyes are sensitive to luminance and color differences. For example, a 5% luminance difference is noticeable
between two adjacent pixels. In the case of a gradual change, human eyes can tolerate up to 20% luminance
change over the whole display.

Optical characteristics (luminance and color) may also change at different viewing angles. For Lambertian
emitters, such as CRTs, the viewing angle performance is quite good. The emission profile of LEDs and OLEDs
can be engineered by packaging and optimizing their layer structure, respectively. However, the viewing angle
of LCDs requires careful attention because LC materials are birefringent and crossed polarizers are no longer
crossed when viewed at oblique angles. There are several ways to quantify the viewing angle of a FPD. For
example, one may masure the viewing cone with: (i) a luminance threshold, (ii) a minimum contrast ratio, say
10:1, or (iii) a specified maximum value of color shift. In some cases the contrast ratio viewed at oblique angle
can be smaller than 1, resulting in “gray level inversion.”

Response time is another important metric. If a FPD has a slow response time, one may see blurred images
of fast moving objects. By switching the pixel from “off” to “on” and from “on” to “off,” one can obtain rise
and fall times, respectively which are typically specified between 10% and 90% luminance levels,. One may
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also define the response time from one to another gray level — the so-called “gray-to-gray” (GTG) response
time. Most displayed scenes contain extensive areas of different luminance pixels, so the GTG response time
is more meaningful. For LCDs, this GTG response time may be much longer than the black-white rise and fall
time [7]. The TFT matrix used to address many FPDs provides a voltage set-and-hold function. This is quite
different from the CRT’s impulse type response, and requires a different metric to characterize it. Therefore, a
motion picture response time (MPRT) [8] is commonly used to define the response time of a TFT LCD, which
will be further discussed in Chapters 2 and 4.

After along period of operation, the luminance of a FPD (especially for emissive display) may decay. If a fixed
pattern is displayed on an emissive panel for a long period of time, then all the pixels are turned on to display a
blank white screen, one can see a “ghost image” of the fixed pattern displayed with a lower brightness, which is
called a “residual image” or “burn-in.” As mentioned before, human eye can detect less than 5% nonuniformity
between two adjacent pixels. Hence the lifetime of a FPD is crucial for static images. An alternative solution
is to use only moving pictures, rather than static images for information display. Then the luminances of all
the pixels decay uniformly, since the average on time for all pixels is the same.

1.3.5 Efficiency and Power Consumption

Power consumption is a key parameter, especially for mobile displays, as it affects the battery life. For displays
with wall-plug electrical input, lower power consumption implies a lower heat generation, which means heat
dissipation is easier and “green” environment targets can be met more easily. Typically, one uses the unit Im/W
to describe power efficacy of a FPD (see Section 2.2). A portable display with lower power consumption leads
to alonger battery life. For notebooks and T'Vs, a high optical efficiency also translates into less heat dissipation
and a lower electricity bill. Thermal management in a small chassis device is an important issue. Energy Star
is a program which defines the “power consumption” for electronic products, such as displays (https://www
.energystar.gov). For example, in Energy Star Display Specification 7.1 (released in April 2017), the maximum
power consumption of the display under on-state operation is defined, which is related to the screen area and
the maximum luminance of the display. For example, the maximum power consumption of a 60 in. TV with
aspect ratio 4 : 3 and maximum luminance 500 cd/m? should be less than 144 V.

1.3.6 Flexible Displays

A FPD is usually fabricated on thin glass plates which provide a rather rigid substrate. On the other hand, con-
ventional media are printed on paper, which is flexible. An important current research and development theme
is fabrication of FPDs on a flexible substrate, to provide a conformable or “paper-like” display [9]. Compared
to glass-based FPDs, flexible displays are thin and lightweight. In addition, flexible displays can potentially
be fabricated by a roll-to-roll process at low cost. Potential substrates for flexible FPDs include ultra-thin
glass, plastic, and stainless steel. A bendable ultra-thin glass substrate is possible, but the cost is high. Plastic
substrates are suitable for flexible displays, but the highest temperature which can be tolerated in the manu-
facturing process is typically lower than 200 °C. A stainless steel substrate is bendable, and resistant to high
temperatures, however, it is opaque and therefore not suitable for transmissive displays. There are many tech-
nical bottlenecks for flexible FPDs, such as material selection, fabrication processes, device configurations,
display packaging and measurement.

1.4 APPLICATIONS OF FLAT PANEL DISPLAYS

The following sections briefly outline the applications of each technology. Details will be described in the
related chapters.
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1.4.1 Liquid Crystal Displays

Although LC materials were discovered more than a century ago [10, 11], their useful electro-optic effects
and stable materials are developed only in late 1960s and 1970s. In the early stage, passive matrix LCDs were
adopted in electronic calculators and wrist watches [12]. With the advance of thin film transistors [13], color
filters [14], and low voltage LC effects [15], active matrix LCDs gradually penetrated into the market of note-
book computers, desktop monitors, and televisions. Today, LCDs have found widespread uses in our everyday
life, including smartphones, tablets, virtual reality and augmented reality displays, automotive displays, navi-
gation systems, notebook computers, desktop monitors, and large screen TVs [16].

To satisfy this wide range of applications, three types of LCDs have been developed: transmissive, reflective,
and transflective. Transmissive LCDs can be further separated into projection and direct-view devices. In a
high-resolution smartphone display, the pixel size is around 30—40 pm. Thus, the TFT aperture ratio becomes
particularly important because it limits the light throughput [17]. To enlarge the aperture ratio, poly-silicon
(p-Si) TFTs are commonly used because their electron mobility is about two orders of magnitude higher than
that of amorphous (a-Si) silicon. High mobility allows a smaller TFT to be used which, in turn, enlarges the
aperture ratio. For a detailed structure of a TFT LCD, please see Figure 4.1.

For a large-sized LCD TV, say 65 in. diagonal, 16:9 aspect ratio, and 3840 x 2160 resolution, the pixel size
is about 350 pm by 350 pm, which is much larger than that of a microdisplay. Thus, a-Si silicon is adequate
although its electron mobility is relatively low. Amorphous silicon is easy to fabricate and has good uniformity.
Thus, a-Si TFT dominates large screen LCD panel market.

Similarly, reflective LCDs can also be divided into projection and direct-view displays. In projection displays
using Liquid-Crystal-on-Silicon (LCoS) [18], the pixel size can be as small as 4 pm because of the high elec-
tron mobility of crystalline silicon (c-Si). In an LCoS panel, the electronic driving circuits are hidden beneath
the metallic (aluminum) reflector. Therefore, the aperture ratio can reach >90% and the displayed picture is
quite smooth. On the other hand, most reflective direct-view LCDs use a-Si TFTs and a circular polarizer. Its
sunlight readability is excellent, but it is not readable in a dark ambient. Therefore, a thin front light is needed
for reflective direct-view LCDs.

To obtain a high quality transmissive display and good sunlight readability, a hybrid TR-LCD has been devel-
oped. In a TR-LCD, each pixel is divided into two sub-pixels: one for transmissive and another for reflective
display [19]. In a dark to normal ambient, the backlight is turned on and the TR-LCD works as a transmissive
display. Under direct sunlight, TR-LCD works in the reflective mode. Therefore, its dynamic range is wide and
its functionality does not depend on the ambient lighting condition. TR-LCD can overcome sunlight readabil-
ity issues, but its fabrication is much more complicated and the cost is higher than its transmissive counterpart.
As aresult, its application is limited. For a detailed discussion of TR-LCDs, please refer to Chapter 4.

1.4.2 Light-Emitting Diodes

The LED is an electroluminescent (EL) device based on crystalline semiconductors [20]. To convert electrical
to optical power, one has to inject carriers into the LED through electrodes, which then recombine to give
light. The emission wavelength is mainly determined by the semiconductor material, and can be fine-tuned
by device design.

Since it is difficult to grow large size single crystals, the wafer diameter of LEDs is limited to about 8 in.
After device processing, LEDs are diced from the wafer followed by a packaging process. The size of a sin-
gle packaged LED is typically several millimeters, which means that the pixel size of an LED panel is large,
and suitable for use in huge area displays. Due to their self-emissive characteristic, LEDs are commonly
used for large displays, such as outdoor signage (mono color, multi-color, and full color), traffic signals, and
general lighting to replace light bulbs. Compared to conventional devices using light bulbs, LED displays
exhibit the advantages of lower power consumption, greater robustness, longer lifetime, and lower driving
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voltage (so safer). There are also many outdoor screens with diagonals over 100 in. which consist of millions of
LED pixels.

Rather than providing a display itself, an LED can be also used as the light source, such as in a backlight
module for an LCD, and for general lighting. Compared to the conventional cold cathode fluorescent lamp
(CCFL), which resembles a thin fluorescent tube, LED exhibits a better color performance, longer lifetime, and
faster response. Another important motivation to use LEDs in LCD backlighting is that the mercury in CCFLs
is harmful to the environment. When using LEDs for general lighting applications, a broad emission spectrum
is preferred to simulate natural light, such as sunlight, and obtain a faithful color rendering of the reflective
objects (Section 2.4.6). This is quite different from the requirements for LED displays and LCD backlights,
which usually need a narrow spectrum.

1.4.3 Organic Light-Emitting Devices

The OLED is also an EL device, like the LED, except its materials are organic thin films with amorphous struc-
tures [21]. Amorphous organic materials have a much lower carrier mobility (typically five order of magnitude
lower) than crystalline semiconductors, which results in a higher driving voltage for OLEDs. Besides, the oper-
ational lifetime of OLEDs is one order of magnitude shorter than semiconductor LEDs. However, due to its
amorphous characteristics, fabrication of large size panels (e.g. 55in.) is possible.

Since the conductivity of amorphous organic materials is very low, very thin organic films (100-200 nm in
total) are required to reduce the driving voltage to a reasonable value (i.e. <10V). It is quite a challenge in
thin film formation, especially for large size substrates. Several fabrication technologies have been proposed,
such as physical vapor deposition, spin-coating, ink-jet printing, and laser-assisted patterning. OLEDs are
widely used in display applications (such as TVs and mobile phones). Besides, OLEDs can be used in lighting
applications [22, 23]. Two advantages of OLEDs are: (i) low process temperature, and (ii) compatibility with
different substrate materials, which makes them suitable for flexible displays. One of the strategies for OLED
development is to improve the device performance (especially driving voltage and lifetime) to match (or at
least approach) those of LEDs. Due to their large size fabrication capability, the potential manufacturing cost
of OLEDs is lower than LEDs. Because OLEDs have some advantages in performance and fabrication cost
over LEDs, it has a chance to replace LEDs in some applications since they are both EL devices with similar
operational principles.

1.4.4 Reflective Displays

A wide variety of reflective display technologies are available today. They are quite different in working princi-
ples and performance. Some of them, such as interferometric modulator displays, electrowetting displays and
guest-host polymer dispersed liquid crystal displays exhibit fast response and are capable of video frame rate
operation. However, most of them are still some way from commercial success because of their poor color
gamut and relatively high power consumption for video rate operation. On the other hand, bistable reflec-
tive display technologies with sufficiently good reflectivity and contrast ratio, such as electrophoretic displays
and cholesteric liquid crystal displays, are attractive for displaying (quasi)static images where a low switching
speed is not a major concern. With the advantages of low power consumption and good outdoor readabil-
ity, these reflective displays are suitable for portable reading devices, wearable or mobile devices and signage
applications. For instance, electrophoretic technologies have been adopted in many e-book readers and elec-
tronic paper displays. Because many of the reflective display technologies can be made thin and flexible, they
are suited to billboards, signage and shelf-edge labels. In the application of wearable or mobile devices, these
low-power paper-like reflective display technologies have been incorporated into an electronic paper watch,
electronic wristband, and similar devices. For detailed discussions of the above-mentioned reflective displays,
please refer to Chapter 7.

11
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1.4.5 Head-Mounted Displays

Head-mounted displays (HMDs), also known as head-worn or near-eye displays, are typically attached in
close proximity to a user’s eye and require an optical system to couple the light from a microdisplay source
into the user’s eye. The basic principles of an HMD system can be dated back to 1830s when Sir Charles
Wheatstone proposed the concept of the stereoscope for viewing a pair of static photographs with slight dis-
parities. Through over a century of technical development, the stereoscope has evolved into a new class of
display technology enabling a new paradigm of applications. Instead of static photographs and simple mir-
rors, modern HMD systems enjoy a wide range of choices of electronic displays as the image sources, a wide
range of advanced optics technologies in the optical viewer, and a wide range of sensing, computing, and
communication capabilities.

A modern HMD system can be as simple as a microdisplay source plus a single magnifier-like eyepiece,
providing a monocular display for information access and navigation. It can also be configured into a very
sophisticated system integrating not only advanced microdisplays and optics but also a suite of advanced
sensors and computing hardware and software, yielding a computing platform for advanced missions and
visual experiences. Some advanced HMD systems go beyond the traditional route of displaying a 2D image or
rendering a 3D perception of depth via binocular viewing, and create a true 3D viewing experience via light
field rendering.

Over many decades of development, HMD technology has become a key enabler for virtual reality and
augmented reality applications. To satisfy the needs of VR and AR applications, two types of HMDs have been
developed: immersive and see-through. Immersive HMDs, primarily used for VR systems, block a user’s view
of the real world and immerse him or her in a purely computer-rendered virtual environment. See-through
HMDs, mainly used for AR systems, blend views of the real world and a computer-rendered digital world
digitally or optically. Both types of HMD technology share most of the same fundamental optical principles
and requirements, but see-through HMDs, especially those providing optical see-through, confront many
unique optical challenges. For instance, an optical combiner which combines the light paths of the real-world
and virtual world views, plays a critical role in the architecture of optical see-through HMDs. It can be as
simple as a beamsplitter or as sophisticated as a holographic waveguide.

The rapidly growing interest in VR and AR applications, the ever-increased bandwidth and accessibility of
wireless networks, the miniaturization of electronics, and the ever-growing power of computers have collec-
tively boosted the rapid development of HMD technologies in recent years. Please refer to Chapter 8 for a
detailed discussion of the historic development, basic working principles, optical design fundamentals, and
recent advances in head-mounted displays.

1.4.6 Touch Panel Technologies

When a TP is touched, an electrical, optical, or magnetic parameter is changed and the point of touch can be
identified. As electrical signals, typically we can use changes of resistance or capacitance. A resistive TP con-
sists of two substrates. The inner sides of the substrates are coated with transparent resistive layers, separated
by an air gap. The outer substrate is deformable. When the resistive TP is touched, contact is made between
the upper and lower conductive layers. The contact position affects the resistance value read out from the
driving circuit. However, the air gap between the two substrates results in a low optical transmittance, which
reduces the luminance from the display panel. An important use case is when the object which touches the TP
is a finger. This can be regarded as equivalent to a capacitor connected to the ground which therefore changes
the capacitance measured at the TP. That is the basic idea of the capacitive TP. With suitable design of vertical
and horizontal electrodes on the substrate, self- and mutual-capacitance TPs can be obtained, respectively.
Note that a conductive object such as a finger is needed to activate the touch function on a capacitive TP.
When a TP is physically stacked on top of the display, it is called an “out-cell” configuration. To reduce the
thickness of the TP-display module and simplify the fabrication process, on-cell and in-cell TPs have been
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introduced. Taking the LCD as an example, it consists of two glass substrates. By fabricating the TP onto the
outer substrate, an on-cell configuration is created. Note that there is a dense array of TFTs and conductors
on the bottom substrate of the TFT panel. With a suitable layout and driving scheme, a TP can be integrated
inside the display, which is called the “in-cell” configuration.
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