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Preface

The meteoric rise of the active matrix LCD over less than two decades to undisputed
dominance as a flat panel display has been breathtaking. The technology behind this
remarkable progress will be summarized in rhis book. Manufacruring of AMLCDs is a
more than $40 billion industry and now plays an important role in the cconomy of
several Asian countries. This book will address the fundamenrals of LCD operation and
the principles of active matrix addressing. The reader will become familiar with the
construction and manufacturing methods of AMLCDs, as well as with drive methods;
performance characreristics; recent improvements in image quality; and applicarions in
cellular phones, portable computers, desktop monitors, and LCD televisions,

This hook is on an introductory level and intended for students, engineers, managers,
educators, 1P lawyers, research scientists, and rechnical professionals, Emphasis has been
placed on explaining underlying principles in the simplest possible way withour relying
extensively on equations. Last, but not least, the book is intended for those inquiring
minds who, for many hours every day, look ar the LCD displays of notebook compurers,
flar panel monitors, and relevisions and simply wonder how rhey work.

This book grew out of the course materials from seminars [ presented several times at
LICILA, ar the gracious invirarion of course orpanizer Larry Tannas. The course marerials
were further updared when the Sociery for Information Display kindly invired me 1o
present Short Courses on AMLCDs at the annual SID Symposiums in 2002 and 2003.

A book like this would not have been possible wirthour frequent interacrion and
discussions with colleagues in the field. Working with them has always been a great
pleasure and 1 would like to mention specifically some of my former coworkers ar OIS
Oprical lmaging Systems, Inc. and at Planar Systems, Inc. They include Adi Abileah,
Steve Ageas, Tom Baker, Yair Baron, Bill Barrow, Mike Boyd, Young Byun, Vin Cannella,
Mark Friends, Pat Green, Tieer Gu, Chris King, Terrance Larsson, Alan Lien, Darrin
Lowe, Yiwei Lu, Fan Luo, Tin Neuyen, Cheng-hin Qiu, Scort Robinson, Scott Smith,
Scorr Thomsen, Dick Tuenge, Vicror Veerasamy, Mimi Wang, Moshe Yang, Mei Yen,

Zvi Yaniv, and John Zhong,

Preface

Finally, I would like to thank the Elsevier Science organization for the opportuniry o
write this book and for their support during its production.

Willem den Boer
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CHAPTER

1

Introduction

1.1 Historical Perspective

Electronic displays have, for many years, been the window o the world in television as
well as the primary human inrerface to compurers. In today'’s information society, they
play an increasingly important and indispensable role in communication, computing, und
entertainment devices.

The venerable cathade ray tube (CRT) has been around for maore than 100 years and has
been the workhorse for television displays and, until recently, for computer screens. As
one of the few surviving elecrronic devices based on vacuum tubes, the CRT can boast
an unrivaled success as a low-cost color display with good image quality. Ies large depth,
weight, and power consumption, however, have limited its use to nonportable
applications.

From the early days of electronic display development, a flat panel display was considered
a very arrracrive alrernarive ro the bulky CRT. For decades, display engineers searched for
tlat punel display rechnologies to replace the CRT in many applications. In spite of many
attempts to develop flac CRTs, plasma displays, and ather low-profile displays,
commercial success remained elusive for many years, Finally, by the 1990s several
technologies were making significant inroads to achicve this goal. In particular, active
matrix liquid crystal displays (AMLCDs) and plasma displays demonstrared large sizes
and high image quality comparable 1o CRTs,

The success of AMLCDs, the subject of this book, is the culmination of two significant
developments: liquid crystal cell technology and large-area microelectronics on glass,

For more than two decades these technologies have heen refined and an extensive
infrastructure for manufacturing equipment and materials has been established, especially

in Asia

Liquid crystals were discovered in 1838 by the Austrian boranist Friedrich Reinitzer. 11e
experimented with the cholesterol-type organic fluid cholesreryl benzoate and found tha,
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upon heating, it underwent a phase transition from a milky fluid ro a mostly transparent
fluid, This was later explained as a transition from an optically and electrically
anisotropic fluid w an isotropic fuid. The anisotropy (e, the difference in diclecuric
constant and refractive index for different orientations of the molecules in the fluid) led
to the analogy with the anisotropy of solid erystals, hence the name liquid crystal. The
technological and commercial potential of liquid crystal was not realized until the 1960s,
when RCA developed the first liquid erystal displays (LCDs) based on the dynamic
scattering effect [1]. The twisted nematic (TN) mode of operation, on which many
current LCDs are based, was first described by Schadt and Helfrich (2] in 1971 and,
independently around the same time, by Fergason [3]. Twisted nematic LCDs appeared
on the scene in the carly 1970s in electronic wrist watches and in calculators.

LCDs quickly dominated in small portable applications due to the compatibility of the
simple reflecrive-rype LCD with low-power CMOS driving circuirry and rtherefore with
batrery operarion. In addirion, high-volume manufacturing led to very low cost. The
market {or small, direct-driven, segmented, TN LCDs in portable devices increased
rapidly during rthe 1970s. They were initially mostly used in a reflective mode, relying on
ambiene light for legibility. Since each segment in a direct-driven alphanumeric display
needs ro be separately connected to the control electronics, the informartion content of
this type of display is very limited, usually to one or two lines of text or numbers, Other
drawbacks of the reflective mode included the difficulty of implementing color, the
dependence on ambient lighting, and the parallax caused by the separation of about
0.5-1 mm between the back reflector and the LC layer.

The mass marker for electronic wrist warches, calcularors, and orher applicarions,
however, allowed investments in manufacturing and further development.

For displays wirh higher informartion conrent, the large number of picture elements
(pixels) precluded the individual addressing of every pixel. This led to the development
of matrix addressing in which an array of M % N pixels is addressed by applying pulses 1w
each of its M rows and N columms. It reduces the number of interconnects to the
external addressing circuitry from M % N to M + N, For example, a 100 x 100-pixel display
now required 100 + 100 = 200 interconnections instead of 100 x 100 = 10,000. Such
passive matrix displays are usually operated with a one-line-at-a-time addressing method
called multiplexing. The TN LCD was limited to only about 10 rows of pixels because of
its gradual transmission-voltage curve. Many improvements in passive matrix addressing
have been proposed and implemented over the last fifteen years, notably the super-
rwisred nemaric (STN} LCD. However, their performance in rerms of viewing angle,
response time, gray scale, and contrast ratio has generally fullen short of what was
possible wirh a single direct-driven pixel.

SAMSUNG, EXH. 1008, P. 7
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Early during the development of LCT} rechnology, the limirarions of direct mulriplexing
or passive matrix addressing were recognized, A solution was proposed by Lechner et al,
[4] and by Marlowe and Nester [3]. By incorporating a switch at cach pixel in a matrix
display, rhe volrage across each pixel could be conrrolled independently. The same high-
contrast ratio of more than 200, obtained in simple, dircet-driven backlic displays, could
then also be achieved in high-information-content displays.

Peter Brody and coworkers [6] constructed the first so-called active matrix LCDs
{AMLCDs) with CdSe thin film transistors (TFTs) as the switching elements. The TFTs
in the array act merely as ONJOFF switches and do not have an amplifying funcrion. For
an electronic engineer, the term “active matrix™ may therefore be inappropriate. It is
now, however, commonly used and its definition has been extended to include arrays of
switching elements other than TFTs, such as diodes,

The CdSe TFTs used for the first AMLCDs turned out to be a temporary solution.
Semiconducrors such as CdSe are nor comparible wirh srandard processing in the
microelectronic industry, which uses mainly silicon as the semiconductor muterial,
Advanced photolithographic and erching processes have heen developed over the years
tor silicon devices and this rechnology is not readily applicable to CdSe TFTs. D, Brody
has, nonetheless, remained a strong and vocal proponent of CdSe-based AMLCDs

over the years, even in the face of the overwhelming success of silicon thin film-hased

TFT LCDs.

Polycrystalline Si materials and devices are more familiar ro semiconductor process
engineers and were developed for use in AMLCDs in the carly 1980s. The first LC
pocket television marketed by Seiko Epson in 1983 used a poly-5i TFT active matrix [7]
and was the very first commercial application of AMLCDs, The early poly-Si TFTs
required high-temperature processing and therefore used expensive quartz substrates.

A color LCT was obrained by subdividing the pixel into three subpixels with red, green,
and blue color filters, Since the color fileers absorb a large portion of the lighe, these
color LCDs required a backlight to operate in a rransmissive rather than a reflective
mode to be useful in most ambient lighting conditions.

In parallel to the early development of LC cell technology and CdSe TFTs, thin film
amorphous silicon (a-Si) was investigated in the 1970s. The rationale behind this
interest was initially not its potential use for LCDs, but rather its promise for low-cost
solar cells. A major developmenr occurred at the University of Dundee in Scotland in
1979, when LeComber et al [8] developed the first TFT with a-Si as the semiconductor
matetial and suggested the active matrix LCD as one of its applications. Interestingly, a
patent on the basic a-3i TFT was never filed, since this work was performed at an

Active Matrix Liquid Crystal Displays

academic institution. The University of Dundee had been a pioneer in the development
and understanding of amorphous silicon materials under the leadership of Professor WE.
Spear and Dre. PG, LeComber. Unfortunately, D LeComber witnessed only the start of
the rremendous growth in AMLCDs hased on a-5i TFTs; he died ar the age of 51 of a
fatal heart atack while vacationing in Switzerland in 1992,

Amorphous silicon can be deposited on low-cost, large-area glass substrates at a
temperacure below 300°C. It was more attractive than the early polycrystalline
technology for active matrix LCDs, which needed much higher process remperatures and
more process steps. A pocker relevision with a-5i TFTs was pur on the marker by
Marsushita in 1984 [9].

Soon after the first TFT LCD wich amorphous silicon TFTs was infroduced, the a-Si TFT
overshadowed poly-3i TFTs as the semiconductor device of choice for AMLCDs, The
first TFT LCDs had a diagonal size of 2-3 in. and were mainly used in small portable
relevisions. The performance of rthe color AMLCD was inirially improved for high-end
applications such as aircraft cockpit displays, In avionics, cost was a secondary concern
and emphasis was placed on the highest passible performance in terms of legibility under
any lighting condirions,

While a market was established, volume production capability was gradually increased at
several Japanese companies. This was accompanied by a scale-up in glass substrate size
from wafer-like sizes to around 3006400 mm. A significant breakthrough oecurred in the
late 1980s, when the first laptop computers with 10-in. diagonal size TFT LCDs were
marketed by several companies, including IBM, NEC, Sharp, Toshiba, and Hivachi. This
scale-up was made possible by the gradual increase in manufacturing yields by process
improvement methods borrowed from the semiconductor industry. Laptop and notebook
computers turned out to be the killer application for active marrix liquid crystal displays.
They addressed the need of rraveling businessmen for lightweight compurers with high
image quality, and thin and low-power flat pancl displays,

By 1996 the manufacruring substrate size had grown o 550%650 mm and many
improvements in processing and materials were implemented. In the mid-1990s Korean
companies started mass production of AMLCD modules, followed a few years later by
massive investments by several companies in Taiwan.

The lare 19905 also witnessed a revival of poly-Si TFT LCDs for small displays. Several
companies succeeded in producing low-temperarure poly-Si TFTs processed at
temperatures below 600°C, compatible with lower-cost glass, The main attraction of
poly-5i TFTs is their higher current-carrying capability, allowing the integration of some
of the drive electronics on the glass.

SAMSUNG, EXH. 1008, P. 8
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Application of 2-5i TFT LCDs in notebook compurers facilitated large investments in
their manufacturing infrastructure. This, in turn, made possible the introduction of space-
and power-saving, (lat-panel deskiop monitors based on AMLCD panels with improved
viewing angles.

Several methods to improve the viewing angle, including compensation films and
different LC modes (in-plane-switching and multi-domain vertical alignment) were
introduced afrer 1995 and implemented in 17-in. and larger monitors. In 2003 TFT
LCDs surpassed CRTs in terms of revenue for computer monitors.

Recent further improvements in brightness, color performance, viewing angle, and
response time have led to the development of LCD television with superior image quality
and progressively larger screens, now well beyond 40 in. in diagonal size. LCD relevision
is the final frontier for the AMLCD and a number of companies have started production
on glass substrates with 1-4 m® size 1o participare in this rapidly growing market.

Another application where AMLCDs have attained a large market share is handheld
devices (i.e., in PDAs, digital cameras, camcorders, and mobile phones), With the
introduction of 3G cellular phone service and built-in cameras, the demand for high-
contrast, video-rate color displays have allowed the AMLCD to replace many of the
pooret-performing passive marrix LCDs.

Parallel to the development of direct-view displays, microdisplays for projection have
been developed since the late 1970s. It was realized early on thar the LCDY is a light valve
thar can act as an elecrronically controlled slide in a slide projector. Business-grade front
projectors appeared on the scene in the early 1990s with three high-resolution poly-Si
TFT LCDs. They are now commonplace in many meering rooms and classrooms across
the world and can weigh less than 3 Ibs. Rearprojection, high-definition relevision based
on reflective microdisplays (liquid crysral on silicon [LCOS]) have enrered the
marketplace as well.

Microdisplays are also used in personal viewers such as viewfinders for digital cameras
and camcorders.

The success of AMLCD technology is the result of many years of close cooperation
among scientists and engineers from different disciplines, They include organic chemists,
physicists, optical, electrical, electronic, mechanical, packaging, and manufacruring
engineers, all supported by increasing revenues from sales of LCDs.

Figure 1.1 illustrares the exponential increase in the total market for AMLCDs. The

development shows a remarkable parallel with the semiconductor industry in the 19805
and 1990s, also indicared in the plot. Soeme fluctuations in the LCD revenue curve can

Active Matrix Liguid Crystal Displays

be attribured to supply-demand cycles. Based on an extrapolation of this plor, the
AMLCD industry will achieve $100 billion in annual revenues around the year 2010,

The market for AMLCDs is wsually subdivided into small displays with a diagonal size of
less than 10 in. {in PDAs, cell phones, digital cameras, camcorders, erc.), medium
displays of 10-20 in. {in notchook computers and desktop monitors), and large displays
exceeding 20 in. (mostly in televisions). Figure 1.2 shows the recent rapid unit growth in
all applications. Although the small displays have the largest unit sales, the larger
displays obviously represent a large part of the rotal revenues.

AMLCDs are also increasingly used in medical, industrial, and rerail applicarions, often
with a touch panel included.

1000 ¢ y
E :
% M E-—-----p e
2 : : i
g | i :
HE B e i
E i — LT rawenue
] 1] 1 1
1987 1997 1997 2002 2007
Year
Figure 1.1: Growth of the semiconductor IC and
LCD market.
000s of AMLCD panels
1,000,000 w1
900,000 _ q
poooo L 1 =
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400,000 £ I I 1 = mLCD Manitors
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100,000 42 : i Bl N
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Figure 1.2: Market forecast for TFT LCDs (courtesy of
Displaysearch).
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The AMLCD manufacturers are supported by a large infrastructure of equipment and
material suppliers, which continue to improve efficiency and reduce cost, They include
color filter, polarizer, and optical film manufacturers, driver 1C and controller 1C vendors,
packaging firms, hacklight manufacrurers, and suppliers of materials such as LC fluids and
alignment layers.

The momentum the LCD industry has gained is difficult w supplant by alternative flat
panel display technologies, even if, on paper, they may have advantages over LCDs.

1.2 Liquid Crystal Properties

After their discovery by Reinitzer in 1888, liquid crystals were, for many decades,
considered interesting only from an academic point of view. Ligquid crystals are an
intermediate phase berween crysralline solids and isotropic liquids, and combine certain
characreristic properties of the crystal structure with those of a deformable Quid, Display
devices utilize both their fluidity and the anisotropy associated with their crystalline
character. The anisotropy causes the dielectric constant and refractive index of the LC
fluid w depend on the orientation of its molecules.

Nematic liquid crystals are commercially the most interesting type. Upon heating, most
crystalline solids undergo a phase transition to an isotropic liquid. The nematic
intermediate phase {mesophase) accurs in certain, mostly organic, substances in a
temperature range hetween the solid and isotropic liquid state. Figure 1.3 shows an
example of the molecular structure of a liquid crystal, p-methoxybenzylidene-p-n-
butylaniline (MBBA), with its nematic temperature range.

The liquid cryseal (LC) molecules are generally elongared in shape and have a length of
around 2 nm. Because of their “cigar” shape they rend to line up more or less parallel to
cach other in the lowest energy state, The average orientation axis along the molecules is
a unit vector n, called the director, Nematic LC molecules are not polar, so there is no
differentiation between n and —n. The dielectric constant and refractive index of the LC
is different along the director and perpendicular to the director, as shown in Fig. 1.4,
giving rise to dielectric and oprical anisotropy, respectively. The dielectric anisotropy

O
"
Figure 1.3: Example of molecular structure

of LG - MBBA, with a nematic range of
21-48°C.

Active Matrix Liquid Crystal Displays

(A} B} €y
Figure 1.4: Orientation of LC molecules in [A)
smectic, (B) nematic, and (C) isotropic phase.

makes it possible to change the orientation of the LC molecules in an electric field,
crucial for application in electro-optical devices. The optical anisotropy leads to
birefringence effects (described later in this chapter) and is essential for the modulation
of polarized light in display aperarion.

In bulk, liquid crystal tends to form microdroplets, Within the droplets there is one
dircetor orientation, but the director can be different for adjacent droplers. Alchough
most high-purity liquid crystals are transparent, this explains the milky appearance of
bulk LC, as scattering of light oceurs at the boundaries of the microdroplets.

When nematic LC is heated beyond a certain temperature, a phase transition occurs to
an isotropic liquid. The nematic-isotropic transition temperature is often referred to as
the clearing point or clearing temperature because of the drastic reducrion in light
scattering that occurs when the fluid no longer consists of microdroplets with different
direcrars. Just below the clearing point, the optical and dielectric anisotropy of the LC
fluid srarts to decline, until ar the clearing point there is a single dielecrric constant and
refractive index in the isotropic state. Abowve the clearing point, the LC fluid no longer
has the desirable oprical and dielecrric anisotropy, and display operation fails.

When the temperature is lowered, the LC fluid undergoes another phase transition from
the nematic to the smeetic phase. In the smectic phase, the LC molecules form a layered
structure and obrain a higher viscosity to become more grease-like. When approaching
the smectic phase, the LC response to an electric field change becomes very sluggish, and
below the transition temperature the display operation fails.

A large variety of nematic liquid crystals has been synthesized over the vears, each with
irs own molecular formula and nemaric remperarure range. For MBBA in the example of
Fig. 1.3, the nemaric range is 21—48°C. This range is too limited for pracrical
applications, Commercial fluids generally consist of a mixture of two or more liquid
crystal components and have a much wider nemaric ranpe.

SAMSUNG, EXH. 1008, P. 10
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Another LC type is the cholesteric (chiral nemaric) phase in which the molecular
interaction causes a helical twist of the director orientation n, as illustrated in Fig, 1.5,
The pitch (p) of the cholesteric phase is defined as the distance over which the director
twists 360 degrees. In display devices hased on the rwisred nemaric effecr, small

concentrations of cholesteric material are usually added o produce a preferred twist sense

in the cell and avoid display artifacrs.

Nematic liquid crystal is a viscous fluid with a viscosity at room temperature abour ten
times higher than thar of water. The viscosity plays an important role in the response
time of LC fluids to electric tields, and a low viscosity is required for displays operating ar
video rates.

The lowest energy stare for bulk nemaric liquid crysral ocours when there is a single direcror
throughout the fluid (ie., when all molecules have the same orientation). The bulk elastic
properties associated with the curvarure of the director n can be described by three elastic
constants. These constants K, | K, and K, quantity the restoring torque opposing splay,
twist, and bend defonmation of the director orientation, respectively (Fig. 1.6),

The constants K, |, K,,. and K, are of the order of 101! N and orders of magnitude
smaller than the elastic constants in a solid-state material. This allows the LC fluid to
readily deform when subjected to an elecrric field, which is essential for display
operation. With increasing temperature, K, |, K, and K, decrease as elasticity weakens,

= LS - L -

oo e o
s LI o
o © O piz
(o T o N

o s

L | | s
Figure 1.5: Gholesteric or chiral nematic phase.
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Figure 1.6: Elastic deformations in LC fluid and their
associated elastic constants.
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In Table 1.1 selected properties of a typical nematic liquid crystal fluid are shown. V| is
the valrage ar which 10% of rransmirrance change is obrained in display operarion.

Table 1.1: Selected properties of a typical nematic liquid crystal mixture for display applications

Paramater Symbol Typical Value Commaents

Clearing point Tew BOC Max. operating temperature

Smectic-Nematic transition | T, —A0G Min. operating temperatura

Optical anisctropy An=m -n | 0.085=1.562-1.477 | Determines optical behavior

Dielectric anisotropy AE =€ -8, 7=10.5-3.5 Determines behaviar in
electric field

Threshold voltage TN cell Voisa 16V Voltage at 10% transmission
in NB mode

Elastic constants [T . 10" Newton Important for response time

Rotational viscosity at 20C | vy, 100 mPa-s Important for response time

For display applications LC is sandwiched in a thin layer of 2-10 gm between two
substrates, usually glass;, which have conducting electrodes on their inner surfaces. Near
the substrate surface the LC molecules can exhibit alignment phenomena, which can be
strengthened by depositing certain organic or inorganic films on the surface and treating
the surface of the film to obtain a preferred orientation of the molecules. These so-called
orienting layers ar alignment layers force the director to assume a single arientation ar
and near the entire surface. The degree of anchoring to the surface is called the
anchoring strength and depends on the orienting layer, its surface treatment, and the
liguid crystal.

Examples of surface alignment are shown in Fig. 1.7, Orientation perpendicular to the
surface is called homeotropic alignment and anchoring of the director parallel to the surface
is called homogeneous alignment, Both types of alignment are used in practical displays.

Alignment layer

(A (B}
Figure 1.7: Homogeneous (A) and homeotropic
(B) surface alignment.
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Another important property of LC fluid, in particular for active macrix displays, is its
resistivity, The LC pixel aets like a capacitance that stores the data voltage loaded once
every frame time. I the pisel capacitance is leaky as a cesult of low resistivity of the LC
fluid, the dara volrage will decay during the frame rime. It is then not possible to obrain a
uniform, consistent, gray scale, A resistivity of 10 Qem or higher is typically required
for active marrix LCDs. The LC material therefore needs to be very pure and not conrain
moisture and ionic contamination, which can reduce irs resistivity.

1.3 Polarization, Dichroism, and Birefringence

Maost LCDs rely on the manipulation of polarized light to generate an image based on
data from an electronic signal source. Before discussing LC modes of operation, it is
therefore useful to address the basics of polarized light and of the optical anisotropy or
bitelringence allowing this manipulation.

MNatural light consists of transverse electromagnetic waves which vibrate in arbiteary
planes and can be described as the sum of two orthogonal waves, A polarizer (P}
transmits only one of the two composing waves in one plane of vibration to obtain
linearly polarized light (see Fig. 1.8}, The intensity (or luminance) of the transmitted
light is not more than 50% of that of the natural incident lighe, When a second polarizer
(A, the analyzer) is placed behind P such thar its plane of vibration is at an angle ¢ with
that of I} the amplitude E, of the wave transmitted through A is

E, = E, cosp, (L1}
where E_is the amplitude of rhe incident wave on A,

Since rthe light intensity is proportional to the square of the amplitude, rthe tramsmitred
light intensity is

Linear LiTl:H_"J'
larizer polanzed
P ligght

Light
Nalural Bropagalion
tight

Figure 1.8: Linear polarization of light.
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T =T, cos’e, (1.2)
where T, is the intensity of rransmitted light through the firsr polarizer.

For crossed ideal polurizers, & = 907 and transmission is zero. For parallel ideal polarizers,
¢ = 0° and transmission is 50%,

Practical polarizers do nort follow Egs. 1.1 and 1.2 exactly. Polarizers used in LCDs
usually consist of stretched polymer films, such as polyvinylacetate (PVA), deped with
iodine or orher specific addirives. The strerching process makes the polymer oprically
anisorropic. The iodine doping causes strong absorption of incident light along the
oprical axis, so thar only one linearly polarized component of the incident light is
transmitred,

The optical absorption along the optical axis is referred to as dichroisin,

Polarizers are characrerized by rheir rransmirtance and depree of polarization (also called
polarization or polarizing efficiency).

The polarization efficiency Eff is defined as

= T T, (13)

where T, is the transmission of two parallel polarizers and T; thie transmission of two
crossed polarizers.
For LCDs using rwo polanzers, one outside each of its glass substrates, the maximum
contrast ratio CR__is limived by the polarization cfficiency of the polarizers:
5 T,

CR.=F- (1.4)
The transmittance of practical single polarizers used in LCDs is typically 40-45%, so rhat
T, = 32-40.5%, and polarizing efficiencies are 99.0-99.9%,
Orher tvpes of polarizarion are circularly and elliptically polarized light. Circularly
polarized light can be thought of as a combination of two linearly polarized light waves
with equal amplitudes but with a phase difference of /2 (90 degrees). In elliptically
polarized light, the amplitudes can be different as well.
All liquid erystal displays urilize the optical anisotropy An = n; — n, of the liquid crystal
fluid, where n | is the refractive index parallel ro the direcror and n, is the refractive
index perpendiculur to the director, The optical anisorropy causes the polarization

12
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components of light to propagarte differently, giving rise to hirefringence, or double
refraction. Birefringence is the key physics phenomenon on which LCD operation is
based, The case with which the director orientation, and therefore the birefringence
effecrs, can he modified in an elecrric field is responsible for the low-voltage and law-
power operation of LCDs.

When natural light enters a slice of LC fluid with uniformly alipned directors (see

Fig. 1.9}, the light will emerge unchanged only if its propagarion direction coincides with
the director orientation. When the light is incident under an angle y with the direcror, it
can be dissecred into two composing linearly polarized waves with different propagation
velocities. The first one is called the ordinary wave and ir oscillates perpendicular 1o the
plane formed by the director and the propagation direction. The ordinary wave propagates
independent of w with velocity ¢fn, where ¢ is the speed of light in vacuum and n, is the
refracrive index for the ordinary wave. In the LC fluid, n, = n, . The other companent is
called the extraordinary wave and iv oscillates in the plane formed by the director and the
propagation direction, lts relractive index n_ varies between ny, and n,, depending on the
angle y between the director and the propagation direction. Its velocity is ¢/n,. For w = 0
and 907, the refractive index n_ is equal to n, and n,, respectively.

The two components will propagate differently and will emerge from the LC slice with a
phase change ® with respect to each other:

o= 2Mn—nM (1.5)

where d is the thickness of the LC slice and A is the wavelength of the light,

Since the incident natural light has o random distribution of polarization directions,
the exiting light will also be randomly polarized. However, when the light entering
the LC layer is polarized perpendicularly to the plane of Fig. 1.9, only the ordinary
wave is propagated and the LC cell is said to be operating in the o-mode. When the

Cudinary wave. n,

: P Waﬂaﬁan direction
Eﬂ{ED{dil’lE.l}' wave: a,

Figure 1.9: Decomposition of light into ordinary and
extraordinary components, which causes birefringence in
optically anisotropic media.
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light entering the LC layer is polarized paralle] ro the plane of Fig. 1.9, only the exrra-
ordinary wave is propagated and the LC cell is said to be operating in the e-mode.

As an example of how the polarization of light is changed by the LC layer, consider
linearly polarized light with wavelengrth A perpendicularly entering an LC layer with
uniform, homogeneous alignment (y = 90%) and thickness d = 1/4 AAn. In this case

n_ =n, and the LC slice acts, for all practical purposes, as a quarter-wavelength plate:
when the polarizarion angle is at 45 degrees with the plane of Fig. 1.9, it converts linearly
polarized light into circularly polarized light, because one of the two composing waves is
retarded by @ = 90° (see Eq. 1.5). However, when the orientation of the LC fluid could
be changed o homeotropic (y = 07) by applying an electric field, the emerging light
would remain unchanged and linearly polarized. This example shows the peneral
principle of modifying the orientation of the LC optical axis (the direcror) by electric
fields in order to manipulate the polarization of light. Pracrical LCDs urilize variations an
this basic concept.

1.4 The Twisted Nematic Cell

LCDs are nonemissive (i.e., they need some external lighting source to generate an
image). This can be ambient lighting in the case of the reflective display in a calculator,
or a backlight in the case of a transmissive display in a notebook computer, The electro-
optical behavior of the liquid crystal layer modulates the light from the external light
source to form an image or pattern corresponding to the electronic data signal
information supplied to the display pixels.

The rwisted nematic (TN) mode of operation, which forms the basis of many pracrical

LCDs, was first described by Schadr and Helfrich [2] and Fergason [3] in 1971.

The TN cell basically consists of two glass plates with transparent conductive electrodes
patterned on their inner surfaces. A thin LC layer with thickness d = 4—10 pm is
sandwiched berween the conductive elecrrodes, as shown in Fig, 110, Light enters the
LC cell after first passing through a linear polarizer attached to the outside of the display
glass, The cell shown in the figure operates in the e-mode, since the polarization
ditection and the direcror orientation coincide.

At the surface of the conductive electrodes, alignment layers ensure the proper orientarion
of the LC molecules so as to abtain a 90-degree twist. [n the relaxed state, withour applied
field, the 90-degree rwist of the LC direcror results in a 90-degree roration of the
polarization direction in the LC cell, in a waveguiding fashion, It can be shown [10] tha
the light emerges from the cell almost perfectly linearly polarized if the condirion An.d ==
0.5 & is satistfied, where & is the wavelengrh of the light,
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elecirode

A— Polarizer film

Mormally-on mode

Figure 1.10: Operation of twisted nematic (TN) LC cell.

The second linear polarizer outside the second glass substrate is oriented perpendicular o
the first one and will therefore transmit the light. This is called the normally white or
normully on mode, since light is transmitted when no voltage is applied to the cell.

The TN effect uses LC fluids with a positive dielectric anisotropy. As a result, the lowest
energy state in an electric field occurs when the director is parallel to the electric field
direction. When a volrage larger than V.. is applied across the LC, the LC molecules will
start deviating from their quiescent state in response to the electric field and the direcror
will tend to line up along the field direction perpendicular to the glass surfaces, This
happens inirially in the center of the cell farthest away from rthe transparenr elecrrodes.
Ar the glass surfaces the LC molecules remain parallel wo the electrodes. The angle of the
director along the z direction is called the director profile. With increasing voltage, more
molecules will align parallel to rhe field. At sufficiently high voltage, the owist is
removed and the LC will no longer rotate the polarization direction, so that the exit
polarizer now blacks the light. The threshold volrage V7 is defined as the volrage ar
which the LC molecules stare rilting and is different from V', | in Table L1V, can be
approximared by

Vemrt f o (16)

It is important to note that in the TN cell, V., and the entire transmission-voltage curve
is, in this first approximation, independent of the cell gap d. In manufacturing, this
allows some variation in the cell gap, controlled by spacers, without affecting the gray
scale behavior. Such tolerances aid in achieving a high manufacturing vield. The
physical reason behind the independence of cell gap can be intuitively grasped: with an
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increase in cell gap, the elecrric field causing the LC molecules to line up perpendicular
to the plass surfuces is reduced. On the other hand, the influence of the anchoring
l‘UTL'L' L 1{‘_‘\:[.‘ l.[l\.: LC ljil'{.'L'LUI pﬂr'dlli.‘l Lo ]JIL' gl'r.in‘.i.‘.i bUrr{iL'L'& is l'l."'dLlL'L"d as “'L'll- Thi_'til_‘ L
forces cancel each orher our, as can be mathemarically proven, so thar the LC director
profile is independent of cell gap at a fixed volwage, even though the electric field
varies.

When the second polarizer is parallel ro the first one, light is blocked in the relaxed (zero
voltage) state and transmitted with 4 V applied (the normally black mode). At
intermediate voltage levels, a continuous gray scale can be achieved. In Fig. 1.11 the
transmission-voltage curves of the TN cell are shown for the normally white and
normally black mode.

The LC cell is operated with an AC square wave voltage without a DX component in
order to prevent elecrrochemical degradarion of the LT cell strucrure. DC components in
excess of abour 30 mV can cause charping of the alignmenr laver by residual ions in the
LC fluid, leading to image retention and other problems in displays. When a periodic
waveform V(t} wirh sufficient frequency is applied ro the cell, the rransmission curve
depends on the root-mean-square voltage V. of the wavefonm

i

Transmission

Voltage (V)

Figure 1.11: Transmittance-voltage curve for TN cell in normally
white and normally black mode.
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T

1 Tes

Voo [ [V () (L.7)
where T, is the period of the waveform, in displays rwice the frame period. In the case
of a pure AC square wave voltage with amplitude +< V.

mmpt

V.=V (1.8)

Since the LC molecules are not polar, their orientation does not change when the
polarity of the voltage is reversed. In other words, changing rapidly from positive applied
volrage to negative applied voltage of the same magnitude at a normal display refresh rate
of, for example, 60 Hz has no effect on rhe direcror profile. When there are shorr
transient voltages of less than | msee applied to the LC layer, the LC response time is
usually too slow to react. They normally do nor affect rhe transmission, as long as the
RMS volrage does nor change sigmificantly.

The TN mode of operation was offered as an example 1o show how an electric lield can
change the orientarion of the LT molecules and, rherefore, the polarization direcrion
and transmission in the cell. There are numerous other LC modes of operation, some
of which lead to displays with better viewing angle characteristics. They include the
in-plane-switching and vertical-alignment modes, to be deseribed in Chaprer 6.

1.5 Limitations of Passive Matrix Addressing

In small LCDs with limited alphanumerical information, such as calculator and
electronic watch displays, the transparent ITO electrodes are patterned into segments, as
shown in Fig. 1.12. Each segment is individually addressed by rthe electronics. This
approach is practicul only for low information content displays,

To obtain LCDs with more picture elements {or pixels), a matrix approach is used. In
passive matrix LCDs, the conductive transparent elecrrodes are patterned as stripes
perpendicular to each other on the two opposing substrates (Fig, 1.13). This allows a dot
matrix with M rows and N columns (i.e., MxN pixels), ro be addressed by M+N external
connections. The price to pay for this approach is that the voltage across each pixel is no
longer independently controlled. At any rime, only one row of pixels is selecred and
receives data from the column drivers. The data information supplied to the other rows
of pixels can, however, modify the average voltage on the pixel.

Dot matrix displays with a one-line-at-a-rime driving method, called mulriplexing, were
developed in the early 1980s. As the number of lines increased, the contrast ravio suffered
as a resulr of the gradual rransmission-volrage curve of the 90-degree TN cell. Alr and
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Figure 1.12: Segmented addressing in an
alphanumeric display with two digits and seven
segments per digit.

ala elecirodes

Saolecl elecirodes

- . _--._-_,_ —

I I | ) I I B |
Figure 1.13: Passive matrix
addressing.

Pleshko [11] formulated the limits of multiplexing in RMS responding displays. They
calculated the optimum volrage ratio berween the ON and OFF state as a funcrion of the
number of multiplexed lines N:

Ve J’N +1
T te— 1.9
Ve [VN-=1 (=

In Fig. 1.14 the Alt—Pleshko equation is graphically represented. In a one-line-at-a-time
multiplexing scheme, the volrage margin berween the ON and OFF stare decreases as the
number of rows increases, It results in a reduced conerast ratio unless an LC mode with a
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Itage margin Von/Vofl
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1] 20 Aag -] BO 100
Number of scanned rows N

Figure 1.14: Graphical presentation of the
Alt-Pleshko equation showing the reduction
in contrast ratio with an increase in number
of select lines.

very steep transmission-voltage curve is employed, This prompted the development of
the super-twisted nematic (STN) cell, which has approximately 270 degrees of twist of
the LC layer. It has a much steeper curve, so that a larger contrast ratio T[T . can be
obtained, even when V[V . is reduced (see Fig. 1.15).

In the lare 1980s, STN LCDs were developed. Contrast ratios exceeding 50 have been
achieved in 200- to 600-line STN displays. [n the higher-resolution displays, such as
SVGA types with 600=800 pixels, STN displays are used in a dual scan mode. By
dividing the screen in two halves with cach half having its own set of data drivers, only
300 lines need ro he mulriplexed in dual scan STN displays. Mulri-line addressing

schemes, in which more than one line is selected at a time in STN LCDs, have also been

developed; they further improve the contrast ratio and maximum number of addressable
rows in passive matrix displays.

Although dual scan STN displays have been applied in early notebook computers, their
response time and contrast ratio are relatively poor in comparison with CRTs and active
matrix LCDs, precluding high image quality. They are no longer used in laptop displays.
The best solution to obrain a high quality, high information content LCD is to add a
switch at each pixel and control voltage independently at each pixel to obrain the
intended gray level. This emulares a direct-driven pixel and is called active marrix
addressing, the subject of rthe remainder of rhis book.
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The three methods ro address LCDs (direcr, passive marrix, and active marrix) are lisred
in Tuble 1.2 with examples of applications, For all displays with higher information
content, a matrix addressing scheme s required o limit the number of interconnects.

50 T

45% =ram=mrene-—
Tl STN)

L e e & -E---------!

35% : s amantmss 4: --------- 1
Tonl TN)

| e b ¢ e e S e |

z ! .
25% | 1

8 : !

L ; . b s Sami |
L e e e S e |
18 i Yoo g T (TN) [
- el rnea

Ty (STN)
o . |
o 1 2 3 4 ]

Voltage (V)

Figure 1.15: Transmittance voltage curve of a TN cell showing the
reduction in contrast ratio T_/T _, for reduced voltage margin V_ /V_ . For
the STN curve, contrast Is much better.

Table 1.2: Addressing methods for LCDs

LCD Type Addressing Method Number of Interconnects | Examples
Segmented Direct drive One par segment Watch, calculator
Passive matrix | Multiplexing one row M+ M for M = N matrix PDAs, cell phones,
at a time early notebooks
Active matrix Switch at each pixel— | M + N far M x N matrix Motebooks, flat panel
one row at a time rmonitors, LCD TV
20
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CHAPTER

Operating Principles of Active Matrix LCDs

2.1 The Case for Active Matrix

Passive matrix LCDs are relatively easy to manufacture and do not require very large
investments, An active matrix LCD, on the other hand, consists of thin film
semiconducror circuirry on a glass substrare and shares some of the manufacruring
complexity of integrated circuits on semiconductor wafers,

The efficient production of active matrix LCDs requires large capital invesumnents ac the
same level of wafer fabs for IC manufacturing. The incentive for an LCD producer to
make this investment rather than sticking with passive matrix LCDs is simple: image
quality, including resolution, maximum size, contrast ratic, viewing angle, gray scale, and
video performance is much better in AMLCDs than in passive matrix LCDs, The
resolution limiration of the passive marrix was addressed in the previous chaprer.
Another drawback of passive matrix addressing is that the capacitance of the select and
dara buslines increases with the square of the diagonal size of the LCI. Since the
buslines in passive matrix LCDs consist of rransparent conductors with relatively high
resistance, the RC delays and power consumption in large passive LCDs become
unmanageable.

By adding a semiconductor switch ar each pixel, the drawhacks of multiplexing in a
passive matrix are eliminated. In the active matrix configuration, the voltage at cach
pixel and therefore its transmission and gray level can be accurately controlled.

A conventional semiconductor process on crystalline Si wafers could, in principle, be
used for AMLCDs. In fact, this has been successful in reflective microdisplays for
projection and personal viewers and is commonly referred to as liquid crystal on silicon
(LCOS).

For larger displays, however, several factars preclude the use of crystalline silicon. First, ic
is opaque for visible light and is therefore not compatible with transmissive, backlit
displays such as used in notebooks ar desktop maonitors. Secondly, processed silicon wafers
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have a limited size (not exceeding 12 in.) and are too expensive. In the semiconducior
industry there is a constant push tor smaller and more compact circuitry by reducing
design rules, which is not needed for AMLCLY fabrication.

In an AMLCID most of the viewing area consists of the transparent pixel electrodes. The
semiconductor switch and address lines cover only a small fraction of the pixel arca,
There is no strong incentive to move to advanced submicron design rules since, for large
displays with larger pixels, most features actually become larger. In other words, apart
from the need for transparent substrates, the use of crystalline wafers would be overkill
for the simple circuitry required in most AMLCDs.

Thin film processing has come to the rescue; it allows simple circuitry to be
manufactured on large glass substrares with relarively modest design rules and an
acceptable, reduced number of process steps.

I terms of operation, the AMLCD is comparable w dynamic random access memory
{DRAM). Like the DRAM, the AMLCI? consists of arrays of cells in which a voltage is
stored. In the case of most LCDs this is not a digital voltage, bur an analog voltage to
represent different gray levels.

The business madel for AMLCD manufacrurers also shows some resemblance ro thar of
memory manufacturers. To a large degree, both products have become commodities with
constant price pressure and their markets are cyclical in the sense that there are periods
of excess supply and excess demand.

2.2 Requirements for Active Matrix Switching Devices

The LC pixel in an LCD can, for all pracrical purposes, be reated s a low-leakage
capacitor. This capacirance needs to be charged from rhe dara volrage ar one polarity to
the data voltage of opposite polarity during cach refresh cycle to obtain an AC voltage
without a DC component across the LC pixel. In static images the amplitude of the data
volrage across the LC pixels remains constant; only their polarity will change in every
frame 1o prevent degradation of the LC cell. When the displayed information changes
{as in video displays with moving images), the amplitude may change as well, so that the
gray level can be varied according to the image darta,

In Fig. 2.1 the geometry of the LC capacitance C, . for the pixel is shown. It is given by
the equation

_e gl

Cr.-: d 1 (2.1)
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T
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Prlarizer
Figure 2.1: Geametry of the LG pixel
capacitance,

where £ is the permitrivity constant in vacuum, g is the dielectric constane of the LC
material, w and [ are the side dimensions of the pixel elecrrode, and d is the LC layer
thickness {also called the LC cell gap). Since the LT dielectric constant depends on the
orientation of the molecules, the LC pixel capacitance varies significantly with applied
voleage.

For example, in a TN cell that uses LC fluid with a positive dielectric anisotropy, the L

director will be perpendicular to the electric field berween the pixel electrodes for
applied voltages below the threshold. Then, £ should be substituted for g, - in Eq. 2.1.

When 5-10 V AC is applied so that the LC molecules will line up along the electric field
direction, £, shonld be substitured in Eq. 2.1. As a result, the capacitance can increase by
a factor of two to three, For mtermediare applied voltages there is a continuous variation
of the effecrive dielectric constant of the LC layer from £, to . LC pixel capacitances
in practical LCDs are typically 1 pF or less,

Figure 2.2 shows the circuit of four pixels in a passive matrix LCD. The solid lines
represent the circuitry on one substrate, while the dotted lines represent the circuitry

on the opposite substrate, In the passive matrix LCD, the LC pixel capacitors are

simply formed where the striped transparent elecrrodes intersect (see also Fig. 1.13 in
Chapter 1). The select and data lines are on opposite substrates,

I a TFT-based AMLCD (Fig. 2.3), both select and data lines are on the active marrix
substrate, along with the pixel electrode and storage capacitor. The counrer-electrode of
cach LC pixel capacitor, indicated by the dotted line, is a single common transparent
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Figure 2.2: Circuit diagram for four
pixels in a passive matrix LCD.
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Figure 2.3: Circuit diagram for four pixels
in an active matrix LCD.

elecrrode on the opposite substrate (which usually also has color filvers). This common
electrade is shared by all pixels in the array.

Atter the LT pixel capacitance is charged up to the dara volrage, the TFT is swirched
OFF and the pixel elecirode on the active array is lloating. The pixel capacitor should
retain its dara voltage for the remainder of the frame time until the next address time. As
discussed in Sec. 1.2 in Chapter 1, the LC {luid needs to have a high resistivity to
prevent leakage currents. The capacity ro rerain charge is often expressed in the volrage
holding ratio (VHR), which is defined as

VHR= ‘}‘;—. (2.2)

7 [ Vi dr, (2.3)

V“'_

where jn/'m“ is the RMS voltage, me is the peak voltage of the LC pixel waveform, and T,
is the frame time, as shown in Fig. 2.4
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In addition to the LC pixel capacitance, most AMLCDs also have an auxiliary storage
capacitance connected in parallel o the LC capacitance (as shown in Fig, 2.3), The
storage capacitor uses 4 thin (il dielectric with negligible leakage current and is
capacitance value is voltage-independent. Therefore, the srorape capaciror acrs as a buffer
w suppress the undesirable voluage dependence and potential leakage current in the LC
capacitance. With a storage capacitor at each pixel it is easier to control the RMS
voltage on the pixel and therefore its gray level.

In Fig. 2.5 the generic, basic circuit for the switch at each pixel is shown. When one row is
selected, all the switches on that row are tumed ON and the data volrages are mransferred to
the pixel electrodes. [deally, the ON resistance of the switch is zero and the OFF resistance is
infinite. In pracrice, the requirements can be much relaxed. In a display with N rows and a
refresh rate of 60 Hz, the frame time T 10 refresh the entire display will be 16.6 msec and
the line rime T, to address one row will be T, /N or less. Tn the case of an XGA display
with 768 rows, this trunslates into a maximum line time of 21 psec to select one row,

The ON current | of the switch should be sufficient to fully discharge the LC pixel
eapacitance and charge it to the apposite polarity voltage V during the line time. This
leads o

HC+CL)V,

1= —m‘r:}-"———-‘ (2.4)

i Vi
T ;— Vims.
Vil
t
Thame

Figure 2.4: Voltage across LC versus time.

Al

Figure 2.5: Basic switch
configuration in an AMLCD pixel.
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The OFF current Inﬁ should be low enough o rerain the charge on the pixel during the
frame time
(O, + 0 ) AV

= (2.5)
where AV is the maximum rolerable voltage loss from the pixel capacitance during the
frame time.
When realistic values for a 15-in. XGA display are substituted in Egs. 2.4 and 2.5,
C,=03pEC, =03 pF and AV = 20 mV, we get

Tom=lpA and [ ;< 0.5pA. (2.6)
In other words, the ONJOFF current ratio has to exceed six orders of magnitude. The
current levels are quite low and can be achieved by rransistors using thin film
semiconductors such as amorphous silicon (a-5i).
Since the pixels do not draw a current after being charged up during cach refresh cycle,
the power consumprtion in the LCD irself is low. Most of rhe power consumprion in

transmissive LCDs is usually in the backlight.

Active matrix LCDs can be classified into direct-view displays and light valves (Fig. 2.6).
Light valves or microdisplays are used for projection applications and as personal viewers
and viewfinders. Microdisplays can be transmissive or reflective. Transmissive types use
high-remperature poly-Si TFTs, while reflecrive types employ crystalline Si circuirry.
Diirect-view displays can be further categorized according to the type of switch used at
each pixel. The vast majority of AMLCDs on the market use a-58i or poly-Si thin film
Transistors (TFTs). Table 2.1 lists some of the pertinent properties of the various

— a5 TFT LED
Low-T -5i TFT LCD
Dvecvon s
[transmissive or reflective) MM diode LCD

Figure 2.8: Classification of active matrix LCDs.
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Table 2.1: Different types of switches for AMLCDs and their main applications

Highest
Maobility processing

Switching device (em®Vsec)' | temperaturet Major applications

a-5i TFT 0.3-1 - 300°C (glass) Motebooks, flat pansl monitors,
LCD Tvs

H_igI_1—‘I' p_o_ly-S'r TFT TDD_—G!:!EI - ‘IUﬂG_‘C n[quaﬂ._z] __Pr_n|9c1jnr_1 I_ighl_ yq!ms. _yiaw_findars

Low-T poly-Si TFT 10-200 ~ 500°C (glass) FDAs, notebooks, projection light
valves, viewfinders

Crystalline Si MOSFET | 400 - 1100°C (C-Si) Projection lght valves, viewfinders

Thin film diode | « 300°C (glass) Handheld devices

* Mability Saterminas ha patential 10 IMeqrate pariphensl elecironics.
| Highest processng temparature delennines subsirae chaics.

switches, along with display applicarions in which they are common, The field effect
mobility of the TFT (mostly a semiconductor muterial property) determines the
feasibility of designing row and column drivers directly on the glass for a more integrared
solution. The highest process temperature determines the vype of substrare. For
processing below 600°C, low-cost glass substrates can be used. If thete is any process step
exceeding 1000°C, as in high-temperature poly-Si LCDs, the substrate will be expensive
quartz. High-temperature poly-Si TFTs are therefore used only in small displays for
projection systems.

Amorphous silicon TFTs have become dominant in large-area displays such as those used
in notebook compurers, flar panel desktop monitors, and LCD relevisions. Low-
temperature poly-Si-hased LCDs are somewhat less common and are mostly applied in
smaller devices, including mobile phones, PDAs, and projection light valves, where their
higher processing cost is offser by inregrarion of some of the peripheral electronics on the
display glass,

Thin film diodes wich ON and OFF currents satisfying Egs. 2.2 and 2.3 are suitable for
LCDs as well. Thus far they have mostly been applied in displays with a limited number
of gray levels, such as cell phones.

2.3 The Thin Film Transistor

Thin film transistors (TFTs) are cousins of the transistors used in semiconductor chips. In
terms of switching speed and operating voltage, they are inferior to stare-of-the-art MOS
transistors in crystalline Si. However, they are quite adequate as a simple ON/OFF pixel

Active Matrix Liquid Crystal Displays

switch in AMLCDs with a 60-H: refresh rate. In Fig. 2.7 the top view and cross secrion
of a basic TFT are depicted. The TFT has three terminals: the gate, source, and drain,
The gate is separated from the semiconductor film by a gace insulator layer, and the
source and drain make contact to the semiconductor. One type of TFT, the N-channel
TFT, operates similarly o a field-effeat N-channel metal oxide semiconductor (NMOS)
transistor in crystalline silicon. It is switched ON by applying a positive voltage on the
gate. The insulator acts like a capacitor dielectric, so that in the semiconductor channel
an opposing negative charge is induced (see Fig. 2.8). This negarive charge creates a
conducrive channel for electrons flowing from the source to the drain. The magnitude of
the current depends on the dimensions of the conductive channel (the channel length L
and the channel width W), on the capacitance of the gate insulator per unit area (3*. on
the properties of the semiconductor filn, and on the applied gate voltage, Whena
negarive volrage is applied ro rhe pare, rthe channel is deplered of elecrrons and negligible
current flows,

Cate
Drain
Source W
L
Channe
[/ Glass}, ]
Gk insulator Semiconductor

Figure 2.7: Top view and cross
section of basic TFT.

Conductive channel

+ue

Figure 2.8: Conductive channel formation
and current flow in TFT.
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The ON current I of the TFT can be described, in a first approximation, by the same
equations used for traditional NMOS transistors in crystalline Si [1]:

I= u(-‘.% ViV~ V- 0.5V, ) for V. V.- V, (2.7)
I= u(f_.% V(V.- Vo) for V> V.- V. (2.8)

Here w is the field effect mobility of the thin film semiconductor, a material property, and
V, is the TFT threshold voltage, which depends on hath the semiconductor and the gate
insulator, and on their interface.

Equations (2.7) and {2.8) describe, respectively, the linear and saturation regimes of
operation for the TFT, as illustrated in Fig. 2.9,

In the ON state of the TFT, when a data voltage is applied to the source, the drain with
the LC load capacirance will charge up to the same valrage, thereby transferring the dara

1E-05
= 1E08
1E-07
1E-08
1E-08

Vgg= 0.1Y

1E-10

1E:11

1E-12 WIL = 15uEum
@T =200

Drain-to-source current

1E-13

1E-14
-10 -5 [ -] 10Q 15 20

Gate-to-source voltage (V)

—_—l = 1) |

Drain-source current (LLA)
o

o0
1]
Draln-source voltage (V)
Figure 2.9: Current-voltage characteristics of a-8i
TFT.
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signal from rhe data line to the pixel electrode. The TFT is turned OFF when applying a
negative voltage to the gate, Since in the N-channel TFT the source and drain contaces
block the injection of positive charge carriers (holes), there will be negligible current
flow in the OFF state.

Similar equations and considerations apply w P-channel TFT, in which charge transport
is by holes. They are switched ON by a negative gate voltage and switched off by a
positive gate voltage.

Many TFTs are of the staggered type, in which the source and the drain have an overlap
region with the gate {as shown in Fig. 2.7). The overlap causes a parasitic capacitance
that can have an impact on display performance unless the pixel is addressed by an
appropriate drive scheme.

The earliest TFTs for LCDs used CdSe semiconductor thin films. Since CdSe is nor a
standlard material in the semiconductor industry, special deposition and erching processes
needed to be developed to huild CdSe-based TFT LCDs. Although CdSe TFTs showed
godd performance in AMLCDS, they have never been able to overcome the drawbacks
of not being mainstream. They are now relegated to small research efforts.

2.4 Thin Film Silicon Properties

Silicon is a very familiar marerial in the semiconductor industry and is therefore the
preferred choice for use in AMLCDs. Thin films of silicon on glass are, however, inferior
in quality to crystalline silicon. This is illustrated in Fig. 2.10, where the atomic structure
of ¢-8i, p-5i and a-Si are schemarically compared. In ¢-Si, the i atoms are all four-fold
coordinated and constitute a perfect erystal lattice with long-range order of the Si atom

o = Siatom
= =Halom

L Crain
G poundary
Mobility = 500 Bodility = 10-400 Mobsity = 0.3-1
() (B) ()

Figure 2.10: Atomic structure of crystalline silicon
(&), poly-crystalliine silicon (B) and amorphous
silicon (C).
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positions. As a resulr, electrons and holes can flow with high velociries v and v when
an electric field E is applied:

v= i Eand v = E (2.9}

The values of the mobilities 1, for electrons and 1, exceed 500 cm?/Vsec in crystalline
silicon.

Low-temperature poly-Si thin films are first deposited as amorphous films, and then
crystallized by laser annealing or thermal annealing. The annealing remperature cannor
exceed 600°C when low-cost glass substrates are used. Sometimes seed materials such as
Ni or preferential crystal growth from certain locations are used. The quality of poly-5i
varies greatly depending on deposition and crystallization methods, but invariably it has
grain bhoundaries that reduce the maobility by crearing barriers far the flow of electrons
and holes (see Fig. 2.10B). Some improvement can be obtained by passivating the grain
boundaries with hydrogen in a post-hydrogenation step. The grain size is important in
determining TFT characteristics. Preferably, to maximize the mohility, there are no grain
boundaries in the channel area of the TFT. A number of techniques have been
developed to crystallize the silicon films, including excimer laser annealing (ELA),

solid phase crystallization (SPC), sequential lateral solidification (SLS), and metal-
induced lateral crystallization (MILC). They result in TFTs with mobilities ranging from
10400 em?*/Vsec, the electron mobility ofren being higher than the hole mobiliry.

The concept of hydrogenation is important in amorphous silicon as well. The structure of
amarphous silicon is more irregular, so thart there is no long-range order and no crystal
lattice, Nonetheless, since amorphous silicon films are deposited from the decomposition
of SiH, gas, 5-10% hydragen is auromarically builr in during film growrh. The hydrogen
acts ro rerminare dangling bonds in the loose a-5i nerwork (Fig. 2.10C) and is essential
o improve its electronic properties. The type of a-5i wsed in TFT LCDs is therefore often
referred to as hydrogenared amorphous silicon or a-Si:H. The electron field effece
mobility is only 0.3-1 cm?/Vsec in a-Si, but is adequate for pixel switches in TFT LCDs,
The hole mobility is much lower, so that practical p-type TFTs are impossible in a-5i.

Hydrogenated amorphous silicon, as used in LCDs, is a reddish-colored thin film with a
thickness between 30 and 200 nm. It can be readily deposited on large glass surlaces by
plasma-enhanced chemical vapor deposition. Some of its properties are listed in Table
2.2 It has a band gap of 1.7 €V, (considerably larger than crystalline and poly-crystalline
Si [1.1 eV]), a very low dark conductivity, and high phoroconducrivity. The low dark
conductivity makes it relatively easy o obtain a low OFF current in the TFT, The

high photoconductiviry is an undesirable property of a-5i, since it can cause unwanted
phoro-leakage currents in the TFT. To prevent photo-leakage, the a-Si channel in TFTs
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Table 2.2: Some properties of a-5i films

a-5i film property Typical value Unit

Hydrogen content 510 Y

Dark conductivity intrinsic film 10 1-qp® {Qem)
i ik 1o=10

0
Energy gap 1_?5 )
Figld effect mobility 0.31.0

is sandwiched berween opaque layers to shield ir as complerely as possible from harh
ambient light and backlight in the LCD,

Amorphous silicon can be easily doped in the gas phase during depasirion, ro obrain n-
type or p-type films with many orders of magnirude higher conducriviry than undoped
films. N-type films are used as convact layers w the source and drain of the TFT. The
field effect mobility, which is important for the ON current of the TFT (see Egs. 2.5 and
2.6}, is only 0.3-1 em*/Vsec and much lower than that of ¢-Si (300-1000 cm?/Vsec).
Amorphous silicon is therefore used primarily in circuits with relatively low switching
speeds (ie., as the pixel switches in AMLCDs).

25 Amorphous Silicon TFTs

Amorphous silicon TFTs have been dominant in notebook and deskrop moniror LCDs
and in LCD televisions, as a result of their relatively easy processing on very large glass
substrates and a limired number of process steps. Amorphous silicon TFTs are N-channel
enhuncement-type field-effect trunsistors. As mentioned in the previous section, the
electranic properties of a-5i do nat allow the fabricarion of high-quality p-type TFTs.
P-channel 4-5i TFTs cannot be made sufficiently conductive to get acceptable ON
current for application in displays.

Three different rypes of a-Si TFTs are shown in Fig. 2.11. The back-channel-erched
{BCE) inverted staggered TFT is the most commonly used; it has good performance and
a relarively straightforward manufacturing process. Another type is the trilayer (or etch-
stopper) TFT. Both the BCE and the trilayer TFT have a bottom gave. The intrinsic a-Si
layer on top of the silicon-nitride gate insulator forms the channel.

The source and drain elecrrodes have an overlap region with the gare and make conracr
to the a-5i layer via a heavily doped thin n-type a-5i interface layer. The purpose of this
a-5i n' layer is rwofold: i acrs as a low-resisrance ohmic conracr for elecrrons o
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Figure 2.11: Three types of a-5i TFTs:
(A) back-channel-atched TFT, (B) etch-

stopper or trilayer TFT, and (C) top-gate
TFT.

maximize the ON current, and in the OFF state it blocks the injection of holes into the
intrinsic i-layer to minimize the leakage current. Since rhe n' layer is conducrive, it needs to
be removed from the channel area to obeain a low OFF current. This is done by a back-erch
aftet the source and drain electrodes are patterned—hence, the name back-channel-etched
TFT. The back-eteh process is quite critical and needs to be uniform across the entire
manufacturing substrate. Since it is difficult to obtain significantly different etch rates for the
a-5i n* layer and the undoped intrinsic layer {i-layer), good process control is required to
completely remove the n* layer from the channel without etching through the i-layer.

In the trilayer ot erch-stopper TFT (Fig. 2.11B), the n* back-erch is less critical, since
there is an extra silicon-nitride etch stopper layer on top of the channel. The etch
stopper is deposited and parterned hefore the n* contact layer. Amarphous silicon and
silicon-nitride can be selecrively erched in dry and wer etch systems. During the back-
cteh of the o layer there is much better etch selectivity possible against the silicon-
nirride erch stopper layer, enhancing the process laritude. The rrilayer TFT also has a
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thinner i-laver, which can suppress phoro-leakage currents in the TFT. The major
drawback of the trilayer TFT is that it requires an extra deposition and parterning step.
The rop-gate u-5i TFT (Fig. 2.11C) is less common, In this configuration the source and
drain elecrrodes are deposited and patterned first, followed by the a-5i layer. The gare
insulator (usually silicon-nitride) needs w be deposited on wp of the 2-5i layer, which
usually leads to somewhat lower-performance TFTs in terms of ON current. To suppress
photo-leakage currents, a light shield needs to be deposited and parterned prior to the actual
TFT process. It is separated from the TFT by an exrra insulator layer. The extra processing
required for the light shield and the insularor make the top-gate TFT less artracrive.

Amorphous silicon is not a very stable material and its structure can be modified by
strong illuminarion or by injecrion of charpe carriers. In addirion, the interface berween
amorphous silicon and the gate insulator (e.g., silicon-nitride) can accumulare charge
during operation of the TFT. As a result of this charge trapping, the threshold of the a-5i
TFT can shifr over rime. This effect has been srudied in derail, since it can have a
bearing on the lifetime of a TFT LCLD, The threshold shift versus time can be expressed
by the following equation:

AV, =(V,- v,‘)*{%]a. (2.10)

where B and T are constants that can depend on temperature and the quality of the a-Si
and a-5i/SiN interface.

The measurement results of threshold shift in non-optimized 4-Si TFTs are shown in
Fig. 2.12.

Forrunately, the threshold shifts are of opposite polarity during the ON rime and the OFF
time of the a-5i TFT, so that partial cancellation of the threshold shift occurs. The TFT
in an AMLCD functions as an ONJOFF switch to load the pixel data on the pixel
capacitor, Therefore, some variation of the TFT threshold across the area is acceprable,
as long as the drive scheme can accommadate the variation. It also helps that for a few
microseconds afrer switching ON an a-5i TFT, a mransient current occurs that is about 2x
higher than the steady-state current. The bottom line is that a-3i TFT threshold shifts
have been proven to be small enough to nor affect the lifetime of well-designed
AMLCDs for up to 50,000 hours,

2.6 Poly-Silicon TFTs

Poly-silicon TFTs (Fig. 2.13) can be subdivided into the high-temperature variety (buil
on quartz) and the low-remperature rype (built on low-cost glass). High-remperarure
poly-5i TFTs are manufactured wirh a process thar is very similar ro semiconducror
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Figure 2.13: Cross section of poly-Si TFT.

37

Active Matrix Liquid Crystal Displays

processing, with thermally grown oxides, ion implantation, and other steps familiar in
semiconductor fabrication. Low-temperature poly-5i TFTs can be produced on Large glass
substrates with specially developed laser erystallization, ion doping, and gate oxide
depasition sreps.

With both high- and low-temperature poly-5i, N-channel or P-channel devices can be
built so that low-power CMOS circuitry may be integrated along the periphery of the
display. The current-voltage characteristics of a-Si and poly-Si TFTs (Fig. 2.14) underscore
the difference in mobility of a facror of about 100 and the corresponding difference in ON
current. Amorphous silicon TFTs have a low OFF current, sufficiently low to retain charge
on the pixel capacitor. Poly-Si TFTs, however, have orders of magnitude higher OFF
current, too high for a pixel switch unless special precautions are taken. The high OFF
current is caused by high electric fields ar the highly doped drain and the imperfect
crystalline structure of the poly-5i marerial. In Fig. 2.15 two merhods are shown to reduce
the OFF current in poly-5i TFTs. A dual gare scructure can be urilized o split the source-
drain voluge between two channels and thereby reduce the electric field at the drain,
Using an extra process step to create a lightly doped drain (L) area has a similar effect.
The resulting current-voltage characteristic is shown in Fig. 2.16.

The development and manufacturing of low-temperature poly-Si LCDs has received
significant investments because row and column drivers can be integrated on the glass,
thereby eliminating the external row and column driver chips. It has been demonstrated
that additional circuitry such as DfA converters, DC/DC converters, graphics processors,
and even microprocessors can be integrated on the glass as well,
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Figure 2.14: Comparison of amorphous silicon
and poly-crystalline silicon TFT characteristics.
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Figure 2.15: Methods to reduce
OFF current in poly-3i TFTs: (A)
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Figure 2.16: Poly-5i TFT characteristics with
and without lightly doped drain (LDD)
structure.

2.7 Basic Pixel Circuit and Addressing Methods
A TFT pixel array circuir {Fig. 2.17) consists of select buslines, dara buslines, a TFT ar each

pixel, and a storage capacitor in parallel with the LC pixel capacitance. The function of the

storage capacitor, as mentioned befare, is ro act as a buffer and reduce the effects of the
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Figure 2.17: Operation of TFT LCD with drive
waveforms.

voltage dependence and leakage of the LC capacitance. With a storage capacitor at each
pixel, it is easier to obtain uniform gray level performance across the display.

The storage capacitor can be connected to the adjacent selece line to maximize aperture
ratio in the display. The counter electrode of the LT pixel capaciror is the common [TO
clectrode on the opposite substrate (the color plate). The display operates by switching
on the TFTs one row at a time by a gate pulse with a pulse width of 10-50 psec,
depending on display resolution. The gate pulses are supplied from gate driver circuits,
which can either be external or integrated on the glass. While one row is selected, the
data signals for thar row are applied o the dara buslines from peripheral elecrronic dara
circuits and transterred by the TFT w the pixel electrodes, When the row is deselecred,
the TFTs switch OFF and the dara voltage is srored for the remainder of the frame rime
of 16.7 msec (at a 60-Hz refresh rate), while the other rows are scanned. All rows in the
display are sequentially selected during the frame time, so that the voltage on each pixel
is refreshed once during each frame time. During the next frame time, the polarity of the
data signals is reversed, so that all pixels are charged with opposite polarity voltage ro
obtain the required AC drive without a DC component. For static images, the pixel
voltage is simply opposite for odd and even frames, so that the orientation of the LC
molecules and the gray levels of the pixel do not change. For moving video images, the
amplitude of the pixel voltage can change as well, in addition to its polarity. This causes
the LC orientation and therefore the transmittance of the pixel o change over time.

Most AMLCDs are color displays. Color is obrained by using rhree subpixels per pixel,
cach having a color filter of one of the three primary colors (red, green, and blue). The
color filters are patterned on the top plate opposing the active martrix substrare and
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separared from the TFT array by the LC layer. The rop plate is therefore often referred o
as the color plate. A color pixel is obtained by the additive color principle: at close-up,
the individual color subpixels may be obseeved, but from a distance the eye will

averapge the luminance from rhe three subpixels. When all three colors (R, G, and B)

are transmitting, the viewer will perceive the pixel as white; when only R and G are
rransmitring, vellow will be observed; and combinations of B and G and R and B resule
in cyan and magenta being displayed.

On the TFT array the three subpixels per pixel are identical, but on the color plarte they
have different color filters.

A close-up look at the pixel circuit (Fig. 2.18) reveals a number of parasitic circuit
elements that can deprade display performance. The parasirics are denoted by the dorred
elements. Resistive leakage through the LC or the TFT will both discharge the LC pixel
capacitor and affect gray scale uniformiry. The parasitic capacitance C x berween the gate
and the drain of the TFT causes a voleage division effect with the LC pixel capacitance.
This leads to a negative pixel voluage shife AV, of around 1 V on the LC voltage when
the pate of an a-5i TFT is swirched OFF, as shown in Fig. 2.19.

Cul
AVI“=W;5VH (2.11)
where C , is the gate-drain capacitance, C_ is the storage capacitance, C,_is the LC

capacitance, and AV_is the gate voltage change when the row is deselected.

The pixel voltage shift is always negative and could therefore lead to a DC component
on the pixel voltage, if the common counter-electrode would be held at the center
voltage of the video dara signal.

Vetn Viam
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i C.
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1

Figure 2.18: TFT LCD pixel circuit with
parasitic circuit elements.
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Figure 2.19: Voltage waveforms applied to
the select (gate) line and source (data) line
with resulting voltage across the LC pixel in
ideal case (A) and with leakage through LG
or TFT (B).

To eliminate the DO component across the LC, the voltage on the common [TO counter
elecrrode V. is offset by the same voltage to compensate for this pixel volrage shift. As
a result of the volrage dependence of the LC capacitance, it turns out to be difficulr ro
completely eliminate the DC component for all gray levels across the entire display arca,
especially in large displays. Failure to minimize the DT components leads to many
undesirable display artifacts, such as image retention, flicker, and non-uniform gray
levels. Optimized drive methods are used to reduce the DC component and to prevent it
from causing flicker and image retention, particularly in gray scale. Some of these
methods will be addressed in Chaprer 4,

The storage capacitor ina TFT pixel circuit can be connected to an adjacent gate line or
to a specially added common bus (Fig. 2.20). Connection to the gate line maximizes the
pixel aperture ratio but rends to increase the load capacitance on the row select lines.
This makes it difficult to use this configuration for displays with a disgonal size larger
than abour 20 in.
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Figure 2.20: Pixel layouts with
storage capacitor connected to
the gate line (C= on gate) and with
storage capacitor connected to a
common bus (Cs on common).

A common stotage bus takes up some space in the pixel area and therefore reduces the
pixel aperture rario and the transmirtance of the display The RC delay on the gate lines
is, however, smaller so that larger displays exceeding 20 in. in diagonal size use this
configurarion.

2.8 Diode-Based Displays

Instead of a three-terminal TFT, a two-terminal switch or thin film diode (TFD) may

be used at each pixel in an AMLCD. There are several ways to implement TFD LCDs.
A TFD in this context can be either a rectifying diode or a bi-directional diode, also
called a metal-insulator-metal (MIM) diode or a nonlinear resistor. The bi-direcrional
diode has very low current at voltages below about 5 V and starts conducting when a
voltage ahove 10-15 V of either positive or negarive polarity is applied.

During the 1980s and early 19905, several companies worked on rectifying amorphous
silicon PIN diedes for AMLCDs. They can be produced with very high recrificarion
(ONJOFF) rarios of eight or more orders of magnirude. Ar leasr two recrifying diodes per
pixel are needed, one to charge the pixel w positive polarity, the other 1o negative

Active Matrix Liquid Crystal Displays

polarity. In rerms of manufacturing, PIN diode LCDs do nor have a sipnificant advanrage
over TFT LCDs and have therefore not been commercially successtul.

MIM diode displays have had some commercial success, Their major attraction is a
simple, low-cost manufacturing process for the acrive matrix array with only rwa or three
photo-masks.

In the ease of bi-directional MIM diodes, a single diode per pixel can, in principle, be
used since it can charge up the pixel to either polarity and is therefore compatible with

the AC volrage on the LC capacitor.

In Figs. 2.21 and 2.22, typical current-voltage curves of several bi-directional diodes are
shown on linear and semi-logarithmic scales, respectively, The basic circuit and drive
scheme of a single TFD LCD are shown in Fig. 2.23. In diode displays, the dara lines are
ITC stripes on the color plare, as in passive matrix STN LCDs.

Several semi-insulator materials have been used, including Ta O, Si-rich SiN_and
diamond-like carbon {DLC). The dominant conduction mechanism in bi-directional TFDs
is Frenkel-Poole conduction. The Frenkel-Poole effect is the dramatic increase of charge
carriers in certain insulators under a high electric field. It is caused by the thermal excitation
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Figure 2.21: Linear current-voltage characteristic of SiN,
diode.
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1.E-08 - 3
. oy - (2.14)
1.E07 ot ETy TE,E,
I Here T is the absolute remperature, k is Boltzmann’s constant, g is rthe elecrronic charge,
g 'EE e £, is the permittivity in vacuum, €, is the dielectric constant, @ is the trap depth for the
E s e charge carrier, t is the mobility of the charge carriers, and n is the carrier density. The
£ : o dielectric constants for Ta, O, Si-rich SiN_ and diamond-like carbon (DLC) are,
© JE10 S R e respectively, 24, 9, and 4.
Y o :;—;:r:‘?ﬂ The best diodes are obtained with a semi-insulator with a low diclectric constant €, as
! I follows from Eq. 2.14. A low dielectric constant also minimizes the diode capacitance, so
1.E12 i — that cross-talk is reduced. From this perspective, DLC appears to be a good candidare for
e 1:d CLiE R further development. Ta, O, diodes have been widely used in small mobile displays and
] . ; IBEE_M . are abtained by anodizing Ta. Unfortunately, Ta,O; has a high dielectric constant and
Tj;:;::hzﬂ Twllc:;;:::; 3209‘5" s:'_:nc:i:";;: relatively poor current-voltage characteristics, which precludes large, high-resolution
and dismond-like carbon (DLC) d.iodes{m'printed displays. Si-rich SiN_has the a_.f]\-'nnmge thar it can be processed in standard PECVD
with permission from the Society for Information cquipment familiar in every a-5i TFT LCD line.
The diode current in the nonlinear resistor can be derived from Eq. 2.12:
Data line I=5&V Exp( P "MJ (2.15)
Select ling o

£HoH p=-4. (2.16)
gﬁ" g'_t_mnlm
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high electric field. This leads to a field-dependent conductivity in the material: closte
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Figure 2.23: Circuit and drive waveforms A
¥
3
w

o(E)=o.explu/E), (212) i n, I i o
where o, is the zero field conductiviry and o the nonlineariry coefficient: g = Ao _
= . .9 Figure 2.24: Circuit and drive waveforms of a
o, =qunexp(- ), (2.13) dual select diode AMLCD.
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where § is the diode area, V is the applied voltage, d is the thickness of the insulator in
the TFD and ® and P are material parameters which depend on temperature and on the
diclectric constant of the insulator film.

The TFD and the L.C capacitor are in series in Fig. 2.23 and this makes the LC volrage
extremely susceptible to small variations in the diode characteristics over time and across
the display. Unfortunately, it is difficult to make TFDs very uniform over large areas. In
addition, the insulator typically used in MIM diodes (anodized Ta 0.} leads ro diodes
with marginal rarios berween ON and OFF current.

The series connection of the diode and LC capaciror also causes a strong dependence of
the LC voltage on signal propagation delays on the buslines, another factor limiting gray-
scale performance, especially for large-diode LCDs.

Single-MIM-diode displays have therefore been only successful in small applications such
as cell phones with a limited number of gray levels.

An approach that eliminares the drawbacks of the single-MIM-diode pixel circuit is the
dual select diode (DSDY) AMLCD, which has a pixel circuit as shown in Fig. 2.24. By
applying opposite polarity pulses to the two select lines, the pixel elecrrode voliage is
accurately reset during each select time,

Unlike in the single-TFD circuit, variations in the TFD across the display area and over
rime are basically cancelled our in the differential DSD pixel circuit. The propagation
delays on select and data addressing pulses are also cancelled out to a large degree in
DSD LCDs. This leads to much more uniform gray levels and the potential to scale up 1o
large-area displays with diagonal size exceeding 30 in. This technology is under
development.

2.9 Plasma-Addressed LCDs

During the 19905 a totally different technology tor AMLCDs was developed, based on a
plasma-addressing technique rather than on transistor or diode switches.

Plasma-addressed liquid crystal displays (PALC displays) were the first type of AMLCDs
with a diagonal size over 40 in. They employ a hybrid technology with plasma channels
used to address one row at a time. The plasma channels are separated from the LC layer
by a microsheer of glass with a thickness of only 50 pm. The pixel electrodes are reset o
a prederermined volrage during each select rime. PALC displays have ITO data lines
patterned on the color substrate, The color plate process for PALC displays is similar to
thar in STN passive matrix LCDs and diode 1.CDs, which also have ITO dara lines on
the color plate.

47
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In PALC displays the reser operation of each pixel is performed by a plasma channel
thW{'Cn H S Cﬂth{ﬂ.{c 'dn.d dan ﬂﬂ(]dﬁ: I:FIJ.HI"!I'IE:. Th.l_' Plu.‘s'l'llu Chﬂnﬂfi\‘i ang 'L].H_'L{ [!l'll‘f' f[]l'
addressing, Display luminance is controlled independently by a backlight. PALC displays
require high voltage selecr drivers.

The combination of plasima technology with LCD technology for PALC displays
considerably increases process complexity. lssues with PALC displays include varying
decay times of the plasma, bending of the microsheet berween the plasma and the LC
layer, and process integration problems. This rechnology has therefore not marured to
mass production.

References
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CHAPTER

4

AMLCD Electronics

The design of the display glass assembly plays an important role in the image quality of
an AMLCD. Equally important are the display clectronics, which must supply accurate
dara signals ro each pixel. The incoming video signals are either compurer-generared or
processed from an image acquisition by, for example, a digital camera, television camera,
or camcorder. The task of the display electronics is to obtain optimum image quality
based on the incoming video signal information.

4.1 Drive Methods

As mentioned earlier, each pixel in the AMLCD is driven with a square wave AC
voltage. Ideally, the residual DC component on the pixel voluage is negligible. In
practical displays it is unforrunarely almost impossible o eliminate the DC component
entirely for all gray levels and across the entire display area. The result is that the
transmittance of the pixel varies slightly between odd and even frames, as shown in
Fig. 4.1.

When the refresh rave is 60 Hz, the frequency of this luminance variation will be 30 Hz
since the complete cycle of positive and negative charging of the pixel cceurs at 30 Hz.
The human eye perceives luminance variations of a few percent at less than 40-50 Hz as
flicker. The luminance variations can be smoothed out by using an LC fluid and

cell structure with a slow response time, so that the luminance amplitude variations

in Fig. 4.1 are below the flicker limit. However, this would cause severe smearing of
fast-moving video images and defeats one of the purposes of active marrix drive
l'l'l(.'thﬁ]db'-

Another problem with the DC component on the pixels is that it can cause image
sticking or image retention, This leads to burn-in effects on the LED when a still image
is displayed [or a prolonged period of time.
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Transmitancs Luminance varialion
at 3 Hz
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Figure 4.1: Effect of DC voltage component dV of LC voltage on
luminance variation.

One way to eliminate flicker is 1o operate the display at 90 Hz or higher frame rates.
Then, the luminance variation will occur at 43 Hz or higher frequencies and will not
cause flicker. Since most video and graphics information is supplied to LCD panels at
lower refresh rates, this is often not a pracrical solurion.

The most common method to eliminate flicker is the use of inversion drive methods. In
this approach, data voltages are applied which alternate the polarity of the voltage on
adjacent pixels, so that the human eye perceives an area of mulriple pixels as flickerless
as a result of spatial averaging. With these polarity inversion methods, individual pixels
can srill have flicker when viewed close up. Ar normal viewing disrances rhe flicker
becomes imperceprible,

The flicker is minimized or eliminared with rhis method bur imape sricking is not
reduced; thus, minimizing the DX component on the pixel volrage ro less than abour
50-100 mY remains crucial.

The polarity can be alrernared per row (row or line inversion), per column (column
inversion), or by a combination of both (pixel or dot inversion) (Fig. 4.2). Dor inversion
gives the best image quality in terms of flicker and also minimizes both vertical and
horizental cross-talk on the display.

In color displays it is important that subpixels of one color have altemating polarity for
adjacent pixels, so that flar fields of one color will not exhibir flicker. In a verrical srripe
configuration with red (R), green (G), and blue (B) subpixels, this condition is automatically
sarisfied with dot inversion and also with full pixel inversion, also called color group
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inversion (Fig. 4.3}, As can be seen, in cach frame cach of the primary color subpixels has
opposite polarity compared to the nearest neighbar subpixel with the same color.

The timing and polarity of the data signal on odd and even data buslines is shown in
Fig. 4.4 for the different inversion methods, in the case that all pixels are driven at the
same gray level. In frame inversion, all pixels receive the same polarity data signal for
odd frames and the opposite polarity for even frames, resulting in flicker. In column
inversion, adjacent columns have opposire data polarity and change polarity for each
frame. In line or row inversion, the data polarity on each pixel changes every line in
addition to every frame. Dot inversion combines row and column inversion. In all cases,
the driving wave forms on the select lines (the rows) are the same.

— Odd irame Even frame Odd frame Even frame
1 HHEE HEEE EEEE] EIEEE]
2 GLEE QEHUE EHEEE DEOE
s GEIEE BEEE  EE6E HEEE
CL : 3 : HEEE FEEE EEHEE

Frame Inversion

=
8|S

=
HEEE HEEE

Line {row) imversion

Column inversion

HERE HEEE
= =

=] =
HE] EEEE
HEER GERE

Dt inversion

Figure 4.2: Various inversion drive schemes.

Even frame

EI'I Dot imwversion

5 CIEIE
= Pixel or colos
IIIEDI Iﬂ group inversion
+1| =]+ -

Figure 4.3: Dot inversion (left) and pixel (color group)

inversion (right) in color LCDs with an RGB vertical
stripe color filter arrangement.
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Data odd columa | L | LM Dot or phee
pataevencomn L LT L1 TLITLIT] Imyersion

Figure 4.4: Timing of signals in various inversion drive
schemes when all pixels are switched on.

In panels for desktop monitors, LCD relevisions, and most notebook displays, the volrage
on l‘.he common [TO electrode on the color plate is held at a constant DC bias voltage

V_m (Fig. 4.5). The entire voltage range of more than 10V between the extremes of the
positive cycle and the negative cycle must be supplied by the data driver. In acrual
display operation, the V_ voltage is offset by about 1V in a-Si TFT LCDs o
compensare for the plxe] \m]rage shift described in Chaprer 2, Sec. 2.6.

IT[ H'ITJL'T o TCL!'L]L'C dri\'cr Cost I-].l'ld kELT Lf'rlt'd Lir‘l\’i:'l' (]Utput \'tﬂtugi:s IU\.\-‘, S0 nl)E.L‘hU(]k
panels and maost small mobile applications employ V- medulation (also called common
plane swirching), in which the volrage on rhe colar plare swirches each line rime by
about 3 V. Part of the voltage V), . across the LC is then derived from the V|
modulation:

Vic(+) = Vi) = Vel ), (1)

Mie(=) = V(=) = Vew(=). 4.2)
Since the voltage across the LC pixel is the difference between V| and the data driver
signal voltage, this allows the use of low-cost, low-volrage data drivers with a full range of
53V oreven 3.3 V when the LC cell has a low operating veltage. A driver 1C thar can be

made in a standard 3.3-V process can be easily procured from many IC fabs ar low cost.
When the voltage on the color plate is chunged every line time, the polarity of the daa
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0 Weom(+) Weomi-) 5
Figure 4.5: Transmittance versus data voliage
for full range drive (top) and V__ modulation
drive (bottom).

W

voltages supplied to the pixels needs to change every line time as well. V| modulation
at the line frequency is therefore used in conjunction with line inversion (row inversion)
data drivers. The timing for V| modulation is shown in Fig. 4.6, For activated (ON)
pixels, the data voltage is our of phase with the V__ modulation, while for non-activated
{OFF) pixels it is in phase.

Adrawback of V| modulation is that it is incompatible with dot inversion and requires
extra electronics to switch the large capacitance load of the V__ electrode with the
correct timing. This would become a problem for large displays, Most notebooks and all
desktop monitors and large LCD televisions therefore use a constant V_ and dot

inversion (also because dot inversion generally gives the best image quality).

The V_  bias voltage is set to compensate for the pixel voltage shift when the select
pulses are turned off so as to minimize the residual DC component on the LT pixel
voltage. The pixel voltage shift depends on the data voltage, as outlined in Chapter 2,
Sec. 2.6 and is different for negative and positive voltage across the LC pixel. To
minimize DC components for all gray levels at both pixel polarities, the gamma
reference voltages that control gray scale are often set independently for cach data
polarity. The gamma reference voltages match the incoming video data to the

o
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Figure 4.6: Timing of signals and LC voltage in
Veom modulation schemes for all pixels on and all
pixels off.

desired gray scale. There are usually about 10 gamma reference voltages, For an 8-bit,
256-level gray scale, the intermediate gray scales are obtained from interpolation
between the gamma correction voltages.

This is illustrated in Fig. 4.7, where V|, V,,....V | are the gamma reference voltages, V__“J, is
the video center reference voltage, AVdd is the supply voltage, and AVss is ground. Best
performance is achieved when V|, V...V, are independently optimized, which means
that, in general, [Vu-,l - Vn' # h—"lﬂ - V_T| i lvwf - V?-l # [V‘el, - 1..-"4|1 efc.

In order o get more than cight bic of gray scale, a technigue called frame rawe control
(FRC) has been developed. With FRC, the gray level voltage can be different between
Udd Eln.d even ﬁ'aml:s (i bﬁt“"{.'i:rl fﬁ}'LIT 5uh5|:qut:nl: fl"dmL"S, S0y th':lt irlt(meCdi:ltl! Hray 1C1.'L'15
can be generated. For example, if during the odd frame the voltage for gray level i and
during the even frame the voltage for gray level i+1 is applied, an extra gray level
berween levels i and i+1 is effectively displayed. This makes it possible to have a 9-hit
gray scale with an 8-bit data driver.

The difference in voltages between levels i and i+1 is generally too small to cause a
significant DC component on the LC voltage or to cause flicker. The eye will perceive
the intermediate gray level.
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Figure 4.7: Gamma correction diagram.

Similarly, this rechnique can be used during four subsequenrt frames ro generate a 10-hit
gray scale with an 8-bit data driver,

4.2 Row Select and Column Data Drivers

In Fig. 4.8 a block diagram of a TFT LCD module is shown. Directly attached to the
display glass are the driver 1Cs for the rows and the columns, The row driver 1C gencrates
the select pulses sequenrially addressing each row in the display. Ir is often referred to as
the gate driver, since it switches the TFTs ON and OFF hy applying a select voltage to
the gare; in the case of a-Si TFTs, this is a positive pulse of abour 20 V.

The column drivers supply the video data signals to the data lines connected to the
source of the TFTs at cach pixel. They are commonly referred to as the source drivers.
Gate and source drivers are mixed-signal ICs designed typically with 0.25-1 pm design
rules. For most driver 1Cs thete is no need to use advanced design rules below 0.25 pm.
The die area is pad limited (i.e., the large number of ourpurs and their spacing govern
how much silicon real estate is required, not the relatively simple electronic circuitry on
the chip)-
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Figure 4.8: Block diagram for a TFT LCD module.

An XGA TFT LCD with 768 rows and 1024 x 3 columns typically requires three gate
driver [Cs with 256 cutput channels each, and eight source driver [Cs with 384 channels
each. They can be packaged in a tape carrier package (TCP) for artachment to the glass
with tape automated bonding (TAB). Alternatively, they are directly bonded upside-
down ro the glass with chip-on-glass (COG) rechnology. Since both row and column
drivers require a large number of output channels on one side of the chip, the aspect ratio
of the die is usually high (e.g., 20 mm x 1 mm).

In Fig. 4.9 a block diagram of a gate driver is shown. It has a relatively simple
architecture with a bi-directional shift register, level shifters, and ourput buffers, The shift
register transfers a start hit at STVD (which can be considered a vertical sync pulse)
through the chip, selecting one row line ar a time. When the select bir emerges at the
end of the chip it is rransferred through STVU o the second row driver IC, where it
functions as the start bit. Multiple chips can be cascaded in this fashion.

In this cascade type of operation, all 768 rows in the XGA display are sequentially
addressed. The direcrion of the start bir can be reversed by the DIR input, so that the
vertical mirror image can be displayed on the LCD. The DIR function also ensures
that the row driver [Cs can be mounted either at the left or the right side of the display
area.
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Figure 4.9: Basic architecture of a gate driver IC with 256 channel outputs for
use in XGA and SXGA panels (three or four chips per panel, respectively).

The OF input to the row driver allows the selecr pulse for the rows to be turned OFF
befare the end of the line rime. This is especially important for large displays where the
RC delays on the rows require the rows to be turned OFF for a few microseconds before
the data voltage on the columns is changed in order o avoid cross-talk, The level shifters
raise the logical voleage levels of 0 and 3.3 V ro ourput levels of =5 W and abour 2025 'V,
respectively. The final levels are compatible with the required ON and OFF voltage
levels on the gates of the a-Si TFTs. Qurpur buffers reduce the output impedance o a

sufficiently low level in order to drive the gate lines on the AMLCD.,

The clock frequency of the row select driver is quite low (around 30 kHz), not much
higher than the product of refresh rate {e.g., 60 Hz) and the number of rows (768 for an
XGA display). In Table 4.1 the input and output pins of a typical gate driver are listed. A

riming diagram is shown in Fig. 4.10.

The digital data driver for the columns, connected to the sources of the TFT, is
somewhart more complex. Its basic block diagram is shown in Fig. 4.11. It basically
converts serial digital video inpurt signals into parallel analog dara signals for one row.
These analog signals representing the intended gray levels are then all simulancously

Active Matrix Liquid Crystal Displays

Table 4.1: IJ'_CI pins of a basic row |!_;ate:l driver IC for a-5i TFT LCDs

Input/
PFin Output p Descrbuon - ) Typical value
CLK Clock signal controlling shift register—equal to line |
| | frequency | 50 kHz
DIR | | Diraction of oparation of bi-directional shift ragister | 0 or VOO
STVD Input start bit when operating when DIR=1, output bit |
for starting next cascaded row driver IC when DIR=0 | 0 or VOO
STVU Input start bit when operating when DIR=0, output bit for ‘
starting next cascaded row driver IC when DIR=1 0or VGG
OE Qutput Enable to enable output voltage to the
| ‘ TFT LCD rows Oor VCC
QuT,..., Qutput channals driving the rows (gates) of the TFT LCD | VGG or VEE
-] |
VGG i Logical voltage supply [ aav
GND | | | Ground voitage for logical supply [Tov
VEE ! 1 [ Low analog supply voltage for rows ! 5V
VGG | 1 | High analog supply voltage for rows | 20V

LK _mwmﬂ_\_m b

STV _r—r . if r;rnrrl
OF 1 b
o
cutz ___|_| i

out3 [—| i

Out256

§ i i Wee
stV — — HF : Gnd

Figure 4.10: Timing diagram of a row driver.
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Figure 4.11: Basic architecture of a source driver IC with 384 channel outputs
for use in XGA and SXGA panels (eight or ten chips per panel, respectively).

applied to one row of pixels when the row is selected. Like the gate driver, the source
driver has a bi-directional shift register with cascading funcrionality to connect mulriple
chips together and allow mounting at eithet the top or the bottom of the viewing arca.
The 6-bit digiral data signals for red, green, and blue channels are latched into a
128%3-line latch and then level shifted from the logical levels to the VDD level. The
DIA converrer has input reference volrages to convert the digiral levels to the
appropriate gray scale levels.

The reference voltage inputs to the DA converter (DAC) ensure the desired gamina
correction. The POL input to the DAC controls the polarity of the outpur signals so thar
dot, line inversion, or column inversion may be selected. Quiput buffers reduce the

a7
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output impedance of the output channels in order to rapidly charge the column line
capuacitance of the LCD to within a fraction of one line select time.

The operating frequency of the source driver is much higher than for the row driver
(around 65 MHz), larger than rhe producr of refresh rare (e.g., 60 Hz) and rhe number of
pixels (7681024 for an XGA display).

In Table 4.2 the input and output pins of a typical source driver are listed. A timing
diagram is shown in Fig. 4.12.

For notebook displays, 6-bit data drivers with 6-bit gray scale (18-bit colors) are
commaon, while for desktop monirors and LCD relevisions, 8-bir data drivers (24-bir
CU‘EUTS:. dane LI.L'L‘L{

Table 4.2: /O pins of a basic 6-bit column (source) driver IC for a-Si TFT LCDs

Input!

Pin Output | Deseription Typical value
CLK | Clock signal controlling shift register—equal to

pixel dot frequency 65 MHz
DIR | Direction of operation of bi-directional shift register 0 ar VCG
STHD 1o Input Start bit when operating when DIR=1, output

bit for starting next cascaded row driver IC when DIR=0 0 or VCC
STHU o Input Start hit when operating when DIR=0, output bit

for starting next cascaded row driver IC when DIR=1 0 ar VGG
POL | Selects polarity of the output channel voltages
| ___Int_h_e_c:olumns S ) N | 0or VCC
Lo | Switches new data signals to the outputs and latches

thair polarnty 0 ar VOO
| Sy
V10 | Voltage bias levels to set gamma correction
ROC-R05, Digital video input signals for red, green, and blue
GO0-G0S, color pixels
BOO-BOS |
OuUTH,..., Qutput channels driving the columns (sources) of the VDD=OUTx<
384 [a] TFT LCD. OUT1,4,7,... for red pixels, OUT2,5.7.... for VvSS

graen pixels, OUT3,6,9,.., for blue pixsls
WCC | Logical voltage supply 33v
GMND | Ground voltage for logical supply av
Wes | Low analog supply voltage o
VoD | | ng_f] analog”su.pply voltagp | 10w
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Figure 4.12: Example of a timing diagram for a column driver. Top four wave forms show
clocking in of data. Bottom four wave forms show latching of analog output voltage to the
output using the POL signal to cbtain dot inversion.

Amnulog data drivers, which receive an analog video signal, are used in some consumer
electronic LCDs, but are gradually being phased our.

4.3 Timing Controllers, Display Controllers, and Interfaces

In the block diagram of Fig. 4.8, the timing controller (TCON) is the chip that supplies
the control and video signals ro the row and column drivers. For the row driver, they are
the vertical clock, the vertical start bit, the output enable signal, and the logical bit that
controls the direction of the shift regisrer (see Table 4.1). For the column driver, they
include the horizontal clock, the input start bit, the polarity signal to control the polarity
of the data volrage applied to the LCD), the gamma reference control voltages, and rthe
digital video data signals {see Table 4.2).

Active Matrix Liquid Crystal Displays

Far low-resolution displays, rhe dara link barween TCON and rhe column driver is in
transistor-transistor-logic (TTL) format, which switches the digital signal rypically
between 0 and 3.3 or 3 V. For higher-resolution displays beyond SVGA (600x800 pixels),
the frequency of rthe dara signals becomes so high for TTL as ro cause electromagnertic
interference (EMI) and signal fidelity problems. Therefore, XGA and higher-resolution
displays use a method of differential signaling to cancel out most of the EMI. These
interface architectures are based on low voltage differential signaling (LVDS) [1] or
reduced swing differential signaling (RSDS) standards [2]. RSDS has become the de facto
standard in most cases for the video interface hetween the timing controller and the data
drivers.

The timing controller receives a video signal which is already comparible with the
resolution of the LCD panel. Since notebook displays are penmanently attached to the
laptop computer, these digiral signals are directly generared by the graphics controller
circuitry in the computer.

Figure 4.13 shows a photograph of an XGA TFT LCD module or panel, as supplicd by
the AMLCD manufacrurer to notebook manufacrurers. It includes the backlight unit
but not the inverter for the backlighr, The backlight consists of a cold cathode
fluorescence (CCFL) stick lamp at the edge of a light guide, which evenly distributes the
light across the viewing area of the panel. This particular module has only one PCB and
uses chip-on-glass row and column drivers, Flexible interconnect tape connects the PCB
to the inputs of the data drivers and scan drivers on the glass. The control signals for the

Tirming confrolier

CCFL stick lamp

Backlight cannacior

g

Figure 4.13: View of back of a TFT LCD module for
notebook displays.
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three scan drivers are routed on the glass along the right side of the panel. The PCB is
tolded back in the photograph to expose the timing controller. Normally, the PCB is
{olded flat against the panel w obtain a very thin module with a thickness of only a few
millimerers.

For standalone LCD desktop monitors, the design is somewhat different. They need o be
compatible with hookup to a variety of computers with analog and digital video outpur
formats and resolutions. Usually the module, without the inverter, is supplied to display
integrators who build the complete monirors. They add the inverter to operate the
backlight, a monitor controller board, and a front panel contrel board. The unit is then
mounted in the final enclosure with a stand. The front panel conerol has the ONJOFF
switch, brighmess, conrrast, and hue controls.

Figure 4.14 shows the back of a display panel for desktop monitors, including the
backlight inverter, front panel control board, and the monitor concroller board.

The backlight inverter drives stick lamps on both sides of the panel to obtain sufficient
brightness. The monitor controller board supplies processed video signals to the timing
controller on the column board.

The monitor controller board accepts different video signal formats and converts them to
the proper format for the timing controller, For hookup to compurers, these formars
include at least analog RGB video (also called analog VGA) and, for dual mode

3 Column board |

Manifor confroller

WVIGA input =

Front pane! board

Figure 4.14: View of back of a TFT LCD panel for a
desktop monitor including monitor controller board,
inverter, and front panel control board.
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monitors, they also include digital video interface (DWT) [3]. The analog VGA and DVI
connectors are indicated in the photogruph, In some cases there also inputs for S-video,
component video, and composite video for operation as a television and for connection
o external DVD players and other consumer electronics.

ThL‘ main L'hip LI l.hl.' monitor L'Ul'lll'i]“i_"r hU'dl'd L'I.'.i'l.li:lu!-' Cdn P\.TFU['[II :iﬁ_'ﬂli“g rul1cti(][15.
convert the different formats, provide on-screen display (OSD), picture-in-picture (FIP),
and other functionality. It has a built-in microcontroller and can perform some image
processing, color management, and gamma control functions. [n some cases, IVDS
transmitters are built in. The interface format for the dara-link berween the moniror
controller board and the timing controller is LVDS to minimize EML.

Derailed descriprions of video and inrerface formars are ourside rhe scope of this haok; for
more information, the reader is referred to the literature and several excellent books
[4,5]- It should be noted thar new, improved standards in video data transfer rechniques
and interfaces are still periodically introduced. For example, for notebook panels and
LCD television, the point-to-point differential signaling (PPDS) interface architecture
has been proposed by National Semiconductor [6] to reduce the number of inputs ro each
data driver by more than 60%. This is achieved by a point-to-point distriburion of the
digital video signals. It reduces the number of video inputs to each chip from 18 o 2 for
6-bit video. In addition, the gamma reference voltages are digirally generated in the
timing controller rather than hardwiring them as 10 analog volrages o each data driver.
YA converters inside the data driver generate the analog gamma reference voltages from
one digiral serial input. For the PPDS interface, new timing controllers and data driver
[Cs have heen developed.

In the LCD monitor market there is an altemative business model in which more of the
monitor integration is performed ar the AMLCID panel manufacturer. In this so-called
smarr panel approach, a single display contraller chip is used rhar comhbines rhe funcrions
of the monitor controller chip and the timing controller chip. This leads w a higher level
of integration at the expense of design flexibility.

4.4 Integration of Electronics on Glass

As mentioned in previous chaprers, some of the peripheral elecrronics of the TFT LD
can be integrated on the glass. The low mobility of 2-Si TFTs precludes the design of
high-speed circuirry wich a-5i TFTs.

Deespite this hurdle, there have been successful efforts to integrate a-5i TFT row drivers,
and this technology has now been commercialized in small displays and notebook panels
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|7]. The row driver circuits require only 10-30 kHz clock frequency, which can be easily
achieved with a-8i TFTs, The major challenge with a-5i TFT is to avoid lange threshold
voltage shiflts in TFTs with high duty ratios in shift registers, bulfers, and level shifters.
They reduce the liferime of the display. A careful considerarion of the a-5i TFT
threshold shift and an optimized row driver cireuit is needed to get a lifetime exceeding
10,000 hours [B]. There have also been reports on displays in which both row and
column drivers are integrated with a-5i TFTs [9]. By integrating peripheral electronics on
the glass, the reliability of the display system is enhanced since there are fewer
interconnects and interconnecr failures are less likely.

The vast majority of integration efforts have focused on poly-Si TFTs, mostly of the low-
remperature variety—Ilow-temperarure poly silicon (LTPS). In Fig. 4.15 the operating
frequency of a shift register is plotted as a function of the poly-Si TFT mobility and for
different design rules of the TFT channel length 1.

As explained in Sec. 4.2, the operaring frequency of the row driver circuits does nor
exceed more than about 50 kHz, which is casy to achieve with LTPS TFTs and even with
a-5i TFTs. The dara drivers are more difficult to implement, bur have been successfully
integrated on the glass in small mobile commercial products, such as PDAs, with a
relatively low pixel count. In Sec. 4.2 it was shown thar the dara driver for an XGA
display requires a clock frequency of 63 MH:z. According to Fig. 4.15, it would take a
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Figure 4.15: Depend of shift regists
frequency on TFT mobility for different design
rules of the gate length L
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process with 1-pm design rules to integrate the data drivers in an XGA display and a
TFT mobility more than 100 cm?/Vsec.

Increasingly, other functionality such as DIA converters, timing controllers, graphics
cantrollers, and DC/DC convertrers are also considered for integration. Displays with a
higher level of integration are often referred to as “system-on-pancl” or “system-on-glass,”
Figure 4.16 shows an example of a configuration for a system-on-panel. By adding the
DC/DC converter on the glass, a single power supply voltage of, for example, 3.3 V for
the entire system is possible. One joine program by Sharp and Semiconductor Energy
Labs succeeded in inregraring a microprocessor and audio circuitry on the glass [10] as
well. Since the design rules for LTPS (1-2 pm) are much less advanced than for state-of-
the-arr integrared circuits (~0.1 wm), the peripheral circuitry occupied an area larger
than the display area and the microprocessor had the speed and performunce of a 1980s-
era processor. Such a high level of inregration is therefore more a capabiliry
demonstration than a pracrical solurion.

The decision to include more cireuitry on the glass depends on a trade-off between cost
and performance. A reducrion in manufacruring yield is also possible with more
integrated circuirry on the glass and is taken into account.

It should be noted thar the funcrionality achieved with a system-on-panel LTPS display
can often be obtained at lower cost using an a-5i TFT LCD with discrete external 1Cs
attached with chip-on-glass bonding, The latter approach is a trend for mobile phone
displays where a single chip, with a single power supply and bonded by COG, is used ro
address the rows and columns in 176(x3)x220 pixel color a-Si TFT LCDs. Single-chip
driving is expecred o be exrended ro displays with even more pixels. The single chip

Data driver  Veom driver Select driver

Flex cable Viewing anea

DCiDc Inlerlace  Timing
comverter  circuit condraller

Figure 4.16: Example of configuration for a “system-on-panel.”
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includes built-in timing controllers, graphics controllers, and other funcrionality. This
trend is supported by 1C foundries, which now offer 40-V processes with 0.18-pm design
rules so that the power management can also be integrated.

To counter the move roward small, partable applications using a-Si TFT LCDs with
single-chip driving, LTPS manufacturers are proposing o include functionality in the
viewing area of the display, such as memory built into the pixel, saving power and
eliminating the need for continuous refresh of static images, Other approaches include
the addition of photosensor arrays in the display viewing area to function as ambient
light sensors, scanners, optical touch panels, or fingerprint sensors.

4.5 Backlights

Most AMLCDs operare in the rransmissive mode. They can be considered elecrronically
controlled transparencics on a light box—the backlight, It is obvious thut muny display
parameters, including brightness, depend strongly on the backlight. For color displays,
the combination of backlight spectrum and color filter spectra determines the color
coordinates in the display, as will be outlined in Chapter 5.

In this secrion we are concerned abour rthe electrical, electronic, and mechanical issues
regarding backlights, There are basically two mechanical implementations of a backlight:
edge lighting and surface lighting.

An essential requirement for portable, battery-powered applications is to keep power
consumption in check and minimize overall panel thickness. This is achieved by edge
lighting with light guides. Edge lighting uses one or more lamps, typically cold carhode
fluorescent lamps (CCFLY tubes, at the edge of the display, in combination with a thin
light guide thar distributes the light evenly across the display surface. They allow a thin
and lightweight design, Edge lighting with one stick lamp is the backlight of choice for
notebook LCDs. They give a display luminance as high as 230 cd/m? when used in
combination with brightness enhancement films (see also Chaprer 6). Stick lamps with a
diameter less than 2 mm are available for notebook LCDs.

Figure 4.17 shows the configuration of the edge light with a CCFL stick lamp. The light
guide has a diffuse reflector on its back side and a diffuser on the LCD side, For larger
displays (exceeding 15 in.) used in monitors, one ro three stick lamps on both long edges
ot the display are often employed in comhination with a thicker and heavier light guide.
The other type of CCEL backlight has a caviry configuration with multiple stick lamps or
U-shaped lamps (Fig. 4.18) behind the LCD panel. This configuration is used n LCD
televisions and in some monitors requiring higher brighmess.
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Diffuser
CCFL stick lamp /
N — Light quide
Diffuse reflector
Reflector

Figure 4.17: CCFL backlight configuration for
notebook LCDs.

Lighit extraction films

/7 Air ity

White reflecior stick lamps
Figure 4.18: Cavity backlight construction.

To ohrain uniform luminance across the display area, the lighr from the lamps needs ro
be redistributed with a diffuser, leading w some loss in efficiency. In this configuration it
is also important that the lamps age approximately the same over time to avoid bands
with varying brightmess on the LCD after prolonged operation. Large modules with
surface backlighting tend to be much lower in weight than large edge-lic panels because
the thick, heavy light guide is replaced with an air cavity with stick lamps.

Cold cathode fluorescent lamps (CCFLs) are sealed glass tubes with an electrode at cach
end. They are filled with an inert gas mixed with a small amount of mercury. To operare
the lamp, a high voltage is applied berween the electrodes, causing the gas to jonize and
emit ultraviolet light. The inner surface of the tube is coated with phosphor layers. The
UV rays excite these phosphor layers so that they emit light in their characteristic
wavelengths, For color LCDs the CCFL phosphors have three dominant wavelengths
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corresponding to the primary colors, red, green, and blue. By adjusting the type and
mixing ratio of the three phosphors, there is control over the color performance of the
backlight. The lamps are made with different diameters and can be lincar ot have various
shapes such as a U-shape or a serpentine shape.

A high-frequency, high-voltage driving wave form to sustain the discharge in the lanp is
supplied from a DCSAC inverter, a transformer that converts the DC inpur voltage of
3.3 or 5V into a sine wave of more than 1000-V peak-to-peak amplitude. The optimum
frequency is around 50 kHz.

Diisplay brightness can be controlled by dimming the backlight. Dimming is achieved by
pulse width modulation, which affects the average current through the lamp. Dimming
ratios with C/CFLs are rypically less than 100:1.

(CFLs have an efficiency of around 25%, which corresponds with abour 120 Im/W. (See
Chapter 5 for a definition of lumens.) The rest of the input power is lost in the discharge
and in heating. The operating temperature range is 20 to 60°C. Between the lamps and
the display glass, several plastic films are inserted to redirect the light, Some of them
diffuse the light to improve uniformity and others enhance brightness in the direction
normal to the display at the expense of oblique directions. These films are discussed in
mote detail in Chapter 6.

Although CCFLs are inexpensive and bright, they have some drawbacks in terms of
lifetime, temperature operating range, and the presence of small amounts of mercury,
which pose a hazard ar disposal.

SL‘\"CT‘HI Uthi!'l' t}'pL‘ﬁ Uf‘ li" T SOUTCES {Ul’ LC]_)b h'd\’i_' thCl’Cﬁ}'ﬁ_‘ I.'PL‘UI'E dC\'ClE!pCd :ll'li_{ hil\'C
entered the markeplace, They include hot cathode fluorescent lamps (HCFLs), mercury-
free Xenan-based flar lamps, and LED-hased backlights.

HCFL backlights are receiving renewed interest after initial use in high-end applications
such as avionic cockpit displays. The main reasons for their use in avionics are that they
can have dimming ratios of 10,000:1 and a wider operating range, required for this
application.

HCFLs are common in household applications. They include a tungsten filament, which
creates thermionic emission of electrons when heated, As a result, they are casier to
strike and dim than CCFLs, which rely on secondary emission of electrons. The renewed
interest in HCFLs is caused by the move to scanning backlights for LCD televisions to
improve motion portrayal (see also Chapter 6, Sec. 6.6.1.). They have typically wider
diameters of abour 16 mm and the muximum lamp current for an HCFL is in the range of

30 mA w [ A, significantly higher than the 10-20 mA typical for CCFLs, They can
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therefore be aperared intermitrently at higher brighrness chan CCFLs. The inirial
drawhback of lower lifetimes in HCFLs has been addressed and overcome as well.

The Xenon-based flat lamp [L] has external electrodes and phosphors coated on the
inside of flar glass substrares to converr the UV radiarion from rhe Xe plasma into visible
light. It has several advantages over OCFLs, While the individual CCF stick lamps in a
cavity backlight require diffusers and other measures to improve uniformity, the Xe flat
lamp is much more uniform by itself. By using external electrodes, which are not exposed
to the plasma, it also has a longer lifetime, approximately 100,000 hours to half
brightness, as compared ro 30,000 hours or less for CCFLs. The elimination of mercury
reduces environmental concerns about disposal. Mercury-free backlights are becoming
mandared in a number of countries.

The Xe flar lamp also can provide more saturared colors for a wider color gamur of 75%
of NTSC, as compared to 65% for conventional CCFL-based displays (see Chapter 3 for
definirions of color performance). The aperaring remperarure range is —20 to 80°C so
that they can meet outdoor performance requirements, CCFLs, on the other hand, show
a drop-off in efficiency below abour 20°C and above 60°C and are therefore less suirable
tor outdoor applicarions.

The majot drawback of Xe flat lamps is their higher cost, which has prevented their
penetration into mass markets, With volume production of LCD televisions, this may
change.

A third major backlight technalogy is based on light-emirring diodes (LEDs). With rhe
dramatic improvement in efficiency of red, green, and especially blue LEDs over the past
decade, they have become attractive for many lighting applications, including LCD
backlights. LEDs can be operated with low-voleage DO power supplies, and brightness is
proportional to the current through the LED. The increasing popularity of LED lighting
in peneral is relared ro significant improvements in rtheir oprical efficiency and
packaging, including optimally designed heat sinks which allow much higher currents
and brightness. A hasic LED emits light in a narrow wavelength region, controlled by the
energy gap of the semiconductor material (such GaAlAs or GalnP). White-emirting
LEDSs can be obtained by a UV-emitting LED in combination with visible light-emitting
phosphors,

The challenge for R, G, and B LED backlights is the mixing of the three colors from
multiple individual point sources to obrain a uniform hacklight. This has heen achieved
[12], although the power conversion efficiency is still only abour 50% of that of a
CCFL backlight. Some of the advantages of LED backlights are a wide color gamur
{100% of NTSC is possible) and a long lifetime. A drawback so far has been a much
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higher cost, although the manufacturing cost of the LEDs themselves continues to

be lowered. Figure 4,19 shows o spider disgram comparing the churacteristics of CCFL,
Xe, and LED backlighus in terms of lifetime, uniformity, meaximum size, color gamut,
power consumprion, and manufacruring cost (with the cavear thar especially the larrer
two keep improving). Larger values on the disgram indicate more favorable
characteristics.

The light from LEDs can easily be pulsed with faster-than-microsecond response times by
changing the driving supply from DC to pulsed. LED backlights are therefore also of
interest in field-sequenrtial LCDs withour colar filters, in which the red, green, and blue
LEDs are turned on at different times to obtain temporal color mixing. This will be
discussed in more detail in Chaprer 6.

4.6 Power Consumption

The power consumption in a teansmissive TFT LCD module can be subdivided into
backlight power, power for the scan driver, the data driver, and rhe conrrol circuit
{Fig. 4.20). Typical power consumption in a 10.4-in. display is about 3 W ar 150 ¢d/m?
brighmess and is dominated by backlight power. This underscores the importance of
high-aperture designs and other brightness enhancements to limit battery power use in
portable applicarions.

Lifestimme

Unifoemily

—+—CCFL |
—m— Xe flat lamp
—— LECH

Codar gamul
Figure 4.19: Comparison of different backlight technologies.
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Figure 4.20: Contributions to power consumption of about 3 W in typical 10.4-in.
backlit TFT LCD with 150 nits brighiness.

Scan c
priripin TET-LCD panel

A 20-in. LCD relevision has a power consumption of abour 50 W, including all the
electronics. This compares favorably with a 20-in. CRT television, which uses about 100
W. It has been calculated that in Japan alone the transition from CRT to LCD
televisions will save 5 billion kKWh annually,

To further reduce power consumption in portable LCDs, there have been many efforts
to eliminare the backlight by developing reflective LCDs with acceprable image quality.
They are applied in some handheld products, but the need o view most displays under
any ambienr lighting conditions has prevented reflective displays from becoming a
mainstream technology. A more suceesstul approach is the tnmsflective LCD, in which
each pixel is parrially transmissive and parrially reflecrive. The reflecrive area ensures
display legibility ar high ambient lighting such as ourdoor condirions. The rransmissive
arca is used in dark and low ambient lighting conditions, The differences between
transmissive, reflecrive, and transflective displays are discussed in more detail in
Chaprer 6.
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CHAPTER

Improvement of Image Quality in AMLCDs

Ower the past 15 years, the perfformance of AMLCDs has dramatically improved.
Depending on the requirements for a particulur application, the characteristics deseribed
in the previous chaprer have been oprimized. They include power consumprion for
portable devices, viewing angle for desktop monitors and televisions, contrast ratio,
brightness, color gamut, and video response times for LCD televisions. In Table 6.1 the
importance of different performance characteristics is listed for various applications. For
mohile applications such as notebooks, PDAs, cell phones, camcorders, and digital cam-
eras, low power consumption is essential to prolong bartery life.

For non-portable, large AMLCDs the viewing angle and response time tend to he more
of a concern. Many efforts have gone into the development and commercialization of
AMLCDs with application-specific optimization of the viewing characteristics. These
improvements are described in this chaprer.

6.1 Brightness Improvements

The brighuness of transmissive LCDs depends o a large extent on the backlight intensity.
The maost straightforward way to increase display luminance is therefore to turn up the
backlight or to design brighter backlights. The display luminance is then proportional to
the backlighr intensity and can reach more than 1000 cd/m?. However, there are draw-
backs to raising backlight luminance. First, it increases power consumption, which is
undesirable (particularly for portable applications). Second, it may require a different
construction of the backlight (for example, multiple lamps rather than single lamp edge
lighting) and can alse have a negative impact on backlight lifetime. Third, high back-
lighr intensity can cause hearing of the display beyond 40-50°C, where display image
quality may start deteriorating. Alternatives o raising the backlight intensivy are
addressed in the following subsections.
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Table 6.1: Importance of AMLCD characteristics for various applications

Parameter Small mobile Laptop Desktop  Television
High brightness x x® A a
WH;E' \TIG-'\.;I'g EI‘gTE X | X | (s] | o il
Wide color gamut x A A o
Fast video responss time A [ A ' A o
Sunlight readability o A ® A
Low power consumption o o x X
Low weight (:] o E £
Thin profile ] [+] A A

o, vary impartant; A, important; %, less important

6.1.1 Increased Color Fifter Transmission

Besides the backlight, the components of the assembly determine the final display lumi-
nance, as shown in the previous chapter in Fig, 5.5. The first polarizer rransmits about
42% of the light. The black matrix opening on each pixel (the aperture ratia) is typically
40-70% and the color filters transmit abour 25% of white light {averaged over the red,
green, and blue filter). Other layers and the exit polarizer further reduce luminance so thar
total transmittance is only 3-10%. It is difficult to increase the transmittance of the polar-
izers or color filters withour affecting contrase ratio or color saturation, respectively. There
is a trade-off between color gamut and brighmess. By reducing the density of color pig-
ments in the color filter materials, their transmittance at fixed thickness can be increased.
This has an effect similar to reducing the thickness of the color filters: it increases the
spectral widih of the color filter and reduces color gamut and color saturation.

The trade-off is illustrated in Fig. 6.1, where the filter curves and chromaricity coordi-
nates labeled 2 have twice the filter thickness or twice the pigment density as compared
to those labeled 1. Thinner color filters are common in mobile phone displays where
power consumption is more important than a wide colar gamut. Since the color filter
spectra become wider for thinner filters, display luminance improves ar the expense of
color purity. In Fig. 6.1B, the resulting color gamuts are schemarically compared.

6.1.2 High-Aperture Ratio Designs

Efforts ro improve AMLCD transmirtance have focused on pixel aperture rario. In con-
ventional designs (Fig. 6.2A), the aperture is limited to less than about 33% because the
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Figure 6.1: Effect of color filter thickness or pigment density
on color filker spectra and color gamut.

black matrix on the color plate needs to overlap the ITO pixel electrodes on the TFT
array by at least 4 or 5 pm. This is to allow for tolerance in the color-plate-to-active-plate
alignment during manufacturing and to prevent light leakage ar pixel edges.

I the black-matrix-on-array design of Fig. 6.2B, stripes of gate metal are added at the
edge of the [TO pixel and determine the pixel opening. They black light entering the
edge of the pixel under an angle. Since the registration of the layers on the TFT array to
each other is very accurate (better than 1 pm), this makes a larger aperture of around
63% possible.
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Figure 6.2: Pixel opening in conventional and in
black-matrix-on-array designs.

In super-high-aperture designs (Fig. 6.3), the ITO pixel electrode overlaps the data and
select buslines so that the buslines effectively function as the black matrix [1]. This leads
to an even higher aperture of up to 80%. A thick polymer interlevel dielectric is used in
super-high-aperture designs to passivate the TFT array. The 1TO pixel electrode is pat-
ternied on top of the transparent polymer and makes contact wo the TFT and the storage
capacitor through vias in the poalymer. The polymer is quite thick (2-3 pm) and has a
relatively low dielectric constant of 2.7-3.5 to minimize the capacitance between the
overlapping pixel electrode and buslines, required to keep vertical cross-talk in check.
The polymer has rhe added benefit of planarizing the TFT array surface and minimizing
the LC disclinations at pixel edges, discussed in Chaprer 3, Sec. 5.7, In principle, the
black matrix becomes redundant and can be left our. However, this would expose the
light-sensitive channel of the a-5i TFT to ambient light and would also cause the ambi-
ent light to reflect off the metal buslines, increasing display reflectance. An opaque, low-
reflectance black matrix layer on the color plare is therefore still needed above the TFT
channel as a light shield to prevent photo-leakage currents in the TFT and to minimize
display reflectance. In a super-high-aperture design, however, the pixel opening in the
black matrix can be much larger, as shown in Fig. 6.4, Obviously, the aperture ratio also
depends strongly on the design rules and the pixel size. For larger pixels and more agores-
sive design rules, it tends to increase,
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Super-high aperiure

e — T
Color filter

mo LG

— iyt Data line

A

T Slorage capaciior
(B
Figure 6.3: Cross section of super-high-aperture pixel
through the data buslines (A} and through TFT and
storage capacitor (B).

Conventional - 55% Super-high aperture, up o 0%

Figure 6.4: Comparison of aperture ratios in
conventional and super-high-aperture ratio pixel
designs as observed on a close-up view of an AMLC.

High aperture is important for portable applications, allowing the backlight inrensity to
be lowered while maintaining display luminance, The reduced power consumption in the
backlighr exrends barrery life. Alrernatively, a higher brighmess can be achieved wirhour
an increase in power consumption when the backlight intensity remains constan.
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The material for the polymer in super-high-aperture designs may be the same as thar used
for the color filters except that the color pigments are not present. For example, it can be
a photodefinable clear acrylic. Like the color filters, it is photo-imageable (i.c., it does
not need photoresist coaring, developing, and stripping, but is in irself a resist material).

Expanding on this concept, it is logical to go one step farther by simply replacing the
polymer dielectric with color filter materials on the TFT substrace. This is called the
color-filter-on-array (COA) method; see Fig. 6.5.

By patterning the color filters on the TFT array, the highest possible aperture is achieved
(Fig. 6.5). The mransparent polymer is replaced by separately parterned red, green, and
blue color filters in cach subpixel [2]. In the COA method the top plate has only a blan-
ket transparent ITO layer. If the color filrers cover the TFT channel they can also block
most of the ambient light, eliminating the need for a black matrix. Since the common
ITO layer is not patterned, there is no longer any critical alignment berween rhe two
glass plares and aperrure is maximized. For very large substrates in Generarion 6 and 7
facilities, it is very difficult to maintain accurate overlay accuracy between the top plate
and the TFT array plare for all displays on the substrare. The COA desipn eliminares this
problem and has therefore been considered in these advanced facilities. The drawback of
the COA method is that the manufacturing complexity of the acrive substrate is signifi-
cantly increased with at least two extra deposition and patterning steps, which can have
an impact on yield.

6.1.3 Alternative Color Filter Arrangements

There are other methods to increase brightness without tuming up the backlight, One
thar has received a lot of arrention is alrernarive color filter arrangements. For example,

[ ]
mo
LZ
%‘1 rm-f\q Green color filker hl!z] Blug
L 1
TFT Starage capacitor

Figure 6.5: Gross section of a pizel in a COA (color-
filter-on-array) TFT.
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the use of four subpixels with red, green, blue, and whire colar filters was proposed and
implemented in avionic TFT LCDs more than ten years ago and has now also been pro-
posed for comumercial products [3]- The white subpixel serves to increase the maximum
luminance by almost 50%. It can be separately patrerned as a transparent polymer withour
color pigment. Since color filter factories are normally set up to pattern only three color
filters, the white subpixel can be left open without any material. This would make the LC
cell gap larger in the white subpixel by about 2 pm, which can lead to contrast ratio prob-
lems. A blanket transparent palymer overcoart, not requiring pixelized patterning, is there-
fore used to planarize the color filter plate and make the cell gap more uniform,

The four subpixels can be arranged in a vertical stripe or in a quad structure, as shown in
Fig. 6.6. To maximize aperture rario, an RGBW quad arrangement is preferred, which
also has the advantage of reducing the number of dats driver 1Cs [3]. A drawback of an
RGBW quad is the doubling of the number of rows and reduction of the line selecr rime
by 50%, making rhe quad arrangemenr more susceprible ro propagarion delays on the
gate lines, This is only an issue for large and high-resolution displays. Special immage pro-
cessing algorithms are needed to convert RGB video signals to RGBW signals while
maintaining the gray scale gamma, The overall color gamur can be slightly reduced with
this approach. When the RGBW subpixel configuration is combined with a high-
aperture design, the transmittance of the AMLCD can approach 15%.

6.1.4 Brightness Enhancement Films

Display screens in notebook computers and many other portable devices are generally
viewed by a single person at an angle close to normal to the screen. The image quality
and brightness ar oblique angles is therefore less imporrant in these applicarions. The

-
g =

RGEW stripe RGEW guad

Figure 6.6: RGBW color filter arrangements
to improve brightness.
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brightness ar normal angles can be enhanced withour increasing power consumption in
the backlight by adding brichiniess enhancemeru films (BEF™ ) between the backlight
and the display [4]. In the simplest configurarion, the enhancement comes at the expense
of a luminance loss ar some obligue angles. The BEF™ film, produced by 3M, is basically
a rransparent prismatic film made from plastic, as shown in Fig. 6.7. It redirects the dif-
fuse light from rhe backlight by refracrion. The prisms have, for example, an angle of 90
degrees and a pitch of 20-50 pm. Some of the light is refracted toward the viewer and
some is reflecred back to be recycled in the hacklight and reused. By using two BEF™
films (in notebooks, cell phones, and PDAs), even higher luminance can be achieved.
The result is an increased brighmess at normal angles of up to a factor of two.

More expensive brightmess-enhancement films include polarization recovery. They trans-
mit light of one polarization direction and reflect the ather polarization component back
into the direcrion of the backlight. The reflecred component loses its polarizarion in the
diffuse reflector of the backlight, so that it is recovered and can contribute o display
luminance after a single or multiple reflections. This DBEF™ film |4] can increase lumi-
nance by up to a facror of four, Its manufacturing cost is quite high, however, so that it is
used maostly for high-end applications.

In Fig. 6.8 an example is shown of the brighrness enhancement obrained with various
stacks of 3M’s Vikuity™ films. The best performance in the figure is for a configuration
which includes an enhanced specular reflector (ESR) behind the backlight.

6.2 Readability Under High Ambient Lighting Conditions

M unique fearure of LCDs is their potential for very low reflecrance as compared ro emis-
sive displays such as CRTs, plasma displays, and electroluminescent displays. This makes
the LCTY the display of choice when sunlight readability is required in high-end or out-

’_/\/\/MM

Recycling ¥
Diffuse: lighl SOUICE

Figure 6.7: Light path in 3M's prismatic brightness
enhancement film (BEF™).
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door applications. However, this feature is nor auromaric; it needs some special steps in
the manufacturing process, Without these special steps, specular reflectance s not partic-
ulacly low (Fig. 6.9A). A Cr black matrix reflects about 6% and the polarizer abour 7%,
for a roral reflection of more than 13%.

The effective contrast ratio Uﬂc" under ambient lighting is significantly reduced when
there are reflections from the display:

I+ RA,
CR(A,) = e .
(" -1|(A\-} {F;.{CR;)"'RAl‘ {6 l}
1 BEF + 1 DBEF + ESR
2 crozzed BEF
- 1 BEF
'§ Mo BEF
4
H
£
E |
-l
60 40 20 o 20 40 60
Viewing angle (")
= Unmecklied  =eeWikgy™ == =Cpssed e Vikuty™ ESR/
T-BEF Wikuity™ T-BEF Crossed T-BEF/DEEF-u
Figure 6.8: Example of brightness enhancement for different film
stacks of 3M Vikuity™ films.
Incident light: 1009% 3 3
Incident ight: 100%
.. ARl e e 0.3% y
. 0.2% 13.2% 0.2% _%:I_ 0.9%
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Figure 6.9: Conventional AMLCD (A) and AMLCD with minimized reflectance by adding AR film on a
polarizer and by use of low reflectance Cr/CrO2 black matrix (B).
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where A, is the ambient light intensity, [ is the rransmirred light intensity for a fully
white driven arca on the display, R is the reflectance of the display (which is independ-
cnt of the display image content in a fisst approximation), CR, is the contrast ratio in
the dark, and I JCR, is therefore the luminance rransmitred for a fully OFF dark pixel in
the absence of dll'thli.l:ll light.

R can be the specular reflectance causing glare, in which case CR 4 is the specular con-
trast ratio under an angle complementary with the incident angle. R can also be the dif-
fuse reflectance, in which case CRI,ﬂ is the diffuse contrast rario.

The reflecred ambient light RA, is approximarely rhe same in the ON srate and OFF
state. It has no information, it competes with the light transmiteed through the display
containing information, and rherefore ir reduces conrrasr rario and causes glare.

In Fig. 6.10 the effecrive contrast ratio CR 18 plorted as a function of the ambient
hghr,l'dmpiay luminance ratio A/l for different values of the reflecrance R. As shown in
the figure, the contrast ratio dc.cn:,n&s asymptotically to | for high ratios of ambient
lighting to display luminance.

In AMLCDs without special precaurions, as well as in emissive displays, the display
reflectance is typically more than 5%, so that contrast ratio drops off rapidly in bri"hl:
outdoors conditions. For example, for a display with a dark room contrast ratio CR

300, the effective contrast ratio CR,, = 10, when I = 1000 cd/m?, R = 5% and RA = 50

—_——R=5%

=== R=20%

1
0.m

=
-
-
o

Aaflo

Figure 6.10: Effective contrast ratio versus relative ambient
light level for different values of display surface reflections.
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cd/m’ {see Eq. 6.1 and Fig. 6.10). A high display reflectance also explains the annoying
glare on emissive displays (such as plasma displays) when they are viewed in a bright
environment.

In backlit AMLCDs a high contrast ratio can be maintained even at high ambient light-
ing by increasing I, and minimizing K. The unique opportunity exists wo reduce the
reflectance R to less than 1%. This is possible because the refractive index of the color
filters is almost the same as that of glass (n = 1.5), so that reflections ar the glass-color
filter interface are negligible.

By using a CrO,/Cr black matrix with 0.4% reflectance or a black polymer black matrix
with even lower reflectance and an AR coating on the polarizer, rotal reflectance in TFT
L.CDs can be dramarically reduced ro less than 1% (Fig. 6.9B). The glare can he further
reduced by an anti-glare treatment on the front polarizer, as shown in Fig, 6.11. The sur-
face is roughened so that incident light is scawered. This is a standard process on note-
bhook LCDs and LCD monitors. [n LCD televisions an additional AR coating on the
glare-rreated surface optimizes ambient light performance. The reflectance of less than
19 in LCD relevisions compares favorably to around 12% in CRT television and 8% in
plasma displays.

Taking these precautions makes the AMLCD legible even under bright sunlight condi-
tions, provided that the backlight intensity is sufficient to overcome the reflected light.
For outdoor applications it is recommended to avoid anti-glare coatings, and use only an
AR coating on a smooth surface. The diffused ambient light ourdoors can be as high as
10,000 fC, which will add a large RA_ factor and significantly reduce CR .

6.3 Color Gamut Improvements

The color gamut shown in Fig. 3.2 in Chaprer 3 limits the number of reproducible colors
to the triangle derived from the three primary colors. As explained in Sec. 6.1.1. in this

Incidemt M & canered refiected
light

Antl-reflection coating
SRR SRR RS S Anl-glare brealmen]

Cokar plate prian
Lc

TFT [

polarizer
Figure 6.11: Reduction of glare by anti-glare treatment.
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chaprer, maore sarurated colors can be obrained wirh denser color filrers, ar the expense of
luminance. A more attractive approach is to use a backlight with narrower peaks match-
ing color filters with equally narrow width. For example, a well-designed LCD with an
RGB LED hacklight can have a berrer color gamur (close ro 100% NTSC).

Another method to increase color gamut is the use of more than three primaries. LCDs
with four and six primary colors have heen demonstrated, by employing additional sub-
pixels with different color filters. This approach requires extra processing and conver-
sion of RGB data signals to multiple color signals in image processing. An example of
the resulting improvement possible in the color gamur is schemarically shown in

Fig. 6.12 for a display with six primary colors, The addition of more color subpixels,
which each transmit a smaller fraction of the backlight intensity, is likely to reduce
luminance. Whether this color improvement is practical in terms of cost therefore
depends on the application.

6.4 Wide Viewing Angle Technologies

An often-quoted drawback of conventional TN LCDs has been their poor viewing angle
behavior. When observed straight on, contrast ratio and color gamur can be excellent.
When the viewer turns his or her head and looks at a notebook display under an oblique
angle, the contrasr ratio drops fast, colors become less saturared and, under some angles,
image inversion can even occur. This viewing angle behavior is usually acceptable for
devices smaller than 15 in. with a single user, such as notehooks, PDAs, and cell phones.

Figure 6.12: Increase in the color gamut by using
more than three primary colors.
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The origin of the praoblem was explained in Chapter 5, Sec. 5.3. and illustrated in
Fig. 5.9, It can be traced buck to the variation of the viewing angle relative to the LC
director.

For larger, conventional TN LCDs, such as 17-in. and larger deskrop monitars or LCD
televisions, a single viewer at a distance of 10 or 20 in. will look at different corners of
the screen under different viewing angles and the variation of contrast with viewing
angle becomes objectionable. When there are multiple viewers looking at the display
from different angles, similar image quality dererioration occurs.

A number of dramatic improvements in viewing angle have been developed over the past
10 years, The most important ones are:

u  The addirion of rerardation compensation films,
m  The in-plane-swirching (IPS) LC made, and

®  The multidomain-vertical-alignment (MVA) LC mode.
6.4.1 Compensation Films

Retardation or compensation films are added outside the display glass assembly. They are
attractive because they do not require a change in LCD manufacturing up to the final
lamination of the polarizers, and they maintain the pixel aperture ratio of the original
panel. Rerardation films compensate for the variation aver angles in the phase difference
berween the rwo orthogonally polarized components of the light wave in the LC layer.

They improve horizontal and, to a lesser degree, vertical viewing angle in TN mode
LCDs. They are also used in some LCDs operaring in different modes. Basically, the con-
trast ratio (the ratio of white to black luminance) is improved over viewing angle. Since
white luminance is mostly limited by the backlight, the key w improvements is to reduce
luminance in the dark state over angles,

An example is shown in Fig. 6,13 for the normally white TN cell which uses an LC fluid
with positive aprical anisotropy. Two so-called discoric retardation films are added ourside
each of the gluss substrates. The films have a negative optical anisotropy and a gradually
tilred optical axis. In the dark state of the normally white TN cell (with voltage applied),
the LC director is similarly gradually tilted from the surface to the center of the cell. As
shown in the figure, a pair-wise cancellation of the retardation in the LC fluid with posi-
rive An and rhe rerardation in the film with negative An occurs. The roral retardarion of
a light ray traversing the TN cell and compensation films becomes independent or less
dependent on viewing angle, as shown in Fig. 6.13. The result is a significant reduction
of dark luminance over wide viewing angles and a betrer contrast ratio over viewing
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angle. The discotic negative birefringence film was developed and commercialized by Fuji
Photo Film® [5] and has been widely used on smaller LCD monitors,

This basic concept has been implemented with a varicty of compensation films on both
sides or on one side of the cell.
6.4.2 In-Plane-Switching Mode

Arguably, the best viewing angle is achieved in a different LC mode, the in-plane-swirching
(IPS) mode (Fig. 6.14). In the IPS mode the data voltage is applied between electrodes on

Compiensation é
film an = 0 %.
— Retardation
Y —:|
TH cel tﬁ Fair-ise L,
An < 0 Q campensation ol -
6? 0 Wiewing
_ Film angie
=1
Compansation ‘%
film an < 0 &

Figure 6.13: Example of a TN cell combined with compensation films
and resulting retardation versus viewing angle.

Polarizaer
Substrate

LC ae =0

Substrate @

Polarizer

OFF state OIN state
Figure 6.14: Operating principle of in-plane switching.
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the TFT array, so that the electric field is paralle] to the glass plates. The lateral electric
field causes the LC molecules to rotate parallel to the plates, Since the LC direcror
always remains parallel w the glass places, this leads 1o a fairly symmerric, very wide
viewing cone. The dielectric anisotropy Ag of the LC fluid is usually positive. For Ag = 0,
the LC molecules line up parallel to the lateral electric field.

In Fig. 6.14 the basic operation of the IPS mode is shown. The alignment layers on both
surfaces are rubbed under an angle of 45 degrees with the electrodes on the active matrix
substrate. Linearly polarized light enters the cell parallel to the LC director. In the
absence of an electric field, the orientation of the LC director is uniform throughout the
cell and light emerges withour a change in polarization. The exit polarizer is oriented
perpendicular to the first polarizer and rherefore blocks the light. When a volmge is
applied between the electrodes in the ON state, the LC molecules line up to the field
and rhe angle berween the LC direcror and the polarizarion direcrion becomes gradually
45 degrees with increasing voltage.

The transmission T of this normally black IS cell with crossed polarizers can then be
described by the following equarion:

T=Tiaini{ zen-*;ysm:(-“—‘{hi} (6.2)

where T, is a constant depending on the polarizer transmittance and aperture ratio of the
cell and ©(V) is the angle berween the LC optical axis and polarization angle of the inci-
dent light, which can be varied with the applied voltage V. An is the LC oprical
anisotropy, d is the cell gap, and & is the wavelength. The cell gap is chosen so that An.d
= 0.3 um. This means that the lasr term in Eq. 6.2 is close to uniry in the visible spec-
trum.

ArV =0, the LC optical axis is paralie] to the incident polarization angle, so that @ = 0°
and T = 0. At high volrage {~7 V) most of the LC molecules are lined up parallel to the
electric field (when Ae > 0) so that @ =457 and T = T, Like the TN cell, the IPS cell is
operated with an AC square wave voltage withour the DXC component.
The threshold voltage V, for the IPS mode is

Voer(S) ok (6.3)

=g N eae '

where [ is the spacing between the lateral electrodes across which the electric field is
applied, K, is the LC elastic constant for twist deformation, €, is the permittivity in vac-
uum, and Ag is the dielectric anisotropy. V), is the voltage at which the LC molecules in
the center of the cell commence to rotate. [t depends on Ifd and is abour 2-3 V. Ta
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reduce the threshold voltage and aperaring volrage of the [PS mode, special LC fluids
hive been developed with a large Ag,

An example of the electro-optical response of an 105 cell for different wavelengths, cor-
responding to Eq. 6.2 is shown in Fig. 6.15.

Figure 6.16 shows some examples of pixel layouts for an IPS TFT LCD. The lateral elec-
tric field is applied between the drain electrodes, on which the data volrage is stored, and
the counter electrodes, which are held ar a constant bias, The pixel storage capacitor is
tormed by the overlap area of the counter electrode and the drain electrode. An ITO
pixel electrode is not needed in this design. With borh pixel elecrrodes on the TFT array,
there is also no longer a need for a common [TO electrode on the color filters, However,
to prevent sensitivity to external fields, a grounded ITO layer is often added as a shield
between the front polarizer and the color plare. Since the pixel electrodes are opaque
metal layers, they obscure the pixel opening significantly as compared toa TN TFT
pixel. The pixel opening in IPS TFT LCDs is typically less than 50%.

Equation (6.3) shows that the threshold voltage of the IPS mode depends on both elee-
trode spacing and the LC cell gap. In the TN cell, on the other hand, the electrode spac-
ing is the same as the cell gap so thar the threshold is independent, to a first
approximation, of the cell geometry (see also Chaprer 1, Sec. 1.4.). More accurate con-
trol of the cell gap in manufacturing is therefore needed for the IPS mode than for the
TN mode.
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Figure 6.15: Transmittance-voltage curve for

a typical IPS cell at different wavelengths.
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Figure B.16: Examples of pixel layouts for

an IPS cell.

Small electrade spacings give a lower operating voltage in the [PS mode. There is, how-
EVET, d ti"x]dC'UH IUE‘EWL"ETI Uprralim_{ \'[Jllﬂ[._,"l_' and 'dpEl'tl.ll'E:‘ ratio. FLH' i S'l'l'lil"t’l' el{*ctrﬂde
spacing, a larger fraction of the pixel area is occupied by the opague mertal elecrrodes.
Aperture ratio is generally much lower than in the regular TN mode with or without
compensation films. This is the price to pay for the viewing angle imptovement. To max-
imize the aperture ratio, the electrode spacing has been increased from fd =3 o [ld =7
in conjunction with the development of 13-V data driver 1Cs, which can apply +7 and
=7 V on rhe pixel in the dot inversion mode.

The IPS mode was originally commercialized by Hitachi [6] and has been implemented
by a number of companics in monitors and LCD televisions. OF all LC modes, it arguably
maintains the best image quality over viewing angles. Not only is the contrast rario larger
than 10x up to 170-degree viewing cones, but the color shift and gamma shift over view-
ing angle are also minimal.

Drawbacks of the IP'S mode are a somewhat lower peak contrast ratio at normal angles
and a lower aperture ratio to accommodate the multiple electrodes on the pixel. The
early IPS LCDs also had slow response times, exceeding 50 msec. With the development
of better LC fluids specifically for [PS and with optimized cell structutes, the response
rimes have heen reduced o be acceprable for relevision and conrrast ratio has been
improved to more than 600:1.
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A number of variations and improvements on IPS, such as Super-IPS® introduced by
Hitachi and True Wide IPS* ineroduced by LG Philips LCD, have pushed rhe state of the
art even farther. With the original IPS pixel designs with the rectangular electtode con-
fipuration of Fig. 6.16, some asymmetry in the viewing cone occurred. In Super-TPS*
LCDs the lateral pixel electrodes are in a chevron pattern, as shown schematically in

Fig. 6.17.

Both the entrance polarizer axis and the initial LC molecule orientation at V = 0 are ver-
tical. There is a difference in the elecrric field direction in different sections of the pixel,
so that the LC molecules rotate in opposite directions. As a result, there is more than
one domain in each subpixel. This tends wo further widen the viewing angle and improve
symmetry of the viewing cone. Ir also reduces the color shift aver viewing angle [7]. In
Fig, 6.17 the angle between the polarizer and the laveral electric field is about 60 o 70
degrees. In this case, the angle @ between the entrance polarizer and the LC director can
exceed 43 degrees so that the mmsmittancesvoltage characreristics show a peak at @(V)
= wi/4 and then decline (Fig. 6.18), in accordance with Eq. 6.2.

The rise and fall response rimes in the IPS mode are given by

Lo —%rc—K (64)
e AeE- Eo

Counter electrodes Counter electrodes

i /

__ Direction of electric fiekd

—— LC molecule —
| |
Pixgl electrode Pixel electrods
TMolecule orientation ‘ Molecule orientation
< alv=0 VoAtV =0

Figure 6.17: Electrode configuration of a conventional IPS (left)
and a Super IPS (right) pixels.
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T= % (6.5)
where E is the electric field applied berween the lateral electrodes. As in the TN mode,
the response times depend strongly on cell gap d. Reducing d improves video performance
but increases the rhreshold voltage of the IPS mode (Eq. 6.3). Since mainraining unifor-
mity in manufacturing becomes increasingly more difficult for thinner cell gaps, a practi-
cal value is around 4 pm. With the development of LC fluids with high Ag specifically
for the IPS mode, good video performance has been achieved.

A variarion on the [PS mode is the fringe-field-swirching (FFS) mode introduced by
BOE Hydis. It has excellent viewing angle, comparable ro IPS, and minimizes one of the
drawbacks of [PS: the limited transmittance. In the FFS mode a higher aperture ratio is
obrained by rhe use of a continuous common [TO elecrrode separated from 1TO grid
clecrrodes by a dielectric, Both electrodes are on the active matrix array and are transpar-
ent, so that the pixel opening can be significantly larger than in mast IPS TFT LCDs,
where horh electrodes are opaque.

6.4.3 \Vertical Alignment

Anorher successful approach to improve viewing angle is the vertical alignment (VA)
mode (Fig. 6.19). In the VA made the nematic LC molecules are aligned perpendicular
to the glass plares in the absence of an electric field. This requires a different type of
alignment layer. The rubbing process is eliminated in the VA mode, which translates into
a yield advanrage.

| o=w4

Transmittance

. | L
g 15 20
Valtage (V)
Figure 6.18: IPS T-V curve
when & can exceed /4.
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Figure 6.19: Operating principle of the
vertical alignment (VA) mode.

L fluids for the VA mode are specially formulared ro have a negarive dielecrric
anisotropy Ag of —3 to —4. These LC fluids have lateral polar substituents that induce a
dipole moment perpendicular to the long axis (the director) of the molecule, hence the
negative dielectric anisorropy.

This INEAnSs tl'l'rlt 'Whl_‘!'l a V(]lli-{ﬁi_' s ':IPPIiL'L{ thwL'Cl'l thl.‘ [ﬂlﬂﬁpﬁﬂ_‘n[ IIIL‘CITUE]CS on thl.' Wi
plates, the long axis (the direcror) of the LC molecules rotates to become oriented paral-
lel tor the plates. The operating principle of the VA mode is illustrated in Fig, 6,19,

In the basic VA mode the molecules can start tilting with their directot in any plane per-
pendicular to the glass substrares. For situations with partial ole, this would lead to domains
with varying retardation under oblique angles and therefore varying, uncontrolled contrast.

In order to obtain a more symmetrical viewing angle, the pixel is subdivided into
domains, in each of which rotation starts with well-defined different initial tile, This is
called the mulri-domain vertical alignment (MVA) mode (see Fig. 6.20). The multiple
domains are obrained by adding protrusions on both substrates. They cause the pixel 1o
have areas of different preferential tile direction in the cell when an electric field is
applied berween rhe rwo substrares.

The cell operates with crossed polarizers in the normally black mode. Withour applied
field, most LC molecules line up perpendicular to the substrate surfaces so thar the polar-
ization is not changed. The exit polarizer blacks the light. When a moderare field is
applied, the LC molecules tilt preferentially in a direction controlled by the protrusions
s0 rhar the polarizarion is partially alrered to obrain a mid-gray level. Ar high field, rhe
center molecules line up parallel to the surfuces as o resule of the negative dielectric
anisotropy. The LC fluid now rorares the polarization direction depending on the angle
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of the entrance polarizer and rhe LC direcror. The rwo or four domains have the effect of
making the viewing angle symmetric in two or four directions.

Figure 6.21 shows a pixel layout of a protrusion design to obtain four domains per pixel
for the MVA mode. A zigzag grid of protrusions ar 90 degrees on the acrive and color

Polarizer

e L : 1
Ll O

Higher
voltage:
white laval

/@&aﬁ Eﬁ%ﬁ%
| - "

Figure 6.20: Multi-domain vertical alignment (MVA) using
protrusions on the two substrates.

Mominal pixel outline

*,

o

| Polarizer ‘\ Profrusian on color fitler

Protrusion on TFT amay
Figure 6.21: Protrusion design for & four-
domain MVA LCD [8].
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plares is used. The entrance polarizer is vertical along the column lines so thar the LC
director in each of the four domains will be orienred at 4/—43 degrees with the polarizer
oricntation in the presence of an electric field. The protrusions block the light and there-
fore need to be kepr small ro minimize impact on rhe aperture ratio. The aperture rario,
however, will be smaller than in a regular TN mode with or without compensation films.
In Fig. 6.22 a transmirtance-voltage curve for the MVA mode is shown.

The MVA maode is popular in deskrop monitors and LCD relevisions, and combines a
wide viewing angle with a fast response time. [t was originally introduced by Fujirsu [8]
and has been adopted by a number of manufacrurers.

Variations and improvements, called patterned vertical alignment (PVA® and super-
PVA®), and premium-MVA® mode, have been introduced by Samsung and AU
Optronics, respectively. Some improvements have protrusions on only one substrate and
apertute ratios as high as 67% have been achieved. Of particular interest is Samsung’s
VA mode, which eliminates the protrusions altogether and instead uses patterned ITO
areas on both the TFT and color substrate w obtain multiple domains, as shown in

Fig. 6.23. An extra ITO parrerning and erching step on the color plate is needed for the
PVA process. As in the MVA mode, a four-domain design is common with zigzag-shaped
slits in the [TO layers. To maximize aperture ratio, the data buslines can also be designed
in a zigzag pattern [9].

In the dark state of the PYA mode {V = 0), the LC molecules are perfectly lined up per-
pendicular ro the glass plares. As a resulr, there is no residual rerardation and the contrast
ratio can be virtually equal to the extinction ratio of the polarizers. With the optimized

Relative transmittance
T

a 1 2 3 4 B & 7
Voltage (V)
Figure 6.22: Typical transmittance
curve for an MVA LCD.
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Figure 6.23: Patterned vertical alignment (PVA) mode.

super-PVA mode [9], a contrast ratio larger than 1000 ar normal viewing angles has been
achieved (Fig. 6.24). A contrast rario exceeding 1000:1 is particularly important for LCD
television where any light leakage in low ambient lighting conditions is objectionable.
In the protrusion-based MVA maode it is more difficulr ro achieve a contrast rario of
1000:1 because the small tilt near the protrusions causes some residual rerardarion and
light leakage in the dark state (V = 0). IPS-mode LCDs have a lower peak contrast ratio
as well, but usually have an even betrer contrast ratio off-axis than is shown in Fig. 6.24.
As compared to the original contrast versus viewing angle curve of a standard TN cell
shown in the previous chapter (Fig. 5.6}, the MVA, PVA, and IPS modes have all
demonstrated tremendous progress in image quality.

MWVA-maode LCDs use a special alignment layer to cause the vertical orientation of the
LC molecules ar the substrare surfaces. Unlike the TN and IPS modes, this orientation
layer does not need a rubbing process, which is considered a yield advantage in manufac-
ruring for the MVA and PVA modes.

To compensate for the off-axis rerardation in the zero field dark stare, MVA-mode
AMLCD:s do, however, usually require recardation films added ourside the plass assembly.
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Figure 6.24: Contrast ratio versus viewing angle for PVA
and S-PVA mode (reprinted with permission from the

Soclety for Information Display).

A variation on the VA mode is the advanced super view or axially symmetric vertical
alignment (ASV*) mode used by Sharp in their LCD televisions. In the ASV method
{Fig. 6.25), the domains have random directions leading ro a completely symmetric view-
ing cone.

6.4.4 A Comparison and Other Viewing Angle Improvement Methods

The viewing angle behavior of LC cells can be quantitatively expressed as contrast ratio
versus left/right and upperflower viewing angles, as shown in Figs. 3.6 and 3.8 in Chaprer
5. These plots show rthe performance only ar azimuth angles of 0, 90, 180, and 270
degrees. To include all azimuth angles, it is customary to plot the viewing angle behavior
in contrast conrour plots with azimurh angle @ and polar angle 8 as paramerers, as
defined in Fig. 6.26.

These two angles are used to generate the contrast contour plots shown in Fig. 6.27 for
unmodified TN-, compensated TN-, IPS-, and MVA-mode cells. The iso-contrast curves
enclose areas with higher contrast. The plots are representative for measured results with
the caveat thar improvements are still regularly reporred and thar there is some variation
from one manufacturer to the next. For both the MVA mode and the [PS mode, a con-
rrast ratio exceeding 10:1 has heen achieved for polar angles up ro 80 deprees ar all
azimuth angles,

There are a few other, less popular methods to improve viewing angle, notably the multi-
gap normally black TN mode and the TN mode with collimaror-diffuser combinarion.
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Figure 6.25: Operating principle of the ASY
mode.

i g
Figure 6.26: Definition of polar and azimuth

angles for measuring and plotting contrast
contours.

The nommally black (NB) TN mode has better contrast ratio at off-angle viewing than
the normally white mode, but a lower peak contrast ratio with a white backlight. The
contrast tatio varies with wavelength and LC cell gap according to the Gooch=Tarry
theory (Fig. 6.28), as was described in Chapter 3, Sec. 5.2.

The NB TN LCD can be designed with different cell gaps for each color so thar the cell
operates in the finst minimum for red, green, and blue light. This is done by wiloring the
cell gaps according ro the following equarions:
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Figure 6.27: Contrast contour plots for four different LC modes.
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where d,, d., and d,, are the LC cell gaps for the red, green, and blue subpixels and &, &,
and A are the peak wavelengths for the three primary colors. The color filter thicknesses
are adjusted w obrain the different cell gaps, as shown in the inser of Fig. 6.28. A high
peak contrast ratio and relatively wide viewing angle can be simultaneously achieved this
way. However, the multiple cell gaps are very difficult to control accurately and consis-
tently in manufacturing, and this mode has therefore been used only in high-end avionic
cockpit displays but not in mainstream displays,

The collimator-diffuser approach (Fig. 6.29) avoids altogether the problem with off-angle
viewing in the TN mode by collimaring the light so thar it passes through the LC cell

(=]
=1

Light transmittamce Ly (%)
2

-

=1

Ratardation index u

Figure 6.28: OFF state transmission in
normally black TN mode with multi-gap
configuration in inset.

A A AV A

Diffuser |
Color filter plale
mo
2 00
cell -
o
o _——= '.'
TFT plate
l Collirmated backlight
Figure 6.29: Operating principle of the
collimator-diffuser mode.
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mostly perpendicular to the glass plares with good contrast. A diffuser after the exit
polarizer scatters the light, Its drawback is increased power consumption in the backlight
and light loss in the (rone diffuser.

In Table 6.2 the major three viewing angle enhancemenr methads are compared with
cach other and with the conventional TN mode in terms of image quality, power con-
sumption, and manufacturabilicy. All three methods give much better image quality over
angles than the conventional, uncompensated TN mode. Response times are not listed in
the table because all three basic modes. TN, IFS, and MVA, have made similar progress
toward video performance.

There is still active ongoing research to improve the different modes for welevisions and
monitors in terms of response times, color shift over angles and gray scale, and aperture
ratio. The improvements and refinements are labeled with superlarives, some mentioned
before, such as Super-IPS®, Advanced Super-IPS*, True Wide IPS®, super PVAY and pre-
mium MVAY,

6.5 Enhancement of Video Performance

When conventional LCD deskrop monitors and notebook panels are used to display
video from a DVD, for example, the image quality is inferior to that on a CRT. Although
the contrast ratio for static images on such displays can exceed 500:1, for moving images
degradation in the dynamic contrast ratio is seen and the edges of moving objects blur.
This makes the viewing experience less than acceprable. Faster LC fluids have been
developed with a lower rotational viscosity and the cell gap can be reduced to about

4 pn to improve response time (see Egs 5.11 and 3,12 in Chaprer 5). These measures
can lower the transition rime from full ON o full OFF and vice versa to 8 msec for TN
and MVA modes.

Table 6.2: Comparizon of different viewing angle improvement modes

Conventional TN | Compensated TH  IPS | VA
Viewing angle - x a A
| Peak CR 1 |a 4 |0 |
Gamma shift over angle | - H a A
Color shift over angle = x a A
Power consurnplion o o x A
Manufacturabllity_ | i] | o A | A

0, very good; A, Qood; X, 18] -, poor.
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However, this by itself does not reduce smearing of moving video images sufficiently for
application of LCDs in relevisions. In video imusgery the majority of mansitions are
between intermediate gray levels, which have longer response times, according 1o Eq,
53.11. The response rime hetween different pray levels can exceed 50-80 msec in a con-
ventional TN cell.

Another factor influencing motion potteayal is the hold-type character of an LCD (i.e.,
the luminance is continuous during each frame time). A data voleage is applied to each
pixel once per frame time and maintained during the entire frame until the nexr refresh.
This sample-and-hold mode of operation cannot eliminare an afterimage on the rerina
and causes blurring of fast-moving objects on the LCD. The problem is exacerbated
when the display is large and/or viewed from close-up. This is contrary to the impulse-
type character of CRTs, in which cach pixel emirs light for only a fraction of the frame
rime.

In the following rwo secrions, rwo solurions for these basic problems in LCTs are

described:
1. Response time compensation by overdrive rechniques, and

2. Emulation of impulse-type operarion in an LCD.

6.5.1 Response Time Compensation

In Sec. 5.5 in the last chapter, the response times for the TN mode were given in Egs.
5.11 and 5.12. These are the times for transitions from full ON to full OFF and vice
versa. The rise rime is volrage-dependent, so for transitions berween intermediate gray
levels the response times can exceed several frame times and are not short enough for
high-quality video. The resulting image lag and motion blur is unaceeptable for LCD tel-
evisions. In addition o rise and fall times of the LC cell in excess of a frame time, a con-
tributing factor is the slow variation of the LC capacitance with voltage, When the data
volrage on the pixel changes significantly, it can rake more than a frame rime for the LC
capacitance to stabilize ar its new value. Since a constant charge is loaded onto cach
pixel during active matrix addressing, the voltage may change duting the frame time from

V., to V_, according to the equation

Vau=g=Y

(6.10)

vl

where C and €, are the LC capacitance at the beginning and end of the frame time,

respectively.
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The adverse effects of both slow response rimes and dynamic LT capacitance can be
countered by response time compensation [10]. To improve video performance, overshoot
daL'd \"Ull'd,l_:"f.'ﬁ are USCd 50 1.[1:3!1 lll\.‘ l?il'gl.:l lkllllillﬂllL'c is rL"dL‘llL'd a.ﬁ.[.'r one fIIi'[llL' L. TE{C
principle of this response rime compensation is illustrared in Fig. 6.30. The final gray
level § cannot be obtained within one frame time by applying data level i. Instead, an
overshoot dara signal or boost level k is applied to the pixel and is stored on the pixel for
one frame time. The overshoot level causes the display luminance to sertle at the new
gray level i within one frame time. The overdrive method requires signal processing and
empirically optimized lookup tables for level-to-level rransitions.

An example of the electronics required to implement response time compensation is
shown in Fig. 6.31. One frame of incoming video signals is stored in a first in, first out
(FIFQ) frame buffer. The video data for cach pixel in this frame is then compared with
the video data for the next frame. Depending on the starting and ending gray level, an
overshoot or undershoot volrage is added to rhe sready-stare dara signal for a particular
gray level, The signal boost for each gray level transition is derived (rom a lookup wble,

Frame1 Frame2 Frame3 Frame 4

Data voltage Overdrive: lovel data_k
------ - - End level data_i

- Starfing level
i I - Gray lovel k
Disgiay Cumpensa:lEﬂ < Gray level |
luminance i :
rEspOnse

Uncompersaled

Figure 6.30: Overdrive data levels appliad to speed up optical
response time of display luminance between gray levels.

FIFQ
frame 3
Incoming bulfer i Dulgaing
gray level E gray level
data 2 dala
=

Figure §.31: Basic block diagram for response time
compensation.
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which is optimized for the particular LC mode and cell structure used (TN, IPS, or
MWA). The boost signal is usually inserted during one frame only, after which the steady-
state gray level is applicd (assuming no change in gray level in the subsequent frame).
The overdrive funcrionality wirth the lookup table and the comparison circuir can be
integrated into the timing controller of the display or in separare added circuitry, The
frame buffer memory is typically external in an SDRAM chip.

The plots in Fig. 6.3 demonstrate typical improvements in response times achieved by
the overdrive method. When combined with faster LC fluids, response times of 8 msec
have been obtained for all gray level transitions.

6.5.2 Emulation of an Impulse-Type Display

Even when rthe response rimes could be reduced ro zero, rthe video performance of LCDs
would still be inferior to that of CRTs. CRTs ure impulse-type displays in which brief
excitations ol the phosphor result in brief repeating light pulses, which are integrated by
the human eye and perceived as continuous while rhey are acrually intermirrent

{Fig. 6.33). On the CRT, the edge of a moving object therefore remains sharp.

In an LCD (a hold-type display), the luminance is continuous. The eye traces a fast-mow-
ing object on the LCD sereen as indicated by the arrow in Fig. 6.33. When integrating
over the frame time, the average luminance leads ro a hlurry edpe on the obhjecr.

One method o improve video performance is increasing the frame rare o, for example,
120 Hz. When all the gray-to-gray level transition times are also reduced 1o 8 msec, a
taster frame rare of 120 Hz gives a clearly visible improvemenr. However, this does nor
solve the problem entirely and it also complicates the electronics and requires lurger
TFTs to charge up the pixels in half the time.

",ﬂ -
50
40
Response time
(msec) 0
n
10
48
o o
End lavel 9 End level
0 14 32
48 gy
Start level

Figure 6.32: Example of uncompensated (left) and compensated (right) gray level response times.
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Figure 6.33: Brightness versus time for and perception of moving objects on a
CRT and an LCD.

Another way to address the problem is to switch the backlight ON and OFF o get the
impulse-type operation. This can be done be flashing the entire backlight at once afrer
writing the data informartion on the displays, as shown in Fig. 6.34A. The LC transmit-
rance has to be stabilized hefore the backlight turns ON. Part of the frame rime is used
for writing data and the second part for illumination. This causes a problem because the
allowahle LC response rime for pixels ar the harrom of rhe display will be shorrer than for
the top, causing moving objects with blurred edges at the botrom of the display for prac-
tical finite response times.

A berter solution is a scanning backlight with, for example, six stick lamps and rhe tim-
ing shown in Fig. 6.34B. The physical configuration is depicted in Fig. 6.35. In this case
the entire frame rime can be used for wriring data and the allowable LC pixel response
time is the same at the rop and the borrom of the display. An LC response time for all
gray-to-gray levels of about two-thirds or one-half the frame time is sufficient w prevent
moving objects with blurred edges,

The use of this scanning hacklight emulates an impulse-type display and virtually elimi-
nares blur of moving ohjecrs, as illuserared in Fig. 6,36, Morion on LCDs with scanning
bucklight appears more like o movie, Film projectors also darken the screen for about
50% of rthe rime, during the mechanical advance ta rhe next film frame. In rhe projector
this is done by a shurter behind the lens.
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Figure 6.34; Synchronization of blinking backlight (A) and scanning
backlight {with six lamps) (B) to vertical scanning of the LCD.

Slick tamps Ligriting periods.

Frame lime
Figure 6.35: Operation of AMLCD with scanning
backlight to improve video performance.

When one lamp in the scanning backlight is ON at a time and its brightness is not
increased, an obvious deawback is that the average brightness is decreased by a facror of
six. Since this is unacceptable, the lighting periods of the individual Lanps will overlap in
practical scanning backlights. There will be a rrade-off hetween brightness and motion
blur.
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Direction of motion

Blurred edge of moving nbjects
with conventional backlight

Sharper edge of moving ohjects
with scralling backlight

Figure 6.36: Qualitative improvement in motion portrayal with
impulse-type (scanning or scrolling) backlight.

The scanning or scrolling backlight improves not only sharpness, bur also the

contrast and color purity of moving images. As explained in Chaprer 4, Sec, 4.3, hot
cathode fluorescent lamps (HCFLs) are a good match with scanning backlights. They
can operate at higher currents to obtain very high luminance and can also be casily
dimmed for intermittent operation. In the most advanced scanning backlights, both
duty cycle and dimming level are dynamically controlled based on the video content
and the ambient lighring condirions. With the gamma curve of the LCD also being
dynamically adjustable depending on image content and ambient lighting, superior dis-
play performance is achieved with a sophisticated, correlated control of backlight and
LCD electronics.

LEDs are compatible with scanning hacklights as well. The peak current in the LEDs can
be increased for shorter duty ratios so that the average luminance can be maintained
quite well. LED hacklights are also relatively easy to operate intermitrently with current
pulses at low voltage and will be attractive for scanning backlights, when their cost can

be further reduced.

Another method to emulate an impulse-type display is to insert black data during part of
the frame. To avoid flicker this needs to be done during pare of the 16-msec frame and
therefore requires very fast LC response times.

6.6 Large Size

With the advent of Generation 3, 6, and 7 production lines for a-5i TFT LCDs, it has
become possible 1o build very large displays with a size approaching that of the largest
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plasma displays. Before LCDs larger than 40 in. or with resolution higher than SXGA
became possible, several technical hurdles had o be overcome, One is, of course,
manulacturing vield, discussed in Chapter 3, See. 3.9, Another is the line resistance of
the select and dara buslines. When the signal propagation delays on the buslines hecomes
a significant fraction of the line select time, LCD performance can deteriorate.

This is the case also for 20- to 25-in. displays with very high resolution in the UXGA o
QUXGA range, developed for graphics and medical imaging applications. They have a
very short line select time, as shown earlier in Table 5.3.

Table 6.3: Resistivities of metal
films used as buslines in LCDs

Metal | Resistivity (u{2cm)
Ta | B0-200

Cr 20

Mo | 13

Altd 7

Al

Cu | 256

Long buslines or short select line times both require the use of low-resistance gate lines to
minimize the RC propagation delays. Figure 6.37 shows how the select pulse is distorted
along the select line of a large or high-resolution display. The load on each pixel can be
represented by a resistance RN and capacirance C/N, where N is the number of pixels on a
row. A distributed netwark of these capacitors and resistors represents the entire row. Both
the rise time and rhe decay rime of the pare pulse are increased at the end of the row line.

RN RN RN RN RN
e

) Pl

22 psec (XGA)

1
: L5,
10 psec (QXCA)
Figure 6.37: Equivalent circuit for gate busline with
resistance R, capacitance C, and N pixels with example
of gate pulse distortion along rows in XGA and QXGA
cases,
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With the aid of circuit simulations the effect of propagarion delays on the LC pixel volt-
age can be predicred. The pixel charging is faster for the negative charging cycle than for
the positive cycle, as a result of the higher gate voltage relative w the negative data volt-
age than to the positive dam volrage. The pixel may not charge up completely to the
positive data voltage (Fig. 6.38).

Afrer the negative charging cycle, the pixel voltage shift from the parasitic gate-drain
capacitance further reduces the voltage on the ITO pixel elecrrode. Because of the slow
decay time of the gate pulse, the TFTs at the end of the row are not sufficiently turned
OFF before the dara voltage changes for the next pixel on the column. Then, there is a
potential for partial recharging of the pixel to the next pixel’s data volrage, as shown in
Fig. 6.38.

Incorrect pixel charging leads to gray scale errors andfor residual DC voltage on the LC
{and therefore image retention).

Convenrional selecr line merals such as Ta, Cr, and Mo have a relarively high resistiviry
of more than 12 p€cm (see Table 6.3 and Sec, 3.3 in Chaprer 3). A high gate line resist-
ance can show up in the display as a brightness gradient from the driven side to the un-
driven side or as an increase in flicker and image retention in sections of the viewing
area. The RC delay is most severe when the storage capacitor is connected to the gate

Selecl

Incomplede
charging

Racharging to
next data voltage

Figure 6.38: Pixel wave forms at beginning {top) and end
{bottom) of gate line with RC delay.

174

SAMSUNG, EXH. 1008, P. 61



Improvement of Image Quality in AMLCDs

line because it increases the capacitive load on the gate line. When the Cs-on-common
pixel configuration (see Fig. 2,20 in Chapter 2) is used, this problem is somewhat allevi-
ated. For very large displays there is also the option to drive the gate lines rom both let
and right side, so that rthe worst-case RC delay accurs in the cenrer pixels. Twice the
numbet of row drivers will be required. 1n this configuration, both R and C are reduced
by a factor of two, resulting in a 4x reduction in rthe worst-case RC propagarion delay.
RC delays on the dara buslines are also important, although not as eritical for perform-
ance as RC delays on the gate lines.

Most large and high-resolution AMLCDs use Al as the busline material for both select
and dara lines and some use Cu (see Table 6.3).

Al and Cu have a much lower resistiviry of around 4 and 2.5 pQcm, respecrively.
Unfortunately, pure Al grows hillocks during high-temperature processing such as the
PECVD step for the pare nitride and a-5i. This can cause shorts and yield problems. To
prevent hillock formation, the Al layer can be anodized, encapsulared, or coverad by a
cap layer such as Mo or Ti (Fig. 6.39). Alternatively, an Al alloy with, for example, Nd
can bhe used (Fig. 6.39). Since anodizarion and encapsularion require extra patterning
steps, they are used less frequently than cap layers or Al alloys.

Anodized Al

Cr Al
S
| Glass |
Encapsulated Al

T — Al
| . Glass g

Capped Al

AlNG
A
Glass |
Al alioy

Figure 6.39: Methods to employ Al gate buslines.
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Figure 6.40: Photograph of a 57-in. TFT LCD developed by Samsung Electronics.

The largest reported a-Si TFT LCDs are an §2-in. HDTV by Samsung Electronics, a
65-in. HDTV by Sharp and a 57-in. HDTV by Samsung Electronics [10]. The 57-in. dis-
play shown in Fig. 6.40 has a tesolution of 1080x1920 pixels and utilizes dual-sided row
drive to reduce both resistance and capacitance of the select lines by 2x for a reducrion
in RC delay of 4x. Viewing angle is enhanced by the PVA {patterned vertical alignment)
mode. Response rime is improved for relevision applications by overdrive.

The application of large TFT LCDs beyond 30 in. is mostly in enhanced-definition and
high-definition television and in digital signage. In both markets they compete with
plasma displays.
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