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Preface

The meteoric rise of the active matrix LCD over less than two decades to undisputed
dominance as a flar panel display has been breathraking. 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 fundamenmals of LCD operation and
the principles of nctive matrix addressing. The reader will become tamiliir with the
construction and manufacturing methods of AMLCDs: as well as with drive methods;
performance churacreristics; recent improvements in image quality; and applications in
cellular phones, portable computers, deskrop monitors, and LCD relevisions,

This book is on an introductory level and inrended for students, engineers, managers,
edugators, 11 lawyers, research scientists, and technical professionals, Emphasis has been
placed on explaining underlying principles in the simplese possible way withour relying
extensively on equations. Last, bur not Least, the book is intended for those inquiring
minds who, for many hours every day, look ar the LCD displays of notehook compurers,
flar panel monirors, and televisions and simply wonder how rhey work.

This book grew vut of the course materials from seminurs 1 presented several times at
UCLA, ar the gracions invirarion of course arganizer Larry Tannas. The course marerials
were further updated when the Sociery for Informarion Display kindly invired me 1o
present Short Courses on AMLCDs ar the annual SID Symposiums in 2002 and 2003.

A book like this would not have been possible withour frequenr interaction 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 tormer coworkers at OIS
Optical Imaging Systems, Ine: and ar Planar Systems, Inc. They include Adi Abileah,
Sreve Agpas, Tom Daker, Yair Baron, Bill Barrow, Mike Boyd, Young Byun, Vin Cannella,
Mark Friends, Pat Green, Tieer Gu, Chris King, Termance Larsson, Alan Lien, Darrin
Lowe, Yiwei Lu, Fan Luo, Tin Neguyen, Chene-hin Qiu, Scort Robinson, Scorr Smith,
Scorr Thomsen, Dick Tuenge, Vicror Veerasamy, Mimi Wang, Moshe Yang, Mei Yen,

Zvi Yaniv, und John Zhong.

Preface

Finally, I would like to thank the Elsevier Science organizarion for the oppartunity
write this book and for their support during ivs production.

Wilfem 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 ro compurers. In today’s informartion seciety, they
play i mereasingly mportant snd indispensable role in communication, computing, wnd
entertainment deviees.

The venerable cathode ray tube (CRT) has been around for more than 100 vears and has
been the workhorse for television dihp[uys and, uneil recently, for Computer sCreems, As
one of the few surviving elecrronic devices based on vacuum tubes, the CRT can boast
an unrivaled success as o low-cost color display with good imapge quality. les large depth,
weight, and power consumption, hewever, have limited its use to nonportable
applicarions.

From the carly days of electronic display development, a lat panel display was considered
a very artractive alrernarive to the bulky CRT. For decades, display enpineers searched for
flat punel display technologies to replace the CRT in many applications. In spite of many
attempis o develop flac CRTs, plasma displays; and other low-profile displays,
commercial success remained elusive for many years. Finally, by the 1990s several
technologies were making sipnificant inoads to achieve this goal. In particulur, active
matrix liquid crystal displays (AMLCDs) and plasma displays demonstrared large sizes
and high image guality comparable o CRTs,

The success of AMLCDs, the subject of this book, is the culmination of two significant
developments: liguid crystal cell rechnology and large-aren microelectronics one glass,

For more than rwo decades these rechnologies have been refined and an exrensive
infrastrucrure for manufacturing equipment and marterials has been established, especially
in Asia.

Liguid crystals were discovered in 1888 by rthe Austrian horanist Friedrich Reinitzer. 1Te
experimented with the cholesterol-rype organic fluid cholestery] benzoare and tound thar,
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upon heating, it underwent a phase transition from a milky fuid to 8 maostly transparent
fluid, This was later explained s o transition from am optically wnd electrically
anisotropic Muid woan sotropic Muid. The anisotropy (e, the difference in dicleerric
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 Liguid erystal, The
technological and commercial potential of Tiquid crystal was not realized until the 1960s,
when RECA developed the fiost liquid erystal displays {(LCDs) based on the dynumic
scatrering effect [1]. The rwisted nemartic (TN) mode of operation, an which many
current LCDs are based, was first described by Schadr and Helfrich [2] in 1971 and,
independently around the same time, by Fergason [3]. Twisted nematic LCDs appeared
on the scene in the early 1970s in electronic wrist watches and in caleulators.

LCDs quickly dominated in small portable applications due to the compatibility of the
simple reflecrive-type LCD with low-power CMOS driving circuirry and rherefore with
barrery operarion. In addirion, high-volume manufacruring led to very low cost. The
market (ot small, direce-deiven, segmented, TN LCDs in portable devices increased
rapidly during the 1970s. They were initially mostly used in 2 reflecrive made, relying on
ambicnt light for legibility, Since each segment in a direer-driven alphanumeric display
nieeds ro be separately connected to the control electronics, the informarion content of
this type of display is very limited, usually to one or two lines of rext or numbers, Other
drawhacks of the reflective mode included the difficulty of implementing color, the
dependence on ambient lighting, and the parallax caused by the separation of about
.5—~1 mm berween the back reflector and the L layer.

The mass marker for electronic wrist warches, calcularors, and other applications,
however, allowed investments in manufacturing snd turther development.

For displays wirh higher informarion 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 1o
each of its M rows and N columns. It reduces the number of interconnects to the
external addressing circuitry from Mo N to M + N, For example, 0 100 100-pixel display
now required 100+ 100 = 200 interconnections instead of 100 x 100 = 10,000 Such
passive matrix displays are usually operated with o one-line-ut-a-time addressing method
called multiplexing. The TN LCD was limited to only about 10 rows of pixels because of
its gradual trmsmission-voltge curve, Many improvements in passive matrix addressing
have been proposed and implemented over the last fifteen years, notably the super-
twisted nemaric (STN) LOCD. However, their performance in rerms of viewing angle,
response time, gray scale, und contmast ratio hus generally fullen short of what was
possible wirth a single direcr-driven pixel.
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Early during the development of LET technology, the limirarions of direct multiplexing
or passive matrix addressing were recognized, A solution was proposed by Lechner e al,
[4] and by Marlowe and Nester [3]. By incorporating o switch ot cach pixel in o matrix
display, the volrage across each pixel could be conrrolled independently. The same high-
contrist ratio of more than 200, obtained in simple, direct-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) wirh CdSe chin film transistors (TFTs) as the switching elements. The TFTs
in the array acr 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 clements other thun TFTs, such as diodes,

The CdSe TFTs used for the firse AMLCDs turned out to be a temporary solution.
Semiconducrors such as CdSe are not comparible with standard processing in the
microclectromie industry, which uses mainly silicon as the semiconductor material.
Advanced phorolithographic and erching processes have heen developed over the years
tor silicon devices and this rechnology 1s not readily applicable vo CdSe TFTs, Dr. Brody
has, nonethetess; remained a strong and vocal propanent of CdSe-based AMLCDs

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

TFT LCDs.

Polyerystalline Si marerials and devices are more familiar ro semiconductor process
engineers and were developed for use in AMLCDs in the early 1980s The first LC
pocker television markered by Seiko Epson in 1983 used a poly-5i TFT acrive matrix [7]
and was the very first commereiul apphcation of AMLCDs, The eurly poly-5i TFTx
required high-temperature processing and therefore used expensive quartz subsirares.

A color LCD was obtained by subdividing the pixel into three subpixels with red, green,
and blue color filters, Sinee the color fileers absorb 2 karge portion of the lighe, these
colar LCDs required o hacklight to operate in a rransmissive rather than a reflective
mode to be useful in most ambient lighting conditions,

Iy parallel to the carly development of LC eell technology and CdSe TFTs, thin film
amorphous silicon (1-51) was investigated in the 1970s. The mtionale behind this
interest was initially not its potential use for LCDs, but rather its promise for low-cost
solar cells. A major development accurred at the University of Dundee in Scorland in
1979, when LeComber et al [8] developed the first TFT with a-5i as the semiconduoctor
matetial and sugeested the active matrix LCD as one of its applications. Interestingly, a
patent om the basic 2581 TFT was never filed, since this work was pertormed at an
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academic instinution. 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 De. PG LeComber. Unfortunately, De LeComber witnessed only the swart of
the rremendous growth in AMLCDs based on a-5i TFTs; he died ar the ape of 51 of a
fatal heart attack while vacarioning in Switzerland in 1992,

Amorphous silicon can be deposited on low-cost, large-area plass substrates ar a
remperature below 300°C, It was more attractive than the early polyerystalline
technology for active matrix LCDs, which needed much higher process temperatures and
more process steps. A pocker television with a-3i TFTs was put on the marker by
Matsushita in 1984 [9].

Soon afrer the first TFT LCD with amorphous silicon TFTs was inrroduced, the a-5i TFT
overshadowed poly-Si 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 porrable
relevisions. The performance of the color AMLCD was inirially improved for high-end
applications such as atreraft cockpit displuys: In avionics, cost was a secondary concem
and emphasis was placed on rthe highest possible performance in terms of legibility under
any lighring conditions,

While a marker was established, volume production capability was gradually increased ar
several Japanese companies. This was accompanied by ascale-up in glass substrate size
from wafer-like sizes to around 300:400 mm. A significant breakehrough vecurred in the
late 1980, when the firse laprop computers with 10-in. diagonal size TFT LOCDs were
markered by several companies, including IBM, NEC, Sharp, Toshiba, and Hitachi: 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 10 be the killer application for active marrix liguid crystal displays.
They addressed the need of rraveling businessmen for lighrweight compurers with high
itmaze quality, smd thin amd low-power flat panel displays,

By 1996 the manufacturing substrate size had grown re 3502650 mm and many
improvements in processing and materials were implemented. In the mid- 19905 Korean
conipanies 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 paly-Si TET LCDs for small displays, Several
companies succeeded in producing low-temperature poly-5i TFTs processed at
temperatures below 60070, compatible with lower-cost glass, The main attraction of
paly-5i TFTs is their higher current-carrying capabilivy, allowing the integration of some
ot the drive elecrromics on the glass,
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Application of a-3i TFT LCDs in notebook computers facilitated large investments in
their manufacturing infrustructure. This, in turm, made passible the inroduction of space-
and power-saving, (lut-panel deskiop monitors based on AMLCLD panels with improved
viewing angles,

Several methods to improve the viewing angle, including compensation films and
different LC modes (in-planc-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 rerms of revenue for computer monitors.

Recent further improvements in hrightness, 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 tinal frontier for the AMLCD and 4 number of companies have started production
on glass substrares with 1-4 m? size to participate in this rapidly growing market.

Anorher applicarion where AMLCDs have attained a large market share is handheld
devices (i, in PDAs, digital comeras, cameorders, and mobile phones), With the
intraduction of 3G cellular phone service and built-in cameras, the demand for high-
comtrast, video-rate color displays have allowed the AMLCD to replace many of the
pocrer-performing passive marrix LCDs.

Parallel 1o the development of direct-view displays, microdisplays for projection have
been developed since the late 1970s. T was realized early on thar the LCDY s a light valve
thar can act as-an elecrronically conrrolled slide in a slide projector. Business-grade frone
projectars appeared on the seene in the carly 1990s with three high-resolution poly-Si
TFT LCDs. They are now commonplace in many meering roams and classrooms across
the world and can weigh less thun 3 |bs, Rearprojection, high-definition relevision hased
on reflective microdisplays (liguid crystal en silicon [LCOS]) have entered the
marketplace as well.

Microdispliays are also used in personal viewers such as viewtimders for digital camenas
and camecorders.

The success of AMLCD rechnology is the result of many years of close cooperation
among scientists and engineers from different disciplines, They include organic chemists,
physicists, oprical, electrical, electronic, mechanical, packaging, and manufacturing
engineers, all supported by inceeasing revenues from sales of LEDs,

Figure 1.1 illustrares the exponential increase in the total marker for AMLCDs, The

development shows # remarkable parallel with the semiconductor industry in the 19805
and 19905, also indicated in the plot. Some fluctuations in the LED revenue curve can

Active Matrix Liquid Crystal Displays

be atrributed o supply-demand cycles. Based on an extrapolarion 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 lirge 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 Iargest unir sales, the larger
displays abviously represent a lapge part of the toml revenues.

AMLEDs are also increasingly used in medical, industrial, and retail applications, often
with a touch panel included.

1000 ¢ T — T
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Figure 1.1: Growth of the semiconducior IC and
LCD market.
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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 etficiency and reduce cost. They include
calar filter, polarizer, and optical (il memufaciurers, driver 1C and controller 1C vendors,
packaging firms, hacklight manufacrurers, and suppliers of marerials such as LT fluids and
aligniment lavers.

The momentum the LCLY industry has gained is difficulr w supplant by altérmartive (lar
panel display technolagies, 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 mteresting only from an academic pomt of view. Liquid cryseals are an
intermediare phase berween crystalline solids-and 1sotropic liquids, and combine certain
churacteristic propertics of the erystal structure with those of w deformable (uid, Display
devices utilize both their Muidivy and the anisotropy associated with their crystalline
character. The anisotropy causes the dielectric constant and refractive index of the LC
fluid to depend on the orentation of its molecules.

Nemaric liquid crystals are commercially the most interesting rype. Upon hearing, most
erystalline solids underpo u phase transition wo an isotropic liquid. The nematic
intermediare phase (mesophase) occurs in certain, mostly arganic, substances in a
temperature range between the solid and isotropic liquid state. Figure 1.3 shows an
example of the molecular struerure of a liquid crystal, p-merhoxybenzylidene-p-n-
butylaniline (MBBA), with its nemuatic temperature range.

The liquid cryseal (LC) molecules are generally elongated in shape und have u lengeh of
aronmd 2 nm. Because of their “cigar” shape they rend o line up more or less parallel ro
each other in the lowest energy stute. The average orieritation axis along the molecules
a unit vector n, called the director, Nematic LC moelecules are not polar, so there s no
differentiation between n and —n. The dielectric constant and refractive index of the LT
is different along the direcror and perpendicular v the director, as shown in Fig. 1.4,
giving rise to dielectric and oprical anisotropy, respectively. The dielectric anisotropy

N—@ CyHy
M
Figure 1.3: Example of molecular structure

of LG — MBBA, with a nematic range of
2148°C.
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Figure 1.4: Orientation of LC molecules in [A)
smeactic, (B} nematic, and {C) isotropic phase,

makes it possible w change the orientation of the LC molecules in an electric field,
crucial for application in-electro-optical devices, The optical anisotropy leads to
birclringence effects (described later in this chapter) and 1s essential for the moduolation
of polarized light in display aperarion.

In bulk, Hguid erystal rends to form microdroplets. Within the droplets there is ome
director orientation, but the-director can be different for adjucent droples, Although
most high-purity liquid crystals are rransparent, this explains the milky appearance of
bulk L, as seattering of light oceurs at the boundaries of the microdroples.

When nemaric L is heared beyond a certain temperature, a phase transition oceurs to
an sotropic liquid. The nematic-sorropic transition temperature 15 often referred to as
the clearing point or clearing remperarure because of the drasric reducrion in light
scattering that occurs when the fluid no longer consists of microdroplets with different
directars. Just below the clearing point, the optical and dielecttic anisotropy of the LC
fluid searrs to decline, unril ar the clearing poine there is a single dielecrric conseane and
refractive index in the sutropic stute. Above the clearing poing, the LC fluid oo longer
hias the desirable aprical and dielecrric anisotropy, and display operation fails.

When the temperature i lowered, the LC fluid undergoes another phase transition from
the nematic o the smectic phase. In the smectic phase, the LO molecules form a loyerad
structure and ohrain a higher viscosity to become more grease-like. When approaching
the smectic phase, the LC response to an eleceric field change becomes very stuggish, and
below the transition remperarure the display operation fails.

A large variety of nematic liquid crystals has been synthesized over the years, each with
its awn 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 practical
applications. Commercial Quids generally consist of a mixture of two or moere liquid
crystal components and have a much wider nemaric range.
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Another LC rvpe s the cholesteric (chiral nematic) phase in which the maolecular
interaction causes u helical wwist of the director orientation n, us illustrated in Fig, 1.5,
The pitch () of the cholesteric phuse is defined as the distance over which the director
rwists 360 deprees. In display devices hased on the rwisred nemaric effecr, small
concentrations of cholesteric materal are usually added 1o produce a preferred twist sense
in the cell and avoid display artifacrs.

Nematic liquid crystal is a viscous fluid with a viscosity at room remperature about ten
times higher than thar of warer. The viscosiry plays an important rale in rhe response
time of LC fluids to electric fields, and a low viscosity is required for displays operating at
video rates,

The lowest enerpy stare for bulk nemaric liquid cryseal occurs when there is a sinple direcror
throughout the flud (te., when all moleeules have the same orientation). The bulk elastic
propetties associared with the curvarure of the director ncan be described by thires elastic
constants. These constans K, K, und K, quantity the Testoring rorque upposiny splay,
twist, ind bend deformation of the director oricnuion, respectively (Fig. 1.6),

The constants K, |, K,,, and K, are of the ordér of 1071 N and orders of magnitude
smaller than the elastic constunts ina solid-state muterial. This allows the LC fluid o
readily deform when subjected o an electric field, which is essential for display
operation, With increasing temperature, K, |, K, and K, decrease us elasticity weakens,
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Figure 1.5: Cholesteric or chiral nematic phase.
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Figure 1.6: Elastic deformations in LC fluid and their
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In Table 1.1 selected properties of a typical nematic liquid crystal fuid are shown. WV, s

the volrage ar which 10% of rransmirrance change is obrained in display aperarion.

i

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

Parameter Symbal Typical Value Comments

Clearing point Tog BO'C M. operating temparaturs

Smectic-Nematic transition | T, =G Min. operating temparatuns

COptical anisotropy An=q -n | 0.08521.562-1.477 | Determines optical behavior

Dislectric anisotropy AE'= €8] 7=10.5-3.5 Determines behavior in
electnic field

Threshold voltage TH call Vi 16Y Voltage at 10% transmisson
N2 mocs

Elastic constants Ky Kook | 10 Newton Important far response tims

Rotational viscosity at 2000 | ¥, 100 mPa-s Important Tor respanse time

Far display applications LC is sandwiched in a thin laver of 2-10 jm between two
substrates, usually glass; which have conducting electrodes on their inner surfaces. Near
thie substrate surface the LC molecules can exhibit alignment phenomena, which can be
strengthened by depositing certain organic or inorganic films on rhe surface and mrearing
the surface of the film to obrain a preferred orentation of the molecules. These so-called
orienring layers or alignment layers force the direcror to assume a single orientarion at
and near the enftire surface. The degree of anchoring o 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, Orentation perpendicular to the
surface is called homeotropic alignment and anchoring of the director parallel 1 the surface
is called homogeneous aligmment, Both types of plignment are used in practical displays.

Alignment layer

A (B}
Figure 1.7: Homogeneous (A) and homeatropic
(B} surface alignment.

10
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Anorher imporcant property of L fluid, in particular for acrive macrix displays, is irs
resistivity, The LC pixel pets like o cupacitance that stores the data vuitugu loaded onee
every frame tiee. I thie pisel dipacitance is leaky as a result of low resistivity of te LC
fluid, rhe dara volrage will decay during the frame rime. It is then nor possible o obrrin a
wrrifiorm, consistent, gray scale. A resistivity of 10Y Qem or higher i typically required
for active marrix LCDs. The LC material therefore needs 1o be very pure and not contain
moisture ang ionic contamination, which can reduce s resistiviry.

1.3 Polarization, Dichroism, and Birefringence

Mast LD rely oncthe manpulation of polarized light to generate an mmage based on
data from an electronic signal source. Before discussing LC modes of operation, it &s
therefore useful toaddress the basics of polarized light and of the optical anisotropy or
bitelringence allowing this manipulation.

Matural light consists of transverse electromagnetic waves which vibrate in arbitrary
planes and cim 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 obrain
linearly polarized hight (see Fig. 1.8}, The intensity {or luminance) of the transmitred
light s not more than 50% of that of the naturl incidene lighe, When g second polarizer
(A, the analyzer) is placed behind P such thatits plane of vibrarion is at an angle § with
that of I, the amplitude E_of the wave mansmitred through A is

E =E cow, (L1}
where E is the amplinde of rhe incidenr wave an A,

Sinée the light intensity is proportional to the square of the amplitude, the mmsmitred
light intensity is

Linear Limerarly
arizer paolarized
pe ligat
Light
Malural | . Bopdation

light

Figure 1.8: Linear polarization of light
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T=Tycos'a, (1.2)
where T, is the Intensity of rransmitted light through the firsr polarizer.
Firr crossed ideal polurizers, = 90" and transmission is zero, For parallel ideal polarizers,
& = 0" and vransoussion 15 50%,
Practical polarizers do nor follow Eqs. 1.1 and 1.2 exactly. Polarizers vsed in LCDS
ustally consist of stretched polymer films, such as polyvinglacetare (PVA), doped with
iodine or orher specific addirives, The sorerching process makes the polymer oprically
anisorropic. The todine doping causes strong absorption of ineident light along the
optical axis, <o thar only one linearly polarized companent of rhe incident light is
rransmitted,
The vptical absarption along the optical wsds is referred to as dichroism,
Polarizers are characrerized by rheir rransmirrance and depree of polarizacion (also called

polarization or polarizing efficiency),

The polarization eificiency Eff is defined as

Eff= ffT: < ¥ ; (1.3)

where T, is the transmussion of two parallel polarizers and T, the transmission of two
crossed polarizers.

For LEDs usmg rwo palanizers, ome outside each of irs glass substrares, the maximum
contrast ratio CR__1s limived by the polarization efficiency of the polarizers:

CR_ =2t {1.4)

ik T-I - .

The transmittance of practical single polarizers used in LCDs is typically 40-45%, so that
T, = 32-40.5%, und polarizing efficiencics are 99.0-99.9%.
Orlier rypes of polarizarion are circularly and elliprically 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 72 (90 degrees). In elliptically
polarized light, the amplitudes can be different as well,
All liquid erystal disploys urilize the optical snisotropy 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 inisotropy causes the polarization

12
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companents of light o propagare differencly, giving rise ro hirefringence, or double
refruction. Birefringence is the key physics phenomenon on which LCD operation 15
based, The ease with which the director orientation, und therelore the birelringence
etfecrs, can he modified in an electric field is responsible for the low-voltage and low-
power operation of LEDs.

When natueal light enters a slice of LC fluld with uniformly aligned directors (see

Fig. 1.9}, the light will emerge unchanged only if its propagation direction comcides with
the director crientation. When rhe lighr is incident under an angle y wirh the direcror, ir
can he dissecred into two composing linearly polarized waves with different propagarion
velocities: The first one is called the ordinary wave and v oscillates perpendicular to the
plane formed by the direcror and the propagarion direcrion. The ordinary wave propagates
independent of w with velocity ¢fn, where ¢ is the speed of light in vacuum and n is the
refractive index for the atdinary wave. In the LC fluid, n, = n . The orher component is
culled the extraordinary wave arud ic oscillates in the phine formed by the director and the
propagation direction. s refractive index o vanes bevween ny and n, depending on the
angle W between the director and the propagation direction. Its velociry is ¢fn, Fory = 07
and 907, the refractive index n_ s equal won and n, respectively.

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

_2nln, —n M (1.5)
= —L}'L'—‘

where d is the thickness of the LC shice and & is the wavelength of the lighe.

Since the incident natural lght hos o indom distabution of polurzation ditections,
the exiting light will also be randemly 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 w be operating i the o-mode. When the

Ordinary wave: m,
Ll

Propagafion direction
Extragrdinary wave: a,

Figure 1.9: Decomposition of light into ordinary and
extraordinary components, which causes birefringence in
optically enisotropic media.
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light entering the LC layer is polarized parallel o the plane of Fig. 1.9, only the extea-
ordinary wave is propugated imd the LC cell 1 suid o be operating in the e-mode,

A an example of how the polarization of light 1s chunged by the LC layer, consider
linearly polarized light with wavelenpgth & perpendicularly entering an LC layer with
utiiforim, homogeneous alignment ( =907 and thickness d = 14 MAn. In this case

n, = n, and the LC slice acts, for all practical purposes, as a quarter-wavelength plate:
when the polarization angle is at 45 degrees with the plane of Fig. 1.9, it converts linearly
palarized light into circularly polarized light, because one of the two composing waves is
retarded by @ = 90° {see Eq. 1.5), However, when the orienration of the LC fluid could
be changed o homeotropic (y = 0°) by applying an electric freld, the emerging light
would remain unchanged and linearly polarized. This example shows the peneral
principle of modifying the orientation of the LC optical uxis {the direcror) by electric
fields in order e manipulate the polarizarion of light. Practical LCDs utilize variations on
this basic concept,

1.4 The Twisted Nematic Cell

LCDs are nonemissive (i.c., they need some external lighting source 1o generate an
image ). This can be ambienr lighting in the case of the reflective display in a caloulator,
or 4 backlight in the case of a transmissive display in 4 notebook computer, The electro-
optical hehavior of the liguid crystal layer modulates the light from the external light
source to form an image or pattern corresponding to the electronic data signal
information supplied wo the display pixels.

The rwisted nematic {TN) mode of operation, which forms the hasis of many pracrical
LCDs, was firse deseribed by Schadr and Helfrich [2] and Fergason [3] in 1971,

The TN cell basically consists of two glass plates with transparent conductive electrodes
patrerned on their inner surtaces. A thin LC laver with thickness d = 4—10 pm is
sundwiched berween the conductive elecerodes, as shown in Fig, 110, Light enters the
LC cell afrer first passing through a linear polarizer attached to the outside of the display
plass, The cell shown in the figure operates in the e-mode, since the polarization
direction and the director orientation coineide:

At the surface of the conducrive electrodes, alignment lavers ensure the proper orientarion
of the LC molecules 5o as to obtain a 90-degree twist. [n the relaxed state, without applied
field, the 90:degree rwise of the LC direcror resulrs in a 90-degree roration of the
polarization dircction in the LC cell, in a waveguiding fashion. It can be shown [10] thie
the light emerges from the cell almasr perfectly linearly polarized if the condirion An.d ==
0.5 A is saristied, where A i the wavelengrh of the light,

14
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Figure 1.10: Operation of twisted nematic (TN) LG cell.

The second linear polarizer outside the second glass sulistrare is oriented perpendicular to
the first one and will therefore transmit the light. This is called the normally white or
rormilly on mode, since light is trunsmitted when nio voltage is applicd to the cell.

The TN effect uses LC fluids with a positive dielectric anisotropy. As a result, the fowest
energy state in an electric field occurs when the director is parallel tos the electric field
direction. When a voluige lirger than V.. is applicd across the LC, the LC molecules will
seart deviating from rheir quiescent state in response to the electric field and the direcror
will tend 1o line up along the field direction perpendicular to the glass surfuces, This
happens initially in the center of the cell farthest away from the rransparent elecrrodes.
Ar che glass surfuces the LC molecules remain parallel to the electrodes. The angle of the
director along the z direction is called the director profile. With increasing volrage, more
molecules will align parallel ro the field. Ar sufficiently high volrage, the twist is
removed and the LC will no longer rotate the polarization direction, so that the exit
polarizer now hlacks the light. The rthreshold volrage V is defined as the volrage ar
which the LC molecules stare rilving and is different from V|, i Table L1V, can be
approximated by

vrzxﬁﬁf—&- (16)
It is impartant to note that in the TN cell, V., and the entire tansmission-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 spucers, without affecting the gray
scale behavior. Such wlerances aid in achieving a high manufacturing yield. The
rhysical reison behind the independence of cell gap can be inmitively grasped: with an
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increase in cell gap, the elecrric field causing rhe LC maolecules ro line up perpendicular
1 the plass surfuces is reduced. On the other hund, the influence of the anchoring
{oree to keep the LC director parallel w the glass surfaces {s reduced us well, These two
forces cancel each orther our, as can be mathemarically proven, so thar the LC direcror
profile is independent of cell gap at a fixed voltage; even though the electric field
Varies.

When the second polarizer is parallel to the first one, light is hlocked in the relaxed (zero
voltage) stare and rransmirted with 4 V applied {the normally black mode). Ar
intermediate voltage levels, a continuous gray scale can be achieved. In Fip. 1,11 the
transmission-volage 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 voleage withour o DO component in
order o prevent electrochemical degradarion of the LC cell strucrure. DC components in
excess of abour 30 mV can cause charging of rhe alignmenr layer by residual ions in the
LC fluid, leading to image retention and other problems in displays. When o periodic
waveform V(t) wich sufficient frequency s applied ro the cell, rhe rransmission curve
depends on the root-mean-square voltage V- of the waveform

e

Normally while modea
A5k f———— - g

Y, M 1 A
Nermally plack mede

5%

25%

Transmission

'

Valtage (V)
Figure 1.11: Transmittance-voltage curve for TN cell in normally
white and normally black mode.
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|
= [ [Vi()an, (1.7)

Vo=
.'|' Tu .
where T, 15 the period of the wavetorm, in displays rwice the frame period. In the case
of a pure AC square wave voluge with umplitade +/- V

mmp

V.=V (1.8}

™

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

The TN mode of operation was olfered us an example 1w show how an electric field can
change the orientarion of the LT molecules and, therefore, the polarization direcrion
and transmussion m the cell, There are numerous other LE 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 Tmired alphanumerical information, such as caleulator and
electronic warch displays, the transparent ITO electrodes are patterned into sepments, as
shown in Fig, 1,12, Each segment is individually addressed by the elecrronics. This
approach 15 praceicul only for low informarion content displisys,

T obrain LEDs with more picture elements {or pixels), a matrix approach is used. In
passive matrix LCDs, the conducrive transpurent elecerodes are purterned as seripes
perpendiculir to cach other on the two opposing substeates (Fig, 1.13), This allows a dot
matrix with M rows and N columns (i.e., MxN pixels), ro be addressed by M+N exrernal
connections. The price to pay for this approach is that the voltage across each pixel is no
longer independently controlled. Ar any nime, 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, modity the average volrage an the pixel.

Dot matrix displays with a one-linesat-a-time driving method, called mulnplexing, were
developed in the early 1980 As the number of lines increased, the contease ratio suffered
as a resulr of the pradual rransmission-volrage curve of the 90-degres TN cell. Alrand
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Figure 1.12: Segmented addressing in an
alphanumeric display with twe digits and seven
sagments per digit.

Data electrodes

Selec elecirodas

I I | ] |
Figure 1.13: Passive matrix
addressing.

Pleshko [L1] formulated the limits of multiplexing in RMS responding displays. They
calculated the oprimum volmge mtio berween the ON and OFF state as a funcrion of the
rmber of multiplexed lines N:

V., [/N+1

In Fig. 1.14 the Alr-Pleshko equation is gmphically represented. In a one-line-nt-a-time
multiplexing scheme, the voltage margin berween the ON and OFF srare decreases as the
number of Tows increases, o results m a reduced conerast ratio unless an LC mode with a
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L] 20 a0 Al ED o0
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 emploved, This prompted the development of
the super-twisted nemaric (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 JT_ can be
obtained, even when V[V is reduced (see Fig. 1.15).

In the late 1980s, STN LCDs were developed. Contrast ratios exceeding 50 have been
achieved in 200- o 600-line 3TN displays. In the higher-resolution displays, such as
SVGA rypes with 600x800 pixels, STN displays are used in a dual scan mode. By
dividing the screen in two halves with cach hall having its own set of data drivers, only
300 lines need ro be mulriplexed in dual scan STN displays. Mulri-line addressing
schemes, in which maore than one line is selected ar a time in STN LCDs, have also been
developed; they further improve the conteast ratio and maximum number of addressable
rows in passive matrix displays.

Although dual scan STN displays have been applied in carly notebook computers, their
response time and contrast raric are relatively poor in comparison with CRTs and acrive
matrix LCDs, precluding high image quality. They are no longer used in laptop displays.
The best solution to obtain a high qualicy, high information contenr LCD s o add a
switch at each pixel and control voltage independently at each pixel to obrain the
inrended gray level. This emulares a direct-driven pixel and is called active marrix
addressing, rhe subjecr of the remainder of rhis baok.
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The three methods to address LCDe (direct, passive marrix, and acrive martrix) are lisred
in Tible 1.2 with examples of spplications, For all displays with higher information
content, 4 watrix addressing scheme is required o limit the number of intereonnects,

V"ﬂ Von
50% - : - -
45% y - ———
Tl STN)
A0 o Y | RS LS (RS S e ShernaT e
—" ; [ E—— ﬂ:_________
Fonl TN)

.E 1 e e T e e C e T T = e

] |
5% )

: . | :

& 20% - R b |
L et B e T iy |
105 R e R I

; Ty (TN) |

5% i i ;
TptSTN) |

0% L |
5

o 1 2 3 4
Valtage (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
tha STN curve, contrast Is much batter,

Table 1.2: Addressing methods for LCDs

LCD Type Addressing Method Number of Interconnects | Examples
Segmented Direct drive One per segment Watch, caleulator
Passive matrix | Multiplexing one row M+ M for M x N matrix PDAs. cell phones,
at a time aarly notebooks
Antive matrix Switch at sach pixal— | M + N for M = N matrix Motebooks, fiat panel
one row at a time monitors, 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 smd do not require very larpe
investments, An active matrix LCD, on the other hand, consists of thin tilm
semiconducror circuirry on a glass subsrrare and shares some of the manufacruning
complexity of integrated circuits on semiconductor waters.

The efficient production of active matrix LCDs requires large capital mvestments at the
same level of wafer fabs for IC manufacturing. The incentive tor an LCD producer to
make this investment racher than sticking with passive maceix LCDs is simple: image
quality, including resolurion, maximum size, contrast ratio, viewing angle, gray scale, and
video performance is much better in AMLCDSs than in passive matrix LCDs, The
resplution limication of the passive marrix was addressed in the previous chaprer,
Another drawhack of passive matrix sddressing i that the copacitance of the select and
data buslines incteases with the square of the diagonal size of the LCD. Since the
buslines in passive matrix LCDs consist of rransparent conductors with relatively high
resistunce, the RC delays and power consumption in barge passive LCDs become
unmanapeahle.

By adding a semiconducror switch ar each pixel, the drmwhacks of multiplexing in a
passive tratris dre eliminated. o the active matrx configuriation, the voltage at cach
pixel and therefore its transmission and gray level can be accurarely conrrolled.

A conventional semiconductor process on erystalline 51 wafers could, in principle, be
used for AMLCDs. In fact, this has been successtul in reflective microdisplays for
projection and personal viewers und s commonly referred o as liguid crystal on silicon
(LCOS),

For larger displays, however, several factors preclude the use of crystalline silicon. Firse, it
it opagque for visible light and is therefore not compatible with transmissive, backlit
displays such as used in notebooks or desktop monitors. Secondly, processed silicon waters

Active Matrix Liquid Crystal Displays

have a limited size (nor exceeding 12 in.) and are o expensive. In the semiconductar
industry there is o constant push tor smaller and more compact circuitry by reducing
design rules, which is not necdod for AMLCLY fabrication.

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

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

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

The business model for AMLCD manufacturers also shows some resemblance to thar of
miemory manufacturers. To a large depree; both products have become commodivies with
constant price pressure and their markets are cyclical in the sense that there are periods
ot excess supply and excess demand,

2.2 Requirements for Active Matrix Switching Devices

The LC pixel in an LOD can, for all practical purposes, be mreared as a low-leakuge
capacitor. This capacitance needs to be charged from the dara voltage ar one polarity o
the data voltage of opposite polarity during each refresh cyele to obtuin an AC voltage
without a DC component across the LC pixel. In stavic unages the smplivude of the dara
voltage across the LC pixels remains constant; only their polarity will change in every
trame o 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
aray level can be varied according o the image dara,

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

the equation

'8 gl (2.1)
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Figure 2.1: Geometry of the LC pixel
capacitance,

where £ is the permitriviry constant in vacunm, g, i the dielectric constane of the LC
material, w and | are the side dimensions of the pisel electrode, and d is the LC layer
thickness {also called rhe LC cell gap). Since the LT dielecrric constant depends on the
orientation of the molecules, the LC pixel capacitance varies significantly with spplisd
voleage.

For example, in.a TN cell that uses LC fluid with a positive dielectric anisotropy, the LC
director will be perpendicular to the electric field berween the pixel electrodes for
apphied voltages below the threshold, Then, 2 should be substituted for g, in Eq. 2.1,

When 510 V AC s applied so that the LC molecules will line up along the eleciric field
direction, £, shonld be subsrirured in Eq. 2:1. As a resulr, the capacitance can increase hy
a fucror of two to three, For mrenmediare applied voltages there is o continuous variation
of the effecrive dielectric constant of the T.C: layer from £, to £ L pixel capacitances
im practical LEDs are typically 1 pF or less,

Figure 2.2 shows the circuit of four pixels ina passive macrix LELY, The solid lines
represent the circuitry on one substrare, while the dotted lines represent the circuitry
on the opposite substrate, In the pasive matrix LCD, the LC pixel capacitoes are
simply formed where the striped ransparent electrodes infersecr (see also Fig. 1.13 in
Chapter 1). The select and data lines are on opposite substrates,

Iy a TFT-based AMLCD (Fig. 2.3), both select and dara lines are on the active manrix
substrare, along with the pixel elecrrode and storage capacitor. The counter-electrode of
cach LC pixel capacitor, indicuted by the dorted line, is 4 single common transparent
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Data line
3
Soleat ling:

LG pwist “‘“;i( ‘.;\/'

Passiva malrix

Figure 2.2: Circuit diagram for four
pixels in a passive matrix LCD.
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€L :
o o=
L = COMmimon
Figure 2.3: Gircuit diagram for four pixels
in an active matrix LCD.

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

Atter the L pixel capacitance is charged up to the daea volrage; the TFT s swirched
OFF and the pixel elecirode on the acuive arrav is floating. The pixel capacitor should
retain its data voltage for the remaimder of the frame time until the next address tme. As
discussed in Secs 1.2 in Chapter 1, the LO fluid needs to have @ high resistivity o
prevent leakage currents: The capacity ro retain charge is often expressed in the valtage
heilding rotio (VHR), which 15 defined a8

\-’”Rfl\-}"%. (2.2)
V= HT [Vitode, (2.3)
wl ure_Vm“ is the RMS voltage, th is the peak voltage of the LU pixel wavetorm, and T,

is the frame time, as shown in Fig. 2.4,
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I addition to the LC pixel capacitance, most AMLCDs also have an auxiliary storage
capacitunce conmected inopurallel o the LC capucitince (as shown in Fig, 2.3). The
storage capacitor uses o thin film dielectric with negligible leakage current and its
capacitance value is voltage-independent. Therefore, the storape capacitor acts as a buffer
wsuppress the undesivable volvage dependence and potential leakage current in the LC
capacitance. With a storage capacitor at each pixel it is easier to control the RM=
voltage on the pixel and therefore s gray level.

In Fig. 2.5 the generic, basic circit for the switch at each pixel is shown. When one row is
selected, all the switches on thar tow are tumed ON and the dat voltages are transferred w
the pixel electrodes. [deally, the ON resistance of the switch i zero and the OFF resistance is
infinite. In practice, the requitements can be much relaxed. In a display with N rows and o
refresh rate of 60 Hz, the frame time Tﬁ.m.- to tefresh the entire display will be 16,6 msec and
the line time T, _ to-address one row will be T, /N or less. Tn the ease of an XGA display
with T68 rows, this tunslates into-a maximum line time of 21 pisec to select one ow,

The ON currene | of the switch should be sufficient to fully discharge the LC pixel
capacirance and charge it ro the oppasite polanty volrage V. during the line time. This
leads o

200+ E N

e (2:4)

.

=
g

*

Vil

f

Figure 2.4: Voltage across LC versus time.

Ry o :::|_

Figure 2.5: Basic switch
configuration in an AMLCD pixel,
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The OFF current Im should be low enough 1o retain the charge on the pixel during the
trame time

(C+ 0, AV

!.1.'< Tmm. "

where AV is the maximum tolerable 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,=03pF C,. = 0.3pF and AV = 20 mV, we get
Ton=1pAand] < 0.5pA. (2.6)

In other words, the ONJOFF current ratio hus to exceed six orders of magnitude, The
current levels are quite low and can be achieved by rransisrors using thin film
semiconductors such as amorphous silicon (a-3i),

{2.5)

Since the pisels do not draw a current after being charged up during each relresh eycle,
the power consumprion in the LED irself is low. Mosr of the power consumprion in
trnsmissive LCDs s wsually in the hacklight.

Active matrix LEDs 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-remperarure paly-8i TFTs, while reflecrive types employ crystalline Si circuitry.

Dhirect-view displays can be further categorized according to the type of switch used at
each pixel. The vast majority of AMLCDSs on the market use a-5i or poly-5i thin film
Trunsistors (TFTs). Table 2.1 hists some of the pertinent properries of the vanous

— a5 TFT LED
Low-T i TET LCD
R
R Gy

Figure 2.6: Classification of active matrix LCDs.
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Table 2.1: Different types of switches for AMLCDs and their main applications

Highest
Mobility processing
Switching device (em®Vsec) | temperature: Major applications
a-SiTFT 0.3-1 |~ 300°C Iglass) Notshaoks, flat panel monitors,
| LEO TV

Hign-Tpoly SITFT | 100-800 | - 10000C {quarts) | Projection ight valves, viewlinders
Low-T poly-5i TFT 10-200 ~ 500°C Igiass) PDAs, notebooks, projection light

valves, viewfinders
Crystalline S MOSFET | 40D -~ 1100°C [C-5i) Projection kight valves, viewfinders
Thin film diode < 300°C (glass) Handheld devices

* MoDilily astarminas the pOEME] 10 IMBGIEDs Dariphars] Siscncs,
! Highest processmg teripaiune detemmines stibsimbe chaics,

switches, along with display applicarions in which they are common. The field effecr
mobility of the TFT {mostly a semiconductor material 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 substrate. For
processing helow 600°C, low-cost glass substrates can be used. I there is any process step
exceeding 1000°C, as in high-temperature poly-Si LCDs, the substrate will be expensive
quartz, High-temperarture poly-Si TFTs are therefore used only in small displays for
projection systems.

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

Thin film diodes with ON and OFF currents sarisfying Fgs. 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 transisiors used in semiconductor chips. In
terms of switching speed and operating valtage, they are inferior ro state-of-the-urt MOS
transistors in crystalline Si However, they ure guite sdequate us o simple ONJOFF pixel

Active Matrix Liquid Crystal Displays

switch in AMLCDs with a 60-Hz: refresh rate. In Fig. 2.7 the top view and cross section
of w basic TFT wre depicted. The TFT has three terminals: the gate, source, and drain,
The gate is separated from the semiconductor Gl by a gate insulator layer, and the
source and drain make contact to the semicondiictor. One type of TFT, the N-channel
TET, operates similarly o a field-effeer N-channel metal oxide semiconductor (NMOS)
rransistor in-erystalline silicon. It is switched ON by applying a positive voltage on the
mate, The insulator aces like a capacitor dielectric, so that in the semiconductor channel
an opposing negative charge is induced (see Fig. 2.8). This negative charge creares a
conductive channel for electrons flowing from the source to the drin, The magnitude of
the current depends on the dimensions of the conductive channel (the channel lengeh L
and the channel width W), on the capacitance of the pate insulator per unit area C | on
the properties of the semiconductor {ilm, and on the applied gute voluge, When o
negarive voltage is applied ro rhe gare, the channel is deplered of elecrrons and neglipible
current {lows.

Cate
Drain

Source W

ke insulator Semionductor
Figura 2.7: Top view and cross
section of basic TFT.

i Cureent fiow g
Source Dirasin

Conductive chanmnel

+a

Figure 2.8: Conductive channel formation
and currant flow in TFT.
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The ON currenc [, of the TFT can be described, in a fisst approximarion, by the same
equations used for traditiona] NMOS transistors in crystalline Si [1]:

L p(_‘_% VoV — V- 0.5V,) for VLV ¥, (2.7)
Ia uq% V.V Vi for Vs V- V. (2.8)

Here b is the field effece mobility of the thin film semiconductor, & 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, mepectively, the linear and saturation regimes of
aperation for the TFT, as illustrated in Fig, 2.9.

In the ON state of the TFT, when u dura volrge is applied to the source, the drain with
the LC load capacitance will charge up to the same volrage, thereby transferring the dara

1E0S

Drain-to-source current

—l V= 11|
L N
— —lylVy=T)
] ¥y = 10}

Draln-source current (jLA)
o

2
1 ! . :
AR e e s AL o s S
o A e P s 5.5}
o 2 4 B g8 10 12
Drafn-source voltage (V)
Figure 2,9: Curren liage characteristics of a-8i
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signal from the data line o the pixel elecrrade. The TFT is turned OFF when applying a
negativie voltage to the gate. Since in the N-chunnel TFT the source and drain contacts
block the mjection of positive charge carriers (holes), there will be negligible current
flow in the OFF state.

Similar equations and corsiderutions apply w P-channel TFTs, in which charge rransport
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 gare (as shown in Fig. 2.7). The averlap causes a parasitic capacitance
that can bave an impact on display performance unless the pisel is addressed by an
apprapriate drive scheme,

The earliest TFTs tor LCDs used CdSe semiconducror thin films. Since CdSe isnor a
standard material in the semiconductor industry, special deposition and erching processes
needed to be developed ro build CdSe-based TFT LCDs. Although CdSe TFTs showed
poid] performince in AMLCDS, they have never been able to overcome the drawbucks
of not being mainstream. They are now relegated to small research efforts.

2.4 Thin Film Silicon Properties

Silicom i 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 ¢-5i, p-5i and a-Si are schemartically compared. In ¢-Si, rhe Si aroms are all four-fold
coordinated und constitute u perfect crystal Lattice with long-rumge order of the Si atom

o = 5i atom
= —Halom

/4
3 Crain
Sisn baundary
Nahility = 500 Maillity = 10-4020 fAOkiEly = 131
(] {B) (]

Figure 2.10: Atemic structure of crystalline silicon
{A), poly-crystaliine silicon (B) and amorphous
silicon (C).
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positions. As a result, electrons and holes can flow with high velociries v_and v, when
un elecrric field E is applied:

v=uEand v =p E (2.9}

The values of the mobilities 1 for electrons and 1, exceed 500 cim?fVsee 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 temperature cannor
exceed 600°C when low-cost glass substrates are used. Somerimes seed materials such as
Ni or preferential crystal growth from certain locations are used. The quality of poly-Si
varies greatly depending on deposition and crystallization methods, but invartably ic has
grain houndaries thar reduce the mobility by crearing barriers far the flow of electrons
and holes (see Fig. 2.10B). Some improvement can be ohrained by passivating the grain
boundaries with hydrogen in o post-hydrogenation step. The gram size is muportant in
determining TFT charactenstics. Preferably, to maximize the mohility, there are no grain
himmndaries 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 erystallization (MILC), They result in TFTs with mobilities ranging from
10400 em*/Vsec, the electron mohility often 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 thar there is na long-range order and no crysral
lattice, Nonetheless, since amorphous silicon films sre deposited from the decomposition
of SiH, gas, 5-10% hydragen is auromarically builr in during film growrh. The hydrogen
acts o rerminare dangling bonds in the loose a-5i nerwork (Fig. 2.18C) and s essential
1o inprove its electronic propertics. The type of a-Siused in TFT LCDs s therelore often
referred to as hydrogenared amorphous silicon or a-8i:H, The electron field effecr
mohility is only 031 em®/Vsec in 0-8i, but 15 adequate for pixel switches in TFT LCDs,
The hole mahility is much lower, so thar pracrical p-type TFTs are impassible in a-Si.

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

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

a-8i film property Typical value
Hydrogen content 510

Dark ponductivity intrinsse film 10110 @

fa i oy | 187510

‘Field effect mobility 0310

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

Amirphons silicon can be easily doped in the gas phase during deposition, to obrain n-
type ar p-rype tilms wirh many orders of magnitude higher conducriviry than undoped
filme. N-type lilms wre used as contact layers o the source and drain of the TET The
field effect mobility, which is imporrant for the ON current of the TFT (see Egs. 2.5 and
2.6}, 15 only 0.3-1 em*Vsee and much lower than thar of €-Si {(300-1000 em*/Vsec).
Amorphous silicon is therefore used primarily in circuits wich relatively low switching
specds (e, as the pixel switches in AMLCDs).

2.5 Amorphous Silicon TFTs

Amorphous silicon TFTs have been dominant in notebook and deskrop moniror LCDs
and in LCD relevisions, as a result of their relatively easy processing on very larpe glass

substrares and a limired number of process steps. Amorphous silicon TFT; are N-channel

enhuncement-type field-effect trmsistors, As menrioned in the previous section, the
elecrronie properries of -5t do naor allow the fabrication of high-quality p-rype TFTs.
P-channel a-5i TFTs cannes be made sufficiently conductive to ger acceptable ON
current for application in displays.

Three different rypes of a-5i 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 seraightforward manufacturing process. Anorther type is the trilayer (or erch-
stopper) TFT. Both the BCE and the trilayer TFT have a bottom gare. The intrinsic a-Si
layer on top of the silicon-nirride gare insularor forms the channel.

The source and drain elecrrodes have an overlap region with the gate and make contact
o the a-5i layer via a heavily doped thin n-type a-51 interface layer. The purpose of this
a-58i n' Iayer ts rwotold: it acrs as a low-resistance ohmic contace for elecrrons to
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Figure 2,11; Three types of a-5i TFTs:
(A) back-channel-etched TFT, (B) etch-
stopper or trilayer TFT, and (C) top-gate

TFT.

masimize the ON current, and in the OFF state it blocks the injection of holes o the
inrinsic i-laver to minimize the leakage current. Since the n' layer is conducrive, it needs 1o
be removed from the channel rea to obeain a low OFF currene. This is done by o back-etch
aftet the source and drain electrodes are pattermed—hence, the name back-channel-etched
TFT. The back-etch process is quire critical and needs to be uniform scross the entire:
manufacturing substrare. Since it is difficult w obtain significantly differeoe etch rates for the
a-5in' layer and the undoped inrrinsic layer (i-layer), pood process contral is required ro
completely remove the n* layer from the channel without etching through the i-layer.

In the trilayer or erch-stopper TFT (Fig. 2.11B), the n* back-etch is less eritical, 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 selectively erched in dry and wer etch systems. During the back-
etch of the o layer there is much better eteh selectivity possible agamnst the silicon-
nirride erch stopper layer, enhancing the process laritude. The rilayer TFT also hasa
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thinmer i-layer, which can suppress phoro-leakage currenrs in the TFT. The major
driwbick of the wmilayer TFT 15 chise it reguires am exern deposition and parteming step,

The top-gate uw-5i TFT (Fig, 2.11C) i léss common, In this configurtion the source and
drain elecerondes are deposited and parterned first, followed by the a-5i laver. The pare
insulutor (usually silicon-nitride) needs o be deposited onwp of the a-5i Layer, which
usually leads w somewhat lower-performance TFTs in terms of ON current. To suppress
photo-leakage currents, a light shield needs wo be deposited and patterned prior to the actual
TET process. It is separated from the TFT by an extra insulator layer, The exira processing
required for the light shield and the insulator make the rop-gate TFT less artracrive.

Amorphous silicon 15 not o very stable material and its structure can be modified by
strong Hlumination or by injecrion of charge carriers. In addirion, the interface berween
amorphous silicon and the gate insularor (e.g., silicon-nieride) can accumulate charge
during operation of the TFT. As a result of this charge trapping, the thresheld of the a-Si
TFT can shifr over rime. This effect has been srudied in derail, since it can have a
bearing on the lifetime of a TET LCLD, The threshold shilt versus tme can be expressed
by the following equarion: .

AV, =(V- "-",,)*{%) . (2.10)
where [ and T are constants that can depend on temperature and the gualivy of the o-Si
and a-5ifSiN interface.

The measurement results of threshold shift in non-optimized a-8i TFTs are shown in

Flg. 2.12.

Fortunately, the threshiold shifts are of apposite polarity during the ON rime and the OFF
time of the a-5i TFT so that partial cancellation of the threshold shift oceurs. The TFT
in an AMLCD funcrions ag an ONJOFF switch to load the pixel data on the pixel
capacitor, Therefore, some variation of the TFT threshold across the aren is acceprable,
as long as the drive scheme can accommedate the variarion. It also helps thar for a few
microseconds afrer swirching ON an a-51 TFT, a rmansient current occurs that is abour 2x
higher than the steady-state current. The boteom line s thar a-58 TFT theeshold shifis

have been proven to be small enough to not affect the liferime 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 (built
on quartz} and rhe low-temperanire type (huilr on low-cost plass). High-remperarure
poly-5i TFTs are mamifacrured with a process thar is very similar to semiconducror
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10 processing, with thermally grown exides, ion implanration, and orher steps familiar in

Sirass: 400N semiconducrtor fabrication. Low-temperature poly-5i TFTs can be produced on large glass
ko substrates with specially developed Laser erpstallization, ion doping, and gate oxide

i deposition sreps.

With both high- and low-temperature poly-5i, N-chunnel or P-channel devices can be
W2 vy () il built so that low-power CMOS circuitey may be intezrated along the periphery of the
display. The current-voltage chamereristics of a-Si and poly-Si TFTs (Fig. 2.14) underscore
o | the difference in mability of a factor of abour 100 and rhe corresponding difference in ON
current. Amorphous silicon TFTs have a low OFF current, sutficiently low to retain charge
on the pixel capacitor. Poly-51 TETs, however, have orders of magnitude higher OFF
Liizg o Luft current, too high for a pivel swirch unless special precautions are raken. The high OFF
current is ciused by high clectrie fields at the highly doped drain and the imperect
0T . . ) crystalline structure of the poly-5i marerial. In Fig. 2.15 rwo merhods are shown o reduce
-0 -10 a 10 20 the OFF currenr in poly-5i TFTs. A dual gare strucrire can be urilized ro splic the source-
Gate voltage Vi (V) drain voltage between two channels and thereby reduce the electnce feld au the drain,
Using an extra process step ro create a lightly doped dmim (LDD) area has a similar effect.
" The resulting current-voltage characteristic is shown in Fig, 2,16,

Drain current |, (A)
zH

-
2

D The development and manufacruring of low-remperature poly-Si LCDs has received

B 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

i o " thar addirional circuitry such as DfA converters, DO/ converters, graphics processors,
o and even microprocessors can be integrated on the glass as well,

Threshold voltage shift LoV, (v}
3
T
o
4]
®

654 . ) ) 1E03
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Figure 2.12: Threshold voltage shift in a-5i TFTs after
bias stress.
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Figure 2.15: Methods to reduce
OFF current in poly-8i TFTs: (A)
dual gate structure and (B) lightly
doped drain structure.
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Figure 2.16: Poly-Si 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, daea buslines, a TFT ar each
pixel, and a stomge capacitor in parallel with the LC pixel capucitimee. The function of the
storage capaciton, as mentioned before, is o act as a buffer and reduce the effects of the
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Figura 2.17: Oparation of TFT LCD with drive
wavaforms.

volage dependence and leakage of the LC capacivance. With a storage capacitor at each
pixel, it is easier ro obin uniform gray level pedormmance across the display.

The storage capacitor can be connected to the adjacent selece line to maximize aperture
ratio in the display. The counter electrade of the LC pixel capacitor is the common [T
clectrode on the opposite substrare (the color plate). The display operates by switching
on the TFTS one row ar 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 circuirs,
which can either be exrernal or integrated on the glass. While ane row is selected, the
data signals for thar row are applied ro the dara buslines from peripheral elecrronic dara
circuits and rransferred by the TET w the pixel elecrrodes, When the row is deselecred,
the TFTs switch OFF and the dara voltage s stored for the remainder of the frame rime
of 16.7 msec (ar a 60-Hz retresh mre ), while the other rows are scanned. All rows in the
display are sequentially selected during the frame time, so that the voltage on sach pixel
is refreshed onee during each frame time, During the next frime time, the polarity of the
data signals is reversed, so that all pixels are charged with opposite polarity voltage w
ohrain the required AC drive without a DC companent. For staric images, the pixel
viltage is simply opposite for odd and even frames, so thar the orentation of the LC
molecules and rhe gray levels of the pixel do not change. For moving video images, the
amplitude of the pixel voltage can change as well, in addirion w its polarity. This causes
the LC orientation and therefore the transmittance of the pixel to change over time.

Most AMLCDs are color displays. Color is obrained by using three subpixels per pixel,
cach having a color filter of one of the three primary colors (eed, green, and blue). The
color filters are patterned on the top plate oppasing the active matrix substrare and
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separated from the TFT array by the L laver. The rop plare (s therefore often reférred o
as the color plate, A color pixel is obtained by the additive color principle: ar close-up,
the individual color subpixels may be observed, but from a distance the eye will

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

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

On the TFT array the three subpixels per pixel are wdennical, bur on the color plare they
have different color filrers.

A close-up look at the pixel circuit {Fig. 2.18) reveals a number of parasitic eircuit
elements thar can degrade display performance. The parasitics are denored by the dorred
elements. Resistive leakuge through the LC or the TFT will borh discharge the LC pixel
capacitor and affect gray scale uniformiry. The parasitic capacitance C of berween the gare
und the drain of the TFT causes a voltage division effect with the LC pixel capacitance.
This leads 1o u negative pixel voluage shife AN of around 1V on the LC voltage when
the pate of an a-5i TFT is swirched OFF as shown in Fig: 2.19.
= sl
ﬂ‘-’lu=mé\-’;, (211}

(3

where Cm' is the gate-drain capacirance, C_ is the storage capacitance, C is the LC

capacitance, and AV _is the gate voltage change when the row is desclected.

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

Vitain Viom v\ *

3 [
i, Ric _l_“

Figure 2,18: TFT LCD pixel circuit with
parasitic circuit elements.
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Figure 2.18: 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 LC
or TFT (B).

To climinate the DU component across the LC, the volege on the common 1TO counter
elecreade Vs offser by the same veltage to compensate for this pixel voltage shifi. As
a result of the volmpe dependence of the LC capacitance, it murns our o be difficulr o
complerely eliminate the DE component for all gray levels across the entire display aread,
especially in large displags. Failure to minimize the DO compaonents 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 1mage retention, particularly in gray scale. Some of these

methods will be addressed tn Chaprer 4.

The storage capacitor ina TFT pixel circuit can be connected to an adjacent gate line or
o a spectally added common bus (Fig. 2.20). Connection to the gate line maximizes the
pixel aperture ratio but tends to increase the load capacitance on the row select lines.
This makes it difficule v use this contigurition for displays with 2 dingonal size larger
than ahout 20 in.
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palarity. In rerms of manufaceuring, PIN diede LCTs do nor have a significant advantage
over TFT LCDs and have therefore not been commercially successtul.

MIM diode displays have had some commercial suceess. Their major attraction is a
simple, lew-cost manutacturing process for the active marrix array with only two or three
plioto-masks.

[0 the case of bi-directional MIM diodes, a single diode per pixel can; in principle, be
used since it can charge up the pixel to either }'lnlarin,' and is therefore compatible with

the AC volrage on the LC capacitor
In Figs. 2.21 and 2.22, rypical current-voltage curves of several hi-directional diodes are
shown on linear and semi-logarithinic scales, respectively. The basic circuit and drive

scheme of a single TFD LCD are shown in Fig. 2.23. In dinde displays, the dara lines are

Slerage
Plxel ;
leciods capacior
Common ™
lbusline
A-SITFT ~_§
g Gate bus e
5 an fAte L28  CIemimcs

Flgure 2.20: Pixel layouts with
storage capacitor connected to
the gata line (Cs on gate) and with
storage capacitor connected to a
common bus (Cs on common].

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

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.
ACTFD in this context can be cither a rectifying diode or a bi-directional diode, also
called a metal-insulator-metal (MIM) diode or a nonlinear resistor. The bi-directional
diode has very low current at voltages below about 3 V and starts conducting when a
volrage above 10-15 V of either positive or negarive polarity is applied,

Dhuring the 1980s and early 19905, several companies worked on recafying amorphous
silicon PIN diodes for AMLCDs. They can be produced with very high reerificarian
{OMNJOFF) rarios of eight or more orders of magnirude. Ar least two rectifying dindes per
pixel are needed, one o charee the pixel w positive polarity, the other to negative

ITO stripes on the color plate, a5 in passive mamrix STN LCDs,

Severul semi-insulator materials have been used, including Ta O, Si-rich SiN_ and
diamond-like carbon (DLC) The dominanr conduction mechanism in hicdirectional TFDs
is Frenkel-Poole conduction. The Frenkel-Poole effect is the drmatic mcrease of charge
carriers in certain insulators under a high elecrric field. Tt is caused by the thermal exciration

Current (A)

e P

T Pt

Voitage (V)

Figure 2.21: Linear current-voltage characteristic of SiN,
diode,
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Figure 2.22: Typical semi-logarithmic current-
voltage characteristics of Ta205, Si-rich SiNx
and diamond-iike carbon (DLC) diodes (reprinted
with permission from the Society for Iinformation
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Figure 2.23: Circuit and drive waveforms
of a thin film diode LCD.

of charge carrlers from traps when the Coulombic barrier for their escape is lowered by the
high electric field. This leads o a field-dependent conductivity in the material:

o(E)=a.expla/E), {2.12)

where g, is the zero fleld conducriviry and ¢ the nonlineariry coefficient:

G.;cﬁ.l.ncxp{—%l. (2.13)

Active Matrix Liquid Crystal Displays

_ 1/ 4
R (2.14)

Here T is the absolute remperature, k 15 Bolizmann’s constanr, g is the electronic charge,
£, is the permittivity in vacuum, €, is the dielectric constane, @ is the trap depth for the
charge carrier, t is the mobility of the charge carriers, and n is the carrier density. The
diclectric constanes for Ta,O,, Si-rich SiN_ and diamond-like carbon (DLC) are,
respectively, 24, 9, and 4.

The best diodes are obtained with @ semi-insulator with a low diclectric constant € as
follows from Eq. 2.14. A low dielectric constant also minimizes the diode capacitance, so
thar cross-talk is reduced. From this perspecrive, DLC appears to be a pood candidate tor
further development. Ta, O, diodes have been widely used in srall mobile displays and
are obtained by unodizing Ta. Unfortunarely, Ta,O. has a high dielectric constant and
relatively poor current-voltage characweristics, which precludes large, high-resolution
displays. Si-rich SiN_has the advantage thar it can be processed in standard FECVDY
equipment familiar in every a-5i TFT LCD line.

The diode current in the nonlinear resistor can be derived from By 2.12:

!=SKV::::]:!(|3JW|) (2.15})
p:-%-i-. (2.16)
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Figure 2.24: Circuit and drive waveforms of a
dual sslect dioda AMLCD.
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where S is the diode area, V is the applied voleage, d is the thickness:of the insularor in
the TFD and % and B are material parmmerers which depend on remperature und on the
dielectric constant of the insulavor film.

The TFD and the LC capacitor are in series in Fig. 2.23 and this makes the TC volrage
extremely susceptible o small variations in the diode characteristics over time and across
the display. Unfortunately, it is difficule to make TFDs very uniform over large areas. In
addition, the insulator rypically 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 capacitor 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 successtul in small applications such
as cell phones with a limited number of gray levels.

An approach thar eliminares the drawhacks of the single-MIM-diode pixel circuir 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 voltage is
accurately reset during each seleet time,

Unlike in the single-TFD circuit, variations in the TFD across the display area and over
time are hasically cancelled out in the differentinl DSD pixel circuit, The propagation
delays on select and dava addressing palses are also cancelled out to a large degtee in
S0 LEDs, This leads ro much maore uniform gray levels and the potental 1o scale up o
lurge-ares disploys with dingonal size exceeding 30 in, This technology 1s under
development.

2.9 Plasma-Addressed LCDs

During the 19904 a wtally ditferent technology for AMLCDs was developed, based o a
plasma-addressing rechnicue rather than on transistor or diode switches.

Plasma-nddressed 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 o address one row ar a time. The plasma channels are separated from the LC layer
by a microsheet of glass with a thickness of only 50 pm. The pixel electrodes are reset 1o
a prederermined voltage during each select rime. PALC displays have TTO daa lines
putterned on the color substrare. The color plate process for PALC displays is similar to
thar in STN passive matrix LCDs and dinde LCDs, which also have TTO dara lines on
t['"_‘ EI]IETT pl'rltﬁ':.
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In PALC displays rhe reser operarion of each pixel is performed by a plasma channel
bEE“’L‘ED g Cﬂd’lﬂdﬂ ;i.nd I -ilﬂ(!d‘: I:FIJH!EDE. Th.l_’ Pi.‘-l‘l\'l'llu Ch.il“:ﬂl_‘!s =T 'I.]JI'L'd [ﬂ'li!" f[]l'
addressing, Display luminance is conteolled independendy by a backlight, PALC displays

require high voltage selecr drivers.

The combination of plasma technology with LCD technology for PALC displays
considerably increases process complexivy. Issues with PALC displays inelude varying
decay times of the plasma, bending of the micrasheet between the plasma and the LC
layer, and process integration problems. This technology Has therefore not matured o
mass production,
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CHAPTER

4

AMLCD Electronics

The design of the display ghiss assembly plays an important role in thé image quality of
an AMLCD, Equally importunt are the display clectronics, which must supply accurate
dara signals ro each pixel. The incoming video signals are either compurer-generated or
processed from an image acquisition by, for example, a digital camery, television camera,
or camecorder. 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
volrage. Ideally, the residual DC component on the pixel voluge is negligible. In
practical displays i is unforrunarely almost impossible o eliminare the DC component
entirely for all gray levels and across the entire display arca. The result is that the
transmittance of the pixel varies slightly berween odd and even frames, as shown in
Fig. 4.1,

When the refresh rate is 60 Hz, the frequency of chis luminanee variaton will be 30 Hz
since the complete cycle of positive and negative charging of the pixel occurs at 30 Hz
The humin eye perceives luminance varations of a fow percent at less than 40-50 Hz as
flicker. The luminance variations can be smoothed our by using an LT fluid and

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

in Fig. 4.1 are below the flicker limit. However, this would cause severe smearing of
fast-moving video images and defears one of the purposes of active marrix drive
methods,

Another problem with the DIC component on the pixels is thar ir can cause image
sticking or fmage retention. This leads to burn-in effects on the LED when a still image
is displayed [or a prolonged period of time.

ar
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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 to 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 ponels 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 eve perceives an area of multiple pixels as flickerless
as a result of spatial averaging. With these polarity inversion methods, individual pixels
can still have flicker when viewed close up. Ar normal viewing distances rhe flicker
becomes impereeptible.

The flicker is minimized or eliminared with this merhod bur image sticking is not
reduced; thus, minimizing the DC component on the pixel volrage ro less than abour
50-100 mV remains crucial.

The p(:]an'ry' can be alternated per row (row or line inversion ), per columm (column
inversion)}, or by a combination of both (pixel or dot inversion) (Fig. 4.2). Dot inversion
gives the best image qualicy in rerms of flicker and also minimizes borh vertical and
horizontal cross-talk on the display.

I color displays it 8 important that subpixels of one color have altemating polarity for
adjacent pixels, so thar flar fields of one color will nat exhibir flicker, In a verical srrips
configuration with red (R}, green (G3), and blue (B} subpixels, this condition is automatically
sarisfied wirh dor inversion and also with full pixel inversion, also called colos group
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inversion (Fig, 4.3), As can be seen, in cach frame cach of the primary color subpixels hias
opposite polarity compared ro the nearest neighbor subpivel with the same calor

The timing and polarity of the data signal on odd and even duta buslines is shown in
Fig. 4.4 for the different inversion methods, in the case thae 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 1o 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 frame Evien frasme Odd frame Even frame
U | 5 5 EEEE] EEEE
2 GG DEEE EHEEE DHEEE
3 OooE [HELd Ou0E
Uﬁdz HEEE EFIEEHE EEEE

Frame Inversion Calumn inwersian

HEEE BEHE HEEHE BEEE

HoEE BEEHE  HEGO

HEEE HEHEE HEEE OEEE

EEEE HEEE EEER FERE]
Line {row) mversion [hal Inwersion

Figure 4.2: Various inversion drive schemes.

Even frame

FlEEIEEE

'é"%'i E Dol mversion
EE!E Pixet or Coiod
E!Eﬁ group inversion

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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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 the common [TO elecrrode on the color plate is held at a constane DC biss voltage
V. (Fig. 4.5). The entire voltage range of more than 10 V between the extremes of the
positive cycle and the negative cycle must be supplied by the data driver. In actual
display operation, the V_ voltage is offset by about 1V in a-5i TFT LCDs o
compensare for the pixel voltage shifr described in Chaprer 2, Sec. 1.6.

In order to reduce driver cost and keep dara driver vutpur volusges low, some notebook
panels and mose small mobile applications employ V,_ moedulation (also called comman
plane swirching), in which the voltage on the color plate switches each line time by
about 5 V. Part of the voltage V|- across the LC i then derived from the V|
modularion:

Viel+) = V() - VialH), (4.1
tel=) = Viad =) = Maim{ =) (4.2)

Since the voltage across the LC pixel is the difference between ""I.-nm and the data driver
signal voltage, this allows the use of low-cost, low-volrage dara drivers with a full range of
5V oreven 3.3 V when the LC cell has a low operating voltage. A driver [ thar can be
made in a standard 3.3-V process can be easily procured from many 1 fabs ar low cost.
When the voltage on the color plate is changed every line time, the polarity of the daea

20
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Figure 4.5: Transmittance versus data voliage
for full range drive (top) and V__ modulation
drive (bottom).

voltages supplied to the pixels needs ro change every line time as well. V| modulation
ar the line frequency is theretore vsed in conjuncrion with line inversion (row inversion}
duta drivers. The timing for V| medulation is shown in Fig. 4.6, For activared (ON)
pixels, the dara voltage is out of phase with the V. modulation, while for non-activated
{OFF) pixels it is m phase.

Acdrawback of V| modulation s tha it is incomparible with dot inversion and requises
extra electronics to switch the large capacitance load of the V_ electrode with the
correce timing. This would becomi a problem for lurpe displavs, Mose notehooks and all
desktop monitors and large LCD relevisions 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 t minimize the residual DC component on the LC pixel
voltage, The pixel voltage shift depends on the data voltage, as outlined in Chaprer 2,
Sec. 2.6 and is different for negarive and positive voltage across the LC pixel. To
minimize DC components for all gray levels ar both pisel polarnities, the gamma
reference voltages that conrol gray seale are ofien set independently for cach daa
palariry. The gamma reference voltages match the incoming viden data to the

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

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

This is illustrated in Fig. 4.7, where V. V...V are the gamma reference voltages, V. s
the video center reference voltge, AVdd is the supply voltage, and AVss 15 ground. Best
performance is achieved when V,, V...V, are independently optimized, which means
that, in general, f'v'm VD| |V -V, [Vrt_, - V:.l #* f'v"q, - 1-’4|1 etc.

It erder to ger more tran eight bies of gray scale, a wechnique called frame rawe control
(FRC) has been developed. With FRC, the gray level voltage can be different between
odd and even frames or between four subsequent frames, so that intermediate gray levels
can be generated. For example; if during the odd frame the voltage for gray Tevel i and
during the even frame the voltage for gray level i+] is applied, an extra gray level
berween levels tand i+1 is effectively displayed. This makes it possible ta have a 9-hit
gray scale with an 8-hir data driver.,

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

Similarly, this rechnique can be used during four subsequent frames to generate a 10-hir
pray scale with an 8-biv duta driver,

4.2 Row Select and Column Data Drivers

In Fig. 4.8 a hlock dingram of o TFT LCD module is shown. Directly attached to the
displuy slass are the deaver 1Cs for the rows and the columns. The row driver 1C generates
rthe select pulses sequentially addressing each raw in rhe display. Ir is often referred ro as
the gate driver, since it switches the TFTs ON and OFF hy applying a select voltage to
the gate; in the case of a-5i TFTS, this is a positive pulse of abour 20 V.

The column drivers supply the video dara signals to the data lines connected to the
SOuUree IJi.Tlll.' TFF& 18 i.'ilL'l'l pi)u:[. —rhi_"!' are L'U['[IIHUH";" “."ffl'l'{."l‘] Lo as iht‘ SEnmoe lIl'i\-'I.‘l'Sn
Gare and source drivers are mixed-signal [Cs designed rypically wirh 0.25-1 pm design
rules. For most driver 1Cs there is no need to use advanced design tules below 0.25 pm.
The die area is pad limired (i.e., the large number of ourpurs and their spacing govern
how much silicon real essare is required, not the relustively 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 % 3 columns typically requires three pate
driver ICs with 256 outpur channels each, and eight source driver 1Cs with 384 channels
each: They can be packaged in a rape-carrier package (TCP) for artachment to the glass
with tape automated bonding (TAB). Alternacively, they are direetly bonded upside-
dewn o the glass with chip-on-glass (COG) rechnology. Since both row and column
drivers require u large number of output chimmels on one side of the chip, the aspect Tatio
of the die is usually high (eg., 20 mm % 1 mm).

In Fig. 4.9 a hlock diagram of a gate driver is shown. Tt has a relarively simple
architecrure with a bi-directional shift register, level shifrers, and output bufters, The shife
register transfers a start hir at STV (which can be considered a verrical syne pulse)
throuph the chip, selecting one row line at a time. When the select bit emerges ar the
end of the chip it is transferred through STVU o the second tow driver I, where it
functions as the start bit. Multiple chips can be cascaded in this fashion.

I this cascade type of operation, all 768 rows in the XGA display are sequentially
addressed. The direcrion of the start bit can be reversed by the DIR input, so that the
vertical mirror image can be displayed on the LCDL The DIR function also ensures
that the row driver [Cs can be mounted either ac the left or che righe side of e display
AT
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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 select pulse for the rows to be tumed OFF
befare the end of the line rime. This |s especially imporcant for large displays where the
RC delays on the rows require the rows o be turmed OFF for u fow microseeonds before
the data voliage on the colunms is changed in order o avoid cross-talk. The level shifters
raise the logical voleage levels of O and 3.3 V o ourpur levels of =5 W and abour 20 25 V]
respectively. The final levels are compatible with the reguired ON and OFF voliage
levels on the gates of the a-Si TFTs. Quipur buffers reduce the output impedance toa
sutficiently low level in order to drive the gate lines on the AMLCD.

The clock frequency of the row seleet driver s quite low (around 30 kHz), not much
higher than the product of refresh rate (e.g., 63 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
tiening diggram s shown in Fig. 4.10.

The digiral data driver for the columns, connected o the sources of the TFTs, is
somewhar more complex. Irs basic block diagram is shown in Fig. 4.11. It basically
converts sertal dipital video inpur signals into parallel analog dara signals for one row.
These analog signals representing the intended gray levels are then all simulvancously
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Table 4.1: IJ'l_:I _pins of a basic row |gate) driver IC for a-Si TFT LCDs

Outahh

SV

Voo

4 ii—Lﬂ' i Gnd

Figure 4.10: Timing diagram of a row driver.

Input/
Pin Output Description ) Typical value
CLK 1 Clock signal contralling shift register—equal to line
frequency 50 kHz
bR Oireetion of oparation of bi-directional shift ragister 0 or VOO
STVD o Input start bit when operating when DIR=1, output bit
for stariing next cascaded row driver 10 when DIR=0 0or VCT
STVU 1o Input start bit when operating when DIR=0, output bit for
starting next cascaded row driver IC when DIR=1 0or VOO
OE 1 Qutput Enable to enable output voltage to the
‘ TFT LCD rows O or VEC
QUT .., Q Output channals driving the rows (gates) of the TFT LCD VGG or VEE
256
\fc{: | Ln_g_ical voltage supply 33y
GND 1 Ground voltage for logical supply o
VEE | Low analog supply voltage for rows -5V
VGG 11 | High analog supply voltage for rows 0V
1 2 3 4 iy 1. % .8 Voo
GLE _I_I_I_I_l_!__l_i_y:p_!_l_l_l_%ﬂ_!_l_l_l_r_l_]_ Gnd
H | H £ Vi
SV 0 2
e Lif )_'5" 1F Gnd
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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 ro one row of pixels when the row is selecred. Like the pate driver, the source
driver has a bi-directional shift register with caseading functionality to connect multiple
chips together and allow mounting at either the top or the bottom of the viewing arca.
The 6-bir digiral dara 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
DA converter has input reference volrages to converr the digital levels o the
appropriate gray scale levels,

The reference voltage inputs to the EYA converter {DAC) ensure the desired gamima
correction. The POL inpur ro the DAC contrals the polarity of the ourpur signals so thar
dot, line inversion, or columin inversion may be selected. Quiput buffers reduce the
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ourpat impedance of the output channels in order to rapidly charge the column line
capacitance of the LED o within a fracrion of one line select vime.

The operuting frequenicy of the source driver is much higher than for the row driver
{around 65 MH2), larger than the producr of refresh rare (e.g., 60 Hz) and the number of
pixcls (7681024 for un XGA display).

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

For notebook displaye, 6-biv data deivers with 6-bit gray scale (18-bit colors) are
common, while for deskrop monitors and LCD relevisions, 8-bir dara drivers (24-bir
colors) are used.

Table 4.2: /O pins of a basic &-bit column (source) driver IC for a-5i TFT LCDs

Input!

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

pizel dot fraquency 65 MHz
DIR I | Direction of operation of bi-directional shift registar 0o VGG
STHD 11O Input Start bit when operating when DIR=1, output

bit for starting next cascaded row driver IC when DIR=0  0or VCC
STHUY ([{e] Input Start bit when operating when DIR=0, output bit

for starting next cascadad row driver |0 when DIR=1 0or VGG
POL | Selects polarity of the output channel voltages
L tothe eolinns R || Har vt
Lo | | Switches new data signals to the cutputs and latches

| thair polarity 0 ar VGG
| P
V10 | Voltage blas levels to set gamma cormection
ROG-ROG, Dhgital video input signals for red, green, and blue
GO0-G0S, color pixets
BOR-BOS |
ouTt,.... Qutput channels driving the columns (sources) of the WOD=0UTx<
384 O TFT LCD. OUT1,4,7,... for red pixels, OUTZ.5,7.... for vss
| green pixals, OUTZ,6,9,... for blue pixels
¥ | | Logical voltage supply 3av
GND | Ground vedtage for logical supply av
Vss | Low analog supply voltags av
Voo | High analog supply voltage ny
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Figure 4.12: Example of a timing diagram for 8 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.

Even outputs

Amnulog dars drivers, which receive unomalog video signal, are used in some consumer
electronic LCDs; bur are gradually being phased out.

4.3 Timing Controllers, Display Controllers, and Interfaces

Inv the block diagram of Fig. 4.8, the timing controller (TCOND is the chip that supplies
the control and video sipnals ro the row and column drivers. For the row driver, they are
the vertical clock, the verrical start bit, the output enable signal, and the logical bit that
controls the direction of the shift register (see Table 4.1). For the column driver, they
include the horizontal clock, the input start bir, the polarity signal to control the polarity
of the dara volrage applied o the LED, the gamma reference conrrol volrages, and rthe
digital viden dara sipnals {see Tahle 4.2).

Active Matrix Liquid Crystal Displays

For low-resolurion displays, the dara link berween TCON and rhe column deiver 1< in
trunisistor-trmsistor-logic (TTL) format, which swirches the digital signal typically
between 0 and 3.3 or 3 V. For higher-resolution displays beyond SVGA (600800 pixels),
the frequency of rthe dara signals hecomes so high for TTL as ro cause elecrromagneric
interference (EMI) and signal fidelicy problems. Therefure, XGA and higher-resolution
displays use a methad 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 riming controller and the data
drivers.

The timing controller receives a video signal which is already compatible with the
resolution of the LCD puanel. Since notebook displays are permanently attuched o the
laptop computer, these digital signals are directly generated 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. Ir includes the backlight unit
but not the inverter for the backlight. The backlight consists of a cold cathode
fuorescence (CCFL) stick lamp ar the edge of a light guide, which evenly distribures 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

Flex connectors —

Timing confrodie

CCFL stick lamp

I ——— A

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 t expose the timing controller. Normally, the PCB is
{ulded lat against tie panel w obain a very thin module with a thickness of only a few
millimerers,

For standalone LCDY deskrop monitors, the design is somewhat different. They need o be
compatible with hookup o a variery of computers with analog and digital video ourput
formats and resolutions. Usually the module, without the inverter, is supplied to display
integrators who build the complete monirors, They add rhe inverter to operate the
hacklighr, a monitor controller board, and o front panel control board. The unit is then
mounted in the final enclosure with a stand. The front panel contral has the ONJOFF
swirch, brightness, conrmast, and hue conrrols.

Figure 4,14 shows the back of a display panel for desktop monirors, including the
hacklight inverter, front panel cantral board, and the moniter controller board.

The backlight inverrer drives stick lamps on borh sides of the panel to obtain sufficient
brightness, The monitor controller board supplies processed video sipnals w the timing
controller on the column board.

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

Column board

LVDS connechion

"

VGA inpul =
(m——m—t

A
Front gane! 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.

101

Active Matrix Liguid Crystal Displays

monitors, they alsa include digital video interface {DVT) 3] The analog VGA and DVI
conmectors ure indicated in the photogniph, In some cases there also inputs for S-videu,
component video, and compozgite video for operation as o welevision and for conmection
o external DVD players and other consumer electronics.

The niain chip on the moniter controller board usually can perform scaling funcetions,
conwert the different formars, provide on-screen display (OSD), pictuce-in-picture (PIP),
and other functionality, It has a built-in microcontroller and can perform some image
processing, color management, and gamima control funcrions, In some cases, VDS
rransmitters are huile in. The interface formar for the dara-link berween the monitor
controller board and the tdming contraller is LVDS w minimize EMI.

Derailed descriprions of video and inrerface formars are ourside the scope of rhis hools; for
more information, the reader s referred to the literature and several excellent books
|4.3)- Tt should be noted thar new, improved standards in video data transfer rechniques
and interfaces are still perindically introduced. For example, for notebook panels and
LCD television, the point-to-poimt differential signaling (PPDS) tnterdace architecture
has been proposed by National Semiconductor [6] to reduce the number of inputs to each
data driver by more than 60%. This is achieved by a point-to-point distribution of the
digital video signals. It reduces the number of video inpurs to each chip from 18 ro 2 for
6-bit video. In addition, the gamma reference voltages are digitally generated in the
timing controller rather than hardwiring them as 10 analog voltages w cach data driver.
YA converters inside the data driver generate the analog pamma reference volmages from
one digital serial input. For the PPDS interface, new tming controllers and data driver
ICs have been developed.

In the LCD menitor market there is an altemnative business model inowhich more of the
monitor integration is performed at the AMLCD panel manufacturer. In this so-called
smart panel approach, a single display conrroller chip is used rhar combines the funcrions
of the moeniter controller chip and the timing controller chip, This leads w a higher level
of inregration at the expense of design flexihiliry.

4.4 Integration of Electronics on Glass

As mentioned in previous chaprers, some of the peripheral electronics of the TFT LCD
can be integrated on the glass. The low mobilicy of 0-Si TFTs precludes the design of
high-speed circuitry with a-5i TFTs.

Diespite this hurdle, there have been successtul effores to mregrate w-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 cirenits require only 10-30 kHz clock frequency, which can be easily
achieved with u-8i TFTs, The major challenge with 0-5i TFTs is to avoeid e threshold
yoltage shifts in THFTS with high douey matios i shift registers, buffers, und 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 o get a lifetime exceeding
10,000 hours (8] There have also been reports on displays in which both row and
column drivers are integrated with 0-5i TFTs [9]. By inwegrating peripheral elecrronies on
the plass, the reliability of the display system is enhanced since there are fewer
interconnects and inrerconnect failures are less likely.

The vast majority of integration efforts hove focused on poly-Si TETS, mostly of the low-
remperature variety—Ilow-temperature poly silicon (LTPS). In Fig. 4.15 the operating
trequency of o shift register is plotted as a function of the poly-5i TFT mohbilicy and for
different design rules of the TFT channel lengeh 1.

As explained in Sec. 4.2, the operating frequency of the row driver circuirs does nor
exceed more than about 50 kHz, which s casy to achiove with LTPS TET and ever with
2-5i TFTs. The dara drivers are more ditficult ro implement, bur have been successtully
integrated on the glass in small mobile commercial produces, such as PDAs, with a
relatively low pixel counr. [n Sec. 4.2 it was shown thar the dara deiver for an XGA
display requires a clock frequency of 63 MHz. According to Fig. 4.15, it would take o

1000

-
=)
a

Operating frequency (MHz)

Wh-meea :... e e s
! ! L=6&um
1 H A L i
o 100 200 300 400 500
TFT mehility ([em*Vsec)

Figure 4.15: Dependence of shift register operating
frequency on TFT mobility for different design
rules of the gate length L
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process with 1-pm design rules 1o integrate the data drivers in an XGA display and a
TFT muohility more thun 100 em’Vsec.

Incrensingly, other functionulity such us DIA converters, timing controllers, graphics
comtrollers, and DC/DC converrers are alse considered for integration. Displays with a
higher level of integration are often eefereed to us “systeme-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 valtage 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 legs advanced than for state-of-
the-arr integrated circuirs (—0.1 pum), the peripheral circuitry occupied an area larger
thun the displuy srea and the microprocessor hud the speed and pedormonce of a 1980s-
era processor. Such a high level of integrarion is therefore more a capabiliry
demonstration than a practical solution,

The decision to melude more circuitry on the glass depends on a wade-oftf between cost
and performance. A reduction in manufacruring yield is also possible with more
integrated circuitry on the glass and is taken into dccount.

It should be nored that the funcrionality achieved with a system-on-panel LTPS display
can often be obtiined at lower cost using an 0-51 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, wirh a single power supply and bonded by COG, i5 used to
address the rows and colummns in 176023 )x220 pixel color a-Si TFT LCDs. Single-chip
driving is expecred o be extended o displays with even mote pixels. The single chip

ata driver  Veom driver Select driver

Doioe Iriletlace Timing
comverber - cirouit condrelier

Figure 4.16: Example of configuration for a “system-on-panel.”
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includes buil-in timing conrrellers, graphics contollers, and other funcrionality. This
trend is supported by 1C foundries, which now offer 40-V processes with 0, 18-pm design
rules so that cthe power management can also be integraved,

To counter the move roward small, portable applicarions using &-51 TFT LCDs with
single-chip driving, LTS munufacturers are proposing o include funcrionality in the
viewing area of the display, such as memory built into the pixel, saving power and
eliminating the need for continuous tefresh of staric images. Other approaches include
the addition of photosensor arrays in the display viewing area ro function as ambient
light sensors, scanners; oprical touch panels, or fingerprine sensors.

4.5 Backlights

Mosr AMLCDs operare in the rransmissive mode. They can be considered elecrronically
controlled transparencics on a light box—the backlight. It is obvious thut muny Jdisplay
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 Chaprer 5.

In this secrion we are concerned about the elecrrical, eléctronic, and mechanical issues
regarding backlights, There are basically two mechanical implementations of a backlight:
edge lighting and surface lighting.

An essential requirement for portable, hattery-powered applications is to keep power
consumption in check and minimize overall panel thickness. This is achieved by edge
lighring with light muides, Edge lighting uses one or more lamps, typically cold carhode
fluorescent lumps (CCFLY tubes, at the edge of the display, in combination with s thin
light guide rthar disrribures the light evenly acrass the displav surface. They allow a thin
and Hghrweight design. Edge lighting with one stick lamp is the backlight of choice for
notebook LCDs, They give a display luminance as high as 230 edfm® when used in
combination with brightness enhancement films (see also Chapter ). Stick lamps with a
diameter less than 2 mm are available for noebook LCDs.

Figure 4.17 shows the configuration of the edge light with @ CCFL stick lamp. The light
guide has u diffuse reflector on is back sidé and a diffuser on the LCD side. For larger
displays (exceeding 15 in.) used in monitors, one to three stick lamps on both long edges
of the display are often employed in combination with a thicker and heavier light guide.
The other type of CCEL backlight has a cavity configuration with multiple stick lamps or
Usshaped lamps (Fig. 4.18) hehind the LCD panel. This configuration is used in LET)
televisions and in some monitors requiring higher brightmess.

105

Active Matrix Liquid Crystal Displays

Diiflfumser
/7 CCFL stk lamp /!

Light guide
Diffuse reflactor

Refleclor
Figure 4,17: CCFL baciklight configuration for
notebook LCDs.

Light extraction fims

/7 A caity
\ Whize reflecior stick [amps

Multipls CCFL
Figure 4.18: Cavity backlight construction.

To ohrain uniform luminance across rhe display area, the lighr from rhe lamps neads ro
b redistribured with o diffuser, leading w some loss in efficienicy. In this configurition i
15 also important that the lamps age approximately the same over time 1o avoid bands
with varying brigheness on the LCD after prolonged operation. Large modules with
surface hacklighting tend to be muech 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 Hluoreseent lamps (CCFLs) are sealed glass tubes with an clecerode 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 ionize and
emir ultraviolet light. The inner surface of the rube is coared with phosphor layers. The
UW rays excite these phosphor layers so thar they emit light in their charocteristic
wavelengrhs, For color LCDs the CCFL phosphors bave three dominant wavelengths
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corresponding to the primary colors, red, green, and blue: By adjusting the type and
mixing rutio of the three phosphors, there is control over the color performance of the
backliglt. The lanps are made with different disueters and can be lincar or have various
shapes such as a Lishape or a serpentine shape.

A high-frequency, high-voltage driving wave form o sustain the discharoe inthe lamp is
supplied from a DUSAC inverter, a rransformer that converts the DC input voleage of
3.3 or 5V into a siné wave of more than 1000V peak-to-peak amplitude, The optimum
frequency is around 50 kH:.

Diisplay brightness can he controlled by dimming the backlight. Dimming is achieved by
pulse width modulation, which affeets the average current through the limp. Dimming
rarios wirh CCFLs are rypically less than 100:1.

CCFLs have an efficiency of around 25%, which corresponds wich abour 120 Im/W. {See
Chapter 3 for a definition of lumens. ) The rest of the input powet is lost in the discharge
and in heating. The operating remperarure range is 20 o 60°C. Berween the lamps and
the display ghass, several plastie films wre inserted w redirect the lishe, Some of them
diffuse the light to improve uniformicty and others enhance brightness in the direction
normal 1o the display ar the expense of oblique directions. These films are discussed in
mote detail m Chapeer 6.

Although CCFLs are inexpensive and hright, they have some drawbacks in rerms of
lifetime, temperature operating ange, and the presence of small amounes of mercury,
which pose a hazard ar disposal.

Several other types of light sources for LCDs have therefore been developed and have
entered the markerplace. They include hot cathoile fluorescemn lamps (HCELs), mercury-
free Xenon-based flar lamps, and LED-based hacklights.

HCEL hacklights are receiving nenewed interest after mitial use in high-end applications
suely as avionic cockpic displays. The main reasons for their use in avionics are that they
con have dimming mtios of 10,000:1 and a wider operating range; required for this
application.

HCFLs are common in household applications. They include a rungsten filament, which
creates thermionic emission of electrons when heated. As a result, they are casier to
serike and dim than OCFLs, which rely on secondary emission of elecrrons. The renewed
interest in HOFLs s caused by the move to seanning backlights for LCD televisions to
improve maotion porceaval (see also Chaprer 6, Sec. 68.6.1.). They have rypically wider
dismmerers of pbout 16 mm and the muximum lamp current for an HOFL is in the range of

S0 wmA w 1 A, sipnificantly higher than die 1020 mA wypical for COFLs, They can
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therefore be operated intermirtently at higher brighrness than CCFLs. The inirial
drawback of lower liferimes in HCFLs has been addressed and overcome as well.

—rhl: XL'TIUIl'h'-lSCL{ fllit. !HIIIP [[ ll llijb L')(tumﬂl CIL“C‘I{'H:IL'S ;']Hd ph(]bphl)r‘_" fOHtCLi o tllc
inside of flar glass substrares 1o converr the UV radiation fram the Xe plasma into visible
light. It has several advantages over CCELs. While the individual CCF stick lamps i a
cavity backlight require diffusers and other measures to improve uniformity, the Xe flar
lamp is much more uniform by itself. By using external electrodes, which are nor exposed
o the plasma, it also has a longer liferime, approximarely 100,000 hours o half
brightness, as compared o 50,000 hours ar less for CCFLs The elimination of mercury
reduces envirsnmental concerns about disposal. Mercury-free backlights are becoming
mandared in o number of counrries.

The Xe flar bimp also can provide more sarurated colors for a wider color gamuor of 73%
af NTSC, as compared to 5% for conventional CCFL-based displays (see Chaprer 3 for
definirions of color performance ). The aperaring remperamre range is —20 ro 80°C so
thut they can mect-outdoor pedformance reguirements, CCFLs, on the other hand, show
a dropeoff in efficiency below ahour 20°C and above 60°C and are therefore less suiable
tor ourdoor applications.

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

A third major backlight rechnolozy is based on light-emirring dindes (LEDs). With rhe
dramatic improvement in efficiency of red, green, and especinlly blue LEDs over the past
decade, they have become anractive for many lighting applicarions, including LCD
backlighs. LEDs cam be operared with low-voleage DO power supplies, and brightness is
proportional w the current through the LED. The increasing popularity of LED lighting
in general is relared ro significant improvements in their oprical efficiency and
packuging, including optimally designed hear sinks which allow much higher currenes
and hrightness. A hasic LED emirs light In a narrow wavélength region, controlled hy the
energy gap of the semiconductor material (such GaAlAs or Galnl'). White-emirting
LED® can be obtained by a UV-emirting LED in combination with visible lighr-¢mitting
rhosphors.

The challenge for R, G, and B LED backlights is the mixing of the three colors from
multiple individual point sources to obrain g uniform hacklight. This has been achieved
[12], although the power conversion efficiency is still only about 50% of that of a

CCFL backlight. Some of the advantages of LEDY backlights are a wide color gamut
{100%) of NTSCC is possible) and a long liferime. A drawhack so far has been 2 much
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higher cosr, although the manufacruring cost of the LED= themselves continues to

be lowered, Figure 4,19 shows o spider disgram comparing the characteristics of CCFL,
Xe, and LED backlivhis in tenms of lifetime, unifonmity, maximom size, color darmt,
power consumprion, and manufacruring cost (with rhe cavear thar especially the larrer
two keep improving). Larger values on the disgram imdicate more favorable
characreristics.

The light from LEDs can easily be pulsed with faster-than-microsecond response times by
changing the driving supply from DC o pulsed, LED backlights are therefore also of
interest in field-sequential LCDs without color filters, in which the red, green, and blue
LEDs are turned on-ar different times to obtain tempaoral color mixing. This will be
discussed inmore detail in Chapter 6

46 Power Consumption

The power consumption in a tansmissive TFT LOD module can be subdivided int
buacklight power, power for the scan driver, the dara driver, and the conrmil circvir
{Fig. 4.20). Typical power consumption in a 10.4-in. display is abour 3 Woar 150 ¢d/m?
brighrness and is dominated by hacklighr power. This underscores the importance of
high-aperture designs and ather brightness enhancements to limit battery power use in
portable applicarions.

Ursifoermily

—&—CCFL |
—m— ¥eflal lamp
e LET}

Codar garmul
Figure 4,19: Comparison of different backlight technologies.
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Figure 4.20: Contributions to power consumption ef about 3 W in typical 10.4-in.
backliit TFT LCD with 150 nits brightness.

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

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

Improvement of Image Quality in AMLCDs

Over the past 15 years, the pedformmnce of AMLCDs has dramatically improved.
Depending on the requirements for o particular application, the characteristics describud
in rhe previous chaprer have heen oprimized. They include power consumprion for
portihle devices, viewing dangle tor desktop monitors and televisions, contrast natio,
brightness, color gamut, and video response times for LCD relevisions. In Table 6.1 the
importance of different performance characteristics is listed for various applications. For
mobile applications such as notebooks, PDAs, cell phones, camcorders, and digieal cam-
eras, low power consumption is essential to prolong batrery life.

For non-portable, large AMLCDs the viewing angle and response time tend to be more
of a concern: Many efforts have gone into the development and commercialization of
AMLCDs with application-specific oprimization of the viewing characterisrics. Thiese
improvements ate described in this chapeer.

6.1 Brightness Improvements

The brightness of transmissive LCDs depends w a Large extent on the backlighe intensity.
The mast seraightforward 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 backlight intensity and can reach more than 1000 cd/m*. However, there are draw-
backs ta raising backlighr luminance, First, it increases power consumption, which is
unidestrahle (particularly for portable applications), Second, it may require a different
construction of the backlight (for example, muluple lamps rather than single lamp edge
lighting) and can also have a negative impact on backlight lifetime. Third, high back-
light inrensity can cause hearing of the display heyond 40-50°C, where display image
yuality may start deteriorating. Alternutives o mising 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  Deskiop  Television
High brighmness E * A o]
Wide viewing arole E 5 (5] fu]
Wide color gamut x A A 4]
Fast video responss time ' A Fil ' A | o
Sunlight reagability o A ® A
Low power consumption o o b x
Low waight o o % x
Thin profile o o A A

o, vary impartent; A, Important; &, |88 importent.

6.1.7 Increased Color Filter 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 fisst polarizer transmits about
42% of the lighr. The black matrix opening on each pixel (the aperture ratia) is typically
40-70% and the color filters rransmic about 25% of white light (averaged over the red,
green, and blue filter), Other layers and rhe exir polarizer further reduce luminance so thar
total ransmirtance is only 3-104%, It is difficult to increase the transmirtance of the polar-
izers or color filters without affecting contrast ratio or color saturation, respecrively. There
is a trade-off berween color gamut and brighimess. By reducing the density of color pig-
ments it the color fileer materials, their rransmittance at fixed chickness can be increased.
This hus an effect similur to reducing the thickness of the color filters: it increases the
spectral widdh of the color filwr and reduces color gamut and color saturation.

The trade-off is illustrared in Fig. 6.1, where the filrer curves and chromaricity coordi-
nutes [abeled 2 have twice the filier thickness or twice the pigment density as compared
to those labeled 1. Thinnet color filters are comnwn in mobile phone displays where
power consumption is more important than a wide color gamur, Since the color filter
spectra become wider for thinner filvers, display luminance improves ar the expense of
color purity. In Fig. 6,18, the resulting color gamuts are schemartically compared.

6.1.2 High-Aperiure Ratio Designs

Efforts ro improve AMLCD transmirtance have focused on pixel apermure mrnia. In con-
ventional desiens (Fig, 6.2A), the aperture is linited to less than about 35% 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 plare needs to overlap the ITO pixel electrodes on the TFT
array by at lease 4 or 5 gm. This is o allow for tolerinee in the color-plate-to-active-plate
alignment during manufacturing and ro prevenr light leakage ar pixel edges.

In the black-mutrix-on-array desien of Fig, 6.2B, stripes of gate metal are added at the
edge of the ITO pivel and determine the pixel opening. They black light entering the
edge of the pixel imder an angle. Smee the registration of the lavers on the TFT armay to
each other is very accurate (herter than 1 pm}, this makes a larger aperture of around
3% 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 [TO pixel electrode overlaps the data and
selecr buslines so that the buslines effectively function as the black motrix [1]. This leads
toan even higher aperture of up to 80%. A thick polymer interlevel diclectric is used in
super-high-aperture designs to passivare the TFT array. The 1TO pixel electrode is pat-
ternied on top of the transparent polymer and makes conract w the TFT and the storage
capacitor through vias in the polvmer. The polymet is quite thick (2—3 pm) and has a
relutively low diclectric constant of 2,7-3.5 to minimize the capacitunce between the
ovetlapping pixel electrode and buslines, required to keep vertical cross-talk in check.

The polymer has the added benefit of planarizing the TFT array surface and minimizing
the LC disclinations at pixel edges, discussed in Chaprer 5, See, 5.7, In principle, the
black matrix becomes redundant and ¢an 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 meral buslings, increasing display reflectance. An opagque, low-
reﬂectanl;e hlack mutrix loyer on the color plate is therefore still needed above the TFT
channel as a light shield to prevent photo-leakage currents in the TFT and to minimize
display reflecrance. In a super-high-aperture design, however, the pixel opening in the
black matrix can be much lasger, as shown in Fig. 6.4, Obviously, the aperture ratio also
depends srrongly an the design rules and the pixel size. For larger pixels and more apares-
sive design rules; it tends to increase,
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Figure 6.3: Cross section of super-high-aperture pixel
through the data buslines (A} and through TFT and
storage capacitor (B).
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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 imporrant for portable applications, allowing the backlight inrensity ta
be lowered while muintaining 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 conseane,
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The marterizl for the polymer in super-high-aperture designs may be the same as thar used
for the colur filters except thae the colur pigments are not present, For example, it can be
a photodefinable clear acrylic. Like the color Gliers, it is photo-imapcable (i.c., it does
nor need phororesist coaring, developing, and stripping, bur is in irself 2 resist marerial).

Expunding on this comcept, it is logical to go one step farther by simply replacing the
polymer dielecrric with celor filter materials on the TFT substrave, This is called the
color-filter-on-amay (COA) method; see Fig. 6.5.

By patterning the color filters on the TFT array, the highest possible apertore is achieved
(Fig. 6.5). The mansparent polymer is replaced by separately parrerned red, green, and
Blue color filters in cach subpixel [2]. In the COA method the top plate has only a blan-
ker rransparent ITO layer. If the color filters cover the TFT channel rhey can also block
most of the ambient light, elimmating the need for a black matrix. Since the common
[T laver is not patterned, there is no fonger any critical alisnment between the two
glass plares and aperrure is maximized. For very large subsrrares in Generation 6 and 7
facilities; it is very difficult to maintain accurate overlay accurney between the top plate
and the TFT array plare for all displays on the substrare. The COA desipn eliminares this
prohlem and has therefore been considered in these advanced facilities. The drawback of
the COA methad is thar the manufacturing complexity of the acrive substrare 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 Fiiter Arrangements

There are ather nethods to increase brightness without turming up the backlizht, One
thar has received a lor of arrention is alrernarive color filrer arrangements. For example,

Imo <
Le

e
@""l FM“I Graen color fltar I'ELE
1

TFT Starags capacitor

Figure 6.5: Cross section of & pizel ina COA {colar-
fitter-on-array) TFT.
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the use af four subpixels with red, green, blues and white colar filters was proposed and
implemented in avionic TFT LEDs more than ten years ago and has now alse been pro-
posed for commercial produces [3]: The white subpixel serves 1o increase the maximum
luminance by almost 50%. It can be separately patremed as a rransparent polymer withour
color pignent. Since color filter factories are normally set up w patern only dheee color
filcers, the whire subpixel can be left open withour 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 oansparent polymer overcoar, nor requiring pixelized parterning, is there-
fore usied 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 struceure, as shown in
Fig. fi.6. Toy maximize aperture ratio, an RGBW quad arrangement is preferred, which
also his the advantage of reducing the number of data driver 1Cs [3]. A drawhback of an
RGDW quad is the doubling of the number of rows and reducrion of the line selecr rime
by 50%, making rhe quad arringement more susceprible ro propagarion delays on the
gate lines, This is only an issue for large and high-resolution displays. Special image pro-
cessing algorithms are needed o converr RGP video signals ro RGBW signals while
maintaining the gray scale gamma, The overall color gamur can be slightly reduced with
this approach. When the RGBEW subpisel 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 o normal to the screen. The image quality
and brightness ar oblique angles is therefore less importane in these applicarions, The

-
i Cm

RGEW stipe RGEW guad

Figure 8.6;: RGBW color filter arrangements
to improve brightness.
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brighrness ar normal angles can be enhanced withour incressing power consumprion in
the backlight by adding brightniess enhancement films (BEF™ ) between the backlight
and the display [4]. [n the simplest configurarion, the enhancement comes at the expense
of u lumimance loss aesome oblique angles. The BEF™ film, produced by 3M, is basically
a transparent prismatic film made from plastic, as shown in Fig. 6.7. It redirects the dif-
fuse light from the backlighr by refraction. The prisms have, for example, an angle of 90
degrees and a pitch of 20-50 pm. Some of the light is refracred roward the viewer and
some is reflected hack to be recycled in rthe backlight and reused. By using rwo BEF™
films {in notehooks, cell phones, and PDAs), even higher luminance can be achieved.
The result is an increased brightness at normal angles of up ta a factor of twao.

Maore expensive brighmess-cnhancement films include polarization recovery. They trns-
mit light of vne polarization direction and reflece the other polarization component back
into the direction of the hacklight, The reflecred camponent loses its polarization in the
diffuse reflecror of the backlight, so that it {s secovered and can contribute to display
luminance afrer a single or multiple reflecrions. This DBEF™ film |4] can increase lumi-
nunce by up to a tactor of four, s manufacturing cost is gquite high, however, so that it s
used mostly for high-end applications.

In Fig: 6.8 an example is shown af the brighrness enhancement obtained with various
stacks of 3M's Vikuity ™ tilms. The best performance in the figure s for o configuration
which mcludes an enhanced specular reflector (ESR) behind the backlight.

6.2 Readability Under High Ambient Lighting Conditions

A unigque fearture of LCDs 5 their potential for very low reflecrance as compared o emis-
sive displays such as CRTs, plasma displays, and elecoroluminescent displays. This mukes
the LCD the display of choice when sunlight readability is required in high-end or our-

W

Recyciing ’
t:llm.m Baht souroe

Figure 8.7; Light path in 3M's prismatic brightness
enhancement film (BEF™).
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docr applicarions. However, this feature is not auromarics i needs some special steps in
the munufacturing process, Without these special steps, specular reflectunce s not partic-
ularly low (Fig. 6.9A), A Cr black marrix refleces abouwt 6% and the polarizer aboue 7%,
tor a rotal reflection of more than 13%.
The effective contrast ratio CR,, under ambient lighting is significantly reduced when
there are reflections from the display:

. _ L+RA,

LR“{A‘*}_(F,.ICR. +RA (a1}

1 BEF + 1 DBEF + ESR

2 crossed BEF
1 BEF

Luminance {cd/m')

L] 40 20 o 20 A0 G0
Viewing angle ()
— i e R = e G o e Wiy ™ ESR
T-BEF Wik Y T-BEF Circssedd T-BEFDEEFu
Figure 6.8: Example of brightness enhancement for different film
stacks of 3M Vikuity™ films.

Iesceddond lghi: 1005

Incid=nt Fght: 100%:
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Polarizes
Gilass
Cr hlack malrix

Polarizer
Glass
Critrdy black

Cotar fiter Mkl
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0] (H)
Figure 6.8 Conventional AMLCD (A) and AMLCD with minimized reflectance by adding AR film on a
polarizer and by use of low reflectance Gr/GrO2 black matrix (B).
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where A, is the ambient light inrengiry, [ is the transmitted light inrensity for a fully
white driven arca on the displyy, R s the reflectance of the display (which is independ-
cnt of the display image content in a fisst approxintion), CR is the contrst mtio in
the dark, and I JOR, s therefore the luminance rransmirred for a fully OFF dark pixel in
the absence of alnluu:r. light.

R can be the specular reflecrance causing glare, in which case CR g 1s the specular con-
trast ratio under an angle complementary with the incident .ln,glf: R can also be the dif-
fuse reflectance, in which case CR g is the diffuse conrrast ratio.

The reflected ambient lighr RA is approximarely the same in the ON stare and OFF
state. 1t hus no information, it competes with the light transmiteed through the display
conraining informarion, and rherefore ir reduces conrrast rario and canses glare.

In Fig. 6,10 the effective contrast rario CR is plotred as a function of the ambient
light/display luminance ratio A /I, for different values of the reflectance K. As shown in
the figure; the contrast ratio decreases asymprotically o 1 tor high ratios of ambient
lighting o display luminance:

In AMLCDs without special precautions, as well as in emissive displays, the display
reflectance is typically more than 3%, so thar contrast ratio drops off rapidly in k\righl:

vutdoors conditions. For example, for a display with a dark room contrast ratio CR
300, the effective contrast ratio CR =10, when [, = 1000 ed/m?, R = 5% and RA =50

1000

T

CReff

10

]
0.0 Q1 1 10

Aallo

Figure 6.10: Effective contrast ratio versus relative ambient
light level for different values of display surface reflections.
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cdfm® {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 backlict AMLCD: a high contrast ratio can be maintained even at high ambient light-
ing by increusing |, and minimizing K. The unigue opportunity exists w reduce the
reflectance R to less than 1%. This is possible because the refractive index of the color
filters is almost the same as thar of glass (n = 1.5), so that reflections ar the glass-color
filter interface are negligible.

By using a Cr0),/Cr black matrix with 0.4% reflectance or a black polymer hlack matrix
with even lower reflectance and an AR coating on the polasizer, total reflectance in TFT
L.CTs can be dramatically reduced ro less than 1% (Fig. 6.9B), The glare can be further
reduced by an anti-glare treatment on the front polarizer, as shown in Fig, 6.1 1. The sur-
{ace is roughened so thar ineident light is scavered. This is a standard process on note-
hook LCDs and LCD monitors, In LCD televisions an additional AR coating on the
glare-rreated surface optintizes ambicnt light performance. The reflectance of less than
1% in LCD relevisions compares favorably to around 12% in CRT relevision and §% in
plasmn 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 vutdoor applications it is tecommended to avoid anti-glare coatings, and vse only an
AR coaring on n smooth sudface. The ditfused ambient light ourdoors can be as high as
10,000 fC, which will add o large BA factor and significantly reduce CR.,”.

6.3 Color Gamut Improvements

The color gamut shown in Fig. 5.2 in Chaprer 3 limits the number of reproducible colors
o the tiangle derived from the three primary colors. As explained in Sec. 6:1.1- in this

Incident fight ——
o light

- Anfireflection coating
= Anli-glare reatment

Cobor plate pkaegng
Lc

TET plae
polarizen

Figure 6.11: Reduction of glare by anti-glare treatment.
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chaprer, mare sarurated colors can be obrained with denzer color filrers, ar the expense of
luminanece. A more attractive approach is to use o backlight with narrower peaks march-
ing color filters with egually narrow widdh, For example;, a well-designed LCD with an
RGE LED hacklight can have a barrer color ganur (clase ro 100% NTSC).

Another method to increase color gamur is the use of more than three primarics. LCDs
with four and six primary colors have been demonstrated, by employing additional sub-
pixels with ditferent color filrers. This approach requires extra processing and conver-
sion of RGH dara sigrals to multiple color signals in image processing. An example of
the resulring improvement possible in the color gamurt is schemarically shown in

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

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 tumns his or her head and looks ar a notebook display under an obligue
angle, the conrrast ratio drops fast, colors become less saturated 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.

ClE-v'

CIE-u

Figure 6.12: Increase in the color gamut by using
more than three primary cofors.
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The origin of the problem was explained in Chaprer 5, Sec. 5.3. and illustrated in

Fig. 5.9, It cun be truced buck to the variation of the viewing sngle relative w the LC
director,

For larger, conventional TN LCDs, such as 17-in. and larger deskrop monitors or LCD
telovisions, o single viewer at o distanee of 10 or 20 in. will look at different corners of
the sereén under different viewing angles and the variation of contrase with viewing
angle becomes objectionable. When there are multiple viewers looking at the display
from different angles, similar image qualiy derériorarion occuts,

A number of damatic improvements in viewing angle have heen developed over the past
10 years. The most important ones are;

= The addirion of rerardarion compensation films,

#  The m-plane-swirching (IPS) LC mode, and

m  The mulidomain-vertical-aligiiment (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 tequire a change in LED manufacturing ap to the final
lamination of the polarizers, and they maintain the pixel aperture raro of the original
panel. Retardarion films compensate for the variation over angles in the phase difference
between the rwo orthogonally polarized components of the light wave in the LC layer.

They improve horizontal and, toa lesser degree, vertical viewing anele in TN mode
L.CDs. They are also used in some LCDs operaring in different mades. Rasically, the con-
trast rario (the matio of white ro hlack luminance) is improved over viewing angle. Since
white luminance is mostly limited by the backlicht, the key w iimprovements is to reduice
luminince in the dark state over angles,

An example is shown in Fig. 6,13 for the normally white TN cell which uses sm LC fluid
with positive optical anisorropy, Two so-called discoric rerardarion filns are added outside
cach of the glass substrates. The films have a negative optical anisotropy and o gradually
rilved optical axis. 1o the darck stare of the normally whire TN cell (with volrage 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-
tive An and the rerardation in rthe film with negative An ocours. The rotal retardarion of
a light ray maversing 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 o berrer contrast rario over viewing
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angle. The discoric negarive birefringence film was developed and commercialized by Fuji
Phote Film® [5] smud has been widely used on smaller LOD monitors,

This basic concept has been implemented with o variety of compensation films on bodh
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 made, the in-plane-swirching
{IPS) mode (Fig. 6.14). In the IPS mode the data voleage is applied between electrodes on

Compansation é
film An = O %'.
_:| Betardaton
(2’50 —
Th cel ﬁ Pairwise T
an <D Q campensalon -
5,;, D ewing
i angla
— _:I Film
Compansation ‘g
lm An < 0 ?

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

Polarizer !
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LE. e 0L =2 Electic find
>

OFF state CH state
Figure 6.14: Operating principle of in-plane switching.
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the TFT array, so that the electric field is paralle] w0 the glass plares. The lateral elecrric
field causes the LC molecules to rotute parallel to the plates, Simce the LC dinector
always remains parallel w the ghass plates, this leads w s Fairly symumetric, very wide
viewing cone. The dielecrric anisatropy A of the LC fluid is usually positive. For Ag > 0,
the LC molecules ling up parallel to the lateral electric field.

[n Fig. 6.14 the basic operation of the [PS mode is shown, The alignment layers on bach
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
ahsence of an electric field, the arientation of the LC director is uniform throughour the
cell and light emerges withour a change in polarization. The exir polarizer is oriented
perpendicular to the first polarizer and therefore blocks rhe lighe. When a voltge is
applied between the clectrodes in the ON state, the LC molecules line up to the field
and rhe angle berween the LOC directar and the polarizarion direcrion becomes gradually
45 degrees with increasing voltage:

The transmission T of this nommally black 1S cell with erossed polarizers cun then be
described by the following equation:

T:mnﬁ[ze(v;},sm-'( ml”“f ) (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 aprical axis and polarizarion angle of the inci-
denr light, which can he varied with the applied voltage V., An is the LC oprical
anisotropy, dis the cell gap, and & is the wavelength, The cell gap is chosen so that An,d
=03 pm. This means thar rhe last rerm in Eq. 6.2 i5 close 1o unity in the visihle spec-
e,

AV =10, the LT optical axis is paralle] to the incident polarization angle, so thar @ = 0°
qand T =0, At high volrage (=7 V) most of the LC molecules are lined up parallel ro the
electric hield (when Ae > M sothat ® =45 und T = T\.,. Like the TN cell, the IS cell s
operated with an AC square wave voltage withour rhe DC component.

The threshold voltage V) for the IPS mode i

Ay [ K,
d J £, AE"

where [ is the spacing between the lateral eleerrodes across which the electric field is
applied, K, is the LT elastic consrant for twist deformation, €, is the permittiviry in vac-
uum, ind Ag 15 the dielectnic anisotropy. Vs the voltage ar which the LC molecules in
the center of the cell commence e rotate. It depends on Ifd and is abour 2-3 V. To

w.,gnz,:{ (6.3)
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reifuce the threshold voltage and operating volrage of the [PS mode, special LC fluids
hive been developed awith a Lirge Ag,

A example of the clectro-oprical response of an 105 cell for different wavelengths, cor-
responding ro Eq. 6.2 is shown in Fig. 6.15.

Figure 6,16 shows some examples of pixel layours for an 1PS TFT LCEY The lateral elee-
tric field is applicd between the drain ¢lectrodes, on which the data volrage is stored, and
the counter elecrrodes, which are held at a conseant bias, The pixel storage capacitor is
formed by the overlap aren of the counter electrode and the drain electrode. An ITO
pixel electrode is nor needed i this design. With hoth 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 ITQ layer is often added as a shield
between the front polarizer and the color plate. 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 voluge of the IPS mode depends on both elee-
trode spacing and the LC cell gap. In the TN cell, on the arher hand, the elecrrode 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 Chapter 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
8 typical IPS cell at different wavelengths.
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Figure 6.16: Examples of pixel layouts for
an IPS cell.

Small elecrrode spacings give a lower operating voltage in the IPS mode. There is, how-
evern, a tradu—ufT hl_"t“’l‘_"i.‘n I'I'l:‘l:‘rillll'll-."| \'L:lrﬂgl_' -'].I'lf.{ '.lperturu b, Fn-r i g STI'I}IIILT l‘:i{‘_'cr_f{ide
spacing, a larger fraction of the pixel area is occupied hy the opaque meral 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 improvement. To max-
imize the aperture rario, the electrode spacing has been increased from fd =3 o [ld =7
in conjunction with the development of 15-Y data driver 1Cs, which com apply 47 and
=1V on rhe pixel in rhe dor inversion mode.

The IPS mode was originally commercialized by Hituchi [6] and has been implemented
by @ numiber of companics i monitors and LCD elevisions. OF all LC modes, it arguably
maintains the best image quality over viewing angles. Nor only is the contrast ratio larger
than 10x up to | 70-degree viewing cones, but the color shift and gamma shift over view-
ing angle are also minimal,

Drawhacks of the [PS mode are a somewhat lower peak contrast matio at normal angles
and a lower aperture ratio to sccommodare the multiple electrodes on the pixel. The
early IPS LCDs also had slow response rimes, exceeding 50 msec. With the development
of better LC fluids specifically for IPS and with optimized cell structures, the response
rimes have been reduced ro be acceprahle for relevision and conrrast ratio has been
improvied to more than 600:1.
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A number of variations and improvements on P8, such as Super-IPSY introduced by
Hirachi and True Wide IPS* inrroduced by LG Philips LCD, have pushed the stare of rhe
art even farther. With the original 1PS pixel designs with the rectangular electrade con-
fipurarion of Fig. 6,16, some asymmerry in the viewing cone occurred. In Super-IPS”
LC[}& tll{.‘ 1IJT.EIUE Pi)ﬂ_‘l tiuctmdm‘r e 1T (.'ht!\u'l'[]ﬂ. puttum. s ShL!V'TI .‘iChl..'[Ilu[iCH[[‘,' i}

Fig. 6.17.

Both the entrance polarizer axis and the initial L molecule orientation ac V = 0 are ver-
tical. There is a difference in the elecrric field direction in different secrions of the pixel,
so that the LE molecules rotare in oppasite directions. As a result, there ts more than
one domain in each subpixel This tends w further widen the viewing angle and improve
symmerry of the viewing cone. It also reduces the color shift aver viewing angle [7]. In
Fig. 6.17 the angle between the polarizer and the laceral electrie ficld is about 60 o 70
degrees. In this case, the angle @ between the entrance polarizer and the LC divector can
exceed 43 degrees so that the mmsmitancesvoltage charicteristics show a peak at @(V)
= 71t/4 and then decline (Fig. 6.18), in accordance with Eq. 6.2.

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

g W . (6:4)
g dep- T

Pixal electrode Pixal electrode
AThohecule orentation ‘ Molecute orientation
Soalv=0 toalv=0

Figure 6.17: Elsctrode configuration of a conventional IPS {laft)
and a Super IPS (right} pixals.
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= % (6.5)
where E is the electric field applied berween the lateral electrodes, As i the TN mode,
the response times depend strongly on cell gap 4. Reducing d improves video pedonmance
bur increases rhe threshold volrage of the IPS mode (Eq. 6.3). Since maintainimg unitor-
mity in manufacturing becomes increasingly more difficule for chinner 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 IP'S: the limited transmittance. In the FES mode a higher aperture ratio is
obrained by the use of a continuous common [TO elecrrode separated from ITO grid
eleerrodes by a dieleermic. Both elecrrodes are on the active marrix array and ure mmspur-
ent, so that the pixel opening can be significantly larger than in most [PS TFT LCDs,
where both electrodes are opague.

6.4.3 \Vertical Alignment

Anather successful approach ro improve viewing angle is the verrical alignment (VA)
mode (Fig. 6.19), In the VA made the nematic LC molecules are aligned perpendicular
to the plass 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 wanstares into
a yield advanrape.

Transmittance

. | '
5 15 ]
Vaitage (V)
Figure 6.18: IPS T-V curve
when £ can exceed /4.
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Figurs 6.19: Operating principle of the
wertical alignment (VA) mode.

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

This oS tl'l'r.'lt 'l’c'hl‘_’n i \-'()]Ul“i_’ 15 a IiL"ti hl’.!t“'f_'l!ﬂ d'll.‘ transparent :_'Icctmdus on thl.' o
g PP P

plates, the long axis (the direcror) of the LC molecules rotares to become oriented paral-

lel 1o the plates. The operating principle of the VA mode is illustrated in Fig. 6,19,

[ the basic VA mode the molecules canvstart tilting with their director m any plane pet-
pendicular ro the glass substrares. For situations with partial il this would lead to domains
with varying rerardation under oblique angles and theretore varying, uncontrolled contrast.

Iri erder ra abrain a more symmerrical viewing angle, the pixel is subdivided into
domains, in each of which rotation stares with well-defined different initial dle, This is
called the mulri-donmain vertical alignment (MVA} mode (see Fig. 6:20). The multiple
domains are obtained by adding protrusions on both substrares. They cause the pixel m
have areas of different preferential dile direction in the cell when an electric field is
applied berween the rwo substrares,

The cell operates with crossed polarizers in the normally hlack mode. Withour applied
field, most LC molecules line up perpendicular to the substrare surfaces so thar the polar-
izarion is not changed. The exic polarizer hlocks the light, When a moderare field is
applied, the LC molecules il preferentially in a direction controlled by the protrusions
g0 thar the polarization is partially altered ro obtain a mid-gray level. Ar high field, the
center molecules line up parallel to the surfuces s 2 resule of the negative dieleceric
anisotropy. The LC fluid now rotates the palarization direction depending on the angle

158

Samsung Display, Ex. 1011, p. 53



Improvement of Image Quality in AMLCDs

of the enrrance polarizer and rhe LC direcror. The rwo or faur domains have the effect of
muking 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 zigrag grid of prorrusions ar 90 degrees on the acrive and color

5 ——h Ll

Higher
voliage:
white feval

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

Mominal pixel outiing

L

O

s N
| Polanzer \ Protressan on cobor fifler
| odeniation Protrusion on TFT aray

Figure 8.21: Protrusion design for a four-
domain MVA LCD [8].
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plares is used. The enrrance polarizer is vertical along the column lines so thar the LC
direetor in each of the four domains will be oriented st 4/—45 degrees with the polarizer
pricnitation in the presence ol un electre field, The protusions block the lighe and there-
fore need ta be kepr small to minimize impact on rthe aperrure ratio, The aperrure rario,
however, will be smaller than in a regular TR mode with or withour compensation films.
In Fig. 6.22 a rransmitrance-volrage curve for the MVA mode is shown.

The MVA mode is popular in desktop monitors and LCD relevisions, and combines a
wide viewing angle wirh a fast response rime. [v was originally intreduced by Fujitsu [8]
and has been adopted by a number of manufacrurers.

Vartations and improvements, called patterned vertical alignment (PVA® and super-
PVA™), and preminm-MVAY mode, have been inroduced by Samsung and AL
Optronics, respectively. Some improvements have protrusions on only one substrate and
apertute tatios as high as 67% have been achieved. OF particular inrerest is Samsung’s
VA mode, which eliminates the protrusions alrogether and instead uses pattermed [TO
areas on both the TFT and color substrute w obuain multiple domains, as shown in

Fig. 6.2%. An exrra ITO parrerning and erching step an the color plate is needed for the
PVA process. As in the MVA maode, a four-domain design is conumen with zigzag-shaped
slies in the ITO layers. To maximize aperture ratio, the data buslines can also be designed
ina zigzag partern [9].

In the dark state of the PVYA mode (V = 0), the LC molecules are perfectly lined up per-

pendicular to the glass plares. As a resulr, there s no residoal rerardarion and the contrasre
ratio can be virtually egual to the extinetion ratio of the polarizers, With the optimized

Relative transmittance
T

o 1 2 3 4 B a7
Voltage (V)

Figure §.22: Typical transmittance
curve for an MVA LCD.
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Figure 6.23: Patterned vertical alignment (PVA) mode.

super-PVA mode [9], & conrrast ratio kirzer than 1000 at normal viewing angles has been
achieved (Fip. 6.24). A conrrast ratio exceeding 1000:1 is parricularly important for LD
television where any light leakage in low ambient lighting conditions is objectionable.
In the prorrusion-hased MVA mode ir is more difficulr ro achieve a conrrasr rario of
1000:1 because rthe small rile near the prorrusions causes some residual retardarion and
light leakage in the dark stawe (V= 0}, IPS-mode LCDs have a lower peak contrast ratio
as well, bur usually have an even herrer contrast rario off-nxis than is shown in Fig, 6.24.
As compared to the original contmst versus viewing angle curve of @ standurd TN cell
shown in the previous chapter (Fig. 5.6}, the MVA, PVA, and IPS modes have all
demonstrared remendous progress in image quality,

MVA-mode LCDS use a special alignment layer to cause the vertical orientation of the
LC molecules at the substrare surfaces, Unlike the TN and 1PS modes, this orientation
layer does not need a rubbing process, which is considered a vield advantage in manufac-
turing for the MVA and PVA modes.

Tos compensate for the otf-axis revardation in the zero field durk stare, MVA-mode
AMLCDs do, however, usually require rerardation films added ourside the glass assembly.
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Figure 6.24: Contrast ratio versus viewing angle for PVA

and S-PVA mode (reprinted with permission from the

Society for Information Display).

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

6.4.4 A Comparison and Other Viewing Angle Improvement Methods

The viewing mmgle behavior of LC cells can be quantitatively expressed as contrast mitio
versus lefrfrighr and upperflower viewing angles, as shown in Figs. 3.6 and 3.8 in Chaprer
5. These plors show rhe performance only at azimurh angles of 0, 90, 180, and 270
degrees. To include all szimuth angles, it s customary to plot the viewine angle behavior
in contrast conrour plots with azimurh angle ¢ and polar angle 8 as paramerers, as
defined m Fig. 6.26,

These rwo angles are used to.generate the contrast contour plots shown in Fig. 6.27 for
unmoditied TN-, compensated TN-, IPS-, and MVA-mode cells. The iso-contmst 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 varintion
from one manufacturer o the next. For both the MVA mode and the [PS mode, a con-
rrast ratio exceading 10:1 has heen achieved for polar angles up ro 80 degraes at all
uzimuth ungles,

Tleere are a {ew other, less popular methods o improve viewing angle, notably the mult-
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.
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Figure 6.26: Definition of polar and azimuth
angles for measuring and plotting contrast
contours.

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

The NB TN LETY can be designed with differenr cell gaps for each color so thar the cell
operates in the fist minimum for red, green, and blue light This s done by wiloring the
cell gaps acecording ro the following equarions:
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Figure 6.27: Contrast contour plots for four different LC modes.

ML
d =57 (6.7)
;L,:';‘—E'r.aml (6:8)
o 5'/3 ?".'I_
gt (6.9)
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where d. d,. and d_ are the 1.C cell gaps for the red, green, and blue subpixels and P o
and lE are the peak wavelengths for the three primury colors. The color filter thicknesses
are udjusted w obrain the different cell gaps, as shown in the inser of Fig, 6.28. A high
peak contmst tatio and relatively wide viewing anple can be simultaneously achieved this
way. However, the multiple eell gaps are very difficult to control accurately and consis-
rently in manufacturing, and this mode has therefore been used only in high-end avionic
cockpit displays but not in mainstream displays,

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

L)
o

Light transmittance Ly (%)
=

o
o
Retardation index u
Figure 6.28; OFF state transmission in
nommally black TN mode with multi-gap
configuration in inset.

M M e sl

Diffuser |
Color filter plate
ma
o L
— 1]
mo ; 1 I :
TFT plate
[ Gollmated backlight
Figure 6.29: Operating principle of the
collimator-diffuser mode.
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mastly perpendicular to the glass plares with good contrast. A diffuser after the exir
polarizer scatrers the lght. Its drawback s increased power consumption in the backlighe
and light loss in the frone diffuser.

In Tahle 6.2 the major three viewing angle enhancement methods are compared with
each other and with the conventional TN mode in terms of image quality, power con-
sumption, and manufacturability. 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, IPS, 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
tatio. The improvemenis and refinements are labeled with superlatives, some mentioned
before, sich as Super-IPS®, Advanced Super-IPS¥, True Wide IPS¥, super PVA" and pre-
mium MVAY,

6.5 Enhancement of Video Performance

When conventienal LCD deskeop monitors and norebook panels are used to display
video from a DVD, for example, the image quality 1s inferior to thar on a CRT, Although
the contrast ratio for static images on such displays can exceed 500:1, for moving images
degradarion in the dynamic contrast ratio is seen and the edges of moving ohjects blur,
This makes the viewing experience less than acceprable. Faster LC fluids have been
developed with a lower rotational viscosity and the cell gup can be reduced w ubout

4 pn o improve response time (see Egs 5,11 and 5,12 in Chaprer 5). Thise measures
can lower the rransition rime from full ON o full OFF and vice versa ro 8 msec for TN
and MVA modes,

Table 6.2: Comparizon of different viewing angle improvemeant modes

Conventional TN | Compensated TN IPS | VA
Viewing angle - | % g |a
T 1= | i ——
Gamma shift over angie: | - | = 0 |&
Color shift over angle = | = a A
Powar consurnption 0 | @ X A
Manufacturaiity | 0 i [a Ja

0, very good; A, qood, x, |pss; -, poGr
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Howewver, this by itself does nor reduce smearing of moving video images sufficiently for
applicution of LCDs in relevisions, In video imugery the mujority of transitions are
between intenmediate gray levels, which have longer response times, acconding o Eg,
5.11. The response time herween different gray levels can exceed 50-80 msec in a con-
ventional TN cell.

Another factor influencing maotion portraval is the hold-type character of an LCD (i.e.,
the luminance is continugus during each frame rime). A dara volge is applied to each
pixel once per frame rime and mainrained during the entire frame until rhe next 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-
typu churacter of CRTs, in which cach pixel emits light for only o fraction of the frume
fime.

In rhe following rwo secrions, rwo solurions for these basic problems in I.CDs are

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

2. Emulation of impulse-type operation in an LCDL

6.5.1 Response Time Compensation

In Sec. 5.5 in the last chaprer, rhe response rimes for the TN mode were given in Eqgs.
5.1 1 and 5.12: These are the times for transitions from full ON to full OFF and vice
versa. The rise fime is volrage-dependenr, so for rransitions berween intermediare gray
levels the response tmes can exceed several frame times and are not short enpugh for
high-guality video. The resulting image lag and motion blur is unacceptable for LCD rel-
evisions. In addition to rise and fall cimes of the LC cell in excess of a frame rime, a con-
tributing factor is the slow variation of the LC capacitanee with viltage, When the data
voltage on the pixel changes significanty, it can rake more than a frame time for the LC
capucitumee to stabilize ar its new value. Since a constant charge is loaded onw cach
pixel duting active marrix addressing, the voltage may change during the frame time from

Vo oV according to the equarion

(6.10)

N e A T ie b » I I I 1 » Il 1 [
where G and G are the L capacitance at the beginning and end of the frame time,

respectively.
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The adverse effects of both slow respense times and dynamic LC capacirance can be
countered by response tme compensation [18]. To improve video performance, overshoot
data \«'ull'.{gu:i are used so that the Lt luminance is reached after one Irame time. The
principle of this response time compensation is illustrared in Fig, 6.30. The final gray
level { cannot be obtained within one frame tme by applying data level @ Instead, an
overshoot dara signal or boost level k is applied ro the pixel and is stared on the pixel for
one frame time. The overshoor level causes the display luminance o sertle ar the new
gray level 1 within one frame time. The overdrive method requires signal processing and
empirically oprimized lookup tables for level-to-level tmnsitions.

An example of the electronics required o implement response rime compensation is
shown in Fig. 6.31. One frame of incoming video signals is stored in a first in, first out
(FIFO) frame buffer. The video data for cach pixel in this frame is then compared with
the videodara for the nexr frame. Depending on the seaming and ending gray level, an
owvershoor or undershoor volrage is added o rhe sready-srate dara gignal for o particular
gray level, The signal boost for cach gray level mansivion is derived from a lookup table,

Frame1 Frame 2 Framgd Frama 4

Drata waltage Overdrive fevel data_k -
I |
------ T Enct bl data_|

i Starting leved
----- . Gray level k

Display Gray level |

lhuminanee

respanse

Uneompersabed

Figura 8.30: Overdrive data levels appliad to speed up optical
response time of display luminance between gray levals.

FIFD
fraame 2
Incoming LTS g Dulgoing
aray level E gray leyed
data 7 data
it

Figure §.31: Basic bliock disgram for response time
cempensation.
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which is oprimized for the particular LC mode and cell structure used (TN, IPS; or
MWA). The boost sigmal is usnally inserted during one frome only, aftér which the steady-
state gray level is applicd (assuming no change in gray level in the subsequent (rame),

The overdrive funcrionality wirh the lookup table and the comparison circuir can be
integruted into the timing controller of the display or in separate added circuitey. The
frame buffer memory is typically external in an SDRAM chip,

The plots in Fig. 6.32 demonstrate rypical improvements in response times achieved by
the overdrive method. When combined with faster LC fluids, response times of § msec
have heen 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, the video performance of 1L.CDs
would still be inferior w that of CRTs. CRTs ure impulse-type displays in which brief
excitations of the phosphor result in brief repeating light pulses, which are integrated by
the human eye and perceived as continuous while rhey are acrually inrermirtent

{Fig. 6.33). On the CRT, the edee of a moving ohject therelore remains sharp.

In an LCD {a hold-type display}, the luminance is continuous. The eye traces a fast-mov-
ing object on the LCD screen as indicared by the arrow in Fig. 6.33. When integrating
over the frame rime, the average luminance leads 1o a blurry edee on the objecr,

Cine merthod o improve video performance is increasing rhe frame rare to, for example,
120 Hz. When all the gray-to-pray level transition times are also reduced w8 msee, o
fasrer frame rate of 120 Flz gives a clearly visible improvemenr. However, rhis does nor
sodve the problem entirely and it also complicares the electronics and requires birger
TFTs to charge up the pixels in half the time.

6
&0
ag
Rasponse tima Responsa tima
(msec) 0 {msec)
n

48
End level

16 a2 i
H
Start level s

Figure 6.32: Example of uncompensated (leff} and compensated (right) gray level response times,
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Figure 6.33: Brightness versus time for and percaption of moving objects on a
CAT and an LCD.

Another way to address the problem is to switch the backlight ON and OFF ro ger the
impulse-type operarion, This can be done be flashing the enrire backlight ar once after
writing the data informarion on the displays, as shown in Fig. 6.34A. The LC rransmir-
rance has to he stabilized before rhe backlight turnis ONL Parr of the frame rime is used
{or writing dats and the second part for illunsinacion. This causes a problem because the
allowable LC response time for pixels ar the horrom of the digpiay will be shorrer than for
the top, causing moving objects with blurred edpes ar the borrom of the display for pric-
tical finite respanse times.

A hetrer 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 cose
the entire frame time can be used for writing data and the allowable LC pixel response
time is the same ar the wop and the bortom of the display. An LC response time for all
aray-to-gray levels of abour two-thirds or one-half the frame time is sufficient 1o prevent
moving objects with blurred edges,

The usge of this scanning backlisht emulates an impulse-type display and virtually elimi-
nares hlur of moving ohjecrs, as-illusrrared in Fig. 6,36 Morion on LD with scanning
bucklight appears more like o movie, Film projectors also darken the sereen for about
50% af rhe rime, during the mechanical advance to rhe nexr film frame. In rhe projecror
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 seanning of the LCD.

Stickismps  Lighiing periods

Frame lime
Flgure 6.25: Operation of AMLCD with scanning
backlight to improve video performance.

When one Lamp in the scanning bacldight is ON at a time and s brightness is oo
increased, an obvious drawback is thar the average brightness is decreased by a facror of
six. Since this is unacceprable, the lighring periods of the individual limps will overlap in
pracrical scanning backlights. There will be a rrade-off berween brightness and motion
Blur,
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Birection of mofion
1

. &

Hiurred edge of moving obiects
with conyventional backlight

Sharper edge of moving objects
with scrolling backiight

Figure 6.38: Qualitative improvement in motion portrayal with
impulse-typa (scanning ar scrolling) backlight.

The scanning or scrolhing backhight mproves not only sharpness, bur also the

contrast and color purity of moving images. As expluined in Chaprer 4, See. 4.3, hoe
carthode fluorescent lamps (HCFLs} are a good match with seanning backlights: They
can operate at higher currents to obtain very hich luminance and can also be casily
dimmed for intermittent operarion. In the most advanced scanning backlighrs, hoth
duty cycle and dimming level are dynamically contralled based on the video content
and the ambient ligchring conditions. With the gamma curve of the LCD also being
dynamically adjustable depending on image content and ambient lighring, superior dis-
play performance is achieved with a sophisticated, correlated control of backlight and
LOD elecrronics.

LEDs ure compatible with scanning hacklights s well, The peak current in the LEDSs com
be increased for shorter duty tatios so that the average luminance can be maintained
quite well. LED hacklights are also relarively easy to pperate intermitrently with current
pulses at low voltage and will be attractive for seanning backlights, when their cost cin
he further reduced.

Another method to emulate an impulse-type display s to msert black data during part of
the frame. Toavoid flicker this needs 1o be done during pare of the 16-msec frame and
therefore reguires very fast LU 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 o build very large displays with a size approaching tha of the larpest
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plasma displays. Before LCDs larger than 40 in. or with resolution higher than SXGA
became possible, several rechnical hurdles had v be overcome, One is, of course,
wanulacturing 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 becomes
a significant fraction of the line select tme, LD pedormance can deteriorane.

This is the case alsa for 20+ 10 25-in. displays with very high resolution in the UXGA o
QUXGA mange, developed for graphics and medical imaging applicarions, They have a
very short line select rime, as shown earlier in Table 5.3,

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

Metal = Resistivity {ji{lem)
Ta | - BO-200

Cr | 20

_n;;u I‘I-'i

AlNd | F

Al |4

Cu 258

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

RN RN RN RN RN
: . L

[of].'} ™ 1N TN N
II [ II L o] Il II {81 Il
22 pses (KGA)

I

]

i L5
—

10 psec {OXGA)
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.

173

Active Matrix Liquid Crystal Displays

With the aid of ciecuir simulations the effect of propagation delays on the LC pixel voli-
age can be predicred. The pixel charging is faster for the negative charging cyele than for
the positive cyele, as a result of the higher gate voltage relative w the negative data volt-
age than to the positive dara voleage. The pixel may not charge up complerely ro the
positive data voltage (Fig. 6.38).

Afrer the megative charging cvcle, the pixel voltage shift from the parasitic gare-drain
capacitance further reduces the voltuge on the ITO pixel electrode; Because of the slow
decay time of the gare pulse, the TFTs ar the end of the row are nor sufficiently tumed
OFF hefore the dara voltage changes for the next pixel on the column. Then, there is a
potential for partial recharging of the pixel 1o the next pixel’s data volage, as shown in
Eig. 6.38.

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

Convenrional selecr line metals such as Ta, Cr, and Mo have a relatively high resistivity
of more than 12 p€em (see Table 6.3 and See, 3.3 in Chapter 3). A high gate line resist-
ance can show up in the display as a brighimess gradient from the driven side ro the un-
driven side oras an increase in flicker and image rerention in sections of the viewing
area. The RC delay is most severe when the storage capacitor s connected o the gate

Selecl
== 1 I
oL g T

HESE Pt SR
:k i

Pixel
4L
)

Recharging o
neExt data vollage

Figure 6.38: Pixel wave forms at beginning (top] and end
{bottom) of gate line with RC defay.
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line because it increases the capacitive load on the gate line. When the Cs-on-common
pixel configomation {see Fig. 2,20 in Chupter 2) is used, this problem is somewhat allevi-
ated. For very large displays there is also the option o drive the gace lines from both leh
and righr side, so thar the worst-case RC delay occurs in the cenrer pixels. Twice the
number of row drivers will be required. n this configuration, both R and C gre reduced
by a facror of two, resulting (n & 4x reduction in the worst-case RC propagation delay.
RE deluys on the dara bushines are also importane, although nor as erirical for perform-
ance as RC delays on rhe pate lines,

Muost large and high-resolution AMLCDs use Al as the busline marterial for both select
atd dara lines and some use Cu (see Table 6:3).

Al and Cu have a much lower resistiviry of around 4 and 2.5 pu€em, respecrively.
Unforcunately, pure Al grows hillocks during high-temperature processing such as the
PECVID step for the pate nitride and a-5i. This can cause shorts and yield problems. Ta
prevent hillock farmarion, 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 be used (Fig. 6.39). Since anodization and encapsularion require extra patrerning
steps, they are used less frequently than cap layers or Al alloys.

A0y A

iy e

Anndizod Al

Cr Al

= -

l Gt
Erncapsulatad A

= T Gl ]
Ak alioy
Figure 6.38: Methods to employ Al gate buslines.
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T — .

e

TFT-LCD

i
A2 3 57 (14dcm)

Figure 6.40: Photograph of a 57-in. TFT LCD developed by Samsung Electronics.

The largest reported a-8i TFT LCDs are an §2-in. HDTV by Samsung Elecrronics, a
65-in. HDTV by Sharp and o 57-in. HOTV by Samsung Electronics [10]. The 57-in. dis-
play shown in Fig: 6,40 has a resolution of 1080x1920 pixels and utilizes dual-sided row
drive to reduce both resistance and capacitance of the selecr lines by 2% for a reduction
in RC delay of 4. Viewlng anglé is enhanced by the PVA (patterned vertical alignment)
mode. Response rime i< 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 digiral signage. In both markets they compete with
plasma displays.
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