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Preface 

The meteoric rise of the active matrix LCD over less than two decades to undisputed 
dominance as a flat panel display has been breathcaking. The technology behind this 
remarkable progress will he summarized in rhis book. Manufacn1ring of AMLCDs is a 
more than $40 billion inJusu,• and now plays an important role in the economy of 
several Asian counrries. Th is book will addre~s rhe fundamenra ls of LCD operation and 
the princip1es of active matrix addressing. The reader will become fomiliar with the 
construction and manufacturing methods of A.t\1LCDs, as well as with drive methods; 
performance characteristics; recent improvements in image quality; an<l applications in 
cellular phones, portable computers, desktop monitors, ,u,d LCD televisions. 

This book is on an introductory level and incended foe srndenrs, engineers, managers, 
educators, IP lawyers, research scientists, and technical professionals. Emphasis has been 
placed on explaining underlying principles in the simplest possible way without relying 
extensively on equations. Last, but not least, the lx>0k is intended for those inquiring 
minds who, for many hours every day, look at rhe LCD displays of notebook computers, 
flar panel monirors, and relevisions and simply wonder how rhey work. 

This book grl'w out of thl· course matnials from seminars 1 presl'ntl·d sl·veral times at 
UCLA, ar rhe gracious invitation of course organizer Larry ~1nnas. The course m:ueri:.11.s 
were further updated when the Society for Information Display kindly invited me to 

present Shorr Courses on AMLCDs ar che annual SID Symposiums in 2002 and 2003. 

A book 1ike this would not have been possible without frequent interaction and 
<liscussions with colleagu~s in the field. Working with them has always been a great 
pleasure and I wou ld like to mention speclfic.1lly some of my former coworkers at OIS 
Optical Imaging Systems, Inc. and at Planar Systems, Inc. They include Adi Abileah, 
Steve Aggas, Tom Baker, Yair Baron, Bill Barrow, Mike Boyd, Young Byun, Vin Ca1lllella, 
Mark Friends, Pat Green, Tieer Gu, Chris King, Terrance Lirss<m, A lan Lien, Darrin 
Lowe, Yiwei Lu, Fan Luo, 11.n Nguyen, Cheng-bin Qiu, Seate Robinson, Score Smith, 
Scott Thomsen, Dick li,enge, Vicror Veernsamy, Mimi Wang, Moshe Yang, Mei Yen, 
Zvi Yaniv, auJ John Zhong. 

xi 

Preface 

Finally, I would like co chank che Elsevier Science organizacion for che opportunicy co 
write this lxx>k and for thl'ir supJX>rt <luring its production. 

Willem den Boer 

xii 
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CHAPTER 

1 
Introduction 

1.1 Historical Perspective 

Electronic displai•s have, for many years, been d1e window to the world in television as 
well as the primary human interface to computers. In today's information society, they 
play an increasing ly impo rtant and in<lispcnsablc role in conununkati<.m, computing, and 
cntcrtairunc1u devices. 

The venerahle carhode ray n,be (CRT) has heen around for more rhan 100 years and has 
been the workhorse for television displays and, umil recently, for computer screens. As 
one of the few surviving electronic devices based on vacuum tubes, the CRT can ooast 
an unrivaled success as a low,cost color display with good image quality. Its large depth, 
weight, and power consumption, however, have limited its use ro nonportable 
applications. 

From tl1e early days of electronic display development, a rtat panel display was considered 
a very t1trracrive alternative ro rhe hu lky CRT. For decades, display eng ineers searched for 
flat panel display technologies to replace the CRT in many applications. Jn spite of many 
attempts to develop flat CRTs, plasma displays, and other low-profile displays, 
commercial success remained elusive for many years. Finally, by the I 990s several 
tcchnologil-.s wen.· 1naking ~igniCic.ant inroaJs to achieve this goal. ln particular, active 
marrix liquid crystal displays (AMLCDs) and plasma displays demonsrrared large sizes 
and high image quality comparable to CRTs. 

The success of AMLCDs, the subject of this oook, is the culmination of two significant 
developments: liquid crystal cell techno logy and large .. area microelectro nics o n glass. 
For more than cwo decades these technologies have been refined and an extensive 
infrastructure for manufucturing equipmenr and marerials has heen established, especfr,lly 
in Asia. 

Liquid c,ysrals were discovered in 1888 by rhe Ausrrian horanist Friedrich Reinirzer. I le 
experimenr.e<l with r.he cholesterol .. type organic fluid cholesteryl henzoate and found r.har .• 
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upon hearing, it undetwent a phase transition from a milky fluid to a mostly trans~>arent 
fluid. This was later explained as a transition from an optically and ekctrically 
anisotropic fluid to an isotropic rtuid. The anisotropy (i.e., the difference in dielectric 
co n:mmt and refractive index for different o rienrnrio ns of rhe molecules in the fluid) led 
to d1e analogy with the anisotropy of solid crystals, hence the name lk1uid crystal. The 
teclu1ological and commercial potential of liquid crystal was not realized until the 1960s, 
when RCA developed the first liquid crystal displays (LCDs) b:tsed on the dynamic 
scattering effect [I]. The cwisced t1ematic (TN) mode of operation, on which many 
current LCDs are based, was first described by Schadt and Helfrich f2) in 1971 and, 
independently around the same rime, by Fergason (3). Twisted nematic LCDs appeared 
on the scene in the early I 970s in electronic wrist watches and in calculators. 

LCDs quickly dominated in small portable applications due to the compatibility of the 
simple reflecrive-rype LCD with low-power CMOS driving circuitry and therefore with 
harrery opernrion. In addirion, high .. volume manufacruring led ro very low cost. The 
mark<,t for small, direct-driven, segmented, TN LCDs in portable devices increased 
rapidly during rhe 19 70s. They were initially mostly used in a reflecr_ive mode, relying on 
ambient light for legibility. Since each segment in a direct~driven alphanumeric display 
needs to be separately connected to the control electronics, rhe information content of 
this type of display is very limited, usually to one or two lines of text or nmnbcrs. Other 
drawbacks of the reflective mode included the difficulty of implementing color, the 
dependence on ambient lighting, and the parallax caused by the separation of about 
0.5-1 mm between rhe back reflector and the LC layer. 

The mass market for electronic wrist watches, calculators, and other applications, 
however, allowed invcsttncnts in manufacturing and further development. 

For displays with higher information content, the large number of picture elements 
(pixels) precluded rhe individual addressing of eveiy pixel. This led ro rhe developmenr 
of matrix addressing in which an array of M x N pixels is addrc-;sed by applying pubes to 

each of irs M rows and N columns. It reduces rhe number o f inrerconnecr..s ro the 
external addressing circuitry from lvl x N to M + N. For example, a 100 X 100,pixcl display 
now requ ired 100 + 100 • 200 interconnections instead of 100 x 100 s 10,000. Such 
passive matrix displays arc usually operated with a one .. Jine .. ar .. a .. timc addressing method 
called multiplexing. The TN LCD was limited to only about 10 rows of pixels because of 
its gradual tr.-msmission .. voltage curve. Many improvements in passive matrix addressing 
have been proposed and implemented over the last fifteen years, notably the super­
twisted nernacic (STN) LCD. However, rheir performance in terms o f viewing angle, 
response tim4:, gr.ty scak-, and <.:.ontr.ist ratio has gl'n<:mlly fallen short of what was 
possible with a single direcr~driven pixe l. 
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Early during the developme,u of LCD technology, the limitations of direct multiplexing 
or passive matrix a<l<lressing Wl're rl'CObrnizl'd. A solution was proposed by Lechner ct al. 
(4) and bl' Marlowe and Nester (5). il)' incorporating a switch at each pixel in a matrix 
display, rhe volr.age across each pixel could he controlled independently. The same high­
contrast ratio of more than 200, obtained in simple, dirccI-driven backlit displays, could 
then also be achieved in high-information-concenc displays. 

Peter Brody and coworkers [6] constructed the first so-called active matrix LCDs 
(AMLCDs) with CdSe thin film transistors (TFTs) as the switching elements. The TFTs 
in rhe array act merely as ON/OFF switches and do not have an amplifying function. For 
an electronic engineer, the term "active matrix" may therefore be inappropriate. It is 
now, however, commonly used :-md irs definition has been exr.ended to include arrays of 
switching cll'mcnt.s other than TFTs, such as diodes. 

The CdSe TFTs used for the first AMLCDs turned out co be a temporary solution. 
Semiconducrors such as C'.dSe are nor compmihle wirh srnndard processing in rhe 
microdl'Ctronic industry, which uS('s mainly silicon as the semiconductor material. 
Advanced phorolirhogrnphic and etch ing processes have been developed over rhe years 
for silicon devices and this technology is not readily applicable to CdSe TIT,. Dr. Brody 
has, nonetheless, remained a strong and vocal ptoponent of CdSe-based AMLCDs 
over the years, even in the face of the overwhelming success of silicon thin fi lm-based 
TFT LCDs. 

Polycrystalline Si materials and devices are more fam iliar to semiconducror process 
engineers a,KI were developed for use in AMLC[)s in the early I 980s. The first LC 
pocket television markered by Seiko Epson in 1983 used a poly-Si TFT active matrix [?J 
and was the very firs t commerc ial application of AMLCDs. The early poly-Si TIT, 
required high-remperature processing and therefore used expensive quartz sull5trares. 

A color LCD was obtained by subdivid ing the pixel into three subpixels with red, green, 
and blue color fil ters. Since the color filt<·rs absorb a large portion of the light, these 
color LCOs required a backlighc to operate in a transmissive rather chan a reflective 
mode r.o be useful in most ambient lighting conditions. 

In parallel to the early development of LC cell technology and CdSe TFTs, thin film 
amorphous silicon (a-Si) was investigllted in the 1970s. The rationale behind this 
interest was initially not its potential use for LCDs, but rather its promise for low~cost 
solar cells. A major development occurred ac the U niversity of Dundee in Scotland in 
1979, when LcComber ct al (8) devd op<'<I the fi rst TrT with a -Si as the semiconductor 
material and suggested the active matrix LCD as one of its applications. Interestingly, a 
patent on the hasic ,1 .. S i TIT wns never filed, since r.his work was performed at an 
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academic institution. The University of Dundee had been a pioneer in che development 
and understanding of amorphous silicon materials under the leadership of Profe,;,;or W.E. 
Spear and Or. 1'.G. Lc-C:Ombcr. Unfortunately, Or. LcCombcr witnessed onl)' the start of 
the tremendous growth in AMLCDs based on a-Si TFTs; he died ar the age of 51 of a 
fa tal heart au ack whik• vacationing in Switzerland in 1992. 

Amorphous silicon can be deposited on low-cost, large-area glass substrates at a 
temperature below 300~C . It was more attractive than the early polycrystalline 
technology for active matrix LCDs, which needed much higher process temperatures and 
more process steps. A pocket television with a,Si TFTs was pur on the market hy 
Matsushita in 1984 [9). 

Soon after the first TFT LCO wirh amorphous silicon TFfs was inrroduced, rhea-Si TFT 
overshadowed poly-Si T IT,:« the semiconductor device of choice for AM LC:Ds. The 
first TFT LCDs had a diagonal size of 2-3 in. and were mainly used in small portable 
relevisions. The pe,formance of rhe color AMLCO was inirially improved for high-end 
applications such as aircraft cockpit displays. Jn avionics, c«:nit was a Sl'Condar)' conC('n1 
and emphasis was placed on rhe highest possible performance in terms of legibiliry under 
any lighting cond itions. 

While a market was established, volume production capability was gradually increased at 
several Japanese companies. This was accompanied by a scale,up in glass substrate size 
from wafer-like sizes to around 300x400 mm. A significant br<:akthrough occurred in rhe 
late 1980s, when the first lapcop computers wirh I 0-in. diagonal she TFT LCOs were 
marketcti by several companies, including IBM, NEC, Sharp, Toshiba, a1'Cl Hitachi. Th is 
scale-up was made possible by the gradual increase in manuf-acturing yields by process 
improvement. mctho<.l~ borrowed from the .scmicom.luctor industry. Laptop an<l notebook 
computers turned out to be the killer application for active matrix liquid crystal displays. 
They addressed rhe need of traveling businessmen for lighrweighr computers with high 
image qualit)', and thin and low-power flat panel displays. 

By 1996 the manufacturing substrate size had grown co 550x650 mm and many 
improvements in processing and materials were implemenr.ed. ln the mid~ l 990s Korean 
companies started mass production of AMLCD modules, followed a few years later by 
massive investments by several companies in Taiwan. 

The late 1990s also witnessed a revival of poly-Si TFT LCDs for small displays. Several 
compan ies succeeded in producing low-temperature poly-Si TFTs processed ac 
tcmp('r..ttur('S bdow 600°C1 co1npatiblc with lower-cost glass. The main attraction o( 
pol)'-S i TFTs is their l1igher current-carrying capability, aUowi1~ rhe integration of some 
of the <lrive electronics on the glass. 
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Applicacion of a-Si TFT LCDs in nocebook compucers facilitated large investments in 
their manufacturing infrastructure. This, in tum, ma<le possible the introduction of space.­
and power-saving, !ht-panel desktop monitors based on AMLCD palids with improv<xl 
v iewing ;angles. 

Sevt·ral 1nc:thods to i1nprovc the viewing angk1 including compen!)ation filnis and 
different LC modes (ili•plane-switching and multi-domain vertical alignment) were 
introduced after 1995 and implemented in 17 ,in. and larger monitors. In 2003 T FT 
LCDs surpassed CRTs in terms of revenue for computer monicors. 

Recent furcher improvements in brightness. color performance, viewing angle. and 
response time have le"<.! to the development of LCD television with superior image quality 
and progres~ively larger screens, now well beyond 40 in. in diagonal size. LCD relevisio n 
is the final frontier for the AM LCD and a number of companies have started production 
on glass substrates with 1-4 m2 size to participate in chis rapidly growing marker. 

Another applic:ition where AMLCDs have attained a large market sh:ire is handheld 
tkvkes ( i.e., in PDAs, digital camerJS, camcor<li:rs, an<l mobile phones). With the 
introduction of 3G cellular phone service and built-in cameras, the demand for high, 
contrast, video-rate color displays haw allowed the AMLCD to replace many of the 
poorer-performing passive matrix LCDs. 

Paralle l to the development of direct,view displays, microdisplays for projection have 
been developed since the late I 970s. Ir was realized early on that the LCD is a light valve 
that can ace as an electronically concrolled slide in a slide projector. Rusiness•grade front 
projectors app<."Jm! on the. scene in the early 1990s with three high-resolution poly-Si 
TFT LCDs. They are now commonplace in many meering rooms and cJ;assrooms acro.ss 
the world and c.an weigh less than J lhs. Rear--pmjection, high--definition television hased 
on reflective microdisplays (liquid crysral on silicon [LCOSJ) have emered rhe 
marketplace as well . 

Micro<lisplays arc al.so usc<l in personal viewers such as vicwfin<lcrs for digital earner.is 
and camcorders. 

The success of AM LCD technolOb'Y is the result of many years of close c<><>peration 
among scientists and engineers from different disciplines. They include organic chemists, 
physicists, optical, e lectrical, electronic, mechanical, p;.1ckaging, and manufacruring 
engineers, all supported by increasing revenues from sales of LCDs. 

Figure 1.1 illumares the exponential increase in the total marker for AMLCDs. The 
development shows a remarkable parallel with the semiconductor industry in the 1980s 
and 1990s, also indicated in the plot. Some fluctuations in the LCD revenue curve can 
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be amibuted to supply-demand cycles. Based on an extrapolation of chis plot, rhe 
AMLCD industry will achieve $100 billion in ann ual revenues around the year 2010. 

The market for AMLCDs is usually subdivided into small di,;plays with a diagonal size of 
less chan 10 in. (in POAs, cell phones, digital cameras, camcorders, etc.), med ium 
displays of 10-20 in. ( in noteb<><>k computers and desktop monitors), and large displays 
exceeding 20 in. (mostly in televisions). Figure 1.2 shows the recent rapid ,mir growch in 
all applications. A lthough the small displays have the largest unit sales, the larger 
displays obviously represem a large pare of the total revenues. 

AMLCOs are also increasingly used in medica l. industrial, and recail applications, often 
with a touch panel includc·d. 
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Introduction 

The AMLCD manufacnirers are supported by a large infrastructure of equipment aod 
material suppliers, which continue to improve efficiency and reduce cost. They include 
color fi lter, polarizer, and opLical (iln, rnanufacLurers, dri vcr IC and controller IC wndors, 
packaging fi rms, rnlcklighr manufucturers, and supplie~ of materials such as LC fluids and 
alig1unem layers. 

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

1.2 Liquid Crystal Properties 

After their discovery hy Reinitzer in 1888, liquid crystals were, for many decades, 
consi<lctt<l int(•rcsting only from an acadc·mic point of view. Li<.luiJ crystals arc an 
inrermediare phase herween crysrnlline solids ;:incl isorropic liquids, an<l combine cerrain 
d1aractc·ristic properties of the crystal structure with those of a deformable fluid. Di,play 
devices utilize both their fluidiry and the anisotropy associated with their crystalline 
character. T he anisotropy causes the dielectric constant and refractive index of the LC 
fluid to depend on the orientation of its molecules. 

Nematic liquid crystals are commercially the most interesting type. Upon heating, most 
crystalline solids undergo a phase transition to an isotropic liquid. The nematic 
im:ermediate phase (mesopha.se) occurs in certain, mostly organic, subsrances in a 
temperature range between the solid and isotropic liquid state. Figure 1.3 shows an 
example of the molecular mucture of a liquid crystal, p-methoxyben.ylidene•p•n­
butylaniline (MBBA), with its nematic temperature range. 

The liquid crystal (LC) molecules arc gcncr-Jlly elongated in shape and have a length of 
around 2 nm. Because of their "cigar" shape they tend to line up more or less 1,ara llel to 
each otht·r in the lowest cnt·rgy state. T he avt-rJ.gc orientation axis along the molecules is 
a unit vector n, called the director. Nematic LC molecules are not polar, so there is no 
differentiation between n and -n. T he dielectric constant and refractive index of the LC 
is different along the director and perpendicular to the director, as shown in Fig. 1.4, 
giving rise to dielectric and optical anisotropy, respectively. The d ielectric anisotropy 

O~N~C,H, 

H3C/ ~' 

Figure 1.3: Example of molecular structure 
of LC - MBBA, with a nematic range of 
21-48"C. 
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(A) (B) (C) 

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

makes ir possible to change the orientation of rhe LC molecules in an electric field, 
crucial for application in electro..-optical devices. The optical anisotropy leads to 

birefringence effects (described later in this chapter) and is essential for the modulation 
of polari zed light in display operation. 

In bulk, liquid crystal tends to form microdroplets. Within the droplets there is one 
dirccLOr orientation, but the director can Ix· difforcnt for adjacem droplets. Although 
most high-purity liquid crystals are transparent, this explains the milky appearance of 
bulk LC, as scattering of light occurs at d,e boundaries of the microdroplets. 

When nematic LC is heated beyond a certain temperature, a phase transition occurs to 
an isotropic liquid. T he nematic.-isotropic transition temperature is often referred to as 
the clearing point or clearing temperature because of rhe drastic teductioo in light 
scattering that occurs when the fluid no longer consists of microdroplets with different 
directors. Just below the clearing point, the optical and dielectric anisotropy of the LC 
fluid srnrrs to decline, until at the clearing point there is a single d ielectric com;rnnr. and 
refractive index in the isotropic state. Above the clearing point, the LC fluid no longer 
has the desirable optical and dielectric anisotropy, and display operatio11 fails. 

When the tempcmture is lowered, the LC fluid undcrgot.>s another phase transition from 
the nematic to the smectic phase. In the sniectic phase, the LC molecules form a layered 
sr-rucrure and obtain a h igher viscosity to hecome more greaseAike. \Vhen approaching 
the smectic phase, the LC response to an electric field change becomes very sluggish, and 
below the transition temperature the display operation fails. 

A large variety of nematic liquid crystals has been synthesized over the years, each with 
its own molecular formula and nematic temperature range. For MBBA in the example of 
Fig. 1..3, rhe nemmic range is 21-48.,C. T his mnge is mo limited for prncria1 I 
applications. Commercial fluids generally consist of a mixture of Lwo or more liquid 
cryr,;ral componenrs and have a much wider nematic range. 
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Another LC cype is the cholesteric (chiral nematic) phase in which the molecular 
interaction causes a helical twist of the director orientation n , as illustratcc.l in Fig. 1.5, 
The pitc.h (p) o( the cholcstcric phase is defined as the distance ovL,r which the director 
twisrs .l60 degrees. In display devices based on the twisted nematic effect, small 
concentrations of cholestcric material arc usually added to produce a prdcrrc<l twist sense 
in the cell and avoid display artifacts. 

Nematic liquid crystal i.s a viscous fluid with a viscosity at rcx>m temperature about ten 
times higher than that of water. The viscosiry plays an important role in the response 
rime of LC fluids ro electric fields, and a low viscosity is required for displays operating at 
video rares. 

The lowest energy srare for bulk nematic liquid crystal occurs when there is a single direcror 
throughout the fluid (i.e., when all molecules have the same orientation). The bulk elast.ic 
properties assoc.iated wich the curvature of the director n can be described by three elastic 
consr,mrs. These consranrs K11, K22• and K33 quantif)1 the re.storing torque opposing splay, 
twist, and bend dcContiation of the <lirL,ctor oril'ntation, tL-spcctivd y (fig. 1.6). 

The constants K11• Kil' and K31 are of che order of 10-11 N and orders of magnitude 
smaller than the elastic constants in a solid-state material. This allows the LC fluid to 

readily deform when subjected to an electric field, which is essential for display 
operation. With increasing temperature, K11, K2z, and K33 decrease as elasticity weakens. 

pl?. 

Figure 1.5: Cholesteric or chiral nematic phase. 

~ == ~~~ ~ == 0 0 
0 0 

~ 0 0 == c:? == 
Splay, Kn T'MSI, Kn Bend, Kn 

Figure 1.6: Elastic deformations in LC fluid and their 
associated elclstic constants. 
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In Table I.I selecced propertit>s of a typical nematic liquid crystal fluid are shown. V,,,,10 is 
the vol rage at which 10% of transmittance change is obtained in display operation. 

Table 1 1· Selected properties of a typical nematic liqutd crystal mixture for display applications .. 
Parameter Symbol Typical Value Comments 

Clearing point Tc• so·c Max. operating temperature 

Smectic-Nematic transition Ts-• -40'C Min. operating temperature 

Optical anisotropy Ml • f'\1- n 0.085• 1.562-1.477 Determines optical behavior 

Dielectric anisotropy /j£_. = e,,-e._ 7=10.5-3.5 Determines behavior in 
electric field 

Threshold voltage TN cell vt- ,o t.6V Volt.age at 10% transmission 
in NB mode 

Elastic constants K,,,K,,,K,. 10·11 Newton Important for response time 

Rotational viscosity at 20'"C Y, 100mPa-s Important f0< fesponse time - -- -
For display applications LC is sandwiched in a chin layer of 2-10 µm between two 
substrates, usually glass. which have conducting electrodes on their inner surfaces. Ne;,r 
the substrate surface the LC molecules can exhibit alignment phenomena, which can be 
strengthened by depositing certain organic or inorganic films on the surface and nearing 
the surface of the film to obtain a preferred orientation of the molecules. These so-called 
orienting layers or alignment layers force the director to assume a single orientation at 
and near the entire surface. The degree of anchoring to the surface is called the 
anchoring srrcngth and depends on the orieming layer, its surface treatment, and the 
liquid crystal. 

Examples of .surface alibrnment are shown in Fig. 1. 7. Orienwtion perpendicular to the 
surface is called homeotropic alignment and anchoring of the director parallel to th<' surface 
is called hc>mogeneous alignment. Both types of alignment are used in pmctical displays. 

Alig:nment &aye, 

I~~ 
(A) (8) 

Figure 1. 7: Homogeneous {A) and homeotropic 
(B} surface alignment. 
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lntroduct;on 

Another irnporc;,nr property of LC fluid, in particular for accive rnaui:< displays, is ics 
resisti vity. TI1t.• LC pixc1 acts like a capacit,mcc that stores the <lata voltage lom.k-<l once 
every (rawe li111e. If the pixel capacitance is bu,y a, a m,ult o( low rc-,istivity o( the LC 
flu id, the darn volr.a.ge. will dec;iy during the frame time. Ir is rhen nor possihle to ohr}lin a 
w,iform, co11siste1u, gray scak. A rc:,i,tivity u( 1011 Q c,11 or higher is typically required 
for active marrix LCDs. TI,e LC material therefore needs to be very pure and not contain 
moisture an<l ionic cuncarnirnuion. which can reduce its resistivity. 

1.3 Polarization, Oichroism, and Birefringence 

Most LCDs rely on the manipulation of pulariml light to generate an image biise<l un 
data from an clcc1ronic signal source- Before <liscussing LC mo,k-s of op,,ration, it is 
rherefore useful to address the basics of pol,irired lighr and of the optical anisotropy or 
birefringence a lluwing this manipulation. 

Natural light consists of transverse elecrromagoetic waves which vibrate in arbitrary 
planes and can he described as the sum of cwo orthogon;1l waves. A polarizer (P) 
transmits only ooc of the cwo composing waves in one plane c,( vibration co obtain 
linearly polarized lighr (see Fig. 1.8). The inrensiry (or luminance) of rhe transmitted 
light is not more than 50% of that of the Mtural incident light. When a secon<l polariser 
(A, rhe analy?er) is placed behind P such that irs 1>lane of vibration is at an angle <I> with 
that of P, the amplitude E, of the wave transmitted through A is 

E, = E, co~. (l.l) 

where Ei is rhe ampli tude o f rhe incidenr wave on A . 

Since the light inrensity is proportional r.o rhe squnre of the amplitude, rhe crnn~mitr.ed 
light ime11Sit)' is 

Linear 
polarizer 

Figure 1.8: Linear polarization of light. 
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(1.2) 

where T0 i.; rhe intensi()' of rransmirted light rhrcmgh rhe firsr pol-;irizer. 

For trosseJ i<leal polarizers, <I> = 90• an<l tr.insmission is ztrn. For paralld i<leal polarizers, 
<ii = o· and tmnsmi»ion is 50%. 

Practical polari:ers do nor follow Eqs. 1.1 and 1.2 exacrly. Pol•rhers used in l.CDs 
usually C(>11Sist of ,trctehctl polymer iihn,, ouch as polyvinylacctatt (PVA), doped with 
iodine or ocher specific additives. The screeching process makes the polymer optically 
anisotropic. The iodine doping call.S(?s strong absorption of incident light a long the 
optical axis, so thar only one linearly polari,ed componeoc oi the incidenr lighr is 
tran."mitted. 

Tht optical absorption along the optical axis is referred LO as diduoisrn. 

Polarizers a(e charac..rerized hy rheir rransm ircance and degree of polari:?arion (.:also called 
polarization or polarizing efficiency). 

The polarization dficiency £ff is defined a, 

Eff=t,-T,, 
T,+T, (1.3) 

where T1 is the transmission of two parallel polarizers and T1 the transmission of two 
crossed polarizers. 

For LCDs using two polarizers. one o utside each of irs g lass subsrrates. the maximum 
contrast ratio CH..., is limit,-d by the polarization efficiency of the pok,rircrs: 

CR_,=i;- (1.4) 

The crnnsmimmce of prncrical single polarizers used in LCDs is typically 40-45%, so thar 
T

1 
= 32-40.5%, and polarizing efficiencies are 99.0-99.9%. 

Other rypes of polarization are circularly and elliptically polarized light. Circularly 
polarized light can be thought of as a combination uf two linearly polarizeJ light waves 
with equal amplitudes buc wich a phase difference of rt/2 (90 degrees). In cllipcically 
polarized light, the amplitudes rnn be different as well. 

All liquid crystal displays utilize the optical anisotropy ,lr, = n11 - " .1. o( the liquid crystal 
fluid. where n11 is rhe refracti ve index parallel co the di recror and ".1. is the tefracrive 
index perpcnJicular to the J irec tor. Tiw optic.al anisotropy causes the polarization 
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components of light to propag,,te differently, giving rise to birefringence, or double 
refraction . Birefringencl' i'i the key physics phc.·noml'non o n which LCD operation is 
based. The case with which the dirc--.:tor oriemation, and therefore th,· birefringence 
effects, can be modified in an electric field is respon::;;ible for the low,voltage and low, 
power operation of LCOs. 

When natural light emers a slice of LC fluid with uniformly aligned directors (see 
Fig. 1.9), the light will emerge unchanged o nly if its propabr.itio n direction coincides with 
the director oriemation. When the light is incident under an angle 'lf with the d irector, it 
can be dissected into two composing 1inearly polarized waves with different propagation 
velocities. The first one is called the ordinary wave and it oscillates perpendicular to the 
plane formed hy the director and r.he propagatio n direction. The o rdinary w~1ve prormgates 
imlcpcndcnt of 'lf with velocity dn0, where c is the spec-J of light in vacuum and n0 is the 
ref"1ctive illdex for the ordinary wave. In the LC fluid, n0 = 11.L. The other component is 
called the extr.tordinary wave am! it oscillates in the plane fonnc-J by the director and the 
propagrnion dirt.....::tion. hs rdrac.Live index n~ varies beLw<.~n n11 and n.P depending on the 
angle 'II hetween the director and the pro~1gation direcrio n. Its velocity is c/ni:. For 'I' = o• 
and 90°, d1c refractive index n, is equal ton.L and n 11 , respectively. 

The two components will propagate different!)' and will emerge from the LC slice with a 
phase change <I> with respect to each other: 

<l> = 2n(n, - n )d ,, 
where dis the th ickness of the LC slice and A. is the wavdength of the light. 

Since the incident natural light has a random distribution of polarization directions, 
the exiting ligh t will also be randomly polarized. 1-lowevet, when the ligh t entering 
the LC layer is polarized perpendicularly to the plane of Fig. 1.9, only the ordinary 
wave is propagated and the LC cell is said to be operating in the o-mode. When the 

Figure 1.9 : Decomposition of light into ordinary and 
extraordinary components, which causes birefringence in 
opt;a.Uy anisotropic media . 
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light entel'ing the LC \ayer is polarized parallel to the plane of Fig. 1.9, only the extra• 
ordinary wave is propagated and the LC cdl is said to be operating in the l',mode. 

As an example of how the polarization of light is changed by the LC layer, consider 
linearly polarized light with wavelength A perpendicularly entering an LC layer with 
uniform, homogeneous alignmen t ( 'lf = 90°) and thickness d = 1/4 '/,,,/ti.11. In this case 
n, = n II and the LC slice acts, for all practical purposes, as a quarter-wavelength plate: 
when the polarizatio n angle is at 45 degrees with the plane of Fig. l.9, it converts linearly 
polarized light into c ircularly polarized light, because one of the two composing waves is 
retarded h)' <l> • 90° (see Eq. 1.5). However, when the orientation of the LC fluid could 
be changed to homeorropic ('lf = o·) by applying an electric field, the emerging light 
would remain unchanged and linearly polarized. This example shows rhe general 
principle of modifying the orientation of the LC optical axis (the dim:tor) by electric 
fields in order to manipulate the polarization of l ight. Practical LCDs utilize va1iations on 
this basic concept. 

1.4 The Twisted Nematic Cell 

LCLJs arc· noncmissiv<.· (i.e., they nct:d some external lighting source· co generate an 
image). This can be ambient lighting in tl1e case of the reflective display in a calculator, 
or a backlight in the case of a transmissive display in a notebook computer. The electro~ 
optical behavior of the liquid crystal layer modu lates the light from the external light 
source to form an image or patt.em corresponding t.o the electronic darn signal 
information supplied to the d isplay pixels. 

The rwisred nematic (TN) mode of opernrion, which forms rhe basis of many prncrical 
LCDs, was fi rst dcscribc,J by Schmit anJ Helfrich [Z] and Fcrgm;on [3) in 1971. 

11,e TN cell basicaUy consists of rwo glass plates with transparent conductive electrodes 
patterned on their inner surfaces. A th in LC layer with th ickness d = 4-10 (Lm is 
sandwiched bctwn·n the conductive d c<:tro<lcs, as shown in Fig. I. l 0 . Light enters the 
LC cell after fi rst passing through a linear polarizer atrached to the outside of the display 
glass. The cell shown in the figure operates in the c-mode, since the polarization 
direction and the director orientation coincide. 

At the surfuce of the conductive electrodes, alignment layers ensure the proper orientatio n 
of the LC molecules so as to obtain a 90-degree twist. In the relaxed state, without applied 
field, the 90-degree twist of the LC direccor results in a 90-degree rotation of the 
polarization J irc-ction in d1e LC cell, in a wavc-guidit,g fashion, It can be shown [ 10) that 
the light emerges from the cell almost perfectly linearl)' polarized if the condition tJ.n.d >> 
0.5 A. is satisfied, where A is the wavelength of the light. 
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Figure 1.10: Operation of twisted nematic: (TN) LC c:ell. 

Introduction 

The second linear polarizer outside d)e second glass substrate is oriented perpendicular to 
the first one and will therefore rransmit che lighc. This is called the nonnally whice or 
normally on mo<l.:, s ince light is transmitted when no voltage is appliL-<l to the cell. 

The TN effect uses LC fluids wich a positive dielectric anisotropy. As a result, the lowest 
energy state in an electric field occurs when the director is paralle l to the electric field 
direction. When a voltage larger than VT is applied across the LC, the LC molecules will 
start deviating from their quiescent s tate in response to the electric field and the director 
will tend to line up along the f\elcl direction perpendicular to the glass surfaces. This 
happens ini tially in the center of the cell farthest away from the rransparenc electrodes. 
At the glass surfaces the LC molecules remain parallel to the electrodes. The angle of the 
director along the z direction is called the director profile. With increasing voltage, more 
molecules will align para11el tot.he field. At sufficiently high voltage, the twist is 
removed and rhe LC will no longer rotate the polarization direction, so that the exit 
polarizer now blocks the light. Tl,e threshold voltage VT is defi ned as the voltage at 
which the LC molecules start tilting and is different from V ~.,o in Table: 1.1. V-,- can be 
approximated by 

V= rc / K,, · 
r t , & (1 .6) 

It is important to not(' that in the TN cdl, V,. and th(' entire transmission~voltag(' curve 
is, in this first approximation, independent of the cell gap d. In manufucturing, th is 
allows some variation in th(' cdl gap, controll('J by spaC('rS, without affo-cting the. gray 
scale behavior. Such tolerances aid in achieving a high manufacturing yield. The 
physical re:.son behind r.he independence of cell gap can be intuitively grnsped: with an 
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increase in cell gap, the electric Held causing the LC molecules to line up perpendicular 
to the glass surfaces is reduced. On the other hand, the influence of the anchoring 
force LO keep d)c LC dircc-LOr parallel Lo Lhe glass surfaces is re<.lucctl as well. These Lwo 
forces cancel each other o ut, as can be mathemaricr11ly proven, so thar the LC direcror 
profile is independent o( cell gap at a fixed volLagc, even though d)e electric field 
varies. 

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

The LC cell is operated with an AC square wave voltage without a DC component in 
order to prevenr elecrroc.hemical degradation of the LC cell structure. DC componenrs in 
exce>S of about 50 m V c.an cause charging of rhe alignmenr layer by residual ions in rhe 
LC fluid, leading to image retention and other problems in displays. When a periodic. 
waveform V(t) with sufficienr frequency is applied ro the cell , the rransmissio n curve 
depends o n the root, mean,square voltage Vfnis o( th(' wavc·fonn 
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Figure 1.11: Transmittance-voltage curve for TN cell in normally 
white and normally black mode. 
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I i '9 ' v~,= -7 / v·(t)d1 , 
' "} ii 

( 1.7) 

where T .,,1 is the period of the waveform, in d isplays twicer.he fmme period. In the case 
of a pure AC square wave vo ltage with amplitude +/- V mnp' 

(1.8) 

Since the LC molecules are not polar, their orientation does not change when the 
polarity of the voltage is reversed. In other words, changing rapid ly from positive applied 
voltage to negative applied voltage of the same magnitude at a normal display refresh rare 
of, for example, 60 H, has no effect on the director profile. When chere are short 
t ransient voltages of k-.ss than 1 msec applied to the LC layer, the LC re::ipOnS(' tim(' is 
usually roo slow to react. They normally do nor t1ffect rhe rrnnsm ission, as long llS the 
RMS voltage does not change significanr.ly. 

The TN mode of operation was offored as an example to show how an electric field can 
change the orienration of rhe LC molecules and, rherefore, rhe polariz:1rion d irection 
and transmission in the cdl. There arc numerous other LC mtxles of operntion, some 
of which le.~d to displays with better viewing angle characteristics. They include rhe 
in-plane-switching and vertical-alignment modes, to be described in Chapter 6. 

1.5 Limitations of Passive Matrix Addressing 

In small LCDs with limited alph(mumerical inforrm1tion, such as cnlculator and 
electro1\ic watch displays, the transparent ITO electrodes are patremed into se.gments, as 
shown in Fig. 1.12. Each segment is ind ividua11y addressed hy r.he elecrronics. Th is 
approach is pmctical only for low information content d isplays. 

To obtain LCDs with more picture elements (or pixels), a matrix approach is used. In 
passive matrix LCDs, the conducti ve transparent electrodes arc patterned as stripf.-s 
perpendicular to each other on the two opposing substrates (Fig. 1.13). T his allows a dot 
matrix with M rows and N columns (i.e., MxN pixels), robe addressed by M+N external 
connecrioos. The price ro pay for this approach is that the voltage across each pixel is 1\0 
longer independently controlled. At aoy time, only one row of pixels is selected and 
receives data from the column d rivers. The data information supplied to th(' other rows 
of pixels can, however, modify the average voltage on the pixel. 

Dor matrix displays with a one,line--ar,a,rime driv ing method, called mulriplexing, were 
developed in the early 1980s. As the number of lines increased, the contrast ratio suffered 
as a result of rhe gradual rrnnsmission-volrage curve of rhe 90-degree TN cell. Air and 
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-' ) 

Agure 1.12: Segmented addressing In an 
alphanumeric display wfth two digits and seven 
&&gments per digit. 

Oal.i elet.1rodes 

Figure 1.13: Passive matrix 
addressing. 

Pleshko [I I] formulated the limits of multiplexing in RMS res\X)ncling displays. They 
calculated the optimum voltage ratio between the ON and OFF state as a function of the 
number of multiplexed lines N: 

v~=[/N+ 1]'" 
v .• TN=T' ( 1.9) 

In Fig. 1.14 the Alt- Pleshko equation is b>Taphically represented. In a one-line-at-a-time 
multiplexing scheme, rhe voltage margin between rhe ON and OFF stare decreases as rhe 
number of rows increases. Ir. results in a reduced contrast ratio unless an LC mode with a 
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Figure 1.14: Graphical presentation of the 
Alt-Pleshko equation showing the reduction 
in contrast ratio with an increase in number 
of seleci lines. 

Introduction 

very steep transmission .. voltage curve is employ<·d. This prompted the development of 
the super-twisted nematic (STN) cell, which has approximately 270 degrees of twist of 
the LC layer. It has a much steeper curve, so that a larger contrast ratio T fl -0/I can be 
obtained, even when VJV.g is reduced (see Fig. 1.15). 

In the late 1980s, STN LC Ds were developed. Omr.rnst ratic» exceeding 50 have been 
achieved in 200- to 600-line STN displays. In the higher-resolution displays, such as 
SVGA types with 600><800 pixels, STN displays are 11sed in a dual scan mode. Ry 
dividing the sc.:rl·cn in two halves with each half having its own Sl't of data drivers. only 
300 li nes need ro he mulciplexed in dual scan STN displays. Muki-line addressing 
schemes, in which more than one line is selected at a time in STN LCDs, have also heen 
developed; they furd,er improve the contrast ratio and maximum number of addre~sable 
rows in passive matrix di.splays. 

Although dual scan STN displays have been applied in early notebook computers, their 
response time and contrast racio are relatively poor in comparison with CRTs and active 
matrix LCDs, precluding high image quality. They arc no longer ustxl in laptop displays. 
The best solution to obtain a high quality, high information content LCD is to add a 
switch at each pixel and control voltage independently at each pixel to obtain the 
intended gray level. Tl,is emulates a direct-driven pixel and is called active matrix 
addressing, rhe s11bject of the remainder of chis hook. 
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The three methods to address LCDs (direct, passive matrix, and active matrix) are listed 
in 'fable 1.2 with examples of applications. For all displays with higher infom,ation 
conLcnL, a m:urix addressing scheru<· is r,~quircd LO lin:1it Lhc number of inLc·roonnccLs. 

50% ~---~---+-~-+---~---~---~ 

35% 

§ 30% 

: 
! 25% 

~ 
~ 20% 

15% 

10% 

5% 

0 

' -------- "-----

--------r-------

---- ---- ~---- ---
' ' 

' ' ------,--------~---------
r .~(STN) 

------•-- - ---- - •-- - ---- - -
' ' ' 

T0 ~(TN) _ ____ _ j ________ J ________ _ 

' ' 

' ' ------,--------;---------

-- ---- ,-- ------~-- ----- --

2 

Voltage (V) 

' ' 
; T,11(TN) 

Figure 1.1 S: Transmittance voltage curve of a TN cell showing the 
reduction In contrast ratio T ,JT off for reduced voltage margin V _tV 0 ,r For 
the STN curve, contrast Is much better, 

Table 1.2: Addressing methods tor LCOs 

LCD Type Addressing Method Number of Interconnects Examples 

Segmented Olroct drive One pe, segmoot Watch. caktJtator 

Passive matrix Multiplexing one row M + N forM x N matrix POAs, cell phones .• 
at a time earty notebooks 

Active matrix Switch at each p ixel- M+NforMxNmatli.x NotebookS, flat panel 
one row at a time monil()(S, LCD TV 
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CHAPTER 

2 
Operating Principles of Active Matrix LCDs 

2.1 The Case for Active Matrix 

Passive matrix LC Ds are rela t ively easy to manufacture and do not require very large 
investments. An active matrix LCD, on th i: other han<l, consists of thin film 
sem iconductor circufrry on a glass substrate and shares some of the manufacturing 
compk xity of intc-grattc.l d n:uits on st'micondm.:tor wafors. 

The efficient proJuction of active matrix LCDs rc'quires large capital investments at Lhe 
same level of wafer fubs for IC manufucturing. The incentive for an LCD producer to 
make chis invesunem rather than sticking with passive matrix LCDs is simple: image 
quality, including resolution. maximum size, conrrast ratio, viewing angle, gray scale, and 
video performance is much better in AMLCDs than in passive matrix LCDs. The 
resolution limitation of the passive matr ix was addressed in che previous chapter. 
Another dmwback of passive matrix addressing is that the capacitance of the select and 
data buslines increases with che square of che dia_gonal size of the LCD. Since the 
hus1ines in passive matrix LCDs consist of transparen t conductors with relatively high 
n:sistai1<.:.c.:, tlu: RC <ldays anJ powc.:r consumption in large.: passive.: LCD.i b<:conu: 
l1nmt1n~ge~hle. 

By adding a semiconducror switch ar e:1ch pixel, the drawrnlcks of multiplexing in a 
passive matrix are eliminat<XI. In d1e active matrix configuration, the voltage ar each 
pixel and therefore its tr.msmission and &rray level can be accurately controlled. 

A conventional semiconducto r process on crystalline S i wafers could, in p rinciple, be 
used for AMLCDs. In fact, chis has been successful in reflective microdisplays for 
project ion and personal viewers and is commonly referred to as liquid crystal on silicon 
(LCOS). 

For larger d isplaY51 however, several facro rs preclude rhe use of crysrnlline silicon. Firsr, ir 
is opaque for visible lighL and is therefore not compaLible. with transmissive, bad<liL 
displays such as used in notebooks or desktop monitors. Secondly, processed silicon wafers 
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have a limited size (not exceeding 12 in.) and are too expensive. In che semiconductor 
industry there is a constant push for smaller an<l more compact circuitry by reducing 
Jesign ruks, which is not nceJcd for AMLCD fabrication. 

In an AMI.CD most of the viewing area consists of the transparent pixel electrodes. The 
s...-miconductor switch and a<ldr('SS linL-S cover only a s1nall fraction of tlu: pixel arc.:a. 
There is no strong incentive to move to advanced submicron design rules since, for large 
d isplays with larger pixels, most features actually become larger. ln other word~, apart 
from che need for transparent substrates, che use of crystalline wafers would be overkill 
for rhe simple circuitry required in most AM LCDs. 

Thin film proCt'$Sing has come co the rescue; it allows simple circuitry to be 
manufactured on large glass suhsrrares with relatively modesr design mies and an 
acceprnblc, reduced number of process steps. 

In terms of operation, the AMLCD is comparable co dynamic random access memory 
(DRAM). Uke the DRAM, the AMlCD consists of arrays of cells in which a voltage is 
StorL-<l. In t he.: <:ase of most LCI.).; th is is not a d ig ital voltage:, but an analog voltagc to 
represent different gray levels. 

The business model for AMLCD manufacturers also shows some resemblance to that of 
memOt)' manufacturers. To a large degree, both products have become commodities with 
constan t price pressure and their markets are cyclical in the sense that there are periods 
of excess supply and excess demand. 

2.2 Requirements for Active Matrix Switching Devices 

The LC pixel in an LC D can, for all practical purposes, be treated as a kl\v,leakage 
capacitor. This ccapacitance needs to be charged from che data voltage at one polarity to 
the.: data voltage of opposite polarity during each refresh cycle.: to obtain an AC voltage.: 
without a OC co,nponmt across the LC pixel. ln sLatic images the ampliLudc of Lhe data 
voltage across rhe LC pixels remains constant; only their polariry will ch tmge in every 
frame to prevcm degradation of the LC cell. Wheo the displayed information changes 
(as in video displays with moving images), the amplitude may change as well, so that the 
gray level can be varied accord ing to the image data. 

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

,.. _ c, cLC,vl 
"·"U: - d • 
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Potat11er 

Figure 2. 1: Geometry of the LC ptxel 
capacitance~ 

where~ is the permittivity consrant in vacuum) Etc is the die lectric con'i-tant of rhe LC 
material. wand ! are the side dimensions of rhe pixel elecm.xle, and d is the LC layer 
rhickne.<s (also called the LC cell !:<'Pl- Since rhe LC die!ecrric constant depends on rhe 
orientation of the molecules, the LC pixel capatitance varies sii,-r,ificantly with applic"<.i 
voltage. 

For example, in a TN cell that uses LC fluid with a positive dielectric anisotropy, the LC 
dlrecro,· will be perpendicular 10 the electric field between the pixel elecrrocles for 
applied voltages below the threshold. Then, E _ should 6" substituted for Ei.c in E.q. 2.1. 

When S-10 V AC is applied so chat the LC molecules will line up along rhe elecrric field 
direction, En should be substirured in Eq. 2.1. As a res\llt. the capacitance can increa..se by 
a fac.:tor of two to three. For int(•nntxliatc applit..xl voltagl-s then.: is a continuous ,·ari(ttion 
of the effecrive dielectric consrant of rhe LC layer from E

1 
ro Eu- LC pixel capacitances 

in practical LCDs are rypically 1 pF or less. 

Figure 2.2 shows the circuiL of four pixels in a passive n1atrix LCD. 111c solid lines 
represent th e circuitry nn one substrate, while rhe dotted lines represent the c ircuitry 
on the opposite substrate. In the passive matrix LCD, the LC pi.xd capacitors are 
simply formed where the striped transparenr electrodes mtersect (see al5o Fig. 1. 1 J in 
Chapt('r J ). The select an<l data lines arc on uppositc substrate-.. 

Jn a TIT-bas('d A.t\1LCD (fig. 2.3), both select a1td data lirtes arc 011 the active matrix 
suhst.rnte, alo ng with rhe pixel e lectrode ;md srornge cnpadtor. The counrer.-eleccrode of 
each LC pixel capacitor, indicated by tht' dotted line, i:, a single co mmon trn.nsparcnt 
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Data line 

~ lectline ; .. $(' 
v··. 

Passive malrbt 

Figure 2.2: Circuit diagram for four 
plxels Jn a passive matrix LCD. 

···· Comioon 
Figure 2..3: Circuit diagram for four piX&fs 
in an active matrix LCD. 

clectr<xlc on the opposite· substr.uc ( which usually also has color filters). Th,s common 
electrode is shared hy all pixels in the array. 

After che LC pixel capacirnnce is charged up to the d~ir..-l volt:.1ge~ the TIT is switched 
OFF and Lhe pixel ekcrrode on the active array is Jloating. The pixel capacitor should 
retain irs darn volr.age for the remainder of the frame time until the next addres~ time. As 
discussed in Sec. l.Z in Chapter I, the LC fluid needs to have a high resistivity to 
prevent leakage currents. The c,1paciry ro re rain charge is ofren expressed in the voltage 
holding ratio (VJ-IR), which is dcfineJ as 

(2.2) 

,r, 
V ... = 21y_ j V'(t)dt, (2.3) 

\ J ~, 

where V is the RMS voltage, V "' is the peak voltage of the LC pixel wavcfom,, and T
1 

is chefra~~e.time. as-shown tn Fi{'2 .4. 
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In add ition to the LC pixel capacitance, most AMLCDs also have an auxiliary storage 
capacitance connectcx! in parJlld to the LC capacitance (as shown in Fig. 2.3). The 
storage capaciLor uses a Lhin Cilrn didccLric widt negligible leakage currel\l ,uKl iLs 
capacitance value is volrnge.-independenr. Therefore. the srorage capadror acrs as a huffer 
to suppress the undesirable voltage dependence and pOLel\lial leakage currcm in the LC 
capacitance. With a storage capacitor at each pixel it is easier to control the RMS 
voltage on the pixel and therefore its gray level. 

In Fig. 2.5 the generic, basic circuit for the switch at each pixel is sho,n,. When one row is 
selected, all the switches on that row are rumed ON and the data voltages are transferred ro 
the pixel electrodes. Ideally, d,e ON resistance of the switch is zero and d,e OFF resistance is 
infinite. In practice, the req_uirement.,s c;m he much relaxed. In a di5ph1y wirh N rows and a 
refresh mte of 60 Hz, the frame time T,.,.., to refresh the entire di>l'lay will Ix: 16.6 ni,;ec and 
the line time T 1m, to address one row will be T j,,,m)N or le..<.5. lo the case of an XGA display 
with 768 rows, this translatl'8 into a maximum line time of 21 µsec to select one row. 

T he ON curm1t l
00 

of the switch should be sufficient to fully d is<:hargc the LC pixd 
capacitance and charge ir ro rhe oppo·site pohiriry voltage V(Jl

1 
during rhe line rime. This 

leads to 

-
Figure 2.4: Voltage aCr'O$S LC versus time. 

~ 
R0, c., Tc;;-r 

Figure 2.5: Basic switch 
configuration in $n AMLC-0 pixel. 
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The OFF current !,fl should be low el\ough to retain the charge Ol\ the pixel during the 
frame: time 

l (C.+C,,),W 
(/f< ½, .... ""' , (Z.5) 

where t; V is the maximum tolerable voltage loss from the pixel capacitance during the 
frame time. 

When realistic values for a 15-in. XGA display arc substituted in Eqs. Z.4 and Z.5, 
C,. • 0.3 pF, Cic • 0.3 pF, and t;V • 20 mV, we get 

Ion> I µA and 1,u< 0.5 pA. (2.6) 

In other words, the ON/OFF current ratio has to exceed six orders of magnitude. The 
currenr levels are quire low and Qln be achieved by rransistors using thin film 
semico nductors such as amorpho us silico n (a~Si). 

Since Lhe pixds do noL draw a c.urrcnt after being charged up during each refresh cycle, 
rhe power con.sumprion in rhe LCD itself is low. Mosr of rhe power consumprion in 
transmissive LCDs is usually in the back light. 

Active matrix LCDs can be classified into direct-view displays and light valves (Fig. 2.6). 
Light valves o r microdisplays are used for projection applications and as personal viewers 
and viewfinders. Microdisplays can be transmissive o r re flective. Transmissive types use 
high-temperature poly-Si T Ffs, while reflective types employ Cl)'Stalline Si circuitry. 

Direct-view displays can be further categorized according to the type of switch used at 
each pixel. TI,e vast majority of AMLCDs on the marker use a-Si or poly-Si thin film 
Transistors (TFT.s) . 'fable 2. 1 lists some of the pertinent properties of the various 

Oil(l(;t-vicw di$plcJy$ 
(lransmls..we or reftec.tlve) 

Light valves 
(prafecilon or muo LCOs) 

o $1 TrT LCD 

Low-T pOly-Si TFT LCD 

MIM diode LCD 

Dual ~Cl diode LCD 

Hlgh-T poly,$1 TrT 

LCOS{II""" 
C,ysl81 on 5111con) 

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

' Highest 
Mobility processing 

Switching device (cm2Nsecr temperaturet 
a-Si TFT 0.3-1 - 300'C (glass) 

High• T poly-SI TFT I 100-300 - 1ooo·c (quartz) 

Low• T poly-SI TFT I 10-200 - SOO'C (glass) 

Crystamne Si MOSFET I 400 - 11oo·c (C-SI) 
Thin film d iode I < 300'C (glass) 

• Moomrydetermlnes 1he potenilal 101niegra«1 perfph8f81 elearonles. 
1 Highes! Pfooessir'l9 ~mpet31uie d~eitrines subtl!rate chOice. 

Major applications 

Notebooks, flat panel monitors, 
LCD TVs 

Profection light valves, viewfindem 
POAs, notebooks, projection light 
valves, viewfinders 

Projection light valves, viewfinders 
Handhek:t devices 

switches, along with display applicm.iom; in wh ich they are common. The field effect 
mobility of the T~T (mostly a semiconductor material property) <lctcnnines the 
feasibility of designing row and column drivers directly on the glass for a more integrated 
solution. Tht' hight'st pr<.><.:t'~ tcmpl·ratun: <k tt·nnim.·s th.: type of substmtl'. For 
processing below 600°C, low-cost glass substrates can be used. If there is any process step 
exceeding IOOO'C, "-" in high,tempemture poly-Si LCDs, the substrnte will be expensive 
quam. High-temperature poly-Si TFTs are therefore used onl)' in small displa)'s for 
projection systems. 

Amorphous silicon T FTs have bcco1nc dominan t in largc~arca displays such as those us('<l 
in nocebook computers, flat panel deskrop monitors, and LCD televisions. low.­
temperature poly.-Si.-hased LCDs are somewhat less common and are mostly applied in 
smaller devices, includit),g mobile phones, PDAs, and projection light vah•es, where their 
higher processing cost is offi;er hy inregration of some of rhe peripheral elecrronic.; on rhe 
display glas.. 

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

2.3 The Thin Film Transistor 

Thin film transistors (TFTs) are cousins of the transistors used in semiconductor chips. In 
terms of switching speed and operating voltage, they are inferior to srnr.e.-of.-r.he.-art MOS 
transistor.; in crystalline S i. However, they are quite adequate as a simple ON/OFF pixd 
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switch in AMLCDs with a 60-Hz refresh rate. In Fig. 2. 7 the top view and cross section 
of a basic TfT are depicted. T he TFT has three tenninals: the gtite, source, and drain. 
The gate is separated from the scmicomlucwr (ilm bl' a gme insulator layer, and the 
source and drain mtike conracr ro the semiconducror. One rype ofTFT, rhe N.-channel 
TfT, opcmtc'S similarly LO a field-effect N-channcl metal oxide semiconductor (NMOS) 
transistor in crystalline silicon. It is switched ON by applying a positive voltage on the 
gate. The insulator acts like a capacitor <liclectric, so that in the semiconductor channel 
an opposiJ1g negative charge is induced (see Fig. 2.8). This negative charge creates a 
conductive channel for electrons flowing from the source to the dmin. The maiJnitude of 
the current depends on the dimensions of the conductive channel (the channel length L 
and the channel width \\'l), on the capacitance of the gate insulator per unit area C

8
, on 

the properties of the scmicon<luctor film, and on the applied gate voltage. When a 
negative vol rage is applied ro rhe gate, rhe channel is deplere<l of elecrrons ancl negligible 
curn:nt flows. 

Gate 

Souce 

L 

_/~ 17 alas& 1 
Gate insul3tor Semiconductor 
Figure 2. 7: Top view and cross 
section of basic TFT. 

... 
Figure 2.8: Conductive channel formation 
and current f low in TFT. 
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The ON current Id, of the TIT can be described, in a first approximation, by the same 
equatioru used for tmditional NMOS transistors in crystalline Si [I ]: 

I,.= µc/f v.,,(v, - v,- o.sv.) for v,. v, - v. (Z. 7) 

l,.= µc,1Y v.(V, - v,,)' for V,.> v, - v •. (2.8) 

Herc µ is the field cffoct mobility of the thin film semiconductor, a material property, and 
V"' is the TFf threshold voltage, which depends on both the semiconductor and the gate 
insulator, and on their interface. 

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

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

IE-OS.--------------, 
g 1E-06 

i 1E-07 
!:i 1€-08 

; 1E-09 

g 1E•10 

X 1E•11 

1 , e .12 

~ 1E·13!-----...::::='-' 

W/L = 15µn\1'8µm 
@T : 20'C 

1E•14~---~------~-~ 
- 10 -5 0 5 10 15 

Gate-to-source voltage (V) 

Drain-source vottage (V) 
Figure 2.9: Current-voltage characteristics of a -Si 
TFT. 
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signal from the data line to the pixel electrode. The TIT is turned OFF when applying a 
negative vo ltage to the gate. S ince in the N .. channd T IT the source and drain contacts 
block Lhc injcctioo of posiLivc charge carriers (holes), Lhcrc will be negligible c.urrcm 
flow in rhe O FF ~rare. 

S imilar c4uations and con.si<ll'r.ltions apply to P•<.:hannd T FTs, in which charg«: transport 
is by holes. They are swicched ON by a negacive gate voltage and switched off by a 
positive gate voltage. 

Many TTTs are of the staggered cype, in which the source and che drain have an overlap 
region with the gate (as shown in Fig. 2.7). The overlap causes a parasitic capacitance 
that can have an impact on display performance unlc-..s the pixel is addressed by an 
approprit1te drive scheme. 

T he earliest TIT, for LCDs u.se<I CdSe semiconductor thin fil ms. Since O JSe is not a 
scandard material in d)e semiconduccor industry, special de.position and etching processes 
needed to be developed to build O :ISe-based TFf t CDs. Although CdSe TFfs showed 
good pl'rformanc«: in AM LCDS, thl'y hav«: nl'Vl'r hl'«:n abll' to ovcrconu: thl' drawbacks 
of not being mainstream. They are now relegated to small research efforts. 

2.4 Thin Film Silicon Properties 

Silicon is a very familiar material in the semiconductor indusrry and is therefore the 
preferred choice for use in AMLCDs. Thin films of silicon on glass are, however, inferior 
in quality ro crystalline silicon. This is illustrated in Fig. 2. JO, where the atomic structure 
of c,Si. p,Si and a-Si are schematically compared. In c,Si, the Si atoms are all four-fold 
nx)n.linatl'<..I and constituw a pt rfl'<.:t <.:rystal lattice with l<.>ng~rnng1: or<ll'r of thl' Si atom 

O = Si atom 
• -H~tom 

I Pi I r. 

Mobility:, 500 

(A) 

Grain ..... a1n 
bOundary 

MOblllty - 10-400 

(B) 

Mobilll)' - 0 3. 1 

(C) 

Figure 2.10: Atomic structure of crystamne silicon 
(A), poly-crystalline silicon (B) and amorphous 
silicon {C). 
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positions. As a result, elecnons and holes can flow with high velocities v, and v, when 
an dc·ctric field E is applicxl: 

(2.9) 

The values of the mobilities µ, for electrons Md µ, exceed 500 cm2/Vsec in crysralline 
silicon . 

Low-t('tnp('ratur(' poly-Si thin films arc first <l('posit('d as amorphous films, and then 
crystall ized by laser annealing o r thermal annealing. T he annealing temperature cannot 
exceed 600°C when low-cost glass substrut('S arc llSl>CL Sometimes 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 invariably it has 
grain boundaries char reduce the mobiliry by creating barriers for the flow of elections 
ancl holes (see Fig. 2. IOR). Some improvemenr can he ohrained by passivaring rhe grain 
boundarks wilh hydrogen in a post-hydrog,:muion st(•p. Tht: grain size is itnponanl in 
determi ning TFT charncrerisrics. Preferahly, ro maximize rhe mohiliry, rhere me no grain 
boundaries in the channel area of the TFT. A number of techniques have been 
developed to crystallize the silicon films, including excimer laser annealing (ELA), 
solid phase crystallization (SPC), sequential lateral solidification (SLS), and metal­
induced lateral crystallization (M ILC) . TI,ey result in TFTs with mobilities ranging from 
10-400 cm2/V,;ec, the electron mobility often being higher than the hole mobility. 

TI,e concept of hydrogenation is important in amorphous silicon as well. The structure of 
amorphous silicon is more irregular, so chat there is no long-range order and no crystal 
lattice. Nonetheless, since amorphous silicon films arc <lcpositt-d from the decomposition 
of SiH

1 
gas, 5-10% hydrogen is automatically built in during film growth. The hydrogen 

acrs to rerminare dangling bonds in rhe loose a-Si nerwork (Fig. 2. JOC) and is essenrial 
to improve its electronic propenies. Th,, type of a-Si used in T~ T LCDs is therefore uftcn 
referred to as hydrogenated amorphous silicon or a-Si:11. The electron field effecr 
mobility is only 0.3-1 cm2/Vscc in a-Si, but is adequate for pixel switches in TFT LCDs. 
The hole mobility is much lower, so that practical p-type TFfs are impossible in a-Si. 

Hydrogenated amorphous silicon, as used in LCDs, is a reddish-colored thin film with a 
thickness between 30 and ZOO nm. It can be readily deposited on large glass surfaces by 
plasma.,enhanced chemical vapor deposition. Some of its properties are listed in Tahle 
2.2. le has a band gap of I. 7 eV, (considerably larger than crystalline and poly-crystalline 
Si [I. I eVJ), a very low dark conductivity, and high photoconductivity. Tl,e low dark 
conductivit)' makes it relatively easy to obwin a low OFF currrnt in the TFT. The 
high photoconduccivit)' is an undesirable property of a,Si. s ince it can c.ause o n\\1<1 nted 
photo-leakage currents in the T FT. To prevent phor.o-·leakage, the a..-Si channel in T FTo,; 
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Table 2.2: Some properties of a-Si films 

a•Si film property I Typical value Unit 

Hydrogen cootent 5-10 % 
Darit conductivity intrinsic litm 10 10_10 'J (!lcm) ' 

Darn conductivity n-- doped film 1Q·L1Q·1 (Clem)'' 

Photoconductivity in sunlight 10J (0cm) 1 

Ene,-gy gap 1.75 eV 
Field effect mobility 0.3-1.0 cm2Nsec 

is sandwiched between opaque layers to shield it as completely as possible from both 
ambient light and backlight in the LCD. 

Amorphous silicon can be easily doped in che gas phase duri ng de1:>0Sitio1t, co obtain n­
type or p,rype films wirh many orders of m,ignin,de h igher conducriviry rh,m 11ndoped 
films. N -type films are used as contact layers to the source and drain of the TIT. The 
field effect mobiliry, which is important for the ON current of the TFf (see Eqs. 2.5 and 
2.6), is only 0.3-1 cm2/Vscc and much lower than that of c-Si (500-1000 cm2/Vstc). 
Amorphous silicon is therefore used primarily in circuits with relatively low switching 
speeds (i.e., as the pixel switches in AMLCDs). 

2.5 Amorphous Silicon TFTs 

Amorphous silicon TFTs have heen domirnmr in notehook ;md desktop monitor LCDs 
and in LCD televisions, as a result of their relatively easy processing on very large glass 
suhsr.rnr.es and :i limired numher of process sr.eps. Amorphous silicon T TT" are N,channel 
cnhancemcnt,typc ficl<l,cffect tr.m.sisto~. As menr.iont'tl in the previous st.-ction, the 
electronic properties of a-Si do not allow the fabrication of high ,qualiry p-rype TFTs. 
1'-channd a-Si TFTs cannot Ix· made sufficiently conductive to get acceptable ON 
current for application in displays. 

Tliree different rypes of a-Si TFTs are shown in Fig. 2.11 . The back-channel-etched 
(BCE) inverted staggered TIT is the most commonly used; it has good performance and 
a relatively straightforward manufacturing process. Another cype is the trilayer (or etch­
stopper) TFT. Both the BCE and the trilayer TFT have a bottom b"''"· The intrinsic a-Si 
layer on cop of the silicon-nitride gate insulator forms the channel. 

The source and drain elecrrodes have an overlap region with rhe gate and make conrncr 
to th(' a-Si layer via a heavily doped thin n-typc a-Si imcrfacc lay('r. The purpose of this 
a,Si n' layer i~ twofold: ir acr..s as a low,resisrance ohmic conracr for elecrmns ro 
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Gate insliator Met.al gate 

(A) 

n• a-SJ Passivation ~-
Gate 1nsu131or MelaJ gate CICh stoppec 

(R) 

lnSOlatOr Light Shield 

(C) 

Ftgure 2.11: Three types of a-Si TFTs: 
(A) back-chal'Mlel-etched TFT, (B) etch­
stopper or tritayer TFT, and (C) top-gate 
TFT. 

maxill)ize Lhc ON current, and in the OH-' state it blocks the injc-ction of holes into the 
inrrin.sic i.-layer ro minimize rhe l~kage currenr. Since rhe n .. layer if- co nducrive, ir needs ro 
be removed fTom the ch;mnel area to ohtain a low OFF current. This is <lo ne hy a back.--etch 
after rhe source and drain elec.trodes are patrerned-hence, the name back-c.haiu1el-etched 
TFT. The back.-etch procc.ss is quite c ritical an<l need'> to be uniform across the entire 
manufacturing substrate. Si(lcc• it is difficult to obtain sigi,ificandy differem etch rates for the 
a.-Si n+ layer and the undoped intrinsic layer (i.-layer), good proces.s control is required to 
completely remove then• layer from d1e channel without etching d1rough d1e i-layer. 

ln the trilayer or etch-stopper TIT (Fig. 2.11 B), then• back-etch is less critical, since 
there is an e x tra s ilicon.-nitride etch stopper layer o n top of the channel. T he etch 
stopper is deposited and patterned before the n• comact layer. Amorphous silicon and 
silicon.-nitride can be selecrively etched in dry ;-md wer erch sysrems. During rhe hack.­
etch of then• layer Lhere is much bcucr CLc.h sck,ctivity possible against the silicon­
nitride etch sropper h1yer1 enhancing rhe process h1rirude. The rrilayer TFT also has a 
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thinner i-layer. which can suppress photo-leakage currents in the TIT The major 
drawback of tlu: trilaycr T IT is that it requires an extra depositio n an<l patterning step. 

T he top,gate a-Si Tf-T (Fig. 2.1 IC) is less common. In this rnnfigurntion the wurcc and 
drain electrodes are deposited and patterned first, followed by the a-Si layer. The gare 
insulator (usually silicon-nitride) nc,:ds to be deposited on top of the a-Si layer, which 
usually leads to somewhat lower-performance TFrs in rerms of ON current. To suppress 
photo-leakage currents, a light shield need, to be deposited and pmterned prior to the actual 
TIT process. It is separated from the TIT by an extra insulator layer. The extra processing 
required for the light shield and rhe insulator make rhe rop-gare TTT less attractive. 

Amorphous silicon is not a very stable material and its structure can be modified by 
scrong illumination or hy injection of charge carriers. In add ition. the inrerface herween 
amo rpho us s i1icon and the gate insulator (e.g., silicon.-nitride) can accumulate charge 
during operation of che TIT. As a result of this charge rrappin,g, the thr~~hokl of the a-Si 
TFT can shifr over rime. This effecr has heen srudieci in dera il, since ir c;1n ht1ve a 
bt·aring on tht· lifctill)e of a TFT LCD. The threshold shift versus till)e can be expresst-d 
by rhe following equarion: 

' ,W,=(V,-V.)•(f), (2.10) 

where ~ and 't are constants that can depend on temperature and the quality of the a-Si 
and a-Si/SiN interface. 

The measurement results of threshold shift in non-optimized a-Si TITs arc shown in 
Fig. 2.12. 

Fornmarely, the rhreshold shifrs are of oppmire polarity during rhe ON rime and rhe OFF 
time of the a-Si Tl-1, so LhaL panial cai1ccllaLion of Lhe threshold shift occ.urs. The TfT 
in an AMLCD functions as an ON/OFF switch to load the pixel data on the pixel 
capacitor. Therefore, some variation of the TIT threshold acros.'> the area is acceptable, 
as long as the drive scheme can accommodate the variation. Ir also helps that for a few 
microseconds afrer switching ON an a.-Si TFT, a transient c un-ent occurs that is about 2x 
higher chan the steady-state currcnc. The bottom line is char a-Si TIT ducshold shifts 
have been proven to be small enough to not affect the lifetime of well-designed 
AMLCDs for up to 50,000 hours. 

2.6 Poly-Silicon TFTs 

Poly-silicon Tf-Ts (Fig. 2.13) can Ix: subdivided into the high-temperature variety (built 
on quartz) and the low-temperature type (built on low-cost glass). High-ten,perature 
poly.-Si Tffi nre manufactured with a procef.s rhm if- very s imilar ro semiconducror 

36 

SAMSUNG, EXH. 1008, P. 24



Operating Principles of Active Matrix LCDs 

10~ 

Stn~ss: 400h 

10-' 

g , 10-0 

! 
B 10--10 C 

e 
0 

10--" 

10-u 

- 20 -10 0 10 

Gate voltage V g (V) 

S' 101 ~-----------.-~ 

1 
!, 

~ 
8, 

i 

V9 - 20V 

p..-•'· 0 ,. 

., .. ,, .. ,,··' 
.#·· ,-· 

V9 • - IOV 

~ 
~ 
~ 
~ 10- 1 '------'------"'---....L.---' 

10" 10• 102 103 

Stress time (h) 

20 

Figure 2.12: Threshold voltage shift in a-Si TFTs after 
bias stress.. 
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Figure 2.13: Cross S6Ction of poly-Si TFT. 
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processing, with thermally grown oxides, ion implantation, and other steps familiar ln 
S4:mico n<luc tor fabrication. L.ow,tl'mpcraturc po(y .. S i T FTs can be pro<lucl'<l on largl' glass 
substrat<.'$ with specially developed lasc,r crystallization, ion doping, and gat,· oxick 
deposition steps. 

With both high- an<l low-temp(•r,iture poly-Si, N-channd or 1'-channd devices can be 
built so d,at low-power CMOS circuitry may be integrated along the periphery of the 
display. The current-voltage characteristics of a-Si and poly-Si TFfa (Fig. 2. 14) underscore 
the difference in mobility of a factor of about 100 and the cortesponding difference in ON 
currenr. A morpho us silicon TFTs have a low OFF current, sufficiently low to retain charge 
on the pixel capacitor. Poly-Si TFTs, however, have orders of magnitude higher OFF 
current, too high for ;-1 pixel ~witch unless spedal precaurions are taken. The high OFF 
current is caused by high electric fields at the highly dopt-<l drnin and the impcrfoct 
c,ystalline stn,cture of the poly-Si matetial. ln Fig. 2.15 two methods are shown to reduce 
rhe OFF current in poly,S i TFT,;. A dual gnre ~tmcrure can he uri1ized to split the source, 
drain voltage between two cluuu1els and d,ereby «,duce d1e electric field at d1e drain. 
Using an extra process step to create a lightly doped drain (LDD) area has a similar effect. 
The resulting currcnt,voltagc characteristic i.s shown in Fig. 2. 16. 

The development and manufacturing of low-temperature poly-Si LCDs has received 
significant investments because row and column drivers can be integrated o n the glass, 
thereb)' eliminating the extemal row and column driver chips. It has been demonstrated 
that additional circuitry such as D/A converters, DC/OC converters, grnphics processors, 
and even microprocessors can be integrated on the glass as well. 

1,( ,03 
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Figure 2.14: Comparison of amorphous silicon 
and poty-crystaUine silicon TFT characteristics. 
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Figure 2.15: Methods to reduce 
OFF current in poly-Si TFTs: (A) 
dual gate structure and (B) lightly 
doped drain structure. 
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Figure 2.16: Poly -Si TFT characteristics with 
ond without lightiy doped drain (LOO) 
structure. 

2.7 Basic Pixel Circuit and Addressing Methods 

A T FT pixel :may circuir (Fig. 2. ( 7) consist:; of select husl ine.,, dam huslines, a TFT ar each 
pixd> an<l a stomgc capacitor in parallel with the LC pixd capacitance. The function of the 
scor,ige capacicor, as mentioned before, is co act as a buffer and reduce the effects of the 
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) ruuREO l ru\J GREEN flru -BL_U_E ____ _, 

Figure 2.17: Operation of TFT LCD with drtve 
waveforms. 

voltage dependence and leakage of che LC capacitance. With a storage capacitor at each 
pixel, it is ensier to ohr.ain uniform gmy level performance across the display. 

The storage capacitor can be connected to the adjacent select line to maximize apertun: 
ratio in the display. The coumer electrode of the LC pixel capacitor is the common ITO 
ck-ctr<xle on the opposite substrate (the color plate) . The display operates by switching 
on the TITs one row ar a time by a gate pulse with a pulse wiclch of 10-50 µsec, 
depending on display resolution. The gate pulses are supplied from g-.ne driver circuits, 
wl\ich can eichel' be external or incegraced on che glass. While one row is selected, the 
dara signals for that row are applied to (he data buslines from peripheral electronic data 
circ.uits and transforred by the TrT LO the pixel electrodes. When the row is desek·cted, 
the TFT." swi rch OFF and rhe darn volrnge i!-i srored for rhe rema inder of rhe frame rime 
of 16.7 msec (at a 60-Hz refresh rate), while the other rows are scanned. All rows in the 
display are sequentially selected during the frame time, so char the voltage on each pixel 
is refreshed once during each frame time. During the next frame time, the polarity of the 
Jata signals is reversed, so that all pixels arc charged with opposite polarity voltage to 
obtain the required AC drive without a DC component. For static images, the pixel 
voltage i.s simply opposite for odd and even frames, so that the orientation of the LC 
molecules and the gray levels of the pixel do not change. For moving video images, the 
amplitude of the pixel voltage can change as well, in addition to its polarity. This causes 
che LC orientation and cherefore che transmittance of the pixel ro change over time. 

Mosr t\MLC[).; are color displays. Color is ohtained by using rhree snbpixels per pixel, 
each having a color fil ter of one of the three primary colors (red, green, and blue). The 
color filters are pattemed on the cop plate opposing the active matrix substrate and 
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separated from the TIT array by the LC layer. The top plate is therefore often referred to 
as the color plate. A color pixel is obtained by the additive color principle: at close-up, 
thL• individual color subpixcls may be obsnv~'<:!, but from a distance the eye will 
average the luminance from rhe rhree suhpixels. When all three colors (R, G, and I\) 
arc transmitting, the viewer will perceive the pixel ,,s white; wh<·n only R and G arc 
transmitting, yellow will be observed; and combinations of Band G and Rand B result 
in cyan and magenta being displayed. 

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

A close-up look at the pixel c ircuit (Fig. 2.18) reveals a number of parasitic circuit 
e lements that ct1n degrade displt1y peiformance. The parasit ics rire deno red hy (he dotted 
elements. Resistive leakage through the LC or the TFT will both discharge the LC pixel 
capacitor and affect gray scale rn,iformiry. The parasitic capacitance C,,i between the gate 
and the drain of the TFT caus~ a voltage division effect \Vith the LC pixel capacitance. 
This leads to a negative pixel voltagL' sh ift 6 \/,.,of around I V on the LC voltage when 
the gare of an a-Si TFT is switched OFF, as shown in Fig. 2. 19. 

c.,. 
6V,.= C_,+ C. + C., 6V,, (2.11) 

where ctd is the gat.e ,drain capacitance, ell is the storage capacitance, ck is the LC 
capacitance, and 6 v, is the gate voltage change when the row is deselected. 

The pixel voltage shift is always negative and could cherefore lead to a DC componem 
on the pixel voltage, if the common counter,electro<le woul<l be held at the center 
voltage of che video daca signal. 

Figure 2.18: TFT LCD pixel circuit with 
parasitic circuit elements. 
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v•-1--7 
v---------+"1__---

(8) Low Run or low R1e 

Figure 2.19: Voltage waveforms applied to 
the select (gate) line and source (data) line 
with resulting vottage across the LC pixel in 
ideal case (A) and with leakage through LC 
orTFT(B). 

Tc, e liminate the ex: component across the LC, the voltage on the common ITO counter 
electrode V,,,.. is offset by the same voltage to compensate for chis pixel volrage shifr. As 
a result of rhe voltage clependence of the 1.C capacitance, it turns our robe difficult to 
compk-td y di1ninatl' tl1t· OC c01nponl·nt (or all gray kvds across the l'ntir<: display arc-a, 
especially in large d isph,ys. Failure to minimize the OC componenrs leads to many 
undesirable display artifacts) such as image retent ion, fl icker, and non,uniform brray 
levels. Opcimi,ed drive methods are used to reduce the DC component and to prevent ic 
from causing fl icker and image retention, particularly in gray scale. Some of these 
methods will be addressed in Chapter 4. 

The sto rage capacitor in a TFT pixel circuit can be connected to an adjacent gate line o r 
to a specially added common bus (Fig. 2.20). O,nnection co the gace line maximizes the 
pixel aperture racio but rends to increase the load capacitance on the row select lines. 
This makes it difficult to use this configuration for displays with a diagonal size larger 
than about 20 in. 
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Cs on 9(11e Cs on c:ommon 
Figure 2.20: Pixel layouts with 
storage capacitor connected to 
the gate llne (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 ;.1perture r.nio and rhe transmitrance of the display The RC delay on rhe gate line~ 
is, however, smaller so that larger displays exceeding 20 in. in diagonal size use this 
configuration. 

2.8 Diode-Based Displays 

Instead of a three-terminal TIT, a rwo•terminal switch or thin fi lm diode (TFD) may 
he used at each pixel in an AM LCD. There are seveml ways to implement T FD LCDs. 
A TFI) in this context can be either a rectifying diode or a bi-directional diode, also 
called a metal-insulator-metal (MIM) diode or a nonlinear resistor. Th e hi-di rectional 
d iode has very low current at voltages below about 5 V and starts conducting when a 
voltage above 10-15 V of either positive or negative polarity is applied. 

During the 1980s and early l 990s, several companies worked on rectifying amorphous 
silicon PIN diodes for AMLCDs. They can be produced with very high rectification 
(ON/OFF) rnrios of eighr or more orders of magnitude. At least rwo rectifying diodes per 
pixd arc- nl'cdt·d, om: to d 1argl' thl· pixd LO positivl' polarity, d 1<: other to nL'gativl' 
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polarity. In terms of manufacturing, PIN diode LCDs do nor have a significant advanrage 
over TIT LCDs and have therefore not been commercially succt-ssful. 

lvlJM <limll' displays hav<.· had somc cmmnl'rdal succc-~. Thc:ir major attraction is a 
simple, low .. cost manufacturing process for the accive matrix array with only two or three 
photo-masb. 

In the case of bi-directional MIM diodes, a single di<Kle per pixel can, in principle, be 
used since it can charge up the pixel to either polarity and is therefore compatible with 
the AC voltage on the LC capacitor. 

In Figs. 2.21 and 2.22, rypical current-voltage curves of several bi-direcrional diodes are 
shown on linear and scmi~logarithmic sc.ales, respectively. The basic circuit and drive 
scheme of a single Tfl) LCD are shown in Fig. 2.23. In diode displays, rhe data lines are 
ITO stripes on the color plate, as in passive matrix STN LCDs. 

Several sc,mi-insulator materials haw lxtn US<.-d, includingTa,O1, Si-ric.h SiNx and 
diamond-like carbon (DLC). The dominant conduction mechanism in hi-directional TFDs 
is Frcnkel-P<x>le com.luction. The Frenkel- P<x>lc effect is the dmmatic increase of charge 
carrie1s in certain insulators ,mder a high elecrric field. It is caused by the thermal excitation 
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Figure 2..21 : Linear current-voltage characteristic of SiNI( 
diode. 
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Figure 2.23: Circurt and drive waveforms 
of a thin film diode LCD. 

of charge carriers from traps when the Coulombic barrier for their escape is lowered by the 
high electric field. This lt-a<ls to a field-dependent conductivity in the material: 

cr(E)=cr0 exp(«/E), (2.12) 

where cr0 is the zero field conductiviry and a the nonlineariry coefficient: 

- ( <l>, ) o ,,-~tnexp - kT , (2.13) 
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(2.14) 

Here Tis the ahsolure temperature, k is Boltzmann's constant, q is the e lectronic charge, 
i;, is the perminiviry in vacuum, e, is the dielectric consram, <I> is the trap depth for the 
charge carrier, µ is the mobility o f the charge carriers, and n is the carrier density. The 
dielectric constant:; for Ta10 5, Si-rich SiN, and diamond-like carbon (DLC) are, 
respectively, 24, 9, and 4. 

The best diodes are obtained with a semi-insulator with a low dielectric constant£,, as 
follows from Eq. 2.1 4. A low dielectric constant also minimizes the diode capacitance, so 
that cmss-talk is reduced. From this perspective, DLC appears to be a good candidate for 
further development. Ta,O, diodes have been widely used in small mobile displays and 
are obtained by amxJi?ing ~1. Unfortunately, 'TI1i)5 has a high dielectric co nstant and 
rdativd y pour currc:nt -voltagt: <.:.hamctuistks, whid1 prtd udt:s largt·, high~n.·.solution 
display,;. Si-rich SiN, ha$ rhe advanrage rhar ir can he processed in srnndard PECVD 
equipment familiar in every a-Si T~T LCD line. 

The diode currc,u in the nonlinear resistor can be derived from Eq. 2.12: 

Dala line 

. Jl_Jl 

l ~1L::;::;! ===i=;::::::j::: 

~ 1rir~! --+-!-i-

S81ec.1 lin8' 1 

Sele<.t line 2 

!! -'l.J '"'-,_ ................. . 1 ~ 
~ -...,r _rL _____ ~ 

Figure 2.24: Circuit and drive waveforms of a 
dual select diode AMLCO. 
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where Sis the diode area, V is the applied voltage, d is the thickness of the insulator in 
the TFD an<l K an<l ~ an: matcrial parameters which dcpcn<l on tt·mperaturc an<l o n the 
<lidcctric constant of the insulator film. 

The TFO and the LC capacitor are in series in Fig. 2.23 and this makes the LC voltage 
extremely susceptible to Snlall variations in tlK· dioclc charnct(•ristics ovn time an<l across 
the display. Unfortunately, it is difficult to make TFDs very uniform over large areas. In 
addition, the insulator typically used in MI M d iodes (anodized Ta10 ;) leads to diodes 
with marginal ratios between ON and OFF current. 

T he series connection of the d iode and LC capacitor also causes a strong dependence of 
the LC voltage on signal propagation ddays on the busli11es, another factor limiting gray­
scale performance, especially for large-diode LC Os. 

Single-MIM-d iode disph1ys h;ive therefore been only succes.sful in small applications such 
as cell phon<'~ with a limited number of gray levels. 

/\n approach rhar eliminare.s rhe drnwhacks of rhe single-MIM-diode pixel circuit is rhe 
dual select diode (DSD) AM LC D, which has a pixel circuit,., shown in Fig. 2.24. By 
applying opposite polarity pulses to the two select lines, the pixel electrode voltage is 
accurately reset during each sd ect time. 

Unlike in the singlc-TFD c ircuit, variations in the TFD across the display area and over 
rime are basi01lly cancelled our in the differential DSD pixel circuit. T he propagation 
delays on select and data addressing pulses are also cancelled out to a large degr<'e in 
DSD LCDs. T h is leads to much more uniform gray levels and the potential to scale up to 
largc~arca displays with diagonal size exceeding 30 in. Th is tcchnolot:.'Y i.s under 
development. 

2.9 Plasma-Addressed LCDs 

During the 1990s a totally different technology for AMLC Ds was dcvd opt'<-1, b,,,;cxl on a 
plasma-addressing technique rather than on transistor or diode switches. 

Plasma-addressed liquid crystal displays (PA LC displays) were the tirst type of A MLCDs 
with a diagonal sire over 40 in. They employ a hybrid technology wid1 plasma channels 
used to address one row ;tt a time. T he plasma channels are separated from the LC layer 
by a microsheet of glass with a th ickness of only 50 µm. The pixel electrodes are reset ro 
a predetermined voltage during each select time. PA LC displays have ITO dara lines 
pattcme<l on the color substrate. The c.olor plate pro<X.S for l'ALC displays is similar to 
rhar in STN pas_,ive marrix I.C Ds and diode I.C Ds, which also have !TO dara lines on 
the color plate. 
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In PALC d isplays th e r=t operation of each pixel is performed by a plasma chaiu1el 
between a cathode and an anode buslinc. The plasma channel, arc used only for 
addrc'Ssing. Display lwn inan cc is controlled imk pc!idcm ly by a bacl<liglu. l'ALC displays 
require high voltage selecr driver,;;. 

The c.ombination of plasma technology with LCD tc,d molob'Y for PALC displays 
considecably increases process complexity. Issues with PALC displays include varying 
decay times of the plasma, bending of the microsheet between the plasma and the LC 
layer, and process integration problems. This technology has therefore not mawred to 
mass productio n. 
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CHAPTER 

4 
AMLCD Electronics 

The design of the d isplay glass assembly plays an important role in the im:ige quality of 
an AMLCD. E..1ually important arc the display dcctronics, which must supply accur-Jtc 
data signals ro each pixel. The incoming video signals are either computer-generared or 
proccssL·<l from an imagL' acquisition by, for example, a digital camera, tckvision c.:.amcm, 
or camcorder. The cask of the display ele<:tronics is co obtain optimum image quality 
based on the incoming video signal information. 

4.1 Drive Methods 

As mentioned earlier, each pixel in the AM LCD is driven with a square wave AC 
voltage. Ideally, the residual OC component on the pixel voltage is negligible. In 
practical d isplays it is unfornmarely almost impossible to eli minate the OC component 
entirely for all gray lc.vd s and across the entire display area. The result is that the 
transmittance of the pixel varies slightly between odd and even frames, as shown in 
Fig. 4.1. 

When the refresh rate is 60 Hz, th<' fr<,quency of this luminance variation will be 30 Hz 
since the complere cycle of positive and negative charging of the pixel occurs at 30 Hz. 
The human eye ~rccivc.s luminance variations of a few percent at less than 40-50 Hz as 
flicker. The luminance variations can be smoothed out by using an LC fluid and 
cell structure with a slow response time, so that the luminance amplitude variations 
in fig. 4.1 are below the flicker limit. However, this would cause severe smearing of 
fast,moving video images and defeats one of the purposes of active matrix drive 
methods. 

Another problem wirh the DC component on rhe pixels is rhat it can cause image 
.stkking or image retention. This leads to bum.-in effects on the: LCD when a still imagt.' 
is displayed for a prolonged period of time. 
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33 msec 

) ____ ,_ 

Transmlt13noe Luminance v.irialion 
At 30 H7 

(IV VLc 

Figure 4 .1: Effect of DC voltage component dV of LC voltage on 
luminance variation. 

One way 10 eliminate flicker is co operate the display at 90 Hz or higher frame rates. 
Then, the luminance variation will occur at 45 Hi or higher frequencies and will no t 
cause flicker. Sine<' most video and graphics infonnation is supplied to LCD panels at 
lower refresh rates, this is often not a praccic-al solution. 

The most common method to eliminate fl icker is the use of inversion drive methods. In 
this approach, darn voltages are applied which altemate the polarity of the voltage on 
adj:1cent pixels, so that the human eye perceives an area of multiple pixels as flickerless 
as a result of spatial averagi,xg. With rhe~ polariry inversion methods, individual pixels 
can still have flicker when viewed close up. At normal viewing distances the flicker 
bc..·comc.-s impc..·rct'ptiblc.-. 

The flicker is minimized or eliminated with this method bur image sticking is nor 
reduced; rhu~. minimizing the OC component on the pixel volrnge ro less than about 
50-IO0 m V remains crucial. 

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

lo oolor displays it is important that subpixds of one color have altcmating polarity for 
adjacenr pixels, r.o rhat flar field~ o f one color will not exhihir flicker. In a venical srripe 
configuration with red (R), green (G), and blue (B) subpixds, this condition is automatically 
satisfied with doc inversion and also with full pixel inversion, also called color group 
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inversion (l:'ig. 4.3). As can be St'en, in each frame each uf the primary color subpixels has 
opposire poh1riry compared to rhe n eare.sr neighhor suhpixel wirh rhe s;1me color. 

The timing and polarity of the data signal on odd and even data buslinl'-S is shown in 
Fig. 4.4 for the differenr inversion methods, in d,e case char all pixels are driven at che 
same gray level. In frame inversion, all pixels receive the same polar ity data signal for 
odd frames and che opposite polariry for even frames, resulting in fl icker. In column 
inversion, adjacent columns have opposite data polarity and change polatiry for each 
frame. In line or row inversion, the data polarity on each pixel changes every line in 
addition to every frame. Dor inversion combines row and column inversion. In all c.ases, 
the driving wave forms on the select lines (the rows) are the same. 

Row 
Odd frame Even frame Odd frame Even frame 

1 @000 BBBEI 0B@EI B@El0 
2 EJ00GJ 
000GJ 

EIEIEIEI 
EIEIEIEI 

GJEIEJEI EIEJEl0 
0 El0EI El0El0 

4 000 0 EIEIEIEI 0BIIIEI EIIIIEl0 
COi 1 2 3 4 

Frame inversion Column inversion 

000GJ EIEIEIEI 0EIIIIEI El0El0 
EIEIEIEI 0000 EIIIIEl0 GEIGEi 
G:1000 EIEIEIEI 0El0EI El0El0 
EIEIEIEI 000@ EIIIIEI@ IIIEl@EI 

Line (row) inversion Doi Inversion 

Figure 4.2: Various inversion drive schemes. 

Odd frame Even frame 

~§~~§~ 
~§~~§~ 

~§~~§~ 
~§~~§~ 

OotinvtHsion 

~§~~§~ ~§~~§~ Pixel Of cola 

~§~~§~ ~§~~§~ group inversion 

Figure 4.3: Dot inversion (Jett) and pixel (color group) 
inversion (right) in color LCDs with an ROB vertical 
stripe color filter arrangement. 
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Oata Q(l(I COIi.WM 

Data even oolumn 

Data odd column 
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Data Odd COiumn 

Oata even ooiumn 

ruu7 
ruu7 
ruu7 
LfUU 

LfUU 
LfUU 
LfUU 
ruu7 

C~mn 
inversion 

DOior phr:el 
lnversk)n 

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

In panels for desktop monitors, LCD televisions, and most notebook displays, the voltage 
on the common ITO electrode on the color plate is held at a constant DC bias voltage 
V, ~ (Fig. 4.5). The emire voltage range of more than 10 V between the extremes o( the 
positive cycle and the negative cycle must he supplied by the data driver. In actual 
displa)' operation, the V,,.. voltage is offset b)' about I V in a-Si TIT LCDs 10 

compensate for the pixel voltage shifr described in Chapter 2, Sec. 2.6. 

In order to reduce driver cost and keep data driver output voltage.slow, some notebook 
panels and most small mobile applicatiolls employ Vmm modulation (also called common 
plane swirching), in which rhe volrage on rhe color plare switches each line rime hy 
about 5 V. Pan of the voltage Vu; across the LC is then derived from the V,om 
modularion: 

Vtc(+) = V.,..,(+)-V- (+), 

V..d - ) = v.~( - > - v_ ( - ) . 
(4.1) 

(4.2) 

Since the voltage across me LC pixel is me difference between V""" and the data driver 
signal voltage, this allows the use of low,cosr, low,volrage dara drivers with a full range of 
5 V or even 3.3 V when d,e LC cell has a low operating voltage. A driver JC that can be 
tnade in a standard 3.3-\/ process can be easily procured from many IC fabs at low cost. 
W hen the voltage on the color pla te..· is changed every line time, the polarity of the data 
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~lL~~~~-------=--v 
O Vr.om 10 ----- -----4V 4V 

T 

0 Vt.'Om(+) Vcom(-) 5 

Figure 4.5: Transmittance versus data voltage 
for full range drive (top} and V f;Offl modulation 
drive {bottom). 

AMLCD Electronics 

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

A drawback of V,om mOOulation is Ll1at it is inco1npatiblc with dot itWl·rsion and n ... quircs 
exrra electronics ro switch the large capacitance load of the V = electrode with rhe 
correct timing. Th is would become a problem for large displays. Most notebooks an<l all 
desktop monitors and large LCD televisions therefore use a constant V""' and doc 
inversion (also because dot inversion generally gives the best image quality). 

The V """ bias voltage is set to compensate for the pixel voltage shift when the select 
pulses are turned off so as to minimize the residual OC component o n the LC pixel 
vo ltage. The pixe l voltage shift depends on the data vo ltage, as o utlined in C hapter 2, 
Sec. 2.6 and is different for negative and positive voltage across the LC pixel. To 
minimiz.c DC co mponents for all gray levels at bo th pixel polarities, the gamma 
reference voltagc-s LhaL comrol gray scale arc often scL indcpendcJUly for each daLa 
polarity. The ~ mma reference volrnge.s march the incoming video darn ro the 
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Frame 1 Frame 2 

vcom U7..rW n..n...n 

Data(on) n..n...n U7..rW } Row 

O.ta(oft) U7..rW n..n...n inver'SiOO 

VIC (On) ~ \_ } LCvoh.,gf.l 

Vic (off) ~j-------, __ 

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

desired gray scale. There are usually about IO gamma reference voltages. For an 8-bic, 
256 .. level gray scale, the intermediate gray scales are obtained from interpolation 
between the ga.nuna correctio n voltages. 

This is illustrated in Fig. 4.7, where V 1, V 1, ••. ,V10 are the !f<1mma reference voltages, V ,ef is 
the video center reference voltage, AVdd is the supply voltage, and AVss is ground. Best 
performance is achieved when V,. V1, . •• ,V10 are indcpendemly optimized, which means 
that, in geneml, lv,ef - v61 ,.. Iv,,, - v;I, I v,ef - vii ,.. I v,ef - v,I. etc. 

In ortkr to get more than eight bits of gray scale, a teclu1ique called fr,,me rate coJUrol 
(FRC) has been developed. With FRC. rhe gray level voltage can be different berween 
odd and even framl-'S o r between four subsequent frames, so that intermediate gray level<i 
can be generated. For example, if during the odd frame the voltage for gray level i and 
during the even frame the voltage for gray level i+I is applied, an extra grny level 
between levels i and i+I is effectively displayed. This makes it possible co have a 9-bit 
brray scale with an 8..-bit data driver. 

The difference in voltages between levels i and i+ I is genera.Hy tc.X> small to c.ause a 
significant DC component on the LC voltage or ro CllltSe !licker. The eye will perceive 
the intennc"<iiate gmy kvd. 
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Figure 4. 1·: Gamma correction diagram. 
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48 56 6' 

Similarly, this technique can be used during four subsequent frames to generate a 10-bit 
gray scale with an 8.-bit data driver. 

4.2 Row Select and Column Data Drivers 

In Fig, 4.8 a block d iab'fllm of a T FT LCD module is shown. Direcr.ly attached to the 
c.lisplay glass an- the drivcr ICs for thc rows: an<l tltl' c.olumns. Thi: row driver IC gnil'Tatcs 
the select poises sequenrially addressing each row in rhe display. It is often referred to as 
the gate driver, since it switches the TFTs ON and OFF by applying a select voltage to 
the gate; in the case of a-Si TFTs, chis is a positive pulse of about 20 V. 

The column drivers supply the video data signal, to the data lines connected to the 
source of the TFTs at each pixel. They are commonly referred 10 as the source drivers. 
Gate and source drivers are mixed-signal I Cs designed typically with 0.25- 1 µm design 
rules. For most driver ICs Lhcrc is I\O l\ced to use advanced design rules below 0.25 /Lin. 
The die area is pad limited ( i.e., the large number of ourputs and their spacing govern 
how much silicon real estate is required, not the relatively simple electronic circuitry on 
the chip). 
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RGBVideo 
signal (TTL 
QI I VO$) 

Gamma reference volt.ages 

O.:it.ilink. (TTL 01 RSOS) 

Source driver ICs 

Figure 4.8: Block djagram for a TFT LCD module. 

An XGA T FT LCD with 768 rows and 1024 x 3 columns typically requires three gate 
driver !Cs with 256 output channels each, and eight source drive,· !Cs with 384 channels 
each. They can be packaged in a tape carrier package (TCP) for attachment co the glass 
with tape automaLed bonding (TAB). Alrcmativcly, they are directly bonded upside­
down ro the gla-5,5 with chip-on-glass (COG) technology. Since hoth row and column 
drivers rt.xtuire a large number of output channels on one si<le of the chip, the a~l)ect ratio 
of the die is usually high (e.g., 20 mm x l mm). 

In Fig. 4.9 a block diagram of a gate driver is shown. It has a relatively simple 
architecture with a bi-Jim:tional shift register, level shifters, and output buffers. The shift 
register transfers a stare bit at STVD (which can be considered a vertical sync pulse) 
through the ch ip, selecting one row line at a tlme. When the select hit emerges at the 
end of the chip it is transferred through STVU co the second row driver IC. where it 
functions as the start bit. Multiple chips can be cascaded in this fashion. 

In this cascade type of operation, all 768 rows in the XGA display arc sequentially 
addressed. The direction of the start bit can be reversed hy the O!R input, so that the 
vertical U)irror image can be displayed on the LCD. T he DIR function also ensures 
chat the row driver !Cs can be mounred either at the left or the right side of the display 
area. 
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OVTI 0UT3· · · · · · · · · · · · · · · · · OVTi» 
OUl2 0 ,112!,!, 

Output wrrer (256 di.Jnnels) 

OE 

Levef shine• 

SlVD Shlfl re.gis11-1rs (2S6) STI/IJ 

VCC GND VEE VGG CLK DIR 

Figure 4.9: Basic architecture of a gate drl\ler IC with 256 channel outputs for 
use in XGA and SXGA panel$ (three or four chips per panel, respectively). 

The OE input to the row driver allows the select pulse for the rows to be turned OFF 
before the end of the line time. This is especially impo,·tanc for large displays where the 
RC delays on the rows require the rows to be turned OFF for a few microseconds before 
the data voltage on the columns is changed in order 10 avoid cross-talk. The level shifters 
raise rhe logical volrage levels of 0 and .l.3 V to ou!J"" levels of - 5 V and ahour 20...25 V, 
respectively. The final levels arc compatible with the required ON and OFF voltage 
levels on the gates of the a-Si TITs. Output buffers reduce the output impedance to a 
sufficiently low levd in order to drive the gate lines on the AMLCD, 

The clock frequency of the row select driver is quite low (around 50 kHi) , not much 
higher than the product of refresh rare (e.g., 60 Hz) and the number of rows (768 for an 
XGA display). In Table 4. 1 the input and output pins of a typical gate driver are listed. A 
timing diagram is shown in Fig. 4.10. 

The digital data driver for the co lumns, connected to the sources of the TFrs, is 
somewhat more complex. Its basic block diagram is shown in Fig. 4.1 I. Ir basically 
converrs seri::il digirnl video inpur signals inro p;1rnllel an::ilog darn sign::ils for one row. 
Thl~t· analog signals r('pr<'s<:nling the intended gmy kvds an: tl1<:n all simultat1l"Ously 
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Table 4.1: VO pins of a basic row (gate} driver IC for a-Si TFT LCDs 

Input/ 
Pin Output Description -1- fyplcal value ---
CU< 

DIR 

STVO 

STVU 

OE 

OUT1 , ••.• 
... ,256 

vcc 
GNO 

VEE 

VGG 

I 

VO 

1/0 

I 

0 

I --I 

I 

I 

CIK 

SlVf> 

OE 

Out1 

Out2 

Out3 

Out256 

STVU 

Clock signal controlling shift register-equal to line 
frequency 
Oimctioo of operation of bi-dimctiooal shift register 

Input start bit when operating when OIA::;1, output bit 
for starting next cascaded row driver IC when OIR=0 

Input start bit when ope<ating wh&n DIR=<>, output bit for 
starting next cascaded row driver IC when OIR=1 
Output Enable to eflable output voltage to the 
TFT LCD rows 

Output channels driving the rows (gates} of the TFT LCD 

Logical voltage supply 

Ground voltage for logical supply 
Low analog supply voltage for rows 

High analog supply volUlge for rows 

1 2 3,1 256 1 23vcc 

~;n--n-ry~ Gnd 
: : j ,,:·: v"' 

4' : , i II ~ ~~ 
~ f ; C nd 

' ' ,,. h VGG 

!---;--.,.,---jf---;--;---jft---i: ~ VEE 

~ 
'+---If-~~__,~ ' 

~-____,~ 
~--~~----,~.-~----~~ 

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

applied to one row of pixels when the row is selected. Like the gare driver, the source 
driver has a bi,directional shift register with cascading functio nality to connect multiple 
chips together and allow mounting at either the cop or the bottom of the viewing area. 
The 6-bir digiral data signals for red, green, and blue channels are latched into a 
128x3- linc latch and then level shifted from the logical levels to the VDD level. The 
0/A converter has input reference volwges to convert the digital levels to the 
appropriate gray scale levels. 

The reference voltage inputs to the D/A converter (DAC) ensure. the d('Sired gamma 
correction. The POL input to rhe DAC controls r.he pohiriry of rhe o urpur signals so that 
dot, line invl'rsion, or column invusion may be scll'ctl'd. O utput buffCrs reduce the 
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output impedance of the output channels in order to rapidly charge the colunu, line 
capacitarn.:c of the LCD to within a fraction of one line select time. 

The opl·rating frequency of the sour<:c driver is much high('r than for the row driver 
(around 65 Ml I,), larger than the product of refresh rate (e.g., 60 Hz) and the number of 
pixels (768xl024 for an XGA di>play). 

In Table 4.2 the input and output pins of a typical source driver are listed. A timing 
diagram is shown in Fig. 4. 12. 

For Mtebook displays, 6-bit data drivers with 6-bit gray scale ( 18-bit colors) are 
common, while for desktop monitors and LCD televisions, 8-bit data drivers (24-bit 
colors) are u.,.xl. 

Table 4.2: UO pins of a basic 6-bit column (source) driver IC for a•S1 TFT LCOs 

Pin 
7 1npuV 

Output Description 7- Typlc.al value 

CLK I Clock signaJ controlling shift register-equal to 
pixel dot frequency 65MHz 

DIR I Direction of operation of bi-directiooal Shift regisler 0 O<VCC 
STHO 110 Input Start bit when operating when OIRa-1, outpot 

bit fOf starting next cascaded row driver IC when OlR.rO 0 0<VCC 

STHU 110 Input Start bit when operating when OJR=O, outpul bit 
for starting nexl cascaded row driver IC when DIR= 1 00<VCC 

POL I Selects polarity of the output channel voltages 
to the columns 00<VCC 

LO I Switciles new data signals to the outpots and latches I 
their polarity 0orVCC 

v, , ....... I V10 I Voltage bias levels to set gamma correction 
ROO-ROS, Digital video i.nput signals for red, green, and bfu-e I 
GOO-GOS, color pixels 
B00-805 I 

OUT1, .. , 

lo 
Output channels driving the columns (sources} ot the VDD<OUTx< 

... ,384 TFT LCD. 0UT1 ,4,7, ... for red pixels, OUTI!,5,7, ... fo r vss 
green pixels, OUT3,6,9, ... for blue pixels 

VCC I Logical voltage supply 3.3V 
GND I Ground vottage tor logical supply ov 
vss I Low analog supply voltage 4;v 
VOO I High analog supply voltage 0V 
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,, t:'Jl :VS 
. j V~ -V10 

:v1 .... vs 
t V6 - V10 

Figure 4.12: Example of a timing diagram for a column driver. Top four wave forms show 
cloc,king in of data. Bottom four wave forms show latching of analog output voltage to the 
output using the POL signal to obtain c:Jot inversion. 

Analog <lat.a driver~, which n .. -cd vc an analog viJco signaL arc used in some consumer 
electrotlic LCDs, bur are gradually beit>g phased our. 

4.3 Timing Controllers, Display Controllers, and Interfaces 

In rhe block diagram of Fig. 4.8, the timing controller (TCON) is the chip chat supplies 
the control and video signals to the row and column drivers. For rhe row driver, chey are 
d\e vertical clock, the vertical start bit, the output enable signal, and the logical bit that 
controls rhe direction of rhe shift regisrer (see Table 4.1) . For rhe column driver, they 
include the horizontal clock, the input start bit, the polarity signal to control the polarity 
of the data voltage applied to rhe LCD. rhe gan1ma reference comrol voltages, and the 
digiral video dara signals (see 'fable 4.2). 
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For low-resolution displays, rhe data link between TCON and the column driver is in 
transistor,tmnsistor,logic (TTL) format, which switches the digital sib'flal typicall)' 
bcLwccn O anc.l 3.3 or 5 V. for highcr-rcsoluLion displays bC)'Ollc.l SVGA (600X800 pixels), 
the frequency of the darn sign als hecomes so high for TTL as to cau!)e elecrromagneric 
imc·rforcncc (EMI) and signal fideli ty problems. Therefor<-, XGA and highcr-rcsoluLion 
displays use a method of differential signaling to cancel out most of rhe EML These 
interface architectures are based on low voltage differential signaling (LVOS) [I] or 
reduced swing differential slg11aling (RSDS) standards (2]. RSDS has become the de facto 
standard in most cases for the v ideo interface between the timing controller and the data 
drivers. 

The riming controller receives a video signal which is alre;.idy comp-arihle with the 
resolution of the LCD panel. Since notdxx,k displays arc pcnnancntly attached to the 
laptop computer. rhese digital signals are directly generated by rhe graphics controller 
circuitry in rhe compurer. 

figure 4.13 shows a photogr;iph of an XGA TfT LCD module or panel, as supplit'<.I by 
the AMLCO manufacturer to norehook manufacturer.;. It includes rhe hacklighr unit 
but not the inverter for the backlight. The backlight consists of a cold cathode 
fluoresce1\ce (CCFL) stick lamp at the edge of a light guide, whim evenly distributes the 
light across the viewing area of the panel. This particular module has only one PCB and 
uses chip-on-glass row and column drivers. Flexible interconnect tape connects the PCB 
to rhe inputs of the data drivers and scan drivers on the glass. The control signals for the 

'timing controller 

Figure 4.13: Vtew 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 PCil is 
folded back in the photograph to expose the timing controller. Nunnally, the PCB is 
folded rtaL against Lhc pand to obtain a very Lh in moduk' with a thickness of only a few 
m i11 imeters. 

For standalone LCD tfosktop monitors, the dt\'iign is somewhat different. T hey need to be 
compatible with hookup to a variecy of computers with analog and digital video output 
formats and rewlutions. Usually the module, without the inverter, is supplied to display 
integrators who build the complete monitors. They add the inverter co operate the 
back light, a monitor controller board, and a front panel control board. The unit is then 
mounted in the final enclosure with a srand. The front panel comrol has the ON/OFF 
switch , hrighrnes!\, contrast, and hue controls. 

Figure 4.14 shows the back of a display panel for desktop monitors, including the 
backlight inverter, front panel control board, and the monitor concroller board. 
T he backlighr inverter drives srick lamps on both sides of rhe panel ro obrain sufficienr 
brightnl-SS, The monitor <:ontrolkr board supplit·s procc-~cd video signals to the t iming 
conrro11er on rhe column ho;1rd. 

The monitor controller hoard accepts d ifferent video signal formats and converts them to 
the proper format for che timing controller. For hookup to computers, these fonnats 
include at least analog RGB video (also called analog VGA) and, for dual mode 

Figure 4.14: View of back of a TFT LCD panel for a 
desktop monitor including monitor controller board, 
inverter, end front penel control boerd. 
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monitors, they also include digital video interface (DVI) 13]. TI,e analog VGA and DVI 
conncctoni arc indicated in the photograph . In some c.ases thcrt' also inputs for S .-vi<leo, 
comJX>ncnt video, and composiLC' vidc.."O for opcraLiun as a tclcvision and for conncction 
to external DVD players and orher consumer electronics. 

Thc main chip mt thc monitor controller board usually can pc:.-rfonn scaling functions, 
convert the different formats, provide on-screen display (OSD), picture-in-picture (PIP) , 
and other functionality. Ir has a buHt.-in microcontroller and can perfonn some image 
processing, color management, and gamma control functions. In some cases, LVOS 
transmitters are buil t in. The interface format for the data.-link between the monitor 
comroller board and rhe timing cormoller is LVDS to minimize EM!. 

Derailed descri ptions of video and inte1face formar,s are outside che scope of this hook; for 
more infomtation , the reader is referred to the literature and sever.ii excellent books 
14.5]. It should be noted that new, improved standards in video data transfer techniques 
and inrerfac~.s are srill periodically in rroch,ced . For example, for norebook panels and 
LCO tde.vision, the point-to,point differential signaling (!'!'OS) interface ard 1itecture 
has been proposed by National Semiconductor [61 ro reduce the number of inputs ro 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 inputs to each chip from 18 to 2 for 
6,bit video. In addition, the gamma reference voltages are digita1ly generated in the 
riming controller rather than hardwiring rhem as 10 a!lalog voltages to each data driver. 
D/A conveners inside the data d river generate the analog gamma reference voltages from 
one digital serial input. for rhe PPDS interface, new riming conrrollers and data driver 
!Cs have been developed. 

In the LCD monitor market there is an alternative business model in which more of the 
monitor integration is performed at the AMLCD panel manufacturer. In this so-called 
smart panel approoch , a single display conrro ller chip is used rhar combines the functions 
of the monitor controller chip and the timing controller chip. T his leads to a higher lcvd 
of integration at the expense of design flexibility. 

4.4 Integration of Electronics on Glass 

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

Despite this hurdle, there have heen successful efforts to integrate a.-Si T FT row drivers, 
and th is tcc.:.lmology has now bc<:n c.:.ommcrcializcd in small d isplays and nott·book pands 
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17]. TI,e row driver circuits require only 10-30 kHz clock frequenc)', which can be easily 
achieved with a,Si TFTs. The major challenge with a-Si TFTs is to avoid large threshold 
voltage shifL> in Tl-Ts wiLh high duly raLios in shifL regisLcrs, buffers, and k vd shiflcrs. 
They reduce rhe liferime of rhe display. A careful considemrion of the a,Si TFT 
U\rc>shold shifL and an opLimizcd row driver circuit is needed Lo gel a lifetime exceeding 
10,000 hours [8]. There have also been reports on displa)'s in which both row and 
column drivers arc intcb.-ratcd with a-Si T FTs [9]. By integrating peripheral electronics on 
the glass, the reliability of the displa)' S)'Stem is enhanced since there are fewer 
interconnects and interconnect failures are less likely. 

TI1e vast majority of integration efforts have focused on poly-Si TITs, mosrll' of the low­
tempemrure variery- low-rempemture poly silicon (LTPS). In Fig. 4.1 5 the opemting 
frequency of a shift register is plottd as a function of the poly-Si TFT mobility and for 
different design rules of the TIT channel length L. 

As explained in Sec. 4.2, rhe operaring frequency of rhe row cf river ci rc11irs does nor 
exceed inure than about 50 kHz, which is easy to achieve with LTl'S TfTs and even with 
a,Si TFT:5. The dara drivers are more difficult ro implement, hur have been successfully 
integrated on the glass in smal1 mobile commercial products, such as PDAs, with a 
relatively low pixel count. ln Sec. 4.2 it was shown that the data driver for an XGA 
display requires a clock frequency of 65 MHz. According to Fig. 4.15, it would take a 

1000 

? 
~ 
> 
~ 
! 
I 

100 

I!' 

i 
0. 
0 

10 

1 
0 

' ' ' ' ' • • L= 11~lm 

L----+-+-i 
• : : L .. 2:~lm 

~
' ' ' . 

' ' ' ' ' ' - - --- ., __ - ___ ,._ - - - - ~-- - - - -•- - - - -
I I I I 

: : : L=6:µm 
: ~ ...-----: : : 
' ' ' ' ' ' ~ ' 

100 200 300 400 500 
TFT mobility {em'tvsee) 

Figure 4.15: Dependence of shift register operating 
frequency on TFT mobility for different design 
rules of the gate Jength L 

103 

Active Matrix Liquid Crystal Displays 

process with 1-µm design rules to integrate the data drivers in an XGA display and a 
TFT mobility more than 100 cm'/Vst·c. 

lncn:asingly. other functionality such as 0 /A <.:onvl'rtc-n;, timing controllc-n;, graphics 
controllers, and OC/OC converters are also considered for integration. Displays with a 
higher lcvd of integration an: often reforrtxl to as "system-on-panel" or "syst(•m-on-glass.1' 
Figure 4.16 shows an example of a configuration for a system-on-panel. Bl' adding the 
DC/OC converter on the glass, a single power supply voltage of, for example, 3.3 V for 
the entire system is possible. One joint program by Sharp and Semiconductor Energy 
Lahs succeeded in integrating a microprocessor and audio circuitry on the glass r1 0) as 
well. Since the design rules for LTPS 0 - 2 11m) are much less advanced than for srate-of­
the.-art integnired c ircuir$ (-0.1 µm), rhe periphernl circuitry occupied an area larger 
than the display area and the microproct.,;sor had the speed and perfomtancc of a I 980s­
era processor. Such a high level of integration is therefore more a cal)llbilicy 
demonstrarion rhan a practical solution. 

Tht· dcd.sion to inclu<lt· lllOrl' circuitry on thl' glass <.k•p('nds on a tmJ('•Off bt·twe(•n c.ost 
and performance. A reducrion in manufacruring yield is also possihle with more 
integrated circuitry on the glass and is taken into account. 

Ir should be noted chac che functionality achieved wich a system-on-panel LTPS display 
can o ften be obtained at lower cost LL'iing an a~Si T FT LCD with discrete external ICs 
attached with chip-on-glass bonding. The latter approach is a trend for mobile phone 
displays where a single chip, with a single power supply and bonded by COG, is used to 
addr<"Ss Lhe rows and columns in 176(x3)x220 pixel color a-Si TIT LCDs. Single-chip 
driving is expected to be extended to displays with eve1\ more pixels. TI1e single chip 

Oata (lrl..,er Voom (!river Sele<:.t driver 

DC/DC lfllQ,1 faco Timing 
converter circuit controller 

Figure 4.16: Example of configuration for a "system•on-panel ... 
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includes built-in tlming controllers, graphics co,mollers, and other functionality. This 
trend is supported by JC foundries, which now offer 40-V processes with 0. 18-(tm design 
ruks so that the power manag,,mem can also be it\tc>gratcd. 

To counter the move toward small , portable applications using a-Si TFT 1.COs with 
single-chip driving, LTPS manufacturers arc proposing to include functionality in the 
viewing area of the display, such as memory built into the pixel, saving power and 
eliminating the need for continuous refresh of static images. Other approaches include 
the addition of photosensor arrays in the display viewing area to function as ambient 
Jight sensors, scanners, optical touch panels, or fingerprint sensors. 

4.5 Backlights 

Mosr AMLCDs operate in the transmissive mode. They can he considered elecrronic.,1lly 
controlled tl"dllSJYdrcncics on a light box-the backlight. It is obvious that many display 
parameters, including brightness, depend srrongly on the backlight. For color displays, 
the comhination ofbacklight spectrum and color filter spectra determines the color 
coordinates in the display, as will be outlined in Chapter 5. 

lo this secrion we are concerned about the electrical, elecrrooic, and mechanical issues 
regarding backlights. There are 6'JSically two mechanical implementations of a backlight: 
edge lighting and surface lighting. 

An essenth1I requirement for (X)rtahle, hntt.ery,powered applications is to keep power 
consumption in check and minimize overall pat\el thickness. This is achieve<! by edge 
lighting with light guides. Edge lighting Uf;es one o r more lamps, typically cold cathode 
fluorescent lamps (CCFL) tubes, at the edge of the <lisl'lay, in combination with a thin 
light guide that distributes the light evenly across the display surface. They allow a thin 
and lightweight design . E<lgL' lighting with onL' stick lamp is the backlight of choice for 
notebook LCDs. They give a display luminance as high as 250 cd/ni when used in 
comhim1tion wirh brightness enhancement films (see also C hapter 6). S tick h1mps with a 
diameter less than 2 mm are available for notebook LCDs. 

Figure 4.17 shows the configuration of the edge light with a CCFL stick lamp. The ligh t 
l,'llidc has a diffuse reflector on its back side and a diffuser on the LCD side. For larger 
displays (exceeding 15 in.) used in monitors, one to three stick lamps on both long edges 
of the display are often employed in combination with a thicker and heavier light guide. 

TI1e other type of CCFL backlight has a cavity configuration with multiple stick lamps or 
U-sh,iped lamps (Fig. 4.18) heh ind the LCD panel. This ccmfi1,.irntion is u:;ed in LCD 
televisions and in S<.>tne monitors requiring higher brightness. 
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Diffu-ser 

\_ \_ Li9h19u~ 
Diffuse reflector 

RCIICClOf 

Figure 4.17: CCFL backlight configuration for 
notebook LCDs. 

Figure 4.18: Cavity backlight construction. 

Multiple CCFL 
stick lamps 

To obtain uniform luminance across the display ;i.rea, rhe 1ighr from the lamps need~ to 
bL· rL'Lli.stributL-<l with a diffusL·r, leading to tiotne loss in efficiL-ncy. In this c.onfiguration it 
is also imporram that the lamps age approximately the same ove.r time to avoid bands 
with varying hrightness cm the LCD after prolonged operation. Large modules with 
surface backlighting tend to be much lower in weight than large edge-lit panels because 
the thick, heavy light guide is replaced with an air cavity wich stick lamps. 

Cold cathode fluorescent lamps (CCFL.s) arc scaled glass tubes with an electrode at each 
end. They are fi lled wirh an inert gas mixed with a small amount of mercury. To operace 
the lamp, a high voltage i.s applied between the electrodes, causing the gas to ioniz-e and 
emit ultraviolet light. The inner surface of the tube is coated with phosphor layers. TI\e 
UV rays excite these phosphor layers so that they emit light in their characteristic 
wavclcugtlis. !'or color LClls tl1c CCFL phosphors have thrt'C domim\nt wavdcugtlis 
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corresponding to the prima1y colors, red, green, and blue. By adjusting rhe type and 
m ix ing ratio of the three phosphors, there is co ntrol o ver the color pcrfonnancc of the 
backlight. T he lamps arc made with diffcrcm diamcters ,u,d can be linear or have various 
shtipes -such as a U--shape o r a serpentine shape. 

A high-fm.1uency, high-voltage driving wave fom, to sustain the discharge in the lamp is 
supplied from a OC/ AC inverter, a transformer that converts rhe OC input voltage of 
3.3 or 5 \I into a s ine wave of mo re than l (X)().-V peak, to.-peak amplitude. The o ptimum 
frequency is around ;o kHz. 

Display brightness can be controlled by dimming rhe oocklight. Dimming is achieved by 
pulse width modulation, which affects the average current through the lamp. Dimming 
ratios with CCFLs are typically less than 100: 1. 

CC FL, have an efficiency of around 25%, which corresponds with ahout 120 lm/W. (See 
Chapte.r 5 for a definirion of lumens.) The rest of the input power is lost in rhe discharge 
and in heating. T he operating temperature range is 20 to 60°C. Between the lamps and 
the display glass, several plastic films arc inscrm l to re-direct rhe light. Some of them 
diffuse the light co improve unifonniry a nd others enhance brigh tness in the direction 
normal to the display at the expense of oblique directio ns. T hese fi lms are discussed in 
more detail in C hapter 6. 

A lthough CCFLs are inexpensive and hright, they have some drawbacks in tenns of 
lifetime , temperature operating range, and the presence of small amounts o f merc.ury, 
which pose a hazard at disposal. 

Several other typ<'S of light sources for LCDs have therefore been developed and have 
emcrcd the marketplace. T hey include hot cathode fluoresccm lamps (HCFLs), mcrC-LLI)'· 
free Xenon,hased flar lamps, and LED,hased hacklighrs. 

HCfL backlights arc receiving rt·newtxl intt·rt-.st aftn initial use in high ~t·nJ appli<.:atioti:; 
such as avionic cockpit displays. 11,e main reasons for their u.se in avionics are that they 
can have dimming ratios of lO,COO: 1 and a wider operating range, required for this 
application. 

HC FLs are common in household applications. They include a tungsten filament, wl1ich 
creates the-rm io nic emissio n of d ectrons when heated. As a re-suit, they are easier to 
scrike and dim chan CCFl.s, which rely on secondary emission of electrons. The renewed 
interest in HCFLs is caused by the move to scanning back lights for LCD televisions to 

improve morion portrayal (see also Chapter 6, Sec. 6.6.1.). They have rypically wider 
diameters of abo ut 16 mm an<l the max imum lamp current for an HCFL is in the range of 
50 mA to I A, sign ificantly higher tlian th<· 10-20 mA typical for CCl'Ls. T hey can 
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therefore be 01:>erated interminenrly ac higher brightness than CCFLs. T he in itial 
drawback of lower life times in HCFLs has been addm;sed and overcome as well. 

T he Xenon-based flat lamp ( I I) has cxtcmal electrodes and phosphors coated on the 
inside of flat glass substrates to convert the UV radiation from the Xe plasma into visible 
light. It has several advantages over CCFLs. While the individual CCF stick lamps in a 
caviry backlight require diffusers and other measures to improve uniformity, the Xe flat 
lamp is much mo re uniform by itse lf. By using ex ternal e lectrodes, which are not exposed 
to the plasma, it also has a longer lifetime, approximately 100,000 hours to half 
hr ightness, as compared to ;o,000 hours or less for CCFLs. The elimination of mercury 
reduces environmental concerns about disposal. Mercury-free backligh rs are becoming 
mandated in a numher of countries. 

The Xe flat lmnp also can prov ide more satumted co lors for a wi<ler color gamut of 75% 
of NTSC, as compared to 65% for conventional CCFL-based displa\'S (see Chapter 5 for 
definitions o f colo r perform;i nce ) . Tl-1e o peraring rempernrure nmge is - 20 ro so~c so 
that they can llll'Ct o utdoor pt.;rforman C'<: r('quiremcn ts. ecru. on the- other hand, show 
a drop-off in efficiency below a hour 20'C and ahove 60'C and are rherefore less suirable 
for outdoor applications. 

The major drawback of Xe flat lamps is their h igher coot, which has prevented their 
penetratio n in to mass markets. With volume prcxluctio n of LCD telev isions, this may 
change. 

A th ird major backlight technology is based on light-emitting d iodes (LEDs). W ith che 
dramatic impro vcm('nt in c ffit i('nCy of rc<l, grct'n, and especially blue LEDs over the past 
decade, they have beco me attractive for many ligh ting applications, including LCD 
hack lights . LEDs can he o perated with low .. volr.age lX: power supplies, and hrightness is 
proportional to che current through the LEO. The increasing popularity of LED lighting 
in gene1<1I is relared w significanr improvements in their optical efficiency and 
packaging, including o ptimally <lcsignt.J heat sink.'i which allow much hight·r currt·n ts 
and brightness. A basic LED emits light in a narrow wavelength region, concrolled by the 
enerb'Y gap of the semiconductor material (such GaAlAs or GalnP) . White-emitting 
LEDs can be obtained by a UV-emitting LED in combination with visible light-emitting 
phosphors. 

T he challenge for R, G, and B LED bac.klights is the mixing of the three colors from 
multiple individual point sources to ohtain a uniform hacklight. Th is has been achieved 
(1 21, although the pow<,r conversion dlkiency is still on ly about 50% of that of a 
CCFL backlight. Some of the advanra,ges of LED backligh ts are a wide color gamut 
{100% of NTSC is possihle) and a long lifetime. A drawback so far has heen a much 
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higher cost, although the manufacturing cost of the LEDs themselves cominues co 
be lowL·rt<l. Figun: 4, l 9 shows a spider <liagr..im comparing thl' characterisrks of CCFL, 
Xe, (ul<l LCl) backliglus lll tcnns of lifoLitm.·1 uuifonnil)', maximum !,iz( •, <:olurgamut, 
power consumprion, ~nd mrinufacturing cosr ( wirh the cavear rhar especially the latter 
two kL'Cp improving). Larger values on 1.h~ <liagm,n indicate more favorable 
characteristics. 

The light from LEDs can easily be pulsed with faster-than-microsecond response times by 
changing the driving supply from DC ro pulsed. LED backlights are therefore also of 
intcre.:sc in fie(d .. sequential LCD~ without color filters, in which rhe red, green, ;:ind hhJe 
LEDs are turned on at differem times to obtain temporal color mix~. This will be 
discussed in more det<1il in Chapr.er 6. 

4.6 Power Consumption 

TI1e power consumption in a transmissive TFf LCD module can be subdivided inro 
backlight po wer, power for the scan driver, the data driver, and the control circuit 
(Fig. 4.20). Ti•pical power consumption in a 10.4-in. display is about 3 War 150 cd/m1 

hrighrness and is dominated by back light power. This underscores the importance of 
high-aperture desib'TlS and other brightness enhancements to limit battery power use in 
portable applications. 

Unil'ormily 

~ CCFL 

- Xe fla1 lamp 
-.-LED 

Size 

Colo1 gamu1 

Flgurt1 4. 19: Comparison of dlffe,.,nt backllght technologies. 
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Figure 4.20: Contributions to power consumption of about 3 Win typical 10.4~in. 
backllt TFT LCD with 150 nits brightness. 

A 20-in. LC[) r.elevision has a power consumption of ahour 50 W, including all the 
ek><:tronks. This co mpares favorably with a 20 .. in. C RT television. which uses about 100 
W. It has been calculated th.at in Japan alone che 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 
ro eliminate the backlight by developing reOecrive LCD,; with acceptable image quali ty. 
They are applied in some handhdd producLS, but the need to view most displays under 
any ambiellt lighting conditions has prevented reflective displays from becoming a 
mainstream technology. A more successful approach is the transflt·<:tivc LCD, in which 
each pixel is partiall y transmissive a,1d ;:r,utially refl.ective. The reflective area ensures 
display legibility at high ambient lighting such as outdoor conditions. The transmissive 
are.a is used in dark and low ambiem lighring conditions. The differences bet wc~·n 
transmissive, reflecrive, and transflective displays are discu$sed in more detail in 
Chapter 6. 
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CHAPTER 

6 
Improvement of Image Quality in AMLCDs 

Over the past 1.5 years, the performance of AMLCDs has dramatically improved. 
DcpcnJing on the n:ttuircmcnts for a particular applk.ation, the char.ictcristics ck~c.rilx.xl 
in rhe previous chapter have been opri mized. T hey include power consumption for 
portabk- c.lcvicc..·s, vkwing angk· for lksktop monitors and tdcvisions, contrast r.1tio 1 

brightness, color gamut, and video response times for LCD televisions. lo Table 6. I the 
imporrnnce of different performance chamcter istics is listed for various applicat ions. For 
mobile applications such as notebooks, PDAs, cell phones, camcorders, and digital cam­
eras, low power consumption is essential to prolong battery life. 

For non-portable, large AMLCDs the viewing angle and rc'Sponsc time tend to be more 
of a concern. Many efforts have gone into rhe development and commercia lization of 
AlvlLCDs with application~specific optim ization of the viewing characteristics. These 
improvemems are described in this chapter. 

6.1 Brightness Improvements 

The brightness of transmissive LCDs depends to a large extent on the backliglu intcnsit)'­
The most snaightforward way to increase display luminance is therefore to tum up the 
back light or to desib'Tl brighter backlighLs. The <lisplay luminance is then proportional to 
the backlighr intensity and can reach more than 1000 cd/m2• However, there are draw­
backs to raising backlight luminance. Fi r.sr, it increases power consurnprion, which is 
undesirable (particular!)' for portable applications). Second, it may require a different 
construction of the back light (for example, multiple lamps rather than single lamp edge 
lighting) aml can also haw a nei;,>ativc impact on back.light lifetime. Third, high back­
light intensity can cause heating of rhe display beyond 40- 50'C, where display image 
quality may start deteriorating. Altm,ativcs to r,>ising the backlight intensity arc 
addressed in the following subsections. 
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Table 6.1: Importance of AMLCD characteristics for various applications 

Parameter Small mobile Laptop Desktop Television 

High brightness l X X L\ 0 

Wide view;ng angle l X X I 0 0 

Wid& color gamut 

I 
X " I " 0 --- -Fast video response time L\ L\ L\ 0 

Sunlight roo.d.abil ity l o L\ I X L\ 

Low power consumption 0 0 X X 

L.oww&ighl I o 0 I X X 

Thin profile l o 0 I L\ L\ 

o, very mportant 4, important. x.. less mportant. 

6. 1. 1 Increased Color Filter Transmission 

&si<les the backlight, the components of the assembly detennine the final <lisplay lumi­
nance, as shown in the previous chapter in Fig. 5.5. The first polarizer transmits about 
42% of the light. The black matrix opening on each pixel (the aperture ratio) is typically 
40-70% and the color filters transmit about 25% of white light (averaged over the red, 
green, and blue fi lter). Ocher layers and rhe exit polarizer forrher reduce luminance so that 
total transmittance is only 5-10%. It is difficult to increase the transmittance of the polar­
izers or color fil ters without affecting conrrasr ratio or color saruration, respectively. T here 
is a trade,off between color gamut and brightness. By n."<.lucing the density o( color pig, 
ments in rhe color filter materials, their transmittance at fixed thickness can be increased. 
This has an effect similar to n.-<lucing tht' th ickness of the color fi lters: it increases the 
spectral width of the color filter and reduces color ganiut and color sawration. 

The rrade-off is illustrated in Fig. 6.1, where the fi lter curves and chromaticity coordi­
natts h:tbell-<l Z have twkt the filter thickness or twice thl· pigrntnt density as compared 
to thooe labeled I. Thinner color fil ters are common in mobile phone displa)'S where 
power consumption is more important than a wide color w1mut. S ince the color fi lter 
spectra become wider for rhi1u1er filters, display luminance improves at the expense of 
color puri ty. In Fig. 6. 1 B, the resulting color gamuts are schematically compared. 

6.1.2 High-Aperture Ratio Designs 

Efforrs ro improve AMLCO rransmirrance have focused on pixel ::iperture rnrio. In con -­
vt·ntional <.k~igus (rig. 6.2A), th<· apcrturt· is limited to k tiS than about 55% bt·<.:.ausc the 
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Figure 6 .1: Effect of color filter thickness Of' pigment density 
on color fitter spectra and color gamut. 

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

In the black-matrix-on-array d~sign or Fig. 6.2B, stripes of gate metal arc added at the 
edge of the ITO pixel and determine the pixel opening. They block light emering the 
edge of the pixe l under an angle. Since the registrm.ion of the layers on the TIT array r.o 
each ocher is very accurate (better than I µm), this makes a larger aperture of around 
65% possible. 
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Figure 6.2: Pixel opening in conventional and in 
black-matrix-on-array designs. 

ln super-high-aperture designs (Fig. 6.3), the ITO pixel e lectrode overlaps the data and 
select buslines so that the buslines effectively function as the black matrix [I]. This leads 
to an even higher aperture of up to 80%. A thick polymer interlevcl dielectric is used in 
super-high-aperture designs to passivate the TFf array. The ITO pixel electrode is pat­
terned on top of dte transparcm polymer and mak<'s contact to the TfT and th<' storage 
capacitor through vias in rhe polymer. The polymer is qu ite thick (2-3 µm) and has a 
relatively low dielectric const.ant of Z.7-3.5 to minimioc the capacitance between the 
overlapping pixel electrode and buslines, required ro keep vertical ctoss-ralk in check. 

T he polymer has the added benefit of planarizing rhe TFT array su,face and mini mizing 
the LC disclinations at pixd edges, discussed in C bapt~r 5, Sec. 5.7. In principle, the 
black matrix becomes redundant and can be lefr o ut. However, this would expose rhe 
ligh t-sensitive channel of the a,Si TFT to ambient light and would al.so cause the ambi, 
ent light to reflect off the metal buslines, increasing display reflectance. An opaque, low­
reflectance black matrix layer on the color plate is therefore still needed above the TFT 
channel as a light shield to prevem photo-leakage currems in the TFT and to minimize 
display re flectance. In a super--high--aperture design, however, the pixel opening in the 
black matrix can be much larger, as shown in Fig. 6.4. Obviously, rhe aperture ratio a lso 
depends srtongly ot1 the design toles and rhe pixel size. For larger pixels a1td more aggres­
sive design rules, it tc:m.ls to increase:. 
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Figure 6.3: Cross section of super~hlgh0 aperture plxol 
through the data busllnes (A) and through TFT and 
storage capacitor (8). 

Conventlon.;J ~ SS~ Super-high aperture, up ~ 80% 

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

H igh apernire is important for portable applications, allowing che backlight intensi()' co 
be lowered while. maintain ing display lun1inanCl', TI1c rtduc.c<l powt·r con.su1nption in the 
hack light extends hartery life. Alrernarively, a higher hrighrnes.< can he achieved wirhour 
an increase in power consumption when the hack light intensir.y remains consrnnr.. 
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The mare1ial for rhe polymer in super-high-aperrure designs may be the same as that used 
for thl' color filcl'rs except that the color pignu:nts are not prt·&."nt. For cxamplcJ it can be 
a phOLoddinabk dear acrylic. Like the color Ciltcrs, it is photo-i,nagcablc ( i.e., it docs 
nor need phororesisr coaring, develo ping, and stripping , hur is in i~elf a resisr material). 

Expanding on this cont.l'pt, it is logical to go urn: st(•p fardu:r by simply replacing thi: 
poli,mer dielecrric wirh color filter materials on the TIT subsrrare. This is called the 
color-filter-on-array (COA) method; see Fig. 6.5. 

By patterning the color filters on the TIT array, the highest possible aperture is achieved 
(Fig. 6.5). The rransparenr polymer is replaced by separately patterned red, green, and 
blue color fil ters in each subpixd [Z]. In the COA method the top plate has only a blan­
ker trans1>"renr ITO layer. If , he color fil rers cover rhe TFT channel 1hey can also block 
most of the ambien t light, eliminating the need for a black matrix. Since the common 
ITO layer is nor partemed, there is no longer any crirical alignment berween the rwo 
glass plares and apermre is maximized . For very large substrntt".S in Generarion 6 and 7 
facilities, it is vt·ry difficult to niaint::tin accur:lt(• ovc:rlay accura<.:y OCtwt-<.·n the: top plate: 
and rhe TFT array pl"te for all displ"ys on rhe subsrrare. T he COA design eli minates rhis 
problem '1nd h:., therefore been considered in these advanced facilities. The drawback of 
the COA merhod is that the manufacturing complexity of the active subsrrate is signifi­
cantly increased with at lea.st two extrn deposition and patterning steps, which can have 
an impact on yield. 

6. 1.3 Alternative Color Filter Arrangements 

T here arc other mctluxls to incr<.'aS<:' brightnc,ss without turning up the backlight. One 
rh::ir has received a lor of ::irrenrion is alrern::irive color filrer arrnngemenr~. For example, 

LC 

TFT 

Figure 6.5: Cross section of a pixel in a COA (color-
fitter-on-array} TFT. 
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the use of four subpixels with red, green, blue, and white color fclters was proposed and 
implemented in avionic TfT LCDs mon: than ten years ago and has now also been pro-­
pOS<,'ll for commercial products [3]. Tht· white subpixd serve, to increase the maximum 
1umimmce hy almost 509(>. Jr can he separately patrerned as a rrnnspmenr polymer withour 
color pigment. Since color filter factories arc normally set up to pauem only three color 
filters, the white subpixel can be left open without any material. This would make the LC 
cell gap larger in the white subpixel by about 2 µm, which can le-ad to contrast ratio prob-­
lems. A blanket rransparent polymer overcoat, not requiring pixeli,ed patterning, is there• 
fore used to planarhe the color fil ter plate and make the cell gap more unifonn. 

The four subpixels can be arranged in a vertical stripe or in a quad structure, as shown in 
Fig. 6.6. To maximize (1perture mrio, an RGB\'(.I quad arrangement is preferred, which 
also has the advantage of reducing the number of data driver !Cs [3]. A drawback of an 
RGBW quad is the doubling of the number of rows and reduction of the line select time 
hy 50%, making the qtmd arrangement more susceprihle ro propabYHrion de)a~ on rhe 
gate lin<'S. 1l1is is only an issue for large and high-resolution displays. Special image pro­
cessing algorithms are needed 10 convert RGB video signals ro RGBW signals while 
maintaining the gray scale gamma. The overall color gamut c.an be slightly reduced with 
this approach. When the RGBW subpixel configuration is combine<I with a high­
aperture dt'Sign, the transmittance of the AMLCD can approach [5%. 

6.1.4 Brightness Enhancement Films 

Display screens in notelxx,k computers and many other po rtable devices are generally 
viewed by a single person at an angle close to nonnal to the sc.reen. The image quality 
and brightness at o h1ique angles is therefore le~s important in these applications. The 

RGBWSlt'ipo RGBW quao 

Figure 6.6: RGBW color fitter arrangements 
to improve brightness. 
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hrigh rness m no rmal ;.mgles can he enhanced wirhour increasing power consumprion in 
the bac.klight by adding brightness enhancemcm films (BEP") between the bacldiglu 
and the display [4]. ln rhe simplest configuration, the enhancement comes at the expense 
of a luminance loss at some oblique angles. The BEfT" film, pro<lucc-<l by 3M, is basically 
a transparent prismatic film made from plastic, as shown in Fig. 6.7. It redirects the dif­
fuse light from rhe backlighr hy refraction. TI1e prisms have, for example, an angle of90 
degrees and a pitch of Z0-50 (tm. Some of d1e light is refracted toward d1c viewer and 
some is reflected hack to be recycled in the hacklight and reused. By using two BEP" 
films (in notebooks, cell phones, and PDAs), even higher luminance can be achieved. 
The result is an inc teased brightness at norm a I angles of up co a factor of cwo. 

Jvlore expensive brightness~enhancement films include po larization recovery. They trans~ 
mit light of one polarization direction and reflect the other polarization componeot back 
into rhe direction of the rn1cklighr. The reflected co mpo nent loses its pohnizmion in the 
diffuse reflector of the backliglu, so d,at it is recovered and can contribute. to display 
luminance after a single or multiple reflecriot1s. TI,is Dl3EP'' film [4] can increase lumi­
nance by up to a factor of four. lts manufacturing cost is quite high, however, so that it is 
used mostly for high-end applications. 

In Fig. 6.8 an example is shown of the brightness enhancemenr obtained with various 
stacks of 3M's Vikuity·•» films. The best performance in the figure is for a configuration 
which includes an enhanced specular reflector (ESR) behind the back light. 

6.2 Readability Under High Ambient Lighting Conditions 

A un ique feature of LC:Ds is their porential for very low reflectance as compared ro emis.­
sive displays such as CRT.s, p1'.sma displays, and electroluminescent displays. This makes 
the LCD the display of choice when sunlight readability is re<1uired in high-end or out• 

lCO module I {h .__ ____ ....;;.;.;...;;..;.;..; ____ Prlsm_,s W 

Figure 6.7: Light path in 3M's prismatic brightness 
enhancement film (BEF™). 
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door applications. However, chis fearure is not automatic; it needs some special steps in 
the manufacturing pr<x:css. Without these special steps, specular rdlcctancc is not partic:.­
ubrly low (Fig. 6.9A). A Cr black matrix rdk-.:ts about 6% and the polariser about 7%, 
for a roral reflection of more rhan 13%. 

The dfectivc contrast ratio CR41 under ambient lighting is significantly m.luced when 
there are relleccions from the display: 

CD ( )- l,+R,\ 
•~ A_, - ( 1, /CR.,) + RA_,' 

-60 -20 0 20 40 60 
V'°wing angle M 

- unmoctllecl - • •Yik1i(Y"" • • • Cl'06MCI . .... . ~ Yik11~""fS:Ri 
HIEF V,l<u~"'T•8EF C--1T•8EFJOEEF._ 

Figure 6.8: Example of brightness enhencement for different film 
stacks of 3M Vikuity™ films. 

AR tum lnddentlight: 100% 

-
Backllght Backllght 

(A) (B) 

(6.1) 

Figure 6.9: Conventional AMLCO {A} and AMLCD with minimized reflectance by adding AR film on a 
polarizer and by use of low reflectance Cr/Cr02 black matrix (B}. 
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where A,, is the ambient light intensicy, I. is rhe transmitted light intensicy for a fully 
white driven area on the display, R is the reflectance of the display ( which is indepemJ, 
cnt of tl,e display image comcm in a first approximation), CR,, is tl,c comm.st ratio in 
rhe dark, and 1JCR0 is therefore the luminance transmitted for a fully OFF dark pixel in 
the absence of ambient light. 

R can be the specular reflectance causing glare, in which case CR.-a is the specular con, 
tr-.ist ratio under an angle complementary with the incident angle. R can a1so be the d if .. 
fuse reflectance, in which case CR,n is the diffuse contrast ratio. 

The reflected ambient light RA0 is approximately che same in che ON state and OFF 
state. It has no infonnation, it competes with the light transmitted through the display 
containing informarion, and {herefore it reduces conrrast rario and causes glare. 
ln Fig. 6.10 the effi .. -'Ctive co ntrast mtio CRtJJ is plotted as a function of the ambient 
light/display luminance ratio AJI0 for different values of the reflectance R. As shown in 
the figure, the contmst ratio decreases asymptotically to 1 for high ratios of ambient 
lighting to d isplay luminance. 

ln AMLCDs without special precautions, as well as in emissive displays, the display 
reflectance is typically more than 5%, so that contra.st ratio drops off rapidly in bright 
outdoors conditions. For example, for a display with a dark room conrrast ratio CR,n = 
300, the effective contrast ratio CR41 = 20, when 1

0 
= IOOO cd/m2, R = 5% and RA

0 
= 50 

1000~----~-----~----~ 

10 

0.1 10 
Ao/lo 

Figure 6 .10: Effective contrast ratio versus relative ambient 
light level tor different values of display surface reflections. 
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cd/m1 (see Eq. 6.1 and Fig. 6.10). A high display reflectance al.so explains the annoying 
g lare on emissive displ:1ys (such as plasma displays) when r.hey are viewed in a hrighr. 
environment. 

In backlit Alv(LCDs a high contrast ratio can be maintained even at high ambient light­
ing by increasing 10 and minim izing R. The unique oppo rtunity exists to reduce the 
reflectance R to less than 1 %. This is possible because the refractive index of the colo1 
filters is almost the same as that of glas.s (n = 1.5), so that reflections at the glass-color 
filter interface are negligible. 

By using a CrO,/Cr black matrix with 0.4% reflectance or a hlack polymer hlack matrix 
wirh even lower reflectance and an AR coating on the polarizer, total reflectance in TFT 
LCOs can be dramatically reduced co less than 1% (Fig. 6.9R). The glare can be further 
n:<lu<.:t.-d by an anti--glarc tn.·atml·nt on the front polariocr, as shown in Fig. 6. 11 . The .sur> 
face is roughened so that incidem light is scattered. TI,is is a standard process on note.­
hook LCDs ,md LCD monitors. In LCD televisions an additional AR coating on the 
glare-treated surface optimizes ambient light performance. The reflectance of less than 
1% in LCD televisions compares favorably to around 12% in CRT television and 8% in 
plasma displays. 

Taking these precautions makes the AMLCD legible even under bright sunlight condi­
tions, provided that the back light intensity is sufficient to overcome the reflecred light. 
For outdoor applications it is recommended to avoid anti-glare coatings, and use only an 
A R coating on a smooth surface. The diffused amhient light o utdoors can be as high as 
10,000 fC, which will add a large RA

0 
factor and significantly reduce CReff 

6.3 Color Gamut Improvements 

The color gamut shown in Fig. 5.2 in C hapter 5 limits the number of rcproc.luciblc co lors 
to the triangle derived from the three primary colors. As explained in Sec. 6. 1.1. in chis 

'"'""''" "9"' 
~Ant1,ret1ect1oncoallng 

~--Ar1ti.glar~t1<latm~1 I &tf plate 1 polarize1 

~===========~LC I TFT P'••o I . 
, • , polanzet 

Figure 6.1 1: Reduction of glare by anti-glare treatment. 
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chapter, more saturated colors can be obtained with denser color filters, at the expense of 
luminance. A mo re attranivc approach is to use a back light with narrower pc-Jks match.­
ing color fi lters with t'4ually narrow width. for example, a well-designed LCD with an 
RGB LED hacklight can have a herrer color gamut (close ro 100% NTSC). 

Another mctho<l to increase color garnut is the u:,c of morc than thrt·e primaries. LCDs 
with four and six primary colors have been demonstrated, by employing additional sub­
pixels with different colo r filters. This approach requires extrn processing and co nver-­
sion of RGB data signals to multiple color signals in image processing. An example of 
the resulting improvement possible in the colo r gamut is schematically shown in 
Fig. 6.12 for a display with six primary colors. TI,e addition of more color subpixels, 
which e;.ich trnnsm it a smaller frncr_ion o f rhe hack light intensity, is likely ro reduce 
luminance. \Vhcther this color improvement is practical in tenns of cost thcrdore 
depends on the application. 

6.4 Wide Viewing Angle Technologies 

An often-quoted drawback of conventional TN LCDs has been their poor viewing angle 
behavior. When observed straighc on, contrast ratio and color gamut can be excellent. 
When the viewer turns his or her head and looks at a notebook display under an oblique 
angle, the contrast ratio dro ps fast, colors become less saturated and. under some angles, 
image inversion can even occur. This v iewing angle behavio r is usually acceptable for 
devices smaller than 15 in. with a single user, such as notebooks, POAs, and cell phones. 

0.1 ' ' ' ~ ' ' ' ' ' ' ' ' 
o.6 -- -- : ----i---R.pu 93~V1 -- _: _____ ~ - -- -· 

0.5 

> 0.4 
w 
0 0.3 

02 

0.1 

' ' ' 

OO 0.1 0.2 0.J 04 0.5 0.6 0.1 

CIE.u' 

Figure 6.12: Increase in the color gamut by using 
more than three primary colors. 
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The origin of the problem was explained in Chapter 5, Sec. 5.3. and illustrated in 
Fig. 5.9. It can be tracl-<l back to the variation of the v iewing angle rdativc to the LC 
dircu or. 

For larger, conventional TN I.COs, such as 17-in. and larger deskto1) monitors or LCD 
televisions, a single viewer at a distance of 10 or 20 in. will louk at different c.onu:rs of 
the .screen under different viewing angles and the variation of contrast with viewing 
angle becomes objectionable. When there are multiple viewers looking at the display 
from different angles, similar image quality deterioration occurs. 

A number of dramacic improvements in viewing angle have been developed over the past 
10 years. The most important ones arc: 

• The addition of re«1rdation compensacion fi lms, 

• T he in-plane-swirching (IPS) LC mode, and 

• The multidomain-vcrtical-alib'Tllllrnt (MVA) LC mode. 

6.4. 1 Compensation Films 

Retardation or compensation films arc addcxl outside the di.splay glass assembly. They arc 
attractive because they do nor require a change in LCD manufacturing up co the final 
lamination of the polarizers, and they maintain the pixel aperture ratio of the original 
panel. Retardation films compensate for the variation over angles in the phase difference 
between the two orthogonally polari,ed components of the light wave in rhe LC layer. 

They improve horiwntal anJ, to a k~t·r degree, vertical v iewing angle in TN mode: 
LCOs. They are also used in S()me LCOs operaring in different modes. Basically, the con­
r:rnst ratio ( the rntio of white to hlack lumin;mce) is improved over viewing angle. Since 
whire luminance is mostly limited by the backlighr, the kei• to improvements is to reduce 
luminance in the d:irk state over angles. 

An example is shown in Fig. 6.13 for the nonnally white T N cell which uses an LC llui<l 
with positive optical anisotcopy. T.vo so-called discotic rerardatioo films are added outside 
each of the glass substrates. The £ilms hav(' a negative optical anisotropy and a gradually 
tilted optical axis. In the dark state of the normally white TN cell (with voltage applied), 
the LC director is similarly gradually tilted from the surface to the center of the cell. As 
shown in the figure, a pair-wise cancellation of the retardation in the LC fluid with posi­
tive t:ln and the retardation in the film with negative Lln occurs. The total retardatio n of 
a light ray traversing the TN cell and compensation films becomes in<lepcmlcnt or lc.s 
dependenr on viewing ;.ingle, as shown in Fig. 6.1.3. T he res.ulr is ti significanr reduction 
of dark luminance over wide v iewing angles and a hetter contmst ratio over v iewing 
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angle. The discotic negative birefringence film was developed and commercialized by Fuji 
Photo Film'-' [5] and has been widely used on smaller LCD monitors. 

This bask <.:orn::t·pt has b('cn implcmcntt·d with a varkty of compensation films on both 
sides or on one side of the cell. 

6.4.2 In-Plane-Switching Mode 

Arguably, the best viewing angle is achieved in a different LC mode. the in-plane-switching 
(I PS) mode (Fig. 6. 14). In the JPS mode the data voltage is applied between electrodes on 

componsatioo 
filmM <O 

TN cell 
,M<O 

compensation 
filmAn<O 

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

OFF !.Mte ON st~te 

Figure 6.14: Operating principle of in-plane switching. 
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the TFT array, so that the electric field is parallel to the glass plates. The lateral electric 
field causes the LC molecules to rotate pamlld to the plates. Since the LC director 
always remains paralld to the glass plates, this leads to a fairly si•nunctric, very wide 
viewing cone. The dielectric anisorropy 6.€ of the LC fluid is usually posirive. For 6.E > 0, 
the LC molecules li1\e up parallel to the lateral electric field. 

In Fig. 6.14 the basic operation of the IPS mode is shown. The alignment layers on both 
surfuces are rubbed under an angle of 45 degrees with the electrodes on the active matrix 
submate. Linearly polarized light emers the cell parallel to the LC director. In the 
absence of an e lectric field, the o rientatio n of the LC director is uniform throughout the 
cell and light emerges without a change in polarization. The exit polarizer is oriented 
perpendicular to rhe first polarizer and rherefore blocks the light. When a voltage is 
applicxl between the electrodes in the ON state, the LC molecule-,; line up to the fide.I 
and the angle between the LC d i.rector and the polarization direction becomes gradually 
45 degree:- wi th increa:-ing voltage. 

The transmission T of this nonnally black !I'S cdl with crossed polarizers can then be 
descrihed by the following equarion: 

T = T0sin'(20 (V)). sin'(~). ( 6.2) 

where T0 is a constant depending on the polarizer transmittance and aperture ratio of the 
cell and 0(V} is the angle between the LC optical axis and polarization angle of the inci­
dent light, which can be varied with the applied voltage V. 6.n is the LC optical 
anisotropy, dis the cell gap, and ,, is the wavelcngLh. The cdl gap is chosen so that 6n.d 
~ 0 .. > µm. This means rhar rhe last renn in Eq. 6.2 is close to unity in rhe visihle spec­
trum. 

At V = 0, rhe LC optical axis is parallel to the inc.idem polarization angle, so that 0 = o· 
and T = 0. At high volwge (-7 V) most of the LC molecules :ire lined up p:irnllel to the 
electric field (when ill:> O) so that 0 = 45° and T = T0. Like the TN cdl, the 11'S cell is 
operated with an AC square wave voltage without the DC component. 

The threshold voltage V"' for the JPS mode is 

V. (')(K,; •= 1t di~• (6.3} 

where! is the spacing bctwc,en the laLeral electrodes across which the electric field is 
applied, K11 is rhe LC e lastic const;1nt for rwist deformarion, t 0 is rhe perm irtiviry in vac .. 
uum, and & is the dielectric anisotropy. V

1
~ is the vo ltage at which the LC molecules in 

the center of the cell commence co rotate. Ir depends on lid and is a hour 2-3 V. To 
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reduce the threshold voltage and operating volrage of the IPS mode, special LC fluids 
have been developed with a large 6.£. 

An example of the electro-optical rc-sponse of an [I'S cell for different \\"Jvclengths, cor­
responding to Eq. 6.2 is shown in Fig. 6.15. 

Figure 6.16 shows some examples of pixel layouts for an JPS TIT LCD. The lateral elec­
tric field is applied between the drain elccrrodcs, on which the data voltage is stored, and 
the counter e lectrodes, which are he ld at a constant bias. The pixe] storage capacitor is 
formed by the overlap area of the counter electrode and the drain electrode. An ITO 
pixel electrode is not needed in this design. With both pixel electrodes on the TFT array. 
there is also no longer a necxl (or a common ITO electrode on the color fil ters. However, 
to prevent sensirivity ro external fields, a grounded ITO layer is often added as a sh ield 
between the front polarizer an<l the color plate. Since the pixel electrodes are opaque 
metal layers, they ob.cure rhe pixel opening significantly as compare<! to a TN TFT 
pixel. T he pixel opening in JPS TFT LCOs is rypically less rhan 'i0%. 

Equation (6.3) shows that the threshold voltage of the ll'S mode depends on both elec­
trode spacing and the LC cell gap. In the TN cell , on the other hand, rhe electrode spac­
ing is the same as the cell b"1P so that the threshold is independent, to a first 
approximation, of the cell geometry (see also Chapter I, Sec. 1.4.). More accurare con­
trol of the cell gap in manufacturing is therefore needed for the IPS mode than for the 
TN mode. 

I ' ' 0.9 _____ .. ______ .. ___ _ 

0,8 ' ' ' ' 0.7 _____ ._ __ _ _ 

0.6 
0 s- o.s 

o., 
0.3 
o.z 

•:••••• : I I _____ ,, ____ -~----- .. ------~-----
-----~--- --~--- - T{460nm) --

-----1-- --~--- -.- T{SSOnm) -
-----~- ---~--- -T{640nm) --

0.1 -----~ -----~----- ~------~-----•----._ _ _;• __ _;• __ _;•c_ _ _J 

0 4 6 
Yottage (V) 

10 

Figure 6.1 5: Transmrttance-voltage curve for 
a typical IPS cell at different wavelengths. 
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counter elect<ode 

!I 

I 

TFT '- Drain electrode 
Figure 6.16: Examples of pixel layouts for 
an IPS cell. 

Small electrode spacings give a lower operating voltage in the !PS mode. There is, how­
ever, a trade~offbetween operating voltage and aperture ratio. For a smaller electrode 
spacing, a larger fraction of che pixel area is occupied by the opaque meta I electrodes. 
Aperture ratio is generally much lower than in the regulm TN mode with or without 
compensation films. This is che price co pay for che viewing angle improvemem. To max­
imize the aperture ratio, the electrode spacing has been increased from Ud ::'. .3 to l/d ~· 7 
in conjunction with the <levdopmcnt of 15, V <lata <lriver !Cs, which can apply +7 and 
- 7 Von the pixel in rhe doc inversion mode. 

The IPS mode was originally commercializt.-<l by Hitachi [61 and h:Ls been implcmentc-<l 
by a numlx·r of compani<-s in monitor, and LCD televisions. 0 ( all LC modes, it arguably 
maintai ns rhe hesr. image quality over v iewing angles. Not only is the contrast ratio larger 
than lOx up to 17O,degree viewing cones, but the color shift and gamma shift over view, 
ing angle are also mini mal. 

Drawbacks of the IPS mcxle are a somewhat lower peak contrast ratio at normal angles 
and a lower aperture ratio to accommodate the multiple electrodes on the pixel. The 
early IPS LCD:; also had slow response times, exceeding 50 msec. With the development 
of better LC fluids specifically for IPS and with optimized cell structures, the response 
times have been reduced to be acceptable for television and contrast ratio has been 
improved to more than 600: I. 
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A number of variations and improvements on IPS, such as Super-IFS® introduced by 
Hitachi and True Wide IPS"' inr.roduced hy LG Philips LCD, have pushed r.he state of the 
arc even farther. With the original !PS pixel designs with the rectangular electrode con­
figuration of Fig. 6. 1. 6, some asymmetry in the viewing cone occurred. In Super-I PS"' 
LCL>s the lateral pixd dectrodc-s arl' in a d u:vron pattern, as shown schl'matically in 
Fig. 6.17. 

Both the entrance polarizer axis and the initial LC molecule orientation at V = 0 are ver, 
tical. There is a difference in the electric field direction in different sections of the pixel, 
so that the LC molecules rotate in opposite directions. As a result, there is more than 
one dornain in each subpixd. This tends to further widen the viewing angle and improve 
symmerry of the viewing cone. It also reduces the color sh ift over viewing angle [7]. In 
fig. 6.1 7 the angle between the polarizer and the lat<-ral electric field is about 60 to 70 
degrees. In chis case, che angle 0 berween the entrance polarizer and the LC director can 
exceed 45 degrees so that the trnnsmittance,volrage chamcteristics show a peak at 0 (V} 
; n/4 and chen decline (Fig. 6.18) , in accordance with Eq. 6.2. 

The rise and fall response ti mes in the !PS n\ode are given by 

Counter electrodes Counter electrodes 

I \ I \ 

~~
: _ OlrocUon ofcloct~ric~ :~q_~ 

LC molecuse ~ 
- ~ 0 .,. 

Pixel electrode 

,-"Molecule orientation 
•• atV = O 

Pixel electrode 

Molecule orientation 
at V =O 

Figure 6.17: Electrode configuration of a conventional IPS {left) 
and a Super IPS (right) pixels . 
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y,d' 
'tr= 1t2Ku ' (6.5) 

where E is the electric field applied between the lateml electrodes. As in the T N mode, 
Uil• re,ponse times depend strongly on cell gap d. Rc'<.lucing d improVl'S video performance 
but increases rhe threshold voltage of the IPS mode (Eq. 6.3 ). Since maintaining unifor­
mity in manufacturing lx...:omes increasingly more difficult for d,inner cell gaps, a practi­
cal value is around 4 µm. With the development of LC fluids with high 6£ specifically 
for the !PS mode, good video perfonnance has been achieved. 

A variation on the JPS mode is the fringe-field-switching (FFS) mode introduced by 
BOE l lydis. Ir has excellent viewing angle, comparable ro IPS, and minimizes one of the 
drawbacks of !PS: the limited transmittance. In the FFS mode a higher aperture rario is 
ohtained hy the use of a continuous common ITO e lectrode separated from ITO grid 
electrodes by a dielectric: . Both dc:ctro<lcs an: on the active matrix array and arc tr<lfl.S.(Xlf .. 

ent, so that the pixel opening can be significantly larger than in ,no.t !PS TFT LCDs, 
where horh electrodes are opaque. 

6.4.3 Vertical Alignment 

Another successful approach co improve viewing angle is the vertical alignment (VA) 
mode (Fig. 6. 19). In the VA mode the nematic LC molecules are aligned perpendicular 
to rhe glass plates 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 tr··.i.nslates into 
a yield advantage. 

I thJ!/4 

5 15 20 
Voltage (V) 

Figure 6.18: JPS T-V curve 
when 8 can exceed ·,r/4. 
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Pola,izer1 i---------­
Color litter plate 

ITO LC moloc."" - fff 
ITO 

... 
TFT plale 

POlatiZ<:r2 ----------
OFF ON 

.:lf=e,1 -ei < 0 

Figure 6.19: Operating principle of the 
vertical alignment (VA) mode. 

1.C fluids for the VA mode are specially formulated to have a negative dieleoric 
anisotropy 6£. of - J r.o -4. These LC fluids have lateral pohir suhstir.uents that induce a 
dipole moment perpendicular co the long axis (the d irector) of che molecule, hence che 
negative die lectric anisotropy. 

This means that when n voltage is applied between the transparent electrodes on the two 
plates, the long axis ( the director) of the LC molecules rotates to become oriented paral­
lel to the plates. The operating principl~ of the VA mode is illustrated in Fig. 6.19. 

In the oosic VA mode the molecules call start tilting with their director in any plalle per­
pendic,,lar to rhe glaS:i suhstmtes. For sinmtions with partial tilt, this would lead to domuins 
with varying retardation under oblique angles and therefore vat)'ing, uncontrolled contrast. 

ln order ro obrain a more symmetrical viewing angle, the pixel is subdivided into 
domains, in each of which rotation starn,; with well,<lefined different ini tial tilt. This is 
called the multi-domain vertical alignment (MVA) mode (see Fig. 6.20) . The multiple 
domains are obtained by adding protmsions on both sul-,;rrates. They cause rhe pixel to 
have ar,:-as of <liff,:- r,:-m prdcrcntial tilt direction in the cell when an cl,:-ctric field is 
applied between the two substrates. 

The cell operates with croosed polarizers in the normally black mode. Without applied 
field, most LC molecules line up perpendicular to the subscrate surfaces so chat the polar­
ization is not changed. The exit polarizer blocks the light. When a moderate field is 
applied, the LC molecules tilt preferentially in a directiOll controlled by the protrusions 
so rhar the polarization is partially altered to obrnin a mid-gray level. At high field, the 
center molecules line up pamllel to the surfaces as a result of the negative dielL><:tric 
anisotropy. The LC fluid now rotates the polarization direction depending on the angle 
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of the enmmce polarizer and rhe LC director. The cwo or four domains have the effect of 
making the viewing angle symmetric in two o r four directions. 

Figur<.· 6.21 shows a pixd layout of a protrusion dcsign to obtain four domains per pixd 
for rhe MVA mode. A 2ig,ag grid of protrusions at 90 degrees on rhe active and color 

Figure 6.20: Multl•domaln vertical alignment {MVA) usJng 
protrusions on the two substrates. 

Nominal pixel outline 

Polatiler 
orientation 

~ ProtnJSiOn on COior fillet 
Protrusion on TFT array 

Figure 6.21: Protrusion design for a four­
domain MVA LCD (8). 
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plares is used. The entrance polarizer is vertical along the column lines so chat rhe LC 
director in each of the four domains will be oriented at +/-45 <leb'fees with the polarizer 
orientation io the prt>ser,ce of an electric field. The protrusions block the light a1\d there­
fore need ro he kept small ro minimize impacr on the aperture rario. The aperture ratio, 
however, will be smaller than in a regular TN mode with or without compensation films. 
ln Fig. 6.22 a rransmitrance-volrage curve for the MVA mode is shown. 

The M\/A mode is popular in desktop monitors and LCD televisions, and combines a 
wide viewing angle with a fasc response time. Ir was originally introduced by Fujitsu [8] 
and has been adopted hy a number of manufocturers. 

Variations and improvements, callc-...1 patterned vertical alignment (PVA® and super­
PVA®), and preminm-MVA® mocle, have been introduced by Samsung and AU 
Optronics, respectively. Some improvements have protrusions on only one substrate am.I 
aperture rarios as high as 67% have been achieved. Of particular imer.-sr is Sams,u,r('s 
PVA mode, which e1iminates the protrusions altogether and instead uses pattemed lTO 
an:as on both tht: T~l and color substratt· to obtain multipk- domains, as shown in 
Fig. 6.23. An extra ITO J>atterning ancl etch ing srep on rhe color plate is needed for the 
PVA process. As in the MVA m<Xle, a four-domain design is common with zigzag-shaped 
slirs in che !TO layers. To maximize aperture rario, che data buslines can also be designed 
in a zigzag pattern [9], 

In rhe dark srare of rhe PVA mode (V = 0), the LC molecules are perfectly lined up per­
pendicular co the glass places. As a result, there is no residual retardation and the contra.st 
ratio can be virtually equal to the extinction ratio of the polari,crs. With the optimi,ed 

0 , 3 4 S 6 
Voltage(V) 

Figure 6.22: Typical transmittance 
curve for an MVA LCD. 
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I I ~~j)Highcr 
-

=mval!age: 
--------. ,,Jntelevel 

I 
Figure 6.23: Patterned vertical alignment (PVA) mode. 

super-PVA mode [9], a contrast ratio larger than 1000 at normal viewing angles has been 
achieved (Fig. 6.24). A contrast ratio exceeding 1000: 1 is particularly important for LCD 
television whcrl' any light leakage in low ambient lighting conditions is objl~ctionabll'. 

lo the protrusioo-1,ased MYA mode it is more difficult to achieve a contrast ratio of 
1000: 1 hec;i11se rhe small rilr netir rhe prorrusions causes some residual rerardarion and 
light leakage in the dark state (V = O). !PS-mode LCDs have a lower peak contrast ratio 
as well. hut usually have an even better contrnsr rario off,axis rhan is shown in Fig. 6.24. 
As compan..-<l to the o riginal contrast versus viewing angle curvl' of a standard TN cell 
shown in the previous chapter (Fig. 5.6), the MYA. PYA, and !PS modes have all 
demonstrated tremendous progress in image quality. 

MYA-mode LCDs use a special alignmem layer ro cause the vertical orientation of the 
LC molecules at the substrate surfaces. Unlike the TN and JPS modes. this o rientatio n 
la)'er does not need a rubbing process, which is considered a yield advantage in manufac­
turing for the MVA and PYA modes. 

T<, compensate for the off,axis retardation in the zero fid<l dark state, MVA,mo<lc 
Alv!LC:Ds do, however, usually require retardation films added outside the glass assembly. 
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Viewing an9·1e <i 
Figure 6.24: Contrast ratio versus viewing angle for PVA 
and s ... PVA mode (reprinted with permission from the 
Society for lnformatJon Display). 

A variation on rhe VA mode is the advanced super view o r axially symmetric verrical 
alig1\mem (AS\/®) mode used by Sharp in their LCD televisions. In the ASV method 
(Fig. 6.25), the domains have random directions leading ro a completely symmetric view­
ing cone. 

6.4.4 A Comparison and Other Viewing Angle Improvement Methods 

Thl' viewing angle behavior of LC cells can be quantitatively l'Xpn:s.~d as contrast ratio 
versus left/right aod upper/lower viewing angles. as shown in Figs. 5.6 aod 5.8 in Chapter 
5. These plorsshow rhe pe,formance only at azimuth angles of 0, 90, 180, and 270 
degrees. To include all azimuth angles, it is customary 10 plot the viewing angle behavior 
in contrast contour plots with azimuth angle <f> and polar angle 8 as parameters, as 
defint-<l in Fig. 6.26. 

These rwo angles are used to generate che conttast contour plots shown in Fig. 6.27 for 
unmodified TN-, compensated TN-, IPS-, and MYA-mode cells. The iso-contrast curves 
enclose areas with higher comrasr. The plots are repre.scntative for measured results with 
the caveat rh;it improvements are still regularly reported and that there is some variation 
from one manufacturer to the next. For both the MVA mode and the JPS mode, a con­
trast ratio exceeding 10: 1 has been achieved for polar angles up to 80 degrees ac all 
azimuth angles. 

T hl'.rl' art: a fow othc.:r, k-ss popular nll·t.lu.xls to improvl· viewing angk-1 notably tl1L' multi· 
gap normally hlack TN mode and rhe TN mode wirh collimaror-diffuser comhinarion. 
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I 

Figure 6.25: Operating principle of the ASV 
mode. 

Figure 6.26: Definition of polar and azimuth 
angles for measuring and plotting contrast 
contours. 

The nonnally black (NB) TN mode has better contrast ratio at off-angle viewing than 
the normally white mode, but a lower peak contrast ratio with a white backlight. The 
contrast ratio varies with wavelength and LC cell gap according to the Gooch-Tarry 
theory (Fig. 6.28). as was described in Chapter 5, Sec. 5.2. 

The Nil TN I.CO can be designed with different cell gaps for each color so that the cell 
op<.-r .. tt<:s in the: fin;t minimum for n:J, grl'cn, and blue: light. This is <lorn: by tailoring thl' 
cell gaps according ro rhe following e<1uarions: 
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Figure 6.27: Contrast contour plots for four different LC modes. 
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where d•, de; and d,. are the LC cell gaps for the red, green, and blue subpixels and A1,, ,.,, 

and "a are the peak wavelengths for the three primary colors. The color filter thicknesses 
arc adjusLcd Lo ouLain Lhe differenL cell gaps, as showll in Lhc inscL of rig. 6.28. A high 
peak conrrasr rnrio and re lari vely wide viewing t1ngle can he simulrnneously achieved rhis 
way. However, the mulLipk cell gaps arc. very difficulL to comrol accuraLdy and consis­
tently in manufacturing, and this mode has therefore been used only in high-end avionic 
cockpit displays but not in mainstream displays. 

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

Retardation index u 

Figure 6 .28: OFF sta te transmission in 
normally black TN mode with multi-gap 
configuration in inset. 

ITO 

TN cell 

IT0 

$$$$ 
Diffuser 

COIOf tilter plato 

-· C> 
<::> -

TFT p&ale 

... ... 
11111 1 I I 111 111111 

Colllm3tec:J baekJlght 

Figure 6.29: Operating principle of the 
collimator-diffuser mode. 
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mostly perpendicular to the glass plates with good contrast. A diffuser after the exit 
po larizer scatters the light, Its drawback is increased power consumption in the ba<.:klight 
and lighL loss in Lhc from diffuser. 

ln Table 6.2 the major three viewing angle enhancement methods are compared with 
each other and with thl' conventional TN mo<lt· in tL·nns of image- quality, power con• 
sumption, and manufacturability. All three methods give much better image quality over 
angles than the conventional, uncompensated T N mode. Response time.s are not listed in 
the table because all three basic modes. TN, JPS, and MVA, have made similar progress 
toward video perfo rmance. 

There is still active ongoing rc'.SCarch to improve the different modes (o r televisions and 
monitors in terms of response rimes, color shift over angles and gmy scale, and aperture 
ratio. The improvemenr.s and refinements are labeled with superlatives, some mentioned 
before, such as Super-JPS!', Advanced Super-JPS®, True Wide JPS®, super PVA® and pre­
mium MVA®. 

6.5 Enhancement of Video Performance 

When conventional LCD deskto1> monitors and notebook panels are used to display 
video from a DVD, for example, the image quality is inferior to that on a CRT. Although 
the contrast ratio for sratic images on such displays can exceed 500: I, for moving images 
degradation in the dynamic contra.st ratio is seen and the edges of moving objects blur. 
11,is makes the viewing experience less than acceptable. Faster LC fluids have been 
developed with a lower rotational v iscosity and the cell gap can be reduced to about 
4 µm to improve response time (&.--c Eqs. 5.11 and 5.12 in Chapter 5). These measure'$ 
can lower rhe rrnnsirion rime from full ON m full OFF and vice ver,;a m 8 msec for TN 
and MVA modes. 

Table 6.2: Comparison of different viewing angle Improvement modes 

I Conventional TN Compensated TN IPS VA 
Viewing angte X 0 6 

Peak CR 6 6 ,:, 0 
Gamma shift over angte X 0 "' Col0< shift over angle - X 0 ll 

Power oon.sumption 0 0 X ll 

Manufacturab!lity 0 0 " ll 

o, ve,y good; A. fJOOd; x~ less; •, poor, 
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However, this by itself does not reduce smearing of moving video images sufficiently for 
application of LCOs in televisions. In video imagery the majority of tr.msitions an: 
b('Lwc('J\ inwnntdiaLc· gray lcvc:ls, whicl, have longn r('Sponsc Limes, according Lo Eq. 
5.11. The response rime between different gray levels can exceed 50..80 msec in a con• 
vcmional TN cell. 

Another factor influencing morion portrayal is the hokl-rype character of an LCD (i.e., 
the luminance is continuous during each frame time) . A dm:a voltage is applied to each 
pixel once per frame rime and maimained during the entire frame until the next refresh. 
This s-ample.-and.-ho ld mode of operation cannor eliminate an afterimage on rhe retina 
and causes blurring of fast-moving objects on rhe LCD. The problem is exacerbated 
when the display is h1rge and/or v iewed from close.-up. This is concmry to the impulse.­
type character of CRTs, in which each pixel emits light for only a fraction of the fmmc 
time. 

In rhe following rwo secrions, rwo solmions for rhese basic prohlems in I.CDs are 
Jcscribcd: 

I. Response rime compensation by overdrive techn iques, and 

2. Emulation of impulse.-rype operation in an LCD. 

6.5.1 Response Time Compensation 

In Sec. 5.5 in the last chapter, the response times for the TN mode were given in Eqs. 
5.1 I and 5. 12. These arc the times for transitions from full ON to full OFF and vice 
versa. T he rise time is volrage.-dependent, so for transitions between intermediate gray 
levels the response times can exceed several frame times and are nor. !\horr. enough for 
high-quality video. The resulting image lag and morion blur is ,u,acceptable for LCD tel­
evisions. In addition to rise ;md fo]} times of the LC cell in excess of a frame time, a con, 
tributing factor is the slow variation of the LC <.:apac.:.itancc with voltage:. \Y/hc:n thl' data 
voltage on the pixel changes significantly, it can rake more than a frame rime for the LC 
capacitance to stabilizC' at its new value. Si net a constant charge is loadc:d onto each 
pixel during active matrix addressing, the voltage may change during the frame time from 
V U(lrt to V "'4 according to the equation 

(6. 10) 

where C
51

1l1'
1 
and C<'t'ld arc the LC capacitance at the beginning an<l en<l of the frame time, 

respectively. 
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The adverse effects of both slow response times and dynamic LC capacitance can be 
co untcrl-<l by response time compensation [10]. To improve vi<lL·o performance, overshoot 
data voltages arc used so that the target luminance is rcachcJ after one frame time. The 
princ iple of this response time compensario n is illusrrared in Fig. 6.30. The fim,I gray 
level i cannot be obtained within one frame time by applying data level i. Instead, an 
overshoot data signal or boost level k is applied to the pixel and is stored on the pixel for 
one framt: time. The overshoot level causes the display luminance to settle at the new 
gray level i within one frame time. The overdrive method requires signal processing and 
empirically optimized lookup table_, for level-to-level transitions. 

An example of the electronics required to implement response time compensation is 
shown in Fig. 631. One frame of incoming v ideo sigm1ls is srored in a first in, first out 
(FIFO) frame buffer. The video data for each pixel in this fmmc is then compared with 
the video da1<1 for rhe next frame. Depending on rhe s1<1rting and e11ding gray level, an 
ove~hoot or undershoor volrnge is added ro rhe steady,stare d(lta signal for a particular 
gray level. The signal boost for each gray le.vel transition is derived from a lookup table, 

Frame 1 Frame 2 Fl'(lme 3 Frame 4 

Data voltag~ i 
- - - - - : : : Endtevel data_J FlOvetdrivc l?VCI data_k. j 

---•. -··········t················!···· .. ········)· Starting l(Mlil 

01sp1ay 
luminance 
response 

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

FIFO rn--r frame 
rncom;ng buflcr 0u1go;ng 

~~~ 18...el ~-------- t~!ICWI 

Figure 6.31 : Basic bloc,k diagram for response time 
compensation. 
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wl,ich is optimized for the particular LC mode and cell structute used (TN, JPS, or 
MVA). The boost si!,'llal is usually inserted <luring one frame only, after which the steady­
state gray levd is applied (assuming no change in gray level in the subscqurnt frame). 

T he overd rive functionali ty with the looku1> table and the comparison circuit can be 
integrat('<l into the: tinl ing controllc:r o( the display or in separate addt'tl circuitry. The 
frame buffer memory is rypically external in an SDRAM chip. 

The plots in Fig. 6.32 demonstrate typical improvement.s in response times achieved by 
the overdrive method. When combined with faster LC fluids, response times of 8 msec 
have been obtained for all gray level transitions. 

6.5.2 Emulation of an Impulse-Type Display 

Even when che response ti mes could be reduced to 2ero, the video performance of LCDs 
would still be inferior to that of CRTs. CRTs arc impulse-type <lisplays in which brief 
excitations of the phosphor result in brief repeating light pulses, which are integrated by 
rhe human eye and perceived as continuous while they are actually intermittent 
(Fig. 6.33). On the CRT, the edge of a moving object therefore remains sharp. 

In an LCD (a hold-type display), che luminance is continuous. The ei•e traces a fast-mov­
ing object on the LCD screen as indicated by the arrow in Fig. 6.33. When integmting 
over the frame time, che average luminance leads to a blurry edge on the object. 

O ne me[hod to improve video performance is increasing the frame rate to, for example, 
120 Hz. When all the gray-to-gray level transition times arc also reduced to 8 msec, a 
foster frame rate of 120 I lz gives a d early visihle improvemenr. I lo wever, rhis does no r 
solve the problem entirely anJ it also co mplicates the electro nics anJ requires larger 
TTTs to charge up the pixels in half che rime. 

60 

so 
40 

Response lime 
(msec) JO 

Response time 
(msec) 

End '8vel End level 

Figure 6.32: Example of uncompen.sated (left) and compensated (right} gray level response times.. 
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Figure 6 .33: Brightness versus time for and perception of moving objects on a 
CRT and an LCD. 

Anothet way to address che problem is to switch the backligh t ON and OFF to gee the 
impulse,type operation . T his can be do ne he flashing the e ntire back light at o nce after 
writing the dara information on the d isplays, as shown in Fig. 6.34A. The LC transmit­
tance has to be stabilized before che backlighc turns ON. Part of che frame time is used 
for writing <lata ,U1<l the second part for illumination. This causes a problem because the. 
allowahle LC resp<mse ri me for pixels ar rhe horrom of rhe display will he shorrer than for 
the to p, causing mov ing ohjects with hlurre<l edges at the bottom of the d isplay for prac,. 
tical finite response times. 

A be tter solution is a scanning l~ cklight with, for e xample, s ix stick lamps and the tim, 
ing shown in Fig. 6.348. The physical configur.ition is <lcpictcd in Fig. 6.35. In this case 
the entire frame time can be used for writing data and the allowable LC pixel response 
time is the same at the top and the botto11, of the display. An LC response time for all 
gray-co-gray levels of about cwo-chirds or one-half the frame time is sufficient to prevent 
moving o bjects with blurred edges. 

The use of th is scanning backlight emulates an impulse-type display and virtually elimi­
nates blur of moving objects, as illuscraced in Fig. 6.36. Motion on LCOs with scanning 
bm:kligh t appl~ni mo r<.· likl' a movi<.·. Film projecto rs also darke n the scrct·n for abo ut 
50% of the time, duri ng che mechanical advance to the next film frame. In the projector 
this is done hy a shutter behind the lens. 
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Addressing framP. n Mdre!;Slng frame n-. 1 

j j 

Rew,¥ l 

(A) 

--~~ 
(B) 

Figure 6.34: Synchronization of blinking backlight (A) and scanning 
backlight (with six lamps) (8) to vertical scanning of the LCD. 

AMLCO 

Stlck'3mps 

~'D Lamp 1 

~"D lamp2 
]) l.imp3 

]) Lamp 4 

~D L<.unp5 

] : I Amp6 

J:rame lime 
Figure 6.35: Operation of AMLCO with scanning 
backllght to Improve video performance. 

r,mo 

When one lamp in the scanning backlight is ON at a rime and its brightness is not 
increased, an obvious drawback is chat the average brightness is decreased by a factor of 
six. S ince this is unacceptable, the lighting peri<xls of the individual lamps will overlap in 
practical scanning backlights. There will be a trade-off between brightness and motion 
blur. 
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Directk:ln nf motion 

Hlurre<:t edge of moving ot,feCls 
with oonvOlltiOnal back.lighl 

-Sharper edge of mo ... 1ng Objects 
with SC:r'Olling ooet.light 

Figure 6.36: Qualitative improvement in motion portrayal with 
impulse.type {scanning or scrolling) b.acklight. 

The scanning or scrolling hacklight improves not only sharpness) but also the 
contrast anc.1 color purity of moving images. As explained in Chapter 4, Sec. 4.5, hot 
cathode fluorescent lamps (l lCFLs) are a good match with scanning backlights. T hey 
can operate at h igher currents to obtain very high luminance and can also be easily 
dimmed for interminent operation. In the most advanced scanning backlights, both 
duty cycle and dimming level are dynamically controlled based on the video content 
and the ambient lighting conditions. With the gi,mma curve of che LCD also being 
dynamically adjusrable depending on image content and ambient lighting, superior dis, 
play performance is achieved with a sophisticated, correlated control of backlight and 
LC() electronics. 

LEDs are compatible with scanning hack lights as well. The peak current in the LEDs can 
be increased for shorrer duty ratios so that the average luminance can be maintained 
quite well. LED back lights are also relatively easy to opernte intennittently with current 
pulses at low voltage and will be at tmctive for scanning backlights, whl·n their cost can 
be further reduced. 

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

6.6 Large Size 

Wir.h the advent of Generation 5, 6, and 7 production lines for a-Si TTT LCOs, ir. has 
become possible ro build ver)' large displays wirh a size approaching that of the largest 
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plasma displays. l\efore LCDs larger than 40 in. or with resolution higher than SXGA 
became possible, several technical hurdles ha<l to be overcome. One is, of course, 
manufacturing yidd, discuss..xl in ChapL('r 3, Sc..~. 3.9. Anotltl'r is the line rt-.sisu1ncc of 
the select and darn huslines. When the signal propagation delays on rhe huslines hecomes 
a significam fracLion of the line select Lime, LCU performance can deteriorate. 

Tl>is is the case also for 20- co 25-in. displays with very high resolution in che UXGA co 
QUXGA mnge, developed for graphics and medical imaging applications. They have a 
very short line select cime. as shown earlier in Table 5.3. 

Table 6.3: Reslsdvttles of metal 
films used as busllncs In LCOs 

M etaJ Resistivity (µClem) 

Ta 80-200 
Cr 20 
Mo 13 
AINd 7 

Al 4 

Cu 2.5 

Long buslines or short select line times both require the use of low-resistance gate lines co 
minimize the RC pro110gation delays. Fii,,re 6.37 shows how che select pulse is distorted 
along the select line of a large or high-resolution display. 11,c load on each pixel can be 
represented hy a resistance R/N -and capacirance C/N, where N is the number of pixels o n a 
row. A <listributL-<l netwo rk of these capacitors and resistors represents the entire row. Both 
the rise time and the decay time of the gate pulse are increased at the end of the row line. 

RIN RIN RIN RIN RIN 

~--;fr--~ 

CIN T CINT CIN T CIN TCIN T 

JTl 
,o.sec{OXCA) 

Figure 6.37: Equivalent circuit for gate busline with 
resistanoe R, capacitanoe C, and N pixels with exampfe 
of gate pulse distortion a long rows in XGA and QXGA 
cases. 
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With the aid of circuit simulations the effect of propagation delays on the LC pixel volt­
age can he pn...Jictc:d. The pixel charging i.s faster for the negative charging cycle than for 
th,, positive cycle, as a rcsulL of Lhe higher gate voltage ,dative to the negaLive data volt­
age rh~n ro the positive d~ra voltage. The pixel may nor chmge up complerely ro rhe 
positive <laLa voltage (fig. 6.38). 

After the negative charging cycle, the pixel voltage shift from the parasitic gace-drain 
capacitance further reduces the voltage on the ITO pixel electrode. Because of the slow 
decay time of the gate pulse, che TFfs at the end of the row are not sufficienrly rumed 
OFF before rhe dara voltage changes for the next pixel on the column. Then, there is a 
potential for partial recharging of the pixel to the next pixel's data voltage, as shown in 
Fig. 6.18. 

Incorrect pixel charging leads to gray .scale e rrors an<l/or residua) IX: voltage on the LC 
(and therefore image retemion). 

Convenrional select line metals such as Ta, Cr, and Mo have a relatively high resistivity 
of more than 12 µ!km (sec Table 6.3 an<l Sec. 3.3 in Chapter 3). A high gate line resist­
ance can show up in the display as a brightness gradient from the driven side to the un­
driven side or as an increase in fl icker and image rerention in sections of the viewing 
area. The RC delay is most severe when the storage capacitor is co,mccced ro the gate 

Selecl 

Figure 6 .38: Pixel wave forms at beginning (top) and end 
(bottom) of gate line with RC delay. 
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line because it increases the capacitive load on the gate line. When the Cs-on-common 
pixel co nfiguration {sec Fig. 2.20 in Chapter 2) is u.sc<l> this problc:m is somewhat allcvi.­
aLcd. for very large displays th('rc• is also Lhe opLion LO drive th(' gale liuc-s from bOLh left 
and right side, so that rhe worsr--case RC delay occurs in rhe center pixels. Twice rhe 
number of row drivers will be rcquim:l. In this configuration, bmh Rand C arc reduced 
by a factor of two, resulting in a 4x reduction in the worst-case RC propagation delay. 
RC delays on the data buslines are also important, although not as critic,11 for perform­
ance as RC delays on the gate lines. 

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

Al and Cu have a much lower resisti vity of around 4 and 2.5 µQcm. respectively. 
Unfortunately, pure Al grows hil1ocks <luring hig h--tempernturc processing such ~L'i the 
PECVD step for the gate t\itride and a-Si. This can cause shorts and yield problems. To 
prevent hillock formation, rhe Al l:.1yer can he anodize<l, eno,psufored, or covere<l by a 
cap layer such as Mo or Ti (Fig. 6.39). Alternatively, an Al alloy with, for example, Nd 
can he used (Fig. 6.39). Since anoclizarion anrl encapsularion require exrrn parrerning 
steps, they are used les.s fi-equently than cap layers or Al alloys. 

Glass 

AAodiZCdAI 

Glass 

Enc:apsula1ed Al 

n::O ,."' 
Glass 

Capped A1 

( All'NCI 

AJ3IO)' 

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

The largest reporced a-Si TFT LCDs are an 82-in. HDTV by Samsung Eleccronics. a 
65-in. HDTV by Sharp and a 57-in. HDTV by Samsung Electronics (LO]. The 57-in. dis­
play shown in Fi!(. 6.40 has a resolucion of 1O8Oxl920 pixels and utilizes dual-sided row 
drive to reduce both resistance and capacitance of the select Hnes hy 2x for a reduction 
in RC delay of 4x. Viewing angle is enhanced by the PVA (patterned vertical aligiunent) 
mode. Response time is improved for television applications by overdrive. 

The application of large TFT LCDs beyond JO in. is mostly in mhanced-ddinition and 
high-defini tion television and in digital signage. ln both markets chey compete with 
plasma displays. 
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