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LIQUID CRYSTAL DISPLAY

A liquid crystal display (LCD) is basically a modulator of
light. The liquid crystal (LC) is generally translucent in bulk,
but a thin film (10 �m) can be transparent. By sandwiching
a thin film of LC with a preferred orientation between two
transparent glass plates and applying a potential difference
across the film, the optical characteristics (transmission/
scattering/birefringence/polarization) of the film can be
changed. Various electro-optical effects arise from the nature
of the organic molecules in the film, with their long-range or-
der and alignment in the film as dictated by bounding sur-
faces. The types of LCDs in use today are classified based on
the specific electrooptic effects involved. A large area of the
LC film, sandwiched between two transparent glass plates
(sometimes laminated with other passive optical compo-
nents), exhibits changes in the optical property in certain se-
lected areas of the film under the action of an electric field
that is selectively applied in those areas. These changes are
visible to the eye with a high contrast, against the back-
ground of nonactivated regions. By suitable patterning of the
transparent electrodes, through which the voltages appear
across the LC film, and selectively addressing the desired
areas through the external voltages, a visual display of nu-
merals, alphabets, and pictures are possible. Typical voltages
necessary for the operation of an LCD is in the range of 5
Vrms to 6 Vrms. As the LCD is a light modulating device and
not a light generating device, it requires either ambient light
or an external light source. LCDs using the available ambient
light have power consumption in the range of 1 �W/cm2 as
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against their backlighted counterparts consuming in the mW
range. Due to the low power consumption and low voltage
operation, LCDs find extensive use in all portable display ap-
plications like handsets of telecommunication units, laptop
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(a)computers, complex calculators, hand-held data displays and
so on. By virtue of the slimness (	2 mm), high resolution and
high reliability, LCDs are finding increasing applications in
avionic cockpit displays. LCDs are also replacing the well-
known cathode ray tubes (CRTs), the main competitor, in
computer monitor applications. Compared with the other
competing flat panel display devices like plasma display, elec-
tro-luminescent display, and field emission display, LCDs are
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superior in low voltage compatibility with the driving inte-
grated circuits and power efficiency. All the attributes of the Figure 1. (a) General structure of liquid crystal molecule. (b) Struc-
LCDs stem from the specific optical anisotropy of the basic ture of 3,4,5-trifluorophenyl liquid crystal.
liquid crystal molecules. What follows is a brief description
of the types of LCDs, their alignment, the principle of their
operation and driving, and their tremendous technological like the dielectric constant, refractive index, viscosity, elastic-
growth. ity, and phase transition temperature. For detailed physical

Atoms in a crystal are generally arranged in rows and col- properties of LC, the reader may refer to Refs. 6–9. For a
umns in a well ordered pattern. But the molecules in an iso- vivid description of the operation of LCDs, the best way is to
tropic liquid, like water, are in random orientation and have adopt the ‘long-rod’ model of LC molecule. In an ordered fluid
no ordering. There are many organic materials which exhibit, like LC, the regular arrangement of the molecule is character-
in passing from solid to isotropic liquid, intermediate phases ized by a parameter known as order parameter which plays a
known as mesophases. These phases do not possess molecular major role in the theoretical description of liquid crystal.
ordering like that of a crystal or molecular disordering as in There are mainly three classes of LCs which are employed in
an isotropic liquid, like water. The molecular ordering in LCDs. These are discussed below.
these phases is in between that of a crystal and an isotropic
liquid. Hence the term liquid crystal, which is not a crystal. Nematic, Smectic, and Cholesteric Liquid Crystal
Reinitzer (1) discovered the liquid crystal in 1888 (a premoni-

The ordering of molecules as represented in Fig. 2 character-tion for a 3�� digit display).
izes what is known as nematic phase (in Greek, nema meansThere are two types of liquid crystals: (1) thermotropic liq-
thread as the LC appeared like threads under the microscopeuid crystals and (2) lyotropic liquid crystals. If a temperature
in those days) of LC. The director n refers to the general ten-change causes a phase transition in a liquid crystal, that liq-
dency of the overall molecular orientation and is a unit vectoruid crystal belongs to the thermotropic type. Lyotropic liquid
pointing along the average direction of the LC molecule. Thecrystals are those formed by the solution of rodlike entities
value of n is nonzero for liquid crystalline phase and zero forin an isotropic solvent. The thermotropic liquid crystals are
an isotropic phase. Figure 2 refers to an idealized nematicextensively employed for the fabrication of LCDs and hence
phase in which the ‘‘head’’ (*) and ‘‘tail’’ of the molecule arethe present article will be confined to the description and ap-
equally likely to point up and the long axis of molecules areplication of thermotropic liquid crystals. Although the liquid
perfectly parallel to each other. In this case the value of thecrystal was discovered in 1888, it was not until 1968 that its

use in displays was well demonstrated by Heilmeier et al. (2).
The LCD invented by Heilmeier et al. is based on the dynamic
scattering mode, which is seldom used in the modern LCDs,
and hence the reader may find the details of this mode in
Ref. 2.

THERMOTROPIC LIQUID CRYSTAL

Generally, the molecules of the LC are elongated and rigid.
They resemble long rods but exceptions (3) to this geometry
do exist. A typical LC molecule has a structure with benzene
rings linked by central and terminal groups. Figure 1(a)
shows this general structure and Fig. 1(b) illustrates the
structural formula for the liquid crystalline compound,
3,4,5-trifluorophenyl employed in the latest LCDs (4). For a
list of central and terminal groups commonly observed in var-
ious LC compounds, interested readers may refer to Ref. 5.
The polarizability, including the direction, of the central and

n

the end groups, and the size of the LC molecule are related
to the stability of the LC phase and its physical properties Figure 2. Structure of nematic phase of liquid crystal.
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Figure 3. Structure of cholesteric liquid crystal.

order parameter is unity. Figure 3 depicts the molecular or-
dering characteristic of ‘‘cholesteric’’ phase (similar to the
structure in cholesterol). It is easy to observe the helical twist
of the director axis. The director goes through a twist of �
radians in the Z-direction with a periodicity whose spatial pe-
riod L is equal to half the pitch. If the pitch is made infinite,
the cholesteric phase is nothing but a nematic as in Fig. 2. In
other words, the nematic phase is a limiting case of the cho-
lesteric phase. Figure 4 represents the molecular ordering (b)

n n
n n

characteristic of ‘‘smectic’’ phases A, B, and C. One can see
the layered nature of the molecules and their tilt. The smectic
B phase exhibits the long axes of the molecules in a hexagonal
layer structure. Ordering of the constituent molecules within
the layers is characteristic of smectic B phase. Smetic B phase
finds little use in LCDs.

Polymorphism in Thermotropic Liquid Crystal

Increase of temperature in many thermotropic materials
causes interesting transitions. When the temperature is
raised, many materials pass from the solid to liquid crystal-
line phase. As the temperature is further increased, the mate-
rials exhibit many phases of liquid crystalline structure be-
fore they become isotropic liquid. For example, a material on
gaining heat can pass through the sequence: solid-to-smectic
B-to-smectic C-to-smectic A-to-nematic-to-isotropic or solid-
to-cholesteric-to-isotropic or solid-to-smectic A-to-cholesteric-
to-isotropic. This is polymorphism. Various studies on the
ordering-disordering of the molecules during these phase
transitions reveal the changes in the order parameter. There
are many theories formulated to explain the physical proper-

(c)ties of LC. Generally, the physical properties of liquid crystals
are anisotropic (not the same in all directions). This interest- Figure 4. (a) Structure of smectic A order of liquid crystal. (b) Struc-
ing feature is exploited in LCDs and hence a description of ture of smectic B order of liquid crystal. (c) Structure of smectic C
the anisotropy is in order. order of liquid crystal.
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ANISOTROPY IN LIQUID CRYSTAL

The chemical structure and the accompanying difference in
electron density along the short and long axis of the LC mole-
cule determine certain physical properties like the dielectric
constant, magnetic susceptibility, refractive index, and elec-
tric conductivity. Of the many anisotropic physical properties,
the two major properties of importance to LCDs are the di-
electric and optical anisotropy. The majority of LC materials
employed in LCDs have the optic axis in one direction (uniax-
ial). Figure 5 represents the anisotropy in physical properties
of LC. There are two indices of refraction (birefringence or
double refraction) and two dielectric constants in two princi-
pal directions of optic axis. Dielectric anisotropy of LC is de-
fined as � � � � � and the optical anisotropy is defined as
�� � �� � �� (birefringence). Anisotropy in physical proper-
ties arises due to the chemical structure of the LC molecule.
For example, an LC molecule with a strong on-axis polar
group exhibits substantial positive � whereas that with an
off-axis polar group exhibits large negative �. Preferred ori-
entation of the long axes of the molecules play an important
role in the optical anisotropy.

PRINCIPLE OF TWISTED NEMATIC LIQUID CRYSTAL DISPLAY
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Figure 6(a) illustrates the basic principle of a twisted nematic
liquid crystal display (TN-LCD). Voltage dependent optical
activity invented in 1971 (10) is the basis for this widely pop-
ular display. The glass substrate-1 has a layer of nematic LC
whose long axes lie horizontally on the substrate. For the
sake of simplicity, only one molecule represents a surface
layer. A special technique of polyimide coating and rubbing
(11) on the substrate imposes desired orientation of the direc-
tor of the surface layer on the substrate and the surface layer
on the substrate is strongly anchored. The alignment of the
long axes of the LC layer on glass substrate-2 is perpendicu-
lar to that on substrate-1. There is usually a gap of 6 to 8 �m
between the substrates (thin LC film occupying this gap is
transparent whereas thick films are translucent). The LC di-
rector undergoes a gradual twist of 90� as we go from sub-
strate-1 to substrate-2. Both the substrates have a transpar-
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Figure 6. (a) Principle of twisted nematic liquid crystal display (in
the ‘‘off ’’ state). (b) Principle of twisted nematic liquid crystal display
(in the ‘‘on’’ state).

ent conductive coating of indium-tin-oxide (ITO) underneath
the aligning polyimide layer (50 nm). ITO serves as the elec-
trodes for the TN-LCD. In the ‘‘off ’’ state (no voltage on the
electrodes), a plane polarized light entering substrate-1 ro-
tates its plane of polarization in accordance with the gradual
twist of the LC layers and emerges at the top analyzer which
allows the vibrations of the E-vector of the polarized light in
the direction indicated in Fig. 6(a). Thus, a viewer sees a
bright background looking down the analyzer if a plane polar-
ized light illuminates the cell from below the substrate-1.

 

Optic axis

n

n

This is the ‘‘normally white’’ cell. On the other hand, if the
cell faces a gradually increasing potential difference, the LCFigure 5. Optical anisotropy in liquid crystal.
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molecules, by virtue of their positive �, start untwisting and both cases when the incident light is plane polarized parallel
or perpendicular to the director. However, the propagation ofaligning with their long axes parallel to the field. This transi-

tion does not start till a threshold voltage is reached. In modern light through a TN-LCD is complex. The 90� rotation is both
due to the birefringence of LC as well as the optical activityTN-LCDs (cell of 6 m) a potential difference of 3 to 5 V between

the substrates, the LC molecules will orient themselves with of LC. Basic principles of optics in anisotropic media apply to
LC. In a uniaxial medium, if the direction of propagation oftheir long axes parallel to the field as shown in Fig. 6(b). How-

ever, a thin layer close to the substrate is strongly anchored to light is along the optic axis (director axis), there is no birefrin-
gence of the incident light (polarized or unpolarized), and thethe surface and is little affected by the externally applied field.

Figure 6(b) shows the nonemergence of the plane polarized ray of light travels as an ordinary ray due to uniaxial symme-
try. A ray of light polarized parallel to the optic axis, butlight when it passes through the cell in the ‘‘on’’ state. The

plane of polarization is unaffected as it passes through the ver- propagating perpendicular to the optic axis, travels as an ex-
traordinary ray with a speed different from the ordinary ray.tical LC layer dictated by the applied electric field. The ana-

lyzer does not permit this plane of polarization to pass through However, a ray of light polarized perpendicular to the optic
axis, and also propagating perpendicular to it, travels as anit. A viewer looking down the analyzer now sees a dark back-

ground. In commercial TN-LCDs, there are two crossed polariz- ordinary ray. Light (polarized or unpolarized) propagating in
all other directions, splits (birefringence) into two compo-ers laminated on the external surfaces of the glass substrates

to serve as a polarizer to polarize the light going through the nents—namely, ordinary and extraordinary rays, and they
travel with different speeds. An unpolarized light propagatingLC cell and analyzer to absorb or transmit the polarized light

in the desired plane. In this example, under the no-field condi- perpendicular to the optic axis also exhibits birefringence.
The extraordinary and ordinary components will travel at dif-tion, if the two polarizers have the same orientation (parallel

polarizers), then the ‘‘normally white’’ status will change to ferent velocities with their linear polarization mutually per-
pendicular to each other. During this process, the phase shift‘‘normally black’’ status. On-field status will accordingly re-

verse. Figure 6(b) shows the long axes of the molecules are occurs continuously as the rays travel through the structure.
Two linearly polarized components with a phase difference ofnearly perpendicular to the cell walls and this results in a near

homeotropic alignment. If the molecular axes are parallel to the 90� results in elliptically polarized light and when the light
exits a plane polarizer (analyzer in this case) there emergescell walls, it is termed as homogenous alignment. The transi-

tion from the twisted homogenous alignment to the near ho- a plane polarized light with its plane of polarization rotated
through 90� compared to its incident plane. For a vivid picto-meotropic alignment involves complex elasticity of LC and

hence the threshold voltage at which the untwisting and verti- rial description of this, the reader may refer to Ref. 12. Mau-
guin’s condition (13) that satisfies the 90� rotation is as fol-cal alignment of LC molecules occur is dependent on the elastic

constants, dielectric anisotropy, and the degree of twist. The re- lows:
lation is given by (5) |�nd/λ| � 0.5 (4)

Vth =
√

[K11π
2 + (K33 − 2K22)ϕ2

o ] · 1/ε0�ε (1) where � is the wavelength of light in vacuum. Typical values
of �n lie between 0.1 and 0.2. A thin LC film gives fast re-

where K11, K22, and K33 are the splay, twist, and bend elastic sponse for the cell operation and hence one can barely man-
constants, 0 is the permittivity of free space, and �0 is the age to meet this condition for a particular value of �. Any
twist angle (� �/2). This expression is for a cell with a tilt deviation from this condition means that a plane polarized
angle of zero (angle between the long axes of the LC molecules light propagating through the 90� twist cell will not rotate its
and the surface of the substrate). However, modern LCDs do plane of polarization by exactly 90� and this may result in
have a small tilt angle to remove the ambiguity about which some transmission through the ‘‘normally black’’ (parallel po-
way to tilt when the field is applied. Modern LC mixtures larizers) cell. This residual transmission needs to be mini-
used in TN-LCDs have Vth between 0.7 V to 2.0 V. The transi- mum for good display characteristics. For a normally black
tion from the ‘‘off ’’ state to the ‘‘on’’ state and vice versa in- cell with 90� twist TN layer, Gooch and Tarry (14) arrived at
volves a time factor which relates (5) to the following: minimum transmission for white light at various �nd values.

Transmission minima in modern TN-LCDs occur for �nd val-
ues of 0.48 �m, 1.09 �m, and 1.68 �m. Typically fast TN-
LCDs operate close to 0.48 �m, whereas clock LCDs and the

Ton = ηd2

[ε0�εV 2 − Kπ2]
(2)

like operate in the second and third minimum. Thus in the
Toff = nd2/π2K (3) ‘‘off ’’ state the TN-LC cell, satisfying the above condition ap-

pears white (normally white mode) between crossed polariz-
where n is the proper viscosity of LC, K the appropriate elas- ers in the absence of any defect in alignment and twist. How-
tic constant, V the voltage applied, and d is the cell gap. The ever, when a voltage applied across the cell increases, the
cell gap requires utmost control (due to its square term) and optics of the cell changes.
should be as small as possible to have fast response. Typical
response time of TN-LCDs is between 20 ms to 50 ms. Optics of ‘‘On’’ State

Figure 7(a) represents the state of the cell viewed at normal
Optics of 90� Twisted State

incidence, with crossed polarizers, as the voltage across the
cell gradually increases. Figure 7(b) depicts the deformationThe previous description highly simplifies the rotation of the

plane of polarization of the plane polarized light as it passes of the molecular configuration with the applied voltage. The
applied voltage is with reference to a threshold voltage. Thethrough the LC cell with a twist of 90�. The rotation occurs in



446 LIQUID CRYSTAL DISPLAY

traversed the cell twice. Application of a sufficient voltage
across the cell turns the cell dark. If there is sufficient ambi-
ent light, the cell requires no extra lighting. This type of re-
flective cell finds extensive use in watch LCDs, calculator
LCDs, and the like used in gas stations and other applica-
tions. However, most high information content LCDs like
those used in laptop computers and avionic displays employ
LCDs based on transmissive cell. Under low ambient light
conditions, as the LCDs do not generate light but only modu-
late the light, all LCDs based on transmissive cell require
backlighting and those based on reflective cell require front-
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TWISTED NEMATIC LIQUID CRYSTAL DISPLAY FABRICATION

Generally the fabrication of any LCD is complex. However, a
brief procedure for TN-LCD is worthy of mention here. Figure
8 is a cross-section of a color TN-LCD with matrix electrodes.
The substrates are of hard glass plates with a flatness of

V = 0 V > Vth

(b)

V >> Vth

around 0.05 �m. The bottom substrate has lines of ITO (15
Figure 7. (a) Applied voltage versus transmission and mid-layer tilt ohms/square) electrodes patterned after sputtering ITO to a
angle in a twisted nematic liquid crystal cell. (b) Behavior of twisted thickness of 0.04 �m. A thin film transistor (TFT) processed
nematic liquid crystal under applied electric field. with every ITO pixel electrode is integral with the bottom

substrate. The function of TFT is to drive every pixel indepen-
dently (the description of thin film transistor-liquid crystal

tilt angle refers to the angle of the director with respect to
display or TFT-LCD follows under a separate title). A polyim-

the substrate plane. A polyimide surface aligning technique
ide layer of 0.05 �m thickness is printed on ITO layer and

imparts a small tilt angle (2� to 3�) to the LC molecules at the
rubbed (or buffed) for aligning LC molecules with a pretilt of

substrate surface. In the graph, the values of the tilt angles
2� to 3�. The LC film in TN-LCDs may contain a chiral dopant

are for the LC molecules in the mid-layer of the cell. A ‘‘nor-
for preventing reverse twist which can create optical defects

mally white or bright’’ cell represented in Fig. 7(a) does not
in the display. The top plate contains a sputtered coating of

exhibit any change in transmission till around a normalized
black-matrix (two layer coating of CrO/Cr of approx. total

voltage of 1 despite the fact there is a change in tilt angle
thickness of 200 nm) to increase the contrast and reduce the

well below this voltage. Between normalized voltage of 1 and
unwanted front reflection. Adjacent to the black-matrix are

2 there is a substantial change in the tilt angle accompanied
color filter layers of red, blue, and green (each 2 �m thick)

by a steep decrease in transmission. At higher voltages the
spin-coated and patterned to a designed format to yield a

tilt angle asymptotically approaches 90� due to � being posi-
color display when the modulated light passes through them.

tive resulting in the destruction of the twist [V � VT in Fig.
A protective film of SiO2 is coated over the color filter and a

7(b)] and hence no rotation of the plane of polarization. The
continuous film of ITO (100 �/square) is sputtered on the

steep characteristic of the cell is the most significant factor in
SiO2 layer to serve as a common electrode for the display. A

electronic addressing of LCDs. On removal of the applied volt-
polyimide layer is printed on ITO layer and rubbed in a direc-

age, the LC molecules restore their twist and the restoration
tion perpendicular to the direction on the bottom substrate.

period (decay time or ‘‘off ’’ time) relates (Eq. 3) to the elastic-
This process is to impart a twist of 90� to the LC molecules

ity and viscosity of the LC in addition to the cell gap. A simi-
when they are filled between the substrates. Spacer particles

lar material property, applies to the ‘‘on’’ time (Eq. 2). If the
of 5 �m to 7 �m in diameter are sprayed on the bottom sub-

cell faces a periodic voltage, the characteristic response time
strate uniformly and the top substrate is printed with an ep-

of the LC by virtue of its visco-elasticity can be significantly
oxy for peripheral seal. The substrates are cured and aligned

larger than the period of the wave. Further, the induced po-
accurately (permissible error of 3 �m) and held under pres-

larization of LC is proportional to the field that induces polar-
ization. Both these aspects make the TN-LCDs optically re-
spond to rms voltages rather than the peak value of the
applied voltage. The transmission curve [Fig. 7(a)] will be ex-
actly opposite for the normally black cell. The foregoing de-
scription is for a transmissive cell. The same behavior holds
true for a reflective cell in which the back of the cell has a
polarizer laminated with a reflector. The light enters the front
polarizer (crossed with the back polarizer) and rotates its
plane of polarization as it passes through the cell, goes
through the back polarizer, reflects back at the reflector sur-
face, comes through the back polarizer, comes through the cell

Top
substrate

Color
filter Polarizer

Polyimide

Seal

Polarizer
Pixel ITOBottom

substrate

TFT

ITO

Black matrix

Spacer

SiO2

Twisted
LC layer

(LC twist), enters the front polarizer and back to the observer.
Thus the cell appears bright, but in this case the light has Figure 8. Cross-section of a matrix type liquid crystal display.
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sure with heat for three hours to complete the seal. An alter- known. For a clear illustration of driving techniques for ma-
trix LCDs based on rms response, see Ref. 15. Simple numericnative method for sealing employs ultra-violet (UV) epoxy and

UV curing under pressure and heat. The sealing is done leav- LCDs employ ‘‘continuous driving’’ scheme, whereas high in-
formation content displays employ ‘‘multiplex driving’’ing a hole for LC filling. The space between the substrates is

evacuated through the hole and LC is filled by vacuum-suc- scheme. Figure 10(a) depicts the principle of continuous driv-
ing. Substrate-2 generally lays over substrate-1 in alignmenttion through this hole. Subsequently, the hole is sealed. Lami-

nation of polarizers in the proper orientation completes the in the regular package. The substrate-1 has only one common
connection and the substrate-2 has 23 individual connections.basic LCD fabrication. For detailed information on fabrica-

tion, see Refs. 15 and 16. Signal voltage to the common electrode pulsates from 0 to V.
‘‘Off ’’ segments receive signal voltages in phase with the com-
mon electrode, with the result that there is no voltage differ-

PRINCIPLE OF TWISTED NEMATIC LIQUID ence between the common electrode and the ‘‘off ’’ segments.
CRYSTAL DISPLAY DRIVING (ADDRESSING) The signal voltages of the ‘‘on’’ segments are 180� out of phase

with the common electrode and hence the voltage difference
Generation of Display Pattern between the ‘‘on’’ segments and the common electrode varies

between �V and �V. All driving techniques employed in LCDWith reference to Fig. 6b, the basic cell in the ‘‘on’’ state had
driving minimize a net dc voltage across the LCD to preventa voltage across the twisted LC layer. It is possible to apply
electrochemical degradation of LC material. In continuousvoltage to the LC layer through transparent electrodes like
driving mode, each segment employs its own driver and theindium-tin-oxide (ITO). If the pattern of ITO is like a square
applied voltages can be increased to obtain a good contrast ofthen a transmissive cell will appear like a dark square in the
the display. Figure 10(b) shows the matrix equivalent of the‘‘on’’ state. Figure 9 shows the ITO pattern sandwiching a TN-
continuous drive scheme. The matrix scheme, which can gen-LC layer in a simplified matrix LCD. Substrate-1 and 2 carry
erate the same display pattern, has only 10 connections asthe transparent ITO stripes orthogonal to each other. When
against the 24 connections in continuous drive scheme. Thethe LC layer faces no voltage, the twist exists over the entire
principle of driving involves amplitude selection method,area of the panel. However, if a voltage appears across the
which is discussed next.layer in the cross-over regions of the electrodes, the twist in

those voltage selected regions disappears. A ‘‘normally black’’
Amplitude Selection Method. This method utilizes the prop-display will appear bright (cross-hatched in Fig. 9) at the

erty of LCD optically responding to the rms voltages rathercross-over regions. Thus, by suitably voltage-selecting the
than the peak voltages. Figure 11 illustrates the principle ofcross-over regions through proper addressing technique, it is
driving for the matrix of N rows and 1 column, although thepossible to generate a desired pattern or picture. Every cross-
column may be any number M. The corresponding matrix ofover can be activated to serve as a picture element (pixel).
Fig. 10(b) is four rows and six columns. The row voltage isThe display pattern depends on the electrode cross-over (over-
normally held at zero. In the illustration, the row voltage oflap) pattern, be it a numeric display or special symbol display
the first row goes from 0 to V and returns to 0 within anor television picture display.
interval of t, at which time the row voltage of the second row
climbs from 0 to V. Subsequent row voltages are applied inMatrix Addressing
succession as per this time interval up to the Nth row and

The purpose of any driving scheme for displaying information the whole sequence is repeated with reverse polarity. The
on an LCD is to bring out (1) maximum contrast (2) high reso- first sequence is termed as frame 1 and the corresponding
lution (3) many gray shades (4) wide viewing angle (5) good period is T. The selection interval is t � T/N. The drive wave
color purity and picture quality (6) low cost. There are many forms on the column electrodes carry the information to be
types of LCDs and hence the techniques of driving them are displayed on the LCD. The illustration shows the column sig-
different. Broadly speaking, there are two major addressing nals alternating between �v and �v. According to the illus-
techniques. The passive matrix addressing technique employs tration, in the first interval the first row receives a row signal
the driving element (and address electronics) outside the voltage of V. During the same interval, the first column re-
LCD, whereas the active matrix addressing places the driving ceives a column voltage of �v. The voltage of the first row
element (TFT) inside the LCD. Early development of driving electrode with respect to the column 1 electrode (‘‘on’’ pixel
schemes was based on the concept of LCDs responding to signal), during this interval, is V � v. For the second interval,
peak voltages rather than the rms voltages as is now well the pixel signal for row 2 and column 1 is V � v which is

designed to be below the threshold voltage for any change in
transmission of the LCD and hence the pixel at the cross-over
of row 2 and column 1 will be ‘‘off.’’ This principle applies to
a matrix of N rows and M columns. In one frame period, dur-
ing the selection time, the ‘‘on’’ pixels receive a voltage of V �
v and the ‘‘off ’’ pixels receive a voltage of V � v. During the
remaining N � 1 time intervals, an alternating voltage of �
v and �v appear on these pixels. Row signals repeat every
frame at a frequency of 60 Hz. This amplitude selection

Activated pixel

Substrate-2

Substrate-1

ITO line

ITO
line

Twisted
LC layer method can be applied to the four row-six column matrix of

Fig. 10(b) to take advantage of the reduced number of connec-Figure 9. Schematic of a matrix electrodes sandwiching the twisted
nematic liquid crystal layer. tions and still display the same information shown in Fig.
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10(a). In this method, as shown in the previous example, the scheme. According to this scheme, the ‘‘on’’ pixel responds to
a voltage of 3Vth during selection period and does not responddrive wave forms applied to the column electrodes carry the

information to be displayed in the form of polarity modula- to Vth during the remainder of the frame period. In reality,
the LCD optically responds to the rms voltage present on thetion. During the early stages of LCD development, it was be-

lieved that the TN-LCD electrically responded to the peak ‘‘on’’ pixel averaged over the frame period. According to this
new concept, the ‘‘on’’ pixel responds to the rms voltagevoltage rather than the rms voltage. It was also believed that

the ‘‘off ’’ pixel needs to be below threshold voltage at all times
to remain ‘‘off.’’ Therefore v � Vth and V/v � 2 apparently
worked well for this concept. An ‘‘on’’ pixel, during selection

〈Son〉 =
√

(V + v)2 + (N − 1)v2

N
(5)

period, according to this concept, will receive a voltage of V �
v � 3v and during the remainder of the frame period it will A similar argument holds true for the ‘‘off ’’ pixel. As this con-

cept is based on the optical response of the LCD as deter-receive a voltage of �v whereas an ‘‘off ’’ pixel will receive a
voltage of zero in the selection interval. Addressing scheme mined by the rms (root-mean-square) voltage across the pixel,

it is preferable to make the ratio �Son�/�Soff� (selection ratio) asbased on this peak voltage response scheme is termed as 3 : 1
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Figure 11. Principle of driving a matrix of N rows and 1 column.

large as possible. Alt and Pleshko (16) have shown that the very difficult to achieve. However, the Alt-Pleshko scheme de-
optimum value for the selection ratio, obtained when V/v � mands less stringent requirement from the LCD because of
�N, is given by its higher selection ratios at higher values of N than the 3 : 1

scheme. Hence, for large number of rows (high information
content) Alt-Pleshko scheme has a better performance than
3:1 scheme. Addressing an LCD with 100 rows/lines (N �

〈Son〉/〈Soff〉 =
√√

N + 1√
N − 1

where
√

N = V/v (6)

100) with this technique is termed as 100 : 1 multiplexing and
with increasing number of lines the multiplexing ratio alsoFigure 12 shows the selection ratios for different number of
increases. The waveforms shown in Fig. 11 impose a net dcrows (N) for both the 3 : 1 scheme and Alt-Pleshko scheme. As
voltage on the pixel (and hence on LC film). The presence ofN increases the selection ratio asymptotically approaches
dc voltage on the LC film, for a prolonged period, results inunity. This means the voltage of the ‘‘on’’ pixel gets close to
irreversible electro-decomposition of the LC, thus deteriorat-the voltage of the ‘‘off ’’ pixel. For the ‘‘off ’’ pixel (with nonzero
ing the LCD. Hence the waveforms illustrated in Fig. 11voltage) to be strictly ‘‘off,’’ the electrooptical characteristics
merely serve to explain the principle of amplitude modula-of the LC [Fig. 7(a)] should be steep. For the TN-LCD, it is
tion. To eliminate the dc component, the row and column volt-
ages are simply inverted in the alternating frames. As the
number of addressable rows (lines) increase, the contrast and
the angle of view of the LCD deteriorate. As N increases it is
easy to apply the desired voltage on the pixel one desires to
be ‘‘on,’’ but it is very difficult to avoid the voltage on the
pixels where one does not want. Cross-talk known as ‘‘ghost-
ing’’ occurs due to the optical response of the LC being differ-
ent for the same rms voltage with different frequencies. Be-
low 500 Hz and above 20 kHz the optical response of LC
changes despite the fact the rms voltage is the same. The fre-
quency change arises from the Fourier components of the col-
umn signals. Further, the column voltage which carries image
signals induces voltage on the row electrodes. All these effects
contribute to unwanted cross-talk. Increase in N also affects
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the contrast and viewing angle of the LCD. When N � 200,
the selection ratio becomes 1.07. At this low selection ratioFigure 12. Graphical illustration of the optimized selection ratios for

the number of matrix rows. the ‘‘off ’’ pixels are not strictly ‘‘off.’’ To increase the contrast
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ratio, still preserving the same number of lines, LCD matrix amounts to the partial untwisting of the structure in the ‘‘off ’’
pixel. The ‘‘off ’’ pixels will be partially ‘‘on’’ when viewed off-electrode lay-outs have been modified and operated success-

fully with additional column drivers. For a clear understand- axis. This results in poor contrast and narrow viewing angle
in addition to contrast reversal (20). Figure 13 shows an iso-ing of these schemes and effects, see Refs. 15 and 16.
contrast diagram (15) for a 100 : 1 multiplexed TN-LCD with
a selection ratio of 1 : 1. The polar plot depicts the curves ofGray Shades with Amplitude Selection Method. Various in-

tensity levels (gray levels/shades) are required in presenting equal contrast ratio with viewing angle in all the four quad-
rants. The radial distance is a measure of the viewing anglegraphical information. Two methods (15) are in use to display

gray levels through LCD. These methods are (1) frame rate and the ‘‘on’’ axis viewing corresponds to 0� viewing angle and
the outer-most circle corresponds to an off-axis viewing anglecontrol (FRC) and (2) pulse width modulation (PWM). In FRC

method, several regular frames (say 16) form a super frame. of 60�. The best viewing region is in the first quadrant around
30� with a maximum contrast of 5 : 1. Improvements in thePixels can be turned ‘‘on’’ during certain regular frames and

turned ‘‘off ’’ during certain other regular frames. The optical contrast and viewing angle have been made by synthesizing
new LC materials by altering their elastic constants and di-intensity level of a pixel depends on the rms voltage averaged
electric parameters such that the electro-optical characteris-over the super frame. A shading alogrithm performs the job
tics [Fig. 7(b)] is steeper. But, the improvements were notof turning ‘‘on’’ and ‘‘off ’’ of the pixels. In PWM method, the
enough for a satisfactory performance beyond N � 10. Highintensity level of the pixel is changed by modulating the data
information content LCDs like those employed in personalvoltage (column voltage) pulse width during the selection in-
computers (PCs) contain 640 � 480 (M � N) pixels (a typicalterval.
TV contains 250,000 pixels). To successfully drive these LCDs
to obtain good display quality, there were many attempts toMultiple Line Addressing. The addressing scheme discussed
find new driving schemes with innovative modes of LC opera-so far is for displaying static images or information data. The
tion. The most successful among them is the thin-film-transis-scheme assumes that the response time of the display is many
tor (TFT) driven LCDs. TFT was invented in 1933 by J. E.times longer than the duration of the addressing signals. The
Lilienfield (21) and the first working TFT matrices were madeLCDs that display moving images at video rates do not satisfy
by P. K. Weimer (22). In 1971 Lechner et al. (23) proposedthis criterion. Hence new addressing schemes have been de-
the TFT-LCD but the first TFT-LCD was indeed made byveloped. Basic principle involves the near constancy of the
Brody et al. (24). For nearly a decade, the progress on TFT-pixel rms voltage during a narrow window which is smaller
LCD was insignificant until Morozumi et al. demonstratedthan both the 60 Hz frame period and the response time of
(25) 1.5 in. diagonal pocket color TV using TFT-LCD. Whatthe fast LCD. A generalized matrix addressing scheme (17)
follows is a description of this so-called TFT-LCD.for all LCDs and novel addressing scheme for fast LCDs

(18,19) are creating big impacts in LCD address electronics.
THIN-FILM-TRANSISTOR LIQUID CRYSTAL DISPLAY

Display Quality in Matrix Addressing. As the multiplexing WITH TWISTED NEMATIC STRUCTURE
ratio employing Alt-Pleshko scheme increases the display
quality diminishes. This is due to the selection ratio being In the multiplexed driving scheme, the ‘‘on’’ pixel gets the

peak voltage during the selection interval. During the re-small at high values of N. In terms of the LC molecules, this
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Figure 13. Iso-contrast curve for a 100 : 1 multiplexed twisted nematic liquid crystal display.
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Figure 14. (a) Cross-section of amorphous silicon thin film transistor. (b) Cross-section of thin
film transistor liquid crystal display in the vicinity of a pixel. (c) Equivalent circuit of a single
pixel thin film transistor liquid crystal display.

maining period the voltage is below the threshold and overall ‘‘off,’’ the TFT isolates the LC which holds the voltage until
the next row cycle commences. At this refresh cycle the col-the pixel responds to the rms voltage. In TFT-LCD, the ‘‘on’’

pixel has approximately the same voltage from the instant of umn voltage reverses and the LC is charged inversely. At the
termination of the gate pulse, the LC holds the charge in thisselection to the end of the frame. It is as though the LCD is

driven continuously as illustrated in the preceding section reversed state. Thus the LC gets ac voltage continuously, in-
dependent of the selection time (gate pulse width) and the[Fig. 10(a)]. Figure 14(a) shows the structure of a typical TFT

made from amorphous silicon. Figure 14(b) depicts the cross- duration of column voltage. To accomplish this task, the TFT
should satisfy two basic requirements namely, (1) it must con-section of a TFT-LCD in the vicinity of a pixel. There are

nearly a million pixels in high information content TFT-LCD. duct sufficiently in the ‘‘on’’ state to charge the LC to the full
column voltage during the row voltage pulse in one frame (2)As the LCD matrix also contains the matrix of active TFTs,

the TFT-LCD is also termed an active matrix LCD (AM-LCD). it must be least conductive in the ‘‘off ’’ state to isolate the
LC so as to hold the charge till the frame period. These twoThe equivalent circuit of a single pixel TFT-LCD [Fig. 14(c)]

shows that the row select voltage is applied to the gate of the requirements, for a 1% error in the charging voltage can be
mathematically expressed by the relation (26), Gon/Goff � 500TFT and the column voltage (video signal) is applied to the

source electrode of the TFT. The drain electrode of the TFT N, where N is the number of rows. The amorphous silicon (a-
Si) TFT with 20% hydrogenation has good electrical charac-connects the pixel electrode and the storage capacitor. A com-

mon electrode connects the storage capacitor and LC in par- teristics to satisfy on/off current ratio of 107 and has been
allel. widely used. Figure 14(b) shows that there needs to be a light

An application of a gate pulse turns the TFT ‘‘on’’ and shield layer at the bottom of the TFT to minimize photo-in-
allows the LC to be charged to the voltage at which the col- duced leakage as a result of the backlighting. A typical TFT-
umn line is at that particular instant. At the termination of LCD has superior on-axis contrast ratio compared with a mul-
the gate voltage pulse, the TFT isolates the LC which sus- tiplexed non-TFT LCD and the values are between 150 : 1 to
tains the voltage with additional help from the storage capaci- 200 : 1. Figure 16 shows the iso-contrast curve of such an
tor till the next gate pulse. Figure 15 illustrates schematically LCD.
the driving principle of TFT-LCD for 2 � 1 matrix. The gates
of the TFT are connected to the rows and the source elec- Color Thin Film Transistor-Liquid Crystal Display
trodes are connected to the columns. Row scan voltage turns

LCDs do not generate light and hence they need ambienton the TFT and the LC is charged to the voltage on the col-
umn at that instant of time. When the row voltage is turned light (reflective LCDs) or light from the back of the LCD
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Figure 15. Driving principle of a thin film
transistor liquid crystal display.
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(transmissive LCDs). There are certain types of LCDs called regulates the color and brightness. Figure 17 shows a sche-
matic of the structure of color TFT-LCDs employed in colortrans-reflective LCDs which can be operated in both modes

depending on the intensity of available ambient light. Many display system. A backlighting system consisting of linear
fluorescent lamps and a light guide collimates the light on tolaptop computer LCDs operate in this manner. However,

TFT-LCDs employed for color video applications like TV need the polarizer of the LCD. The polarized light travels through
the LC. The bottom glass substrate has pixel electrodes ofa backlight source. The backlighting source contains the pri-

mary colors and the color filters employed inside the LCD are thin film ITO which are connected to the TFTs and the col-
umn electrodes in the matrix. Usually the ITO employed ontuned to these colors for obtaining maximum efficiency and

color purity. The video signal at the data line (source line) the pixel electrodes has a sheet resistivity of 15 �/square.
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Figure 16. Iso-contrast curve for a conventional thin film transistor liquid crystal display.
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Figure 17. Exploded view of a color thin film transistor liquid crystal display.

The materials for gate/row electrodes and column electrodes In contrast, a-Si : H has lower leakage current than p-Si but
lower mobility as well. It is not difficult to produce a-Si : H-are very critical for preserving voltage wave forms and rapid

charging of the pixel. Typically either Mo or Cr are employed TFTs in large areas at a lower cost. However, a-Si : H requires
a light-shield layer on the TFT to prevent the photo-inducedfor this purpose and the resisitivities are in the range of 15 �

ohm-cm. The TFTs are either made from a-Si or polysilicon leakage current whereas p-Si TFT does not require this addi-
tional layer. Amorphous Si process is a low temperature(p-Si) material depending on the charge mobility and process

temperature requirements. The liquid crystal cell gap is usu- (300�C) process and is preferred over the high temperature
(600 to 1000�C) process of p-Si. A glass substrate will be lessally maintained around 6 �m. For maintaining the cell gap

over a large area, spacers are employed (not shown in the expensive for use in temperature around 300�C than quartz
for use around 600�C. Hence, p-Si TFTs are employed in smallfigure). The top substrate contains the black matrix to pre-

vent light leakage, and thus a good contrast, and the black high resolution displays used in the ‘‘view-finders’’ and projec-
tion TV, whereas a-Si : H-TFTs are used in displays for note-matrix is usually made of either a black resin of 1.2 �m or Cr

of 0.12 �m. Color filters (CFs) between the black matrix filter book personal computers and pocket TVs. Table 1 summa-
rizes the technology comparison between a-Si : H and p-Sithe required color from the backlight passing through the se-

lected cell. For this purpose, the filter characteristics of the TFTs. The electron mobility and the ‘‘on‘’ current of the TFT
control the quick charging of the pixel to the data voltage.CF must have a good selective window of transmission for

the primary colors of the backlight. The CF is made photo- After the charging, the pixel is isolated to retain the charge
and the extent of isolation is decided by the ‘‘off ’’ current (in-lithographically from the color pigments dispersed into the

polyimide. An ITO film whose sheet resistivity is in the range trinsic leakage) of the TFT. The parasitic capacitors and line
of 50 to 100 �/square forms the common electrode. Thus the
color information in the form of moving images or static dis-
play is obtained through the data (column) signals which con-
tain the information and which also controls the transmission
of the pixels to allow the appropriate colors with various
brightness levels (gray shades), in synchronization with the
row scanning and TFT switching. This is a very highly simpli-
fied description of the operation of TFT-LCD. For a broad de-
scription of TFT-LCD, the most successful display device in
recent years, see Ref. 28.

Amorphous Silicon Thin Film Transistor versus Polysilicon Thin
Film Transistor. Both these materials are in use today al-
though the material of choice seems to be hydrogenated amor-
phous silicon (a-Si : H). Poly silicon (p-Si) has higher electron
mobility than a-Si : H but it is very difficult to fabricate TFTs
over large areas. Further, it becomes costly to produce them.

Table 1. TFT Technology for LCD

Amorphous Silicon Polycrystalline
Parameter (a-Si : H) Silicon

Electron mobility 0.5–1.0 25–100
(cm2/V-s)

On/Off current ratio 107 106

Transistor drive poor fair
Transistor leakage low fair
Process temperature 300�C �600�C
Stability under requires light shield does not require

illumination
Achievable dot pitch/inch 300 500–1000
Achievable feature 5–10 3–5

size (�m)
Existing infrastructure good fair
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resistors also play a role in the charging and discharging of
the pixel.

Backlights for Liquid Crystal Display. Most full color TFT-
LCDs are of the transmissive type and hence they rely totally
on the backlighting arrangement for the display quality. The
backlighting devices employed in these LCDs have to satisfy
stringent requirements. For avionic LCDs the specifications
are very rigorous. A good backlight arrangement should meet

Coupling
layer

Fluorescent
lamp

Reflector
Light guideTotal internal

reflection

Collimated rays toward the back of LCD 

Collimation
film

the following requirements:
Figure 19. Backlighting arrangement for liquid crystal display.

1. Uniformity of light output over the entire area
2. Well collimated light
3. Flat geometry and light weight for compatibility with ployed for obtaining uniformity of luminance and collimation.

the flat display Figure 19 shows one such optical arrangement (29). The colli-
mation is necessary to make the direction of light propagation4. High luminous efficiency
to be along the optic axis (long axis) of the LC in the ‘‘on’’5. Performance independent of the operating temperature
state. In the absence of collimation, the rays incident at off-range
axis will undergo birefringence and the resulting display

6. Emission wavelengths for a good color quality quality will suffer. The arrangement clearly shows the con-
7. High dimming ratio of �10000 : 1 version of the line source (linear fluorescent lamp) of light

into a sheet source of light. During this conversion process,
The only successful backlight device for a direct view TFT- an enormous amount of light loss occurs. It is therefore mean-
LCD that optimally meets these requirements is the fluores- ingful to obtain a direct sheet source of light. There have been
cent lamp. Projection display systems incorporating TFT- several attempts to develop a truly flat fluorescent lamp for
LCDs employ Xe arc lamps or halogen lamps for backlighting. backlighting LCD. One such attempt (30) is the development
The phosphor employed for fluorescent lamps emit primary of a multichannel flat fluorescent lamp employing thick-film
colors around the wavelength peaks of 610 nm (red), 540 nm hollow cathodes. Figure 20 is a schematic representation of
(green), and 450 nm (blue). These wavelengths are known to such a lamp. This lamp, in addition to being flat and thin,
offer good color performance. However, the final quality is de- has a luminance uniformity of �90% over the entire area of
pendent on the color filters employed. The color filters should the lamp. The uniformity is the result of the multichannel
have the characteristics to transmit these wavelengths. Fig- design. It is clear from the figure that there are six channels
ure 18 shows the transmission characteristics of the three of discharge corresponding to the six sets of hollow electrodes,
color filters. The vertical dotted line depicts the peak wave- which operate as cathodes and anodes in the alternating cy-
lengths of the backlight device. It is important that the char- cles of the impressed ac voltage. The light output is the result
acteristics of the color filters and the backlight device match of the ultraviolet (UV) produced in the Hg discharge and the
very well. This satisfies the color performance requirement of conversion of UV to visible light by the phosphor. Despite the
the LCD. Most commercial fluorescent lamps are either linear existence of six discrete channels, the light output is a contin-
or ‘‘serpentine.’’ Special shapes can also be custom made. For uous sheet and the uniformity of light output over the entire
example it is not uncommon to find integrated serpentine area can be externally adjusted by changing the current
lamps with a flat shape. However, these lamps can not be through individual channels, as needed. Both the space be-
used as they exist behind the LCD because of the gross non- tween the substrates and the length of the positive column of
uniformity of light output. Elaborate optics needs to be em- the discharge need to be increased to augment the efficiency

of this lamp. The present day LCDs use either linear lamps
or serpentine shaped lamps because of light weight and low
cost. All Hg based fluorescent lamps have high luminous effi-
ciency (80 lumen/W) but they are highly temperature depen-
dent. Lamps based on field emission and inorganic electro-
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luminescence are also being considered for backlighting due els. Figure 21 illustrates the principle and the electro-optical
characteristics of STN-LCD based on reflective mode. Figureto their temperature independent characteristics. In the con-
21(a) is the cross-section of the STN cell and Fig. 21(b) illus-ventional backlighting arrangement (Fig. 19), there is a light
trates the effect of twist angle on the steepness of the electro-loss of 30% from the lamp to the back of the LCD and 95%
optical characteristics. At a twist angle of 270� the slope isfrom the lamp to the front of the LCD. Maximum light loss
very steep, thus yielding the advantage of high multiplex ra-occurs at the color filters and this will be a major problem for
tios not possible with 90� twisted TN-LCDs. To obtain andall types of LCDs employing backlighting.
sustain a twist angle exceeding 90� a normal nematic LC is
doped with a cholesteric LC and the resulting ‘‘chiral ne-

Limitations of Thin Film Transistor-Driven Liquid Crystal matic’’ has an intrinsic twisted structure. The amount of twist
is determined by the pitch p which is the distance along theDisplay.
helical axis traversed for one full rotation of the director (i.e.,
360�). The gap between the substrates d and the aligning di-

1. The yield of TFTs fabricated over large area �14 in. rections at the substrates also decide the twist angle. Gener-
diagonal is between 30% and 50% ally the relation d/p � �0/2�, where �0 is the twist angle, is

valid and for a twist angle of 270�, d/p � 0.75. The pitch can2. Distortion of the gate pulse, due to the associated resis-
be adjusted by varying the concentration of the dopant for thetance and capacitance of the line, as it travels down the
designed d. STN-LCDs typically have the cell gaps in thegate line in a large area LCD and the consequent pixel
range of 5 to 8 �m with a tolerance of �0.05 �m. To avoid avoltage error
‘‘striped’’ distortion (34) in the structure of the super-twist, a

3. The capacitance between the gate and pixel electrode pretilt angle of 5 to 8� for the LC molecules at the surface is
induces voltage error on the pixel electrode when the required. Figure 21(a) shows, in the ‘‘off ’’ state, an STN cell
TFT is turned off at the end of a charging period with a pretilt angle for LC molecules at the boundaries (saw-

tooth structure at the bottom substrate and hidden at the top4. Due to the source drain capacitance and LC capaci-
substrate) and a twist angle of 270�. In the ‘‘on’’ state the LCtance, the cross-talk increases as resolution increases
molecules align themselves along the electric field due to the

5. In spite of TFT, the TN-LCDs viewing angle of 60� is positive dielectric anisotropy. In STN-LCD, the polarizer axes
still not enough are not assembled either parallel or perpendicular to the align-

6. A drift in TFT performance is noticed with fluorescent ment direction of the LC molecules at the substrate boundaries,
backlighting as in TN-LCD. Instead, the axes are assembled at an angle with

the LC alignment direction for maximum contrast.7. Cost is high

Optics of Super-Twisted Nematic Liquid Crystal Cell. An ordi-
nary light entering the polarizer from the bottom is linearlyDue to the foregoing limitations, much effort has been made
polarized and it proceeds into the cell [Fig. 21(a)] and incidentto develop LCDs based on different modes of operation.
at the anchored LC molecules at the boundary at an angle
with the long axes of the molecules. It undergoes birefrin-
gence, as it proceeds, and finally emerges at the top glass
plate as an elliptically polarized light as a result of the phaseOTHER TYPES OF LIQUID CRYSTAL DISPLAYS
difference between the ordinary and extraordinary rays. The
polarizer at the top transmits that component of the ellip-Super-Twisted Nematic Liquid Crystal Display
tically polarized light parallel to the transmission axis of the

In the preceding sections on multiplex addressing of TN- polarizer. Due to the wavelength dependency of the birefrin-
LCDs (without TFT), it has been made clear that due to the gence and the optical rotation due to the large twist angle,
lack of the steepness of the electrooptical characteristics of the transmitted light in the ‘‘off ’’ state is colored yellow and
the TN-LCD, high multiplex ratios required for high informa- is termed yellow mode. In the ‘‘on’’ state, the linearly polarized
tion content displays, for good display quality, can not be em- light coming into the cell from the bottom polarizer does not
ployed. It was extremely challenging to synthesize special LC undergo birefringence and optical rotation and hence is
mixtures to obtain the steepness required for even the 100 : 1 blocked by the top polarizer, leading to the black appearance.
multiplex ratio. This led to the development of a TFT-LCD An STN-LCD operating under this arrangement will display
which has its own complexity. However, it was found (31) that a black pattern on a yellow background (yellow mode). How-
the twist angle has a dominant role in increasing the steep- ever, as with the TN-LCD, if one of the polarizers is rotated
ness and a twist angle of 270� yielded an infinite slope. As the through 90�, a complementary mode results. In the ‘‘on’’ state,
magnitude of the twist is always compared with the conven- the display appears bright and colorless and in the ‘‘off ’’ state
tional 90� twisted TN-LCDs, the LCDs based on a 180� to 270� it appears dark blue. This is referred to as the blue mode.
twist are termed a super-twist nematic liquid crystal display Both blue mode and yellow mode STN-LCDs are employed in
(STN-LCD). A reflective STN-LCD with black information on notebook computer displays (640 � 480) for their simplicity
yellow background was demonstrated (32) for high multiplex without the use of TFT and the consequent cost advantage
driving. See Ref. 33 for more details on STN-LCD. The re- over TFT-LCDs. However, the users accustomed to TN-LCDs
quired steepness of the electrooptical characteristics is demand a black-and-white information display from STN-
achieved by STN-LCDs for use in notebook computers and LCDs. So, the coloration caused by birefringence has to be

compensated for to derive white appearance in place of yellowother high resolution displays with 1024 � 768 (M � N) pix-
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Figure 21. (a) Cross-section of a super-twisted nematic liquid crystal cell in the ‘‘off ’’ and ‘‘on’’
state. (b) Applied voltage versus mid-layer tilt angle for various twist angles of twisted structure.

appearance and dark appearance in place of blue appearance. of STN-LCDs is lacking. The surface irregularities of STN-
LCD substrate demand more stringent tolerance (	0.05 �m)This has been accomplished (35) by the development of a dou-

ble layer STN-LCD with a 180� twist. In this structure, a com- compared to the TN-LCD (0.1 �m).
pensating reverse super-twisted structure without any elec-
trodes is placed in front of the STN-LCD but inside the front Ferro-Electric Liquid Crystal Display
polarizer. In the ‘‘off ’’ state, this compensating layer nullifies

All the twisted structures of the liquid crystal, be it 90� orthe elliptically polarized light and turns it back to linearly
180� or 270�, have response times in the range of tens of milli-polarized light which is blocked by the front polarizer. Thus,
seconds and hence they require multiplexing drive schemesin the ‘‘off ’’ state, the display appears dark. In the ‘‘on’’ state,
based on rms response. The ferroelectric liquid crystal displayhowever, the compensating layer allows the light (rotate the
(FLCD), in a specific mode of operation, has response timeplane of polarization) to be passed by the front polarizer.
in the range of microseconds. A permanent or spontaneousThus, the display appears bright in the ‘‘on’’ state. This ar-
polarization exists in FLCs and this property is exploited inrangement is advantageous for assembling color filters to
FLCDs. If a chiral smectic C phase is sandwiched betweenmake the STN-LCD display full colors. The double layer STN-
two substrates whose surfaces are treated with alignmentLCD is considered thick and heavy for notebook computer ap-
layer and the space between the substrates is 1 �m–3 �m, aplication and hence efforts were made to develop lightweight
surface stabilized FLC phase is formed. Figure 22(a) showsand thin compensating layers. This resulted in the develop-
the structure of the surface stabilized ferro-electric liquidment of polymer film retardation layer (36) in combination
crystal (SSFLC) phase, known as book-shelf geometry. Inwith STN-LCD.
practice, a more complicated configuration known as chevron
structure may occur (which implies that the layers are noAdvantages and Disadvantages of Super-Twist Liquid Crystal
more perpendicular to the cell walls, instead bending in aDisplays. The simplicity of fabrication compared to the com-
wedge pattern between the cell walls). For simplicity let usplex TFT-LCD is the main reason for the STN-LCD to be cost
assume the book-shelf geometry in which the layers are nor-effective. Driving with high multiplex ratios (480 : 1) em-
mal to the substrates. In this example pixel-1 has a spontane-ploying rms response scheme yields reasonable viewing angle
ous polarization P in the upward direction (upstate) when aand contrast. For this reason, STN-LCDs are finding increas-
positive voltage is impressed on the bottom plate and a nega-ing applications in notebook computer displays and in porta-
tive voltage on the top plate and the pixel-2 has P in theble equipment display applications requiring a bright reflec-
downward direction (down state) when the polarity of thetive LCD without backlight. However, STN-LCDs still suffer
voltage is reversed. The LC molecules in the layer are tiltedfrom low on-axis contrast ratio of 20 : 1 as against 200 : 1 for
by an angle � with respect to the layer normal. The moleculesTFT-LCDs. The best viewing angle in any quadrant is 	50�

as against 60� for TFT-LCD. The quality of full color display freely rotate around the cone [Fig. 22(a)] during the change-
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over from one state (down state or ��) to the other (up state polarity of the voltage to create an electric field from the bot-
tom toward the top. The direction of spontaneous polarizationor ��). However, the molecules at the substrate boundary are

anchored. The time taken for changing over from one state to P of the LC molecules align along the direction of the field
and this imposes a tilt to the LC molecules about the layerthe other is fast and is on the order of microseconds. The dom-

inant factors for response time seem to be the viscosity and normal as indicated in the figure. Under this condition the
unpolarized light traveling from the bottom is incident on thepolarization. Figure 22(b) shows the operating principle of the

surface stabilized ferroelectric liquid crystal display polarizer and changes to the linearly polarized light. This po-
larized light has its electric vector parallel to the long axes(SSFLCD). The cell on the left is impressed with a suitable
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Figure 22. (a) Structure of surface stabilized ferro-electric liquid crystal display. (b) Principle
of operation of a surface stabilized ferro-electric liquid crystal display.
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(optic axis) of the LC molecules and hence propagates with a ease of driving, and ease of fabrication to large sizes, require
single velocity unaffected by the LC medium. On incident at continuous improvement for enhanced performance. There
the polarizer at the top, the polarized light is absorbed as the are several approaches for enhancing the performance of
axis of the polarizer is placed at right angles to the direction LCDs in general, but specific details will not be described
of the linearly polarized light. Thus, the cell appears dark. here. Many new structures and new modes of operation are
The LC molecules will remain in this state even if the voltage always evolving. For example, the performance of the TFT-
is removed, signifying the existence of memory. Considering LCD is superior to other types of LCD considering the full
the cell on the right, the voltage on the cell is reversed to color display capability in small sizes. But the TFT structure
create an external electric field from the top toward the bot- becomes complex and the production yield becomes low for
tom. This imposes a tilt to the LC molecules in the opposite sizes larger than 14 in. diagonal. Hence, for large sizes,
direction as the result of the spontaneous polarization P plasma addressed LCD (PALCD) is proposed. In this novel
aligning itself along the direction of the external electric field. driving method (41), the TFTs are replaced by plasma
Under these circumstances, the linearly polarized light enter- switches. Row scanning is accomplished through long plasma
ing the cell has its electric vector interacting at an angle with channels underneath the liquid crystal and the LC is isolated
the optic axis (long axis of LC) of the LC medium. Hence, from the plasma by a thin dielectric sheet. LC pixel is sand-
the polarized light undergoes birefringence and emerges as wiched between the ITO column electrodes and plasma chan-
an elliptically polarized light. The top polarizer transmits nels. One plasma channel replaces an entire row of TFTs in
that component of the polarization of the elliptically polarized a conventional TFT-LCD. This novel technique replaces the
light which is parallel to the polarization axis of the polarizer. costly TFT and scales up the size with high yields in manufac-
Thus, the cell appears bright. turing because the plasma channels are easy to fabricate. Al-

High speed switching in liquid crystal was first demon- ready, 25 in. diagonal (42) PALCD has been commercially
strated (37) in 1980. Soon the tremendous advantage of driv- made for multimedia applications.
ing large numbers of lines with high multiplex ratios has The LCDs, in general, do not have sufficient viewing angle
driven LCD manufacturers to exploit this mode of LCD opera- compared to the conventional cathode ray tube (CRT) which
tion. In the beginning, it was extremely difficult to obtain people are accustomed to in their homes when viewing televi-
SSFLC mode even over an area of 1 mm2. The technological sion. Hence, the efforts are relentlessly on-going to improve
difficulty is mainly in maintaining a cell gap of 3 �m over a the viewing angle. There are several innovative techniques
large area. However, in 1992 a 15 in. diagonal SSFLCD was employed to accomplish this. One such technique is the in-
developed (38) with 1024 � 1280 pixels. Among the LCDs plane switching of the TN-LCD driving. In this technique, co-
based on birefringence and multiplex driving SSFLCD has planar electrodes are formed inside the LCD on one substrate
the widest viewing angle. The SSFLCD behaves as a uniform exclusively as against the conventional plane parallel elec-
birefringent slab and the light transmitted through the slab trodes (on both substrates). The field produced by the copla-
is given by (39) nar electrodes untwist the LC molecules more toward the

electrode-substrate than toward the opposite substrate to oc-I = I0 sin2 4θ. sin2[πd�n/λ] (7)
cupy a different orientation (different from the conventional
untwisting) so as to yield a wide angle of view. On a TFT-where I0 is the transmission through parallel polarizers, � is
LCD, the widest angle of view reported (27) is 80� both alongthe half cone angle of the FLC molecule, �n is the birefrin-
X- and Y-axes. Recent TFT-LCDs (27) with 1024 � 768 � 3gence of the liquid crystal, d is the cell gap and � is the wave-
pixels have on-axis contrast ratio of 150 : 1 and a viewinglength of the incident light. Maximizing for light transmission
angle of 80� in all the four quadrants with lowest contrast ofand contrast ratio (I/I0 � maximum), the condition �nd �
10 : 1 at the extreme angle. The on-axis luminance is 120�/2 is obtained (the optimum half cone angle of the FLC is
cd/m2. This extended graphic array (XGA) TFT-LCD has been22.5�). On a practical 15 in. diagonal FLCD, with a pixel count
made employing coplanar electrodes for the LCD and isof 1024 � 1280, an impressive contrast ratio of 40 : 1, a view-
driven by ‘‘in-plane’’ switching method (27). Typical high reso-ing angle of 50�, and a response time of 	70 �s was achieved
lution (640 � 480) TFT-LCDs (10.4 in. diagonal size) employ(38). The fast response of the FLCD was exploited in a novel

display structure (40) in which the row function is transferred pixel size of 100 �m � 300 �m (300 �m � 300 �m for one color
to a fast scanned backlight device and the FLCD is employed pixel) with line spacing of 10 �m and a TFT area of 12 �m �
as a column shutter. Despite the fact that the FLCDs are the 16 �m. The theory of in-plane switching is given in Ref. 43.
fastest responding devices in the family of LCDs, they have It is well known that the TN-LCD suffers from asymmetri-
not become popular in commercial production due to three cal degradation of viewing angles, that is, viewing angles
major problems, which are (1) the stringent requirement of along the vertical viewing zones are worse than along the ho-
spacing between the substrates around 2 �m over the entire rizontal viewing zones. In addition, the reverse contrast and
area of the display and the permissible variation in this gap is gray levels are also asymmetric. A multidomain approach for
�0.05 �m to maintain the SSFLC structure, (2) the external the LC alignment has been employed to overcome this prob-
pressure effects on the display irreversibly damages the lem. In this configuration, each pixel has two or more do-
SSFLC structure, and (3) lack of gray scale for TV appli- mains with opposite sense of twist and pretilt of LC mole-
cation. cules. In a two domain LCD, the divided domains mutually

compensate for the asymmetric viewing characteristics. The
Performance Enhancement Approaches fabrication procedure is complicated by way of additional
to Liquid Crystal Displays lithographic and alignment steps (44). By employing this mul-

tidomain technique a 33 cm diagonal full color TFT-LCD hasDisplay parameters such as viewing angle, contrast ratio,
gray scale, brightness, efficiency, resolution, response time, been developed (45) yielding a viewing angle of �40� along
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the vertical zone and �50� along the horizontal zone. Cur- the LCD and some of these can be found in Ref. 49. The field
of LCD is so extensive that it is impossible to cover the detailsrently, LC alignment method employing polarized UV expo-

sure technique (nonrubbing) is being developed to obtain 4 of all types of LCDs in the limited space available.
Finally, the ever increasing LCD development will con-domains within a pixel.

Yet another technique used to widen the angle of view of tinue to reveal the marvels of the interesting phases of the
liquid crystal which took display technology from the cente-the TN-LCD is a simple method of assembling a negative bi-

refringence film outside the LCD. There is no need to change narian CRT.
anything within the LCD. A normally white LCD (bright
when no voltage is applied) appears dark when the voltage is
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