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2.1 INTRODUCTION

The liquid-crystal display (LCD) industry has grown rapidly over the past 20
years, and many device structures have evolved (Schadt, 1989). This chapter
provides a brief description of the basic liquid-crystal properties relevant to
LCDs and a guide to the important device structures. Several books and reviews
are available that provide more detailed accounts (de Gennes, 1974; Priestly et
al., 1974; Chandrasekhar, 1977; Blinov, 1983; Bahadur, 1984. 1990; L. A. Be-
resnev et al., 1988).

Liquid crystals are an intermediate phase existing between crystalline solids
and isotropic liquids. The intermediate character gave rise to the term meso-
phase, but attempts to popularize this terminology have failed, possibly because
of the dramatic conflict in the original description liguid crystal. Some revision
of terminology has taken place over the years, but with no significant change in
the LCD literature.

Liquid crystals provide a unique combination of fluidity-and order that facili-
tates structural reorganization. Biological processes mediated by liquid crystal-
line phases are an interesting structural example. Electro-optical devices exploit
the optical and dielectric anisotropy arising from order, together with the casy
structural deformations associated with fluidity.
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2.2 LIQUID-CRYSTAL PHASES

Ordinary liquids generally possess some short-range order on a molecular scale
but lack any macroscopic or long-range order. This is described as the isotropic
phase in liquid-crystal terminology. At sufficiently high temperature, any liquid-
crystal material will become isotropic. The transition temperature to the isotropic
state is called the clearing temperature because of the drastic reduction in bulk
light scattering at this point.

Below the clearing temperature, various degrees of ordering in the fluid pro-
duce the liquid-crystal phases also known as ordered fluids. The solid-crystal
phase is associated with the periodic lattice structures of positional order. This
regular crystal periodicity is lost in the fluid phase. However, orientational order
and diffuse structures are consistent with fluidity.

The liquid-crystal phases were first identified by their interesting birefringent
textures observed with the polarizing microscope. The term nematic (Greek,
thread) is derived from the threadlike structures that appear in this phase. A var-
iant of the nematic phase is described as cholesteric, simply because the first
materials demonstrating this property were cholesterol derivatives. The term
smectic (Greek, soap) is associated with the soaplike character of the early ma-
terials.

Liquid-crystal materials are also broadly divided into lyotropic and thermo-
tropic types. Lyotropics are solutions that exhibit a phase transition with concen-
tration change and temperature. Thermotropic materials are not solutions, and
their phase transitions are determined by temperature. Lyotropics are of impor-
tance in biology and related fields but of no value in current display technology.

2.2.1 Nematic Phase

The nematic liquid-crystal (NLC) phase is the simplest of the liquid-crystal
structures. Orientational order exists in the presence of translational disorder.
The structure of a uniaxial nematic is sketched in Figure 2.1, where typical
liquid-crystal rodlike molecules are indicated, with dimensions on the order of 2
am. The orientation axis 1s labeled by a unit vector n, known as the nematic
director. The NLC is not polar, and +nis physically the same as —n. Biaxial
ordering is rare, and biaxial nematics appear to be of academic interest only.

The molecular orientational order gives rise to anisotropic properties such as
birefringence. The nematic molecules undergo translational and rotational mo-
tions such that the orientational order is a statistical property subject to local
fluctuations. The corresponding refractive fluctuations scatter light and limit the
transmission of bulk nematics. However, the short optical path in LCDs makes
light scattering insignificant.

The degree of NLC order is quantified by an orientational order-parameter S,
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Figure 2.1 Nematic liquid-crystal phase.

S = %(3<cosze> -1 2.h
where 6 is the fluctuation in polar angle relative to n, and <cos? 6> is a molecular
average. For complete order, 6 =0, implying S = 1; in the totally random case
<cos? 8> = 1A, giving § =0 for the isotropic liquid. Typically § may approack;
0:8, well below the clearing point, and decreases to approximately 0.4 near the
discontinuous phase transition to the isotropic state. ‘

2.2.2 Cholesteric Phase

Thve cholesteric liquid-crystal (CLC) phase is a nematic-like phase consisting of
.chlral rpo]ecules. The chiral component of molecular interaction produces a hel-
¥ca1 .thSted structure of pitch p, characteristic of the cholesteric phase as‘ shown
in Figure 2.2. The similarity of the cholesteric and nematic phases hasy led\ to the
term chiral nematic (N*) as an alternative to the historic term cholesteric. The
term twisted nematic is reserved for device structures. '

.The addition of soluble chiral molecules to an NLLC phase produces a helical
tv~v15tevd structure identical to the CLC in macroscopic properties. The helical
pitch is inversely proportional to the chiral component at low concentration. Mo-
lecular chirality may be right-handed (dextro) or left-handed (levo) and' their
effects on the helical pitch cancel. A racemic mixture has equal com7ponents of
dextro and levo components and provides an untwisted NLC. A

The periodicity associated with the CLC helix can diffract visible light to pro-
duce bright colors. The periodicity is temperature-dependent, causing the color
to change dramatically with temperature. Temperature sensing with color change
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Figure 2.2 Cholesteric liquid-crystal phase.

is an important application of CLCs. Short-pitch cholesterics demonstrate blue
phases close to the isotropic transition temperature. These phases are of consid-
erable academic interest but of little value in device work at this stage of devel-
opment. The cholesteric liquid crystal shows a richer variety of birefringent tex-
ture than the nematic. This texture is the basis of some device applications,
where switching between scattering and clear states is employed.

2.2.3 Smectic Phase

The smectic liquid-crystal phases possess some diffuse positional order in addi-
tion to orientational order. The additional smectic order forms the layered struc-
ture shown for the smectic-A (S,) phase in Figure 2.3. For some materials the
NLC to S, transition is a continuous or second-order phase transition, which
gives some indication of the diffusivity of the layers indicated in Figure 2.3. For
simplicity, the smectic layers and intralayer structure are sharply defined in the
figures, but physically the structure is diffuse and is subject to thermal fluctua-
tions. The layered order in the S, phase can be described as a one-dimensional
density wave of period d, generating an order-parameter v = <cos(2mz/d)”>. The
orientational fluctuations are greatly reduced in the S, phase compared to the
NLC. This is revealed by the reduction of light scattering in bulk single S, crys-
tals, which are transparent on visual inspection.

In the smectic-C (S.) phase, the molecules have a polar angle tilt (8) relative
to the layer normal, as shown in Figure 2.4. The azimuth orientation of the mo-
lecular axis in the smectic plane is degenerate. The weak orientational elasticity
allows nematic-like fluctuations of the degenerate azimuth angle while preserv-
ing the layer thickness. A single-crystal S scatters light, and like the nematic
has limited transparency.

Molecular chirality in the S. produces a twist in the azimuth tilt direction of
successive layers, as shown in Figure 2.5. The chiral phas¢ is indicated S¥ and
is the simplest phase to support ferroelectricity. An S phase can be converted to
an S¥ phase by addition of a soluble chiral component. The chirality may be
right- or left-handed, and twist can be canceled, as discussed earlier in the cho-
lesteric case.
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Figure 2.3  Smectic-A liquid-crystal phase.
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Figure 2.4 Smectic-C liquid-crystal phase.
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Figure 2.6 Chiral smectic-C liquid-crystal phase.
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Figure 2.6 Ferroelectric chiral smectic-C.
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1980). This is the basis of ferroelectric liquid-crystal (FLC) device materials
development, where temperature range, viscosity, polarization, and tilt angle
must be engineered. The additional freedom provided by chiral doping is an im-
portant advantage. Ferroelectricity is identified with molecular chirality, and the
-helical structure is a by-product of this chirality in liquid crystals. A nontwisted
ferroelectric state can be achieved in a suitable mixture at a fixed temperature,
where the chiral element is retained while canceling the helical manifestation.
Complete suppression of the helical pitch is not required for FLC device materi-
als, as the device thickness is substantially less than the pitch (Clark and Lager-
wall, 1980). P, values on the order of 100 nC/cm? have been achieved.

The molecular tilt angle 6 is an order parameter of the S* phase and decays
on approach to the S, phase transition. The P value is determined by ordering
of molecular dipole moments and is therefore proportional to the molecular tilt
angle. Close to the transition temperature, soft-mode behavior is important, and
an electric field induced S. molecular tilt known as the clectroclinic effect is
observed in the S, temperature range (Garoff and Meyer, 1977).

2.3 LIQUID-CRYSTAL PROPERTIES
2.3.1 Elasticity

The minimum free energy of the NLC state corresponds to uniform orientation
throughout the entire volume, analogous to the perfect single-crystal state in a
solid. Elastic response to shearing forces is not possible in a fluid. Distortions in
nematic orientation are opposed by forces much weaker than solid-state elastic-

ity. The light-scattering behavior and low energy requirements of LCDs are re-
lated to the weak elasticity.

The NLC thermodynamic free energy can be expanded in spatial derivatives
of n, where the coefficients in this expansion are identified with elasticity. Sym-
metry restrictions eliminate first-order terms and reduce the number of bulk cur-
vature, (second-order) elastic constants to three independent terms:

Bulk free energy = 72)[K(V-n)? + K,(n-V x ) + K,(n-Vn)?] (2.2)

The coeflicients K, K, and K, are known as the Frank elastic constants and
correspond to splay, twist, and bend deformations, respectively, as shown in Fig-
ure 2.7. Higher order terms in the free-energy expansion are associated with
higher order elastic coefficients, which are of academic interest only. In semi-
quantitative work, considerable simplification follows from the approximation
K,=K,=K,=K. In LCD NLCs at room temperature, K is on the order of 10
PN. The elasticity weakens with declining order related to increasing temperature
such that K =« §2,

In smectics the elastic force controlling the layer periodicity is much stronger
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Figure 2.7 Nematic elastic constants.

than the orientational elasticity. This disparity in elasticity gives rise to defect
structures where conservation of layer number restricts layer curvatures. The re-
sulting birefringent texture, characteristic of the smectic phases, is described as
focal conic. The conservation of layer number forbids bend and twist deforma-
tions in the S, director field. However, the degenerate tilt angle in S¢ crystals
does allow some nematic-like elastic deformations in director field n.

2.3.2 Viscosity

The viscous behavior of liquid crystals is anisotropic; moreover, flow and orien-
tation are coupled. A flow process induces a favored director orientation, and
conversely a field-induced reorientation of the director induces a flow effect. A
detailed analysis of the NLC involves five independent viscous coefficients. The
behavior is usually approximated by a single rotational viscous coefficient (7y) in

semiquantitative device work.

a0
Viscous torque = Xétd (2.3)
The flow and rotation viscous interaction can be taken into account by a modified
rotation viscosity (y*) (Pieranski et al., 1973; van Sprang and Koopman, 1988).
At room temperature the LCD NLC flows with a viscosity about an order of

magnitude greater than that of water.
The smectic viscosity is much lower for shear processes along the layers,

relative to shear that disturbs the layer structure. The S, degenerate tilt rotation
has a viscous response similar to that of NLCs. At room temperature the bulk
smectic generally resists flow with a greaselike level of viscosity.

The viscosity rises exponentially with decreasing temperature, imposing a
corresponding increase in LCD response time. High viscosity at low temperature
Jimits the range of video-rate LCDs to near-room-temperature operation. At a
given temperature the viscosity is determined by molecular structure, and great
effort has been made to synthesize Jlow-viscosity NLCs for video-rate LCDs. At
this stage of development only marginal improvements in NLC viscosity are an-

ticipated.
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2.3.3 Disclinations

Deviati i S i
Crvsl‘zslzg:ﬁlﬁmﬁ a solid crystal lattice are described as dislocations. The liquid
,,-(;,; o adogés a sudden change in orientation, giving rise to the term dis‘(g/ina-
" dlsc}g [.e epnc(ajs, 1974; Chandrasekhar and Ranganath, 1986). The siabilit)'
inations is determined by topologic: ints a . ‘
. ogical constraints and b : i
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’ : t spoil the -
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. ' . However, in smectic scatterin i iscli
natlli)}? str.ucture 1s essential to the device function # devices the discli
ilnpOS;ddltSOChn]atl('m lstructure must minimize the elastic energy and satisfy the
pological constraints. In the nematic i i edg
8. matic two-dimensional we
known as a screw), disclinati ' et e e
, disclinations provide a tract
: i able example, where th i
ot . . ’ e
director orientation ¢ is linearly related to the polar angle g nemate
b=s56+86, (2.4
> 2.4)
With strai i ’
mini[;n. thj constra'mt of Eq. (2.4), the elastic free energy given in Eq. (2.2) is
discl'nztt? . lThe director rotates 2sm around any circuit enclosing the si;x'ghtila}
liation line, as shown in Figure 2.8 f i A ‘ ’
tion , .8 for equal elastic constants. The s
of the disclination is gi i it ot
R given by s, which must be an int i :
f the . , eger or half-inte Low s
values are energetically favo i ks down i
avored. The continuum a imati
s e energetically . ! pproximation breaks down in
gion, where the distortion a ¢ 5
Disclimation o oo . st pproaches the molecular scale
. served in nematic d 5 ical i :
i polymerdiomeraed LoTe roplets and are of practical interest
The smect i i
e Oercl:itlc(;ayer.strucTtEre gives rise o a texture or defect structure described
-conic domains. The interlayer elasticity is i :
o con . city 1s much stiffer than the intra-
Wiythr <‘3lastlclty. Therefore, the distorted structure favors layers of equal thicknc:
valurgocmmt())n centers of curvature. Constant layer thickness and matching (:u‘rS
an be accommodated in a space-filling structure containing relatez line

Figure 2.8 Nematic disclinations in two dimensions.
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The development of FLC devices | | sm exures. par
i ] defect is a literal description of a
ticularly the S¥ phase. The zigzag etz
i 1 After much study the nature o g
observed in FLC research devices. ie Z1
defect has been related to the mismatched chevron structures ShO‘\‘Vn"l’n Flgu:;
2.10. The defect surface formed near the cell center aF the phevron \Y 218 gnger
ir; being a disclination surface rather than a disclination line (Clark and Rieker,

1988).
2.3.4 Surface Alignment

Special conditions exist at the surface or interface region. of a !iquld crystal thtat
determine the local orientation. The surface-induced orientation propagates to
influence the bulk liquid-crystal orientation. The use of surface treatmentcs :)
control the alignment in LCDs is a critical aspect of the technology (e.g., Cog
nard, 1982; Uchida, 1990).

Hyperbola

Ellipse

Cross section

Figure 2.9 Focal-conic structure.
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Figure 2.10  Chevron structure in S_* showing zigzag disclinations.

Surface alignment studies are complicated by the problems of reproducibility
inherent in surfaces. A spurious monomolecular surface layer can drastically in-
fluence the orientation of liquid crystals in contact with the surface. Therefore,
the observations of surface effects sometimes vary from laboratory to laboratory.
However, some surface alignment techniques are reliable and easy to implement.

There are two basic alignments that the nematic director can adopt relative to
the surface: perpendicular (homeotropic) and parallel (homogeneous). When ap-
plied to orientation, the terms homeotropic and homogeneous are confusing be-
cause their literal meaning is identical. The term perpendicular alignment is un-
ambiguous. However, the term parallel alignment should be qualified by an
azimuth direction in the plane. Moreover, nonuniform parallel alignment is pos-
sible, which explains the origin of the term homogeneous to distinguish uniform
parallel alignment.

Strong anchoring is a term used to describe a surface alignment that is undis-
turbed by bulk distortions or applied electric or magnetic fields. The director is
fixed at the surface and provides a boundary condition on any equations describ-
ing the director distribution. In weak anchoring the director has a preferred align-
ment, but the orientation can change in response to bulk distortion and applied
fields. Anchoring strength is usually approximated by the expression

W=W, sin’ 6 (2.9)
where 6 is the angular deviation from the favored surface orientation and W, is a
surface energy parameter describing the anchoring strength.

The short-range interactions of interface chemistry will determine the pre-
ferred molecular surface alignment. Longer range elastic interactions will also
influence the alignment. If a grating-like surface topology favoring parallel align-
ment is provided, it can be shown that the anisotropic elasticity of the nematic
promotes alignment parallel to the grating (Berreman, 1972). Figure 2.11 illus-



