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1

Preliminaries

In an information-dominated age, the display of information is becoming
increasingly essential in many aspects of daily life. This requires display systems
utilizing cathode ray tubes (CRTs), electroluminescence devices, plasma display
devices, field emission devices, flat CRT, vacuum fluorescence and liquid crystal
displays (LCDs). Among these systems, the LCD is one of the most important
optical display systems for high performance flat panel display of information.
The importance arises from many of its advantages, including flat panel, light
weight, high definition, low driving voltages, and low power consumption.
Generally speaking, a display panel consists of a two-dimensional array of pixels.
Each pixel can be turned oN or OFF independently for the display of two-
dimensional images. Figure 1.1 shows a schematic drawing of a basic element
(pixel; picture element) of a LCD panel.

Referring to the figure, we note that the basic components of a LCD consist of
a thin layer of liquid crystal sandwiched between a pair of polarizers. To control
the optical transmission of the display element electronically, the liquid crystal
layer is placed between transparent electrodes [e.g., indium tin oxide (ITO)]. The
polarizers and the electrodes are cemented on the surfaces of the glass plates. A
minimum thickness of a few millimeters is needed to maintain the structural
integrity of the panel. The thickness of the liquid crystal layer is kept uniform by
using spacers that are made of glass fibers or plastic microspheres. By applying a
voltage across the electrodes, an electric field inside the liquid crystal can be
obtained to control the transmission of light through the liquid crystal cell. To
achieve the display of information, we need a two-dimensional array of these
electrodes. These electrodes can be driven electrically for data input by using
two sets (x,y) of parallel array of electrodes. In what follows, we will briefly
describe each of the optical components.

1.1. BASIC LCD COMPONENTS

1.1.1. Polarizers

An optical arrangement that produces a beam of polarized light from a beam of
unpolarized light is called a polarizer. Polarizers are key components in many
LCDs. Virtually all light sources used in optical displays are unpolarized. A
beam of polarized light is described by its direction of propagation, frequency,

|
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Liquid Crystal Displays

Liquid crystals can be employed for display applications using various
configurations. Most of the displays produced recently involve the use of either
twisted nematic (TN) or supertwisted nematic (STN) liquid crystals. In TN
liquid crystal, the director of the LC is twisted by an angle of about 90°, whereas
in STN the LC director is twisted by an angle larger than 90° (e.g., 180°, 240°, or
270°). As we mentioned before, each display system consists of a two-
dimensional array of pixels (M x N) that can be tumed oN or OFF electrically.
Each of pixels consists of a LC cell sandwiched between transparent electrodes.
In the early days of TN displays, the liquid crystal cells are driven by two sets of
electrodes (M 4+ N) using multiplexing technique. The advantage of multi-
plexing is that M x N pixels can be addressed by using only M+ N electrical
contacts. The simplicity of multiplexing leads to a degradation of the device
performance, especially in the viewing contrast and the limited pixel resolution.
The performance of TN displays was later improved by using a different driving
technique that involves the use of thin film transistor (TFT) arrays. In TFT
arrays, there are transistors associated with each of the pixels. This significantly
increases the performance as well as the production cost. The subjects of
multiplexing and active matrix (AM) addressing will be discussed in detail in the
next chapter.

The STN displays was introduced recently to improve the performance of
LCD without the use of TFT. It will be shown later that a larger twist angle can
lead to a significantly larger electrooptical distortion. This leads to a substantial
improvement in the contrast and viewing angles over TN displays.

In this chapter, we discuss the principles of operation of various displays
including TN-LCD, STN-LCD, PD-LCD, reflective LCD and so on. In addition,
we also discuss important properties of these displays, including the contrast and
viewing angles. '

5.1 TWISTED NEMATIC (TN) DISPLAYS

5.1.1. Principle of Operation

The operation of a twisted nematic display is based on the waveguiding property
discussed in Chapter 4. As we recall, a beam of linearly polarized light can
propagate in a TN liquid crystal cell along the direction of the twist axis. If the
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(b)

Figure 5.1.  Principle of operation of TN displays (£ mode): (a) NW operation; (b) NB operation.
The dashed arrows on the surface of the TN-LC cell indicate the rubbing directions.

direction of polarization is parallel (or perpendicular) to the director at
incidence, the polarization state of the light will follow the twist of the local
director as the light propagates in the LC. This leads to a rotation of the output
polarization state. In a 90° TN-LC cell, the direction of polarization of the beam
is rotated by 90°. Figure 5.1 illustrates the principle of operation of a 90° TN-
LCD.

In a typical TN display with a 90° twist, the LC is sandwiched between a pair
of crossed polarizers. The polarizer is aligned so that the transmission axis is
parallel to the director at the input end of the L.LC (E-mode operation). This
ensures that the input beam of light is polarized along the direction of the
director. The analyzer is also aligned so that the transmission axis is parallel to
the director at the exit end of the liquid crystal. This ensures a total transmission
of a beam of linearly polarized light by virtue of the waveguiding property. Thus,
a beam of unpolarized light can transmit through the display suffering only a
3-dB loss at the front polarizer. This is known as the normally white (NW)
configuration (see Fig. 5.1a).
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In the TN display, each of the cells consists of a LC material sandwiched
between two glass plates separated by a gap of 5—10 um. The inner surfaces of
the plates are deposited with transparent electrodes made of conductive coatings
of indium tin oxide (ITO). These transparent electrodes are coated with a thin
layer of polyimide with a thickness of several hundred angstroms. The polyimide
films are unidirectionally rubbed to ensure that the local directors are parallel to
the rubbing directions at the surfaces. In a 90° TN, the rubbing direction of the
lower substrate is perpendicular to the rubbing direction of the upper surface.
Thus, in the inactivated state (voltage OFF), the local director undergoes a
continuous (uniform) twist of 90° in the region between the plates. Sheet
polarizers are laminated on the outer surfaces of the plates. The transmission
axes of the polarizers are aligned parallel to the rubbing directions of the
adjacent polyimide films.

In the activated state (voltage oN) when a small voltage (3—5 V) is applied to
the electrodes, a strong electric field is built up in the liquid crystal. As a result of
the dielectric anisotropy, the liquid crystals are aligned parallel to the direction
of the applied electric field. This leads to a homeotropically aligned
configuration of the LC molecules. In other words, the directors of the liquid
crystal are now perpendicular to the plates. Using the terminology of Chapter 4,
this is effectively a ¢ plate of liquid crystal. As we know, the plane of polarization
remains unchanged when a beam of light propagates in the normal direction of a
¢ plate. This leads to a zero transmission when the ¢ plate is sandwiched between
a pair of crossed polarizers (NW operation). Thus, by controlling the voltage oN
or OFF, we are able to control the transmission of light through the liquid crystal
cell. This is the basic principle of operation of a TN display cell.

5.1.2. 'Transmission Properties of Field-orr State

The transmission property of a TN liquid crystal cell can be investigated by
using the Jones matrix method developed in Chapter 4. To discuss the
transmission property, we consider a 90° TN cell with a front local director
parallel to the transmission axis of the polarizer. A beam of unpolarized light is
converted into a beam of linearly polarized light by the front polarizer. We
__mentioned earlier that waveguiding occurs as the beam propagates in the LC
cell. And the transmitted beam is linearly polarized with a rotation of the plane
of polarization by 90°. Strictly speaking, the waveguiding is valid only in the
limit.

b <<—2§And (5.1-1)

where ¢ = total twist angle
o = thickness of LC layer
An = birefringence of LC material
A = wavelength of light
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This is known as the limit of slow twist. The inequality (5.1-1) is also known
as the Mauguin condition. For a 90° TN cell, this condition reduces to

A
5 € And (5.1-2)

In general cases when the condition is not satisfied, the output beam is
elliptically polarized with an ellipticity given by Eq. (4.3-20).

To discuss the polarization state, we use the eo coordinate system in which the
¢ axis is parallel to the local director and the o axis is perpendicular to the local
director. Consider an input beam of light with its electric field vector polarized
parallel to the director of the liquid crystal at the input end of the LC layer. In the
eo coordinate system, the input polarization state can be written as the following

Jones vector:
Vel (1

The output polarization state in terms of the Jones vector in the local eo
coordinate at the rear end of the LC layer can be written, according to Egs. (4.3-
13) or (4.3-15), as

I'sinX

V; _ cosX — i X 614
vl sinX (5-14)
-

X

(5.1-5)

(5.1-6)

We note that the Mauguin condition, Eq. (5.1-1), is equivalent to ¢ < I'. We
also note that for liquid crystals satisfying the Mauguin condition (with ¢ < T'),
the second element of the column vector is near zero. Thus, Eq. (5.1-4)
cotresponds to a Jones vector that is approximately linearly polarized along the
local director (e axis). This explains the phenomenon of waveguiding.

In most TN displays, the LC layers actually used may not satisfy the Mauguin
condition. This leads to a series of performance degradation, including a
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reduction in brightness and in contrast, an undesirable coloration caused by the
dependence of transmission on wavelength. Using Eq. (5.1-4), we can now
discuss the transmission property of the 90° TN cell. The discussion is divided

into two categories: ‘

1. Normally Black (NB) Mode. In this situation the 90° TN cell is
sandwiched between a pair of parallel polarizers (see Fig. 5.1b). The director at
the input end is parallel to the transmission axis of the polarizer, whereas the
director at the exit end is perpendicular to the transmission axis of the analyzer.
According to Eq. (5.1-4), the transmission for unpolarized monochromatic light

is given by

25111 ’X | Sin [2 VH‘“Z]

2 14+ 42

(5.1-7)

¢

where we used ¢ = /2 as the twist angle, u is the Mauguin parameter given by

r An
= —=2d— -
u % 2 7 (5.1-8)
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Figure 5.2, Transmission of NB TN displays (T vs. u), with & = 2d An/X.
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This equation was first derived by Gooch and Tarry [1]. From Eq. (5.1-7), we
note that the transmission is near 0 for liquid crystals with 1 < u, which is
equivalent to the Mauguin condition. To illustrate the transmission property, we
plot the.transmission formula Eq. (5.1-7) as a function of the parameter u (see
Fig. 5.2). The transmission is described by the square of a sinc function that
consists of a main peak at u=0, and a series of side lobes. We note that the
oscillation is caused by the sin® term in the numerator [Eq. (5.1-7)]. The
envelope of the curve decreases with increasing value of # caused by the term
(1 + u?) in the denominator. We also note that the transmission is very low when
u is large (i.e., when the Mauguin condition is fulfilled). Zero transmission
occurs when the argument of sin is an integral number of n (i.e., X=mn, 2n,
3m,...). This corresponds to u = /3, v/15,/35, ... . These values are known as
the first, second, and third minimum conditions. In a normally black (NB) mode,
it is desirable to have a zero transmission in the inactivated state (voltage OFF).
According to Figure 5.2 [or Eq. (5.1-7)], zero transmission occurs at only one
wavelength for a given TN cell. There is a residual transmission for other
wavelengths. This is the cause of a undesirable coloration. Maximum trans-
mission of the side Iobes occurs approximately at u = /8, 1/24,/48,.... We
note that the peak of the first side lobe is éth of the main peak, the peak of the
second side lobe is skth of the main peak.

2. Normally White (NW) Mode. In this scenario the 90° TN cell is
sandwiched between a pair of crossed polarizers, The director at the input end is
parallel to the transmission axis of the polarizer and the director at the exit end is
parallel to the transmission axis of the analyzer. According to Eq. (5.1-4), the
transmission for unpolarized monochromatic light is given by

w57

1
2 1+ 42

1
T==—
2

(5.1-9)

We note that the transmission is complementary to that of the NB mode. For
liquid crystals with large u, the second term in Eq. (5.1-9) is very small. This
leads to a transmission of approximately % for unpolarized light. Figure 5.3
shows a plot T versus u. We note that maximum transmission of% occurs when
the argument of sin is an integral multiple of m. This comresponds to

u=+/3,V15,V/35,....

Transmiited Luminance

In the discussion above, we note that the transmission of a TN display cell
depends on the wavelength of light. For black-and-white displays in the NB
mode, it is desirable to select a LC cell with the proper parameter u such that the
transmitted luminance is minimized in the black state. The integrated
transmitted luminance is obtained by integrating the transmission function
T(A) with the photopic response of the human eyes P(A) (see Fig. 5.4) and the
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illuminant spectral distribution D(A) as follows:

780

J TOIDAP(V)E
L= 380
780

J DOYP(M)IA
380

(5.1-10)

where the limits of integration are from 380 nm (in the ultraviolet) and 780 nm
(in the infrared). Using the D65 standard illuminating spectrum (see Fig. 5.5), a
standard that approximates the emission characteristics of a blackbody held at
6500 K, we obtain a luminance that exhibits minima at And =0.48, 1.09, and
1.68 um. These values agrees very well with the minima at u = /3,15, and
v/35 in Figure 5.2 by selecting A = 0.55 wm, which is close to the peak of the
photopic response.

5.1.3. Transmission Properties of Field-on State

When a small voltage is applied to the electrodes, a strong electric field is
established in the L.C cell. Recall that the typical cell thickness is in the range of
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5—10um. So a small voltage of 1.5V can lead to an electric field of 1.5-3
kV/cm. Under the influence of the electric field, the LC molecules are forced to
align paralle] to the electric field. On the other hand, the LC molecules at the
boundaries must be parallel to the rubbing directions because of a strong
molecular interaction with the surfaces. In addition, there is elastic inertia
(restoring torque) in liquid crystals to resist a distortion of the director
distribution. So the application of an electric voltage can lead to a redistribution
of the director in the LC cell. In what follows, we will briefly describe the
distribution of the director ina TN cell under the influence of an applied voltage.
A detailed discussion can be found in Appendix D.

Field-Induced Director Reorientation

In the field-oFF state, the LC molecules are all aligned parallel to the surfaces
of the glass plates. A uniform twist of the directors exists in the cell as a result
of the boundary conditions. Recall that the rubbing directions of the inner
surfaces of the two glass plates are mutually perpendicular in a 90° TN cell.
When a sufficiently high voltage (few volts) is applied, the liquid crystal
molecules are tilted toward the direction of the electric field. So in a field-on
state, both tilt angle and twist angle are needed to described the distribution of
the director.

To describe the director distribution, we choose the z axis perpendicular to the
cell surfaces. According to Eq. (D-8) in Appendix D, the elastic energy density
in a distorted twist cell can be written

2

Up = %(kl cos%0 -+ ks sinzﬁ) (‘-;g)
(5.1-11)
1 2 .2 2049 2
(k2¢08°0 + k3sin“0) cos“ 0| —

+ dz

o)

where k|, k2, k3 are the elastic constants of the LC material, ¢ is the twist angle,
and 0 is the tilt angle of the director. The electrostatic energy density can be
written

1 1 D?
Uy ==E-D =~
EMT5 2 g)sin*0 + &1 cos2H

(5.1-12)

where D is the displacement field and €, €, are the dielectric constants of the
LC material. -

The final distribution of the director [8(z),d{z)] as functions of z can be
obtained by minimizing the total energy integrated over the LC cell (see
Appendix D). This requires the technique of variational calculus.
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According to Appendix D, the redistribution of the director in a TN cell
requires a threshold voltage given by

D2 (ks — 2ko\ 17
Vp= Vo |14 (372K 5.1-13
T l[1+“2( ki )] ( )

where @ is the total twist angle in the field-oFF state and V, is given by

k
Ve = 11:1/A—; (5.1-14)

where Ae is the dielectric anisotropy Ag =g —&_. Physically, Vi is a
threshold voltage needed to tilt the LC molecules in a nematic cell with a planar
orientation (¥ = 0). The threshold voltage to tiit LC molecules is slightly higher
in twisted nematic cells, according to Eq. (5.1-13) provided 0 < k3 — 2ks. Fora
90° TN cell, the threshold voltage is given by

kg — 2ka\ 12
V=V, |14+ (2222 5.1-15
r=vali+ (22| (19

For most nematic ﬂ;ii'_xtures formulated for TN displays, Vr is typically around
1v. ¥,

Example 5.1. UsingﬁI‘able 1.1, we obtain ky =7.7x10"12N, k=
4 x 107N, k3 =122{ 102N, g = 10.6g9, and &, = 4.65, for ZLI-
1646. According to Egs. (5.1-14,15), we obtain V. =1.196V and
Vr=1275V. [ |

Using the results described in Appendix D, we can obtain the distribution of
the orientation of the director in a TN cell. This also reguires numerical
procedures. Figure 5.6 shows the tilt 8(z} and twist ¢(z} angles of the director
(optic axis} inside a TN cell filled with a LC mixture of ZLI-1646 for several
applied voltages. For this LC mixture, the threshold voltage is around 1.275V,
The director distribution exhibits the following symmetry,

6(z) = 0(d — z)
@)+l -2)=7.

We note that the tilt angle is zero at both ends as a result of the boundary
conditions. In practice, the inner surfaces of the glass plates are treated so that
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Fipure 5.6. Distribution of tilt and twist angles of ditector, where d = cell gap.

the LC director exhibits a small pretilt angle (about 1°) at the boundaries. As we
mentioned before, the pretilt is very important to maintain the distribution
stability of the LC cell. According to Eq. (5.1-12), the electrostatic energy is an
even function of the tilt angle. When a voltage is applied, the tilt angle for the LC
molecules can be either positive or negative. In actual operations without a
pretilt, this can lead to a distribution instability in the LC cell. Thus, a small
pretilt can facilitate the tilt of the LC molecules when a small voltage is applied.
The tilt angle distribution resembles a sinusoidal function at small voltages and
becomes squaring off at higher voltages. Because the tilt angle is symmetric
about the center of the cell, it is maximum at the center. The midlayer tilt angle
increase monotonically as a function of the applied voltage and asymptotically
approaches 90° at higher applied voltages. Figure 5.7 shows the midlayer tilt
angle as a function of the applied voltage.

The twist angle remains relatively uniform at low voltages (e.g., 1.3 V).
Significant changes occur at voltages that cause a midlayer tilt of greater than
45° (e.g., 2.1 V), In the case when the midlayer tilt approaches 90°, the twist
angle undergoes a sharp transition at midlayer from 0° to 90°. The twist angle
remains parallel to the rubbing directions of the surfaces at both ends. A very fast
twisting of 90° occurs within a thin layer at the center of the cell. We also note
that the twist angle remains 45° at the center of the cell regardless of the applied
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Figure 5.7. The midlayer tilt angle as a function of the applied voltage.

voltages. Table 5.1 lists the tilt and twist angles at 20 equally spaced locations in
the LC layer and at the boundaries for three different applied voltages.

Transmission at Normal Incidence

Given the distribution of the tilt and twist angles, we can then use the standard
Jones matrix method to calculate the transmission of the TN cell. In the
numerical approach, the TN cell is divided into a large number of plates
(N =20-100) with an identical thickness. Each of the plates is treated as a
homogeneous and uniaxially anisotropic crystal plate. In the matrix method,
each of the uniaxial crystal plates can be represented by a Jones matrix that
transforms an input polarization state into an output polarization state. The
overal} Jones matrix is then obtained by multiplying all the individual Jones
matrices in sequence. In what follows, we discuss the transmission at normal
incidence of a 90° TN cell as a function of the applied voltage.

Normally Black Mode. Referring to Figure 5.8, we consider the transmission of
a TN cell with And=0.48 pm as a function of the applied voltage. From the
discussion above, this thickness corresponds to the first minimum of a normally
black TN display for green light at A =550 nm (4 green = /3). Thus, in the field-
OFF state (V=0), the transmission for green light at 550 nm is zero. Residual
transmission exists for both red and blue (about 0.03). This is a result of an




S

e R R A LR

AR S s ne B S v
B - R s

TWISTED NEMATIC (TN) DISPLAYS

Table 5.1. Tilt and Twist Angles versus z where d is the LC Cell Gap

V=129V V=210V V=549V
z/d 8¢) ) 8(°) $C°) 8(°) ()
0.000 0.0 0.0 0.0 0.0 0.0 0.0
0.025 0.8 2.3 1.5 1.6 24.6 0.0
0.075 2.3 6.8 22.3 4.8 54.7 0.0
0.125 3.8 11.4 337 7.8 69.4 0.0
0.175 52 15.9 42.5 10.9 77.9 0.1
0225 6.5 20.5 49.4 14.4 82.8 0.2
0.275 7.6 25.0 54.7 18.3 854 0.6
0.325 8.5 29.4 588 23.0 87.2 2.3
0.375 9.2 33.9 61.7 285 88.3 4.9
0.425 9.7 38.3 63.7 34.6 89.0 16.9
0.475 9.9 42.8 64.7 41.4 89.3 35.6
0.525 9.9 41.2 64.7 48.6 89.3 54.4
0.575 9.7 51.7 63.7 554 89.0 73.1
0.625 9.2 56.1 61.7 61.5 88.3 85.1
0.675 8.5 60.6 58.3 67.0 87.2 87.7
0.725 7.6 65.0 54.7 717 85.4 89.4
0.775 6.5 69.5 49.4 75.6 82.8 89.8
0.825 52 74.1 42.5 79.1 77.9 89.9
0.875 3.8 78.6 33.7 82.2 69.4 90.0
0.925 2.3 83.2 223 85.2 54.7 90.0
0.975 08 87.7 7.5 88.4 24.6 90.0
1.000 0.0 90.0 0.0 90.0 0.0 90.0

overshoot for blue light (#pwe > v/3) and a undershoot for red light (#eq < Vv3)
due to the 1/A dependence. When the field is turned on, the transmission
remains the same for applied voltages between 0 and the threshold voltage Vr.
As we know, the LC director remains unchanged for voltages under the
threshold voltage. As the applied voltage increases beyond the threshold voltage
V7, the LC molecules are tilted toward the direction of the electric field. This
effectively decreases the phase retardation leading to an increase in the
transmission. For red light, the tilt of the directors leads to a further decrease of
Uy below /3, leading to an increase of the transmission. For blue light, the
parameter #yy. passes through V'3 as the voltage increases, leading to a zero
transmission at a voltage of around 1.5V. Beyond this voltage, the tilt angle
continues to increase as the applied voltage increases, leading to a further
decrease of the effective phase retardation and the value of upj.. This leads to
an increase of transmission as a function of the voltage. At a very large applied
voltage, all the LC molecules are practically aligned parallel to the electric
field. This resembles the sitnation of a ¢ plate sandwiched between parallel
polarizers. Thus, all three colors of light are transmitted completely.
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Figure 5.8. Transmission of a TN cell in the NB mode as a function of the applied voltage.’

If we were to pick a TN cell with And=1.09 um, the electrooptical
transmission curves would be slightly different. A TN cell with And =1.09 um
corresponds to the second minimum of a normally black TN display for green
light at & =550 nm (& grecn = v/15). The transmission for the green light is again

zero at 0 voltage. As the applied voltage increases, the transmission of the green
light will first increase when the voltage is greater than the threshold voltage as
the parameter i g, decreases. The transmission will then decrease and become
zero when the parameter reaches wMgren = v/3. Beyond this point, the
transmission will increase as the applied voltage continues to increase, For
blue light, the transmission curves will dip to zero 2 times, as the parameter
passes through uypye = V3 and upye = V15. For red light, the transmission
curves will dip to zero only once, as the parameter passes through g = v/3.

Normally White (NW) Mode. In this mode, the TN cell is sandwiched between
a pair of crossed polarizers. Assuming ideal polarizers, the electrooptical
transmission curves are complementary to those of the NB mode. Figure
3.9 shows the electrooptical transmission curves for the NW modes of
operation.

In designing TN-LC cells for display application, it is desirable to select cells
with An=0.48 pm (4 = v/3) to minimize the dependence of the transmission on
». The minimum cell gap also ensures a larger viewing angle.
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Figure 5.9. Transmission of a TN cell in the NW mode as a function of the applied voltage.

Contrast at Normal Incidence

We now discuss the contrast of the TN displays. The contrast of any display
system is defined as the ratio of the transmission of the bright state (high
transmission) to that of the dark state (low or zero transmission). Since the
transmission depends on the applied voltage, the contrast is also a function of the
applied voltage. For normally black mode, the contrast is defined as

Tne(V)
Tne(0)

Cng = (5.1-16)

where Tnp is the transmission of the TN cell. Similarly, the contrast of 2
normally white mode is defined as

Trw(0)

Cnw = T (V)

(5.1-17)

where Tyw is the transmission of the TN cell. On the basis of the complementary
electrooptical transmission of these two modes, Cyw can also be written as

_ Tyww(0) 0.5 — Tag(0)
T Taw(V) T 0.5 ~Tg(V)

Crnw (5.1-18)




176 ‘ LIQUID CRYSTAL DISPLAYS
Let the residual transmission leakage be written

Tng(0) = Ty (5.1-19)
where Ty is a small number in the range of 0.0-0.05, depending on whether Ty

is the integrated transmission over all wavelengths, or the transmission for an
individual wavelength. Also, for the purpose of discussion, let

(5.1-20)

Thp(V) =T,

where T can vary from Ty to (1.5 as the applied voltage increases. Using T and
T, the contrasts can be written

Tna(V) Ty
Cnp = ——l o= — 5.1-21
N Tae(0) | To ( )

_ Taw(0)  05-Tp
T Taw(V) T 05T

(5.1-22)

Crw

We note that both contrasts are monotonically increasing functions of the applied
voltage. As Tnp (V) reaches the maximum value of 0.5 at high applied voltages,
we find that the contrast of the normally black mode is primarily limited by the
leakage Tnp(0) (residual transmission) because of the slight ellipticity of the
output polarization state, according to Eq. (5.1-21). A contrast ratio of 100 : 1
can be easily achieved in this mode. In the normally white mode of operation, the
contrast ratio can be much higher at high applied voltages as the denominator
approaches zero, according to Eq. (5.1-22). As we know, at high applied
voltages, all LC molecules are aligned parallel to the electric field, the TN cell
becomes a homeotropically aligned cell. In practice, the leakage of light Tnw(V)
at this state is limited by the extinction ratio of the crossed polarizers. Contrast
ratio of 1000 : 1 can be achieved with the use of sheet polarizers.

Assuming T = 0.0005, we find that the contrasts are 1 at zero voltage. As the
applied voltage increases, T; increases from 0.0005 to 0.5. At high applied
voltages, T} = 0.5, the contrast Cnp reaches 1000, whereas Cyw reaches
infinity as the denominator approaches zero asymptotically. Equal contrast of
these modes occurs at T = 0.5 — Ty, which corresponds to transmission of
Tn(V) = 0.4995. Based on the electrooptical transmission curves discussed
above, this requires an applied voltage of about 3.3 V. So for operations below
3.3V in this example, the normally black mode exhibits a higher contrast ratio.
Figure 5.10 shows the calculated contrast ratios for these two modes of operation
for green light. Since the cell is designed for minimum leakage at green light, the
contrast is very good. The contrast ratio for the integrated luminance follows a
similar pattern, with a lower value of the maximum contrast.




TWISTED NEMATIC (TN) DISPLAYS

10%

100 F NWwW -1

Contrast Ratio

1 L { | | § I

o 0.5 1 1.5 2 25 3 3.5 4
Voltage (V)

Figure 5.10. Contrast ratio as a function of the applied voltage.

Viewing Angles

In the preceding discussion, we considered only the transmission properties of
TN-LCD at normal incidence. The Jones matrix method can also be employed to
investigate the transmission properties at a general angle of incidence. As we
know, the phase retardation depends on the angle of incidence. The transmission
is now a function of several variables, including the angles of incidence 8, ¢,
wavelength A, and the applied voltage V:

T = T(6, b, A, V) (5.1-23)

The angles of incidence are defined such that € is the angle between the
incidence direction and the normal vector to the surface, ¢ is the azimuth angle
of the incidence direction. For the azimuthal angles we use the convention that
the director at the entrance face is oriented at ¢ = 45° and the director at the exit
face is oriented at ¢ = 135°. We further assume that the transmission axes of the
polarizers for the normally white mode are perpendicular to the LC alignment
directions on the surface of the adjacent substrates (O mode; see Fig. 4.6b). In
calculating the transmission for off-axis light using the Jones matrix method, it
is important to use the phase retardation I'(6,¢,A) for off-axis incidence (Eg.
(4.4-2)), according to the discussion in Chapter 4. More accurate results can be
calculated using the extended Jones matrix method (Chapter 8). For a given

i
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Figure 5.11. (a) Horizontal and vertical viewing characteristics of a NB TN-LCD at three
different applied voltages (V=0, 2.10, 5.49V).
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Figure 5.11. (b) Horizontal and vertical viewing characteristics of a NW TN-LCD at three
different applied voltages (V=0, 2.10, 549 V).
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Figure 5.12. {a) Isotransmittance viewing diagrams of a NB TN-LCD at threce different applied
voltages (V=0, 2.10, 549 V).

wavelength A and an applied voltage V, it is possible to display the transmission
T(8,9) in polar diagrams by using either density plots or contour plots (curves of
equal transmission). In the polar diagrams, each point corresponds to a certain
viewing angle (8,$). The center corresponds to normal incidence (on-axis
viewing) with 8 =0 and ¢ =0. The viewing angle characteristics can also be
displayed by plotting 7(0,¢) for vertical viewing (¢ = n/2) or horizontal viewing
(¢ =0) as a function of 8.

To illustrate the angular viewing properties of LCD, we consider the case of a
TN cell with And=0.48 pm. Figure 5.11 shows the horizontal and vertical
viewing characteristics of the TN-LCD at three different voltages. In the
normally black (NB} mode, the LCD is in a black state when the applied voltage
is zero. Referring to Figure 5.1 1a, we note that the transmittance is indeed zero
at normal incidence. In the horizontal viewing, we note that leakage occurs for
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Figure 5,12, {Continued)

viewing angles greater than 20°. The leakage becomes severe at large viewing
angles. In the vertical viewing, similar leakage occurs at large viewing angles.
As we increase the applied voltage, the transmittance increases with the applied
voltage. This is true for normal incidence as shown in Figure 5.11a. We note that
the transmittance again depends on the angle of viewing. The variation of the
transmittance with the viewing angle may degrade the performance of the
display, An ideal LCD would have a transmittance that is insensitive to the
variation of the viewing angles, and the transmittance varies monotonicaily with
the applied voltage at all angles of viewing. Figure 5.115 shows the same
viewing angle characteristics of a normally white TN-LCD. We note that the
transmittance curves of NW TN-LCDs exhibit a complete left—right viewing
symmetry. The symmetry is a result of the symmetry of the LCD system which
exhibits a 180° rotation around the x axis (see Fig. 5.1¢ and Problem 5.10). It is
important to note that normally black TN-LCDs, however, do not exhibit an
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Figure 5,12,

exact left—right viewing symmetry. The issue of viewing angle characteristics
will be further discussed in Chapter 9.

As mentioned earlier, the viewing angle characteristics of TN-LCDs can also
be presented by using iso-transmittance centours in polar diagrams. This is
illustrated in Figure 5.12 with three different applied voltages. These curves are
contours of equal transmittance in the polar coordinate. As an example, we now
examine the iso transmittance curves of a NB TN-LCD as shown in Figure
5.12a. In the black state when the applied voltage is zero, we note that the
transmission exhibits an approximate left—right viewing symmetry and up-—
down viewing symmetry. It can be shown that the approximate symmetry
disappears at large viewing angles. The leakage of light in the black state is
illustrated by the contours of equal transmittance at 7=0.001, 0.005. 0.01, 0.02,
and 0.03. We note that the angular window of viewing with a leakage of <0.005
covers a range of — 20° to 4 20° in the horizontal direction and — 30° to + 30°
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Figure 5.12. (/) Isotransmittance viewing diagrams of a NW TN-LCD at three different applied
voltages (V=0, 2.10, 5.49V).

in the vertical direction. At an applied voltage of 2.1 V, the approximate viewing
symmetries disappear. The TN-LCD exhibits a brighter transmission in the
upper viewing directions. This is in agreement with the vertical viewing
characteristics shown in Figure 5.11a. At an higher applied voltage of 5.49V, the
transmission of the LCD is higher at most angles of viewing as expected.
However, the angular dependence still exists, as illustrated by the contours, It is
important to note that the isotransmittance contours in the polar diagrams reveal
more information about the viewing angle characteristics as compared with the
simple vertical and horizontal plots. On the other hand, the simple vertical and
horizontal plots are easier in recognizing the angular variation of the
transmittance function. Figure 5.12b shows isotransmittance contours in polar
diagrams for the normally white mode of the TN-LCD. Here, we note that the
isotransmittance curves exhibit an exact left-right viewing symmetry at all
voltages. The transmittance curves in Figures 5.11 and 5.12 are obtained by
using the extended Jones matrix method, which will be discussed in Chapter 8.
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Fipure 5,12, (Continued)

As we know, the standard Jones matrix method is no longer adequate for the
range of viewing angles shown in the figures.

The issue of contrast was discussed in the section entitled *Contrast at
Normal Incidence” for normal incidence only. Since the transmittance is a
function of (8, ®, A, V), the contrast ratio is, strictly speaking, also a function of
(8, ¢, A, V). We first investigate the dependence of the contrast ratio on (6, &) for
a TN-LCD illuminated with a monochromatic source (e.g., a laser beam). The
contrast ratio of a TN-LCD can be defined as '

T(ei d)! l’ V)
T(8,4,%,0)
(

6,¢,1,0)

Crn(0, 9,1, V) = (5.1-24)

T

CNW(ea (b) }"7 V) = (51-25)

T(Ba ¢v A, V)
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where NB stands for normally black and NW denotes normally white and V is
the voltage of operation. The dependence on the applied voltage V was discussed
earlier. We now focus our attention on the dependence on the viewing angles
(8,d) at a given wavelength of illumination A. Figure 5.13 and 5.14 show the
angular dependence of the contrast ratio for a beam of monochromatic green
light. As we know, the transmittance of a TN-LCD depends on the wavelength A.
It is important to note that the contrast ratio also depends on the wavelength of
illumination.

Figure 5.13a shows the contrast ratio as a function of the horizontal and
vertical viewing angle 0 for a normally black mode of TN-LCD. In the horizontal
viewing, we note that the contrast ratio is a symmetric function of 8 with a peak
of around 1000 at normal incidence. The contrast ratio drops monotonically as a
function of 8, reaching ~ 50 for viewing angles over 30°. In the vertical viewing,
the contrast ratio is no longer a symmetric function of 8. Sharp peaks of high
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Figure 5.13. (z) Horizontal and vertical viewing contrast of a NB TN-LCD at V=549V and
A =green.
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Figure 5.13, () Horizontal and vertical viewing contrast of a NW TN-LCD at V=549V and
A= green.
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Figure 5.14, (a) ls&gpntrast viewing diagrams of a NB TN-LCD at V=549V and A = green,

contrast ratio exist at some particular viewing angles. The contrast ratio drops to
less than 100 for viewing angles over 30°. It is important to note that the presence
of the peaks of high contrast is a result of the monochromatic illumination,
which can lead to a near zero transmission of the black state at some particular
angle of incidence. Figure 5.13b/ shows the contrast ratio as a function of the
horizontal and vertical viewing angle 6 for a normaily white mode of TN-LCD.
Generally speaking, these two modes of operation (NB and NW) have different
contrast ratios. As most of the display systems are designed to provide the
optimum viewing at normal incidence, the contrast ratio of both modes of
operation drops as a function of the viewing angle 6. We note that the high
contrast ratio at normal incidence is a result of the monochromatic ilumination.
The contrast ratio as a function of the viewing angles (8,$) can also be displayed
by using isocontrast contours in the polar diagrams. Figure 5.14 shows the
isocontrast viewing diagrams of the TN-LCD with V=35.49V and & = A green-
Each contour defines a field of viewing with a given contrast ratio.
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Figure 5.14. (b} Isoconirast viewing diagrams of a NW TN-LCD at V=549V and A = green.

In the discussion above, we described the transmission properties at large
viewing angles by using only one color (e.g., green). For displays with white
light illumination, the integrated luminance given by Eq. (5.1-10) is the most
important parameter. Using the integrated luminance, the contrasts are given by

Can®, 6, V) = g—(g-%‘g—; (5.1-26)
Cn(6,6,1) =1 (5.1:27)

where the luminance L(9,¢,V) is obtained by integrating the transmittance
function T{0, ¢, A, V) over all wavelengths using Eq. (5.1-10). Figures 5.15 and
5.16 describe the isocontrast curves in the viewing plane. Each data point in
Figure 5.15 is obtained by integrating over 50 wavelengths from 380 to 780 nm
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(a) Horizontal and vertical viewing contrast of a NB TN-LCD at V=549V,
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Figure 5.15. (b) Horizontal and vertical viewing contrast of a NW TN-LCD at V=549 V.
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Figure 5.16.

using Eq. (5.1-10). Here we used the emission characteristics of a blackbody
radiation at 6500K as the illuminant spectral distribution D(A). For different
illumination sources, the isocontrast curves will look slightly different. Figure
5.16 is obtained by averaging over the three primary colors (red, green and blue).

Figure 5.15a shows the contrast ratio of a normally black TN-LCD as a
function of the vertical and horizontal viewing angles with an applied voltage of
V=>5.49V at the white state. We note that the contrast ratio is around 150 at
normal incidence. The contrast ratio remains around 150 for viewing angles
within a fieid of view of & 10°. The contrast ratio then drops to below 100 for
viewing angles greater than 20°. We also note that the contrast ratio remains
above 10 for viewing angles up to +40°.

Figure 5.15bh shows the contrast ratio of a normally white TN-LCD as a
function of the vertical and horizontal viewing angles with an applied voltage of
549V at the black state. The contrast ratio exhibits a rather asymmetric
dependence on the vertical viewing angle. We note that the contrast ratio is very
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Figure 5,16, (&) Isocontrast viewing diagrams of a NW TN-LCD at V=549V.

high (>10%) at normal incidence. This is in agreement with our earlier discussion
(see Fig. 5.10). In the vertical viewing, the contrast ratio remains above 100 in
the angular range of (—10°, 30°). In the horizontal viewing, the contrast ratio
remains above 100 in the angular range of 4 20°. We note that the normally
white mode of TN-LCD exhibits an exact left—-right viewing symmetry.

Figure 5.16a shows the isocontrast contours of a normally black TN-LCD at
an applied voltage of 5.49V in the white state, Such a contour plot shows the
angular viewing region in which the contrast ratio is above a specified vaiue.
Figure 5.16b shows a similar polar diagram for the normally white TN-L.CD.
The iso-contrast contours in the polar diagram give a better description of the
angular dependence of the contrast ratio.

In the preceding discussion of the transmittance of LCD at large viewing
angles, we assumed a zero pretilt angle for the purpose of illustrating the effect
of off-axis incidence. In practice, a small pretilt angle (< 1°) is present in most
LCD’s for the stability of the liquid crystal when voltages are applied.
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5.2. SUPERTWISTED NEMATIC (STN) DISPLAYS

As we discussed earlier, when a voltage is applied to a LC cell, the directors of
the LC molecules are forced to align along the direction of the electric field. A
balance between the elastic energy and the electrostatic energy leads to a
distribution of the director orientation in the LC cell. The redistribution of the
director leads to a change in the transmittance of the LC cell. Typical panels for
information displays requires a 2D array (say M x N) of LC pixels. Each of the
pixels consists of a small LC cell that can be turned ON or OFF electrically. Thus,
each of the individual LC cells must be addressed electrically for information
displays. In principle this can be achieved by using M x N electrical connec-
tions. However, for practical purposes, the electrica] addressing is achieved by
using multiplexing techniques that require only M + N electrodes. The subject
of multiplexing and other addressing schemes will be discussed in the next
chapter.

As a result of the multiplexing, the voltages applied at one cell cannot be
arbitrarily changed without affecting the applied voltages at other cells. This is
known as the crosstalk. As a result of the crosstalk, the oN and OFF voltages
applied at any of the cells cannot be too different, This severely limits the
contrast in display applications.

A high contrast display requires a significant distortion (or redistribution) of
the LC directors in the cell at a reasonable applied voltage. Supertwisted nematic
(STN) liquid crystals offer a solution to this problem. This will be explained by
using the electrooptical distortion curves discussed in this section. Figure 5.17
shows examples of STN-LC cells with total twist angles of 180° and 270°. In
what follows, we discuss the principle of operation of STN cells.

5.2.1. Steepness of Electrooptical Distortion Curves of STN Cells

Referring to Figure 5.17b, we considered a TN cell with orthogonal rubbing
directions on the surfaces of the cell. The arrows indicate the direction of the LC
directors. It is important to note that the LC molecules are usually nonpolar. The
dashed arrows indicate the rubbing directions at the boundaries. It is also
important to note that the liquid crystal in this cell can have either a right-handed
270° twist or a left-handed 90° twist. Both configurations satisfy the boundary
conditions determined by the rubbing directions. Based on the argument in
Appendix D, the left-handed 90° would have a lower elastic energy. Thus, when
an ordinary nematic liquid crystal is filled in the cell, the liguid crystal would
maintain a left-handed 90° twist that has a lower elastic energy.

To maintain a cell twist angle greater than 90° requires a nematic liquid
crystal with an intrinsically twisted nematic structure known as a chiral nematic.
Chiral nematics are ordinary nematic liquid crystals doped with a small
percentage of other materials that exhibit intrinsic optical rotatory power. As we
know, these optically active materials exhibit intrinsic “‘handedness” in the
rotation of the plane of polarization of a beam of incident light. The handedness
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Figure 5.17. (a) STN cells with total twist angles of {2) 180° and (b) 270°. The dashed Jines with
arrows show the rubbing directions.

of the dopant molecules imparts a macroscopic twist to the whole nematic
structure. The amount of twisting is characterized by a pitch length p, which is
defined as the distance measured along the helical axis for the twist of the
director to rotate by a full 360°. In an infinite medium of helically twisted
nematic structure, the pitch is exactly the period of the medium along the axis of
the helix. The structure is identical to that of the cholesteric phase described in
Chapter 1. When the chiral nematic liquid crystal is filled into the cell, the
director at the substrate planes anchor along the alignment directions, whereas
the director in the cell twist according to the handedness of the chiral molecules.
The pitch length is, in general, slightly different from that of the infinite medium,
as a result of the boundary conditions. In an infinite medium, the pitch length is
inversely proportional to the concentration of the chiral dopant. Thus, we can
easily modify the pitch length by adjusting the chiral dopant concentration to suit
the cell spacing d. The pitch p, the cell spacing 4, and the cell twist angle ® are
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related by the following condition:

(5.2-1)

This condition provides a precise match of the intrinsic pitch length of the
infinite medium to the pitch defined by the cell spacing and the alignment
directions of a cell with a zero pretilt.

To account for the natural twist due to the presence of chiral molecules, the
elastic energy density is written

Ue = sk ((V-n) +3ka(0-V x n+go) > + 3ks(n x Vxn)?  (5.2-2)

where n is a unit vector representing the director distribution in the cell,
k1, ka, k3 are the three principal elastic constants, and gg = 2n/p is the natural
twist rate in the absence of the boundaries. We adopt a sign convention of
positive go for right-handed twist and negative g for left-handed twist.

Consider the special case of a supertwisted nematic LC cell with a zero tilt
angle and a uniform twist rate of g. Using Eq. (5.2-2), we obtain the following
expression for the elastic energy density:

UgL = 1ka(g - g0)* (5.2-2a)

We note that, in the absence of boundaries, the lowest energy configuration
occurs when the actual twist rate is exactly the same as the natural twist rate (i.e.,
g = gg). Any deviation from the natural twist rate can lead to a higher elastic
energy density. Thus, when the boundaries are present with prescribed rubbed
directions, the actual twist rate is often slightly different from the natural twist
rate in order to comply with the boundary conditions. The condition of d/p ratio
in Eq. (5.2-1) corresponds to g = gq.

The presence of the additional term gg in Eq. (5.2-2) for STN cells leads to
more complicated electrodistortional curves (see Appendix E). The extent of the
electrodistortion is often measured by examining the midiayer tilt angle as a
function of the applied voltage. Figure 5.18 shows the electrodistortional curve
for a TN (or STN) cell with various cell twist angles. We note that the stecpness
of the curve depends on the cell twist angle. By increasing the cell twist angle
from 90° to 180--270°, we find that the steepness of the electrodistortional curve
can be dramatically increased. As we mentioned earlier, 2 steep electrodistor-
tional curve is a precondition to achieve a high contrast in a highly multiplexed
display system. According to Figure 5.18, we find that the steepness increases as
the cell twist angle increases. An infinite slope is obtained at a certain critical cell
twist angle of about 270°. At higher cell twist angles, the curves become
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Figure 5.18. Electrodistortional curve for a TN (or STN) cell with various cell twmtj angles.
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doubled-valued, indicating a region of instability, bistability and hysteresjs. It is
important to note that the onset of the bistability occurs at a specific twist angle
that depends on several device and material parameters, including &/p ratio,
pretilt angle dielectric and elastic constants. Depending on these parameters, the

steepest slope may occur at other twist angles, such as 240° or 210°.

Effect of Other Device and Material Parameters

In addition to the cell twist angle, the pretilt angle ® at the boundaries can also
affect the shape and the steepness of the electrodistortional curve. As we know,
the electrodistortional curve is a result of the balance between the elastic
restoring force and the electrostatic force. Thus, it is natural that the shape of the
electrodistortional curve may depend on the elastic coefficients ki, ko, k3, as
well as the dielectric constants &, € ; . The d/p ratio is both a device and material
parameter. In what follows, we will discuss the dependence of the shape of the
electrodistortional curve on these device and material parameters. The following
discussion is based on a reference STN cell used in previous works {2,3].

Pretilt Angle

As we mentioned earlier, a small pretilt angle is important in TN cells to ensure a
single domain under the influence of an applied electric field. The pretilt angle is
even more important in STN cells. As a result of the larger twist angles,
unwanted striped textures may occur in STN cells without a pretilt angle. In fact,
the pretilt angles are often larger in STN cells, ranging from 5° to as large as 60°.
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Generally speaking, increasing the pretilt angle causes the electrodistortional
curve to shift toward lower voltages with a slight increase in the steepness of the
curve. For the special case of a zero pretilt angle, there exists, a true threshold
voltage below which there is uniform twist and zero tilt throughout the layer.
When a pretilt angle exists, the tilt angle distribution 0(z) exhibits a minimum at
the center of the cell (see Fig. 5.21). A uniform tilt angle 8(z) = constant may
exist provided an appropriate voltage is applied to the cell (see Section 5.2.3).

Thickness Pitch Ratio d/p

As a result of the presence of the chiral molecules, a nature twist exists without
the boundaries. Minimum elastic energy density occurs when the d/p ratio is
exactly O©/2n. Any deviation from this value will cause an increase in the elastic
energy density. This affects the balance between the electrostatic and the elastic
energy, leading to a different distribution of the director. Thus, we expect to have
a different electrodistortional curve. Many STN cells for display applications
have a d/p ratio that is within the Grandjean zone defined by the following
inequality [4]: ®/2r — 0.25 < d/p < ®/2n + 0.25. We note that the variation
of the cell gap is within a quarter of a pitch (p/4). Generally speaking, lower d/p
ratios shift the curves to lower voltages and make them steeper.

Bend /Splay Elastic Constant Ratio (k3/k)

Increasing the k3/k; ratio in an STN cell increases the steepness of the
electrodistortional curves. Known nematic L.C materials have k3 /k; ratios in the
range 0.5-2.0, but most are in the range 1.2-1.8 (see Table 1.2).

Twist/Splay Elastic Constant Ratio (ky/ky)

The twist/splay elastic constant ratio lies between 0.5 and 0.6 for practically all
LC materials. Decreasing the ratio shifts the upper portions of the electrodistor-
tional curves to lower voltages, thereby increasing their steepness.

Dielectric Paramefer y

Generally speaking, increasing the dieleciric parameter 7y, defined as vy =
(e — &1)/e1, decreases the steepness of the electrodistortion curve, as it does
in the TN case.

5.2.2. Transmission Properties of STN-LCD in the Field-orF State

We now consider the transmission properties of STN-LCDs. In a manner similar
to TN-LCDs, there are various modes of operation in STN-LCDs. These include
normally white (NW) and normally black (NB) operations. As a result of the
relatively faster twist rate, the effect of waveguiding is no longer present. Thus,
the polarizers in STN-LCD:s are, in general, not parallel or perpendicular. In fact,
the transmission axes of the polarizers are no longer parallel or perpendicular to
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the local directors (rubbed directions) of the STN-LC. Generally speaking, two
normal modes are excited by the incidence of a beam of polarized light. These
two modes interfere after exiting the LC cell to produce either a bright state or a
dark state. The general results obtained in Chapter 4 can now be employed to
investigate the transmission of STN-LCDs in the field-oFF state.

Referring to Figure 5.19, we consider an STN-LCD that consists of a
supertwisted nematic LC cell sandwiched between a pair of polarizers. We
assume that the twist is right-handed. The azimuth angles of the transmission
axes of the polarizers are denoted as o and B as shown in Figure 5.19.

If we assume a uniform tilt angle (either zero or small tilt angle) throughout
the cell, then the transmission of the STN-LCD in the field-OFF state can be
obtained by using Eq. (4.3-29). The polarizer’s azimuth angles in Eq. (4.3-29)
are related to o and P of Figure 5.19 by the following relationships:

Do = Guic = ¢+ B (52‘3)

where ¢ is the total twist angle. Note that the azimuthal angular separation
between the polarizers is (Qexjy —~ Pent) = ¢ + B — .

Using the new definition for the polarizer azimuth angles, we obtain the
following transmission formula, according to Eq. (4.3-29):

T= % {cosz(a — B) — sin? X sin 2B sin 24
+ L sin 2X sin 2(a — B) (5.2-4)
2X

. 2
— 2 51;1{2X cos2Bcos 2&}
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where we recall that X is given by

1-'2
X=4/0"+—— =0V 1+u?

4

where I is the phase retardation

2n
I'= —k—d(ne - na)

and u is the Mauguin parameter

(5.2-7)

It is important to note that if a uniform tilt angle exists (0#£0) in the cell, then i,
in Eq. (5.2-6) should be replaced by n «(0)given by

cos2® sin’®
=" 7
ne no

(5.2-8)

where 0 is the tilt angle. The transmission formula Eq. (5.2-4) can also be written

1
T=3 {cosz(a + B) + cos2X cos 20.cos 2B (tan 20 — ?—; tan X)

(tan 2B+ % tan X) }

(5.2-9)

We also note that the transmission formula is simpler by using the new definition
for the polarizer azimuth angles. The transmission formula exhibits a 90°
rotation symmetry. In other words

T(cx+g,[3+g) = T{(a, B) (5.2-10)

Thaus, if we rotate both the polarizer and the analyzer by 90° relative to the STN-
LC cell, the transmission remains unchanged.

Although Eq. (5.2-4} or Eq. (5.2-9) can be employed to design the various
modes of operation of STN-LCD, the techniques described in Chapter 4 offer
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some useful insight for this purpose. In Eqgs. (4.3-38)—(4.3-40), we derived the
input linear polarization states that can be transformed into linear polarization
states (output beams) by an arbitrarily twisted LC cell with a uniform tilt. Using
these formulas, we can obtain the azimuth angle of the polarizers for various
modes of operation.

Before we consider the general cases, let us examine a special case of interest.
According to Eq. (5.2-4), the transmission can be wriiten

T =Lcos?(a — B) (5.2-11)
provided
X=0¢V1+u?=mn2mn3n,... (5.2-12)

Thus, in this special case, the transmission is 100% if a=f, and zero if
o — B=m/2. For a 270° twist cell, ¢ = 1.5m, solutions for X=12x, 3=, ... are
possible. These correspond to a Mauguin parameter of « = +/7/3,+/3, .. . for the
270° STN cell. For A =0.55 pm, these correspond to And = 0,728 pum, 1.429 um,
and so on. For applications in this special case, the relative azimuth angle
between the polarizers is fixed by either «=J, or o — P=mn/2, whereas the
absolute azimuth angle can be arbitrarily chosen.

These numbers A nd=0.728 pum, 1.429 um, and so on for a 270° twist cell are
unfortunately too large for some LCD applications. In the following, we consider
the general case when the parameter X is not an integral number of n. In the
general cases, the azimuth angles (o) of both the polarizer and the analyzer
must be properly chosen to obtain either a unity transmission or zero
transmission for a specific wavelength. As we recall the transmission of a TN-
LCD is somewhat insensitive to wavelength. This is a result of the waveguiding
phenomenon in the Mauguin regime (1 < «). The transmission of an STN-LCD
is no longer insensitive to the wavelength as a result of the higher twist rate. The
following discussions are based on a single wavelength only.

Normally White Mode I (NW-I)

In the normally white operation, the transmission is 0.5 in the field-OFF state at a
specific wavelength. Unlike the case in TN, the transmission of light at other
wavelengths is much lower than { in STN cells. So the white state is not quite
white. The azimuth angle of the entrance polarizer is given by, according to Eq.

(4.3-41)
tana; =1 +v2—v (5.2-13)

or equivalently

(5.2-14)
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Figure 5.20, Transmission spectra of a 270° STN cell in the field-OFF state with &= —22°,
p=22°, And=0.48um, and a 90° TN cell in the field-oFF state with x=0°, p=0°, And=
0.48 um. The polarizer azimuth angles are chosen to have maximum (or zero) transmission in the
field-oFF state for A =550 nm.

It is important to remember that these angles a, ; are measured from the Jocal
director as indicated in Figure 5.19. And the azimuth angle of the analyzer (exit
polarizer) is given by, according to Eq. (4.3-43)

By=-o (5.2-15)

We note that the transmission is T = % for these polarizer azimuth angles,
according to Eq. (5.2-9). It is important to note that T = % 1s applicable only fora
specific design wavelength, A lower transmission will be obtained for other
wavelengths (see Fig. 5.20). By examining Eq. (5.2-9), we find that the
dependence on the wavelength is due to the 1/ factor in I' [Eq. (5.2-6)] and X.
Thus, the deviation from T = % depends on And of the cell. Generally speaking,
lower values of And are desirable. If the STN celi is designed for a maximum
transmission at around A = (.55 um, the field-oFF state (bright state) will have a
yellowish green appearance, and the field-ON state (dark state) will have a black
appearance. This is often referred to as the yellow mode [2].

Normally White Mode IT (NW-II)

This mode is obtained by rotating both the polarizer and analtyzer by 90° relative
to the STN-LC cell. The transmission properties at normal incidence is identical
to those of NW-I, according to Eq. (5.2-10). Specifically, the azimuth angle of
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the entrance polarizer is given by, according to Eq, (4.3-41)

tanoty; = -/ 1 +v2—y

or equivalently

tan 200 = % ¢ t;l{nX

(5.217)

Note that although the two azimuth angles {2, «2) are different, they have the
same value for tan 2q. In fact, these two values of « are related by

P +g (5.2-18)

The azimuth angle of the analyzer {(exit polarizer) is given by, according to Eq.
(4.3-43)

o= o2 (5.2-19)

Normally Black Mode 1

This mode can be obtained by keeping the azimuth angle of the entrance
polarizer unchanged, while rotating the analyzer {exit polarizer) by 90°. Zero
transmission is obtained for a specific wavelength. Leakage of light at other
wavelengths is relatively stronger in STN cells than in TN celis. This is a result
of the lack of waveguiding in STN cells. Thus, the black state is actually not
quite black. Specifically, the azimuth angle of the entrance polarizer is given by,
according to Eq. (4.3-41)

tanoy = /1 +v2 ~ v (5.2-20)

or equivalently

t
tan 20 =%= ¢ ;HX

(5.2-21)

where X is given by Eq. (5.2-5). And the azimuth angle of the analyzer (exit
polarizer) is given by

B, =g— o (5.2-22)
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Note that the transmission axis of polarizers has no polarity. Thus, azimuth
angles of ¢ and ¢ £ 7 are the same orientation. We note that normally black
mode I can be easily obtained from normally white mode 1 by rotating the
analyzer (exit polarizer) by 90° in either direction, The zero transmission
(T = 0) for these polarizer azimuth angles can also be obtained; according to Eq.
(5.2-9). It is important to note that 7 =0 is only for a specific design
wavelength. A leakage of light occurs for other wavelengths, due to the
dependence on the wavelength in I' [Eq. (5.2-6)] and X (see Fig. 5.20). Thus, if
the STN celi is designed for a zero transmission at around A = 0,55 pum, the field-
OFF state (dark state) will have a blue-purple appearance, and the field-oN state
(bright state) will have a white appearance. This is often referred to as the blue
mode [2].

Normally Black Mode Il

This mode is obtained by rotating both the polarizer and the analyzer in the
NB-I mode by 90° relative to the STN-LC cell. The transmission properties at
normal incidence is identical to those of NB-I, according to Eq. (5.2-10).
Specifically, the azimuth angle of the entrance polarizer is given by, according ta
Eg. (4.3-41)

tant, = —+/1 4 vZ -y

(5.2-23)

or equivalently .

(5.2-24)

(5.2-25)

where X is given by Eq. (5.2-5). The azimuth angle of the analyzer (exit
polarizer) is given by

By == -y (5.2-26)

Example 5.2. Consider 2 270° STN-LCD with a uniform tilt angle throughout
the cell. Let us calculate the polarizer azimuth angles o and [ for three
wavelengths of operation: A =0.45, 0.55, and 0.65 pm. The azimuth angles for
the polarizer and the analyzer depend on the birefringence—thickness product
And = [n.(8) — n,)d, where 8 is the tilt angle of the LC director. These angles
(o, B) for And between 0.40 and 1.00 pm are listed in Tabie 5.2. |
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Table 5.2, Polarizer Azimuth Angles

A (um)

And (um)

0.45
0.45
045
0.45
0.45
0.45
0.45
0.45
0.45
045
0.45
0.45
0.45

0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.55

0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65

0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.30
0.85
0.90
0.95
1.00

0.40
0.45
0.50
0.55
0.60
0.65
0.70
.75
0.80
0.85
0.90

0.95,

1.00

—20.9°
—15.3°
-9.8°
- 4.6°
0.5¢
54°
10.5°
16.3°
23.3°
32.7°
45.0°
-3L7
—20.6°

-286°
—24.4°
-19.9°
—153°
—10.8°
-6.5°
-2.3°
1.8°
5.9°
10.0°
14.6°
19.9°
26.4°

-33.3°
-30.2°
—26.7°
—23.0°
~19.2°
~153°
—-11.5°
~7.8°
—4.2°
~0.7°
27
6.2°
9.7°

20.9°
15.3°
9.8°
4.6°
-0.5°
-54°
- 10.5°
- 16.3°
—23.3°
-32.7°
—45.0°
31.7°
20.6°

28.6°
24.4°
19.9°
15.3°
10.8°
6.5°
2.3

- 1.8°
~59°
- 10.0°
—14.6°
~19.9°
- 26.4°

33.3°
30.2°
26.7°
23.0°
19.2°
15.3°
11.5°
7.8°
4.2°
0.7°
—27°
- 6.2°
-9.7°

—-20.9°
—15.3°
—9.8°
—4.6°
0.5°
5.4°
10.5°
16.3°
233°
32.7°
45.0°
-317
—20.6°

—28.6°
—24.4°
—-19.9°
—15.3°
- 10.8°
—6.5°
-2.3
1.8°
5.9°
10.0°
14.6°
19.9°
26.4°

—-33.3
-30.2°
—26.7°
-23.0°
- 19.2°
~153°
—11.5°
-17.8°
—4,2°
-~0.7°
27"
6.2°
9.7°

—69.1°
—-74.7
-80.2°
- 854°
89.5°
84.6°
79.5°
73.7°
66.7°
57.3°
45.0°
—58.3°
—69.4°

—61.4°
—65.6°
-70.1°
—74.7°
- 79.2°
—-83.5°
—87.7°
88.2°
84.1°
80.0°
75.4°
70.1°
63.6°

—56.7°
—59.8°
—-63.3°
—-67.0°
- 70.8°
—~74.7°
—78.5°
—-82.2°
—85.8°
- 89.3°

87.3°

83.8°

80.3°
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It is important to note that these polarizer azimuth angles for maximum
transmission (T = —) or complete extinction (T = 0) depend on the operation
wavelength A. To 1llustrate the dependence on the wavelength, we plot the
transmission of an STN cell as a function of wavelength in Figure 5.20. We note
that in the normally black (NB) mode, the STN-LCD has a much stronger
leakage in the blue spectral regime, leading to a bluish appearance in the black
state. In the normally white (NW) mode, the STN-LCD has a much lower
transmission in the blue spectral regime, leading to a yellowish green appearance
in the white state. The transmission spectra of a TN cell are also shown in the
same figure. We note that the TN cell is relatively insensitive to the wavelength
variation as compared with the STN cell. Although the azimuth angles of the
polarizers can be obtained for either zero or -‘2- transmission for a given
wavelength, the actual azimuth angles for STN-LCDs should be determined by
optimizing the integrated transmission over the spectrum of the illuminating
light source.

The colors in the field-oFF state of STN-LCDs are due to leakage of light,
which is a result of the absence of waveguiding in the LC cell. These colors can
be completely removed by using a double-layer STN cell, leading to true white
or black in the field-oFF states. The double layer STN cells consist of an
electrically switchable STN cell and a fixed STN cell with a reversed twast for
color compensation in the field-OFF states.

5:2 3. Transmission Properties of STN-LCD in the Field-oN State

W en an electric field of sufficient strength is turned oN, the LC molecules will
be 3l ned parallel to the electric field. Similar to the situation in TN-LCD, the
actuikdirector distribution depends on the balance between the elastic energy
densxty and the electrostatic energy density in the cell. Before we consider the
general ‘case of director distribution, let us examine a special case of
approximately homeotropic alignment of the LC molecules in the cell due to
the action of the electric field. The transmission for this special case is
particularly simple. In the approximation of homeotropic alignment, the phase
retardation " becomes zero. In this case, X = ¢, according to Eq. (5.2-5), and the
transmission formula Eq. (5.2-4) becomes

T =1cos?(B + ¢ — o) (5.2-27)

which is exactly the transmission of a pair of polarizers with an azimuth angle of
(B+¢—o) between them. Equation (5.2-27) is a good estimate of the
transmission of the STN cell in the field-on state. However, in general, the
director is not exactly in homeotropic alignment with the electric field. Jones
matrix method and numerical techniques must be employed to calculate the
transmission of the cell. However, we must obtain the director distribution 6(z)
and &(z) first before we can calculate the transmission.
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Field-Induced Director Reorientation

According to Appendix E, the total electrostatic and elastic energy in the cell can
be written

1 d ) 5 DZ
U=§J Fl0" + Fp0't + F3o + : & (5.2:28)

0 E|l sin%@ + & cos?0

where F |, F, and F; are as follows:

F, =k cos?0+k; sin%0 (5.2-29)
Fa = k2 c0s20 + k4 sin? G]cos2 0 (5.2-30)
F3 = —2k;qocos’0 (5.2-31)

where 67 and ¢’ are the derivatives of the tilt and twist angles with respective to
z, as defined in Egs. (E-9) and (E-10), and g is the natural twist rate of the LC
material. Using the variational technique described in Appendix E, we obtain the
following expression for the threshold voitage needed to achieve a uniform tilt
angle throughout the cell:

: 1 d 12
Vi = | Amky — @ — ®2[k3 — 2(k3 — k2)cos* B ] 0g#0
o = g [feka, @ Ol =20t ke’ (00 #0)

(5.2-32)

where 0y is the nonzero pretilt angle, po = 2n/qo is the natural pitch, and @ is
the total twist angle. For the special case of zero pretilt angle (00 = 0), the
minimum voltage needed to create a smail distortion in the cell is given by,
according to Appendix E

T

ki kipom

2 1/2
ks — 2k; ((D) L m}

Vin= Ve [1 +

where V,; is the critical voltage needed to produce a finite tilt angle in a parallel
nematic cell:

Vi

=T ——-—-—-E = (5.2-34)




~J
f=1

Tiit Angle 8 {Deg)
(Baq) ¢ aibuy 151

Figure 5.21, Director distribution 6(z) and ¢{z) in an STN cell with 270° total twist angle at
different reduced voltages. Reduced voltage Vg = V/V .

It is important to remember that Eq. (5.2-33) is valid for the special case of zero
pretilt angle (69 = 0). A discontinuity exists between Eqgs. (5.2-32) and (5.2-33)
at 89 = 0. In other words, Eq. (5.2-32) does not reduce to Eq. (5.2-33) when 0
approaches 0. We note that Eq. (5.2-33) reduces to the result obtained previously
for TN-LC by putting po = infinity:

ks — 2k @7

P (5.2-35)

Vi=Vgq [1+

The director distribution 8(z) and ¢¢{z) can be obtained by solving the equations
in Appendix E using numerical techniques. Figure 5.21 shows a typical director
distribution in an STN cell at different applied voltages. In this case, a small
pretilt angle of 8 = 5° exists at the cell boundaries. We note that in the field-oFF
(V=0) state, the LC tilt angle 9(z) decreases as z increases from z = 0 to
z = d/2 (midlayer), reaching a minimum value of the tilt angle at the midlayer
point. At an applied voltage of Vg = 1.83 (reduced voltage Vp=V/V.), a
uniform tilt O(z) = 5° exists throughout the cell. For applied voltages Vg greater
than 1.83, the tilt angle 6(z) is an increasing function of z between z = 0 and
7= d/2, reaching a maximum at the midlayer point, The midlayer tilt angle
0(d/z) approaches 90° at applied voltages 1 < Vp.
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Transmission at Normal Incidence

Using the director distribution 6(z) and ¢(z), we can now employ the Jones
method to calculate the transmission spectrum of the STN cell. Here again, we
can divide an STN cell into 20 or 40 sublayers of equal thickness. Each of these
layers will be treated as a homogeneous uniaxially birefringent medium.

Figure 522 shows the transmission spectra of two different STN-LCDs at
various applied voltages. The polarizers’ transmission axes of these STN-LCDs
are obtained from Table 5.2. These polarizers’ azimuth angles are designed to
yield a maximum transmission of 50%, for unpolarized light, at A =0.55 um in
the field-oFF state. Figure 5.22b plots the transmission spectrum of a different
STN-LCD which offers a better contrast ratio. This is a result of the near-
orthogonal orientation of the transmission axes of the polarizers. As we recall,
the transmission in the field-oN state with I < Vg is given by Eq. (5.2-27). Thus
a cell configuration with (§+ ¢ — o) near 90° or 270° will provide a better
contrast ratio.

Contrast at Normal Incidence

As we indicated earlier, high-information-content displays with multiplexing
addressing techniques suffer from the poor contrast ratios as a result of crosstalk
between the addressing rows, Although the STN cells offer a solutien for this
problem, by virtue of their steep electrodistortional curves, the contrast ratio is
still relatively poor for displays with high information content because of the
absence of waveguiding. In TN-LCD, the transmission is relatively insensitive to
the wavelength. In other words, if a TN cell is designed. to have a zero
transmission for the green light, the leakage is relatively low for the red and blue
lights as well. This is no longer true in STN-LCDs due to the absence of
waveguiding. In other words, if an STN cell is designed to have a zero
transmission for green light, the leakage is relatively high for the red and blue
lights. This can be seen from Figure 5.20. The leakage of light is a main source
of the poor contrast.

The definitions of contrast ratios for an individual STN cell are the same as
those of the TN cells. These contrast ratios for individual cells are only useful for
low level multiplexed displays (alphanumeric) such as those used in automobiles
panels, gas stations, watches, and calculators. For high-information-content
displays with multiplexed addressing, the selection ratio of the applied voltage is
limited by the following law of multiplexing [5]:

Von _ \/ﬁ—[—l
Vorr \/N—l

(5.2-36)

where N is the number of rows in the displays panel (see Chapter 6 for more
detailed discussion). For N = 100, the ratio is only 1.105.
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Figure 522, Transmission spectra (normal incidence) of a 270° STN-LCD at different reduced
voltages, with (@) &= —22°, $=22°, And=0.48 pm, reduced voltage Ve=V/V, (b)a=18°
B= —1.8°, And=075um, Vg = V/V,.
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The contrast ratios for STN-LCDs are defined as follows:

_ T{(Vom) .
Caw = (Vo) (normally white) (5.2-37)
T(VON)
Cng = normally black 5.2-38
NB TV oue) ( y ) { )

As mentioned earlier, the leakage of light in the black state is relatively higher in
STN-LCDs. This leads to a poor contrast ratio in STN display systems. In the
case of TN-LCDs with multiplexed addressing, the voltages for oN and OFF
states are governed by Eq. (5.2-36). For TN displays with a large number of rows
N, Voy is very close to Vore. This leads to T(Voy) & T{Vore) and thus a very
poor contrast ratio. In an STN cell with the proper twist angle, a very steep (near
vertical) electrodistortional curve can be obtained (see Fig. 5.18 or 5.23). This is
a very desirable property of the STN cell, allowing the possibility of high
contrast ratios with a small voltage selection ratio. Thus, the applied voltages
Von and Vo are often selected on both sides of the steepest slope (see Fig. 5.23).
We note that the midlayer tilt angle is around 10° for a reduced voltage of

90 T T T T T

8o [ ﬂ

70 | . .

60 |- N

50 7]
1

40 -

Midlayer tilt angle (deg)

20 -

0 | ) i
vOFF VON

0 0.5 1 1.5 2 2.5 3
Reduced voltage

Figure 5.23. Electrodistortional curve of a 270° STN cell. The vertical lines indicate the
nonselect voltage Vorr and the select veoltage Von.
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Vorr = 1.9. The midlayer tilt angle becomes about 75° at a reduced voltage of
Von = 2.2.

As we know, a high contrast ratio requires a near zero denominator in Egs.
(5.2-37) and (5.2-38). As a result of the fast twist rate, the transmission of the
fleld-OFF state T(V o) varies with the wavelength (see Fig. 5.20). A near-zero
integrated transmission of T(V ) over the visible wavelengths is difficult to
achieve. On the other hand, if the LC molecules can be homeotropically aligned
because of an applied field, the transmission of the STN cell is simply cos?
(B 4 ¢ — &), which can be zero if the polarizers are oriented at the appropriate
azimuth angles. It can be shown that B + ¢ — oo = =+ n1/2 corresponds to a pair of
crossed polarizers. Therefore the NW mode (yellow mode) is expected to have a
higher contrast ratio.

Viewing Angles

Referring to Figures 5.24 and 5.25, we consider the viewing characteristics of a
270° STN-LCD at three different applied voltages. Figure 5.24 shows the
transmission as a function of the horizontal viewing angle. We note that the
display exhibits a left—right viewing symmetry. A severe leakage of light in the
black state occurs for viewing angles greater than =+ 30°. The viewing exhibits
no up—down symmetry. A significant leakage of light in the black state occurs
for vertical viewing angles greater than +40°,

0.5 =T T
Vn = 1.83
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Figure 5.24. Horizontal viewing churacteristics of a 270° STN-LCD at different reduced

voltages, with a=1.8%, f= — 1.8°, And=0.75 um, A =0.55 pm. Reduced voltage Vg = V/V,y,
where V) is as given by Eq. (5.2-34).
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Figure 5.25, Vertical viewing characteristics of a 270° STN-LCD at different reduced voltages,
with o =1.8%, B= — 1.8°, And =0.75 pm, A = 0.55 pm. Reduced voltage ¥z = V/V 1, where ¥V
is as given by Eq. (5.2-34).

For NW-STN cells, in order to achieve a higher contrast ratio, the polarizers
must be crossed. In this case, a high contrast can be achieved by using a high
applied voltage in the black state. From Table 5.2, we realize that the cell gap d
must be properly chosen.

5.3. NEMATIC LIQUID CRYSTAL DISPLAY (N-LCD) MODES

In both TN and STN, the LC director n undergoes a twist in the cell. The twisting
of the director allows the phenomenon of waveguiding to occur in TN cells. Asa
result of the twist, the displays show asymmetric viewing characteristics (in the
vertical direction). Birefringence phase compensation for improving the viewing
characteristics (Chapter 9) in these cells is more difficult to realize because of the
complicated director distribution. We now consider the use of nematic LC cells
for display applications. In this section, we consider three important cases of
interest, These are homogeneously parallel aligned cell, vertically aligned (VA)
cell, and bend-aligned (BA) cell.

5.3.1. Parallel Aligned (PA) Cells

The LC cell in this case is effectively an @ plate of uniaxially birefringent
material in the field-OFF state. An electric field can be applied to reorient the LC
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director in the cell to control the phase retardation. The discussion is divided
into the two following cases depending on the direction of the applied electric
field.

Vertical Switching (E Field Perpendicular to LC Layer)

Referring to Figure 5.26, we consider a nematic liguid crystal display (N-LCD)
consisting of a homogeneously parallel aligned cell sandwiched between a pair
of crossed polarizers. The ¢ axis (director) of the cell is oriented at 45° relative
to the transmission axes of the polarizess. For display applications, the LC cell
is coated with transparent electrodes so that an electric field along the z axis can
be applied to the cell. In the ficld-oFF state, the LC cell exhibits a phase

N-LCCell

(a)

Transparent Elecirodes

BEi R e P R G e g T RN ALTHO Bl 8 L Pl

V“-,< A

(b)

Figure 5.26. (@) Schematic drawing of a nematic liquid crystal display (N-LCD) using a paraliel
aligned cell; (b) director distribution in the field-oFF and ficld-oN states (V=applied voltage;
Vi = threshold voltage).
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retardation of

[=2(n, = no)d (5.3-1)

where n,, n, are the principal refractive indices of the LC and material and d is
the thickness of the LC layer. In a normally white (NW) operation, I is chosen to
be an odd integral number of © (i.e., I' =n, 3w, 57, 7m, ...). Usually, the lowest
order (I' =) is chosen for the best viewing characteristics at large viewing
angles. The transmission of‘the LCD is given by

r
T= % sinzi (crossed polarizers) (5.3-2)

When an electric field is applied to the LC cell, the LC director is reoriented (tilt)
toward the direction of the electric field. This leads to a decrease of the phase
retardation, which is now written ™

_21t

F=- J[ne(e)—n,,]dz (5.3-3) ,:!

where the integral is from z =0 to z = d,n.(0) is given by

1 sin’®  cos?®
S

ni(@)  n2 n2

(5.3-4)

where 9 is the tilt angle of the LC director. It is important to note that 8(z) is a
function of position z, and the tilt angle distribution 8(z) depends on the applied
voltage. In the extreme case of homeotropical alignment (@ = 90°) by applying a
strong electric field, the phase retardation reduces to zero. This leads to a zero
transmission in a crossed polarizer configuration, according to Eq. (5.3-2). This
mode of switching is sometimes referred to as the electrically controlled
birefringence mode (ECB-LCD).

In principle, the same structure shown in Figure 5.26a can also be employed
for a normaily black (NB) operation. In this case I is chosen to be an integral
number of 2x. (i.e., I'=2n, 4r, 6x, 8r, .. .). Again, for viewing characteristics
at large viewing angles, I is usually chosen to be 2r (I" = 2xt). The white state is
obtained by applying a voltage so that the integrated phase retardation in Eq.
(5.3-3) becomes 1. This operation is, however, not practical for two reasons: (1)
the LC cell, with I" = 2m, must be two times thicker, which is very undesirable in
LCDs; and (2) leakage of light occurs when the phase retardation becomes less
than , as the applied voltage becomes too high.
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Figure 5.27. Schematic drawing of a normally black vertical switching mode of N-LCD.

Referring to Figure 5.27, we consider a more practical normally black (NB)
operation that involves the use of parallel polarizers. In the field-OFF state, the
LC cell behaves like a half-wave plate, where T" is an odd integral number of
(ie., I'=m, 3m, 5%, 7x, . . ). Again, the lowest order (I' = m) is usually chosen for
the best viewing characteristics at large angles of viewing. The transmission of
the LCD shown in Figure 5.27 is given by

1
T= 3 cos? g (paralle] polarizers) (5.3-5)

When an electric field is applied to the LC cell, the phase retardation I is as
given by Eq. (5.3-3). In the extreme case of homeotropic alignment (0 =90°) by
applying a strong electric field, the phase retardation reduces to zero. This leads
to a maximum transmission in a parallel-polarizer configuration, according to
Eq. (5.3-5).

Electrodistortion (Electrooptical Distortion) in the Vertical Switching Mode.,
When an electric field is applied to the cell along the z axis, the LC molecules
are aligned toward the 7 axis. The distribution of the director tilt angle 6(z) is a
result of the balance between the elastic restoring force and the electric force, as
well as the boundary conditions. According to Appendix B, the elastic energy
density can be written

U —l(k cos? 8 + k3 sin? 0) 48y * (5.3-6)
EL—-2 1 3 dz .

where 0 is the tilt angle and k,, k3 are the elastic constants. The change of the
electrostatic energy due to the reorientation of the directors can be written,
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according to Eq. (B-2) in Appendix B

1 D? 1 D?
T T, ~=z (5.3-7)
2 (g)sin“0+eycos2B) 2¢€,

AUpm =

where D, ( = constant) is the z component of the displacement field vector. We
note that the second term is a constant independent of the director orientation
8(z). According to the discussion in Appendix B, distortion occurs when the
applied voltage is higher than a critical voltage:

Va=Egd= E——\/-—L (tilt mode) (5.3-8)

VEI—EI

A numerical analysis can be carried out to obtain the director distribution 8(z) by
using the equations in Appendix B. Figure 5.28 shows the director distribution
0(z) at various applied voltages. We note that the tilt angle 8(z) of the L.C director
is an increasing function of the applied voltage. In addition, the tilt angle 8(z) is a
symmetric function with respect to the midlayer z = d/2. At an applied voltage
of 5.71V, the nematic cell is virtually homeotropically aligned with a tilt angle
B(z) of about 90°.

Figure 5.29 shows the transmission of the N-LCD at normal incidence as a
function of the applied voltage. Using the green light as the design wavelength,
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Figure 5.28. Director distribution 8(z) at various applied voltages.
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0.6 T T T T

Voltage (V)

Figure 5.29. Transmission of the N-LCD at normal incidence as a function of the applied
voltage.

the cell exhibits a maximum transmission of 0.5 for the green light. The
transmission for the green light is a monotonically decreasing function of the
applied voltage for Vi, < V. The cell exhibits a lower transmission for the blue
and red lights in the field-oFF (V = 0) state. As the applied voltage increases, the
transmission for the blue light first increases to a maximum of 0.3, and then
drops monotonically. As we know, the phase retardation I'(Aye) is greater than
7 in the field-oFF state. As the LC director tilts, I'(Ayue) decreases. The
maximum transmission of 0.5 occurs when I'(Ape) = 7. For the red light, the
transmission is a monotonically decreasing function of the applied voltage. The
phase retardation I'(A ) is less than T and is a decreasing function of the applied
voltage.

Figure 5.29 resembles Figure 5.9 for a NW TN-LCD. However, further
comparison show that the transmission of TN-LCDs is less sensitive to
wavelength variation than that of N-LCDs. This is a result of the waveguiding in
the field-oFF state of TN-LCD’s. In N-LCDs the transmission is based on
polarization interference, which is often sensitive to wavelength.

In-Plane Switching (IPS)

Referring to Figure 5.30, we consider another switching mode of the
homogeneously parallel aligned nematic cell for LCDs. This is known as the
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Figure 5.30. Schematic drawing of the in-plane switching mode of the N-LCD with normally
black operations, where the shaded areas represent electrodes (V=applied voltage;
V\u == threshold voltage). (a) In the field-oFF state, the LC director is paratlel to the transmission
axis of the polarizer. The transmission is zero, due to the crossed polarizers. (b) In the field-on
state, the director is aligned parallel to the electric field. Maximum transmission occurs with a
proper choice of the cell thickness.

in-plane switching (IPS) [6,7] mode. In this case, the applied electric field is in
the xy plane parallel to the LC layer surface. In the normally black (NB)
operation, the transmission axis of the polarizer is parallel to the LC director at
the input plane. The optical wave traversing through the LC cell is an
extraordinary wave whose polarization state remains unchanged. This leads to a
zero transmission due to the crossed polarizer configurdtion.

When an electric field is applied to the LC cell, the LC molecules are aligned
toward the electric field (along the y axis). This leads to a new director
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distribution with a twist ¢(z) in the xy plane. As a result of the boundary
condition due to the anchoring of LC molecules with the rubbed directions, the
twist angle ¢ is a function of position z. Except for a small pretilt, the tilt angle 0
is zero since the electric field is in plane. Unlike the TN-LC cells, the twist here
is not a simple function of z. Thus, a simple transmission formula is not available
for this case. The Jones matrix method must be employed by dividing the LC cell
into N thin layers of equal thickness (with A in the range of 20). However, if the
applied field is sufficiently strong enough to ensure alignment of most of the LC
molecules along the direction of the field, the LC cell is approximately in a
homogeneously paraliel alignment, by neglecting the thin boundary layers at the
surfaces. In this approximation, the transmission can be written

1 r
T=5 sin? 2A¢ sin? 3 (5.3-9)

where A is the twist angle relative to the transmission axis of the polarizer due
to the applied field, and I is the phase retardation of the LC cell. In the ficld-oFF
(V = 0) state, Ad = 0, Eq. (5.3-9) yields a transmission of 7 = 0. Selection of a
proper cell thickness such that I'=m, and a proper reorientation of the LC
director such that Ap = 45°, Eq. (5.3-9) yields a transmission of T = %

If we rotate the analyzer in Figure 5.30 by 90°, a normally white (NW)
operation with parallel polarizers can be obtained. Several other modes of
operation can be devised by choosing proper orientations of the LC cell relative
to the transmission axes of the polarizers. Focusing on the operation shown in
Figure 5.30, we now consider the electrodistortion of the LC cell under the
application of an in-plane electric field.

Electrodistortion in the In-plane Switching (IPS) Mode. When an electric field
is applied to the cell along the y axis, the LC molecules are aligned toward the y
axis. The distribution of the director twist angle ¢(z) is a result of the balance
between the elastic restoring force and the electric force, as well as the
boundary conditions. According to Appendix C, the elastic energy density can
be written

(5.3-10)

where ¢ is the twist angle measured from the x axis and & is the twist elastic
constant.

By taking into account the work done by the baitery (or power supply), the net
change in the electromagnetic energy density due to the reorientation of the LC
director can be written, according to Eq. (C-4) in Appendix C

AUpm = {¢,E? — Ygy sin? ¢ + £ cos® §)E? (5.3-11)
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where ¢ is the twist angle, which depends on z. We note that the first term is a
constant independent of the twist angle.

According to Appendix C, there exists a critical field £, which is needed to
create any twist of the director in the LC medium. For applied electric field
E < E., the midlayer twist angle A¢ is zero, with ¢ = 45° throughout the cell.
The critical field can be written

E.d= n ke (5.3-12)

VET—E1

where k2 is the twist elastic constant, and d is the cell gap. The critical voltage
(threshold voltage) needed is thus given by

%
Vis =Edw=n—\/—_2——— (5.3-13)

W
JVEj—er d

where w is the distance between the electrodes of the LC cell. We note that the
critical voltage is proportional to the square root of the twist elastic constant and
is inversely proportional to the square root of dielectric anisotropy. Figure 5.31
shows the twist angle distribution ¢(z) at various applied voltages. We note that

70 #

Vg =09

Twist Angle (Deg)

VR=0.12

a 0.2 0.4 a.6 0.8 1
z/d

Figure 5.31. The twist angle distribution §(z) at various reduced voltages, Vg = V/ V1. Note
that ¢ is measured from the x axis. So, ¢ =45° in the field-OFF state.
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Figure 5.32. The transmission at normal incidence as a function of reduced voltage,
VR = V/ V,_-l.

the twist angle ¢(z) is an increasing function of the applied voltage. The twist
angle $(z) is also symmetric with respect to the midlayer z = d/2. At a higher
reduced voltage of Vg = 3.19, the twist angle Ad due to the applied field is
approximately 45° throughout the cell. Figure 5.32 shows the transmission at
normal incidence as a function of applied voltage. We note that the transmission
is an increasing function of the applied voltage. This is in agreement with Eq.
(5.3-9), where A is an increasing function of the applied voltage.

The cell gap used in Figure 5.32 is chosen so that the phase retardation for the
green light is = when the LC director is oriented at 45°. Because of the boundary
conditions, only inolecules near the center of the cell are twisted by 45° (see Fig.
5.31). Therefore, the LC cell is slightly different from a half-wave plate and the
transmission is not 50%. In addition, we note that the transmission of IPS-LCDs
is also sensitive to wavelength variation. For [PS-LCDs to respond uniformly to
all wavelengths, pixels with different colors need to have different cell gaps.

5.3.2. Vertically Aligned (VA) Cells

In a vertically aligned LC cell, the LC director is perpendicular to the surfaces of
the cell (see Fig. 1.7). The LC cell in this case is effectively a ¢ plate of uniaxially
birefringent material in the field-oFF state (V = 0). An electric field can be
applied to reorient the LC director in the cell to control the phase retardation.
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Electrodes
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Figure 5.33. Schematic drawing and the director distribution in a VA cell under the infiuence of
an applied electric field E that is perpendicular to the vertical alignment.

This mode of operation is also called electrically controlled birefringence
(ECB). Figure 5.33 shows a schematic drawing of the director distribution in a
VA cell under the influence of an applied electric field. The cells are enlarged for
the illustration of the director distribution. In the VA-LCDs, the light is
propagating along the z axis, whereas the electric field is perpendicular to the z
axis.

Referring to Figure 5.34, we consider a normally black (NB) operation of the
vertically aligned (VA) LCD using a pair of crossed polarizers. For normally
incident light, the transmission of the LCD is, again, given by

1 r
in? 5 (crossed polarizers) (5.3-14)

T =
2sm

In the field-oFF state (V = 0}, the LC molecules are homeotropically aligned
along the z axis. For normally incident light, the propagation is along the ¢ axis
of the cell with a zero phase retardation (I' =0). Thus, the transmission is zero
due to the crossed polarizers. When an electric field is applied to the LC cell, the
LC director is reoriented (tilted) toward the direction of the electric field (see
Fig. 5.34b). This leads to a distribution of the director tilt angle 6(z) and an
increase of the phase retardation, which is now written

r= %J[ne(e) )z (5.3-15)

where the integral is from z = 0 to z = d, n(0), is as given by Eq. (5.3-4). The
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Polarizer VA-LC Cell Analyzer

Polarizer VA-LC Cell

Figure 5.34. Normally black operation of a VA-LCD using a pair of crossed polarizers: (a) field-
OFF state (black state); (b) field-oN state (white state),

phase retardation is an increasing function of the applied voltage. Under the
appropriate conditions, a phase retardation of = can be achieved, which leads to a
maximumn transmission. The director distribution 8(z) in a vertically aligned cell
can be obtained by using the technique described in Appendix B.

5.3.3. Bend-Aligned (BA) Cells

In a bend-aligned LC cell (also known as the Pi cell), the LC director has a bend
distribution with a total bend of 180° (n) from surface to surface. This cell
configuration was originally proposed by Bos and Koehler/Beran for an
electrically controllable wave plate [8]. An electric field can be applied to
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Figure 535. A schematic drawing of the director distribution in a bend-aligned cell under the
influence of an applied electric field. The shaded areas are transparent electrodes.

reorient the LC director in the cell to control the phase retardation. Figure 5.35
shows a schematic drawing of the director distribution in a BA cell under the
influence of an applied electric field. The cells are enlarged for the illustration of
the director distribution. In the BA-LCDs, transparent electrodes are needed as
the light is propagating along the z axis, which is also the direction of the electric
field.

The BA cells, which have a phase retardation that is electrically controllable,
can be employed for display applications. Figure 5.36 shows an example of BA-
LCDs with a normally white (INW) operation using a pair of crossed polarizers.
For normally incident light, the transmission of the LCD is, again, given by

T —__% sin? g— (crossed polarizers) (5.3-16)

where [ is the phase retardation given by
2n
r=2t J 2(8) — no)dz (5.3-17)

where the integral is from z = 0 to z = d, n.(0) is given by Eq. (5.3-4). In a (NW)
operation, I' is chosen to be an odd integral number of © (i.e., [ =mn, 3n, 5%,
7x, .. .) in the field-oFF state (V = 0). Usually, the lowest order (I" = )} is chosen
for the best viewing characteristics at large viewing angles. This can be achieved
by a proper choice of the cell thickness and the LC birefringence. When an
electric field is applied to the LC cell, the LC director is reoriented (tilted)
toward the direction of the electric field (see Fig. 5.35). This leads to a decrease
of the phase retardation, When the field is sufficiently strong, the cell becomes
homeotropically aligned, except at the boundaries. For normally incident light,
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Figure 5.36. A schematic drawing of a BA-LCD in the normally white operation. (@} ¥ = 0: The
plane of bending (yz-plane) is oriented at 45° relative to the transmission axes of the polarizers. (b)
Vin < V: In the field-oN state, the liquid crystal director is homeotropically aligned along the z
axis, leading to a dark state,

Eq. (5.3-17) vyields a zero phase retardation {I" = 0). Thus, the transmission is
zero as a result of the crossed polarizers. The director distribution 8(z) in a BA
cell (or Pi cell) can be obtained by using the technique described in Appendix B.

Symmetry Property of Pi Cell

The BA cell has a unique property of viewing characteristics. As a resuit of the
bend alignment, the phase retardation in the field-OFF state is a symmetrical
function of the vertical viewing angles whose bend plane is in the yz plane. This
viewing symmetry can be explained as follows with the aid of Figure 5.37.
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On Axis -9, Off Axis 0,

Figure 5.37. On-axis and off-axis viewing through a bend-aligned cell in the field-OFF state
(V=0).

As a result of the bend alignment, the phase retardation for viewing in the
bend plane has a self-compensating nature. The increase in the phase retardation
in the first half of the cell due to off-axis viewing is compensated by the decrease
in the phase retardation in the second haif of the cell. This can be seen by
decomposing the phase retardation integral into two parts:

r=r+r, (5.3—18)

df2
r = ZTRL (1,(6) — nldz (5.3-19)
2m (¢
r,= TLﬂ[ne(e) — noldz (5.3-20)

In other words, I"; is the phase retardation due to the first half of the cell,
whereas I, is that of the second half of the cell. Both I'; and I'; are functions of
the vertical viewing angle 0,. As a result of the symmetric bend alignment
relative to the center of the cell, it can be easily shown, by examining Figure
5.37, that the partial retardations, I'y, 'y, satisfy the following relation

Iy(8,) =T2(-6y) (5.3-21)
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It follows immediately that, according to Eqs. (5.3-18)
Ire,)=I(-96,) (5.3-22)

which leads to a vertical viewing symmetry. The symmetry in the vertical
viewing direction is also responsible for the wide viewing angle of LCDs based
on BA cells. It is important to note that the viewing will remain symmetric in the
field-oN state provided the bend alignment remains symmetric relative to the
center of the cell. The same result [Eq. (5.3-22)] can also be easily obtained
using the principle of reciprocity and the symmetry of the cell [See Problem
5.15].

5.4. POLYMER DISPERSED LIQUID CRYSTAL DISPLAYS
(PD-LCDs)

We recall that, in Chapter 1, we discussed the milky appearance of nematic
liquid crystal in a glass bottle. The milky appearance is a result of the severe
scattering of light due to the discontinuities of the refractive index at the
boundaries of nematic LC droplets or domains whose physical dimensions are in
the micrometer range. The milky appearance disappears when the sample is (1)
heated beyond the clearing point so that the liquid crystal becomes optically
isotropic or (2) poled into a single domain by using physical or chemical,means.
The scattering phenomenon of nematic LC droplets can be employed forgi_splay
applications. %ia

Referring to Figure 5.38, we consider a suspension of nematic LC droplets in
a host medium (polymer) of matched refractive index n,. The refractive ind

ces
of the nematic LC droplets depend on the order parameter S of the LC molecuﬁés
in the droplets. Let the effective refractive indices be written

ne=n,8),  n,=mn,(S) (5:4-1)

where § is the order parameter. In the case of a homogeneously parallel align-
ment, the order parameter S is 1. In this case the refractive indices are written

W S=1)=n* a?(§=1)=n? (5.4-2)

where #., n, are the principal refractive indices of the nematic liquid crystal. In
the extreme case of disorder (or a uniform distribution of m over all angles) with
S = 0, the droplet becomes optically isotropic with the refractive index given by

2 2
2=ne+2n0

3 (S =0) (5.4-3)
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Figure 5.33. Schematic drawing of a polymer dispersed liquid crystal display (PD-LCE). The
liquid crystal droplets are dispersed in a polymer host medium with a matching refractive index.
Scattering occurs in the field-oFF state (V = 0) when the liquid crystal molecules are not fully
- aligned in the droplets.

In most general cases, the LC molecules in the droplets are partially aligned
because of the boundary conditions and the intermolecular forces. The effective
refractive indices are somewhere between n, and n.. In other words

ne < nt(S) < ne, ne < nih(S) < n, (5.4-4)

The refractive index of the host medium is chosen to be n, (i.e., n, = n,). Thus
there exists a discontinuity of the refractive index at the droplet’s boundary. Asa
result, scattering of light occurs. Consider now the incidence of a beam of
unpolarized light into the L.C cell. In the field-oFF state, the LC molecules within
the droplets are only partially aligned. In addition, the averaged director
orientation n of the droplets (if 5 # 0) exhibits a random distribution of
orientation within the cell. The beam is significantly attenuated as a result of the
energy loss via scattering.

When a sufficiently strong field (= 1 Vs /pm) is applied to the cell, all the
LC molecules are aligned parallel to the electric field. If the light is also
propagating in the direction parallel to the electric field, then the beam of light
“sees” a refractive index of n,, which is matched with the refractive index of
the surrounding medium. In this state, the whole cell appears to be optically
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homogeneous (like a thin sheet of glass) for normally incident light. Thus the
beam of light transmits through the cell with no scattering and no attenuation.
This is the principle of operation of the PD-LC.

When the electric field is turned ofF, the droplets return to their original
crientations with a partial alignment of the LC molecules within the droplets.
This requires a restoring force. Polymer materials are ideal for this purpose. In
most PD-LCDs, encapsulation procedures are employed to create micrometer-
size capsules of LC droplets inside a polymer. By virtue of the rodlike or
chainlike nature of the polymers, LC moiecules within the droplets are likely to
anchor in the directions parallel to the local polymer chains. Without an appro-
priate boundary to provide the restoring force, the switching from the ordered
state to a disordered state must rely on the Brownian motion, which can take a
very long time. It is important to note that there are several different
configurations of director distribution in the droplets in the filed-oFF state,
depending on the specific boundary conditions and the shape of each droplet.

The contrast ratio of the PD-LCDs is defined as

)

“W=7g

(5.4-5)

where Vis the applied voltage, T(V} is the transmission of the field-oN state and
T(0) is the transmission of the field-oFF state. A high contrast ratio requires a
high transmission in field-ow state and a near-zero transmission in the field-oFF
state. High transmission in the field-on state requires a good martching of the
refractive index n, of the host medium with the ordinary refractive index n, of
the liquid crystal. In other words, n,(A) = n,(A) for most wavelengths X in the
spectral regime of operation.

The residual transmission (leakage) T(0) depends on the attenuation of the
incident beam due to scattering loss in the field-OFF state. Assuming a spherical
shape of radius a, the scattering cross section ¢ can be written, according 1o Mie
scattering theory [9-11]

(5.4-6)

sin 2ka 6n + sin® ka &n
kadn  (kan)®

o = 2na’ []
where k is the wavenumber of light in vacuum (k = 2n/) and 6n is a measure of

the index discontinuity
nf
on = (——) -1 (5.4-7)
?lp )

where n’ is the refractive index of the LC droplet according to Eq. (5.4-1),
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depending on the polarization state, and », is the index of refraction of the host
medium. It is important to note that Eq. (5.4-6) is derived by assuming a sphere
of isotropic medium with a refractive index of »/, and is valid only when the
index discontinuity is very small, e.g., (8n’ < 1}.

In the limit of large spheres with 1 < ka &n, the scattering cross section
becomes, according to Eq. (5.4-6)

o = 2na’ (5.4-8)

which is exactly twice the geometric cross section of the sphere. This result can
also be obtained by assuming that the portion of light falling in the geometric
area of the sphere is refracted and deflected into other directions. In addition,
diffraction of light due to the removal of the amount of light in the geometric
cross section also causes a scattering loss of the same amount of energy. This
leads to the factor of 2 in Eq. (5.4-8). It is important to note that Eq. (5.4-8)
is valid only when the index discontinuity is large encugh (1 < kadn) to
justify the complete removal of light falling into the geometric area via
refraction. In most PD-LCDS with micrometer-size particles (@ = 1 um), where
ka 8n is near unity, the scattering cross section must be obtained by using Eq.
(5.4-6). In case when kadn < 1, the scattering cross section can be written
approximately as

o = 2na’(ka 8n)* (5.4-9)

Figure 5.39 plots the normalized scattering cross section {¢/2na?) as a function
of the parameter ka 5n. We note that the normalized cross section increases as a
quadratic function according to Eq. (5.4-9) when ka 6» is small. The normalized
cross section oscillates around 1 when ka 8n exceeds 2. This figure can be
employed to determine the optimum droplet size for maximum scattering cross
section. According to this figure, maximum scattering cross section occurs at
around ka n=2.
The attenuation of a beam of light in a scattering medium is given by

I{z) = I{0) exp { ~oz} (5.4-10)

where I(z) is the intensity at position z; the attenuation coefficient « is related to
the scattering cross section by

o =No (5.4-11)

where N is the number of droplets per unit volume. The transmission in the
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Figure 5.39, The normalized scattering cross section (a/2na2) as a function of the parameter
ka bn.

field-OFF state can thus be written

T(0) = exp { —ad} (5.4-12)

where d is the thickness of the cell.

Example 5.3: I-ym Droplets. Consider a droplet size of a=1lum, with a
concentration of N = 0.1 um ~>. This corresponds to a fill factor of about 40%.
Using A=0.55um, dn=0.1, and Eqs. (5.4-6), we obtain a scattering cross
section of o =2mra?(0.97) =6.09um? and an attenuation coefficient of
a = 0.609 um !, which yields a transmission of exp (—6.09) in a cell 10um
thick, or exp (— 12.2) in a cell 20 pm thick. ]

Example 5.4: 2-um Droplets. Consider a droplet size of a=2pm, with a
concentration of N = 0.0125 pm ™, This corresponds to the same fill factor of
about 40%. Using A =0.55 um, 6n = 0.1, and Eq. (5.4-6), we obtain a scattering
cross section of ¢ = 2na?(1.54) = 38.7 um? and an attenuation coefficient of
o = 0.484 pm~?, which yields a transmission of exp (—4.84) in a cell 10pm
thick, or exp (— 9.68) in a cell 20 pm thick. a

So far, we have considered the transmission only at normal incidence (along
the direction of the applied electric field). This is the situation when the beam of
light is propagating along the ¢ axis of the nematic LC droplets. For off-axis
transmission, the LC droplets are optically birefringent. Thus, one polarization
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component will see a refractive index of n,, while the other polarization
component will see a refractive index of ».(0) given by

sin?0  cos?@

e Rl (5.4-13)

2
Ry

where 0 is the angle between the c-axis and the direction of propagation in the
droplet. Since the refractive index of the host medium is matched with n,, the
extraordinary polarization component of the incident beam will suffer from
scattering loss at the boundary of the droplets as a result of the difference
between n, and n.(0) in the field-ON state. This leads to a decrease in the
transmission and a degradation of the display at large viewing angles.
PD-1.CDS offer several unique advantages, including high throughput due to
the absence of polarizers, and simple cell construction due to the absence of
alignment layers. They are particulasly well suited for use in projection displays
where high intensity operations are needed. The residual scattering in the bright
state due to the extraordinary polarization component at large viewing angles is
undesirable for direct-view displays. In the projection displays, the beam of light
is often collimated. Thus, the scattering for off-axis light in the bright state is not
a problem in projection displays. The PD-1.CDs are also particularly useful for
applications such as a variable light blocker, or a smart window whose transmis-
sion (from dark to clear) can be controlled electrically. Further discussion on the
properties of PD-L.CDs can be found in Doane [12].

5.5. REFLECTIVE LCDs

So far we have discussed LC displays only in the transmission configuration. In
reflective LCDs, a mirror or reflector is placed at the back of the LC cell. Thus,
the incident beam of light passes through the LC cell twice before exiting the
device. Figure 5.40 shows a schematic drawing of reflective and transmissive

modes of LCDs. We note that a rear mirror is an essential part in the reflective

LCDs. Generally speaking, all transmissive 1.CDs discussed earlier can be
employed for reflective LCDs. As a result of the double passage, only one
polarizer is needed to obtain polarization interference to display the bright '
or dark state of reflection. On the other hand, reflective 1.CDs have one less
degree of freedom in designing the normally white or normally black state. Asa

result, zero or unity reflectivity occurs only at specific values of And in TN-

or STN-based reflective LCDs. For example, normally black reflective LCDs

L based on a 45° TN cell with R =0 in the field-OFF state is possible only when

And/A =029, 0,68, 1.23, and higher and with a polarizer azimuth angle of
—15.3°, 34.3°, —39.1°, and higher respectively. This issue was discussed in
Section 4.6.
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Figure 5.40. (a) A reflective LCD; (b) a transmissive LCD.

5.5.1. Reflection Properties at Normal Incidence

We now consider the reflectivity of a reflective LCD as a function of the applied
voltage. Under the influence of an applied field, the LC director in the TN-LC
cell undergoes a redistribution. The techniques described in Section 5.1 (or
Appendix D) can be applied to obtain the director distribution functions 0(z) and
$(2). Once these functions are obtained, the Jones matrix method can then be
employed to calculate the reflection properties. Again, we need to divide the LC
layer into several thin sublayers (20-100). Each of these sublayers will be
treated as a thin homogeneous birefringent plate with its own ¢ axis orientation.
Figure 5.41 shows the reflectivity R(A,V) of a reflective LCD based on a 45° TN-
LC cell as a function of wavelength and applied voltage. The cell is designed to
have a zero transmission at A ==0,55 um in the field-oFr state (V=0). A slight
leakage of light occurs at other wavelengths. As the applied voltage increases,
the zero transmission occurs at a shorter wavelength (blue shift). Other than that,
the transmission in the visible spectrum increases with the applied voltage. In the
limiting case of a high applied voltage, the cell becomes homeotropically
aligned with a zero phase retardation. As it has only one polarizer, the cell
transmits all wavelengths of light.

5.5.2. Reflection Properties at Oblique Incidence

We now consider the reflection properties of reflective LCDs at large viewing
angles (0,0). In the case when two polarizers are employed in the reflective
LCDs (see Fig. 5.42b), the reflectivity can be easily obtained as follows:

R(0,¢) =T(0,$)T(0, $ + 7} (5.5-1)

where 7(6,) is the transmission of the LCD without the mirror. The
transmission T(0,¢) and T(6,$ + 7r) can be obtained by using the Jones matrix
method.

The reflection properties of TN-based reflective LCDs using only one
polarizer have been discussed in Section 4.6 for normal incidence. For a general
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Figure 5.41. (a) The reflectivity spectrum R(A,V) of a reflective LCD at various applied voltages.

(b} The reflectivity R(A, V) Versus applied veoltage Vof a reflective LCD based on a 45° TN-LC
cell, at A =0.45, 0.55, and 0.65 pmn.
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Figure 5.42. (al) Schematic drawing of a reflective LCD with one polarizer (P = polarizer,
LC=liquid crystal cell). (a2) An equivalent circuit for the calculation of the reflection properties
of the display in (al). LCi is the mirror image of the LC cell. Note that the mirror image of the
director it is reversed in direction. In addition, the twist direction is also reversed in Lci. (b1) A
reflective LCD with two polarizers. (b2} An equivalent circuit for the calculation of the reflection
properties of the display in (b1).

angle of incidence (0,¢), an equivalent circuit such as that shown in Figure 5.42
can be employed in conjunction with the Jones matrix method to calculate the
reflectivity of the displays.

Using the general properties of the Jones matrix under mirror reflection
derived in 4.1.3, we can express the reflection for the reflective LCD as

R(0,$) = |V-M (8,0 + m)M(8, $)V|* (5.5-2)

where M is the Jones matrix of the LC cell and V is the Jones vector of the
incident beam as defined by the polarizer.

It is known that the transmission of NW TN-LCDs exhibits a left—right
symmetry in its viewing angle characteristics. In other words

T(6,) = T(8,x — §) (NW TN-LCD) (5.5-3)

The left—right symmetry in viewing is a desirable property of the displays. This
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symmetry, however, does not exist in a general reflective LCD based on TN or
STN cells. In a reflective LCD an incident beam along the direction (8, ¢) is
reflected into the direction (8, ¢ +m). The principle of reciprocity yields the
following symmetry (twofold rotation symmetry):

R(8,0)=R(®,b+n) (5.5-4)

This is a general property of reflective LCDs (i.e., a 180° rotation symmetry).
The absence of left—right symmetry in a general reflective LCD is undesirable
for direct-viewing applications. This is not a problem in projection displays. In a
manner very similar to BA-LCDs, the reflective LCDs also exhibit a self-phase-
compensation property. This leads to a wide viewing angle characteristics. By
properly selecting the twist angle and the polarizer orientation, it is possible to
design a reflective LCD which exhibits a left-right viewing symmetry. In fact, a
display such as this will also exhibit a up~down viewing symmetry, according to
Eq. (5.5-4).
o)
™

5.6. PROJECTION DISPLAYS

In general,%ll LCDs described so far can be employed for projection displays.
Most projection displays, especially for large screen projectors, require high
brightness and high contrast ratios. Generally speaking, three LCDs are need for
the three spectral regimes red, blue, and green in the projection displays. With
the use of properly designed dielectric mirrors, the fundamental energy loss of§
due to color filters in direct-view displays can be eliminated or minimized.
Referring to Figure 5.43, we consider a projection display system that involves
the use of reflective mode LCDs. For projection displays, the incidence angles
are usually relatively small (i.e., near normal incidence). Low loss polarizing
beamsplitters (PBS) are employed to improve the optical energy throughput
(brightness). The incident beam of light is split into three spectral components—
R, G, and B—using spectral reflectors (dichroic misrors). In fact, two high
quality spectral filters for the blue and green spectral regimes and a mirror are
adequate for the purpose. All the spectral components are polarized by the
polarizing beamsplitters. Each of the polarizing beamsplitters is oriented at the
proper azimuth angle as determined by the recipe described in Section 4.6. For
the purpose of description, let us assume that the L.C cells are 45° TN-LC and the
RGB wavelengths are 0.65, 0.55, and 0.45 pmn, All the TN-LC cells are located at
the focal plane of the projection lens. In the normally white transmission (NWT)
operation (7= 0.5, or R =0) for a 45° TN-LC cell, consider the example in the
first row of Table 4.3 with a polarizing beamsplitter azimuth of — 15.26° and a
Mauguin parameter of #=1.16. To achieve a normally white operation with
T=0(.5, the And for the L.C cells must be 0.19, 0.16 4, and 0.13 um for the
three wavelengths A = 0.65, 0.55, and 0.45 pm, respectively.
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Figure 543. A projeétion display sysiem based on reflective TN-LCDs.

If 90° TN-LC cells are employed, the normally white transmission (NWT
with R=10) requires a polarizer azimuth angle of —32° and a Mauguin
parameter of « = 2.35. To achieve a NWT with T=0.5, and And for the L.C cells
must be 0.765, 0.647, and 0.53 pm for the three wavelengths A = 0.65, 0.55, and
0.45 pm, respectively.

Transmissive LCDs can also be employed for projection displays. Figure 5.44
shows a projection display system involves the use of transmissive TN-LCDs,
All the TN-LCDs are Iocated at the focal plane of the projection lens. The sheet
polarizers can now be replaced with low loss polarizing beamsplitters (PBS) to
improve the brightness. Dichroic mirrors (spectral filters B, G, R, B, G, R} in
the blue, green and red spectral regimes, respectively, are used to reflect light
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Figure 544. A projection display system based on transmissive TN-LCDs.
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with corresponding wavelengths. In practice, some of the spectral reflectors (R
and B) can be replaced by mirrors to eliminate or minimize the energy loss due
to dichroic filters.

5.7. OTHER DISPLAY SYSTEMS

Up to this point, all LCDs described in this book involve the use of nematic
liquid crystals as the electrooptical medium to modulate the intensity of light.
Actually, several other phases of the liquid crystals can also be employed for
display applications. In the following, we discuss ferroelectric LCDs and
cholesteric LCDs.

5.7.1. Ferroelectric LCD

The smectic C(S;) phase of LC materials can be employed for display
applications. Figure 5.45 shows the molecular arrangement in the 5. phase. We
note that the S, phase consists of layers of LC molecules. The thicknesses of the
layers are less than the molecular length. As a result, the molecules must tilt at an '
angle relative to the layer normal, Within each layer, the positions of the
molecules are random with the long molecular axis n inclined at an angle § with
respect to the layer normal (K). Because the angle 8 is fixed, the molecular
orientation is confined in a cone with a half-apex angle of 9. If the azimuth angle
¢ is fixed within a layer and remains the same throughout all the layers, the
structure has a symmetry of the monoclinic class (see Table 3.1b), with a plane ‘
of symmetry formed by the vector n and the unit vector k. The structure also
exhibits a twofold rotational symmetry C, with the axis of symmetry parajlel to
n x k. In other words, the LC medium is invariant under a rotation of 180°

1 —
W Ve
0 <
Y/ e RN

Figure 5.45. The structure of smectic C phase of liquid crystals, where k is a unit vector normal
; to the molecular layer, 8 is the angle between the molecular axis n and the layer normal k, and ¢ is
the azimuth angle of the molecular axis in the plane of the layer.
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around the axis of symmetry along the direction n x k. this symmetry is a result
of an equal population distribution of molecules with axes in n and —n.

Generally speaking, compounds exhibiting the S, phase have a transverse
component of the permanent electric dipole moments. In other words, the
molecular dipole moment is not parallel to the molecular axis n. However, the
net dipole moment in a layer is zero due to the inversion symmetry and C; %
symmetry. The inversion symmetry here is a result of an equal population !
distribution of nonchiral molecules with axes in nand — n. This is no longer true
in a smectic C* phase. If the liquid crystal in the smectic phase is doped with 3
molecules with chirality, the structure distorts when the director precesses
around the K axis leading to a helical configuration. The inversion symmetry and
the mirror reflection symmetry are destroyed by the chirality. This is known as
the smectic C* phase. The pitch of the helix is often several thousand times the
layer thickness. The optical properties of this structure are similar to those of a
cholesteric liquid crystal where the local dielectric tensor in each layer is biaxial.
In addition, a net dipole moment exists in each layer. As a result of the C;
symmetry, the net dipole moment is always parallel to the C3 axis that is in the
direction of n x k. Note that this net dipole moment is perpendicular to the
molecular axis n.

When an electric field is applied normal to the helical axis, the structure gets
distorted. Above a critical field given by ‘

ECZTP_pi | (5.7-1)

where p is the pitch of the undistorted helix, & is the ‘twist’ elastic constant, and
P is the polarization; the helix is completely unwound and the sample is poled.
This leads to a homogeneously aligned LC cell with the director in a plane
perpendicular to the electric field. When the field is reversed, the polarization '
vector is also reversed. The reversal of the polarization corresponds to a rotation

of the molecular axis from (6,) to (8,¢ -+ n). It appears that the long molecular

axis is rotated by an angle of 20.

Surface Stabilized Ferroelectric Liguid Crystal (SSF-LC) Cells

Clark and Lagerwall proposed the idea of using a very thin cell such that the :
boundary condition imposed by the alignment layers would be strong enough to
suppress the helix [13]. The helical structure is indeed suppressed in a thin slab
with a thickness less than the pitch of the helix, resulting in a homogeneously
parallel alignment of the molecular axis. This is known as the “book-
shelf” geometry, resembling a bookshelf with all the books tilting toward the
same direction (see Fig. 5.46), with k parallel to the y axis). The addition of
chirality destroys the inversion symmetry and the mirror reflection symmetry.
Thus, if the molecules possess a transverse component of the permanent
electric dipole moment, a net polarization may exist along the C; axis (z axis in
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Figure 5.46. Schematic drawing of a ferroelectric L.C cell for display applications. (a) When
E, < 0, the .C director is tilt toward upper right with an azimuth angle of n; (b) when 0 < E, the
LC director is tilt toward upper left with an azimuth angle of 0.

Fig. 5.46) in a layer. As a result of the C, symmetry, the net polarization is zero
in the plane (xy plane in Fig. 5.46) perpendicular to the C, axis of symmetry.
This is very similar to the spontaneous polarization in ferroelectric crystals.
Note that this net polarization vector {dipole moment per unit volume) is
perpendicular to the long molecular axis n and parallel to the layer. Thus, if the
director n is in the xy plane (forced by the boundary condition), then the net
polarization vector is along the z axis (see Fig. 5.46). This net polarization can
point either up or down along the z axis, depending on whether the azimuth angle
{measured from the x axis) is ® or 0. In other words, the structure is bistable. An
electric field along the z axis can be employed to switch the polarization. The
switching rotates the director orientation around k from (8,1} to (8,0) and vice
versa. Here the angle 0 is measured from the vector k that is parallel to the y axis
in Figure 5.46. Although the molecular axes are actually rotated around the y axis
(k) by an angle =, they appear like a rotation of the molecular axes around the z
axis by an angle of 20.
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For display applications, a surface stabilized F-LC cell is sandwiched
between a pair of crossed polarizers. The transmission axis of the entrance
polarizer is aligned parallel to the F-L.C director in one of the bistable states. This
corresponds to the black state (zero transmission; see Fig. 5.46a). When a proper
electric field is applied, the polarization of F-LC is switched. The switching of
the polarization leads to a reorientation of the molecular axis by an angle of 28
relative to the polarizer. The transmission becomes

1 .2 .2 F 4
= - — .7—
T 5 sin 48 sin 5 (5.7-2)

where T is the phase retardation of the F-LC cell. By a proper choice of the
cell thickness, it is possible to obtain a phase retardation of I' =x. With a tilt
angle of 8 =22.5°, Bq. (5.7-2) yields a maximum transmission of T = 0.5. Thus,
the transmission can be switched from 0 to 0.5 by reversing the polarity of the
applied voltage (see Fig. 5.46).

It is important to note that F-LCD described in Figure 5.46 is a bistable
device. In the operation, an applied electric field is employed to switch the
molecular orientations from (a) to (b). Once the switching is done, the molecular
orientation can be sustained without an applied electric field. Thus, the applied
electric field can be removed without affecting the transmission of the device.

5.7.2. Cholesteric LCD

Cholesteric liquid crystals can also be employed for display applications. In
Chapter 7 we will discuss the optical properties of cholesteric liquid crystals in
the equilibrium planar state. In the equilibrium planar state (P) the medium
exhibits a uniform twist of the director that is perpendicular to the helical axis.
As a result of the uniform twist, the cholesteric liquid crystal is a periodic
medium. For display applications, we consider a thin Jayer of cholesteric liquid
crystal sandwiched between a pair of glass substrates. The helical axis of the
liquid crystal is perpendicular to the substrates. It is known that selective
reflection (Bragg reflection) occurs for light in the following wavelength range:

Rop <A< ngp (5.7-3)

where p is the pitch of the helix, and n,,n, are the principal refractive indices of
the liquid crystal. The strong Bragg reflection may disappear if the helical
structure in the cholesteric LC cell is destroyed or severely distorted.

In addition to the equilibrium planar state (P), there are several other states of
the cholesteric liquid crystal in the cell. These include the homeotropic state (H ),
the focal conic state (FC), and some intermediate states (see Fig. 547). In a
homeotropic state, the twist disappears and the LC director is uniformly aligned
perpendicular to the substrates, resembling a vertically aligned (VA) nematic
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Figure 5.47. States (or textures) in cholesteric liquid crystals: (o) planar state; (b) homeotropic
state; (¢) focal conic state. The planar and focal conic states are stable at zero applied field. The
homeotropic state can exist only with the presence of an applied electric field. Here h is a unit
vector representing the helical axis.

cell. An applied electric field is needed to maintain the state. Thus, this state is
often referred to as the field-induced nematic state. The Bragg reflection
disappears completely in the homeotropic state. Thus, the cell appears optically
like a plate of transparent medium. The focal conic state is similar to the planar
state with the same intrinsic pitch of the helix. However, there are multiple
domains in the focal conic state. Within each domain, the director is twisted with
a helical axis approximately parallel to the substrates. At the domain boundary,
the helical axis changes its azimuth angle abruptly. Forward scattering of light
occurs in the focal conic state. If the rear substrate is painted black, then the focal
conic state will appear dark. LCDs can be designed based on the different
transmission and reflection properties of these states.

Transition from one state to another state can be achieved by applying an
external electric field. For example, if an electric field is applied parallel to the
substrates, a focal conic state can be transformed into a planar state. On the other
hand, if an electric field is applied perpendicular to the substrates, a focal conic
state can be transformed into a homeotropic state. These transitions can be
employed for display applications. A cholesteric refiective display can be designed
based on the transition between the focal conic state and the planar state. Since
both of these states are stable, the device is bistable; in other words, the application
of an external field can switch the states back and forth. In addition, the state can
remain unchanged after the removal of the field. A cholesteric refiective or
transmissive dispiay can be designed based on the transition between the homeo-
tropic state and the planar state. This would require an electric field perpendicular
to the substrates. When the field is turned oN, the cholesteric liquid crystal cell is
transformed into the homeotropic state, which transmits light. On removal of the’
field, the cholesteric LC cell returns to the planar state, which refiects light in
selected spectral regimes.

5.8. SUMMARY

In summary, we have discussed the transmission properties of various liquid
crystal displays, including TN-LCD, STN-LCD, N-LCD, VA-LCD, BA-LCD, -
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reflective LCD, PD-LCD, ferroelectric LCD, and cholesteric LCD, It is
important to note that LCD technology is developing very rapidly. New modes
of operation and new cell configuration are constantly being invented and
developed. The fundamental principles described in this chapter and the previous
chapters will be very useful for the design and development of new LCDs. It is
also important to note that there are other display systems that are not covered in
this chapter, including plasma addressed LCDs. Interested readers are referred to
the references and the proceedings of LC display conferences.
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PROBLEMS

Birefringent dielectrics between parallel electrodes:

Consider a slab of unifrom anisotropic dielectric material sandwiched

between a pair of parallel electrodes. Let € be the dielectric tensor and d be

the thickness of the slab. A voltage Vis applied on the electrodes. Let z be

the axis perpendicular to the electrodes, and assuming that the slab and the

electrodes are of infinite extent.

(a) Show that E; = E, = 0 regardless of thc%\prientation of the principal
axes of the dielectric. o

(b) Show that the displacement field vector D is:%)
the z axis. pbs

(c) Letthe dielectric be a uniaxial crystal with its 'c'gixis oriented at angle 0
relative to the z axis. Find the displacement field vector D in terms of
E,.

(d) Show that E; = E, = 0 even if &(z) is a function of z.

1 general, not parailel to

Electrostatic energy of capacitors with birefringent dielectrics:

Consider an empty capacitor made of a pair of electrodes. A slab of

uniform anisotropic dielectric material (of dielectric tensor ) is moved

from infinity into the capacitor. '

{(a) If the electrodes are isolated from a power supply (or battery), the
surface charge density ¢ on the electrodes is kept constant. Find the
change in the clectrostatic energy.

(b) Assume that the electrodes are connected to a power supply (or
battery), so that the voltage drop between the electrodes is kept a
constant. Find the net change in the electrostatic energy. (Note that
there is an additional work done by the battery as the dielectric is
moved into the capacitor.)

Polarization ellipses in TN-LC:

Consider the polarization states of transmitted wave through a TN-LC

with a right-handed twist. Use n, = 1.5, n, = 1.6, L = 10um, and

A = 0.45, 0.55, 0.65 pm.

(a) Consider a linearly polarized incident light propagating along z axis.
Letting 0 be the angle between the E vector and the director (¢ axis) at
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z=0, find the ellipticity e of the transmitted wave as a function of 6.
Plot e as a function of 6, Also find the sense of rotation of the
transmitted wave as a function of 6.
(b) Consider the incidence of a right-handed circularly (RHC) polarized
- light along the z axis. Find the output polarization state. Discuss the
possibility of converting RHC into LHC polarized light by using a
TN-LC.

. Consider a 90° TN-LC and a ( — 90°) TN-LC in series with a continuous ¢
axis (director) at the interface. Find the output wave E, as a function of the
input wave E; (propagating along the z axis). Use n, = 1.5, n. = 1.6,
L=10pum, and A =0.45, 0.55 0.65 um. Compare the results with a 180°
TN-LC.

. Derive Eq. (A-16)—elastic energy density due to twist and tilt in a TN-
LCD.

. Derive Egs. (B-7) and (B-22)—electrooptical distortion (tilt mode).
. Derive Eq. (C-9)—-clectrooptical distortion (twist mode—IPS).
. Derive Eqgs. (D-20), and (D-25)—electrooptical distortion (TN-LCD).

. Consider a 90° TN-LC and a ( —90°) TN-LC in series with a continuous c
axis {director) at the interface. The whole structure is sandwiched between
a pair of parallel polarizers with the transmission axes parallel to the
directors.

(a) Using And = 0.48 pum for the cells, find the transmission for A = 0.45,
0.5, 0.65 um. Compare the results with a 180° TN-LC.

(b) Find the minimum cell thickness such that green light at A = 0.5 pm
has a zero transmission in the 180° TN-LCD. Find the residual
transmission of blue and red light at 3 ==0.45, 0.65 um. Compare the
result with the 90° 4 ( —90°) TN-LCD.

. Determine the symmetry of viewing in normally white TN-LCDs and

STN-LCDs. The transmission of light through a TN-LCD as shown in

Figure 5.1a is dependent on the incidence wavevector k = (ky, ky, k;).

(a) Show that the TN-LCD shown in Figure 5.1a is invariant under a
rotation of 180° around the x axis. Thus, the transmission exhibits the
following symmetry: T(k., ky, k;) = T(kx, —ky, —k;)

(b) Show that the principle of reciprocity can be written T(kyky.k;} =
T(—kx, —ky, —k;).

(c) Using the result in (a) and (b), show that T(kyky k)=
T(—ky, ky, k;), which implies that a left—right symmetry exists in
the viewing.

(d) Show that the same symmetry in (¢) can also exist in STN-LCD,
provided the transmission axes of the polarizers are aligned
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symmetrically with respective to the bisector of the rubbing
directions.

5.11. Calculate the leakage of light in a 90° TN-LCD at normal incidence.
Consider a 90° TN-LCD in the normally black mode of operation. The
Mauguin parameter should be u = v3,4/15,/35,... to obtain a zero
transmission (assumning ideal polarizers).

(a) Find the values of And of the LC cell for the wavelength A =0.55 pm.

(b) Find the transmission of the LCD for A=10.45, 0.65 pm.

5.12. Determine the leakage of light in a 90° TN-LCD at normal incidence.
Consider a 90° TN-LCD in the normally black mode of operation with a
Mauguin parameter of u=+/3. Let the transmission of the sheet
polarizers be T| =0.8 and T2 = 0.05, where T; is the polarization
parallel to the transmission axis of the polarizer, and T, is the polarization
perpendicular to the transmission axis of the polarizer. Find the
transmission of the TN-LCD,

5.13. Minimum elastic energy density in TN-LC cells:
(a) Show that in a TN cell with a uniform twist rate and zero tilt, the

elastic energy density is
1 27\ 2
UL =5k2 ('—)

where d = cell gap.

(b) Show that, according to Eq. (5.1-11), in a TN cell with a uniform twist
rate and non-zero-pretilt angle 0, the elastic energy density is
minimum when 6(z) = 6. .

5.14. Difference between E and O modes of operation:
{a) Show that for normal incidence the transmission of these two modes
are identical.
(b} Show that, in general, the transmission of these two modes are
different.

5.15. The BA-LCD shown in Figure 5.36 exhibits an exact rotation symmetry of
180° around the y axis C»,. Using the procedure similar to those used in
Problem 5.10, show that the transmission exhibits an exact vertical
viewing symmetry. An approximate horizontal viewing symmetry also
exists in the same BA-LCD. Show that the slight asymmetry in the
horizontal viewing is due to the polarizers.
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