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GENERAL FILM COMPENSATED REFLECTIVE TWISTED NEMATIC
LIQUID CRYSTAL DISPLAY
This invention relates to reflective liquid crystal displays and, in particular, to
a method, system, apparatus and device for using phase compensation film set to
compensate the liquid crystal layer residual phase retardation at the voltage-on state to
increase the contrast ratio at a lower operating voltage.

BACKGROUND AND PRIOR ART

Reflective liquid crystal display (LCD) has several advantages over
conventional transmissive LCD including low power consumption, light weight and
good outdoor readability. In the beginning, people extended the conventionali
transmissive twisted-nematic'(TN) LCD and super-twisted-nematic (STN) LCD to
reflective display by replacing one of the polarizer with a reflective polarizer. In such
a simple case, the incident light passes though the polarizer four times in total,
resulting in a low light efficiency. What’s more, since the reflective polarizer is
placed outside the glass substrate, a serious parallax problem occurs when viewing
from an oblique angle, which greatly affects the display quality, especially for high
resolution reﬂective LCDs.

In order to solve the above mentioned parallax and low light efficiency issues,
many reflective LCDs with a single polarizer have been proposed. The basic
configuration of these reflective LCD includes a polarizer, a liquid crystal layer and a
reflector. Since light is reflected back by the reflector and incident light passes
through the polarizer twice, a reflective LCD with a single polarizer is equivalent to a
transmissive LCD with a two-parallel-polarizer configuration, except for, double

passes of light in the liquid crystal layer. However, the conventional transmissive 90°



WO 2006/060334 PCT/US2005/042979

10

15

20

TN-LCD cioes not work for the single-polarizer reflective LCD because the wave
guiding effect leads to the same states for both voltage-on and voltage-off states.

In principle, the phase retardation (dAn) of a single-polarizer reflective LCD
should be around half that of a transmissive LCD because of the double passes of light.
U.S. Patent No 5,933,207 issued to Wu on August 3, 1999, which is incorporated by
reference, discloses a mixed mode twisted-nematic (MTN) to solve the problems by
using a polarizer, a quarter-wave film, a TN-LC layer and a reflector for direct-view
display. It works very well with 90° MTN cell because of complete boundary
compensation at voltage-on state, although the maximum light efficiency is only 88%.
However, when the twist angle is less than 90°, the contrast ratio decreases because
boundary compensation is incomplete.

U.S. Patent No. 6,295,109 issued to Kubo et al. on September 25, 2001 which
is incorporated by reference, discloses using a A/4-o. film to compensate the residual
phase at the voltage-on state, where o is the residual phase of the TN-LC cell at the
voltage-on state. However, since the residual phase in the voltage-on state is not a
pure birefringence effect, the A/4—a. film can not compensate the residual phase
completely.

In addition to these two patents, use of reflective LCD mode with a single
polarizer is disclosed in a monograph by S. T. Wu and D. K. Yang, “Reflective Liquid
Crystal Displays”, Wiley, New York (2001). The critical issue existing in the above
cited arts is that the incomplete boundary compensation results in low contrast ratio

for reflective and transflective LCDs.

SUMMARY OF THE INVENTION
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A ‘primary objective of the invention is a new method, system, apparatus and
device to provide a reflective LCD with high contrast ratio.

A secondary objective of the invention is a new method, system, apparatus and
device to provide a reflective LCD with low operating voltage.

A third objective of the invention is a new method, system, apparatus and
device to provide a new reflective LCD with high brightness and weak color
dispersion.

A forth objective of the invention is a new method, system, apparatus and
device to provide a new transflective LCD with high contrast ratio and low driving
voltage by using a general film corhpensation concept.

The method, system, apparatus and device of the present invention advances
the art by significantly increasing the contrast ratio of reflective and transflective
hﬁsted—nematic LCDs at a lower operating voltage, lowering the color dispersion and
increasing the brightness by including at least one compensation film based on the
twist angle and the total residual retardation of the twisted nematic liquid crystal layer,
wherein the at least one compensation film has an effective film phase retardation
value and an effective relative polarizer angle in reference to the effective slow axis
angle 0 to cancel the total residual retardation of the twisteci nematic liquid crystal
layer at voltage-on state to obtain an excellent dark state for achieving a high contrast
ratio.‘

A preferred embodiment of reflective liquid crystal display can include a top
substrate having a compensation film set and a linear polarizer laminated thereon on
the outer surface, a bottom substrate having a reflector means laminated thereon on
the inner surface, a first alignment film with a first rubbing direction coated on the

inner surface of the top substrate, a second alignment film with a second rubbing
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direction coated on the reflector means, a twisted nematic liquid crystal layer
sandwiched between the top substrate and the reflector means.
In the display the twisted nematic liquid crystal layer contacts with both the first
alignment layer and the second alignment layer, wherein the twisted nematic liquid
crystal layer has a twist angle ¢ at voltage-off state and has a residual phase
retardation o on each boundary at the voltage-on state; and wherein the compensation
film set has an effective phase retardation value & and an effective slow axis direction
0 in reference to the first rubbing direction of the top substrate, and the compensation
film set herein is used to compensate the boundary residual phase retardation of the
twisted nematic liquid crystal layer at voltage-on state to improve a contract ratio of
the

The compensation film set can include plural uniaxial retardation films with
their slow axes parallel to their film surfaces thereof, wherein the plural uniaxial
retardation films are approximately equivalent to an effective compensation film with
its effective slow axis parallel to the effective compensation film surface thereof.

" The effective phase retardation 9 of the compensation film set is in the range

of (8, —0.27) < 8 < (8, +0.27) with 8, can satisfy the equation (a):

@

.2 2
sin” ¢+ cos 2 cos
O, = atan( ¢ ¢ ) R

sin & sin 20 sin 2¢ + sin 2 cos 20 cos® ¢
where the effective slow axis angle 6 of the compensation film set is in the range of
0°<6<180°.

The linear polarizer forms an angle (3 in reference to the first rubbing direction
of the top substrate and B angle is in the range of
(,Bo —-20°+n- 90°) <p< (,5'0 +20°+n- 90°), where n is an integer, with 3y can satisfy

the equation (b):
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1) ®)

ho=0+ 2 atan(— sin &, (sin & cos 20 sin 2¢ — sin 2« sin 26 cos® ¢

where the effective slow axis angle 6 of the compensation film set is in the range of
0° < @ <180° and d is obtained from Equation (a).

The twisted nematic liquid crystal layer can include a twist angle ranging from
approximately negative 90 degrees to approximately positive 90 degrees, wherein the
negative twist angle is a right-handedness twist sense and the positive twist angle is a
left handedness twist sense.

The twisted nematic liquid crystal layer can have a retardation value dAn/A
ranging from épproximately 0.25 to approximately 0.60, where d is a thickness of the
twisted nematic liquid crystal layer, An is a birefringence of the twisted nematic liquid
crystal layer material and A is a central wavelength of an incident light.

Further objects and advantages of this invention will be apparent from the
following detailed description of preferred embodiments which are illustrated

schematically in the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic view of the structure of general film compensated reflective
twisted nematic liquid crystal display (GF-RTN-LCD) in this invention.

FIG. 2 illustrates the coordinate system of the configuration of GF-RTN-LCD of FIG.
1.

FIG. 3 is a schematic diagram of the two-sublayer model of GF-RTN-LCD at a high
voltage state.

FIG. 4A shows the relationship between the effective phase retardation value 8 and
the effective slow axis angle 6 of the compensation film set of the GF-RTN-LCD in

this invention when 2y=20rnm and twist $<0°.
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FIG. 4B SilOWS the relationship between the effective phase retardation value & and the
effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in this
invention when 2y=20nm and twist ¢>0°.

FIG. 4C shows the relationship between the effective phase retardation value 8 and the
effective slow axis angle © of the compensation film set of the GF-RTN-LCD in this
invention when 2y=40nm and twist ¢<0°.

FIG. 4D shows the relationship between the effective phase retardation value & and
the effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=40nm and twist ¢=>0°.

FIG. 4E shows the relationship between the effective phase retardation value § and the
effective slow axis angle 6 of the compensation film set of the GF-RTN-LCD in this
invention when 2y=60nm and twist ¢=<0°.

FIG. 4F shows the relationship between the effective phase retardation value 8 and the
effective slow axis angle 6 of the compensation film set of the GF-RTN-LCD in this
invention when 2y=60nm and twist ¢>0°.

FIG. 5A shows the relationship between the effective relative polarizer angle B-é and
the effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=20rm and twist $<0°.

FIG. 5B shows the relationship between the effective relative polarizer angle p-6 and
the effective slow axis angle 6 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=20nm and twist ¢>0°.

FIG. 5C shows the relationship between the effective relative polarizer angle p-0 an&
the effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in

this invention when 2y=40nm and twist ¢<0°.
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FIG. 5D shows the relationship between the effective relative polarizer angle -0 and
the effective slow axis angle 6 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=40nm and twist ¢>0°.

FIG. SE shows the relationship between the effective relative polarizer angle B-6 and
the effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=60nm and twist ¢<0°.

FIG. 5F shows the relationship between the effective relative polarizer angle $-6 and
the effective slow axis angle 0 of the compensation film set of the GF-RTN-LCD in
this invention when 2y=60nm and twist $>0°.

FIG. 6 is a graph of the electro-optic performance of GF-RTN-LCD which is
independent of the effective slow axis angle 0 of the compensation film set. The
numbers in this figure represent normalized reflectance and the lines denote the iso-
reflectance line, wherein 2y = 40 nm and A=550nm is assumed.

FIGS. 7A is the graph of the dAn dependent normalized reflectance of different twist
angle GF-RTN-LCD in this invention when the effective phase retardation value 8 and
the effective relative polarizer angle -0 are determined according to Equations (1)
and (2) with total boundary residual retardation 2{p=20 nm at the predesigned
operating voltage.

FIG. 7B is the graph of the dAn dependent normalized reflectance of different twist
angle GF-RTN-LCD in this invention when the effective phase retardation value & and
the effective relative polarizer angle B-0 are determined according to Equations (1)
and (2) with total boundary residual retardation 2y=40 nm at the predesigned

opérating voltage.
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FIG. 7C is the graph of the dAn dependent normalized reflectance of different twist
angle GF-RTN-LCD in this invention when the effective phase retardation value & and
the efffective relative polarizer angle B-0 are determined according to Equations (1)
and (2) with total boundary residual retardation 2y=60 nm at the predesigned
operating voltage.

FIG. 8A shows the relationship between the maximum normalized reflectance and
twist angle of GF-RTN-LCD in this invention when the effective phase retardation
value 3 and the effective relative polarizer angle -0 are determined according to
Equations (1) and (2) with total boundary residual retardation 2y= 20 nm, 40 nm and
60 nm, respectively, wherein A=550nm is assumed.

FIG. 8B shows thg dependence of the dAn value corresponding to the maximum
normalized reflectance on the twist angle of GF-RTN-LCD in this invention when the
effective phase retardation value 8 and the effective relative polarizer angle B-6 are
determined according to Equations (1) and (2) with total boundary residual retardation
2y= 20 nm, 40 nm and 60 nm, respectively, wherein A=550nm is assumed.

FIG. 9A is a graph of the voltage-dependent normalized reflectance of a 3.6-pum-thick
70° GF-RTN-LCD with the compensation film set and polarizer designs based on the
residual phase retardation 2y=37 nm at 4 V ys.

FIG. 9B is a graph of the cell gap tolerance on the device contrast ratio corresponding
to the GF-RTN-LCD of FIG. 9A.

FIG. 10A is a graph of the voltage-dependent normalized reflectance of a 3.6-pm-
thick 70° GF-RTN-LCD with the compensation film set and polarizer designs based

on the total residual phase retardation 2y=58 nm at 3 V.
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FIG. 10B is a graph of the cell gap tolerance on the device contrast ratio

corresponding to the GF-RTN-LCD of FIG. 10A.

* FIG. 11A shows the structure of a general film compensated transflective twisted

nematic liquid crystal display (GF-TRTN-LCD) in this invention.

FIG. 11B shows the voltage-on state liquid crystal layer deformation in the GF-
TRTN-LCD of FIG.11A.

FIG. 12 is a graph of the voltage-dependent normalized transmittance of a 3.6-um-
thick 70° GF-TRTN-LCD with the compensation film set and polarizer designs based
on the total residual phase retardation 2y=58 nm at 3 Vps.

FIG. 13A is a graph of the voltage-dependent normalized reflectance of a 3.8-pum-
thick 60° GF-TRTN-LCD with the compensation film set and polarizer designs based
on the total residual phase retardation 2y=59 nm at 3 Viy;.

FIG. 13B is a graph of tﬁe voltage-dependent normalized transmittance of a 3.8-pum-
thick 60° GF-TRTN-LCD with the compensation film set and polarizer designs based
on the total residual phase retardation 2y=59 nm at 3 V.

FIG 13C is a graph of the cell gap tolerance on the device reflective mode contrast
ratio corresponding to the GF-TRTN-LCD of FIG. 13A.

FIG. 14A is a graph of the voltage-dependent normalized reflectance of the 3.4-um-
thick 80° GF-TRTN-LCD with the compensation film set and polarizer designs based
on the total residual phase retardation 2y=61 nm at 3 V..

FIG. 14B is a graph of the voltage-dependent normalized transmittance of the 3.4-pm-
thick 80° GF-TRTN-LCD with the compensation film set and polarizer designs based

on the total residual phase retardation 2y=61 nm at 3 Vips.
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FIG 14C i's a graph of the cell gap tolerance on the device reflective mode contrast
ratio corresponding to the GF-TRTN-LCD of FIG. 14A.

FIG. 15A is a graph of the voltage-dependent normalized reflectance of a prior art of
transflective LCD using a broadband circular polarizer with ¢=75° and a cell gap
d=3.5 pm.

FIG. 15B is a graph of the voltage-dependent normalized transmittance of a prior art
of transflective LCD using a broadband circular polarizer with $=75° and a cell gap A

d=3.5 um.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Before explaining the disclosed embodiments of the present invention in detail
it is to be understood that the invention is not limited in its application to the details of
the particular arrangements shown since the invention is capable of other
embodiments. Also, the terminology used herein is for the purpose of description and
not of limitation.

The method, system, apparatus and device of the present invention provides a
new structural design for achieving significantly higher contrast ratio, lower color
dispersion and higher brightness reflective and transflective LCDs with low driving
voltage. Figure 1 is a schematic diagram of the structure of the general film
compensated reflective twisted nematic liquid crystal display (GF-RTN-LCD) in this
inventior- it includes a top substrate 130, a bottom substrate 160 with a reflector 150
laminated on the inner surface, a polarizer 110, a compensation film set 120 including
at least one uniaxial retardation film, and a twisted nematic liquid crystal (TN-LC)

layer 140 sandwiched between the top substrate 130 and the reflector 150.

10
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The arrows in Figure 1 demonstrate the directions of the incoming incident
light and the corresponding reflected light. The compensation film set 120 comprises
one, two or more uniaixal retardation films and the combination of compensation film
set 120 is equivalent to one effective compensation film with an effective phase
retardation value and an effective slow axis direction.

Figure 2 illustrates the coordinates for the configuration of the GF-RTN-LCD
of Figure 1. Based on the rubbing direction 210 of the top substrate 130 (top substrate
130 refers to the substrate closest to the observer) with the compensation film set 120
and polarizer 110 laminated thereon, the transmission axis 220 of the polarizer 110 is
oriented at an angle B and the effective slow axis 240 of the compensation film set
120 is at an angle 0. The twist angle of the TN-LC layer 140, which is the angle
between the rubbing direction 210 of the top substrate 130 and the rubbing direction
230 of the reflector 150, is ¢. In this example, the angles are defined to be positive in
the counter-clockwise direction and negative for the clockwise direction. Therefore,
the left-handed twisted-nematic liquid crystal layer has a positive twist angle while the
right-handed twisted-nematic liquid crystal layer has a negative twist angle.

Before going to the detailed description of this invention, it is helpful to
introduce the two-sublayer model. In a TN-LC cell of the liquid crystal layer with
twist angle of ¢ and positive dielectric anisotropic liquid crystal materials, when a
sufficiently high voltage is applied to the liquid crystal layer 340, the middle liquid
crystal sublayer 343 is aligned along the electric field direction and is perpendicular to
both top substrate 130 and bottom substrate 160, as show in Figure 3.

However, the boundary layers are hardly disturbed because of the strong
surface anchoring. Thus, two thin boundary sublayers 341, 342 are formed at a high

voltage state. The top boundary sublayer 341 is located adjacent to the top substrate

11
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130 and the bottom boundary sublayer 342 is adjacent to the reflector me;ans 150,
Therefore the on-state LC layer 340 is divided into 3 sublayers at high-voltage state:
one middle sublayer 343, one top boundary sublayer 341 and one bottom boundary
sublayer 342. Since the middle sublayer 343 is perpendicular to both substrates 130
and 160, this middle sublayer 343 does not affect the polarization state of incident
light. Only the top boundary sublayer 341 and the bottom boundary sublayer 342
affect the polarization state of incident light.

The top boundary sublayer 341 and the bottom boundary sublayer 342 located
betweeln the reflector 150 and the top substrate 130 can be treated approximately as
two uniaxial sublayers with a angle equal to the total twist angle ¢. This
approximation example is referred to as a two-sublayer model. For a given liquid
crystal (LC) material, the residual retardation of each boundary sublayer depends on
the driving voltage, the higher the driving voltage, the smaller the residual phase
retardation.

Based on the two-sublayer model of Figure 3, the electro-optic (EO)
performance of a GF-RTN-LCD with twist angle ¢ and positive dielectric anisotropic
LC material are analyzed. Ifthe pretilt angles at both substrates are the same, then the
residual phase retardation of the top boundary sublayer 341 is equal to that of the
bottom boundary sublayer 342 and the total residual phase of the on-state LC layer
340 is 20.. Next, the effective film phase retardation value and the effective polarizer
angle are determined to compensate the total residual phase and obtain an excellent
dark state for achieving a high contrast ratio.

According to the coordinates system of Figure 2 and the two-sublayer model

of Figure 3, it is necessary to find the relationship between the following five

parameters: (1) the polarizer angle B, (2) the effective slow axis angle 8 of the

12,
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compensation film set 120, (3) the effective phase & of the compensation film set 120,
(4) the twist angle ¢ of TN-LC layer 140 in Figure 1 and (5) the residual phase o of
each boundary layer 341 or 342.

After applying a mathematical treatment, it is found that in a given reflective
TN-LC cell with a twist angle ¢ and total residual phase 2o at a predesigned voltage-
on state, the effective phase 3 of the compensation film set 120 is dependent on the
effective slow axis angle 6 of the compensation film set 120 acéording to the

following equation (1).

sin® ¢ + cos 2 cos? ¢
0 = atan] — - - - > |-
sin o sin 28sin 2¢ + sin 2a cos 20 cos” ¢

(D
Here the “atan” sign means the arc tangent function. From this equation, it is seen that
for each effective slow axis angle 6 of the compensation film set, there is a required
effective compensation film phase retardation value 8. Both 0 and 6 + n-180° (where
n is an integer) are equivalent in determining the effective phase retardation value of
the compensation film set.

The range of the angle 6 Ais 0° <0 < approximately 180°. Additionally, the
liquid crystal layer twist angles ¢ and ¢ + approximately 180° are also equivalent in
determining the effective phase of the compensation film set. In this example, 2a is
the total residual phase of the TN-LC cell and o =27 - y/A is the residual phase of
either the top boundary sublayer 341 or the bottom boundary sublayer 342 at the
predesigned driving voltage, where v is the residual retardation of each boundary
sublayer and A is the wavelength of the incident light. Generally, v is in the range of

approximately 5 to approximately 50 nm.

13
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After determining the effective phase 5 of the compensation film set 120, the
effective relative polarizer angle in reference to the effective slow axis angle B - 0 is
determined. According to the two-sublayer model described above, the effective

relative polarizer angle B - 0 is expressed as equation (2).

sin® ¢ + cos 2cz cos® ¢
5 B -6 =—atan —— - - - - |-
2 sin &{sin & cos 26 sin 2¢ — sin 2/ sin 26 cos é)

@
Similarly, for each effective slow axis angle 6 of the compensation film set, the
effective relative polarizer angle 8 - 6 is determined, provided that twist angle ¢ and -
the residual phase o of each boundary sublayer are given. When determining the
10 effective relative polarizer angle B - 0, it is found that ¢ and ¢ + approximately 180°
are equivalent. Additionally, -6 and -6 +r-90° (nis an integer) are also
equivalent due to the periodical property of tangent function.
The results obtained in Equations 1 and 2 are based on the two-sublayer
model. In fact, the two-sublayer model is merely an approximate description of the
15  on-state liquid cryétal distribution. In the real device, the on-state liquid crystal
director distribution is not exactly like the above mentioned two boundary sublayers.
Therefore, the actual value of the effective phase retardation 8,c, and the actual value
of the effective polarizer angle Bacral are calculated such that
(6-027)<5,,, <(5+027) and (B-20°+n-90°)< B, <(B+20° + n-90°),
20 where n is an integer and § is determined according to Equation (1) and B is

determined according to Equation (2).
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The graphs illustrated in Figures 4A-4F demonstrate the relationship between
the effective phase value 3 and the effective slow axis angle © of the compensation
film set for different liquid crystal twist angle ¢ under three conditions.

Figures 4A and 4B show the relationship for 2y = approximately 20 nm,
Figures 4C and 4D show the relationship for 2y = 40 nm, and Figures 4E and 4F
show the relationship for 2y = approximately 60 nm. For the special cases where ¢ =
+ approximately 90°, the effective compensation film is exactly a quarter-wave film,
and for a homogeneous cell (¢ = 0°), the vibration reaches the maxima. For other
twist angles, the effective phase 8 of the compensation film set deviates from the
quarter-wave film. Comparing Figures 4A through 4F, it is apparent that the variation
range increases when the total boundary residual retardation increases from
approximately 20 nm to approximately 60 nm.

Figures 5A-5F show the relationship between the effective relative polarizer
angle B - 6 and effective slow axis angle 6 of the compensation film set for different
twist angle ¢ when the total boundary residual retardation is 2y = approximately 20
nm in Figures 5A and 5B, 2y = approximately 40 nm in Figures 5C and 5D and 2y =
approximately 60 nm in Figures S5E and 5F.

According to the graphs, the effective relative polarizer angle -0 varies in the
vicinity of approximately 45°. When ¢ = + approximately 90°, the effective relative
polarizer angle B3 - © equals approximately 45° and the incident light is conveﬁed toa
circularly polarized light since the compensation film set is equivalent to a quarter-
wave, as shown in Figures 4A through 4F. When ¢ = 0°, the oscillation reaches the

maxima. Comparing Figures SA through 5F, it is also apparent that the variation range

increases when the total boundary residual retardation increases from approximately

15



WO 2006/060334 PCT/US2005/042979

10

15

20

25

20 nm to approximately 60 nm. For a given liquid crystal material, the total boundary
residual retardation 2y decreases with an increase in the applied voltage. Generally,
the larger the total residual retardation 2\, the larger the variation range of  and 8 - 0.

Based on the conditions of the compensation film set 120 and the polarizer
110, the electro-optical (EO) performance is independent on the effective slow axis
angle 0 of the compensation film set 120. Therefore, for a given cell wherein the twist
angle ¢ and total boundary residual retardation 2y are known, as long the effective
phase of the compensation film set is selected according to Equation (1) and the
effective relative polarizer angle is selected according to Equation (2) then the
resulting EO curve is approximately identical regardless of the effective slow axis
angle that is selected.

For example, Figure 6 graphs the iso-reflectance of an approximately 70° GF-
RTN-LCD for different effective slow axis angle 0, using a total residual retardation
of 2y = approximately 40 nm and a wavelength , A = approximately 550 nm.
According to the graph of Figure 6, the iso-reflectance line is independent of the
effective slow axis angle 0, therefore the EO curve is also independent of the angle 6.

After the parameters of the compensation film set and the polarizer are
obfained, we need to find the thickness of TN-LC layer for each twist angle in order to
get high reﬂef:tance for the voltage-off state. Figures 7A-7C graph the dAn dependent
normalized reflectance of the GF-RTN-LCD when the effective phase retardation
value 3 and the effective relative polarizer angle B-0 are determined according to
Equations (1) and (2) for three cases of total boundary residual retardation: 2y =
approximately 20 nm, approximately 40 nm and approximately 60 nm, respectively.
From these graphs, it is obvious that the normalized reflectance is kept at unity within

a wide range when ¢ is approximately approximately 60° to approximately 70°.
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Keeping the normalized reflectance approximately at unity within a wide range results
in low color dispersion within the range.

In order to get intuitive concepts on the maximum normalized reflectance and
its corresponding dAn dependent normalized reflectance of the GF-RTN-LCD, Figure
8A illustrates the relationship between the maximum normalized reflectance and twist
angle of GF-RTN-LCD when the effective pﬁase retardation value & and the effective
relative polarizer angle -0 are determined according to Equations (1) and (2) with
total boundary residual retardation 2y= 20 nm, approximately 40 nm and
approximately 60 nm, respectively, wherein A= approximately 550nm is assumed.
When twist angle is larger than about 70°, the maximum normalized reflectance drops
below approximately 100%. As the total boundary residual retardation 2\ increases,
the maximum twist angle that corresponds to approximately 100% normalized
reflectance decreases accordingly. |

Figure 8B illustrates the dependence of the dAn value corresponding to the
maximum normalized reflectance on the twist angle of GF-RTN-LCD in this
invention when the effective phase retardation value 6 and the effective relative
polarizer angle B-0 are determined according to Equations (1) and (2) with total
boundary residual retardation 2y= approximately 20 nm, approximately 40 nm and
approximately 60 nm, respectively, wherein A= approximately 550nm is assumed.

Based on the conditions of the compensation film set, the polarizer and dAn
dependent normalized reflectance value of the GF-RTN-LCD, alternative
embodiments of the present invention are discussed. The simulation parameters used

in the alternative embodiments are listed in Table 1.
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TABLE 1.
Parameters Value
ne (A=450,550,650nm) | (1.559, 1.548, 1.542)
n, (A=450,550,650nm) | (1.485, 1.476, 1.471)
An (0.074, 0.072, 0.071)
Ky 9.6x102 N
K2 6.1x10* N
ks 14.2x102 N
€/ 14.3
€1 4.0
| Pretilt angle 30
Free pitch 300pm

10

15

An approximately 70° GF-RTN-LCD is selected for the first example. From
Figures 7A-7C, the maximum reflectance occurs at dAn = approximately 0.26 pm,
therefore, the cell gap is selected to be approximately 3.6 pum for the LC material
employed. A driving voltage of approximately 4V,ns is selected for the desired dark
state. The total residual retardation 2y at the selected driving voltage is 2y =
approximately 37 nm from the simulation results.

Then, based on this total residual retardation, we can get the effective phase of
the compensation film set and the effective relative polarizer angle from Equations (1)
and (2). Since the EO performance is independent of the effective slow axis angle 0,
we can choose any 0 angle in determining 3 and B - 0 as expressed in Equations (1)
and (2). At last, based on the compensation film parameters and the polarizer
conditions, the electro-optical EO performances are obtained as plotted in Figure 9A.

As previously discussed, the color dispersion at V = 0 is very small.
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Figure 9B is a plot of the cell gap tolerance and from the graph it is shown that
even if the cell gap has = 0.2 um uncertainty, the contrast ratio is still greater than
approximately 2500:1. If the driving voltage is decreased to approximately 3V to
lower the power consumption, the total residual phase at this diving voltage is
determined and the compensation film set parameters and polarizer conditions are
recalculated. After calculation, we get 2y = approximately 58 nm, and the
corresponding EO performances are plotted in the Figure 10A.

Since the driving voltage is decreased, the total residual retardation increases
accordingly, resulting in a slight bounce in the EO curve after it reaches the dark state.
The cell gap tolerance at approximately 4V driving voltage is plotted in the Figure
10B, illustrating that the contrast ratio, even at the decreased driving voltage, is still
greater than approximately approximately 1060: 1. Again, a high contrast ratio of

greater than approximately 1000:1 is achieved even if the cell gap etror is +

approximately 0.2 um.

To extend this method, system, apparatus and device to a transflective LCD, a
broadband quarter-wave film and another polarizer is added below the transflector.
Figure 11A shows the structure of a general film compensated transflective twisted
nematic liquid crystal display (GF-TRTN-LCD) in this invention. It comprises a top
substrate 430 with a compensation film set 420 and a first polarizer 410 laminated
thereon, a bottom substrate 460 with a transflector means 450 laminated thereon, a
twisted nematic liquid crystal layer 440 sandwiched4between the top substrate 430 and
the transflector means 450, a broadband quarter-wave film 470 and a second polarizer
480, wherein the compensation film set 420 consists of at least one uniaxial
retardation film and transflector means 450 allows a part of incident light to be

reflected back and a part of light from backlight source to be transmitted through.
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The arrows in Figure 11A show the propagation directions of the incident light
and the light from backlight source. Figure 11B shows the voltage-on state liquid
crystal layer deformation in the GF-TRTN-LCD of FIG.11A. In the voltage-on state,
the liquid crystal layer 640 also forms a 3 sublayer structure: one middle sublayer 643,
one top boundary sublayer 641 and one bottom boundary sublayer 642. At voltage-on
state, the combination of the compensation film set 420, the top boundary sublayer
641 and the bottom boundary sublayer 642 functions as a broadband quarter-wave
film. Therefore, after the backlight passes through the second polarizer 480 and the
broadband quarter-wave film 470, it becomes circularly polarized. When this
circularly polarized backlight passes through the transflector 450, the liquid crystal
layer 640 and the compensation film set 420, it becomes another linearly polarized
light, which is perpendicular to the transmission axis of the first polarizer 410.
Therefore, the backlight is totally blocked by first polarizer 410, resulting in a good
dark state. Figure 12 is a graph of the voltage dependent transmittance of
transmissive-mode approximately 3.6-um-thick approximately 70° GF-TRTN-LCD
and the resulting contrast ratio exceeds approximately 2200:1.

Figures 13A through13C are graphs according to another embodiment of the
invention using approximately 3.8-um-thick approximatély 60° GF-TRTN-LQD.
When the driving voltage is 3V, the total boundary residual retardation is 2y =
approximately 59 nm. In this embodiment, the contrast ratio exceeds 600:1 for the
reflective mode and approximately 1200:1 for transmissive mode. The cell gap
tolerance is good and even if the cell gap has * approximately 0.2 um variation, the
reflective mode still has a contrast ratio greater than approximately 500:1.

Figures 14A-14C are graphs according to a third embodiment of the invention

using a 3.4-pm-thick 80° GF-TRTN-LCD. Selecting the same approximately 3V
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driving voltage, the total boundary residual retardation is 2\ = approximately 60.6 nm.
In this embodiment, the reflective mode contrast ratio is greater than approximately
4000:1 and the transmissive mode contrast ratio is greater than approximately 6500:1.
The cell gap tolerance is good and even if the cell gap has + approximately 0.2 pm
error, the reflective mode contrast ratio remains greater than approximately 3000:1.

According to the method, system, apparatus and device of the present
invention, the twist angle can be selected from a range of approximately 0° to
approximately 100° as long as the compensatiori film set and the polarizer conditions
are selected according to Equations (1) and (2). Additionally, the twist angle can be
positive or negative, which means the twist sense of twisted nematic liquid crystal
layer can be left-handedness and right-handedness. Since Equations (1) and (2) are
deduced from a simplified two-sublayer model, the optimal compensation film set and
polarizer conditions deviates slightly from these the results obtained from these two
equations.

Typically, the actual value of the effective phase retardation Sacral of the

compensation film set is in the range of (6-027)< 68 < 6+ 0.27) and the actual

value of the effective polarizer angle Bacial is in the range of

(B—20°+71-90°)< B,y <(B+20°+n-90°), where n is an integer and 3 is

determined according to Equation (1) and B is determined according to Equation (2).
The key concept of this invention is to use a compensation film set to compensate the
boundary residual retardation and to obtain a high contrast ratio reflective or
transflective LCD.

To compare the results achieved using the present invention with prior arts,

Figures 14A and 14B depict the electro-optic performances of approximately 3.5-um-
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thick approximately 75° MTN cell of the prior art. In the voltage-off state, the
reflectance reaches unity. However, the light leakage in the dark state is relatively
high due to the incomplete surface compensation. The calculated reflective mode
contrast ratio is only approximately 86:1 even when the driving voltage is increased to
approximately 4V. If the operating voltage is reduced to approximately 3V, then the
corresponding contrast ratio decreases to approximately 30:1 which is inadequate for
most display applications.

In summary, the present invention provides a new compensation method,
system, apparatus and device to achieve a high contrast ratio, high brightness and low
color dispersion reflective and transflective liquid crystal display. Based on the total
boundary residual retardation, the corresponding compensation film set and polarizer
conditions are determined. Using the determined compensation film set and polarizer
conditions, a general film compensated reflective twisted-nematic liquid crystal
display with high contrast ratio, high reflectance and low color dispersion is produced.
While the above summary relates to application of the method, system, apparatus and
device of the present invention to a reflected TN-LCD, the method, system, apparatus
and device may also be applied to a transflective LCD.

While the invention has been described, disclo,sed, illustrated and shown in
various terms of certain embodiments or modifications which it has presumed in
practice, the scope of the invention is not intended to be, nor should it be deemed to
be, limited thereby and such other modifications or embodiments as may be suggested
by the teachings herein are particularly reserved especially as they fall within the

breadth and scope of the claims here appended.
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We claim;

1.

2.

A reflective liquid crystal display comprising:
a top substrate having a compensation film set and a linear polarizer laminated
thereon on the outer surface;
a bottom substrate having a reflector means laminated thereon on the inner
surface; |
a first alignment film with a first rubbing direction coated on the inner surface of
the top substrate,
a second alignment film with a second rubbing direction coated on the reflector
means, and
a twisted nematic liquid crystal layer sandwiched between the top substrate and
the reflector means, wherein the twisted nematic liquid crystal layer contacts with
both the first alignment layer and the sécond alignment layer, wherein the twisted
nematic liquid crystal layer has a twist angle ¢ at voltage-off state and has a
residual phase retardation o on each boundary at the voltage-on state; and
wherein the compensation film set has an effective phase retardation Vall‘le 6 and
an effective slow axis direction 0 in reference to the first rubbing direction of the
top substrate, and the compensation film set herein is used to compensate the
boundary residual phase retardation of the twisted nematic liquid crystal layer at

voltage-on state to improve a contract ratio of the reflective liquid crystal display.

The reflective liquid crystal display of claim 1, wherein the compensation film

set comprises plural uniaxial retardation films with their slow axes parallel to their

film surfaces thereof, wherein the plural uniaxial retardation films are approximately
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6. The reflective liquid crystal display of claim 1, wherein the twisted nematic
liqﬁid crystal layer has a retardation value dAn/A ranging from approximately 0.25 to
approximately 0.60, where d is a thickness of the twisted nematic liquid crystal layer,
An is a birefringence of the twisted nematic liquid crystal layer material and A is a

central wavelength of an incident light.

7. A transflective liquid crystal display comprising:
a top substrate having a compensation film set and a first linear polarizer
laminated thereon on the outer surface;
a bottom substrate having a transflector means laminated thereon on the inner
surface and a broadband quarter-wave film and a second linear polarizer
laminated thereon on the outer surface;
a first alignment film with a first rubbing direction coated on the inner surface of
the top substrate,
a second alignment film with a second rubbing direption coated on the
transflector means, and
a twisted nematic liquid crystal layer sandwiched between the top substrate and
the transflector means, wherein the transflector means allows a part of incident
ambient light to be reflected back to the observer and allows a part of the light
from the backlight source to pass through to the observer, wherein the twisted
nematic liquid crystal layer contacts with both the first alignment layer and the
second alignment layer, wherein the twisted nematic liquid crystal layer has a
twist angle ¢ at voltage-off state and has a residual phase retardation o on each

boundary at the voltage-on state; and wherein the compensation film set has an
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effective phase retardation value & and an effective slow axis direction 6 in
reference to the first rubbing direction of the top substrate, and the compensation
film set herein is used to compensate the boundary residual bhase retardation of
the twisted nematic liquid crystal layer at voltage-on state to improve a contract

ratio of the reflective liquid crystal display.

8. The transflective liquid crystal display of claim 7, wherein the compensation
film set comprises plural uniaxial retardation films with their slow axes parallel to
their film surfaces thereof, wherein the plural uniaxial retardation films are
approximately equivalent to an effective compensation film with its effective slow

axis parallel to the effective compensation film surface thereof.

9. The transflective liquid crystal display of claim 7, wherein the effective phase
retardation & of the compensation film set is in the range of

(50 - 0.27:) <58, + 0.27[) with 9y satisfies the equation (c):

©

sin’ ¢ + cos2cz cos” ¢
8, = atan| ——— £ T 0% —|,
sin ¢ sin 20 sin 2¢ + sin 2¢ cos 26 cos” ¢

where the effective slow axis angle 6 of the compensation film set is in the range of

0° <6 <180°.

10.  The transflective liquid crystal display of claim 7, wherein the linear polarizer
forms an angle B in reference to the first rubbing direction of the top substrate and

angle is in the range of (8, —20°+n-90°)< B < (B, +20°+n-90°), where n is an

integer, with B, satisfies the equation (d):
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sin® ¢ + cos 2cr cos” ¢ J q
) » ( )

,Bo=l9+-l—atan- - - - — 5
2 smé‘o(smacos2esm2¢—sm2asm2€cos ¢

where the effective slow axis angle 6 of the compensation film set is in the range of

0° <6 <180° and 9y is obtained from Equation (c):

©

sin® ¢ + cos 2z cos® ¢

50 = atan . . . . 2 2
sin o sin 20 sin 2¢ + sin 2¢x cos 20 cos” ¢

where the effective slow axis angle 6 of the compensation film set is in the range of

0°<6<180°.

11.  The transflective liquid crystal display of claim 7, wherein the twisted nematic
liquid crystal layer includes a twist angle ranging from approximately negative 90
degrees to positive 90 degrees, wherein the negative twist angle is a right-handedness

twist sense and the positive twist angle is a left handedness twist sense.

12.  The transflective liquid crystal display of claim 7, wherein the twisted nematic
liquid crystal layer has a retardation value dAn/A ranging from 0.25 to 0.60, where d is
a thickness of the twisted nematic liquid crystal layer, An is a birefringence of the
twisted nematic liquid crystal layer material and A is a central wavelength of an

incident light.
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13. A reflective twisted nematic liquid cwsﬁl display with a liquid crystal layer
comprising:

phase compensation film for compensating residual phase retardation of the
liquid crystal layer in a voltage-on state to increase the contrast ratio at a lower
operating voltage and decrease color dispersion when used in reflective and
transflective liquid crystal display modes, wherein the compensation film is selected
based on twist angle and residual retardation of the liquid crystal layer, wherein the
compensation film set has an effective film phase retardation value and effective
polarizer angle to cancel the total residual phase to obtain an excellent dark state for

achieving the high contrast ratio.
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