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(57) ABSTRACT 

Methods, systems, devices and apparatus of using a reflec
tive liquid crystal device for projection display operating at 
a reduced driving voltage and having an increased contrast 
ratio are disclosed. The reflective liquid crystal device 
comprises a first substrate, a second substrate with reflector 
means, and a twisted nematic liquid crystal layer between 
the first substrate and the second substrate. A polarizing 
beam splitter is placed outside of the reflective liquid crystal 
device and adjacent to the first substrate. By setting the 
entrance polarization direction of the polarizing beam split
ter along the azimuthal angle of the linearly polarized 
eigenmode of the reflective liquid crystal device at the 
designed driving voltage, a perfect dark state is obtained, 
which leads to a high contrast ratio at the designed low 
driving voltage. 
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REFLECTIVE LIQUID CRYSTAL 
PROJECTION DISPLAYS WITH LOW 

VOLTAGE AND HIGH CONTRAST USING 
IMPROVED BISECTOR EFFECT 

2 
ates from the bisector of twist angle which is used in the 
prior art. Using the entrance polarization angle of PBS 
determined by the present invention, the contrast ratio 
increases dramatically and the driving voltage decreases 

This invention relates to reflective liquid crystal valve for 
projection display, and in particular to methods, systems, 
devices and apparatus for using a novel polarization angle 
for reducing the driving voltage, enhancing the contrast 
ratio, and reducing the color dispersion. 

5 significantly. Decreasing the driving voltage also minimizes 
the fringing field effect of the reflective liquid crystal cell. 
By taking the boundary layer residual phase retardation into 
consideration, the optimal entrance polarization angle is 
determined to be approximately 1-3° higher than the prior 

10 art bisector effect to achieve an approximately perfect dark 
state at the decreased driving voltage. 

BACKGROUND AND PRIOR ART 

The reflective liquid crystal display (LCD) 100 for pro
jection application as depicted in FIG. 1 has been used for 15 

front projectors and rear projection TVs. The whole system 
includes a polarizing beam splitter (PBS) 110 and a reflec
tive liquid crystal (LC) panel 120. Several LC modes have 
been used, such as (1) vertical alignment (VA) mode dis
closed in M. F. Schiekel and K. Fahrenschon, "Deformation 20 

of Nematic Liquid Crystals with Vertical Orientation in 
Electrical Fields", Appl. Phys. Lett., Vol. 19, p. 391, (1971), 
(2) 45° hybrid field effect (HFE) mode discussed in J. 
Grinberg, et al, "AN ew Real-Time N oncoherent to Coherent 
Image Converter: the Hybrid Field Effect Liquid Crystal 25 

Light Valve", Opt. Eng., Vol. 14, p. 217, (1975), (3) 63.6° 
twisted nematic-electronically controlled birefringence 
(TN-ECB) mode disclosed in T. Sonehara, "Photo-Ad
dressed Liquid Crystal SLM with Twisted Nematic ECB 
(TN-ECB) Mode", Jpn. J. Appl. Phys., Vol. 29, L1231, 30 

(1990), and (4) mixed twisted-nematic (MTN) mode dis
closed in S. T. Wu and C. S. Wu, "Mixed-Mode Twisted 
Nematic Liquid Crystal Cells for Reflective Displays", Appl. 
Phys. Lett., Vol. 68, p. 1455, (1996). 

In a high resolution projection display, the pixel size is 35 

comparable to the cell gap. The fringing field between 
adjacent pixels could reorient the LC directors and then 
degrade the image contrast ratio and reduce display bright
ness. See, for example, K.-H. Fan Chiang, S. T. Wu and S. 
H. Chen, "Fringing Field Effect of the Liquid-Crystal-on- 40 

Silicon Devices", Jpn. J. Appl. Phys. Vol. 41, p. 4577, 
(2002). Therefore, to decrease the fringing field effect, low 
driving voltage is preferred for achieving high resolution, 
high contrast ratio and high brightness projection display. 
Although the MTN mode can reach a relatively low voltage 45 

compare to other modes, its fringing field is still prominent. 
In order to get a low driving voltage, U.S. Pat. No. 

5,490,003 issued to Van Sprang on Feb. 6, 1996 reveals a 
reflective LCD using positive dielectric anisotropic LC 
material with the entrance polarization direction set at the 50 

bisector of twist angle, and U.S. Pat. No. 5,936,697 issued 
to Yang onAug. 10, 1999 proposed the self-compensated TN 
concept using negative dielectric anisotropic LC materials. 
Both patents set the entrance polarization direction at the 
bisector of twist angle in order to achieve a self-compensa- 55 

tion effect. In addition, the self-compensated TN mode and 
bisector effect in transmissive and reflective TN cell were 
published in K. H. Yang, "A Self-Compensated Twisted
Nematic Liquid Crystal Mode for Reflective Light Valves", 
Euro display'96, p. 449 (1996) and S. T. Wu and C. S. Wu, 60 

"Bisector Effect on the Twisted-Nematic Cells", Jpn. J. 
Appl. Phys., Vol. 37, L1497, (1998), respectively. These two 
publications refer to the bisector effect of a TN cell. 

The present invention advances the art by providing a 
method and a device that positions the entrance polarization 65 

direction of PBS to form an angle ~ with respect to the 
rubbing direction of the top substrate, where ~ angle devi-

SUMMARY OF THE INVENTION 

A primary objective of this invention is to provide meth
ods, systems, devices and apparatus for projection display 
by using a new reflective liquid crystal valve configuration 
with lower driving voltage to reduce the fringing field effect 
and improve resolution. 

A secondary objective of this invention is to provide 
methods, systems, devices and apparatus for projection 
display by using a new reflective liquid crystal valve con
figuration with higher contrast ratio to obtain high quality 
large screen projection displays, such as home theater, 
conference projector etc. 

A third objective of this invention is to provide methods, 
systems, devices and apparatus for projection display by 
using a new reflective liquid crystal valve configuration with 
lower color dispersion. 

A preferred embodiment of a reflective liquid crystal 
projection display device can include a first substrate with a 
first alignment film and a first alignment direction, a second 
substrate with a second alignment film and a second align
ment direction, a liquid crystal layer with positive dielectric 
constant sandwiched between the first substrate and the 
second substrate, and a polarizing means and an analyzing 
means placed outside of the first substrate which is opposite 
to the liquid crystal layer, wherein the first substrate further 
is transparent, wherein the second substrate further com
prises a reflector means on an inner side which is adjacent 
to the liquid crystal layer, wherein the liquid crystal layer 
forms a twist angle cjJ between the second alignment direc
tion on the second substrate and the first alignment direction 
on the first substrate, wherein the polarizing means has a first 
linear polarization direction while the analyzing means has 
a second linear polarization direction, and the first linear 
polarization direction of the polarizing means is approxi
mately perpendicular to the second linear polarization direc
tion of the analyzing means, and wherein the first linear 
polarization direction of the polarizing means deviates from 
the bisector direction of the twist angle of the liquid crystal 
layer. 

The liquid crystal layer can form a left-handed twist 
structure with a twist angle cjJ in the range of approximately 
40° to approximately 80°. 

The liquid crystal layer can have a phase retardation value 
dlm/A. in the range of approximately 0.4 to approximately 
0.8, where d is the thickness of the liquid crystal layer; &i 
is the birefringence of liquid crystal materials and A is the 
wavelength of incident light. 

The polarization direction of the polarizing means can 
form an angle ~ with the first alignment direction on the first 
substrate, wherein the angle ~ lies in the range of approxi
mately cp/2 to approximately cp/2+15°. 

The polarization direction of the polarizing means can 
form an angle ~ with the first alignment direction on the first 
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substrate, wherein the angle ~ lies in the range of approxi
mately cp/2±90° to approximately cp/2+15°±90°. 

The liquid crystal layer can form a right-handed twist 
structure with a twist angle cjJ in the range of approximately 
-80° to approximately -40°. 

The liquid crystal layer can have a phase retardation value 
dlrn/A. in the range of approximately 0.4 to approximately 
0.8, where d is the thickness of the liquid crystal layer; lrn 

4 
FIG. 7A is a graph of the voltage-dependent reflectance 

curves for the left-handed 57° cell at various polarizer angles 
with dlrn=350 nm and A.=550 nm. The solid line represents 
prior art. 

FIGS. 7B and 7C are expanded views of the graph of FIG. 
7 A at bright state and dark state, respectively. 

FIG. SA is a graph of the voltage-dependent reflectance 
curves for a left-handedness 55° cell at various polarizer 
angles with dlrn=350 nm and A.=550 nm. The solid line is the birefringence of liquid crystal materials and A is the 

wavelength of incident light. 10 represents prior art. 
FIGS. SB and SC are expanded views of the graph of FIG. 

SA at bright state and dark state, respectively. 
The polarization direction of the polarizing means can 

form an angle ~ with the first alignment direction on the first 
substrate, wherein the angle ~ lies in the range of approxi
mately cp/2-15° to approximately cp/2. 

The polarization direction of the polarizing means can 
form an angle ~ with the first alignment direction on the first 
substrate, wherein the angle ~ lies in the range of approxi
mately cp/2-15°±90° to approximately cp/2±90°. 

FIG. 9A is a graph of the voltage-dependent reflectance 
curves for left-handed 50° cell at various polarizer angles 

15 with dlrn=350 nm and A.=550 nm. The solid line represents 
prior art. 

FIGS. 9B and 9C are expanded views of the graph of FIG. 
9A at bright state and dark state, respectively. 

FIG. lOA is a graph of the voltage-dependent reflectance 
20 curves for a left-handedness 45° cell at various polarizer 

angles with dlrn=355 nm and A.=550 nm. The solid line 

A preferred method of making a reflective liquid crystal 
projection display device with high contrast ratio and low 
driving voltage, can include the steps of providing a reflec
tive liquid crystal device including a first substrate, a second 
substrate with reflector means, and a twisted nematic liquid 
crystal layer between the first substrate and the second 

25 
substrate, providing a polarizing beam splitter outside of the 
reflective liquid crystal device and adjacent to the first 
substrate, and positioning the entrance polarization direction 
of the polarizing beam splitter to deviate from the bisector 
direction of the twist angle of the twisted nematic liquid 

30 
crystal layer. 

The method can further include the steps of determining 
the azimuthal angle of the linearly polarized eigenmode of 
the reflective liquid crystal device at the designed driving 
voltage and setting the entrance polarization direction of the 35 
polarizing beam splitter along the azimuthal angle of the 
linearly polarized eigenmode of the reflective liquid crystal 
device at the designed driving voltage. 

Further objects and advantages of this invention will be 
apparent from the following preferred embodiments which 40 

are illustrated schematically in the accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic diagram of the reflective liquid 45 

crystal valve for projection display. 

represents prior art. 
FIGS. lOB and lOC are expanded views of the graph of 

FIG. lOA at bright state and dark state, respectively. 
FIG. llA is a graph of the voltage-dependent reflectance 

curves for a left-handedness 40° cell at various polarizer 
angles with dlrn=365 nm and A.=550 nm. The solid line 
represents prior art. 

FIGS. llB and llC are expanded views of the graph of 
FIG. llA at bright state and dark state, respectively. 

FIG. 12A is a graph of the voltage-dependent reflectance 
curves for a left-handed 65° cell at various polarizer angles 
with dlrn=345 nm and A.=550 nm. The solid line represents 
prior art. 

FIGS. 12B and 12C are expanded views of the graph of 
FIG. 12A at bright state and dark state, respectively. 

FIG. 13A is a graph of the voltage-dependent reflectance 
curves for the left-handed 70° cell at various polarizer angles 
with dlrn=345 nm and A.=550 nm. The solid line represents 
prior art. 

FIGS. 13B and 13C are expanded views of the graph of 
FIG. 13A at bright state and dark state, respectively. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 2 illustrates the coordinates of the display system of 
FIG. 1. 

FIGS. 3A and 3B illustrate the relationship between the 
azimuthal angles of the eigenmodes and the residual phase 
retardation in the case of left-handedness 60° reflective 
twisted nematic TN-LC cell for eigenmode 1 and eigenmode 
2, respectively. 

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 

50 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. 

FIGS. 4A and 4B illustrate the relationship between the 
azimuthal angles of the eigenmodes and the residual phase 
retardation in the case of left-handedness 60° reflective 
TN-LC cell in a magnified region for eigenmode 1 and 
eigenmode 2, respectively. 

A conventional projection display system 100 includes a 
polarizing beam splitter (PBS) 110, a reflective liquid crystal 

55 cell 120 and a light source 130, as shown in FIG. 1. The 
reflective liquid crystal cell 120 includes a first transparent 
substrate 122 with a first aligriment film, a second substrate 
124 with a second aligriment film and a liquid crystal layer 

FIG. 5 shows the dependence of residual retardation on 60 
applied voltage for a 60° TN cell with dlrn=350 nm. 

126 with a positive dielectric constant between the first 
substrate 122 and the second substrate 124. The second 
substrate 124 includes a reflector on the inner surface, 

FIG. 6A is a graph of the voltage-dependent reflectance 
curves for the left-handed 60° cell at various polarizer angles 
with dlrn=350 nm and A.=550 nm. The solid line represents 
prior art. 

FIGS. 6B and 6C are expanded views of the graph of FIG. 
6A at bright state and dark state, respectively. 

adjacent to the liquid crystal layer. The PBS 110 has a 
crossed polarizer and analyzer configuration, which means 
the polarization direction of the polarizing means is sub-

65 stantially perpendicular to the polarizing direction of the 
analyzing means. Therefore, if the entrance polarization 
direction of the polarizing means makes an angle~ with the 
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alignment direction of the liquid crystal layer on the first 
substrate 122, then the analyzing means makes ~±approxi
mately 90° with the alignment direction of the liquid crystal 
layer on the first substrate 122. 

Referring back to FIG. 1, the unpolarized light 105 from 5 

light source 130 becomes linearly polarized light 115 after 
passing through the polarizing means of the PBS 110, and 
impinges onto the reflective TN-LC cell 120. When return
ing from the reflective TN-LC cell 120, the reflected light 
125 encounters the analyzing means of the PBS 110. The 10 

polarization state of the reflected light 125 determines the 
output reflectance. In order to get a high contrast ratio, which 
is important for large screen projection display with high 
quality, such as home theater, conference projector etc, a 
substantially perfect dark state is preferable. To achieve a 15 

substantially perfect dark state, the incident linearly polar
ized light 115 should be unchanged after a round trip in the 
reflective TN-LC cell 120, so that the identical reflected 
linearly polarized light 125 is blocked by the analyzing 
means of the PBS 110, and as a result, a very good dark state 20 

is obtained. In the preferred embodiment, the linear polar
ized light 115 is an eigenmode of the reflective TN-LC cell 
in order to achieve the high contrast ratio. 

Two different models, uniform-twist model and two-layer 
model, are described here before describing the eigenmodes 25 

in a reflective TN-LC cell. In a reflective TN-LC cell with 
positive dielectric anisotropic liquid crystals, the pretilt 
angle at the substrates boundary is small, approximately 
1-5°. The liquid crystal molecules undergo a uniform twist 
throughout the cell when the applied voltage is below a 30 

threshold. When the applied voltage is approximately 2 
times higher than the threshold voltage, the liquid crystal 
molecules in the middle of the liquid crystal layer are 
aligned approximately parallel to the electric field. However, 
the boundary layers near the top and bottom substrate 35 

interfaces are hardly disturbed because of strong surface 
anchoring. Therefore, the TN-LC cell is described by a 
uniform-twist model when the applied voltage is below a 
threshold and by a two-layer model when the applied 
voltage is approximately 2 times higher than the threshold 40 

voltage. 
In the uniform-twist model, there are two eigenmodes for 

the reflective TN-LC cell and both eigenmodes are linearly 
polarized and orthogonal to each other. The azimuthal angles 
of these two linear polarization states are determined by 8 45 

angle in the following equation 1. 

6 
on the bottom substrate 124. The twist angle cjJ is defined to 
be positive in the counterclockwise direction based on the 
liquid crystal alignment direction 210 on the top substrate 
122. Therefore, the left-handedness twist angle is positive 
and the right-handedness twist angle is negative. In a pre
ferred embodiment of the present invention, the liquid 
crystal layer has a twist angle within a range of approxi
mately approximately 40°<cjl<approximately 80° for a left
handed twist liquid crystal layer and approximately 
-80°<cjl<approximately -40° for a right-handed twist liquid 
crystal layer. 

In the two-layer model, each boundary layer can be 
approximately treated as a non-twisted uniaxial layer with 
residual phase 1.jJ=2ita/A., here a is the retardation of each 
boundary layer. When applied voltage increases, the retar
dation a decreases. Similarly, there exists two eigenmodes 
for the reflective TN-LC cell using the above mentioned 
two-layer model. Both eigenmodes are linear polarizations 
and are orthogonal with each other. The azimuthal angle of 
the two eigenmodes is given by the 8 angle in the following 
equation 2. 

(2) 

When the applied voltage is within an intermediate volt
age range, the case is much more complicated and no 
approximation is made. Since the reflective TN-LC cell is 
described by a uniform-twist model when the applied volt
age is below a threshold and by a two-layer model when the 
applied voltage is approximately two times the threshold 
voltage, the azimuthal angles of the eigenmodes should be 
located between the obtained results of uniform-twist model 
and two-layer model when an intermediate voltage is 
applied. 

FIGS. 3A and 3B illustrate the relationship between the 
azimuthal angles of the eigenmodes and the residual phase 
retardation in the case ofleft-handedness approximately 60° 
reflective twisted nematic TN-LC cell using both uniform
twist model and two-layer model for eigenmode 1 and 
eigenmode 2, respectively. FIG. 4 illustrates a magnified 
region of the graphs of FIGS. 3A and 3B, wherein the 
residual phase retardation in the magnified region is between 
0-100 nanometers. 

(l) According to the graph, when the residual retardation 

50 decreases, the azimuthal angles of eigenmodes gradually 
reach the bisector (cp/2) of twist angle or perpendicular to the 
bisector ( cp/2±90°), which is the approach used in the prior 
arts. The prior art placed the entrance polarization direction 
of PBS at the bisector or perpendicular to the bisector. 

Where, r=2itdlrn/A. is the phase of the uniformly twisted 

TN-LC cell and X=Vcp2 +(r/2)2 is a parameter related to both 
twist angle and phase of twisted TN-LC cell. Wherein, dis 
cell gap, lrn is the birefringence of LC material, A is the 
wavelength of incident light and cjJ is the twist angle. 

FIG. 2 illustrates the coordinates of the system of FIG. 1. 
The entrance polarization direction 220 of the PBS 110 
makes an angle ~ with respect to the liquid crystal alignment 
direction 210 on the top substrate 122. The twist angle of the 
TN-LC layer 126 is cp, which is determined by the angle 
between the liquid crystal alignment direction 210 on the top 
substrate 122 and the liquid crystal alignment direction 230 

55 However, even when the applied voltage reaches triple of 
threshold voltage, the residual retardation is still much larger 
than 0 and as a result, the azimuthal angle of the eigenmodes 
are not exactly parallel to the bisector or perpendicular to the 
bisector. 

60 For example, FIG. 5 illustrates the residual retardation of 
a 60° TN cell with dlrn=approximately 350 nm at different 
applied voltage. Using the parameters listed in Table 1, even 
when the applied voltage is approximately 5 vrms' the 
residual retardation is approximately 50 nm. With this 

65 amount of residual retardation, the azimuthal angle of eigen
mode is about 0.5° larger than the bisector, as shown in 
FIGS. 4A and 4B. 
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Parameters 

n. 
no 

EP 

7 

TABLE 1 

Value 

1.65 
1.55 

12.0 
4.0 

8 
trast ratio (CR) of the final system 1s affected by the 
extinction ratio of PBS as 

1 
CR= l/ER+R' 

"" Ku 
Kn 
K33 

Pretilt angle 

11.5 x 10-12 N 
6.5 x 10-12 N 

16.0 x 10-12 N 
30 

where R is the normalized reflectance obtained in the graphs. 
10 For example, if the normalized reflectance is R=0.00005, 

then the system contrast ratio would be 

In projection display, it is highly desirable to decrease the 
driving voltage in order to minimize the fringing field effect. 
Since the azimuthal angles of the eigenmodes deviate from 15 

the direction of bisector (or the direction perpendicular to 
bisector), the entrance polarization direction of the PBS 110 
should be oriented parallel or perpendicular to the azimuthal 
angle of the eigenmode of the reflective TN-LC cell at the 
desired driving voltage. By taking the boundary residual 20 

retardation into consideration, the optimal polarization angle 

1 
CR = 0.001 + 0.00005 = 952: l. 

To obtain CR=approximately 950:1, it is determined from 
the graph in FIG. 6C that the prior art, illustrated as the solid 
curve, requires a driving voltage of approximately 5 vrms· 

Applying the method of the present invention, the bound
ary layers are taken into consideration to determine that the 
optimal polarizer angle ~ occurs at ~=31.5° instead of30° as 

is determined to be approximately within a range of approxi
mately 1 ° to approximately 3 ° higher than the bisector angle 
used in the prior art. 

25 
used in the prior art. With the polarizer angle set at approxi
mately 31.5 degrees, the driving voltage required to obtain 
the dark state voltage decreases to approximately 3.5 vrms" 

In other words, to achieve an improved contrast ratio 
CR=approximately 952:1, a driving voltage of approxi-

For example, referring to FIG. 5 it is seen that the residual 
retardation of the reflective TN-LC cell is approximately 75 
nanometers when a driving voltage of approximately 3.5 
Vrms is applied. Referring to FIGS. 4A and 4B, the corre
sponding azimuthal angle of eigenmodes at a residual retar
dation of approximately 75 nanometers is approximately 
1.5° larger than the azimuthal angle at the bisector. There
fore, the optimal entrance polarizer angle ~ between the 
crossed polarizer and the reflective TN-LC cell's front LC 
director is ~=cp/2+ 1.5° or ~=±Jt/2+cp/2+ 1.5° to achieve an 35 
approximately perfect dark state at an intermediate driving 
voltage of approximately 3.5 vrms· 

30 mately 3.5 vrms is required as compared to 5 vrms driving 
voltage required by the prior arts. On the other hand, ifthe 
driving voltage used by the prior art is decreased to approxi
mately 3.5 vrms' then the prior art configurations produce a 
contrast ratio of approximately 

CR= = 455:1. 
0.001 + 0.0012 

If the applied voltage is further increased, the residual 
phase gradually decreases and the corresponding azimuthal 
angle of eigenmodes changes accordingly. As a result, the 
reflectance increases slowly when the applied voltage 
exceeds approximately 3.5 Vrms· In a preferred embodiment 

40 In contrast, using the present invention a much higher 
contrast ratio 

of the present invention, the liquid crystal layer has a phase 
retardation within a range of approximately 0.4<dMf..<ap
proximately 0.8. 45 

Referring back to FIG. 2, for a left-handed TN-LC cell 
with twist angle cjJ to achieve a high contrast ratio and low 
operating voltage, the entrance polarization direction 220 of 
PBS 110 should be set at a polarizer angle ~ which satisfies 
cp/2<~<( cp/2+ 15°) or ( cp/2±90°)<~<( cp/2+ 15°±90°). On the 50 

other hand, if the reflective TN-LC is right-handed with 
twist angle cjJ (here cjJ is a negative value), then entrance 
polarization direction 220 of PBS 110 is set to form a 
polarizer angle ~ which satisfies approximately (cp/2-15°) 
<~<cjl/2 or approximately (cp/2-15°±90°)<~<(cjl/2±90°). As 55 

previously discussed, the angles are based on the liquid 
crystal alignment direction 210 on the top substrate 122, as 
shown in FIG. 2, and the counterclockwise angles are 
positive while clockwise angles are negative. 

For example, FIGS. 6A, 6B and 6C illustrate the electro- 60 

optical performance showing the voltage-dependent reflec
tance of a left-handed approximately 60° TN cell with 
dlrn=0.35 µm at various polarizer angles for a green light 
with a wavelength f..=approximately 550 nanometers. In 
these graphs the solid line represents the results of the prior 65 

art with the polarizer angle set at ~=30°. Assume that the 
PBS has a limited extinction ratio of ER=lOOO:l, the con 

1 
CR= = 952:1 

0.001 + 0.00005 

is achieved. 

In a second example, FIGS. 7A, 7B and 7C are graphs the 
normalized reflectance with respect to the applied voltage 
for a left-handed approximately 57° TN cell with dlrn=0.35 
µmat various polarizer angles for a green light (f..=approxi
mately 550 nm). FIG. 7 A is a graph of the overall electro
optical curve while FIGS. 7B and 7C are graphs of the 
electro-optical performance at bright state and at dark state, 
respectively. According to the graphs, the solid line shows 
the results of the prior art with the polarizer angle set at 
~=28.5°. Still assuming that the PBS has a limited extinction 
ratio of ER= 1000: 1 and the normalized reflectance is 
R=approximately 0.0001, then the system contrast ratio at 
approximately 4.8 vrms is calculated to be 

1 
CR= = 909:1. 

0.001+0.0001 
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To obtain the same contrast ratio using the present invention, 
~ is set to 

¢ 0 

/3 = 2 + 1.5 

and the required voltage is decreased to approximately 3.4 
vrms· 

In another example, FIGS. SA, SB and SC are graphs of 
the voltage-dependent reflectance of a left-handed approxi
mately 55° TN cell with d&i=0.35 µmat various polarizer 
angles for green light (A.=approximately 550 nm) wherein 
the solid line represents the results of the prior art with 
polarizer angle ~=approximately 27.5°. Still assuming that 
the PBS has a limited extinction ratio of ER= 1000: 1 and the 
normalized reflectance is R=0.0001, according to the dark 
state graph of FIG. SC, 4.8 Vis required to obtain a contrast 
ratio 

1 
CR= = 909:1. 

0.001 + 0.0001 

With the configuration of the present invention, to obtain the 
same contrast ratio ~ is set to 

/3 =~+IS 

(approximately 29°) instead of 

/3 = ~ 
2 

10 
for a green light (A.=approximately 550 nm) where the solid 
line represents the results of the prior art with polarizer angle 
~=approximately 22.5°. Still assuming that the PBS has a 
limited extinction ratio of ER= 1000: 1 and the normalized 

5 reflectance is R=approximately 0.0002, from the dark state 
graph of FIG. lOC, an applied voltage of approximately 4.7 
vrms is required to achieve a contrast ratio of 

10 1 
CR = 0.001 + 0.0002 = 833 : l 

in the prior art. Using the present invention, to obtain the 
15 same contrast ratio the polarizer angle ~ is set to 

20 

25 

/3 = ~ + 1.5' 

and according to the graph of FIG. lOC, the required dark 
state voltage decreases to approximately 3.4 vrms to achieve 
the same contrast ratio of 833: 1. 

Additional examples are shown in FIGS. llA, llB and 
llC for left-handedness 40° case, FIGS. 12A-12C for left
handedness approximately 65° case and FIGS. 13A-13C for 
left-handedness approximately 70° case. Like the previous 
examples, the solid line in these figures represents the 

30 electro-optical performance curve according to the prior art. 
From the examples, it is obvious that by shifting the polar
izer angle ~ angle away from the bisector used for the prior 
art, a lower applied voltage is required to obtain the same 
contrast ratio. Alternatively, if the same driving voltage is 

35 selected, using the present invention a much higher contrast 
ratio is obtained. 

The above described examples illustrate that for a left
hand twist liquid crystal layer with twist angle cjl>O, polarizer 

40 angle ~ is in the range of cp/2<~<( cp/2+ 15°) or ( cp/2±90°)<~< 
(approximately 27.5°). According to the dark state graph of (cp/2+15°±90°). Following the approaches for the left-
FIG. SC, the required dark state voltage is reduced to handed twist liquid crystal layer described above, for a 
approximately 3.4 Vrms for the same normalized reflectance right-handed twist liquid crystal layer with twist angle cjl<O, 
of approximately 0.0001. the polarizer angle~ is in the range of (cjl/2-15°)<~<cjl/2 or 

In another example, FIGS. 9A, 9B and 9C are graphs of 45 (cjl/2-15°±90°)<~<(cjl/2±90°). 

the voltage-dependent reflectance of a left-handed approxi- In summary, compared to the prior art, the present inven-
mately 50° TN cell with d&i=0.35 µmat different polarizer tion of reflective liquid crystal valve for projection display 
angles for green light (A.=approximately 550 nm) wherein positions the entrance polarization direction of PBS at an 
the solid line represents the results of the prior art with angle that deviates from the bisector of the twist angle to 
polarizer angle ~=approximately 25° · Still assuming that the achieve the same contrast ratio at a lower driving voltage. 
PBS has a limited extinction ratio of ER=lOOO:l and the 50 

normalized reflectance is R =0.0001, according to the graphs, 
the prior arts require approximately 5 .0 v rms to get a contrast 
ratio of 

On the other hand, when the same low driving voltage is 
applied to the prior art configuration and the configuration of 
the present invention, the contrast ratio obtained in the 
configuration of the present invention is much higher than 

55 that achieved by the prior art. Such a low driving voltage in 

1 
CR= = 909: 1. 

0.001+0.0001 

Using the present invention to obtain the same contrast ratio, 60 

~ is set to ~=26.5° instead of approximately 25°. Referring 
to the dark state graph of FIG. 9C, required dark state 
voltage is reduced to approximately 3.4 vrms· 

Like the previous examples, FIGS. lOA, lOB and lOC are 
graphs of the electro-optical performance showing the volt- 65 

age-dependent reflectance of a left-handed approximately 
45° TN cell with dlrn=0.355 µm at various polarizer angles 

the present invention eventually leads to low fringing field 
effect in the reflective TN-LC cell for projection display. As 
a result, a high image quality projection display with low 
driving voltage and high contrast ratio is ensured. 

While the invention has been described, disclosed, illus
trated 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. A reflective liquid crystal projection display device 

comprising: 
a transparent first substrate with a first aligmnent film and 

a first alignment direction; 
a second substrate with a second aligmnent film and a 

second aligmnent direction; 
a liquid crystal layer with positive dielectric constant 

sandwiched between the first substrate and the second 
substrate, the liquid crystal layer having a phase retar- 10 

dation value dli.n/A. in the range of approximately 0.4 to 
approximately 0.8, where d is the thickness of the 
liquid crystal layer; &i is the birefringence of liquid 
crystal materials and A is the wavelength of incident 
light; and 15 

a linear polarizer placed outside of the first substrate 
which is opposite to the liquid crystal layer to linearly 
polarize an unpolarized light passing through the linear 
polarizer, the linear polarizer having a first linear 
polarization direction; 20 

a reflector on an inner side of the second substrate 
adjacent to the liquid crystal layer to reflect the linearly 
polarized light, 

an analyzer having a second linear polarization direction 
coupled with the linear polarizer on the outside surface 25 

of the first substrate for blocking the reflected linearly 
polarized light to obtain a dark state, the first linear 
polarization direction of the linear polarizer is approxi
mately perpendicular to the second linear polarization 
direction of the analyzer, wherein the liquid crystal 30 

layer forms a twist angle cjJ in the range of approxi
mately 40° to approximately 80° between the second 
alignment direction on the second substrate and the first 
alignment direction on the first substrate and the first 
linear polarization direction of the linear polarizer 35 

deviates from the bisector direction of the twist angle of 
the liquid crystal layer, the liquid crystal layer forming 
a left-handed twist angle cjJ and the polarization direc
tion of the linear polarizer forms an angle ~ with the 
first alignment polarization of the first substrate, 40 

wherein the angle ~ is larger than cp/2 and less than 
cp/2+ 15 degrees. 

2. A reflective liquid crystal projection display device 
comprising: 

12 
a transparent first substrate with a first alignment film and 

a first alignment direction; 

a second substrate with a second alignment film and a 
second aligmnent direction; 

a liquid crystal layer with positive dielectric constant 
sandwiched between the first substrate and the second 
substrate, the liquid crystal layer having a phase retar
dation value dli.n/A. in the range of approximately 0.4 to 
approximately 0.8, where d is the thickness of the 
liquid crystal layer; li.n is the birefringence of liquid 
crystal materials and A is the wavelength of incident 
light; and 

a linear polarizer placed outside of the first substrate 
which is opposite to the liquid crystal layer to linearly 
polarize and not circularly polarize an unpolarized light 
passing through the linear polarizer, the linear polarizer 
having a first linear polarization direction; 

a reflector on an inner side of the second substrate 
adjacent to the liquid crystal layer to reflect the linearly 
polarized light, 

an analyzer having a second linear polarization direction 
coupled with the linear polarizer on the outside surface 
of the first substrate for blocking the reflected linearly 
polarized light to obtain a dark state, the first linear 
polarization direction of the linear polarizer is approxi
mately perpendicular to the second linear polarization 
direction of the analyzer, wherein the liquid crystal 
layer forms a twist angle cjJ in the range of approxi
mately 40° to approximately 80° between the second 
alignment direction on the second substrate and the first 
alignment direction on the first substrate and the first 
linear polarization direction of the linear polarizer 
deviates from the bisector direction of the twist angle of 
the liquid crystal layer, the liquid crystal layer forming 
a left-handed twist angle cjJ and the polarization direc
tion of the linear polarizer forms an angle ~ with the 
first aligmnent direction on the first substrate, wherein 
the angle ~ is larger than cp/2+90 degrees and less than 
cp/2+ 105 degrees. 
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