304

JOURNAL OF DISPLAY TECHNOLOGY, VOL. 1, NO. 2, DECEMBER 2005

Fringing-Field Effects on High-Resolution Liquid
Crystal Microdisplays

Kuan-Hsu Fan-Chiang, Shin-Tson Wu, Fellow, IEEE, and Shu-Hsia Chen

Invited Paper

Abstract—Fringing-field effects on high-resolution liquid
crystal microdisplay devices, including the reflection-type liquid-
crystal-on-silicon (LCOS) and transmission-type poly-silicon
thin-film-transistor liquid crystal displays are simulated by the
beam propagation method. The electro-optic performances of
six commonly used liquid crystal modes are analyzed by the
two-dimensional optical simulator. The vertically aligned (VA)
cell exhibits the highest contrast ratio, but its fringing-field effect
is severe. A circularly polarized light illuminated LCOS device
is presented to eliminate the fringing-field effect of the VA cell.
Both simulated and confirming experimental results show that the
long-standing problems of poor sharpness, low brightness, and
slow transition time of the VA cell can be overcome by using a
circularly polarized light.

Index Terms—Beam-propagation method (BPM), fringing-field
effect, liquid-crystal-on-silicon (LCOS), projection display.

1. INTRODUCTION

IGH resolution liquid-crystal-on-silicon (LCOS) de-
vices have been widely used for rear projection and
near-the-eye virtual displays [1]. Due to the high electron
mobility of crystalline silicon, LCOS devices can be fabricated
with a very small pixel size (~10 sm) and submicron inter-pixel
gap. When the adjacent pixels are operated at different voltages,
the LC directors near the pixel edges are distorted by the lateral
component of the fringing field, which significantly degrades
the electro-optic performance of the device [2]. In addition,
as the pixel gap becomes comparable to the incident light
wavelength, diffraction effect can cause severe light loss [3].
In this review paper, we investigate the fringing-field effects
on the reflective LCOS and transmissive LC microdisplay de-
vices. In reflective displays, six commonly used LC modes:
normally-white (NW) 90° mixed-mode twisted-nematic (MTN)
cell [4], NW 45°-MTN [5], normally-black (NB) 45° TN cell
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[6], NW film-compensated homogenous (FCH) cell [7], NB
vertically aligned (VA) cell [8], and NB finger-on-plane (FOP)
cell [9] are simulated and results compared. In the transmissive
LC microdisplays using poly-silicon thin-film-transistor liquid
crystal displays (TFT-LCDs), the TN and VA cells are com-
pared. To simulate the electro-optic performances of the LCOS
devices, the extended beam-propagation method (BPM) [3], is
employed. Unlike the matrix-type (e.g., Jones matrix) methods
[10]-[12], the BPM takes light scattering and diffraction effects
into consideration. Furthermore, its computation speed is faster
than that of the complex finite-difference time-domain (FDTD)
method [13]-[15].

In order to eliminate the fringing-field effects while keeping
high contrast ratio, a circularly polarized light illuminated ver-
tically aligned (CPVA) cell is introduced [16]. Both simulated
and experimental results confirm that the CPVA device has ef-
fectively overcome the fringing field problems.

This review paper is arranged in the following sequence: in
Section II, the extended beam propagation method used in our
simulations is introduced. In Section III, simulated results of
the fringing-field effects on reflective LCOS and transmissive
TFT-LCD’s are discussed. In Section IV, the CPVA concept for
minimizing the fringing-field effects is presented. Finally, few
conclusions on this study are drawn in Section V.

II. EXTENDED BEAM PROPAGATION METHOD

Conventional matrix-type optical simulation methods are
based on the assumption of a stratified medium, which allows the
LC directors vary only in the light propagating direction. There-
fore, light scattering and diffraction effects are excluded. These
methods are reliable only when the LC profiles are maintained
uniformly over a scale far exceeding the optical wavelength.

In microdisplay devices, the pixel pitches are so small that
the diffraction effects cannot be ignored. A two-dimensional
(2-D) optical simulator must be employed in order to accu-
rately analyze the optical performance of the LC panels [17].
The traditional BPM is quite useful for analyzing the transmis-
sive microdisplay devices [18], [19]. We further extend the BPM
to reflective LCOS devices by incorporating the mirror image
concept [20].

To simulate the electro-optic performances of a LCOS panel,
we first calculate the LC director profile using a commercial
software package (2dimMos from Autronics), and then calcu-
late the corresponding optical properties by the extended BPM
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Fig. 1. Sketch of the angle definitions and the mirror image of the LCOS
device.

with the finite difference algorithm. It starts with solving the
Maxwell’s curl equations discretely:

V x H = jwe(z,2)E )
VxE=—jwuH. 2)

Here, w is the angular frequency, po is the permeability of
vacuum, and the spatially dependent dielectric constant e(z, 2)
is the nine-element tensor related to the orientation of the local
LC directors [3]. The differential equations are solved by the
Crank-Nicolson scheme [18]. The transparent boundary condi-
tion (TBC) [21] is employed to avoid artificial reflections from
the boundary. Finally, we obtain a sparse linear system [19]:

[M11(8, ¢)] [M12(97¢>)]} [[Eil ] _ [[Cl(ES,Hj)]}
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Each of the sub-blocks [M;;] with i,j = 1,2 corresponds to
a tridiagonal matrix. Superscript s = 1,2,...n indicates the
propagation step of the discretized axial plane. £/, and H, are
the electric and magnetic fields in the y direction, respectively.
Both €'y and C are functions related to £ and H;. By solving
(3) with an initial condition of a plane wave propagating along
the z direction, we obtain information that includes the ampli-
tude and phase of the propagating light wave.

The reflective propagation process of the light wave can be
derived by sending the light into the mirror image of the LC di-
rector distribution, as shown in Fig. 1. Therefore, the reflective
transverse fields, F,,and H,.,, of the LCOS device can be de-
scribed as follows:
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The reflected fields polarized in the = and z directions (i.e.,
FE, . and E,..) can be derived from (1)
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Fig. 2. Cell structures used for the 2-D computer simulations of: (a) MTN,
TN, and VA modes (b) FOP mode.
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The subscripts denote the indices of the dielectric tensor.
Through (4) and (5), we can obtain the intensity of the signal
light.

Fig. 2(a) shows the structure used for 2D simulations of MTN,
TN, and VA modes. The pixel size is assumed to be 15 ym and
the inter-pixel gap is 0.9 um. The cell gap is adjusted to obtain
the required dAn for each mode, where d is the cell gap and
Amn is the LC birefringence. Fig. 2(b) shows the structure used
for 2-D simulations of the FOP mode. The pixel size is 15.5 um
and the inter-pixel gap is 0.7 pm. Table I lists the LC parameters
used for simulations. Here, we assume the reflectance of the
reflective pixels is Rp = 1 and the inter-pixel gap Rg = 0. The
pretilt angle is 2° for the MTN, TN, and FOP cells, and 88° for
the VA cell. For all the following simulations, unless specifically
mentioned, the incident light is assumed to be A = 540 nm.

III. FRINGING-FIELD EFFECTS

In this section, we analyze the fringing-field effects of six
commonly used LC modes for reflective LCOS microdisplays.
For completeness, we also investigate the influences of the
fringing fields on the transmissive TFT-LCDs, including TN
and VA cells. The reflectance profile is calculated by BPM
when the panel is operated at the dark-bright-dark state, which
has the strongest lateral field component near the pixel edges.

A. Reflective LCOS Microdisplays

1) NW90°-MTN Mode: This mode has twist angle & = 90°
and the angle between the entrance LC director and the trans-
mission axis of the polarizer 5 = 20°. The required phase
retardation dAn is about 240 nm for normally white opera-
tion. Fig. 3(a) shows the simulated reflectance profile under
crossed-polarizer condition when the panel is operated at the
dark-bright-dark pixel configuration with 2.8 pm cell gap. The
dark-state voltage is 5 V,,s and the bright-state voltage is
0.7 Vyms. The fringing fields penetrating into the dark pixel
areas cause unwanted rotation of the LC directors. Hence, light
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TABLE 1
LC AND CELL PARAMETERS USED FOR THE SIX MODES COMPARED IN OUR SIMULATIONS. THE UNIT OF K;; IS pN AND dAn IS nm

90°-MTN 45°-MTN  45°-TN FCH VA FOP
K 13.1 13.1 13.9 13.4 16.7 16.7
Ka» 10 10 10 6 7 7
Kss 2.3 223 215 19 18.1 18.1
dAn 240 195 533 184 192 207.5
g 10.1 10.1 10.5 10.5 3.6 3.6
£ 33 33 35 3.6 7.8 7.8

leakage is observed near the pixel edge, which reduces the
contrast ratio and the image sharpness as shown in Fig. 3(a). On
the other hand, since Rg # Rp, some optical fringes exist near
the pixel edges due to interferences. These results are similar to
the Fresnel diffraction patterns induced by a straightedge.

The advantages of the 90°-MTN mode are twofold: 1) a high
contrast ratio because of the built-in phase compensation of
the two orthogonal boundary layers and 2) the relatively small
fringing-field effects. However, its shortcoming is the reduced
reflectivity. The calculated optical fill factor is only ~80% at the
dark-bright-dark state. Here we define the optical fill factor as

1 f
F = §/ Riright

where S denotes the dimension of the pixels and Ri,igh 18 the
normalized reflectance within the bright pixel area. Decreasing
the twist angle could boost the optical fill factor, however, the
contrast ratio decreases unless a thin phase compensation film
is employed.

2) NW 45°-MTN Mode: The 45°-MTN cell has & = 45°
and § = 78°. The required phase retardation dAn is 195 nm
for normally white operation. In order to obtain a good dark state
at low voltage, a uniaxial phase compensation film is applied.
The angle between the optical axis of the film and the entrance
LC director is 110°, and the phase retardation required for the
compensation film (dAn)g, = 27 nm. Fig. 3(b) plots the 2D
simulation results of the reflectance profile for the dark-bright-
dark pixel configuration with 2.3 pum cell gap. The dark-state
voltage is 5 V.5 and the bright-state voltage is 0.7 V5. Due
to the low dAn value which, in turn, leads to a thin cell gap for
the 45°-MTN cell, the fringing-field effect is suppressed and the
light leakage is much weaker than that of the 90°-MTN cell. An-
other benefit of this mode from thin cell gap viewpoint is fast re-
sponse time. Therefore, this mode is particularly attractive for
color sequential displays using a single LCOS panel [5]. More-
over, the calculated optical fill factor is up to 97% which results
in high image brightness. However, the dark state of this mode is
not as good as that of 90°-MTN mode since the complete phase
compensation only occurs in the vicinities of the designed central
wavelength. Besides, the required compensation film has a rela-
tively small dAn value which is not easy to fabricate. The film
needs to be laminated onto the surface of the polarizing beam
splitter. Any artifacts or bubbles during the lamination process
would be magnified and projected to the screen. Moreover, the
film has to withstand high flux illumination from the arc lamp.
Its thermal stress and stress birefringence could be problematic.

)

3) NB45°-TN Mode: This mode was first reported by Grin-
berg et al. [6]. The cell parameters are as follows: & = 45°, 3 =
0°, and dAn = 533 nm for NB operation. The large dAn im-
plies a large cell gap (or high An LC) is required, which leads to
a strong fringing filed effect. The 2D simulated reflectance pro-
file of the 45°-TN cell when operated at the dark-bright-dark
state with d = 5 pm is plotted in Fig. 3(c). The dark-state
voltage is 0.7 V.5 and the bright-state voltage is 2.8 V.
As shown in Fig. 3(c), the whole bright area is shifted into
the right-hand dark pixel due to the strong fringing-field ef-
fect. The image sharpness and the contrast ratio are hence dete-
riorated significantly. The calculated dark-bright-dark contrast
ratio is only 50:1 and the optical fill factor is only 69%. Here
the dark-bright-dark contrast ratio is defined as

Js Rbrigne
CR =
f 2 RR—dark + f 2 RL—dark
S/ S/

®)

where Rr_dark and Ry _g4..k denote the reflectance within the
right and left dark pixel, respectively. One can reduce the cell
gap to minimize the fringing-field effect. By using a 2.2 pm cell
gap, the calculated contrast is greater than 300:1 and the optical
fill factor is increased to 84%; however, a high birefringence
(An = 0.24) LC material is necessary to meet such a thin cell
gap requirement. High An LC mixtures usually have a higher
viscosity and worse photo and thermal stabilities than the low
An mixtures.

4) NW Film-Compensated Homogenous (FCH)
Mode: Film-compensated homogeneous cell is another
candidate for reflective projection displays [7]. The principal
axis of the film is oriented orthogonal to the LC axis so that
their phase retardations are subtractive. Fig. 3(d) plots the
2D simulated reflectance profile for a homogeneous cell with
dAn = 184 nm, 8 = 45°, and (dAn)g,m = 52 nm. The
on-pixel is set at 4 V,,,s and the adjacent off pixels are set at
1.5 Vims. The cell gap d = 1.5 pm. As shown in the figure, the
light leakages due to the fringing-field effect still appear in the
vicinities of the dark pixels. Thus, the device contrast is reduced.

The major advantage of the FCH mode is its small dAn value.
Using a thin cell gap leads to a reduced fringing-field effect
and shorter response time. From Fig. 3(d), the calculated op-
tical fill factor is 98%. However, the dark-bright-dark state con-
trast ratio is only 81:1 due to the light leakage caused by the
fringing fields. Another drawback of the FCH mode is narrow
range of dark-state voltage. In theory, the perfect compensation
occurs only at a specific dAn value. Any deviation from this op-
timal value would cause the dark state voltage to drift. The LC
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birefringence is more sensitive to temperature fluctuation than
the compensation film. Thus, the dAn values of the LC and the
compensation film should be designed at the expected operating
temperature of the panel, say 55 °C. Using a film with a smaller
dAn value broadens the dark state voltage, but the dark state
would occur at a higher voltage.

5) NB Vertically Aligned (VA) Mode: In the VA mode, ® =
0°, 0 = 45°, and dAn = 192 nm. The LC directors are aligned
nearly perpendicular to the substrate surfaces, except for a small
angle (~2°) deviated from the surface normal to create a pre-
ferred reorientation direction. The LC material employed should
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Simulated results of the LC director distribution and reflectance profile by the extended BPM when the panel is operated at the dark-bright-dark state for:
(a) 90°-MTN; (b) 45°-MTN; (c) 45°-TN; (d) FCH; (e) VA; and (f) FOP modes.

have a negative dielectric anisotropy. Since the residual phase
of the dark state is very small, VA mode exhibits a very high
contrast ratio under the crossed-polarizer condition. Moreover,
the contrast ratio is relatively insensitive to the incident wave-
length, cell gap, and operating temperature. Hence, VA mode is
a favorite choice for LCOS applications.

Although VA mode has the abovementioned advantages, its
fringing-field effect is rather strong. Fig. 3(e) plots the 2-D simu-
lated dark-bright-dark reflectance profile with d = 2.3 m. The
dark-state voltage is setat 0.7 Vs and the bright-state voltage is
5 Vims- As shown in the figure, the fringing fields induce a broad
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dark stripe near the right edge of the bright pixels. This dark stripe
splits the bright pixel into two unequal parts and drastically re-
duces the optical fill factor, which is ~70%. In addition, the LC
distortions caused by the fringing fields even encumber the dy-
namic switching of the image and produce a very slow transition
in the dynamic process, as will be discussed in Section IV.

It is noteworthy that by shrinking the cell gap and increasing
the pretilt angle of the VA cell, e.g., 5-8° from vertical, the
fringing-field-caused LC distortions can be reduced [22], [23].
For a thinner cell gap and larger pretilt angle, the dark stripe
as observed in Fig. 3(e) becomes narrower and the decay time
is shorter. However, the large pretilt angle causes an increased
light leakage in the dark state. Some kind of phase compensation
is necessary in order to restore the inherently high contrast ratio
of the VA cell. An alternative method to eliminate the fringing-
field effect will be given in Section I'V.

6) NB Finger-on-Plane (FOP) Mode: The FOP mode was
first developed by Chou et al. [9] to eliminate the fringing-field
effect. Fig. 3(f) shows the 2D simulated reflectance profile of
the FOP device when operated at the dark-bright-dark state with
® = 0° 8 = 0° and dAn = 207.5 nm. The dark-state and
bright-state voltages are 0 and 5 V.5, respectively. The cell
gap d = 2.5 pm. Recall that the FOP cell structure shown in
Fig. 2(b), the comb-like common electrodes fabricated on the
top of the pixel electrodes can effectively constrain the electric
fields within the voltage-on pixel. Therefore, no light leakage
is observed in the dark-pixel areas. However, the tiny common
electrodes on the bottom substrate of the FOP device act as a
phase grating. The light waves encountering these electrodes
are scattered and diffracted at various angles. The light waves
propagating outside the acceptance angle of the projection lens
are wasted.

In order to investigate the diffraction effect of the FOP cell, it
is important to calculate the angular distribution of the light in-
tensity, which is called the intensity angular spectrum. After ob-
taining the information concerning the propagating fields from
(4) and (5), the amplitude angular spectra, A, ,(c/\), of the
transverse fields, EY,. and EJ can be derived by using Fourier

transform:
2 _ -1
A,y (%) = /E:‘zry exp [j27r cos (Wi)] dz
)

where ) is the light wavelength in the propagation medium and
« represents the cosine of the beam propagation direction de-
picted in Fig. 1. Finally, the output intensity angular spectrum
is expressed as:

1(%) — A2 4 A2 (10)
Equation (10) represents the spectrum of the light at the end of
the propagation prior to entering the cover glass. When the light
exits the LC panel, the refractions at the interfaces of the cover
glass and the air must be taken into consideration. As a conse-
quence, the final propagation angle, 8, is given as follows:

Op = sin™" (nly x sin(cos ' a))

(1)
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where nl; represents the effective refractive index at the end
of the propagation in the LC layer. The light efficiency of the
LCOS panels 7 is defined as follows:
. 9,
n= A
where I;,is the intensity of the incident light and 6, represents
the acceptance angle of the optical system which is related to
the f-number (Fl) of the system:

1
_ -1
0., = tan <—2 #> .

Fig. 4(a) shows the intensity angular spectrum calculated
when all the pixels are turned off. It can be easily seen
that significant portion of the light travels at angles above

(13)
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TABLE 11
COMPARISON OF THE OPTICAL PERFORMANCE OF EACH LC MODE WHEN OPERATED AT THE DARK-BRIGHT-DARK STATE

90°-MTN 45°-MTN
Optical Fill Factor (%) 80 97
Contrast Ratio 123 214

Others Issues Needs a film

£20° from the substrate normal. Fig. 4(b) plots the calcu-
lated light efficiencies of the FOP device with respect to the
pitch-over-wavelength (P/\) value using Flp = 2.8, ie,
6, = 10°. As shown in the figure, the light loss due to the
diffraction becomes unbearable as the pixel pitch is reduced.
Even when P/A = 30, which means P = 16.2 pm for A = 540
nm, the light loss is still more than 20%.

By appropriately adjusting the thickness of the isolation layer
between the pixel and common electrodes (d;), one can boost
the light efficiency of the FOP device. For example, we simu-
lated the light efficiency with respect to the wavelength for the
FOP mode (P = 15.5 um) for different values of d;, as shown in
Fig. 5. From the figure, the green (G) band exhibits a higher effi-
ciency at d; = 115 nm while the red (R) and blue (B) bands favor
d; = 150 nm. Therefore, the light efficiency of the FOP device
can be enhanced in a two- or three-panel projection system by
optimizing the value of d; corresponding to the R, G, and B
bands, respectively [3]. Even so, the overall light efficiency is
still not very high.

B. Transmissive LC Microdisplays

In a transmissive microdisplay, the fringing-field effect is usu-
ally assumed to be negligible because of the large pixel pitch
(>20 pm) and the wide inter-pixel gap. However, this presump-
tion no longer holds for the LC panels using a negative (Ae < 0)
LC mixture. Fig. 6(a) and (b) shows the simulated 2-D transmit-
tance profiles of the TN and VA cells, respectively. The pixel
size is 40 pm and the inter-pixel gap is 5 pm. The dAn is
477.5 nm for the TN cell and 382 nm for the VA cell. As shown

45°-TN  FCH VA FOP
69 98 71 63
50 81 383 318
Slow dark-bright-dark to Strong
Needsafilm 1) vight ransition __ diffraction
Dark state Bright state Broadband
circular
I 1 polarizer
RCP LCP LCP |LCP
{I}€} > €
ok — S Liquid
L= -
0 00 & “=% ﬁ 00/’cwsm|
ﬂ 0 0 e hatadh N ﬁ ﬂ |J director
1)) === 1
Vﬁ WH vﬁ
Silicon substrate
Fig. 7. Schematic drawing of the cell structure of the CPVA device.

in Fig. 6(a), indeed, the transmittance profile is almost perfect
for the TN cell. The calculated optical filled factor is as high as
99% and the dark-bright-dark contrast ratio exceeds 1000:1. On
the contrary, the optical performance of the transmissive VA cell
is severely deteriorated due to the fringing-field effect despite
the large pixel pitch and wide inter-pixel gap. The mechanism
of this optical appearance is related to the negative LC mate-
rial employed in the VA mode, which will be explained in next
section.

IV. CIRCULARLY POLARIZED LIGHT ILLUMINATED
VA LCOS DEVICE

The influences of the fringing-field effect in six commonly
used LC modes have been discussed in the previous section.
Table Il summarizes the optical performances of each LC mode.
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Fig. 8.
5 Vims and the off-state voltage Vore = 0.7 Vims.

Among them, the VA LCOS is particularly promising because
of its inherent high contrast ratio. However, the fringing-field
-caused light loss is relatively high (~30%) when a linearly po-
larized light in employed. Hence, the sharpness and brightness
of the displayed images are deteriorated tremendously. More-
over, the optical transition time of the VA panel switched from
the dark-bright-dark states to the all-bright state is extremely
slow which results in blurred images [24], [25].

In this section, we describe a circularly polarized light illumi-
nated vertical alignment (CPVA) liquid crystal cell which not
only preserves the light in the presence of the lateral fringing
field but also gives a fast optical switching time (<10 ms) to
eliminate the blurring of the moving images. Fig. 7 depicts the
cell configuration of the CPVA device. As shown in the figure, a
broadband circular polarizer is placed on top of the LCOS panel.
Therefore, the incident light is circularly polarized before en-
tering the LC layer. After traversing through the LC layer twice,
the light will be analyzed by the same circular polarizer and di-
rected to the detector.

Fig. 8 depicts the 2-D simulated results of the LC director
distribution and the corresponding reflectance profiles at the
dark-bright-dark state for the CPVA systems. The calculated
optical filled factor is 97% and the calculated dark-bright-dark
contrast ratio is 487:1. Fig. 9 shows the simulated azimuthal
angle (¢) of the LC directors along the z direction at the speci-
fied z positions, x = x7, X2, x3 as denoted in Fig. 8. As shown in
the figures, the largest polar angle appears near the middle plane
because the negative type (Ae < 0) LC molecules tend to orient
themselves perpendicular to the electric field [16]. Therefore,

The simulated LC director distribution and the corresponding reflectance profiles at the dark-bright-dark for the CPVA device. The on-state voltage V,,,, =
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Fig. 9. Calculated twist angles (®) of the LC directors along the z direction
at x = X1, X2, and x5 as denoted in Fig. 8.

the LC director profile can be regarded as a screw-like structure
with its helical axis along z-axis and have opposite rotational
sense in the upper and lower parts.

With regard to the optical properties, as shown in Fig. §, the
reflectance profile is not influenced by the director distortions
in the x—y plane leading to a high sharpness and high brightness
image. This unique optical property can be interpreted quali-
tatively by de Vries theory [26]. As mentioned above, the LC
director profile can be regarded as a screw-like structure. As-
suming a wave propagates along the helical axis of an ideal
helical structure with a fixed pitch F,. In general, there are
two eigenwaves propagating in the same direction. Their eigen-
values [;,7 = 1,2, satisfy the dispersion relation which can be
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Fig. 10. The experimental results of the LPVA and CPVA devices captured by
CCD through the polarizing microscope when operated at the dark-bright-dark
pixel configuration. The normalized reflectance profiles were measured along
the dashed line shown in the photos.

derived from solving the Maxwell’s equations supplemented by
the constitutive equation [27], [28]:

(k2 + 2 +q3)" — 43 —ki=0 (14)

where k} = (2n/N)2%(n? + n2)/2,k} = (2n/)\)*(n? —
n2)/2,q0 = 2n/Py and ) is the wavelength of the incident
light. n. and n, are the extraordinary and ordinary refractive
index of the LC material. When P, and A are known, one can
obtain the ellipticity of the eigenwaves as:

2l;q0
p= (15)
ki +4q317 —
where l; = \/k3 + g3 = \/AR3gZ + 1.

The optical behaviors of the circularly polarized light prop-
agating in the VA cell can be understood easily by the above
arguments with an approximated model, which is a nontwisted
LC layer sandwiched between two twisted layers. In Fig. 9, the
twisted regimes near the substrates (0 < 7z < dp andd — d; <
z < d) have their effective pitch |Po| = [2n/®(dp)]dr =
[27/®(d — dt)]d¢, where ®(z) denotes the twist angle of the
LC director at z and is defined as the difference of azimuthal
angles between that LC director and the surface LC director. By
using (15), the eigenwaves in these regimes are almost circularly
polarized for the visible light. The incident circularly polarized
light remains its polarization state after passing the top-twisted
regime. Note that a circularly polarized light can be regarded
as the superposition of any two orthogonal linearly polarized
waves with the same amplitude and 7 /2 phase difference. The
nontwisted uniform regime (d;, < z < d —dy) with linearly po-
larized eigenwaves provides a phase difference, say 6 = /2,
such that the resulted light is linearly polarized in the direction
at 45° from the local LC director n. The reflected light that tra-
verses through the bottom-twisted regime twice (forward and
backward) will have the same linear polarization. Then the uni-
form regime changes it to be circularly polarized by gathering
another 7 /2 phase change. The polarization state of the out-
going circular wave will again not be influenced after traversing
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Fig. 11. Photos capture by CCD through polarizing microscope of the LC
panel after switching from the dark-bright-dark state to the all-bright state
for: (a) the LPVA device and (b) the CPVA device. T is the elapsed time after
switching.
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Fig. 12. Measured reflectance with respect to the elapsed time after switching
from the dark-bright-dark state to the all-bright state for the CPVA and the LPVA
devices.

through the top-twisted regime. Finally, almost all of the light
passes through the broadband circular polarizer. In other words,
the CPVA system preserves the input light efficiently.

Fig. 10 shows the experimental results of the CPVA and the
conventional VA using linearly polarized light (LPVA) operated
at the dark-bright-dark pixel configuration. The photos were
captured by CCD through the polarizing microscope. The two-
dimensional normalized reflectance profiles, which were mea-
sured along the dashed lines shown in the photos, are also shown
in this figure. It is clearly shown that the image of the LPVA de-
vice is degraded by the fringing-field effect severely. The dark
lines in the bright pixels originate from the distortion of the LC
director profile as simulated in Fig. 3(e). On the contrary, the
CPVA device is free from the dark lines, which agrees with our
simulated results very well. Therefore, the sharpness and the
brightness of the displayed images are enhanced significantly.

The CPVA optical system not only improves the static perfor-
mance but also dramatically reduces the dynamic response time
of the LCOS panel. Figs. 11(a) and (b) show the photos of the LC
panel switched from the dark-bright-dark state to the all-bright
state for the LPVA and the CPVA devices, respectively. The dis-
torted LC directors take hundreds of milliseconds to relax back
to their original state. As a result, the dark lines in the LPVA
device last over 150 ms after switching, which cause a serious
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image blurring. Since the distorted LC directors are mainly ro-
tating in the x-y plane during the relaxation process, the effect of
the slow relaxation to the optical response of the CPVA device
is very small as shown in Fig. 11(b). Fig. 12 shows the measured
reflectance with respect to the elapsed time after switching from
the dark-bright-dark state to the all-bright state for both CPVA
and LPVA devices. Results indicate that the transition time of
the CPVA device is actually less than 10 ms [16].

It is noteworthy that the polarization states of the incident
light and the reflected light are identical in the CPVA system,
which means the lights can not be separated by the polarizing
beam splitter (PBS). Therefore, the optical engine must be de-
signed without using any PBS. An example of such optical en-
gines is the off-axis system [29]. The off-axis system has the
propagating direction deviates from the substrate normal with a
small angle. In this condition, compensation films are required
in order to obtain a good dark state, which may increase the man-
ufacturing cost. Moreover, the optical engine may be too com-
plicated and not practical for mass production. Another solution
is to use polarization-independent beam splitter (BS) to separate
the incident and the signal lights [30]. However, 3/4 light en-
ergy will be wasted after passing through the BS twice, which
results in a poor light efficiency. The holographic film developed
by JVC [31] is another solution to the CPVA system. The inci-
dent light propagating in a certain direction will be directed to
the LCOS panel due to the Bragg’s diffraction [32]. After being
modulated by the LC layer, the signal light will pass through
the film again without deflection. One can use the three-panel
system to release the alignment difficulties of the holographic
film incurred in the one-panel system [32]. The main consider-
ation is the diffraction efficiency of the holographic film, which
directly affects the light efficiency of the optical system.

V. CONCLUSION

The fringing-field effects of six commonly used LC modes
for LCOS devices are analyzed by the rigorous beam propaga-
tion method. The 90°- and 45°-MTN modes exhibit a weaker
fringing-field effect because of the smaller cell gap, but the
optical fill factor of the 90°~-MTN mode is only ~80% which
results in a reduced brightness. For the 45°-MTN, a uniaxial
compensation film is required in order to obtain a good dark
state at a low voltage, which increases the manufacturing cost.
Thermal-induced stress and birefringence of the film need to
be considered as well. On the 45°-TN mode, the fringing-field
effects are strong due to the thick cell gap. Reducing cell gap
will effectively suppress the fringing-field effect, however, high
birefringence materials need to be used to satisfy the large dAn
requirement. High birefringence LC mixtures usually have a
higher viscosity and less photo and thermal stabilities. For the
film-compensated homogenous cell, a compensation film is ap-
plied to reduce the residual phase originating from the boundary
LC directors. Although it has a very high optical fill factor, the
fringing-field-induced light leakage reduces the contrast ratio
significantly. With regard to the VA mode, the excellent dark
state in the voltage-off condition makes it a favorable choice
for projection displays. The main problem of the VA mode is
the severe fringing-field effect which produces a broad dark
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stripe in the bright pixels. Such effect not only decreases the
image sharpness and brightness, but also causes image blurring
when the panel is switched from the dark-bright-dark state to
the all-bright sate. When considering the FOP mode, its optical
performance is not influenced by the fringing-field effect, how-
ever, the comb-like common electrodes induce severe diffrac-
tion effect which causes unbearable light loss. By appropriately
adjusting the thickness of the isolation layer between the pixel
electrode and the common electrode, the light efficiency can be
enhanced significantly.

In a transmissive microdisplay using a TN cell, the fringing-
field effect is much weaker than that in the reflective LCOS dis-
plays. The projection optics for a transmissive display is sim-
pler, but its response time is slower because of the higher dAn
value required. When using a negative LC material in a VA cell,
the optical performance is still severely degraded by the fringing
fields, similar to that of a VA-LCOS.

In order to eliminate the fringing-field effect in the VA de-
vice, the circularly polarized light illuminated VA LCOS mi-
crodisplay is introduced. It is shown that the image sharpness
and the brightness of the panel are dramatically improved. In
addition, the dynamic transition time of the device switched
from the dark-bright-dark states to the all-bright state is less
than 10 ms, which sufficiently overcomes the image blurring
effect. The optical properties are interpreted qualitatively by the
de Vries theory. Potential applications of this device for high
contrast and high brightness reflective LCOS and transmissive
p-Si TFT-LCD projection displays are foreseeable.
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