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A 90° mixed-mode twisted nematic liquid-crystal-on-silicon (90°-MTN LCoS) with protrusion located between the
adjacent pixels is proposed to reduce the effect of fringing field. The influence of the protrusion with different widths from
0.5 um to 0.9 um and different heights from 0.3 pm to 0.7 pm is investigated. The results demonstrate that the invalid
pixel region width can be reduced by 31.5% via using the protrusion with the suitable width and height compared with no
protrusion case, which provides a higher display quality, such as the higher reflectance and contrast ratio.

Keywords: liquid-crystal-on-silicon, mixed-mode twisted nematic, fringing field effect, reflectance

PACS: 42.79.Kr, 42.70.Df, 42.25.Gy

1. Introduction

Nowadays, with the advent of 5G,!!! the intelligent wear-
able devices have been put forward, especially the next gen-
eration wearable devices: near-eye display in virtual reality
(VR). Against this backdrop, it requires fast response speed
and high resolution to realize super image quality.”>~*! Organic
light emission display (OLED) was thought to be suitable for
the screen of virtual reality head mount displays (VR-HMD)
because of its fast response speed.!”) However, it is difficult
to obtain high resolution. The deposition of the OLED RGB
emission layer was done through a metal mask. Small pixel
pitch is required to obtain high-definition images, so the re-
ducing pixel size is conceptually a straightforward way to in-
crease the resolution of display.!®-®! Liquid-crystal-on-silicon
(LCoS)!®! has been used extensively in near-eye virtual real-
ity displays in micro-displays.!®!-18] High resolution LCoS
can be fabricated based on the high electron mobility of crys-
talline silicon.'”) However, with the decreasing of pixel size
in the high-resolution LCoS device, the fringe field-effect be-
tween adjacent pixels becomes obvious. 220! It is difficult to
drive one individual pixel because of the electric field leakage
and penetration of the LC elastic force into adjacent pixels. !
The fringing field can influence the liquid crystal distribution
in the adjacent pixels, and ultimately degrade the optical per-
formance severely.!?®>° To overcome this problem, several
approaches have been pointed out, such as Eq. (1) employing
weak fringing field effect liquid crystal mode: mixed-mode
twist nematic (MTN).[3%-321 The light propagation in MTN-
LCoS combines the polarization rotation and birefringence
effects, 334 50 it not only shows the advantage of weak fring-
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ing field effect, but also shows high reflectance and low oper-
ation voltage. Equation (2) optimizing the structure of LCoS
cell: the low dielectric constant polymer wall has been pro-
posed to isolate the pixels in the LC cell,!**! and the dielectric
shield wall structure and lattice-shaped dielectric walls have
been proposed!?”-3] as well. These structures can significantly
reduce the fringing field effect of the LCoS device.

In this paper, we will propose a protrusion located be-
tween the adjacent pixels in the high-resolution LCoS device,
analyze the effect of the protrusion in the voltage-on pixel and
the adjacent voltage-off pixels in 90°-MTN mode, and investi-
gate the fringe field effect. The invalid pixel region is proposed
to define the fringe field effect. The results show that the pro-
trusion between the adjacent pixels can significantly reduce
the fringe field effect in LCoS devices.

2. Device structure and theory

Figure 1 depicts the device configuration of protrusion lo-
cated between the adjacent pixels in the high-resolution LCoS.
In such a configuration, a polarizing beam splitter (PBS) is
set in front of the top glass and its polarizer’s axis is at 0°,
indium-tim-oxide (ITO) as the common electrode is coated on
the top glass substrate, and aluminum electrodes as the pixel
electrodes are coated on the bottom silicone substrate. LC is
sandwiched between the two substrates, and its twist angle is
90° (—20° to 70° ). As evident from Fig. 1, d is the LC layer’s
thickness of the LCoS cell, [ is the pixel size, and w; is the
gap of pixels, wp and & are the width and the height of the
protrusion, respectively.
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Fig. 1. Configuration of LCoS with protrusion located between the adjacent
pixels.

In simulation, the extended Jones matrix method and
Frank’s continuum theory have been used to calculate the
voltage-dependent reflectance. 3> For the off-state, the op-

tical transmittance of the twisted LC layer can be described
[32]
as

- I sinX sinX
cosX —i%5 —05~
M:’cosﬁsinﬁ‘ .XZX .XF.X
03~ cosX +i5 ¥%
- I sinX sinX .
y cosX — iz Mg~ 0>~ —sinf W
—08nX  cosX +iLlsnX 1 cosB |’
X 27X
2
T = |M|”, (2)

where 0 is the twist angle, 3 is the angle between the PBS po-
larization axis and LC alignment directions at the top surface.
X=4/0%+ (I"/2)* and '=2wAnd /A, A is the incident wave-
length, and An is the birefringence of the liquid crystal. When
B = 20°, 90° MTN cell has the maximum light efficiency(*?!
under the following condition:

2Mnd/A = \/m>—1/4, (m=1,2,3,...). 3)

The maximum reflectance of the reflective-mode MTN
is chosen at the first minimum,37! 2And /A = \/3/2, for the
thinnest LC thickness to obtain the fast response speed. A
commercial simulation software TechWiz LCD 3D (Sanayi

System Co., Ltd., Korea) is used to simulate the electro-optical
properties.

In the simulation, the pretilt angle is 2°, the pixel’s width
is [ = 10 pm, and its gap is varied from 0.5 pum to 0.8 pm.
The LC material has Ae = 5.3, An = 0.096 (A = 550 nm),
d=12.5um, K;; = 10.87 pN, K2 =9.5 pN, K33 = 15.37 pN.
In order to obtain the high reflection and reduce the fringe field
effect, the width of the protrusion (w,) is varied from 0.5 pum to
0.9 um, the height of the protrusion (%) is varied from 0.3 pm
to 0.7 um, and the dielectric constant is 4.0.

3. Results and discussion

From Fig. 2, there are two cases for the influence of the
adjacent pixels: (a) the dark invalid pixel region (the region
with R < 0.1Rpax in bright pixel), and (b) the bright invalid
pixel region (R > 0.1Rpax in black pixel). In the sudoku pix-
els, the middle one is driven by the operate voltage to obtain
the dark pixel (voltage-on pixel), and other eight pixels are
named as the bright pixels (voltage-off pixels). The dark re-
gion extends into the adjacent bright pixel, we call the dark
region in white pixel as the dark invalid pixel region, L, and
Lyy, are the X-direction widths of the dark invalid pixel re-
gion on the left and right sides of the voltage-on pixel. The
total X-direction width of the dark invalid pixel region on
both sides (L, = Lip + Lpp) is shown in Fig. 2(a). On the
other hand, the bright region in the dark (voltage-on) pixel is
called as the bright invalid pixel region, Ly, and L, are the
X-direction widths of the bright invalid pixel region on the two
sides. The total X-direction width of the bright invalid pixel
region on both sides (Ly = Ly + Law) is shown in Fig. 2(b).
If Ly, > 0, the dark state shows a serious light-leakage, this
case can reduce the contrast ratio, so it needs to be eliminated
at the first. When the height of the protrusion is small (less
than 0.7 pm), there is only the inherent elasticity of the liquid
crystal, the protrusion has a little effect on the LC alignment
between adjacent pixels. When the height of the protrusion is

L2b

(b)
Fig. 2. The X-direction width of the invalid pixel region in normal-white
mode. (a) The dark invalid pixel region for the protrusion with 4 = 0.5 um
and wy = 0.5 um. (b) The bright invalid pixel region for the protrusion with
h=2.0 um and wp = 0.5 pm.
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larger than 0.7 wm in our simulation, most of the liquid crystal
molecules are on two sides of the protrusion. The LC align-
ment and surface forces at the edges of the protrusion are the
same as those on the substrates surface. The protrusion pre-
vents the liquid crystal molecules from twisting in response
to an electric field. When the pixel turns black with voltage
applied, the region will appear white. From Fig. 2(b), the too
large height of the protrusion leads to the bright invalid pixel
region, so the height of the protrusion is chosen to be less than
0.7 pm for L, = 0, the total invalid pixel region width L; on
the X-direction is written as

Ly = Lip + Lop. €]

To evaluate the electro-optic characteristics of 90°-MTN
LCoS with a protrusion located between the adjacent pix-
els, we simulate the voltage-dependent reflectance of the cell,
which has the protrusion with different heights from 0.3 pm
to 0.7 um and different widths from 0.5 um to 0.9 um. As
shown in Fig. 3, the reflectance is influenced by the height and
width of the protrusion, but its change is within 1.3%, and it is
small enough to be regarded as the dark state when the voltage
reaches 5 V. The off-state voltage (Vofr) is O V and the on-state
voltage (Vo) is 5 V. We simulate the X-direction reflectance
(X—R) curves at V,; =5 V to compare the invalid pixel regions
of the cell with different heights and widths.

Figure 4 depicts the X—R curves for the protrusion with
different heights from 0.3 pum to 0.7 pm and different widths
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from 0.5 pum to 0.9 pm. To avoid reducing the display area, the
protrusion’s width (the rectangle with solid line and gray black
color) is not larger than the width of the black matrix (BM)
(the rectangle with dashed line, 0.9 um), where the protrusion
width is varied from 0.5 um (the pixel gap) to 0.9 um (the

. 0.20 —?:82 pm . 0.20 —h=03m
—h=U.2pm —h=0.4pm
g 0.15 —h=0.5 ym 2 0.15 —h=0.5 :m
2 —h=06um| Z —h=0.6ym
5 0.10 — h=0.7 ym 3 0.10 — h=0.7 ym
% %
. 0.05 x 0.05
wy;=0.5 pm wy;=0.6 pm
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Voltage (V) Voltage (V)
0.20 0.20
g —2: i pm g —Z: pm
—h=0.4 ym —h= pm
% 0.15 — h=0.5 i:m % 0.15 —h'= pm
B — h=0. B —h=
LI I L
) )
~ 0.05 ~ 0.05
wy=0.7 pm wy;=0.8 pm
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Voltage (V) Voltage (V)
0.20 h=0.3 ym 0.20 a;UZ:O.S um
[} h=0.4 pym 1 =0.6 pym
S 0.15 h=0.5um g 0.15 —wy=0.7 pm
S h=0.6 pm g h=0.5 ym
g 0.10 h=0.7 pym 5 0.10 —w,=0.8 pm
% é h=0.4 ym
r 0.05 Cqé 0.05
0 0 —no protrusion’
0 1 2 3 4 5 0 1 2 3 4 5

Voltage (V)

Voltage (V)

Fig. 3. Simulated V—-R curves of the protrusion with different heights from
0.3 um to 0.7 um for (a) wy = 0.5 um, (b) wy = 0.6 um, (c) wp = 0.7 pum,

(d) wp = 0.8 um, (e) wo = 0.9 um,

and (f) compared with no-protrusion.
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(d) wp = 0.8 um, (e) wo = 0.9 um, (f) compare with no protrusion.
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BM width). As no protrusion is used, the dark invalid pixel
region in the adjacent bright (voltage-off) pixels is obvious, Ly,
is decreased as the protrusion’s height increases from 0.3 pm
to 0.7 um for all above widths. Moreover, the reflectance at
the edges of the protrusion in the dark pixel (voltage-off) in-
creases with the increasing height of the protrusion because of
the surface anchoring of the alignment layer on the protrusion
and the inherent elasticity of the LC layer, as a result, Ly, is not
zero. For avoiding the bright invalid pixel region, the width of
the protrusion is smaller than the BM’s width, the height of the
protrusion is also smaller than a critical value.

From Table 1, the total invalid pixel region width for the
cell without protrusion is 3.345 um, and it decreases as the
protrusion height increases from 0.3 pm to 0.7 pm for the dif-
ferent protrusion widths (0.5 pm, 0.6 um, 0.7 pm, 0.8 pm,
0.9 um).

Table 1. The L for the SiO; protrusion with different heights and different
widths.

wy (um) A (um) Ly (um) Loy (um) Lyy (um) Loy (um) L (nm)

0 0 1.618 1.727 0.000 0.000 3.345
0.3 1.480 1.432 0.000 0.000 2912
0.4 1.410 1.166 0.000 0.000 2.576
0.5 0.5 1.410 1.166 0.000 0.000 2.576
0.6 1.212 1.081 0.000 0.000 2.292
0.7 0.927 1.032 0.000 0.150 -
0.3 1.480 1.166 0.000 0.000 2.645
0.4 1.410 1.166 0.000 0.000 2.576
0.6 0.5 1.410 1.166 0.000 0.000 2.576
0.6 0.779 1.166 0.000 0.168 -
0.7 0.779 0.853 0.150 0.200 -
0.3 1.480 1.166 0.000 0.000 2.645
0.4 1.212 1.376 0.000 0.000 2.588
0.7 0.5 1.212 1.081 0.000 0.000 2.292
0.6 0.779 1.166 0.150 0.200 -
0.7 0.779 0.853 0.200 0.200 -
0.3 1.410 1.166 0.000 0.000 2.576
0.4 1.212 1.081 0.000 0.000 2.292
0.8 0.5 0.737 0.776 0.000 0.200 -
0.6 0.779 0.853 0.200 0.200 -
0.7 0.779 0.069 0.200 0.303 -
0.3 1.410 1.166 0.000 0.000 2.576
0.9 0.4 1.212 1.081 0.000 0.200 -
0.5 0.779 0.853 0.200 0.200 -

Based on Ly, = 0, when w> = 0.5 pum, the height is less
than 0.7 um, L; is decreased from 12.9% to 31.5% compared
with that without protrusion as the protrusion height increases
from 0.3 um to 0.7 um, and Ly > O when the protrusion
height is larger than 0.7 um. The L; of the protrusion with
h=0.6 um and wy = 0.5 um is the smallest, 31.5% smaller
than that without protrusion. When wy, =
sion height needs to be less than 0.6 um, and L; is decreased
from 20.9% to 23.0% as the protrusion height increases from
0.3 um to 0.5 pm. When wy = 0.7 um, the protrusion height
needs to be less than 0.6 um, and L is decreased from 20.9%

0.6 um, the protru-

to 31.5% as the protrusion height increases from 0.3 pum to
0.5 um. When wy = 0.8 pum, the protrusion height needs to be
less than 0.5 wm, and L; is decreased from 23.0% to 31.5%
as the protrusion height increases from 0.3 um to 0.4 pum.
When wy
23.0% smaller than that without protrusion. Hence, three sets

=0.9 um, the L with the protrusion of 2 =0.3 um is

of (h, wy) with the smallest L; are (h = 0.4 um, wp = 0.8 um),
(h=0.5 pm, wp = 0.7 pm), and (h = 0.6 um, wy = 0.5 pm),
the total width of the invalid pixel region is reduced by 31.5%
compared with that of the cell without protrusion. 38!

The comparison of the liquid crystal distribution for the
cells without and with protrusion (2 = 0.6 um wp = 0.5 um)
has been made, as illustrated in Fig. 5. When there is no wall
protrusion between the adjacent pixels, the pixel shows the
rounded edges at the left and right sides, so the dark invalid
region is large. When the protrusion with 0.5 pm width and
0.6 um height is located between the adjacent pixels, the dark
invalid region is reduced more, and few smaller bright invalid
regions exist at the corners of the black pixels (L, =~ 0).

eee
Vpmseccecocnecscnnnnc
b )m-uuu

Fig. 5. The arrangement of liquid crystal and simulated image for the cell (a)
without protrusion, and (b) with protrusion (2 = 0.6 um wp = 0.5 pm).

4. Conclusion

The total invalid pixel region width of an MTN-LCoS
with different protrusion’s widths and heights is calculated.
The results indicate that the total invalid pixel region width
can be reduced by 31.5% with the suitable protrusion’s width
and height, so the contrast ratio can be improved. The pro-
trusion can be fabricated by the traditional photoresist devel-
opment method or nanoimprinting method, >3 which matches
the photolithography process. The material can be chosen as
the organic material, such as photoresist, which has good soft-
ness and is not fragile. These results have an important influ-
ence on improving the electro-optic characteristics of LCoS.
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