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High performance LCD for augmented reality and virtual reality displays
Javed Rouf Talukder, Yuge Huang and Shin-Tson Wu

College of Optics and Photonics, University of Central Florida, Orlando, FL, USA

ABSTRACT ARTICLE HISTORY

For augmented reality and virtual reality displays, high-resolution density, high luminance, and fast Received 30 September 2018
response time are critically needed. High-resolution density helps eliminate the screen-door effect; Accepted 21 October 2018
high luminance and fast response time enable low duty ratio operation, which plays a key role for KEYWORDS
suppressing image blurs. By using a low viscosity material and new diamond-shaped electrode Liquid crystals; augmented
configuration, we demonstrate a fringe field switching liquid crystal display, abbreviated as d-FFS reality; virtual reality;
LCD, with high transmittance, fast grey-to-grey response time, low operation voltage, wide viewing displays

angle, and indistinguishable colour shift and gamma shift. We also investigate the rubbing angle (a)

effects on transmittance and response time. When a = 0°, the virtual wall effect is strong, resulting

in fast response time but compromised transmittance. When a > 1.2°, the virtual walls disappear, as

a result, the transmittance increases dramatically, but the trade-off is in slower response time.
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1. Introduction displays; thus, they would exhibit different degree of

image blurs. Under the same frame rate, say 120 Hz, if
an LCD’s response time is below 2 ms, then its MPRT is
comparable to that of OLED, even its response time is as
fast as 1 us. A common approach to suppress the image
blur of LCD and OLED is to lower the duty ratio [7] so
that they behave CRT-like impulse driving. However, to
keep the same luminance, say 150 nits for VR, we have to
boost LCD’s backlight brightness or OLED’s driving cur-
rent. As a result, efficiency droop in LED backlight [8]
takes place or OLED’s lifetime is compromised [9].
Therefore, a high transmittance and fast MPRT LCD is
urgently needed for the emerging AR and VR displays.
Fringe field switching (FFS) LCD [10] is a favourable
choice for high-resolution density panels because of its
built-in storage capacitor and weak colour shift. The for-
mer enables high-resolution density. However, FFS still has
some room for improvement, such as limited contrast
ratio (CR ~2000:1) and relatively slow response time
(10-15 ms due to the small twisted elastic constant K,,

Presently, thin-film-transistor (TFT) liquid crystal dis-
play (LCD) and organic light-emitting diode (OLED)
displays are two dominating technologies for TVs, smart-
phones, and augmented reality (AR) and virtual reality
(VR) [1-4]. Although each technology has its own pros
and cons [5], a common demand is higher resolution
density and fast response time. This is particularly impor-
tant for AR and VR displays in order to mitigate the
annoying screen door effect. However, as the resolution
density increases, the display luminance decreases
because of the reduced aperture ratio. Lower optical
efficiency leads to increased power consumption, i.e.
shorter battery lifetime for mobile displays. Another
equally important performance metric is image blur,
which is governed by the motion picture response time
(MPRT) [6]. MPRT is jointly determined by the TFT
frame rate, LCD/OLED response time and duty ratio
[7]. Both active matrix LCD and OLED are holding type
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Table 1. Measured physical properties of M1 at T = 25°C and f = 1 kHz.

KH K22 7-m Tc Ea
LC mixture An @ A = 550 nm &y &n Ae Y7 (mPa- s) (pN) (pN) (°C) (°C) (meV)
M1 0.1225 5.53 2.87 2.66 35.75 9.93 6.03 -34.5 76.7 248.1

involved). To improve contrast ratio, mini-LED backlight
with area local dimming has been implemented and
remarkable result (CR >107:1) has been achieved [11,12].
To shorten response time, interdigitated pixel-electrode
structures with two-dimensional standing layers (also
called virtual walls) have been proposed [13-16]. These
virtual walls exert an additional restoring torque to accel-
erate the decay process so that the average grey-to-grey
(GTG) response time can be reduced to 3-5 ms. However,
a significant trade-off is compromised transmittance due
to the existence of virtual walls.

In this paper, we report a new FFS LCD with dia-
mond-shaped electrode structure along with a low-visc-
osity LC mixture to simultaneously achieve high
transmittance and fast GTG response time, while preser-
ving the inherent advantages on wide-viewing angle and
indistinguishable gamma shift and colour shift. Its appli-
cation for high-resolution density displays is emphasised.

2. LC material

To obtain high transmittance in a thin cell gap (e.g. 2.5-
3.0 um), we should use a slightly higher birefringence (An
~0.12) LC material. Meanwhile, a modest dielectric ani-
sotropy (Ae = ¢,~¢p) is required for keeping operation
voltage below 6 V. However, the polar groups contribut-
ing to enhance Ae will also lead to an increased viscosity.
To achieve high transmittance and fast response time,
while keeping low operation voltage, we formulated a
high An LC mixture with balanced dielectric anisotropy
and viscosity. Actually, DIC-LC2 (DIC Corp.) exhibits a
very low rotational viscosity and relatively high birefrin-
gence, except that its dielectric anisotropy is somewhat
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too small (Ae = 1.7 at 21°C) [17]. Therefore, to increase
Ae, we mixed 80.9% DIC-LC2 with 19.1% DIC-LC3
(Ae = 8.8). For convenience, we call this experimental
mixture as M1. The measured rotational viscosity (yi),
birefringence, dielectric anisotropy, splay elastic constant
(Ky1), twist elastic constant (Kj,), and activation energy
(E,) are listed in Table 1. Melting temperature (T,,) and
clearing temperature (T,) were measured by Differential
Scanning Calorimetry (DSC, TA instruments Q100).

2.1. Birefringence

To measure the birefringence of M1, we used a commercial
homogeneous cell with cell gap 7.65 pm. After injecting
MI into a homogeneous cell, we placed the cell on a
Linkam heating stage which was controlled by TMS94
temperature programmer. We then sandwiched this cell
between crossed polarisers and applied 1-kHz square-wave
AC voltage to this LC cell. A He-Ne laser (A = 633 nm) was
used as probing beam. Birefringence was calculated from
the measured phase retardation. Figure 1(a) depicts the
temperature-dependent birefringence at A = 633 nm,
where dots are measured data and solid red line is fitting
with Haller’s semi-empirical equation [18]:

An = AneS = Ang(1 — T/T.)P. (1)

In Equation (1), T is the Kelvin temperature, T, is the
clearing point of LC, Any is the extrapolated birefringence
at T =0, S is the order parameter and f is a material
constant. From fittings, we obtained Any = 0.1681 and
B = 0.1851 for MI.

Next, we measured the wavelength dispersion of M1
by using a He-Ne laser (A = 633 nm) and a tunable
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Figure 1. (a) Temperature-dependent An of M1 at A = 633 nm. (b) An dispersion of M1 at 25°C. Dots are measured data, and the red
lines in (a) and (b) are fitting curves with Equations (1) and (2), respectively.



argon ion laser (A = 457, 488 and 514 nm). Results are
plotted in Figure 1(b), where dots are measured results
and solid line is the fitting curve with single-band
birefringence dispersion equation [19]:

}\2)\*2
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In Equation (2), G is the proportionality constant and
A* is the mean resonance wavelength. Through fittings,
we obtained G = 1.740 um* and A* = 0.239 pm. Using
these parameters and Equation (2), we find An = 0.138,
0.123, 0.115 at A = 450, 550, 650 nm, respectively. Later,
we will use these data in our device simulation.

2.2. Visco-elastic coefficient

To determine the visco-elastic coefficient, we measured
the transient decay time of M1 in a homogeneous cell.
Results are shown in Figure 2, where dots are experi-
mental data and solid line represents the fitting with
following equation [20]:

Y exp(E,/kgT)

— A
Ki — (1-1/T.)F ®

In Equation (3), A is the proportionality constant, kg is
the Boltzmann constant and E,, is the activation energy.
From fittings, we obtained E, = 248.1 meV. From
Figure 2, we find y,/K;; = 3.60 ms/um” at T = 25°C.
Through threshold voltage measurement (not shown
here), we found K;; = 9.93 pN, and subsequently
y; = 35.75 mPas at 25°C.

20

- —
oo} N »
T T T T T T

2
YK, (ms/pum®)

SN
T v

20 0 20 40 60 80

Temperature (°C)

Figure 2. Temperature-dependent visco-elastic coefficient of
M1 at A = 633 nm. Dots are measured data and red line
represents the fitting curve with Equation (3). The fitting para-
meters are listed in Table 1.
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In order to obtain K,,, we filled M1 into a commer-
cial IPS (in-plane switching) cell with 3-um cell gap
and measured its transient decay time [21]. From the
decay time constant, we extracted y;/K,, = 5.93 ms/
um® at 25°C. From the already obtained y;, we can
calculate the twist elastic coefficient and result is
K5, = 6.03 pN. We will use these parameters in our

device simulations discussed below.

3. Device structure

We propose a new device structure to achieve high
transmittance using M1. Figure 3(a,b) depicts the
cross-sectional and top views of our proposed electrode
configuration. The top substrate has a thin surface
alignment layer (not shown), while bottom substrate
has a planar common electrode, a passivation layer,
diamond-shaped pixel electrodes and a thin surface
alignment layer (not shown). For simplicity, let us call
the structure shown in Figure 3(b) as diamond-shaped
FFS mode, abbreviated as d-FFS. The electrode width,
electrode gap and electrode tilt angle are denoted as w,
g and ¢, respectively, and a is the LC alignment direc-
tion (rubbing angle) with respect to y axis.

This structure looks similar to traditional stripe struc-
ture from cross-sectional view, but it has diamond shape
from top view. The reason for making it diamond shape
and spatial shift between adjacent pixel electrodes is to
increase the transmittance by reducing the dead zones on
top of pixel electrodes [22]. The LC cell is sandwiched
between two crossed linear polarisers. The LC directors
are aligned along y-axis and pretilt angle is 6, = 0. In
contrast, the requirement of non-zero pretilt angle in
conventional structures limits the tolerable deviation
due to rubbing alignment accuracy [23]. Compared to
previous report on the interdigitated pixel electrodes of
FFS mode, our design significantly boosts the transmit-
tance by reducing the dead zones on top of electrode
while maintaining a comparable response time.

4. Simulation results

We simulated the LC directors distribution of d-FES cell
filled with M1 with a commercial LCD simulator Techwiz
LCD 3D (Sanayi, Korea) and then calculated the electro-
optic properties by using the extended 2 x 2 Jones matrix
method [24]. The parameters employed in the simula-
tion, shown in Figure 3(b), are set as follows: LC cell gap
2.5 um, electrode width w = 2.0 pum, electrode gap
g = 3.0 pm, pixel length 20 pm, pixel ITO thickness
50 nm, passivation layer thickness 150 nm, pretilt angle
0, = 0 and electrode tilt angle ¢ = 88.85°. Anchoring
energy of the alignment layer is assumed to be strong.
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Figure 3. Schematic diagram of the proposed d-FFS structure. (a) Cross-sectional view, and (b) top view. w: electrode width, g:
electrode gap, @: electrode tilt angle and a: LC alignment direction w.r.t. y axis.

The LC parameters used in this calculation are listed in
Table 1. The transmission axis of bottom polariser is
parallel to the LC alignment direction. To explore the
tolerance of LC alignment angle, we conducted simula-
tions with two rubbing angles a = 0° and 1.5°% the former
exhibits fast response time due to virtual walls, while the
latter exhibits high transmittance owing to the disappear-
ance of virtual walls, as will be explained later.

4.1. VT curves and response time

To examine at which rubbing angle the virtual walls
would disappear, we calculated the response time
(rise + decay) and normalised transmittance at different
rubbing angles. Results are plotted in Figure 4. From
Figure 4, the transmittance is the lowest and the response
time is the fastest when a = 0°, due to the virtual wall
effects. These standing layers exert a strong anchoring
force to shorten the LC response time, but the formed
dead zones reduce the transmittance significantly. As the
rubbing angle increases, the virtual wall effects are gra-
dually weakening. The onset takes place at a = 1.1°% above
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0.85 % oo T
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o8l ° s 110 G
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g 0.70 1 8 @
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Figure 4. Simulated transmittance and response time of d-FFS
at different rubbing angles.

0.8 _ o= 0°
o=1.5°

0.7 +

0.6

Transmittance
© o o o o
- N w N [6)]
T T T T T T T T T

g
=}
o

Voltage (V)

Figure 5. Simulated VT curves of d-FFS at a = 0° and 1.5°,
A =550 nm.

a = 1.2° the transmittance increases sharply but the
response time also increases. As a > 1.5° the transmit-
tance starts to decline gradually (due to decreased phase
retardation), while response time remains more or less
unchanged. Therefore, the optimal rubbing angle lies
between 1.2° and 2.0°.

Figure 5 shows the simulated voltage-dependent
transmittance (VT) curves at a = 0° and a = 1.5°
while keeping the LC pretilt angle at 6, = 0. At
a = 0° the peak transmittance (at 5.8 V) is 54.9%.
Although the transmittance is relatively low, this result
is comparable to those reported in [14-16]. Indeed, this
is a general trade-off between response time and trans-
mittance. However, the result at a = 1.5° is quite
unexpected. Its peak transmittance reaches ~82.9% at
5.4 Vims Detailed physical mechanism will be dis-
cussed later. The increased peak transmittance is parti-
cularly desirable for high-resolution density displays,
where both the aperture ratio and the optical efficiency
are decreased. As will be discussed later, low backlight
duty-ratio can be applied to shorten the MPRT to



1.5 ms. However, the trade-off is decreased-display
luminance. Therefore, the high-transmittance d-FFS
LCD offers a promising solution for suppressing
image blurs while keeping a relatively high-display
luminance. The latter is particularly important for the
battery-powered mobile-display devices.

Low viscosity is helpful for achieving fast response
time. As listed in Table 1, M1 exhibits a very low
rotational viscosity (y; = 35.75 mPas). Figure 6 shows
the calculated time-dependent transmittance curves for
d-FFS at a = 0° and 1.5°. The voltage corresponding to
peak transmittance is applied to calculate the rise time
and decay time. Response time is defined as the trans-
mittance change between 10% and 90% of the max-
imum value.

At a = 0°, the rise time and decay time are calculated
to be 5.59 and 2.95 ms, whereas at o = 1.5° the rise time
and decay time are 5.75 and 4.75 ms, respectively. At
a = 0° the observed faster decay time results from the
restoring force exerted by the virtual walls. In compar-
ison, the response time of our d-FFS is faster than that

T T T
1.0+ o=0° 4
' o= 1.5°

[0}
e

s 0.8F -
€
[72]

G 06 -
-
°
(0]

N 04H i
@
3
[e]

Z 0.2 4

OO 1 1 1
0 20 40 60 80
Time (ms)

Figure 6. Simulated response time curves of d-FFS at a = 0°
and 1.5°
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of the alternating tilt device under the same rubbing
angle [23] because of its slightly thinner cell gap. Our
d-FFS at a = 1.5° offers ~85% transmittance (normal-
ised to that of two parallel polarisers) and reasonably
fast response time. Such a high transmittance is com-
parable to that of a single-domain FFS mode with a
positive Ae LC, but the average GTG response time is
about 2x faster [25].

4.2. Electrode structure optimisation

To find the optimal device parameters, we perform
simulation with different electrode width and electrode
gap for the d-FFS LCD with a = 1.5°. Figure 7(a) shows
the simulated VT curves where electrode width (w)
varies from 2.0 to 4.0 um, while keeping electrode
gap (g) at 3.0 um.

As Figure 7(a) depicts, the peak transmittance
decreases gradually as the electrode width increases
from 2.0 to 4.0 um due to the enlarged dead zone area.
However, the on-state voltage only slightly shifts from 5.4
to 5.6 V, as it is less sensitive when a small Ae LC is
employed [26]. Figure 7(b) shows the simulated VT
curves where electrode gap varies from 2.0 to 4.0 pm
while keeping electrode width at 2.0 um. As the electrode
gap increases, transmittance decreases because more LC
directors at the centre of electrode do not reorient. We
also find that the response time does not vary much as the
electrode width and electrode gap change from 2.0 to
4.0 um. For the d-FFS with w = 2.0 pm and g = 2.0 pum,
the simulated peak transmittance is 85.2%, rise time
~5.62 ms and decay time =4.77 ms at V,,, = 5.8V .

Table 2 compares the performance of our proposed
device with two prior LC devices: Device I and Device IL
The goal of this analysis is to distinguish the improvement
from material and device structure. For Device I, a positive
Ae LC material and interdigitated pixel electrode structure
with alternative tilt are used [23]. Device II has the same

0.8 - 0.8k
0.7 t 0.7
§ 0.6 § 06
S osf S osf
é 0.4 | % 04l
g 03t = 03F
0.2t 0.2t
0.1 0.1}
0.0 0.0 :
0 0 1 2 3 4 5 6 7 8

Voltage (V)

Voltage (V)

Figure 7. Simulated VT curves of d-FFS using M1. (a) Keeping electrode gap at 3.0 um while varying electrode width from 2.0 to
4.0 um. (b) Keeping electrode width at 2.0 pm while varying electrode gap from 2.0 to 4.0 ym.
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Table 2. Calculated peak transmittance and response time at
the on voltage for three LC devices.

Rubbing  Voltage Rise Decay

LC Device angle (V) Transmittance  (ms) (ms)
Device | 0° 5.0 47.0% 59 3.2
1.5° 52 69.5% 7.0 6.1
Device Il 0° 6.6 47.0% 5.2 25
1.5° 6.4 79.4% 6.7 47

Proposed 0° 6.2 51.1% 5.0 24
device 1.5° 58 85.2% 5.6 4.8

configuration as Device I, except that the employed LC
material is replaced by our M1 mixture. For a fair compar-
ison, we use the same electrode width (2.0 pm), electrode
gap (2.0 pm) and cell gap (2.5 pm). While comparing
Device II with Device I, we find that the rise time and
decay time are all reduced for both a = 0°and a = 1.5°. This
is because M1 has a lower viscosity (35.75 mPas vs.
47.6 mPas). Moreover, for the case of a = 1.5°, the trans-
mittance of Device II is higher than that of Device I
(79.41% vs. 69.52%). The enhanced transmittance is the
product of smaller Ae [27] and higher €, /¢ ratio [28] of our
M1 mixture. However, a major trade-off is increased on-
state voltage because M1 has a smaller Ae (2.66 vs. 5.1) in
Device II. When comparing our proposed device with
Device II (using the same MI mixture), we find the
improvement is in three areas: (1) the transmittance is
improved from 79.4% to 85.2%, (2) the on-state voltage
is decreased from 6.4 to 5.8 V and (3) the response time
(rise + decay) is slightly faster (from 11.4 to 10.4 ms). The
lower operation voltage is due to the electrode shape and
uniform tilt and twist angles of LC directors in the voltage-
on state.

5. Discussion

In order to get high transmittance, fast response time and
low operation voltage, we have introduced an improved
mixture to our d-FFS mode. Our LC material exhibits a
low viscosity which helps to reduce response time.
However, the trade-off is its low Ae, which leads to
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increased operation voltage. With our diamond-shaped
electrodes, we are able to keep a high transmittance
(~85%) at 5.8 V. To lower the operating voltage to 5 V
(similar to that of most commercial LCDs), we need to
increase Ae by ~35%, which would slightly increase the
viscosity. It is worth mentioning that the electric field in
our d-FFS mode is at an oblique angle to the LC directors,
which eliminates the requirement of non-zero pretilt
angle for forming two-domain LC confinement.
Figure 8(a,b) shows the cross-sectional view of LC direc-
tor configuration and the corresponding transmittance at
a voltage-on state for a = 0° and a = 1.5°, respectively. In
Figure 8(a), because the rubbing angle is zero, the virtual
walls above the electrodes provide additional restoring
force to the LC directors. Hence, fast response is obtained.
However, dead zones are formed at the same time, lead-
ing to a relatively low transmittance. To boost transmit-
tance, we investigated the device configuration with
a = 1.5° As Figure 8(b) depicts, the LC directors above
the electrodes are also reoriented by the electric field,
which reduces the dead zone area. In addition, the spatial
shift between adjacent pixels and common electrodes
helps to spread the electric field more uniformly, which
also contributes to the increased transmittance. Our
d-FFS with a = 1.5° rubbing angle is very preferable in
terms of transmittance while the trade-off in response
time is minimal. In the following sections, we will show
the calculated GT'G response time, MPRT, viewing angle,
gamma shift and colour shift for our d-FFS at a = 0° and
a = 1.5° rubbing angle with optimised structure.

5.1. Grey-to-grey (GTG) response time

We divide the VT curve uniformly into 256 grey levels
based on gamma-2.2 rule in order to obtain the response
time between different grey levels. We study the transi-
tions between 0, 64, 128, 192 and 255 grey levels. The
GTG response time (rise and decay) is defined between
10% and 90% transmittance change. The simulated GTG
response times are listed in Tables 3 and 4 for a = 0° and
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Figure 8. Cross-sectional view of the simulated LC director distributions and local relative transmittance of d-FFS cell at (a) a = 0°

and (b) a = 1.5° rubbing angle.



Table 3. Calculated GTG response time of our proposed d-FFS
with a = 0°.

Voltage ov 3.08V 346 V 4.04V 6.20 V
Grey level 0 64 128 192 255
0 13.19 8.5 5.42 4.95
64 1.93 7.66 5.12 437
128 1.97 8.12 4.69 4.49
192 2.08 6.12 5.31 4.67
255 243 5.85 5.68 4.44

Table 4. Calculated GTG response time of our proposed d-FFS
with a = 1.5°

Voltage oV 275V 310V 355V 580V
Grey level 0 64 128 192 255
0 16.15 14.70 11.56 5.62
64 3.85 10.69 10.52 531
128 4.02 11.19 9.49 5.09
192 4.19 12 10.67 531
255 4.77 11.76 10.45 8.98

a = 1.5° respectively. From Tables 3 and 4, the average
GTG response time is found to be 5.35 ms for a = 0°, and
8.81 ms for a = 1.5°. The faster average GTG response
time for a = 0° is expected because of the virtual walls.
However, its transmittance is greatly sacrificed.

To evaluate image blurs of a TFT-LCD or OLED,
MPRT should be considered. For a TFT-LCD, its
MPRT depends on the LC response time and TFT
frame rate as [7]:

MPRT = /72 + (0.8 x Ty)>. (4)

In Equation (4), 7 is the LC response time and Ty (= 1000/
f) is the TFT frame time. Based on Equation (4), if the FFS
device is driven at 144 Hz, then its corresponding average
GTG MPRT should be 7.82 and 10.41 ms at a = 0° and
a = 1.5°% respectively. Both are too slow and image blur
would be inevitable. To suppress image blurs to unnotice-
able level, we set CRT-like MPRT as the criterion, which
is 1.5 ms. From Equation (4), if 7 = 5 ms, then it is
impossible to reduce the MPRT to 1.5 ms, even we
increase the frame rate. Another drawback for increasing
frame rate is the dramatically shortened TFT charging
time, especially for a high-resolution (4K2K) display. A
more effective way to reduce MPRT is to decrease the
duty ratio [29,30]. Especially, when the duty ratio is low,
MPRT is less sensitive to the LC response time. This is
because the backlight is turned on at a later stage so that
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the beginning slow response is more forgiven. However,
decreasing the duty ratio would lower the display lumi-
nance proportionally. Table 5 shows the required duty
ratio and resultant display transmittance in order to
obtain MPRT = 1.5 ms at 90-Hz and 120-Hz frame
rates for a = 0° and a = 1.5°. From Table 5, at 90 Hz we
need to reduce the duty ratio to 17% for both a = 0° and
a = 1.5° in order to obtain MPRT = 1.5 ms. Under such a
circumstance, the corresponding effective transmittance
is 0.086 for a = 0° and 0.144 for a = 1.5°. That means, the
device with a = 1.5° exhibits a 67% higher transmittance
than that with a = 0° Similar improvement (67%) in
transmittance is also found at 120-Hz framerate. This is
why the high transmittance of our proposed FFS device
with a = 1.5° is so much more favourable than that with
a = 0°, although the latter has a faster response time.

5.2. Viewing angle

As Figure 3(b) shows, the gaps (white areas) between
electrodes exhibit zig-zag structure. That means, each
pixel actually exists multi-domain structure, which
helps to widen the viewing angle. We use a positive
A-plate and a positive C-plate as compensation films.
Their refractive indices and film thickness are listed as
follows: n,, .o = 1.5110, ng, 1o = 1.5095, n., ¢ = 1.5110,
Noc = 1.5095, d, 5 = 92.59 um, and d,c = 60.09 pm.
Figure 9(a,b) depicts the simulated isocontrast contour
of our d-FFS LCD with compensation films at a = 0°
and a = 1.5° respectively. For a = 1.5°, maximum
contrast ratio over 5000:1 is obtained and it expands
to a larger zone when compared to a = 0° where
maximum contrast ratio is 3357:1. In both cases, the
contrast ratio over 500:1 expands to ~70° viewing cone
and it remains over 100:1 in the entire viewing cone.

5.3. Gamma curve

In addition to high transmittance, fast MPRT and wide
viewing angle, small gamma shift is also critically impor-
tant for a display device. To quantify gamma shift, an off-
axis image distortion index (D) has been defined [31].
Figure 10(a,b) shows the simulated gamma curves of our
d-FFS LCD at four specified viewing angles for a = 0° and
a = 1.5° respectively. Along the 0° azimuthal angle, we

Table 5. Calculated duty ratio and display effective transmittance for achieving 1.5-ms MPRT.

Rubbing MPRT Backlight on-time Effective Trans.
angle LCD Trans. (%) (ms) (ms) LC response time (ms) Frame rate (Hz) Frame time (ms) Duty ratio (%)
0° 51.1 1.50 1.88 5.35 90 11.1 0.17 8.6
51.1 1.50 1.88 5.35 120 83 0.23 11.5
1.5° 85.2 1.50 1.88 8.81 90 11.1 0.17 14.4
85.2 1.50 1.88 8.81 120 83 0.23 19.2
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Figure 10. Simulated gamma shift of the film-compensated d-FFS

find D(60° 0°) = 0.182 for a = 0° and D = 0.113 for
a = 1.5° In both scenarios, D is smaller than 0.2, which
means the gamma shift of our d-FFS LCD is indistin-
guishable by the human eye [32].

5.4. Colour shift

Indistinguishable colour shift is another critical require-
ment of all display devices. By using a quantum dot
enhancement film [33,34], we calculated the colour shift
of our d-FFS LCD at different viewing angles. Colour
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LCD at (a) a = 0° and (b) a = 1.5°

shift in Au'v’ colour coordinate system at different polar
angles (at 0° azimuthal angle) are shown in Figure 11(a,b)
at a = 0° and a = 1.5°, respectively. From Figure 11, the
colour difference for RGB wavelengths is smaller than
0.008 even at ~ 80° viewing cone. When Au'v’ is smaller
than 0.02, it is indistinguishable to the human eye.

6. Conclusion

We have reported a positive Ae LC mixture and a
diamond-shaped pixel configuration for FFS mode.
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Figure 11. Simulated colour shift at (a) a = 0° and (b) a = 1.5° using a quantum dot-enhanced backlight.



High transmittance (T.x ~85%), fast response time
(average GTG ~2.92 ms) and low operation voltage
(5.8V) have been achieved. High transmittance and
fast LC response time are critical for high-resolution
density and high frame rate displays to keep low power
consumption and to mitigate image blurs. We have
also achieved high contrast ratio, wide view and indis-
tinguishable colour shift and gamma shift by using
compensation films. Considering these outstanding
features, our proposed d-FFS LCD should have poten-
tial for many practical applications.
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