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ABSTRACT
Liquid crystal displays (LCDs) for vehicle displays should exhibit a fast response time in wide
temperature range and wide-viewing angle in horizontal and downward directions without grey-
scale inversion but limited brightness in the upward direction because the display images can be
reproduced in the front window glass of a vehicle, affecting driver’s front visibility. Currently,
fringe-field switching (FFS) liquid crystal device is widely commercialised for high resolution and
wide-viewing-angle LCD; however, it needs to improve response times and limit the display
brightness in the upward direction. As a solution, we propose a homogeneously aligned liquid
crystal device in which liquid crystal director does tilt as well as twist deformation in a confined
area by both vertical- and fringe-electric fields, exhibiting about two times faster decay response
time than that of conventional FFS mode with suppressed luminance in the upward direction.
The proposed liquid crystal device can be applied to LCDs for vehicle displays.
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1. Introduction

Recently, automobiles and any vehicular displays
adopt lots of digital displays for multipurposes,
replacing the conventional analogue type of dash-
boards. Severe competition between two display
devices such as liquid crystal displays (LCDs) and
organic light-emitting-diodes exists, but each device
should overcome its own demerit. One of the demer-
its in LCDs is relatively slow response, especially at
a very low temperature like −30℃ [1,2]. In addition,
the displayed images are mirror-reflected at the sur-
face of front glass in vehicle displays, which disturbs

the driver’s visibility at night driving. To solve this,
a light control film suppressing the luminance in the
upward direction is applied to the display panel,
which increases cost and decreases brightness in
normal direction.

At present, LCDs utilising fringe-field switching
(FFS) mode are widely used for the main centre-
information-display owing to the high aperture ratio,
high transmittance, low operation voltage and touch-
screen tolerance although their response time is not
fast enough at low temperature [3–5]. But its demerit
is overcome by adopting thin cell gap and positive
dielectric anisotropic liquid crystals (LCs) with very
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low rotational viscosity, reaching maximum slowest
grey-to-grey response time of about 300 ms at −30℃.
On the other hand, Iwata et al. proposed vertical align-
ment (VA) LCD showing slowest decay response time
(τd) about 120 ms at −30℃ in which both LC’s reor-
ientation and relaxation are controlled by field, and
Matsushima et al. proposed short-range lurch control
(SLC)-in-plane switching (IPS) mode in which the
lateral distance l between the two non-responsive LC
regions exists under the applied field such that its
response time becomes one-third of conventional FFS
mode, showing the slowest τd about 126 ms at −30℃
[6–9]. In both approaches, response times are greatly
improved; however, both suffer from low transmittance
and relatively complex driving with two thin-film-
transistors in the VA-LCD and fine optimisation of
the electrode structure to control LC rotating direction
in SLC-IPS LCD are required, respectively.

In this paper, we propose a novel LC device in
which LCs are homogeneously aligned initially and
driven by both fringe and vertical electric
fields formed by one pixel and two common electrodes
unlike two electrodes in the conventional FFS device.
In voltage-on state, LCs rotate in two opposite direc-
tions along a symmetry axis like SLC-IPS but with
some tilt angle. Its rotating direction is clearly defined
so that it does not require any complex pixel design
and driving. The device named luminance-controlled
FFS (LC-FFS) shows faster response time than that of

the conventional FFS mode and wide-viewing angle but
suppressed luminance in the upward direction.

2. Structure and switching principle of LC-FFS
device

In a voltage off-state of the LC-FFS device, LC mole-
cules with positive dielectric anisotropy are homoge-
nously aligned between two substrates under two
crossed polarisers with some tilt angle like less than
5°, in which the optic axis of the LC director is coin-
cident with one of the polariser axes, as shown in
Figure 1(a). In the device, a bottom substrate has two
electrode layers: pixel and common transparent elec-
trodes with a passivation layer between them. The
common electrode has an open area with some elec-
trode gap (g). A top substrate has a plane transparent
electrode, but its electrical signal is connected to the
bottom common one. In this way, when a bias voltage
is applied to the pixel electrode, the vertical (Ez) as well
as fringe (Ez and Ex) electric field is formed depending
on electrode positions; that is, a pure vertical electric
field is formed in the open gap, but both fringe and
oblique electric fields are formed at both edges of the
open gap with its field directions opposite to each
other, as shown in Figure 1(b).

The normalised transmitted light (T/T0) of an inci-
dent light in which a uniaxial nematic LC medium with

Figure 1. (Colour online) Schematic cross-sectional view of the LC-FFS device with LC director and electric field lines in (a) dark and
(b) bright state. The red arrows indicate electric field direction between pixel and common electrodes. In the voltage-on state, LC
director experiences tilt as well as twist deformation as indicated in Figure 1(b).
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its optic axis in plane exists under crossed polarisers is
given by

T
T0

¼ sin2 2ψ Vð Þð Þsin2 πdΔn Vð Þ
λ

� �
; (1)

where ψ is a voltage-dependent effective angle between
the transmission axes of the crossed polarisers and the LC
director, d is the cell gap, Δn is the voltage-dependent
effective birefringence of LC and λ is the wavelength of an
incident light. In a voltage-off state, the LC-FFS device
appears to be a dark state because ψ = 0°. With bias
voltage, the LC director at the centre of the open gap
tilts along Ez so that the transmittance does not occur in
this region; however, the LC directors at both left and
right edges of the open gap rotate counterclockwise and
clockwise, respectively, while the tilt angle of LC directors
increases towards the initially given tilt angle, giving rise
to a bright state, as indicated in Figure 1(b).

In conventional FFS devices, a rise response time
(τr) is strongly dependent on applied voltages, and
thus, it can be faster by applying a higher voltage.
However, a decay response time (τd) is associated
with the elastic restoring force of LC cell, such that it
mainly depends on d and viscoelastic property of LC,
that is, τd = γd2/π2K2, where γ is the rotational viscosity
and K2 is twist elastic constant of LCs. For an LC, γ
increases exponentially with decreasing temperature so
that the slowest grey-to-grey τd goes easily over 300 ms.
In the SLC-IPS mode, τd is modified into

τd ¼ γ

π2 K2
d2 þ K1

l2
� � (2)

In a condition, when K1 = 2K2 and l = d, τd-SLC = γd2

3π2K2

= τd-IPS /3, so that the τd of SLC-IPS mode becomes
three times faster than that of the conventional FFS
mode, giving rise to fast response times even in low
temperature. In the LC-FFS device, the distance l also
exists as defined in Figure 1(b) although the LC above
the open gap reorients along Ez and an elastic deforma-
tion of LC director is mainly associated with K2

although K1 and bend (K3) deformation involves too.
Therefore, K1 is replaced by K2 in Equation.(2). As
a result, when K1 = 2K2 and if l = 0.875d, τd-LC-FFS =

γd2

3:61π2K2
≒τd-IPS /3.61; that is, the decay response time of

the LC-FFS mode can be more than three times faster
than that of the conventional FFS mode.

Electro-optics of LC-FFS device can depend mainly
on g because it determines l, a critical parameter for
deciding response time, threshold voltage and trans-
mittance. The proposed device can also be applicable to
a high-resolution active matrix LCD with a pitch less
than 10 μm or when a pixel pitch is larger than that

two or more number of gs can exist. Consequently,
g can be determined depending on pixel size and
requirements of the electro-optic specification. In addi-
tion, noise fields from the data lines can be easily
screened by the common electrode above pixel and by
designing a pixel electrode size larger than the open
gap size, and a storage capacitor (Cst) is automatically
formed between pixel and common electrode without
sacrificing an aperture ratio (see Figure 1(b)), which
allows the device to realise high aperture without an
optical crosstalk in active matrix LCDs [10,11].

3. Results and discussion

To investigate electro-optic characteristics of the LC-FFS
device, a numerical simulation was done by a well-
known commercialised multi-dimensional finite element
method (FEM) solver (TechWiz LCD, Sanayi system).
The distribution of electric potential was calculated by
Laplace’s equation, and the optical transmittance was
generated based on the [2 × 2] extended Jones matrix
method. To understand field-response of LC directors
and its corresponding transmittance, common electrode
structures with three different open gaps (gs) of 1, 2 and
3 μm on a bottom substrate were evaluated and the
thickness of passivation layer between pixel and com-
mon electrodes was 300 nm. The physical properties of
LCs tested are as follows: dielectric anisotropy Δε = 8.2,
birefringence Δn = 0.1148 at 550 nm, rotational viscosity
γ = 80 mPa∙s, K1/K2/K3 = 16.9/8.42/19.2 in pN and the
d is 4 μm. The surface pretilt angle is to the y direction
is 1°.

At first, voltage-dependent transmittance curves were
measured for three different gs, as shown in Figure 2(a). As
the size of g increases, both threshold and operating vol-
tages decrease, indicating that its switching behaviour
strongly depends on g. But, the average transmittance
saturates at g = 2 μm and does not increase further with
increasing g to 3 μm. Next, the electrode-position-
dependent transmittance was investigated along
a horizontal direction for three different gs at three differ-
ent voltages, as shown in Figure 2(b). As expected, the
transmittance does not occur at the centre of gs because ψ
keeps 0° although the LC director reorients along the Ez;
however, it occurs at both edges of the open gap. The
inducedmaximum transmittance in two lobes of transmit-
tance profile increases when g increases from 1 to 2 μmbut
saturates at g = 3 μm. In the switching principle, we claim
that the LC directors at left and right edge of the gap will
rotate anticlockwise and clockwise with increased tilt
angle, respectively, and as a proof, the LC director profile
was calculated in LC-FFS with g = 3 μm, especially at two
electrode positions which gives maximum transmittance
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as indicated in Figure 2(c). The initial pretilt angle 1°
increases to 36.5° at z/d = 0.6, while the twisted angle at
x = 2.4 and 6.6 μm is 54.7° and −54.7°, respectively, at
z/d = 0.25, indicating that the transmittance in upward and

downward directions can be asymmetric and the LC direc-
tors at both edges of the gap rotate in opposite directions
each other. In addition, the transmittance in the upward
direction is lower than that at normal direction due to

Figure 2. (Colour online) Calculated (a) voltage-dependent transmittances at three different gs, (b) electrode-position-dependent
transmittances at three different voltages when g is 1, 2 and 3 μm in the LC-FFS cell, (c) LC director profile in twist and tilt angle at
the electrode position with maximum transmittance at 5.6 V when g = 3 μm, (d) iso-luminance contour in the white state, (e)
luminance change at 6 grey scales along vertical direction, and (f) time-dependent transmittance curves in the FFS and LC-FFS cells
in which the electrode width and gap between patterned electrodes in the FFS device are 3 and 4.5 μm, respectively. In calculating
(d) and (e), the retardation of the cell is tuned to be 0.326 μm. The transmittance is normalised to two parallel polarisers.
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reduced effective retardation associated with generated
high tilt angle towards upward direction. Figure 2(d,e)
shows iso-luminance contour in white state and luminance
change according to vertical viewing directions at 6 differ-
ent grey scales of LC-FFS cell. As clearly indicated, the
luminance in the white state at normal direction decreases
by 36.4% and increases by 29.8% along upward and down-
ward viewing directions at a polar angle of 40°, respec-
tively, while the lower the grey scales, the asymmetry
becomes smaller due to smaller tilt angle at lower grey
scales. Conclusively speaking, high image quality without
grey scale inversionwhile suppressing the luminance in the
upward direction is achieved. Response times between LC-
FFS and FFS devices are compared, as shown in Figure 2
(e). Since both modes use the same LC and cell gap, its
response behaviour is purely determined by intrinsic
device characteristics. Rise response times (τrs) of FFS
and LC-FFS (g = 1 μm) devices are 13.2 and 10.7 ms,
respectively, such that about 19% becomes shorter in the
LC-FFS device. Very impressively, the τd of the LC-FFS
device becomes veryfast such that 21.1 ms in the FFS
device is reduced to 4.6 ms, that is, about 4.6 times
becomes faster. In this case, K1 = 2K2 and l is 3.5 μm
(l/d = 0.875), so that τd-LC-FFS ≒ τd-IPS /3.6, which is quite

clear that the fast response of the LC-FFS device originates
from short distance of nonresponsive LC region.When g =
3 μm, the τd of the LC-FFS device is 7.6 ms, which is about
2.8 times faster than that of the FFS device. In this case, l =
4.5 µm (l/d≒ 1.1), then τd-LC-FFS≒ τd-IPS/2.6, indicating that
the theoretically estimated value shows reasonable value.

Both LC-FFS and conventional FFS devices were fabri-
cated using the LC with similar physical properties given
above to confirm the switching principle and shortened
decay time of the proposed device. In the experimental
cells, normal FFS electrode structure was tested for both
cells, in which g and width of the patterned common
electrode was 4.5 and 3 µm, respectively, and the cell gap
was 3 µm because thin cell gap is generally applied for
achieving fast response time in the FFSmode. The physical
properties of LCs used in the experiment are as follows: Δε
= 8.0, Δn = 0.1088 at 589 nm, γ = 81 mPa∙s, K1/K2/K3 =
18.3/8.42/17.7 in pN. Figure 3 shows the measured electro-
optic characteristics of LC-FFS and FFS devices using
LCMS-200 (Sesim Photonics Technology Inc., South
Korea). The measured voltage-dependent transmittance
curves show that both devices exhibit about the same
threshold voltage; however, the operating voltage at
which maximum transmittance occurs is 5.4 and 4.8 V in

Figure 3. (Colour online) Measured (a) voltage-dependent and (b) time-dependent transmittance curves between FFS and LC-FFS
devices. (c) POM images of the LC-FFS in a dark and bright state. In addition, the rotation of the crossed polarisers breaks the
transmittance symmetry in stripes as indicated in the calculated results. (d) Macroscopic images of the LC-FFS showing the
luminance change when the cell is tilted in the upper and lower direction. In the FFS, the initial LC director makes an angle of 10°
with respect to the electrode direction with a pretilt angle of 2°.
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FFS and LC-FFS devices, respectively; that is, the operating
voltage decreases, but the transmittance loss occurs com-
pared to the FFS device as shown in Figure 3(a). We have
also observed the polarizing optical microscopy (POM)
images in the white state of LC-FFS device in which the
transmittance at both edges of the open gap occurs in
stripe pattern, while the centre of the open gap remains
a dark state, as can be seen in Figure 3(c). To confirm the
LC directors at left and right edges rotate anticlockwise and
clockwise, respectively, the crossed polarisers rotate antic-
lockwise and clockwise and the resultant transmittance
texture breaks symmetry such that the brightness in left
(right) stripe decreases (increases) when it was rotated
anticlockwise. The calculated transmittance along
x direction while rotating the crossed polariser clearly
proves it. Figure 3(b) shows the measured response times
of LC-FFS and FFS devices. The τr and τd of LC-FFS
(FFS) device are 4.4 (9.5) ms and 5.6 (8.9) ms,
respectively. The τr and τd of the LC-FFS device are
about 2.2 and 1.6 times faster than those of the FFS device.
In the given experiments, l is 3.75 μm, which is larger
than d, so that the reduction effect on τd decreases
compared to the calculated result. Utilising Equation (2)
and parameter conditions like l/d = 1.25, K1 ≒ 2.17K2,
τd-LC-FFS ≒ τd-IPS/2.3 in which themeasured value is slightly
smaller than the estimated one.

4. Conclusion

We have proposed fast switching and luminance-
controlled homogenous alignment LCD with the use of
a positive dielectric anisotropy LC for vehicular centre-
information-display. Compared to main commercialised
FFS display for this purpose, the proposed device shows
faster response time than that of the FFS mode, which is
favoured for low temperature operation, and suppressed
and enhanced luminance in the upward and downward
directions by the device itself compared to that at normal
direction which decreases image reflection to the front
mirror of the vehicle while keeping high image quality
without showing grey scale inversion. We expect the pro-
posed device has a strong potential to be applicable for not
only vehicular displays but also application displays like
aeroplane in which the luminance in the upward direction
requires to be suppressed.
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