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The fringe-field switching (FFS) mode has been widely applied in high-resolution portable liquid crystal displays
because of its excellent performances in transmittance, viewing angle, and operating voltage. Up to now, the FFS
mode utilised a liquid crystal with positive dielectric anisotropy owing to fast response time and low operating
voltage. This paper proposes a merit of using a liquid crystal with negative dielectric anisotropy. The optimised
cell structures with thin cell gap and fine patterned electrode structures make the FFS mode with negative liquid
crystals exhibit higher transmittance than that of the positive liquid crystals and a fast response time.
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1. Introduction

Nowadays, liquid crystal displays (LCDs) are widely
used for all kinds of displays such as mobile phones,
tablet personal computers, notebooks, monitors and
televisions, etc, replacing cathode-ray tube (CRT) dis-
plays. In addition, industries pursue to develop high
resolution LCDs over 300 pixels per inch(ppi) so
that human eyes cannot easily distinguish the spa-
tial distances between pixels at all, realising perfect
images [1]. However, high-resolution LCDs result in
serious loss of the transmittance because the num-
ber of scanning gate and signal lines are increasing
with increasing resolution. The sacrifice of transmit-
tance of the display is never favourable, especially in
portable displays because it causes increase in power
consumption.

In LCDs, mainly liquid crystal (LC) modes deter-
mine the performance and cost of the products [2].
At present, LCDs for mobile phones utilise several
LC modes such as twisted nematic (TN) [3], polymer-
stabilised vertical alignment (PS-VA) [4-6] mode, in-
plane switching (IPS) [7-9] mode, and FFS mode
[10-13]. However, the FFS mode has become the main
mode of use for high performance and high resolu-
tion LCDs [1]. Many electro-optic studies on the FFS
mode using a LC with positive dielectric anisotropy
(+LC) have been reported [14-23]. According to previ-
ous studies [19, 24], the transmittance in the FFS mode
is dependent on cell gap and it decreases with decreas-
ing cell gap (d). In general, LCDs show relatively
slower response time of ~ms than that of the emissive
displays. Since the decaying response time is propor-
tional to d?, lowering d is prerequisite to achieve a fast

response time. However, such an approach decreases
transmittance further and this technological barrier
needs to be overcome. Although all present commer-
cialised FFS-LCDs uses a +LC because of low oper-
ating voltage, and fast response time, the transmittance
still needs to be improved further. Interestingly, the
first commercialised FFS mode used a LC with neg-
ative dielectric anisotropy (-LC) [10]. The FFS mode
with —LC shows much higher transmittance than that
with +LC but it shows intrinsically higher operating
voltage due to low magnitude of dielectric anisotropy
and slower response time due to larger rotational vis-
cosity than that with +LC. This paper works on how
to improve transmittance as well as response time in
the FFS mode with -LC.

2. Switching principle of the FFS mode and
simulation conditions

In the FFS mode, regardless of whether a +LC or
—-LC is used, the plane shape of the common (pixel)
electrode lies above the substrate and the passivation
layer exists above the common electrode. The pixel
(common) electrode exists in a slit form above the pas-
sivation layer with the pixel electrode width (w) and
distance (/) between them, as shown in Figure 1.

Both electrodes are made of transparent materi-
als, in order to obtain a high transmittance. In the
device, the LCs are homogeneously aligned in the
initial state and the optic axis of the LC is coincident
with one of the axes of the crossed polariser. As a
result, the device appears to be dark in the off state.
When an electric field is generated between the pixel
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Figure 1. Schematic cell structure with molecular orientation in the FFS mode with —-LC (a) off state and (b) on state.

and common electrodes, fringe-electric fields having
horizontal (E,) and vertical (£.) field components
are generated and this field rotates the LC directors
and then the transmittance is generated, as shown in
Figure 1. In the device, E, is not constant along the
y direction, due to the cell structure [18], that is, it
oscillates periodically and thus the transmittance also
oscillates along the electrodes, because the dielectric
torque required to rotate the LCs varies along the
y direction. Another interesting point regarding the
FFS mode is that two torques, the dielectric torque
between the LC director and E, at first and then the
elastic torque between the neighbouring LC molecules
rotates the LC. In this way, the LC molecules rotate
above whole electrode surface but the rotating degree
is not constant along the y direction, instead it changes
periodically. The difference in the rotating angle ¥
causes the transmittance difference because the trans-
mittance is proportional to sin>(2¥). The reduction of
the thickness of the cell gap makes the difference in
transmittance along the y direction larger, reducing the
overall transmittance.

In order to analyse the electro-optic characteristics
of a FFS mode using a -LC, we performed a simula-
tion using “LCD master” (Shintech, Japan), where the
motion of the LC directors are based on the Eriksen-
Leslie theory and the optical transmittance is calcu-
lated using a 2 x 2 extended Jones Matrix [25, 26]. In
the calculations, the thickness of the passivation layer
between the electrodes is 2900 A. The physical prop-
erties of the -LC (Ae = 4.0, K; = 13.5 pN, K, =
6.5 pN, K3 = 15.1 pN, rotational viscosity (y) was
104 mPa s) are used and the strong anchoring of the
LC to the surface was assumed. The surface pre-tilt
angle for both substrates is 2° and the initial alignment
of the LC is 10° for the —-LC with respect to the E,
of the fringe electric field. The transmittances of the

single and parallel polarisers are assumed to be 45%
and 35%, respectively.

3. Results and discussion

In order to investigate voltage-dependent transmit-
tance (V-T) curves according to cell gaps, standard
electrode structures with w = 3 wm and / = 4.5 pm
were chosen. The cell thickness (d) was varied from
4 yum to 2 wm and the birefringence of the LC was
tuned to yield a cell retardation value of 0.36 pm at
550 nm. As shown in the V-T curves of Figure 2, the
operating voltages increase from 4.6 V to 4.8 V and
5.6 V and the normalised transmittance (or light effi-
ciency) decreases from 0.87 to 0.84 and 0.73 as the cell
thickness decreases from 4.0 pm to 3.0 pm and 2.0
pm, respectively.

In other words, the transmittance-dropping ratio
is about 4.0% and 16.0% when d is reduced from
4.0 pm to 3.0 pm and 2 wm, respectively. To under-
stand this in detail, the LC orientation in a white state
is calculated at four different electrode positions A,
B, C, D (see Figure 1) in which A and D indicate a
centre of patterned electrode and a centre between pat-
terned electrodes, B indicates a position between the
edge and the centre of the electrodes, and C indicates
the position for the edge of electrodes as shown in
Figure 3.

Understanding field-respondent LC orientation at
these electrode positions gives enough information
how the transmittance generated is associated with LC
deformation on the device since the distance from A
to D is a repeatable unit along the y direction. When
d is 4.0 pm, the maximal twisted angle from the initial
position is strongly dependent on the electrode posi-
tion such that it is about 65° at z/d = 0.2 for position
C and 48° at z/d = 0.38, 52° at z/d = 0.35, and 44°
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Figure 2. (a) V-T curves and (b) maximum transmittance
and operating voltage as a function of cell thickness at w =
3.0 pumand /=4.5 um.

at z/d = 0.40 for position A, B, and D, respectively
(see Figure 3 (a)). It is known that the light mod-
ulation follows polarisation rotation at C and phase
retardation at A, B and D in the FFS mode [18].
For the phase retardation method, the transmittance
becomes maximal when the effective rotation angle of
LC director is 45°. When d = 4.0 pm, electrode posi-
tions A, B, and D show excellent transmittance given
with optimised retardation of the LC layer. When d is
smaller than 4.0 wm, the twist angles at electrode posi-
tions A, B, and D decreases significantly. For example,
when d = 2.0 wm, the maximal twisted angle moves
from near bottom substrate to middle of cell thick-
ness and it is about 68° at z/d = 0.3 for position
C. This indicates that the light modulation might be
changed from the polarisation rotation effect to the
phase retardation effect at position C and the LC
director is twisted over maximal twist angle for high-
est transmittance, giving rise to transmittance less than
maximum. In addition, the maximal twisted angles are
36°,45°, and 30° at z/d = 0.5 for position A, B, and D,
respectively (see Figure 3 (c)), indicating that the trans-
mittance at positions A and D does not reach maximal
transmittance.

Liquid Crystals 1143

When the cell gap is 3um, the degree of trans-
mittance is strongly dependent on electrode positions
so that the average transmittance is much less than
0.8, which is not desirable for low power consump-
tion LCDs. In order to minimise the transmittance
dependence on electrode positions, various electrode
structures are evaluated with varying w from 1 pm to 4
pwm while keeping the //w ratio at 1.5. According to the
calculated V-T curves, the operating voltage increases
rapidly when w is smaller than 2 ym and the transmit-
tance increases with finer electrode pattern but it shows
maximum at w = 2 wm and further finer pattern of w =
1 wm, does not show further improvement, as shown
in Figure 4(a).

In order to check why the device with w = 2 pm
shows slightly better transmittance than that with
w = 3 pm, the transmittance has been calculated
along the y direction, as shown in Figure 4(b). As
clearly indicated, the transmittance is oscillated
according to electrode position but finer electrode
pattern reduces the transmittance difference between
electrode positions. Overall, the cell with fine electrode
structure with w = 2 pm shows a slightly increased
operating voltage of 4.9 V compared with 4.6 V in the
cell with w = 3 wm but the transmittance increases
from 0.87 to 0.89.

To confirm the difference in transmittance accord-
ing to electrode structure, the transmittance at 550
nm is calculated by rotating the LC cell in the white
state counter-clockwise under the crossed polariser, as
shown in Figure 5.

When w = 3.0 wm, the transmittance at position
A shows a repeating pattern of maximal and minimal
transmittance every 45° though the minimal trans-
mittance does not show clear extinction of the light.
This indicates the optic axis of LC director at A exists
whereas it does not at C. From this behaviour, we
conclude that the light modulation of electrode posi-
tion A is close to phase retardation whereas it is close
to polarisation rotation at position C. With a finer
electrode pattern of w = 2.0 pm, the transmittance
change is similar to the previous case but the trans-
mittance difference between minimum and maximum
is reduced. This indicates that the light modulation
at position A does not occur by phase retardation
effect purely, instead, it becomes mixed concept of
both methods in fine patterned electrode structure.

Next, how fine patterned electrode structure (w =
2.0 pm and / = 3.0 wm) affects the V-T curves when
the cell gap becomes less than 4 wm, as shown in
Figure 6.

As indicated, the operating voltage is almost kept
constant when the cell gap decreases from 4.0 pm
to 3.0 wm, and it increases from 4.9 V to 5.1 V
with further decreases to 2.0 pwm. Surprisingly, the
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Figure 3. Director profile of twist and tilt angle at four different electrode positions; (a, d) d = 4.0 wm, (b, ¢) d = 3.0 pum and

(c,)d=2.0pmatw=3.0 umand /=4.5pm.

transmittance drops only about 1.2% and 6.2% though
the cell gap decreases from 4.0 pm to 3.0 wm and 2.0
pwm, respectively, while in the conditions of w = 3.0 pum
and / = 4.5 pm, the transmittance drops about 4.2%
and 16.3% as the cell gap decreases from 4.0 pm to 3.0
pm and 2.0 wm, respectively. The results clearly imply
that the fine patterned electrode structure can exhibit
high transmittance, and proper operating voltage and
even fast response time because cell thickness can be
thinned like 3 pwm or less up to 2.0 pum.

Figure 7 shows how the transmittance changes
with decreasing cell gap according to the electrode
position for two representative electrode structures.

In the electrode structure w = 3.0 wm and / =
4.5 pm, the transmittance decreases in all areas with

decreasing the cell gap and especially, it drops rapidly
at electrode positions A, C, and D. On the other hand,
the transmittance decreasing rate with decreasing the
cell gap at the same electrode positions is reduced
greatly in the electrode structure w = 2.0 pm and / =
3.0 wm, while still keeping a high transmittance over
0.84 even at low cell gap of 2.0 pm.

In order to understand the excellent electro-optic
characteristics in the cell with a fine patterned elec-
trode structure, the LC orientation in a white state was
calculated at four different electrode positions when
the d is 4.0 pm, 3.0 pm and 2.0 wm as shown in
Figure 8.

When d is 4.0 pm, the maximal twisted angle from
the initial position occurs about 65° at z/d = 0.15
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for position C and 53°, 56°, and 51° at z/d = 0.3
for electrode positions A, B and D, respectively, with
low tilt angles in an average of less than 1.7° (see
Figure 8 (a) and 8 (d)). The LC profile indicates that
the light modulation in all area is associated with the
polarisation rotation effect, that is, the fine patterned
electrode structure is changing the light modulation
from a mixed concept of polarisation rotation and
phase rotation effects to a polarisation rotation effect
in most areas (see Figure 3). When d is 3.0 pm, the
maximal twisted angle is strongly dependent on the
electrode position such that it is about 64° at z/d =
0.2 for position C and 49°, 53°, and 47° at z/d = 0.33
for position A, B, and D, respectively (see Figure 8
(b)). Since for the cell (w = 3.0 pum and / = 4.5 pm)
at the same cell thickness the maximal twisted angle
from the initial position is about 66° at z/d = 0.23 for
position C and 44° at z/d = 0.43, 50° at z/d = 0.4,
and 39° at z/d = 0.46 for position A, B, and D, respec-
tively (see Figure 3 (b)), the twisted angles at positions
A and D does not reach the effective rotating angle
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45°, resulting in a much lower transmittance than that
with a fine patterned cell. When d becomes very thin
(2.0 pm), the effects of the fine patterned electrode are
more pronounced. While the maximal twisted angles
at positions A and D are 36°, and 30° at z/d = 0.5 for
the cell (w = 3.0 pm and / = 4.5 pum), they are 42°, and
40° at z/d = 0.4 in the fine patterned cell, indicating
that fine patterned cell shows much higher transmit-
tance at positions A and D where the LC director is
twisted by mainly elastic torque between neighbouring
molecules.

Finally, the response time characteristics have been
compared between two representative electrode struc-
tures (w = 2.0 um and w = 3.0 pm) as shown in
Table 1. In the FFS mode, the field induces mainly
twist deformation so that the field-response behaviour
of the LC director is similar to that of the IPS mode
[7, 27] and the rising (t,,) and decaying time (7o) is
given as follows in Equations (1) and (2):
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Since we have kept all the physical properties of the
LCs the same for the two electrode structures, the
difference in the response time comes purely from elec-
trode structure effects. As indicated, both 7., and 7.
become much faster to less than 10 ms in both elec-
trode structures. Especially in the fine patterned cell
with w = 2.0 wm, the cell gap effects on reduction of
response time is much clear because the electric field
is relatively more localised near the electrode surface
than that with w = 3.0 pm.

4. Summary

In order to achieve very high transmittance in the
FFS mode for super high-resolution displays, a LC
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Figure 7. Electrode-position-dependent transmittance as
function of cell gap (a) w = 3.0 pm and / = 4.5 um, (b)
w=2.0pumand/=3.0 um.

with negative dielectric anisotropy was investigated.
In general, the LC with negative dielectric anisotropy
has a higher rotational viscosity than that of a LC
with positive dielectric anisotropy, resulting in a slow
response time. Our studies show that the FFS cell
with a fine patterned electrode structure and elec-
trode width of 2.0 pm and thin cell gaps of less than
3.0 wm can show high light efficiency over 0.8 as well
as fast response times while keeping a proper oper-
ating voltage. We believe that the FFS mode using
a LC with negative dielectric anisotropy is highly
suitable for high performance and high-resolution
FFS-LCD:s.
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Table 1. Response time characteristics of the FFS mode
with —LC as a function of cell gaps at two different electrode
structures.

w=3.0 pm and w=2.0 pm and

[=4.5um [=3.0 um
Cell gap (pm) Ton (mS) Tofr (M) Ton (MS) Tofr (ms)
4 19 34 20 35
3 12 20 11 19
2 8 9 6 8
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