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We have designed a single gap transflective liquid crystal display (LCD) using an
in-plane switching mode, where the rotating angle of the LC director between elec-
trodes, and above electrodes, is 45� and 22.5� in average, respectively. Optimization
of the cell structures such as electrode structure, cell structure, physical properties
of the LC and the LC cell retardation value have been perform to obtain a low-
power transflective LCD with a single gap structure and a single driving circuit.

Keywords: in-plane switching; single driving circuit; single gap transflective LCD

INTRODUCTION

Recently, reflective LCDs are used for many mobile applications, since
reflective LCDs have many advantages, such as low power consump-
tion, lightweight, and good reliability for outdoor use. However, reflec-
tive LCDs are not always convenient when they are used indoors. In
order to improve the legibility, not only outdoors, but also indoors,
transflective LCDs have recently been developed [1].
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In general, the design of the transflective LCD is classified into two
cases. One is the dual cell gap structure [2–4] and the other is a singe
gap transflective display using a multi-driving circuit [5]. In the dual
gap structure, a cell gap in the transmissive part is twice that of a
reflective part, and thus in comparison to the reflective LCD, the fab-
rication process is relatively complex. For a transflective display using
multi-driving circuit, a single cell gap is used, however, the cost of
circuit parts increases.

Various LC cell designs, such as in-plane switching (IPS) [6], multi-
domain-vertical-alignment (MVA) [7], optically compensated bend
(OCB) [8], and fringe-field switching (FFS) [9] modes with a wide view-
ing angle, have been commercialized for relatively large size transmis-
sive displays, however, nowadays they are even being applied to small
size transmissive displays, although the devices are not effective in
power consumption.

Among them, the IPS mode in which the LC director rotates in
plane, was applied to a single gap transflective display [10]. In the
device, the electrode width (w) and the distance between the electrodes
(l) strongly affected the electro-optic characteristics of the cells, such
as reflectance (R), transmittance (T), operating voltage (Vop) and
response time. Furthermore, the device requires a high operating volt-
age, which is not effective for mobile display uses. Therefore, we inves-
tigated a low driving single-gap transflective display by optimizing
electrode structure, cell structure and LC physical properties.

CELL STRUCTURE AND SWITCHING PRINCIPLE

The cell structure of the proposed single gap transflective LCD is
shown in Figure 1. In the device, the pixel and counter electrodes,
which are opaque metals that play the role of a reflector, exist only
on the bottom substrate. The in-cell retarder with a quarter-wave
plate (k=4) exists above the electrodes. A compensation film of k=4
exists below the substrate. Two polarizers are crossed to each other,
and an optic axis of the LC coincides with one of the polarizer axes.
As indicated in Figure 1, with applied voltage, a horizontal field is gen-
erated and thus, the LC rotates in plane. However, the twist angle of
the LC director between and above electrodes differ from each other
due to different dielectric torques in different positions, such that
the twist angle of the LC director above electrode is lower than that
between electrodes. Utilizing this concept, it is possible to design the
transflective LCD with a single cell gap and single driving circuit [10].

Figure 2 reveals an optical cell configuration for both the reflective
and transmissive areas in the proposed transflective IPS cell. Here,
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the area above the electrodes is used as the reflective area, whereas
the area between the electrodes is used as the transmissive area.
In the reflective area, the polarizer axis and the LC axis coincide with
one another, and below the LC layer, the k=4 in-cell retarder with slow
axis making 45� with the LC optic axis is used. The electrode plays the
role of a reflector. In the off state, the linearly polarized light simply
passes through the LC layer, without a change in polarization, and
becomes circularly polarized after the retarder of k=4. After reflection,
it propagates along the retarder and the LC layer again, and becomes
linearly polarized and rotated by 90�. After this, the cell appears to be
black. In the on state, the LC directors are rotated about 22.5� by the
in-plane field. Then, the linearly polarized light changes to a 45� direc-
tion, since the effective cell retardation value (dDn) is assumed to be
k=2, and it propagates along a slow axis of the retarder, without
changing its polarization state. This light passes the LC cell again
and afterwards the vibration direction equal to the polarizer axis
direction, which results in a bright state. In the transmissive area,
with use of a non-patterned retarder under crossed polarizers, a com-
pensation film of k=4 with an optic axis of 90� with the slow axis of the
in-cell retarder, is used below the substrate to cancel the phase gener-
ated by the retarder. In the off state, the linearly polarized light passes
through the film so that it becomes circularly polarized. Next, this
circularly polarized light passes through the in-cell retarder, and it
becomes a linearly polarized light, after returning to its original polar-
ization state. Finally, this light propagates along the LC layer without
changing in its polarization state. Thus it is blocked by analyzer,
which results in a dark state. With a bias voltage, the LC directors
rotate by 45� so that the input light is rotated 90�, which results in a
bright state.

RESULTS AND DISCUSSION

In the IPS cell, the electro-optic characteristics, in particular the R, T
and Vop, depend on the ratio l and w since a change in the area ratio
between transmissive and reflective areas causes different twist
angles in reflective and transmissive areas. The Vop of the IPS cell is
governed by pl=d ðk2=DeÞ1=2, where d is a cell gap and De is dielectric
anisotropy. Therefore, to control the Vop, the optimization of l, d,
and De should be performed. Furthermore, in the IPS mode, the rub-
bing angle also affects the Vop so that it is also studied [11]. For reflec-
tance and transmittance, the light intensity can be described as

R ¼ gwðwÞ �w; T ¼ glðlÞ � l ð1Þ

Electro-Optic Characteristics of LCD 109
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where gw is electrode position dependent-light efficiency above elec-
trode and gl is electrode position dependent-light efficiency between
electrodes. Hereafter, the R and the T value indicate the average value
in the reflective and transmissive areas. Therefore, in order to achieve
in-plan field driven single gap transflective display with high light
efficiency, low driving voltage, and the same Vop in the reflective
and transmissive areas, we investigated the R, the T and the Vop as
a function of w and l through simulation.

To optimize electro-optic characteristics of the proposed transflec-
tive LCD, a simulation was performed by LCD master (Shintech,
Japan) and an optical calculation was based on the 2� 2 extended
Jones matrix methods [12]. For the simulation, the thickness of in-cell
retarder is 1.8 mm and the thickness of the LC layer (d) is 4 mm. Here,
the elastic constant of the LC, K1 (splay), K2 (twist) and K3 (bend) are
11.7 pN, 5.1 pN and 16.1 pN, respectively. The dielectric anisotropy
(De) of the LC is 7.4. The surface tilt angle of the LC is 2�with an initial
rubbing direction of 78� with respect to its horizontal field. The cell
retardation value (dDn) was varied to determine an optimal value by
changing birefringence (Dn) of the LC. For calculations, the transmit-
tances for the single and parallel polarizers were assumed to be 41%
and 35%, respectively.

Table 1 indicates calculated results for maximal R and T, and Vop

for each condition in the single gap transflective IPS cell. Here, the
dDn values are ones when the Vops are the same each other in reflec-
tive and transmissive areas. As indicated, when the areas of w and l
change, the R, T, Vop and optimal dDn value for maximal light
efficiency change. The results indicate that the dDn value showing
the same Vops in the reflective and transmissive areas for a single
driving circuit slightly increases as l for given w. For example, when

TABLE 1 The Optimal dDn, Rmax, Tmax and Vop as a Function of the w and l

w:l (mm) dDn (mm) Rmax (%) Tmax (%) Vop (V)

4:7 0.28 32.94 30.38 6.5
4:8 0.30 32.76 31.84 6.6
5:7 0.28 31.68 30.92 6.1
5:8 0.30 31.37 32.34 6.3
5:9 0.32 31.10 33.26 6.4
5:10 0.32 30.86 33.75 6.7
6:7 0.30 29.85 32.78 5.7
6:8 0.30 29.79 32.67 6.0
6:9 0.32 29.41 33.55 6.2
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the w and l is 5mm and 10 mm it is 0.32 mm, compared to the 0.28 mm
when w and l is 5 mm and 7 mm. However, the R decreases with increas-
ing l and w. For the Vop, it increases with increasing l but decreases
with increasing w. For mobile displays, a low Vop is highly important
for low power consumption. Thus, from the viewpoint of Vop, it shows
the lowest value of 5.7V when the w and l is 6 mm and 7 mm, respect-
ively. In addition to this, we found that if the w is larger or equal to
the l, the dDn value showing the same Vop in the reflective and trans-
missive areas does not exist. Also, if the ratio l to w is larger than 2,
the same Vops for the reflective and transmissive areas occur at a very
high voltage, which is not favorable for mobile transflective displays.
To lower the Vop of the single gap in-plane field driven transflective
display below 5V, when the w and l is 6 mm and 7mm, we calculated
the Vop as a function of De, as shown in Figure 3. The result demon-
strates that low-power transflective LCD like 5V can be obtained if
a LC material with De value is more than 11. Since the Vop is also
dependent on the rubbing angle, the maximal R and T, and Vop as a
function of rubbing angles when De value of the LC is 11 is calculated,
as shown in Table 2. As indicated, as the rubbing angle increases from

FIGURE 3 Operation voltage dependent on the dielectric anisotropy of the
LC when w and l are 6 mm and 7mm, respectively.
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78� to 83�, the Vop decreases by 0.2V, and the transmittance and
reflectance slightly changes such that the reflectance increases
slightly due to increased twist angle above electrodes, however, the
difference is minimal [13]. This implies that for the mobile display
with low driving voltage and high light efficiency, a large rubbing
angle is more favorable. Next, the Vop is calculated as a function of
the thickness of the in-cell retarder. In general, the thickness of the
film to have a quarter-wave plate can be varied depending on process
condition [14]. When it decreases from 1.8 mm to 0.9 mm, the Vop drops
to 4.4V from 4.8V, as shown in Figure 4. Therefore, reducing
the thickness of the in-cell retarder is a key factor to reduce the Vop.
Figure 5 shows the voltage-dependent reflectance and transmittance

TABLE 2 The Rmax, Tmax and Vop as a Function of the Rubbing Angles

Rubbing angles (deg.) Rmax (%) Tmax (%) Vop (V)

78 29.50 32.71 5.0
83 29.66 32.66 4.8

FIGURE 4 Calculated Vop as a function of the thickness of the in-cell retarder.
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FIGURE 5 Calculated voltage-dependent reflectance and transmittance
curves.

FIGURE 6 Calculated iso-contrast curves at a wavelength of 550nm for the
(a) reflective and (b) transmissive areas.
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curves in this cell condition. The result shows that the threshold and
driving voltages of both the reflective and transmissive area are about
the same and thus this display can be displayed with a single driving
circuit.

Figure 6 shows the viewing angle characteristics of the proposed
cell at 550nm. In the reflective area, the region in which the contrast
ratio (CR) is larger than 5 exists at about 50� of the polar angle in all
directions and in the transmissive area, the region in which the CR is
large than 10, exists over 50� of the polar angle in all directions. We
have also calculated a grey scale inversion for 6 grey levels, which
were obtained by dividing the voltage-dependent R and T curves
equally in a normal direction. Only data in two directions are shown
in Figure 7. In a direction parallel to rubbing direction, both the reflec-
tive and transmissive areas do not show grey scale inversion at low
gray but appears at a white state {see Figs. 7(a) and 7(c)}. In general,

FIGURE 7 Viewing angle dependence of the 6 grey levels for transflective
IPS cell in directions: (a) parallel to the rubbing direction and (b) perpendicu-
lar to the rubbing direction in the reflective area, (c) parallel to the rubbing
direction and (d) perpendicular to the rubbing direction, perpendicular to
the rubbing direction in the transmissive area.
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the existence of grey scale inversion at a white state does not deterio-
rate image quality to an extensive degree. In a direction perpendicular
to the rubbing direction, both the transmissive and reflective areas do
not show the grey scale inversion up to 45� of the polar angle due to an
increase in light leakage of a dark state {see Figs. 7(b) and 7(d)}.

SUMMARY

We have studied electrode structure, cell structure and LC physical
properties that affect the electro-optic characteristics of the single
gap transflective IPS cell. The device utilizes the electrode surface
as a reflective area, and the distance between electrodes as a transmis-
sive area. The results indicate that an optimization of w and l, rubbing
angle, thickness of the in-cell retarder and cell retardation value is
critical to achieve a cell with high light efficiency, low driving voltage
and a single driving circuit. In addition, its electro-optic characteris-
tics depend strongly on the ratio of electrode width to the distance
between electrodes. Further, owing to the in-plane orientation of the
LC director, the device exhibits a wide viewing angle without the
occurrence of a grey scale inversion over a wide range of viewing
angles, in both the reflective and transmissive areas, and can be
generated with a single driving circuit since the threshold and driving
voltages are equal for an optimized cell structure.
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