JOURNAL OF DISPLAY TECHNOLOGY, VOL. 3, NO. 1, MARCH 2007

15

Transflective In-Plane Switching
Liquid Crystal Display

Ruibo Lu, Zhibing Ge, Qi Hong, and Shin-Tson Wu, Fellow, IEEE

Abstract—A single cell gap, single gamma curve, and low oper-
ating voltage transflective liquid crystal display (LCD) using an
in-plane switching (IPS) cell is proposed. In the IPS cell, the pixi-
lated transparent indium tin oxide electrodes are on the top sub-
strate and the reflectors are on the bottom substrate. The electro-
optic properties of the transflective IPS LCD are calculated using
three-dimensional simulation software. By optimizing the reflector
width, the voltage-dependent transmittance and reflectance curves
can be matched.

Index Terms—Color, in-plane switching, response time, trans-
flective liquid crystal display.

I. INTRODUCTION

RANSFLECTIVE liquid crystal displays (LCDs) have

been widely used in portable displays such as cell phones,
electronic books, and personal computers because its readability
is not limited by the ambient lighting conditions. Quite a few
liquid crystal (LC) modes have been proposed for transflective
LCDs, e.g., the mixed-mode twisted nematic (MTN) mode [1],
homogeneous mode [2], optically compensated bend (OCB)
mode [3], vertical aligned (VA) mode [4], [5], hybrid-aligned
nematic (HAN) mode [6], in-plane switching (IPS) mode
[7]-[9] and fringe-field switching (FFS) mode [10], [11]. The
cell configurations can be divided into double cell gap or single
cell gap, and single thin-film transistor (TFT) or double TFT
driving circuits. A detailed review can be found in [12]. At
present, the mainstream transflective LCDs uses the double
cell gap approach for two reasons: 1) both transmissive (T)
and reflective (R) modes can achieve maximum light efficiency
and 2) the gamma curves between the T- and R-modes match
almost perfectly. However, two shortcomings are inherent:
1) the T-mode has a slower response time than the R-mode
because its cell gap is ~ 2x thicker than that of the R-mode
and 2) the viewing angle is relatively narrow, especially when
the homogeneous cells are employed.

For practical applications, a single cell gap, single gamma
curve, single TFT per pixel, and wide view transflective LCD is
desired. IPS mode is known to exhibits wide viewing angle be-
cause of its in-plane switching mechanism. Several approaches
using IPS mode for transflective LCDs have been explored. For
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instance, Song et al. [7] proposed a single cell gap and single
TFT transflective IPS-LCD using the interdigitated reflective
electrodes on the bottom substrate. The major advantage of this
approach is simple fabrication process. However, two trade-
offs are found: a relatively high operating voltage (~ 7Vims)
and mismatched voltage dependent transmittance (VT) and re-
flectance (VR) curves [also called gamma curves]. In [7], the
in-cell phase retarder is laid on top of the reflective electrodes.
This in-cell polymeric film shields some of the electric field
strength and results in an increased operating voltage. Another
transflective IPS-LCD using zigzag electrodes was proposed by
Park et al. [8], where the electrodes are divided into two dif-
ferent transmissive and reflective regions. To realize a single cell
gap and single gamma curve, the electrode gap and the angle
between LC directors and the electrodes at the different parts
need to be optimized [9]. In addition to the complicated elec-
trode structure, the required operating voltage is still relatively
high (~ 7Vius)-

To overcome the abovementioned problemes, in this paper we
present a transflective IPS LCD with separated electrodes and
reflectors, where the pixilated transparent indium-tin—oxide
(ITO) electrodes are on the top substrate and the bumpy reflec-
tors on the bottom substrate. The fringing electric field near
the top substrate is not affected by the bottom in-cell phase
retarder. Thus, a low operating voltage is obtained. Moreover,
by optimizing the reflector width, a matched gamma curve
between VT and VR is achieved. Therefore, a single cell gap,
single TFT, and single gamma curve transflective IPS LCD can
be realized.

II. DEVICE STRUCTURE AND WORKING PRINCIPLE

Fig. 1 shows the device structure of the transflective IPS LCD.
The interdigitated pixel and common electrodes are on the inner
side of the top substrate, and the pixilated bumpy reflectors
which align with the top electrodes are on the inner side of
the bottom substrate. Since the top ITO electrodes are trans-
parent, the regions between the neighboring reflectors are used
as T-mode while the regions above the reflectors are used as
R-mode. For simulations, we chose the electrode width to be
~ 7 pm, electrode gap ~ 10 pm, the width of the bumpy alu-
minum reflector ~ 7 pm, cell gap ~ 4 pm, and a Merck positive
dielectric anisotropy (Ae) LC mixture MLC-6692.

Fig. 1 shows the working principles in the (a) voltage-off and
(b) voltage-on states. At V' = 0, the LC directors are homoge-
nously aligned in the LC cell with a pretilt angle § ~ 2°, and the
rubbing angle with respect to the stripe electrodes is ¢ = 10°.
The LC rubbing direction is arranged to be along the transmis-
sion axis of the linear polarizer LP1. Two broadband A/4 films
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Fig. 1. The device structure of the transflective IPS LCD and its working prin-

ciples in the (a) voltage-off state and (b) voltage-on state.

consisting of a half-wave film and a quarter-wave film are used.
As shown in Fig. 1, film 1 is imbedded between the LC layer and
the reflectors as the in-cell phase retarder, and film 2 is laminated
to the inner side of the bottom polarizer (LP2) whose transmit-
tance axis is orthogonal to that of LP1. Although the fabrication
of in-cell phase retarder is challenging, several groups [13], [14]
have demonstrated its feasibility.

In the reflective mode, the incident linearly polarized ambient
light from LP1 passes through the LC layer without changing its
polarization, but becomes circularly polarized after propagating
through the broadband A/4 film-1. Upon reflection, the light en-
ters the broadband A/4 film-1 and the LC layer again and be-
comes a linearly polarized light with its polarization axis rotated
by 90°. Therefore, it is absorbed by LP1 and the cell appears
dark. In the T-mode, the incident light from the backlight unit
passes through the linear polarizer LP2, broadband \/4 film-2,
broadband A /4 film-1 (whose optic axis is orthogonal to that of
the broadband \/4 film-2), and the LC layer, and is blocked by
the second linear polarizer LP1. Both R- and T-modes are nor-
mally black.

When the applied voltage exceeds the Freederisckz transition
threshold [Fig. 1(b)], the LC directors are twisted by the fringing
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electric field. Therefore, the light transmits through the trans-
flective IPS device, and a bright state is obtained in both T- and
R-modes. To achieve maximum transmittance and reflectance
simultaneously, the effective LC cell retardation value (d - An)
should be equal to A/2 for both T-mode and R-mode.

III. SIMULATION APPROACHES AND OPTICAL CALCULATIONS

To simulate the device performance, we first calculate the dy-
namic 3-D LC director distributions and then obtain the detailed
electro-optical properties. We have developed a 3-D simulator
for calculating the LC director distributions. Our 3-D simulator
combines the finite element method and finite difference method
in order to improve the calculation speed [15]. Once the LC di-
rector distribution profiles are obtained, we then calculate the
electro-optical properties of the LCD at normal incidence using
the extended Jones matrix method [16]. The LC layer is modeled
as a stack of uniaxial homogeneous layers. Here, we assume
the reflections between the interfaces are negligible. Therefore,
the transmitted tangential electric fields [EEXIt Eeit | are cor-

x,air’ ~y,air

related to the incident tangential ones [Fi2¢; E;“;lr] by

x,air?
exit inc inc
Ew air =] Ew air =J. . I~J U O O | Ex,air
E'emt Emc extJ NI N—-1 2J1Jent inc.
y,air

y,air y,air

where Jez and Jepy are the correction matrices considering the
transmission losses in the air-LCD interface, which are given by

2 cos b, 0
_ cos 0,+n, cos by
Jent - ? OP ¥ 2 cos 0}, (23)
cos 0, +mn,, cos 0,
2n, cos 6y, 0
_ cos B,4+n, cos by,
JOXt - [ ? Op 2n, cos 6, ] (Zb)
cos 0 +mn,, cos 0,
where 6, is given by
0, = sin™" (sin(fx) /Re(n,)) - 3)

In (2) and (3), n,, is the average refractive index of the polarizer
(np = (2nep+10p)/3), nep = 1.500+7 x 3.251 x 1073 and
No,p = 1.500+1 X 2.86 X 107°, Re(n,,) stands for the real part
of n,,, and §j, is the azimuthal angle of the incident wavevector
k.

To characterize the R-mode, we apply the mirror-image
method [17] and the extended Jones matrix method to correlate
the exit and incident electric fields [18]. As a result, the output
transmittance or reflectance can be written as

|Eemt / cos 0k|2 |Eex1t

T(R): x,air > yalr2' (4)
‘E;nglr/ CcoSs Hk’ + E;Jn;:lr

Considering a randomly polarized light with equal perpen-
dicular and parallel components, we can assume

Eln(‘ 6
| =[] ®
Ey air e’
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Fig. 2. Simulated (a) side view of LC director profiles of the IPS cell, and (b) azimuthal and (c) tilt angle at different positions along the x-direction at V' =

4.75Vims.

where ¢ denotes the phase difference between the perpendic-
ular and parallel components. From the extended Jones matrix
correlating the exit and incident tangential fields, the exit com-
ponents can be expressed as

ESm = Jiy cos by, + Jipel? (6)
E;}zalltr = Jy1 cos O + Jggej“’. 7

Therefore, by substituting (6) and (7) into (4), we derive the
averaged transmittance or reflectance as follows:

T(R)
B |J11)? cos? Ok + | J12|* +cos? Ok (|t]21|2 cos? 9k+|J22|2)
o 2 cos? 0y,

®)

IV. SIMULATION RESULTS AND DISCUSSIONS

A. LC Director Distribution

Fig. 2 plots the side view of the LC director distribution of
the TIPS LCD, and the corresponding azimuthal and tilt angle
variations at different positions along the x-direction at V' =
4.75V,ms. At the central position of the T region, A, the tilt
angle remains almost unchanged while the azimuthal angle ®
is twisted 45° on average from the initial state. However, at the
electrode edge point, B, in the R-region, the azimuthal angle is
on the average of 32° while the tilt angle reaches as high as 29°
near the electrode. It means the LC directors are not only twisted
but also splayed. Similar situation is observed at point C, where
the azimuthal angle is averagely twisted at 10° even though the
maximum tilt angle is decreased by 15°. It can be concluded
that the transverse electric fields between the neighboring elec-
trodes twist the LC directors in the x-y plane resulting in more
phase retardation in the T-mode. Meanwhile, the R-part is only
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Fig. 3. (a) VT and (b) VR curves under different cell gaps at A = 550 nm.

partially switched which contributes less to the phase retarda-
tion [19]. This difference helps to balance the phase retardation
for the T- and R-modes because the light traverses the LC layer
twice in the R-mode, but only once in the T-mode.

B. VT and VR Curves at Different Cell Gaps

Fig. 3 shows the voltage-dependent transmittance (VT) and
reflectance (VR) curves at A = 550 nm under different cell
gaps. In our simulations, the maximum transmittance under a
pair of polarizers is 37%. In the T-mode, the peak transmittance
increases as the cell gap increases from d = 3 pm and reaches
a maximum (~33%) at d = 4 pm and ~ 4.75V, 5. Keep on in-
creasing the cell gap leads to a decreased peak transmittance, but
its corresponding driving voltage at the maximum transmittance
is reduced from 5 Vs ford = 3 um to 4.5 Vs ford = 5 pm.
The peak transmittance variation shown in Fig. 3(a) originates
from the nonuniform LC directors distribution induced by the
nonuniform fringing fields.

In the R-mode, the VR curve reaches its first maximum at
~ 4.3V.ms and then oscillates slightly depending on the cell
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Fig. 4. (a) VT and (b) VR curves under different rubbing angles at d = 4 ym

and A = 550 nm.

gap. This abnormal behavior results from two opposite domains
induced by the fringing fields which not only tilt but also twist
the LC directors. A similar phenomenon is reported in [9]. Dif-
ferent from T-mode, the reflectance of the R-mode decreases
with the increasing cell gap, while the corresponding driving
voltage at the first peak in the curves is lowered from above 8
Vims atd = 3 pmto 4.5 Vs at d = 5 pm.

C. VT and VR Curves at Different Rubbing Angles

Fig. 4 shows the rubbing angle effect on the VT and VR
curves for the 4-pm IPS cell at A\ = 550 nm. For the T-mode, the
threshold voltage decreases but the on-state voltage increases as
the rubbing angle increases. For a larger rubbing angle, the LC
directors can be reoriented more easily leading to a decreased
threshold voltage. However, the total phase retardation is re-
duced so that the on-state voltage is increased. Similar situation
occurs for the R-mode [20]. From Fig. 4, the threshold voltage is
decreased from ~ 1.4V,,c at ¢ = 10° to ~ 1.0V, ,,x at ¢ = 40°
for both T- and R-modes.
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Fig. 5. (a) Tt curves of T-mode and (b) Rt curves of R-mode with different
rubbing angles.

D. Response Time at Different Rubbing Angles

Fig. 5 plots the time-dependent transmittance (Tt) curves of
the T-mode and R-mode under different rubbing angles for the
4-pm IPS cell at A = 550 nm. The applied voltage is chosen
at its respective maximum transmittance/reflectance point. The
response time is shortened as the rubbing angle increases for
both T- and R-modes. The improved response time mainly re-
sults from the rising period. Specifically, the rise time is short-
ened from 28.9 ms at ¢ = 10° to 8.4 ms at ¢ = 40° for the
T-mode, and from 43.9 ms at ¢ = 10° to 32.6 ms at ¢ = 40°
for the R-mode. The optical rise time is defined from 10% to
90% transmission change in the rising period. Although a large
rubbing angle helps to reduce rise time, its tradeoff is the in-
creased driving voltage. The longer rise time in the R-mode is
due to the weaker effective electric field above the R-regions
to switch the LCs, which arises from the parabolic transverse
electric field between the neighboring electrodes. In addition,
there is a small transient optical bounce in the decay period of
the R-mode under different rubbing angles. It is attributed to the
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Fig. 6. (a) VT and (b) VR curves at different reflector widths.

complex director distributions in the R-part as shown in Fig. 2,
which involves both twist and splay effects. Therefore, when the
applied voltage is released the LC directors relax back with the
variation of LC azimuthal and tilt angles simultaneously, which
results in the transient optical bounce.

E. Effect of Reflector Width

In this section, we vary the reflector width to optimize the VT
and VR curves. Our goal is to improve the reflectance by opti-
mizing the reflector width in order to tune the effective phase
retardation over the R-mode. As Fig. 6 shows, changing the re-
flector width from 4 to 10 um does not cause significant change
to the T-mode under the conditions at ¢ = 10°, d = 4 pm and
A = 550 nm. By contrast, the R-mode is evidently influenced
by the variation of reflector width. At 4 ym reflector width, the
R-mode has ~28.5% reflectance at V' = 5V, which is com-
parable to the transmittance of the T-mode. With the increased
reflector width, the reflectance of the R-mode exhibits a saddle
point. The first peak occurs at a lower voltage, but its maximum
reflectance is reduced slightly.
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Fig. 7 compares the VT/VR curves with different reflector
widths for the 4-um IPS cell at A = 550 nm. For the 7-pum
reflector width, the gamma curves of the T- and R-modes do
not overlap very well. As the reflector width is increased to
10pm, the VT and VR curves match quite well when the applied
voltage is below 4 V5. Therefore, we can vary the reflector
width to match the reflectance curve of the R-mode to the trans-
mittance curve of the T-mode for realizing a single gamma and
single TFT transflective IPS-LCD. Between 4.0 and 4.5V, s,
the R-mode is basically saturated and its gamma curve departs
from that of T-mode.

V. CONCLUSION

A transflective IPS-LCD with separate electrodes and reflec-
tors is proposed and its electro-optical properties are simulated.
The rubbing angle is found to greatly influence the performance
of the transflective IPS-LCD. As the rubbing angle increases,
the threshold voltage is reduced and the rise time shortened. In
the meantime, the T-mode can still keep the same maximum
transmittance even though the reflectance in the R-mode is re-
duced. The reflector width plays an important role to improve
the reflectance curve of the R-mode. Our results indicate that it
is possible to realize a high quality single cell gap, single gamma
curve and single TFT transflective IPS-LCD by optimizing the
reflectance curve of the R-mode to better fit the transmittance
curve of the T-mode.
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