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Fast-Response Single Cell Gap Transflective
Liquid Crystal Displays
Meizi Jiao, Shin-Tson Wu, Fellow, IEEE, and Wing-Kit Choi

Abstract—A single cell gap transflective liquid crystal display
(TR-LCD) using dual fringing field switching mode is proposed,
in which a positive dielectric anisotropy liquid crystal is vertically
aligned and driven by fringing fields from both substrates. By opti-
mizing the electrode width and gap of the transmissive and reflec-
tive regions, this TR-LCD exhibits a fast response time, high op-
tical efficiency, single gamma curve, and wide viewing angle. Fast
response time enables color sequential operation using red, green,
and blue light-emitting diodes without noticeable color breakup.
Potential application of this TR-LCD for sunlight readable mobile
displays is emphasized.

Index Terms—Transflective liquid crystal displays (TR-LCDs),
fast response, single cell gap, color sequential display.

1. INTRODUCTION

IDE-VIEW transflective liquid crystal displays

(TR-LCDs) [1], [2] have been widely used in mo-
bile displays, such as digital cameras, portable video players,
and cell phones because of their sunlight readability and low
power consumption. Wide-view TR-LCDs can be achieved by
using fringing field switching (FFS) [3], [4] or multi-domain
vertical alignment (MVA) [5]-[7], while low power consump-
tion can be obtained by improving optical efficiency or using
sequential colors. In a color sequential LCD [8], the color filters
can be eliminated so that the optical efficiency and device reso-
lution are tripled. However, to achieve color sequential without
causing noticeable color break-up requires LC’s response time
to be shorter than 3 ms.

A major challenge for TR-LCD is to balance the phase re-
tardation between the transmissive (T) and reflective (R) sub-
pixels. In the T region, the backlight traverses the LC layer once,
but in the R region the ambient light passes through the LC layer
twice. To balance this optical path-length disparity, various dual
cell gap and single cell gap approaches have been proposed.
Single cell gap approach is more favorable because it is easier to
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Fig. 1. Schematic structure of the single cell gap TR-LCD using DFFS mode.

fabricate, however, it is more difficult to achieve the same phase
retardation than the dual cell gap approach.

In this letter, we propose a single cell gap TR-LCD using a
dual fringing field switching (DFFS) effect. A positive dielectric
anisotropy (Ae > 0) LC is employed in a VA cell. Driven by the
fringing fields near the substrate surface, a two-domain profile
is formed without any protrusion or rubbing process [9]. From
our simulations, the TR-LCD exhibits a fast response time with
a maximum transmittance ~95.4% and reflectance ~93.8%, as
normalized to the transmittance of two parallel polarizers. By
using different electrode width and gap in the T and R regions,
the voltage-dependent transmittance (VT) and reflectance (VR)
curves overlap fairly well. This is useful for single gamma curve
driving. With proper phase compensation, the TR-LCD also ex-
hibits a reasonably wide viewing angle.

II. DEVICE CONFIGURATION

Fig. 1 shows a cross section of the schematic structure of
the proposed TR-LCD using the DFFS mode in the voltage-off
state. A positive Ae LC is initially aligned in a VA cell. On each
side of the LC cell, a broadband quarter-wave plate [10] together
with a linear polarizer works as a circular polarizer. Addition-
ally, one negative C-film is adopted to compensate the phase re-
tardation from the VA LC cell. On each substrate, the electrode
has the same structure as the conventional FFS LCD which has a
planar common electrode and stripe pixel electrodes [11], [12].
The top and bottom pixel electrodes are intentionally registered
by shifting one half a pixel electrode width in the horizontal di-
rection to create complementary domains on two opposite sides
to enhance the optical efficiency and spatial uniformity.

Each display pixel is divided into T and R two sub-pixels [2].
To obtain the same on-state phase retardation between the T and
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Fig. 2. Equal-potential line distribution in the LC cell for a sample section with
11 Vrms applied to pixel electrode. Cell gap d = 14 zem; T part: electrode width
W = 3.2 pm, electrode gap G = 3.2 pm; R part: W = 2 pmand G = 2 pm.

R regions, we design the electrode width (W) and electrode gap
(@) in the R region to be smaller than those in the T region.
Therefore, the LC director reorientation-induced effective bire-
fringence in the R region ((An)g) is smaller than that in the T
region ((An)r). Our goal is to achieve (An)g ~ (An)r/2 so
that the total phase retardation in the R and T regions are ap-
proximately equal, i.e., 2d(An)g~d(An)r.

III. RESULT

The proposed TR LCD structure is optimized using a com-
mercial three-dimensional LC simulator (TECHWIZ developed
by Sanayi). The LC distribution is calculated by the finite-ele-
ment method [13] and the optical properties are calculated based
on extended 2x 2 Jones matrix methods [14], [15]. The LC ma-
terial used in simulation is Merck E7 with parameters as fol-
lows: K11 = 11.7 pN, K95 = 8.8 pN, K33 = 19.5 pN, birefrin-
gence An = 0.223, dielectric anisotropy Ae = 14.4, and rota-
tional viscosity 71 = 250 mPa-s. Merck E7 is used here as an
example to show the optical performances of the proposed TR
LCD. Some isothiocyanato-biphenyl LC mixtures with similar
birefringence but with a lower viscosity (y; <100 mPa-s) have
been developed [16]. A lower viscosity leads to a faster response
time. In our calculations, the cell gap is d = 14 pm, electrode
width W = 3.2 ym and electrode gap G = 3.2 pm for the T
region, and W = 2 ym and G = 2 um for the R region.

Fig. 2 shows the calculated equal-potential line distribution
when the same pixel voltage of 11 V., is applied to both
T region and R region. The potential difference between two
neighboring potential lines is 0.5 V5. The strong fringing
field is mainly confined to the electrode surfaces, thus, only the
boundary LC directors are perturbed by the strong horizontal
fields while the middle LC layer remains as a standing layer.
Because R region has narrower electrode width and electrode
gap than T region, the strong fringing fields penetrate to a
thinner LC layer in the R region, resulting in a smaller effective
birefringence than the T region. This is actually desirable be-
cause ambient light passes through R region twice but backlight
passes T region only once. As stated earlier, the ideal case is to
obtain (An)g ~ (An)r/2.

Fig. 3 shows the simulated VT and VR curves. Here the
maximum transmittance from two parallel linear polarizers in
our simulation is ~37%. And the effective peak transmittance
and reflectance of the proposed TR-LCD reach ~95.4% and
93.8%, respectively. The inset in Fig. 3 shows the normalized
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Fig.3. VT and VR curves for the proposed TR-LCD. The inset shows the nor-
malized results.
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Fig. 4. Simulated response times for the proposed TR-LCD, (a) transmissive
part and (b) reflective part, solid lines for black-white transition and dash lines
for mid-gray level transition.

VT and VR curves. We find that T region and R region have the
same on-state voltage (~12 V) and a very similar threshold
voltage (~2.5 Vyns). The VT and VR curves overlap fairly
well which makes it possible for a single gamma driving. As
noted from Fig. 3, the driving voltage of this TR-LCD is still
too high. To lower the on-state voltage, we could continue
to optimize the device structure or use a higher Ae LC ma-
terial, such as (3,5) difluoro NCS-biphenyl LC mixture. The
NCS-biphenyl compounds exhibit a high birefringence, large
dielectric anisotropy (Ae~12), and relatively low viscosity,
however, their resistivity is not high enough for thin film tran-
sistor (TFT) LCD applications. The (3,5) fluoro groups not only
increase dielectric anisotropy to Ae ~20 but also dramatically
boost resistivity [17]. High resistivity is important for TFT
LCD devices in order to avoid image flickering.

The response time (10%—90% transmittance change) of the
TR-LCD is calculated as plotted in Fig. 4(a) for T part and
Fig. 4(b) for R part. The rise time and decay time for T part
is ~1.8 ms and ~2.9 ms, while for R part they are ~1.1 ms and
~1.3 ms, respectively, as shown by the blue color. Furthermore,
the response time at a middle gray level (V = 7 V,,,¢) is also in-
cluded (red dashed lines) in Fig. 4 to illustrate the gray-to-gray
(GTQG) transition. For the T part, the simulated [rise, decay]
time is [~5.1,~2.1] ms, and [~2.7,~0.9] ms for the R part,
respectively. These response times are obtained in an E7 LC
cell without using any overdrive voltage. The fast response time
makes this TR-LCD attractive for color sequential displays.

Three factors contribute to the observed fast response time:
Firstly, the thick cell forms a vertical wall separating the two thin
LC cells near the top and bottom surfaces. Even at an on-state,
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Fig. 6. Iso-contrast contour plot of the TR-LCD with compensation films: (a)
for transmissive part and (b) for reflective part.
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the electric field in the middle of the cell is too weak to rotate
the LC directors. Therefore, the LC layer is divided into two
effective layers and one standing layer in between, as shown in
Fig. 5. The LC layer thickness for the effective layers is actually
very small. Secondly, domain walls are formed in the horizontal
direction and separate the effective layers into sub thin cells in
horizontal direction, as shown in Fig. 5. These domain walls
also supply a restoring force during switching-off process. And
thirdly, the on-state LC profile between two horizontal walls is
similar to a bend cell [18], where the LC flow effect in DFFS
helps LC directors switch faster.

The DFFS cell does not require any rubbing process. The LC
directors form two domains on both LC boundary layers due
to the fringing field effect. If zigzag electrodes are employed,
then a four-domain structure is produced which leads to a wide
viewing angle. As shown in Fig. 1, on each side of the LC cell,
together with a linear polarizer, +A and —A plates are used
alternately as half-wave plate (HWP) and quarter-wave plate
(QWP) to form a self-compensated wideview and broadband
circular polarizer [10], [19]. An additional -C plate is used to
compensate the viewing angle properties of the TR-LCD under
circular polarizer system. The parameters of the compensation
films used in our simulation are listed as follows: For +A plate,
n, = 1.65,n, = 1.55; for —A plate, n, = 1.55,n, = 1.65;
for —C plate, n, = 1.55,n, = 1.65 and its thickness d =
29.26 pm. The thicknesses of the HWP and QWP are 2.75 um
and 1.375 pum, respectively. With the transmission axis of polar-
izer and analyzer orientated at —45° and 45°, respectively, the
optic axis of HWP and QWP are orientated at —120° and 30°
on each side of the LC cell.

Fig. 6 shows the iso-contrast contour after phase compensa-
tion. T part shows a contrast ratio 10:1 over ~70° viewing cone
and R part over ~40°. These viewing angles are adequate for
most mobile displays. A hand-held LCD is usually viewed by
only one person.
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IV. CONCLUSION

In conclusion, we have proposed a single cell gap TR-LCD
using DFFS mode. This device shows a fast response without
using thin cell gap approach or overdrive method. This makes it
a promising candidate for color sequential displays. Its optical
efficiencies are over 90% for both T part and R part and will
even be increased to ~3X if color sequential method is adopted.
As the energy problem of the world has become more and more
serious, such an energy-effective TR-LCD is foreseeable to have
a lot of potential applications.
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