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Abstract—Two single-cell-gap transflective display devices with
vertically aligned positive dielectric anisotropy liquid crystal
driven by horizontal electric fields are proposed. In these displays, patterned reflectors are located at transmittance-inefficient
regions to serve as reflective mode. These displays exhibit fast
response time, high transmittance, and wide view with optical
compensation. Potential applications of these displays for sunlight
readable mobile devices are emphasized.
Index Terms—Fast response, liquid crystal displays (LCDs),
single cell gap, sunlight readability.

I. INTRODUCTION

S

UNLIGHT readability is an important requirement for
mobile displays such as digital cameras, portable video
players and cellular phones because of their outdoor applications. Moreover, fast response is highly desirable because many
mobile devices are used to play movies and videos. To display
fast moving pictures without causing noticeable image blurs,
ms is required. To satisfy sunlight
a response time below
readability, various single-cell-gap and dual-cell-gap transflective liquid crystal displays (TR-LCDs) have been proposed [1],
[2]. Among these two, the single-cell-gap approach is more
favorable because it is easier to fabricate, however, it is more
difficult to match the phase retardation between transmissive
(T) region and reflective (R) region than the dual-cell-gap
one. Several approaches for improving the response time of a
TR-LCD have also been proposed [3]–[5]. However, technical
challenges for fabricating such devices remain to be overcome.
For example, the dual fringing field switching mode [5], [6]
offers a fast response time, but horizontal alignment accuracy
between top and bottom electrodes is a big concern.
In this letter, we propose a sunlight readable fast-response
TR-LCD using vertically aligned positive dielectric anisotropy
(
) liquid crystal (LC) driven by a horizontal electric
field generated by fringing field switching (FFS) [7] or in-plane
switching (IPS) [8], [9] electrodes. Such modes [8], [10] usually
exhibit a low transmittance in T-mode because there are some
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Fig. 1. Schematic structure of the sunlight readable TR-LCDs using a positive
" LC driven by horizontal electric fields generated by: 1) FFS electrodes and
2) IPS electrodes.

1

low transmittance areas or even dead zones due to non-uniform
distribution of horizontal electric fields. In the present design,
we embed reflectors under these low transmittance areas so that
they function as R-region. The double pass of the ambient light
improves the reflectance. Two TR-LCD modes are proposed
based on this concept. The first one uses FFS electrodes and the
second uses IPS electrodes. Both designs show good sunlight
readability, high transmittance, fast response time, and wide
viewing angle with a proper phase compensation [11]–[13].
II. DEVICE CONFIGURATIONS
Fig. 1 shows a cross-section of the schematic structure of the
proposed TR-LCDs, using: 1) FFS electrodes and 2) IPS electrodes. In both displays, the LC cell is sandwiched between two
and
circular polarizers. The employed LC has a positive
is vertically aligned, resulting in a normally black state under
crossed circular polarizers. The driving electrodes are located
at the inner side of the bottom substrate.
The structure with FFS electrodes shown in Fig. 1(a) has
patterned pixel electrodes and a plane common electrode located below. In a voltage-on state, fringing electric fields are
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generated between pixel electrodes and common electrode. The
LC directors are reoriented as shown in Fig. 1(a). The horizontal
field is the strongest near the edges of pixel electrodes where effective domains are formed. While at the centers of electrodes
and gaps, LC remains vertical because the horizontal electric
field component is too weak to reorient the LC directors. Therefore the phase retardation is small which leads to a low transmittance or dead zones in the T mode. Here we embedded patterned bumpy reflectors in these areas. In the R-mode, the ambient light traverses the LC layer twice, so the optical phase retardation is doubled and reflectance improved. Meanwhile, the
transmittance in the T-region is also enhanced because the low
transmittance areas are now used as reflective mode.
The working principle is similar for the structure with IPS
electrodes shown in Fig. 1(b). However, the pixel electrodes and
common electrodes in IPS cell are both patterned and located alternatively to each other. In this case, the inefficient regions are
formed coincident with driving electrodes locations. So instead
of inserting an extra layer of patterned reflectors, we use reflective electrodes to achieve reflective regions. As a result, both
sunlight readability and high transmittance are achieved without
complicated fabrication process.
III. RESULT
The proposed TR-LCD structures are optimized using a
three-dimensional LC simulator (TECHWIZ developed by
Sanayi). The LC distribution is calculated by the finite-element
method [14] and the optical properties are calculated based on
extended 2 2 Jones matrix methods [15], [16].
In order to obtain fast response time, narrow electrode width
and gap are preferred. With smaller electrode dimension, the
generated electric field is stronger, and smaller effective subdomains can be formed. Both factors help reduce the response
time. On the other hand, it is very difficult to fabricate too narrow
electrodes arrays. Balancing both sides, we used electrode width
m and gap
m in both FFS and IPS cells as
Fig. 1 shows. The penetration depth of fringing field into LC
cell is quite shallow with such electrode dimension. In this case,
high birefringence ( ) LC material is needed in order to accumulate enough phase retardation. In the FFS cell shown in
LC [17] with following
Fig. 1(a), we used UCF-2 type high
pN,
,
pN,
parameters:
, dielectric anisotropy
, and rotational
mPa s. While in IPS cell shown in Fig. 1(b),
viscosity
,
the LC material parameters are as follows:
pN,
pN,
,
, and
mPa s.
Fig. 2 depicts the normalized voltage-dependent transmittance (VT) and voltage-dependent reflectance (VR) curves of
the proposed TR-LCD with a) FFS electrodes and b) IPS elecnm. Since T-part uses a backlight
trodes at wavelength
while R-part uses ambient light to display images, we should
compare the normalized VT and VR curves instead of their
absolute values. In the FFS structure, both cell gap and reflector
width are optimized to obtain matched VT and VR curves. Here,
is 1.6 m locating
cell gap is 4 m and reflector width
at the pixel electrodes center and gap center. From Fig. 2(a),
the VT and VR curves of the FFS-based TR-LCD match with

Fig. 2. Normalized VT and VR curves of the proposed sunlight readable
nm.
TR-LCDs with (a) FFS electrodes and (b) IPS electrodes at 

= 550

each other very well so that a single gamma curve can be used.
The peak transmittance (
) normalized to that of two
,
paralleled linear polarizers (37%) occurs at
. Fig. 2(b) shows the VT and VR
and the reflectance is
curves of the IPS-based TR-LCD. Since reflective electrodes
are used in this cell instead of extra reflectors, reflector width
is determined by the driving electrodes width. Therefore only
cell gap can be optimized to match VT and VR curves. With
, although VT and VR curves
an optimized cell gap
are not matched with each other so well as in the FFS cell, it
,
is still fairly good for single gamma driving. At
the transmittance reaches 85 while reflectance 42 . In
both cells, the low reflectance originates from dead zones at the
center of reflectors. However, sunlight readability is essential
only when the device is used under strong ambient light. In this
case, the luminance in R-part is still quite large due to strong
ambient light. Together with antireflection film, good sunlight
readability can be achieved.
The response time (10%-90% transmittance change) of the
proposed TR-LCDs are calculated as plotted in Fig. 3(a) for the
FFS electrodes and Fig. 3(b) for the IPS electrodes. The rise time
and decay time for the FFS structure [Fig. 1(a)] are 1.19 ms
1.43 ms for T-part, and
2.09 ms and
2.07 ms for
and
R-part, respectively. While for the IPS structure [Fig. 1(b)], they
are 5.99 ms and 5.58 ms for T-part, and 8.39 ms and
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makes this TR-LCD attractive for mobile devices with video
applications and color sequential displays [19].
IV. CONCLUSION
We have proposed two sunlight readable TR-LCDs driven by
FFS and IPS electrodes, respectively. With single cell gap, the
proposed structures exhibit a high transmittance and matched
VT and VR curves for single gamma driving. Both structures
show fast response and especially the one with FFS electrodes
shows fast GTG response without overdrive or undershoot
approaches. Moreover, these devices do not require any rubbing nor complicated fabrication processes. Therefore, their
application for mobile displays is foreseeable.
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