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Abstract
A single-gap transflective liquid-crystal display driven by a fringe electric field in the
transmissive (T) region and a vertical electric field in the reflective (R) region was designed. In
the device, a homogeneously aligned liquid crystal (LC) rotates almost in plane by a fringe
field in the T-region whereas the LC tilts upwards by a vertical field in the R-region. A high
surface pre-tilt angle of the LC in the R-region is achieved through polymerization of an UV
curable reactive mesogen monomer at the surfaces and thus the effective cell retardation in the
R-region becomes half of that in the T-region. Consequently, a transflective display driven by a
vertical and a fringe electric field with a single cell gap and single gamma curves is realized.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, transflective liquid-crystal displays (LCDs) have
been actively investigated for portable devices such as mobile
phones, personal digital assistants (PDAs) and digital cameras
because they show good visibility in any environmental
lighting conditions. However, initial transflective LCDs
required a dual cell gap structure with several compensation
films so that the devices matched the optical path of the
R- and T-regions [1, 2]. To solve these problems, single
cell gap transflective LCDs have been proposed using several
liquid crystal (LC) modes, such as vertical alignment (VA)
[3, 4], and fringe-field switching (FFS) [5–10] and in-plane
switching (IPS) [11–14] with homogeneous alignment and
twisted nematic (TN) [15, 16]. Among these, the IPS and
FFS modes show a wide viewing angle and the FFS mode
has a high light efficiency using an in-cell retarder with a
quarter-wave plate. However, these devices show wavelength
dispersion in the R-region because the dark state makes two
passes through the patterned in-cell retarder with the quarter-
wave plate. In order to solve this problem, several researchers
proposed transflective LCD driven by FFS in the T-region and
electrically controlled birefringence (ECB) using a patterned
in-cell retarder with a half-wave plate [17–19] in the R-region.
However, these devices still need to be improved because the

cell gaps of the T- and R-regions are different, the gamma
curves between the voltage-dependent RR and TT curves do
not match well and the optical light efficiency is still not
satisfactory.

In this paper, we propose a single-gap transflective LCD
driven by a fringe electric field in the T-region and a vertical
electric field in the R-region. To achieve a single cell gap
display, a high surface pre-tilt angle in the R-region is formed
through polymerization of an UV curable reactive mesogen
(RM) monomer at the surface when the voltage is applied.
With further optimization of the cell structure the device can
have a single gamma curve.

2. Switching principle and cell condition

Figure 1 shows the cross-sectional and top view of the proposed
single cell gap transflective LCD driven by fringe and vertical
electric fields. In the device, both pixel and common electrodes
exist on the bottom substrate with a passivation layer between
them in the T-region. In the R-region, the pixel electrode exists
on the bottom substrate but the common electrode exists on the
top substrate. The pixel electrode of the T-region is patterned
with an electrode width (w) and distance (l) between them
and the pixel electrode in the R-region is non-patterned. On
the top substrate, the in-cell retarder is patterned to have a
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Figure 1. Electrode structure of the transflective display driven by fringe and vertical electric fields: (a) cross-sectional and (b) top view.

Figure 2. Optical configurations of the optical layers in the device: (a) R- and (b) T-regions.

retardation of λ/2 only in the R-region using a metal mask and
UV [20]. The common electrode of the R-region is formed
below the patterned in-cell retarder, and then the colour filter
is formed. Here, the thickness of the in-cell retarder is 2 µm.
The rubbing direction is parallel to the analyzer in both the
T- and the R-regions and the polarizer axis is orthogonal to the
analyzer.

In the device where uniaxial LC medium exists under
crossed polarizers, the transmittance (TT) is given by

TT = To sin2 2ψ(V ) sin2(δ/2),

where ψ is the angle between the polarizer and the LC director
and δ is the phase difference between the ordinary and the
extraordinary rays, defined by δ = 2πd�neff(V )/λ, where
d is the cell gap and �neff is the voltage-dependent effective
birefringence of the LC layer and λ is the incident wavelength.

The optical configuration of the proposed single-gap
transflective LCD is shown in figure 2. In the initial state,
the analyzer axis and the optic axis of the LC layer coincide
with each other and the optic axis of the in-cell retarder with
λ/2 retardation in the R-region makes 67.5◦ with respect to
the analyzer. To obtain a dark state in the R-region, the
retardation of the LC layer should be λ/4. In the T-region,
the optimal cell d�n of the LC layer for achieving effective

Figure 3. Poincaré sphere representation of the polarization path of
the (a) dark and (b) white states in the R-region and the (c) dark and
(d) white states in the T-region.

λ/2 is 0.40 µm [21]. Therefore, in order for the d�n of the
LC layer to be λ/4 in the R-region, a high surface tilt angle is
required. According to our calculation and also experiment,
the pre-tilt angles of the R-region should be 53◦.

Figure 3 shows the polarization state in the R-region on
a Poincaré sphere. In the absence of voltage, the linearly
polarized light (P1) passing through the top polarizer changes
the polarization direction to 135◦ after passing through the
in-cell retarder since the angle between the polarizer and the
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Figure 4. Schematic diagram of the processes for fabricating the proposed transflective LCD with defined pre-tilt angles at the substrate
surfaces in the R-region.

in-cell retarder is 67.5◦. Next, the linearly polarized light (P2)
becomes circularly polarized (P3) after passing through the LC.
The reflected light by the reflector becomes linearly polarized
(P4) with a polarization direction of 45◦ after passing through
the LC, again. Finally, it becomes linearly polarized (P5) with
a polarization direction of 90◦ after passing through the in-
cell retarder again, and then it is blocked by the analyzer as
shown in the Poincaré sphere of figure 3(a). With the bias
voltage, the LC director of the R-region tilts up in the vertical
directions in response to the vertical electric field, and thus its
phase retardation becomes zero. So, the linearly polarized light
(P1) changes direction only by 135◦ and the linearly polarized
light propagates the LC layer without changing the polarization
state (P2). The reflected light passes through the LC cell and
the in-cell retarder again and then the vibration direction of
the linearly polarized light is the same as the original (P1),
resulting in a bright state, as described in figure 3(b).

According to the switching principle described above, the
reflectance (RR) in the R-region is given by RR = Ro sin2(δ)

such that it is maximal at δ = π/2 and minimal at δ = 0. In
other words, it is determined by only the phase difference in
the R-region.

3. Results and discussion

For electro-optic calculations, a commercially available LCD
simulator (Shintech, Japan) was used. In the T-region, the

width of the pixel electrode is 3 µm and its distance between
the electrodes is 4.5 µm and the pixel electrode structure of the
R-region is a patterned plane form. The cell gap of both the
T- and R-regions is 4 µm. Here, the nematic LC with physical
parameters such as dielectric anisotropy �ε = 7.4, elastic
constants K1 = 11.7 pN, K2 = 5.1 pN, K3 = 16.1 pN and
birefringence �n = 0.1 are used, and the surface tilt angle
of the LC is 2◦ and 53◦ in the T- and R-regions, respectively.
Here, to calculate the RR and TT, a 2×2 extended Jones matrix
was used [22]. The transmittances for the single polarizer
and the parallel polarizers are assumed to be 41% and 35%,
respectively.

Next, the manufacturing process for achieving a high
surface pre-tilt angle of the LC in the R-region through
polymerization of an UV curable RM at the surfaces is
explained. For the experiment, the super-fluorinated nematic
LC mixture (from Merck-Korea) is used and its physical
parameters are the same as those in the simulation condition.
The LC mixture is mixed with RM-257 (from Merck) and
a photo-initiator, Irgacure 651 (from Ciba). Two different
weight percentages of the monomer relative to the LC, 0.1%
and 0.5%, are evaluated. The weight percentage of the photo-
initiator relative to the LC is 0.01%. Then, the mixture is heated
to the isotropic temperature of the LC for 5 min to obtain a
homogeneous mixture.

Figure 4 shows the schematic diagram of the processes for
fabricating the proposed transflective LCD with defined pre-
tilt angles at the substrate surfaces in the R-region. Initially,
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Figure 5. Polarization microphotographs of (a) off and (b) on states of the fabricated test cell with weight per cent of RM equal to 0.5%.
The dark spots in the off state come from the existence of bar spacers.

the RM monomer is also aligned homogeneously along the LC
layer due to the use of homogeneous alignment layers on both
substrates, as shown in figure 4(a). Then, a voltage higher
than the threshold voltage is applied to the R-region so that the
RM monomer and the LC could be reoriented with some tilt
angle from the surface in response to the vertical electric field
[23, 24], as shown in figure 4(b). In the presence of an electric
field, the cell is exposed to UV light and thus the monomers are
polymerized with a constant tilt angle at the surfaces through
a photo-induced monomer diffusion process under optimal
monomer weight per cent and UV curing condition, as shown
in figure 4(c). Consequently, in the absence of an electric
field, the LCs in the bulk relax to the original homogeneous
state while the surfaces have some defined pre-tilt angles at
2◦ and 53◦ in the T- and R-regions, respectively, as shown in
figure 4(d).

To prove the uniform pre-tilt angle of the LC, the
fabricated test cell with a weight per cent of RM equal to 0.5%
was observed under crossed polarizer polarization microscopy
(Nikon DXM1200) in which the cell was located with its
optic axis making an angle of 45◦ with respect to the crossed
polarizer. Figure 5 shows polarization microphotographs
before and after applying voltage. In the off state, no defects
related to the RM monomer were observed. As a result, a
uniform transmittance was generated, as shown in figure 5(a).
In the on state with 10 V, we observed a uniform dark state
without a declination line. This indicates that the vertical
electric field tilts up the LC molecules with a high tilt angle to
the field direction in the whole region, as shown in figure 5(b).

Figure 6 shows the measured retardation as functions of
applied voltage for two different concentrations of the RM
monomer. The effective cell retardation at 0 V is 400 nm;
however, with polymerization of the RM monomer when the
voltage is applied, it is reduced due to the generation of a
surface tilt angle by the polymerized RM. One interesting
factor is that the decreasing rate of retardation is relatively
small when the weight per cent of RM is 0.1%, that is it
decreases to 380 nm when 10 V is applied. However, with an
increase in weight per cent of RM to 0.5%, the cell retardation
decreases from 400 nm (0 V) to 140 nm (10 V). Consequently,
through optimization of the concentration of the RM monomer
into the LC mixture and UV dosage condition with proper bias
voltage, a high surface tilt angle which has a d�neff of λ/4

Figure 6. Measured retardation as variations of applied voltage for
two different concentrations of the RM monomer.

Figure 7. Voltage-dependent reflectance and transmittance curves.

in the R-region is achieved. Through utilization of the RM
monomer, we could achieve singe cell gap transflective display.

Now, another issue for the proposed transflective display
is whether the device shows a single gamma curve. Figure 7
shows voltage-dependent RR and TT curves. Here, the angle α

between the horizontal component of the fringe electric field
and the LC director is 80◦. As indicated, both curves do not
match perfectly. The operating voltage (Vop) in the T-region
is 4.2 V; however, RR increases with increasing voltage in the
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Figure 8. Voltage-dependent normalized transmittance curves as a
function of different αs with voltage-dependent reflectance curve.

R-region because it can be maximal when the cell retardation
becomes zero, which is not possible due to strong anchoring
energy between the polymer and the LC molecules. Therefore,
in order to match both curves, we reduced the Vop of the
R-region to match the Vop of the T-region, resulting in a small
sacrifice in the reflectance. However, RR is 30% at that voltage
and still its optical efficiency is about 87%. In the FFS device,
the voltage-dependent TT curve is dependent on α [25]. In
order to find closer matching conditions between both curves,
we calculated the voltage-dependent TT curves as a function of
αs , as shown in figure 8. In the T-region, as α decreases from
80◦ to 65◦, Vop increases while the threshold voltage decreases,
so both the voltage-dependent TT and RR curves match slightly
better when α is 65◦.

4. Summary

In summary, a single-gap transflective display with dual mode,
in which the R-region is with the ECB mode and the T-region
is with the FFS mode, is proposed. To make a single cell
gap, a high pre-tilt angle is formed in the R-region through
polymerization of an UV curable RM monomer at the surface
of the alignment layers. In addition, the device can be driven
by single gamma curves. This new device has the potential to
become an integral part of transflective displays.
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