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Transmissive and Transflective Blue-Phase LCDs With Enhanced
Protrusion Electrodes

Yan Li and Shin-Tson Wu, Fellow, IEEE

Abstract—An enhanced protrusion electrode is proposed for
both transmissive and transflective blue-phase liquid crystal
displays. For transmissive displays, the new design increases
transmittance while keeping a low operating voltage. For trans-
flective displays, it exhibits high transmittance and reflectance and
a well-matched gamma curve with a single cell gap.

Index Terms—Blue phase, protrusion, single cell gap, transflec-
tive liquid crystal display (LCD).

I. INTRODUCTION

OLYMER-STABILIZED blue-phase liquid crystals (PS-

BPLCs) [1]-[6] exhibit several attractive features, such
as submillisecond response time, no need for molecular align-
ment layer, and cell gap insensitivity. In particular, fast response
time not only reduces motion blur but also enables color se-
quential displays using RGB LEDs. The elimination of color
filters triples the optical efficiency and resolution density. How-
ever, some technical obstacles remain before widespread ap-
plication of this promising technology can be realized, such as
high operating voltage (~ 50V s ), relatively low transmittance
(~65%), hysteresis [7], and residual birefringence which lowers
the contrast ratio.

The operation voltage of a polymer-stabilized blue-phase
LCD is governed by both device configuration and Kerr con-
stant (K) of the employed material [8], [9]. From a material
viewpoint, a large Kerr constant is favorable. Recently, a BPLC
material with K ~ 13.7 nm/V? has been developed [10].
This new material will undoubtedly accelerate the emergence
of blue-phase LCDs. On the device standpoint, some device
structures such as protrusion electrode [8], [11], wall-shaped
electrode [12], corrugated electrode [13], and double-pene-
trating fringe fields [14] show a very positive trend to lower
the driving voltage to 10 Vi, except that the transmittance
is sacrificed. Therefore, an urgent task is determining how to
lower the operation voltage while keeping a high transmittance.
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Fig. 1. BPLCD (a) with conventional protrusion electrodes and (b) with en-
hanced protrusion electrodes.

In this paper, we propose an enhanced protrusion electrode
structure for BP LCDs. In conventional protrusion electrode [8],
the entire protrusions are covered with one type of electrode.
However, in the proposed enhanced protrusion electrode, two
different electrodes are coated on each side of a protrusion. The
dead zones are eliminated by the in-plane switching (IPS)-like
structure on the top of the protrusions. As a result, the average
transmittance is increased, while the operating voltage is barely
changed. In addition, we propose a single-cell-gap transflective
BP LCD based on the modified enhanced protrusion structure
which exhibits some attractive properties, such as high trans-
mittance, single gamma driving, and wide viewing angle.

II. DEVICE CONFIGURATION

Fig. 1(a) shows the conventional protrusion electrode struc-
ture [8], where the trapezoid protrusion electrode has a substan-
tial height h. The bottom width of each electrode is w, the top
width is ws, and the gap between neighboring electrodes is /.
In the gap between protrusions, electric fields with rich hori-
zontal components are generated and penetrate deeply into the
LC bulk, resulting in a lower operating voltage. However, on the
top of the protrusion, electric fields are basically vertical and do
not contribute to transmittance, resulting in dead zones. Thus,
the average transmittance is low.

Fig. 1(b) shows the enhanced protrusion structure where one
side-wall of a protrusion is coated with pixel electrode (red),
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Fig. 2. Simulated VT curves of IPS electrode (red), conventional protrusion
structures (blue and magenta), and new protrusion structures (black and green).

and the other is with common electrode (blue). In the gap be-
tween protrusions, the electric field distribution is similar to that
in a conventional protruded structure, so that the low operating
voltage feature is still maintained. However, on the top of the
protrusions, there is no longer a dead zone. Instead, it is like an
IPS structure, generating horizontal fields and inducing trans-
mittance. Therefore, the average transmittance is increased.

III. RESULTS

To validate the concept, we carried out the electro-optical
simulation as in [3]. First, we used commercial software Dimos
(AUTRONIC-MELCHERS GmbH) to obtain the electric field
potential distribution and then used a 2 x 2 extended Jones Ma-
trix method [15], [16] to finish the optical calculation. The Kerr
constant here used is 12.68 nm/V 2, and the saturation birefrin-
gence of the BPLC mixture is assumed to be 0.2.

Fig. 2 compares the voltage-dependent transmittance (VT)
curves of the conventional and enhanced protrusion structures.
The red curve denotes the VT for a traditional IPS structure.
The IPS structure with an electrode width w = 2 pm, gap
!l = 4 pm and cell gap 10 pm, has a 67% transmittance at
~ 40V, s. The blue curve is for a conventional protrusion struc-
ture with w = 2 pym, we = 1 pm, [ = 4 pm, and height
h = 2 pm. The on-state voltage is reduced to ~ 17V, s, while
the peak transmittance is boosted to ~77%. The black curve
is for the corresponding enhanced protrusion structure with the
same parameters. The peak transmittance is increased to ~85%,
although the peak-transmittance voltage is slightly higher. The
magenta curve is for a conventional protrusion with w = 2 pm,
wy = 1 pm, [ = 2 pm, and height h = 2 pm. With a smaller
gap [, the operating voltage is further reduced to 10 Vs, but the
transmittance is somewhat lower (~63%). On the other hand,
the corresponding enhanced protrusion structure (green curve)
has a higher transmittance (~69%) with almost the same oper-
ating voltage.

Transflective LCD is highly desirable for its good sunlight
readability [17], [18]. Recently, blue phase has been considered
for single-cell-gap color sequential transflective LCDs [19],
[20]. With some modification, the enhanced protrusion design
could also be used in transflective BP LCDs, as shown in Fig. 3.
The BPLC cell is sandwiched between two crossed circular
polarizers. A nonmetal bumpy reflector is formed on the top of
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Fig. 3. Device configuration of a single-cell-gap transflective blue-phase LCD
with enhanced protrusion structure.
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Fig.4. Simulated VT and VR curves for the transflective blue phase LCD using
enhanced protrusion structure. The red and blue lines represent simulated VT
and VR curves, and the red dots and blue triangles represent normalized trans-
mittance and reflectance.

each protrusion; these regions work as reflective (R) mode, and
the rest of the pixel works as transmissive (T) mode. In the T
region, the substantial height of the protrusion enables electric
fields to penetrate deeply into the BPLC layer, resulting in large
phase retardation. In the R region, the IPS-like electric field
distribution has a shallow penetration so that the accumulated
phase retardation is relatively small. However, the ambient
light traverses the R region twice and the phase retardation is
doubled. As a result, the transmittance and reflectance could
be matched by properly designing the structure. Moreover,
the electric fields generated by IPS electrodes in the T and R
regions have a limited penetration depth. As long as the cell
gap exceeds the electric field penetration depth, the VT and
VR curves are insensitive to the cell gap. That means, both T
and R regions could have the same cell gap, which makes the
fabrication much easier.

For an optimized structure, where w = 3 um, we = 2 um,
h = 2 pm, ! = 3.3 pm. and cell gap = 10 pm, we plot the
VT and VR curves at A = 550 nm in Fig. 4. The red and blue
solid lines represent the VT and VR curves for the T and R re-
gions, respectively; both are normalized to the transmittance of
two parallel polarizers. At 16.4V; 5, the transmittance reaches
84.4% while reflectance reaches ~80%. The dotted curves de-
note the normalized VT and VR curves to their individual trans-
mittance and reflectance at 16.4V,,,s respectively. We obtain
well-matched VT (red dots) and VR (blue dots) curves to en-
able single gamma driving.
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Fig. 5. Isocontrast plots of the proposed TR-LCD: (a) T region and (b) R
region.

By using the broadband wide-view circular polarizers in [18]
and [19], we obtain a very wide view in the T region and reason-
ably wide view in the R region. The isocontrast plots are shown
in Fig. 5. BP LCDs have inherently wide view due to its opti-
cally isotropic dark state.

IV. CONCLUSION

We propose a new enhanced protrusion design for BP LCDs.
In the transmissive LCD, the new structure improves the trans-
mittance by 10% compared to conventional protrusion structure,
while maintaining a low operating voltage. In the single-cell-gap
transflective BP-LCD based on this enhanced protrusion de-
sign, both T and R regions could achieve a reasonably high
transmittance (~84.4%) and reflectance (80%). Moreover, the

well-matched normalized VT and VR curves enable a single
gamma driving.
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