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Optimisation of electrode structure to improve the electro-optic characteristics of liquid crystal

display based on the Kerr effect
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Liquid crystal displays based on the Kerr effect are emerging because of their attractive features, such as symmetric
viewing angle, no need for alignment layer, and sub-millisecond response time. However, high operating voltage
and low optical efficiency remain as challenges to be overcome. Here, we propose a new cell structure with a
protrusion shape of electrode and a driving scheme using two transistors to reduce operating voltage and enhance

light efficiency. Confirming simulation results are obtained.

Keywords: liquid crystal display; blue phase; simulation; in-plane switching

1. Introduction

Recently, all large screen liquid crystal displays
(LCDs) over 30 inches show high image quality even
at off-normal axis owing to adoption of wide-view
approaches, such as patterned vertical alignment [1],
multi-domain vertical alignment [2], in-plane switching
(IPS) [3], and fringe-field switching [4-7]. However, all
these devices require molecular alignment layers on
the top and bottom substrates, and some even need
surface treatment such as a rubbing process. Another
intrinsic demerit of these LCDs is that their response
time is in the millisecond range, so that image
blur occurs when displaying fast-moving images.
This motion blurring can be improved by adopting
some driving techniques, e.g. overdrive and under-
shoot voltage [8], blinking or scanning backlight, and
high frame frequency [8-10]. However, these
approaches increase production cost.
Polymer-stabilised blue phase liquid crystal (BPLC)
or nanostructured LC technology is emerging [11-17]
because of its fast response time, wide viewing angle
and simple fabrication process. Moreover, polymer-
stabilised BPLCs are optically isotropic at the voltage-
off state; no rubbing process is required. Hence, thisis a
great advantage from a fabrication viewpoint.
Nevertheless, high operating voltage and low optical
efficiency remain as major challenges to be overcome
[18]. In order to lower the operating voltage, materials
with a large Kerr constant (K) and wall-shaped elec-
trode structure have been proposed. On the wall-
shaped electrode approach, the electrode height is the
same as the cell gap [19]. In reality, fabricating such
wall-shape electrodes seems quite difficult; however, the

elliptic-like or semi spherical-like shape of electrode
with a height of about 1-3 um can be made fairly easily
with the help of organic resin [20].

In this paper, we analyse the electro-optic char-
acteristics of a general polymer-stabilised BPLC dis-
play driven by in-plane electric fields and propose
various cell structures to overcome the high operat-
ing voltage and low optical efficiency by numerical
simulations.

2. Switching principle of the device

From a macroscopic viewpoint, the electro-optic
characteristics of a polymer-stabilised BPLC are
based on the Kerr effect, which is a type of quad-
ratic electro-optic effect caused by field-induced
ordering of polar molecules. The induced birefrin-
gence of polymer-stabilised BPLC (An;) can be
expressed as

An; = \KE? (1)

where E is applied electric field, and 4 and K represent
the wavelength and Kerr constant, respectively. This
indicates that a higher Kerr constant and applied elec-
tric field would lead to a higher induced birefringence.

In order to utilise polymer-stabilised BPLC for
display applications, the LC cell is usually sandwiched
between crossed polarisers. In the voltage-off state, the
cell appears black because the LC is optically isotro-
pic. In order to induce birefringence effectively, the
device should be driven by an in-plane electric field.
Therefore, the normalised transmittance (7) of the
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device associated with the induced phase retardation
can be described as follows;

T = sin’ 2y x sin®(nd;,An;(V) /1) (2)

where V/ is the angle between the transmission axis of
the polariser and the induced optic axis of the LC
director, and d; is the LC layer thickness associated
with the induced birefringence. In general, the induced
birefringence is concentrated near the electrodes. For
maximum transmission, ¥ and d;An; should be equal
to 45° and /2, respectively.

To simulate the electro-optic characteristics of a
polymer-stabilised BPLC cell, we have used the com-
mercially available software “TechWiz LCD’ (Sanayi
system, Korea) to calculate the induced birefringence
by Kerr effect.

3. Results and discussion

Before we present the new electrode structures for
enhancing the electro-optical properties of a BPLC
display, we investigate voltage-dependent transmit-
tance behaviour of the BPLC cell based on the con-
ventional IPS structure shown in Figure 1. Both
common and pixel electrodes exist only at the bottom
substrate with thickness (7) of 0.04 um (we call this the
IPS cell). Here, the electrode width (W) and pattern
spacing (L) between electrodes are 4 pm and 8 um,
respectively, while the LC cell gap (d) is 6 pum. For the
purpose of numerical simulation, we assume that K of
polymer-stabilised BPLC, An and Ag of the host LC
are 5.5 x 1071 m/V?2, 0.150, and 4.5, respectively.
Figure 2 shows the driving schemes and corre-
sponding voltage-dependent transmittance (V-T)
curves. In the conventional driving scheme shown in
Figure 2(a), the amplitude of pixel (PXL) electrode

Z
Glass
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oL COM PIX COoM
T L L '
L Tw
Glass

Figure 1. Cross-sectional view of conventional polymer-
stabilised blue phase liquid crystal cell in in-plane switching
mode.
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Figure 2. (a)Driving schemes and (b) the calculated voltage-
dependent transmittance (¥~T7) curves corresponding to the
driving scheme.

voltage is controlled via only one transistor (TR) in
each pixel while the common (COM) voltage is fixed.
Here, we propose a new driving scheme which controls
PXL and COM celectrode voltages separately using
two TRs in one pixel. In the 2TR driving scheme, the
PXL and COM electrodes are biased at positive/nega-
tive voltage pulse and negative/positive voltage pulse,
respectively. Referring to Figure 2(b), the 2TR driving
scheme exhibits an approx twice as low operating
voltage than the 1TR because of its much higher elec-
tric fields. Therefore, we have used the 2TR driving
scheme for the following simulations.

Figure 3 shows the calculated V-7 distributions,
horizontal electric-field (E,) pattern and effect of trans-
mittance distributions at 114 V on the LC cell. Referring
to Figure 3(a), the IPS BPLC cell exhibits high trans-
mittance in the area between PXL and COM electrodes,
while it exhibits no transmittance above the electrodes.
However, in the area between PXL and COM electro-
des, although high transmittance appears as the applied
voltage increases, transmittance distribution fluctuates
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Figure 3. The calculated (a) voltage-dependent transmittance distributions, (b) horizontal E-field (E,) distributions and
(c) transmittance distribution at the operating voltage V,, = 114 V in the cell structure.

at high voltages because of the difference of the induced
birefringence An; at each position. Figure 3(b) explains
the cause of different An; at each position. The strong
E, distribution concentrates locally at the edges of elec-
trodes, and weak E | distribution is widely distributed on
the centre area between electrodes. Therefore, total
transmittance is reduced because the total retardation
d;An; at each position along the x-axis has different
values in this structure. Additionally, since no horizon-
tal field appears on top of the electrodes, the transmit-
tance remains very low even over the operating voltage
(Vop), leading to a reduced aperture ratio. According to
Figure 3(c), its aperture ratio is 71.7%, if we define the
aperture as where the transmittance exceeds 25% of the
maximum intensity.

In order to investigate the trend of V-T character-
istics according to various electrode width/pattern spa-
cing (WI/L) ratio parameters, we have simulated various
parameters of IPS cell structure. Figure 4 shows the
calculated V-T curves corresponding to the W/L para-
meter. According to Figure 4, a smaller pattern spacing
L with the same W/L parameter leads to a lower oper-
ating voltage. However, transmittance is decreased
because of the reduction of electric field flux caused
by the narrower electrode width W, resulting in
decreased LC layer thickness with induced birefrin-
gence (d;). In other words, although a smaller L gener-
ates higher electric fields, which subsequently induces
birefringence more easily, transmittance is decreased by
the effect of d;An; since the smaller W under the same
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Figure 4. The calculated voltage-dependent transmittance
curves corresponding to the electrode width (W)/electrode
pattern spacing (L) parameters.

WIL condition reduces the LC layer thickness with the
induced birefringence. Furthermore, a smaller pattern
spacing L with the constant electrode width W also
decreases the transmittance due to the increased por-
tion of dark area on the electrodes. Therefore, in order
to reduce operating voltage, the pattern spacing L
should be reduced. However, the reduced pattern spa-
cing L would cause a low transmittance as we mention
above. Therefore, in order to improve transmittance
efficiency it is necessary to extend the aperture region
by generating E, on the electrodes and reducing imbal-
ance of d;An; at each position in the area between the
patterned electrodes which is caused by the different £
distributions. In this paper, the effect of electrode shape
was investigated in order to find the optimal electrode
shape for improving the aperture ratio, which in turn
improves the transmittance efficiency of BPLC cell. In
addition, to lower the operating voltage, we optimise
the W/L parameter by designing proper electrode
shapes.

Figure 5 shows the calculated V—T curves as a func-
tion of the electrode thickness (7). Here, 7 is varied from
0.04 to 2 um. The taper angle of electrode is fixed at 89°
and the cell structure is based on W =4 um, L = 8 um
and d = 6 um. Practically, although some of electrode
shapes used in our simulation are very difficult to form
on indium tin oxide (ITO), we have assumed the use of
ITO material for the patterned electrodes because the
structures can be fabricated by patterning the electrodes
over organic resin protrusion in the real process.

According to Figure 5, as the eclectrode gets
thicker, the operating voltage decreases because of
the stronger E, caused by the increased side surface
of electrode. However, in contrast, its transmittance is
reduced because the retardation according to the

Transmittance [a.u.]

! ! L ! ! L
0 20 40 60 80 100 120 140 160 180 200

Voltage [V]

Figure 5. The calculated voltage-dependent transmittance
curves according to the electrode thickness ¢. Here, ¢ was
varied from 0.04 to 2 um

induced birefringence, which is caused by the E,
above the electrode surface, becomes relatively smaller
by the reduction of BPLC thickness as the electrode
thickness increases. Finally, the retardation on the top
surface of the electrodes over 2 pm of electrode thick-
ness can be neglected.

Figure 6 shows the calculated V-T curves as a
function of the electrode taper angle. The electrode
in each structure has a different taper angle and a
maximum thickness of 2 um. In the structure whose
taper angle is less than 45°, its thickness is also reduced
according to the taper angle as shown in Figure 6(b).
Referring to Figure 6(a), the larger taper angle leads to
a lower operating voltage. However, at 45° of elec-
trode taper angle, which has a structure like pyramid,
it shows the highest transmittance efficiency. Above
45° of taper angle, since the electrode thickness is
saturated at 2 pm, the transmittance efficiency starts
to decrease for the aforementioned reason.

Therefore, it is clear that an electrode with a pyr-
amid shape which has no flat top surface is effective to
extend the aperture ratio of the electrodes. Figure 7
shows the calculated VT curves for various types of
pyramid structures, such as ellipse, sine-curved, linear,
S-shaped, reversed sine-curved, and reversed-ellipse
by different processes for generating electrode pat-
terns. All the structures discussed here have electrode
width W =4 pm, electrode thickness = 2 um, pattern
spacing L = 8 pm and cell gap d = 6 um, while each
structure has a different electrode shape as shown in
Figure 7(a).

According to Figure 7(b), the reversed ellipse-
shaped structure exhibits the highest transmittance
efficiency, that is to say, the pattern with the shar-
pened top is the most effective for improving aperture
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Figure 6.
electrode shapes.

ratio. Referring to Figure 7(c), the aperture ratio of the
cell which has the reversed ellipse-shaped electrodes
reaches 98.3%, assuming the aperture region with
more than 25% of the maximum intensity.

With the reversed ellipse-shaped electrode, we
have simulated V-T curves for different types of cell
structures with various W/L ratios. Although the
reversed ellipse-shaped electrode shows the highest
transmittance efficiency, we also include S-shape and
reversed sine-shape for comparison in case the
reversed ellipse-shape electrode loses its sharp top dur-
ing device fabrication.

Figure 8 shows the calculated V-T curves corre-
sponding to the W/L parameter. According to Figure
8, in the proposed structure, smaller pattern spacing L
with either the same W/L ratio or the constant elec-
trode width W leads to a lower operating voltage with
improvement of transmittance efficiency. In a conven-
tional structure with flat top surface of electrode, as
pattern spacing L gets smaller, the vertical electric field
E. gets stronger, instead of E,. However, our new
structure with a sharp top surface of electrode gener-
ates a higher E, as pattern spacing L gets smaller.

Furthermore, smaller pattern spacing L with the
same W/L ratio helps to minimise the non-uniform
d;An; at different positions of the cell. Figure 9 shows

(b)

(a) The calculated voltage-dependent transmittance curves according to the electrode taper angle and (b) the

the transmittance distribution at the operating voltage
of (a) WIL=4/8at98V, (b) W/IL=3/6at76 V, and (c)
WIL = 2/4 at 52 V for the reversed ellipse-shape elec-
trode configuration. Referring to Figure 9, a smaller
transmittance difference caused by different d;An; at
the centre and edges of pattern spacing is observed, as
compared with a conventional cell. In addition, a
smaller pattern spacing L exhibits a larger transmit-
tance efficiency above the electrodes.

In addition to the above-mentioned electrode con-
figuration for enhancing horizontal electric fields,
another effective method to lower the operating vol-
tage is to employ BPLC with a large Kerr constant [21,
22]. The Kerr constant is governed by the intrinsic
birefringence, dielectric anisotropy of the LC compo-
site, and the cholesteric pitch length as [23]:

Here, An; is the induced birefringence, / is the wave-
length, E is the electric field; An, Age and k are the
intrinsic birefringence, dielectric anisotropy, and elas-
tic constant of the host LC material. The pitch length
P is related to the Bragg reflection wavelength Ap
as [24]:
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(a) The variation of electrode shape and (b) the calculated voltage-dependent transmittance curves according to the

variation electrode shape, (c) transmittance distribution of the cell with the reversed ellipse-shaped electrode.

/IB = <I’1>P, (4)

where (n) is the average refractive index of the LC.
From Equation (3), to enhance the Kerr constant, the
LC composite with large optical and dielectric aniso-
tropies, long pitch length, and small elastic constant is
favourable. In particular, the pitch length has a quad-
ratic effect on the Kerr constant. In a BPLC, we
normally design P to shift the Bragg reflection to the
ultraviolet region so that it will not affect the display
performance in the visible region. On the other hand, if
we design /p to occur at a near infrared wavelength by
increasing P, then the Kerr constant will be increased
dramatically. However, higher order Bragg reflections
could occur in the visible region. For display applica-
tions, any reflection band in the visible spectral region
should be avoided. Another concern for increasing

pitch length is the slower response of the BPLC device.
The response time of a BPLC is related to the pitch
length as [24]:
7 P
TR 5
k(2m)

(5)

where ~; is the rotational viscosity, and k the elastic
constant.

Another controversy exists in the elastic constant
of the LC composite. From Equation (3), a small
elastic constant is favourable for boosting the Kerr
constant, but has a negative effect on response time.
Therefore, to optimise the BPLC material and device
performances, a delicate balance between operating
voltage, transmittance, and response time should be
all taken into consideration.
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Figure 8. The calculated voltage-dependent transmittance
curves corresponding to the electrode width (W)/electrode
pattern spacing (L) parameters of the proposed structure: (a)
the reversed ellipse-shaped, (b) reversed sine-shaped, and (c)

S-shaped.

Liquid Crystals 207

0.40 1

Transmittance [a.u.]

1 L L L L L
0 2 4 6 8 10 12 14 16 18 20 22 24

Distance [um]
(a)

0.40 1

0.35F 4

0.30 1

0.25F 1

0.20 1

Transmittance [a.u.]

0'00- 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
0.0 1.5 3.0 45 6.0 7.5 9.0 10.512.0 13.5 15.0 16.5 18.0

Distance [um]
(b)

0.40 1

Transmittance [a.u.]

Distance [um]

(c)

Figure 9. The transmittance distribution at the operation
voltage (the reversed ellipse-shaped): (a) W/L = 4/8 at 98 V,
(b) WIL=3/6at 76V, and (c) W/L =2/4 at 52 V.
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4. Conclusion

In a conventional IPS-type BPLC display, low transmit-
tance efficiency and high operating voltage occur
because a horizontal electric field is not generated
above the electrodes and the field is not strong between
pixel and common electrodes. Here, we have proposed a
new cell structure with a two-transistor driving scheme
to overcome the low transmittance efficiency of the
conventional IPS-type BPLC display. The proposed
structure has an electrode with a sharp shape at the
top. Practically, the proposed electrode structure can
be formed by deposition of the electrode on the protru-
sion etched by isotropic etching process. As a result, the
proposed cell structure gives an aperture ratio over 95%,
which helps to reduce the operating voltage by 25%.
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