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Lowering threshold voltage and operating voltage is a critical issue for blue phase
liquid crystal (BP LC) because the Kerr constant of liquid crystal mixture is not
so high. In order to switch BP LC from optically isotropic to anisotropic state,
in-plane electric field should be generated by interdigitated electrodes in general,
however, the operating voltage is high and transmittance is relatively low. In this
paper, the BP LC driven by fringe electric field is studied as one of the solutions
for those problems. Detailed analysis of voltage-dependent characteristics between
two devices has been performed.

Keywords Blue phase liquid crystal; Kerr constant; operating voltage;
transmittance

Introduction

With the rapid progress of stabilization of blue phase liquid crystals (BPLCs) by
polymerizing a mixture of monomers in recent years [1–4], industry’s interest in
the polymer-stabilized BPLC is rising because of two major advantages of device
such as optical isotropy in the dark state and no surface treatment leading to a sim-
plification of a fabrication process [5,6]. Although wide-viewing angle nematic LC
devices such as in-plane switching (IPS) [7], fringe-field switching (FFS) [8–10] and
vertical alignment (VA) [11,12] modes are mainly applied to LC-television, all
devices require alignment of LC in one direction and it is always troublesome
especially in large size display.
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The optical birefringence of the BP LC is induced by the Kerr effect which is a
type of quadratic electro-optic effect caused by electric field induced-reorientation of
polar molecules [13] and its relation associated with an applied electric field E can be
expressed as an Eq. (1):

Dni ¼ kKE2 ð1Þ

where k and K are the wavelength and Kerr constant, respectively. Since its refractive
ellipsoid has the optical axis along the electric field vector, it has been recognized
that the horizontal field-dominant switching modes only can be applicable for the
BP LCD device.

At present, IPS and FFS modes are the representative horizontal field-dominant
switching modes for nematic LC. For nematic LC, it is generally known that the FFS
mode shows higher transmittance and lower operational voltage than those of the
IPS mode. In this paper, detail comparison of BPLC devices associated with elec-
trode structure of IPS and FFS modes on voltage-dependant transmittance charac-
teristics has been performed by calculation and experiment.

Switching Principle and Simulation Conditions

In order to verify the accuracy of simulation tool, we choose two cells, general IPS and
FFS type cells. The device configuration of both cells is illustrated in Figure 1. As
shown in Figure 1, IPS type cell has electrode pattern width w¼ 10mm, electrode
pattern spacing l¼ 20mm and FFS type cell has electrode pattern width w¼ 4mm,
electrode pattern spacing l¼ 6mm, and thickness of passivation layer t1¼ 0.69mm.
Both cell structures have electrode thickness t2¼ 0.04mm and cell gap d¼ 6mm. The
LC mixture with cyanophenyl and cyanoterphenyl contains monomer (EHA,
Aldrich), reactive mesogen (RM257, Merck), chiral dopants (CB15 and ZLI 4572,
Merck) and photo initiator (DMPAP, Aldrich) with proper molar ratio. The LC
mixture shows the transition between cholesteric nematic phase – blue phase at
86�C and blue phase – isotropic phase at 92�C. In order to obtain the stabilized blue
phase, the cell filled with the solution was irradiated with UV light of 4.7mW=cm2

during 70 minutes when the LC mixture in blue phase.

Figure 1. Device configuration of both cells: (a) IPS type cell and (b) FFS type cell.
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In the BP LC in which an optically isotropic media exists under crossed
polarizer, the transmittance of the device associated with the induced phase retar-
dation described by Eq. (2):

TðkÞ ¼ T0ðkÞsin2 2wðVÞsin2 ðpdiDniðVÞ=kÞ ð2Þ

where w is a voltage-dependent angle between the transmission axes of the crossed
polarizers and the induced optical axis of BPLC in XY plane, di is thickness of
PB LC layer associated with Dni and k is the wavelength of an incident light. In order
to have maximum transmission, w and diDni should be equal to 45o and k=2 respect-
ively. In other words, the field direction which induces the birefringence should be
always 45o with respect to the polarizer.

For the calculation of electro-optic characteristics of two types of BPLC devices,
we have employed the commercially available software ‘‘TechWiz LCD’’ (Sanayi
system, Korea), which calculates the induced birefringence by Kerr effect as shown
in Eq. (1) with an assumption that the induced birefringence of LC mixture cannot
exceed a certain maximal birefringence Dnmax which is defined by combination
of mixture.

Results and Discussion

The normalized voltage-dependent transmittance (V-T) curves for both IPS and FFS
type cells are shown in Figure 2; dots are experimental data measured by spec-
trometer at k¼ 550 nm and solid lines are simulation results. As shown in Figure 2,
a good agreement between the simulation result and the measured data was
obtained. Here, for electro-optic simulation, K, Dnmax at k¼ 550 nm, and eeff of

Figure 2. Normalized voltage-dependent transmittance curves for both IPS and FFS type cells
(dots are experimental data measured by spectrometer at k¼ 550 nm, images show the oper-
ated at 250V for IPS cell and 180V for FFS cell).
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LC mixture was 2.8� 10�10m=V2, 0.32, and 24, respectively. The inset images in
Figure 2 were taken at an operating voltage of 250V (for IPS type cell) and 180V
(for FFS type cell), respectively. According to the inset images, IPS type cell showed
dark stripe patterns on patterned electrodes, while FFS cell showed dark stripe pat-
tern at the center between the patterned electrodes as well as on patterned electrodes.
The reason why FFS type cell showed better performance, even though FFS type cell
had dark patterns in two areas (between and on the patterned electrodes), is that IPS
type cell has larger length between the patterned electrodes. Therefore, in order to
compare the V-T characteristics of IPS and FFS type cells directly, we have
employed the same dimensions with electrode pattern width w¼ 4 mm, electrode
pattern spacing l¼ 6 mm and cell gap d¼ 6 mm for both cells; passivation layer
t1¼ 0.3 mm is placed between pixel and common electrode for only FFS type cell.
The calculated V-T curves are shown in Figure 3. As we expected, IPS type cell
exhibited better transmittance efficiency because it had dark patterns only on the
electrodes as shown in inset images in the contrary of FFS type cell. However,
although IPS type cell showed better transmittance efficiency, in other V-T charac-
teristics, threshold voltage Vth and operating voltage Vop, FFS type cell showed
lower Vth (¼38V) and Vop (¼246V) than those of IPS type cell (Vth¼ 62V and
Vop¼ 261V), moreover, FFS type cell showed higher transmittance under 170V.

According to the Eq. (2), in order to maximize transmittance, w should be equal
to 45� and diDni should be k=2. In this research, w was fixed to 45� because we have
used stripe patterns, therefore, the transmittance is only related to the phase retar-
dation diDni. Figure 4 shows the induced birefringence Dni caused by the horizontal
electric field Ex at 150V. Referring to Figure 4, the induced birefringence Dni fully
saturated to Dnmax only near the patterned electrodes edges and abruptly decreased
on the patterned electrodes for both IPS and FFS type cell. At the center area

Figure 3. Calculated voltage-dependent transmittance curve (electrode pattern width
w¼ 4mm, electrode pattern spacing l¼ 6 mm and cell gap d¼ 6mm for both cells, images show
the operated at 90% and 10% of transmittance of IPS and FFS type cells).
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between the patterned electrodes, IPS type cell exhibited smaller Dni than that of
near the edges. Although Dni was small, since it had broad distribution, it is clear
that diDni seems to reach the k=2 phase at higher voltage. On the contrary, FFS type
cell showed the abrupt decrease at the center area between the patterned electrodes
as well as on the electrodes.

Figure 5 shows the V-T curves of each cell at 5 local regions. According to
Figure 5(a), regions B, C, D, and E contributed V-T characteristics in IPS type cell.

Figure 4. Calculated birefringence induced by the horizontal electric field at 150V: (a) IPS
type cell and (b) FFS type cell.

Figure 5. Calculated voltage-dependent transmittance curves at 5 local regions: (a) IPS type
cell and (b) FFS type cell.
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Region C exhibited the fastest operation voltage and good transmittance efficiency,
and region D and E showed slightly slower operation voltage than that of region C in
still good transmittance efficiency, while Region B showed far slower operation volt-
age than that of region C with lower transmittance efficiency. Region A on the pat-
terned electrodes showed no transmittance at normal direction because only vertical
electric field was generated. On the other hand, according to Figure 5(b), regions B,
C, and D contributed V-T characteristics in FFS type cell. Similar to what IPS type
cell showed, region C exhibited the fastest operation voltage and good transmittance
efficiency. However, regions B and D showed big difference, furthermore, region E
between the patterned electrodes remained the dark state as well as region A on the
patterned electrodes. Referring to Figure 5, the transmittance efficiency was determ-
ined by a harmony of local V-T characteristics. Furthermore, region C where
locally-strong horizontal electric fields were generated determined the threshold volt-
age Vth and operation voltage Vop of cell. Therefore, IPS type cell exhibited the better
transmittance efficiency than FFS type cell because it showed good harmony
between the patterned electrodes. However, although FFS type cell showed lower
transmittance efficiency, its threshold voltage Vth and operation voltage Vop proper-
ties showed better performance.

Conclusion

In this research, electro-optical characteristics of IPS and FFS type BP LCD have
been investigated by numerical simulation. Through numerical simulation, we found
that IPS type cell exhibited fully induced birefringence with narrow distribution only
near the edges of the patterned electrodes, and smaller birefringence induced broadly
along the z-axis between the patterned electrodes. Therefore, although the induced
birefringence distribution was non-uniform, the phase retardation by the induced
birefringence was comparatively uniform. Contrary to IPS type cell, FFS type cell
exhibited fully induced birefringence with thicker distribution near the edges of
the patterned electrodes. However, at the center area between the patterned electro-
des, only small amount of birefringence was induced. Therefore, as we expected, IPS
type cell showed better transmittance efficiency than FFS type cell, however, FFS
exhibited better performance under a certain driving voltage because of fully induced
birefringence near the patterned electrodes at the low driving voltage.
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