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Vertical field switching for blue-phase liquid crystal devices
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A low-voltage (< 10 V), high-transmittance (> 80%), submillisecond-response, and hysteresis-free
polymer-stabilized blue-phase liquid crystal (BPLC) device with vertical field switching (VFS) and
oblique incident light are demonstrated experimentally. Unlike the commonly employed in-plane
switching in which the electric field is primarily in lateral direction and not uniform spatially, the VFS
mode has uniform longitudinal field. As a result, the operating voltage is reduced by ~ 3.2 x which in
turn helps to eliminate hysteresis. The VFS mode is a promising candidate for the emerging BPLC
display and photonic devices. © 2011 American Institute of Physics. [doi:10.1063/1.3604011]

Polymer-stabilized blue-phase liquid crystal (PS-BPLC)'
is emerging as next-generation display and photonic technol-
ogy because it exhibits some revolutionary features, e.g., no
need for alignment layer, fast response time, and isotropic dark
state. So far, the majority of previously demonstrated blue-
phase liquid crystal (BPLC) devices utilize in-plane switching
(IPS) electrodes®™® in which the electric field is mainly in /at-
eral direction and the Kerr effect-induced birefringence is
along the electric field if the employed BPLC has a positive
dielectric anisotropy (Ae > 0).” Therefore, the backlight can be
easily set at normal incidence. However, IPS mode exhibits
two major drawbacks: high operating voltage and relatively
large hysteresis. The former is because the electric fields are
confined near the electrodes and do not penetrate deeply into
the BPLC bulk.® Moreover, in an IPS mode, the electric fields
are nonuniform spatially. Near electrode edges, the electric
fields are particularly strong which could cause lattice defor-
mation, known as electrostriction effect, leading to hystere-
sis.”!” There is an urgent need to lower the operating voltage
to < 10 V while completely eliminating the hysteresis.

In this letter, we propose a vertical field switching
(VES) BPLC device. Different from IPS mode, the electric
field in the VFES cell is in longitudinal direction and is uni-
form. By using a thin cell gap and a large oblique incident
angle (70°), the operating voltage is reduced to ~ 10 V while
eliminating the hysteresis. The uniform electric field also
helps to reduce response time.

Figure 1 depicts the proposed VFS BPLC device struc-
ture. Because the electric field is in the longitudinal direc-
tion, only the incident light at an oblique angle (0 < 0 < 90°)
can experience the phase retardation effect. For a given
BPLC layer thickness, a larger 0 results in a larger phase re-
tardation, which helps to lower the operating voltage. There-
fore, we need to couple the backlight to a large output angle
(e.g., 0~70°) and keep it reasonably well collimated. The
reason for having a well-collimated light is to achieve better
viewing symmetry. If the incident light is not well colli-
mated, then the portion with a smaller angle would accumu-
late less phase retardation and form lower gray levels, while
the larger angle part would accumulate more phase retarda-
tion and form higher gray levels. After the light exits to the
viewer’s side, the divergent backlight would cause asymmet-
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ric brightness distribution when viewed from left side or
right side of the panel. As a result, it will be difficult to
obtain uniform brightness. In the following simulations, we
choose the backlight with an angular distribution of ~ 30°
full width at half maximum (FWHM).

The bottom coupling film laminated on the bottom po-
larizer that can substantially couple the oblique incident light
to the bottom substrate and the BPLC layer. It has a pris-
matic structure which not only couples the oblique input
light to the cell but also keeps a large angle. If we do not use
the bottom coupling film, the refracted angle in the BPLC
layer will be reduced dramatically by Snell’s law. As a
result, the phase retardation will be smaller and the operating
voltage higher. The purpose of top coupling film on the top
substrate is to couple the light to the air. Without the top cou-
pling film, the oblique angle light will be trapped in the cell
module because of total internal reflection (TIR). From our
simulation results, we found that the prism structures of the
coupling films with internal angles of 70°-20°-90° can sub-
stantially couple the ~ 70° incident light to the substrate
without changing the light direction and efficiently couple
the light out of the substrate without TIR. The prism pitch
should be smaller than each pixel size. Typically, it is from
~5 pum to ~ 100 um. Placed on the top coupling film, the
turning film can steer the direction of the oblique light to the
viewer’s position by TIR. We design the irregular prism
structure of turning film to spread the light to a wider range
for larger viewing angle and more uniform brightness.

To confirm the advantages of our VES device over the
conventional IPS structure, we performed some experiments.
Figure 2 shows the experimental setup for our VES cell. To
simulate the beam propagation path shown in Fig. 1, we pre-
pared a transparent container filled with Glycerol (n=1.47
at 2=633 nm). The cell was immersed in the Glycerol liquid
and it can be oriented at an arbitrary angle. Because of the
index matching of glass and Glycerol, the light can pass
through the BPLC in a very large angle. We prepared a polymer-
stabilized BPLC material using Chisso JC-BPOIM. The lig-
uid crystal (LC) host has a birefringence An~0.17 and
Ae~94. After UV stabilization, the blue-phase temperature
range is from <0 °C to~70 °C and its Kerr constant is
K~ 13 nm/VZat 23 °C and /=633 nm."" To make a fair
comparison, we used the same material for both IPS and
VES cells. The IPS cell has patterned ITO electrodes with
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FIG. 1. (Color online) Device structure of the proposed VES-BPLCD.

10-um electrode width and 10-um electrode gap, and the cell
gap is d~7.5 um. In the VFS cells, both top and bottom
glass substrates were over-coated with a thin (~ 80 nm) ITO
electrode; no polyimide layer was used. The cell gap was
controlled at d ~ 5.74 um.

Figure 3 depicts the measured voltage-dependent trans-
mittance (VT) curves (at A=633 nm and T ~ 23 °C) of the
IPS cell (at normal incidence) and VFES cell at =70 °. For
the IPS cell, the peak voltage occurs at Vj, ~ 50 V.. For the
VES cell at 0="70°, its V,~ 16 V., which is ~ 3.2 x lower
than that of IPS structure. To further reduce operating volt-
age, we could use a larger Kerr constant BPLC or increase
the incident angle.

Hysteresis is a common phenomenon for polymer-stabi-
lized liquid crystal devices. For display applications, hystere-
sis affects the accuracy of gray scale control and should be
eliminated. Hysteresis is defined by the voltage difference
(AV) at half-maximum transmittance when we scan the volt-
age forward and backward. From Fig. 3, the measured AV/
V, is ~ 5.8% for the IPS cell. For our VFS cell with d=5.74
um and 0=70°, it is free from hysteresis! The reason is
because our VES cell has a lower operating voltage so that
the electrostriction effect does not occur. On the contrary in
an IPS cell, the generated electric fields are not uniform spa-
tially. The electric fields are much stronger near the pixel
edges than those in the electrode gap. The strong electric
fields could cause lattice deformation locally which in turn
contributes to hysteresis.

We also compared the response time of our VES cell
and IPS cell at 23 °C. The applied voltage swings from 0 to
16 V for the VES cell and 0 to 50 V for the IPS cell. The
[rise time, decay time] for the IPS cell and VFS cell are [648
us, 1795 ps], and [730 us, 870 us], respectively. Our VFS
mode shows a ~ 2 x faster decay time than IPS. Again, this
is attributed to the smaller LC reorientation angle and uni-
form field of the VFES cell.
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FIG. 3. (Color online) Measured VT curves and hysteresis of IPS and VFS
cells. =633 nm.

Unlike IPS cell whose VT curve is insensitive to the cell
gap, the peak transmittance voltage of our VFS cell is de-
pendent on the cell gap. Two factors have to be considered:
induced birefringence and effective cell gap. For a given
voltage V, as the cell gap decreases the electric field gets
stronger because E=V/d. According to Kerr effect, the
induced birefringence is proportional to E°. Thus, the
induced birefringence is larger as the cell gap decreases. On
the other hand, for a given incident angle, the beam path in
the BPLC cell for accumulating phase retardation decreases
as the cell gap decreases. Therefore, there ought to be an
optimal cell gap for achieving certain phase retardation. If
the cell gap is too thin, although the induced birefringence is
large, the optical beam path is decreased so that the accumu-
lated phase may not be adequate for achieving maximum
transmittance. Moreover, the saturation phenomenon in the
high field region should be also considered. In real situation,
the induced birefringence will gradually saturate as the elec-
tric field increases. Therefore, the driving voltage could not
decrease indefinitely when we use an ultra-thin cell gap, as
described by the extended Kerr effect equation.'> In
the extended Kerr effect model, the induced birefringence

2
is expressed as An = Ang, (1 —exp [— (E%) }), where

Ang, stands for the saturated induced birefringence and Eg
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FIG. 2. (Color online) Experimental setup for characterizing the VES cell.
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FIG. 4. (Color online) Simulated operating voltage vs. cell gap at different
incident angles of VFS cells. =550 nm and Kerr constant is assumed to be
K~7.5nm/V 2,
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FIG. 5. (Color online) Isocontrast plot of VFES cell using irregular prism
structure of turning film. Backlight FWHM = 30°, 6 =70°, and 4 =550 nm.

represents the saturation field. From the measured results in
Fig. 3, our polymer-stabilized BPLC material has K~ 7.5
nm/V2 at 2=633 nm in the low field region, with
Ang,, ~0.17 and E;~6 V/um. Based on the extended Kerr
effect model, we simulated the cell gap versus the driving
voltage at A =550 nm as shown in Fig. 4. When the cell gap
decreases, the driving voltage decreases and then reaches a
minimum. For the case of 0 =70°, the minimum peak volt-
age is V,~9.5 V with d ~ 1.5 um. We can optimize cell gap
according to the material properties and incident angle to
obtain the minimum voltage.

Typically, the optical efficiency of the IPS BPLC cell is
~70% due to some dead zones above the electrodes. Our
VES BPLC cell can achieve 100% transmittance because of
its uniform vertical fields without dead zones. The major opti-
cal loss comes from Fresnel reflection of the coupling films
and turning films. From our simulations, the optical efficiency
for the added films is over 85%. Therefore, VES should have
comparable or higher optical efficiency than IPS.

Achieving wide viewing angle is a major challenge for
the VFS mode because the backlight’s incident angle is fairly
large. In our simulation, we assume the absorption axes of
the polarizer and analyzer (SEG1425DU, Nitto Denko) are
at 45° and —45°, respectively, and two biaxial films are set
at 48.8° and —48.5°. The N, factor, which is defined as
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(n,-zy)/(ny-ny), is 0.4 for both biaxial films and d(n,-n,)
=250 nm, here d is the thickness of biaxial films. The con-
trast ratio over 100:1 is limited to ~ 20° viewing cone if we
use a regular prism-based turning film to steer the light to the
viewer. This is because the backlight we used has a fairly
narrow FWHM. Therefore, this design is suitable for nar-
row-view applications. To widen the viewing angle, we can
design irregular prism structure of turning film to orient
backlight to multiple directions. Figure 5 shows an example
that the prisms of turning film are with two different angles.
The high contrast contour extends to more locations. To
spread the light more uniformly, a diffuser could be consid-
ered. We can also design more prism angles or use round-
shape prisms to spread the light by TIR to get uniform
brightness and high contrast ratio. The shape and angle of
the micro prisms should be optimized according to the back-
light profile employed.

In conclusion, the VFS-BPLC offers superior perform-
ances to IPS in lower operating voltage, higher transmit-
tance, free from hysteresis, and faster response time.
However, it is more sensitive to the cell gap than IPS. This
operation mode can be applied to different display and pho-
tonic devices that require fast response time, such as field se-
quential color displays using RGB LED backlight.

The authors are indebted to AU Optronics for financial
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