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ABSTRACT

Polymer-stabilized blue-phase liquid crystal (BPLC) has become an increasingly important technology trend for
information display and photonic applications. BPLC exhibits several attractive features, such as reasonably wide
temperature range, submillisecond gray-to-gray response time, no need for alignment layer, optically isotropic voltage-
off state, and large cell gap tolerance when an in-plane switching (IPS) cell is employed. Fast response time not only
suppresses image blurs, improves the overall transmittance but also enables color sequential display without noticeable
color breakup. With time sequential RGB LED colors, the spatial color filters can be eliminated so that both optical
efficiency and resolution density are tripled. High optical efficiency helps to reduce power consumption while high
resolution density is particularly desirable for the future Ultra High Definition Television. However, some bottlenecks
such as high operation voltage, hysteresis, low relaxation frequency, residual birefringence, image sticking, charging
issue due to the large capacitance, and relatively low transmittance for the IPS mode, remain to be overcome before
widespread application of BPLC can be realized. To reduce operation voltage, both new BPLC materials and new device
structures have been investigated. In this paper, we highlight some recent advances in large Kerr constant, fast response
time BPLC material development, and new device structures. Especially, we will focus on new BP LCDs with low
operation voltage, submillisecond response time, high transmittance, and negligible hysteresis and residual
birefringence. The sunrise for BP LCD is near.
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1. INTRODUCTION

Polymer-stabilized blue-phase liquid crystal (PS-BPLC)'” exhibits three distinctive features: 1) self-assembly
process so that no surfactant (e.g., rubbed polyimide layer) is needed to generate uniform molecular alignment, 2)
nanoscale (~100 nm) double-twist cylinder diameter and short coherence length which leads to microsecond response
time,*’ and 3) three-dimensional lattice structure resulting in optically isotropic voltage-off state. Alignment-layer-free
process greatly simplifies the device fabrication process. Fast response time not only produces crisp pictures without
image blurs but also enables color sequential displays.*® By eliminating spatial color filters, both optical efficiency and
resolution density are tripled. This feature is particularly important for reducing the power consumption of a high
resolution display. Moreover, short coherence length significantly improves the diffraction efficiency of BPLC
gratings.'* Finally, optically isotropic state makes adaptive BPLC lenses polarization independent.'""' Therefore, BPLC
holds promises for display and photonics applications.'

However, high operation voltage, noticeable hysteresis, and large capacitance still hinder its widespread
applications. Among these three technical barriers, high voltage is the root cause. If the voltage is low (<10V), then the
electrostriction effect which causes lattice distortion would be prohibited and hysteresis be negligible (<1%), and high
frame rate (>180Hz) can be achieved by the bootstrapping circuits.'* Therefore, the most fundamental issue for BPLC
studies is to lower the operation voltage to below 10V, without sacrificing other desirable properties, such as high
transmittance, submillisecond response time, high contrast ratio, and wide viewing angle. To achieve this goal, both
device structures and BPLC materials have been investigated extensively. From device structure viewpoint, two major
approaches have been developed: 1) implementing protrusion electrodes so that the fringing field can penetrate deeply
into the LC bulk,'"” and 2) vertical field switching (VFS)" to generate uniform longitudinal field across the BPLC
layer. From material aspect, developing BPLC materials with a large Kerr constant (K)'**° helps reduce driving voltage

because the on-state voltage is inversely proportional to v/ K .'® From Gerber’s model, Kerr constant is governed by the
birefringence (4n), dielectric anisotropy (Aé), average elastic constant (k), and pitch length (p) of the chiral LC host as:*'
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K~An-Ae-p*/k. (1)
As Eq. (1) indicates, to enlarge K by increasing pitch length seems to be a straightforward approach because K is
proportional to p°. However, this approach has its own limitations, as reported by Yan, et al.”* Therefore, it is better to
keep Bragg reflection in the UV region (~350 nm). From Eq. (1), the remaining approach is to boost An-Ag because & is
more difficult to control.> The LC birefringence is mainly determined by the conjugation length. Considering the
material stability, increase in birefringence is quite limited. Therefore, increasing Ae becomes a popular option. Indeed,
LC hosts with Ag (>90) have been developed by INC* and by Merck' independently. Such a large A¢ LC would require
several polar groups so that its rotational viscosity and response time would increase dramatically. Indeed, the response
time of JC-BPO1M is about 2 ms at room temperature (RT~22°C) using an in-plane-switching (IPS) cell.”’ In addition,
the hysteresis is about 6% because of the strong peak electric field near the IPS electrode edges. Besides, with low
relaxation frequency (1.3 kHz), there will be dielectric heating effect and the driving voltage increases significantly for
high frequency (~1kHz) opeartion.” A delicate balance between operating voltage, response time, relaxation frequency
and hysteresis has to be taken into consideration.

In this paper, we report a large Kerr constant PS-BPLC while keeping submillisecond response time and negligible
hysteresis at room temperature. The measured Kerr constant is 33.1 nm/V? in an IPS cell and 20.9 nm/V?in a VFS cell at
A=514 nm. The on-state voltage of our VFS-BPLC device is 8.4 Vs at =514 nm, hysteresis 0.9%, and response time
<Ims at RT. We also discuss the issue of low relaxation frequency and transmittance, and approaches to solve these
problems.

2. RESULTS AND DISCUSSIONS
2.1 Driving voltage
2.1.1 IPS BPLCD

A common driving method for BPLCD is to use fringing field generated from IPS electrodes. The major advantages of
IPS mode are twofold: 1) a normal backlight can be used, and 2) wide viewing angle can be obtained by a simple biaxial
compensation film.** But high driving voltage (~50V) still hinders the wide application of IPS BPLCD.
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Figure 1. VT curves of the PSBP IPS cell using JC-BPO6N at the specified wavelengths. Dots are measured data and lines are fitted
curves with extended Kerr model.

A large Ae would help to improve Kerr constant and hence reduce the driving voltage. Here we prepared a LC host with
Ag ~470 JC-BPO6N (by JNC) whose clearing point is 7,=73.8°C.** The rotational viscosity of JC-BPO6N is over

Proc. of SPIE Vol. 9005 900508-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/03/2014 Terms of Use: http://spiedl.or g/terms



1470mPa.s due to the huge A& The blue phase precursor consists of 88.17 wt% JC-BPO6N with 2.92 wt% of chiral dopant R5011
(HCCH), 5.24 wt% RM257 (Merck), 3.46 wt% TMPTA (1,1,1-Trimethylolpropane Triacrylate, Sigma Aldrich) and 0.21 wt%
photoinitiator. We filled the BPLC precursor into an IPS-5/5 cell: the electrode width and gap are both Spum, and cell gap is 7
um. Afterwards the cell was placed on a Linkam heating/freezing stage controlled by a temperature programmer. The
cell was cooled to blue phase and then exposed to UV light (A~365 nm) with intensity of 2 mW/cm? for 30 min. After
UV irradiation, nano-structured BPLC composites were self-assembled. The measured Bragg reflection wavelength is
~380 nm, which is about the same as that of JC-BPO1M (our benchmarking BPLC material).

The IPS cell was then sandwiched between two crossed polarizers and the voltage dependent transmitted light was
focused by a lens so that different diffraction orders'® can be collected by the detector. The peak transmittance of the
IPS-5/5 cell is about 60% because of the dead zones on top of the electrodes. Figure 1 plots the normalized transmittance
(T) at different wavelengths. From Fig. 1, we find the on-state voltage (corresponding to peak transmittance) V,,= 22.2,
25.4 and 32.8 Vs at A=457, 514 and 633 nm, respectively. Through fitting the data with the extended Kerr model,“’26
we get K=39.7, 33.1, and 26.9 nm/V?, correspondingly. By contrast, the Kerr constant of our BPLC is ~2.1X larger than
that of JC-BPO1M at room temperature (also in IPS cell).”’

2.1.2 VFS BPLCD

As Fig. 1 depicts, the driving voltage of JC-BPO6N BPLC in IPS cell is still very high. For IPS, the non-uniformity in
electric field, including dead zones on top of electrode, causes less efficient driving and lower transmittance. Meanwhile,
the strong peak electric fields near the electrode edges result in hysteresis and slow response time. Another possible
driving method is to use vertical field switching (VFS) mode,'® in which the electric field is in longitudinal direction.
VFS mode offers several spectacular properties, such as low voltage, high transmittance, fast response time, and
negligible hysteresis, but it requires a directional backlight and phase compensation in order to achieve wide view.*®

We prepared a VFS cell using the same BPLC precursor. The VFS cell is comprised of two ITO (indium tin oxide) glass substrates,
but without polyimide alignment layer. The cell gap was controlled at ~3.2 um. In order to acquire phase retardation, the laser
beam was incident on the VFS cell at 70° oblique angle. The VFS cell was immersed in a transparent container filled
with Glycerol (n=1.47) so that the beam could enter the LC layer at a large angle due to the refractive index match
between the glass and Glycerol.'"® The container was placed between two crossed polarizers, and the light transmittance
was measured. The cell was driven at 100 Hz. The Kerr constant would decrease as the driving frequency increases
according to the extended Coles-Coles model.”® Ideally, a driving frequency higher than 180Hz is required for color
sequential displays. If the driving frequency was increased to 240 Hz, Kerr constant would drop by 8%, which in turn
increase the on-state voltage by ~4%.
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Figure 2. VT curves of the PSBP VFS cell using JC-BPO6N at the specified wavelengths. Dots are measured data and lines are fitted
curves with extended Kerr model. Cell gap d=3.2 um.
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Figure 2 depicts the measured VT curve at different wavelengths. Here, the transmittance is normalized to that of two
parallel polarizers. From Fig. 2, V,, = 7.3, 8.4 and 9.9 V,,,, for A=457, 514 and 633 nm, respectively. Through fitting the
VT curves,* K=Ans/(/lES2)=24.9, 20.9 and 17.4 nm/V? for =457, 514 and 633 nm, respectively. For comparison, at
A=633 nm the Kerr constant of our BPLC is ~2.3X larger than that of JC-BPOIM (also from VFS cell). This
improvement is close to 2.1X by using the IPS cells, considering the measurement and fitting errors. So, on average our
PS-BPLC shows a 2.2X larger Kerr constant than JC-BPO1M.

2.2 Relaxation frequency

Since the relaxation frequency f, is proportional to /() ,% a large As LC would result in lower relaxation frequency;
e.g., INC JC-BPO1M has a relaxation frequency of 1.3 kHz, and its Kerr constant decreases by ~2X as the frequency
increases from 60 Hz to 1 kHz *. When driving this BPLC at 1 kHz for color sequential displays, two serious problems
are encountered: 1) the operation voltage is increased by ~40%, and 2) the dielectric heating effect’”* due to the
imaginary part (absorption) of dielectric constant, which has a peak value at the relaxation frequency, will affect the
performance stability of the BPLC device.

Figure 3 depicts the measured the &, and ¢, (real part of the permittivity) of JC-BPO6N. The dots are the measured ¢/, for

JC-BPO6N and the lines are fitting results with Debye relaxation equation:****

, Ey— €,
& =6, t——>2
L+(f11)

From these data, we obtain =491 at low frequency region for JC-BPO6N. As the frequency increases, ¢, decreases
dramatically due to the slow dielectric relaxation time resulting from the large viscosity and bulky molecular structure.”’
Through fitting with Eq. (6), we find £,=1.07 kHz. For conventional low viscosity nematic LCs, the relaxation frequency
is usually quite high (>50 kHz). An effective diluter would help to dramatically reduce the viscosity and increase the
relaxation frequency. After doping a small amount of diluter (5wt% of 5CC3), the f, shifts to 1.92 kHz because of the
dramatically reduced viscosity.”> However, &, drops nonlinearly from 491 to 311 after adding 5wt% 5CC3.%7¢

(6)
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Figure. 3. Frequency-dependent g,” and ¢, of JC-BPO6N before and after adding 5% 5CC3.

Moreover, the relaxation frequency decreases exponentially with temperature, therefore low temperature and high
frequency operation for large viscosity PS-BPLCs would be limited.”” Even the temperature is still above the melting
point of a blue phase, the dramatic plunge of Ae results in a high driving voltage, which makes the device difficult to
operate. Aagain, an effective diluter would help to increase the relaxation frequency and benefit the low temperature
operation.
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2.3 Hysteresis

Hysteresis affects grayscale control accuracy of a BPLC device and should be minimized.*® To characterize hysteresis,
we drove the VFS cell by ascending the voltage to V,, and then gradually descending it to 0. Hysteresis is defined as
AV/V,,, where AV is the voltage difference between the forward and backward scans at half of the peak transmittance.
For the VFS cell, the measured hysteresis is only ~0.9% (47=0.08V) at A=514 nm, which is negligible. If the applied
voltage exceeds 8.4 Vs, then the hysteresis will gradually increase. Here we define a critical field as £=V,,/d. For the
BPLC we studied, its £,=2.67 V/um. Above E,, hysteresis will gradually grow and response time becomes slower.***’
Therefore, the cell gap of a VFS cell plays an important role affecting the on-state voltage and hysteresis. On the other
hand, for IPS cell the peak electric field near the electrodes is usually very strong and can easily exceed E.. Thus, the
hysteresis in an IPS cell is usually larger than that of a VFS cell. Low driving voltage or smooth electrode design helps
to reduce hysteresis in IPS BPLCD.*!

2.4 Response time

Fast response time is a very attractive feature for PS-BPLC. The relaxation time of a BPLC is governed by rotational
viscosity (), elastic constant and pitch length as:''

2
. )
k(27)

where y; is the rotational viscosity. It is known that the BPLC response time in the low field region where lattice
distortion does not occur is primarily governed by the viscosity, average elastic constant, and pitch length.”*"** Polymer
structure and polymer concentration also play important roles.** Although the viscosity of our JC-BPO6N is quite high,
the monomer (TMPTA) we employed has three functional groups which provide strong crosslinking networks and helps
reduce the response time. We measured the rise time and decay time of the VFS cell by swinging the voltage between 0
and V,,. The response time is defined as 90% to 10% transmittance change. At A=514 nm and room temperature, the rise
time is 460 ps and decay time is 950 ps. Adding ~5% diluter would dramatically reduce the viscosity and response time,
while keeping Kerr constant more or less unchanged.®

2.5 Contrast ratio

In the voltage-off state, blue phase is not perfectly optically isotropic but with a tiny optical rotatory power.* At 1=514
nm, our measured contrast ratio (CR) of the VFS cell is 580:1 under crossed polarizers. If we rotate the analyzer by 1.8°,
CR is boosted to 1900:1. It can be further improved by shifting the Bragg reflection wavelength to the shorter
wavelength side, but the operating voltage will increase. The depolarization from the oblique incidence might also
degrade CR. For the IPS cell, the CR is better due to the normal incidence.

2.6 Transmittance

High transmittance is very important since it helps to reduce power consumption. For VFS BPLCD, the transmittance of
the cell is approaching 100%. However, the sophisticated phase compensation and optical design** decreases the
transmittance to ~85%. Optimization in the design is needed. On the other hand, the transmittance for typical IPS
BPLCD is quite low, ~60% due to the dead zones on top of electrodes. By reducing the width (w) and gap (1) of the IPS
electrodes, the operation voltage is reduced while the transmittance keeping above 80%." Reducing the ratio of I/'w
would also help to reduce the dead zone area ratio and improve the transmittance. A refraction model has been
developed to better predict the transmittance of IPS BPLCD and promising approaches, such as etched electrode design,
for achieving high transmittance and low operation voltage have been demonstrated.*®

3. CONCLUSION AND OUTLOOK

Polymer-stabilized blue-phase liquid crystal (BPLC) opens a gateway for next-generation display and photonic
applications because it exhibits several attractive features, such as submillisecond response time, no need for alignment
layer, and optically isotropic voltage-off state. Some bottlenecks including high operation voltage, low relaxation
frequency, hysteresis, and relatively low transmittance have been gradually overcome recently. Especially, we
demonstrate a hysteresis-free BP LCD with fast response time, high transmittance, negligible hysteresis and low
operation voltage. The dawn of BPLCD is near.
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