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We report a polymer-stabilized blue phase liquid crystal (BPLC) whose Kerr constant is about

2.2� larger than previous record. When filled in a 3.2-lm-thick vertical field switching cell, the

on-state voltage is merely 8.4 V (at k¼ 514 nm) while keeping submillisecond response time and

negligible hysteresis (<1%) at the room temperature. These results imply that the dawn of BPLC

era for high speed display and photonic devices has finally arrived. VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4802090]

Polymer-stabilized blue-phase liquid crystal (PS-BPLC)1–5

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 coher-

ence length, which leads to microsecond response time,6,7

and (3) three-dimensional lattice structure resulting in opti-

cally isotropic voltage-off state. Alignment-layer-free pro-

cess greatly simplifies device fabrication process. Fast

response time not only produces crisp pictures without image

blurs but also enables color sequential displays.8–10 By elimi-

nating spatial color filters, both optical efficiency and resolu-

tion density are tripled. This feature is particularly important

for reducing the power consumption of a high resolution ret-

ina display. Moreover, short coherence length significantly

improves the diffraction efficiency of BPLC gratings.11

Finally, optically isotropic state makes adaptive BPLC lenses

polarization independent.12,13 Therefore, BPLC holds prom-

ises for display4,14 and photonics applications.15

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 (<10 V), then the electrostriction

effect, which causes lattice distortion would be prohibited

and hysteresis be negligible (<1%), and high frame rate

(>180 Hz) can be achieved by the bootstrapping circuits.16

Therefore, the most fundamental issue for BPLC studies is to

lower the operation voltage to below 10 V, without sacrificing

other desirable properties, such as high transmittance, sub-

millisecond response time, high contrast ratio (CR), 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,17–19 and (2) vertical field switching (VFS)20 to generate

uniform longitudinal field across the BPLC layer. From mate-

rial aspect, developing BPLC materials with a large Kerr

constant (K)21,22 helps reduce driving voltage because the

on-state voltage is inversely proportional to
ffiffiffiffi
K
p

.17 From

Gerber’s model, Kerr constant is governed by the birefrin-

gence (Dn), dielectric anisotropy (De), average elastic con-

stant (k), and pitch length (p) of the chiral LC host as23

K � Dn � De � p2=k: (1)

As Eq. (1) indicates to enlarge K by increasing pitch length

seems to be a straightforward approach because K is propor-

tional to p2. However, this approach has its own limitations,

as reported by Yan et al.24 Therefore, it is better to keep

Bragg reflection in the UV region (�350 nm). From Eq. (1),

the remaining approach is to boost Dn�De because k is more

difficult to control.3 The LC birefringence is mainly deter-

mined by the conjugation length. Considering the material

stability, melting temperature, and viscosity, terphenyl deriv-

atives could be the longest conjugation for BPLCs.

Therefore, increasing De becomes a popular option. Indeed,

LC hosts with De (>90) have been developed by JNC21 and

Merck22 independently. Such a large De LC would require

several polar groups, so that its rotational viscosity and

response time would increase dramatically. Indeed, the

response time of JC-BP01M is about 2 ms at RT � 22 �C
using an in-plane-switching (IPS) cell.21 In addition, the hys-

teresis is about 6% because of the strong peak electric field

near the IPS electrode edges.25 A delicate balance between

operating voltage, response time, and hysteresis has to be

taken into consideration.

In this Letter, we report a record-high Kerr constant PS-

BPLC while keeping submillisecond response time and neg-

ligible hysteresis at room temperature. The measured Kerr

constant is 33.1 nm/V2 in an IPS cell and 20.9 nm/V2 in a

VFS cell at k¼ 514 nm. The on-state voltage of our VFS-

BPLC device is 8.4 Vrms at k¼ 514 nm, hysteresis 0.9%, and

response time <1 ms at RT.

In the experiment, we prepared a large De nematic LC

host JC-BP06N (by JNC) whose clearing point is Tc¼ 73.8 �C.

We filled JC-BP06N into a homogeneous cell with cell gap

d� 5 lm. The cell has strong anchoring energy and about 3�

pretilt angle. To evaluate the birefringence of the LC host, we

measured the phase retardation of a homogeneous cell sand-

wiched between two crossed polarizers.26 However, this LC

host does not align well in the homogeneous cell. As shown ina)E-mail: swu@ucf.edu
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Fig. 1(a), when the LC alignment direction is parallel to the

optic axis of the polarizer, the cell shows severe light leakage

(under white light) between crossed polarizers, indicating the

LC molecules do not follow the rubbing direction well.

Therefore, we could not determine Dn accurately from the cell

due to poor alignment. Similar alignment problem of negative

De LCs in vertically aligned (VA) cells has been reported

before, and diluters can be used to improve the alignment.27

Therefore, we doped 5 wt. % diluter: 4-pentyl-40-propyl-

1,10-bi(cyclohexyl) (5CC3) into JC-BP06N. For convenience,

let us call this mixture LC1; its Tc is 74 �C. LC1 shows good

alignment in the homogeneous cell and it appears dark under

crossed polarizers [Fig. 1(b)] when the alignment direction is

parallel to the optic axis of the polarizer. We then measured

the voltage-dependent transmittance (VT) of the LC1 cell and

obtained Dn¼ 0.156 at k¼ 514 nm and room temperature

(RT¼ 22 �C). Through the relaxation time measurement of

the LC1 cell,28 we obtained the viscoelastic constant

c1/k11¼ 199 ms/lm2 and rotational viscosity c1¼ 1.47 Pas.

This c1/k11 is about 10� larger than that of nematic E7 mix-

ture. Diluter tends to decrease Dn of the large De LC slightly

but decrease c1 dramatically. Therefore, JC-BP06N should

have a larger c1 and slightly higher Dn (�0.17) than LC1.

Dielectric anisotropy of a LC is defined as De¼ e//
0 � e?0 ,

here e//
0 and e?0 represent the real part of the parallel and per-

pendicular dielectric permittivity. To determine the De of

these two LCs, we measured the capacitance of a homogene-

ous cell and a VA cell using an HP-4274 multi-frequency

LCR meter.28 Both LCs align well in the VA cell. However,

the poor alignment of JC-BP06N in the homogeneous cell

should result in a larger e?0 than the actual value. The meas-

ured e?0 of JC-BP06N is 17.9 at 100 Hz, which is much

smaller than e//
0 (491), therefore the error in e?0 will not affect

De too much. Figure 2 depicts the measured results. The

solid and open circles are the measured e//
0 for JC-BP06N and

LC1, respectively, and the lines are fitting results with

Debye relaxation equation29,30

e==
0 ¼ e1 þ

e0 � e1
1þ ð f=frÞ2

; (2)

where e0 is the static permittivity along the long molecular

axis at the low frequency limit, and e1 is the permittivity at

the high frequency limit. From these data, we obtain e0¼ 491

at low frequency region for JC-BP06N. As the frequency

increases, e//
0 decreases dramatically due to the slow dielectric

relaxation time resulting from the large viscosity and bulky

molecular structure.31 Through fitting with Eq. (2), we find

fr¼ 1.07 kHz. For conventional nematic LCs, the relaxation

frequency is usually quite high (>50 kHz). After doping a

small amount of diluter, the fr of LC1 shifts to 1.92 kHz

because of the dramatically reduced viscosity.32 However, e0

drops significantly from 491 to 311 after adding 5 wt. %

5CC3. The small molecules of 5CC3 are uniformly distrib-

uted in JC-BP06N. According to Lichtenecker formula, the

dielectric constant em of a binary mixture of liquids can be

expressed as33

em ¼ expðe1lnðX1Þ þ e2lnð1� X1ÞÞ; (3)

where e1 and e2 are the parallel dielectric constant of the two

components and X1 is the volume fraction of component 1. If

we substitute e1¼ 2.35 (measured data for 5CC3), e2¼ 491,

and X1¼ 0.05 (wt. %) into Eq. (3), we find em¼ 376.

However, X1 should be larger than the wt. % because of the

smaller molecular weight of 5CC3, compared to JC-BP06N.

If we assume X1¼ 0.085, then we obtain em¼ 312, which is

quite close to the measured result (�311).

Although we are able to get good alignment and mea-

sure the physical properties of LC1, LC1 has much smaller

De (298 vs. 473) and will result in much smaller K than JC-

BP06N. Therefore, we prepared a PSBP sample employing

JC-BP06N. The blue phase precursor consists of 88.17 wt. %

JC-BP06N 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. Next, we injected the LC/mono-

mers mixture into a VFS cell20 in an isotropic phase. The

VFS cell is comprised of two ITO (indium tin oxide) glass

substrates, but without polyimide alignment layer. The cell

gap is controlled at �3.2 lm. Afterwards, the cell was placed

on a Linkam heating/freezing stage controlled by a tempera-

ture programmer (Linkam TMS94). The cell was cooled to

blue phase and then exposed to UV light (k � 365 nm) with

intensity of 2 mW/cm2 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-BP01M (our benchmarking

BPLC material).

The experimental setup for characterizing the electro-optic

properties of a VFS cell has been reported previously.20 A line-

arly polarized Argon ion laser (k¼ 457 nm and k¼ 514 nm)

and a He-Ne laser (k¼ 633 nm) were used as probing beams.

FIG. 1. POM images of the homogeneous cells filled with (a) JC-BP06N

and (b) LC1 (with alignment direction parallel to the optic axis of the

polarizer).

FIG. 2. Frequency-dependent e//
0 and e?0 of JC-BP06N and LC1.
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In order to acquire phase retardation, the laser beam was inci-

dent on the VFS cell at 70� oblique angle. The VFS cell was

immersed in a transparent container filled with Glycerol

(n¼ 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 polar-

izers, and the light transmittance was measured by a photodiode

detector (New Focus Model 2031) and recorded digitally by a

LABVIEW data acquisition system (DAQ, PCI 6110).

In order to compare the electro-optic properties of our

PS-BPLC to JC-BP01M,21 we measured our cell using the

same driving frequency 100 Hz. As shown in Fig. 2, the De
of JC-BP06N decreases as frequency increases. Accordingly,

the Kerr constant will decrease following the extended

Coles-Coles model.34 Ideally, a driving frequency higher

than 180 Hz is required for color sequential displays. If we

increase the driving frequency to 240 Hz, Kerr constant will

drop by 8%, which in turn increases the on-state voltage by

�4%. This prediction is validated experimentally.

Figure 3(a) depicts the measured VT curve at different

wavelengths. Here, the transmittance is normalized to that of

two parallel polarizers. From Fig. 3(a), we find the on-state

voltage (corresponding to peak transmittance) is Von¼ 7.3,

8.4, and 9.9 Vrms for k¼ 457, 514, and 633 nm, respectively.

In the voltage-off state, blue phase is not perfectly optically

isotropic but with a tiny optically rotatory power.35 At

k¼ 514 nm, our measured CR is 580:1 under crossed polar-

izers. 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. As voltage

increases, the induced birefringence increases as described

by the following extended Kerr model:36

Dnind ¼ Dnsð1� exp½�ðE=EsÞ2�Þ; (4)

where Dns is the saturated induced birefringence and Es is

the saturation electric field. Through fitting the VT curves,14

we obtained K¼Dns/(kEs
2)¼ 24.9, 20.9, and 17.4 nm/V2 for

k¼ 457, 514, and 633 nm, respectively. For comparison, at

k¼ 633 nm, the Kerr constant of our BPLC is �2.3� larger

than that of JC-BP01M (also from VFS cell). We also stud-

ied the IPS cells and results will be discussed later.

Next, we measured the rise time and decay time of the

VFS cell by swinging the voltage between 0 and Von. The

response time is defined as 90% to 10% transmittance change.

At k¼ 514 nm and room temperature, the rise time is 460 ls

and decay time is 950 ls. 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.7,23,37 Polymer structure and poly-

mer concentration also play important roles.32 Although the

viscosity of our JC-BP06N is quite high, the monomer

(TMPTA) we employed has three functional groups, which

provides strong crosslinking networks and helps reduce the

response time. A tradeoff is higher voltage.

Hysteresis affects grayscale accuracy of a BPLC device

and should be minimized.38 To characterize hysteresis, we

drove the VFS cell by ascending the voltage to Von and then

gradually descending it to 0. Hysteresis is defined as DV/Von,

where DV 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% (DV¼ 0.08 V) at

k¼ 514 nm, which is negligible. If the applied voltage exceeds

8.4 Vrms, then the hysteresis will gradually increase. Here, we

define a critical field as Ec ¼ Von/d. For the BPLC we studied,

its Ec¼ 2.67 V/lm. Above Ec, hysteresis will gradually grow

and response time becomes slower.25,39 Therefore, the cell gap

of a VFS cell plays an important role affecting the on-state

voltage and hysteresis.

For VFS mode, the on-state voltage depends on the cell

gap. When a BPLC layer is subject to a longitudinal field,

the induced birefringence is along the electric field direction

and the cell behaves as a C-plate.40 The phase retardation

can be described by

C ¼ 2p
k

nod

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

n2
g sin2h

n2
e

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

n2
g sin2h

n2
o

s2
4

3
5; (5)

where ng is the refractive index of Glycerol, h is the incident

angle, and ne and no are the ordinary and extraordinary re-

fractive indices of the BPLC. When C(V)¼p, we get the

peak transmittance and Von under crossed polarizers. We

assume the following equations hold for ne and no:36

no ¼ ni � Dn=3;
ne ¼ ni þ 2Dn=3;

(6)

where ni is the isotropic refractive index of BPLC in the

voltage-off state. Combining Eqs. (4) and (6) and plugging

the fitting parameters Es and Dns, we can obtain no, ne and

hence C at different voltages. Figure 4 depicts the cell gap

effect on Von. A thinner cell gap results in a stronger electric

field so that the induced birefringence is larger, which in turn

lowers Von. However, as d continually decreases the accumu-

lated phase retardation would be smaller than 1p. Eventually,

Von will increase as the cell gap gets too thin. When d varies

from 2.13 lm to 5.9 lm, Von stays below 10 V for our

PS-BPLC. However, to suppress hysteresis, the peak electric

FIG. 3. VT curves of the VFS cell at the specified wavelengths. Dots are

measured data and lines are fitted curves with extended Kerr model. Cell

gap d¼ 3.2 lm.
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field should not exceed the critical field Ec, i.e., Von< Ec*d.

In Fig. 4, the red dashed lines show the critical voltage (Ec*d)

for different cell gaps. To keep hysteresis negligible, the cell

gap should be larger than 3.1 lm. Therefore, the optimized

cell gap should be 3.1 lm< d< 5.9 lm.

The above discussions are all focused on VFS cell, in

which the electric field is in longitudinal direction. VFS

mode offers several spectacular properties, such as low volt-

age, high transmittance, fast response time, and negligible

hysteresis. However, it requires a directional backlight and

sophisticated phase compensation in order to achieve wide

view.41 Another possible driving method is to use fringing

field generated from in-plane switching (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.40

In experiment, we filled the PS-BPLC to an IPS-5/5 cell:

the electrode width and gap are both 5 lm, and cell gap is

7 lm. The PSBP stabilization procedure is the same as the

VFS cell. After polymer stabilization, the IPS cell was sand-

wiched between two crossed polarizers and the voltage de-

pendent transmitted light was focused by a lens, so that

different diffraction orders11 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 5

is a plot of the normalized transmittance at different wave-

lengths. From Fig. 5, we find Von¼ 22.2, 25.4, and 32.8 Vrms

at k¼ 457, 514, and 633 nm, respectively. Through fitting

the data with the extended Kerr model,14,36 we get K¼ 39.7,

33.1, and 26.9 nm/V2, correspondingly. These Kerr constants

are larger than those obtained from VFS cell because of the

nonuniform electric field distribution in the IPS cell. By con-

trast, the Kerr constant of our BPLC is �2.1� larger than

that of JC-BP01M at room temperature (also in IPS cell).21

This improvement is close to 2.3� by using the VFS cells,

considering the measurement and fitting errors. So, on aver-

age, our PS-BPLC shows a 2.2� larger Kerr constant than

JC-BP01M.

In conclusion, we have demonstrated a BPLC host with

De � 470 and estimated Dn � 0.17. Good alignment of this

BPLC in homogeneous cells was obtained by doping �5 wt.

% of a diluter so that its physical properties can be estimated.

Using such a huge De BPLC in a 3.2-lm VFS cell, we have

achieved following outstanding results: operation voltage

�8.4 Vrms, rise time �460 ls and decay time �950 ls at

room temperature (�22 �C), and hysteresis�0.9%. The Kerr

constant is about 2.2� higher than previous record.

The authors are indebted to ITRI (Taiwan) for financial

support and providing the IPS cells.
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