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We demonstrated a low voltage and high contrast polymer-stabilized blue phase liquid crystal

(BPLC) by shifting the Bragg reflection to a red wavelength. To retain high contrast ratio, a left-

handed BPLC is sandwiched between a right-handed circular polarizer and a left-handed circular

analyzer. The driving voltage is reduced by 35% as compared to that of a transparent BPLC, while

keeping submillisecond response time. The proposed approach would accelerate the emergence of

BPLC for next-generation display and photonic applications. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773985]

Polymer-stabilized blue phase liquid crystal (PS-

BPLC)1–3 exhibits several attractive features, such as submil-

lisecond response time,4,5 no need for molecular alignment

layer, and cell gap insensitivity6,7 when in-plane-switching

(IPS) electrodes are employed. It is a strong contender for

next-generation display and photonic applications. However,

the bottleneck is the relatively high operation voltage

(�50 V), which originates from a relatively small Kerr con-

stant of the employed BPLC materials. To reduce the opera-

tion voltage to below 10 V, several device structures, such as

protruded electrodes,8 wall electrodes,9 corrugated electro-

des,10 and vertical field switching mode,11 have been pro-

posed. Although these device structures are helpful for

reducing voltage, they do increase the manufacturing com-

plexity. Therefore, there is an urgent need to reduce the oper-

ation voltage from material composition aspect.

A polymer-stabilized BPLC composite contains three

major ingredients: nematic host as switching molecules, chi-

ral agent with a strong helical twisting power to induce blue

phases, and mono- and di-functional monomers to stabilize

the blue-phase networks.12 The Kerr constant of a BPLC

composite is primarily governed by three parameters: bire-

fringence (Dn), dielectric anisotropy (De), and pitch length

(P). Increasing birefringence is a straightforward way to

enhance Kerr constant. However, there is a limit because we

also have to consider other properties: high resistivity, good

UV stability, low melting temperature, and wide nematic

range. To satisfy all the above mentioned properties, the Dn

is in the vicinity of �0.2. Another method to boost Kerr con-

stant is to increase dielectric anisotropy. Indeed, some BPLC

hosts with De> 100 have been recently developed.13,14 How-

ever, these high De LC hosts usually exhibit a large viscosity

which slows down the response time dramatically. More-

over, a high De LC host also causes insufficient charging

capability of the active matrix driving circuits, which in turn

lowers the transmittance significantly. The third approach is

to increase the pitch length. This approach seems simple, but

increasing pitch length would shift the Bragg reflection to-

ward the visible spectral region, which in turn degrades the

dark state dramatically and leads to a poor contrast ratio.

Besides abovementioned factors, the Kerr constant of a

BPLC composite can also be improved by optimizing the

monomer composition15,16 and preparation conditions, such

as curing temperature,17 UV intensity, and curing time.

In this paper, we demonstrate a method to enhance the

Kerr constant of BPLC by shifting the Bragg reflection from

�350 nm to �600 nm without sacrificing contrast ratio. To

retain high contrast ratio, in the experiment we take follow-

ing precautions: (1) we choose a right-handed circular polar-

izer (RCP) as the front polarizer so that the transmitted light

before entering the BPLC cell is right handed; (2) we use a

left-handed chiral dopant so that in the voltage-off state the

BPLC cell transmits the incoming right-handed circular

light; and (3) we choose a left-handed circular polarizer

(LCP) as the analyzer so that the outgoing right-handed cir-

cular light from the BPLC cell is absorbed. As a result, we

reduce the driving voltage by 35% while keeping a high con-

trast ratio and submillisecond response time.

The electro-optical properties of PS-BPLC can be

described by extended Kerr effect.18 A large Kerr constant

helps reduce the driving voltage. From Gerber’s model, the

Kerr constant under low field assumption can be approxi-

mated as19

K � Dnind

kE2
� Dn � De

eoP2

kkð2pÞ2
; (1)

where Dnind is the induced birefringence, k is the wave-

length, Dn is the intrinsic birefringence of LC host, k is the

averaged elastic constant which is affected by both LC host

and polymer network, and P is the pitch length. From

Eq. (1), the Kerr constant is proportional to P2, so increasing

the pitch length can effectively improve the Kerr constant.

On the other hand, the on-state driving voltage is related to

the Kerr constant as13

Von ¼ A � 1
ffiffiffiffi

K
p ; (2)
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where A is the device parameter. Combining Eqs. (1) and

(2), and assuming all the other parameters except pitch

length remain unchanged, we obtain

Von �
1

P
: (3)

It is desirable to shift the reflection band to near infrared

region so that the operating voltage can be reduced signifi-

cantly and the Bragg reflection does not occur in the visible

region. However, one important factor has to be taken into

account, which is blue phase appears only when the chirality

exceeds a certain value. If the chiral concentration is too

low, then the blue phase may not exist. Since the pitch length

is inversely proportional to chiral concentration, the pitch

length cannot be increased unlimitedly. Moreover, response

time will also become slower as pitch length increases. Here,

due to the limitation of employed materials, we choose to

shift the Bragg reflection wavelength to �600 nm.

The Bragg reflection wavelength for a PS-BPLC can be

expressed as20

k ¼ 2na
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p ; (4)

where n and a denote average refractive index and lattice

constant of blue phases, and h, k, and l are the Miller indices

of a crystal plane. For BP-I, the lattice constant a¼P and

the crystal plane corresponding to the longest reflection peak

is (110) plane. Therefore, the longest reflection wavelength

is k0 ¼
ffiffiffi

2
p

nP and k0¼ 600 nm corresponds to a pitch length

of �267 nm by assuming the average refractive index

n¼ 1.59.

To compare the performance of short-pitch and long-

pitch PS-BPLCs, we prepared two samples. The recipes are

listed in Table I. The BPLC precursors consist of nematic

LC host HTG 135200 (HCCH, China), chiral dopant S5011

(HCCH, HTP� 120/lm), two kinds of monomers [RM257

(Merck) and TMPTA (1,1,1-trimethylolpropane triacrylate,

Sigma Aldrich)], and a small amount of photoinitiator

(�0.5 wt. %, not included in Table I). The nematic LC host

has the following properties: Dn¼ 0.2 at k¼ 633 nm,

De¼ 96 at 1 kHz and 21 �C, and clearing temperature

Tc¼ 96 �C. The differences between these two samples are

the concentrations of chiral dopant and LC host. As a result,

the reflection peak of sample I occurs at �350 nm and that of

sample II at �600 nm. For each sample, we prepared three

IPS cells. The interdigitated electrodes are on the bottom

substrate and both the electrode width and gap are 5 lm. The

cell gaps are �8.5 lm. The differences between these three

cells are threefold: (1) cell 1 has no alignment layer, (2) cell

2 has one rubbed alignment layer on top substrate, and (3)

cell 3 has two rubbed alignment layers on both top and bot-

tom substrates. The three cells were prepared under the same

conditions. UV curing process was performed near the tran-

sition temperature between chiral nematic phase and blue

phase with an intensity of 2 mW/cm2 for 30 min. After UV

curing, the clearing temperature of sample I was found to be

�80 �C, while that of sample II was �90 �C. This difference

is because sample II contains less chiral dopant, so its clear-

ing temperature does not drop too much. A wider tempera-

ture range is always more preferable.

Figure 1 shows the polarizing optical microscope (POM)

images with two crossed linear polarizers. Since the reflection

wavelength of sample I is in UV region, it is optically iso-

tropic in the visible region. Therefore, all of the three cells

appear dark under crossed polarizers. Here, we choose one

cell to represent sample I, as shown in Fig. 1(a). Sample II

reflects visible light and the reflection changes the incident

polarization state, so that a color image can be observed. For

cell 1 without alignment, the blue phase lattices have different

orientations (multi-domain) and therefore reflect different col-

ors. As a result, we can observe several colors in the transmis-

sion mode [Fig. 1(b)]. The rubbed alignment layers in cell 2

and cell 3 help form a mono-domain texture21,22 so that a sin-

gle color can be observed in Figs. 1(c) and 1(d). From Fig. 1,

we found that the dark state of sample II is degraded signifi-

cantly as compared to sample I.

To obtain a good dark state, we used two broadband and

wide-view circular polarizers, as Fig. 2(a) depicts. A white

light source was employed and a few collimating lens were

used (not shown in the figure). In the experiment, we chose a

RCP as the front polarizer so that the transmitted light was

right handed. Next, we used a left-handed chiral dopant so

that our PS-BPLC transmitted the incoming right-handed cir-

cular light23–26 in the voltage-off state. Finally, this right-

handed circular light was absorbed by the rear LCP resulting

in a good dark state.

Figure 2(b) shows the measured dark state of the six PS-

BPLC cells between two crossed linear polarizers. Sample I

(short-pitch) shows a good dark state, while sample II (long

TABLE I. Recipes of two PS-BPLC samples.

Samples

LC host

(wt. %)

Chiral dopant

(wt. %)

RM257

(wt. %)

TMPTA

(wt. %)

I 84.52 5.48 6 4

II 86.85 3.15 6 4 FIG. 1. POM images with two crossed linear polarizers: (a) sample I cell 2,

(b) sample II cell 1, (c) sample II cell 2, and (d) sample II cell 3.
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pitch) exhibits a large light leakage in the visible spectrum.

With circular polarizers, the dark state of sample II is greatly

improved, as shown in Fig. 2(c).

Figure 3 shows the measured transmittance of four PS-

BPLC cells in the voltage-off state with a white light source.

In Fig. 3(a), a linear polarizer was placed in front of the cells.

Sample I is transparent in the displayed spectrum. For sample

II, the cell without alignment layer (cell 1) exhibits a fairly

large scattering, especially in the shorter wavelength region.

Cell 2 and cell 3 show a reflection band near 600 nm. The dif-

ferences between cell 2 and cell 3 originate from the non-

uniformity of the cells due to the capillary filling. In Fig. 3(b),

a RCP was placed in front of the cells. With this circular po-

larizer, the transmittance of sample II is similar to that of sam-

ple I. The reason is that these BPLC cells are designed to

reflect left-handed circular light so that the right-handed circu-

lar light can pass through the cells with high transmittance.

Figure 4 depicts the measured voltage-dependent trans-

mittance (VT) curves using two circular polarizers. An

argon-ion laser with k¼ 514 nm was employed as probing

light source. In the voltage-on state, the BPLC cell behaves

like a phase grating27 and a portion of the energy is trans-

ferred to the diffracted orders. Therefore, we used a similar

experimental setup to Fig. 2(a) except placing a lens in front

of the detector in order to collect the diffracted beams. The

measurements were conducted at room temperature (21 �C)

and driving frequency f¼ 1 kHz. For sample I, using linear

polarizers or circular polarizers make no difference because

it is optically isotropic in the visible region. From Fig. 4,

sample I cell 1 has an on-state voltage of 54 V and the corre-

sponding Kerr constant is K� 7.4 nm/V2. Sample I cell 3

FIG. 2. (a) Diagram of the experimental setup using circular polarizers.

RCP: right-handed circular polarizer; LCP: left-handed circular polarizer.

(b) Dark state spectrum using two crossed linear polarizers. (c) Dark state

spectrum using two crossed circular polarizers.

FIG. 4. Measured voltage-dependent transmittance curves using two crossed

circular polarizers. k¼ 514 nm, T¼ 21 �C, and f¼ 1 kHz.

FIG. 3. Measured transmittance of four BPLC cells in the voltage-off state.

(a) A linear polarizer is placed in front of the cells. (b) A right-handed circu-

lar polarizer is placed in front of the cells.
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requires a much higher voltage than sample I cell 1, because

the alignment layer shields a large portion of the applied

voltage, especially for PS-BPLC composites with a large

dielectric constant. It is interesting to note that sample I cell

2 has a similar or slightly lower driving voltage than sample

I cell 1. This is because the electric fields are concentrated

near the bottom substrates so the alignment layer on the top

substrate does not shield voltage. Meanwhile, the top align-

ment layer helps create mono-domain structure to reduce

light scattering. Therefore, sample II cell 2 shows a higher

transmittance than sample II cell 1. The uniform lattice ori-

entation also helps to reduce the driving voltage. Most

importantly, the driving voltage for sample II cell 2 is only

35 V, which is reduced by 35% in comparison with sample I

cell 1. The corresponding Kerr constant is K� 17 nm/V2.

Table II summarizes the performances of the five cells.

Transmittance is related to the device structure. The IPS cells

we employed have 5 -lm electrode width and gap. The

measured transmittance is slightly lower than the simulated

value, which is �56%.6 This is because the lens in front of

the detector only collects 61 diffract orders, which carry

most of the energy among all the diffracted orders. The

energy carried by the higher orders is lost, although it is

weak. Higher transmittance can be achieved by modifying

device structures or employing an incoherent backlight unit.

Although increasing the pitch length reduces the driving

voltage, there are tradeoffs. The first one is that it slows

down the response time. The decay time of a BPLC can be

approximated as19

s � c1P2

kð2pÞ2
; (5)

where c1 is the rotational viscosity of the PS-BPLC compos-

ite. In Table II, the decay time for sample II is slower than

that of sample I due to the longer pitch length, but it is still

in the submillisecond range.

The second tradeoff is the larger hysteresis. Hysteresis

is related to the peak electric field strength.28,29 For a BPLC

with an increased pitch length, the lattice structure is looser

and easier to be distorted. Therefore, the critical field of sam-

ple II should be lower than that of sample I. The hysteresis

can be improved by designing smooth electrode shape to

reduce the peak electric field.30 It is also interesting to notice

that cell 2 shows reduced hysteresis than cell 1 for both sam-

ples. The strong anchoring from the alignment layer provides

a restoring force which might be helpful for reconstructing

the BPLC structure during the backward scan. On the other

hand, the larger hysteresis of sample I cell 3 compared to

cell 2 might be due to the higher applied voltage.

Contrast ratio is affected by both intrinsic light leakage

at voltage-off state and residual birefringence after voltage

actuation. Table II lists the intrinsic contrast ratio before

voltage actuation at k¼ 514 nm. The contrast ratio for sam-

ple II has been greatly improved using circular polarizers.

Although sample II cell 1 shows a low contrast ratio because

the scattering degrades the dark state, the contrast ratio for

cell 2 is comparable to sample I cell 1. The contrast ratio for

k¼ 633 nm would be lower because it is closer to the reflec-

tion band and the broadband circular polarizer is not

designed for reflection band at �600 nm. After driving, the

contrast ratio would also be degraded due to the residual

birefringence.

One drawback for the configuration in Fig. 2(a) is that

reflection could be observed from the viewer’s side under

strong ambient light because the BPLC cell reflects left-

handed circular light and it can pass through the LCP.

Another possible configuration is to use LCP as the first po-

larizer and RCP as the second polarizer. The dark state will

be similar to the configuration in Fig. 2(a) and there is negli-

gible reflection from viewer’s side, but the transmittance will

decrease because of the reflection of backlight. However, we

can tune the reflection band of BPLC out of the transmission

spectrum of RGB color filters or RGB LEDs. Therefore,

high transmittance can still be maintained.

In conclusion, we have demonstrated a low voltage blue

phase liquid crystal device by red-shifting the pitch length

and using circular polarizers. The driving voltage is reduced

by 35% and the Kerr constant is improved by 2.3�. The

response time is still in submillisecond range. The contrast

ratio is comparable to the BPLC sample with a short pitch

length. If we further use a larger Kerr constant material, i.e.,

Chisso JC-BP01M,13 the driving voltage is expected to be

reduced from 33 V to 22 V with our IPS 5-5 structure at

k¼ 514 nm. With a slightly protruded electrode, the opera-

tion voltage could be reduced to below 10 V for low power

consumption.

The authors would like to thank AU Optronics for pro-
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