
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 7870

www.rsc.org/materials FEATURE ARTICLE
Polymer-stabilized optically isotropic liquid crystals for next-generation
display and photonics applications

Jin Yan, Linghui Rao, Meizi Jiao, Yan Li, Hui-Chuan Cheng and Shin-Tson Wu*

Received 16th February 2011, Accepted 25th March 2011

DOI: 10.1039/c1jm10711a
Polymer-stabilized optically isotropic liquid crystals, including blue phases, are emerging as a strong

contender for next-generation display technology because they exhibit some revolutionary features

such as no need for surface alignment, submillisecond response time, isotropic dark state, and cell gap

insensitivity. The basic material properties, including electric field-induced birefringence, dispersion

relation of Kerr constant, and temperature dependent Kerr constant, are reviewed. Recent progress on

blue phase liquid crystal material development and device structures for lowering the operating voltage

are introduced. Promising applications and remaining technical challenges are also discussed.
1. Introduction

Blue phases (BPs) are mesophases that appear over a narrow

temperature range between chiral nematic and isotropic phases.

Unlike chiral nematic phases, macroscopically BPs are optically

isotropic. Depending on the chirality, there are up to three types

of blue phases: BPI, BPII, and BPIII, in the order of increasing

temperature. While BPIII possesses the same symmetry as the

isotropic phase, BPI and BPII are comprised of double twist

cylinders arranged in cubic lattices,1–4 as shown in Fig. 1(a) and 1

(c). The three-dimensional cubic structures of BPI and BPII have

been validated by a number of experimental techniques,5–7 such

as selective Bragg reflections,6 and Kossel diagrams.7 Since

double twist cylinders cannot fill the space without defects, blue
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phase is a coexistence of double twist cylinders and disclinations.

Defects occur at the points where the cylinders are in contact, as

illustrated in Fig. 1(b) and 1(d). These defects tend to make the

structure less stable and, as a result, the temperature range of

a blue phase is usually narrow, only 0.5–2 K. This narrow

temperature range limits the applications of blue phases.

Much effort has been made to widen the temperature range of

blue phase liquid crystals (BPLCs). In 1993, Kitzerow et al. used

reactive LC monomers, which can be photo-polymerized, to

form a stabilized blue phase structure.8 However, this material

does not show any dynamic switching behavior since all the

molecules are polymer stabilized. In 2002, Kikuchi et al. reported

a non-reactive BPLC stabilized by a small fraction of polymer

(�8 wt%), named polymer-stabilized blue phase liquid crystal

(PS-BPLC). The cross-linked polymer network is selectively

concentrated in the disclination cores and the lattice structure of

the blue phase is stabilized. As a result, the temperature range of
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BPLC has been extended to more than 60 K, including room

temperature (260–326 K). Moreover, a fast electro-optic

switching property is maintained.9 This approach opens a new

gateway for display and photonic applications.

It was also found that optically isotropic medium can be

obtained even if the UV curing process was performed at an

isotropic phase, where no blue phase structure is observed.10 The

electric field switching mechanism of the polymer-stabilized

isotropic phase (PSIP) is similar to that of PSBP, except that the

driving voltage is lower and light scattering is stronger.11 Simi-

larly wide temperature range (44 K) was also reported by Coles

and Pivnenko in 2005.12 The large flexoelectro-optic effect of the

liquid crystal dimers was considered as the reason for the

stability. This system also has potential for photonic applications

since the reflected color could be switched reversibly with

a response time of �10 ms.

In this article, we will review recent progress on the optically

isotropic liquid crystals, including both self-organized PSBP and

PSIP nanostructured composites. For display applications,

PSBP exhibits several revolutionary features: 1) it does not need

any surface alignment layer, 2) its gray-to-gray level response

time is in the submillisecond range,13 3) its dark state is isotropic

so that the viewing angle is inherently wide and symmetric, and 4)

its electro-optic effect is insensitive to the cell gap if in-plane
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switching (IPS) electrodes are employed. However, some chal-

lenges such as relatively high operating voltage, low trans-

mittance, hysteresis, and residual birefringence, remain to be

overcome before this promising technology can find widespread

applications. Here, we will discuss the electric field, wavelength,

and temperature effects of the optically isotropic liquid crystals.
2. Electric field effect

When a small electric field (E) is applied to a BPLC composite,

the LC molecules tend to be reoriented parallel to the electric

field if D3 > 0, and perpendicular to the electric field if D3 < 0,

where D3 is the dielectric anisotropy of the LC. Such molecular

reorientation results in a birefringence in BPLC, and the induced

birefringence can be described by the Kerr effect as:

Dnind ¼ lKE2, (1)

where l is the wavelength and K is the Kerr constant.14 As the

electric field increases, there are two other effects: electro-

striction, which is the distortion of the cubic blue phase lattice;

and a phase transition to chiral nematic phase and ultimately to

the nematic phase.5 While the Kerr effect exhibits a fast response

time (<1 ms), the latter two effects are much slower, with the
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Fig. 1 Double twist cylinders in cubic structures of BPI [(a) and (b)] and

BPII [(c) and (d)]. The black lines in (b) and (d) represent defect lines for

the structure.
lattice distortion in the range of tens of millisecond,12 and phase

transition a few seconds.15

For a PSBP, the electrostriction and phase transition effects

can be ignored since the lattice distortion will cause a shift in the

reflected wavelength, which was not observed in the polymer

stabilized system.9 Therefore, the submillisecond response time

of PSBP originates from the Kerr effect.

In the voltage-off state, a polymer-stabilized BPLC is optically

isotropic. Its refractive index can be written as:16

niso ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2n2o þ n2e

��
3

q
; (2)

where no and ne are the ordinary and extraordinary refractive

indices of the LC composite, respectively. When the birefrin-

gence (ne � no) is small, eqn (2) can be approximated by:

niso z (2no + ne)/3. (3)

When an electric field is applied, birefringence is induced. The

optic axis of the induced refractive-index ellipsoid is along the

electric field direction. As described above, the induced bire-

fringence is due to the local reorientation of the molecules in

a PS-BPLC; therefore, it is quite reasonable to assume that the

average refractive index keeps constant at any electric field,

which was later validated experimentally:17

naverage ¼ 2noðEÞ þ neðEÞ
3

¼ niso: (4)

Here, no(E) and ne(E) are the field dependent refractive index

perpendicular and parallel to the electric field, respectively. With

eqn (3) and (4), the ordinary refractive index change under an

electric field can be expressed as:

dn ¼ niso � noðEÞ ¼ neðEÞ � noðEÞ
3

¼ Dnind
3

: (5)

This ordinary refractive index change can be measured by

a Michelson interferometer.18 The PS-BPLC employed in this
7872 | J. Mater. Chem., 2011, 21, 7870–7877
study is a mixture consisting of nematic LC (49 wt% Merck

BL038), chiral dopants (21% Merck CB15 and 6% ZLI-4572)

and monomers (9% EHA and 15% RM257). The BPLC was

sandwiched between two ITO (indium-tin-oxide) glass substrates

with a cell gap of 8 mm. Fig. 2 depicts the measured refractive

index change (dn) of a PSBP cell under different driving voltages.

It was observed that dn is linearly proportional to E2 in the weak

field region, as expected from Kerr effect. As the electric field

increases, the induced refractive index change (dn) gradually

saturates.

To explain the saturation trend of the experimental data, the

following exponential convergence model, called the extended

Kerr effect, was proposed and the fitting with the experimental

data was quite good, as shown in Fig. 2.

dn ¼ dnsat

 
1� exp

"
�
�
E

Es

�2
#!

; (6)

here dnsat stands for the saturated ordinary refractive index

change and Es represents the saturation field.

The parameters obtained through fitting are dnsat ¼ 0.038 and

Es ¼ 13.9 V mm�1. The employed LC host has an intrinsic bire-

fringence of 0.272. Taking into account the LC concentration

(�50%) and the factor of 1/3 shown in eqn (5), the obtained

refractive index change is still �18% smaller than the ideal value,

which is 0.045. This difference could be attributed to following

two factors: 1) a portion of LC is embedded in the polymer

network so that they do not respond to the electric field; and 2)

the relatively low clearing temperature (�60 �C) of the PS-BPLC
so that the order parameter at the room temperature (�23 �C) is
reduced accordingly.

The Taylor expansion of eqn (6) leads to Kerr effect under

weak field approximation. The Kerr constant can be written as:

K ¼ 3dnsat/(lE
2
s) ¼ Dnsat/(lE

2
s) (7)

where Dnsat is the saturated induced birefringence. With the

obtained fitting values of dnsat and Es, the Kerr constant for

the employed material was calculated from eqn (7), which

is �1 nm V�2.

For display applications using IPS electrodes, transverse

electric fields are generated and phase retardation accumulated

along the beam path. However, in an IPS cell the electric field is

not uniform. In 2009, a simulation model19,20 was developed to

describe the electro-optic performance of an IPS cell, taking the

nonuniform electric field into consideration. With the develop-

ment of the extended Kerr effect, which was incorporated into

the simulation program, the performance of PS-BPLC display

can be calculated more accurately.

3. Wavelength effect

Besides the saturation phenomenon under high electric field,

another confusion that may be caused by eqn (1) is the wave-

length dependency of the induced birefringence. Will the induced

birefringence increase with the wavelength because K is called

a ‘‘constant’’? To investigate the dispersion relation of the opti-

cally isotropic LC material,21 a PSIP LC composite was prepared

consisting of 56 wt% nematic LC hostMLC-14200, 29 wt% chiral

dopants (24% CB15 and 5% ZLI-4572, Merck) and 15 wt%
This journal is ª The Royal Society of Chemistry 2011



Fig. 2 Measured refractive index change (circles) and fittings with Kerr

effect (straight line) and extended Kerr effect (curve).
monomers (6% RM-257 and 9% EHA). The LC/monomer

mixture was injected to an IPS cell with electrode width �10 mm,

electrode gap �10 mm, and cell gap �7.5 mm. The cell was then

cured by a UV lamp (l� 365 nm) at 70 �C, which was well above

the isotropic temperature of the LC/monomer mixture. In the

optical setup, white light source and five color filters with

transmission peaks at l � 450 nm, 500 nm, 550 nm, 633 nm and

660 nm and bandwidth��5 nm were employed. The LC cell was

sandwiched between two crossed polarizers with the striped

electrodes oriented at 45� with respect to the polarizer’s trans-

mission axis. The corresponding voltage-dependent trans-

mittance (VT) curves were measured at room temperature

(�23 �C) under different wavelengths.
Fig. 3 shows the measured VT curves of the LC composite at

five wavelengths. From left to right, the corresponding wave-

lengths are 450 nm, 500 nm, 550 nm, 633 nm and 660 nm.

Because the luminous flux of each wavelength is different, the

transmittance at each wavelength was normalized to its own peak

value. The operating voltage is lower at a shorter wavelength for

two reasons: 1) the induced phase retardation is inversely

proportional to the wavelength, thus a shorter wavelength will

exhibit a larger phase retardation under the same driving
Fig. 3 Measured (dots) and fitted (lines) VT curves of the PSIP LC cell

at different wavelengths. From left to right, the corresponding wave-

lengths are 450 nm, 500 nm, 550 nm, 633 nm and 660 nm.

This journal is ª The Royal Society of Chemistry 2011
voltage; 2) the induced birefringence decreases with wavelength

under normal dispersion condition. Considering these two

factors, the required operating voltage is lower for a shorter

wavelength.

Simulation with the extended Kerr effect was carried out to fit

the experimental data. Since the electric field distribution is non-

uniform, the local induced birefringence was calculated based on

the electric field distribution. Later, an extended Jones Matrix

method22,23 was employed to calculate the averaged trans-

mittance. The fitting results are shown in Fig. 3, in which dots

represent experimental data and curves are fitting results. They

overlap with each other very well at each wavelength. There are

two fitting parameters: Dnsat and Es. These fitting parameters at

each wavelength are listed in Table 1.

It is interesting to note that the fitting parameter Es remains

the same for all the wavelengths studied. Because at a given

temperature and voltage the LC director reorientation profile is

determined by the balance between elastic and electric torques,

and the LC director distribution will not be affected by the

probing wavelength. However, the VT curves will be different for

a different wavelength because Dnsat does depend on the wave-

length, as shown in Table 1. Moreover, the phase retardation is

a term varying with wavelength.

The wavelength dependent Dnsat for the PSIP LC composite is

shown in the lower trace of Fig. 4, in which dots stand for the

experimental data listed in Table 1 and solid line represents the

fitting curve with following single-band birefringence dispersion

model:24,25

Dnsat ¼ G
l2l�2

l2 � l�2
�����!l[l�

Gl�2; (8)

where l* is the resonant wavelength of the LC composite andG is

a proportionality constant. For a conjugated LC compound, the

two p / p* electronic transitions which corresponds to the

resonant wavelength usually occur in the UV region.26 Similar to

nematic LCs, the dispersion of PSIP LC composite also follows

the single-band birefringence dispersion model well. Through

fittings, it was found that l* � 216 nm and G � 1.205 �
10�6 nm�2.

To correlate the dispersion property between the PSIP

composite and the LC host, we also measured the birefringence

dispersion of the LC host (MLC-14200) using an Abbe refrac-

tometer. The measured data are included in the upper part of

Fig. 4 where the solid line is the fitting curve based on eqn (8)

with l* � 218 nm and G � 3.047 � 10�6 nm�2. The two obtained

l* values agree with each other within 1%. This is not surprising

because the dispersion of the PSIP LC composite is primarily
Table 1 Fitting results of the saturated induced birefringence (Dnsat),
saturation electric field (Es), and Kerr constant of the PSIP LC composite
at the corresponding wavelength

l (nm) Dnsat

Es

(V mm�1)
K
(nm V�2)

450 0.0730 6.8 3.51
500 0.0695 6.8 3.01
550 0.0670 6.8 2.63
633 0.0635 6.8 2.17
660 0.0630 6.8 2.06

J. Mater. Chem., 2011, 21, 7870–7877 | 7873



Fig. 4 Dispersion relations of the saturated induced birefringence of the

PSIP LC composite (filled circles) and its nematic LC host MLC-14200

(open circles). Solid lines are fitting curves.
Fig. 5 Measured Kerr constant (circles) and the fitting results (solid line)

of the PSIP LC composite at different wavelengths.
determined by the LC host employed. On the other hand, the

decreased G value of the polymer-stabilized optically isotropic

LC composite mainly originates from the decreased LC

concentration. In the PSIP LC composite, the LC concentration

is only �56 wt% and the rest are chiral dopants and photo-

curable monomers. Thus, the expected decrease in birefringence

is �44%, but the obtained G value is decreased by �60%. This

excessive �16% reduction could be attributed to two unac-

counted factors: 1) the LC composite has a lower clearing

temperature than its host, and 2) some LC molecules could be

trapped by the polymer networks during polymerization process.

The lower clearing point leads to a lower order parameter while

the trapped LC molecules are hardly reoriented by the applied

electric field.

From Fig. 4, Dnsat of the PSIP LC composite decreases as the

wavelength increases. When the wavelength is much longer than

the resonant wavelength l*, the induced birefringence gradually

saturates to a plateau (Gl*2) according to eqn (8). When a PSIP

LC composite is used in the infrared region (say, l > 1 mm), the

induced birefringence will reach a saturation level, similar to

nematic liquid crystals.

Under the low field approximation, the extended Kerr effect is

reduced to the conventional Kerr effect. Kerr constants were

calculated from eqn (7). As shown in Table 1, the obtained Kerr

constant decreases gradually with wavelength. Based on eqn (7)

and (8), a dispersion relation of Kerr constant is derived as

follows:

K ¼ Gl2l�2

E2
s

�
l2 � l�2

� ¼ Al2l�2

l2 � l�2
(9)

where A ¼ G/E2
s is a proportionality constant. In Fig. 5, the Kerr

constant data are fitted with eqn (9) using l* � 216 nm and A �
0.0262 nm�1. The well-fitted results clearly indicate the implicit

wavelength dependency of Kerr constant.

4. Temperature effect

Since the Kerr constant plays a crucial role on the performance

of an optically isotropic LC composite, the temperature depen-

dency of the Kerr constant was investigated recently.27 Similar to

the abovementioned wavelength effect, an IPS cell with PSIP

material was prepared and VT curves were measured with a CW

He–Cd laser (l ¼ 441.8 nm) under different temperatures.
7874 | J. Mater. Chem., 2011, 21, 7870–7877
Fig. 6 shows the normalized VT curves measured from 15 �C to

37.5 �C (where the total phase retardation is still larger than 1p). As

the temperature increases, the on-state voltage (Von; corresponding

to the peak transmittance) shifts rightwards, indicating that Kerr

constant decreases with the temperature. These VT curves were

fitted with the extended Kerr effect model [eqn (6)] at each

temperature. The obtained K values (calculated from eqn (7)) are

plotted in Fig. 7. As the temperature increases, the Kerr constant

decreases gradually.

To explain this trend quantitatively, the temperature dependent

Kerr constant needs to be derived. It has been reported by Gerber

that the Kerr constant can be approximated by the following

equation:28

K � Dnind
lE2

zDn$D3
3oP

2

klð2pÞ2: (10)

where Dnind is the induced birefringence, Dn, D3 and k are the

intrinsic birefringence, dielectric anisotropy, and elastic constant

of the host LCmaterial, and P is the pitch length. Furthermore, it

is known that Dn, D3 and k are related to the nematic order

parameter (S) as Dn � DnoS,
24 D3 � S/T, k � S2.29 The pitch

length can be treated as temperature independent for a PS-

BPLC, since the reflected color does not change noticeably with

the temperature. This assumption should also be valid for the

PSIP.

Substituting these parameters into eqn (10), we derive the

temperature dependent Kerr constant as following:

KzDn$D3
3oP

2

klð2pÞ2 � DnoS$
S

T
$
1

S2
$
3oP

2

lð2pÞ2 � a$
1

T
: (11)

From eqn (11), the Kerr constant is linearly proportional to the

reciprocal temperature, and a is the proportionality constant.

However, as the temperature approaches the clearing point (Tc)

of the LC composite, the Kerr constant should vanish (or at least

decreased dramatically) because both Dn and D3/ 0. To satisfy

this boundary condition, eqn (11) is rewritten as follows:

K ¼ a$

�
1

T
� 1

Tc

�
: (12)

Eqn (12) predicts that Kerr constant decreases linearly with

reciprocal temperature (1/T) and eventually vanishes as the

temperature reaches the clearing point of the LC composite.
This journal is ª The Royal Society of Chemistry 2011



Fig. 6 Voltage dependent normalized transmittance curves of the PSIP

LC cell measured from 15 �C to 37.5 �C. Electrode width ¼ 10mm,

electrode gap ¼ 10mm, and cell gap ¼ 7.5 mm. l ¼ 441.8 nm.

Fig. 8 Temperature dependent saturated induced birefringence. Open

circles are experimental data and line represents fitting using eqn (11)

with (Dns)o ¼ 0.159 and b ¼ 0.25.
The Kerr constants obtained were fitted with eqn (12) while the

linear coefficient a and clearing temperature Tc were set as

adjustable parameters. Results are depicted in Fig. 7. From

fittings, it was found that a ¼ 1.08 � 10�5 m$K/V2 and Tc ¼
327.58 K (54.43 �C). The Tc obtained matches very well with the

measured clearing temperature (54 �C) of the LC composite.

Thus, eqn (12) actually has only one adjustable parameter which

is a.

It was also noticed in Fig. 7 that as the temperature further

decreases, the Kerr constant gradually deviates from the linear

extrapolation. Although the reason is not yet completely clear,

the Kerr constant in the low temperature region should not

increase as rapidly as the fitting line shows. In the low temper-

ature region, the higher-order term of the elastic constant should

be taken into consideration.27

Through fitting the VT curves shown in Fig. 6, the obtained

Dnsat under different temperatures were plotted in Fig. 8. As the

temperature increases, Dnsat decreases gradually. The tempera-

ture dependent Dnsat is proportional to the order parameter (S)

which in turn can be approximated by Haller’s semi-empirical

equation:30
Fig. 7 Linear fit of the Kerr constant with the reciprocal temperature

according to eqn (12). T: Kelvin temperature. The fitting parameter is a¼
1.08 � 10�5m$K/V2.

This journal is ª The Royal Society of Chemistry 2011
Dnsat ¼ (Dns)oS, (13)

and

S ¼ (1 � T/Tc)
b. (14)

where (Dns)o is the extrapolated birefringence at T ¼ 0 K, Tc is

the clearing temperature of our LC composite (�54 �C), and the

exponent b is a material constant. For nematic LC materials, b is

�0.21 � 0.06.31,32 Eqn (14) works well as long as the temperature

is not too close (within 1 �C) to the clearing point. As shown in

eqn (13) and (14), there are two fitting parameters: (Dns)o and b.

From the fitting curve shown in Fig. 8, we found (Dns)o ¼ 0.159

and b ¼ 0.25. For comparison, the temperature dependent

birefringence of our nematic host was also measured and

(Dns)o-host ¼ 0.275, bhost ¼ 0.245. The material constant b of the

PSIP composite keeps almost the same as that of the host LC

material, which means that the polymer only helps to stabilize the

molecular arrangement in the LC composite but does not affect

the intrinsic material property of the host LC noticeably. On the

other hand, knowing (Dns)o-host ¼ 0.275 and LC concentration

(�54.8%) in our LC/polymer composite we estimate that (Dns)o
� 0.151, which is quite similar to the value ((Dns)o ¼ 0.159)

obtained through fitting. The difference is less than 5%. Good

agreement between our experimental results and physical models

was thus obtained.

Fast response time is one of the most attractive features of

blue-phase (or optically isotropic) LCDs since it helps to reduce

motion blur and enable color-sequential display while mini-

mizing color breakup. Therefore, the temperature dependent

response time was also studied. Since the rise time is highly

dependent on the applied voltage, only the decay time of PSIP

LC composite was measured from 22.5 �C to 40 �C. The decay

time is defined as 100–10% transmittance change. The measured

data are plotted in Fig. 9. As the temperature increases, the decay

time decreases rapidly. For example, from Fig. 9 we notice that

the response time is decreased by 2� when the temperature is

increased by merely 4–5 degrees. This changing rate is�3�more

sensitive than most nematic LCs.

To understand this peculiar phenomenon, a physical model

was developed to explicitly correlate the temperature dependent
J. Mater. Chem., 2011, 21, 7870–7877 | 7875



Fig. 9 Temperature dependent decay time. Dots are experimental data

and line represents fitting using eqn (17) with B ¼ 7.16 � 10�23 ms and Ea

¼ 1.31 eV.
response time with LC parameters.27 The free relaxation time of

a polymer-stabilized blue-phase or optically isotropic LC

composite can be approximated by:15,33

sz
g1P

2

kð2pÞ2; (15)

with g1 being the rotational viscosity, P the pitch length, and k

the elastic constant. As discussed before, the pitch length is

insensitive to the temperature and can be treated as a constant.

From mean field theory,29 elastic constant is related to the

nematic order parameter (S) as k � S2. With regard to rotational

viscosity, the following modified Arrhenius model works well to

describe the temperature dependent rotational viscosity of

nematic LCs:34,35

g1 � S$exp(Ea/KBT), (16)

where Ea is the activation energy of molecular rotation and KB is

the Boltzmann constant. With eqn (16) and treating P as

a constant, eqn (15) was rewritten as:

sz
g1P

2

kð2pÞ2 �
S$expðEa=KBTÞ$P2

S2$ð2pÞ2 zB$
expðEa=KBTÞ
ð1� T=TcÞb

: (17)

Eqn (17) has two unknowns: B and Ea. As shown in Fig. 9, eqn

(17) fits quite well with the measured response time data.

Through fitting, it was found B ¼ 7.16 � 10�23 ms and Ea ¼ 1.31

eV. The obtained activation energy is �3� higher than that of

E7,36,37 which is why the response time is more sensitive to

temperature. Our host nematic LC has a similar viscosity and Ea

as E7. The increased Ea is believed to result from the mixed chiral

dopants. From a response time viewpoint, a low viscosity host

(smaller activation energy) is always favorable.

5. Remaining challenges

Although polymer-stabilized isotropic-to-anisotropic LCDs

hold great potential for future display and photonic applications,

some technical challenges remain to be overcome. In the first

place, new materials with wider temperature range and lower

driving voltage need to be developed. For display applications,

the LC temperature range should cover from�40 �C to 80 �C. In
7876 | J. Mater. Chem., 2011, 21, 7870–7877
a polymer-stabilized BPLC, we could choose a wide temperature

range nematic LC host. However, after mixing with chiral

dopant the mixture’s clearing point often decreases substantially.

For example, the clearing temperature of our LC host is 94 �C,
but it drops to 54 �C after polymerization. This is because one of

the chiral dopants employed in the PSBP mixture, which is CB15

in this specific case, has a very low clearing point (4 �C). A low

clearing point PSBP will make the electro-optic properties of the

LC/polymer composite, e.g., VT curves and response time too

sensitive to the local temperature variation of a display panel.

Consequently, the requirement for better thermal uniformity of

a backlight unit is increased. To avoid the dramatic decrease of

clearing temperature, a chiral dopant with high twisting power

and high melting point would help. However, its solubility

should also be taken into consideration.

From device viewpoint, low operating voltage leads to low

power consumption. The operating voltage (Von) of a PSBP is

governed by both device structure and material as:27

Von ¼ A=
ffiffiffiffi
K

p
; (18)

where A is a device parameter which is strongly dependent on the

electrode configuration, and K is the Kerr constant of the PSBP

material. From a materials viewpoint, polymer-stabilized BPLC

represents a paradigm shift. The traditional TFT-grade nematic

LCs require a modest birefringence (Dn � 0.1) and dielectric

anisotropy (D3 � 5–10), low viscosity, and high resistivity.

However, to achieve a large Kerr constant (K � 10 nm V�2) the

BPLC should have a large Dn$D3. High birefringence implies to

long molecular conjugation and large dielectric anisotropy

demands multiple polar groups. As a result, the viscosity of these

compounds will be higher, and the tradeoff is increased response

time. Recently, a BPLC with K � 13.7 nm V�2 at l ¼ 633 nm has

been reported.37 The LC host has Dn � 0.17 and D3 � 94. Its

response time at�25 �C is around 1 ms, which is still not too bad.

As the temperature increases, the response time decreases

gradually.

For TFT-LCD applications, the voltage holding ratio is

another crucial requirement in order to avoid image flickering. In

a polymer-stabilized BPLC, two types of monomers (mono-

functional and difunctional) and a small percentage of photo-

initiator are used. The ionic impurities in these monomers and

photo-initiator could degrade the voltage holding ratio. There-

fore, better materials including LC host, monomers, and photo-

initiator need to be developed, and the photo-polymerization

process needs to be optimized.

In addition to developing high Kerr constant materials, device

configuration also plays an important role for reducing the

operating voltage as eqn (18) elucidates. Currently, the best

available PSBP material has a driving voltage of 48V in an IPS

cell with electrode width 10mm and electrode gap 10mm.37 With

the same material and improved device configuration such as

protruded and corrugated electrode,38–40 the driving voltage

could be reduced to 10V, which enables amorphous silicon TFT

driving.

Another challenge of PSBP is hysteresis. It is known that

polymer-stabilized LC composites often exhibit memory effect,

also known as hysteresis. Some preliminary work on the

hysteresis of BPLC and polymer-stabilized BPLC has been
This journal is ª The Royal Society of Chemistry 2011



reported.41 Hysteresis affects the accuracy of grayscale control

and should be minimized. A side effect caused by hysteresis is the

residual birefringence. After a PSBP device has been driven for

many cycles, some LC molecules could not go back to their

original state, which causes light leakage in the dark state and

degrades the device contrast ratio.

Long term stability of PS-BPLC is another concern. The

concerns of long term stability include twofold: incomplete

photo-polymerization process and device operating lifetime,

such as image sticking and polymer stability.

In addition to displays, BPLCs are promising candidates for

photonic applications as well. They can be used in mirror-less

lasing,42,43 tunable microlens,44,45 and photonic crystals,46,47 just

to name a few.

6. Conclusion

Tremendous progress in polymer-stabilized blue phase liquid

crystals has been made recently. A record-high Kerr constant

BPLC material with a reasonably high contrast ratio (>1000 : 1),

fast response time (�1 ms), and low hysteresis (<6%) has been

developed. New device structures with protrusion electrodes or

corrugated electrodes are leading the way toward low operating

voltage (<10 V) for amorphous-silicon TFT addressing. The

greatly simplified fabrication process, such as no need for

molecular alignment layer, and cell gap insensitivity are partic-

ularly attractive for large panel manufacturing. The fast-

response feature enables color sequential displays using RGB

LEDs, which in turn eliminates the spatial color filters. Conse-

quentially, the optical efficiency and resolution density are all

tripled. Low power consumption is particularly essential for

energy saving, especially for large LCD panels.

There is no doubt that some technical issues remain to be

addressed, e.g., wider blue-phase temperature range, lower

operating voltage, higher transmittance, higher contrast ratio,

smaller hysteresis, and long term stability, etc. These problems

will be gradually overcome in the near future. A big wave of next-

generation display and photonic devices is emerging.
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