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Figure of Merit of Polymer-Stabilized Blue Phase
Liquid Crystals
Jin Yan, Yuan Chen, Shin-Tson Wu, Fellow, IEEE, and Xiaolong Song

Abstract—A figure of merit (FoM), defined as the ratio of Kerr
constant to response time, is used to characterize and compare the
electro-optic performance of polymer-stabilized blue phase liquid
crystals (BPLCs). Increasing the dielectric anisotropy of LC host
enhances Kerr constant and lowers the operation voltage, but its
associated high viscosity dramatically increases the response time.
As a result, the FoM may not be necessarily higher. For a given
BPLC device, an optimal temperature exists where FoM reaches
maximum. The proposed FoM provides useful guidelines for optimizing BPLCs for display and photonic applications.

TABLE I
PHYSICAL PARAMETERS OF THE FOUR LC HOSTS STUDIED AT ROOM
TEMPERATURE AND
kHz.
AND
ARE KERR CONSTANT AND
RESPONSE TIME OF THE PSBP SAMPLES

Index Terms—Blue phase, figure of merit (FoM), liquid crystals
(LCs).

I. INTRODUCTION

P

OLYMER-STABILIZED blue-phase liquid crystal (PSBPLC) [1]–[3] is promising for display [4]–[6] and photonic [7], [8] applications because it exhibits following attractive features: alignment-layer free, microsecond response time
[9], [10] and optically isotropic dark state. The electric field-induced birefringence can be described by extended Kerr effect
[11]. The Kerr constant of PS-BPLC is 3–4 orders of magnitude
larger than that of conventional Kerr media such as benzene,
CS , water, nitrotoluene, and nitrobenzene [12], [13]. However,
the Kerr constant of a PS-BPLC is still inadequate and the required operation voltage is still too high for active matrix addressing. To improve Kerr constant, much effort has been devoted to developing high dielectric anisotropy (
) LC
hosts which in turn increases the viscosity and response time
drastically [14], [15]. For such a large
LC host, the conventional capacitance measurement method would be inaccurate if
the voltage shielding effect from the polyimide (PI) alignment
layers is neglected. Moreover, the mean field theory [16] for describing the dielectric anisotropy has a presumption that
is
small.
In this paper, we develop a method to characterize the high
LC hosts and propose a semi-empirical model to fit the
experimental data. Good agreement is obtained. When
is
small, our semi-empirical model is reduced to mean field theory.
We then prepared four PS-BPLC samples using different
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and viscosity materials. To compare their electro-optic performances, we define a figure of merit (FoM) as the ratio of Kerr
constant to response time. Our results indicate that increasing
does not necessarily lead to a larger FoM; instead some side
effects appear if
is too large. The FoM is also temperature
dependent. For a given BPLC material, there is an optimal temperature where FoM has a maximum value.
II. EXPERIMENT
First, we studied four different nematic LC hosts with different dielectric anisotropies designated as LC 1–4. Table I
lists the measured
,
and
of the four LC hosts at
room temperature (
C) and
kHz driving frequency.
The dielectric anisotropies are measured using a LCR meter
(HIORI LCR HiTESTER 3532-50). Homogenously aligned
cells are used when we measure
and vertically aligned cells
are employed while measuring
. Special caution has to be
taken when characterizing a large
LC. Since a LC cell can
be treated as three capacitors [one LC layer and two ultrathin
PI layers] in series [17], the measured dielectric constant is
derived as
(1)
where is the cell gap,
and
are the effective thickness
is the dielectric
and dielectric constant of the PI layer, and
constant (
or
) of the LC host. If
is comparable to
), the first term in the denominator can be neglected
(
so that
. For a strong polar LC, its
since
is very large so that the capacitance of the PI layers cannot be
ignored. For example, let us assume
,
m,
nm (the deposited PI layer thickness is 80 nm,
and
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TABLE II
FITTING PARAMETERS FOR THE FOUR LC HOSTS AT 30 C

Fig. 1. Measured
of LC4 at 30 C using two cells with 3.4 m and 8.1 m
according to (2).
cell gaps, and corrected

Fig. 2. Frequency dependent
of four LCs at 30 C. Dots are corrected
experimental data and lines are fitting with (3).

but the rubbing process would reduce its effective thickness),
the obtained from (1) is only 134. The discrepancy is as large
as 33%. Therefore, the measured value is often smaller than it
should be because of the shielding effect from the PI layers.
Fig. 1 shows the measured
of LC4 at 30 C using two
cells with different cell gaps
and . The
of a LC is usually small so the PI effect can be neglected. Since LC4 has a
very large
, the PI effect should be taken into account for
the measurement of
. For different cell gaps, the measured
are different because of the different
in (1), as shown
in Fig. 1. Therefore, the measured value needs to be corrected
in order to obtain the real value of
. Assuming the PI layers
in the two cells have the same thickness , we obtain the corrected expression for
after some algebra
(2)

lower relaxation frequency as expected. Generally speaking, a
larger
LC consists of more polar groups and therefore it is
more bulky and viscous. So it is more difficult for the molecules
to follow the electric field, which results in a lower relaxation
frequency. A low relaxation frequency implies that the Kerr
constant decreases sharply as the electric field frequency approaches [18]. This could be problematic for high frequency
(say, a few kHz) operation of BPLC devices.
Next, we prepared four PS-BPLC samples using the four
LC hosts. The BPLC precursors consist of a LC host, a chiral
dopant (R5011, HCCH), 10 wt% monomers [6% RM257
(Merck) and 4% TMPTA (1,1,1-Trimethylolpropane Triacrylate, Sigma Aldrich)] [19], and a small amount ( 0.6 ) of
photoinitiator. Since the helical twist power of chiral dopant
changes in different LC hosts, the concentration of the chiral
dopant varies from 4.5% to 7% in order to obtain similar pitch
length. The four precursors were cured by UV light with an intensity of 2 mW/cm for 30 min near the transition temperature
from chiral nematic phase to blue phase. We used vertical-field
switching (VFS) cells [20], [21] instead of in-plane-switching
(IPS) cells because an uniform electric field is preferable to
characterize the electro-optic performance of PS-BPLC materials.
III. RESULTS AND DISCUSSION
From Gerber’s model [22], the Kerr constant ( ) of a BPLC
can be approximated as
(4)
and the response time can be estimated by
(5)

where and are the measured values using these two cells.
The corrected
is plotted in Fig. 1. The values shown in
Table I are also corrected.
Fig. 2 shows the dielectric relaxation of
for the four LC
hosts at 30 C.
is almost a constant (not shown here) in the
entire plotted region. The data are fitted using Debye relaxation
equation
(3)

where
is the static permittivity at low frequency,
is the
permittivity at the high frequency limit, and
is the relaxation frequency. The fitting parameters ,
, and are listed
in Table II. From Table II, we find that a larger
LC has a

is the induced birefringence, is the wavelength,
where
is the intrinsic birefringence of LC host, is the averaged
elastic constant which is affected by both LC host and polymer
network, is the pitch length, and is the rotational viscosity
of the LC host. The viscosity of BPLC composite will increase
after adding chiral dopants; here we assume the viscosity of
BPLC is proportional to that of the LC host, provided that the
same chiral dopant and similar pitch length are obtained.
,
and
can be obtained from the LC host and pitch length
can be measured from the reflection spectrum of the PS-BPLC.
However, the averaged elastic constant is difficult to identify.
Moreover, Kerr constant and response time have contradicting
requirements. For example, a longer pitch length and a smaller
elastic constant are favorable for enhancing Kerr constant, but
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Fig. 3. Measured VT (dots) of PS-BPLCs at room temperature and 1 kHz fre.
quency and fitting (lines) using extended Kerr effect model.

unfavorable for response time. Therefore, we define a figure of
merit (FoM) as
(6)
for comparing and optimizing the BPLC performance at a given
wavelength and pitch length. A large Kerr constant and a fast
response time would lead to a high FoM.
Fig. 3 depicts the measured voltage-dependent transmittance
(VT) curves of the four VFS cells. The measurement method
has been reported in [20]. Here, the light incident angle is 70 .
The experimental data are fitted by a simulation program incorporating extended Kerr effect model [11]. Table I lists the obtained Kerr constants. Response time is also measured and results are included in the bottom row of Table I. While measuring
response time, we remove the voltage instantaneously from
which corresponds to the peak transmittance. Response time
is defined as the transmittance change from 90% to 10%. Although the optical decay time is different from the phase decay
time [23], it is proportional to the phase decay time for the same
grayscale operation.
In Fig. 3, theoretically there is no threshold for the VT curves
because the induced birefringence can be expressed as [11]
(7)
where
stands for the saturated induced birefringence and
represents the saturation field. In (7), the induced birefringence increases with the electric field. The threshold-like behavior in Fig. 3 is because the transmittance is related to the
phase retardation by a sinusoidal equation as
(8)
Details about the induced phase retardation have been discussed
in [23]. With amorphous silicon thin-film-transistor (TFT) addressing, the fluctuation voltage ( ) could reach 0.5–0.8 V.
For an LC device without a threshold voltage, the dark state
could be degraded. Although BPLC has no threshold voltage,
the threshold-like performance provides a good dark state. Let
us assume the on-state voltage is 10 V. Through simulation
we found that a contrast ratio over 1000:1 can be achieved if
V.
Fig. 4 shows the linear relationship between FoM and
of the LC host. Good agreement between exper-

Fig. 4. FoM of four PS-BPLCs using VFS cells. Red line is linear fitting with
(6).

imental data and linear fitting is obtained. The slope will
be affected by the type and concentration of monomer and
chiral agent employed, and also device structures. For the four
PS-BPLC samples, we used same amount of monomer and
similar pitch length, so the slope is similar for the four BPLC
samples. From Fig. 4, by increasing the dielectric anisotropy
of the LC hosts, FoM first increases due to the improved Kerr
constant. However, the improvement on Kerr constant gradually saturates when
100, but in the meantime viscosity
increases dramatically so that the response time slows down.
As a result, PS-BPLC4 has a smaller FoM than PS-BPLC3.
Moreover, LC4 has a low relaxation frequency which will
cause a strong frequency dependency on Kerr constant and
also dielectric heating, which are undesirable for display applications. PS-BPLC3 exhibits the highest FoM among the four
samples studied; it has a good balance between Kerr constant
and response time.
One question that arises is the voltage shielding effect from
the polymer network because 10 wt polymer is employed.
However, the polymer network in BPLC is uniformly distributed in the composites, instead of being separated from
the LC layer (such as PI layers), so the polymer is not only in
series but also in parallel with the BPLC composite. We have
attempted to estimate the voltage shielding effect from the
polymer microscopically and found that it is not too significant.
In terms of applications, the macroscopic performance is the
major concern. Here, we treat the PS-BPLC system as a whole;
the Kerr constant is a macroscopic parameter obtained from the
experimentally measured VT curves.
FoM is temperature dependent since
,
and
are all
temperature sensitive. The temperature dependency of
and
is described as follows [24]–[26]:
(9)
(10)
where is the order parameter,
is the extrapolated birefrin, is the activation energy,
is the Boltzgence at
mann constant, and is a proportionality constant. The order parameter can be approximated well by Haller’s equation [27],
[28]
(11)
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TABLE III
FITTING PARAMETERS FOR LC3 AND LC4

where
stands for the nematic-isotropic phase transition temperature of a LC and is a material constant. The order parameters are determined from the temperature dependent birefringence. The activation energy in (10) can be obtained from the
measured temperature dependent visco-elastic constant of the
LC host using anti-parallel rubbed cells. The obtained and
for the LC3 and LC4 are listed in Table III.
From Maier and Meier’s mean field theory [16],
is proportional to
. But in the derivation of mean field theory, an approximation that
( is the averaged dielectric constant)
was made so that the local fields are treated as isotropic. However, for LCs with a large dielectric anisotropy, the local field
effect would be much stronger and cannot be taken as isotropic.
Therefore, mean field theory is no longer valid for large
materials.
Fig. 5 depicts the measured temperature dependent dielectric
constants of LC3 and LC4. All the data are taken at low frequencies before the dielectric relaxation occurs and corrected
according to (2). From Fig. 5,
has a strong temperature dependency which mainly comes from
, while
does not
change much with the temperature. Since it is very difficult to
address the anisotropy of local fields, here we propose an empirical equation for describing the temperature dependency of
large
LCs

(12)
where is a parameter related to the dipole moment and is
a proportionality constant. The order parameter can be determined from the temperature dependent birefringence, so there
are only two adjustable parameters in (12): and . The fittings
with experimental data are very good for both LC hosts. The two
fitting parameters are also included in Table III.
It is interesting to note that when the dipole moment is small
(i.e.,
), the exponential term can be expanded as
and (12) is reduced to
(13)
Equation (13) has the same form as mean field theory. ThereLC materials.
fore, (12) is applicable for both large and small
Although it seems (12) tends to be divergent at low temperature, the relaxation frequency also shifts to a lower frequency
as the temperature decreases. Equation (12) will not be valid if
starts to relax at the measurement frequency.

Fig. 5. Measured
(lines) using (12).

,

, and

(dots) of: (a) LC3 and (b) LC4, and fittings

Fig. 6. Temperature dependent FoM for two PS-BPLCs using IPS cells and
fittings (lines) with (14).

Combining (9), (10), and (12), the temperature dependency
of FoM is derived as
(14)
where is a proportionality constant. For a polymer-stabilized
BPLC, the clearing temperature
is often few degrees
lower than that of the LC host after adding chiral dopant. As
a result, the order parameter is slightly different from that
of the LC host, by substituting
with
. To verify (14),
we prepared two PS-BPLC cells using LC3 and LC4. Here
IPS cells with electrode width
m and electrode gap
m are employed because it is difficult to control
the temperature of a VFS cell. The FoM for an IPS cell is
somewhat different from a VFS cell because their Kerr constant
and response time are different. The response time difference is
due to the nonuniform electric field distribution in the IPS cell
[20], while the reason for the Kerr constant difference is still
under investigation. In spite of different FoM, the temperature
dependency of IPS cells should still roughly follow (14).
Fig. 6 shows the FoM of the two IPS cells. The Kerr constants
are obtained by fitting the VT curves using a simulation program
[29] which has taken the nonuniform electric field into account.
The response time is also defined as 90%–10% transmittance
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change. The data are fitted with (14) with only one adjustable
parameter . Other parameters , and are obtained from LC
hosts, and
is measured using a polarized optical microscope. The fittings with (14) are very good for both cells, which
indicates that the temperature dependent FoM is basically determined by the LC host, while the polymer and chiral will only
affect the adjustable parameter . For a given PSBP, an optimal
temperature ( ) exists which gives the maximum FoM [30].
This can be understood qualitatively as follows: as the temperature increases, Kerr constant decreases mainly due to the reduced
, but the decreasing rate in Kerr constant is slower
than that of response time, resulting in an increased FoM. As
the temperature gets closer to , Kerr constant decreases dramatically which leads to a sharp decrease in FoM. To derive the
optimal temperature, we set
and find
(15)
Substituting (15) with the parameters of PS-BPLC3, we found
the optimal temperature is 7 C below . At the optimal temperature, maximum FoM is achieved mainly because of the fast
response time, but the Kerr constant is fairly small which demands a high driving voltage. For some photonics applications
which require fast response time while the driving voltage is less
concerned, the device can be operated at this optimal temperature. Material systems can also be optimized to achieve maximum FoM at room temperature.
IV. CONCLUSION
In conclusion, we defined a FoM to characterize and compare
the performance of PS-BPLC materials. FoM is closely related
to the properties of host LCs. Good agreement between experimental results and theory is obtained. Although increasing the
of a LC host enhances Kerr constant which is favorable for
reducing voltage, these strong polar materials also increase the
viscosity and response time dramatically. As a result, the overall
FoM may not gain. For a given material, there is an optimal
temperature for achieving maximum FoM. We also found that
conventional method needs correction for measuring the dielectric constants of large
LC materials. Moreover, mean field
theory is no longer valid for large
LCs and an empirical
equation was proposed to illustrate the divergence behavior of
at low temperature. Again, the proposed model fits well with
experimental results. This study will make a significant impact
on both LC materials and BPLC materials characterization and
optimization.
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