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Smart switchable windows for buildings and vehicles become more and more important because they
can reduce energy consumption. They exhibit two optically contrasting states: a transparent state and an
optically scattering (or light-absorbing) state. Most of them are, however, monostable, namely, only one
of the optical states is stable in the absence of applied voltage, and the other state must be sustained under
continuously applied voltage, which would consume energy. Here, we report a bistable smart window
based on polymer-stabilized cholesteric liquid crystals. The window exhibits two stable states at 0 V: one
of them is the transparent homeotropic state with a high transmittance and the other state is the scattering
focal conic state with a low transmittance. The bistable states are achieved by using an anisotropic poly-
mer network, known as polymer stabilization. The window is switched from the transparent state to the
scattering state by a low-frequency ac voltage pulse under the flexoelectric effect and is switched from the
scattering state back to the transparent state by a high-frequency ac voltage pulse under the dielectric inter-
action. No voltage is needed to sustain the two states of the window. Therefore, the window almost does
not consume energy. The optical contrast between the two states is high, and the window is very efficient
at privacy control. Due to its superior performance and very low energy consumption, this technology is
expected to have a significant impact on switchable architectural and automobile windows.
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I. INTRODUCTION

There has been intensive research on smart switchable
windows in the last couple of decades. They are used to
control privacy and (or) solar-energy flow and are widely
used in architectural buildings, automobiles, and airplanes.
They can provide a comfortable environment and reduce
energy consumption by minimizing the need for excessive
air conditioning [1–7]. Current technologies used for smart
windows are a suspended particle device [8,9], liquid crys-
tals (LCs) [10–13], and electrochromics [14–16]. Among
these technologies, LC smart windows have received sig-
nificant attention due to their distinctive optical properties,
low manufacturing cost, and fast switching time. There
are several types of smart windows based on liquid crys-
tals, such as polymer-dispersed liquid crystals (PDLCs)
[17–23], polymer-stabilized liquid crystals [24–28], and
polymer-stabilized cholesteric texture (PSCT) [29–35]. A
PDLC consists of approximately equal amounts of nematic
liquid crystal and polymer [36,37]. The liquid crystal is
optically anisotropic and exhibits an ordinary refractive
index, no, for light polarized perpendicular to the average
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direction of the long axis of the elongated liquid-crystal
molecule and an extraordinary refractive index, ne, for
light polarized parallel to the average direction. The poly-
mer is optically isotropic and exhibits a refractive index,
np , that is matched to no. The liquid crystal forms micron-
sized droplets, which are dispersed in the polymer. In the
absence of an applied voltage, the orientation of the liquid-
crystal droplets is random. When light propagates through
the PDLC film, it encounters the refractive index, np , in the
polymer, but a different refractive index, which is between
no and ne, in the liquid-crystal droplets. Thus, the light is
scattered and the PDLC film appears opaque. When a volt-
age is applied across the film, the liquid-crystal droplets
are aligned along the film’s normal direction. A normal
incident light encounters the same refractive index in the
polymer and liquid-crystal droplets. Thus, the light is not
scattered and the film becomes transparent. A PSCT is
made from a composite consisting of a cholesteric liquid
crystal (CLC) of high concentration (∼90%) and a poly-
mer network of low concentration (∼10%). Both the liquid
crystal and polymer network are optically anisotropic. In
a normal-mode PSCT, the polymer network is perpen-
dicular to the PSCT film and is dispersed in the liquid
crystal and has an aligning effect on the liquid crystal. The
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cholesteric liquid crystal has a helical structure, where the
liquid-crystal molecules twist around a helical axis. In the
absence of an applied voltage, the liquid crystal is in a
random polydomain state, known as a focal conic texture,
where the directions of the helical axes of the domains are
random, due to the dispersed polymer network. When light
propagates through the PSCT film, it encounters different
refractive indices in different domains. Therefore, light is
scattered and the film appears opaque. When a voltage is
applied across the film, the helical structure is unwound
and the liquid crystal is aligned along the film’s normal
direction, parallel to the polymer network. Therefore, light
is not scattered and the film becomes transparent.

As aforementioned, for most of the smart windows, volt-
ages must be applied to sustain their optical state, which
consumes energy. To save energy, it is highly desirable
that a smart window should have two optically contrast-
ing states at 0 V and can be switched between the two
states by voltage pulses. Several technologies have been
developed to fulfill the goal. Moheghi et al. [38] developed
bistable CLC windows in which the two stable states were
the transparent planar texture (state), where the helical axis
was uniformly aligned perpendicular to the window film,
and the scattering focal conic texture (state). The CLCs
used have negative dielectric anisotropies and are doped
with ions. When a relatively high-frequency (∼1 kHz)
voltage pulse is applied, the materials are switched from
the focal conic texture to the planar texture under a dielec-
tric interaction, while, when a low-frequency (∼10 Hz)
voltage pulse is applied, the materials are switched from
the planar texture to the focal conic texture due to the tur-
bulent motion of the ions. The technology has, however,
a problem because the doped ions cause degradation of
the liquid crystal. Lin’s group developed a CLC window
where two of the tristable states were the transparent planar
texture and scattering focal conic texture [39]. The win-
dow also has an undesirable feature because a complicated
electrode structure has to be used. Ma et al. [40] devel-
oped a bistable polymer-stabilized CLC window operated
between the transparent homeotropic texture and scatter-
ing focal conic texture. A polymer network with a strong
aligning effect is used to stabilize the homeotropic texture
at 0 V. The CLC used is a dual-frequency LC. When a low-
frequency (lower than 102 Hz) voltage is applied, the LC
exhibits a positive dielectric anisotropy and tends to align
parallel to the applied electric field, while, when a high-
frequency (higher than 104 Hz) voltage is applied, the LC
exhibits a negative dielectric anisotropy and tends to align
perpendicular to the applied electric field. When a low-
frequency voltage pulse is applied, the CLC is switched
from the focal conic texture to the homeotropic texture.
When a high-frequency voltage pulse is applied, the CLC
is switched from the homeotropic texture to the focal conic
texture. There are, however, a few issues with the dual-
frequency liquid crystal. First of all, the frequency of the

high-frequency voltage pulse is very high (∼10 kHz). The
window is essentially a capacitor, and the power needed
to switch the window is high due to the high frequency of
the voltage. Second, the required high frequency changes
dramatically with temperature [41,42]. Third, the magni-
tude of the negative dielectric anisotropy under the high-
frequency voltage is small, and thus, the driving voltage is
high. Furthermore, there are only a very few commercially
available dual-frequency liquid crystals.

Here, we report a bistable smart window based on a
polymer-stabilized cholesteric texture. It has two stable
states at 0 V: the transparent homeotropic state and the
scattering focal conic state. It is switched from the focal
conic state to the homeotropic state by a high-frequency
(1 kHz) voltage pulse under the dielectric interaction, and
it is switched from the homeotropic state to the focal
conic state by a low-frequency (10 Hz) voltage pulse under
the flexoelectric interaction. The required frequencies do
not change with temperature. Furthermore, high transmit-
tance of the transparent state and low transmittance of the
scattering state are achieved.

II. OPERATION PRINCIPLE

The bistable PSCT window is made from liquid crys-
tal and polymer network composite. The liquid crystal is a
CLC, which possesses an intrinsic helical structure where
the LC twists periodically around a helical axis. The dis-
tance along the helical axis for the LC to rotate 360° is
the pitch, denoted by P. The CLC has a positive dielectric
anisotropy and interacts with an externally applied electric
field, �E, under the dielectric interaction, the energy density
of which is given by

fdielectric = −1
2
εo�ε(�n · �E)2, (1)

where εo is the permittivity of free space, �ε is the dielec-
tric anisotropy of the LC, and �n is the LC director (a unit
vector along the averaged direction of the long molecu-
lar axis). The dielectric interaction is not sensitive to the
polarity of the applied electric field, and the interaction
energy is proportional to the square of the applied electric
field. Because �ε > 0, the interaction energy is minimized
when the LC is parallel or antiparallel to the electric field.
When an ac voltage is applied across the CLC, the align-
ing effect on the LC of the electric field under the dielectric
interaction does not depend on the frequency of the applied
voltage (typically up to 10 kHz, below which the dielec-
tric anisotropy remains the same), because the dielectric
interaction is not sensitive to the polarity of the applied
voltage. When the applied electric field is higher than
Ec = (π2/P)

√
K22/εo�ε [43], where K22 is the twist elas-

tic constant of the CLC, the helical structure is unwound
under the dielectric interaction. The CLC also contains
a liquid-crystal component of bent molecular shape and
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exhibits the flexoelectric effect. When the director �n is uni-
form in space, the CLC does not exhibit a net spontaneous
electric polarization. When the director �n is not uniform in
space, but in a splay or bent director deformation, the CLC
exhibits spontaneous polarization. Therefore, the CLC also
interacts with the externally applied electric field through
a flexoelectric interaction [44–48], the energy density of
which is given by

fflexoelectric = −{es[�n(∇ · �n)] + eb[�n × (∇ × �n)]} · �E, (2)

where es and eb are the splay and bent flexoelectric coef-
ficients, respectively. The energy of the flexoelectric inter-
action is linearly proportional to the applied electric field.
The flexoelectric interaction energy is minimized when a
spontaneous splay and bent deformation of the LC direc-
tor is formed. Thus, the flexoelectric interaction tends
to produce a nonuniform state of the LC. Note that the
flexoelectric interaction is sensitive to the polarity of the
applied voltage. When the polarity of the applied voltage
is changed, the LC direction will be reversed. When an
ac voltage is applied, the response of the LC under the
flexoelectric interaction depends on the frequency of the
applied voltage due to limited rotational mobility. When
the frequency is low, typically less than 102 Hz, the LC
is able to rotate sufficiently fast to follow the direction of
the applied electric field. When the frequency is high, the
LC is no longer able to rotate to follow the direction of the
applied electric field, and thus, the flexoelectric interaction
does not play a role in the determination of the LC state.
Therefore, when an ac voltage of low frequency is applied,
the state of the LC is determined by both the dielectric
and flexoelectric interactions, while, when an ac voltage of
high frequency is applied, the state of the LC is determined
only by the dielectric interaction.

In the fabrication of the bistable window, initially, the
CLC is mixed with a small amount of reactive monomers.
The mixture is sandwiched between two parallel substrates
with an indium tin oxide (ITO) transparent electrode.
The material is irradiated by UV light to polymerize the
monomers. During polymerization, a high-frequency volt-
age is applied between the top and bottom ITO electrodes.
Through the dielectric interaction, the CLC is switched
to the homeotropic state, where the helical structure is
unwound and the LC molecules are aligned perpendicu-
lar to the substrates. Due to the aligning effect of the LC
on the monomers, an anisotropic polymer network perpen-
dicular to the substrates is formed, as shown in Fig. 1(a).
The formed polymer network, in reverse, has an aligning
effect on the LC [49,50], which tends to keep the CLC in
the homeotropic state. The strength of the aligning effect
depends on the chemical structure and concentration of
the polymer network. If the aligning effect is sufficiently
strong, the CLC will remain in the homeotropic state after
the applied voltage is removed. When a low-frequency ac
voltage is applied, the homeotropic state, where the LC
orientation is uniform, becomes unstable due to the flex-
oelectric interaction, and the CLC is switched to the focal
conic state, as shown in Fig. 1(b).

When the applied voltage is removed, although the poly-
mer network has an aligning effect on the LC, it is not
able to switch the CLC to the homeotropic state. Therefore,
the CLC remains in the focal conic state. When the high-
frequency ac voltage is applied again, the CLC is switched
to the homeotropic state and remains in the homeotropic
state after the removal of the applied voltage.

III. MATERIALS AND EXPERIMENT

In the construction of the CLC for the bistable PSCT
window, the components were carefully chosen with

(a) (b)

FIG. 1. Schematic diagram showing the operation of the bistable PSCT window. (a) Transparent homeotropic state, (b) scattering
focal conic state.
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the consideration of the following properties: flexoelec-
tric coefficients, dielectric anisotropy, pitch length, and
polymer-network concentration. The flexoelectric coeffi-
cients should be large, so that the required amplitude of
the low-frequency voltage to switch the CLC to the focal
conic state is low. The dielectric anisotropy must be pos-
itive, but not too large, so that the dielectric interaction is
insignificant, and thus, the flexoelectric effect is dominant
when the low-frequency voltage is applied, and not too
small, so that the amplitude of the required high-frequency
voltage to switch the CLC to the homeotropic state is
not high. The pitch has profound effects on the stabil-
ity of the homeotropic state and the scattering efficiency
of the focal conic state. When the pitch is too short, the
homeotropic state is unstable at 0 V. When the pitch is
too long, the scattering of the focal conic state is weak.
The polymer-network concentration also greatly affects
the stability of the homeotropic state and the scattering
efficiency of the focal conic state. When the polymer-
network concentration is too low, the homeotropic state
is unstable at 0 V. When the polymer-network concentra-
tion is too high, the scattering of the focal conic state is
low. With the aforementioned considerations, the nematic
host (NH) was made from 33.6 wt % HNG7058 (from
HCCH), the dielectric anisotropy of which is −9; 13.5%
E7 (from Merck), the dielectric anisotropy of which is
+14; and 35.3% CB7CB and 17.6 wt % CB9CB (from
HCCH), the dielectric anisotropies of which are about +2.
HNG7058 and E7 are regular nematic liquid crystals and
have a wide nematic phase temperature region. CB7CB
and CB9CB were added to obtain a large flexoelectric
coefficient. They are liquid-crystal dimers consisting of
two mesogenic biphenyl groups at the two sides and a
flexible hydrocarbon chain in the middle [51–54]. Because
the number of carbon atoms in the hydrocarbon chain is
odd, they have a bent shape. Furthermore, the mesogenic
groups have a cyano group that has a permanent dipole.
These dimers have large flexoelectric coefficients (es + eb)

of around −31 pC/m [55,56]. They are, however, not in the
nematic phase at room temperature. They must be mixed
with HNG7058 and E7 to obtain the nematic phase at room
temperature. If only one of them is used, it cannot be doped
enough to obtain a sufficiently large flexoelectric coeffi-
cient due to its limited solubility in HNG7058 and E7.
The CLC was made from the NH and chiral dopant CB15.
The helical twist power (HTP) of CB15 is about 8 μm−1.
The pitch of the CLC was adjusted by varying the chi-
ral dopant concentration, x, according to P = 1/(H · x),
where H is the helical twisting power (HTP) of the chi-
ral dopant. CB15 also has a positive dielectric anisotropy.
We made a mixture of 8 wt % CB15 and 92 wt % NH and
measured the dielectric anisotropy (at 1 kHz) to obtain a
value of +1.57. The CLC was then mixed with RM257
(from Merck), which is a mesogenic monomer. A small
amount of the photoinitiator benzoin methyl ether (BME)

was added. The concentration ratio between RM257 and
BME was kept at around 4:1.

The cell used in our experiment was constructed from
two parallel glass substrates with ITO coating (which
serves as the transparent electrode). A homeotropic align-
ment layer of polyimide SE5661 (from Nissan Chemical)
was spin coated on top of the ITO layer. Then the align-
ment layer was prebaked at 80 °C for 5 min and hard baked
at 180 °C for 1 h. It was also mechanically rubbed with a
cloth to generate a small pretilt angle. The alignment layer
provides a homeotropic alignment of the LC on the sur-
face. The cell thickness was controlled by 12-μm spacers.
The mixture was transferred into the cell by capillary force
at an elevated temperature. After cooling to room temper-
ature, the cell was irradiated by UV light at an intensity
of 10 mW/cm2 for 1 h to polymerize the monomer. Dur-
ing polymerization, an ac voltage of 100 V and 1 kHz
was applied, such that the helical structure of the CLC
unwound and the LC molecules aligned perpendicular to
the cell substrate.

The textures of the samples used in our experi-
ments were studied under a polarizing optical microscope
(Nikon, Optiphot2-POL) with crossed polarizers. A CCD
camera (AmScope, MD900E) was mounted on the micro-
scope to take microphotographs. The transmittance of the
samples was measured with an unpolarized green He-Ne
laser with a wavelength of 543 nm. The light was normally
incident on the sample. The transmitted light was measured
by a photodiode detector. The collection angle of the detec-
tor was 4°. The transmittance was obtained by normalizing
the measured light intensity after the sample to the incident
light intensity before the sample. When a low-frequency
voltage was applied, the transmitted-light intensity oscil-
lated with time due to the voltage-polarity sensitiveness
of the flexoelectric interaction. The transmittance reported
was the transmittance averaged over 1 s, unless otherwise
specified.

IV. RESULTS

We first check whether the LC has a large flexoelec-
tric coefficient and if its flexoelectric interaction with the
electric field is strong. It is well known that a nematic
LC with a large flexoelectric coefficient exhibits a periodic
striped structure when a dc voltage is applied [57–60]. The
LC used for our smart window is, however, a CLC and
can exhibit a periodic striped structure due to its periodic
helical structure, known as the fingerprint texture, in the
presence of an externally applied electric field. It is diffi-
cult to determine whether the striped structure is caused
by the flexoelectric effect or the periodic helical structure.
To overcome the difficulty, we constructed a nematic LC
from the CLC by adding another chiral dopant, S5011.
The chiral dopant CB15 induces a right-handed helix and
has a HTP of 8 μm−1, while chiral dopant S5011 induces
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a left-handed helix and has a HTP of −130 μm−1. When
the concentration ratio between CB15 and S5011 is around
130:8, their helical twisting powers cancel each other out.
We used this method to obtain a nematic LC, which con-
sisted of 91.2% NH, 8.3% CB15, and 0.5% S5011. This
nematic LC has the following phase behavior: it trans-
forms from the isotropic phase to the nematic phase at
66.6 °C, and from the nematic phase to the twist-bend
nematic phase at 30.7 °C. The material filled a 5-μm-thick
and 1-inch2 area cell with a homogeneous alignment layer.
We studied the response of the nematic LC to an applied
electric field in the nematic phase at 32 °C under the polar-
izing optical microscope. The results are shown in Fig. 2.
The frequency of the applied voltage is 0 Hz. When the
applied voltage is zero, the nematic LC is homogeneously
aligned along the rubbing direction. Because the rubbing
direction is parallel to the polarizer at the entrance plane,
the incident light is linearly polarized parallel to the LC
direction, and its polarization does not change when prop-
agating through the LC layer. Light is absorbed by the
analyzer at the exiting plane, and thus, the sample appears
dark, as shown in Fig. 2(a). When the applied voltage is
increased to 20 V, the LC is switched to a nonuniform state
with spontaneous splay and bent deformations, due to the
flexoelectric interaction, and the sample exhibits a periodic
striped structure, as shown in Fig. 2(b). The direction of the
stripe is parallel to the alignment-layer rubbing direction.
When the applied voltage is increased to 22 V, the stripes
start to wiggle, as shown in Fig. 2(c), which is probably
caused by the dielectric interaction. When the voltage is
increased to 50 V, the sample exhibits an irregular mul-
tidomain mosaic pattern texture, as shown in Fig. 2(d). No

(a)

(c) (d)

(b)

0 V

22 V 50 V

20 V
P P

A A

50 μm

Rubbing
direction

Rubbing
direction

FIG. 2. Microphotographs of the nematic LC at 32 °C under
various voltages. Rubbing direction is parallel to the polarizer of
the microscope. Frequency of applied voltage is 0 Hz.

turbulence, a characteristic motion of ions, is observed. We
also measured the resistance of the sample and found its
resistance was 1.8 M�, i.e., very high. Therefore, it can be
concluded that the periodic striped and irregular multido-
main states are caused by the flexoelectric effect, but not by
the electroconvective instability of nematic LCs with high
ion concentrations.

A critical condition of the operation of the bistable win-
dow is that the polymer network has a sufficiently strong
aligning effect on the CLC, so that the CLC is in the
homeotropic texture after removal of the high-frequency
voltage, but not too strong, so that the CLC is in the
focal conic texture after the removal of the low-frequency
voltage. The aligning effect of the polymer network is
dependent on its concentration. The higher the concen-
tration, the stronger the aligning effect becomes [50]. We
made a few bistable samples, R1, R3, and R5, with a
variety of polymer-network concentrations, as listed in
Table I. The chiral dopant (CB15) concentration was fixed
at 8%. The accuracy of the percentage of the components
is 0.01%. We investigated the bistability of the samples
under the polarizing optical microscope. The results for
samples R1, R3, and R5 are shown in Fig. 3. For sample
R1, the polymer-network concentration is 4.0%. When a
voltage of 100 V (10 Hz) is applied, the CLC is in the focal
conic state, the texture of which is shown in Fig. 3(a1).
When the applied voltage is turned OFF, the CLC trans-
forms into the homeotropic texture, the texture of which is
shown in Fig. 3(a2). When the CLC is in the homeotropic
texture, it does not change the polarization of the incident
light, and thus, the texture is black. When the voltage of
100 V (1 kHz) is applied, the CLC is in the homeotropic
state, the texture of which is shown in Fig. 3(a3). When
the applied voltage is turned OFF, the CLC remains in
the homeotropic texture, the texture of which is shown in
Fig. 3(a4). Therefore, when the polymer-network concen-
tration is 4%, the aligning effect is too strong. For sample
R3, the polymer-network concentration is 3.6%. When the
voltage of 100 V (10 Hz) is applied, the CLC is in the focal
conic state, the texture of which is shown in Fig. 3(b1).
When the applied voltage is turned OFF, the CLC remains
in the focal conic texture, the texture of which is shown in
Fig. 3(b2). When the voltage of 100 V (1 kHz) is applied,
the CLC is in the homeotropic state, the texture of which
is shown in Fig. 3(b3). When the applied voltage is turned
OFF, the CLC remains in the homeotropic texture, the tex-
ture of which is shown in Fig. 3(b4). Therefore, when the
polymer-network concentration is 3.6%, the aligning effect
is properly strong. For sample R5, the polymer-network
concentration is 3.0%. When the voltage of 100 V (10 Hz)
is applied, the CLC is in the focal conic state, the tex-
ture of which is shown in Fig. 3(c1). When the applied
voltage is turned OFF, the CLC remains in the focal conic
texture, the texture of which is shown in Fig. 3(c2). When
the voltage of 100 V (1 kHz) is applied, the CLC is in
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TABLE I. Bistable samples with different concentrations of monomer RM257. FC, focal conic state; H, homeotropic state.

Sample No. NH (wt %) CB15 (wt %) RM257 (wt %) BME (wt %)
Transmittance of FC

state at 0 V (%)
Transmittance of H

state at 0 V (%)

R1 87.0 8.0 4.0 1.0 unstable
R2 87.4 8.0 3.7 0.9 6.5 84.9
R3 87.5 8.0 3.6 0.9 2.0 84.4
R4 87.6 8.0 3.5 0.9 0.2 81.5
R5 88.2 8.0 3.0 0.8 unstable

the homeotropic state, the texture of which is shown in
Fig. 3(c3). When the applied voltage is turned OFF, the
CLC transforms into the focal conic texture, the texture
of which is shown in Fig. 3(c4). Therefore, when the
polymer-network concentration is 3%, the aligning effect
is too weak.

We fine-tuned the polymer-network concentration to
around 3.6%. We made two more bistable samples, R2 and
R4, with concentrations close to 3.6, as listed in Table I.
We measured the transmittance as a function of applied
voltage of the bistable samples. When the CLC is initially
in the homeotropic state and the frequency of applied volt-
age is 10 Hz, the results are shown in Fig. 4(a). For sample
R2, the polymer-network concentration is 3.7%. Its trans-
mittance is 84.9% at 0 V. Most of the light loss is caused by
reflection from the interfaces of the cell. When the applied
voltage is below a threshold voltage, VH→FC (threshold
voltage for the transition from the homeotropic state to the

focal conic state), of 71 V, it remains in the homeotropic
state with high transmittance. When the applied voltage
is increased above the threshold, the CLC is gradually
switched to the focal conic state and the transmittance
starts to decrease. When the applied voltage is increased
to 85 V, the minimum transmittance of 50% is obtained.
When the applied voltage is increased further, the transmit-
tance increases, probably because the dielectric interaction
overtakes the flexoelectric interaction and suppresses the
randomness of the focal conic state. When the applied volt-
age is decreased, the transmittance decreases, instead of
increasing, indicating that the CLC remains in the focal
conic state. When the voltage is decreased to 0, the CLC
is still in the focal conic state with a transmittance of
6.5%. For sample R3, the polymer-network concentration
is 3.6%. Its transmittance is 84.4% at 0 V. The threshold
voltage to switch the CLC to the focal conic texture is
62 V, which is lower than that of sample R2. The lower

(a1)

100 V (1 kHz) ���100 V (10 Hz) ���100 V (10 Hz) ��

100 V (10 Hz) ���

100 V (10 H�) ��

25 μm

A

P

Rubbing
direction

100 V (10 Hz) ��

100 V (10 Hz) ��� 100 V (1 kHz) ��

100 V (1 kHz) ��

100 V (1 kHz) ��

100 V (1 kHz) ���

100 V (1 kHz) ���

(b1)

(c1)

(a2)

(b2)

(c2)

(a3)

(b3)

(c3)

(a4)

(b4)

(c4)

FIG. 3. Microphotographs of the bistable samples at 22 °C under voltages of different frequencies. Row 1, sample R1; row 2, sample
R3; row 3, sample R5; column 1, 100 V (10 Hz) is turned ON; column 2, 100 V (10 Hz) is turned OFF; column 3, 100 V (1 kHz) is
turned ON; column 4, 100 V (1 kHz) is turned OFF.
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(a) (b)

FIG. 4. Transmittance versus applied voltage curves of bistable samples with various polymer-network (RM257) concentrations. (a)
Frequency of applied voltage is 10 Hz, (b) frequency of applied voltage is 1 kHz.

threshold voltage is because the aligning effect of the poly-
mer network in sample R3 is lower than that of sample
R2, and thus, a lower threshold voltage is needed to over-
come the aligning effect of the polymer network. When the
applied voltage is increased above 74 V and then removed,
the CLC remains in the focal conic state. At 0 V, the trans-
mittance is 2.0%, which is lower than sample R2, because
of the weaker aligning effect of the polymer network. For
sample R4, the polymer-network concentration is 3.5%. Its
transmittance is 81.5% at 0 V, which is lower than those
of samples R2 and R3. The decrease in transmittance is
because the aligning effect of the polymer is weaker and it
is not able to hold the CLC completely in the homeotropic
state. The threshold voltage to switch the CLC to the focal
conic texture is 42 V, which is lower than that of sample
R3 because of the weaker aligning effect of the polymer.
When the applied voltage is increased above 65 V and then
removed, the CLC remains in the focal conic state. At 0 V,
the transmittance is 0.2%, which is very low.

When the CLC is initially in the focal conic state and
the frequency of the applied voltage is 1 kHz, the results
are shown in Fig. 4(b). For sample R2, its transmittance is
6.5% at 0 V. When the applied voltage is below another
threshold voltage, VFC→H (threshold voltage for the tran-
sition from the focal conic state to the homeotropic state),
of 10 V, it remains in the focal conic state with low trans-
mittance. When the applied voltage is increased above the
threshold, the size of the focal conic domain is gradu-
ally increased and the transmittance increases. When the
applied voltage is increased above another threshold volt-
age of 35 V, the helical structure is unwound and the
CLC is switched to the homeotropic texture with a max-
imum transmittance of 87%. When the applied voltage
is increased further, the transmittance no longer changes.
When the applied voltage is decreased, even if it is com-
pletely removed, the CLC remains in the homeotropic
texture, due to the strong aligning effect of the polymer

network, and the transmittance does not change. For sam-
ple R3, its transmittance is 2.0% at 0 V. The threshold
voltage, at which the focal conic domain size begins to
increase and simultaneously the transmittance starts to
increase, is 15 V, which is higher than that of sample R2,
because its polymer-network aligning effect is weaker than
that of sample R2. The threshold voltage to switch the
CLC to the homeotropic state is 36 V, which is slightly
higher than that of sample R2. When the CLC is in the
homeotropic state, the transmittance is 87%, which is the
same as that of sample R2. When the applied voltage is
decreased, even if it is completely removed, the trans-
mittance does not change, because the aligning effect of
the polymer is still strong enough to hold the CLC in
the homeotropic state. For sample R4, its transmittance is
0.2% at 0 V. The threshold voltage, at which the focal conic
domain size begins to increase and the transmittance starts
to increase, is 20 V, which is higher than those of samples
R2 and R3, because its polymer-network aligning effect is
weaker than those of samples R2 and R3. The threshold
voltage to switch the CLC to the homeotropic state is 40 V.
When the CLC is in the homeotropic state, the transmit-
tance is 86%, which is slightly lower than those of samples
R2 and R3. When the applied voltage is decreased to 0,
the transmittance decreases to 81.5%, because the aligning
effect of the polymer network is not strong enough to hold
the CLC completely in the homeotropic state and a small
percentage of material transforms into the focal conic state.

The pitch of the CLC is another important factor con-
trolling the electro-optical property of the bistable window.
First, it affects the focal conic domain size, which, in turn,
influences the scattering of the material. The shorter the
pitch is, the stronger the scattering becomes. Second, the
field (sum of the applied electric field and the aligning
field of the polymer) needed to switch the CLC to the
homeotropic texture is inversely proportional to the pitch.
The pitch is determined by the concentration of chiral
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TABLE II. Bistable samples with different concentrations of chiral dopant CB15.

Sample No. NH (wt %) CB15 (wt %) RM257 (wt %) BME (wt %)

Transmittance of
FC state at 0 V

(%)
Transmittance of

H state at 0 V (%)

C1 90.3 6.0 3.0 0.7 5.4 81.4
C2 (R3) 87.5 8.0 3.6 0.9 2.0 84.4
C3 85.0 10.0 4.0 1.0 12.1 85.1

dopant CB15. We made three samples with different chi-
ral dopant concentrations, as listed in Table II. To make
the homeotropic texture stable at 0 V, the concentration
of the polymer network was adjusted accordingly. When
the CLC is initially in the homeotropic state and the fre-
quency of the applied voltage is 10 Hz, the results are
shown in Fig. 5(a). The low-frequency voltage is applied,
so the CLC is switched from the homeotropic texture to
the focal conic texture. When the voltage is turned OFF,
the CLC remains in the focal conic texture. For sample
C2, which is the same as sample R3, the chiral dopant
concentration is 8%, and the corresponding pitch is P =
1/[8 μm−1 × 0.08] = 1.6 μm. Its electro-optical property
has already been discussed in the above paragraphs. For
sample C1, the chiral dopant concentration is 6%, and the
corresponding pitch is P = 1/[8 μm−1 × 0.06] = 2.1 μm.
Its transmittance is 81.4% at 0 V, probably because the
polymer-network concentration is not high enough. The
threshold voltage to switch the CLC from the homeotropic
texture to the focal conic texture is 62 V, which is the
same as that of sample C2. When the applied voltage
is in the region between 62 and 75 V, the transmittance
decreases with increasing voltage. When the applied volt-
age is higher than 75 V, the transmittance increases with
increasing voltage. When the applied voltage is decreased,
the CLC remains in the focal conic texture and the trans-
mittance decreases. When the voltage is decreased to 0, the
CLC is still in the focal conic state with a transmittance

of 5.4%, which is higher than that of sample C2, because
its focal conic domain size is larger than that of sample
C2, and thus, the material has less scattering. For sample
C3, the chiral dopant concentration is 10%, and the cor-
responding pitch is P = 1/[8 μm−1 × 0.10] = 1.3 μm. Its
transmittance is 85.1% at 0 V, similar to that of sample
C2, but higher than that of sample C1. Under increasing
applied voltage, its electro-optical behavior is similar to
that of sample C2. When the applied voltage is decreased,
the CLC also remains in the focal conic texture and the
transmittance decreases. When the voltage is decreased to
0, the transmittance is 12.1%, which is higher than those
of samples C1 and C2, probably because its focal conic
domain size is too small and the scattering capability of
green light becomes weaker.

When the CLC is initially in the focal conic state and the
frequency of the applied voltage is 1 kHz, the results are
shown in Fig. 5(b). When the voltage is applied, the CLC
is switched from the focal conic texture to the homeotropic
texture. When the voltage is turned OFF, the CLC remains
in the homeotropic texture. The electro-optical behav-
iors of samples C1, C2, and C3 are similar, except the
threshold voltages to switch the CLCs to the homeotropic
texture are different. For samples C1 and C2, the threshold
voltage is 35 V, while for sample C3, the threshold volt-
age is 43 V. With the consideration of the contrast ratio
between the transmittances of the homeotropic texture and
the focal conic texture at 0 V and the voltages to switch

(a) (b)

FIG. 5. Transmittance versus applied voltage curves of bistable samples with various chiral dopant (CB15) concentrations. (a)
Frequency of applied voltage is 10 Hz, (b) frequency of applied voltage is 1 kHz.
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(a) (b)

FIG. 6. Transmittance versus time when the bistable sample is switched from one state to another. (a) From the homeotropic texture
to the focal conic texture, the frequency and amplitude of the applied voltage pulse are 10 Hz and 100 V, respectively. (b) From
the focal conic texture to the homeotropic texture, the frequency and amplitude of the applied voltage pulse are 1 kHz and 100 V,
respectively.

the CLC between the two textures, 8% chiral dopant is the
best.

In real applications, smart switchable windows are usu-
ally switched by voltage pulses. We studied the response
of the bistable window to voltage pulses with different fre-
quencies. Sample R3, which performed best, was used in
the study. The time width and amplitude of the square-
wave voltage pulses are 5000 ms and 100 V, respectively.
When the sample is switched from the homeotropic tex-
ture to the focal conic texture by the voltage pulse with
a frequency of 10 Hz, the results are shown in Fig. 6(a).
The pulse is turned ON at 1000 ms and turned OFF at
6000 ms. During the pulse, the transmittance oscillates
with time, because the flexoelectric interaction is sensi-
tive to the polarity of the voltage. The inset in Fig. 6(a)
shows the transmittance versus time curve in the region
from 4000 to 4200 ms. When the pulse is turned ON,
the average transmittance decreases first. The switching

time from the homeotropic texture to the focal conic tex-
ture is about 1500 ms. Then, the average transmittance
becomes stable at 45%. When the pulse is turned OFF,
the transmittance decreases to 2.0%, which is lower than
that of the state under the applied voltage, because the
domain size is decreased and the material becomes more
scattering. When the sample is switched from the focal
conic texture to the homeotropic texture by the voltage
pulse with a frequency of 1 kHz, the results are shown in
Fig. 6(b). The pulse is turned ON at 1000 ms and turned
OFF at 6000 ms. The CLC is switched from the focal conic
texture to the homeotropic texture in a few tens of mil-
liseconds. The transmittance does not oscillate with time,
because, at this high frequency, only the dielectric interac-
tion (which is not sensitive to the polarity of the voltage),
but not the flexoelectric interaction, affects the state of the
CLC. During the pulse, the transmittance is 88%. When
the pulse is turned OFF, the transmittance decreases slightly

(a) (b) (c)

FIG. 7. Transmittance versus relaxation time of the bistable samples with various polymer-network concentrations. (a) Sample with
3.7% polymer. (b) Sample with 3.6% polymer. (c) Sample with 3.5% polymer.
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(a) (b)

FIG. 8. Photographs of the bistable window. (a) Transparent homeotropic texture at 0 V. (b) Scattering focal conic texture at 0 V.

to 84.4%. Note that the transmittance of the transparent
state at 0 V obtained by the high-frequency voltage pulse is
the highest, while the transmittance of the scattering state
at 0 V obtained by the low-frequency voltage pulse may
not be the lowest. The transmittance of the scattering state
might be further optimized by varying the amplitude of the
voltage pulse. Herein, for the purpose of simplicity, the
same amplitude and time interval, but different frequen-
cies, are used for the high-frequency and low-frequency
voltage pulses.

We also investigated the long-term stability of the trans-
parent homeotropic texture and scattering focal conic tex-
ture at 0 V. Samples R2, R3, and R4 are used in the
experiment. Their transmittances of the transparent and
scattering states at 0 V are monitored over a period of
24 h. The results are shown in Fig. 7. For sample R2,
the polymer-network concentration is 3.7%. After it is
switched to the homeotropic texture by the high-frequency
voltage, the transmittance initially is 85.9%. It decreases
slightly to 84.8% in about 1 h and remains unchanged
afterward. After it is switched to the focal conic texture
by the low-frequency voltage, the transmittance initially
is 6.5%. It decreases slightly to 6.1% in 24 h. For sam-
ple R3, the polymer-network concentration is 3.6%. After
it is switched to the homeotropic texture by the high-
frequency voltage, the transmittance initially is 84.4%. It
decreases to 81.6% in about 1 h and remains unchanged
afterward. After it is switched to the focal conic texture
by the low-frequency voltage, the transmittance initially is
2.0%. It decreases slightly to 1.7% in 24 h. For sample
R4, the polymer-network concentration is 3.5%. After it is
switched to the homeotropic texture by the high-frequency
voltage, the transmittance initially is 81.5%. It decreases
slightly to 76.7% in about 1 h and remains unchanged
afterward. After it is switched to the focal conic texture
by the low-frequency voltage, the transmittance initially
is 0.2%. It decreases slightly to 0.1% in 24 h. For all

samples, the scattering focal conic texture is very sta-
ble. Regarding the transparent homeotropic texture, when
the polymer-network concentration is high, the stability is
better.

We fabricated a 2 × 2-inch2 bistable window with the
material of sample R3. We placed the bistable window
on an architectural window and examined its performance
visually. Photographs of the bistable window in the two
bistable states at 0 V are shown in Fig. 8. When the win-
dow is in the transparent state, outside scenes can be seen
clearly through it, as shown in Fig. 8(a). When it is in the
scattering state, it completely blocks the outside scenes, as
shown in Fig. 8(b). In addition, the spatial uniformity is
excellent and the contrast between the two states is high.

V. CONCLUSION AND DISCUSSION

The bistable CLC switchable window exhibits two opti-
cally contrasting states in the absence of an applied volt-
age: one is the homeotropic texture (state), where the
liquid-crystal molecules are uniformly aligned, and thus,
the material is transparent, and the other is the focal conic
texture (state), where the liquid-crystal molecules are in a
random polydomain state, and thus, the material is scat-
tering. The CLC has a positive dielectric anisotropy and
large flexoelectric coefficients. It interacts with externally
applied electric fields through both the dielectric interac-
tion and the flexoelectric interaction. Under the dielectric
interaction, the LC molecules tend to align parallel to the
externally applied electric field, while under the flexoelec-
tric interaction, the LC molecules tend to form a nonuni-
form polydomain state where there are spontaneous splay
and bent deformations. The flexoelectric interaction is sen-
sitive to the polarity of applied voltage, while the dielectric
interaction is not sensitive. When a low-frequency (a few
tens of Hz) ac voltage is applied, the LC molecules can
rotate fast enough to form opposite spontaneous splay
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and bent deformations when the polarity of the applied
voltage is reversed. Both the flexoelectric and dielectric
interactions exist. The flexoelectric interaction is, however,
stronger than the dielectric interaction. The low-frequency
voltage, because of the flexoelectric interaction, drives the
CLC to a polydomain structure. When a high-frequency
(around 1 kHz) ac voltage is applied, the LC molecules
cannot rotate fast enough, due to viscosity, to form oppo-
site spontaneous splay and bent deformations when the
polarity of the applied voltage is reversed, and thus, the
flexoelectric interaction has no effect on the LC. Only the
dielectric interaction is effective, under which the high-
frequency voltage switches the CLC to the homeotropic
state.

The bistability of the homeotropic and focal conic states
at 0 V is achieved through polymer stabilization, in which
a small amount of anisotropic polymer network is dis-
persed in the CLC. The polymer network is in the direction
perpendicular to the film substrates. Although the poly-
mer network has an aligning effect on the LC, it cannot
unwind the helical structure of the LC by itself. When a
high-frequency voltage is applied, the aligning effect of
the polymer network and the aligning effect of the elec-
tric field under the dielectric interaction are in the same
direction. They act together to unwind the helical struc-
ture and switch the CLC to the homeotropic state. When
the voltage is removed, the polymer network can hold the
LC in the homeotropic state. When a low-frequency volt-
age is applied, the aligning effect of the polymer network
and the aligning effect of the electric field under the flexo-
electric interaction are in different directions, so the CLC is
switched to a polymer domain structure. When the voltage
is removed, the polymer network cannot switch the CLC to
the homeotropic state, and thus, the CLC transforms into
the focal conic state.

The switching of the bistable window is accomplished
by using dielectric and flexoelectric interactions. An ac
voltage of low frequency in the region from 0 to 50 Hz
switches the window from the transparent state to the scat-
tering state under the flexoelectric interaction. An ac volt-
age of high frequency in the region from 500 to 5000 Hz
switches the window from the scattering state back to
the transparent state under the dielectric interaction. The
required voltage amplitude of the low-frequency voltage
depends slightly on the frequency of the applied voltage
because the domain size changes slightly with frequency.
The required voltage amplitude of the high-frequency volt-
age almost does not depends on the frequency of the
applied voltage because the dielectric anisotropy does not
change in the frequency region.

The frequency of the high-frequency voltage to switch
the CLC to the homeotropic state is only 1 kHz, and thus,
power consumption, due to the capacitor’s impedance of
the window, is much lower than that when dual-frequency
liquid crystals are used. The resistivity of the CLC is high,

which is another factor attributed to the low power needed
for switching. In some bistable windows, ions are doped
to produce electroconvective instability, which is used to
switch the CLC to the focal conic state. The doped ions not
only increase the power needed for switching dramatically,
but also cause long-term chemical degradation of the CLC
[61,62].

In summary, we developed a smart switchable CLC
window of two stable states at 0 V. The optical con-
trast between the two states is high. The transparent state
has a high transmittance of 82%, and the scattering state
has a low transmittance of 2%. The window is switched
between the two states by voltage pulses. The frequencies
of voltage pulses for switching are low and can be eas-
ily implemented. For a smart window based on PDLCs,
a continuous voltage must be applied to keep the window
in the transparent state, which typically consumes power
of 10 W/m2 [63]. For our smart window, no continuously
applied voltage is needed to sustain the two optical states,
and thus, the window is very energy saving. The win-
dow is expected to have a significant impact on switchable
architectural building and vehicle windows.
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