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Abstract

Photonic band gap materials have the ability to modulate light. When they can be dynamically controlled beyond
static modulation, their versatility improves and they become very useful in scientific and industrial applications. The
quality of photonic band gap materials depends on the tunable wavelength range, dynamic controllability, and
wavelength selectivity in response to external cues. In this paper, we demonstrate an electrically tunable photonic
band gap material that covers a wide range (241 nm) in the visible spectrum and is based on a monodomain blue-
phase liquid crystal stabilized by nonmesogenic and chiral mesogenic monomers. With this approach, we can
accurately tune a reflection wavelength that possesses a narrow bandwidth (27 nm) even under a high electric field.
The switching is fully reversible owing to a relatively small hysteresis with a fast response time, and it also shows a
wider viewing angle than that of cholesteric liquid crystals. We believe that the proposed material has the potential to

tune color filters and bandpass filters.

Introduction

Blue-phase liquid crystals (BPLCs) are a unique pho-
tonic band gap material that exhibit selective reflection of
visible light. The selective wavelength originates from the
periodic arrangement of anisotropic liquid crystal mole-
cules. Unlike fixed band gap inorganic photonic crystals, a
quasicrystalline nanostructured BPLC shows dynamic
tunability of the photonic band gap by an electrical sti-
mulus. Thus, its application in electro-optic and photonic
devices, such as tunable filters and lenses, lasers, sensors,
gratings, and display devices, appears feasible! .

In general, BPLCs have three distinct thermodynamic
phases, namely, BPI, BPII, and BPIII. BPI and BPII form
body-centered cubic (BCC) and simple cubic structures,
respectively, depending on how their double-twisted
cylinders (DTCs) have self-assembled. BPIII forms no
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particular structural symmetry and is commonly referred
to as a blue fog™”. The three-dimensional (3D) crystal-
lographic structures of BPI and BPII allow us to modulate
the optical frequency in all directions. Thus, it is capable
of acting as a 3D photonic crystal.

The unique structural property of BPLCs reveals not
only an optically isotropic nature but also the selectivity of
the visible wavelength during Bragg scattering, and this
useful property enables us to facilitate the design of var-
ious functional materials and devices. However, there are
some hurdles to overcome, such as a limited temperature
range of the phases or short-range ordered single
domains, ie., multidomain structures that appears as
mosaic textures. Many reports have suggested good
approaches to these issues. First, polymer stabilization
(PS) or nanoparticle incorporation can extend the limited
phase range of BPLCs because the dispersed materials
selectively occupy the disclination lines and minimize the
free energy of the system, thereby increasing the thermal
stability of BPLC®™'°. Second, we can acquire a single
color by engineering a narrow band gap during Bragg
scattering by constructing a monodomain BPLC on a
large scale''™'. Recently, several works on achieving a
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Fig. 1 PS-BPLC structure. a Schematics of a conventional PS-BPLC with polymer networks occupying disclination lines and a novel BPLC with
polymer networks occupying both disclination lines and double-twist cylinders. Molecular structures of b chiral monomer SRM03, ¢ mesogenic

monodomain structure in a BPLC have been reported. For
instance, one can achieve it by a rubbed polyimide sur-
face!'?, a chemically patterned substrate'®!’, a controlled
temperature gradient'?, and direct control of the structure
by an electric stimulus'>'®, In addition, many studies find
that the use of a monodomain BPLC is the simplest
approach to enhance the electro-optical performance,
such as lowering the driving voltage'*'®*°,

A long-range ordered monodomain BPLC with a vivid
single color can be tuned by several external stimuli.
Electrical tuning is the most reasonable method among
BPLC material driving schemes, such as photoinduced
tuning, thermal-induced tuning or a combination of
both?*~?2, These approaches have shown great potential
for tuning the photonic band gap of PS-BPLC. However,
issues remain. For instance, the range of band gap tuning
is below 100 nm'>?°, beyond this, unwanted reflections
due to discontinuous changes in the band gap occur™—*,
The response time of field-induced tuning is slow and
ranges from a few seconds to several hours, and a com-
plicated driving scheme is sometimes required*®. Thermal
and electro-optic hysteresis are also commonly
observed****”, Overall, dynamic control of photonic
band gaps in a PS-BPLC system is still challenging, and its
performance also needs to be improved.

Here, we demonstrate a monodomain PS-BPLC mate-
rial whose photonic band gap is electrically tunable. The
proposed monodomain PS-BPLC enables us to achieve
reversible switching of the photonic band gap over a wide
range of visible wavelengths with a low hysteresis. PS-
BPLC improvements focus on the role of reactive
monomers. Before polymerization, nonmesogenic mono-
mers prefer to occupy disclination lines to reduce the free
energy, unlike other types of monomers. Thus, the poly-
mer network is mostly generated in disclinations to hold
the BPLC structure. In this work, the BPLC mixture
consists of a host liquid crystal (LC), a chiral dopant, a
mesogenic monomer, a nonmesogenic monomer, and a
chiral monomer. Here, we emphasize that the chiral
monomer plays the role of both the chiral dopant and the
prepolymer. The intermolecular structure in double-twist
cylinders can be firmly fixed because the chiral monomers
are polymerized while retaining the chiral structure. We
schematically show the internal structure of the proposed
PS-BPLC with a chiral monomer in Fig. 1a. In addition to
the band gap tuning by an electric stimulus, the band gap
of the proposed monodomain BPLC in the ground state
can be precisely tuned by controlling the concentration of
chiral molecules. The proposed BPLC exhibits a narrow
bandwidth of 27 nm and fast response time of 350 ms, and
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we note that it shows complete recovery from the field-
induced lattice deformation despite excessive electric field
driving.

Materials and methods

The BPLC mixture employed in this study consists of a
high dielectric anisotropy nematic LC (MLC2053, Ae =
42.6 at 1kHz, An=0.235 at 589.3 nm, and T\;=86°C
from Merck Advanced Technology in Korea) and a high
helical twisting power chiral dopant (SRM17, HTP =
166 um™"'). The phase stabilization of the BPLC was
achieved by adding a chiral monomer (SRMO03, HTP =
11 um™ "), reactive monomer (RM257, Merck Advanced
Technology, Korea), and monomer (TMPTA, trimethy-
lolpropane triacrylate, Sigma-Aldrich). The molecular
structures of the utilized chiral monomers are shown in
Fig. 1b. The nematic LC to chiral dopant concentration
remained constant while the chiral monomer concentra-
tion varied from 5.9 to 9.2 wt.%. The concentrations and
estimated and measured chiral pitches of the samples are
listed in Table 1.

In this report, we prepared two sets of sandwiched cells
to obtain multidomain and monodomain BPLCs. The
substrate was deposited with indium-tin-oxide (ITO)
electrodes. To achieve a monodomain BPLC, the glass
substrates were coated with polyimide (AL16301, JSR
Micro Korea) and unidirectionally rubbed with a velvet
cloth. Thereafter, the two substrates were attached in the
anti-parallel direction. No surface treatment of the sub-
strates was performed for the multidomain BPLC sam-
ples. For both cases, the cell gap was fixed to 7 pm. The
sample preparation was similar for both the monodomain
and multidomain BPLC samples, except for the surface
treatment for the monodomain samples. The complete
experimental procedure is schematically illustrated in
Fig. SI.

The chiral pitch p of each sample mixture was measured
with Grandjean-Cano lines in wedge cells. The measure-
ment indicates that p was ~420, 345, and 310 nm for S1,
S2, and S3, respectively. The BPLC was identified and
characterized by polarized optical microscope (POM)
(E600 POL, Nikon eclipse) connected to the camera
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(DXM 1200, Nikon). The temperature of the sample was
accurately maintained by a temperature controller
(HSC402-STC20U, Instec) with a cooling rate of 0.3 °C/
min. Once the full BPLC appeared, the temperature was
fixed, and polymerization was achieved by illumination
with a 20 mW/cm? intense UV light for 10 min at the BPI
phase (at 83.6 °C). After polymerization, the POM char-
acterization was performed again to find the phase
extension range. After essential characterization of the
BPLC phase, field-dependent characterization methods,
such as photonic band gap tuning, response time mea-
surement, and hysteresis measurement, were conducted
by a photodetector (DET36A/M, Thorlabs) and an oscil-
loscope (DPO2024B, Tektronix) in response to a 1kHz
square-wave voltage supplied by a function generator
(AFG3101C, Tektronix) and modulated by an amplifier
(A400, FLC Electronics). The Bragg reflection spectrum
was measured by a reflection spectrometer (USB2000+,
Ocean Optics) connected to the POM. The color values
were measured for each texture observed with POM. The
color values were converted to chromatic coordinates by
using standardized conversion equations defined by the
CIE special commission®®, Here, the inbuilt 100 W halo-
gen light (HLX 64623, OSRAM) in the POM was used as a
light source. No other filters that were built into the POM
were used. Next, we measured the viewing-angle-
dependent reflection spectra for sample S1 at incident
angles of 0°, 15°, 30°, and 70° from the normal direction.
The angle was produced by tilting the sample on the POM
stage, and the subsequent reflection spectrum was
recorded. We also examined the transmission efficiency of
the S1 sample for the selective polarization of incident
polychromatic light. The polarization state of the incident
light was established by precisely aligning the set of
optical components. The efficiency of the transmission
spectra was measured by using UV-visible spectroscopy
(S-3100, SCINCO). The unpolarized light from the UV-
visible spectroscopy instrument was converted to circu-
larly polarized light by using a set of polarizers and
quarter-wave plates fixed appropriately. In the final step,
the polymer network scaffold was observed by field
emission scanning electron microscopy (FESEM) to

Table 1 The material concentrations and estimated and measured chiral pitches of the samples.
Sample name MLC2053 (wt.%) SRM17 (wt.%) SRMO3 (wt.%) RM257 (wt.%) TMPTA (wt.%) Irg-907 Estimated Measured
(wt.%) chiral chiral
pitch® (nm) pitch® (nm)
S1 88.7 1.1 52 3 1 1 417 420
S2 86.0 13 77 3 1 1 332 345
S3 85.6 14 8.0 3 1 1 312 310

Estimated by the concentration calculation based on the formula P~ 1/(c:HTP).
PFrom Fig. S4.
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estimate the polymer network formation by the chiral
monomers. After completing the necessary characteriza-
tion, the sample was kept in a hexane:dichloromethane
(80:20) solution for 24h to extract the LC and chiral
dopant molecules from the sample. After confirming that
the LC was completely removed, the substrates were
separated by a sharp knife and used for characterization.
The images were taken perpendicular to the substrate.
The size of the network voids was estimated by using
Image], a Java-based image processing software developed
by the National Institutes of Health.

Results and discussion

The fabrication process of monodomain and multi-
domain BPLCs is described in the Experimental section
and Fig. S1. We prepared three samples that consisted of
nematic LCs, a chiral dopant (SRM17), a chiral monomer
(SRMO03), a mesogenic monomer (RM257), and a non-
mesogenic monomer (TMPTA), and their molecular
structures are shown in Fig. 1c, d, e. We fabricated
monodomain BPLCs by rubbing a polyimide surface
which provides an appropriate roughness and anchoring
condition to form a long-range monodomain BPLC, as
previously reported'®. We conducted photopolymeriza-
tion at desired BPLC temperatures and then characterized
the samples after confirming that the temperature range
of the BPLCs was extended.

To determine the exact reflection wavelength and its
temperature dependency, we measured the temperature-
dependent Bragg reflection wavelength (Ag) and investi-
gated its corresponding texture with POM for the
monodomain BPLC samples (Fig. 2). Unlike multidomain
BPLCs that show multiple colors from mosaic textures
(Fig. S2), the monodomain BPLCs show a single color
(red, green, and blue) for the reflected textures over the
long-range lattice arrangement (Fig. 2a—c). The Bragg
reflection measurement of each monodomain sample
exhibits a narrow, single reflection peak (Fig. 2d-f),
whereas the multidomain BPLCs exhibit multiple peaks
(Fig. S3). The measured peak wavelengths are 649, 519,
and 433 nm for monodomain samples S1, S2, and S3,
respectively, and the reflection colors of the POM images
are in good agreement with the measured peak wave-
lengths. The measured temperature range of the BPI is
fairly wide, although the BPII shows a very limited tem-
perature range. The BPI temperatures are 20.6 °C, 13.1°C,
and 16.8°C, and the temperatures for BPII are 0.4°C,
2.4°C, and 0.6 °C, as shown in the phase diagram of the
samples in Fig. 2g. We note that the temperature
dependency of the reflection wavelength is negligible (Fig.
2h). The PS method we used here leads to a strongly fixed
internal structure, which retains the chiral pitch, i.e., the
cubic lattice. Consequently, the thermally induced pitch
change is very small such that the temperature sensitivity
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(AA/AT) is calculated to be 0.11, 0.42, and 0.10 nm/°C for
S1, S2, and S3, respectively. Figure 2i shows the repre-
sentative Bragg reflection peaks of samples S1, S2, and S3
at 73°C, 75°C, and 66°C, respectively. Through this
approach, we are able to tune the photonic band gap in
the spectral range of 216 nm by adjusting the pitch of the
BPLC system.

Furthermore, to gain additional insight into the influ-
ence of the chiral monomer and field-controlled tuning
on the reflection wavelength, we evaluated how the Bragg
reflection is determined. Theoretically, the Bragg reflec-
tion in the BPLC appears from periodically arranged
crystallographic planes of the cubic lattice, expressed as
Ap = 24 __, where 7 is the average refractive index of
the PS-h]f:';Ir’inJ(r:l,2 a is the lattice constarglt, and 4, k, and [ are
the Miller indices of a cubic crystal®”®. The value of a is
equal to the chiral pitch length in BPI. The selection rule
for a Bragg reflection in the BCC structure is that the sum
of Miller indices (% + k+ [) is an even number. We esti-
mated the chiral pitch of each sample mixture by mea-
suring the Grandjean-Cano lines in a wedge cell. The
estimated pitch lengths in samples S1, S2, and S3 are
~420, ~340, and ~310 nm, respectively. Thus, the esti-
mated lattice plane is (002) in S1 and S2 and (211) in S3
(Table S1 and Fig. S4). As the concentration of both the
chiral dopant and chiral monomer is increased from
samples S1 to S3, the chiral pitch is decreased, leading to a
decrease in the cubic lattice and a shift to a shorter
wavelength in the reflection peak. Furthermore, we cal-
culated the bandwidth of each reflection peak as according
to the full width at half maximum (FWHM) (measured by
fitting the Gaussian equation, as shown in Fig. S5), which
is 25.1, 25.4, and 26.3 nm for S1, S2, and S3, respectively.
The obtained bandwidth is narrow, but it exhibits a rela-
tively large temperature dependency (Fig. S6).

We examine how the Bragg wavelength changes with
respect to applied electric strength for the monodomain
PS-BPLC samples by observing the BPLC textures in the
POM images and by analyzing the spectroscopy results.
Figure 3 clearly shows that the vivid colors from the BPLC
textures are in good agreement with the Bragg reflection
spectra. The obtained results reveal that the reflection
wavelength of the monodomain BPLC can be manipu-
lated not only by the chiral monomer concentration but
also by the electric field. When the applied electric field to
sample S1 increases from 0 to 6.4 V/um, the total tunable
reflection range is 241 nm (Fig. 3a). The reflection wave-
length is slightly shifted from 647 to 675 nm at a low-field
strength and changes to green (550nm) and blue
(433 nm) continuously. Above 6.4 V/um and up to 7.1 V/
pum, the color disappears because the reflection wave-
length reaches a range beyond the visible wavelengths. At
a low-field strength, the field-induced reflection wave-
length shift is caused by the reorientation of local LC
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directors. As the field strength increases, the chiral pitch
changes, and electrostriction occurs. On the other hand,
from Fig. 3b, ¢, the reflection peaks from samples S2 and
S3 exhibit blue and green shifts in the spectral ranges of
94 and 79 nm, respectively. The initial reflection peaks of
samples S2 and S3 appear at 517 and 434 nm, respectively,
and the peaks shift to 435 and 511 nm due to an applied
field strength of ~6.4 V/pm. We note that when increas-
ing the applied field, sample S2 follows a similar trend to
sample S1, whereas sample S3 shows opposite tendency of
samples S1 and S2. The reflection peaks of S1 and S2 shift
to shorter wavelengths, but they shift to longer wave-
lengths for S3 as the applied field increases. Such a dif-
ferent tendency occurs based on how the lattice planes are
situated with respect to the direction of the applied
electric field vector. Again, the lattice plane is estimated as
(002) for samples S1 and S2, whereas it is (211) for S3.
The field-induced lattice deformation of the BPLCs is
determined by describing the dependence of the defor-
mation tensor &; based on the electrostriction tensor
Yijia on the quadratic electric field strength. Thus, ¢; =
YiikiExE, where the free energy minimization gives rise to

three independent electrostriction coefficients yi; Vi
and y;;; for cubic symmetry’. The sign of the y in the BPI
with a positive dielectric anisotropy LC is determined in
reference®’; that is, Yiiii is negative, y;;; is positive, and y;;
is positive. Thus, for the (002) plane, when the electric
field direction parallel is to the fourfold axis (001), the
lattice dimension along the field decreases as the field
strength increases to satisfy the negative sign of y;;;. For
the (211) plane in S3, the tendency is opposite to that for
S1 and S2 owing to the positive sign of y,;; i.e., the lattice
constant decreases. A schematic of the lattice distortion
against the applied field is shown in Fig. 4. The roughness
of the surface depends on the parameters for the rubbing
method, for instance, the rotation speed, the depth of
contact, and the length of the fibers on the roller. The
surface roughness is the result of the BPLC lattices being
located along the (200) plane for S1 and S2, but the
shortest chiral pitch that occurred for S3 is preferred to
locate along the (211) plane. For sample S1, we achieve
band gap tuning over a wide spectral range from red to
blue, which is two times wider than previously reported
results' 2,
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The main role of the nonmesogenic monomer after
polymerization is to maintain the phase and to prevent
the field-induced phase transition because the part of the
polymer network that comprises the nonmesogenic
monomer mostly occupies the disclination lines. The

mesogenic monomer is polymerized to interconnect the
LCs and enhances the thermodynamic stability, but this
polymer network does not form a chiral structure upon
the response of the electric field. Thus, a high con-
centration of achiral monomers results in a local reor-
ientation. However, the other part of the polymer network
that comprises the chiral monomer maintains the DTC
structures, i.e., the BPLC lattices, so that it prefers to
induce electrostriction rather than a local reorientation.
One may find the optimum balance between chiral and
achiral monomer concentrations to achieve both a high
stability and tunability by understanding this relation.

The polymer stabilization in monodomain BPLCs
guarantees long-term stability during operation (more
than 3 months). Moreover, the uniformity of the texture
color is improved after the removal of the electric field.
This result suggests that we can improve the spatial
organization of the cubic lattice by an electric field. The
great advantage of the system is that the electrically
tunable reflection wavelengths are consistently repeatable
for a number of field cycles.

We calculated the hysteresis upon band gap switching
in which the voltage ramps up and down, as shown in Fig.
5a. In the PS-BPLC, it is known that an incomplete or
slow relaxation from the lattice deformation after voltage-
off causes hysteresis®**>. Here, we define the band gap
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hysteresis AH=Ap; — Apy, where Ap; and Ap, are the
reflection peak wavelengths related to the field increase
and decrease, respectively, at a particular field during
sweeps. The measured AH is smaller than 10 nm for
samples S2 and S3, while it is smaller than 20 nm for S1.
This result implies that the lattice distortion quickly and
fully recovers back to its original structure owing to the
polymerization of the internal structure and disclination.
Although the PS-BPLC has the potential for negligible
hysteresis, a finite hysteresis is obtained from the elec-
trostriction effect®®**, We also verify the bandwidth at
each peak with respect to the applied electric fields over
the samples. The measured bandwidth of samples S1, S2,
S3 has an average of 28.7, 27.3, and 40 nm, respectively,
when ramping up the electric field and 32.5, 30.5, and
29.2 nm, respectively, when ramping down the electric
field. Each measurement is shown in Fig. S7.

To evaluate the color properties of the BPLC, we
measured the chromaticity of the prepared monodomain
samples based on the International Commission on Illu-
mination (CIE) 1931 color space chromaticity diagram
with respect to applied electric fields (Fig. 5b). The
detailed calculations are shown in Tables S2-S4. The
chromaticity coordinates of sample S1 range from red to
blue colors: red (0.62, 0.24) at 0 V/pm, green (0.28, 0.68)
at 3.2 V/um, and blue (0.18, 0.10) at 6.4 V/pm. Sample S2
ranges from green to blue colors: green (0.27, 0.69) at 0 V/
pum and blue (0.20, 0.19) at 6.4 V/pm. Sample S3 ranges
from blue to green: blue (0.18, 0.14) at 0 V/um and green

(0.22, 0.37) at 6.3 V/um. Sample S1 shows highly saturated
red, blue, and green color coordinates in the color space,
exhibiting a color gamut of 85% of the NTSC (National
Television System Committee) color gamut.

We also measured viewing-angle-dependent reflection
spectra for sample S1 at incident angles of 0°, 15°, 30°, and
70° from the normal direction. The Bragg reflection
spectrum shows that as the incident angle increases, the
peak wavelength shifts toward shorter wavelengths; there
are slight extensions of the bandwidth and a decrease in
the intensity. The cubic lattice closely resembles and
homogeneously grows with matching symmetric axes in
the monodomain BPLC. At this position, a small altera-
tion in the lattice resembling a longer scale causes a slight
change in the bandwidth and reflection wavelength shift.
At the incident angle of 70°, a relatively weak peak in the
blue region for A ~ 460 nm appears. This peak originates
from another plane of the Bragg lattice. Despite the
appearance of another color, the sample exhibits a much
wider viewing angle property than the cholesteric phase of
this sample shown in Fig. S8. The photographic images in
the insets of Fig. 5¢ are in good correlation with the
spectra measurements, proving that the proposed BPLC
works as an excellent photonic device not only in the
normal direction but also at wide viewing angles.

To evaluate the electro-optic performance of the possible
applications, we measured the response time of the sam-
ples (Fig. S9). The rising time is defined as the time
required to switch from the initial lattice to the deformed
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lattice structure upon electrostriction, and the decay time is
defined the reverse process. The measured results for
samples S1, S2, and S3 show rising times of 180, 120, and
150ms and decaying times of 170, 150, and 110 ms,
respectively. A few hundred ms response time is not as fast
as the response time of the local reorientation in the
BPLC??°, Nevertheless, the achieved switching times are
faster than the earlier reports on the electrostriction
effect®®>%,

We examine how efficiently circularly polarized light is
transmitted depending on the handedness of the light
when traveling through the monodomain PS-BPLC. Here,
the incident light is first converted to linearly polarized
light by a polarizer and then converted to circularly
polarized light by placing a quarter-wave plate with an
angle of 45° or —45° to the linear polarization direction for
left-handed or right-handed circular polarization (LCP or
RCP, respectively). This optical setup enables us to easily
switch between two polarization states. We quantified the
transmittance by comparing the measured optical inten-
sity for BPLCs with both a LCP and RCP to the isotropic
phase (above Tyj) with the LP. As shown in Fig. 5d, we
achieve 74% and 19% transmission efficiency for the LCP
and RCP at 528 nm, respectively. The result reveals that
an increased efficiency is achieved for the LCP owing to
the same handedness of the chiral dopant as the incident
light. This property can be used as a bandpass filter for
circularly polarized light.

Finally, we observed the polymer network directly by
using FESEM. As shown in Fig. 5e, a network in the
polymer matrix is achieved, in which a slight alteration in
the architecture of the network from samples S1 to S3 is
observed such that the average void size in the network is
measured to be 210, 180, and 160 nm for samples S1, S2,
and S3, respectively. It should be noted that the voids in the
polymer network in our samples is smaller than that in the
previous literature reports>*'**’, In addition, the density of
the polymer network increases from S1 to S3 due to an
increase in polymer network formation inside the DTCs
associated with an increasing chiral monomer concentra-
tion. The chiral monomer-stabilized monodomain BPLC
introduced in this work has the potential to improve the
color gamut in LCDs by cutting a specific wavelength to
reduce color mixing associated with the intrinsic property
of color filters***°. Reversible switching with a fast response
will be another benefit for this device, which opens new
prospects for it. Considering the temperature range of the
phase, the device can be used either where the temperature
is not a critical issue or for thermal imaging devices.

Conclusion

We demonstrated dynamic control of the photonic band
gap in monodomain polymer-stabilized blue-phase liquid
crystals via an electric stimulus. The polymer network in

Page 8 of 9 42

the proposed system is formed in not only disclination lines
but also bulk liquid crystals, such that it strongly holds the
internal director field and chirality and maintains the
internal structure of the system even after a strong lattice
deformation by the electrostriction effect. By controlling
the concentration of the chiral monomer and the ratio of
LC to chiral dopant in the BPLC, we are able to set the
color of the photonic effect with its controllable spectral
range of ~216 nm. By adjusting the electric field strength,
the photonic band gap over the 241 nm range can be tuned
with a fast switching time of <350 ms. In addition, the
tunable band gap covers a wide color space (85% of NTSC
color gamut) with high color purity owing to the narrow
bandwidth of 31 nm. Moreover, the measured efficiency of
the reflectivity is 74% for circularly polarized light.
Importantly, the band gap switching caused by the elec-
trostriction effect is completely reversible and has a
decreased hysteresis. The single, narrow reflection peak
with wide-range color tunability is promising for use as
tunable color filters. The wide band gap tunability with a
fast response time and negligible hysteresis makes this a
promising approach for novel photonic applications.
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