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Asymmetric Domain Growth for Bistable Information
Hiding and Revealing in Blue Phase Liquid Crystals

Quanming Chen, Cheng Ouyang, Zhiyao Xie, Chunting Xu, Zongxuan Wu, Jiayuan Min,

Yanjun Liu, Dan Luo,* and Wei Hu*

Photonic crystals (PCs) are innovative structures with periodic variations in
refractive index, enabling remarkable light manipulation capabilities that hold
promise for fundamental research and practical applications in physics,
biology, and engineering. This work explores the hierarchical structures of
blue-phase liquid crystals (BPLCs), which are characterized by distinct
omnidirectional photonic band gaps. By leveraging the asymmetric domain
growth of BP a novel method for bistable information hiding and revealing is
proposed. With a single-side photopatterned cell, a polydomain of BPLC is
formed during cooling thanks to the generated temperature gradient. Upon
applying an alternating current (AC) electric field, a monodomain state is
achieved, allowing for clear, high-contrast information retrieval. Both quick
response (QR) code and geometric phase hologram are encoded to the
alignment layer, and reversible information hiding and revealing are
demonstrated via alternating the heating and electric driving processes.
Moreover, continuous shifting of reflective color is presented via varying
applied voltages. The proposed technique may inspire future applications in
optical encryption, camouflage, and advanced information security

technologies.

1. Introduction

Photonic crystal (PC), due to its powerful capability in light ma-
nipulation, offers a promising platform for both fundamental
research and versatile applications across physics,[!! biology,!?!
and engineering.’l Tt is characterized by a periodic variation
in refractive indices with a periodicity of hundreds of nanome-
ters and thus leads to an intrinsic photonic band gap (PBG)
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corresponding  to  specific  color
reflection.[*! PCs widely exist in na-
ture, such as opals,l) wings of Menelaus
morphos,[® peacock tail feathers,”! and
viruses.®] Actively controllable PCs ben-
efit living beings in terms of camouflage,
courtships, and communications. A
classic example is that via manipulation
of PCs inside their skin, chameleons
actively tune their color to match the
surroundings, thereby avoiding hunt-
ing from predators.’] Various artificial
PCs have been developed to mimic the
above functions. PCs can be prepared via
standard nanofabrication procedures but
suffer from time- and cost-consuming
fabrication and static functions. The self-
assembly of soft matter is more favorable
because of its cost-effective and scalable
production as well as excellent stimulus
responsiveness. Colloids,!*! polymers!!!]
and liquid crystals (LCs)!'?! are typical soft
materials. Among them, LC PCs have
attracted intensive attention because of
their rich self-assembled structures and
sensitivity to various external fields.['3] A cholesteric LC is a 1D
helical PC. Its helical pitch and even helicity can be varied by
stress,'* heat, ] electricity,') and light,'”] resulting in impres-
sive wavelength shifting and spin reversing of light.!'] Usually,
a maintained external stimulus is required to sustain a specific
transformed state, limiting their applications in which bistable
information hiding and revealing are needed.

The blue phase liquid crystal (BPLC) consists of a hierarchi-
cal 3D configuration. LC molecules self-assemble into double-
twisted cylinders (DTCs), which further pack into simple-cubic
(BP II) or body-centered-cubic (BP 1) lattices.'”! The lattice
constants are hundreds of nanometers in size. Thanks to the
3D helical structure, BPLCs exhibit distinctive omnidirectional
sharp Bragg reflection in the visible range. As a result, BPLCs
based optical camouflage,!?”) anti-counterfeiting,!?! display!??:
and lasing[?}! have been intensively investigated. Furthermore,
numerical simulation by solving the Maxwell equation reveals
that the omnidirectional Bragg reflection is circular polariza-
tion (CP) dependent.?*] Specifically, CP of the same handed-
ness as the helicity of BPLCs is selectively reflected, while CP
of the reverse handedness transmits directly. The unique prop-
erties promise BPLC great potential in optics and photonics.
However, it highly relies on the uniformity of BPLC lattice.
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Figure 1. a) LC cell configuration with asymmetric alignments. b) Scheme for the body-centered-cubic lattice of BP |. Schematic illustrations of the
asymmetric domain growth of the BPLC and corresponding information c) hiding and d) revealing.

Various physical fields, such as long-lasting electricity,?°! sur-
face acoustic waves,1?l and temperature gradient,!?’] have been
adopted to drastically enlarge the monodomain size. In addi-
tion, alignment,[?8] especially photoalignment, supplies an effec-
tive strategy to locally guide the domain growth.[?) That means
photopatterned alignment spatially defines the lattice orienta-
tion of BP domains and thus introduces a Bragg—Berry (BB)
phase to the reflected light. By this means, an omnidirectional
CP selective hologram is achieved via programming the lattice
orientations.[?*3% Recently, a multi-channel holography based on
stacked BPLCs was presented based on the CP selective narrow-
band Bragg reflection.[3!] BPLC provides an integrated platform
for multidegree light modulation. If one can freely alternate be-
tween the patterned monocrystalline domain and randomly ori-
entated multidomain, bistable information hiding and revealing
would be accomplished based on the BPLC, which will drastically
promote the development of active PCs based optics and photon-
ics.

We propose a hiding and revealing bistable information sys-
tem based on the asymmetric domain growth of BP I. Only the
bottom substrate of the LC cell is photopatterned, while the top
substrate is left untreated. During cooling from the isotropic
state, a temperature gradient is generated inside the cell; thus,
random nucleation first occurs upon the top substrate. As a re-
sult, BP I polydomain is formed. After a saturated alternating
current (AC) electrical field is applied for 60 s, the patterned BP
I monodomain is generated from the homeotropic state. In this
process, the crystal growth is dominated by the bottom substrate.
Correspondingly, information hiding and revealing can be re-
versibly transformed by alternating heating and electrical driv-
ing. Owing to the rewritability of the photoalignment agent, a
geometric phase hologram is encoded to the same sample, and
its reflection color is continuously shifted by the electrostriction
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effect. This work supplies a practical technique to regulate the
different domain growth of BP I and may inspire versatile appli-
cations in optical encryption, camouflage, and other information
security techniques.

2. Results and Discussion

2.1. Concept and Principle

The asymmetric domain growth is carried out with a specially de-
signed BPLC cell. As revealed in Figure 1a, the cell is formed by
two parallel indium-tin-oxide (ITO) glass substrates. The bottom
substrate is coated with the photoalignment agent SD132] and
then photopatterned, while the top substrate is untreated. They
are separated by spacers to maintain a uniform cell gap of 8 um.
After the LC mixture has infiltrated, the BP I of the body-centered
cubic lattice (Figure 1b) is generated when it has cooled from
the isotropic state. As the bottom substrate contacts the heating
stage (high temperature) and the top substrate is exposed to air
(low temperature), a vertical temperature gradient is formed in-
side the cell during the cooling process. In this case, nucleation
randomly occurs on the interface between the BPLC and the top
substrate first, leading to a polydomain texture. As a result, the
recorded information is completely hidden (Figure 1c). The pro-
cedure for revealing the information is presented in Figure 1d.
A saturated AC electrical field is applied to drive the BP I to the
homeotropic state. While keeping the state for a while, the LC
mixture is heated up to a temperature approaching the phase
transition point of BP II-BP L.3U After the field is removed, LC
spontaneously self-assembles into BP I and monodomain is gen-
erated over the unidirectionally photopatterned area as the an-
choring supplies extra energy to guide the monocrystal growth.
Therefore, the patterned alignment guides the generation of a

© 2024 Wiley-VCH GmbH

85U8D17 SUOWWOD BA IR0 3(deol dde 8y} Aq peusenob a1e 9 VO ‘SN 0 S8INJ 10} AReiq I 8UIUO /I UO (SUO I IPUOD-PU.-SWLBH 0D A8 | IM"A eI 1[U U/ SA1Y) SUO R IPUOD PUe Swie | 8U3 S *[9202/T0/ET] uo AriqiTauluo &M ‘AisieAiun BullueN Ag Ge9T0K20g 10d1/200T OT/I0p/wod 8| Im AReaqjeuljuo//Sdny LWol) papeo|umMoq ‘G ‘SZ0C ‘6688€98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@)

36.0°C Isotropic

0.3 °C/min

d

Information hiding

30 °C/min

30.7 °C Homeotropic

30 V/um, 60 s

www.lpr-journal.org

BPI-BPI

T T 0
40 60 80 100 120
t(s)
)
o ¢ .
.°
10 20 30

Cycle number

Figure 2. a) Procedure for information hiding and revealing caused by heating or electrical driving. The purple capital letter A indicates the alignment
direction in the bottom layer. b) Dependencies of temperature and reflectance on the duration of the applied electric field. The black, orange/blue dashed
lines indicate dependencies of temperature and reflectance at the aligned/nonaligned areas on time, respectively. The purple dashed line indicates the
BP 11-BP | phase transition point (31.3 °C). c) Fatigue resistance test of the information hiding and revealing recycles. The arrows indicate the directions
of a pair of crossed polarizers. The scale bar indicates 200 um for all micrographs.

monodomain with a predesigned shape surrounded by a polydo-
main over unaligned regions. Owing to the distinct reflectance
between the monodomain and the polydomain of BP I, the coded
information is clearly revealed. The bistable information hiding
and revealing states can be alternated reversibly by heating or
electrical driving.

2.2. Bistable Information Hiding and Revealing Based on the
Asymmetric Domain Growth of BP |

A quick response (QR) code of “BPLC” is recorded in the align-
ment layer for a simple demonstration of the above design. As
shown in Figure 2a, the sample is slowly cooled from the isotropic
state (36.0 °C) to BP I (30.7 °C) at a rate of —0.3 °C min~'. The
BP I exhibited a polydomain texture, confirmed by the irregu-
lar scattering of the Kossel diffraction. Obviously, the encoded
information is successfully hidden. Then, an AC electric field
of 30 V um™' is applied to the cell, which drives the LC to the
homeotropic state. By applying the voltage for 60 s, the sample is
heated to 31.2 °C due to dielectric heating, which approaches the
BP II-BP I phase transition point of 31.3 °C (Figure 2b and Figure
S1, Supporting Information). After the field is removed, the sam-
ple temperature falls back to 30.7 °C within 30 s (the black dashed
line). At the same time, the reflectance at the areas with/without
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alignment treatment increases sharply/negligibly, and then grad-
ually stabilizes within 20 s (the orange/blue dashed lines). As a
result, a reflective QR code is clearly observed in high contrast ra-
tio under a polarized optical microscope (POM), due to the large
reflectance difference between the photopatterned monodomain
and untreated polydomain. The twofold Kossel diagram from the
monodomain indicates the lattice orientation of BP I ,,.1**] Fix-
ing the alignment direction as the reference axis (indicated by
purple letter A, Figure 2a), The angle between the [001] axis and
the alignment direction is 28°, which is consistent with double-
sided photopatterned cells.*!l In contrast, a blurred Kossel dia-
gram is still observed in unaligned regions, where a polydomain
is generated. Therefore, the encoded QR code is clearly revealed.
We heated the LC into the isotropic state at a rate of 30 °C min~!
to complete a full cycle. The information hiding and revealing
states are reversibly alternated via repeating the heating and elec-
trical driving processes. The sample exhibited excellent fatigue
resistance; after 30 cycles, the sample still revealed clear and high-
contrast QR code as well as a high-quality hiding state (Figure 2c).

2.3. Stability of the Patterned BP |
A series of examinations were carried out to verify the stability of

the photopatterned BP 1. First, we studied the thermal stability
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Figure 3. a) Micrographs of the QR code samples at different temperatures, b) corresponding intensity profiles in regions marked by the white dashed
line in (a). c) Dependency of central reflection wavelengths on temperature. d) Dependencies of perimetric length and contrast ratio on time. The inset
images show the region used for measurement. The scale bar indicates 100 um.

by varying the temperature in the range of 30.7-15.0 °C. The
wide BP I range is attributed to two facts: First, the doped
non-mesogenic monomer tends to be trapped into disclination
lines of cubic lattices, thus drastically reducing the free energy of
the system and broadening the BP range. Second, the alignment
layer SD1 provides a strong anchoring, facilitating the stabiliza-
tion of BP as well. When cooling at a rate of —1 °C min~!, the
patterns of both the monodomain and the polydomain remain
stable; thus, the QR code maintains excellent visibility (Figures
3a and S2, Supporting Information). With decreasing temper-
ature, more regular BP lattices exhibit enhanced reflectance.
The above phenomena are also verified by the intensity profiles
(Figure 3b), as denoted by the regions marked with white dashed
lines. According to the recorded reflection spectra, both the
central reflection wavelength (4. and the full width at half
maximum (FWHM) remain stable during the temperature
variation (Figure 3c). The stability of the QR code during the
heating is also confirmed (Figure S3, Supporting Information).
Second, the stability with respect to storage time is investigated.
The BP I monodomain epitaxially grew in two orthogonal direc-
tions synchronously with storage time. The perimetric length
eventually increases to ~20 pm when the sample is held for
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120 min (Figure 3d and Figure S4, Supporting Information).
The contrast ratio between the aligned and unaligned regions
remained steady at an average value of 0.8 (Figure 3d). It is
defined as (I,.,—Inin)/(Imax + Lnin), wWhere I and I . are
the maximum and minimum intensity values, respectively.
The above tests suggest the excellent stability of the gener-
ated QR code, which is especially meaningful for sustainable

usage.

2.4. Geometric Phase Hologram Hiding and Revealing with
Variable Colors

Since the information is recorded in the alignment layer and then
transferred to the organization of the BP lattice, the informa-
tion can be dynamically reconfigured via photo rewriting a new
pattern in an electrically driven homeotropic state or isotropic
state. As mentioned above, the angle between the [001] axis and
the alignment direction is fixed at 28°, which means that the
lattice orientation can be spatially manipulated by properly set-
ting the alignment direction. We erase the above QR code with
unpolarized UV light and rewrite a geometric phase hologram
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Figure 4. a) Objective far-field diffraction and photoalignment pattern transformed from the corresponding computer-generated hologram. b) Reflective
optical setup for holographic characterization. BS: beam splitter, QWP: quarter waveplate. Geometric phase c) hiding and d) revealing states, from top
to bottom: POM images, intensity profiles at the regions marked by the white dashed lines, reflections, and diffractions for LCP and RCP incidences at
hiding and revealing states, respectively. The scale bar indicates 200 um for all micrographs.

corresponding to the far-field diffraction of “83251476#” in the
homeotropic state via photoalignment (Figure S5, Supporting In-
formation). The alignment direction is transformed from the ge-
ometric phase hologram calculated via the Gerchberg—Saxton al-
gorithm (Figures 4a and S6, Supporting Information).?*! In our
experiments, a reflective optical setup is prepared for holographic
characterization. As shown in Figure 4b, the polarization of a
supercontinuum laser is controlled by a polarizer and a quar-
ter waveplate (QWP). In the information-hiding state, specular
reflections and slight scatterings are received from the polydo-
main for both left-handed circular polarization (LCP) and right-
handed circular polarization (RCP) within the PBG (Figure 4c).
In the information-revealing state, the coded far-field informa-
tion is diffracted for the LCP within the PBG, matching the helic-
ity of the BPLC (Figure 4d). Therefore, both near-field amplitude
patterns and far-field geometric phase diffractions are demon-
strated. These states can be dynamically reconfigured through
photo rewriting and reversibly alternated by heating and electri-
cal driving.
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When proper AC signals are applied to a sample, the lattice of
BP I extends along the field due to the electrostriction effect.*]
As illustrated in Figure 5a, the lattice is elongated along the direc-
tion of the electric field (E), which is parallel to [110]. As a result,
A. redshifts according to the Bragg equation. A. increases from
541 to 615 nm as F increases to 15.0 V um~!. As expected, the
color of the sample varies from green to red, and two examples
are presented in the insets of Figure 5b. A recovers after E is
removed. The far-field diffractions at E values of 7.5 , 10.5, and
15.0 V pm~ are presented in Figure 5c. The encoded informa-
tion is clearly observed during the whole voltage tuning process;
however, the selected colors are different.

Here, information hiding and revealing are carried out based
on the asymmetric domain growth of a BP I sample. External
fields (heat and electricity) are required only in the switching
process, while both states are stable during storage, even for a
long time. Itis distinctive from conventional strategies, where ex-
ternal stimuli, such as humidity,[*®! force,l*”! and heat!*®] should
be maintained to keep the transformed states. This makes the
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Figure 5. a) Schematic of the wavelength shifting induced by the electrostriction effect of the BP | lattice. b) Dependency of A, on E. The insets show
micrographs of the samples with 4. values of 590 and 610 nm. c) Diffraction patterns under electric fields of 7.5, 10.5 and 15.0 V um~". The scale bar

indicates 200 um for all micrographs.

technique energy-saving and environmentally friendly. Very re-
cently, an effective strategy to generate large areas and different
color monodomains of BP I via reverse electrostriction-directed
assembly was presented.l*) In our work, single side alignment
is introduced to perform the asymmetric domain growth of
BPLC. By leveraging photopatterned alignment and tempera-
ture gradience, reversible information hiding and revealing of
both near-field QR code patterns and far-field diffraction are
demonstrated.

In this work, a hot stage and a voltage generator are adopted
for the principle of demonstration to trigger the transition be-
tween the information-hiding and revealing states. For practical
applications, the hot stage can be replaced by an integrated single-
side (adjacent to the alignment layer) ITO heater, while the elec-
tric signal is vertically applied to perform the electric stimulus.
Since the temperature gradient is kept, the randomly oriented
polydomain will be obtained regardless of the initial phase state
(isotropic or BP II). The information revealing only works when
the electric field is applied at BPI state. We use a mini air condi-
tioner to mimic the variable and complex ambient temperature
and find that the accuracy of information degrades at lower am-
bient temperatures (Figure S7, Supporting Information). This is-
sue is expected to be solved via optimizing the material composi-
tion. BP I is adopted instead of BP II because of its better thermal
stability. After the electric field is removed, the epitaxial growth
of the BP II domain heavily degrades the display quality (Figure
S8, Supporting Information). The information can also be ob-
tained by introducing a reversed temperature gradient. The in-
formation hiding only occurs when a positive temperature gradi-
ent between the unaligned and patterned substrates exists during
the phase transition. However, common temperature variations
are uniform (with no gradient). In this case, the patterned align-
ment dominates the crystal growth due to its stronger anchoring
energy, thus leading to the information revealing. Moreover, the
clearing point of BP can be freely tuned by tailoring the composi-
tion, enabling information to be revealed at predesigned temper-
atures. It supplies a promising strategy for monitoring the tem-
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perature of thermosensitive products, such as vaccines during
cold chain transportation.

When the asymmetric cell is reversed, monodomain guided
by the patterned alignment is obtained in the same cooling pro-
cess (Figure S9), verifying that the temperature gradient-induced
asymmetric nucleation plays a crucial role in information hid-
ing. Polydomain BP I is also observed on the photo-alignment
side before applying an electric field (Figure S10, Supporting In-
formation), which further confirms that the nonaligned top sub-
strate guides the random polycrystal growth, thus supplying a full
information-hiding state on both sides of the cell. The informa-
tion hiding and revealing exhibits an excellent robustness in spac-
ing thickness of the single-sided alignment cell (Figure S11, Sup-
porting Information). Gentle cooling is favorable to high-quality
information-hiding states, as rapid cooling leads to information
leakage due to the simultaneous rapid nucleation from both sides
(Figure S12, Supporting Information). Both the information hid-
ing and revealing states are stable since the BP I (15.0 — 30.7 °C)
is maintained. It means no heating is required for use at room
temperature. Stimuli are only required in the state-switching pro-
cess; therefore, it is energy-saving. A mapping relationship be-
tween the chirality, lattice constant, and azimuthal orientation of
the BPLC lattice and the spin angular momentum, wavelength,
and geometric phase of light has already been established. There-
fore, in addition to the reflection color shift, more fantastic appli-
cations based on multiple optical parameter modulations can be
reasonably anticipated.

3. Conclusion

This work presents a novel information-hiding and revealing
method based on the asymmetric domain growth of BP 1. When
cooling under a temperature gradient, polydomain BP I is
formed, leading to a complete hiding of the encoded informa-
tion. After LCs reassembled from the homeotropic state with the
aid of an electric field, patterned BP I monodomain is generated,
resulting in a clear display of the encoded information. Through
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alternating the stimuli applied onto the photopatterned BPLC
cell, the polydomain and monodomain reversibly grow, and
thus bistable information hiding and revealing are dynamically
presented. The proposed design not only enhances the visual
quality of the encoded information but also enables an electric-
driven shifting of the reflection band. This work addresses
the limitations of existing photonic crystals and brings flexible
functions and tunable working bands to enable active photonics
crystals. It may open new avenues for applications in optical
encryption and information security.

4. Experimental Section

Materials:  All BPLC samples were composed of 52.0 wt.% nematic
LC HTW114200-050 (Ae = 10.9 at 1 kHz, 20 °C, NCLCP, China), 35.0
wt.% chiral dopant S811 (helical twisting power = 8.3 um~" at 30 °C,
NCLCP, China), 4.0 wt.% monomer RM257 (NCLCP, China), and 4.0 wt.%
2-ethylhexyl acrylate (EHA, Sigma—Aldrich, USA). The photoalignment
agent sulfonic azo dye SD1 (NCLCP, China) was dissolved in dimethylfor-
mamide (DMF, Sigma—Aldrich, USA) at a concentration of 0.3 wt.%. The
temperature was precisely controlled by a heating stage (LTS 120, Linkam,
UK).

Cell Fabrication: 1TO glass substrates were ultrasonically bathed and
sequentially cleaned with UV—ozone. The bottom substrate was spin-
coated with SD1 and then sealed with an untreated top substrate by epoxy
glue mixed with 8 pm spacers to form a cell. The photopatterning was per-
formed with a digital micromirror device (DMD)-based projection system
(NCLCP, China).

Characterizations: Textures and Kossel diagrams were captured with
two polarization optical microscopes (Nikon 50i, Japan, and Olympus
BX51, Japan). All the reflection spectra were measured with a microscope
spectrometer (PG2000-pro, Ideaoptics, China). A supercontinuum laser
(SuperK EVO, NKT Photonics, Denmark) and a multichannel acousto-
optic tunable filter (SuperK SELECT, NKT Photonics, Denmark) were used
as light sources. Holographic displays were projected onto a black screen
and captured by a digital camera (EOS M, Canon, Japan). The electric sig-
nal was generated by a digital function generator (33522B, Agilent, USA)
and then amplified by a voltage amplifier (2340, Keysight, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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