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Owing to their intrinsic multiple physical dimensions and high parallelism,
photons are superior to electrons when they act as information carriers. The
independent and dynamic spatial modulations of multiple optical parameters
of light are highly pursued in vital fields such as supercomputing, constella-
tion satellite and optical communications, virtual/augmented reality, and
holographic displays. To date, it is still challenging to accomplish this urgent
task with a single element. Here, multiple optical parameter modulations are
carried out via manipulation of the separate levels of a hierarchical structure.
Photopatterning, light irradiation, and an electric field are adopted to regulate
the patterned crystallizations, lattice constants, and tilt angles of blue-phase
liquid crystals (BPLCs). As the optical parameters are associated with the
individual structural features, it enables binary reflectance and spatial geomet-
ric phase modulations, reversable wavelength shifting, and continuous reflect-
ance variations with excellent independency. This work unlocks the multi-
degree modulation of light and addresses the miniaturization, integration, and
dynamic and multifunctional tendencies of rapidly growing optical informa-
tics. Owing to its merits of omnidirectional, independent control, and dynamic
response, it may dramatically upgrade the performance of existing optics.

and high parallelism. The independent and
dynamic modulations of multiple optical
parameters of light are highly pursued
in vital fields such as supercomputing,
constellation satellite and optical commu-
nications, virtual/augmented reality, and
holographic displays, where the multiplex-
ing of multiple dimensions brings much
higher capability. Optical functions are
usually realized through spatially mod-
ulating the optical parameters, such as
amplitude, phase, and wavelength, via
light-matter interactions. The independent
manipulation of individual optical param-
eters is highly demanded in advanced
optical applications. Moreover, photonic
technology is developing toward minia-
turization, integration, multifunctionality,
and adaptation. Researchers have paid a
lot of attention to exploiting new materials
and elements for multi-degree spatial light
modulation meeting with this tendency.

1. Introduction

Photons are superior to electrons when they act as information
carriers owing to their intrinsic multiple physical dimensions
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Metamaterials!!!  and  metasurfaces,?!
which regulate electromagnetic waves by
tailoring the geometry of subwavelength metal or dielectric
metaatoms, are considered the most attractive breakthroughs.
Metadevices can modulate the multiple parameters of light
with high flexibility within a wavelength comparable thick-
ness; however, they are lack of tunability once fabricated. To
achieve dynamic functions, heterogeneous integration, which
is costly and complicated, of active materials such as phase
change materials,l*! micro-electro-mechanical systems,*! 2D
materials,®! semiconductors,® and liquid crystals (LCs)U! has
been adopted. Actually, LC itself is an ideal candidate for dy-
namic planar optics thanks to its responsiveness to the multiple
external fields.

The dominant TFT-LCD with up to 4k or 8k resolution verifies
the high parallelism in the light processing of LC techniques.®!
The high resolution can be further minimized to a chip with
a size smaller than a half inch in near-eye displays including
AR, VR and MR.I®) LCs exhibit excellent optical anisotropy over
a super broadband. Therefore, in addition to information dis-
plays, it has also been utilized for wavelength selective switches in
all-optical interconnections,'% acquisition, pointing, and track-
ing systems(!! in satellite-based communications, as well as dy-
namic terahertz imaging and beam steering. LC on silicon is a
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widely used spatial light modulator that can modulate polariza-
tion, amplitude and phase separately via electrically addressing
millions of pixels.!'?] Although the impressive progress in spatial
light modulators as well as meta devices, it is still challenging to
accomplish independent and dynamic modulations of multiple
optical parameters with a single element. Recently, researchers
have attempted to manipulate the different levels of LC hierar-
chical structures in order to modulate the distinct parameters of
light.3] A cholesteric LC (CLC) spontaneously assembles into a
1D chiral photonic crystal, whose chirality, pitch and initial az-
imuth determine the spin, wavelength and geometric phase of
the selectively reflected light.'*] One can freely program the ge-
ometric phase by presetting the initial alignment of the CLC via
photoalignment,[’>) while the working wavelength can be contin-
uously customized by thermally, optically or electrically tuning
the helical pitch. It enables the independent control of the phase
and wavelength.['**16] Additionally, the spin conversion is also
demonstrated via optically reversing the helicity.'”] Compared
with 1D CLC, blue phase LCs (BPLCs) self-assemble into a 3D
photonics crystals, further extending the structural hierarchy.8]
This entropy dominated system is usually unstable, giving rise
to randomly oriented lattices.'”] Researchers have introduced ex-
ternal physical fields such as unidirectional surface anchoring,?"!
long lasting electric field,!*!) surface acoustic waves,!??) and gradi-
ent temperature scanning(?*l to suppress the random nucleation
to obtain a large-area monodomain. By further introducing pat-
terned alignments, the shapes of BP crystallographic domains
can be arbitrarily tailored.l’®! Very recently, the mapping rela-
tionship between the chirality/lattice constant/lattice orientation
of a BPLC and the spin/wavelength/geometric phase of light has
been disclosed. The unique property makes BPLC naturally suit-
able for omnidirectional multi-degree light modulation.[**) If one
can accurately and dynamically manipulate separate levels of the
BPLC hierarchical structure, the multiple optical parameters are
expected to be modulated independently. It may pave a bright way
for revolutionary optics which will drastically accelerate the opti-
cal informatics.
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Figure 1. Schematic illustration of the mechanism for UV/Green light-driven wavelength shifting of a chiral molecular switch doped and photopatterned
BPLC.

We investigate the evolution of separate levels of BPLC hier-
archical structures under different physical stimulations, and re-
alize the reversable and independent manipulation of the multi-
ple parameters of light, accordingly. The reversible photoisomer-
ization of a chiral dopant is carried out by alternating ultraviolet
(UV) and green light irradiation. This phenomenon causes the
wind and unwind of the helical structure, and the lattice con-
stant changes correspondingly and thus leading to a reversable
wavelength shifting. An alternating current (AC) electric field is
applied vertically to tune the tilt angle of the whole LC, causing
a continuous variation of reflectance in the selective photonics
band. The photoalignment is adopted to pattern the BP crystal-
lizations, which enables the spatial modulation of both the re-
flectance and the geometric phase. Moreover, the patterns can be
rewritten by linearly polarized UV when a saturated electric field
is applied. The separate control of the multi optical parameters
unlocks the freedom in multiple physical dimensions, and has
great significance in the rapidly increasing optical informatics.

2. Results and Discussion

The evolution of discrete levels of BPLC hierarchical structures
to different stimuli and corresponding optical parameter modula-
tions are systematically investigated. Since alignment facilitates
the growth of BPLC monodomains, photopatterning enables a
free control on the shape of crystallographic domains.[?®! The
monodomain in the aligned regions exhibits a much higher re-
flectance within the photonics bandgap (PBG) than the polydo-
main in the unaligned regions (Figure S1, Supporting Informa-
tion), and thus colored patterns consistent with the preset align-
ments are generated. Figure 1 schematically illustrates a pho-
topatterned tetragonal lattice of square domains. A chiral molec-
ular switch is doped into the BPLC, which isomerizes reversibly
between the trans-form and the cis-form under UV and green
light irradiation. The molecular deformation changes the helical
twisting power of the BPLC, induces the unwinding and winding
of the helical structure, and finally varies the lattice constants of

© 2024 Wiley-VCH GmbH

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedldde au Aq peusenob afe e VO ‘85N JO Sa|nJ 1oy Akeuq18UIJUO A8]IA UO (SUONIPUOD-PUe-SWLBIL0D" A 1M ARe.q] 1[Bu 1 [UO//:Sd1IL) SUONIPUOD pue SIS | 8L 88S *[9202/T0/ET] Uo Ariqiauluo A im ‘Aiseaun BuilueN Aq 74820v20z Wope/Zo0T 0T/I0p/uoo™Aa ] im Ale.q 1 pul|uo’paoueApe/sdny WoJj pepeojumod ‘TT ‘5202 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a)

—
(o))
~

www.advopticalmat.de

CIE 1931

0.4

- e40f ’
A Ml
S - £ eoo [T
S [ 2 "I"I'||'||||'||'I|I||""|'.I‘|l'""“""‘l‘
g 20 £ I ""l|||'4|" l|'|I"'|"""J|'
£ D I|' ||||"|, |||l|| |,|,||||ll'||,|
8 o - = \ 2 §seof (LI {LILELILLL]]
(0] = q))
@ = N ‘, @
= 3520_]‘;”“ HTHHLTTTK\

&S AN

o o o

T I I
—_—

480}

1 1 1
450 500 550 600
Wavelength (nm)

Figure 2. Independent modulations of spatial reflection and wavelength. a) POM images of reversible photochromic butterflies of samples M1 and M2,
respectively. The lower right corner reveals the corresponding irradiation time. b) Reflection spectra from the butterflies in (a). c¢) Chromatic coordinates
of the samples calculated from the reflection spectra during the UV/green light irradiation process in the CIE 1931 diagram. d) Anti-fatigue strength
after 20 UV/green light irradiation cycles. The scale bar indicates 200 um for all micrographs.

the BPLC. The PBG changes accordingly and results in a continu-
ous shift in the reflected wavelengths. By controlling the UV and
green light doses, the colors of BPLC patterns can be customized.

A butterfly is recorded into the photoalignment agent SD1
by a digital micromirror device based dynamic photoexposure
system,!®] and then a BPLC doped with a molecular switch
ChAD-3c-R is filled into the cell in the isotropic state. Owing to
the limited helical twisting power change of the adopted molecu-
lar switch, two BP samples of different compositions (M1 and
M2, their phase transition behaviors are shown in Figure S2,
Supporting Information) are prepared to demonstrate the re-
versible color variation from blue to green and from green to
red, respectively. As exhibited in Figure 2a, after gently cooling
to the BPI state at-0.3 °C min~' with Kossel diffraction shown in
Figure S1 (Supporting Information), highly reflective butterfly-
shaped monodomains are observed via polarized optical mi-
croscopy (POM). The initial central wavelength of Bragg reflec-
tion for M1 is 475 nm. Upon UV irradiation at 0.48 mW cm—2
for 136 s, the wavelength continuously redshifted to 530 nm.
Then the sample is irradiated by green light at 0.48 mW ¢cm~2 for
165 s, and the wavelength shifts back to the initial 475 nm. For
M2, the shift range of the central wavelength moves to 555 and
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630 nm, and the UV/green light irradiation time changes to 38/63
seconds due to the lower viscosity of M2 (Figure S3, Support-
ing Information). The response can be significantly improved by
increasing the irradiation light intensity. During the irradiation
process, a uniform and continuous color variation is observed,
while the shape of the butterfly remains unchanged. The reflec-
tion spectra are well recovered during the reversible UV/green
light irradiation, suggesting the arrangement of BPLC cubic lat-
tices is accurately controlled during the irradiations (Figure 2b).
M1 and M2 work together to cover the visible band. We calculate
the chromatic coordinates according to the reflection spectra, and
all the points are located near the edge of the CIE 1931 diagram
(Figure 2c¢). This shows the excellent monochromaticity of these
BPLC patterns.

We expose stripes with gradient widths to test the spatial res-
olution of such patterns. The precision of the optical patterning
system is 1 um. Stripes in width of 4 um are successfully fabri-
cated in 8-um BP I, thanks to its much weaker epitaxial growth
compared to BP II. We monitor the width fluctuations of a 48 um
stripe along the x- and y-axes, respectively. During the irradia-
tion process, variations of stripe widths are negligible. Notably,
as M2 is a weak chiral system, more significant epitaxial growth
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Figure 3. Electric-driven continuous reflectance modulation. Electric-tuned grayscales of different colored tulips at voltages of 0 V/um, 2 V/um, and
13.4 V/um, respectively. a) green, b) orange, c) red. The corresponding intensity profiles in the white dashed lines marked regions are presented at the
bottom of each image. d) Schematic diagram of the deformation of the LC director field under different electric fields. ) Reflection spectra from the

tulips with different voltages applied. The scale bar indicates 100 um for all micrographs.

is exhibited as compared to M1. The single-micron scale epitax-
ial growth during the irradiation indicates a pronounced inde-
pendency between the wavelength shift and the binary reflective
pattern (Figure S4, Supporting Information). The maximum re-
flectance for circularly polarized light of the same handedness
to the helical structure is 65%, which can be further improved
by enlarging the cell gap. However, a thinner cell gap benefits
from high spatial resolution. Excellent wavelength reversibility is
demonstrated even after 20 cycles of UV/green light irradiation
(Figure 2d). Moreover, the reflection spectra of M1 and M2 are
almost the same as the initial states (Figure S5, Supporting In-
formation), indicating a reliable color gamut performance due to
the excellent fatigue strength of the BPLCs.

The electric-driven reflectance variation of a photopatterned
tulip is demonstrated to verify the independent modulation of
the reflectance, wavelength shifting, and spatial patterning. As
shown in Figure 3a—c, guided by the local photoalignment, a
green tulip is grown in the voltage-off state (0 V/um), and the re-
flective color redshifts (green, yellow to red) under UV irradiation
as mentioned previously. When an AC electric field of 2 V/um is
applied vertically, the tulip changes in the same color sequence
along with the UV irradiation. However, decreased reflectance is
exhibited due to the total tilt angle increase in the LC director
field is caused by the electric field, which reduces the birefrin-
gence of the BPLC. Moreover, the central wavelengths of the re-
flection spectra are almost unchanged under a weak electric field,

Adv. Optical Mater. 2025, 13, 2402844

2402844 (4 of 7)

indicating that the lattice constant is maintained (Figure 3e).
When the field reaches 13.4 V/um, the helical structure is com-
pletely unwound, in which case the LC enters a homeotropic state
(Figure 3d), leading to a dark state under a POM. The profiles re-
veal the intensity distributions marked with white dashed lines,
suggesting that grayscale can be achieved by applying different
voltages. During the UV-irradiating and electric-driving process,
the shape of the tulip remains very well, verifying the excellent in-
dependency of the reflectance modulation on wavelength shifting
and spatial patterning. Notably, under weak electric field condi-
tions, the BPLC lattice is undestroyed, and the tulip will com-
pletely recover after the field is removed. The high electric field
(for example, saturated voltage) causes the lattice to collapse, and
the tulip cannot return to the initial state directly by removing
the voltage unless it undergoes thermal recycling. The electric-
driven reflectance modulation of a blue tulip based on M1 is also
presented, and the central wavelengths of the reflection spectra
also remain when the reflectance varies under an electric field
(Figure S6, Supporting Information).

The spatial geometric phase modulation can be carried out by
presetting the BP lattice azimuth via a step-by-step exposure. We
utilize the Gerchberg-Saxton algorithm to design the hologram
of a cartoon calf (Figure 4a). Here, the configuration of the
BPLC is much more complicated than that of the photopat-
terned BP monodomain. The central wavelengths reflected by
BP holograms can be reversibly shifted under UV/green light
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Figure 4. Geometric phase encoding and rewriting. a) Calf cartoon and corresponding hologram. b) Optical setup for characterizing the active hologra-
phy. c) Central wavelength shifting of the generated calf: i) 470 nm, ii) 530 nm, iii) 600 nm and iv) 630 nm. The scale bar indicates 3 mm for all images.
d) Scheme of the erasing and rewriting of the alignment when a saturated electric field is applied to the sample. e) A binary ring grating rewritten from
the calf hologram; the insert shows the corresponding diffraction pattern. The scale bar indicates 200 pum.

irradiation, respectively (Figure S7a, Supporting Information).
Narrowband reflection spectra are captured from the patterned
samples (Figure S7b, Supporting Information), indicating the
high quality of the formed complex lattices. A reflective optical
setup, as shown in Figure 4b, is adopted to characterize the
performance of the sample. During the irradiation process,
light with a wavelength falling into the photonics band gap is
selectively diffracted to generate different colored calf patterns
(Figure 4c). The blue, green, orange, and red calves (M1 for the
former two colors and M2 for the other colors) are presented as
examples. A high diffraction efficiency of up to 83% was achieved
(Figure S6c, Supporting Information), further verifying the high
quality of the generated holograms. The encoded hologram can
be erased by a blue LED with an electric field of 3.0 V um=! ap-
plied to drive the LC of M1 into the homeotropic state. Then, we
rewrote binary circular gratings into the same sample via a new
photopatterning process (Figure 4d). After the electric field and
thermal recycling are removed, a binary ring pattern is formed,
and its diffraction ring is recorded, as shown in Figure 4e. Here,
an amplitude pattern is given as an example, and the geometric

Adv. Optical Mater. 2025, 13, 2402844

2402844 (5 of 7)

phase pattern can also be rewritten. It enables the rewritability
of both the spatial amplitude and the geometric phase.

In this work, by manipulating the different levels of the hi-
erarchical structure of an ordered BPLC with distinct physical
fields, separate optical parameters of light are reversibly and
independently modulated. Both the shape of the BP crystallo-
graphic monodomains and their local lattice orientations are pre-
programmed by photopatterning and can be further rewritten.
It enables the reconfigurable spatial modulations of both the bi-
nary reflectance and the geometric phase. UV/green light irradi-
ation over the molecule switch doped BP leads to the reversible
helical pitch tuning and reflective wavelength shifting, accord-
ingly. The vertically applied electric field changes the tilt angle
of the BPLC and thus modulates the reflectance within the pho-
tonic bandgap. The dynamic tuning and independent controlling
of the wavelength, reflectance, and geometric phase are demon-
strated, which unlocks the multi-degree light modulation within
a single element. Here, a uniform electric field and light irradi-
ation are adopted for easy demonstration; however, it can be ra-
tionally expected that pixelated electrically driven and optically
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addressed stimuli will significantly enhance the capability for
multi-degree light modulation. It needs to be mentioned that the
adopted photosensitive molecular switch keeps on thermally iso-
merizing even after the irradiation stops, making the reflective
color cannot be fixed for a long time. Fortunately, this problem
can be solved by introducing multi-stable molecular switches.2°]
By introducing high-performance molecular switches and more
sensitive photoalignment agents, the response can be drastically
accelerated. Moreover, the wavelength tuning range can be ex-
tended to the whole visible range with a single material and the
handedness conversion can also be accomplished, making the
flip of light spins possible. In addition to the spin, the orbital an-
gular momentum of light can also be modulated by encoding the
proper geometric phase to the sample. Therefore, the BPLC may
provide a promising and practical platform for multi-degree light
modulation, with the merits of omnidirectional, separate control
and dynamic response.

3. Conclusion

Dynamic multiple optical parameter modulations of light are
demonstrated on the basis of manipulating the separate levels of
BPLC hierarchical structures with electric-driven, UV/green irra-
diation, and photopatterning, separately. As the optical param-
eters are associated with individual structural features that can
be controlled separately, here the spatial light modulation exhib-
ited excellent parameter independency. It unlocks the freedom of
multi-degree light modulation and is of great significance to the
rapidly growing optical informatics.

4. Experimental Section

Materials: M1 was mixed with a host nematic LC TEB300 (Slichem,
China), the chiral dopant R5011 (HTP = 110 um~! at 30 °C, NCLCP,
China), ChAD-3C-R (BEAM, USA), the reactive mesogen RM257 (NCLCP,
China), 2-ethylhexyl acrylate (EHA, Sigma—-Aldrich, USA), and the only dif-
ference of M2 compared with M1 was the host nematic HTW114200-050
(Ae = 10.9 at 1 kHz and 20 °C; An = 0.222 and n, = 1.729 at 589 nm
and 20 °C. HCCH, China). The weight ratios of the host nematic, R5011,
Chad-3C-R, RM257, and EHA were both fixed at 88.5, 4, 1.5, 3, and 3 wt.%,
respectively. The temperature was precisely controlled with an LTS 120 hot
stage (Linkam, UK). The phase transition points for M1: isotropic (ISO)-
48 °C-blue phase | (BP 1)-37 °C-cholesteric (N*); and M2: ISO-90 °C -BPI-
82 °C-N* (Figure S2, Supporting Information). UV/green light irradiations
were carried out with 365 and 530 nm LEDs (Thorlabs, USA), separately.

Cell Fabrication: The indium-tin-oxide glass substrates were activated
by UV-Ozone, then spin-coated with 0.3 wt.% photoalignment agent
SD1 (NCLCP, China) solved in dimethylformamide (DMF, Sigma—Aldrich,
USA). After baking at 100 °C for 10 min, two substrates were separated by
8-um spacers and sealed with epoxy glue. The photoalignment was per-
formed with a 1920 x 1080 pixelated digital micromirror device-based mi-
crolithography system (NCLCP, China).

Characterizations: The reflection spectra were recorded with a spec-
trometer (PG2000-pro, Ideaoptics, China). All the micrographs were cap-
tured under the reflective mode of a POM (Nikon 50i, Japan), and the Kos-
sel diffraction was observed with a microscope (Olympus, BX51, Japan).
Monochromatic beams were output by a supercontinuum laser (SuperK
EVO, NKT Photonics, Denmark) and selected by a multichannel acousto-
optic tunable filter (SuperK SELECT, NKT Photonics, Denmark). A digital
camera (EOS M, Canon, Japan) was used to capture the diffraction pat-
terns. The function generator (33522B, Agilent, USA) and voltage amplifier
(2340, TEGAM, USA) provide an electric field.
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Supporting Information is available from the Wiley Online Library or from
the author.
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