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Heliconical Cholesterics Endows Spatial Phase Modulator
with an Electrically Customizable Working Band

Chun-Ting Xu, Bing-Hui Liu, Cheng Peng, Quan-Ming Chen, Peng Chen, Pei-Zhi Sun,

Zhi-Gang Zheng,* Yan-Qing Lu,* and Wei Hu*

Multidimensional and large-scale parallel manipulation of light, especially
on-demand tailoring of the working frequency and spatial phase front, is
highly pursued in modern optics. Here, broadband tunable planar optics is
demonstrated by electrically driving the nanohelix of photopatterned heli-
conical cholesterics. By preprogramming the initial orientation of the helixes
using a dynamic-mask photoalignment technique, spatial geometric phases
can be arbitrarily encoded to the reflected light in a reconfigurable way.

Due to the reversible electrically variant pitch of the heliconical superstruc-
tures, the reflective Bragg band can be precisely selected in the range from
380 to 1550 nm. In addition to wavelength selection and geometric phase
modulation, spatial amplitude modulation and spin reversion can be further
expected. This may offer a platform for full-dimensional manipulation of
light, including wavelength/frequency, phase, amplitude, time, and spin, thus

leads to the complexity of photon infor-
matics. Accurate, efficient, and orthogonal
manipulation of the multidimensional
parameters of light thus becomes the core
challenge for high-speed processing and
reliable transmission of massive amounts
of information. Recently, metasurfaces
have broken the dependency of tradi-
tional optical elements on the propaga-
tion phase and significantly promoted the
development of ultrathin planar optics.™
Dielectric media are further adopted to
eliminate the intrinsic loss of metals and
improve the efficiency.”l Broadband beam
steering based on metasurfaces has been
achieved.l’! Corresponding elements still
suffer from static functions because their

upgrading optical information processing techniques.

1. Introduction

Vital fields such as supercomputing, constellation satellite com-
munication, 5G/6G communication, virtual/augmented reality,
and holographic display have an increasing demand for infor-
mation processing, transmission, and interaction with super
large capacity and low power consumption. Compared to elec-
tronic information, which relies on the sequential or frequential
modulation of electrical signals, photonic technology exhibits
the natural advantages of multidimensional and large-scale par-
allel processing. However, the multidimensional correlation of
wavelength/frequency, phase, amplitude, time, and polarization
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configurations cannot be varied once fab-

ricated. Although various strategies, such

as stretchable substrates,! phase-change
materials,”! and controlled chemical reactions,®! have been
introduced to develop actively tunable metasurfaces, it remains
challenging to realize planar optics with on-demand working
bands and functionalities, which are highly sought after in
modern optics.

Liquid crystals (LCs) are considered excellent candidates for
dynamic wavefront manipulation due to their excellent electro-
optic properties.”] LC on silicon!® and photopatterned geo-
metric phase optics!”) enable the accurate, arbitrary, and recon-
figurable tilt and azimuthal angle control of LCs, supplying a
powerful approach for the manipulation of light. However, the
efficiency of the phase modulation is determined by the phase
retardation for the widely used nematic LCs, thus leading to
intensive wavelength dependency. Cholesteric LC (CLC), fea-
turing a nano chiral helical structure, exhibits circular-polar-
ization-selective Bragg reflection.'”! Light within the Bragg
refection band and with the same helicity of CLC is reflected
in equal efficiency. Meanwhile, a geometric phase is encoded
by the photonic spin-orbit interaction of the space-variant initial
orientation of the CLC helixes.!2 The light outside the band
or with opposite helicity mostly transmits the CLC.["®! In addi-
tion to a broadband birefringence, CLC also exhibits stimuli
responsiveness to temperature, light, magnetic/electric field,
and so on.™ Multiple external fields are adopted to trigger
photonic bandgap tuning. For example, the thermal-driven con-
tinuous band shifting of CLC is utilized for wavelength-selective
detection of the orbital angular momenta of light.'>) CLC doped
with chiral optical molecular switches is demonstrated as
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light-activated working-band-tunable planar optics and quadri-
dimensional manipulable lasers.'®"”] Compared with thermo
and light tuning, electric field control is more favorable due to
the merits of compactness, stability, and reliability. However,
direct electric tuning of the Bragg band of CLC is elusive due to
the strong perturbation of the helical structure under the elec-
tric field.'® Dual-frequency LC and ferroelectric LC doped with
chiral dopants are driven by a specific electric field to change
the temperature and thus tune the Bragg band accordingly.*0!
A polymer stabilization and wash-out-refill strategy is adopted
to achieve an electrically tunable working band of CLC planar
optics.?122l However, these techniques suffer from a limited
tuning range of wavelength or a high electric field. Therefore,
planar optics with arbitrary wavefront manipulation and ultra-
broadband wavelength selectivity is still an urgent pursuit.

The heliconical cholesterics, although predicted more than
half a century ago,?’l were discovered very recently in bent-
shaped LC dimeric compounds.?*?1 It has attracted inten-
sive attention due to the broadband tunable reflective band
derived from the electric-driven pitch variation of its nanohelix.
Spatial amplitude modulation was accomplished by the light-
driven state transition of optically responsive heliconical cho-
lesterics.[’! Spatial phase modulation is also expected in the
same system. However, biaxiality results in disclinations,?%%"]
leading to nonuniform colors and uncontrollable phase inter-
ruptions. This severely hinders the utilization of heliconical
cholesterics in phase front modulation. In this work, we dras-
tically improve the domain uniformity on the bases of non-
contact photoalignhment?®! and an optimized electrical driven
method. Thereby, photopatterned heliconical cholesterics are
demonstrated as geometric-phase planar optics with customiz-
able working frequency covering the near-UV, visible till near-
IR bands for the first time. Point-to-point photoalignment tech-
nology enables rewritable, high-quality, and high-resolution
prealignment and subsequent self-organization of heliconical
superstructures and thus can realize free and large-scale par-
allel geometric phase encoding in a reconfigurable way. Under
an applied normal electric field, directors of heliconical cho-
lesterics tilt toward helical axes, and the pitch reduces. Corre-
spondingly, the reflection band blue shifts from 1550 to 380 nm
with a continuously narrowed width. The electrical band selec-
tivity of the optical vortex (OV) generator, beam deflector, and
lens are presented. This releases the freedom for both spa-
tial phase modulation and working frequency customization
of planar optics. It will upgrade present optical systems and
inspire wide applications in mode/wavelength multiplexing
optical communications, all optical networks, hyperspectral
imaging, and holographic displays.

2. Results and Discussion

Here, the material is bimesogenic LC (CB7CB) and left-handed
chiral dopant (S811) (Figure 1a) mixed in nematic LC (E7). CB7CB
is characterized by two cyanobiphenyl mesogens connected by a
flexible chain with an odd number of carbons. Its bend elastic
constant K; is smaller than the twist elastic constant K,. There-
fore, the heliconical superstructures can remain stable under
an electric field. Figure 1b illustrates the structural evolution of
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a homogenously aligned sample under different electric fields.
The cell gap of the sample is 12 um. Figure 1b-i reveals a heli-
coidal state with 6= 90° when the field is below E; (0.3 V um™,
Text S1, Supporting Information). Actually, focal conic domains
exist because the helicoidal superstructures of the bimeso-
genic mixture cannot be uniformly aligned by only azimuthal
angle control. When the field is between E; and E, (2.5 V um},
Text S1, Supporting Information), the LC director tilts toward
the helical axis with a field-dependent angle 6. As depicted in
Figure 1b-ii-iv, the helical pitch P decreases with increasing
applied field. Consequently, the reflective band blueshifts in an
ultrabroad range from 1550 to 380 nm, corresponding to near-
IR, visible, and near-UV bands (Figure 1c). The tunable range
of the heliconical superstructures (>1100 nm) is much larger
than that of other CLC superstructures (<300 nm),[#20:22 and
the driving voltage is lower (€3 V um™). In addition, the band-
width of the Bragg reflection band (<20 nm) is much narrower
in the visible region, which enables better wavelength selec-
tivity. For efficiency, it is slightly lower than traditional CLC
ones. Moreover, the bandwidth continuously narrows due to the
reduced birefringence An with decreasing 6 (Figure S2, Sup-
porting Information). When a strong electric field beyond E, is
applied, a homeotropic state emerges (Figure 1b-v). Figure 1d
presents the micrographs recorded under a polarization optical
microscope (POM) with a pair of crossed polarizers. The elec-
tric field decreases directly from 3 V um™ to target voltages
to form a uniform domain structure. A dark homeotropic
state is observed at the beginning, and uniform purple, blue,
green, yellow, orange, and red reflective colors are successively
observed under different fields. Finally, the sample recovers to
the initial focal conic domains when the field is absent. The pro-
cess is reversible and repeatable.

Since ultrabroadband selectivity is demonstrated, various
planar optics with on-demand tunable frequencies are expected.
An OV, characterized by a helical phasefront, carries orbital
angular momentum (OAM) of mh, where m is the topologic
charge.””l Due to the theoretically infinite number of OAM
states, OVs can be used as carriers of information, by which
the capacity of optical communication systems can be drasti-
cally enhanced via mode-division multiplexing.*¥ A compact
and efficient method for OAM processing compatible with tra-
ditional wavelength-division multiplexing (WDM) is in high
demand. Here, we imprint the alignment orientation « of a
g-plate,

aq-plate = qe +0 (1)

where q = m/2 and set as 1 here, ¢ is the initial angle and
set as 0 here, into the prealignment of a heliconical CLC cell.
Thus, a geometric phase of 20 can be generated, depending
on the chirality of heliconical superstructures. The specific
space-variant orientation of the g-plate is implemented by sys
with a multistep and partly overlapping exposure process.?! As
shown in Figure 2a, LC directors follow the guidance of local
alignment and form the desired heliconical superstructures.
A supercontinuum laser is filtered by a multichannel acousto-
optic tunable filter to generate arbitrary monochromatic wave-
lengths in the range of 410-1200 nm. The polarization of the
laser is then changed to left circular polarization by adjusting a
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Figure 1. Helix transformation and performance of heliconical cholesterics under an electric field. a) Chemical structures of S811 and CB7CB.
b) Schematic illustration of the helical superstructure transformation under different external electric fields. i) Helicoidal superstructure with LC director
perpendicular to the helical axis, E < Ey; ii—iv) Heliconical superstructures with LC director oblique to the helical axis, in which the oblique angle 6
gradually decreases as the electric field increases, E; < E < Ej; v) The unwound homeotropic nematic state with LC director parallel to electric field,
E > E,. Ey and E, are the thresholds of the transition from the helicoidal state to the heliconical state and the heliconical state to the homeotropic state.
c) Bragg reflection spectra under incident circular-polarization light and d) POM textures of homogenously aligned LC with different electric fields

applied. The temperature of the cell is fixed at 26 °C. The scale bar indicates 200 um for all micrographs.

linear polarizer and a broadband quarter waveplate. A nonpolar-
izing beam splitter is used to conveniently detect the reflected
beam (Figure 2b). As shown in Figure 2c, dark Maltese crosses
are observed in all micrographs due to the space-variant orien-
tation of the heliconical superstructures. The color variation
among textures under different fields (1.31, 1.2, 1.09, 1.08, 1.01,
and 0.95 V um) is consistent with previous homogeneously
aligned ones. The corresponding reflected OVs exhibit donut-
like intensity profiles and verify the excellent wavelength selec-
tivity over a wide range from 458 to 820 nm. A cylindrical lens
is placed before the CCD, and the CCD is fixed exactly at the
focal plane to detect the topologic charge. In Figure 2d, the
number of dark branches and the tilt direction of the strips
indicate m = +2, which matches the original design well.?%
OAM mode generators show a low-voltage controlled and ultra-
broad tunable working band, which enables WDM-compatible
OAM processing that may be widely used in optical communi-
cations and quantum informatics.

Diffraction grating is a typical optical element widely used in
beam steering and spectroscopy. Polarization grating (PG) fea-
tures a periodic and gradient phase change between 0 and 27,
whose alignment orientation is expressed as follows:

oo =t a
PG — A o (2)
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Here, A is the period of the PG and is set as 100 um, and
o is still set as 0 here. It exhibits a theoretical diffraction effi-
ciency up to 100%.53%] Figure 3a shows the theoretical director
distribution diagram and schematic illustration of a heliconical
PG. The micrograph of the sample under 1.24 V um™ viv-
idly reveals the periodic brightness change along the grating
director. Along with the structural evolution driven by the elec-
tric field (Figure S3a, Supporting Information), the wavelength
of the reflectively deflected beam is continuously tuned, as pre-
sented in Figure 2b.

The slight voltage variation between the g-plate and PG is
attributed to the different impedance and voltage division
factors among different homemade cells. It is expected to be
successfully eliminated via a mature production process. The
deflection angle increases with the selected wavelength, and
the exact value can be obtained according to the grating equa-
tion. An intensive circular polarization (spin) dependency is
exhibited thanks to the chiral configuration of the heliconical
superstructure. Light of the same helicity and within the Bragg
refection is selectively reflected in high efficiency. The average
efficiency of the Oth order (mirror and unconverted Gaussian
beam reflections) is 20.7 £ 4.9%. The average efficiency of the
—1st order is 2.8 + 0.5%, which is highly suppressed due to
the spin selectivity of heliconical cholesterics. The average effi-
ciency of the +1Ist order reaches over 72% in the whole visible
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Figure 2. Broadband working characteristics characterization of OVs from the designed heliconical superstructures. a) Schematic illustration and
theoretical director distribution of the g-plate with g = 1. Black to white indicates the direction changing from 0° to 180°. b) Scheme of the experimental
setup. P, linear polarizer; QWP, quarter waveplate; BS, nonpolarizing beam splitter; CCD, charge-coupled device. c) Micrographs and corresponding
reflected optical vortices under different electric fields. d) Reflected optic vortex and corresponding OAM detection. The scale bar indicates 200 um
for all micrographs.

band (Figure 3c). In contrast, the efficiency of light with oppo-  (Figure S3b, Supporting Information). The performance of the
site helicity and outside the Bragg band is mostly depressed,  proposed grating is distinct from that of traditional gratings. As
and this part of light transmits through the sample directly = shown in Figure 3d, different frequency channels are selectively
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Figure 3. Experimental demonstration of broadband tuning by a fabricated heliconical PG. a) Theoretical director distribution, POM micrograph, and
schematic illustration of PG. Black to white indicates the direction changing from 0° to 180°. b) Diffractive intensity distributions and c) wavelength-
dependent diffraction efficiencies of PG. d) Schematic diagrams of the traditional grating and the proposed band-selective PG. The scale bar indicates
200 pum for all micrographs.
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deflected to a wavelength-dependent angle, while traditional
gratings disperse all input light simultaneously. Moreover, the
heliconical PG is spin dependent, adding an extra degree of
freedom to dynamically manipulate the functions. Such PG
may be utilized in augmented reality displays,’* all optical net-
works and laser communications with the capability of dynamic
wavelength channel control.

Due to the rewritability of the photoalignment agent, the
predefined patterns could be reconfigurable via an erasing and
then photoalignment process at the homeotropic or isotropic
state. To eliminate the influence of the CLC, the rewriting
process is carried out when the sample is driven to a homeo-
tropic state with an electric field of 3 V um™; otherwise, the
sample is kept in an isotropic state by heating the sample over
the clearing point. Due to the rewritability of the azo dye, the
initial pattern will be erased and rewritten simultaneously by
recording a new pattern under the digital micromirror device
(DMD)-based dynamic photopatterning system after an expo-
sure dose of 5 ] cm™," and after cooling to the CLC state, the
orientation will be reconfigured accordingly. Herein, the heli-
conical CLC is rewritten with an off-axis lens design, whose
alignment orientation is expressed as follows:

Oloffaxis lens = Olpg — % (\/fz + rZ _f) + o, (3)

The first and second terms represent the orientation intro-
duced by the phase profiles of a PG and a lens,®’! respectively,
while o is still set as 0. Here, fis the focal length, 1 is the wave-
length of light, and r is the radial distance. The generation of
the director distribution is illustrated in Figure 4a. An off-axis
lens with f=13.5 cm at 488 nm is fabricated for demonstration.

a N 7 =~ T
\ 7
Reg 9
e -
488 nm .-

Figure 4. Design and characterization of a reconfigured off-axis lens
based on heliconical cholesterics. a) The director distribution of the off-
axis lens, which is the superposition of director distributions of a polari-
zation grating and a lens. Black to white indicates the direction changing
from 0° to 180°. b) Microphotographs of the off-axis lens with different
electric fields applied and corresponding images of the letter “E” selected
at central wavelengths of 488 (blue), 528 (green), and 635 nm (red) when
lasers with three wavelengths are incident simultaneously. The scale bar
indicates 200 pum for all micrographs.
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As revealed in Figure 4b, patterns consistent with the designed
off-axis lens are observed in all micrographs due to the space-
variant orientation of the heliconical superstructures. The color
variation among textures under different fields results from
the change in P during structural evolution. A setup is built to
characterize the imaging performance (Figure S4, Supporting
Information). A letter “E” is placed farther than a focal length
before the off-axis lens. The aperture size is 2 mm. Beams
with wavelengths of 488, 528, and 635 nm are simultaneously
incident to the off-axis lens. Images of object “E” are captured
by a CCD. Only light with a selected wavelength and helicity
can be focused to form an image. As shown in Figure 4b,
blue, green, and red letters “E” are imaged under fields of
1.21, 1.17, and 1.02 V um™, respectively. Due to the contribu-
tion of the PG component, the image is diffracted to a single 1st
order. In this case, the crosstalk from the Oth-order reflection
is totally avoided, making the images clearer. The switching
time is on the scale of seconds. According to the relationship
1/v + 1/u = 1/f, where v, u, and f are the image distance, object
distance, and focal length, respectively, the larger the wave-
length is, the smaller the image size. In the test, u = 20 cm is
fixed, and v = 41, 34.5, and 23 cm, f=13.5, 12.5, and 10.5 cm
for A =488, 528, and 635 nm, respectively. The measured effi-
ciencies of the off-axis lens for 488, 528, and 635 nm are 67.9%,
70.1%, and 68.2%, respectively. The broadband wavelength
selectivity is promising in hyperspectral imaging and holo-
graphic displays.

For easy demonstration, three typical geometric phases of the
g-plate, PG, and lens are encoded to the heliconical cholesterics.
Since the utilized dynamic-mask photoalignment technique is
suitable for large-scale (here 1920 x 1080, and larger one can be
realized with a splicing process) and high-quality hierarchical
architecting, more complicated spatial phases can be tailored
and reconfigured arbitrarily. It enables a free and dynamic geo-
metric phase modulation that can meet the broad requirement
of planar optics. Due to the unique electric-driven P-variation of
the heliconical superstructures, on-demand Bragg band (wave-
length/frequency) selectivity is realized over a wide range from
near-UV to near-IR bands. Although only wavelength selec-
tion and geometric phase modulation are demonstrated, spa-
tial amplitude modulation and spin reversion can be expected
as well. For a given wavelength, the amplitude can be spatially
modulated by tuning the reflection band shift with patterned
electrodes.?d Tt perfectly meets the requirements of virtual/
augmented realities. Additionally, pixelated spin selectivity can
be realized by optically addressing a heliconical cholesteric
doped with light-driven handedness-reversible chiral molecular
switches (ChAD-3C-S, for instance).l'¥) The handedness of the
chiral structure can be optically reversed by violet light or green
light irradiation. The photoisomerization leads to a helical
twisting power variation and thus flips the reflected circular
polarizations. All of the above parameters of light (phase, fre-
quency, amplitude, and polarization) can be dynamically (time)
and orthogonally manipulated in a large-scale parallel way.
Thus, the proposed technique meets the miniaturization, inte-
gration, adaptive, and dynamic-function tendencies of modern
optics and supplies a practical platform for multidimensional
and large-scale parallel light modulation. The working wave-
length may be further broadened to the telecomm band by

© 2022 Wiley-VCH GmbH

95UB01 7 SUOLULLOD 9AIIE1D) 3[cedldde au Aq peusenob afe i VO ‘85N JO Sa|nJ 1oy Akeuq18UlJUO A8]IA UO (SUONPUOD-PUe-SWLBI D" A 1M ARe.q 1[Bu [UO//:SdIL) SUONIPUOD pue SIS | 8L 88S *[6202/50/£T] Uo Ariqiauluo A im ‘Aiseaun BuifueN Aq 880T0Z20z WOPe/Z00T OT/I0p/Loo™A8]Im Ale.q 1 |pul|uo’paoueApe//Sdny WoJj pepeojumod ‘6T ‘2202 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

optimizing the concentration of the chiral dopant. The diffrac-
tion efficiency can be further increased by reducing impurities
and defects.

3. Conclusion

We proposed heliconical cholesterics-based planar optics that
is suitable for multidimensional light modulation. On-demand
tailoring of the geometric phase and working frequency is dem-
onstrated by photopatterning the heliconical superstructures
and electrically tuning the helical pitches, respectively. An OV
generator, beam deflector, and off-axis lens with ultrabroad
wavelength selectivity covering the near-UV, visible till near-IR
bands are presented. It releases the freedom for spatial phase
modulation and working frequency selection of planar optics
simultaneously. In addition, the feasibilities of spatial ampli-
tude modulation, spin conversion, and sequential modulation
are reasonably discussed. The photopatterned heliconical cho-
lesterics thus provide a promising strategy for planar optics
with merits of excellent flexibility, low cost, and easy fabrica-
tion. This work enriches the fundamental understanding of soft
matter photonics and drastically extends the functionality of
LC devices. It will upgrade present optical systems and inspire
wide applications in optical computing, optical communica-
tions, hyperspectral imaging, virtual/augmented reality, and
holographic displays.

4. Experimental Section

Materials: The heliconical CLC mixture was composed of bimesogenic
LC (CB7CB, homemade), nematic LC (E7, HCCH, China), and left-
handed chiral dopant (S811, HCCH, China) in weight proportion
E7:CB7CB:S811 = 53.2:43.8:3. The mixture was magnetically stirred at
100 °C with a speed of 1000 rpm for 10 min. Its transition temperature
from the homochiral nematic twist bend phase to the cholesteric phase
was 18 °C, and the clearing point was 75 °C.

Cell ~ Preparation and Photoalignments:  Indium-tin-oxide glass
substrates (1.5 X 2 cm?) were ultrasonically bathed, UV-ozone cleaned,
and then spin-coated with SD1 (Dai-Nippon Ink and Chemicals, Japan).
After curing at 100 °C for 10 min, two pieces of glass substrates were
assembled to form a 12-um-thick cell with epoxy glue. The cell gap for all
devices was 12 um. Afterward, a DMD-based microlithography system[3l
was employed to transfer the pattern into LC cells. Every region with
directors varying from 0 to 7 was replaced by 18 equal subregions.
Each subregion was endowed with a uniform director value, from
7/18 to 7 in intervals of 7/18. A sum of five adjacent subregions (i.e.,
the sum-region) was exposed simultaneously. Finally, each subregion
was exposed five times with a total exposure dose of 5 ) cm™ that was
sufficient to reorient the SD1 molecules. The subsequent exposure of
the sum-region shifted one subregion with the polarizer rotating 10°
synchronously. After the 18-step 5-time partly overlapping exposure, a
quasi-continuous space-variant orientation of SD1 was carried out.[’’]

Characterizations: The temperature was controlled at 26 °C by a hot
stage (Linkam LTS 120, UK) in the experiment. A supercontinuum laser
(SuperK EVO, NKT Photonics, Denmark) combined with a multichannel
acousto-optic tunable filter (SuperK SELECT, NKT Photonics, Denmark)
was adopted to output monochromatic or multicolor lasers. All
micrographs were recorded under a POM (Nikon 50i POL, Japan).
The reflection spectra in the visible region were measured with a
spectrometer (PG2000-Pro, |deaoptics, China). The reflection spectra in
the near-UV region were measured with a spectrometer model (NOVA,
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Ideaoptics, China) paired with a light source (iDH2000, Ideaoptics,
China). A supercontinuum source (SuperK EHtreme, NKT Photonics,
Denmark) and an optical spectrum analyzer (AQ6370C, Yokogawa,
Japan) were employed to measure the reflection spectra in the near-IR
region. Diffraction patterns were captured by a digital camera (EOS
M, Canon, Japan) or a CCD (DCC1645C-HQ, Thorlabs, USA). A 3 kHz
square-wave AC signal was applied to electrically drive the samples. The
signal was output by a function generator (33522B, Agilent Technologies
Inc., USA) and amplified by a voltage amplifier (2340, TEGAM, USA).
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