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Multidimensional Photopatterning of Heterogeneous
Liquid-Crystal Superstructures Toward Higher-Level
Information Optics

Si-Jia Liu, Yi-Heng Zhang, Rui Sun, Peng Chen,* Lin Zhu, Dong Zhu, Wen Chen,
Yi-Ming Wang, Shi-Hui Ding, Shi-Jun Ge, Wei Hu,* and Yan-Qing Lu*

Soft matter, featuring superior flexibility and intriguing tunability, has shown
enormous potential in sensors, soft robots, and light tailoring. However,
limited by its inherent structural complexity, soft matter remains
uncompetitive in multidimensional and high-density information optics.
Herein, a heterogeneous liquid-crystal (LC) superstructure composed of
interlocked nematic and chiral LCs is designed to achieve higher-dimensional
light control. Optically multidimensional photopatterning with programmable
UV polarization and dosage is proposed to precisely customize both
transverse and longitudinal LC arrangements, bringing in a wide range of
light-matter interactions within a single micrometer-thick film. The
constructed heterogeneous LC superstructure not only enables simultaneous
near-field full-color printing and far-field full-color holography but also boasts
brightness controllability and polarization selectivity. This low-cost photonic
structure enables a high information density of ≈1.6 million
hybrid-dimensional optical data per square millimeter, unlocking new
capabilities in optical storage, display, and encryption. This work creates an
ingenious bond between advanced photopatterning technologies and
higher-level optical informatics, and pioneers soft-matter-mediated
full-dimensional optics.

1. Introduction

Soft matter occupies a middle ground between ideal fluid and
solid,[1] including polymers, colloids, liquid crystals (LCs), surfac-
tants, etc. Owing to the relatively weak interactions among their
mesoscopic structural units, thesematerials commonly show dis-
tinctive softness and sensitive responsiveness to external stimuli,
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such as heat,[2] electric field,[3] light
irradiation,[4] and mechanical stress.[5,6] In
particular, light is an excellent partner for
soft matter. On the one hand, light can be
a high-precision controller of soft struc-
tures, playing a critical role in constructing
crosslinked networks,[7,8] inducing the
reconfiguration of soft helices,[9,10] and
triggering the motion of soft robots.[11]

On the other hand, structured soft matter
can reversely manipulate light in various
manners, particularly the structural colors
via polymers[12,13] and colloids,[14] and com-
mercial spatial light modulators via LCs.[15]

However, conventional soft structures are
mostly restricted to controlling only the
spectrum or the phase dimension of light.
The full utilization of all optical dimen-

sions (amplitude, phase, wavelength, po-
larization, space, time, etc.) holds great
promise for boosting large-capacity and
high-security information processing.[16–19]

In nature, many species have evolved del-
icate, heterogeneous photonic structures
to leverage multidimensional optical infor-
mation in their communication, signaling,

and camouflage.[20–23] This hints at the key to higher-dimensional
light control with soft matter, that is, the higher-degree-of-
freedom (DoF) structural manipulation of its building blocks.
In this regard, LCs stand out owing to their intrinsic anisotropy,
which adds more controllable DoFs to both their structures and
optical properties.[24–28] Recently, the manipulation of LCs’ az-
imuthal orientation has cultivated impressive functions based on
the geometric phase,[29–32] such as structured light tailoring,[33]

multiplexed holography,[34] and optical edge detection.[35,36] How-
ever, limited by LCs’ inherent structural complexity and flexibil-
ity, the full exploitation of their structural DoFs has remained elu-
sive, significantly impeding higher-dimensional light control in
soft matter systems.
In this work, we propose a multidimensional photopattern-

ing strategy to break through the long-standing DoF limitation
in both soft structure manipulation and its resultant light con-
trol. A heterogeneous LC superstructure is designed and con-
structed by associating the self-assembly of chiral LC (CLC) nano-
helices with a top-down wash-out/refill process. Through the so-
called multidimensional photopatterning with the aid of optical
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Figure 1. Heterogeneous LC superstructure via multidimensional photopatterning for multilevel optical encoding. a) Multilevel optical information
encoded in an interlocked LC superstructure. Red, green, and blue (RGB) rods represent CLC molecules with different photonic bandgap (PBG). Pale
blue rods represent NLC molecules. Channel (CH) 1 contains patterned Bragg reflection colors decrypted with the naked eye. CH 2 contains various
reflective brightness (upper) and transmissive polarization interference colors (lower) decrypted with polarizers (double-ended arrows). CH 3 contains
full-color holography decrypted with a laser. b) Schematic illustration of multidimensional photopatterning. By programming the exposure time (t) and
polarization directions (𝜃1 and 𝜃2) of UV light, optical information for CH 1 to CH 3 is encoded into three different parts of the heterogeneous LC
superstructure (respectively highlighted). Helices in RGB blocks represent the CLC superstructures with different PBG. Pale blue blocks represent the
NLCs. Yellow rods indicate the surface alignment of LCs.

multidimensionality, its supramolecular structure is precisely tai-
lored both transversely and longitudinally, either in the form of
a tunable cell or a flexible film. Such higher-DoF structural con-
trol of LCs can activate higher dimensions of light, thus allowing
the high-density encoding of multilevel optical information, in-
cluding full-color printing, brightness variation, and polarization
interference colors in the near-field, and spin-selective full-color
holography in the far-field. This work facilitates the exquisite con-
struction of LC superstructures, enlightensmultiplexed informa-
tion optics, and provides an unprecedented paradigm for full-
dimensional soft matter photonics.

2. Results

2.1. Principle of Multilevel Optical Encoding via
Multidimensional Photopatterning

To activate higher optical dimensions in soft matter, we pro-
pose a delicate heterogeneous LC superstructure (Figure 1a) and
develop a new strategy for multilevel optical information en-
coding (Figure 1b), uncovering the interrelation among fabri-
cation techniques, soft structure DoFs, optical dimensions and
multilevel information optics (Figure S1, Supporting Informa-
tion). In the proposed heterogeneous superstructure, two differ-
ent LC phases, i.e., nematic LCs (NLCs) and CLCs, are inter-
locked in a single cell, with their uneven interface resembling

a surface relief (Figure 1a). The NLCs, arranged by surface an-
choring and intermolecular interaction, function like an inhomo-
geneous waveplate to conduct diverse polarization conversions.
While for the CLCs, their self-assembled helical nanostructure
can present various fade-resistant structural colors due to the
circular-polarization-selective Bragg reflection within the pho-
tonic bandgap (PBG, Figure S2a, Supporting Information).[37–39]

Since PBG spans the wavelength range nop–nep theoretically
(no/ne denoting the ordinary/extraordinary refractive index, and
p denoting the helical pitch), the delicate spatial programming of
p can lead to space-variant PBG and reflection colors. Moreover,
the reflected light from CLCs will gain an additional geometric
phase that is twice their surface alignment angle owing to the
spin-orbit interaction of light.[40,32] Hence, arbitrary phase ma-
nipulation and consequent diffractive functions can be attained
within PBG via proper surface patterning of CLCs. See a more
detailed explanation of the principle in Section S1 (Supporting
Information).
To encode multilevel optical information with ultra-high den-

sity, we propose a processing strategy called multidimensional
photopatterning and ingeniously incorporate it into a wash-
out/refill process (Figure 1b). Notably, in this context, the term
“multidimensional” refers to the optical multidimensionality
of UV exposure, different from the spatial dimensions associ-
ated with conventional 2D/3D photolithography. Compared to
the common UV lithography, the proposed multidimensional
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photopatterning not only controls the dosage of UV exposure, but
also controls its pixelated linear polarization directions. First, we
find that by varying the exposure time (t) spatially, we can ob-
tain CLC nano-helices with different heights and thus different
p, creating patterned Bragg reflection colors observable with the
naked eye or under an optical microscope (Channel (CH) 1 in
Figure 1a,b). Second, through UV exposure of space-variant lin-
ear polarization angles (𝜃1), the NLC molecules can be guided
by the polarization-sensitive photoalignment agent and align per-
pendicularly to the UV polarization (𝜃1 + 90°). Thanks to NLCs’
polarization converting ability, brightness-tunable reflection col-
ors and abundant transmission colors can be expected under po-
larizers (CH 2 in Figure 1a,b) due to the polarization interference
of light (Figure S2b, Supporting Information). Third, the surface
alignment of the CLC helices (𝜃2 + 90°) can also be customized
through another polarized photopatterning process (𝜃2). With
space-variant PBG, independent geometric phases and diffractive
functions (Figure S2c, Supporting Information) can be encoded
for separate wavelengths, enabling wavelength-multiplexed ap-
plications such as the far-field full-color holography (CH 3 in
Figure 1a,b). CH 1 to CH 3, each with additional spectral sub-
channels, can only be correctly retrieved under appropriate con-
ditions (Figure 1a), providing a high-security strategy for multi-
level optical storage and encryption.

2.2. Full-Color Printing via Surface-Relief-Embedded Chiral
Superstructures

The secret to various reflection colors in CH 1 lies in our
discovery of the photo-induced non-uniform swelling of CLC
helices (Figure 2a,b). First, the right-handed CLC/reactive
monomer mixture was infiltrated into a uniformly aligned cell to
form self-assembled helical nanostructures, exhibiting circular-
polarization-selective high reflectance and good planar texture
(Figure 2c). Then, the mixture was polymerized by UV light
to stabilize the nano-helices (Figure 2a; Figure S3, Supporting
Information). Afterward, nonreactive components were washed
out by immersing the cell in acetone, leaving only a shrunk
cholesteric polymer scaffold with a large number of nano-pores
(see scanning electron microscope (SEM) images in Figure S4,
Supporting Information). Pixelated UV exposure with various ex-
posure times (t) was then conducted on the scaffold through a
dynamic-mask photopatterning system, which could alter the lo-
cal swelling ability of the sponge-like scaffold. At last, the cell was
refilled with NLCs, upon which LCmolecules quickly entered the
porous scaffold and stretched the CLC helices. The regions that
had been illuminated for a longer time tended to swell to a lower
height (i.e., smaller p and shorter-wavelength PBG; Figure 2a),
which can be plausibly explained by the denser crosslinking in-
duced by larger exposure dosage.[41] Consequently, the interface
betweenCLCs andNLCs got uneven, just like a surface relief, and
the final PBG of CLCs varied spatially according to the local t. See
more details about materials and fabrication in the Experimental
Section.
Figure 2d,e presents the measured relation between PBG and

t, guiding our way toward customized full-color printing. As an
explicit example, a rainbow-like sample fabricated with gradi-
ent t is demonstrated in Figure 2b, whose color gamut (inset

of Figure 2e) evidences the large programmable range of col-
ors. Moreover, the wash-out/refill process allows for multifunc-
tional optical encryption with good recyclability. As verified by
the “ginkgo” sample in Figure 2f, optical information can be con-
cealed in the transparent scaffold, and decrypted either temporar-
ily or durably according to the volatility of the refilling substance.
When refilled with acetone, the ginkgo pattern appears in blue
owing to the refractive index change and pitch variation of the
CLC structure. This pattern lasts only a few minutes and then
totally disappears due to the evaporation of acetone (see inter-
mediate process in Figure S5a and Movie S1, Supporting In-
formation). Other solvents, such as dimethylformamide (DMF),
can also be used to decrypt the same pattern in different colors
(see more results of refilling with different solvents in Figure
S6, Supporting Information). When refilled with NLCs, the re-
vealed ginkgo pattern exhibits fine shapes with three different
colors, which still remain stable after 30 days (Figure 2f). Besides,
this soft superstructure also boasts good external-field tunabil-
ity, showing unique thermochromic (Figure 2f; Movie S2, Sup-
porting Information) and electrochromic (Figure S5b, Support-
ing Information) properties. To further verify the ultra-high print-
ing precision, we designed another pattern, “the nine-colored
deer”, with fruitful colors, complex lines, and various shapes
(Figure 2g). The corresponding sample showcases micro-scale
linewidth, sharp edges, and inconspicuous color crosstalk, agree-
ing perfectly with the initial design.

2.3. On-Demand Programming of Brightness and Polarization
Interference Colors

On the essential basis of full-color printing, we further intro-
duce the polarized photopatterning to liberate new optical di-
mensions. Figure 3a illustrates the complete fabrication pro-
cess. The linearly polarized UV exposure before filling with
CLCs (𝜃2) was aimed at controlling the CLC surface align-
ment, while the second polarized exposure before refilling (𝜃1)
was aimed at aligning the refilled NLCs (see the Experimen-
tal Section for more details). After fabrication, NLCs and CLCs
were integrated as a micrometer-thick film with controllable
relative thickness (Figure 3b) and customizable independent
alignments.
First, optical effects brought by the variably-aligned NLCs (𝜃1

+ 90°) are explored. As shown in Figure 3c, light propagation in
the heterogeneous LC superstructure includes four typical cases,
where three physical mechanisms are variously combined ac-
cording to the light’s propagation direction. NLCs can convert po-
larization states diversely according to their alignment and retar-
dance, albeit with dispersion. When CLCs are involved together,
their circular Bragg reflection and optical rotatory power[42,43] fur-
ther contribute to the wavelength-dependent polarization conver-
sions, leading to more complex spectral performances under po-
larizers (see detailed analysis in Section S1, Supporting Informa-
tion). To demonstrate this, we fabricated a 390-piece superstruc-
ture with 13 discrete 𝜃1 (−90° to 90°, spaced by 15°), 30 different
t (same as Figure 2b), and a uniform 𝜃2. On the reflection side
with parallel polarizers (CH 2-1; Figure 3d), this superstructure
achieves the high-contrast brightness manipulation of rainbow-
like Bragg reflection colors, agreeing well with the simulation
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Figure 2. Recyclable high-resolution full-color printing by programming UV exposure time (t). a) Patterning of Bragg reflection colors in CH 1 through
space-variant UV exposure time (t1–t5). Colorful helices represent the CLC superstructures in different fabrication stages. Purple lines represent the
crosslinked polymer networks, which get denser after UV exposure. b) Reflective micrograph of the rainbow-like color printing. c) Initial transmittance
spectra with left circularly polarized (LCP), linearly polarized (LP), and right circularly polarized (RCP) incident light. Inset is the initial micrograph.
d) Final transmittance spectra with RCP incidence for different exposure times (t1–t5). e) Dependence of the PBG central wavelength on the exposure
time t. Inset is the color gamut of the rainbow-like color printing mapped on the CIE 1931 chromaticity diagram. f) Recyclable and thermochromic color
printing of ginkgo leaves with two distinct decryption modes (temporary or durable). The corresponding distribution of t is provided in the center. RT,
room temperature. g) Design and micrograph of the delicate full-color printing, “the nine-colored deer”. All scale bars represent 200 μm.

(see details in Section S2 and Figure S7, Supporting Informa-
tion). Meanwhile, on the transmission side with parallel (CH 2-
2; Figure 3e) or orthogonal polarizers (CH 2-3; Figure 3f), nu-
merous polarization interference colors are vividly created, show-
ing unprecedented diversity of soft-matter-mediated structural
colors.
Such a 390-piece superstructure can serve as a look-up table

for the on-demand programming of brightness and colors

(Figure 3d–f; see its dependence on polarizer/analyzer directions
in Figures S8 and S9, Supporting Information). Accordingly, a
butterfly sample was prepared with red, orange, green, blue, and
black colors in CH 2-1, where the black color is actually the red
at zero brightness (Figure 3g). In CH 2-2 or CH 2-3, the butterfly
wings exhibit various polarization interference colors (Figure 3h).
For another sample, full-color (i.e., red, green, and blue (RGB))
geometric shapes can be observed in CH 1 (Figure 3i).
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Figure 3. Patterned brightness and polarization interference colors achieved by programming UV polarization direction (𝜃1). a) Complete fabrication
process of the heterogeneous LC superstructure, where 𝜃2, t, and 𝜃1 are encoded successively in different stages. SD1 is adopted as the photoalignment
agent and is doped with the photoinitiator on only one substrate to tether the polymer scaffold. b) Cross-sectional micrograph of the heterogeneous LC
superstructure, where the thickness of NLC/CLC changes along the x axis (labeled by lines on the left and right sides). The scale bar represents 20 μm.
c) Schematic of four typical cases of light transmission/reflection in the LC superstructure, along with the respective physical mechanisms involved.
d–f) Experimental (upper) and simulated (lower) polarized micrographs of a 390-piece superstructure fabricated with various photopatterning parame-
ters t and 𝜃1. Schematics on the right illustrate the respective observation methods of (d) CH 2-1, (e) CH 2-2, and (f) CH 2-3. Yellow arrows depict the
transmission axes of polarizers/analyzers. Gray arrows depict the propagation directions of light. g,h) Micrographs of a butterfly sample in (g) CH 2-1
and (h) CH 2-3. White and yellow arrows represent the polarizing and analyzing directions, respectively. i,j) Micrographs of a geometric object sample
in (i) CH 1 and (j) CH 2-1, where the pattern in CH 2-1 is much more vivid due to brightness variation. All scale bars in (d–j) represent 200 μm.

Interestingly, via the variant control of NLC alignment, shades
can be introduced to these shapes in CH 2-1 (Figure 3j), making
for amuchmore vivid pattern of three-dimensional objects. Such
brightness controllability breaks the limitation ofmere color vari-
ation in conventional LC structural colors.

2.4. Geometric Phase Manipulation Compatible with Diverse
Coloration

Leveraging CLCs’ capability of geometric phase manipulation,
the fascinating combination of near-field color printing and far-
field diffractive functions can be expected. Theoretically, the CLC

geometric phase is reliant on the incident light helicity, the CLC
chirality, and the CLC surface alignment (𝜃2 + 90°). Taking the
used right-handed CLCs for example, only the right circular po-
larization (RCP) of incident light can be Bragg reflected within
PBG, while the left circular polarization (LCP) and light out-
side PBG will directly transmit. With preserved right-handed he-
licity, the reflected RCP light will derive an additional geomet-
ric phase[29] which is twice the CLC surface alignment angle
(Figure 4a), and then various diffractive functions, such as lens-
ing, beam steering, and holography, can occur.
According to the above principle, we calculated a pure-phase

hologram of butterflies (inset of Figure 4a) using the Gerchberg–
Saxton (G–S) algorithm, and encoded it into the CLC alignment
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Figure 4. Synchronous near-field printing and far-field holography by programming two-stage UV polarization directions (𝜃1 and 𝜃2). a) Theoretical
relation between the CLC geometric phase and 𝜃2. The inset illustrates the calculation of the hologram-encoded 𝜃2 from the target holographic image.
b) Designed photopatterning parameters (𝜃1, 𝜃2, and t) for the near- and far-field multiplexed LC superstructure. The sophisticated distribution of 𝜃2 is
enlarged in the inset of (a). The schematic on the right vividly illustrates the near-field (CH 1 and CH 2) and far-field (CH 3) multiplexing. c) Micrograph
of the sample in CH 1. d) Polarized micrographs of the sample in CH 2-1, CH 2-2, and CH 2-3. White and yellow arrows depict the various polarizing
and analyzing directions. e) Holographic butterfly image reconstructed in CH 3 with RCP incidence at 633 nm. The white arrowed circle indicates the
incident polarization. All scale bars represent 200 μm.

of a heterogeneous LC superstructure. The parameters for the
multidimensional UV photopatterning are shown in Figure 4b,
including a flower-shaped 𝜃1, a hologram-encoded 𝜃2, and a uni-
form t. As illustrated above, t and 𝜃1 account for CH 1 and CH 2
in the near-field, while 𝜃2 is responsible for the diffractive chan-
nel CH 3 in the far-field. For the fabricated sample, an orange
color originating from uniform Bragg reflection is obtained in
CH 1 (Figure 4c), while flower-shaped patterns of brightness or
polarization interference colors are abundantly observed in CH 2
(Figure 4d; seemore results in Figure S10 andMovie S3, Support-
ing Information). When illuminated by RCP laser from the CLC
side, this superstructure further reconstructs the holographic im-
age of butterflies in CH 3 (Figure 4e) at a diffraction distance of
50 cm. The simultaneous near- and far-field display greatly ex-
tends traditional LC structural coloration by manipulating the
new independent dimension of phase, unveiling the good com-
patibility between multiple optical dimensions in the proposed
heterogeneous superstructures.

2.5. Heterogeneous LC Superstructure for Higher-Level
Information Optics

With full exploitation of CH 1 to CH 3, the proposed hetero-
geneous LC superstructure is able to tailor six optical dimen-
sions simultaneously, including wavelength, polarization, ampli-
tude, phase, direction, and space, thus holding great prospects for
higher-level information optics (Figure 5a; see details in Figure
S11, Supporting Information). As a proof-of-concept demonstra-
tion, we customized amultilevel encrypted superstructure: a full-
color flower pattern in CH 1, a line of poem in CH 2, and a
full-color butterfly image in CH 3 (Figure 5a). Figure 5c shows
the corresponding UV photopatterning parameters. Notably, 𝜃2
was specially designed by merging three distinct phase holo-
gram pieces, respectively linked to RGB subchannels (Figure 5b).
For each subchannel, the corresponding hologram piece was op-
timized given the target near-field amplitude pattern and far-
field holographic image (see design details in Section S3 and
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Figure 5. Higher-dimensional and higher-level optical encryption. a) Schematic illustration of encrypting multilevel optical information regarding 6D
into a heterogeneous LC superstructure. The relation between optical dimensions and CH 1, CH 2, and CH 3 is labeled by the number and colors of
lines (upper). The multilevel optical information and related subchannels are listed in the box (lower). b) Derivation of the three hologram pieces for
RGB subchannels, which constitute the hologram-encoded 𝜃2. G–S, the Gerchberg–Saxton algorithm. RGB helices with differently oriented yellow rods
represent the target CLC superstructures with independent PBG and surface alignment. c) Designed photopatterning parameters (𝜃1, 𝜃2, and t) for
the multilevel optical encryption. d) Normal-sized and enlarged reflective micrographs of the LC superstructure before and after segmenting, and the
enlarged 𝜃2 distribution. Colorful helices represent the initial and final CLC superstructures. The scale bar in the left micrograph represents 200 μm, and
all the other scale bars in the enlarged micrographs represent 20 μm.

Figure S12, Supporting Information). In the fabrication process,
these hologram pieces were synchronously encoded into the CLC
alignment (Figure 5d) during the first polarized photopatterning
(𝜃2). Owing to the spatial variance of t, the LC superstructure was
finally segmented into RGB regions, exhibiting high precision,
sharp edges (below 5 μm in width), and negligible color crosstalk
(Figure 5d).
The multilevel optical decryption of this heterogeneous su-

perstructure is shown in Figure 6a–d. First, the preprogrammed
full-color printing is disclosed with fine micro-scale details (CH
1; Figure 6a). The relative reflection spectra of its RGB regions
are respectively measured under orthogonal circular polarizers,
in which the high reflection for RCP and the near-zero reflec-
tion for LCP verify the strong spin selectivity (Figure 6b). Sec-
ond, the encrypted poem is revealed by inserting linear polarizers
(CH 2; Figure 6c). Taking CH 2-1 for example, the poem line in
black is easily distinguished from the bright background. Third,
with polychromatic laser illumination, RGB butterfly images
can be reconstructed independently in the far-field, achieving
the high-quality hybrid-multiplexed full-color holography (CH 3;
Figure 6d). Moreover, we can optionally stabilize such a multi-
level encrypted LC superstructure to form a flexible free-standing
film, through refilling with LC reactive monomers, thoroughly
polymerizing with UV light, and then peeling off the substrates
(Figure 6e). The fabricated all-polymer functional optical film can
be concealed under an LCPfilter and revealed under anRCPfilter
(Figure 6f; seemore results in Figure S13 andMovie S4, Support-
ing Information), presenting the unique spin-selective invisibil-

ity. Only with proper decryption methods can the respective opti-
cal information in CH 1, CH 2, and CH 3 be decrypted, which of-
fers a prototype for one-to-many encrypted communication and
multilevel anticounterfeiting labels (Figure S14, Supporting In-
formation), and provides a versatile platform for large-capacity
and high-security information optics.
The proposed multidimensional photopatterning provides a

high-precision, low-cost, and convenient approach for customiz-
ing LC soft structures. Leveraging this method, we can design
and construct exquisite heterogeneous LC superstructures with
a high spatial resolution of 18578 dots per inch (DPI) for each
of the three independent channels, enabling a high informa-
tion density of ≈1.6 million data units per square millimeter
(Experimental Section). Such LC superstructures drastically ex-
ceed the optical dimensions of conventional soft matter while
preserving the merits of flexibility and external-field controlla-
bility, achieving four-dimensional optical holographic multiplex-
ing in terms of near/far field, polarization, incident direction,
and wavelength. The ingenious integration of structural col-
ors, variant brightness, and geometric phases allows for high-
capacity optical storage and high-security encryption. To further
enhance its capacity, more wavelength and polarization chan-
nels can be established through segmenting and stacking. Be-
sides, the angle-dependent coloration is observed (Figure S15,
Supporting Information), suggesting a new manipulable dimen-
sion. The interleaved design[44] and color mixing scheme[45] can
also be used to achieve better diffractive performances and richer
color combinations. Moreover, the proposed heterogeneous LC
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Figure 6. Multilevel optical decryption of the heterogeneous LC superstructure and its formation as a free-standing film. a) Micrograph of the multilevel
encrypted sample in CH 1. b) Reflection spectra for the circled RGB regions in (a) with RCP (solid lines) and LCP (dashed lines) incidence, respectively.
Three particular wavelengths (𝜆B = 485 nm, 𝜆G = 560 nm, and 𝜆R = 650 nm) are marked by vertical lines. c) Polarized micrograph of the sample in CH
2-1. White and yellow arrows represent the horizontal polarizer and analyzer. d) Wavelength-multiplexed full-color holography of butterflies decrypted in
CH 3 with RCP laser (white arrowed circles). The respective incident wavelengths are labeled in the upper right. e) Formation of a multilevel encrypted
free-standing optical film from the heterogeneous LC superstructure. f) Photos of the formed free-standing film under LCP (upper) and RCP (lower)
filters of 3D glasses. The same flower pattern printed on the paper (1 cm × 1 cm) is used as the background. All scale bars represent 200 μm.

superstructure can be easily extended to many other wavelength-
dependent functionalities, such as achromatic lensing, color dis-
play, and multiplexed optical computing. Orbital angular mo-
mentum of light, as another important optical dimension, can
be further introduced to achieve richer functions and higher-level
optical informatics. Such subtle interplay between light and soft
matter is expected to open up new avenues in active and smart
optics.

3. Conclusion

In summary, we have established the delicate interconnections
among photopatterning dimensions, soft structure DoFs, optical
dimensions, and multilevel information optics. Through com-
bining chiral self-assembly, multidimensional photopatterning,
and a wash-out/refill process, NLCs and CLCs are interlocked in
a single cell with customized transversemicrostructures and lon-
gitudinal nanostructures. The transverse alignments of heteroge-
neous LCs are independently guided for on-demand polarization
conversion and geometric phase manipulation. Meanwhile, the
longitudinal CLC nano-helices are stretched to different heights,
inducing the space-variant PBG. This LC superstructure not only
enables simultaneous full-color printing and holography but also
boasts brightness controllability and spin selectivity, greatly en-
hancing the versatility of LC devices. According to the refilling
substance, the optical functionalities can be arbitrarily chosen
as temporary or durable, and tunable or stable. This work pro-
motes the ingenious building of soft-matter superstructures, un-
veils their unprecedented capabilities in full-dimensional light

control, and offers an important glimpse into their great potential
in next-generation encryption, display, and computing.

4. Experimental Section
Materials: The photoalignment agent SD1 was dissolved in DMF at

a concentration of 0.35 wt.%. The photoinitiator-doped SD1 was a mix-
ture of the SD1 solution with 0.15 wt.% diphenyl ketone. SD1 molecules
tended to reorient their absorption oscillators perpendicular to the linear
polarization direction of UV exposure, and then guided LC molecules to
align parallel to them. The initial right-handed CLC/reactivemonomermix-
ture contained NLC E7 (HCCH, China), right-handed chiral dopant R5011
(HCCH, China), and LC reactive monomer RM257 (HCCH, China) at a
weight ratio of 78.1:1.9:20, which could form the porous cholesteric poly-
mer scaffold. Notably, R5011 could be substituted with the left-handed
chiral dopant S5011, which would reverse the CLC chirality. The refilling
substance for the temporary decryption mode was acetone or DMF, and
that for the durable decryption mode was NLC E7, which could enter the
nano-pores in the scaffold and induce its swelling. For the free-standing
optical film, the refilling substance was themixture of RM257 and diphenyl
ketone at a weight ratio of 95:5. See chemical structures of SD1, diphenyl
ketone, RM257, and R5011 in Figure S16 (Supporting Information).

Sample Fabrication: Two ITO glass substrates after UV-Ozone clean-
ing were spin-coated with photoalignment layers of either SD1 or
photoinitiator-doped SD1. After curing at 100 °C for 10 min, a
photoinitiator-free substrate was assembled with another photoinitiator-
doped substrate to form a 9 μm-thick cell. A wash-out/refill process was
then implemented in the cell (Figure 3a), and multidimensional photopat-
terning was conducted during this process. The multidimensional pho-
topatterning was realized by a digital-micromirror-device-based dynamic-
mask photopatterning system,[32] which could arbitrarily control the po-
larization, dosage, and pattern of UV exposure. The spatial resolution of
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multidimensional photopatterning is 1.3672 μm·pixel−1, i.e., 18578 dots
per inch (DPI) for each of three independent channels, corresponding to
an equivalent DPI of 55734. The information density is ≈1.6 million data
units per square millimeter, derived from 534988 pixels·mm−2 with triple-
channel independent encoding. First, polarized photopatterning (365 nm,
0.54 mW·mm−2, 7.5 s) was carried out with space-variant linear polariza-
tion directions 𝜃2. After filling with the CLC mixture, the CLC molecules at
the surface were guided by the SD1 layers, acquiring the surface alignment
𝜃2 + 90°. Then, the cell was exposed to non-polarized UV light (365 nm,
0.06mW·mm−2) for 15min from the photoinitiator-doped side for surface-
initiated polymerization. Afterward, the cell was immersed in acetone for
12 h towash out the nonreactive components. After the evaporation of ace-
tone, only a shrunk polymer scaffold tethered to the photoinitiator-doped
substrate was left. Photopatterning (365 nm, 1.58 mW·mm−2) with space-
variant exposure time t was then conducted on the scaffold, which could
determine the final PBG of CLC helices. After that, the second polarized
photopatterning (365 nm, 0.54 mW·mm−2, 7.5 s) was carried out with
space-variant polarization directions 𝜃1. At last, the cell could be refilled
with various refilling substances, such as acetone, NLCs, and LC reactive
monomers. Notably, when refilling with NLCs at 72 °C, the NLCmolecules
were guided by the overwritten SD1 layer, acquiring the surface alignment
𝜃1 + 90°. The free-standing optical film was fabricated by refilling with LC
reactive monomers, polymerizing with UV light (365 nm, 0.19mW·mm−2)
for 10 min, and then peeling off the substrates.

Characterizations: All data weremeasured at room temperature except
the thermochromic color printing. All micrographs were captured by a po-
larized optical microscope (Ci-POL, Nikon, Japan) either in the reflective
or transmissive mode. CH 2-1 was captured in the reflective mode with
parallel polarizers. CH 2-2 and CH 2-3 were captured in the transmissive
mode with parallel and orthogonal polarizers, respectively. To capture the
cross-sectional micrograph of the heterogeneous LC superstructure, fully
polymerized NLCs were used, and the LC film was carefully fractured. All
transmittance spectra were measured by a spectrometer (PG2000-Pro-EX,
Ideaoptics, China) with a halogen light source (iDH2000H-HP, Ideaop-
tics, China). The color gamut in Figure 2e was measured by a spectrom-
eter (PG2000-Pro-EX, Ideaoptics, China) integrated with the microscopy
system. The precise temperature control was conducted by a hot stage
(LTS120E, Linkam, UK). For holography, a supercontinuum fiber laser (Su-
perK EVO, NKT Photonics, Denmark) was utilized to generate polychro-
matic laser beams, which were filtered at different wavelengths by a multi-
channel acousto-optic tunable filter (SuperK SELECT,NKT Photonics, Den-
mark). The far-field holographic images were projected onto a black screen
located 50 cm away from the sample to ensure sufficient diffraction dis-
tance, and captured by a visible digital camera (EOSM100, Canon, Japan).
The optical power of UV exposure was detected by a digital optical power
meter (PM100D, Thorlabs, USA).

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