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Multifunctional Liquid Crystal Device for Grayscale Pattern
Display and Holography with Tunable Spectral-Response

Kuixian Chen, Chunting Xu, Zhou Zhou, Zile Li,* Peng Chen,* Guoxing Zheng,* Wei Hu,
and Yanqing Lu

Conventional liquid-crystal (LC) devices can only realize a single-manipulation
of optical amplitude or phase, which hinders the development of LC devices
toward ultracompact multifunctional integration. Herein, it is shown LC
devices can be readily extended to multifunctional ones without the cost of
complex design and fabrication. Specifically, by combining
Pancharatnam–Berry phase with orientation-degeneracy implied in Malus’s
law, each operation-unit of LC devices can manipulate the amplitude and
phase of incident light separately, representing a new paradigm for designing
innovative LC devices. A multifunctional LC device which can display a
grayscale pattern right at the surface of LC, while simultaneously project an
independent phase-only holographic image in the far-field is experimentally
demonstrated. More interestingly, with the LC directors tilted with external
applied voltages, a new degree-of-freedom is provided to modulate the
spectral-response of LC devices, contributing to the distinct function of optical
switch. Owing to these unique characteristics of dual-manipulations and
spectrum-tunability, the proposed multifunctional LCs have promising
prospects in information multiplexing, optical communications, spectral
measurements, etc.
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1. Introduction

Liquid crystals (LCs), with the unique
optical characteristics of polarization
control and sensitivity to external-
stimuli response, have been widely
used in displays,[1−5] optical communi-
cations,[6,7] biosensing,[8−11] and spatial
light modulations.[12−17] Owing to the
specific state of matter in LCs, external
electric field can be employed to mod-
ulate the orientations of LC directors,
resulting in the change of anisotropy
and forming pixels with different optical
amplitude/intensity, which is also known
as the electro-optic effects of LCs.[18] Ex-
cept for intensity modulation, the phase
modulation in LCs is usually derived
from the optical path differences and
depends on the thickness of the LC layer.
Recently, originating from the spin–orbit
interaction of light in inhomogeneous
anisotropic media, continuous phase
modulation can be achieved in LCs via
the Pancharatnam–Berry (PB) phase.[19]

On the other hand, LCs not only perform well in the visible
light band, but also exhibit excellent electro-optic characteris-
tics in the infrared band,[20][21] and even longer-wavelength ter-
ahertz band.[22−24] Therefore, LCs are widespread in informa-
tion optics and adaptive optics.[25−30] However, due to the lim-
ited degree-of-freedoms, it is difficult to manipulate amplitude
and phase of light separately via a single LC device, which greatly
hinders LC devices toward ultracompactness, flexibility, and
multifunctionality.
In this work, we propose a design scheme of LCs which

can separately manipulate optical intensity and phase to achieve
information-multiplexing by reconfiguring the in-plane orienta-
tion angles of LC operation-units. Specifically, a multifunctional
LC device is demonstrated to build two independent informa-
tion channels for recording two different images (a grayscale
pattern right at the LC surface and a holographic image in
the far-field), enabled by Malus-law-assisted intensity modu-
lation and PB phase modulation, respectively. It should be
noted that our multifunctional LC device is not based on seg-
mented or interleaved design approaches which would lower
down the pixel-resolution and cause crosstalk. Instead, each
LC operation-unit in our design can manipulate the optical in-
tensity and phase separately. Therefore, our strategy paves a
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Figure 1. Operation schematics of the multifunctional LC device for simultaneous grayscale pattern display and holography with tunable spectral-
response. a) Working principle illustration of information multiplexing via in-plane orientation degeneracy. As shown in the right-bottom, there are four
orientation options of the LC directors to produce equal light intensity but four different PB phase delays. Hence, each LC director with a fixed in-plane
orientation angle contains independent information from a grayscale pattern displayer (enabled by light intensity modulation) and a hologram (enabled
by PB phase), which can be decoded by two different optical setups: a collaboration of a polarizer and an analyzer with orthogonal-polarization directions
to decode the grayscale pattern right at the LC surface; a collaboration of a polarizer and a quarter-wave plate (QWP) to generate circularly polarized
light to decode the holographic image in the far-field. b) Spectral-response tunability via out-of-plane orientations. With different applied voltages, the
polarization-conversion efficiency (PCE) and the spectral response of the multifunctional LC device varies with out-of-plane tilting of LC directors. Here
𝜆 represents wavelength with a unit of nanometer. c) Schematic illustration of the multifunctional LC device with spectral-response tuned by applying
three different external voltages Ur, Ug, and Ub, respectively.

minimalist way for information multiplexing without increas-
ing the complexity of both design and fabrication. More inter-
estingly, we find that by applying external voltages, each LC di-
rector can tilt from the state of in-plane to out-of-plane, and
the out-of-plane orientation angles vary with the increase of
applied voltages, which does not affect the in-plane operation
of LCs but provides a new degree-of-freedom to modulate the
spectral response and contributes to the function of optical
switch.
The basic concept for the dual manipulations is presented in

Figure 1a, where two independent images are presented right at
the LC surface and in the far-field, respectively. Additionally, as
shown in Figure 1b, the out-of-plane orientation angles of LC
directors are dynamically controlled with the applied voltages,
leading to a variation of spectral response. Hence, an electri-
cally tunable multifunctional LC device for separately displaying
a grayscale pattern and a holographic image can be established,
as shown in Figure 1c. The proposed LC device, featuring dual
manipulations, efficient information multiplexing, spectrum-
tunability, and external field sensitivity, has promising applica-
tion prospects in many potential fields, including information
multiplexing, optical communications, augmented/virtual real-
ity, and so on.

2. Working Principle and Design of the
Multifunctional LC Device

The schematic configurations of the multifunctional LC
operation-unit cell without and with an external voltage are
presented in Figure 2a,b, respectively. The zoom-in-view in Fig-
ure 2a,b shows a LC director with both an in-plane orientation
angle (𝜃) and an out-of-plane orientation angle (𝛼). The LC cell, a
birefringent structure, consists of five layers: upper indium-tin-
oxide (ITO) glass, upper photoalignment layer,[19] nematic LC
(NLC) layer, lower photoalignment layer, and lower ITO glass.
For linearly polarized (LP) incident light, the transmitted light
intensity I which follows the Malus law, can be expressed as

I = I0 sin
2 (2𝜃)

||||1 − ei𝛿

2

||||
2

(1)

where I0 is the incident light intensity, 𝛿 is the phase retardation
between two orthogonally-polarized light along the ordinary and
extraordinary axes, which can be written as

𝛿 =
2𝜋

(
ne − no

)
d

𝜆
(2)
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Figure 2. Working principle of the electrically tunable LC device. a) Schematic configuration of intensity manipulation without applied voltages. 𝜃 and 𝛼
represent the in-plane and out-of-plane orientation angles of the LC operation-unit, respectively. The phase retardation (𝛿) maintains constant without
applied voltages. The incident light propagates along the z-axis. b) Schematic configuration of intensity manipulation with applied voltages. The LC
directors tilt from in-plane to out-of-plane with applied voltages, and the change of out-of-plane orientation angle results in the variation of phase
retardation, and then optical intensity. c) Normalized optical intensity with different in-plane orientation angle and phase retardation. d) Transversal
interception line of c) show that there are four orientation angles (𝜃, 𝜋/2−𝜃, 𝜋/2+𝜃, 𝜋−𝜃) corresponding to an equal optical intensity for LP light
incidence but different PB phase with circularly polarized (CP) light incidence.

In Equation (2), no and ne denote the refractive index along the
ordinary and extraordinary axes, respectively, 𝜆 is the wavelength
of the incident light, and d is the thickness of the NLC layer. As
the in-plane orientation angle (𝜃) varies, the transmitted light in-
tensity can reach its maximum I0| 1−ei𝛿2

|2, and | 1−ei𝛿
2

|2 corresponds
to the PCE of the LC with the LP light incidence. Meanwhile, as
for the incidence of CP light, PCE of the LC is the ratio of the
transmitted light intensity carrying the additional phase to that of
the incident light intensity, which also equals to | 1−ei𝛿

2
|2as demon-

strated in Note S1 (Supporting Information). Moreover, the addi-
tional phase of the transmitted CP light with opposite helicity is
𝜓 = ± 2𝜃 (positive sign for left-handed CP incident light, while
negative for right-handed CP), known as the PB phase.[19] The PB
phase has been employed in LC devices to realize arbitrary wave-
front engineering, such as spin-controlled focus/defocus and vor-
tex/vector beam generation.
Furthermore, by applying external electric field to the LC direc-

tor, the anisotropy axis of the LC director will be switched from
in-plane to out-of-plane, causing a variation of anisotropy. Along
with the tilting, the effective refractive index of the extraordinary
axis can be calculated by

neff = 1√
( cos𝛼

ne
)2 + ( sin𝛼

no
)
2

(3)

where 𝛼 represents the out-of-plane orientation angle of the LC
director. With an increasing applied voltage, 𝛼 can vary from 0
to 𝜋/2, causing the change of neff from ne to no.

[31] For a certain
wavelength 𝜆, the phase retardation can be re-expressed as

𝛿 =
2𝜋

(
neff − n0

)
d

𝜆
(4)

Thanks to the varied anisotropic refractive index, we can en-
dow the LC directors with electrically tunable phase retardations
for a given thickness and certain wavelength, as shown in Fig-
ure 2b. By modulating the out-of-plane orientation angles of the
LC device with different external electric fields, one can realize
the dynamic tunability of PCE from 0 to 1, leading to the func-
tion of optical switch.[32] Figure 2c shows intensity manipulation
can be achieved via the in-plane and out-of-plane orientation an-
gles of LC directors.
Interestingly, as illustrated in Figure 2d, there is a one-to-four

mapping relationship in LC directors between the optical inten-
sity and the in-plane orientation angle, which can be employed
to design multifunctional LC devices. Particularly, the four in-
plane orientation angles (𝜃, 𝜋/2−𝜃, 𝜋/2+𝜃 and 𝜋−𝜃), which have
been illustrated in Figure 1a, correspond to an equal transmitted
light intensity for LP light incidence but different PB phases of
2𝜃, 𝜋−2𝜃, 𝜋+2𝜃, and 2𝜋−2𝜃 for left-handed CP incident light.
This interesting physics can be called orientation degeneracy,
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Figure 3. Design process of the multifunctional LC device. Design flowchart of the multifunctional LC device to simultaneously encode a grayscale
pattern and a four-step phase-only holographic image. The grayscale pattern and the holographic image are both composed of 250 × 250 pixels, and the
final in-plane orientation angle distribution is shown in the right side.

i.e., different orientation angles correspond to the same opti-
cal intensity, which is similar with the concept designed with
anisotropic nanostructures in metasurface community. [33−35]

Therefore, with the design degree-of-freedom gifted by orienta-
tion degeneracy of LC directors, we can obtain not only continu-
ous intensity modulation but also simultaneous four-step phase
manipulation with each LC operation-unit, thus forming two in-
dependent information channels without the cost of complex de-
sign and fabrication.
Next, we show how to encode two independent information

into the in-plane orientation angles of the LCs. As shown in Fig-
ure 3, based on the relationship between the transmitted intensity
I and the in-plane orientation angle 𝜃 indicated by Equation (1),
we encode the optical intensity of the target grayscale pattern in
the in-plane orientation angles of the LCs. For each unit-cell, the
in-plane orientation of LC director has four options owing to the
one-to-four mapping relationship between optical intensity and
orientation angle, and can possess different geometric phases.
Here, according to the target holographic image, we employ the
simulated annealing algorithm[36] to determine the in-plane ori-
entation angle in four options, and the final in-plane orientation
angle distribution is shown in Figure 3 (more details about phase
optimization with simulated annealing algorithm are presented
in Note S2, Supporting Information).
In the multifunctional LC design, we not only encode the in-

formation of a grayscale pattern and a holographic image into
LC operation-units with different in-plane orientation angles, but
also select the optimal operating wavelength by tilting their out-
of-plane orientation angles with different applied voltages. To re-
alize the above design in the LC cell, wemake use of a photoalign-
ment technique based on a home-made dynamic microlithogra-
phy system. Here, a polarization-sensitive and rewritable align-
ment agent is adopted,[37] which has shown great potentials for
arbitrary and precise LC patterning.[16] Processing details are pro-
vided in the Experimental Section. The inset of Figure 4a exhibits
the multifunctional LC device composed of 250 × 250 working
units corresponding to the orientation angle distribution shown
in Figure 3. It looks transparent without the polarizer or analyzer.

Each working unit-cell has dimensions of 20 × 20 µm2, and the
thickness of LC cell is 6 µm in our experiment. To simplify the
sample fabrication, the in-plane orientation angles of the multi-
functional LCwere 36-step quantified equidistantly and the quan-
tification errors are analyzed in Note S4 (Supporting Informa-
tion), which verifies the robustness in the design of electrically
tunable wave plate.

3. Experimental Results of the Multifunctional LC
Device

Without applied external voltage, the experimentally measured
PCE of the LCdevice is presented in Figure 4a, which ismeasured
by the optical setups shown inNote S5 (Supporting Information).
As shown in the curve, the PCE floats with the wavelength ris-
ing from 480 to 700 nm, and reaches its maximum at 560 nm.
Then we employ the optical setup illustrated in Note S6 (Support-
ing Information) to observe the grayscale pattern decoded at the
LC surface. The LC device is illuminated by a white light source
with different orthogonal-polarization combination of the polar-
izer and the analyzer, and the experimentally captured grayscale
patterns are presented in Figure 4b. When the transmission axis
of the polarizer is parallel to the x-axis, we can clearly observe
that the grayscale pattern illustrated in the left side of Figure 4b
is consistent with the target picture, which indicates that the LC
device works well for the intensitymodulation right at the LC sur-
face. Although the fabrication errors bring some noisy speckles
to the grayscale pattern, the information at the LC surface is still
clearly distinguished. Besides, by rotating the transmission axis
of the polarizer, the brightness of the experimental result at 𝜋/4 is
complementary to that of 0, while the grayscale pattern is nearly
lost in the background noise at 𝜋/8 (more details about how the
polarization direction affects the grayscale pattern can be found
in Note S7, Supporting Information).
Since the varied wavelength leads to a continuous change of

the PCE in Figure 4a, we further explore the influence of wave-
length on performance, and the experimentally captured patterns
are presented in Note S6 (Supporting Information). The target
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Figure 4. Experimental results of the multifunctional LC device without applied voltage. a) PCE of the LC device for different wavelengths. The inset
picture exhibits the multifunctional LC device and the red marked box indicates the working area. b) Experimentally captured patterns of the working
area illuminated by a white light source with different orthogonal-polarization combination of the polarizer and the analyzer. The black and red arrows
represent the transmission axis directions of the polarizer and analyzer, respectively. c) Optical setup for observing holographic image in the far-field.
d–g) Experimentally captured holographic images at four different wavelengths (𝜆 = 480, 530, 560, and 630 nm), captured by a commercial visible
camera. The optical power of the incident laser beam is 0.5 mW. To better capture the holographic images, we dug a hole in the middle of the screen to
filter the unwanted zero-order light.

information can be clearly recognized in all captured patterns,
which presents the broadband response characteristic of themul-
tifunctional LC device with respect to its functionality of display-
ing grayscale patterns.
Next, for the generation and observation of far-field holo-

graphic image, a different optical setup is introduced, where the
LC device is illuminated by a super-continuum laser source, as
shown in Figure 4c. There are two pairs of polarizer and quarter-
wave plate in the holographic optical setup. The first pair is em-
ployed to convert the polarization state of incident laser beam
into circular polarization, and the latter plays the role of an opti-
cal filter which only lets the cross-polarized CP light pass. More-
over, we insert a biconvex lens (f = 40 cm) after the analyzer to
focus the holographic image at its focal plane. Figure 4d–g ex-
hibits four far-field holographic images at four different operat-
ing wavelengths of 480, 530, 560, and 630 nm. The holographic
efficiency, defined as the ratio of the transmitted energy recon-
structing the holographic image to the incident light energy, is
measured as 18.5%, 29.6%, 51.3%, and 6.8%, respectively (exper-

imental setup for holographic efficiency measurement is shown
in Note S8, Supporting Information). All these experimental re-
sults agree well with the target holographic images but with dif-
ferent brightness. The brightest one and the darkest one appear
at 560 and 630 nm,matching themaximum andminimumof the
PCE in the picked four wavelengths, respectively (shown in Fig-
ure 4a). Therefore, according to all aforementioned experimental
results, the multifunctional LC device can achieve separate ma-
nipulation of optical intensity and phase.
For further characterizing the spectral response of the multi-

functional LC device with different applied voltages, we employ
a commercial signal generator to offer the external electric field
and measure the corresponding PCE. Figure 5a illustrates the
experimental results of the PCE under the applied voltage rang-
ing from 0 to 5 V, and there exists a threshold voltage U0. When
the applied voltage Ua is smaller than U0, the PCE remains un-
changed. After that, the continuously increased voltage results in
the change of the PCE, which suggests the potential of tunable
spectral-response. As presented in the color map of Figure 5a,
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Figure 5. Spectral response of the multifunctional LC device with different external electric field. a) Measured PCE of the LC sample versus operating
wavelength (ranging from 480 to 700 nm) and the applied voltages (ranging from 0 to 5 V). The threshold voltage U0 is around 0.9 V. b) PCE of the LC
device for different applied voltages. c–t) Experimental results of the grayscale pattern (left) at the LC surface and the holographic image (right) in the
far-field with different applied voltages, indicating the function of optical switch from on to off. The operating wavelength is c–h) 480 nm, i–n) 530 nm,
and o–t) 630 nm. The black and red arrows represent the transmission axis directions of the polarizer and analyzer in the grayscale pattern observation
experimental setups, respectively. The optical power of the incident laser beam is 0.5 mW in the holographic image observation experiment.

the increase of the applied voltage results in a shift of the optimal
operating wavelength. Figure 5b indicates the trend of the PCE
versus the applied voltage at three operating wavelengths of 630,
530, and 480 nm, respectively, which are three special cases of
the color map. Obviously, there exists an optimal match between
the operating wavelength 𝜆0 and the applied voltage. When we
increase 𝜆0 from 480 to 530 or 630 nm, the optimal applied volt-
age decreases from 1.71 to 1.56 or 1.32 V, respectively. With cor-

responding optimal applied voltages, the holographic efficiency
reaches 50.9%, 54.5%, and 57.4% at the operating wavelengths of
480, 530, and 630 nm, respectively, which proves the realization
of the optimal operating wavelength shift (seeMovie S1, Support-
ing Information).
As for a certain operating wavelength, Figure 5b also shows

that the PCE drops from the maximum to almost zero within a
specific applied voltage range, corresponding to the switching of

Laser Photonics Rev. 2022, 16, 2100591 © 2022 Wiley-VCH GmbH2100591 (6 of 9)

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


www.advancedsciencenews.com www.lpr-journal.org

Figure 6. Experimental results of the information hiding with different external voltages and wavelengths at the LC surface. The operating wavelength
is a–f) 480 nm, g–l) 530 nm, and m–r) 630 nm. The black and red arrows represent the transmission axis directions of the polarizer and analyzer in the
grayscale pattern observation experimental setups, respectively.

working state from on to off (see Movie S2, Supporting Informa-
tion). The switching of working states can be observed at the LC
surface and in the far-field at three different wavelengths, as illus-
trated in Figure 5c–t. During the variation of the applied voltages,
the experimental holographic efficiency in the far-field decrease
and the grayscale patterns at the LC surface become darkened
and finally disappear (the region outside the working area is em-
ployed for comparison here and its in-plane orientation angles
are 0), which is consistent with the change of PCE.
More interestingly, the electrical tunability of spectral response

can not only realize the optical switching of the working state, but
also independently hide the information channel. For example,

when the transmission axes of the polarizer and the analyzer are
parallel to each other of 𝜋/4, the transmitted light intensity I can
be re-expressed as

I (𝜃, 𝛿) = I0
||||1 − ei𝛿

2
sin (2𝜃) + 1 + ei𝛿

2

||||
2

(5)

The contrast of the grayscale pattern reaches its maximum
when the phase retardation 𝛿 is 𝜋, and the grayscale pattern only
left the part unrelated to the in-plane orientation angle 𝜃 with 𝛿
= 0 (more details about the equation derivation can be find in
Note S7, Supporting Information). Under this circumstance, the
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information channel can be independently switched from on to
off by the applied voltages. As shown in Figure 6, the grayscale
pattern at the LC surface is getting blurred with increased exter-
nal voltage. The impressive electric sensitivity and tunability of
spectral response endow the multifunctional LC device more po-
tential in optical switch, inspiring a wide application prospect in
optical communications, optical sensing, etc.

4. Discussion

The proposed multifunctional LC device possesses a series of
unique technical characteristics over previous schemes. First, in
our design, each LC operation-unit can separately manipulate
the intensity and phase of the transmitted beam by reconfigur-
ing the in-plane orientation angle. It extends the LC manipula-
tion from conventional single-manipulation (intensity or phase)
to current dual-manipulations (intensity and phase), and makes
the polarization multiplexing come true without complex design
and fabrication, which is hard to implement in previous LC de-
sign strategy. More detailed comparison of the proposed multi-
functional LC device and related LC-based works is presented in
Table S1, Supporting Information. Even if the phase cannot be
arbitrarily selected, the theorical efficiency of a four-step phase-
only hologram can reach 81%, which is acceptable in the field of
holography.[38] Hence, the proposed multifunctional LC device
can simultaneously play the role of displaying a grayscale pattern
and a holographic image. By expanding the range of the LC in-
plane orientation angle from (0, 𝜋/2) to (0, 𝜋), the functionality
of existing commercial liquid crystal display (LCD) device is ex-
pected to be extended via the aforementioned orientation recon-
figuration algorithm. Therefore, it has great potential in the field
of AR/VR and information multiplexing.
Next, our proposed multifunctional LC device exhibits an im-

pressive characteristic of spectrum-tunability. By tuning the ap-
plied voltage, the out-of-plane orientation angles vary and the in-
plane orientation angles remain unchanged (i.e., the dual ma-
nipulations always work), resulting in a continuous spectral vari-
ation almost covering the visible spectra (from 480 to 700 nm).
Hence, our approach possesses practical prospects in optical
switching devices. Besides, due to the dependency between the
spectrum and the applied voltage, our approach can also be
widely employed in the field of measurement.
Last but not least, the PCE and the holographic efficiency of

the proposedmultifunctional LC device are relatively high (100%
and 81% in theory, 73.8% and 58.4% in experiment). We notice
that there are some researches of polarization multiplexing and
multifunctional image display in the field of metasurfaces[39−43]

due to their ability of manipulating nanostructure’s anisotropy
arbitrarily.[44][45] However, the dual manipulations based on LCs
are first proposed here and have the advantages of adjustable
spectral response, large-area manufacturing, high efficiency, and
compatibility with existing commercial LCD devices. Meanwhile,
the mature processing technology of the LC materials brings
tremendous convenience for the mass manufacturing. These
merits overcome the shortcomings of previous researches and
make multifunctional LC devices more conducive to practical ap-
plications.More detailed comparison of approachesmultiplexing
grayscale pattern display and holography is provided in Table S2,
Supporting Information.

Figure 7. Anisotropic refractive indices of LCs (E7) versus wavelengths at
T = 25 °C.

5. Conclusion

In summary, we propose and experimentally demonstrate a mul-
tifunctional LC device to separately manipulate the intensity and
phase in the visible range, forming two information channels
whose spectral response is tunable by applying external volt-
age. Owing to the unique characteristic of orientation degener-
acy of anisotropic LC operation-units, the proposed multiplex-
ing approach retains all the advantages of LC while expanding
its functionality without the cost of complex design and fabri-
cation. With the impressive characteristics of polarization mul-
tiplexing, high efficiency, spectrum-tunability, large-area manu-
facturing, and easy integration with existing LCD devices, our
proposed multifunctional LC device has great potential in infor-
mationmultiplexing, optical communications, spectral measure-
ments, AR/VR, and many other related fields.

6. Experimental Section
Sample Fabrication: The processing is mainly divided into two parts:

one is the preparation of the LC cell, and the other is the ultraviolet
(UV) photopatterning technology to write the designed orientations into
the LC directors (see Note S3, Supporting Information). First, ITO glass
substrates were ultrasonically cleaned, UV-Ozone bathed, and then spin-
coated with a 0.3% solution of the sulphonic azo-dye SD1 (Dai-Nippon
Ink and Chemicals, Japan) in dimethylformamide. After curing at 100 °C
for 10 min, 6 µm spacers were spurted over the SD1-coated substrate
and covered with the other glass substrate, forming the cell sealed with
epoxy glue. For transferring the designed orientation into the SD1 layer, a
DMD-based UVmicrolithography system which consists of a light source,
a dynamic pattern generation component, an optical focusing component
and a monitor is introduced. Briefly, a UV beam was reflected onto the
DMD (Discovery 4195, Texas Instruments), and carried the designed pat-
tern. Then being focused by a tunable lens, the beam was polarized by
a motorized rotating polarizer and projected onto the LC cell. A charge-
coupled device (CCD) was utilized to monitor the focusing process. After
the nematic LCs (E7) were injected (the anisotropic refractive indices ver-
sus wavelengths are shown in Figure 7), the patterned SD1 can guide the
orientation of the LC directors through intermolecular interactions, form-
ing a LC cell with the designed orientations.
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Characterizations: All experiments were performed at room temper-
ature under ambient environment. All the grayscale patterns and holo-
graphic images were captured by a commercial camera (Nikon D5100).
The LC sample was illuminated by a super-continuum laser source (YSL
SC-pro). And the external electric field was applied by a commercial signal
generator (eTBS2000X).

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