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Cholesteric liquid crystal-enabled electrically
programmable metasurfaces for simultaneous
near- and far-field displays†

Jiawei Wang, a Wenfeng Cai,a Huilin He,a Mengjia Cen,a Jianxun Liu, a

Delai Kong,a Dan Luo, a Yan-Qing Lu*b and Yan Jun Liu *a

Metasurfaces can enable polarization multiplexing of light so as to carry more information. Specific polar-

ized light necessitates bulk polarizers and waveplates, which significantly increases the form size of meta-

surface devices. We propose an electrically programmable metasurface enabled by dual-frequency cho-

lesteric liquid crystals (DF-CLCs) for simultaneous near- and far-field displays. Moreover, the integrated

device can be electrically programmed to demonstrate 6 different optical images by engineering the

DF-CLCs with frequency-modulated voltage pulses. Such programmable metasurfaces are potentially

useful for many applications including information storage, displays, anti-counterfeiting, and so on.

1. Introduction

Metasurfaces are artificially designed two-dimensional (2D)
planar surfaces that consist of subwavelength meta-atoms. By
changing the size or orientation of meta-atoms, metasurfaces
are able to modify electromagnetic fields arbitrarily including
the phase,1–4 polarization,4–7 amplitude,8–10 frequency,10–13

and so forth. Featuring ultrathin thickness and subwave-
length-scale unit, metasurfaces possess the advantages of low
loss, high resolution, high compatibility, and easy integration,
boosting the development of integrated electromagnetic
devices.14,15 Thereinto, metasurface holograms have attracted
significant attention due to their great potential in display,
security, and data storage applications.16–19 Recently, some
efforts have been made to encode information to multiple
channels within a single metasurface to achieve integration
and multiple functions.20,21 However, the degree of freedom in
a single metasurface is limited, moreover, the change of the
geometric parameters and orientation of the meta-atoms may
cause undesirable optical responses. A new approach to
further increase the degree of freedom is to exploit two or
more meta-atoms arranged as a supercell to form staggered or
stacked metasurfaces in space.22–25 However, due to the super-
position of different meta-atoms, it may cause undesirable

couplings and interferences between the meta-atoms. In
addition, the difficulties of designing and manufacturing are
particularly prominent. In order to expand the information
capacity, recently, a design method of single meta-atoms for
dual channels has been proposed to achieve nano-printing
and holographic displays simultaneously.26,27 Thus far, all the
above-mentioned metasurfaces exploit polarization multiplex-
ing to activate different information channels. The polariz-
ation multiplexing requires a bulk polarizer and waveplate to
generate the desired polarization for information decoding in
the metasurface. As a result, the whole system loses the advan-
tages of compactness and lightness.

To eliminate bulky optical components, it is highly desir-
able to develop compact, on-chip, and multifunctional polariz-
ation controllers for the designed metasurfaces. Meanwhile,
active metasurfaces have also emerged as an intensively
explored field in recent years.28–42 Along this line, liquid crys-
tals (LCs) could play a key role due to their unique properties.
LCs possess large birefringence, broad spectral working range,
excellent compatibility and versatile driving methods.43–45 Due
to their large birefringence, they have been widely used for
phase and polarization modulation. Researchers have devel-
oped nematic LC modulators to replace polarizers and/or wave-
plates for polarization multiplexing in metasurfaces.33–38

These studies provide a good scheme for the compact,
dynamic and versatile modulation of the optical field.
However, nematic LCs are incompetent for optical field modu-
lation under unpolarized and arbitrary linearly polarized light
sources. In contrast, cholesteric liquid crystals (CLCs) can over-
come the polarization-dependence of the light source, regard-
less of being unpolarized or linearly polarized, and they can be
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applied for the generation and modulation of circular
polarization.46–49 Therefore, a CLC cell could replace a linear
polarizer (LP) and a quarter-waveplate (QWP) to produce circu-
larly polarized light within its bandgap regime. Furthermore,
the use of dual-frequency cholesteric liquid crystals (DF-CLCs)
can add one more degree of electrically controlled states. The
introduction of DF-CLCs provides new opportunities for active
multifunctional metasurfaces. Thus far, CLC-based holograms
and structural colors have been reported.50–54 However, given
the alignment techniques of CLCs, it is still quite challenging
to achieve the high resolution of less than 1 μm. By integrating
CLCs with metasurfaces, one could achieve high-resolution,
dynamic holograms and structural colors simultaneously.

In this work, we propose an electrically programmable
metasurface enabled by dual-frequency cholesteric liquid crys-
tals (DF-CLCs) for simultaneous near- and far-field displays. A
single metasurface can be designed to provide high-efficiency
near-field structural colors and far-field hologram displays.
DF-CLCs can be integrated with metasurfaces to fulfil the
required incident polarizations, which can be programmable
via applying an external electric field. By integrating DF-CLCs
and designed metasurfaces, both near- and far-field displays
can be simultaneously demonstrated. Our proposed system
presents highly integrated, compact, and programmable fea-
tures, and is potentially useful for holographic displays, anti-
counterfeit coding, and other applications.

2. Results and discussion
2.1 Dielectric metasurfaces for both near- and far-field
displays

The phase, amplitude, and polarization of light can be pre-
cisely controlled by carefully engineering the dimensions and
constituting materials of meta-atoms. In particular, the
desired phase can be achieved through two strategies: propa-
gation and geometric phase engineering. This is accomplished
by carefully designing the meta-atoms, which is often carried
out by changing the long and short axes and the rotation
angles of meta-atoms. For a uniaxial meta-atom acting as a
phase plate, its Jones matrix can then be written as:

J ¼ Rð�αÞ eiφx 0
0 eiφy

� �
RðαÞ; ð1Þ

where φx and φy are the phase shifts for linearly polarized light
along the fast and slow axes, respectively, rotated by an angle α

relative to the reference coordinate system. R(α) is a 2 × 2
rotation matrix given by:

RðαÞ ¼ cos α sin α
� sin α cos α

� �
: ð2Þ

The propagation phase can be generated by changing the
long and short axes of the meta-atoms while keeping the angle
α unaltered. The geometric phase, or called the
Pancharatnam–Berry (PB) phase, is achieved with the meta-
atoms acting as half-wave plates, i.e., by ensuring |φx − φy| = π,

and then rotating the meta-atoms to set the phase profile φ(x,
y) = 2α(x, y) of the circular polarization states, where α is the
rotation angle of the meta-atoms. Therefore, the PB phase can
be controlled linearly from 0 to 2π by rotating the axis from 0
to π. If the meta-atoms convert an incident beam with left-
handed circular polarization (LCP) to a transmitted beam with
right-handed circular polarization (RCP), an additional PB
phase will arise, and vice versa. In contrast, the transmitted
beam with the same polarization as the incident one does not
give rise to the PB phase modulation. This principle can be
exploited to design a hologram at the desired wavelength in
the k-space. The k-space hologram illustration is defined as the
far-field display in this work. In contrast, the structural color-
ation-resulted image in real space is defined as the near-field
display. Upon the incidence on the meta-atom with unpolar-
ized light, the transmission in the visible range is given by:

TðλÞ ¼ ½TxðλÞ þ TyðλÞ�=2; λ [ ½400; 800�; ð3Þ

where λ is the operating wavelength, Tx(λ) and Ty(λ) represent
the transmittance of a meta-atom along the long (x-axis) and
short (y-axis) axes, respectively. Therefore, upon unpolarized
light incidence, a designed metasurface consisting of arranged
meta-atoms with different geometric sizes can produce near-
field displays in real-space via structural coloration and far-
field displays in the k-space via diffraction upon circular polar-
ized light incidence as well.

In our design, anisotropic nanorods are used to simul-
taneously engineer phase and spectral properties. Fig. 1(a)
shows the structure of a single meta-atom, which is a silicon
nitride nanorod on a glass substrate. Using the finite-differ-
ence time-domain (FDTD) method, a series of meta-atoms
were simulated, and two meta-atoms were finally selected.
Fig. 1(b) depicts the simulated cross-polarized (LCP and RCP)
transmission of two meta-atoms. One meta-atom (defined as
meta-atom-I) is 300 nm in length and 70 nm in width, and the

Fig. 1 (a) Schematic illustration of a single silicon nitride meta-atom on
a glass substrate (3D- and top-views in the upper and lower rows) with
the height of H = 900 nm and the period of P = 600 nm. The simulated
(b and c) and measured (d and e) transmission spectra for the designed
meta-atom-I (W = 70 nm and L = 300 nm) and meta-atom-II (W =
100 nm and L = 350 nm) under the LCP light incidence with a RCP ana-
lyzer (b and d) and unpolarized light incidence without any analyzer (c
and e), respectively.
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other one (defined as meta-atom-II) is 350 nm in length and
100 nm in width, both of which are 900 nm in height and
600 nm in period with square arrangement. From Fig. 1(b), it
can be seen that both meta-atoms have approximately the
same transmission of 60% at a wavelength of 633 nm, under
the LCP light incidence. It is worth mentioning that the propa-
gation phase ψ caused by the meta-atoms will also contribute
to the total phase modulation. However, the calculated propa-
gation phases for both designed meta-atoms are ψI,x = 3.09, ψI,y
= 1.66, ψII,x = 3.10, and ψII,y = 1.70, which are approximately
the same along the x- and y-axes, respectively. Therefore, the
propagation phases can be neglected due to their same contri-
bution. As a result, only the induced PB phases of two meta-
atoms contribute to the total phase modulation at the wave-
length of 633 nm. That is to say, the two designed meta-atoms
with different geometric sizes are nearly perfect clones for
phase modulation. Using these two meta-atoms, we can design
a vectorial hologram using 8-level PB phase-based pixelated
metasurfaces. Under the incidence of an unpolarized light
beam, the simulated spectra of the two meta-atoms are shown
in Fig. 1(c). In our simulation, we used the experimentally
measured refractive index of silicon nitride (see Fig. S1†). We
measured the cross-polarized and co-polarized transmission of
these two meta-atom arrays under the LCP light incidence, as
shown in Fig. 1(d) and Fig. S2,† respectively. The optical setup
for the transmission measurement is schematically illustrated
in Fig. S3.† At 633 nm, the two meta-atom arrays have the
same cross-polarized transmittance of ∼45%, which is less
than the calculated one of 60%. The measured transmittance
under the unpolarized light incidence is also shown in
Fig. 1(e). There is a significant difference in the visible trans-
mission spectrum between the two typical meta-atoms. Meta-
atom-II has an apparent dip at ∼430 nm, while meta-atom-I
has no characteristic peaks or dips. As a result, they have
different structural colors: meta-atom-I is light purple, while
meta-atom-II is yellow-green. The measured transmittance in
Fig. 1(e) is also less than the calculated one in Fig. 1(c). This
difference in the measured and calculated transmittance could
be mainly attributed to nanofabrication errors and the surface
roughness of the meta-atoms. Overall, the measured cross-
polarized transmittance spectra follow the roughly same pro-
files with the simulated ones.

Experimentally, we carried out the nanofabrication of the
designed metasurface with electron beam lithography and dry
etching. We then observed near-field structural color displays
in real-space and far-field holographic images in the k-space.
Fig. 2(a) shows the typical scanning electron microscopy (SEM)
image of the fabricated metasurface with the designed pattern.
The inset shows the magnified patterns consisting of two
designed meta-atoms, in which meta-atom-I and meta-atom-II
are used for the background and the letter coding. Fig. 2(b)
illustrates a three-dimensional SEM view of the arranged meta-
atoms with a tilted view angle of 75°. It can be clearly seen that
the meta-atoms have smooth surfaces and vertical sidewalls,
indicating high-quality nanofabrication. On the one hand, by
putting the fabricated metasurface under an optical micro-

scope with a halogen light source, we can clearly observe a
colored image with the “NANO” letters, i.e., the so-called near-
field display in this work, which is produced through the
designed structural coloration. The letters demonstrate an
apparent yellow-green appearance with a uniform light purple
background, as shown in Fig. 2(c). On the other hand, upon
633 nm laser beam incidence with circular polarization, the
same fabricated metasurface works as a hologram, diffracting
another image with the “photonics” letters, i.e., the so-called
far-field display in the k-space in this work, as shown in
Fig. 2(d). The diffracted image shows high quality without any
stray light. Therefore, only a single metasurface can simul-
taneously produce both near- and far-field displays, hence
enhancing the information storage. We observed structurally
colored images of cross-polarized (LCP to RCP) and co-polar-
ized (LCP to LCP) transmittance, as shown in Fig. S4.†

2.2 DF-CLCs for polarization control

From the aforementioned discussion, it can be inferred that
our proposed metasurface requires incident light with
different polarizations to display near- and far-field infor-
mation. Therefore, it is highly desirable to have an optical
device to conveniently produce the on-demand light polariz-
ation, which can be efficiently integrated with the metasurface.
Along this line, DF-CLCs could be an excellent candidate that
can be well integrated with metasurfaces and generate various
polarization states. DF-CLCs are able to exhibit three optically
stable states: planar state, focal conic state, and homeotropic
state, as shown in Fig. 3(a)–(c). These three states can be inter-
transformed by applying frequency-modulated voltage pulses.
In the planar state, DF-CLCs are able to change the incident
unpolarized light into circularly polarized light since the LC
molecules form a superhelical structure; in the focal conic

Fig. 2 (a) Typical SEM image of the fabricated metasurfaces. Scale bar:
20 μm. The inset is the magnified view of two types of meta-atoms.
Scale bar: 300 nm. (b) A 75° view SEM image of the metasurface. Scale
bar: 200 nm. (c) Structural coloration-induced displays of the bare
metasurface under unpolarized light incidence. Scale bar: 50 μm. (d)
Diffracted hologram of the bare metasurface under the circularly polar-
ized 633 nm laser beam incidence.
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state, they become a light shutter since the LC molecules form
a multi-domain structure, resulting in an opaque appearance
due to strong scattering; and in the homeotropic state, all the
LC molecules will be aligned perpendicular to the substrate,
and the DF-CLCs become totally transparent, as a result, they
do not change the polarization state of the incident light.55–57

As is known,58 the helical pitch p of CLCs can be calculated
with

p ¼ 1
c�HTP

; ð4Þ

where c is the concentration of the chiral dopant and HTP is
the helical twisting power of the chiral dopant. Due to the peri-
odic helical structure in CLCs, strong Bragg reflection occurs.
Within the Bragg reflection band, depending on the handed-
ness of CLCs, the unpolarized or linearly polarized incident
light will be converted to circularly polarized light with the
same handedness in reflection mode and the opposite hand-
edness in transmission mode. The centre wavelength λ of the
Bragg reflection band of DF-CLCs can be calculated with

λ ¼ p� no þ ne
2

; ð5Þ

where no and ne are the ordinary and extraordinary refractive
indices, respectively. The Bragg reflection bandwidth Δλ can
be written as

Δλ ¼ Δnp; ð6Þ
where Δn = ne − no.

In our experiment, DF-CLCs are a mixture of the right-
handed chiral dopant, R5011, and the DFLCs, DP02-016. The
alignment of DFLCs can be switched between homogeneous
and homeotropic states by applying an electric field with a low
or high frequency. The HTP of the chiral dopant R5011 is
94 μm−1. With the centre wavelength λ of the Bragg reflection
band designed to be 633 nm, the pitch of CLCs and the con-
centration of the chiral dopant R5011 are calculated to be
385 nm and 2.9 wt%, respectively. Within the bandgap regime,

under the normal incidence, highly acceptable circular polariz-
ation of the transmitted light can be achieved when the CLC
thickness is larger than 10 pitches46–49 (see Fig. S5†). In our
experiment, the DF-CLC cell gap was controlled to be 20 μm
(about ∼53 pitches) using a ball spacer. With such a DF-CLC
mixture, we have investigated its textures under a polarizing
optical microscope. Fig. 3(d)–(f ) respectively show the planar,
focal conic, and homeotropic states of DF-CLCs under two
crossed polarizers. The planar state demonstrates the Bragg
reflection in the red range. Upon applying an AC voltage of 40
V with a low frequency of 500 Hz, the planar state is changed
to the focal conic state, hence inducing strong scattering of
incident light and resulting in an opaque appearance. When
further increasing the voltage to 200 V with the same fre-
quency, all the LC molecules are realigned along the electric
field direction, producing a totally transparent state. When a
low AC voltage of 40 V was applied with a high frequency of
200 kHz, the focal conic state of DF-CLCs transforms entirely
into the planar state. While when a high AC voltage of 200 V
was applied with a high frequency of 200 kHz, the homeotro-
pic state of DF-CLCs reverts to the planar state. In addition, we
measured the switching speed among the inter-transformable
states. The switching times are 790, 1150, and 580 ms when
the DF-CLCs change from the planar state to the focal conic
state by applying the AC voltage of 40 V with the low frequency
of 500 Hz, from the focal conic state to the homeotropic state
by applying an AC voltage of 200 V with a low frequency of 500
Hz, and from the focal conic state to the planar state by apply-
ing an AC voltage of 40 V with a high frequency of 200 kHz.

As a polarization controller, the performance of the DF-CLC
cell was further tested. First, the transmission was measured
for the laser beam with the working wavelength of 633 nm
(within the Bragg reflection band) by applying different vol-
tages with a low frequency of 500 Hz and a high frequency of
200 kHz, respectively, as shown in Fig. 4(a). We can see that at
the low driving frequency, the transmission of the DF-CLC cell
undergoes a drastic change in different texture states when
applying different voltages. Experimental results show that the
DF-CLC cell has the transmission of 60% in the planar state,
35% in the focal conic state, and 80% in the homeotropic
state, respectively. While at the high driving frequency, it has a

Fig. 3 (a–c) Schematic diagram of the DF-CLC operating principle in
the planar state, the focal conic state, and the homeotropic state,
respectively. (d–f ) Typical POM images of the DF-CLC cell working in
the planar state (off state), the focal conic state (40 V at 500 Hz), and the
homeotropic state (200 V at 500 Hz), respectively, in the reflection
mode under two crossed polarizers. Scale bar: 500 μm.

Fig. 4 (a) Voltage-dependent electro-optic transmission of the DF-CLC
cell at 500 Hz and 200 kHz, respectively. (b) Polar plot of the polariz-
ation-dependent intensity of the transmitted light through the DF-CLC
cell.
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nearly constant transmission of 60%, which is independent of
the applied voltage. The broadband transmission of the
DF-CLC cell in the whole visible range was also measured
under the unpolarized light incidence, as shown in Fig. S6.†
To give an intuitive sense of the transmittance of the DF-CLC
cell, Fig. S7† shows photographs taken in the planar, focal
conic, and homeotropic states with natural light. Furthermore,
we used a home-made setup as shown in Fig. S8(a)† to charac-
terize the circular polarization properties of the transmitted
light when light passes through the DF-CLC cell. Assuming
that the light transmitted through the DF-CLCs has a polariz-
ation angle θ with respect to the fast axis of the quarter-wave
plate, the Jones matrix of the quarter-wave plate can be written
as:

Jλ=4 ¼ cos2 θ þ i sin2 θ cos θ sin θð1� iÞ
cos θ sin θð1� iÞ i cos2 θ þ sin2 θ

� �
; ð7Þ

when the incident light is left (or right) circularly polarized
light Ein = [1, −i]T, or [1, i]T through a quarter-wave plate, the
transmitted light Eout can be written as:

Eout ¼ cos2 θ þ i sin2 θ cos θ sin θð1� iÞ
cos θ sin θð1� iÞ i cos2 θ þ sin2 θ

" #
1

+i

� �

¼
ðcos θ þ i sin θÞðcos θ þ sin θÞ 1

tan θ � π
4

� �
" #

; when Ein ¼ 1

i

� �

ðcos θ � i sin θÞðcos θ � sin θÞ 1

tan θ þ π
4

� �
" #

; when Ein ¼ 1

�i

� �

8>>>>><
>>>>>:

:

ð8Þ
From eqn (8), if the fast axis of the quarter-wave plate and

the optical axis of the circularly polarized light are placed at
any angle, the circularly polarized light can be converted into
linearly polarized light. Therefore, we can evaluate the degree
of polarization of the linearly polarized light by putting
another linear polarizer behind the quarter-wave plate.
Fig. S8(b)† shows the measured light intensity as a function of
the rotation angle of the linear polarizer. The achieved degree
of polarization is larger than 0.93, indicating that the light is
almost circularly polarized when passing through the DF-CLC
cell. Fig. 4(b) shows the polar plot of the light intensity with
the rotation angle of the polarizer. Since the dopant R5011 is a
right-handed chiral molecule, the filtered light by DF-CLCs is
then LCP. We have made a summary of the achieved polariz-
ations when different polarized light beams pass through the
QWP, as shown in Table S1.†

2.3 DF-CLC-enabled electrically programmable metasurfaces

With the understanding of the characteristics of both designed
metasurfaces and DF-CLCs, it is straightforward to integrate
them together to achieve electrically programmable functions.
Fig. 5 shows the schematic design of the electrically program-
mable metasurface enabled by DF-CLCs. The integrated device
can be inter-transformed among the three states by applying
frequency-modulated voltage pulses. Fig. 6(a)–(c) experi-
mentally demonstrate the far-field displays (i.e., diffracted

images in the k-space of the designed hologram) in the three
states of DF-CLCs. Meanwhile, Fig. 6(d)–(f ) illustrate the near-
field displays (i.e., structural coloration-induced images in real
space) in the three corresponding states. It is worth mention-
ing that the far-field displays can only be achieved for mono-
chromatic light (633 nm in this work), while the near-field dis-
plays work for broadband visible light. As a result, the inte-
grated device can produce a high-quality diffracted image of
“photonics” and a structural color image of “NANO” in the
planar state, as shown in Fig. 6(a) and (d).

Upon applying an AC voltage of 40 V with a low frequency
of 500 Hz, the DF-CLCs transform to the focal conic state,
resulting in a strong scattering state. Therefore, both far- and
near-field displays can be blocked, as shown in Fig. 6(b) and
(e). When further increasing the voltage to 200 V with the
same frequency, all the LC molecules are realigned along the
electric field direction, producing a totally transparent state. In

Fig. 5 Schematic diagram of a DF-CLC-enabled electrically program-
mable metasurface.

Fig. 6 Experimental demonstration of the electrically programmable
metasurface enabled by DF-CLCs. (a–c) The far-field display (i.e., holo-
gram) under the linearly polarized 633 nm laser beam incidence and (d–
f ) the near-field display (i.e., structural color) under unpolarized light
incidence in the planar, focal conic, and homeotropic states, respect-
ively. Scale bar: 50 μm.
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this state, the near-field display reappears. While the incident
laser light to the metasurface becomes linearly polarized,
hence resulting in a conjugated image. Finally, the DF-CLCs
can return to a planar state after applying a high voltage with a
high frequency (200 V at 200 kHz). Therefore, the integrated
device can be electrically programmed to demonstrate 6
different optical images by engineering the DF-CLCs with fre-
quency-modulated voltage pulses.

Per the above discussion, we generated six different images
via electrically programming the DF-CLCs’ states by changing
the driving voltage and frequency. However, it is undeniable
that there is information overlapping presented in Fig. 6.
However, much more information can be further encoded
using different multiplexing techniques.59,60 Furthermore,
although the DF-CLCs are prone to the dielectric heating effect
and frequency drift due to dielectric anisotropy changes,61 this
generally occurs when a high voltage is applied for a long
time. With deliberate control and material optimization, this
detrimental effect could be largely avoided.

3. Conclusions

In summary, we have demonstrated an electrically programma-
ble metasurface enabled by DF-CLCs for simultaneous near-
and far-field displays. The DF-CLCs can be programmed to
demonstrate the planar, focal conic and homeotropic states,
respectively, hence indicating that the light passing through
them have different polarizations. Based on these character-
istics of DF-CLCs, the integrated metasurface with DF-CLCs
can be electrically programmed to demonstrate 6 different
optical images by engineering the DF-CLCs with frequency-
modulated voltage pulses. Such a device eliminates the bulky
optical setup for the polarization conversion of the incident
light and presents highly integrated, compact, and program-
mable features. More importantly, such a device can achieve
both near- and far-field multiplexed displays, hence increasing
the information capacity significantly. Such programmable
metasurfaces are potentially useful for many applications
including information storage, displays, anti-counterfeiting,
and so on.

4. Methods
4.1 Nanofabrication

The designed metasurfaces were fabricated on the nonconduc-
tive side of an indium–tin-oxide (ITO)-coated glass substrate.
The ITO-coated glass substrate was ultrasonically cleaned with
acetone and isopropyl alcohol (IPA). Following that, a 900 nm-
thick SiNx film was deposited on the nonconductive side of
the ITO-coated glass substrate using plasma-enhanced chemi-
cal vapor deposition (PECVD, PlasmaPro 80, Oxford). The
deposition conditions were 350 °C substrate temperature,
1400 mTorr pressure, SiH4/NH3/N2 = 6.5/4.0/823.5 sccm gas
flow and mixing of high (25 W RF) and low (35 W LF) fre-

quency power. Then a positive electron beam resist (AR-P
6200.09) was spin-coated on the SiNx thin film. The resist layer
was about 150 nm thick, followed by prebaking at 150 °C for
2 min. Subsequently, a thin layer of conductive solution
(AR-PC 5090.02) was further spin-coated to prevent the charge
accumulation effect during subsequent electron beam
exposure. After that, electron-beam lithography (EBL, nB5,
Nano beam) was carried out with 230 μC cm−2 at the 2 nA
current and 80 kV voltage. The development of an exposed
substrate was done in a solution of AR 600-546 for 60 s. After
development, a 50 nm chromium layer was deposited on the
resist pattern using an electron beam evaporation system
(TF-500, HHV). The evaporation rate was controlled to be
≈0.08 Å s−1 with the vacuum level of 5 × 10−6 Torr inside the
evaporator chamber. A Cr hard mask was achieved successfully
after a lift-off process in the resist remover (AR 600-71). To
pattern the SiNx thin film, inductively coupled plasma-reactive
ion etching (ICP-RIE, GSE200Plus, North Microelectronics
Company) treatment was implemented for 1100 s with CHF3/
O2/Ar mixed gases. Finally, the metasurfaces were achieved
after the Cr hard mask was removed in a chromium etchant
solution (1020, Transene).

4.2 DF-CLC cell fabrication

DF-CLCs consisting of 2.9 wt% chiral dopant R5011 (Jiangsu
Hecheng Display Co., Ltd) and 98.1 wt% DFLCs DP002-016
(Jiangsu Hecheng Display Co., Ltd) were stirred at 120 °C for
1 hour to achieve a homogeneous solution. The ordinary and
extraordinary refractive indices of DP002-016 are no = 1.511
and ne = 1.784 at 546 nm at room temperature, respectively. To
make a cell, a polyimide (PI, DL-5260, DALTON) solution was
spin-coated on the ITO side of metasurfaces, and another
cleaned ITO-coated glass substrate and then baked in an oven
at 200 °C for 2 h. The measured thickness of the PI layer was
100 nm. Subsequently, the PI layers were rubbed using a
rubbing machine (LHC-MC-V1, HCPE). Two pieces of the ITO-
coated glass substrates, with the rubbed PI alignment layers,
were then assembled to form a parallel LC cell with the optical
adhesive NOA65. The cell gap was controlled to be 20 μm
using the ball spacer. An appropriate thickness of DF-CLC
cells can not only ensure excellent Bragg reflection perform-
ance but also a reasonable driving voltage and response time.
Finally, the DF-CLCs were injected into the cell through capil-
lary action at an isotropic temperature of 120 °C and then
slowly cooled down to room temperature.

4.3 Numerical simulation

The refractive index of the SiNx thin film was obtained using
ellipsometry (Horiba, UVISEL) in the spectral range of
400–800 nm. The optical intensity and PB phase of the meta-
surfaces were calculated using the finite-difference time-
domain (FDTD) method. A unit cell of the PB-phase based
metasurface was simulated with periodic boundary conditions
(x- and y-directions) and a perfectly matched layer (PML)
(z-direction). A plane wave ranging from 400 to 800 nm with
circular polarization was normally incident from the bottom,
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reaching the glass substrate first. Auto-uniform meshing with
the finest-mesh of 2 nm was used to achieve accurate results.
Two power monitors were separately located ±1.5 μm above the
metasurface to collect the transmitted/reflected optical inten-
sity and phase, respectively. A series of simulations were
carried out for different sets of width-to-length ratios and
heights of meta-atoms to achieve the best conversation
efficiency and high intensity.

4.4 Characterization

The surface morphologies of silicon nitride metasurfaces were
investigated under a field-emission scanning electron micro-
scope (FESEM, GeminiSEM 300-71-10, Zeiss) with an accelera-
tion voltage of 3 kV. The optical spectra of the samples were
recorded using a UV–vis–NIR microspectrophotometer (CRAIC
Technologies Inc.) with a 75 W broadband xenon source. An
optical microscope (Nikon Eclipse, Ci POL) was used to check
the DF-CLC textures and observe the near-field displays. A
CCD camera (Nikon DS-Fi2) mounted on the microscope was
used for optical image acquisition. We characterized the pro-
perties of DF-CLCs and metasurface holograms with a 633 nm
He–Ne laser (Research Electro-Optics Inc.). The DF-CLCs were
driven by a square-wave voltage with a frequency of 500 Hz or
200 kHz from a signal generator (ATA-2041, Aigtek, China).
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