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1. Introduction

Terahertz (THz) waves, whose frequency is typically in the range
between 0.1 and 10 THz, are of low photon energy and high pen-
etration to nonpolar materials, and are widely used in biomedi-
cine, security checks, and nondestructive evaluation! 3!, Its
higher frequency compared to microwave makes it promising
in radar detection and 6G wireless communication as well*). To
realize the above applications, functional devices are indispen-
sable. Due to their exotic electromagnetic property and flexible
design, metasurfaces have been widely explored in THz
functional devices, such as planar polarizers, absorbers, and
metalenses!”™”). By designing metasurface dynamic phase and
geometric phase, achromatic and spherical aberration-corrected
metalenses have been realized'®!. The function of the metasur-
face is fixed once fabricated. To solve this problem, various tun-
able materials such as graphene!’®), vanadium dioxide!'"),
and PIN diodes"”! have been adopted to achieve dynamic
and reconfigurable functions. Liquid crystals (LCs) especially
possess broadband birefringence and are responsive to multiple
external fields, making them very suitable for active THz
metadevices'"?),

The switching of the above devices is still restricted to certain
functionalities; dynamic and free manipulation of THz waves
has kept being an urgent pursuit. Spatial THz wave modulators
(STMs) can arbitrarily and dynamically manipulate the ampli-
tude, phase, and polarization of electromagnetic waves! 147101
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Spatial terahertz wave modulators that can arbitrarily tailor the electromagnetic wavefront are in high demand in non-
destructive inspections and high-capacity wireless communications. Here, we propose a liquid crystal integrated metade-
vice. It modulates the terahertz wave based on the adjustable electromagnetically induced transparency analog when
spatially changing the environmental refractive index. The functions of the device can be arbitrarily programmed via
photo-reorienting the directors of liquid crystals with a digital micromirror device-based exposing system. The thin liquid
crystal layer can be further driven by an electric field, and thus the function can be rapidly switched. Amplitude modulation
and the lens effect are demonstrated with modulation depths over 50% at 0.94 THz.

Keywords: terahertz; spatial terahertz wave modulator; metasurface.

therefore supplying a way for THz manipulation with program-
ming functionalities. A digital micromirror device (DMD) is uti-
lized to spatially program the laser to locally control the
photogenerated carriers of high-resistance silicon or graphene
and alter the THz wave transmission or reflection accord-
ingly!'”'®), These light-driven STMs have been successfully uti-
lized in compressive imaging!'*), holographic projection!®’, and
zoom lenses'?!). However, the resolution is limited by the cross
talk between adjacent pixels due to the diffusion of photogener-
ated carriers. Electrically driven STMs have also been demon-
strated by using feed networks and field programmable gate
array (FPGA) to discretely control the separate units?>?3,
According to the resonance variation of the metasurface induced
by the bias, the phase or amplitude of each unit can be dynami-
cally regulated. This technique has great potential in radar detec-
tion and 6G wireless communication®*). Scaling up the pixel
amount is necessary to realize complicated functions.
Moreover, continuous energy supply is required to maintain
the function for all of the above STM techniques. Nonvolatile
memorable STM has been much less documented. Very
recently, the first programmable memory metasurface with
serial pixel control was demonstrated based on the hysteresis
characteristics of vanadium dioxide. After external stimuli are
removed, the function can still be stored for over 10 h?°!,

In this Letter, a nonvolatile STM of photo-reconfigurability
and electrical switchability is proposed. It is an LC-integrated
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metasurface and works on the shift of electromagnetically
induced transparency (EIT) analog caused by the variation of
the environmental refractive index. Two parallel and polariza-
tion-sensitive photoalignment layers are adopted to control
the local orientation of LCs in each pixel. The orientation of
LCs can be rewritten by recording another image generated
by the DMD; thereby the amplitude of THz wavefront can be
freely programmed in a reconfigurable manner. The photo-
imprinted functions can be rapidly switched off by applying a
certain bias. It supplies a reconfigurable and high-fidelity holo-
graphic platform for THz imaging and sensing, and may inspire
various advanced applications.

2. Principle and Design

Figure 1(a) illustrates the configuration of the LC-integrated
metadevice. Two 500-pm-thick fused silica layers are used as
the superstrate and substrate, respectively. The superstrate is
covered by a few-layer graphene electrode, while the substrate
is covered by a specially designed metasurface. Both of them
are coated with a photoalignment layer, and then the LC is sand-
wiched to form the device.

The fabricated metasurface is revealed in Fig. 1(b). Detailed
dimensions of the repeated units are labeled in the inset. For
such a lying “H” array, a strong broad dipole resonance occurs.
When the middle slit is displaced laterally, i.e. d; # d3, the sym-
metry broken further introduces a nonradiative quadrupole res-
onance. We optimize the geometric parameters of the antenna
by finite difference time domain (FDTD) method to make the
two resonances occur at the same frequency (1.07 THz). The
reflection spectrum of the metasurface for x-incident polariza-
tion is shown in Fig. 2(a). As expected, a high Q-factor plas-
monic EIT analog®® is obtained with a peak at 1.07 THz.
Figure 2(b) exhibits a narrow resonant transmission dip at
the same frequency.

Lumerical FDTD Solutions is adopted to simulate the perfor-
mance of the metasurface. The conductivity of Au and the
refractive index of the substrate are set as 4.09 X 10’ S/m and
1.92, respectively. The x—y plane and z direction are set as the
periodic boundary condition and perfectly matched layer,
respectively. Figure 2(c) reveals the distribution of the electro-
magnetic field. The dipole and quadrupole resonances are
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Fig. 1. (a) Schematic illustration of the LC-integrated metasurface; (b) micro-
graph of the designed metasurface. Inset shows the detailed dimensions:
p="N0pm; d = d, =30 pm; d; = 20 pm; f4 =10 pm; and h, = 40 pm.
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Fig. 2. (a) Reflection and (b) transmission spectra of the metasurface for
x-polarized incidence; (c) electric field and (d) current density distribution
of a single unit at 1.07 THz. The white dashed arrows in (d) depict the directions
of induced surface currents.

excited simultaneously; moreover, the energy is localized in
the unit. Figure 2(d) shows that antiparallel-induced surface cur-
rents are generated and accumulate along the y direction, caus-
ing destructive interference. Both the localized electric field and
induced surface currents are along the y axis; therefore, the EIT
analog is sensitive to the refractive index change corresponding
to this direction.

3. Simulation and Experiment

The Au pattern, whose thickness is 200 nm, is fabricated by stan-
dard photolithography, electron beam evaporation, and the lift-
off process. Sulfonic azo dye (SD1, DIC Co., Japan) is spin-
coated as the photoalignment layer. SD1 molecules tend to reor-
ient perpendicularly to the polarization direction of incident
405 nm LED blue light, and then guide the LC directors toward
the same direction. It exhibits excellent photo-rewritability, and
only the polarization direction of the last exposure is
recorded®”). The superstrate and substrate are separated by
50-pm-thick Mylar and exposed simultaneously to form a
homogeneous cell. Finally, a high birefringent nematic LC
NJU-LDN-42% (An > 0.30 in the measured THz range) is
capillary-infiltrated. Since the phase delay induced by the LC
layer is far from the half-wave condition, the diffraction effect
is negligible, and the LC here only acts as a refractive-index var-
iable environmental medium to change the resonance of the
metasurface. The orientation of LCs is adjusted by tuning the
direction of a polarizer, and the exposure is carried out with a
saturated voltage of 20 V to eliminate the influence of the LC.

We use a THz time-domain spectrometer (TAS7500SP;
Advantest Corporation, Tokyo, Japan) to characterize the sam-
ple. Figure 3 shows the dependencies of reflection and transmis-
sion on the orientation of LC 6. A 50-pum-thick LC cell is used as
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Fig. 3. Measured (a) reflection and (b) transmission at 8= 0°,30°, 60°, and 90°,
respectively; simulated (c) reflection and (d) transmission when the easy axis
of the LC is along the x axis (red curve) and y axis (blue curve), respectively.

the reference for the test. When the easy axis moves from along
the x axis to along the y axis, the reflection peak shifts from 0.923
to 0.892 THz as a result of the refractive index change, as shown
in Fig. 3(a). Figure 3(b) reveals that the transmission dip
(Q =38.1) shifted from 0.926 to 0.894 THz, accordingly. In the
FDTD simulation, we set the anisotropy of the LCas n, = 1.6 +
0.01i and n, =19 4 0.005i. The simulation suggests similar
spectral shifts compared to the experiments. The LC rotation
caused spectral shifts are simulated by changing the optical axis
of the birefringent media. The reflection peak shifts from 0.908
to 0.885 THz, and the transmission dip (Q = 15.8) shifts from
0.910 to 0.881 THz. Compared to the simulations, the wide res-
onance and lower Q factor in experiments are derived from the
loss introduced by LCs. The lower intensity of the high-fre-
quency transmission peak is due to the frequency mismatch
of the dipole resonance and the nonradiative quadrupole reso-
nance in the real condition caused by fabrication deviations.

The orientation change of the LCs induces a significant trans-
mission variation at certain frequencies. Herein, we define the
orientations of the LCs along the x axis and y axis as 0 and 1
states, respectively. The corresponding modulation depth
(MD) is depicted as MD = (T,—Ty)/(T+T,). As shown in
Fig. 4(a), the MD exceeds 50% at 0.94 and 0.89 THz, suggesting
that the device is usable at multiple wavelengths. By spatially
encoding the orthogonal LC orientations to the same LC-inte-
grated metadevice, STM can be realized. As presented in
Fig. 4(b), we use a DMD consisting of 1024 X 768 micromirrors
to generate the objective pattern and then project it to the cell
through a nanowire-grid polarizer®. This technique enables
arbitrary wavefront control on the THz wave.

For demonstration, the letters “T”, “H,” and “Z” are sub-
sequently recorded for the same sample. As mentioned above,
the rewriting is carried out under saturated voltages. The sample
is erased by a uniform linearly polarized light for 2 min first, and
then exposed under the DMD-based exposing system to record
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Fig. & (a) Schematic diagram of the DMD-based polarization exposing setup;
(b) measured dependency of the transmission modulation depth on the
frequency; (c) measured LC director distributions of the STM when outputting
‘T "H,"and 'Z!" (d) amplitude modulations of the STM when outputting ‘T", "H,"
and "Z" at 0.94 THz. All scale bars indicate 1 mm

the objective pattern with a 90° rotated polarizer for another
2 min. Images in Fig. 4(c) indicate that the LC orientations inside
the letters are perpendicular to those outside. The measured
director distributions are consistent with the designs. We further
characterize the spatial amplitude modulations of the STM using
a THz near-field scanning system (TP800, Terahertz Photonics
Co. Ltd., China). When the x-polarized THz wave is incident on
the sample, patterns consistent with the letters “I”, “H,” and “Z”
are captured accordingly, as shown in Fig. 4(d). It vividly verifies
the spatial amplitude modulation functionality of the STM.

Besides information displays, the proposed STM enables vari-
ous diffractive optics as well. Here, we design a Fresnel zone
plate with focal length of 6 mm. We binarize the transfer func-
tion Tyzp = exp(—inr?/Af) to obtain the diffractive pattern
for the Fresnel zone plate. Figure 5(a) shows the LC orienta-
tions of the photopatterned sample. The LC directors are
perpendicular to each other in the odd and even bands of the
Fresnel zone plate. Figure 5(b) exhibits the intensity distribution
at the focal plane. The THz wave is focused in the far field,
revealing the good focusing function of the element. Meanwhile,
with a 20 V saturated bias applied, all LCs orient along the z axis,
the lens function is switched off, and a transmitted Gaussian
beam is recorded, as shown in Fig. 5(c).

(b)

| I180 . u

Fig.5. Fresnel zone plate with =6 mm. (a) Measured LC distribution; intensity
distribution at the focal plane when applying voltages of (b) 0V and (c) 20 V,
respectively.
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