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To enhance and actively control terahertz (THz) anisotropy and chirality, we have designed and fabricated a THz
composite device with a liquid crystal (LC) layer and Si anisotropic metasurface. By initial anchoring and electri-
cally rotating the spatial orientation of the LC optical axis, the different symmetry relationships are obtained in
this hybrid device. When the optical axis of LC is parallel or perpendicular to the optical axis of the Si metasur-
face, the anisotropy of the device will be enhanced or offset, which leads to a tunable phase-shift range of more
than 180°. When there is an angle between the two optical axes, due to the destruction of the mirror symmetry
in the LC-Si anisotropic medium, the highest circular dichroism of the device reaches 30 dB in the middle ori-
entation state of the LC optical axis, and the active modulation can be realized by changing the bias electric field
on the LC layer. This composite device demonstrates rich characteristics for the feasible manipulation of THz
polarization conversion and chiral transmission, which can be applied in THz polarization imaging and chiral
spectroscopy. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.453082

1. INTRODUCTION

Terahertz (THz) technology defined within the electromag-
netic frequency band of 1011–1013 Hz has broad application
prospects due to its unique electromagnetic characteristics
and spectral position [1–3]. The flexible manipulations of THz
phase, polarization, and chirality provide key support for THz
application systems in multichannel communication, beam
tracking and radar detection, polarization imaging, and chiral
biochemical detection, and so on [4–6]. However, the limited
natural anisotropic crystal materials in the THz band limit the
development of THz phase and polarization control elements.
Moreover, since the wavelength of THz waves is much longer
than that of general chiral molecular structures, there are few
reports on natural materials with chiral responses in the THz
band [7,8]. Fortunately, with the development of artificial
microstructure devices (such as metasurface, subwavelength
grating, and photonic crystal) in recent years, the electromag-
netic anisotropy and artificial chiral response have been realized
by introducing the geometric symmetry breaking of artificial
structures. The structures with a spatial orientation or rota-
tional symmetry breaking will bring artificial anisotropy to
show birefringence phase shift and polarization conversion
[9–11], while the structures with significant mirror symmetry

breaking will show optical chirality [12–15], that is, a pair of
the conjugated circularly polarized (CP) state has different
transmittance (i.e., circular dichroism, CD) or phase shift
(i.e., optical activity, OA) in this structure.

These artificial phase shift, polarization, and chiral THz de-
vices are expected to further obtain the ability of dynamic con-
trol. However, the anisotropic phase shift or the chiral response
of these devices comes from the asymmetric geometry of the
devices. Once the device structure has been fabricated, it is
often difficult to change except by mechanical deformation
[16,17]. A common strategy is to introduce functional materi-
als, such as graphene and vanadium oxide (VO2) into these
microstructures, which respond significantly to light, electric
field, and magnetic field, to realize the dynamic devices
[18–20]. For example, Kim et al. achieved an active graphene
chiral metamaterial with 45 dB intensity modulation in THz
CD [21]. Nakata et al. used the VO2 phase transition to equiv-
alently change the metasurface structure and realize the active
inversion of the output THz chiral state [22]. However, gra-
phene or VO2 itself does not have anisotropy, so the anisotropy
or chirality excitation can only rely on artificial structures, while
these functional materials mainly play the role of active
intensity modulation, to achieve the switching function of

Research Article Vol. 10, No. 4 / April 2022 / Photonics Research 1097

2327-9125/22/041097-10 Journal © 2022 Chinese Laser Press

https://orcid.org/0000-0001-7763-1992
https://orcid.org/0000-0001-7763-1992
https://orcid.org/0000-0001-7763-1992
mailto:fanfei@nankai.edu.cn
mailto:fanfei@nankai.edu.cn
mailto:fanfei@nankai.edu.cn
https://doi.org/10.1364/PRJ.453082


the polarization conversion and chirality state. Therefore, the
strong response, bandwidth, larger tuning range, and more flex-
ible control methods for THz anisotropy and chirality manipu-
lation still face challenges [23–25].

Unlike graphene, semiconductors, and phase change mate-
rials, liquid crystals (LCs) have remarkable uniaxial anisotropy
in the THz regime, which can be flexibly manipulated by ther-
mal, optical, electric, or magnetic fields [26–28]. The strategy
of combining LCs with metasurfaces has been widely applied in
active THz phase, polarization, and wavefront elements
[20,29–31]. For example, Chen et al. demonstrated THz
modulation and polarization conversion using bidirectional
switching of LCs in the ultrabroadband THz range of 0.2–
1.6 THz [32]. Buchnev et al. reported that a THz spatial phase
modulator was demonstrated at 0.8 THz with the thickness of
the LC layer of only 12 μm (0.03λ) and a spatial resolution of
85 μm (0.23λ) [33]. Liu et al. and Wu et al. reported the pro-
grammable LC metasurface for THz beam steering [34,35].
However, the role of LC in these works is refractive index
change or birefringence phase shift, and the LC itself has no
THz chiral response. Although Zhang et al. showed strong
THz OA and CD in the cholesteric LC, it occurred at the
low temperature of 250 K [36]. In the visible near-infrared
band, Liu et al. obtained tunable optical chirality response
and photonic spin state by combining the anisotropic LCs with
a chiral metasurface [37,38]. However, the physical mechanism
and relevant LC devices have not been deeply studied to further
enhance tunable anisotropy and chirality in the THz band.

In this work, we have studied the combination and relation-
ship between natural anisotropy of LC materials and artificial
anisotropy of a microstructure to solve the above issue. A tun-
able THz LC-Si anisotropic metasurface has been investigated
by using the THz time-domain polarization spectroscopy
(THz-TDPS) system, as shown in Fig. 1. By initial anchoring
and electrically rotating the spatial orientation of the LC optical
axis, the different symmetry relationships in this device lead to
an enhanced anisotropic phase shift and adjustable intrinsic

chirality. Compared with the pure LC layer without metasur-
face, the maximum phase shift of the device increases from 160°
to 360° at 1 THz. More importantly, combining two kinds of
achiral material and structure, i.e., nematic LCs and Si metasur-
face, obtains up to 30 dB THz CD by applying the appropriate
initial anchoring and bias electric field on the LC layer.

2. METHOD

A. Device Fabrication
The structure of the LC-Si metasurface is shown in Figs. 1(c)
and 1(d), which consists of two fused-silica substrates as an LC
cell and two graphene conductive layers coated on their inner
surfaces as THz LC transparent electrodes. An all-dielectric
metasurface fabricated on a high-resistance Si substrate and
a high-birefringence LC layer are both encapsulated in this LC
cell. As shown in Fig. 1(c), the device structure from top to
bottom is as follows: the top glass substrate, the top graphene
electrode layer, LC layer, Si metasurface, the bottom graphene
electrode layer, and the bottom glass substrate. The Si metasur-
face was fabricated on a high-resistance Si substrate of
>10 kΩ · cm and 500 μm thickness by the processing of
the photolithography and reactive ion-beam etching. As shown
in Fig. 1(a), the dielectric metasurface is squarely arrayed as the
elliptical Si columns with a period of P � 200 μm, column
height h � 200 μm, long axis of the ellipse a � 142 μm,
and short axis b � 38 μm. The remaining Si substrate has a
thickness of 300 μm. Such a structure has asymmetry in spatial
orientation, so this Si metasurface has artificial anisotropy for
THz waves.

Two pieces of 500 μm thick fused-silica glass were used to
make the LC cells. The graphene-dispersed solution was spin-
coated on the glass surface with a rotating speed of 500 r/min
and a running time of 1 min. Then, it was dried at 80°C to
obtain a porous graphene conductive layer with a thickness of
500 nm. As shown in Fig. 1(c), the Si metasurface and two
glass sheets with top and bottom graphene electrodes and their

Fig. 1. (a) SEM photo of Si dielectric metasurface. (b) Schematic diagram of terahertz TDPS system. (c) Structural diagram of LC-Si metasurface.
d) Experimental configuration of LC-Si metasurface.
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conductors were curled into a cell with ultraviolet glue; finally,
this LC cell was encapsulated after injecting the LC material.
The LCs are located between the top graphene electrode and
the Si metasurface; note that the gap between the Si columns is
also filled with LCs. The total thickness of the LC layer, includ-
ing the 200 μm thickness of the Si columns, is 570 μm. The LC
material used in this work is a kind of high-birefringence nem-
atic LC (HTD028200) purchased from Jiangsu Hecheng
Technology Co., Ltd. Its birefringence coefficient is Δn � 0.3.
The transition temperature from solid to nematic state is
T SN � −30°C; the transition temperature from nematic state
to isotropic state (i.e., clearing point) is T SI � 103°C; it also
has good thermal stability in the nematic state. A pair of rotat-
able permanent magnets can be placed by the two sides of
the LC cell to apply a biased magnetic field of 70 mT in the
x−y plane to replace the anchoring layer for the initial LC ori-
entation. By applying a 1 kHz alternating electric field with the
tunable bias to the upper and lower electrodes, we can control
the LC turns from the x−y plane to the z-axis direction.

B. Experiment System
We conduct our experiments by using the THz-TDPS system,
as shown in Fig. 1(b). The THz pulse is generated by a GaAs
photoconductive antenna, and a h110i ZnTe crystal is used for
the electro-optic sampling THz detection. The excitation
source is a Ti:sapphire laser of 800 nm with an 80 fs duration.
All experiments were carried out at room temperature
(20°C� 5°C) and relative humidity <30%. The measured
sample is placed in the focus point of the system. A pair of
THz metallic wire polarizers is placed in front of and behind
the sample. This THz polarizer is a metallic grating composed
of freestanding metallic tungsten wires with a diameter of

10 μm and spacing of 25 μm. The polarizer has nearly
100% transmittance and more than 99.8% polarization degree
in the THz frequency range discussed in this work. To detect
the arbitrary polarization state of the emitted light, we can ob-
tain the transmission amplitude A�45°, A−45° and the phase
φ�45°,φ−45° for the �45° linearly polarized (LP) components
by rotating the second THz polarizer to �45° [36,39]. Hence,
for each incident LP state, the transmissions of the output left
circularly polarized (LCP) and right circularly polarized (RCP)
components are given by
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To intuitively describe the arbitrary polarization state of the
output light, we can calculate the terminal trajectory equation
of electric vector E, that is, polarization ellipse, as follows:
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where the phase difference Δφ � φ�45° − φ�45°. Two polari-
zation parameters, i.e., the polarization ellipticity angle
(PEA) and the polarization rotation angle (PRA), can be
obtained by

PEA � arcsin�sin 2ε sin Δφ�∕2, (3)

PRA � arctan�tan 2ε cos Δφ�∕2, (4)

where tan ε � A�45°∕A−45°.
To further obtain the whole polarization and chiral response

of the device, it is necessary to input a pair of orthogonal polari-
zation states. For the CP base vector, the outputs are two con-
verted (trl and t l r ) and two unconverted (trr and t l l ) states. The
first subscript indicates the polarization state of the output
component; the latter represents the polarization state of the
input wave. To obtain these four CP states, we can measure
the four linear co- and cross-polarization transmission coeffi-
cients t��45°, t�−45°, t−�45°, and t−−45° by rotating both
THz polarizers to�45° in the THz-TDPS system, respectively.
The transmission matrix T of a chiral device can be calculated
as follows [40,41]:

T �
�
trr t rl
t l r t l l

�
� 1

2

� �t��45° � t−−45°� � i�t�−45° − t−�45°� �t��45° − t−−45°� − i�t�−45° � t−�45°�
�t��45° − t−−45°� � i�t�−45° � t−�45°� �t��45° � t−−45°� − i�t�−45° − t−�45°�

�
: (5)

C. Si Metasurface without LC and LC without
Metasurface
We have experimentally measured the anisotropic transmission
and birefringence phase shift of this Si metasurface without LC,
as shown in Figs. 2(a) and 2(b). The intensity spectra along the
long and short axes are different. There are two resonances at
0.9 and 1.4 THz along the long axis, respectively, while there is
a resonance at 1.25 THz along the short axis. The phase delay
in the long axis direction is higher than that in the short
axis direction, forming the birefringence effect, as shown in
Fig. 2(b). The structure has an anisotropic phase shift of
66° at 0.75 THz; a phase shift mutation caused by artificial
resonance occurs in the frequency band of 0.9–1 THz; thus,
the phase shift reaches 240° at 1.15 THz, but this phase shift
cannot be actively tuned.
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The transmittance of the empty LC cell is higher than 3 dB
in the THz band of 0.2–1.3 THz, and the transmittance de-
creases slightly after coating the graphene layer, as shown in
Fig. 2(c). The graphene layer is formed to be a porous film
on the surface after drying the graphene-dispersed liquid, of
which an SEM photo is shown in Fig. 2(c). The conductivity
has been measured to be 1000 S/m. Due to the porous struc-
ture, it maintains high transmittance to THz waves under a
high conductivity. When the LC cell is filled with a 570 μm
LC layer, the spectra of LC along the x, y-, and z directions are
also as shown in Fig. 2(c), all of which have high transmittance.

When the molecules in the LC layer are arranged regularly,
the LC will also have anisotropy, which is different from the
fixed optical axis orientation of the Si column array. The optical
axis orientation of the LC can rotate dynamically with the con-
trol of the external field. By applying a transverse magnetic field
bias of 70 mT, the LC molecules can be initially arranged in the
x−y plane when there is no biased electric field, where we define
the orientation angle θ between the long axis of the LC mol-
ecule orientation and the y axis. We applied a 1 kHz biased
electric field on the graphene electrodes to drive the rotation
of LC molecules. With the increase of bias electric field from
0 to 30 V/mm, the long axis of LC molecules will turn from the
x−y plane to the z axis, where we define another orientation
angle γ between the long axis of the LC molecule orientation
and the x−y plane. Therefore, the spatial orientation of LC is
described by θ and γ, which are determined by the pre-anchor-
ing direction and the biased electric field, respectively. The fol-
lowing work discusses the device properties caused by different
geometric symmetries of devices under different LC orienta-
tions �θ, γ�. We have also measured the anisotropic phase shift
of the LC layer without Si metasurface as shown in Fig. 2(d).
When the LC turns to the z axis from 0 to 30 V/mm, the

birefringence gradually disappears and the phase shift decreases
to 0. This phase shift also increases linearly with the frequency
of incident waves. The results show that the maximum phase
shift of this LC cell is 120° at 0.75 THz and 160° at 1 THz.

3. RESULTS AND DISCUSSION

A. Engineering THz Anisotropy in LC-Si Metasurface
Next, we discuss the results of the composite metadevice com-
bined with the LC layer and Si column array. First, we discuss
the simplest case: the LC initial anchoring direction is parallel
or perpendicular to the long axis of the Si column, as illustrated
in Fig. 3(a). Therefore, when E � 0 V∕mm (i.e., γ � 0°) and
θ � 0°, the optical axis of LC is parallel to the long axis of the Si
column, the LC birefringence is superimposed with the artifi-
cial birefringence of Si column, and the whole device obtains an
enhanced anisotropic phase shift. On the contrary, when
θ � 90°, the optical axis of the LC is orthogonal to the long
axis of the Si column, and the LC birefringence effect offsets the
artificial birefringence of the Si column, the anisotropic phase
shift of the device is weakened. When the bias electric field is
applied, the LC begins to turn to the z axis (i.e., γ > 0°). For
the light propagating along the z axis, the effective anisotropy
effect of LC decreases whether the initial anchoring angle
θ � 0° or 90°; finally, when γ � 90°, the contribution of
LC to anisotropy disappears, and the anisotropic phase shift
will only be determined by the geometric anisotropy of the
Si column, and the level is in the middle of the two cases above.

We carried out the experimental verification. The long axis
of the Si column in the LC-Si metasurface is fixed along the y
axis, as shown in Fig. 3(a). When x- and y-LP waves are inci-
dent into this device, according to the geometric and dielectric
symmetry of the device, the polarization states of these two LP
waves will not change. As shown in Figs. 3(b) and 3(c), the time
delay of the pulse indicates the value of the phase shift through
the device. Note that only the phase in the direction of LC
initial orientation decreases with the increase of the bias electric
field, but the phase in the orthogonal polarization direction re-
mains unchanged. The delay in the x and y directions in Fig. 3
(b) increases with the decrease of the bias, while the pulse in the
y direction in Fig. 3(c) always partially overlaps with the pulse
in the y direction, although the pulse delay in the x direction
also shifts with the changes of the bias. Therefore, for the case
of θ � 0° shown in Fig. 3(d), the phase difference between the
x and y directions increases with the decrease of the bias field;
however, for the case of θ � 90°, the phase difference decreases
with the reduction of the bias.

The maximum anisotropic phase shift of the LC-Si metade-
vice is obtained when the optical axis of the LC is parallel to the
optical axis of the Si metasurface. The detailed phase shift is
180° at 0.75 THz and 360° at 1 THz in this case, which is
much higher than the phase shift values (120° at 0.75 THz
and 160° at 1 THz) when there is only the LC layer with
the same thickness. The range surrounded by hollow and solid
red lines is the maximum tunable phase range of this metade-
vice by rotating the initial anchoring angle θ with the external
magnetic field. This range is from −50° to 180° at 0.75 THz
and 60° to 360° at 1 THz, which can be achieved via a tunable
half-wave plate. Therefore, the experimental results confirm

Fig. 2. Experimental results of Si metasurface without filling LC.
(a) LP transmission spectra when the polarization direction of the in-
cident LP wave is along the long axis and short axis of the Si columns.
(b) Birefringence phase shifts in these two orthogonal directions.
(c) Transmission spectra through the blank fused-silica LC cell, the
complete blank LC cell with two graphene electrode layers, and the
LC cell with LC but without Si metasurface as LC orientation along
x, y, and z axes; inset figure: SEM photo of graphene electrode layer.
(d) Birefringence phase shift in two orthogonal directions of this LC
cell under different biased electric fields.
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that the enhanced tunable phase-shift range can be realized by
introducing artificial anisotropy and reasonably matching be-
tween the optical axis of LC and the optical axis of the dielectric
metasurface.

B. Mirror Symmetry Breaking Mechanism in LC-Si
Metasurface
When there is an included angle (θ ≠ 0° or 90°) between the
optical axis of LC and the optical axis of Si metasurface, as
shown in Fig. 4(a), this is equivalent to the existence of two
spatially noncoincident optical axes in the transmission system,
and the mirror symmetry of the transmission system along the

propagation direction (z axis) is broken in this case. In this sys-
tem, the transmission properties of LCP and RCP waves will be
different; that is, they show intrinsic optical chiral response.
Meanwhile, unlike uniaxial optical crystals, the incident LP
waves with any polarization angle will change their polarization
states. Figure 4(a) shows the (θ � 45°, γ � 0°) case, which just
fits our analysis above. With the increase of bias electric field,
the optical axis of LC begins to shift from the position of the
x−y plane (45° to the y axis) to the z axis (γ ≠ 0°). Compared
with the case of (θ � 45°, γ � 0°), the level of mirror sym-
metry breaking is more significant when θ � 45° and γ � 45°,

Fig. 3. (a) Geometric diagram of LCmolecular orientation in LC-Si metasurface: when the biased electric field E � 0 V∕mm, the LC molecule is
initially anchored in the y axis (θ � 0°, γ � 0°) and anchored in the x axis (θ � 90°, γ � 0°); when E � 30 V∕mm, the LC molecule is turned to
the z axis (γ � 90°); the long axis of the Si column is fixed along the y axis. The experimental THz time-domain signals for x−LP and y−LP
components with a biased electric field applied from 0 to 30 V/mm when the LC is initially along (b) the y axis and (c) the x axis. (d) The
experimental phase shift of the device under the different initial orientations and biased electric fields.

Fig. 4. Geometric diagram of LCmolecular orientation in LC-Si metasurface when the LC is initially anchored θ � 45° to the y axis and the angle
(a) γ � 0°, (b) 45°, and (c) 90° to the x−y plane, which corresponds to the biased field E � 0, 15, and 30 V/mm cases, respectively. The long axis of
the Si column is fixed along the y axis. (d) FDTD simulation of electric field distribution in the LC-Si metasurface when θ � 45° and γ � 0°, 45°,
and 90° at 0.95 THz.
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as shown in Fig. 4(b). When the optical axis continues to ro-
tate, this asymmetry decreases until it completely disappears
along the z axis, as shown in Fig. 4(c). Therefore, the THz
optical chirality of the device can be dynamically manipulated
by actively changing the spatial angle between the LC orienta-
tion and the long axis of the anisotropic metasurface.

We have conducted the preliminary verification through the
finite difference time domain (FDTD) simulation. Numerical
simulations were modeled by using the commercial software
Lumerical FDTD Solution. The periodic boundary conditions
were applied at the x and y boundaries. The z boundaries were
surrounded by perfectly matched layers. The refractive indices
of Si and glass were set to 3.4 and 1.9, respectively. The LC
layer was modeled as a uniaxial anisotropy material, and its
extraordinary and ordinary refractive indices (ne and no) are set
to 1.9 and 1.6, respectively. To represent the rotation of the LC
optical axis in this work, the dielectric constant of LC needs to
be expressed in a tensor form in the simulation. This aniso-
tropic dielectric tensor can take any spatial orientation angle
�θ, γ� through a certain orthogonal coordinate transformation
from the original diagonal tensor. Figure 4(d) shows the three
electric field patterns for LC orientation angles θ � 45° and
γ � 0°, 45°, and 90° correspond to the cases shown in
Figs. 4(a)–4(c), respectively. For γ � 0°, the electric field inside
the device shows weak asymmetry and rotation around the Si
column; for γ � 45°, the electric field rotates strongly clockwise
around the Si column and has obvious optical chirality; for
γ � 90°, the electric field is completely symmetrical about
the Si column and only resonates in the Si column without
rotation, i.e., there is no optical chirality.

C. Tunable Polarization and Chirality States in LC-Si
Metasurface
Next, we carry out the experimental verification of the above
theoretical analysis. The original experimental data are the
time-domain signals of�45° orthogonal LP components input
by a pair of �45° orthogonal LP light. Under different bias
electric fields, the four groups of component signals tested by
the THz-TDPS system are shown in Fig. 5. (See Section 2.B
for the experimental principle and data processing method.)
As shown in Figs. 5(a) and 5(b), we detect a co-polarized com-
ponent parallel to the original 45° LP component and an
orthogonal cross-polarized component. With the decrease of
bias electric field, the phase of the co-polarization component
gradually increases, and the amplitude decreases; while the
phase of the cross-polarization component also increases and
the amplitude increases significantly. It shows that the polariza-
tion conversion effect of the whole device is weak along the z axis
(γ � 90°) but strong in the x−y plane (θ � 45°, γ � 90°).
Figures 5(c) and 5(d) show a similar result for the −45° LP in-
cidence. However, the four groups of component signals are dif-
ferent under each bias electric field except for 30 V/mm, which
indicates that the polarization response of the two groups of
orthogonal LP light is quite different, suggesting the optical chi-
rality of the device. The only exception is that, at 30 V/mm, the
two cross-polarization signals are the same, indicating that, in
this case, there is only polarization conversion but no chirality.

We decompose the above outgoing wave into the conju-
gated LCP and RCP components according to Eq. (1) and

analyze the amplitude and phase relationship between them,
to obtain the polarization angle spectra and polarization states,
as shown in Fig. 6. For the �45° LP incidence, the transmis-
sion spectra of LCP and RCP are shown in Fig. 6(a), which
demonstrate that the two orthogonal CP components change
continuously with the increase of bias electric field, and the two
spectral lines are not the same under each bias; that is, the out-
going wave is no longer the original LP state but an elliptically
polarized wave. Its polarization state is mainly described by the
PEA and PRA, and their spectra are shown in Fig. 6(b). (See
Section 2.B for the detailed definitions.) In the broadband
range of 0.1–1.1 THz, when the bias electric field is high
and the LC molecule tends to the z-axis arrangement, PEA
and PRA are close to 0, and the polarization conversion is weak.
When the bias decreases, however, both the PEA and PRA in-
crease. For example, at 0.4 THz, as shown in Fig. 6(e), the
ellipticity of the output polarization state gradually changes
from approximate LP to ellipse with the decrease of the bias
field; at 0.8 THz, the approximate LP is always output, but the
polarization rotation angle changes from 0° to −45°. For the
−45° LP incidence, as shown in Figs. 6(c), 6(d), and 6(f ),
the detailed spectral line and spin direction are different from
that of the 45° case, but the regularity of active manipulation
for the polarization conversion is the same.

Further, from the symmetry analysis, it can be known that
the polarization conversion effect occurs for arbitrary polariza-
tion states, and the output polarization states will not be the
same under the same bias. This indicates that the response
of the device to a single LP component cannot fully reflect
the whole transmission and polarization characteristics of this
LC-Si metadevice. Unless the incident waves are also a pair
of orthogonal polarization signals, like completely detecting
the four groups of orthogonal LP components signals in
Fig. 5, the chiral characteristics of the device can be com-
pletely obtained. To better analyze the optical chiral response
of the device, we transform them to the orthogonal CP basis

Fig. 5. Experimental THz time-domain signals from 1 to 7 ps delay
for the four orthogonal polarization components of LC-Si metasurface,
when initial LC orientation θ � 45° with the biased electric field
E � 0–30 V∕mm: (a) 45° LP incidence to 45° LP detection and
(b) to −45° LP detection; (c) −45° LP incidence to −45° LP detection
and (d) to 45° LP detection.
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as in Eq. (5). Figure 7 shows the transmission spectra of the
four CP components: two co-polarization states (T ll and T rr )
and the other two cross-polarization states (T rl and T lr). It can
be seen that, except for the case of 30 V/mm, they are different
under the same bias field and are continuously tunable with the
changes of the bias electric field. Corresponding to the exper-
imental results, we simulated the response of the device to the
LCP and RCP waves, respectively, and detect their unconverted
and orthogonal converted components. In the simulation, the
LC layer is set as an anisotropic tensor medium, and θ � 45°,
γ � 0°–90° to reflect the orientation of LC molecules with the
changes of the bias field in the experiment. The simulation re-
sults in Figs. 7(b) and 7(d) show that the transmission spectra

of the four CP components are in good agreement with that in
the experiment shown in Figs. 7(a) and 7(c).

To reflect the optical chirality response of the device, two
chirality parameters, i.e., co-polarization circular dichroism
(Co-CD) and cross-polarization circular dichroism (Cross-
CD), can be obtained by

Co-CD �dB� � 10 × log10
T rr − T ll

T rr � T ll
, (6)

Cross-CD �dB� � 10 × log10
T rl − T lr

T rl � T lr
, (7)

where T rr , T rl , T lr , and T ll are the intensity transmission
(in %). The Co-CD spectra in Figs. 8(a) and 8(b) are obtained

Fig. 6. Experimental transmission spectra and polarization conversion when the initial LC orientation θ � 45° and LP incidence with the biased
electric field E � 0–30 V∕mm. For the 45° LP incidence: (a) transmission spectra of LCP and RCP output components; (b) PEA and PRA spectra;
(e) polarization ellipse at 0.4 and 0.8 THz. For the −45° LP incidence: (c) transmission spectra of LCP and RCP output components; (d) PEA and
PRA spectra; (f ) polarization ellipse at 0.4 and 0.8 THz.

Fig. 7. CP transmission spectra for LCP and RCP incidence with the biased electric field E � 0–30 V∕mm when the initial LC orientation
θ � 45°: (a) experiment T ll and T rr ; (b) simulation T ll and T rr ; (c) experiment T rl and T rl ; (d) simulation T rl and T rl .
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according to the data in Fig. 7(a) and Eq. (6), which reflect
the asymmetric transmission between two unconverted CP
components. With the decrease of bias electric field from 30
to 15 V/mm, the Co-CD increases from 0 to a high value in the
range of 0.8–1.5 THz and forms a negative peak at 0.95 THz and
a positive one near 1.3 THz, respectively, reaching the maximum
value of −30 dB at E � 15 V∕mm, as shown in Fig. 8(a). If we
continue to reduce the bias electric field from 15 to 0 V/mm, as
shown in Fig. 8(b), the Co-CD value turns to drop down from
the maximum value to a small one. Therefore, the Co-CD ex-
periences two modulation processes with the increase of the bias,
first increasing and then decreasing, and the maximum modula-
tion depth is 30 dB in the middle bias field.

Figures 8(d) and 8(e) show the results of the corresponding
numerical simulations, in which the LC optical axis orientation
angle γ turns from 90° to 0°. When γ � 90°, as shown in
Fig. 8(d), that is, LC molecules are arranged strictly along
the z axis, as shown in Fig. 4(c), the simulation results show
that the chirality of this device is completely 0 in the broadband
THz range. When γ � 45°, the Co-CD value reaches the peak
value; then, it decreases again as the γ decreases, but the Co-CD
value is not equal to 0 when γ � 0°. The spectral lines of
numerical simulation are in good agreement with the experi-
ment results, and the bias field applied in the experiment
can correspond to the orientation angle in the simulation
one by one. The experimental and simulation results confirm
the analysis of mirror symmetry and chirality in Fig. 4. The
results show that, when the orientation of LC molecules is
in the middle state (θ � 45°, γ � 45°), the device can obtain
the strongest THz optical chiral response.

Figures 8(c) and 8(f ) show the experimental and simulative
Cross-CD spectra, respectively, which reflect the polarization
conversion difference between LCP and RCP states. In the ex-
periment, the dynamic process of Cross-CD is similar to that of
Co-CD. When E � 30 V∕mm, there is only a cross-polarized
CD of <10 dB near 1.3 THz in the whole band range.

When E � 15 V∕mm, the strongest Co-CD of 30 dB is ob-
tained at 1.25 THz. Then, it decreases slightly; however, when
E � 0 V∕mm, there is still a strong Cross-CD of more than
15 dB. The simulated spectra are still in good agreement with
the experimental ones. It also shows that, although the chirality
in the LC initial anchoring state without electric bias (θ � 45°,
γ � 0°) is weaker than that in the intermediate state (θ � 45°,
γ � 45°), the cross chirality describing asymmetric polarization
conversion is still significant, of which dynamic modulation
depth also reaches 30 dB.

In addition, the other parameter describing optical chirality
is optical activity, which is the phase difference between LCP
and RCP. The co-polarization optical activity (Co-OA) and co-
polarization optical activity (Cross-OA) can be obtained by

Co-OA �°� � φrr − φl l

2
, (8)

Cross-OA �°� � φrl − φl r

2
, (9)

where φrr , φrl , φrl , and φl l are the phase angle (in °). In fact,
the CD spectrum and OA spectrum theoretically meet the
Kramers–Kronig relationship [42], so if the CD spectrum
changes, the OA spectrum will change accordingly.
Figures 9(a) and 9(b) show the experimental Co-OA and
Cross-OA spectra, respectively, and the OA angle can be

Fig. 8. Experimental CD spectra of LC-Si metasurface with the different biased electric fields: (a) Co-CD with E � 15–30 V∕mm; (b) Co-CD
with E � 0–15 V∕mm; (c) Cross-CD with E � 0–30 V∕mm. Simulative CD spectra of devices with the different LC orientation angle θ cor-
responding to the different electric fields E in the experiment when γ � 45°: (d) Co-CD with γ � 45°–90°; (e) Co-CD with γ � 0°–45°; (f ) Cross-
CD with γ � 0°–45°.

Fig. 9. Experimental OA spectra of LC-Si metasurface with the
biased electric fields E � 0–30 V∕mm: (a) Co-OA; (b) Cross-OA.
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actively tuned from 0° to 180°. In general, the experimental and
numerical simulation results confirm the theoretical analysis in
Fig. 4. The results indicate that the spatial orientation relation-
ship and symmetry between the optical axis of LC and the op-
tical axis of the dielectric metasurface can actively manipulate
the anisotropy and chirality of the whole artificial metasur-
face device. The 30 dB strong intrinsic optical chirality of this
metadevice is not from the molecular arrangement in LC
material or the structure of dielectric metasurface but originates
from the mirror-symmetry breaking of the equivalent dielectric
tensor caused by the noncoincidence of the spatial orienta-
tion between the anisotropy of natural materials and artificial
anisotropy of THz microstructure.

4. CONCLUSION

In summary, we have designed and fabricated a THz LC-Si
anisotropic metasurface to actively control the THz anisotropy
and chirality. By initial anchoring and electrically rotating the
spatial orientation of the LC optical axis, the different sym-
metry relationships between the LC optical axis and the arti-
ficial anisotropic optical axis of the dielectric metasurface are
obtained in this device. When the optical axis of LC is parallel
or perpendicular to the optical axis of the Si metasurface, the
anisotropy of the device will be enhanced or offset, which leads
to the tunable phase-shift range of more than 180°. When there
is an included angle between the two optical axes, the device
exhibits THz chirality due to the mirror-symmetry breaking in
this composite medium. The highest Co-CD and Cross-CD
reach 30 dB in the middle orientation of LC (θ � 45°,
γ � 45°), and the active modulation can be realized by chang-
ing the bias field. This composite device, based on the new
mechanism of THz anisotropy engineering and chirality en-
hancement, demonstrates rich and dynamically adjustable
polarization conversion and chiral asymmetric transmission
characteristics, which can be applied in THz applications for
polarization imaging, chiral spectroscopy, and multichannel
communications.
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