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Active manipulation of the terahertz (THz) beam, especially beam deflection, is urgently required for
wide THz applications. Although Pancharatnam-Berry (PB) metasurfaces can flexibly control the spatial
phase distribution of circularly polarized waves, active power distribution and modulation between two
conjugate spin beams are still challenging. Here, we demonstrate an all-dielectric metadevice consisting of
an anisotropic metasurface layer and a PB metasurface layer etched on both sides of a silicon wafer. This
structure develops a photonic spin-decoupling mechanism for spin-beam manipulation, which actively
controls the power distribution between the two deflected spin beams by rotating the incident linearly
polarized direction. The power-distribution ratio reaches 14.9:1 in the experiment. Moreover, the deflected
beam can also be modulated by active switching via a laser pump, achieving an intensity-modulation
depth of over 90%. The experimental modulation depth of the metadevice is 52% higher than that of the
bare silicon wafer at the same pump power, which originates from the THz localized field enhancement
and the strong dispersion effect of the PB structures. Therefore, this work provides a scheme for actively
manipulating THz-beam deflection, realizing controllable wave-division multiplexing, power distribution,

polarization control, and modulation.
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I. INTRODUCTION

Electromagnetic waves in the frequency range of
0.1-10 THz (1 THz = 10'? Hz) are typically defined as ter-
ahertz (THz) waves, which belong to the transition region
of the microwave and infrared bands. THz waves have
important application value in wireless communication [1],
radar [2], imaging [3], and spectroscopic detection [4].
Numerous THz control techniques and devices, including
beam focusing, deflecting, steering, and polarization con-
version, are key to advancing THz applications [5]. Among
them, the deflection and scanning devices of the THz beam
have been the focus of the THz community’s attention
[6-8]. However, traditional THz-deflection devices have
difficulties in actively controlling their output power and
energy distribution. Therefore, there is an urgent need for
integrated and efficient THz-manipulation equipment.

With the development of metamaterials and metasur-
faces, unprecedented degrees of freedom in the flexible
control of THz waves are gained, and THz-beam manipu-
lation is one of the hot spots on metasurfaces [9—11]. As
periodically arranged subwavelength artificial elements,

*fanfei@nankai.edu.cn

2331-7019/23/19(5)/054086(9)

054086-1

the metasurfaces can flexibly control the amplitude, phase,
polarization, and wave front of electromagnetic waves
[12—14]. When the elements are arranged in a proper
way to form a phased array, a variety of optical-field-
manipulation functions can be obtained, such as holo-
grams [15—17], abnormal beam deflection [18,19], and
polarization manipulation [20-22]. Pancharatnam-Berry
(PB) metasurfaces, which are composed of half-wave-plate
(HWP) elements with a spatially rotating axis, can con-
trol the geometric phase of circularly polarized (CP) waves
with two photonic spin states. Based on the unique prop-
erties of manipulating the CP waves [23—26], PB metasur-
faces have been proposed for various functions, such as
special beam generation [27—29], metalens [30], hologram
[31,32], and anomalous reflection [33-36].

However, the fixed structure of the traditional PB
metasurface cannot meet the requirements of dynamic
manipulation of THz-beam deflection. Kim et al. demon-
strated a gate-controlled THz PB metasurface that com-
bined graphene to modulate the intensity of the anoma-
lously refracted waves with a modulation depth of 28%
[37]. Li et al. proposed an all-optical active PB-encoded
metasurface to modulate the reflected THz beam at a
single-frequency point of 1.09 THz with a modulation
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depth of 32% in amplitude [38]. Therefore, achieving an
active THz-beam deflection device with high diffraction
efficiency, wide scanning angle, and high modulation
depth is still a great challenge. Moreover, the manipulation
of CP waves based on PB metasurfaces is strictly sym-
metric when the linearly polarized (LP) beam is incident
to the PB metasurfaces. The total power of the beam will
be distributed evenly to a pair of conjugated spin beams,
which are deflected to different sides with the same angle,
so the active control of power distribution is difficult in the
traditional PB metasurfaces.

Here, we demonstrate a double-sided all-dielectric
metadevice that integrates both an anisotropic metasur-
face layer and a PB metasurface layer, as shown in
Fig. 1(a). Due to the polarization-conversion effect of
the anisotropic metasurface, this metadevice achieves a
photonic spin-decoupling mechanism for PB phase struc-
tures. The active power distribution between the deflected
right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) beams is realized by the polar-
ization rotation of the incident LP wave. Moreover, optical
pumping can also actively modulate the deflected beams
based on the photogenerated-carrier effect of semicon-
ductor Si, and the modulation depth can be significantly
enhanced compared with the bare Si wafer without an
artificial microstructure.

Z X

Amsotroplc meta- atoms (e)

II. RESULTS AND DISCUSSION

A. Device design and fabrication

The double-sided metadevice is fabricated by pho-
tolithography and reactive-ion-beam etching on a high-
resistance Si wafer with a thickness of 1 mm. As
shown in Fig. 1(a), both sides have an etching depth of
hpar=200 um, and thus, the substrate has a thickness of
hsup= 600 pm. The front layer is an anisotropic metasur-
face composed of long rectangular columns with a length
of /;=680 pm and a width of w; =82 pm, and this bire-
fringent meta-atom has a period of p ;=800 um. The back
layer is a PB metasurface. The PB layer is composed
of arranged meta-atoms with a period of p,=200 pm,
and groups of four meta-atoms along the x axis form
a supercell. The four rectangular meta-atoms have the
same shape and size with a length of ,=57 um and a
width of wy=160 pm but rotate sequentially with a step
of Af =45°. Both metasurface layers composed of rect-
angular columns can introduce an artificial birefringence
phase shift in a pair of orthogonal directions, to realize the
function of polarization conversion.

For the anisotropic layer, we hope to achieve a quarter-
wave-plate (QWP) function in a broad-frequency band. If
the LP wave is incident to a QWP with polarization angle
«a relative to the long axis of the rectangular column, the
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(a) Geometric parameters of the metadevice. (b) Optical path diagram of the AR THz TDPS system. (¢) Simulated bire-

fringence phase shift of the anisotropic meta-atoms and PB meta-atoms in x- and y-orthogonal directions, (d) CP transmittance of the
anisotropic meta-atoms for the LP wave input at a polarization angle of —45°, and (e) CP transmittance of PB meta-atoms.

054086-2



ACTIVE TERAHERTZ-BEAM. ..

PHYS. REV. APPLIED 19, 054086 (2023)

transmission matrix through the anisotropic metasurface
layer can be expressed as follows:

Exout T Exin _ 1 0ffcosax __ | cosu
Eyou| P Ew| |0 i||sina|” |isina|

(1)

The LP wave (which can be regarded as the synthesis of
a pair of equal-amplitude LCP and RCP waves) will be
converted into elliptically polarized waves, and the ratio
of LCP and RCP components is determined by polarization
angle .

By optimizing the structure of the anisotropic meta-
atoms, we obtain the birefringent phase shift of the
anisotropic layer by the simulation, as shown in Fig. 1(c).
The basic simulation method can be found in Sec. B of
the Supplemental Material [39]. There is a broadband of
about 90° phase diffidence in 0.4—0.95 THz, which means
this anisotropic metasurface layer can work as a broadband
QWP. As shown in Fig. 1(d), when o = —45°, the trans-
mittance of the RCP component is much larger than that of
LCP, indicating that the LP wave is converted into a RCP
state in the broadband range.

For the PB layer, the function of the HWP is needed
for PB meta-atoms. When the ideal case of t, =7,=1is
satisfied, for the CP wave incident to the meta-atoms, the
output beam will be transformed with the form as follows
[26]:

Erout —T Erin N 0 20 ey) Erin
E — PB En: - —2i0(x.,p) 0 En |~
Rout Rin e Rin

)

The spin states will be converted and a pair of conjugate
geometric phases, 2i6 and —2i6, are introduced into the
LCP and RCP states, respectively.

Figure 1(c) shows the simulated birefringence phase
shift of the designed PB meta-atoms. It can be seen that
the phase difference is about 180° in the broadband range
of 0.65—1.1 THz. The results of CP wave transmittance
are shown in Fig. 1(e). The transmittances of the cross-
polarized states LR and RL are much larger than the copo-
larized states LL and RR in the broadband range, indicating
that the meta-atoms can work as an excellent broadband
THz HWP.

As the desired phase can be obtained by rotating the
meta-atoms by 6, the gradient phase distribution of 0—360°
can be obtained by arranging the four meta-atoms with a
step of A6 =45°. The conjugate phases of the LCP and
RCP spin states can lead the wave front of the beam tilt-
ing to opposite sides, which realizes the deflection and
separation of the LCP and RCP spin beams.

B. Power distribution and intensity modulation by
polarization rotation

Next, we discuss the active power distribution and
intensity-modulation properties between the deflected
beams affected by rotating polarization angle o of the
incident wave. The Jones matrix is used to describe the
polarization-conversion mechanism of the double-sided
metadevice composed of the front anisotropic metasurface
and the back PB metasurface. A detailed derivation of the
transmission matrix can be found in Sec. A of the Sup-
plemental Material [39]. For an incident LP wave with
polarization angle «, the universal transmission matrix
after passing through this double-sided metadevice can be
obtained from

|
[g;zzj = Ee_’%) (cosa — sina) [1]

1 .
+ 56’29 (coso + sina) |:_11:| . 3)

We can see that the LP wave will be converted into a
RCP state when o =+45° and into a LCP state when
o =—45° with conjugate geometric phases, and the ratio of
LCP and RCP components can be tuned by rotating polar-
ization angle «. As shown in Fig. 2(a), the output LCP
state and RCP state will be deflected to different sides in
the x direction. Therefore, the power distribution of the
deflected photonic spin beams can be dynamically con-
trolled by using polarization rotation. Figure 2(b) shows
the simulated electric field distributions of different spin
states at 0.8 THz in the x-z section at o =+ 45°, which
can be regarded as an extreme case of the energy distribu-
tion between LCP and RCP state. It can be seen that, in
this case, the energy is distributed into the RCP state and
deflected to one side.

Figure 2(c) shows the frequency-dependent far-field
deflection distribution in the simulation. The beam can
be deflected to different sides in the broadband range
of 0.7-1 THz at +45° input polarization angles. The
445° result has mirror symmetry. According to Snell’s
law, the correspondence between frequency f and deflec-
tion angle ¢ is sing =c/(pf ), where p =800 um is
the period of the metadevice and ¢ is the speed of
light in vacuum [19]. Therefore, the frequency range of
0.7—1 THz can achieve a broadband angle-dispersion range
of ¢ =+22°432°,

According to the above conclusions, we select a sin-
gle frequency of 0.73 THz, corresponding to a deflection
angle of ¢ =31°, to obtain the far-field transmittance vary-
ing with «, as shown in Fig. 2(d). With the incident LP
wave rotating from —45° to 4+45°, the transmittance grad-
ually decays. The modulation effect of the THz-spin beam
on this side from the “on’ to “off ™ state is realized, show-
ing the characteristic of dynamic intensity modulation of
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(a) Mechanistic diagram of power distribution and intensity modulation by polarization rotation. (b) Simulated electric

field distributions of spin states at 0.8 THz in the x-z section at +45° polarization angle, and (c) far-field deflection-efficiency maps
with the angle-frequency distribution of the double-sided metadevice at +-45° and —45° polarization angles. (d) Normalized far-field
transmittance spectra and (e) polarization ellipses varying with the polarization angles at a deflection angle of 31°.

beam power. Figure 2(e) shows the polarization ellipses of
the outgoing beam. When the beam is incident at a polar-
ization angle of —45°, the outgoing polarization ellipse is
approximately circular, and gradually moves away from
the CP state with the clockwise rotation of the polarization
angle.

For the experimental measurements, an angle-resolved
THz time-domain polarization spectroscopy (AR THz
TDPS) system is utilized, as shown in Fig. 1(b). A detailed
description of the experimental system and the signal-
processing methods can be found in Sec. C of the Sup-
plemental Material [39]. In the experiment, one side of the
THz signal is measured to explore the power-distribution
function by polarization rotation, and different deflec-
tion angles ¢ corresponding to different frequencies are
selected for analysis. Polarization angle « is controlled
from —45° to +45° with a rotating step of 22.5° to obtain
the transmittance spectra.

As shown in Fig. 3(a), when the LP wave rotates from
—45° to +45°, the maximum values of the transmission
peak gradually drop to a lower value at deflection angles of
¢ =28° and 31°, which complies with the modulation rule
in the simulation. However, at a deflection angle of 25°,
the peak value still has a large value when o = 4 45°, even
though the rule of decreasing peak value is still satisfied.
Figure 3(b) shows the polarization ellipses corresponding
to the transmission signal. For deflection angle ¢ = 31°, the
polarization state of the outgoing beam is approximately a
CP state at « =—45° and gradually moves away from the
CP state with rotation of the polarization angle, which is
similar to the simulation results. However, for a deflection

angle of ¢ =25°, the polarization state of the outgoing
beam significantly deviates from the CP state.

According to the above experimental results, we know
that polarization rotation has a good modulation effect at
deflection angles of ¢ =28° and 31°, with a deviation
at 25°. The reason is that, for the frequency components
corresponding to 28° and 31°, the phase difference intro-
duced by the double-sided metadevice matches the phase
conditions of QWP and HWP discussed in Sec. II A.
Therefore, polarization rotation can control the conversion
of different spin states well. However, the phase differ-
ence introduced at 25° has a large deviation. Hence, the
phase is difficult to match perfectly in the broadband range
in practical devices. Figure 3(d) shows the transmittance
spectra detected only in the y-axis direction at different
deflection angles. The transmission signal can be dispersed
in the range of 23°-32°, which verifies the broadband
characteristics of the metadevice.

To characterize the power-distribution performance of
this polarization-dependent metadevice, we define the
power-distribution ratio (R,) as follows: R, = T,0/7,,
where 7T, and 7, are the intensity transmittance at polar-
ization angles of —45° and +45°, respectively. The power-
distribution ratios at three deflection angles are calculated
as shown in Fig. 3(c). The ratios of the THz signal at 28°
and 31° deflection angles reach 10.2 and 14.9, respectively.
This indicates that polarization rotation has a high modula-
tion sensitivity, and the energy is almost transferred to the
deflected spin state on the other side. When the polariza-
tion angle rotates between +45° and —45°, the THz energy
is freely arranged on the positive and negative deflection
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deflection angles.

angles in the form of RCP and LCP states, respectively.
Therefore, this composite metadevice demonstrates a pho-
tonic spin-decoupling mechanism for the PB structure
combined with polarization conversion of the anisotropic
metasurface layer.

C. Optical pumping modulation

Next, we use optical pumping for further switching
modulation of the deflected THz-spin beam based on the
photogenerated carrier effect in the semiconductor, Si, of
this metadevice. Figure 4(a) is a schematic diagram of
optical pumping modulation. When the 808-nm laser irra-
diates the surface of the Si structure, electrons in Si will be
excited and transit from the valence band to the conduction
band to form a large number of electron-hole pairs. There-
fore, the carrier concentration on the surface of Si will
increase rapidly, leading to the formation of a metal-like
reflection layer of THz waves. The original deflected beam
will weaken or even disappear because of the metal-like
reflection layer. The Drude model is appropriate to analyze
the interaction of Si material with THz waves under laser
pumping; this can be found in Sec. B of the Supplemental
Material [39].

To simulate the modulation effect of the optical pumping
on THz waves, we used the conductive three-dimensional
model in the finite-difference time-domain software SOLU-
TION to create the metal-like layer material and set the
thickness to 0.5 um. For the PB metasurface layer, most
of the side walls of the column cannot be illuminated by

a laser because of the large depth-to-width ratio, so we
set only the metal-like layer to cover the top of the col-
umn for each PB meta-atom and the remaining bottom
surface on the substrate to model the excited region, as
shown in Fig. S1 of the Supplemental Material [39]. In the
model, we define o, = 11.7, and conductivity o as a vari-
able to simulate the change of laser power. Conductivity
o in the model is proportional to the carrier concentration
of Si, as described in Eq. (S11) of the Supplemental Mate-
rial [39], and the laser pump excites the photocarriers in
Si. Therefore, the change of conductivity in the simulation
is consistent with the change of laser pump power in the
experiment.

The simulated transmittances varying with the conduc-
tivities from 0 to 2 x 10* S/m at deflection angle ¢ = 31° of
the metadevice are shown in Fig. 4(b). The transmittance
peak value gradually decreases with an increase of the con-
ductivity. For bare Si as a contrast, we set the metal-like
layer on one of the surfaces of the Si wafer. The simula-
tion results of bare Si are shown in Fig. 4(c), which shows
a similar modulation rule to that of the metadevice.

The simulated electric field distributions near the sur-
face of the bare Si wafer and PB metasurface layer at
0.8 THz in the x-z section are shown in Figs. 4(d) and 4(e),
respectively. When there is no optical pumping, conduc-
tivity o of the metal-like layer is set to 0 S/m, and the
THz wave can propagate through the surface of Si. When
o is increased to 10° S/m, most of the energy is reflected
back to the interior of the bare Si wafer and metadevice. In
contrast to unstructured Si, the metal-like layer on the PB
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FIG. 4. (a) Mechanistic diagrams of optical pumping modulation. (b) Simulated normalized far-field transmittance spectra of the
metadevice at a deflection angle of 31°, and (c) transmittance spectra of the Si wafer varying with conductivity. Simulated electric field
distributions near the lower surface of (d) Si wafer and (¢) metadevice at 0.8 THz in the x-z section.

metasurface is structured to form rectangular strips at the structured metal-like layer at o =10° S/m, as shown in
top of the column and complementary rectangular holes at  Fig. 4(e). This physical phenomenon effectively strength-
the bottom of the column. The PB meta-atom microstruc-  ens the interaction between the incident THz wave and
ture produces strong localized field enhancement, and  photon-generated carriers and improves the modulation
field-localized hotspots are generated at the edge of the  effect of optical pumping.
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densities. (b) Comparison of the modulation depth of the Si wafer and metadevice at different pump-power densities.

In the experiment, we irradiate the PB metasurface layer
of the metadevice and the bare Si wafer at a small tilt
angle by different laser power densities. Figure 5(a) shows
the time-domain spectral signals of the THz waves after
passing through bare Si and the metadevice. The strong
time-dispersion effect of the PB phase structure makes
a very wide envelope and the delay of the THz time-
domain signal through the metadevice. Hence, the THz
wave can more fully interact with the metadevice struc-
ture, facilitating the enhancement of the modulation effect
compared to bare Si. Figure 5(c) shows the transmittance
spectra of the metadevice at three deflection angles of 25°,
28°, and 31° when o =—45°. The intensity transmittances
at three deflection angles all gradually decrease with an
increase of the pump-power density. Figure 5(b) shows
that the Si wafer is modulated over a wide band, but the
modulation depth is significantly lower than that of the
metadevice.

The optical-pumping-modulation depth is defined as
M, = (T,0 — T,,)/Tpo, where T, is the intensity transmit-
tance without pumping and 7), is the intensity transmit-
tance at different pump-power densities. First, the optical-
pumping-modulation depths at different pump-power den-
sities at three deflection angles are calculated, as shown in
Fig. 6(a). Optical pumping has almost the same modula-
tion depth at the same pump-power density for different
deflection angles. At a laser-power density of 3.64 W/cm?,
the average modulation depth of the signal is up to 93.7%.
Then the modulation depth of the unstructured Si wafer
is also calculated and compared with the average modula-
tion depth of the metadevice, as shown in Fig. 6(b). It can
be seen that, under the same laser-power density, optical
pumping has a better modulation effect for the metade-
vice compared with bare Si. The average modulation depth
of the PB metasurface is 52% higher than that of flat Si
wafers at a laser-power density of 3.64 W/cm?, which
is attributed to the THz localized field enhancement and
strong dispersion effect.

III. CONCLUSION

Here, we demonstrate a double-sided all-dielectric
metadevice composed of an anisotropic metasurface layer
and a PB metasurface layer. Active modulation of THz-
beam deflection is realized by combining the methods of
polarization rotation and optical pumping. Some conclu-
sions can be drawn. (1) The anisotropic layer and PB layer
achieve 90° and 180° birefringent phase shifts, respec-
tively, both in the broad-frequency band of 0.7-1 THz,
so the deflection beams are widely dispersed in the spa-
tial angle range of +23° to +32°. (2) The active power
distribution between the deflected conjugate spin states
can be realized based on polarization conversion in the
anisotropic layer and the spin-beam-separation effect in the
PB layer. The experimental results show that the power-
distribution ratio reaches 14.9 at a deflection angle of 31°.
(3) The pumping laser can realize active switching mod-
ulation of the deflected spin beams, and the modulation
depth is 52% higher than that of the bare Si wafer due to
the THz localized field enhancement and strong dispersion
effect. Therefore, this work provides a scheme of actively
manipulating the THz-beam deflection with controllable
wave-division multiplexing, power distribution, and mod-
ulation, which has potential applications in THz wireless
communication, radar, and imaging.
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