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ABSTRACT: With the development of ultrafast optics, all-optical control of terahertz wave A
modulation based on semiconductors has become an important technology of terahertz wave v"‘“) /%

regulation. In this article, an ultrawideband terahertz linear polarization converter consisting

/8
of a double-layered metasurface is first proposed. The polarization conversion ratio of the ’f//z//l\\ /
device is ~ 100% at 0.2—2.2 THz, and the transmission of copolarization approaches zero in PN 2®)
the full band, which demonstrates the ability of high-purity output with rotating input linear x-polanzed wa¥ii %
polarization of 90° over an ultrawideband. By analysis of the surface current and electric field &
distribution, the physical mechanism of polarization conversion is elucidated. In addition, the o,
influence of important geometric parameters on the device is discussed and analyzed in detail, N
which provides theoretical support for the design of high-performance polarization converters.
More importantly, by introducing semiconductor silicon to construct an actively controllable Y
metasurface, we design all-optical polarization converters based on a meta-atomic N

Molecularization metasurface All-dielectric metasurface

molecularization metasurface and all-dielectric metasurface; the dynamically tunable
ultrawideband linear polarization conversion is realized under optical pumping, which solves the inherent problem of the
performance of the metasurface polarization converters. Numerical simulation shows that the switching response of the two types of
actively controllable devices under optical pumping is about 700 and 1800 ps, respectively, and can manipulate polarized wave
conversion ultrafast, which brings new opportunities for all-optical controlled ultrafast terahertz polarization converters. Our results
provide a feasible scheme for the development of state-of-the-art active and controllable ultrafast terahertz metasurface polarization
converters, which have great application potential in short-range wireless terahertz communication, ultrafast optical switches, the
transient spectrum, and optical polarization control devices.

1. INTRODUCTION THz; for the transmission type, the PCR is above 55% at
0.52—1.82 THz.® In 2014, Cheng et al’ designed a reflective

Terahertz (THz) waves are an important branch of the ) s ’
terahertz linear polarlzatlon converter with a top structure

electromagnetic (EM) spectrum, with frequencies ranging

from 0.1 to 10 THz (1 THz = 10> Hz). The unique consisting of a double-open resonant ring and a metal disk.
advantages of terahertz waves make them an important The PCR is >50% at 0.53—1.36 THz. Yang et al. proposed a
research field in biology, medicine, materials science, polarization converter based on rectangular perforated
information science, and spectroscopy.l’2 Polarization is one graphene operating in the mid-infrared frequency band. Its
of the basic characteristics of EM waves, which plays a crucial operating frequency and PCR have significant tunable
role in terahertz functional devices, such as terahertz sensors, characteristics, but its relative bandwidth (RBW) with linear
modulators, etc.”* Traditional polarization control devices rely polarization conversion efficiency greater than 90% is only
on the anisotropic characteristics of the material’'s own 5%.'° Xia et al designed a linear polarization converter
structure, such as grating, birefringence effect, and dichroic consisting of a metal patch array and a metal chiral
crystal, which leads to its large volume, not easy integration, metamaterial. At 0.73—1.41 THz, the PCR is above 95%.""

narrow bandwidth, low efficiency, high loss, and other defects. Bilal et al. achieved perfect polarization conversion at 1.10 THz
The unique physical properties (such as negative refractive and 2.13 THz. ">

index, negative permittivity, negative permeability, etc.) of the
metasurface can effectively control the amplitude, phase,
polarization, and transmission characteristics of terahertz
waves, which provides an effective way for the realization of
terahertz functional devices.”~” In 2013, Chen et al. designed
reflective and transmitted metasurface polarization converters
based on stub arrays. For the reflection type, the bandwidth for
polarization conversion ratio (PCR) above 84% is about 1
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Figure 1. (a) The schematic diagram of the ultrawideband linear polarization converter and (b) the unit structure. The x, y, and z represent the
coordinate axes. E, H, and K represent the electric field, magnetic field, and wave vector, respectively. Yellow represents gold (Au) with a
conductivity of 4.56 X 107 S/m, which is a lossy metal. Blue represents PTFE with a dielectric constant of 2.1, and the dielectric dissipation factor
(tand) is 0.001. The thickness of the top metal structure and the bottom metal CWA is t = 0.2 ym, the thickness of PTFE is P, = 30 um, and the
other geometric parameters are P = 100 ym, P, = 100 ym, Py = 64 ym, P, = 56 pm, Ps = 24 ym, Pg = 6 ym, P, = S ym, Py = 8 ym, Py = 3.5 um, P,

=4 pm.
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Figure 2. (a) Transmission of copolarization and cross-polarization for x-polarized incident waves, (b) PCR, (c) PRA, and (d) EA. The inset in

Figure 2a shows a local magnification of the low-frequency band.

From the above research results, the performance of
terahertz polarization converters in terms of polarization
conversion bandwidth, PCR, and RBW needs to be further
improved. To solve these problems, a polarization conversion
device based on the Fabry-Pérot (F-P) cavity model is
designed,”'*~"* in which each layer is equivalent to a mirror,
and the interference of polarization couplings in a multi-
reflection process may either enhance or reduce the overall
emergent fields with co- and cross-polarization. Moreover, the
performance of terahertz metasurface polarization converters
could not be tunable or switchable after the design is
completed, which greatly limits their application range and

48466

flexibility. Therefore, active tunable materials can be
introduced such as diodes,'® photosensitive silicon,'” > liquid
crystals,”" graphene,””*° vanadium dioxide,”*™*" etc. In terms
of regulation modes, there are thermal, electrical, magnetic,
light, mechanical, etc.30™% Among them, for semiconductor
materials, particularly high resistance (HR) silicon is suitable
for all-optical modulation of terahertz waves by converting
photons into electrons.” Silicon has the advantages of large
carrier mobility, high absorption, and suitable energy band, and
is widely used in various industries.’”*’ As a result, silicon-
based terahertz devices have become the interface between
silicon-based electronics and photonics for the realization of
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terahertz functional devices or reconfigurable quasi-optical
terahertz componentsf“’42

In this article, an ultrawideband terahertz linear polarization
converter consisting of a double-layered metasurface is first
proposed. In the range of 0.2—2.2 THz, the PCR is close to
100%, the RBW is 166.7%, the polarization rotation angle
(PRA) is ~ 90° (at 0.04—2.2 THz), and the ellipticity angle
(EA) is ~ 0° (at 0.65—2.2 THz), which has a remarkable linear
polarization transmission ability. The physical mechanism of
polarization conversion is explained in detail by analyzing the
current and electric field distribution. Moreover, two kinds of
optically controlled terahertz polarization converters are
designed by introducing silicon to construct an actively
controllable metasurface. Numerical simulation shows that
under femtosecond laser pulse modulation, the switching
response time of the device is about 700 and 1800 ps,
respectively, and it has the ultrafast modulation capability of
picosecond order. This work provides a promising approach
for the development of active and controllable terahertz
metasurface polarization converters, which have a wide
application prospect in terahertz high-speed optical commu-
nication, transient spectrum, ultrafast optical switches, optical
polarization control devices, etc.

2. RESULTS AND DISCUSSION

2.1. Structure Design and Performance. The schematic
diagram of the ultrawideband linear polarization converter is
illustrated in Figure la. The x—z plane is the incident plane,
the x-polarized incident wave is normal incidence (incident
angle is 0°, degree of polarization is 1), and the metasurface
linear polarization converter converts the x-polarized wave to a
pure y-polarized wave. The unit structure consists of two metal
layers and an intermediate medium layer, in Figure 1b. To
show the actual performance of the device, the metal materials
and media used are lossy materials. The top structure consists
of a split-ring resonator (SRR) and cut-wire resonator (CWR),
the bottom layer is composed of a metal cut-wire array
(CWA), and the middle is a poly(tetrafluoroethylene) (PTFE)
dielectric layer.

In order to further reflect the polarization conversion effect,
the PCR can be calculated accordin% to the transmission of
copolarization and cross-polarization™

202 4 g2
PCR=t, /(t,, + t.,) (1)

where the subscripts x and y represent two polarization states
of the EM waves; yx (or xx) indicates that the polarization
direction of EM waves changes from x to y (or x); the
transmission of cross-polarization t,, = E,!/E., the transmission
of copolarization t,, = E,//E,’; superscripted i and t represent
incident and transmitted EM waves, respectively. The
transmission of cross-polarization, copolarization, and PCR
for x-polarized normal incidence are shown in Figure 2a,b. The
performance of the metasurface polarization converter is
simulated based on the finite element method.

In Figure 2a, t,, is above 0.6 at 0.93—2.16 THz, which means
that the energy carried by cross-polarization transmission
reaches more than 60% of the incident power. The
transmission of copolarization approaches 0 at 0—2.2 THz
(such as at 0.2 THz, t,, is 0.0015; at 1.2 THz, t,, is 0.0063; at 2
THz, t,, is 0.0093), demonstrating the capability of rotating
the input linear polarization by 90° with high output purity
over an ultrawideband. For low-frequency bands, such as at 0.2

THz, the cross-polarization transmission capacity is 1 order of
magnitude larger than the copolarization transmission capacity,
which ensures the utilization efficiency of polarized waves in
the low-frequency band. Thus, in the full band, the conversion
from the x-polarized incident EM wave to the x-polarized wave
is well suppressed, and the x-polarized wave to the pure y-
polarized wave. There are two polarization conversion peaks,
which are located at 1.145 THz (tyx = 0.74, t,, = 0.0072) and

) Fxx

1.93 THz (t,, = 0.72, t,, = 0.0085), respectively; polarization
conversion valley at 1.535 THz (t,, = 0.69, t,, = 0.0035). In
Figure 2b, the PCR is ~ 100% at 0.2—2.2 THz, which means
that the polarization converter can convert an incident x-
polarized wave to an almost complete y-polarized wave in the
ultrawideband range.

For ultrawideband polarization converters, the RBW is
usually used to quantitatively describe its broadband perform-

ance. The RBW is defined by
RB\N=2(fH _fL)/(fH +fL) (2)

where fy; and f| represent the upper and lower limits of the
operating bandwidth of PCR close to 100%, respectively, and
fu — f1 is the absolute bandwidth (ABW). Therefore, the PCR
can maintain nearly 100% of the RBW up to ~ 166.7%, and the
ABW is 2 THz.

To accurately describe the transmitted EM wave, we
introduced PRA and EA to determine the polarization state.
The PRA and EA are defined as

1 | 2t,t, cosé
PRA== tan”' | =——
2 b — tyx (3)
1 [2t.t, sind
EA=— sin ! x;yx—z
2 [ o tyx (4)

here 6 = @, — ¢, is the phase difference of t,, and t,,. Figure
2¢,d shows the PRA and EA of the incident EM waves for the
x-polarization direction through the polarization converter.
From Figure 2c¢, at 0.04—2.2 THz, the PRA is close to 90°
which indicates that the transmitted wave is approximately a
linearly polarized wave perpendicular to the incident wave. In
Figure 2d, the EA is less than 1° at 0.65—2.2 THz. The above
results show that the metasurface linear polarization converter
has the ability of high purity output with rotating input linear
polarization of 90° over an ultrawideband. This means that the
device can perfectly convert x-polarized incident waves into y-
polarized waves in the ultrawideband frequency band.

In Figure 3, the electric fields of 0.5 and 2 THz incident x-
polarized waves (E,) and the electric fields after passing
through the polarization converter are given (E,’). The color
bars in the picture have been normalized. In Figure 3a,b, at 0.5
THz, the polarization direction of the incident x-polarized
wave is the normal incidence, the polarization direction of the
transmitted EM wave is vertical (y-polarized wave), and the
polarization direction is rotated by 90°. At 2 THz, the electric
field direction of the x-polarized wave is also rotated by 90°.
The results show that the device has a good ability for linear
polarization transmission.

2.2. Performance Comparison. To show the polarization
conversion capability of the device, the polarization conversion
bandwidth and PCR of different tygpes of polarization
converters are described in Table 1.%7'"2%*7% The first
polarization converter is designed in the article, the trans-
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Figure 3. Electric field direction of EM waves at different frequencies.
(a) E. at 0.5 THz, (b) E! at 0.5 THz, (c) E. at 2 THz, and (d) E. at 2
THz.

mission of cross-polarization is above 0.6 at 0.93—2.16 THz;
the transmission of copolarization is close to 0 at 0—2.2 THyz,
and PCR is ~ 100% at 0.2—2.2 THz. In the second
polarization converter, at 0.7 to 1.9 THz, the cross-polarized
reflection is larger than 50%, and the copolarized component is
mostly below 20%. The reflection of copolarization of the
device fluctuates greatly, which indicates that the device cannot
maintain the ideal polarization conversion. The efficiency can
reach 84% and the spectrum width is about 1.0 THz. In
addition, at 0.2—0.6 THz, the copolarized reflection is greater
than the cross-polarized reflection, indicating that the cross-
polarization conversion ability of the device is insufficient in
the low-frequency band. The third polarization converter, the
PCR is above 50% at 0.53—1.36 THz. For the fourth
polarization converter, the PCR is above 95% at 0.73—1.41
THz; at 0.79 THz, the PCR is close to 100%. For the fifth
polarization converter, the PCR is above 95% at 0.63—1.12
THz. In the sixth polarization converter, the PCR from 0.5 to
1.1 THz is close to 1, but the polarization conversion
bandwidth is only 0.6 THz. For ref 26, at 0.58—1.4 THz, the
PCR is maintained above 98%, but the polarization conversion
bandwidth is narrow. For the ref 44, at 0.91—1.45 THz, the
PCR is above 90%. To the PRA, the polarization rotation of
90° can only be maintained in a very narrow bandwidth range,
so the linear transmission capability is not ideal. For ref 45, the
PCR is larger than 70% in the range of 0.67—1.31 THz.
However, the transmission of copolarization is not well
suppressed. For ref 46, at 0.48—0.72 THz, the polarization of
more than 90% of the incident electric field from the x
direction to the y direction after reflected from the device. The
performance of the above devices is visually expressed in the
summary diagram in Table 1 The red stars show the results
obtained from the article, indicating an improved performance
among the polarization conversion bandwidth, PCR, and linear
polarization transmission ability; hence, our device provides a
feasible scheme for the design of high-performance ultra-
wideband linear polarization converters.

2.3. Analysis of the Polarization Conversion Mecha-
nism. In order to further explore the physical mechanism of
the ultrawideband metasurface polarization converter, the
equivalent current distribution of the top metal structure and
the bottom metal CWA were observed at three resonant

be regarded as the F-P-like cavity, which realizes the
polarization conversion due to the multigle Ipolarization
coupling effect on the incident EM wave.”"" In Figure
4a—c, at 1.145 THz, the component of the equivalent current
of the top metal structure is opposite the bottom metal CWA.
In this case, an equivalent ring current is formed between the
top metal structure and the bottom metal CWA, which is
equivalent to a magnetic dipole and generates magnetic
resonance. The magnetic moment generated by the magnetic
dipole will regulate the phase and amplitude of the EM wave
and realize the conversion of cross-polarization. At 1.93 THz,
the component of the equivalent current of the top metal
structure is the same as that of the bottom metal CWA, then
the top metal structure and the bottom metal CWA constitute
an electric dipole and generate electrical resonance. The
electric dipole moment generated by the electric dipole
regulates the phase and amplitude of the EM wave to achieve
cross-polarization conversion, as shown in Figure 4g—i. In
Figure 4i, the direction of the electric dipole moment is the
same as the direction of the electric field; that is, the direction
of the electric dipole is the same direction as the electric field
when the electric dipole is balanced in the electric field. At
1.535 THz, the equivalent current of the top metal structure
and the bottom metal CWA have the same and opposite
phenomena, and the magnetic dipole and the electric dipole
are formed. The electric dipole moment generated by the
electric dipole and the magnetic moment generated by the
magnetic dipole jointly exert a regulatory effect on the EM
wave, as shown in Figure 4d—f. Therefore, when the incident
EM waves pass through the polarization converter, EM
resonance is generated at different frequency points, and the
magnetic moment or electric dipole moment formed has a
regulatory effect on the EM waves so that the transmitted EM
waves realize the change of polarization in ultrawideband
frequency.”>>*

2.4. Polarization Conversion Properties for Various
Parameters. Moreover, we analyzed the influence of the
structural parameters on the polarization conversion perform-
ance, as shown in Figure 5. From Figure Sab, when the
incident angle (@) increases from 0 to 40°, the bandwidth of t,,
above 0.6 is decreased. It is worth noting that the amplitude
corresponding to the f, peak hardly decreases with the
increase in the incident angle, which means that the converter
still has a strong polarization conversion ability to the x-
polarized wave at a large incident angle. For example, when the
incident angle is 20°, the maximal £,,, = 0.753 at 1.2 THz; when
the incident angle is 40°, the maximal ¢,, = 0.805 at 1.25 THz.
In addition to several resonant frequency points, the PCR is
close to 100% at 0.2—2.2 THz, and the ultrawideband
polarization conversion can still be achieved. From the above
data, the device has good incident angle stability, but with the
increase of the oblique incident angle, the cross-polarization
transmission bandwidth and PCR have adverse effects. The
main reason is that when the incident angle of the incident x-
polarized wave increases, its electric field component parallel to
the surface of the structure will rapidly decrease, resulting in a
decrease in the EM resonance intensity formed on the upper
surface structure and the bottom metal CWA. In this case, the
polarization conversion ability of the device caused by the F-P-
like cavity model is reduced, resulting in a decrease in the
broadband polarization conversion ability. In brief, as the
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Table 1. Comparison of Performance Indicators of Polarization Conversion Bandwidth and PCR with Previous Reported
Works”

X X Operating
Structure of unit Structural design PCR/Reflectance
frequency
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“Reprinted with permission from ref 8 (Copyright 2013 American Association for the Advancement of Science); ref 9 (Copyright 2014 AIP
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Figure 4. At 1.145 THz, the equivalent current of the top metal structure (a), the bottom metal CWA (b), and the resonance mode (c); at 1.535
THz, the equivalent current of the top metal structure (d), the bottom metal CWA (e), and the resonance mode (f); at 1.93 THz, the equivalent
current of the top metal structure (g), the bottom metal CWA (h), and the resonance mode (i). The arrow direction is the direction of the
equivalent current, m is the magnetic dipole, H (B, magnetic flux density) is the induced magnetic field, p is the electric dipole, and E is the induced
electric field. The coordinate system is given in Figure 1. The color bars in the picture have been normalized.

incident angle continues to increase, the polarization direction
of the incident terahertz wave changes; it is no longer a simple
x-polarized wave, which no longer meets the polarization
conversion conditions, and the polarization conversion ability
of the device will further decline. In Figure Sc,d, when the
dielectric constant (e,) of the intermediate dielectric layer
(PTEE) is changed, the bandwidth of t,» above 0.6 produces
reduction and redshift. According to the EM metasurface
regulation mechanism, the equivalent dielectric constant (&)
and equivalent permeability (4.4) of the EM metasurface can
be expressed as, respectively”*°

_ Mot
Eeft =
Z o ()
:ueff = neff'Zeff (6)

where n. is the equivalent refractive index and Z is the
equivalent wave impedance. According to eqs S and 6

Mot =/ Eeft"Fogr (7)

It can be seen from eq 7 that when the &, (or &) of the
intermediate dielectric layer is changed, the n. of the device
will change. Therefore, the change of ¢, affects the refractive
index of the intermediate dielectric layer, and the EM response
ability of the structure to the incident polarized wave shifts to
the low frequency with the increase of ¢, (refractive index). It
can be seen that when the ¢, is 5, the ¢, and the PCR both
decrease significantly in the high-frequency band, but still
maintain a high f,, and the PCR in the low-frequency band. In
Figure Sef, when the thickness of the intermediate dielectric

layer (PTFE, P,) increases, the t,, decreases with the increase
of the thickness of the medium layer. This is due to the top
metasurface structure and the bottom metal CWA of the
polarization converter can be regarded as a structure similar to
a resonator.”>*® When the thickness of the middle dielectric
layer increases, the reflected energy of the EM wave will
increase and the EM resonance intensity will weaken, resulting
in a decrease of the t,,. When P; = 50 ym, at 2.06 THz, PCR =
4.6%, and at 2.16 THz, PCR = 57%; when P; = 60 ym, at 1.72
THz, PCR = 14.2%. The above obvious resonance peak is
because, when the frequency of the incident EM wave is just
close to the resonant absorption frequency of the resonator,
the cross-polarization transmission process will produce
obvious ohmic loss and dielectric loss absorption. The multiple
interference theory can also be used to explain that with the
increase of the thickness of the intermediate dielectric layer,
the F-P-like resonator structure can produce the interference
effect of canceling or lengthening the EM wave of a specific
frequency.’”*® In addition to the above several resonant
frequency points, the device can maintain a high PCR in the
ultrawideband frequency range. As can be seen from Figure
Sg/h, changing the rotation angle of the top metal structure can
control the polarization conversion and has an obvious
switching effect. When the rotation angle is 45°, representing
the position of the top metal structure in Figure 1; the rotation
angle 6§ = 0° indicates that the top metal structure is vertical;
the rotation angle @ = 90° indicates that the top metal structure
is horizontal. When the rotation angle = 0°, at 0—2.2 THz, t,,
=0, PCR = 0, the device can not realize the conversion of the
x-polarized wave to the y-polarized wave. When the rotation
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Figure S. Influence of structural parameters on the polarization conversion performance. The influence of incident angle, (a) transmission of cross-
polarization and copolarization, and (b) PCR. The dielectric constant, (c) transmission of cross-polarization and copolarization, and (d) PCR. The
thickness of the intermediate dielectric layer, (e) transmission of cross-polarization and copolarization, and (f) PCR. The top metal structure
rotation angle (clockwise rotation), (g) transmission of cross-polarization and copolarization, and (h) PCR.

angle 6 = 30° the t,, reaches 81.4% at 1.42 THz. In the range
1.13—1.89 THz, the t,, value is larger than 0.7. However, the
bandwidth above 0.6 is narrower than that at 45°. When the
rotation angle is 90°, at 0—2.2 THg, the t,, is ~ 0, and PCR is
~ 0 (at 1.3 THz, PCR = 80%), indicating that it is difficult for
the device to realize the conversion of the x-polarized wave to
y-polarized wave in the ultrawideband range at this time. From
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the above data, the polarization conversion ability of the device
can be controlled by the rotation angle of the top metal
structure and the switching effect can be realized. This is
because different rotation angles have different EM resonance
capabilities for polarized EM waves, resulting in different cross-

polarization capabilities and PCRs.
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2.5. Optical-Controlled Polarization Conversion
Metasurface. 2.5.1. Based on Meta-atomic Moleculariza-
tion Metasurface. Combining terahertz metasurface with
semiconductor materials may greatly promote the develop-
ment of ultrafast terahertz polarization converters, which have
great application potential in ultrawideband terahertz commu-
nication, terahertz imaging, and optical switching. However,
the carrier dynamic process of semiconductor materials is
generally constant without the action of the external excitation
signal, so the modulation speed of the tunable terahertz
polarization converter is single, which cannot meet the various
applications in science and engineering. In this section,
semiconductor silicon is first embedded in a specific location
of the metasurface polarization converter. Silicon is a group IV
element in the periodic table of chemical elements; each silicon
atom has four valence electrons and silicon atoms are
combined in a covalent bond to form crystals. Its crystal
structure belongs to diamond, with a density of 107> kg/cm?,
lattice constant 0.534 nm, melting point 1685 K, coefficient of
thermal conductivity 1.56 W/(cm-K), band gap 1.12 €V (300
K), and intrinsic carrier concentration 1.02 X 10 cm™3>
Benefiting from good carrier mobility, thermal conductivity,
and suitable band gap, silicon has shown a wide range of
applications in modern optoelectronics, including amplifiers,
modulators, frequency converters, and optical switches.*”®'
Based on the structure shown in Figure 1, the CWR is removed
and the silicon is embedded in the gap of the SRR, as shown in
Figure 6. The upper surface of the unit structure can be

Silicon bridge

Figure 6. All-optical ultrawideband terahertz polarization converter
based on meta-atomic molecularization metasurface. The incident
terahertz waves refer to Figure 1. The size of the silicon bridge is 16 X
4 X 0.2 um, oy is 0.25 S/m, and the dielectric constant is 11.9.

regarded as consisting of two meta-atoms connected by silicon
bridges. Under optical pumping, when the incident photon
energy is larger than the band gap of silicon, electrons
transition through intrinsic absorption and produce a large
number of photogenerated charge carriers (electron and hole
pairs).”” This work uses a pulsed laser of 800 nm to excite
photogenerated charge carriers (e.g,, amplified ~ SO fs pulse
width with a central wavelength of 800 nm or photon energy of
1.55 €V).*>**7% Under optical pumping, the conductivity of
silicon (6g) can be actively regulated over a wide range,
capable of reaching the order of 10° §/m.*>¢>0%%57¢?
Therefore, with the increase of the pump power, the discrete
SRR can be quickly conducted by exciting a large number of
photocarriers in the silicon bridge, and the metasurface can be
constructed from meta-atom to molecularization model, thus
realizing ultrawideband polarization regulation.

Under optical pumping, the transmission of cross-polar-
ization, the transmission of copolarization, and the PCR are
shown in Figure 7. From Figure 7a, under femtosecond pulse
laser modulation, the conductivity of the silicon bridge
increases and the amplitude of f,, gradually decreases. When
og; is 0.25—25 S/m, at 0.9—2.2 THz, t is larger than 0.5; at
1.025—1.234 THz, t,, is larger than 0.7; at 1.11 THz, the
maximal #,, is about 0.75. This state can be “switching on”.
When 65, is 2.5 X 10°~7.5 X 10° S/m, t,, is close to 0 at 0—2.2
THz. This state can be “switching off.” It indicates that the x-
polarized wave cannot be converted into a y-polarized wave
after passing the polarization converter. In the process of
optical pumping, ¢, is always close to 0, indicating that the
device can well suppress the transmission of copolarization and
ensure the transmission of pure y-polarized waves. With an
increase in the pump power, the polarization conversion
bandwidth decreases gradually. When oy; is 0.25 S/m, the PCR
is close to 1 at 0.26—2.2 THz; when o is 7.5 X 10° S/m, the
PCR s close to 1 at 1.136—1.226 THz, as shown in Figure 7b.
When oy is 0.25 S/m, the PRA is close to 90° at 0.18—2.2
THz; when oy is 7.5 X 10° S/m, the bandwidth of PRA
approaching 90° is only 0.11 THz (1.09—1.2 THz), as shown
in Figure 7c. When oy is 0.25 S/m, EA is close to 0° at 0.72—
2.2 THz; when o is 7.5 X 10° S/m, the bandwidth of EA
approaching 0° is only 0.31 THz (0—0.19 THz, 0.4—0.52
THz), as shown in Figure 7d. The above data show that the
polarization converter can realize the mutual conversion
between the cross-polarization mode and the copolarization
mode under the condition of optical pumping and solve the
inherent problem of the metasurface polarization converter.
Figure 8 shows the distribution of the electric field intensity on
the upper surface of the device at 1.11 THz. When o; is 0.25
S/m, the electric field strength at the silicon bridge is very
small, indicating that almost no current passes through and the
SRR is in a state of not being connected. At this time, the
equivalent current in the SRR has a fixed flow direction, and
the bottom metal CWA can generate EM resonance, which can
realize the polarization conversion of polarized waves, in Figure
8a. When og; is 7.5 X 10° S/m (metal state), the electric field
strength at the silicon bridge is large, indicating that there is a
current through, and the SRR is in a connected state. The SRR
has been equivalent to a metal ring, and the equivalent
circulation formed by its current cannot generate a strong EM
resonance with the bottom metal CWA, so the polarization
conversion ability is weak, as shown in Figure 8b.

To study the ultrafast polarization conversion process of the
silicon-based composite metasurface, the switching response of
polarization conversion is measured by optical pump-terahertz
probe (OPTP) measurements.”””" The time for the pump
pulse to reach the metasurface polarization converter is
determined by the delay line of the pump light. Therefore,
the switching response time can be defined as the time
difference between the peak of the pump pulse and the peak of
the terahertz pulse. To numerically simulate the dynamic
evolution of the modulation spectrum, the photoexcited
electron—hole density (N,_;) evolvin% over time can be
modeled using the following equation’”’”

Neww _ AN._, — BN>, — CN®
dt e—h e—h e—h (8)
O
o(w) = —
1+iwg (9)
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Figure 7. Transmission of cross-polarization and copolarization (a), PCR (b), PRA (c), and EA (d) of the polarization converter under optical

pumping.
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Figure 8. Electric field intensity of the unit structure at 1.11 THz
under optical pumping, (a) 0.25 S/m and (b) 7.5 X 10° S/m.

where, A, B, and C are weighting factors for the
monomolecular nonradiative decay, the radiative recombina-
tion decay, and the nonradiative Auger recombination decay,
respectively; o(®) is the complex conductivity of the silicon
bridge, 0, is the DC conductivity, @ is the angular frequency of
THz waves, 74 = 80 fs is the Drude damping time. According
to previous reports,’"’*’® the first-order recombination
coefficient in silicon ranges from 2.65 X 10° s™* to 9.6 X 10°
s71, the second-order recombination coefficient is 6 X 107%°
cm?® 57}, and the third-order recombination coefficient is 3.8 X
1073! ¢m® s™L. Combined with the Drude model, the change of
complex conductivity caused by the photocarrier concentration
can be determined. Under the excitation of a femtosecond
pulse laser, the photocarrier concentration in the silicon bridge
is significantly increased, and when the 6g; reaches 7.5 X 10° S/
m, the discrete SRR is quickly conducted. The silicon bridge
with high conductivity makes the upper surface of the unit
structure be constructed from atomic to molecular model,
which affects the EM resonance intensity of the polarization
converter to realize the change of the polarization conversion
ability. The OPTP measurement scheme is used to simulate
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the transient evolution of polarization conversion as shown in
Figure 9a. Figure 9b shows the transient electric field spectra
monitored by the pump—probe with various time delays when
the silicon bridge conductivity reaches 7.5 X 10° S/m. When
the time delay is 700—900 ps, the transient electric field
waveform is almost not changed, indicating that the switching
response time for polarization conversion is about 700 ps. The
photocontrolled switching time mainly depends on the
relaxation time of the photocarriers in the silicon bridge. To
realize the ultrafast active regulation of polarized waves, the
photocarriers lifetime in the silicon bridge can be shortened by
the injection of additional ions (such as phosphorus ions, and
boron ions), and the polarization modulation speed of the
terahertz metasurface can be further improved.”*”’® Figure 9¢
shows the ultrafast modulation of the transient evolution of
polarization conversion under a femtosecond pulse laser. At 0
ps, due to the large number of photocarriers generated in the
silicon bridge, the split resonant ring is quickly connected into
a whole structure under optical pumping, and the polarization
conversion ability weakens rapidly. Therefore, “0 ps” can be
considered as a state in which polarization conversion is
“switching off”. With the increase of the time delay of a pulsed
laser, the polarization conversion ability increases rapidly.
When the pump pulse time delay reaches 700 ps, the
metasurface recovers the ability of ultrawideband polarization
conversion, that is, in the time delay of 700 ps, the metasurface
polarization conversion ability can return to the state of no
excitation. “700 ps” can be considered as the state in which
polarization conversion is “switching on”. Figure 9¢ depicts the
ultrafast tuning process of the polarization conversion, and the
entire switching cycle can be completed in 700 ps. The above
phenomenon occurs because the conductivity in the silicon
bridge is weakened by photocarriers recombination, the
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Figure 9. (a) Schematic diagram of a time-domain spectral system for optically pumped terahertz detection. BS: beam splitter mirror, ODL: optical
delay line, PM: parabolic mirror, WP: Wollaston Prism; 4/4: quarter wave plate, PBD; photoelectric balance detector, ZnTe: zinc telluride crystal.
The optical laser beam had a pulse width of ~50 fs and a center wavelength of 800 nm with a 1 KHz repetition rate. (b) Transient electric field
spectra are monitored by a pump—probe with various time delays. (c) Polarization conversion spectra map showing the transient switching
dynamics for various pump—probe time delays. The conductivity of silicon is 7.5 X 10° S/m. The dotted line position of the bidirectional arrow
indicates that the recovery time of the polarization conversion switch is about 700 ps.

molecular state cannot be maintained, and the unit structure is
resplit into two meta-atoms. The ultrafast modulation of
polarization conversion is realized through the moleculariza-
tion of meta-atoms by optical pumping, which provides a new
research idea for ultrafast terahertz polarization converters
based on metasurface.

In this section, by reasonably designing a hybrid metasurface
and using external photoexcitation to control the physical state
of the silicon bridge, the meta-atom to molecularization model
is constructed, and the ultrafast regulation of polarization
conversion devices is realized, which has great application
potential in the fields of ultrawideband communication,
photocontrolled switching, and transient spectroscopy.

2.5.2. Based on All-Dielectric Metasurface. This section
replaces the metal SRR and CWR in Figure 1 with the SRR
and CWR based on semiconductor silicon. The unit structure
is shown in Figure 10. The tunable polarization conversion
performance of the device is also studied under external
photoexcitation.

Under optical pumping, the transmission of cross-polar-
ization, the transmission of copolarization, and the PCR are
shown in Figure 11. From Figure 11la, the transmission of
cross-polarization gradually increases with the increase of the

48474

N
J’@ A
©
Y «2
\ W -
\\ Silicon structure

Figure 10. All-optical ultrawideband terahertz polarization converter
based on all-dielectric metasurface. The incident terahertz waves refer
to Figure 1. The o is 0.25 S/m, and the dielectric constant is 11.9.

intensity of the optical pumping; but the transmission of
copolarization is always close to 0, which ensures the pure
polarized wave transmission. When oy; is 0.25 S/m, t,, is ~ 0,
indicating that the incident x-polarized wave is not able to be
converted into a y-polarized transmitted wave after passing
through the polarization converter; at this time, the PCR is 0,
as shown in Figure 11b. This state can be “switching off.”
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Figure 11. Transmission of cross-polarization and copolarization (a), PCR (b), PRA (c), and EA (d) of the polarization converter under optical

pumping.

When og; is 2.5 X 10° S/m, the t,x is larger than 0.6 at 0.796—
1.94 THz, and the maximal ¢,, = 0.66 at 1.14 THz; the PCR
reaches ~ 100% at 0.2—2 THz. This state can be “switching
on.” Therefore, under optical pumping, the incident polarized
wave can be switched between the copolarized mode and the
cross-polarized mode, which realizes the optically controlled
tunability of the PCR and polarization conversion bandwidth.
The reason the device achieves optically controlled tunable
polarization conversion is explained in Figure 12. The color

(2)

Figure 12. Electric field intensity of the top structure at 1.14 THz
under optical pumping, (a) 0.25 S/m and (b) 2.5 X 10° S/m.

bars in the picture have been normalized. Under the optical
pumping, the photogenerated carrier concentration in silicon
will be increased, and the top structure will be transformed
from a semiconductor state to a metal state, thus realizing the
electrical resonance or magnetic resonance of the top surface
structure and the bottom CWA, and completing the polar-
ization conversion. Therefore, Figure 12a,b shows the electric
field intensities in the top layer of 1.14 THz under different
optical pumping intensities to show the concentration of
photogenerated carriers and the strength of EM resonance.
When oy is 0.25 S/m, the surface electric field strength of the
device is much lower than that when oy is 2.5 X 10° S/m. It is
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proved that under optical pumping, the device achieves
polarization conversion by reconstructing EM resonance and
exhibits a remarkable optical switching effect. To describe the
polarization characteristics of the transmitted EM waves, the
PRA and EA of the incident EM waves for the x-polarization
direction through the polarization converter under optical
excitation are shown in Figure 11c,d. When og; is 0.25 S/m, the
PRA = 0° and EA = 0° at 0—2.2 THz, and the incident x-
polarized wave cannot be converted into the y-polarized wave.
When oy is 2.5 X 10 S/m, PRA is ~ 0° at 0.164—2.2 THz; at
0.6—2.2 THz, EA is ~ 0°. The above data show that the device
can realize a dynamic tunable linear polarization converter in
the ultrawideband range under femtosecond laser modulation.

The ultrafast transient evolution of the polarization
conversion is simulated under optical modulation by the
OPTP method in Figure 9a. Figure 13a shows the transient
electric field spectra monitored by the pump—probe with
various time delays when o; reaches 2.5 X 10° S/m. When the
metasurface of silicon is excited by a femtosecond laser, many
free carriers are generated in silicon, which realizes the
metasurface transformation from semiconductor state to metal
state, and thus, the polarization conversion is controlled. When
the time delay reaches 1800 ps, the transient electric field of
the terahertz wave does not change, indicating that the
switching response time is about 1800 ps. Figure 13b shows
the transient dynamic evolution process of polarization
conversion under femtosecond laser pulse modulation. At 0
ps, the silicon with high conductivity and the bottom metal
CWA produce strong EM resonance, resulting in strong
polarization conversion ability. “0 ps”, can be considered as a
state in which polarization conversion is “switching on.” With
the increase in the time delay of the pulsed laser, the
polarization conversion ability decreases gradually. When the

https://doi.org/10.1021/acsomega.3c08355
ACS Omega 2023, 8, 48465—48479


https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08355?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a) -

Switching on

26 F

28)/ Y
ime delay (ps) SVVlth(T‘sl)lIlg off

-3.0

Eletric field (a.u.)

—0
—200 2788 /
3.2} ——600 4
——1200 2788
34} 1500
— 1800 2800
2000 R o ok o
02 0.4 06 08 1.0 1.2 14 16 1.8 2.0 2.2

Frequency (THz)

(b) 220

Frequency (THz)

-
[=2]
[

iy
s
o

o
13
3]

0.00

0 300

600 900 1200 1500 1800

Pump-probe Delay (ps)

Figure 13. (a) Transient electric field spectra are monitored by a pump—probe with various time delays. (b) Polarization conversion spectra map
showing the transient switching dynamics for various pump—probe time delays. The conductivity of silicon is 2.5 X 10° S/m. The dotted line
position of the bidirectional arrow indicates that the recovery time of the polarization conversion switch is about 1800 ps.

time delay reaches 1800 ps, the device has almost no
polarization conversion transmission capability. “1800 ps”,
can be considered as a state in which polarization conversion is
“switching off.” This shows that the polarization conversion
ability can be restored to the state without optical excitation
after a time delay of 1800 ps. This is due to photocarriers
recombination in silicon that causes the conductivity to
weaken and return to the semiconductor state. Figure 13b
graphically shows the modulation process of polarization
conversion, and the whole switching cycle can be completed
within 1800 ps, which has the ability of ultrafast tuning of
polarization conversion.

The above analysis shows that under the excitation of a
femtosecond laser, due to the ultrashort relaxation time of
photocarriers in silicon materials, the silicon-based metasurface
has ultrafast optical switching characteristics and achieves
ultrafast and ultrawideband optically controlled terahertz
polarization conversion. The realization of ultrafast all-optical
terahertz modulation by a semiconductor composite metasur-
face provides a new idea for the development of reconfigurable
metasurface devices and brings new opportunities for the
development of all-optical controlled ultrafast terahertz
modulators.

3. CONCLUSIONS

In this work, we have demonstrated an ultrawideband terahertz
linear polarization converter consisting of a double-layered
metasurface. The PCR of the device is ~ 100% at 0.2—2.2
THz, the PRA is close to 90° at 0.04—2.2 THz and the EA is
close to 0° at 0.65—2.2 THz, which has a strong linear
polarization transmission ability. The physical mechanism of
polarization conversion is elucidated by numerical simulation
of the surface current and electric field distribution. The
influence of geometric parameters on the performance of
polarization converters is discussed and explained in detail,
which has important guiding significance for the design of
high-performance polarization converters. Importantly, the
dynamic switching ultrawideband linear polarization converter
is realized by introducing photosensitive silicon to reconstruct
the EM resonance under optical pumping, which solves the
inherent problem of the function of the metasurface polar-
ization converter. Numerical simulation shows that the all-
optical polarization converters based on meta-atomic molec-
ularization metasurface and all-dielectric metasurface can
achieve a switching response of about 700 and 1800 ps,
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respectively, which brings a new opportunity for all-optical
controlled ultrafast terahertz polarization conversion devices.
Our results offer a feasible scheme for the development of
active and controllable ultrawideband terahertz metasurface
linear polarization converters, which have significant potential
use for terahertz wireless communication, transient spectrum,
ultrafast optical switches, optical polarization control devices,
etc.
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