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Polarization manipulation of electromagnetic wave or polarization multiplexed beam shaping based on metasur-
faces has been reported in various frequency bands. However, it is difficult to shape the beam with multi-channel
polarization conversion in a single metasurface. Here, we propose a new method for terahertz wavefront shaping
with multi-channel polarization conversion via all-silicon metasurface, which is based on the linear shape
birefringence effect in spatially interleaved anisotropic meta-atoms. By superimposing the eigen- and non-
eigen-polarization responses of the two kinds of meta-atoms, we demonstrate the possibility for high-efficiency
evolution of several typical polarization states with two independent channels for linearly polarized waves. The
measured polarization conversion efficiency is higher than 70% in the range of 0.9-1.3 THz, with a peak value
0f 89.2% at 1.1 THz. In addition, when more other polarization states are incident, combined with the integration
of sub-arrays, we can get more channels for both polarization conversion and beam shaping. Simulated and ex-
perimental results verify the feasibility of this method. The proposed method provides a new idea for the design of
terahertz multi-functional metadevices. ~© 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.431019

1. INTRODUCTION

Polarization is an important variable of electromagnetic waves,
typical types of which include linear, circular, and elliptical
ones. From the perspective of electromagnetic field, it refers
to the trajectory of the electric field vibration, and from the
perspective of the photons, it (circular polarization) can also
be related to the spin angular momentum [1,2]. Therefore,
polarization of light has been widely studied and applied in im-
aging, quantum optics, and other fields, and polarization
manipulation has become an important research content of
modern optics and photonics [3—5]. Traditional optical devices
based on bulk crystals are used for polarization generation or
conversion, such as polarizers and wave plates. The wave plate is
based on the linear birefringence effect of the optical crystal,
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which produces a phase shift between the ordinary and the
extraordinary components with an appropriate thickness,
and then superimposes them into a new polarization. Such de-
vices are large in size and require high processing accuracy,
while only specific materials can be used in each electromag-
netic band [6]. More importantly, these devices can hardly real-
ize the simultaneous control of other optical parameters while
performing polarization conversion, such as amplitude and
phase. This is not conducive to the multi-functional and inte-
grated development of modern optical devices.
Electromagnetic metasurfaces are planar functional devices
composed of artificially designed sub-wavelength meta-atoms
[7-10]. After more than 10 years of rapid development, sig-
nificant progress of them has been made in the fields of
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information optics [11,12], quantum optics [4,5], non-linear
optics, and terahertz photonics [13—17]. Electromagnetic func-
tional devices based on metasurfaces are flexible in design and
conducive for integration. They not only provide new ideas for
the development of new optical devices, but also provide
powerful tools for many basic physics researches [18-20]. In
particular, metasurfaces also achieve optical linear birefringence
and polarization conversion. Different from the material bire-
fringence of traditional optical devices, the meta-atoms in meta-
surface utilize the shape birefringence [21], which has been
realized from microwave to ultraviolet bands using a dielectric
or metal [22,23]. For shape-induced linear birefringence, when
the incident polarization is consistent with the symmetry axis
of the anisotropic meta-atom, the output polarization state re-
mains unchanged, and the incident polarization state is called
the eigen-polarization state. When the other linearly polarized
wave is incident, its projection in the eigen-polarization state
will cause polarization transformation [21], and the output
polarization state can be designed by changing the geometric
parameters of the structure. The advantage of shape birefrin-
gence is that the working frequency can be designed, and other
functions can be achieved with polarization conversion, such as
non-linear effect [10], wavefront shaping [5,24,25], and polari-
zation-dependent beam energy distribution [26,27]. In particu-
lar, researchers set the appropriate geometric dimensions
to make the linear polarization conversion efficiency of the
meta-atoms be about 50%, controlled the phase difference be-
tween the co- and cross-polarized components, and then ob-
tained beam shaping with designed polarization [28-30].
This method is similar to the principle of a quarter-wave plate
and can realize the polarization conversion with a simple struc-
ture, but the transformation channels are non-
independent due to the symmetry of the meta-atoms. It is
difficult to achieve independent polarization conversion be-
tween different channels. In addition to the linear polariza-
tion-based approach, the circular polarization-based one has
also been reported, that is, the phase manipulation method
of spin decoupling which combines geometric and dynamic
phases, while the cross- and co-polarizations can be controlled
at the same time [31-33]. However, the optical response
of each unit needs to meet several conditions at the same
time, which means that their design process is complicated.
Therefore, metadevices for polarization conversion with a
simple design and two or more independent channels are very
necessary.

Here, we propose a new method for terahertz beam shaping
with multiple polarization conversion channels. Two sets of
spatially interleaved anisotropic units are used to obtain the lin-
early co- and cross-polarized components, which are superim-
posed to obtain a new polarization state in beam shaping. We
take the focused beam as an example to improve the signal-to-
noise ratio (SNR) of the measurement for terahertz electric
field. We use two samples to demonstrate the high-efficiency,
broadband polarization conversion and the multi-channel func-
tion brought about by the incident polarization and the sub-
arrays. This method is not only suitable for design of linear
polarization-based metasurfaces, but also can be extended to
circular polarization-based devices.
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2. RESULTS AND DISCUSSION

The proposed scheme of beam shaping with polarization con-
version is shown in Fig. 1, in which Fig. 1(a) is a schematic
diagram of the metasurface. We take the incidence of two
orthogonal linear polarization states as an example (such as
x and y polarizations). In the transmitted wave, we can obtain
two independent polarization states, such as different linear or
circular polarizations. Here we define the polarization states
with an angle of 45° or -45° to the x axis as “4” or “4” polari-
zation, respectively [28]. The above-mentioned functions
are realized by the spatially interleaved structure shown in
Fig. 1(b), in which the two kinds of units differ by half a period
(p/2) in both the x and y directions. When an x- or y-polarized
wave is incident, the transmitted wave of the cross-ellipse
cylinder [structure (i)] maintains its polarization state, which
is called the eigen-polarization. Moreover, the transmission
phases of the two polarization states can be independently con-
trolled. For structure (ii), the long axis of the ellipse forms an
angle of 45° or -45° with respect to the x axis, and its eigen-
polarization states are 2 and & polarizations. The transmitted
wave can be efficiently converted into cross-polarization when
x- or y-polarized beam is incident. In this way, we have three
polarization components to control, and then two independent
polarization channels can be obtained after superposition. In
addition, other incident polarization states can be regarded
as vector superposition of x and y polarizations with a specific
phase shift, so more transmission polarization states can also be
obtained. For example, when a/b-polarized waves are incident,
the transmitted waves will be elliptically polarized.

Here, we make a brief theoretical analysis of the working
principle for the metasurface in Fig. 1. Without loss of general-
ity, we consider the condition of x or y polarization incidence.
Considering that there are two kinds of units in our metasur-
face, the operational relationship between the transmitted and
incident electric field is
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Fig. 1. Schematic diagram of the metasurface for beam shaping with
dual-channel polarization conversion. (a) Taking the orthogonal lin-
carly polarized terahertz waves as an example, a 45° polarized
(a-polarized) or right circularly polarized (RCP) beam can be obtained
when the x- or y-polarized wave is incident, respectively. (b) The ar-
rangement of two types of meta-atoms in the metasurface. The eigen-
polarizations for the first and second types of meta-atoms are x (y)
polarization and £45° (a, b) polarizations, respectively.
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where the matrix 7" is the transmission matrix of the meta-
atoms, and its elements Tl-j (i,j = x,y) represent the transmis-
sion coefficients. When the polarization conversion efficiency
of the second type meta-atoms is high enough, the unconverted
part can be ignored, and the matrix T can be decomposed into
the sum of the co- and cross-polarization components:

T

0 0o T
— _ xx xy
T - Tco + Tcross - ( 0 Ty)/) + (Tyx 0 ) (2)

The transmission coefficient T can be written as the product
of its modulus and phase, namely,

T = TCO + TC[DSS

= + . (3)
( 0 Ly Py Ly Pyx 0

In our structure (ii), the angle between the long axis of the
ellipse and the x axis is 45° or -45°, s0 £, - @, = 2, - @3 then
the two coefficients can be unified as # ;o5 - Pcross-

When the x-polarized wave is incident, we have

Ei‘c _ Txx Txy Ef _ Txx E;C
El)  \T, T,)\0) \T, Ef
_ LixPrx E)z(
N ( Zeross@Peross E )zc > ’ (4)
Assuming that the phase difference between the transmitted
x- and y-polarized components is A@, = @, ~ Peross =

Prx = Peross> and the transmission amplitude is 1, then the total
transmitted electric field is

EEI) - (€0cr035 + A(Px)Ef ) ix + qocrossE;C ’ i)” (5)

where 7, and #, are unit vectors in the x and y directions.
Similarly, when the y-polarized wave is incident, the trans-
mitted electric field is

E )tc _ Txx Txy 0 _ Txy E}z/
E}t’ B T}’X T}'}’ E)z/ N Tyy E}z/

thOSS Cross E{
=< v Ez). (©)

Ly Py
The phase difference between the transmitted x- and
y-polarized components at this time is Ap, = @cy = Peross =
®yy = Peross> and the transmission amplitude is 1:

Eﬁz) = g”crossE}i/ . ix + ((pcross + Ag”)')E}’/ ’ i}" (7)

It can be seen from Egs. (5) and (7) that when we fix the phase
of cross-polarization, the total output electric field is deter-
mined by Ag, and Ag,, which means that the transmission
polarization state is also determined by them.

In order to obtain the above-mentioned metasurface, we use
commercial numerical simulation software to obtain parameter
libraries of the two kinds of meta-atoms. We choose high-
resistance silicon as the constituent material, and process meta-
atoms directly on the silicon wafer. High-resistance silicon
(p > 5000 Q- m) shows almost no absorption for terahertz
wave, and its dielectric constant is set as € = 11.9 during
the simulation. The two structures are shown in Fig. 2(a),
where the period is p = 140 pm, the height of the silicon pillar
is »# = 200 pm, and the thickness of the substrate is 300 pm.
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Fig. 2. Amplitudes and phases of the transmitted wave correspond-
ing to meta-atoms with selected geometric parameters. (a) Geometric
shape of the two kinds of meta-atoms. Amplitude and phase values for
the (b) second and (c)—(f) first types of meta-atoms.

The major and minor axes of the ellipse in structure (ii) are wy
and w3, respectively. The minor axes of the two ellipses in struc-
ture (i) are both D = 40 pm, and the major axes are w; and
w,, respectively.

By scanning the parameters of the two structures (the
original data can be seen in Appendix B, Fig. 6, the working
frequency is /= 1.1 THz), we first obtained the parameter
library of structure (ii), as shown in Fig. 2(b). Since the struc-
ture will generate y- and x-polarized waves that are equal in
value when the x and y polarizations are incident, respectively,
we use only one component to represent them uniformly
(7 oss and @ross). The phase shifts of the eight elements
are changed from 135° to 180°, which is equivalent to cover-
ing the interval of [-180°, 180°] with a step of 45°. The first-
order transmission coefficients of the eight elements are all
around 0.6. The parameter library of structure (i) is shown
in Figs. 2(c)—2(f); the values in the figure are obtained by prob-
ing the co-polarization components when x- or y-polarized
waves are incident separately. Each unit in the library needs
to consider the transmission phase shifts for both x- and
y-polarized waves (eigen-polarizations) at the same time, and
the amplitude remains the same. It can be seen from the figure
that the selected phases show a good gradient with a step of 45°,
and the first-order amplitudes of all units basically remain
above 0.6. The transmission efficiency limitation of the two
types of structures is mainly due to the reflection at the air/
silicon interface.

Based on the above parameter library, we design two
metasurfaces to verify the beam shaping with polarization
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conversion. The samples are processed from a 500 pm thick (RCP), respectively. In addition, we design the transmitted
high-resistance silicon through inductively coupled plasma beam as a focused vortex beam, which can improve the
(ICP) etching technology. Each sample is a square with a side SNR of the measurement results. Therefore, the expression
length of 1.4 cm. The specific processing steps can be seen in of the phase profile of the three channels in the metasurface
Appendix A. The scanning electron microscope (SEM) images should be

of the first metasurface are shown in Fig. 3(a), which is called

" 2 [ 2 Jy_~

sample 1. Its effective area is a circular array composed of the P = - i x*+y°+ f* - f | + arctan 2 (8)

two kinds of meta-atoms mentioned above. There are 80 units

(1.12 cm) of each kind in the radial direction. It can be seen

from the figure that the sidewalls of the meta-atoms are very o y

steep, which means the processing error is not obvious. In order Py = - 7TV X+ + f2- f ) + arctan <) ©)
to illustrate the polarization conversion function of sample 1

intuitively, we use Poincaré spheres to show the incident
and transmission polarization states, which are denoted by 2T \/

lin) and |out), respectively, as shown in Fig. 3(b). To show Peross = =\ 7~
the independence of the two polarization channels, we hope
that when the x- and y-polarized waves are incident, the trans-
mission waves are a-polarized or right circularly polarized
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Fig. 3. Simulated and experimental results of sample 1 for the generation of focused vortex beam with polarization conversion. (a) SEM images of
sample 1. (b) Demonstration of dual-channel polarization conversion on the Poincaré sphere. (c) Electric field intensity of the transmitted wave in
the focal plane when the x- or y-polarized beam is incident. (d) Electric field intensity in the longitudinal section (xoz-plane) at different frequencies.
(¢) The simulated and measured polarization conversion efficiency of the metasurface in the range of 0.7-1.4 THz at the focal plane, in which the
designed working frequency is 1.1 THz.
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where ¢, and ¢,, are responses for the x- or y-polarized wave
of structure (i), and @, is the phase response of structure (ii).
In order to eliminate the influence of spatial dislocation of
meta-atoms on the focusing phase superposition, both x and
y coordinates of @ are corrected by half a period. In
sample 1, the focal length in Eqs. (8)—(10) is f = 7 mm,
and the wavelength is 4 = 273 pm. The simulated and mea-
sured results for electric field intensity of sample 1 at the focal
plane are shown in Fig. 3(c), where all the values are normal-
ized, and the design frequency is 1.1 THz. They are obtained
from a full-wave simulation of the transmitted electric field
under the illumination of x- and y-polarized waves, and the
specific simulation settings are explained in Appendix A. In
order to clearly show the polarization state of the transmitted
beam, we give the simulation results of two orthogonal polari-
zation components, including a 2D intensity and a 1D curve
of the central section. As can be seen in the figure, the RCP
and the b-polarized components are the main parts, while
the orthogonal polarization components are very weak, which
is consistent with our design. The corresponding experimental
results of sample 1 are shown in the second line of Fig. 3(c),
where the actual frequency is 1.08 THz at the plane of
z = 6.8 mm. They are basically in agreement with the simu-
lation results of the first line. The phase distributions which
indicate the mode order of the generated vortex beam are
shown in Appendix C (Fig. 8). For specific measurement
steps, see Appendix A. In addition, we also consider the work-
ing bandwidth of the metasurface, taking the incidence of

“ - Q Vol. 9, No. 10 / October 2021 / Photonics Research 1943
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x-polarized wave as an example. Figure 3(d) shows the electric
field intensity distributions in the xoz-plane of several frequen-
cies near 1.1 THz, in which the focusing efficiencies are relatively
high. Due to the high refractive index of silicon in the terahertz
band (7 = 3.45 around 1 THz), the reflection is up to 30% at
the air/silicon interface under normal incidence [34]. Here we
only focus on the transmitted part. Figure 3(e) shows the polari-
zation conversion efficiency in the range of 0.7-1.4 THz, which

is obtained at the focal plane (z =7 mm) by

_ |Ercpl® (11)
|Ercpl* + |Ercpl?

It can be seen that the conversion efficiency at the design
frequency of 1.1 THz is up to 89.2%, and it is greater than
60% in the entire survey frequency band. The simulated results
show that the efficiency is higher than 80% in the range of
0.8-1.3 THz, with a peak value of 93.8% at 1.1 THz. The
measured values are slightly smaller than the simulated ones;
after all, there are some noise signals in the edge area of the
focal plane in the measurement results.

In fact, we can obtain more channels in one metasurface via
area division of the sample, which means designing different
phase distributions in different areas [30]. For simplicity, we
only consider the condition of dividing the effective area into
two sub-arrays. When the x- or y-polarized wave is incident, the
two areas produce different circularly polarized beams. To this
end, we design and process the sample 2 shown in Fig. 4(a),
where the phase functions of the left- and right-half regions are
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Fig. 4.

.

Simulated and experimental results of sample 2 for the generation of focused vortex beam with polarization conversion. (a) SEM image and

optical photo of sample 2. (b) Demonstration of the dual-channel polarization conversion on the Poincaré sphere. (c) Electric field intensity of the
transmitted wave when the x- or y-polarized beam is incident. (d), (e) Electric field intensity in the longitudinal section (xoz-plane) for different
polarization components, and values of S5 component of the Stokes parameters.
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Fig. 5. General discussions on the available polarization states. (a),
(b) The possible polarization realization of the transmitted wave when
the linearly polarized wave is incident. (c) Transmitted electric field
intensities under circularly polarized wave illumination.

shown in Appendix B (Fig. 7). The focal length of sample 2 is
f =7 mm, and the working wavelength is A = 273 pm. The
Poincaré sphere in Fig. 4(b) shows the polarization conversion
function of sample 2. At this time, one input linear polarization
state can generate two output circular polarization states at dif-
ferent positions. Figure 4(c) shows the polarization components
of the transmitted electric field when the x- or y-polarized wave
is incident. In addition to the electric field intensity and section
curve similar to Fig. 3(c), here we also use the S3 component
(normalized) of Stokes parameters to intuitively show the cir-
cular polarization distribution of the transmitted wave. It can
be seen that both left- and right-handed circular polarizations
have been obtained efficiently, and the simulation results are in
agreement with the experimental data. In addition, we show the
electric field intensity and S5 parameter distributions of the
metasurface in the longitudinal section (xoz-plane) in Fig. 4(d).
It can be found that the division of the regions does not sig-
nificantly affect the focusing efficiency of the metasurface.

Generally, in the case where linearly polarized waves are in-
cident, all the polarization states we get are derived from the
superposition of orthogonal linearly polarized components
transmitted by the two types of meta-atoms. With different
phase shifts, various states such as linear, elliptical, or circular
polarization can be obtained. In particular, when the x- or
y-polarized wave is incident, both of the polarization compo-
nents appear in the transmitted beam. Assuming that the phase
difference between the x and y polarization components in the
transmission is § = 6, - J,, Fig. 5(a) shows the generated
polarization states when & takes different values. The corre-
sponding positions on the Poincaré sphere are shown in
Fig. 5(b). It should be noted that when only the x- or
y-polarized wave is incident, we will never get a purely x- or
y-polarized transmitted wave. However, as shown in Fig. 5(c),
when the RCP or LCP wave is incident in sample 2, we can
get x- or y-polarized beams. In this way, we have achieved the
coverage of various typical polarizations of the transmit-
ted wave.

3. CONCLUSION

In summary, we propose a new method for terahertz beam
shaping with multi-channel polarization conversion based on
all-silicon metasurfaces. We alternately arrange two kinds of
meta-atoms in a single metasurface, eigen-polarizations of
which are x, y, or =£45° polarizations, respectively.
Therefore, when x- or y-polarized waves are incident, they will
respectively generate co- or cross-polarized transmitted waves
while achieving beam shaping. In this way, a new polarization
state in transmission can be obtained after far-field interference,
and there are two independent channels available. In addition, a
single metasurface can be divided into two or even more sub-
arrays to achieve more channels for polarization conversion or
beam shaping. To this end, we designed and processed two
samples to demonstrate the above functions. The simulated
and experimental results of the first sample verify the dual-
channel polarization conversion with linearly polarized inci-
dence. The second one shows the multi-channel polarization
conversion controlled by polarization incidence and region di-
vision. We use electric field intensities, Stokes parameters, and
Poincaré spheres to show the working performance of the meta-
surface, which confirm our proposed scheme. The experimen-
tal results of the electric field are in agreement with the
simulations. This design method is not only easier to imple-
ment and can provide independent polarization conversion
channels, but can also be extended from a linear polarization
base to a circular polarization base. The proposed metasurfaces
are expected to be applied for polarization multiplexing imag-
ing, holography, and detection of polarization state of tera-
hertz wave.

APPENDIX A: EXPERIMENTAL SECTION

Numerical simulations: We simulate the meta-atoms and
whole samples using the commercial software CST
MICROWAVE STUDIO (2019, time domain solver). We
first calculate the transmission amplitudes and phases of the
units with different geometric dimensions. At this time, both
x and y directions are set as periodic boundaries, and the open
boundary is set along the z direction, while a plane wave is used
as the excitation source. Based on the parameter libraries, we
use a MATLAB code to drive the CST MICROWAVE
STUDIO to draw the whole structure of the sample. Then
the x, y, and z directions are set as open boundary conditions,
and the calculation space in the z direction is larger than the
designed focal length. Finally, another MATLAB code is used
to process the simulation results when needed.

Experimental setup: We measure the electric field intensity and
phase distributions of the focused terahertz beam (Figs. 3-5) using
the two-dimensional electro-optical sampling imaging system
(Appendix E, Fig. 7). The system contains a pump module
and a probe module, supported by a femtosecond laser amplifier
system (pulse width is 50 fs, working wavelength is 800 nm, rep-
etition frequency is 1 kHz). During the measurement, we put the
sample in the proper position to make the incident wave be
x- or y-polarized, and we measure the two orthogonal linear polari-
zation components in the transmitted beam. Then the sample is
rotated 90° around the transmission direction to measure the two
polarization components again, and finally the circular polarization
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components in the transmitted wave can be obtained through
polarization calculation.

Sample fabrication: Ultraviolet lithography and ICP etching
are used to process the samples. We use standard photolithog-
raphy to form a 6.8 pm thick patterned positive photoresist
(AZ4620) as a mask on a 500 pm thick silicon wafer with
a diameter of 4 inch (1 inch = 2.54 cm). Then we use
(ICP) etching technology (STS MULTIPLEX ASE-HRM
ICP ETCHER, United Kingdom) to etch the sample, and fi-
nally the remaining photoresist is washed away to get the final
sample. The etching depth is about 200 pm, and the remaining
300 pm thick silicon layer is used as the substrate.

APPENDIX B: GEOMETRIC SIZE SELECTION
OF THE META-ATOMS

In order to obtain the parameter library of the two types of
meta-atoms, we simulated the amplitudes and phases of the
transmitted wave with their lateral dimensions as variables (the
height of the silicon pillar is 200 pm, and thickness of the sub-
strate is 300 pm). The results are shown in Fig. 6, where Figs. 6
(a)—6(d) are the simulation results of type (i), and Figs. 6(e), 6
(f) are the results of type (ii). The values of w; and w, are in-
creased from 40 to 130 pm, while w3 and wy are from 40 to
70 pum, and the increase step length of all the variables is 2 pm.
Based on these results, we get the chosen values in Figs. 2(b)-2
(f) in the paper.

APPENDIX C: PHASE DISTRIBUTION
FUNCTIONS OF SAMPLE 2

As mentioned in the paper, the effective area of sample 2 is
divided into two sub-arrays, in which the phase distribution

(@) T (b) T g
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Fig. 6. Transmission amplitudes and phases of the meta-atoms with
different geometric sizes.
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functions of the two types of meta-atoms in the left half
(x < 0) and the right half (x > 0) are as follows:

(pxx=_<27”\/(x_1200)2+}’2+f2_f>_g’ .X'<O,
(C1)

qby},=—(2/1—ﬂ\/(x—1200)2+y2+f2—f> —g, x <0,
(C2)

(pCYOSS

=_<27ﬂ\/(x+§—1200>2+ (y-§>2+f2—f), x <0,

(C3)

o 2 2 2 > b4
(pxx__<7\/(‘x+1200) +}’ +f _f)+§’ .X'>0,

(C4)

, x>0,

2 b3
¢yy=_(7\/(x+ 1200)* +)’2+f2‘f> T3

(C5)

(pCI'OSS

=_<27ﬂ\/<x+§+ 1200)2+ <y—§>2+f2—f), x>0,
(C6)

As with sample 1, we have also introduced a half-period cor-
rection in the focusing phase function of the second type of
meta-atoms to eliminate the degradation of polarization con-
version efficiency that may be caused by spatial dislocation.
In order to show the near-field phase distributions of the
metasurface more intuitively, we draw the phase profile of the
two samples according to Egs. (8)—(10) and Egs. (C1)—(Co6)
above, as shown in Fig. 7. Sample 1 is a single focused vortex

Sample 1 Phase(deg)

180

Sample 2

Fig. 7. Near-field phase distributions of the two samples.
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y-pol. incident

x-pol. incident

Fig. 8. Phase distributions in the focal plane of the generated vortex
beam from sample 1.

beam, while sample 2 is divided into two regions, both of which
are focused phase profiles.

The phase distributions in the focal plane which indicate the
mode order of the generated vortex beam from sample 1 are
shown in Fig. 8. When the y-polarized (x-polarized) wave is
incident, we only show the transmitted 4-polarized (RCP) com-
ponent. Obviously, the simulated and measured results show
that the topological charge of the generated vortex beam is
/ =1, which also meets the description of Egs. (8)—(10).

APPENDIX D: TERAHERTZ IMAGING SYSTEM

We measure the electric field intensity and phase distributions
of the focused terahertz beam (Figs. 3—5 in the paper) using the
two-dimensional electro-optical sampling imaging system in
Fig. 9. The system includes a pump module and a probe mod-
ule, supported by a femtosecond laser amplifier system (pulse
width is 50 fs, working wavelength is 800 nm, repetition fre-
quency is 1 kHz). In the pump module, a pump beam from the
femtosecond laser is irradiated on the electro-optic crystal ZnTe
to excite terahertz pulses, and then the terahertz beam is colli-
mated by an off-axis parabolic mirror and irradiated on the
sample. While in the probe module, the other beam is incident
to another ZnTe crystal to probe the terahertz electric field.
The optical imaging module is composed of two lenses, in-
cluding a Wollaston prism (polarizing beam splitter, PBS), a
quarter-wave plate, and a CCD camera. To measure the cross-
polarized terahertz wave, the polarization state of the probe
beam can be changed by using the half-wave plate and the
polarizer. In addition, we rotate the sample to be equivalent
to the polarization change of the incident terahertz wave.

APPENDIX E: MEASUREMENT OF THE
POLARIZATION CONVERSION FOR TERAHERTZ
WAVE

The imaging system we use can only generate a linearly polar-
ized terahertz beam in the pump module, while the probe
module can measure the linearly co- and cross-polarized com-
ponents. Therefore, the transmitted circularly polarized wave
can be obtained if we superimpose the measured x and y polari-
zation components for sample 1, which is also applicable to

_ v < Research Article

Pump Probe
Chopper HWP
ZnTe P
PBS
\&l E BS
Lo
MS ZnTe L1 Qwp L2 o

Fig. 9. THz imaging system based on two-dimensional electro-
optical sampling.

the case of sample 2 when linearly polarized waves are
incident:

E.-ioE,
v2

where 6 = £1 means the left- or right-handed circularly
polarized waves, respectively.

For the condition where the circularly polarized wave is in-
cident in sample 2, after measuring four linear polarization
components, circularly polarized components in the transmit-
ted beam can be obtained according to the following formula,
and then the final polarization state can be judged:

<E++ E+—)
E. E_
1 <EXX+EW+ i(E,,
)

E° = (E1)

_ny) Exx_Eyy_i(Exy+ny)>
Exx_Eyy+i(Exy +E}/x) Exx +Ey}/_i(Exy_ny)
(E2)

where E;; (i, j = +,-) represents the four circular polariza-
tion components.
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