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Perfect optical vortices (POVs), characterized as a ring radius independent of topological charge (TC), possess
extensive application in particle manipulation and optical communication. At present, the complex and bulky
optical device for generating POVs has been miniaturized by leveraging the metasurface, and either spin-
dependent or spin-independent POV conversions have been further accomplished. Nevertheless, it is still
challenging to generate superposed POVs for incidences with orthogonal circular polarization. Here, a spin-
multiplexed all-dielectric metasurface method for generating superposed POVs in the terahertz frequency range
is proposed and demonstrated. By using the multiple meta-atom comprised structure as the basic unit, the com-
plex amplitude of two superposed POVs is modulated, decoupled, and subsequently encoded to left- and right-
handed circular polarization incidences. Furthermore, two kinds of metasurfaces are fabricated and characterized
to validate this controlling method. It is demonstrated that the measured intensity and phase distributions match
well with the calculation of the Rayleigh–Sommerfeld diffraction integral, and the radius of superposed POVs is
independent of TCs. This work provides promising opportunities for developing ultracompact terahertz func-
tional devices applied to complex structured light generation and terahertz communication, and exploring so-
phisticated spin angular momentum and orbital angular momentum interactions like the photonic spin-Hall
effect. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.476120

1. INTRODUCTION

Phase and polarization are two nontrivial characteristics of light
[1]. Circularly polarized light owns spin angular momentum
(SAM) of σℏ per photon attributed to the orthogonal handed-
ness [2], where σ � �1 represents the spin of left- and right-
handed circular polarization (LCP and RCP). On the other
hand, orbital angular momentum (OAM) is expressed as lℏ,
where l is the topological charge (TC)—an integer of single
quantum number [3]. The beam that carries OAM, named the
optical vortex beam (OVB), has an undefined phase in the
center of its helical phase structure, which is described by an
azimuthal phase dependence exp�ilθ�) and enables the inten-
sity distribution to be like a doughnut [4]. The whole angular
momentum of a circularly polarized OVB can be expressed by
J � �σ � l�ℏ per photon, including both SAM and OAM
[5,6]. Over the past 30 years, OVB has been explored in depth

and has led to a number of applications in fields such as particle
manipulation, high-resolution microscopy, optical communica-
tion, and quantum information [7–11], while traditional OVB
generation methods including diffractive optical elements [12],
spiral phase plates [13], and spatial light modulators are either
bulky or inflexible, hindering the further development of
this field.

Recently, the metasurface has emerged as a compact ap-
proach for OVB generation through the design of suitable sub-
wavelength meta-atoms and the arrangement of their spatial
distributions [14–21]. In particular, the implantation of the
geometric phase endows arbitrary and dispersionless phase en-
gineering for circular polarization by simply tuning the orien-
tation angle, providing great flexibilities for the SAM-to-OAM
conversion of light [22–25]. Further in conjunction with spin-
independent design methods, such as the propagation phase,
arbitrary optical SAM-to-OAM conversion can be achieved,
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that is, independent OVB generation under LCP and RCP in-
cidences [26]. Notably, the beam radii of these conventional
OVBs always depend on their TC number, limiting their appli-
cation in some scenarios, for example, coupling multiple OVBs
into an optical component with a fixed annular profile for mode
division multiplexing. In order to overcome this limitation, the
concept of perfect optical vortices (POVs) has been proposed,
whose beam radii are independent of the TCs [27–32]. So
far, in the reports of metasurface-based POV generation, both
spin-dependent and spin-independent [33–37], only a single
POV can be generated under LCP or RCP incidence, corre-
sponding to a one-to-one SAM-to-OAM conversion.

In this paper, a metasurface-based method for spin-
distinguished generation of superposed POVs is proposed.
This is achieved by adopting the multiple meta-atoms com-
prised structure, namely, the meta-molecule as the basic unit
to independently manipulate the output phases and amplitudes
of orthogonal circular polarizations [21]. In this manner, the
designed metasurface can totally tailor and decouple the com-
plex amplitude of two superposed POVs, subsequently impos-
ing the corresponding information to the orthogonal circular
polarization. Based on this meta-molecule, we have designed
and testified two metasurface samples (Metasurface-I and
Metasurface-II) in the terahertz domain and found the mea-
sured intensity and phase distribution are well matched with
the calculation of the Rayleigh–Sommerfeld diffraction inte-
gral. The proposed design strategy opens an avenue toward
the ultracompact terahertz functional devices and sophisticated
SAM–OAM interaction, which may find applications in

terahertz communication, producing complex structured light
and exploring photonic spin-Hall effect.

2. RESULTS AND DISCUSSION

A. Design Principle
The envisioned function of the metasurface is to independently
convert orthogonal circular polarization to superposed POVs,
and these unique responses are illustrated in Fig. 1. The POV
can be generated by Fourier transform of the Bessel–Gaussian
beam, in which the Bessel–Gaussian beam can be generated by
an axicon and the Fourier transform operation can be achieved
by a spherical lens. The overall phase profile of a POV, pro-
vided by the designed metasurface, has a form of

φ�x, y� � −2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2

p
d

� l × arctan
�
x
y

�
� 2π

λ

×
�
f −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � y2 � f 2

q �
, (1)

where the first item represents the axicon’s phase profile φaxicon,
in which d is the axicon period determining the ring radius of
the POV. The second item corresponds to the spiral phase pro-
file φspiral carrying the OAM with a TC of l . The last item is the
phase profile of a spherical lens, in which f is its focal length
and λ is the operating wavelength [38,39]. The phase profile of
the spherical lens is very similar to that of a parabolic
lens φ � −π�x2 � y2�∕λf .

In conjunction with the above phase distribution of the
POV, the ultimate complex amplitude formed by the superpo-
sition of two POVs can be calculated. When LCP is incident on

Fig. 1. Functional schematic of designed metasurface. (a) Phase and amplitude manipulation for LCP incidence. The generated multiplex am-
plitude E1�x, y� exp�iφ1�x, y�� is the superposition of POVs jPOVL, l a � 1i and jPOVL, l b � −1i. (b) Phase and amplitude manipulation for RCP
incidence. The generated multiplex amplitude E2�x, y� exp�iφ2�x, y�� is the superposition of POVs jPOVR , l p � 2i and jPOVR , l q � −2i. For
all the cases, only the flipped handedness to the incidence is considered in the output, and E1�x, y� exp�iφ1�x, y�� is independent of
E2�x, y� exp�iφ2�x, y��.
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the metasurface [Fig. 1(a)], the RCP output is expressed as a
complex amplitude distribution E1�x, y� exp�iφ1�x, y��, which
can be decomposed into two POVs exp�iφa�x, y�� with TC of
l a and exp�iφb�x, y�� with TC of l b. Similarly, as the input
is altered to RCP [Fig. 1(b)], the LCP output from the
metasurface is E2�x, y� exp�iφ2�x, y�� comprising two POVs
exp�iφp�x, y�� with a TC of l p and exp�iφq�x, y�� with a TC
of l q. By adopting Jones vectors jLCPi � �1, i�T and jRCPi �
�1, −i�T to represent the normal LCP and RCP incidences, re-
spectively, the metasurface can be described by a Jones matrix
J�x, y� calculated as

1

2

�
E1�x, y�eiφ1�x, y� � E2�x, y�eiφ2�x, y� −i�E1�x, y�eiφ1�x, y� − E2�x, y�eiφ2�x, y��
−i�E1�x, y�eiφ1�x, y� − E2�x, y�eiφ2�x, y�� −�E1�x, y�eiφ1�x, y� � E2�x, y�eiφ2�x, y��

�
: (2)

Therefore, the transformations J�x, y�jLCPi �
E1�x, y� exp�iφ1�x, y��jRCPi and J�x, y�jRCPi � E2�x, y�·
exp�iφ2�x, y��jLCPi are simultaneously satisfied, meaning the
spin-distinguished superposed POV generation can be
achieved. Despite J�x, y� being a non-unitary matrix that can-
not be directly diagonalized, we can transform J�x, y� to
�JM �x, y� � JS�x, y��∕2, where JM �x, y� and JS�x, y� are uni-
tary and can be rewritten as JM �x, y� � RMΛMR−1

M and
JS�x, y� � RSΛSR−1

S , where ΛM and ΛS are the diagonal ma-
trices, and the matrices RM and RS correspond to the rotation
matrix for the ΛM and ΛS [Appendix D, Eqs. (D1) and (D2)].
This indicates that the metasurface includes two linear birefrin-
gent elements, in which the fast-axis orientation angle (θ) and
the phase shift (δx and δy) of each element are ascertained by
the eigenvector and eigenvalue of JM �x, y� and JS �x, y�, re-
spectively. For the given LCP and RCP inputs, δM ,x , δM ,y,
and θM corresponding to JM �x, y� and δS,x , δS,y, and θS cor-
responding to JS�x, y� can be calculated as [Appendix D,
Eqs. (D4) and (D5)] [21]

8><
>:

δM ,x � �φ1�x, y� � φ2�x, y� � arccos E1�x, y� � arccos E2�x, y��∕2
δM ,y � �φ1�x, y� � φ2�x, y� � arccos E1�x, y� � arccos E2�x, y��∕2 − π
θM � �φ1�x, y� − φ2�x, y� � arccos E1�x, y� − arccos E2�x, y��∕4

, (3)

8><
>:

δS,x � �φ1�x, y� � φ2�x, y� − arccos E1�x, y� − arccos E2�x, y��∕2
δS,y � �φ1�x, y� � φ2�x, y� − arccos E1�x, y� − arccos E2�x, y��∕2 − π
θS � �φ1�x, y� − φ2�x, y� � arccos E2�x, y� − arccos E1�x, y��∕4

: (4)

Referring to the meta-atoms for implementing JM �x, y� and
JS�x, y�, a series of subwavelength silicon pillars is designed to
provide δM ,x , δM ,y, and θM , and another series of silicon pillars
is selected to satisfy δS,x, δS,y, and θS . Figure 2(a) exhibits the
schematic diagram and optical microscope image of the first
demo sample—Metasurface I. All the silicon pillars are con-
structed on silicon substrate with square lattice constant

P � 230 μm and possess a uniform height �H ) of 300 μm.
The building block, named meta-molecules, contains two sil-
icon pillars arranged at the main diagonal (silicon pillars M) and
two silicon pillars arranged at the secondary diagonal (silicon
pillars S) on a 2 × 2 square grid. The dimensions DM ,x , DM ,y
of silicon pillar M and DS,x , DS,y of silicon pillar S specify the
propagation phase shift, and their orientation angles θM and θS
ascertain the geometry phase. In order to find appropriate
silicon pillars that not only satisfy Eqs. (3) and (4) but also
cover the phase range from 0 to 2π, we perform simulation
using commercially available software computer simulation

technology (CST) Microwave Studio. By sweeping the
transmitted phase and amplitude with varied Dx and Dy,
24 silicon pillars with phase gradient π∕12 are obtained at
0.6 THz. As one can observe in Fig. 2(b), the phase difference
between δx and δy in the selected unit structures is π, and the
phase shift (δx and δy) increases linearly by π∕12 from 0 to 2π,
which matches well with Eqs. (3) and (4). Additionally, the
polarization conversion efficiency of selected silicon pillars is
also validated to be higher than 80% as illustrated in Fig. 2(c).

With the 24 selected pillars, the design flow of the metasur-
face is depicted in Figs. 3(a)–3(d). For the first demo metasur-
face, the phase profiles of four POVs with TCs of 1, −1, 2, and
−2 are calculated, respectively, as shown in Fig. 3(a).
Subsequently, the POVs with TCs of 1 and −1 are superposed
as the encoded information for RCP output while the
superposition of POVs with TCs of 2 and −2 is given to
the LCP output. The summarized amplitude and phase profiles
consist of the target complex-amplitude distributions
E1�x, y� exp�iφ1�x, y�� and E2�x, y� exp�iφ2�x, y�� as depicted

in Fig. 3(b). In order to accomplish this manipulation through
the metasurface, appropriate silicon pillars in every local pixel
are selected and properly rotated to best meet the requirements
given by Eqs. (3) and (4) [Fig. 3(c)]. After the combination
between silicon pillar M and silicon pillar S, the final structure
as shown in the middle of Fig. 3(d) is simulated in CST and the
vortex purities under different incidences are calculated based

Research Article Vol. 11, No. 3 / March 2023 / Photonics Research 433



on the simulated results. As displayed in Fig. 3(d), the designed
metasurface shows perfect vortex purity that matches well with
the setting TCs.

B. Independent Generation of Superposed POVs for
LCP and RCP Incidences
The sample of Metasurface-I has an area of 23mm × 23 mm
composed of 100 × 100 silicon pillars. The fabrication of the
sample and the measurement details can be found in
Appendices A–C. Figures 4(a) and 4(d) illustrate the generated
superposed POVs by the Metasurface-I sample under RCP and
LCP incidence, respectively. Referring to the design parameters
of POVs in Table 1, all POVs have an identical radius but dif-
ferent TCs. Figure 4(b) displays the calculated and measured
focal profiles of the POVs’ phase and intensity for LCP and
RCP inputs at 0.6 THz. It is worth noticing that the intensity
distributions are segmented into lobes, where the number of
lobes is twice of (l a − l b�∕2 [40,41]. For LCP incidence

[Fig. 4(b)], there are obviously two lobes, which is in line with
the calculation (l a1 − l b1�. The phase profile also reflects the
same tendency, which is divided into two discontinuous parts.
Furthermore, the vortex purity calculated by the measured re-
sults is shown in Fig. 4(c), in which the mode weights with
TC � 1 and −1 are remarkably higher than others. As for
RCP incidence, the corresponding phase and intensity profiles
of the Metasurface-I sample are shown in Fig. 4(e). Now the
TCs of two generated LCP POVs are changed to 2 and −2,
leading to the output intensity profiles with four lobes and
the phase profiles with four discontinuous parts. Figure 4(f )
further proves that the mode weights of preset TCs of 2
and −2 are distinctly higher than others. From Figs. 4(b)
and 4(e), it is clear that the radii of intensity profiles are nearly
the same for TCs of 1, −1, 2, and −2. The calculation of super-
posed POV radii is to examine this independence, and the ra-
dius of the intensity profile is defined as the rings formed by the
inner circle (r0) and the outer circle (r) as marked by the dashed

Fig. 2. Design of the meta-molecules of the metasurface. (a) Left, schematic diagram and optical microscope image of Metasurface-I made up of
silicon pillars. Scale bar, 300 μm. Right, a typical meta-molecule including two diagonal silicon pillars M and two anti-diagonal silicon pillars S.
(b) Twenty-four levels of discrete phase in the full range [0, 2π] for exact phase level δx and δy (described by blue and yellow bars, respectively) and
simulated phase level Px and Py (described by triangles and pentagons symbols, respectively). Each selected silicon pillar is an effective half-wave
plate. (c) Calculated polarization conversion efficiency at 0.6 THz for varied dimensions (Dx and Dy) ranging from 40 μm to 200 μm. The selected
silicon pillars are indicated as black dots.

434 Vol. 11, No. 3 / March 2023 / Photonics Research Research Article



Fig. 3. Design flow of the metasurfaces. (a) Phase profiles of four POVs with TCs of 1, −1, 2, and −2 from top to bottom. (b) Target amplitude
and phase profiles of superposed POVs, which are encoded on the metasurface. (c) Silicon pillars M and S, which depend on the setting parameters
(δM ,x , δM ,y , δS,x , δS,y, θM , and θS ). (d) Top, vortex mode purity of the superposition of jPOVR , l a � 1i and jPOVR , l b � −1i. Middle, arrangement
of the silicon pillars on the designed metasurface. Bottom, vortex mode purity of the superposition of jPOVL, l p � 2i and jPOVL, l q � −2i.

Fig. 4. Theoretical and experimental demonstration of Metasurface-I generating superposed POVs with different TCs and having an identical
ring radius for LCP and RCP incidences. (a) Schematic diagram under LCP incidence. (b) Calculated and measured intensity and phase distributions
under LCP incidence at 0.6 THz. The outer and inner radii of the ring pattern are r and r0, respectively. (c) Calculated and measured purity of OAM
modes for LCP incidence. The sampling radius in corresponding intensity profiles is 4.0 mm. (d) Schematic diagram under RCP input.
(e) Calculated and measured intensity and phase distribution under RCP input states at 0.6 THz. (f ) Calculated and measured purity of the
OAM mode for RCP incidence. The sampling radius in the corresponding intensity profile is 4.6 mm.
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circles in Figs. 4(b) and 4(e), in which the radii of the inner
circle (r0) can be inferred by the single POV radius approxi-
mated as r0 � λf ∕d [42]. The measured results prove that
r and r0 of the RCP POV output are 5.3 mm and 2.4 mm,
respectively, tremendously close to those of the LCP POV out-
put (r � 5.5 mm and r0 � 2.5 mm�, which substantiates that
Metasurface-I can generate superposed POVs with radii inde-
pendent of TCs. The calculated intensity profiles show the
analogous conclusions as r and r0 are 6 mm and 2.3 mm, re-
spectively, for input states with orthogonal circular polarization.
Meanwhile, the inner circle rings (r0) of the superposed POVs

are extremely close to the single POV calculated by the
above formula (r0 � 2.8 mm�. Besides, we also evaluate the
response independence of Metasurface-I from 0.5 to
0.7 THz (Appendix F, Fig. 9). We found that the lobe numbers
are consistent with the calculated results, but the contour of
lobes becomes more ambiguous as the frequency moves away
from 0.6 THz, which is caused by the limited polarization con-
version efficiency of the selected silicon pillars (Appendix F,
Fig. 8).

In addition to the spin-multiplexed and equal-radius POV
generation and superposition demonstrated by Metasurface-I,
our design scheme of Metasurface-II with the same size as
Metasurface-I can generate superposed POVs with different
radii for LCP and RCP incidence [Figs. 5(a) and 5(b)], enabling
novel vortex beam-based complex structured light, such as
the radial twisted beam. Different from the conventional
TC-dependent radial twist, the radial twist generated by
Metasurface-II is TC-independent and spin-multiplexed,
which has potential application in high-resolution refractive in-
dex sensing and optical tweezers [43,44]. From the design
parameters of POVs in Table 1, the TCs and radii of two super-
posed POVs for LCP or RCP incidence are different while the
radii of POVs in the two sets of superpositions for opposite
circular polarization are correspondingly equal. The intensity
and phase profiles of Metasurface-II at 0.6 THz are sub-
sequently characterized computationally and experimentally,

Table 1. Setting Parameters of Superposed POVs
Provided by Metasurface-I and Metasuface-IIa

Metasurface
Input

Polarization
POV
Index

d
(mm) l

f
(mm)

λ
(μm)

I LCP a1 2.5 1 14 500
LCP b1 2.5 −1 14 500
RCP a2 2.5 2 14 500
RCP b2 2.5 −2 14 500

II LCP p1 3.0 2 14 500
LCP q1 2.5 −1 14 500
RCP p2 3.0 1 14 500
RCP q2 2.5 −3 14 500

ad , l , λ, and f indicate axicon period, topological charge, operating
wavelength, and focal length, respectively.

Fig. 5. Theoretical and experimental demonstration of Metasurface-II transforming LCP and RCP incidence into the superposition of two POVs
with completely different TCs and radii. (a) Schematic diagram under LCP incidence. (b) Calculated and measured intensity and phase distributions
under LCP incidence at 0.6 THz. The outer and inner radii of the ring pattern are r and r0, respectively. (c) Calculated and measured purity of OAM
mode for LCP incidence. The sampling radius in corresponding intensity profile is 3.7 mm. (d) Schematic diagram under RCP incidence.
(e) Calculated and measured intensity and phase distributions under RCP incidence at 0.6 THz. (f ) Calculated and measured purity of
OAM mode for RCP incidence. The sampling radius in corresponding intensity profile is 3.7 mm.
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as displayed in Figs. 5(b) and 5(e). The lobe numbers of the
intensity distributions, under LCP and RCP incidences, are in
accord with the calculation (L, l p1 − l q1; R, l p2 − l q2�, and the
numbers of discontinuities in the phase profiles are also iden-
tical to the lobe numbers. Besides, the vortex purity retrieved
from the calculation and measurement is illustrated in Figs. 5(c)
and 5(f ). It is demonstrated that the mode weight of the sched-
uled TCs of −1 and 2 for LCP incidence remarkably exceed
others. As for RCP incidence, the OAM modes of −3 and 1
are much higher than others as designed. We further compared
the radii of the surrounding lobes under LCP and RCP inci-
dences. The intensity profiles substantiate that the resulting
lobes for both incidences will have nearly equal radius as
long as the scheduled d for different incident polarizations are
correspondingly equal. Here, the measured radii are 5.55 mm
(r) and 2.50 mm (r0), which only slightly deviate from the radii
of calculated intensity (r � 5.95 mm, r0 � 2.32 mm).
Meanwhile, the inner circle rings (r0) of the superposed
POVs are approximately between the theoretical radii of two
POVs (r0 � 2.3 mm, r0 � 2.8 mm) with the different radii.
Moreover, the response independence of Metasurface-II from
0.5 to 0.7 THz is also evaluated (Appendix F, Fig. 10), and the
results of Metasurface-II are similar to those of Metasurface-I.

3. CONCLUSION

In summary, we have proposed and demonstrated a spin-multi-
plexed all-dielectric metasurface to generate superposed tera-
hertz POVs independently and simultaneously for LCP and
RCP incidences. This adjustment endows input LCP and
RCP states with tailored complex amplitudes of superposed
POVs through changing the dimension and rotation angle
of silicon pillars of every meta-molecule in the metasurface plat-
form. As a proof-of-concept demonstration, Metasurface-I and
Metasurface-II were designed, fabricated, and characterized to
verify this sophisticated transformation. Not only the measured
intensity and phase distributions but also the experimental
purity of the vortex modes are consistent with the theoretical
results, which confirm the function of the metasurfaces. This
work paves a novel path toward investigating the photonic
spin-Hall effect and developing an ultracompact and terahertz
functional device for terahertz communication and complex
structured generation.

APPENDIX A: NUMERICAL SIMULATIONS

The simulation in Fig. 2 was performed by leveraging the finite
integration time domain solver of the computer simulation
technology (CST) Microwave Studio software. In this simula-
tion, we adopted periodic boundary conditions along both x
and y directions in the rectangular silicon pillars. The refractive
index of silicon pillars and the substrate is 3.45. The calculation
of intensity and phase distributions of superposed POVs at
the focal length f uses the Rayleigh–Sommerfeld diffraction
integral,

U �x, y, z� � 1

iλ

ZZ
s
U �x0, y0�K �θ� e

ikr

r
ds, (A1)

where λ corresponds to the wavelength, and U �x0, y0� repre-
sents the complex amplitude distribution of superposed

POVs at z � 0 with surface area s. r is the distance between
the point in plane with z � 0 and the point in plane with
z � f . K �θ� is the direction factor, defined as f ∕λ.
k � 2π∕λ is the wavenumber.

The vortex purity is calculated based on the principle that
the vortex beams with different TCs are orthogonal to each
other. The definition of the mode weight is on the basis of
the following calculation. First, a sampling ring that connects
all the lobes in the intensity profile is selected. Subsequently, we
calculate the integral value of the product of complex amplitude
and exp�ilθ� over the sampling ring, which corresponds to the
mode weight of TC l . As the modes of the optical vortex are
numerous and complex, we only select the l from −6 to 6,
which covers the TCs of superposed POVs. Finally, the ex-
tracted mode weights from calculations and experiments are
normalized, respectively, to the maximum of the calculated
and experimental values.

APPENDIX B: SAMPLE FABRICATION

The all-dielectric metasurface is fabricated by standard photo-
lithography and deep reactive ion etching technology. The fab-
rication flow is shown in Fig. 6. First, a chromium layer of
≈10 nm thickness is sputtered on the high-resistivity dou-
ble-side-polished silicon wafer (4 in. in diameter, 1 mm thick).
Then, a layer of 10-μm-thick AZ2070 photoresist is spin-
coated on this wafer. Subsequently, as the size of the fabrication
is in the order of micron, the photoresist can be precisely pat-
terned and developed by conventional UV photolithography
with a photo mask custom-made by a company, and this pro-
cedure contains photoresist baking, alignment and exposure
based on the mask, and photoresist development with a devel-
oper solution. After that, the chromium areas that were not
protected by the photoresist were removed by acid eroding.
Next, deep reactive ion etching was utilized to etch the
undesired silicon areas to depth of 300 μm (frontside, sample
layer) and 60 μm (backside, antireflection layer), and the

Fig. 6. Sample processing flow.
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remaining photoresist and chromium served as a hard mask.
Here, deep reactive ion etching is a process of a protecting
and etching cycle. The etching and passivation gas are SF6 and
C4F8, respectively, and the etching power is between 50 and
3000 W. After a reaction-stripping-emission cycle of 6 s (etch-
ing, 4 s; passivating, 2 s), a certain vertical depth can be etched,
and the final number of cycles can be determined according to
the target depth. Finally, by separately cleaning the residual
photoresist and chromium with acetone and acid, the dielectric
metasurfaces were completed. In our etching process, the depth
of etching is 300 μm� 10 μm (frontside, sample layer) and
60 μm� 3 μm, respectively, and the transverse dimension
error is �5%.

APPENDIX C: EXPERIMENTAL
CHARACTERIZATION

The performance of the fabricated metasurface is measured by a
homemade fiber-based near-field scanning terahertz time-
domain spectroscopy system (Fig. 7). A photoconductive an-
tenna is utilized as the transmitter, and the terahertz detector
is a photoconductive probe with ≤ 20 μm resolution, which is
placed at a 2D motorized translation stage to control the posi-
tion of the detector. In the measured procedure, the emitted
terahertz pulses with x polarization are first collected and colli-
mated by a terahertz lens with a focal length of 50 mm. After
passing through a terahertz linear polarizer (P1), the terahertz
wave illuminates the fabricated metasurface from its backside.
The output terahertz field transmitted another linear polarizer
(P2), which is utilized to extract the target polarization com-
ponents of the output beam. Finally, the output from the sec-
ond linear polarizer is detected by the probe locating 14 mm
above the metasurface. The experimental intensity and phase
distributions displayed in Figs. 4 and 5 are scanned by 2D
motorized translation stage with a moving range from
−10 mm to 10 mm and an interval of 0.2 mm.

In order to measure the response of the metasurfaces under
LCP and RCP incidences, normally incident 45° and −45° po-
larized terahertz waves are first achieved by rotating P1 to�45°
and then to −45°. At each orientation of P1, P2 is rotated to 45°
and −45°, respectively, so that the near-field probe is able to
detect the �45°- and −45°-polarized transmissions. In this
manner, the four transmission coefficients for linearly polarized
waves are obtained, and those are T�� (input: �45°; output:
�45°), T 		 (input: −45°; output: −45°), T�− (input: �45°;
output: −45°), and T −� (input: −45°; output: �45°). The
transmission coefficients for orthogonal circular polarization in-
cidence are thereafter calculated,

T LR � �T�� � T 		� − i�T�− − T −��, (C1)

T RL � �T�� � T		� � i�T�− − T −��, (C2)

where T LR represents the RCP transmitted component in re-
sponse to the LCP incidence, while T RL represents the LCP
transmitted component in response to the RCP incidence.
Here, RCP is defined as a clockwise rotation of the electric field
vector.

APPENDIX D: DERIVATION OF THE REQUIRED
PHASE SHIFTS AND ORIENTATION ANGLES OF
TWO LINEAR BIREFRINGENT OPTICAL
ELEMENTS BASED ON JM AND JS

The Jones matrix J�x, y� is a non-unitary matrix and cannot
be directly diagonalized, so we mathematically decompose
E1 exp�iφ1�x, y�� and E2 exp�iφ2�x, y�� into

E1�x, y�eiφ1�x, y� � cos

�
φ1
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2
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By substituting Eqs. (D1) and (D2) into J�x, y�, we can trans-
form J�x, y� to

J�x, y� � JM �x, y� � JS�x, y�
2

, (D3)
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Fig. 7. Schematic of the near-field scanning terahertz time-domain
spectroscopy system. Transmitter, terahertz photoconductive antenna;
L1, terahertz lens; P1, terahertz linear polarizer 1; P2, terahertz linear
polarizer 2; probe, terahertz near-field probe with ≥ 20 μm resolution.
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It can be observed that the Jones matrices JM �x, y� and
JS�x, y� can be satisfied using silicon pillars with the function
of a half-wave plate. The phase shifts corresponding to the x-
and y-polarized incidences and the rotation angle of the rectan-
gular pillar are calculated in Eqs. (3) and (4).

APPENDIX E: CALCULATION OF POLARIZATION
CONVERSION EFFICIENCY OF THE SILICON
PILLAR

When an arbitrarily polarized light is incident on the single
silicon pillars of metasurface, the resulting optical field distri-
bution can be described as

jEouti � η1jE ini � ηRei2θjRCPi � ηLei2θjLCPi, (E1)

where η1 � �T x � T yeiς�∕2, ηR � ��T x − T yeiς�∕2� ·
hE injLCPi and ηL � ��T x − T yeiς�∕2�hE injRCPi are the trans-
mission coefficients of output with various polarization and θ is
the rotation angle of the fast axes of silicon pillars. In aforemen-
tioned three transmission coefficients, the T x and T y corre-
spond to the transmission coefficients of the rectangular
silicon pillars for the incident wavefront with the polarization
direction parallel and perpendicular to the fast axis, and ζ de-
fines the phase difference between T x and T y. Thus, for LCP
and RCP incidence, the polarization efficiency η2R and η2L of
output state can be calculated as

η2R � j��T x − T yeiς�∕2�hE injLCPij2, (E2)

η2L � j��T x − T yeiς�∕2�hE injRCPij2: (E3)

APPENDIX F: BROADBAND RESPONSE OF
FABRICATED METASURFACE-I AND
METASURFACE-II FROM 0.5 THz TO 0.7 THz

In order to evaluate the broadband response of the proposed
metasurface, we first analyze the performance of the selected
24 silicon pillars in the range of 0.5 THz to 0.7 THz. The
simulation is carried out with the incident polarization parallel
and perpendicular to the fast axis of the silicon pillars. For the
sake of convenience, we arrange these two polarization direc-
tions as x polarization and y polarization. Figure 8 illustrates the
calculated polarization conversion efficiency of the 24 silicon
pillars in the range from 0.5 THz to 0.7 THz. Here the first
12 silicon pillars covering the phase range of π possess entirely

the same dimensions as the next 12 silicon pillars with ex-
changed x direction and y direction length. The results show
that the polarization conversion efficiency of all silicon pillars is
over 70% when the frequency is around the operating fre-
quency 0.6 THz. The farther the frequency is away from
0.6 THz, the more the efficiency decreases. For example,
the efficiency of 8, 9, 10, and 11 silicon pillars is lower than
60% at the frequency of 0.5 THz. These substantiate that the
broadband response of the selected silicon pillars is limited.
Besides, the intensity and phase distribution profiles of the fab-
ricated Metasurface-I and Metasurface-II are also measured at
the frequencies of 0.5 THz, 0.55 THz, 0.65 THz, and 0.7 THz
as exhibited in Figs. 9 and 10. It can be clearly observed that the
lobe numbers match well with the theoretical value but the

Fig. 8. Calculated polarization conversion efficiency of 24 silicon
pillars in the range of 0.5 THz to 0.7 THz.

Fig. 9. Measured intensity and phase distribution corresponding to
the output light from Metasurface-I at the frequencies of 0.50 THz,
0.55 THz, 0.65 THz, and 0.7 THz. (a) Experimental intensity and
phase distribution for the incidence with LCP. (b) Experimental in-
tensity and phase distribution for the incidence with RCP.
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contour of the lobes becomes more ambiguous as the frequency
is further away from the anticipated 0.6 THz, which also proves
that the metasurface is designed to achieve only a limited range
of terahertz response.

APPENDIX G: DESIGN OF THE
ANTIREFLECTION LAYER AND MEASUREMENT
OF THE EFFICIENCY OF THE PROPOSED
ALL-DIELECTRIC METASURFACE

On the purpose of improving the transmittance of the proposed
metasurface, we also design a polarization-independent antire-
flection silicon pillar array at the other side of the silicon sub-
strate to reduce reflectance at the operating frequency 0.6 THz,
as indicated in Fig. 11. The unit structure is analogous to that
in Fig. 2(a), but its lateral cross section is in a square shape with
fixed side length d x � d y � 42 μm, height h � 60 μm, and
periods px � py � 52 μm. To experimentally demonstrate
the capacity of the antireflection layer, we physically arranged
it at the back of metasurface and measured the integrated

intensity of the output terahertz beams with (I S �
cnair

P jES j2∕4π) and without (I r � cnair
P jEr j2∕4π) the

sample by the near-field terahertz time-domain spectroscopy
system. For Metasurface-I, the measured efficiencies are
57.80% and 45.20% under LCP and RCP incidence. For
Metasurface-II, the measured efficiencies are 48.22% and
42.3% under LCP and RCP incidence.
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