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Abstract: Cylindrical vector beams (CVBs), being a special
kind of beams with spatially variant states of polarizations,
are promising in photonics applications, including high-
resolution imaging, plasmon excitation, optical trapping,
and laser machining. Recently, generating CVBs using met-
asurfaces has drawn enormous interest owing to their highly
designable, multifunctional, and integratable features.
However, related studies remain unexplored in the terahertz

regime. Here, a generic method for efficiently generating
terahertz CVBs carrying orbital angularmomentums (OAMs)
is proposed and experimentally demonstrated using trans-
mission-type spatial-variant dielectric metasurfaces, which
is realized by designing the interference between the two
circularly polarized transmission components. This method
is based on spin-decoupled phase control allowed by
simultaneously manipulating the dynamic phase and geo-
metric phase of each structure, endowing more degree of
freedom in designing the vector beams. Two types of meta-
surfaces which respectively generate polarization-depen-
dent terahertz vector vortex beams (VVBs) and vector Bessel
beams (VBBs) are experimentally characterized. The pro-
posed method opens a new window to generate versatile
vector beams, providing new capabilities in developing
novel, compact, andhigh-performancedevicesapplicable to
broad electromagnetic spectral regimes.

Keywords: all-dielectric metasurface; radially and
azimuthally polarized; terahertz; vector vortex beam;
vector Bessel beam.

1 Introduction

As the vector nature of light, polarization plays an impor-
tant role in light–matter interactions. Traditional optics
usually deal with light beams with homogeneous state of
polarizations, revealing many intriguing and important
phenomena and leading to various optical devices and
systems. Recently, increasing attention has been brought
to beams with inhomogeneous polarization features, such
as cylindrical vector beams (CVBs) with axially symmetric
polarization distributions [1, 2]. Similar to vortex beams,
CVBs can also carry orbital angular momentums (OAMs)
[3]. Such expanded polarization and phase properties over
homogeneously polarized beams provide more plentiful
interaction manners with matter, thus may enable novel
effects and potential applications. One particular and
attractive application is using CVBs in high numerical
aperture (NA) focusing. It has been demonstrated that
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radially polarized beams can be focused more tightly than
homogeneously polarized beams due to a large longitudi-
nally polarized field component in the focus region [4, 5],
making those very potential in high-resolution imaging [6],
lithography [7], optical trapping [8, 9], and sensing [10].
Meanwhile, the polarization distributions of CVBs can
match with particular modes in waveguides and spatial
polarity distributions of many surface plasmon couplers,
thus promising the development of efficient waveguide and
plasmonic couplers [11, 12]. CVBs can be generated via
various approaches involving polarization and phase con-
trol, such as segmented spatially variant retardation plates
[5, 13], radially biased electro-optic crystals [14], spiral phase
elements [15, 16], subwavelength ring gratings [17, 18], and
liquid crystal spatial lightmodulators [19, 20], etc. However,
these traditional components are very generally bulky and/
or need to work along with other components, which hin-
ders the development of CVBs in integrated applications.

Recently, metasurfaces have attracted immense interest
owing to the unprecedented light manipulating ability in a
subwavelength resolution [21], which allows pixelated and
simultaneous control over the interfacial phase, polarization
and amplitude distributions of light at will, serving as a new
and promising platform for designing next-generation ultra-
thin devices, such as anomalous deflectors [22–24], lenses
[25–27], holograms [28–30], polarization generators and an-
alyzers [31–34], surface plasmon couplers [35, 36], and spe-
cial beamgenerators [22, 25, 37, 38], includingCVBgenerators
[39–43]. Among the reported metasurface-based CVB gener-
ators, geometric phase method is widely applied owing to its
flexible phase control mechanism and convenient polariza-
tion reorganization ability in circular polarization basis, such
as generating vector vortex beams (VVBs) [44]. Though it
allows OAM of controllable value, the inter-related phase
responses of the geometric phasemethod to someextent limit
the designing and controlling freedom. For example, it
cannot be used to generate VVBs composed by arbitrarily
different circularly polarized vortex beams carrying different
OAMs. As another example, when radial phase gradient is
required in generating vector Bessel beams (VBBs), there will
be always one diverging circularly polarized output under
certain circularly polarized incidence due to reverse phase
sign, which makes the two circularly polarized output com-
ponents separated with each other and unable to compose
the VBBs. Multiplexed method can accomplish these tasks,
however, the cost is the reduction of the efficiency. To over-
come this problem, it is crucial to introduce dynamic phase
control at the same time to decouple the phase responses of
the two circularly polarized components [32, 42, 45].

CVBs are essential in a number of terahertz-related
applications. One ofwhich is using radially polarizedbeams

to efficiently excite surface plasmonmode onmetal wire for
terahertz communications [46–48]. So far, besides
segmented half-wave plate [49], terahertz CVBs are usually
generated actively by employing photoconductive antennas
with concentric electrodes [50], illuminating femtosecond
CVBs onto nonlinear crystals [51], and applying segmented
nonlinear crystals with rotated crystal axis [52]. However,
compact and integratable methods to generate terahertz
CVBs using metasurfaces are seldom reported [53].

In this article,wepropose andexperimentally investigate
an approach to efficiently generate CVBs using transmission-
type all-dielectric metasurfaces via spin-decoupled phase
control method in the terahertz regime [32]. Being free of
Ohmic loss, dielectric metasurfaces have been demonstrated
to be able to more efficiently manipulate the wavefront
compared to the plasmonic counterparts [54]. To illustrate the
extra flexibility of the spin-decoupled phase control method,
two terahertz metasurface CVB generators which cannot be
realized using sole geometric phase method are designed, as
schematically illustrated in Figure 1. One metasurface is
designed for generating VVBs carrying OAMwith topological
charge of l = +1, as shown in Figure 1A. Under left-handed
circularly polarized (LCP) incidence, it generates a right-
handed circularly polarized (RCP) vortex beam with OAM of
l=+2. Under theRCP incidence, it solely functions as aperfect
half-wave plate. Under the linearly polarized incidence, the
output wavefront will be a superposition of the RCP vortex
wave and the LCP planewave. By designing the spatial phase
difference distributions between these two components,
radially and azimuthally polarized VVBs with OAM of l = +1
can be generated under the x- and y-polarized incidences,
respectively [40, 43]. Theothermetasurface is designedwitha
similar way for generating VBBs with OAM of 0, as shown in
Figure 1B. Under the LCP and RCP incidences, it generates
RCP and LCP Bessel beams with OAMs of l = +1 and l = −1,
respectively. Under the x- and y-polarized incidences, the
polarization superposition results in a radially and an
azimuthally polarized Bessel beam, respectively. The simu-
lated averaging efficiencies of the sole structured surfaces
from the substrate to the air of the two metasurfaces are ∼58
and ∼60%, respectively. The proposed method provides a
new way to develop novel CVB-related compact and efficient
devices essential in terahertz photonics.

2 Results and discussion

2.1 Structure design

The basic unit cell of the dielectric metasurface is sche-
matically illustrated in Figure 2A, which is a rectangular-
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shape silicon pillar on the same silicon substrate. The pillar
has a period of Pf = Ps = 150 μm and a height of h = 200 μm.
Such a pillar has been demonstrated to function as an
anisotropic effective truncated waveguide, whose phase
responses of the two eigen orthogonally polarized waves
can be freely controlled to individually cover the whole 2π
range by changing the width Df and length Ds [55]. This
kind of phase caused by the physical dimension of the
pillar is called dynamic phase. To further incorporate
geometric phase, it is required to introduce rotation oper-
ation. The inset of Figure 2A illustrates a schematic of the
relation of the pillar and the xy basis. The fs basis repre-
sents the local coordinate of the pillar which has a θ rota-
tion angle with respect to the xy basis, where f and s axes
are along the two symmetric axes of the pillar. Suppose the
eigen transmission matrix of the pillar in the fs basis is

Tfs � [Af eiφf 0
0 Aseiφs

], where Ai and φi represent the

transmission amplitude and phase shift of the i-polarized
wave with i ∈ {f, s}, respectively. To increase the efficiency
of polarization control, we consider a special case of
Af = As = A and φs – φf = π, which indicates that the pillar
functions as a half-wave plate. The corresponding trans-
mission matrix in the xy basis can be calculated by
applying rotation operation of coordinate transformation,
which can be expressed as:

Txy � Aeiφf [cos2θ sin2θ
sin2θ −cos2θ]. (1)

Equation (1) indicates the polarization orientation of
the output wave can be controlled by the rotation angle θ,
while the phase of this polarized wave can be controlled by
the dynamic phase φf. To show the spin-decoupled phase

control ability, transmissions under the circularly polar-
ized incidences are also calculated. For an incident LCP

plane wave of Ein �
�
2

√
2 ELeiδL[ 1i ], the half-wave plate

Figure2: Schematic of the unit siliconpillar and the simulated eigen
phase and amplitude responses of the eight selected silicon pillars.
(A) The basic unit cell, which is a rectangular-shape silicon pillar
patterned on silicon substrate. The inset dashed box illustrates a
schematic of the rotation of the unit cell. (B) Simulated eigen phase
shift profilesφf andφs of the eight selected silicon pillars, as well as
their phase difference profile Δφ = φs – φf, at 1.0 THz, respectively.
(C) Simulated eigen amplitude transmission profiles Af and As of the
eight selected silicon pillars, as well as their amplitude difference
profileΔA= As – Af, at 1.0 THz, respectively. Both the top insets in (B)
and (C) schematically illustrate the shapes of the eight selected
silicon pillars.

Figure 1: Schematic of CVB generation in
dielectric metasurfaces. (A) VVB
generation. (B) VBB generation. Each
schematic contains four excitation cases
marked by different colors. The arrows at
the left and right sides of the two
metasurfaces illustrate the incident
polarizations and the output polarization
distributions, respectively. The color maps
illustrate the corresponding phase
distributions, where the number l represent
the value of the topological charge and the
carrying OAM. The phase gradients along
the radial direction in (B) are for generating
the Bessel beams. Under the LCP and RCP
incidences, the polarization distributions of
the outputs are homogeneously RCP and

LCP. Under the x-and y-polarized incidences, thepolarization distributions of the outputs are superposition results of theRCP and LCPoutputs,
which are radially and azimuthally polarized CVBs.
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property will enable the output wave RCP, which can be
expressed as:

ERL �
�
2

√
2

AELeiδLeiΦRL[ 1
−i] �

�
2

√
2

AELeiδLei(φf +2θ)[ 1
−i]. (2)

Similarly, for an incident RCP plane wave of

Ein �
�
2

√
2 EReiδR[ 1

−i], the output LCP wave can be expressed

as:

ELR �
�
2

√
2

AEReiδReiΦLR[ 1
i
] �

�
2

√
2

AEReiδRei(φf −2θ)[ 1
i
]. (3)

Here, EL(R) and δL(R) are the amplitude and initial phase
of the incident waves with L and R representing the LCP
and RCP waves, respectively; ФRL and ФLR are the corre-
sponding additional phase shifts resulting from the inter-
action with the pillar, the former and latter subscripts
represent the output and incident polarization states,
respectively (same hereinafter). The ±2θ is the well-known
geometric phase. It is seen that phase responses of the two
output circularly polarized waves can be decoupled by
further controlling the dynamic phase term φf. From these
points, we could re-understand Equation (1) that the geo-
metric phase determines the polarization rotation, while
the dynamic phase determines the phase shift of the output
polarized wave relative to the incident. In particular, under
the linearly polarized incidence, the output wave will also
be linearly polarized but with a polarization rotation of
twice of the angle formed by the pillar’s fast axis and the
incident polarization owing to the half-wave-plate prop-
erty. Equations (2) and (3) indicate that such pillars could
be used to simultaneously and individually control the
polarization and phase distributions at the interfaces by
designing the superposition of the LCP and RCP output
components, where the polarization distribution can be
further controlled by the incident polarization state,
providing a versatile platform in generating various po-
larization-controlled CVBs.

In order to realize full 2π phase control, eight pillars
numbered 1−8 are selected from the structure database
developed in our previous work, which is built at 1.0 THz
[55]. As shown in the top insets of Figure 2B,C, the eight
selected pillars have dimensions of Ds = 102.5, 84, 76, 83,
50, 49, 44.5, 33 μm and Df = 50, 49, 44.5, 33, 102.5, 84, 76,
83 μm, respectively. Figure 2B illustrates the corresponding
simulated dynamic phases φf and φs. From left to right,
both the phases are linearly increased with a step of π/4.
Figure 2C illustrates the corresponding simulated ampli-
tude transmission (square root of the power transmittance)
of the sole structured surface Af and As from the silicon

substrate to the air. It is seen that the values are all quite
near with each other in a relatively high level around 0.85.
More importantly, the phase differences Δφ =φs –φf are all
nearly π and the amplitude differences ΔA = As – Af are all
around 0. These indicate that all the selected pillars func-
tionwell as half-wave plates at 1.0 THz (see Supplementary
section 1), which fulfill the above derivation. As our met-
asurfaces rely on superposition of the output cross-polar-
ized LCP and RCP waves to generate CVBs, such a feature
ensures the co-polarized parts have negligible influence on
the metasurface performance. With these eight pillars, two
metasurfaces for generating VVBs and VBBs are separately
designed.

2.2 Metasurface for VVB generation

To realize the function illustrated in Figure 1A, the phase
distributions ФRL and ФLR should satisfy:

ΦRL(r,  α) � φf(r,  α) + 2θ(r,  α) � 2α, (4)

ΦLR(r,  α) � φf(r,  α) − 2θ(r,  α) � 0, (5)

respectively, where r = (x2 + y2)1/2 and α = atan2(y, x) ∈ [0, 2π]
represent the radius and azimuth angle of polar coordi-
nate, respectively. According to Equations (2) and (3), the
output waves under the LCP and RCP incidences can be
expressed as:

ERL(r,  α) �
�
2

√
2

AELeiδLei2α[ 1
−i], (6)

ELR(r,  α) �
�
2

√
2

AEReiδR[ 1i ], (7)

respectively. Equation (6) indicates that the transmitted
beam is RCP vortex beam carrying OAM of l = +2 with initial
phase δL remained from the incident LCP wave. Equa-
tion (7) indicates that the transmitted beam is LCP beam
carrying OAM of l = 0 with initial phase δR remained from
the incident RCP wave. Under the linearly polarized inci-
dence, the wave can be decomposed to the LCP and RCP
components with equal amplitudes where EL = ER = E,
δL = −γ, and δR = γ, the output wave is given by:

Eout(r,  α) �
�
2

√
2
ERL(r,  α) +

�
2

√
2
ELR(r,  α)

� AEeiα[cos(α − γ)
sin(α − γ) ], (8)

where γ = (δR − δL)/2 represents the orientation angle of the
incident polarization. Equation (8) indicates that the
output wave can have inhomogeneous linear polarization
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and phase distributions. The output polarization rotates
linearly as the azimuth angle α with orientation angle of
α − γ, resulting in axially symmetric distributions
controlled by γ. The output phase at an arbitrary point is
equal to the corresponding azimuth angle α, corresponding
to a CVBwith OAM of l = 1 regardless of γ. Especially, under
the x-polarized incidence (γ = 0), the output is radially
polarized VVB, while under the y-polarized incidence
(γ = π/2), the output is azimuthally polarized VVB.

To realize the above design, the metasurface VVB
generator is designed based on Equations (4) and (5) using
the eight selected pillars. In themetasurface, the pillars are
arranged in a square lattice. The coordinate of each lattice
point (x, y) can be transformed to the polar coordinate of (r,
α), at which a pillar satisfied φf = α and θ = α/2 should be
placed. To simplify the design, the azimuth angle is divided
into eight angle regions evenly. Each region contains only
one type of the pillars withφf, whose orientation angles are
accurately determined by α. The sample was fabricated
using conventional lithography, together with deep reac-
tive ion etching on a high-resistivity silicon wafer. The
microscope image of the center part of the fabricated
sample is shown in Figure 3B.

A scanning broadband terahertz time-domain micro-
scopy system was used to experimentally evaluate the
performance of the proposed metasurface VVB generator
[26, 30, 38, 55]. Figure 3A schematically illustrates the
experimental setup. The terahertz beamgenerated from the
emitter was firstly collimated by a lens to form a quasi–

Gauss beam, which was almost x-polarized. Two metallic
terahertz grid polarizers and a quarter-wave plate were
then employed to control the incident polarization state.
Polarizer 1was used to further enable the incident terahertz
beam to be x-polarized. The LCP and RCP beams could be
obtained by adjusting the quarter-wave plate without
placing polarizer 2 behind it, while the x- and y-polarized
beams could be obtained by further placing and adjusting
polarizer 2. After the polarization of the incident terahertz
beam was controlled, it normally illuminates the sample
from the substrate side. A photoconductive-antenna probe
was then placed above the sample to map the output ter-
ahertz beamvia raster scanning. Here, the probe could only
detect the x-polarized output. Under the circularly polar-
ized incidences, the outputs were cross-circularly-polar-
ized, someasuring the x-polarized component (ExL andExR)
only was enough to exhibit the performances. Under the
linearly polarized incidences, however, two orthogonally
polarized components should be measured. We did this by
rotating the sample and polarizer 2 in combination in the
measurements. For example, suppose the initial configu-
ration was used to measure Exx, then E45°x, Eyx, and E−45°x
were measured by simultaneously rotating the sample and
polarizer 2 by −45°, 90°, and 45°, respectively. Eyy was
measured by solely rotating the sample by 90° as compared
to that of Exx, then E45°y, Exy, and E−45°y were measured by
simultaneously rotating the sample and polarizer 2
by −45°, 90°, and 45°, respectively. It should be noted that
this measuring method cannot rebuild the polarization
distributions, since the scanning grid relative to the met-
asurfaces before and after the rotation cannot perfect
overlapwith each other. However, thismethod allows us to
show the vector and OAM properties of the generated
beams in a similar demonstration way as those in the op-
tical range [40, 43].

In the measurement, the output beam was mapped in
the xy plane at a height of 5 mm above the sample. The
scanning area is 6 × 6 mm with a step of 0.2 mm.
Figure 4A,C illustrate the measured normalized intensity
distributions |ExL|2 and |ExR|2 at 1.1 THz under the LCP and
RCP incidences, while Figure 4B,D illustrate the corre-
sponding measured phase distributions, respectively. The
clear donut-shape intensity distribution and 4π phase loop
indicate a good vortex beam output carrying OAM of l = +2
under the LCP incidence. The Gaussian-like intensity dis-
tribution and nearly homogeneous phase distribution
indicate that noOAM is attached from the sample under the
RCP incidence. Figure 4E–L illustrate the measured
normalized intensity distributions |Exx|2, |E45°x|2, |Eyx|2, and |
E−45°x|2 under the x-polarized incidence, as well as |Exy|2, |
E45°y|2, |Eyy|2, and |E−45°y|2 under the y-polarized incidence at

Figure 3: Schematic of the experimental setup and microscope
images of the two fabricated metasurfaces. (A) The experimental
setup. (B) Microscope image of the center part of the fabricated
metasurface VVB generator. (C) Microscope image of the center part
of the fabricated metasurface VBB generator. Both the inset scale
bars represent 300 μm. Their right insets show the enlarged views of
the middle nine pillars.

Y. Xu et al.: Generation of terahertz vector beams 3397



1.1 THz, respectively. Clear “s”-shape intensity distribu-
tions are observed whose rotation is determined by the
incident and detected polarizations. The rotation feature of
the “s”-shape intensity distributions with regard to the
detection polarizations under the x- and y-polarized in-
cidences, as well as the azimuth angles of the maximum
intensities, are consistent with previous reports [40, 43],
indicating a radially and an azimuthally polarized VVBs
with both OAMs of l = +1. To further verify the measured
results, numerical simulations were also carried out. The
insets in Figure 4 are the corresponding simulated distri-
butions under the same conditions at 1.0 THz, which are
consistentwith themeasured results. The efficiencies of the
VVB generator are also evaluated in simulations, which are
calculated by normalizing the integrated intensity of the
output beam in the air side above themetasurface to that of
the input beam inside the substrate. Under the LCP, RCP, x-
and y-polarized incidences, the efficiencies of the corre-
sponding desired output beams are ∼60, ∼51, ∼57, and
∼58%, respectively.

2.3 Metasurface for VBB generation

According to the above designing strategy, this method
should be able to generate Bessel beams under the circu-
larly polarized incidences. Compared to the vortex beam,
the generation of Bessel beams further requires a phase

gradient along the radial direction. For an l-th order Bessel
beam, the interfacial phase distribution in the polar basis
can be expressed as [37]: Ф(r, α) = −2πrNA/λ + lα, where
NA = λ/P is the numerical aperture, λ is the working
wavelength, P is the overall period of 2π phase coverage
along the radial direction, and l is also the topological
charge which represents the value of the carried OAM. To
realize the function illustrated in Figure 1B, the phase
distributions ФRL and ФLR should satisfy:

ΦRL(r,  α) � φf(r,  α) + 2θ(r,  α) � −
2πr
P

+ α, (9)

ΦLR(r,  α) � φf(r,  α) − 2θ(r,  α) � −
2πr
P

− α. (10)

respectively. According to Equations (2) and (3), the output
waves under the LCP and RCP incidences can be expressed
as:

ERL(r,  α) �
�
2

√
2

AELeiδLei(− 2πr
P +α)[ 1

−i], (11)

ELR(r,  α) �
�
2

√
2

AEReiδRei(− 2πr
P −α)[ 1

i
], (12)

respectively. Equation (11) indicates that the transmitted
beam is RCP Bessel beam carrying OAMof l = +1 with initial
phase δL remained from the incident LCP wave. Equa-
tion (12) indicates that the transmitted beam is LCP beam
carrying OAM of l = −1 with initial phase δR remained from

Figure 4: Experimental and simulated
performance of the metasurface VVB
generator. (A, B) Measured normalized
intensity distributions and phase
distributions of ExL. (C, D) Measured
normalized intensity distributions and
phase distributions of ExR. (E–L) Measured
normalized intensity distributions of Exx,
E45°x, Eyx, E−45°x, Exy, E45°y, Eyy, and E−45°y,
respectively. All the measured results are
plotted in the xy plane at 1.1 THz. The former
and latter inset arrows in the bottom
indicate the input and detect polarizations,
respectively. The inset figures in the top-
right positions are the corresponding
simulated normalized intensity and phase
distributions at 1.0 THz. The diameters of
the circles in (E–L) are all 6 mm.
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the incident RCP wave. Under the linearly polarized inci-
dence, the output wave is given by:

Eout(r,  α) �
�
2

√
2
ERL(r,  α) +

�
2

√
2
ELR(r,  α)

� AEe−i
2πr
P [cos(α − γ)

sin(α − γ) ]. (13)

It can be seen that the output beam still has Bessel
phase distribution but no longer carries any OAM (l = 0).
The polarization response is the same as that of the VVB
generator as indicated by Equations (8) and (13). Under the
x-polarized incidence (γ = 0), the output is radially polar-
ized VBB, while under y-polarized incidence (γ = π/2), the
output is azimuthally polarized VBB.

To realize the above design, the azimuth angle is also
divided into eight angle regions evenly, meanwhile, we
also divide the metasurface into several regions along the
radial direction with a phase interval of π/4. In this case,
according to Equations (9) and (10), each newly formed
intersecting region contains one type of the pillars with
φf = −2πr/P and P = 1240 μm, whose orientation angles are

also accurately determined by α with θ = α/2. Figure 3C
illustrates the microscope image of the center part of the
fabricated sample.

To experimentally characterize the proposed metasur-
face VBB generator, the samemethodwas utilized as for the
VVB generator. In the measurement, the output beam was
mapped in the xy plane at a height of 7 mm above the
sample. The scanning area is 6 × 6 mm with a step of
0.2 mm. Figure 5A,D illustrate the measured normalized
intensity distributions |ExL|2 and |ExR|2 at 1.1 THz under the
LCP and RCP incidences, while Figure 5B,E illustrate the
corresponding phase distributions, respectively. The Bessel
distributions with donut-shape intensity profiles at the
center and the spiral phase distributions with ±2π phase
loops indicate that the output beams are +1-th order and −1-
th order Bessel beams, respectively. To illustrate the
diffraction-free feature of the Bessel beams, the intensity
distributions in the yz plane under the LCP and RCP in-
cidences were also measured, as illustrated in Figure 5C,F,
respectively. The distributions are measured from −2.5 to
2.5mmwith a step of 0.1mmalong the y direction, and from

Figure 5: Experimental and simulated
performance of the metasurface VBB
generator. (A, D, G–N) Measured
normalized intensity distributions of ExL,
ExR, Exx, E45°x, Eyx, E−45°x, Exy, E45°y, Eyy, and
E−45°y in the xy plane, respectively. (B, E)
Measured phase distributions of ExL and ExR
in the xy plane, respectively. (C, F)
Measured normalized intensity
distributions of ExL and ExR in the yz plane,
respectively. All the measured results are
plotted at 1.1 THz. The former and latter
inset arrows in the bottom indicate the
input and detect polarizations,
respectively. The inset figures in the top-
right positions are the corresponding
simulated normalized intensity and phase
distributions at 1.0 THz. The diameters of
the circles in (G–N) are all 6 mm.
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2 to 12 mm with a step of 0.5 mm along the z direction. It is
seen the diffraction-free distances are longer than 20λ.
Figures 5G to 5N illustrate the measured normalized in-
tensity distributions |Exx|2, |E45°x|2, |Eyx|2, and |E−45°x|2 under
the x-polarized incidence, as well as |Exy|2, |E45°y|2, |Eyy|2, and
|E−45°y|2 under the y-polarized incidence at 1.1 THz, respec-
tively. Clear split-lobe patterns (including center main lobe
and outer sidelobes) are observed, indicating vector beams
carrying OAM of l = 0. Under the x-polarized incidence, the
output lobes are the strongest along the detection polari-
zation directions, indicating a radially polarized VBB. Un-
der the y-polarized incidence, the output lobes are the
strongest along the directions perpendicular to the detec-
tion polarization directions, indicating an azimuthally
polarized VBB. The insets in Figure 5 illustrate the corre-
sponding simulated distributions at 1.0 THz, which are
consistent well with the measured results. The simulated
polarization distributions of the metasurface VBB generator
can be seen in Supplementary section 2. Under the LCP,
RCP, x- and y-polarized incidences, the simulated effi-
ciencies of the corresponding desired output beams are
∼59, ∼59, ∼60, and ∼61%, respectively.

It is seen from Figures 4 and 5 that themeasured phase
distributions are not as good as those in the simulations in
the areas where the intensities tend to be zero. This can be
attributed to the limited signal-to-noise ratio of our system,
which cannot measure the accurate phase values in these
areas. Besides, the applied 0.2 mm scanning step in the
measurements also reduced the phase resolution to some
extent. Nevertheless, our measured phase distributions
can well demonstrate the OAM feature of the generated
beams, which is an important parameter of CVBs. The
working frequency of the fabricated metasurfaces (1.1 THz)
here is slightly different from that in the design (1.0 THz).
This can be attributed to the fabrication errors and the
refractive index deviation from the design owing to the
dispersive phase responses of the eight selected silicon
pillars by the dynamic phase contributions (see Supple-
mentary sections 3 and 4). Taking the overall half-wave-
plate performances of the eight selected silicon pillars into
account, the effective working bandwidth is around
0.04 THz. Besides, it is more interesting to note that there
are two phase singularities in both the measured and
simulated phase distributions of the generated vortex
beam carrying OAM of l = +2 by the metasurface VVB
generator under the LCP incidence, as illustrated in
Figure 4B. This is caused by the phase discontinuous
feature of the metasurface, where the ideal single phase
singularity will be divided into two. The distance between
the two phase singularities increases as the pixel size of the
structure increases, and also as the number of the angle

regions divided in the azimuthal direction decreases.
Another reason should be the incomplete circular-polari-
zation conversion efficiency of the composed structures,
the interference effect between the output RCP and residual
LCP components also contributes to the emergence of the
two phase singularities since the x-polarized component
was measured here. Detail information can be found in the
calculated results in the Supplementary section 5. Owing to
the fabrication error induced working frequency shift, the
actual performance of the structures’ half-wave plate
property reduces, so the two phase singularities are more
obvious in the measured results.

3 Conclusions

Wepropose a generalmethod for generating CVBs using all
dielectric metasurfaces in the terahertz regime. This is
achieved by controlling the superposition of the two cross-
circularly-polarized output beams generated under the
circularly polarized incidences. To realize more degree of
freedom to manipulate the two output beams, a spin-
decoupled phase control method is applied by simulta-
neously manipulating the dynamic phase and geometric
phase of the unit cells. Two types of metasurface CVB
generators are experimentally realized, one for generating
VVBs while the other for generating VBBs under the line-
arly polarized incidences. Both of them are composed of
structures with spatially variant dimensions and orienta-
tions, which are eight basic rectangular-shape silicon pil-
lars possessing half-wave plate property and 2π dynamic
phase coverage. The averaging efficiencies of the two VVB
and VBB generators are ∼58 and ∼60%, respectively. Such
efficiencies can be further enhanced by using a substrates
with lower refractive index to decrease the reflection loss.
Comparing with the transmission efficiency of a bare sili-
con interface, the relative efficiencies of the two generators
achieve ∼83 and ∼86%, respectively. The ultrathin and
high-efficiency properties of the proposed CVB generators
may find broad applications in integrated systems. Though
themetasurfaces are demonstrated in the terahertz regime,
the designing method can be extended to other frequency
ranges of the electromagnetic spectrum.

Acknowledgment: National Natural Science Foundation of
China (Grant Nos. 61605143, 61735012, 11974259, 61705167,
61875150, and 61420106006); Tianjin Municipal Fund for
Distinguished Young Scholars (grant No. 18JCJQJC45600);
Scientific Research Project of Tianjin Education Commis-
sion (Grant No. JWK1608); Start-up project of scientific
research of TianjinUniversity of Technology andEducation

3400 Y. Xu et al.: Generation of terahertz vector beams



(Grant No. KYQD1718); Guangxi Key Laboratory of Auto-
matic Detecting Technology and Instruments (YQ17203,
YQ18205); King Abdullah University of Science and Tech-
nology, Office of Sponsored Research (Grand Nos. URF-
2950-CRG5, CRF-2016-2950-RG5, and CRF-2017-3427-
CRG6).
Author contribution: The manuscript was written through
contributions of all authors. All authors have given
approval to the final version of the manuscript. There are
no conflicts to declare.
Research funding: This research was funded by the
National Natural Science Foundation of China (Grant
Nos. 61605143, 61735012, 11974259, 61705167, 61875150,
and 61420106006); Tianjin Municipal Fund for
Distinguished Young Scholars (grant No. 18JCJQJC45600);
Scientific Research Project of Tianjin Education
Commission (Grant No. JWK1608); Start-up project of
scientific research of Tianjin University of Technology
and Education (Grant No. KYQD1718); Guangxi Key
Laboratory of Automatic Detecting Technology and
Instruments (YQ17203, YQ18205); King Abdullah
University of Science and Technology, Office of
Sponsored Research (Grand Nos. URF-2950-CRG5, CRF-
2016-2950-RG5, and CRF-2017-3427-CRG6).
Employment or leadership: None declared.
Honorarium: None declared.
Conflict of interest statement: The authors declare no
competing financial interest.

References

[1] Q. Zhan, “Cylindrical vector beams: from mathematical concepts
to applications,” Adv. Opt. Photonics, vol. 1, pp. 1–57, 2009.

[2] J. Chen, C. Wan, and Q. Zhan, “Vectorial optical fields: recent
advances and future prospects,” Sci. Bull., vol. 63, pp. 54–74,
2018.

[3] G. Milione, H. I. Sztul, D. A. Nolan, and R. R. Alfano, “Higher-
order Poincare´ sphere, Stokes parameters, and the angular
momentum of Light,” Phys. Rev. Lett., vol. 107, 2011, Art no.
053601.

[4] S. Quabis, R. Dorn,M. Eberler, O. Glöckl, andG. Leuchs, “Focusing
light into a tighter spot,” Opt. Commun., vol. 179, pp. 1–7, 2000.

[5] R. Dorn, S. Quabis, and G. Leuchs, “Sharper focus for a radially
polarized light beam,” Phys. Rev. Lett., vol. 91, 2003, Art no. 233901.

[6] D. P. Biss, K. S. Youngworth, and T. G. Brown, “Dark-field imaging
with cylindrical-vector beams,” Appl. Opt., vol. 45, pp. 470–479,
2006.

[7] T. Bauer, S. Orlov, U. Peschel, P. Banzer, and G. Leuchs,
“Nanointerferometric amplitude and phase reconstruction of tightly
focused vector beams,” Nat. Photon, vol. 8, pp. 23−27, 2013.

[8] B. J. Roxworthy, and K. C. Toussaint , Jr., “Optical trapping with π-
phase cylindrical vector beams,” New J. Phys., vol. 12, 2010, Art
no. 073012.

[9] S. E. Skelton, M. Sergides, R. Saija, M. A. Iatì, O. M. Maragó, and
P. H. Jones, “Trapping volume control in optical tweezers using
cylindrical vector beams,” Opt. Express, vol. 38, pp. 28–30,
2013.

[10] S. A. Syubaev, A. Y. Zhizhchenko, D. V. Pavlov, et al., “Plasmonic
nanolenses produced by cylindrical vector beam printing for
sensing applications,” Sci. Rep., vol. 9, 2019, Art no. 19750.

[11] S. Ramachandran, P. Kristensen, andM. F. Yan. “Generation and
propagation of radially polarized beams in optical fibers,” Opt.
Express, vol. 34, pp. 2525–2527, 2009.

[12] W. Chen, D. C. Abeysinghe, R. L. Nelson, and Q. Zhan,
“Plasmonic lens made of multiple concentric metallic rings
under radially polarized illumination,” Nano Lett., vol. 9,
pp. 4320–4325, 2009.

[13] G. Machavariani, Y. Lumer, I. Moshe, A. Meir, and S. Jackel,
“Spatially-variable retardation plate for efficient generation of
radiallyand azimuthally-polarized beams,” Opt. Commun., vol.
281, pp. 732–738, 2008.

[14] B. C. Lim, P. B. Phua, W. J. Lai, and M. H. Hong, “Fast switchable
electro-optic radial polarization retarder,” Opt. Lett., vol. 33,
pp. 950–952, 2008.

[15] S. C. Tidwell, D. H. Ford, and W. D. Kimura, “Generating radially
polarized beams interferometrically,” Appl. Opt., vol. 29,
pp. 2234–2239, 1990.

[16] F. Cardano, E. Karimi, S. Slussarenko, L. Marrucci, C. de Lisio,
and E. Santamato, “Polarization pattern of vector vortex beams
generated by q-plates with different topological charges,” Appl.
Optics, vol. 51, pp. C1–C6, 2012.

[17] Z. Bomzon, G. Biener, V. Kleiner, and E. Hasman, “Radially and
azimuthally polarized beams generated by space-variant
dielectric subwavelength gratings,” Opt. Lett., vol. 27,
pp. 285–287, 2002.

[18] M. A. Ahmed, A. Voss, M. M. Vogel, and G. Thomas, “Multilayer
polarizing grating mirror used for the generation of radial
polarization in Yb: YAG thin-disk lasers,” Opt. Lett., vol. 32,
pp. 3272–3274, 2007.

[19] X. L. Wang, J. Ding, W. J. Ni, C. S. Guo, and H. T. Wang,
“Generation of arbitrary vector beams with a spatial light
modulator and a common path interferometric arrangement,”
Opt. Lett., vol. 32, pp. 3549–3551, 2007.

[20] Z. Y. Rong, Y. J. Han, S. Z. Wang, and C. S. Guo, “Generation of
arbitrary vector beams with cascaded liquid crystal spatial light
modulators,” Opt. Express, vol. 22, pp. 1636–1644, 2014.

[21] H. T. Chen, A. J. Taylor, and N. Yu, “A review of metasurfaces:
physics and applications,” Rep. Prog. Phys., vol. 79, p. 7, 2016.

[22] N. Yu, P. Genevet, M. A. Kats, et al., “Light propagation with
phase discontinuities: generalized laws of reflection and
refraction,” Science, vol. 334, pp. 333–337, 2011.

[23] L. Huang, X. Chen, H.Mühlenbernd, et al., “Dispersionless phase
discontinuities for controlling light propagation,” Nano Lett.,
vol. 12, pp. 5750–5755, 2012.

[24] X. Zhang, Z. Tian, W. Yue, et al., “Broadband terahertz wave
deflection based on C-shape complex metamaterials with phase
discontinuities,” Adv. Mater., vol. 25, pp. 4567–4572, 2013.

[25] F. Aieta, P. Genevet, M. A. Kats, et al., “Aberration-free ultrathin flat
lenses and axicons at telecom wavelengths based on plasmonic
metasurfaces,” Nano Lett., vol. 12, pp. 4932–4936, 2012.

[26] Q. Wang, X. Zhang, Y. Xu, et al., “A broadband metasurface-
based terahertz flat-lens array,” Adv. Opt. Mater., vol. 3,
pp. 779–785, 2015.

Y. Xu et al.: Generation of terahertz vector beams 3401



[27] S. Wang, P. C. Wu, V. C. Su, et al., “A broadband achromatic
metalens in the visible,”Nat. Nanotechnol., vol. 13, pp. 227–232,
2018.

[28] L. Huang, X. Chen, H. Mühlenbernd, et al., “Three-dimensional
optical holography using a plasmonic metasurface,” Nat.
Commun., vol. 4, p. 2808, 2013.

[29] L. Li, T. J. Cui, W. Ji, et al., “Electromagnetic reprogrammable
coding-metasurface holograms,” Nat. Commun., vol. 8, p. 197,
2017.

[30] X. Liu, Q. Wang, X. Zhang, et al., “Thermally dependent dynamic
meta-holography using a vanadium dioxide integrated
metasurface,” Adv. Opt. Mater., vol. 7, 2019, Art no. 1900175.

[31] P. C. Wu, W. Y. Tsai, W. T. Chen, et al., “Versatile polarization
generation with an aluminum plasmonic metasurface,” Nano
Lett., vol. 17, pp. 445−452, 2017.

[32] Y. Xu, Q. Li, X. Zhang, et al., “Spin-decoupled multifunctional
metasurface for asymmetric polarization generation,” ACS
Photon, vol. 6, pp. 2933−2941, 2019.

[33] N. A. Rubin, G. D’Aversa, P. Chevalier, Z. Shi, W. T. Chen, and F.
Capasso, “Matrix fourier optics enables a compact full-Stokes
polarization camera,” Science, vol. 365, 2019, Art no. eaax1839.

[34] X. Zhang, S. Yang, W. Yue, et al., “Direct polarization
measurement using a multiplexed Pancharatnam–Berry
metahologram,” Optica, vol. 6, pp. 1190–1198, 2019.

[35] S. Sun, Q. He, S. Xiao, Q. Xu, X. Li, and L. Zhou, “Gradient-index
meta-surfaces as a bridge linking propagating waves and
surface waves,” Nat. Mater., vol. 11, pp. 426–431, 2012.

[36] Q. Xu, X. Zhang,M.Wei, et al., “Efficientmetacoupler for complex
surface plasmon launching,” Adv. Opt. Mater., vol. 6, 2018, Art
no. 1701117.

[37] W. T. Chen, M. Khorasaninejad, A. Y. Zhu, et al., “Generation of
wavelength-independent subwavelength Bessel beams using
metasurfaces,” Light Sci. Appl., vol. 6, 2017, Art no. e16259.

[38] H. Zhang, X. Zhang, Q. Xu, et al., “Polarization-independent all-
silicon dielectric metasurfaces in the terahertz regime,” Photon
Res., vol. 6, pp. 24–29, 2018.

[39] A. Amir, Y. Horie, M. Bagheri, and A. Faraon, “Dielectric
metasurfaces for complete control of phase and polarization
with subwavelength spatial resolution and high transmission,”
Nat. Nanotechnol., vol. 10, pp. 937–943, 2015.

[40] F. Yue, D. Wen, J. Xin, B. D. Gerardot, J. Li, and X. Chen, “Vector
vortex beam generation with a single plasmonic metasurface,”
ACS Photon, vol. 3, pp. 1558−1563, 2016.

[41] H. Chen, X. Ling, Q. Li, H. Lv, H. Yu, and X. Yi, “Generation of
double-ring-shaped cylindrical vector beams by modulating
Pancharatnam-Berry phase,” Optik, vol. 134, pp. 227–232,
2017.

[42] C. Pfeiffer, and A. Grbic, “Controlling vector bessel beams with
metasurfaces,” Phys. Rev. Appl., vol. 2, 2014, Art no. 044012.

[43] J. T. Heiden, F. Ding, J. Linnet, Y. Yang, J. Beermann, and S. I.
Bozhevolnyi, “Gap-surface plasmon metasurfaces for broadband
circular-to-linear polarization conversion and vector vortex beam
generation,” Adv. Opt. Mater., vol. 7, 2019, Art no. 1801414.

[44] D. Wen, F. Yue, W. Liu, S. Chen, and X. Chen, “Geometric
metasurfaces for ultrathin optical devices,”Adv.Opt.Mater., vol.
6, 2018, Art no. 1800348.

[45] J. P. B. Mueller, N. A. Rubin, R. C. Devlin, B. Groever, and F.
Capasso, “Metasurface polarization optics: independent phase
control of arbitrary orthogonal states of polarization,” Phys. Rev.
Lett., vol. 118, 2017, Art no. 113901.

[46] K. Wang, and D. M. Mittleman, “Metal wires for terahertz
waveguiding,” Nature, vol. 432, pp. 376–379, 2004.

[47] M. Navarro-Cía, J. Wu, H. Liu, and O. Mitrofanov, “Generation of
radially-polarized terahertz pulses for coupling into coaxial
waveguides,” Sci. Rep., vol. 6, 2016, Art no. 38926.

[48] X. Zhang, Q. Xu, L. Xia, et al., “Terahertz surface plasmonic
waves: a review,” Adv. Photon, vol. 2, 2020, Art no. 014001.

[49] A. Minasyan, C. Trovato, J. Degert, E. Freysz, E. Brasselet, and E.
Abraham, “Geometric phase shaping of terahertz vortex
beams,” Opt. Lett., vol. 42, pp. 41–44, 2017.

[50] T. Jeon, J. Zhang, and D. Grischkowsky, “THz Sommerfeld
wave propagation on a single metal wire,” Appl. Phys. Lett.,
vol. 86, 2005, Art no. 161904.

[51] Z. Zheng, N. Kanda, K. Konishi, and M. Kuwata-Gonokami,
“Efficient coupling of propagating broadband terahertz radial
beams to metal wires,” Opt. Express, vol. 21, pp. 10642–10650,
2013.

[52] R. Imai, N. Kanda, T. Higuchi, Z. Zheng, K. Konishi, and M.
Kuwata-Gonokami, “Terahertz vector beam generation using
segmented nonlinear optical crystals with threefold rotational
symmetry,” Opt. Express, vol. 20, pp. 21896–21904, 2012.

[53] X. Dong, J. Cheng, F. Fan, T. Li, and S. Chang, “Sub-terahertz
wideband vector beam generator based on superwavelength
lattice dielectric grating,” Optik, vol. 193, 2019, Art no. 162991.

[54] P. Genevet, F. Capasso, F. Aieta, M. Khorasaninejad, and R.
Devlin, “Recent advances in planar optics: from plasmonic to
dielectric metasurfaces,” Optica, vol. 4, pp. 139–152, 2017.

[55] H. Zhang, X. Zhang, Q. Xu, et al., “High-efficiency dielectric
metasurfaces for polarization dependent terahertz wavefront
manipulation,” Adv. Opt. Mater., vol. 6, 2018, Art no. 1700773.

Supplementary material: The online version of this article offers
supplementary material (https://doi.org/10.1515/nanoph-2020-0112).

3402 Y. Xu et al.: Generation of terahertz vector beams

https://doi.org/10.1515/nanoph-2020-0112

	Generation of terahertz vector beams using dielectric metasurfaces via spin-decoupled phase control
	1 Introduction
	2 Results and discussion
	2.1 Structure design
	2.2 Metasurface for VVB generation
	2.3 Metasurface for VBB generation

	3 Conclusions
	Acknowledgment
	References

