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Abstract: The research on terahertz wave manipulation
based on metasurfaces has gradually deepened, and the
number of functions or electromagnetic control dimensions
in a single device is constantly increasing. For the spatial
dimension of terahertz field regulation, its design degrees
of freedom have been expanded from a single transverse
plane to the propagation path. In this paper, we propose a
novel circularly polarization multiplexed metasurface for
dual channel terahertz wave transmission control. Based on
the spatial integration of two heterogeneous meta-atoms,
which are spin-decoupled and isotropic, respectively, there
are four phase channels that can be used at the same
time, thus achieving different switching between vector and
scalar beams in different circularly polarization channels
along the optical path. For linearly polarized wave inci-
dence, the device exhibits conversion between different vec-
tor beams longitudinally. To control more electric field com-
ponents, we combine focused wavefront design with vector
or scalar fields and utilize the focusing induced spin-orbit
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coupling effect, then complex amplitude switching of lon-
gitudinal electric field components is obtained. This arti-
cle extends the manipulation of terahertz waves along the
propagation trajectory based on metasurface from single
to dual channel for the first time, providing a reference
for the design of multifunctional meta-device in terahertz
band.

Keywords: terahertz; metasurface; longitudinal control;
dual channel

1 Introduction

Metasurfaces comprising micro- and nano-scale compo-
nents with unique structures represent a novel class of
planar optical elements. In contrast to conventional optical
devices, metasurfaces enable tailored control over various
properties of the optical field, including wavelength, ampli-
tude, phase, and polarization. In recent years, exploiting
the capabilities of metasurfaces in optical field manipula-
tion has led to the development of various meta-devices,
such as lenses [1, 2], waveplates [3—6], holography genera-
tors [7-9], multiplexers [10-12], and polarization converter
[13-16]. However, most of these achievements have primar-
ily focused on lateral manipulation of the optical waves, per-
formed within the single plane perpendicular to the propa-
gation direction, such as the focal plane [17-20]. To realize
higher-dimensional spatiotemporal control of the optical
field and expand its applications, investigations for field
control via metasurfaces over the longitudinal dimension
of the optical field are imperative. This involves the modu-
lation of electromagnetic characteristics along the direction
of light propagation.

Conventional approaches for longitudinal control of
the optical field typically involve the cascading of optical
devices such as polarizers, waveplates, and spatial light

B Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/nanoph-2023-0457
mailto:li_jie_d@tju.edu.cn
https://orcid.org/0000-0002-3400-8241
https://orcid.org/0000-0002-7651-4265
https://orcid.org/0000-0001-6340-0587

3840 = L. Luo etal.: Dual channel transformation of scalar and vector terahertz beams

modulators, which necessitates the construction of com-
plex optical paths [21-23]. Initially, in 2012, Chremmos et al.
achieved the formation of Bessel-like optical beams propa-
gating along pre-defined trajectories in the far field by mod-
ulating the phase of the input wavefront emitted from the
input plane [24]. In 2015, Moreno et al. successfully achieved
customized polarization distribution along the longitudi-
nal direction of a beam by introducing additional phase
delays between two orthogonal polarization components
[25].In 2016, Fu et al. utilized dual spatial light modulators to
superimpose vector Bessel beams, generating longitudinally
evolving vector fields [26]. These early studies provided
rich theoretical support and implementation references for
the design of longitudinal characteristics of the light beam.
However, these methods still have many shortcomings in
terms of optical modulation efficiency, system integration
and modulation accuracy [21-30].

Fortunately, metasurfaces exhibit excellent optical
characteristics, ultra-thin profiles, and high integration den-
sity, offering an effective solution for longitudinal polar-
ization manipulation. In 2020 Fan et al. designed a meta-
surface that could arbitrarily change the incident circular
polarization state and focus it onto a specific focal plane,
achieving longitudinal control over the optical field [31].
In 2021, Dorrah et al. developed a metasurface that intro-
duced the Pancharatnam-Berry phase along the propaga-
tion direction and controlled the output polarization state
by modifying the meta-atoms [32]. In the same year, their
team utilized metasurfaces for simultaneous manipulation
of polarization and orbital angular momentum along the
propagation direction [33]. In 2022, Li et al. proposed a
novel approach to manipulating vector beams in the lon-
gitudinal direction, enabling simultaneous control over the
axial and radial electric field components [34]. Experimen-
tal validation in the terahertz regime demonstrated new
possibilities for generating vector beams with metasurface.
Also, in the same year, Zhang et al. designed a metasurface
that achieved simultaneous control of optical fields over
the transverse and longitudinal directions, extending polar-
ization optics from two-dimensional to three-dimensional
spaces [35]. However, current researches primarily focuses
on single-channel control of the optical field with metasur-
faces, and investigations into metasurfaces enabling dual
or multi-channel for longitudinal control have not yet been
reported [31-37]. Developing multi-channel longitudinal
control metasurfaces will further enhance the capabilities
of optical field manipulation and application potential of
meta-devices.

In this paper, we integrate two different meta-atoms
into a single metasurface device, enabling dual channel
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switching of the optical field’s polarization state along the
longitudinal direction. We exploit the control capabilities
of the two structures on the co- and cross-polarization
channels of the optical field. When both channels are inci-
dence with different polarization states, they generate circu-
larly polarized vortex beams with opposite angular quan-
tum numbers and different focal points. We obtain vec-
tor beams with varying initial polarization angles at dif-
ferent focal planes by introducing an additional phase dif-
ference between the transmitted polarization components.
The proposed device allows spatial switching between
scalar—vector, vector—scalar, and vector—vector beams in
different polarization channels.

2 Design and method

We aim to design a metasurface that can independently con-
trol the coherent synthesis of the cross- and co-polarization
component along the propagation direction to generate vec-
tor beams. When the incident light is right- or left-handed
circularly polarized (LCP or RCP), the co-polarization chan-
nel will generate two vortex beams with the same topolog-
ical charge number of +1, which is focused at f; and f,,
respectively, as shown in Figure 1(b) and (c). Conversely, the
cross-polarization channel produces a focused, left-handed
(right-handed) circularly polarized vortex beam with an
angular quantum number of —1 at f,(f;). Precisely, the cross-
polarization component is controlled through anisotropic
structures, where structure size and rotation direction
changes introduce the propagation and geometric phases.
On the other hand, the co-polarization component is con-
trolled solely by modifying the size of isotropic structures
to introduce the propagation phase. Therefore, the desired
manipulation objectives can be achieved simply by intro-
ducing the corresponding spatial phase distribution func-
tions into the two channels.

First, we investigate its physical mechanism via the
unified Jones matrix and facilitate the analysis of the two
units in the proposed metasurface. The Jones matrix for
linearly polarized transmission wave of a meta-atom can be

. te 0 .
written as T = l , where t,, = T,,e'”= and t,, =
yy

Tyyei“’w, respectively, denote the transmission coefficients
of the component polarized along the x and y axes (T,, and
@, respectively, refer to amplitude and phase). Assuming
the transmission amplitudes of the unit as T,, = T,, =1
and the rotation angle of the structure is 0, the linear Jones
matrix can be represented as

J(6) =M(0)" x T x M(6) )
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Figure 1: The metasurface with dual channel for longitudinal manipulation of the optical polarization. (a) The arrangement of the two structures on
the metasurface, where the first column represents the spin-decoupled unit that controls the cross-polarization component, and the second column
represents the isotropic structure that controls the co-polarization component. (b) and (c) The function of the device in left-handed (right-handed)
circularly polarized incidence, achieving the switching from vector to scalar (scalar to vector) beam.
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where M(0) = . is the rotation matrix.
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The incident wave is E;, = the linear polarized Jones
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matrix of the transmitted wave can be written as (see Text
S1 for more details in Supplementary Information)
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Thus, it can be observed that the incident light pre-
serves its original polarization state without any changes
when transmitted through the co-polarization channel. Con-
versely, when transmitted through the cross-polarization
channel, it converts into an opposite-handed polarization
state, accompanied by the introduction of a geometric phase
factor e+0,

For the structures with a function of spin decoupling,
by varying the dimension of the anisotropic units such that
the phase difference is Ag, = ¢, — @, = 7, it is possible
to eliminate the co-polarization component in the transmit-
ted field. Disregarding the co-polarization component, the
transmitted field of the spin decoupling structure, when
subjected to the incident field E;, can be expressed as

Ecross = Jeross (0) X Ep

Tig - |E> el(@ut20) . |I_é>
B Ty - |§> - gl(9yy-20) . |Z> @

where Tig, Tri, @ir, and g, mean the amplitude and
phase of the transmitted field, with the first and second
subscript indicating the polarization state of the incident
and the transmitted field. By considering the propagation
and geometric phases, we can derive the design princi-
ples for anisotropic units in the metasurface, as shown in
Equations (4a)—(4c) (see Text S2 for more details in Supple-
mentary Information).

1
Oxx = - (Pr + Pre) (4a)

2
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1
Pyy = i((pLR+goRL) -7 (4b)

1
0= (Pr.— ) (40)

4

For isotropic structures, the phase delays in the x- and
y-directions are equal, i.e., @,, = Pyy- As a result, the trans-
mitted field of the unit only contains the co-polarization
component. We only need to consider the propagation phase
of the isotropic structure to obtain the design principles,
which can be expressed as @, = Qg = @ = @y (see Text
S3 for more details in Supplementary Information). Here,
@11, and @gg represent the phase of the transmitted field.

3 Results and discussion

We propose a silicon metasurface composed of heteroge-
neous meta-atoms to achieve the above functionalities, as

(a)
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40 60 8 100
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shown in Figure 2(a). Figure 2(b) depicts the spin-decoupled
structure, consisting of two vertically oriented rectangles
and a substrate. Both rectangles have the same width, D =
40 pm, while their side lengths are represented by dx and
dy. The period of the structure is P = 140 pm. Figure 2(c)
shows the isotropic cylindrical pillars with varying radii
denoted as dr. Both structures have a pillar height of T =
200 pm and a substrate thickness of H =300 pm. To analyze
the amplitude and propagation phase for x and y polar-
ization components in different structures, we employed
the scanning functionality of the time-domain solver in CST
Microwave Studio. There are two changeable variables (dx
and dy) in the spin-decoupled structure, and only dr can
be changed in the isotropic structure. To achieve complete
coverage of the (—x, 7) phase interval, we selected 15 spin-
decoupled and 8 isotropic units. In the simulations, the
dielectric constant of silicon was set to 11.9, assuming no
optical losses. By scanning these parameters, we obtained
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Figure 2: Interleaved arrangement of the two polarization structures on the metasurface, geometric parameters, and the construction of the unit
libraries. (a) Interleaved distribution of the anisotropic and isotropic structures. (b) Geometric parameters of the spin-decoupled structure.

(c) Geometric parameters of the isotropic structure. (d) and (e) Amplitude and phase of the selected structures from the spin-decoupled units, where
the symbols represent the values of dx and dy for each structure. (f) Amplitude and phase of the selected structures from the isotropic units.
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different amplitudes and propagation phases. To achieve
comprehensive control over the phase of the incident wave,
we selected the structures that met the desired criteria from
the scan results and created separate unit libraries for the
two structures. Considering that the air silicon interface
generates about 30 % reflection loss, the transmission coef-
ficients of the selected meta-atoms are basically above 0.6,
which is already quite efficient. Detailed results can be seen
in the Supporting Information (Text S5).

First, we conducted a parameter sweep for dx and
dy within the interval [30 pm, 136 pm], increasing in 1 pm
steps, using the CST Microwave Studio. These simulations
were performed under a linearly polarized incidence at a
45° angle from the x-coordinate axis to produce Figure 2d
and e. Due to the symmetry of the parameters of the x and
y components in the transmitted wave, only the results of y
polarization are shown here. Then we selected 15 units with
a phase gradient of 22.5° to form the parameter library. The
amplitudes and phases of each structure are represented by
the symbol X’ in Figure 2(d) and (e), respectively.

In cross-polarization channels of anisotropic struc-
tures, the phase profiles of vortex beams focused in a sin-
gle plane are designed separately. When the left-handed

L. Luo et al.: Dual channel transformation of scalar and vector terahertz beams === 3843

circularly polarized light is incident, the metasurface con-
verts the incident light to orbital angular momentum (OAM)
states with an azimuthal quantum number of —1 and
focuses at the plane of f; = 8 mm. When right-handed cir-
cularly polarized light is incident, it converts to OAM states
with an azimuthal quantum number of —1 and focuses at
f5 =5 mm. Based on the accumulated optical path distribu-
tion of the spiral phase plate and the optical convex lens, the
designed phase distribution of the spin-decoupled structure
is given by Equations (5a) and (5b)

(PLR=2f<\/X2+Y2+f12—f1>+l-tan§ (5a)
2 2 2 2 Y
¢RL=7<\/X +Y'+f, —f2>+l-tan)—(+A<D (5b)

Here, A represents the wavelength of the incident wave,
(X, Y) denotes the coordinate of the spatial phase points,
and [ represents the azimuthal quantum number, where [
= —11in this case. Figure 3(a) and (b) display the calculated
@.r and @g; from Equations (5a) and (S5b). An additional
phase shift A® = z/2 is introduced to @y, allowing the
generation of two vector beams with different initial polar-
ization directions at the two focal planes. Finally, based
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Figure 3: Phase and intensity distributions of the two channels. (a) and (b) Phase distribution for the cross-polarization channel, (c)-(e) Phase
distribution for the co-polarization channel. (f)-(i) Electric field intensity distributions when LCP light is incident, focusing the transmitted field onto
two focal planes. (f) and (g) Intensity distribution of the transmitted field £, and £, at the focal plane f;. (h) and (i) Intensity distribution of the
transmitted field £, and £y at the focal plane f,. (j)-(m) Electric field intensity distributions when RCP light is incident, focusing the transmitted field
onto the two focal planes. (j) and (k) Intensity distribution of the transmitted field £, and £ at the focal plane f;. (I) and (m) Intensity distribution of the
transmitted field £, and £, at the focal plane f,. (n) Polarization direction of the electric field at the f; focal position when LCP light is incident.

(o) Polarization direction of the electric field at the f, focal position when RCP light is incident.
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on Equations (4a)—(4c), spin-decoupling structures satisfy
the conditions selected at different positions on the meta-
surface, thus forming the array of anisotropic elements.
Detailed geometric parameters of the structures can be
found Supplementary Information Table S1.

We selected eight structures with a 45° phase gradi-
ent for the isotropic meta-atoms, as shown in Figure 2(f).
Detailed geometric parameters of these structures can be
found in Supplementary Information Table S2. The func-
tionality of the co-polarization channel requires that under
orthogonal circularly polarized (CP) incidence, the co-
polarization structures convert CP light to OAM states
with an azimuthal quantum number of +1 and focus
them at two focal planes, f; = 8 mm and f, = 5mm. The
designed phase distribution for these structures is given by
Equations (6a)—(6¢). Figure 3(c)-(e), respectively, illustrate
the computed values of ¢;,, @;1,, and ¢@;; .

2 Y
¢LL1=(PRR1:/1< X2+Y2+f12—f1>+l-tanX
(6a)
2r Y
(PLL2=(PRR2=A< X2+Y2+fzz_fz>+l-tanX
(6b)
@1 = Ppr = L(ei(PLLl + ei(ﬂLLz) (GC)

When both structures are interleaved on the same focal
plane, the co-polarization channel under LCP or RCP inci-
dence simultaneously generates two vortex beams. Based
on the coherent synthesis method of vortex beams, (see Text
S4 for more details in Supplementary Information) one of
the vortex beams will coherently combine with the cross-
polarization component on the same focal plane to form a
vector beam, while the other vortex beam will be preserved
and focused onto a different focal plane from the vector
beam.

The simulation was conducted to verify the process
mentioned above. When an LCP beam incidents the meta-
surface, the coaxial superposition generates a vector beam
with a polarization order of +1 and an initial polarization
direction 6, = 0 at the focal plane f, =5 mm. Figure 3(f) and
(), respectively, depict the electric field intensity of the x-
(E,) and y-axis (E,) polarization components of the vector
beam, while Figure 3(n) shows the polarization direction
of the electric field at the focal point. It can be observed
from the figures that the simulation results align with the
theoretical expectations. Simultaneously, a vortex-focusing
beam with a topological charge [; ., = +1 at the focal plane
f1 = 7.55 mm is generated. Figure 3(h) and (i) demonstrate
the left-handed (E;) and right-handed (Ey) components of
the detected output beams, respectively. Only E; is present
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when the input is an LCP beam, indicating the generation
of a scalar light field at that focal plane. In addition, it
has good focusing performance in the range of 0.8—1.1 THz,
accompanied by a slight lens chromatic aberration. (Supple-
mentary Information Text S5).

In the case of RCP beam illumination, the coaxial super-
position at the focal plane f, generates a vector beam with a
polarization order of —1 and an initial polarization direction
0, = A®/2 = z/4. Figure 3(1) and (m) display the electric
field intensity E, and Ey of this vector beam, and Figure 3(0)
represents the polarization direction of the electric field at
the focal point. Additionally, at the focal plane f;, a vortex-
focusing beam with a topological charge Iy ., = +1 is gen-
erated. Figure 3(j) and (k), respectively, exhibit E; and Ey
of the detected output beams. Similarly, only Ej is present
when the input is an RCP beam, indicating the generation of
a scalar light field at that focal plane.

We also fabricated samples to validate the feasibility of
our theory. First, the silicon wafer was cleaned, and pho-
toresist was applied. Subsequently, the wafer was exposed
through a mask using lithography, developed, and then
etched using inductively coupled plasma (ICP). To manip-
ulate both the co- and cross-polarization channels concur-
rently, we integrated these two structures into a full-silicon
metasurface. Figure 4(b)—(e) present the scanning electron
microscope (SEM) images of the sample. By introducing
a near-field scanning system equipped with a probe, as
shown in Figure 4(f), when a THz emitter emits electro-
magnetic waves at a frequency of 1 THz. After being col-
limated by a lens, the waves are converted into linearly
polarized light using a polarizer before being directed onto
the metasurface. Subsequently the vortex beams from both
the co-polarization and cross-polarization channels at the
focal planes f; and f, coherently interfere, resulting in two
distinct vector beams, as illustrated in Figure 4(a). Finally,
a THz probe is utilized to detect the electric field at var-
ious positions on the focal plane, yielding experimental
data.

When we illuminate the metasurface with LP light
along the x-axis direction, two different vector beams
are generated at the focal planes f; and f;, as shown in
Figure 5(i). We conducted simulation and experimental ver-
ification of the process as mentioned earlier to obtain the
intensity distribution of E, and E|, at different focal points.
A comparison between the simulation and experimental
results reveals that, apart from the intensity non-uniformity
caused by fabrication errors, the experimental results are
consistent with the simulation results. It is evident that
the intensity of E, undergoes rotation at focal points f;
(Figure 5(a)) and f, (Figure 5(c)). This is attributed to the
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Figure 4: Experimental characterization scheme for the proposed metasurfaces. (a) Schematic of the transmitted field when a linearly polarized beam
is incident on the structure. (b)-(e) SEM images of the sample at different angles and magnifications. (f) THz near-field scanning system is equipped

with a miniature probe (LP-long-pass filter).

addition of a z-coordinate-dependent phase difference (A®)
in the @g; phase during the design of the cross-polarization
channel.

Finally, we also analyzed the manipulation perfor-
mance of the proposed metasurface for intensity and phase
distribution of the transmitted electric field along the z-axis
(E,) via simulation verification. As known, in tight focus-
ing systems, circularly polarized beams transfer a portion
of the incident spin angular momentum (SAM) to orbital
angular momentum (OAM), generating an axial electric field
distribution. Circularly polarized converging beams exhibit
spin—orbit coupling effects in the E, component as [38]

llongitudinal = ltransverse +o

where lopginaina represents the longitudinal topological
charge, and [ neerse represents the transverse electric
field topological charge, ¢ = +1 denotes the spin angular
momentum.

From the previous analysis, we know that LCP inci-
dence, at the focal point f;, the co-polarization component
(Iansverse = +1, 0 = +1) and the cross-polarization compo-
nent (yansverse = —1, 0 = —1) form a coherent composite
vector beam. Therefore, at the focal plane f;, the observed E,

field consists of the superposition of the same polarization
component with lgpgiginas = +2 and the cross-polarization
component with ljg,girygina = —2- Figure 6(a) and (b) demon-
strate the intensity and phase distribution of the E, compo-
nent at that focal point. Furthermore, the co-polarization
component also generates a left-handed (¢ = +1) vortex
beam with a topological charge [, sverse = +1 at the focal
point f,. We will also observe a topological charge lopgitdinal
= +2 of the E, component at this focal plane. The intensity
and phase distribution of the E, component for this case is
depicted in Figure 6(c) and (d).

Under the incidence of RCP, the co-polarization compo-
nent generates a right-handed (¢ = —1) vortex beam with
a topological charge [,.noverse = +1 at the focal point f;. At
this focal plane, the topological charge of the E, component
bongitudina = 0, @s shown in Figure 6(e) and (f). Simulta-
neously, at the focal point f,, the co-polarization compo-
nent (I usverse = +1, ¢ = —1) and the cross-polarization
component (I aneverse = —1, 0 = +1) combine coherently
to form a composite vector beam. Consequently, at the
observation point f,, the observed E, consists of the super-
position of the co- and the cross-polarization component
with lgpgitugins = 0- The intensity and phase distribution
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Figure 5: Simulated and experimental results of the transmitted electric field intensity distribution when an LP beam is incident along the x-axis.

(a)-(d) Simulated results of the transmitted field £, and £, at focal point f; and f,. (e)-(h) Experimental results of the transmitted field £, and £, at focal
point f,. (i) Schematic diagram of the LP beam incidence.

Figure 6: Intensity and phase distribution of the longitudinal electric field component for LCP/RCP incidence. Electric field intensity and phase
distribution of the £, component at focal planes f, and £, for LCP (a)-(d) and RCP (e)-(h).
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of the E, component at this focal point is illustrated in
Figure 6(g) and (h).

4 Conclusions

In summary, we demonstrated a new scheme for control-
ling the scalar—vector polarization transformation of tera-
hertz beams in the transmission trajectory. The proposed
metasurface has two circularly polarized channels, which
achieve different switching of polarization states in the lon-
gitudinal direction. We analyzed the unified Jones matrix
theory of anisotropic and isotropic units, and a general
description method has been given. Then we designed a
dual channel metasurface that combines heterogeneous
meta-atoms to obtain four phase channels. We use the
coherent synthesis method of orthogonal circularly polar-
ized waves to generate vector beams, and the phase dif-
ference between components determined the generated
polarization state. We conducted simulation and analysis
on the dual channel function of the device, demonstrating
the vector—scalar or scalar-vector beam switching when
different linear/circular polarization waves are incident.
We experimentally verified the designed device, showed
the intensity distribution of the transmission wave when
the samples were irradiated by different linearly polarized
terahertz waves, and finally confirmed the working perfor-
mance of the metasurface. In addition, we also analyzed
the specific longitudinal electric field component caused by
spin-orbit coupling effect, which also has different complex
amplitude distributions on the two focal planes, indicating
that the proposed device is suitable for both transverse and
longitudinal electric field components. The results of this
article are expected to be applied in fields such as high-
speed wireless communication, particle acceleration, and
terahertz imaging.
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