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beams using surface-wave excited metasurfaces
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Zhuo Wang!t, Weikang Pan?f, Yu Hel, Zhiyan Zhu?, Xiangyu Jin?,
Muhan Liu?, Shaojie Ma? Qiong He!3, Shulin Sun?3#* and Lei Zhou'3*

On-chip devices for generating pre-designed vectorial optical fields (VOFs) under surface wave (SW) excitations are
highly desired in integrated photonics. However, conventional devices are usually of large footprints, low efficiencies, and
limited wave-control capabilities. Here, we present a generic approach to design ultra-compact on-chip devices that can
efficiently generate pre-designed VOFs under SW excitations, and experimentally verify the concept in terahertz (THz)
regime. We first describe how to design SW-excitation metasurfaces for generating circularly polarized complex beams,
and experimentally demonstrate two meta-devices to realize directional emission and focusing of THz waves with oppo-
site circular polarizations, respectively. We then establish a systematic approach to construct an integrated device via
merging two carefully designed metasurfaces, which, under SW excitations, can separately produce pre-designed far-
field patterns with different circular polarizations and generate target VOF based on their interference. As a proof of con-
cept, we demonstrate experimentally a meta-device that can generate a radially polarized Bessel beam under SW excita-
tion at ~0.4 THz. Experimental results agree well with full-wave simulations, collectively verifying the performance of our
device. Our study paves the road to realizing highly integrated on-chip functional THz devices, which may find many ap-
plications in biological sensing, communications, displays, image multiplexing, and beyond.
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Introduction ments are used to scatter PWs to achieve certain func-

Propagating waves (PWs) and surface waves (SWs)! (in- tionalities (say, light bending, imaging, etc.). However,

cluding surface plasmons and their low-frequency coun- these systems are typically too bulky in size, making

terpart spoof surface plasmons) are two distinct modes of
electromagnetic (EM) waves. Controlling both of them
in pre-designed manners is highly desirable for photon-

ics applications® . Traditionally, diffractive optical ele-

them unsuitable for optical integrations'*'2. In parallel,
significant efforts have been devoted to employing on-
chip devices to control SWs, leading to fascinating appli-

cations such as photonic circuits'?, light concentration'* ¢,
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quantum photonics'’, optical computing®, etc. Recently,
ultra-compact planar devices that can efficiently link
PWs and SWs have attracted intensive attention, further
enriching our abilities to control EM waves?"*, In partic-
ular, on-chip devices capable of generating pre-designed
complex far-field patterns under SW excitations are
highly sought after for various application scenarios? 2
(say, virtual-reality displays, plasmonic nano-lasers, etc.).
Available devices for these applications are usually plas-
monic metals drilled with a series of slots arranged in
particular sequences; each slot can scatter incident SWs
to free-space PWs via introducing reciprocal vector, and
thus their interferences can form the target far-field pat-
terns®*-33. However, these devices usually exhibit relative-
ly low working efficiencies and limited functionalities,
since the adopted working principles are similar to the
Bragg-scattering mechanism, which suffers from multi-
mode diffractions and difficulties in generating complex
field patterns with fine internal features.

Metasurfaces (MSs), ultrathin metamaterials com-
posed of deep-subwavelength microstructures (i.e., meta-
atoms) with tailored optical responses arranged in cer-
tain global sequences, exhibit extraordinary capabilities
for controlling EM waves* . Many fascinating wave-
manipulation effects have been demonstrated with MSs
possessing carefully designed phase profiles, such as
anomalous refraction and reflection®3¢*-4!, meta-lens
imaging’~*°, meta-holograms'*-*, optical logic gates®
and so on. In particular, carefully designed gradient MSs
can serve as efficient couplers to convert free-space EM
waves into SWs, in which their phase gradients can com-
pensate for the momentum mismatch between PWs and
SWs. By adding additional phase terms to the phase pro-
files, many functional meta-couplers have been demon-
strated in different frequency domains, that can convert
incident PWs into SWs exhibiting tailored wave-
fronts***0->*, On the other hand, MSs that can decouple
SWs into PWs have also attracted research interests re-
cently>°. In particular, a few on-chip meta-devices were
designed with phase profiles governed by Pancharatnam-
Berry (PB) mechanism® %%, which can decouple the in-
cident SWs into spin-polarized PWs with tailored wave-
fronts. Table S1 summarizes the key features of our work
in comparison with previous literature (see Section 1 in
Supplementary information). We find that most previ-
ously realized SW-excited metadevices exhibit quite low
efficiencies, without optimizing the constitutive meta-
atoms to considering the balance between wavefront flat-

https://doi.org/10.29026/0es.2025.240024

ness and efficiency. Meanwhile, most SW-excited meta-
devices are realized in either optical or microwave
regimes, while those for generating vectorial optical
fields (VOFs) in the THz regime are particularly rare.

In this work, we establish a systematic approach to de-
sign on-chip devices that can efficiently decouple inci-
dent SWs into pre-designed VOFs in the FF, and experi-
mentally verify the concept in the THz frequency do-
main. We first recap the design principles for construct-
ing on-chip MSs to achieve single spin-polarized FF
beams under SW excitations, and experimentally
demonstrate two THz meta-devices as the proof of con-
cept. Specifically, under the excitations of an incident
SW beam at ~0.4 THz, the first device can generate a
left-circular-polarization (LCP) beam propagating in a
pre-designed direction with a relative efficiency of 95%,
while the second device focuses a right-circular-polariza-
tion (RCP) beam to a specific FF point with a relative ef-
ficiency of 90%. Based on these benchmark results, we
then establish a generic approach to design VOF-genera-
tion meta-devices by “merging” two MSs together, each
producing a pre-designed FF pattern with a specific cir-
cular polarization under identical SW excitation. The in-
terference of two spin-polarized FF beams leaking out of
the device forms the target VOF. We follow this strategy
to design and fabricate a VOF-generation meta-device
and experimentally demonstrate that it can generate a ra-
dially polarized THz Bessel beam under the excitation of
a THz SW at ~0.4 THz. Near-field scanning experiments
are performed to characterize the generated THz VOF,
and the results are in good agreement with full-wave
simulations.

Results and discussions

Physical concept and design strategy
We first introduce our strategy for constructing a MS,
which, under the excitation of a SW with frequency w
and wavevector
w
ksw > ko = P

can generate a spin-polarized FF beam characterized by a
k-space distribution E, (k). Here, 0 = +1 represents LCP
and o = —1 represents RCP, respectively. Suppose that
the phase distribution of a planar source to generate the
target FF beam is ¢™ (r), obtained through analytical
methods or computer-generated-hologram retrieval.
Then, the phase distribution of our MS ¢ (r) should
satisfy:

240024-2
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ksw - X+ 93" (1) = 9™ (r) | )
derived from Huygens’ principle. Here kg - x repre-
sents the additional phase contributed by the excitation
SW beam flowing along the x direction.

We construct our MS based on the PB mechanism, as
the beam being generated is spin-polarized. With the de-
sired phase distribution ¢ (r) determined by solving
Eq. (1), we then employ a series of identical meta-atoms
to construct our MS, with the meta-atoms located at the
position r exhibiting the rotation angle:

a(r) = ¢ (r) /20 (2)
In general cases where the meta-atom does not exhib-
it a 100% polarization conversion ratio (PCR), the waves
scattered by such a meta-atom contain both a spin-con-
verted anomalous mode with a PB phase and a spin-
maintained normal mode without any phase retardation.
Given that the excitation beam is now a linearly-polar-
ized SW rather than a circularly polarized beam, we un-
derstand that such a MS should, in principle, generate
three beams: two anomalous modes with the desired spin
o and the undesired spin —o, respectively, and one lin-
early polarized normal mode.
We now argue that only the beam with the desired
spin can survive, since the excitation field is a SW. When
the MS is shined by a normally incident linearly polar-

ized beam (Fig. 1(a)), three beams can indeed be generat-

ed simultaneously in the FF. They correspond to sources
with phase distributions {¢™* (r) , —¢™ (r) , ¢}* (r) = 0},

B, 7. B |
| “‘TV 1+ S "\R;\§

|+)

7

respectively. The anomalous mode with the desired (un-
desired) spin propagates to the left (right) side of the
normal. As the incident angle 6 increases, each generat-
ed beam gains an additional tangential wave-vector —k,
and is thus tilted to the right (Fig. 1(b)). In the extreme
case where the excitation beam is a SW, both the normal
beam and the undesired anomalous beam become
evanescent waves bounded on the MS, and only the de-
sired anomalous mode can be decoupled to the FF (see
Fig. 1(c)). Here, we assume that the anomalous beam
generated by the MS is a paraxial beam, with its maxi-
mum —k, component suppressed to an evanescent mode
after the phase term kg - x is added.

Based on these preparations, we are ready to establish
a generic approach for designing a SW MS to generate a
pre-designed FF vectorial beam. Given an arbitrary FF
vectorial beam described by a momentum-space distri-
bution E,.(k), can always decouple it as
E. (k) =E, (k)|+) + E_ (k)| —) where |t) represent
two orthogonal spin states, respectively. In principle,

we

these spin states depend on the wavevector k. Under the
paraxial limit, we can neglect these dependences and re-
place them by the spin states corresponding to the cen-
tral wavevectors. Therefore, the target field under con-
struction can now be formally expressed as:
Eu (r) = | Eu (k) €*"dk
= [{E (k) |4+) + E_ (k)| )} e*dk,  (3)

where E, (k) and E_ (k) describe the momentum-space

Fig. 1 | Schematic illustrations of working mechanism and vectorial light field generation by the proposed SW MS. (a, b) Schematics of mulitiple

mode generation by a PB MS illuminated by linearly polarized free-space light with different incident angles. (c) Schematic of single mode radia-

tion with the specific spin state by a PB MS illuminated by SW. (d) Schematic of the complex vectorial light field radiation created by a multi-pixel

MS capable of decoupling both LCP and RCP components with well-controlled phase difference, under excitation of impinging SWs.
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distributions of two circularly polarized FF beams with
opposite spins.

Now the design strategy is very clear. First, we design
two MSs that, under the same SW excitations, can re-
spectively generate two spin-polarized FF beams charac-
terized by momentum-space distribution E, (k) and
E_ (k). Next, we “merge” these two MSs together to
form our final meta-device (see Fig. 1(d)). As being ex-
cited by the SW, each part of the meta-device can gener-
ate a pre-designed FF beam with a particular spin, and
the interference between these two spin-polarized beams
in the FF forms the desired FF VOF (see Eq. (2)). To
avoid structural overlapping in the “merging” process,
we arrange the meta-atoms belonging to one MS in a
checkboard pattern occupying only half of the whole
area (see Fig. 1(d)).

At the end of this subsection, we address several is-
sues. Usually, PB meta-atoms with the highest possible
PCRs are preferred in designing PB meta-devices under
PW excitation because the strengths of the anomalous
modes generated by these devices are proportional to the
PCRs of constituent meta-atoms®*2. However, the situa-
tion is quite different when designing a SW MS. As the
source SW flows across all meta-atoms within the device,
its field strength inevitably decays due to decoupling to
the FF by the anomalous mode. Consequently, the meta-
atoms at different positions experience excitation fields
of varying strengths. Such inhomogeneity in excitation-
field can cause wave-front non-flatness, significantly de-
grading the quality of the generated beam. To avoid this
issue, here low-PCR meta-atoms are purposely designed,
as the scattering by a meta-atom only weakly perturb the
strength of SW. Moreover, adopting low-PCR meta-
atoms does not necessarily mean that the device exhibits
a low efficiency. As shown in Fig. 1(c), only the desired
anomalous mode can be decoupled from the MS, while
the other two modes remain as evanescent waves that
cannot leave the MS. Energy carried by these two evanes-
cent modes is eventually returned to the source SW
through multiple scatterings and are not wasted ulti-
mately. Thus, PCR of constitutional meta-atom actually
characterizes the decoupling speed of the constructed
meta-device. Therefore, a device composed of meta-
atoms with lower PCR should exhibit a larger effective
aperture size in order to help well construct complex FF
excited by the SW. We numerically examined how the
PCR values of meta-atoms affect the performances of PB
meta-devices under excitations of PWs and SWss, respec-

https://doi.org/10.29026/0es.2025.240024

tively, and found these two cases exhibit distinct behav-
iors (see Section 2 of Supplementary information for
more details).

Design and characterizations of the PB meta-atom

We now design an appropriate meta-atom for construct-
ing the THz meta-devices demonstrated in this paper
and experimentally characterize its scattering properties.
Considering a generic reflective meta-atom with mirror-

reflection symmetry, we can describe its scattering prop-

Twe O

erties using a Jones matrix R = [ 0 r }, where u
v

and v denote two principal axes of the structure. Ignor-
ing material losses and assuming the meta-atom is total-
ly reflective, we can rewrite two reflection coefficients as
Tw = €%w and r,, = ¥~ with ¢  and ¢  describing the
reflection phases for incident THz beams with different
linear polarizations. We note that PCR of the meta-atom
is defined as PCR = |r,, —1,,]/4 = |€** — 1|’ /4, which
is closely related to the phase difference Ap = ¢ — ¢ .
Therefore, our task is to design a meta-atom with an ap-
propriate Ag that yields a reasonably low PCR, suitable
for designing our meta-devices with fixed total sizes.

As shown in the inset to Fig. 2(a), our meta-atom is in
a metal-insulator-met (MIM) configuration, consisting
of a gold nano-bar and a continuous 60 nm-thick gold
film separated by a 60 um -thick quartz spacer (¢ = 3.9).
Choosing the working frequency as 0.4 THz, we careful-
ly optimize the meta-atom structure using finite-differ-
ence time-domain (FDTD) simulations and fix the struc-
tural parameters as: p=166.6 um, L=132 um, W=23.5 pm.
We fabricate a sample consisting of a periodic array of
the designed meta-atoms using optical lithography and
use THz time-domain spectroscopy (TDS) to character-
ize its optical properties. Since the bottom gold mirror
completely blocks the transmission channel, we only
need to measure the reflection spectrum of the sample.
Figure 2(b) shows the measured spectra of reflection am-
plitudes and phase difference of the sample under illumi-
nation by THz light beams polarized along u- and v-axes,
respectively. While the measured reflection amplitudes
remain at high values, the phase difference A varies sig-
nificantly with frequency. With both reflection ampli-
tudes and phases measured, we then calculate the gener-
ation  efficiencies  of the normal mode
(Ry = |y +1,]°/4) and  the
(R, = |1 — rw\z /4) for the fabricated PB meta-atom,
and depict the results in Fig. 2(c). We find that R,

anomalous  one

240024-4
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Fig. 2 | Design and characterization of the PB meta-atom and plasmonic metal. (a) The sample image of the proposed metal-insulator-metal

typed meta-atoms arranged in a periodic array with the geometry shown in the inset. Here, p = 166.6 ym, L = 132 ym, W = 23.5 ym, and d = 60

um. (b) The reflection amplitudes |ru.l, |rwv| and phase difference Ag =@u, — @, of the meta-atoms illuminated by the terahertz light linearly polar-

ized along the two principle axes, i.e., u and v axes, obtained by both simulations and experiments. (c) The retrieved efficiency of normal and ab-
normal reflection modes (R, and R5) based on the data in (b). (d) Simulated dispersion relation of eigen SW modes supported by the designed

plasmonic metal.

increases from 0 to 0.9 as frequency changes from 0.3 to
0.5 THz, which is consistent with the measured A¢ spec-
trum as shown in Fig. 2(b). At the operating frequency of
0.4 THz, we get R, = 0.32 which is quite reasonable for
our designs (see Supplementary Section 3). All experi-
mental results are in good agreement with the corre-
sponding FDTD simulations.

We further design a “plasmonic metal” that supports
appropriate SWs, serving as a platform to inject the
source SW. To minimize scattering at the interface be-
tween the “plasmonic metal” and the MS, we purposely
choose the “plasmonic metal” as a 60 nm-thick continu-
ous gold layer capped with a 60 um-thick quartz layer,
which is identical to the bottom structure of the MS. Fig-
ure 2(d) depicts the computed dispersion relation of the
SWs (e.g., spoof surface plasmons) supported by the
“plasmonic metal”, from which we find that ks, = 1.14k,
at 0.4 THz.

Benchmark tests: SW meta-devices for achieving
spin-polarized FF beams

As the benchmark tests of our proposed concept and
necessary preparations for constructing the VOF-genera-
tion devices, we first experimentally demonstrate two
MSs that, under SW excitations at 0.4 THz, can generate
unidirectional radiation and focusing of THz beams in
the FF, exhibiting LCP and RCP, respectively.

The first meta-device is designed to generate direc-
tional radiation at the angle of 6, = —45°, as shown in
Fig. 3(a). With the target FF beam known, we can analyt-
the
O (r) = @y — k,sinf,x, where @, is an arbitrary initial
constant. Substituting @ (r) into Eq. (1), we find that
the PB meta-device should exhibit the following reflec-
tion-phase distribution for LCP light at 0.4 THz:

ically retrieve target phase distribution as

®+ (.x) - @0 + kosiner.x - ksw.x = @0 + O.43k0 X . (4)
Substituting Eq. (4) into Eq. (2), we get the rotation-

240024-5
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Fig. 3 | Near-field mapping and far-field angle-resolved characterization of SW-PW unidirectional radiation. (a, b) Schematic illustration and sam-

ple picture of the on-chip metadevice with the MS and plasmonic metal jointed together to achieve unidirectional spin-polarized far-field radiation

of SWs. (c, e) Measured and simulated electric field Re(E,) distributions on the xz plane of the MS excited by the near-field SWs launched along

-x direction at 0.4 THz. (d, f) Scattered electric field intensity (color map) carrying LCP and RCP of the MS at different radiation angles and

frequencies.

angle distribution of our meta-atoms, and fabricate the
sample according to the design, which consists of both
the MS and an adjacent “plasmonic metal”, with an opti-
cal image shown in Fig. 3(b).

We now experimentally characterize the functionality
of our fabricated meta-device. By launching an SW beam
propagating along the —x direction via shining a meta-
coupler placed at the right-hand side of the “plasmonic
metal” (see more information in Supplementary Section
4) at 0.4 THz (see Fig. 3(a)), we adopt the THz near-field
(NF) scanning technology to characterize the scattered-
field distribution on the x-z plane across the center of
meta-device (see Section 5 of Supplementary informa-
tion for more details). Measured Re (E,) pattern depict-
ed in Fig. 3(c) clearly shows that a beam propagating
along the —45° direction has been formed. We further
employ a THz angle-resolved TDS system to character-
ize the spin-dependent performance of the meta-device.
In our measurements, under SW excitations at different
frequencies, we adopt an NF probe to detect two orthog-
onal components of scattered electric fields (i.e., E,» and
E, where x" and y' denoting two local axes) at different

angles, obtained by rotating the detector on a motorized
stage. Transforming the measurement data into electric-
fields in CP bases (i.e., E° = (Ey — i0E,)/+/2), we then
obtain the angular distributions of LCP and RCP compo-
nents of the scattered electric fields at different frequen-
cies. Fig. 3(d) and 3(f) show clearly that the scattered
field contains only LCP component and no RCP signals
can be measured. Experimentally measured peak-signal
angles are represented by stars in Fig. 3(d) at different
frequencies, which agree well with finite element method
(FEM) simulations (color map) and theoretical predic-
tions 6, = arcsin(—ksw — d®/dx) according to Eq. (4)
(green line). If the phase gradient is continuously varied
from —k,—ksw to ko—ksw, different far-field beams can
be generated with radiation angles covering the full
range of (—90°, +90°). We find that the scattered field is
confined inside a narrow range centered at the prede-
fined angle, consistent with our predictions that the gen-
erated beam is unidirectional one. Figure 3(d) shows that
the PB meta-device works well within a broad frequency
band, with the directional emission angle varying against
frequency. From another point of view, the broad

240024-6
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frequency-band performance also implies that our meta-
device can work for incident SWs taking wavevectors ly-
ing in a wide range. We employ FEM simulations to esti-
mate the working frequency of our meta-device, which is
defined as the ratio between the integrated power car-
ried by the directional-emission beam and that of the in-
cident SW. The absolute working efficiency reaches 60%
(see Section 5 of Supplementary information for more
details). If we exclude the energy absorbed by our meta-
device from the incident energy, we can define a relative
working efficiency, which reaches as high as 95%. Obvi-
ously, the main issue degrading the performance of our
proposed metasurface is the Ohmic absorption, and the
working efficiency can be further improved through in-

troducing low-loss materials (e.g., dielectrics) into the

-2 0
X (mm)

structure design. This reinforces our previous argument
that the meta-device is inherently efficient, as only one
mode can be radiated out of the device.

We next demonstrate the second meta-device, which,
under SW excitation at 0.4 THz, can generate an RCP
beam decoupled from the device which is then focused to
a point at a distance of F =2 mm above the device (see
Fig. 4(a)). To realize the target FF beam, we need to have
a planar source exhibiting a phase distribution of
O = @, — ko - (\/*¥*+y* + FF — F) with @, being an
arbitrary constant. By substituting this equation into Eq.
(1), we then retrieve the phase distribution of the meta-

device under SW excitation as:

D_ (x,y) = Oy — kg - x — ko - (\/X*+y* + P> —F). (5)

I1
lo

I1
I.
O

-2 0 2
X (mm)

Fig. 4 | Characterization of far-field focusing of SW with the proposed on-chip meta-device. (a) Schematic of the SW-PW focusing with pre-de-

fined spin state by the MS carrying specific geometric phase distribution. (b) Top-view picture of part of the fabricated MS sample. Measured (c,

d), and simulated (e, f) electric field Re(Ey) distributions on the xz plane (y=0 mm) plane and the xy plane (z=2 mm) plane of the sample excited

by SWs at 0.4 THz. In this case, all the fields are normalized to the corresponding maximum values in the patterns.
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By substituting Eq. (5) to Eq. (2) to obtain the rota-
tion-angle distribution of PB meta-atoms, we then com-
plete the design and fabricate the sample. Again, the
sample contains both the designed MS and a connecting
“plasmonic metal” (see Fig.4(b)). Employing the same
experimental techniques as in Fig. 3, we measure elec-
tric-field distributions on both the x-z plane (z=100 um)
across the center of device and the x-y plane at z=2 mm,
as the meta-device is excited by an SW at 0.4 THz
launched from the right-hand side of the plasmonic met-
al. Figures 4(d) and 4(e) clearly show that a beam is de-
coupled from the MS and is then focused to the pre-de-
signed focal point, as expected. FDTD-simulated elec-
tric-field patterns on these two planes are depicted in Fig.
4(f) and Fig. 4(g), respectively, agreeing well with their
corresponding experimental counterparts (Fig. 4(d) and
Fig. 4(e)). We have also employed FDTD simulations to
calculate the relative efficiency of the device (with mate-
rial losses excluded), and found it to be as high as 90%.
Finally, we confirm that the polarized state of the gener-
ated beam is RCP by analyzing the scattered fields ob-
tained in both measurements and simulations.

SW meta-device for generating a FF vectorial
Bessel beam

Having completed all benchmark and preparation work
in the last subsection, we now experimentally demon-
strate a meta-device capable of generating a pre-de-
signed VOF in the FF under SW excitation at 0.4 THz,
following the general strategy described in Section Physi-
cal concept and design strategy. As schematically depict-
ed in Fig. 5(a), the FF VOF that we aim to generate is a
radially polarized Bessel beam with field distribution given
by Ey (r,t) = E, - J, (k,r) [cos (@) X + sin (@) ] e" “e !
with k,°+ k.’ =k,’and J; represents Bessel function.
Obviously, the target VOF is radially polarized exhibit-
ing no orbital angular momentum (OAM). By Fourier
transforming the above expression in the FF to momen-
tum space and then decoupling it into LCP and RCP
bases according to Eq. (2), we find that

iE, N N

Ey () = 220\ [k 1 K~ k)
iEo 2 2

E (k)= lEZH (/K + 1k —k,)

Following the generic strategy described in Section

(6)

Physical concept and design strategy, we need to first de-
sign two MS, which, under the same SW excitation, can

generate a LCP beam with momentum-space distribu-
tion {E,(k)}and a RCP beam with momentum-space
distribution {E_(k)}, respectively. Based on the design
approach described in Section Physical concept and de-
sign strategy and the benchmark tests presented in Sec-
tion Benchmark tests: SW meta-devices for achieving spin-
polarized FF beams, we find that these two MSs should
exhibit the following phase profiles:

{ Dy = —kypx — kopsind, + ¢ @)

D_ = —kypx — kopsing, —¢p+m ’

where /X’ +)* = p, ¢ = arctan (y/x) is the azimuthal
angle. Equation (7) implies that two decoupled LCP and
RCP Bessel beams with opposite OAM are generated,
and their interference constructs the desired VOF with
possessing a zero OAM (see original expression of the
desired beam). We then retrieve the rotation-angle dis-
tributions of meta-atoms for these two MSs from Eq. (7)
and merge them together to form the final target device.
We note that the meta-atoms are carefully arranged to
avoid overlapping with each other. Specifically, inside
each supercell containing 4 meta-atoms, those at the up-
per-right and lower-left corners belong to MS 1, while
the remaining two belong to MS 2. We fabricate the
meta-device according to the design, which again con-
tains both the MS and a connecting “plasmonic metal”
(see Fig. 5(b)). We then perform THz near-field experi-
ments to characterize the functionality of our fabricated
meta-device. Figure 5(c) and 5(d) depict, respectively,
the simulated and measured |E,|* field patterns on the
x-z plane with y=0, as the meta-device is excited by an
SW at 0.4 THz flowing along the —x direction. Experi-
mental results are in good agreement with FDTD simula-
tions, clearly illustrating the non-diffraction property of
the generated THz beam. We further experimentally
characterize the vectorial nature of the generated beam.
Using a LP detector with different orientations, we map
out the patterns on the x-y plane with z=2 mm of the E-
field polarized along different directions. Figure 5(e-h)
show clearly that the recorded patterns change as the de-
tector’s orientation is rotated, unambiguously demon-
strating that the generated THz beam is radially polar-
ized. The simulation results are in excellent agreement
with the experimentally measured ones (see Supplemen-
tary information Section 6).

Conclusions

We propose a general strategy to design meta-devices
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X (mm)

-2 0

x (mm) x (mm)

Fig. 5 | Vectorial Bessel beam generation with the on-chip THz multi-pixel MS. (a) Schematic of the design flowchart of the SW MS for creating

complex vectorial FF. (b) Schematic of the conversion from SW to radially polarized Bessel FF beam. Part of the sample picture is shown as the

inset in this figure. (c, d) Measured and simulated electric field |Ex|? intensity distribution on the xz plane (y=0 mm) when plane-wave like SWs at

0.4 THz enter the MS. (e—h) Measured electric field intensity distribution projected to the different linear polarization states of the generated vec-

torial Bessel beam on xy plane (z=2 mm) at 0.4 THz.

that, under certain SW excitations, can efficiently gener-
ate arbitrary pre-designed vectorial beams in the FF, and
experimentally verify the concept in the THz regime. We
first introduce how to design MSs to generate spin-polar-
ized FF beams under SW excitations, and then establish
the design strategy for constructing a VOF-generation
meta-device by “merging” two MSs, which are separate-
ly designed for achieving the LCP and RCP components
of the target VOF, respectively. After designing an ap-
propriate constitutional meta-atom and experimentally
characterizing its scattering properties, we use it to con-
struct three devices and experimentally demonstrate
their functionalities. Specifically, the first two devices are
shown to generate a unidirectional LCP beam and an

RCP beam focused to an FF point, while the third device
can generate a cylindrically polarized Bessel beam, un-
der the SW excitations at 0.4 THz. The experimentally
measured results are in nice agreement with full-wave
simulations. We emphasize that the proposed scheme is
so general that it can be adopted to construct more com-
plex vector holographic beams (see Supplementary Sec-
tion 7). Our results establish a new ultra-compact plat-
form for generating complex beams with arbitrary wave-
fronts and polarizations, which may inspire many inte-
gration-optics applications in different frequency
domains.
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