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Excite Spoof Surface Plasmons with Tailored Wavefronts
Using High-Efficiency Terahertz Metasurfaces
Zhuo Wang, Shiqing Li, Xueqian Zhang, Xi Feng, Qingwei Wang, Jiaguang Han,
Qiong He, Weili Zhang, Shulin Sun,* and Lei Zhou*

Spoof surface plasmons (SSPs) play crucial roles in terahertz (THz) near-field
photonics. However, both high-efficiency excitation and wavefront
engineering of SSPs remain great challenges, which hinder their wide
applications in practice. Here, a scheme is proposed to simultaneously
achieve these two goals efficiently using a single ultracompact device. First, it
is shown that a gradient meta-coupler constructed by high-efficiency
Pancharatnam–Berry (PB) meta-atoms can convert circularly polarized (CP)
THz beams into SSPs with absolute efficiency up to 60%. Encoding a parabolic
phase profile into the meta-coupler based on the PB mechanism, it is
demonstrated that the device can covert CP beams into SSPs with focusing or
defocusing wavefronts, dictated by the chirality of the incident wave. Finally,
two distinct chirality-dependent phase distributions are encoded into the
meta-coupler design by combining the PB and resonance phase mechanisms,
and it is demonstrated that the resulting meta-device can achieve SSP
excitations with chirality-delinked bifunctional wavefront engineering. THz
near-field experiments are performed to characterize all three devices, in
excellent agreement with full-wave simulations. The results pave the road to
realize ultracompact devices integrating different functionalities on near-field
manipulations, which can find many applications (e.g., optical sensing,
imaging, on-chip photonics, etc.) in different frequency domains.
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1. Introduction

Surface plasmons (SPs) are eigen elec-
tromagnetic (EM) modes bounded at
dielectric/metal interfaces coupled with
free-charge oscillations inside the metal.[1]

Two extraordinary properties of SPs (i.e.,
subwavelength lateral resolution and
strong field enhancement at interfaces)
offer them many attractive applications,
such as super-resolution imaging,[2] sub-
wavelength nanocircuits,[3] bio- or chemical
sensing,[4,5] enhanced nonlinear[6,7] or Ra-
man effects,[8,9] plasmonic laser,[10] and so
on. However, SPs do not naturally exist in
low-frequency regimes (e.g., microwave
and terahertz (THz)) where metals are too
conductive. Decades ago, guided surface
waves or other types of eigen EM waves
were already found to exist on structured
metallic surfaces even in the microwave
regime.[11–21] These eigen EM modes on
structured metals are now generally termed
as spoof surface plasmons (SSPs),[22] which
exhibit similar characteristics as natural
SPs but with properties dictated by the
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Figure 1. Schematics of the high-efficiency chirality-delinked surface-plasmon (SP) meta-device. a) Schematics of SP excitations by a grating coupler. b)
Schematics of SP focusing by a cylindrical dielectric disk. c) Schematics of a single meta-device achieving SP excitations and incident-chirality-delinked
wavefront tailoring with high efficiencies.

artificial structures rather than constitutional materials. Re-
cently, the concept of SSP was further extended to the THz
regime, which has found rich applications in THz near-field
photonics.[23–27]

In realizing these fascinating applications, it is necessary to ef-
ficiently excite the SPs (including SSPs at low frequencies) and
modulate the wavefronts of the generated SPs as desired. Unfor-
tunately, these two operations are usually performed on different
devices with low efficiencies. For example, typically one employs
a prism[28–30] or grating coupler[31,32] to first excite an SP beam
(Figure 1a) on a metallic surface, and then uses other on-chip
devices, constructed based on similar concepts with their free-
space counterparts, to modulate the wavefronts of the generated
SP beams (see Figure 1b) based on the application requests (e.g.,
focusing, reflection, and refraction).[33,34] However, both devices
constructed with natural materials are of large lateral sizes and
low working efficiencies, not mentioning that combining them
together could occupy a larger on-chip space and further lower
the final efficiency.

Recently, metasurfaces (ultrathin metamaterials composed
by planar subwavelength microstructures with tailored op-
tical responses) were shown to exhibit powerful capabili-
ties to manipulate EM waves.[35–39] Through encoding pur-
posely designed phase profiles to metasurfaces for transmit-
ted/reflected waves, many fascinating wave-manipulation effects
were demonstrated based on Hyugens’ principle, such as anoma-
lous light refraction and reflection,[35,36,40] high-efficiency ex-
citations of SPs and SSPs,[37,41,42] meta-lens imaging[43,44] and
holograms,[45,46] and information coding.[47] Phase responses of
meta-atoms can be tailored by the resonance mechanism[35–37]

and/or the Pancharatnam–Berry (PB) one,[48,49] typically cor-
responding to linearly polarized (LP) and circularly polarized
(CP) light excitations, respectively. Therefore, metasurfaces con-
structed with PB meta-atoms can manipulate CP waves effi-
ciently, yielding fascinating effects such as the photonic spin-
Hall effect,[50–52] spin controlled SP excitations,[49,53] polarization-

insensitive cloaking,[54] and so on. However, despite great suc-
cesses already achieved with metasurfaces, so far the two SP-
control functionalities, i.e., excitation and wavefront engineering,
are often realized with separate meta-devices, which are unfa-
vorable for integration-optics applications. While a holographic
technique was utilized to design PB meta-devices for generating
two spin-controlled SP profiles,[55] such devices suffer from the
low-efficiency issue and the SP-control bifunctionalities are only
meaningful inside a specific region.

In this article, we demonstrate a scheme to efficiently launch
SSPs with well-controlled wavefronts using a single meta-device,
based on three successive experiments in the THz regime. We
first show that a gradient-phase meta-coupler, constructed with
purposely designed high-efficiency PB meta-atoms, can achieve
chirality-modulated directional SSP excitations with absolute ef-
ficiency up to 60% at 0.4 THz. We next use the same PB meta-
atom to realize another meta-coupler encoded with gradient and
parabolic phase profiles along two directions, and then demon-
strate that it can generate SSP beams with chirality-locked wave-
front modulations. Finally, we combine PB and resonance mech-
anisms to realize a meta-coupler that can convert incident CP
waves to SSP beams with chirality-delinked wavefront modu-
lations. THz near-field scanning experiments are in excellent
agreement with full-wave simulations on all three cases studied,
which collectively demonstrate the validity of our scheme.

2. Results and Discussions

2.1. Design and Characterization of a High-Efficiency PB
Meta-Atom

We start from designing a high-efficiency PB meta-atom in the
THz regime. Consider a reflective meta-atom exhibiting mirror
symmetry with optical properties described by a Jones matrix
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Figure 2. Design and characterization of a high-efficiency PB meta-atom. a) Picture of part of a fabricated metasurface consisting of a periodic array of
PB meta-atoms with geometry shown in the inset. Here, r = 43.3 µm, w = 23.2 µm, 𝛼 = 33°, and p = 166.6 µm. Measured and stimulated spectra of
reflection b) amplitude and c) phase of the fabricated sample for E⃗||û and E⃗||v̂ polarizations, respectively. d) Measured and simulated efficiencies of the
anomalous and normal modes (Ra and Rn), determined by the Jones matrix characteristics of the meta-atoms.

R = (
ruu 0
0 rvv

), where u and v denote the two principle axes, re-

spectively. As discussed by Luo et al.,[50,51] any meta-device con-
structed by such PB meta-atoms always generate two reflective
beams upon illumination of a CP wave with a particular chirality,
i.e., a normal beam and an anomalous one, exhibiting opposite
and identical chirality with the incident one, respectively. The nor-
mal beam is just a specularly reflected one with efficiency Rn =
|ruu + rvv|

2/4, while the anomalous beam is the desired one that
is reconstructed from the interference among waves scattered by
different meta-atoms. Therefore, the working efficiency of our
device is solely dictated by the intensity of the anomalous beam,
Ra = |ruu − rvv|

2/4. Neglecting material losses, we find that the
criterion to achieve a 100% efficiency meta-device is

||ruu
|| = ||rvv

|| = 1, arg
(
ruu

)
− arg

(
rvv

)
= 𝜋 (1)

indicating that our meta-atom should behave as an ideal half-
wave plate.[50] With material losses taken into account, the ef-
ficiency cannot reach the theoretical limit of 100%, but Equa-
tion (1) is still meaningful to guide us search for the best PB
meta-atom with maximum efficiency.

Inset to Figure 2a depicts the geometry of our PB meta-atom
designed with the help of Equation (1), which is in metal-
insulator-metal configuration composed of a gold connected-
double-ring resonator and a gold mirror separated by a 60
µm-thick quartz spacer (ɛr = 3.9 + 0.11i). We fabricate a sample
consisting of a periodic array of such meta-atoms, and then use
THz time domain spectroscopy (TDS) to characterize the optical
properties of sample. The gold film on the bottom blocks any
transmissions through the sample, and thus we only need to

measure the reflection spectra of the sample. Open circles in
Figure 2b,c depict the measured spectra of reflection amplitude
and phase of the sample, under the illuminations of THz lights
polarized along u and v axes, respectively. The dips in two spectra
(at 0.3 and 0.43 THz) correspond to two magnetic resonances
supported by the system for two polarizations, associated with
strongly varying reflection phases covering nearly a 2𝜋 range
(see Figure 2c). The position of these two resonances is carefully
chosen (via optimizing the geometric structure of the meta-atom)
so that the phase difference Φuu – Φvv is kept at about 𝜋 within
a broad frequency band (0.3–0.65 THz). Furthermore, we also
optimized the spacer thickness to let two magnetic resonances
locate in the under-damped regime,[56] which results in weak ab-
sorptions in two polarizations (see Figure 2b). Put the measured
reflection amplitudes and phases to Equation (1), we computed
the efficiencies of two modes (Rn and Ra) of our PB meta-atom,
and depicted the results in Figure 2d. Clearly, the absolute work-
ing efficiency of our meta-atom is significantly enhanced within
two frequency bands centered at 0.4 and 0.63 THz, with peak
values reaching 0.86 and 0.9, respectively. If we define a relative
working efficiency as Ra/(Rn + Ra), we find that the maximum
value of relative efficiency can approach ≈100%, indicating
that losses are the key factor to suppress the absolute working
efficiency. Full-wave simulations using a finite-element-method
(FEM) are in excellent agreement with all experimental results.

2.2. High-Efficiency Directional SSP Meta-Coupler

With the PB meta-atom at hand, we now design a meta-coupler
to achieve high-efficiency THz SSP excitations. Since metals do
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Figure 3. Near-field characterizations on the THz PB meta-coupler. a) Picture of part of the fabricated meta-coupler composed by a PB gradient meta-
surface (center) and two artificial metals (left and right sides). b) Measured Re[Ez] distributions on a plane 50 µm underneath the artificial metal at
right-hand side as the metasurface is shined by a normally incident LCP beam (top panel) or a RCP beam (bottom panel) at 0.4 THz. All fields are
normalized against the maximum values in the corresponding patterns. c) Dispersion relations of SSP modes supported by the artificial metal (unit cell
shown in the inset), obtained by simulations (solid line) and near-field measurements (stars). Here, D = 83.3 µm, p = 166.6 µm, and L = 666.4 µm.
d) Measured and simulated |Ez|2 on the artificial metal at different frequencies excited by our PB meta-coupler (red symbols and lines) and a conven-
tional grating coupler (black symbols and lines), under the same excitation conditions. e) Schematic of our THz near-field scanning system for SSP
characterizations.

not support natural SPs in the THz regime, we first design an “ar-
tificial metal” that can support SSPs at THz frequencies, which
is a gold film drilled with a periodic array of subwavelength air
holes (diameter D = 50 µm) with a 60 µm-thick quartz layer put
on its top surface (see inset to Figure 3c). Figure 3c depicts the
FEM simulated dispersion relation of the SSP mode supported
by such an “artificial metal.” We next use our PB meta-atom to
design a meta-coupler with phase gradient 𝜉 = 2𝜋/L = 1.14k0
(lattice constant of super cell L = 666.4 µm), that can best match
the wave vector of the SSP mode on the “artificial metal” at 0.4
THz (the center frequency of the first high-efficiency band, see
Figure 2d). To achieve this end, we arrange identical PB meta-
atoms in a periodic lattice (with periodicity P = 166.6 µm), but
with their orientation angles rotated successively with a constant
step of Δ𝜑 = 45.6° along the x direction. According to the PB
mechanism,[50,51] such a metasurface must exhibit the following
phase distribution

Φ𝜎(x, y) = Φ0 + 𝜎𝜉 ⋅ x (2)

under the excitation of a CP wave with spin-𝜎 (𝜎 = +, left circular
polarization; 𝜎 = –, right circular polarization). Here, the phase
gradient is determined by 𝜉 = 2Δ𝜑/P = 9.54 mm.

With the meta-coupler and “artificial metal” both designed, we
then fabricated a device by jointing the meta-coupler with two
pieces of “artificial metals” (see Figure 3a). Shining the meta-
coupler by normally incident CP THz beams with different chi-
rality at 0.4 THz, we employed a THz near-field mapping tech-
nique to characterize the SSP signals excited on the system (see
experimental setup in Figure 3e). In our measurement, a probe
is placed on a plane 50 µm below the sample moving freely to
map the local electric field distribution. The air holes drilled on

the “artificial metal” allow the excited SSP wave leaking through
the sample, which is then mapped by the THz near-field probe.
Figure 3b depicts the measured Re[Ez] field pattern at 0.4 THz
on the reference plane below the right-hand-sided artificial metal.
When the meta-coupler is shined by an LCP beam, we find a well-
defined SSP beam generated on the “artificial metal” propagating
along +x direction (upper panel in Figure 3b). Meanwhile, if the
excitation changes to an RCP beam, the excited SSP flows along
the opposite direction, as demonstrated by our numerical simu-
lations (see Section A, Supporting Information). From the mea-
sured Re[Ez] field pattern, we can quantitatively determine the
parallel wave vector of the launched SSP, which is kssp ≈ 1.14k0 at
0.4 THz, in excellent agreement with the FEM result. Repeating
the same measurements at different frequencies, we then experi-
mentally obtain the dispersion relation of the excited SSP modes
on the artificial metal, which match well with the FEM-calculated
dispersion (see Figure 3c). FEM simulations are performed on all
the cases experimentally studied, which agree well with the mea-
sured results.

Having demonstrated the capability of our meta-coupler to
excite SSPs, we now quantitatively evaluate the absolute working
efficiency of our scheme, adopting both FEM simulations and
near-field measurements. In our calculations, we numerically
integrate the total powers carried by the excited SSP beam and
the input CP beam, and then define the ratio between them as
the absolute working efficiency of our coupler. The efficiency,
thus, calculated reaches 60% at 0.4 THz (see calculation details
in Section A, Supporting Information), which is remarkable
since it already takes the absorption into account. It is still
lower than the bare efficiency of the meta-atom (≈80%, see
Figure 2d), since the designed “artificial metal” only supports
SSPs with transverse-magnetic (TM) polarization while the
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incident CP wave contains both transverse-electric (TE) and TM
components[57] (see more discussions in Section B, Supporting
Information). Nevertheless, such a high performance for THz
SSP excitation is rarely reported in literature, which can be fur-
ther improved by reducing the material losses.[57] Unfortunately,
we cannot use this approach to determine the device efficiency
in our experiments. Alternatively, we measured/simulated the
E-field intensities (|Ez|2) of the SSPs excited by our meta-coupler
and a conventional grating coupler (see Section C, Supporting
Information, for sample picture) of the same size under exactly
the same condition, and compared the two results in Figure 3d.
Clearly, our meta-coupler exhibits much higher efficiencies
than the grating coupler inside the working band of this device
(0.35–0.45 THz). Outside the working band, since our meta-
coupler exhibits a fixed phase gradient not matching well with
the wave vectors of SSPs at other frequencies, the SSP excitation
efficiency gradually decreases. At the center frequency 0.4 THz,
our experiments show that the intensity of SSP (proportional to
|Ez|2) excited by our meta-coupler is about 6.25 times higher than
that excited by the grating coupler. FEM simulations reveal that
the SSP excitation efficiency of the grating coupler is ≈11% at
0.4 THz (see Section C, Supporting Information). Therefore, the
efficiency ratio between two devices is about 5.45 at 0.4 THz, eval-
uated with FEM simulations based on power integrations. This
calculated value (5.45) is quite close to that (6.25) obtained in our
experiments based local-field measurements, which collectively
demonstrate the performance enhancement of our meta-device.

2.3. High-Efficiency Meta-Device Achieving SSP Excitations
and Chirality-Locked Wavefront Reshaping

We proceed to demonstrate our second meta-device that can
achieve SSP excitation and wavefront reshaping simultaneously.
As depicted in Figure 4c where the sample picture is shown, our
meta-coupler is still constructed by the same PB meta-atom, but
exhibiting a different distribution of orientation angles. Specif-
ically, each row inside the meta-coupler still consists of a peri-
odic array of PB meta-atoms exhibiting the same phase slope
(𝜉 = 9.54 mm), indicating that each row can convert an impinging
CP beam into a SSP with the same wave vector. However, differ-
ent rows inside the meta-coupler possess different initial orien-
tation angles (see the first meta-atom in each row in Figure 3),
meaning that the SSP waves excited by different rows can have
different phases. The interferences between these SSP waves, ex-
cited by different rows, can thus form a new SSP beam with a de-
sired wavefront, dictated by the distribution of the initial phase
along the y direction.

To illustrate our idea, we follow the above strategy to design a
meta-device assuming that the initial phase exhibits a focusing
profile along the y direction for LCP excitation. Considering the
incidence-spin dependence of the PB phase, we find that our de-
vice should exhibit the following phase distribution

Φ𝜎 (x, y) = 𝜙0 + 𝜎𝜉 ⋅ x − 𝜎kssp ⋅
(√

y2 + F2 − F
)

(3)

for spin-𝜎 CP excitation with F = 1.5 mm denoting the focal
length. Here, 𝜉 equals to kssp of the SSP at 0.4 THz. Figure 4a,b

Figure 4. Characterizations on the THz meta-device enabling SSP excita-
tions and wavefront reshaping simultaneously. a,b) Reflection-phase pro-
files encoded in the proposed chirality-modulated metasurface, as shined
by normally incident a) LCP wave and b) RCP wave. c) Picture of part of the
fabricated sample consisting of a PB meta-device connected with two THz
artificial metals. d) Measured and e) simulated Re[Ez] distributions on a
plane 50 µm underneath the sample, as the central meta-device is shined
by a normally incident LP beam at 0.4 THz. Here, all fields are normalized
against the corresponding maximum values in the patterns.

illustrates the phase profiles of the designed sample under LCP
and RCP excitations, respectively. Obviously, our meta-coupler
is expected to convert a normally incident LCP wave into a SSP
beam with a focusing wavefront flowing on the right-hand-sided
artificial metal, but will convert a RCP beam to a SSP flowing
on the left-hand-sided artificial metal exhibiting a “defocusing”
wavefront. We retrieved the orientation angles of all meta-atoms
according to Equation (3), and then fabricated out the sample to-
gether with two guiding-out artificial metals (see Figure 4c for the
sample picture). Shining the meta-coupler by a LP TH beam un-
der normal incidence, we adopted the same near-field mapping
technique to characterize the field patterns of excited SSPs on the
surfaces of two artificial metals. As depicted in Figure 4d,e, our
measured near-field patterns do clearly show that a SSP beam
is generated on the artificial metal at the right-hand side that is
then focused to a point, and an SPP beam with a diverging wave-
front is generated on the artificial metal at the left-hand side. We
also performed FEM simulations to study the near-field patterns
generated on the artificial metals as the central meta-coupler is
shined by a LP wave at 0.4 THz. The computed patterns depicted
in Figure 4e clearly demonstrated the expected functionality of
our device, which is in reasonable agreement with the experi-
mental results depicted in Figure 4c. We also numerically eval-
uated the working efficiency of the meta-device, and found that it
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Figure 5. Characterizations on the THz meta-device enabling SSP excitations and chirality-delinked wavefront re-shaping simultaneously. a,b) Reflection-
phase profiles encoded in the proposed chirality-modulated metasurface, as shined by normally incident a) LCP wave and b) RCP wave. c) Picture of part
of the fabricated sample consisting of a PB meta-device connected with two artificial metals. Simulated Re[Ez] patterns on a plane 50 µm underneath
the sample, as the meta-device is shined by a normally incident d) LCP beam or e) RCP beam at 0.4 THz, respectively. f) Measured Re[Ez] pattern on a
plane 50 µm underneath the sample, as the meta-device is shined by a normally incident LP beam at 0.4 THz. Here, all fields are normalized against the
corresponding maximum values in the patterns.

reaches 40% at 0.4 THz (see more details in Section D, Support-
ing Information).

2.4. Bifunctional Meta-Device Achieving SSP Excitation
and Chirality-Delinked Wavefront Reshaping

While the meta-device realized in last subsection successfully
achieved SSP excitation and wavefront reshaping simultane-
ously, the two wavefront reshaping functionalities, however, are
not independent but rather tightly linked together. The inherent
reason is that the PB phases generated under CP excitations with
different chirality are strictly opposite with each other. In this sub-
section, we further realize a meta-device that can achieve SSP ex-
citations with chirality-delinked wavefronts. To achieve this goal,
we need to find a series of meta-atoms with reflection-phases
well controlled, independent of the chirality. As we reexamine
the reflections of a meta-atom exhibiting the Jones’ matrix R in
responses to CP excitations, we find that the anomalous reflec-
tion coefficient is explicitly given by

r̃a =
( ruu − rvv

2

)
ei𝜎2𝜑 = Raei(𝜙res+𝜙PB) (4)

where, in addition to the 𝜎-dependent PB phase ϕPB = 2𝜎 · 𝜃, a
new phase ϕres = arg(ruu – rvv) appears, which is obviously dic-
tated by the structure rather than the orientation angle 𝜃 and the
incident chirality 𝜎. We find that ϕres can be strongly modulated
simply via tuning the opening angle 𝛼 of the meta-atom (see Fig-
ure 2). Meanwhile, changing 𝛼 does not significantly decrease the
working efficiency Ra of the meta-atom at 0.4 THz, since the two
magnetic resonances for two linear polarizations are shifted in
a parallel way so that the whole structure still behaves as a half-
wave plate approximately (see more details in Section E, Support-
ing Information).

Such resonance-induced phase ϕres offers us the opportuni-
ties to realize any desired chirality-delinked phase distributions
Φ𝜎(x, y) = 𝜙res(x, y) + 𝜙𝜎

PB(x, y), simply through tuning the orien-
tation angle (𝜃) and the geometric parameter (𝛼 ) for each indi-
vidual meta-atom inside the meta-device. In contrast, since only
PB phases are adopted in the scheme proposed by Xiao et al.,[55]

two SP-control effects enabled by the metasurfaces designed with
that scheme are still inherently correlated with each other. The
bifunctionalities on controlling SPs are only meaningful inside
a particular region on the metal surface, thanks to the chirality-
induced real-virtual image exchange.

We now take a specific example to illustrate our idea. Assume
that our meta-device exhibits the following phase distributions
(see Figure 5a,b) under excitations of CP waves with two chirality

{
ff+(x, y) = 𝜙0 − 𝜉 ⋅ x − 𝜉 ⋅

(√
y2 + F2 − F

)
ff−(x, y) = 𝜙0 + 𝜉 ⋅ x − 𝜉 ⋅ y sin 𝜃r

)
(5)

where 𝜉 equals to kssp of the SSP at 0.4 THz. Obviously, the meta-
device is expected to convert a LCP beam into a SSP beam fo-
cused to a focal point at the right-hand side, and convert an RCP
beam into a SSP that is then deflected off the x direction on the
left-hand side. Retrieving the 𝜃(x,y) and 𝛼(x,y) distributions based
on Equation (5) (see more details in Section F, Supporting In-
formation), we then fabricated out the meta-device (see sample
image in Figure 5c) and performed the THz near-field experi-
ments. Figure 5f depicts the measured near-field patterns on a
reference plane 50 µm below the sample, as the meta-coupler was
shined by a normally incident LP beam at 0.4 THz. The measured
patterns clearly verified our predictions. We next performed full
wave simulations to study the near-field patterns generated on
the meta-device, as it is shined by normally incident THz beam
with different spins. Figure 5d,e shows that the numerical results
are in the reasonable agreement with experiments and theoreti-
cal predictions. The absolute working efficiencies of these two

Adv. Sci. 2020, 2000982 © 2020 The Authors. Published by Wiley-VCH GmbH2000982 (6 of 8)



www.advancedsciencenews.com www.advancedscience.com

functionalities are also numerically evaluated, which are 30%
and 35% for focusing and deflection, respectively (see more de-
tails in Section G, Supporting Information). These efficiencies
are lower than that of the pure SPP excitation efficiency (60%),
which is quite understandable since combining two functionali-
ties together can increase the scatterings of driven surfaces waves
as they flow on the meta-device and are guided out to the ar-
tificial metals.[58,59] In addition, missing the TE-polarized SSPs
on the guiding-out artificial metal is also an issue degrading the
performance.[57]

3. Conclusion and Outlook

In conclusion, we propose a new strategy to design high-
efficiency meta-devices to achieve SSP excitations and wavefront
tailoring simultaneously, and verify our idea based on three
successive experiments in the THz regime. After experimen-
tally demonstrating the SSP excitation functionality of a THz
meta-coupler constructed by a carefully designed high-efficiency
PB meta-atom, we employed the same PB meta-atom to de-
sign/fabricate a meta-device exhibiting focusing and gradient
phase distributions along two cross directions, and that experi-
mentally it can excite SSPs with focusing or defocusing wave-
fronts, as shined by CP waves with different chirality. Finally,
combining resonance and PB mechanisms, we experimentally
demonstrate the third meta-device that can achieve SSP excita-
tions with wavefronts independently engineered, as shined by CP
waves with different chirality. All experiments are in agreement
with full wave simulations. Our results establish a new platform
to control THz near-fields with ultracompact devices, which may
find many applications in integration-optics research. For exam-
ple, to detect certain signals arising from interactions between
lights and emitters (e.g., molecules or quantum dots) placed on
a metal surface, one can use our scheme to couple light into
SSPs that are subsequently focused to that spot. Compared to
the direct-excitation scheme, signals obtained via our scheme are
background-free with magnitudes significantly enhanced. In ad-
dition, one can also use our scheme to couple propagating waves
directly into on-chip optical waveguides with high efficiencies
(see more details in Section H, Supporting Information). Finally,
meta-devices constructed with our scheme, exhibiting both small
feature sizes and multiple functionalities, are highly desired in
future integration-optics applications.
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