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High-Efficiency Metasurface-Based Surface-Plasmon Lenses

Feifei Liu, Dongyi Wang, Han Zhu, Xiyue Zhang, Tong Liu, Shulin Sun, Xinping Zhang,
Qiong He, and Lei Zhou*

A device that can couple propagating light into surface plasmon polaritons
(SPPs) focused into a small region is highly desired for on-chip photonics
applications (e.g., energy-harvesting, sensing, etc.). However, current
technologies suffer from large device footprint, low working efficiency, and
insufficient light-manipulation freedom. Here, a generic approach for
designing plasmonic lenses to generate predesigned vector SPP vortices with
high efficiencies is established. Constructed with a set of meta-atoms
exhibiting tailored reflection phases and polarization-conversion capabilities,
the devices can convert normally incident circularly polarized light into
predesigned vector SPP vortices with high efficiencies, due to both phase and
polarization matching. As the illustrations, this study experimentally
demonstrates directional SPP conversion (coupling efficiency: 35%; utilization
efficiency: 98%) and SPP focusing effect at the wavelength of 1064 nm, with
two meta-couplers in stripe and arc shapes, respectively. Finally, a ring-shaped
meta-coupler is designed/fabricated, and the generation of a vector SPP vortex
with significantly enhanced efficiency as compared to previous schemes is
experimentally demonstrated. The results pave the way for realizing on-chip
plasmonic devices to efficiently utilize SPPs with minimal footprints.
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1. Introduction

Surface plasmon polaritons (SPPs), sur-
face electromagnetic (EM) eigen-modes
coupled with collective oscillation of
electrons at certain metal/dielectric
interfaces,[1] have attracted considerable
research interests due to their capa-
bilities of local field enhancement and
subwavelength confinement.[2–4] To
efficiently utilize SPPs in on-chip pho-
tonics applications, various SPP-related
devices are needed, including SPP
couplers,[5–7] plasmon waveguides,[8–10]

SPP lenses,[11–14] and many others.
Among these devices, a plasmonic

lens that can couple propagating light
into near-field SPP patterns exhibiting
predesigned properties has attracted con-
siderable interests recently. For example,
focusing cylindrically polarized SPPs
into a small region can generate a tightly
focused hotspot being highly desired for
energy-harvesting,[15,16] while creating

a SPP vortex carrying an optical angular momentum (OAM)
can find interesting applications in nanoparticle trapping,[17]

rotating,[18] super-resolution imaging, and data storage.[19,20] To
realize such plasmonic devices, a typical approach is to dip on
metallic thin films various nanoholes or nanoslits, which are ar-
ranged in certain configurations (e.g., rings, spirals, etc.).[21–28]

The working principle of these meta-devices can be described
as follows: a nanohole or a nanoslit serves as local coupler to
convert free-space circularly polarized (CP) light into SPP with
phase dictated by its orientation angle due to the Pancharatnam–
Berry (PB) mechanism,[29] while the interferences among these
SPP waves form the final SPP wave-front as desired. Unfortu-
nately, while nontrivial SPP patterns (including the vector SPP
vortices) were indeed successfully generated based on such a
scheme,[30–32] the proposed devices are usually of very low work-
ing efficiencies, being unfavorable for practical applications. The
inherent reason is that a nanohole (or nanoslit) can only convert
a very small portion of free-space light into SPP (see Figure 1a),
while a large portion of incident light has been reflected back
leading to significant energy waste.
Metasurfaces, ultrathin metamaterials composed by subwave-

length nanostructures exhibiting tailored optical properties, have
attracted intensive interests due to their unpresented capabilities
to manipulate light in terms of wave-front and polarization.[33–43]

Recently, based on the metasurface concept, various plasmonic
meta-devices were experimentally demonstrated in the terahertz
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Figure 1. Schematics and working principle of the high-efficiency metasurface-based SPP lens. Schematics of the SPP lenses constructed by a) nanoslits,
b) PB meta-atoms exhibiting 100%-efficiency PCR, and c) our meta-atoms exhibiting desired reflection phases and polarization-conversion abilities,
respectively. Insets in different subfigures schematically depict the corresponding meta-atoms and their wave-scattering properties.

(THz) regime, which can first convert free-space THz waves into
SPPs and then manipulate the wave-front of the generated SPP
beams. Such meta-devices are composed by meta-atoms exhibit-
ing tailored reflection phases for incident CP THz light, dictated
by both resonance mechanism and the PB one,[5,36,44,45] so that
the whole devices can encode certain phase profiles to enable
both SPP conversion and wave-front manipulation. Compared
to nano-hole-based plasmonic devices, these meta-devices pos-
sess much higher working efficiencies, since the adopted meta-
atoms can be purposely designed to exhibit high polarization-
conversion ratios (PCRs) as requested by the PB mechanism
(see inset in Figure 1b).[46] Unfortunately, so far plasmonic meta-
lenses based on this scheme have not been realized at optical fre-
quencies. Also, devices designed with this scheme cannot gener-
ate vector SPPs, since waves scattered by different meta-atoms all
exhibit the same circular polarizations. Finally, polarization mis-
match between circular polarization of scattered waves and linear

polarization of SPP can cause reflections in the coupling process,
inevitably deteriorating the coupling efficiency (see Figure 1b).[47]

In this work, we propose an alternative strategy for designing
plasmonic meta-lenses to generate arbitrary SPPs near-field pat-
terns with high efficiencies. Composed by a series of meta-atoms
with predesigned reflection phases and polarization-conversion
capabilities, our plasmonic lens can efficiently convert a normally
incident CP light to a cylindrically polarized SPP exhibiting a de-
sired wave-front due to both momentum and polarization match
(see Figure 1c). After designing a series of meta-atoms with de-
sired optical properties, we perform a benchmark experiment to
characterize the SPP coupling efficiency of a stripe-shape cou-
pler constructed by thesemeta-atoms.We next fabricate two plas-
monic lenses, with the designed meta-atoms arranged in arc or
ring shapes, respectively, and experimentally characterize their
functionalities. Our experiments clearly demonstrate that the
first device can focus SPP to a single point, while the second
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Figure 2. Design and characterization of meta-atoms. FDTD-computed a) Δ𝜑 and b) 𝜑res of MIM meta-atoms [see inset in (a) for geometry] with
different Lu and Lv, arranged in square lattices with periodicity 310 nm. Here, other geometric parameters are fixed as d1 = 150 nm, d2 = 100 nm,
d3 = 30 nm. c) Measured (circles dotted curves) and simulated (solid curves) reflectance spectra of a metasurface containing meta-atoms “B” arranged
in a square lattice with periodicity P = 310 nm, under normally incident light polarized along u and v axes, respectively. Inset depicts part of SEM image
of the fabricated metasurface. d) Black line depicts the numerically calculated DOCP spectrum of the metasurface, with inset showing measured (red
stars) and simulated (solid blue curve) polarized field patterns of light reflected by the metasurface shined by normally incident light with E field lying at
45 degrees with respect to the u axis at the wavelength 𝜆 = 1064 nm.

device can form a standing-wave SPP pattern exhibiting strongly
enhanced local-field and clear feature of OAM. Analytical calcu-
lations are in excellent agreement with both experimental and
simulation results. Comparisons with previously achieved lenses
show that the SPP hotspot realized by our device exhibits a much
higher intensity (≈50 and 5 times higher than nanoslit meta-
coupler and PBmeta-coupler, respectively), which is better suited
for on-chip photonic applications.

2. Results

2.1. Design and Characterization of the Meta-Atoms

Following the discussions in the Introduction (see Figure 1a,b),
we understand that an ideal plasmonic meta-lens should be a
carefully designed metasurface, which, under the illumination
of a CP light, can generate a driven surface wave (SW) with k vec-
tor and polarization matching those of the eigen SPP supported
by the target plasmonic metal (see Figure 1c). Therefore, such a
metasurface must exhibit a reflection-phase profile𝜑𝜎containing
a gradient term −𝜍r for the incident CP light with spin 𝜎 [𝜎 = 1:
left circular polarization (LCP), 𝜎 = −1: right circular polariza-
tion (RCP)], where the phase gradient is 𝜍 = kspp > k0 with kspp

and k0 being the wave-vectors of eigen SPP and free-space light,
respectively. Also, the metasurface should be able to convert in-
cident circular polarization to linear polarizations with E field
pointing along the predesigned local directions. Therefore, we
need to design a series of meta-atoms that can not only offer the
desired reflection phases, but also behave as ideal quarter wave-
plates.
We choose the working wavelength as 𝜆 = 1064 nm to de-

sign a series of meta-atomsmeeting the above requirements, and
experimentally characterize their reflection properties. Inset to
Figure 2a schematically depicts the geometry of the basic meta-
atom that we choose, which is composed of a cross-shaped gold
(Au) nanoantenna and a continuous Au film separated by a silica
(SiO2) spacer. The lengths of the nano-cross are Lu and Lv with u
and v denoting two principle axes, respectively, while the cross is
rotated by an angle of 𝜃 against z-axis in laboratory (x–y) coordi-
nate system. Thus, Lu, Lv, and 𝜃 are three parameters to dictate
the reflection properties of a meta-atom, based on the relations
that we derived below.
Suppose that a meta-atom exhibits the following reflection

Jones’ matrix R(0) =
(|ruu|ei𝜑u 0

0 |rvv|ei𝜑v

)
in linear-polarization

bases and in local u–v coordinate system, with 𝜑u and 𝜑v
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being the reflection phases for polarizations along two prin-
ciple axes, respectively. Consider the ideal lossless case (i.e.,|ruu| = |rvv| = 1) for the moment, the reflection Jones’ matrix
in laboratory coordinate system and in circular-polarization
bases is then derived as R̃(𝜃) = SM(𝜃)R(0)M−1(𝜃)S−1 =(

ei𝜑u + ei𝜑v e−i2𝜃(ei𝜑u − ei𝜑v )
ei2𝜃(ei𝜑u − ei𝜑v ) ei𝜑u + ei𝜑v

)
, where S =

√
2
2

(
1 −i
1 i

)
and M(𝜃) =

(
cos(𝜃) −sin(𝜃)
sin(𝜃) cos(𝜃)

)
. Assuming that the incident

light is a CP wave with spin 𝜎, the reflected wave is calculated as

||Ψref ⟩ = R̃ (𝜃) ||Ψin⟩ = ei(𝜑res+𝜎⋅𝜃)

⎛⎜⎜⎜⎜⎝
e−i(𝜃−𝜎⋅

𝜋

4 ) cos
(
Δ𝜑
2

)
ei(𝜃−𝜎⋅

𝜋

4 )sin
(
Δ𝜑
2

)
⎞⎟⎟⎟⎟⎠

(1)

with 𝜑res =
𝜑u+𝜑v

2
− 𝜋

4
and Δ𝜑 = 𝜑v − 𝜑u, dictated by the reso-

nances and anisotropy of the meta-atom, respectively. Clearly,
the reflected wave is generally elliptically polarized with ellipticity
and polarization angle determined by Δ𝜑 and (𝜃 − 𝜎 ⋅ 𝜋

4
), respec-

tively. In the special case of Δ𝜑 = 𝜋∕2 (i.e., the meta-atom is an
ideal quarter wave-plate), we find that the reflected wave becomes

||Ψref ⟩ = ei(𝜑res+𝜎⋅𝜃)
(
e−i(𝜃−𝜎⋅

𝜋

4 )

ei(𝜃−𝜎⋅
𝜋

4 )

)

= ei(𝜑res+𝜎⋅𝜃)
[
cos

(
𝜃 − 𝜎 ⋅

𝜋

4

)
x̂ + sin

(
𝜃 − 𝜎 ⋅

𝜋

4

)
ŷ
]
. (2)

Equation (2) clearly shows that the reflected wave is linearly
polarized along the direction determined by (𝜃 − 𝜎 ⋅ 𝜋

4
), with an

additional phase (𝜑res + 𝜎 ⋅ 𝜃) dictated by geometry (i.e., Lu and
Lv) and orientation angle 𝜃 of the meta-atom.
We proceed to design a series of meta-atoms, all behaving

as ideal quarter wave-plates (Δ𝜑 = 𝜋∕2) but exhibiting differ-
ent resonant phases 𝜑res. We first employ finite-difference time-
domain (FDTD) simulations to study how Δ𝜑 and 𝜑res of our
meta-atoms vary against two geometric parameters (Lu and Lv)
at the working wavelength 1064 nm, and depict them in two
phase diagrams (Figure 2a,b). In our FDTD simulations, the top-
most nano-crosses (with thickness d3 = 30 nm) are repeatedly ar-
ranged in a square lattice with periodicity P = 310 nm and the
bottom Au substrate has a thickness of d1 = 150 nm. Since the
thickness of SiO2 layer can influence both the absorption and
the magnetic resonant properties of our metal-insulator-metal
(MIM)meta-atoms, it is an important parameter to determine the
resonant phase 𝜑res coverage of our meta-atoms and the work-
ing efficiency of the whole device. After careful optimizations,
we set the thickness of SiO2 layer as d2 = 100 nm in order to
achieve a high working efficiency and a good performance for
our meta-device. We successfully identify two meta-atoms from
theΔ𝜑 = 𝜋∕2 line in the phase diagramFigure 2a andmark them
as blue circles labeled as “A” and “B”. However, it is difficult for
us to find the thirdmeta-atomwith appropriate phase differences
with meta-atoms A and B on theΔ𝜑 = 𝜋∕2 line. Alternatively, we
find that the meta-atom with Lu = 340 nm and Lv = 80 nm has a
value of Δ𝜑 very close to −3𝜋∕2 and a phase 𝜑res satisfying our
requirements, which is thus chosen as our meta-atom “C” (see

Figure 2a). All these meta-atoms all have high reflectance and
possess resonant phases 𝜑res = 0.07𝜋, 0.68686𝜋, and 1.36271𝜋,
respectively, which exhibit nearly equal phase steps covering the
whole 2𝜋 range (see Figure 2b).
We experimentally characterize the optical properties of one

of these meta-atoms (meta-atom “B”). We use standard electron-
beam-lithography technique to fabricate out a metasurface sam-
ple containing meta-atoms with Lu = 220 nm and Lv = 294 nm
arranged in a square lattice with periodicity P = 310 nm. Inset to
Figure 2c depicts the scanning electronmicroscopic (SEM) image
of part of the fabricated sample. Circles in Figure 2c represent the
measured reflectance spectra of the sample under the illumina-
tions of normally incident lights polarized along u and v direc-
tions, respectively, which are in nice agreement with correspond-
ing FDTD simulations (solid curves). Two shallow dips appear at
850 and 1220 nm in two spectra, respectively, corresponding to
two magnetic resonant modes for two orthogonal polarizations.
Tuning Lu and Lv can efficiently change the resonant frequencies
of these two magnetic modes, which can vary the values of 𝜑u
and 𝜑v at the working wavelength (see Figure S1, Supporting In-
formation), and in turn, modulate bothΔ𝜑 and 𝜑res dramatically.
We note that the reflection amplitudes ruu and rvv are close to 80%
at the working wavelength. While they are not 100% due to the
absorption loss, the fact that ruu ≈ rvv ensures that Equations (1)
and (2) are still valid. Unfortunately, our experimental setup is
unable to characterize the reflection phases of the meta-atom di-
rectly. Instead, we can indirectly retrieve the information on Δ𝜑
through experimentally characterizing the polarization state of
light reflected by the metasurface at the working wavelength. In
our experiment, we illuminate the sample by a linearly polarized
light with E-field orientated at an angle 45° to the x-axis, and then
measure the intensity of the reflected light passing through a ro-
tatable linear polarizer placed in front of the sample. Inset to Fig-
ure 2d compares the measured and simulated field patterns of
the reflected light passing through the polarizer tiled at different
angles, which are in nice agreement with each other. A nearly
circular pattern obtained in experiment clearly verifies that the
meta-atom indeed behaves as a quarter wave-plate. To quantita-
tively characterize the performance of the meta-polarizer, we also
calculate the degree of circular polarization (DOCP) of the re-
flected wave, using the formula DOCP = |r2l − r2r |∕(r2l + r2r ) with
rl and rr being the FDTD-simulated coefficients of LCP and RCP
components inside the reflected beam. As shown in Figure 2d,
DOCP of the reflected light exhibits broadband feature near the
central wavelength, and reaches 99% with an absolute reflection
efficiency 75% at 𝜆 = 1064 nm.

2.2. A Stripe-Shape Coupler: Unidirectional Excitation of SPP

We employ these meta-atoms to construct a stripe-shape meta-
coupler and experimentally demonstrate the efficient unidirec-
tional and polarization-selective excitation of SPP. Inset to Fig-
ure 3a schematically displays a supercell of the designed meta-
coupler containing meta-atoms “A”, “B” and “C”, respectively.
Meanwhile, the “plasmonic metal” is the same as the bottom
structure of the meta-atom (i.e., an Au film covered by a silica
spacer), in order tominimize light scatterings at the boundary be-
tween coupler and “plasmonic metal.” To facilitate experimental
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Figure 3. Design and characterization of the high-efficiency stripe-shaped SPP coupler. a) Dispersion relation of SPP mode supported by the guiding-out
plasmonic metal with blue star representing the mode at 1064 nm; Inset shows the schematics of a super-cell of the designed stripe-shaped SPP coupler.
b) SEM image of our fabricated sample containing the stripe-shaped SPP coupler and the guiding-out plasmonic metal. Inset shows a zoomed-in picture
of the area surrounded by dotted lines. Geometric parameters of three meta-atoms: “A”, Lu = 156 nm, Lv = 204 nm, “B”, Lu = 220 nm, Lv = 294 nm,
and “C”, Lu = 334 nm, Lv = 80 nm. c,d) LRM images of SPP generated on the surface of our sample which is shined by normally incident light at 𝜆 =
1064 nm with LCP and RCP, respectively. Areas surrounded by white dotted lines represent the positions of the meta-coupler. e) Measured Ixx versus x
(red circles), fitted by a straight line (solid line) with slope determining the propagation length of SPP.

characterizations on SPP using our leakage radiationmicroscopy
(LRM), we purposely set the thickness of continuous Au film (in
both all meta-atoms and the “plasmonic metal”) to 50 nm so
that the generated SPP can be easily observed by the LRM. We
note that shrinking the thickness of Au film from 150 to 50 nm
does not significantly change the reflection phases of the adopted
meta-atoms (see Figure S2, Supporting Information, for simu-
lated results). Figure 3a depicts the analytically calculated disper-
sion of eigen SPPmodes supported by such a “plasmonicmetal,”
showing that kSPP = 1.15 ∗ 2𝜋∕𝜆 at the working wavelength 𝜆 =
1064 nm as marked by blue star, where G = 2𝜋∕Ps denotes the
reciprocal lattice vector of the SPPs coupler, where three meta-
atoms form a super cell with a period of Ps = 0.87𝜆 ≈ 930 nm.
According to the argument presented in Section 2.1, we under-
stand that ourmeta-coupler should be designed to exhibit a phase
gradient 𝜍 = 2𝜋∕0.87𝜆 = kSPP.
Guided by the design principle described in Section 2.1, we

set the orientation angles of all three meta-atoms as 𝜃(x) = 𝜋∕4
and then arrange them sequentially with a distance P = 310 nm
to form our meta-coupler. Figure 3b depicts the SEM image of
our fabricated sample containing both the meta-coupler and the
plasmonic metal. According to Equation (2), we find that now all
meta-atoms exhibit the desired capability to convert incident LCP

to linear polarization along the x direction, and the whole meta-
coupler exhibits the following phase profile

𝜑+ (x, y) = const. − 𝜍x, (3)

under the illumination of normally incident light with LCP.Here,
the phase gradient is 𝜍 = 2𝜋∕Ps which is very close to kspp. There-
fore, we expect that our meta-coupler can efficiently convert nor-
mally incident LCP light to eigen SPP flowing on the plasmonic
metal at the left-hand side, since the driven SW generated on the
metasurface exhibits a polarization and k vector matching those
of the eigen SPP. Meanwhile, switching the incident polarization
to RCP, Equation (2) tells us that waves reflected by all meta-
atoms have the linear polarization along the y-axis, while the
phase profile of the metasurface becomes 𝜑−(x, y) = 𝜍0 − 𝜍x −
𝜋∕2. Interestingly, now the driven SW exhibits a polarization and
kwave vector mismatching with those of the eigen SPP, and thus
no SPP wave can be excited.
We experimentally verify the above predictions. Shine the

meta-coupler by a Gaussian beam (spot size: w0 ≈ 8 μm) exhibit-
ing LCP or RCP, respectively, we employ a LRM system to mea-
sure the SPP pattern generated on the device, with detailed ex-
perimental setup shown in Figure S3 (Supporting Information).
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Figure 3c,d depicts the LRM-recorded images as themeta-coupler
is illuminated by normally incident light with LCP and RCP at
𝜆 = 1064 nm, respectively. Clearly, measured results indicate that
unidirectional SPP signals are excited on the plasmonic metal in
the LCP-incidence case, while no SPP signal exists in the RCP-
incidence case, in consistency with our theoretical predictions.
We note that certain standing-wave component exists in the pat-
tern shown in Figure 3c, which is caused by the interference be-
tween incident SPP and partially reflected SPP on the sample
boundary.
We further analyze the LRM image in Figure 3c to evaluate

the SPP propagation length Lp, the coupling efficiency, as well as
the utilization efficiency (the ratio between power carried by SPP
flowing to the left direction and that of the total SPP generated) of
the device. Red circles in Figure 3e represent how Ixx (with Ix be-
ing the LRM intensity measured at x) varies against x. Fitting the
measured Ixx ∼ x curve with the formula ln(Ixx) = ln(S) − x∕Lp
(see black solid line) where S is a constant, we obtain that Lp ≈26
μm. Using the method described in refs. [6] and [48] to evaluate
the coupling efficiency and the SPP utilization efficiency based
on our experimental data, we find that they are 35% and 98%,
respectively. We also performed FDTD simulations to evaluate
these two efficiencies, and found that they are 60% and 99%, re-
spectively. We note that the experimental coupling efficiency is
lower than the simulated one, which can be attributed to sam-
ple imperfections, nonideal excitation and additional losses con-
tributed by boundary scatterings. While the demonstrated effi-
ciencies are already high in this frequency regime, they are not
close to 100% due to relatively large absorption loss of Au and
scattering losses caused by impedance mismatch in this side-
coupling configuration.[5,35,49] The efficiency can be further im-
proved by choosing low-loss materials (e.g., Ag or dielectrics) and
adopting new coupling configuration.[7] Nevertheless, both the
coupling efficiency and the SPP utilization efficiency of ourmeta-
coupler are substantially higher than those of the grating coupler,
which are 10% and 50% (see Figure S4, Supporting Information),
respectively.

2.3. An Arc-Shaped Coupler: Excitation and Focusing of SPP

Encouraged by the above benchmark tests on the stripe-shape
SPP coupler, we proceed to demonstrate the excitation and fo-
cusing of SPP based on an arc-shape meta-coupler. Figure 4a
schematically shows the designed meta-coupler in a shape of
quarter ring belt. Guided by the design principle described in Sec-
tion 2.1, we set the orientation angles of all three meta-atoms as
𝜃(r,𝜙) = 𝜋∕4 + 𝜙, so that each meta-atom can convert incident
LCP to LP orientated along the radial direction [see Equation (2)].
We further place meta-atoms of different types in a C-B-A se-
quence along the radial direction. Put all this information into
Equation (2), we find that the whole meta-device under the LCP
incidence exhibits a phase profile

𝜑+ (r,𝜙) = const. + 𝜙 − 𝜍r, (4)

with 𝜍 = 2𝜋∕Ps ≈ kspp being the desired phase gradient and 𝜙 is
restricted in the range of [− 𝜋

4
, 𝜋

4
]. Therefore, under the excitation

of LCP light, the driven SW generated by the meta-coupler ex-
hibits both correct local polarization and k vector matching those

Figure 4. Design and characterization of the arc-shaped SPP coupler. a)
Schematic diagramof the designed arc-shaped SPP coupler. b) SEM image
of the fabricated sample. c) LRM-measured and d) FDTD-simulated E-field
intensity distributions on the sample as the coupler is shined by normally
incident light at 1064 nm with LCP.

of the cylindrically polarized eigen SPP supported by the plas-
monic metal. We thus expect that such a device can efficiently
excite a cylindrically polarized SPP flowing to the origin of the
ring, resulting in SPP focusing as desired.
We fabricate out the designed meta-coupler (see Figure 4b for

its SEM image) and experimentally characterize its performance.
Figure 4c,d depicts, respectively, measured and FDTD-simulated
E-field intensity distribution of the excited SPPs as the meta-
coupler is illuminated by normally incident LCP light at 1064
nm. Clearly, FDTD simulations are in nice agreement with mea-
sured results, both showing that our meta-device can excite SPP
with high efficiency and then focus the generated SPP into the
origin point, where the intensity distribution of Ez component
is applied to compare with the measured result since Ez is the
dominant field component inside the SPP wave. For the focused
SPP waves, partially reflected SPP by the sample boundary can-
not spatially overlap with the incident ones, and thus no standing
wave patterns can be formed in Figure 4c.

2.4. A High-Efficiency Vector and Vortex Plasmonic Lens

We now realize the final device and experimentally demonstrate
that it can generate vector SPP vortices with a high efficiency. As
schematically shown in Figure 5a, our device is a ring-belt-shape
coupler composed of three meta-atoms designed in Section 2.1.
Following the design principle discussed in Section 2.1, we set
the orientation angles of all meta-atoms as 𝜃(r,𝜙) = 𝜋∕4 + 𝜙and
arrange three different meta-atoms in a sequence C-B-A along
the radial direction. According to Equation (2), we find that our
device exhibits a profile

𝜑+ (r,𝜙) = const. + 𝜙 − 𝜍r, (5)

under the LCP incidence. We note that Equation (5) is essen-
tially the same as Equation (4), only with now 𝜙 varying in the
whole range of [−𝜋,𝜋]. Extending the variation range of 𝜙 to 2𝜋 is

Laser Photonics Rev. 2023, 17, 2201001 © 2023 Wiley-VCH GmbH2201001 (6 of 10)
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Figure 5. Characterization of our high-efficiency vector and vortex plasmon lens. a) SEM image of the fabricated sample. b) FDTD-simulated optical
phase distribution of the Ez field in the focusing region as ourmeta-coupler is shined by normally incident LCP light at 𝜆 = 1064 nm. c,d) FDTD-simulated|Ez|2 and measured E-field intensity distributions on the sample as the coupler is shined by normally incident light at 1064 nm with LCP. e) Distributions
of |Ez|2 along the central symmetric line [the white dashed line passing the origin in (c) and (d)], retrieved from the simulated pattern (black solid curve)
and the measured pattern (blue symbols), and obtained by analytical calculations (red dotted curve). f) FDTD-computed |Ez∕E0|2 distributions with E0
as a constant along the central symmetrical line in three different systems containing the present meta-coupler (black solid curve), the PB meta-coupler
(red solid curve), and the nanoslit-based meta-coupler (blue solid curve), respectively, as the meta-couplers are shined by the same normally incident
light with LCP. The configurations of the PB meta-coupler and the nanoslit-based meta-coupler are shown in Figure S8 (Supporting Information).

important, since the phase gradient term 𝜙 along the azimuthal
direction in Equation (5) can now contribute an orbital angular
momentum (OAM) with a topological charge l = 1 to the gener-
ated SPP, as we demonstrate in the following.
We perform both experiments and simulations to characterize

the SPP pattern generated by our meta-device. Figure 5b shows
the simulated optical phase distribution of the Ez field in the fo-
cusing region as our meta-coupler is shined by normally inci-
dent LCP light at 𝜆 = 1064 nm. A 2𝜋 phase variation along tan-
gential direction can be observed in Figure 5b, which is consis-
tent with our theoretical prediction of forming an SPP vortex car-
rying an OAM with l = 1. Figure 5c,d illustrates the simulated
and measured distributions of E-field generated on the device
surface, as the meta-coupler is illuminated by normally incident
LCP light. Experimental results are in good agreement with sim-
ulations. We find two clear features from the obtained patterns.
First, a dark spot exists in the center of the inner region, which
is the clear feature of the vortex generation. Second, strength
of generated electric field generally decays as leaving the origin
accompanying with oscillations with a period of 𝜆SPP∕2, which
is a clear manifestation of SPP interference. These features are
more clearly illustrated in Figure 5e where the measured (sym-
bols) and simulated (solid line) E-field distributions along the line
passing the origin (dashed lines in Figure 5c,d) are compared.
Nice agreement is noted between measured and simulated pat-
terns. The oscillation period w is found as w ≈ 0.46 μm in exper-
iment and w ≈ 0.4635 μm in simulation, both being very close to
𝜆SPP

2
= 0.465 μm. Moreover, to further reveal the spiral properties

of the vortex SPP, we also measured the interference fringes of

the leakage vortex SPP with a spherical wave and a plane wave,
as shown in Figure S5a,b (Supporting Information), respectively.
We establish an analytical model to understand the physics be-

hind the discovered effect. We first examine the SPP wave gener-
ated by a single array of meta-atoms located at the line with angle
𝜙′ = 0◦, under the illumination of normally incident LCP light
at 1064 nm. Treating such a line-coupler under excitation as a
dipole source, we find fromGreen’s function calculations that the
generated SPP wave can be described as Ez(r) = 𝜂H(1)

0 (kspp|r − r′|)
where r′ denotes the position of the dipole and 𝜂 is a constant
proportional to the coupling efficiency. Such a formula is well
justified by comparing the field distributions along the radial
line at 𝜙 = 0◦ obtained by FDTD simulation and the analyti-
cal formula (see Figure S6 and other detailed comparisons in
Supporting Information). For another line-coupler located at a
different angle 𝜙′, it is straightforward to derive that the SPP
wave generated by it (under LCP excitation) can be written as
E′
z(r) = 𝜂H(1)

0 (kspp|r − r′|) ei𝜙′ , since the only difference between
SPP waves generated by line-couplers at different angles is the
phase factor of ei𝜙′ . Therefore, the total SPP wave generated by
the whole coupler can be obtained by

Ez (r,𝜙) = 𝜂

2𝜋

∫
0

H(1)
0

(
kspp ||r − r′||) ei𝜙

′
⋅
d𝜙′

2𝜋
= C𝜂J1

(
ksppr

)
ei𝜙 (6)

where C is a constant. We use Equation (6) to calculate the E-
field distribution along the dashed line in Figure S7 (Supporting

Laser Photonics Rev. 2023, 17, 2201001 © 2023 Wiley-VCH GmbH2201001 (7 of 10)
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Figure 6. LRM-recorded SPP patterns on the device surface, with a polarizer placed in front of the detector and rotated along (a) 0°, (b) 20°, (c) 40°, (d)
60°, (e) 80°, (f) 100°, (g) 120°, (h) 140°, (i) 160° and (j) 180° (see white double-head arrows).

Information), and depict the results in Figure 5e as a red dashed
line. As it is difficult to compare the absolute values of E-fields ob-
tained by different approaches, we normalize all these patterns in
such a way that the peak values in these patterns are set as 1. The
analytically calculated field distribution is in excellent agreement
with the FDTD-simulated one. Analytical formula (6) can help us
understand many intriguing features discovered experimentally
and numerically. First, the generated SPP standing-wave pattern
carries an OAM with a topological charge l = 1 due to the factor
ei𝜙 [see Figure S7, Supporting Information, for the distributions
of E-field intensity and optical phase computed by Equation (6)].
Second, the intensity oscillation period along the radial direction
isw = 𝜋∕kspp since the function |J1(ksppr)| exhibits zeros at the po-
sitions satisfying ksppr = m𝜋. Finally, the peak value of the near-
field generated in the center is proportional to the coupling effi-
ciency 𝜂 of the device.
We compare the performance of our meta-device with those

of two other meta-devices previously studied. We design two
ring-belt meta-couples exhibiting the same sizes as our device,
only with unit cells replaced by nanoslits or PB meta-atoms pos-
sessing 100% PCR. We then employ FDTD simulations to com-
pute the SPP standing-wave patterns generated in two cases (see
Figure S8, Supporting Information), as two meta-couplers are
shined by the same LCP light as in the case of Figure 5b,c. FDTD
simulated E-field distributions along the central dashed line in
three cases are compared in Figure 5f, where the SPP intensity
are normalized by the peak value E0 of our device. While these
three curves exhibit similar overall shapes, the maximum local-
field generated by our meta-coupler is five times higher than that
by the PB meta-coupler and is 50 times higher than that by the
nanoslit-basedmeta-coupler. The ratios between these values pre-
cisely reflect the differences in coupling efficiencies and utiliza-
tion efficiencies of these meta-couplers.
Finally, we characterize the polarization distribution of the

generated SPP vortex. Figure 6a–j shows the measured inten-
sity profiles of the generated SPP vortex recorded by our LRM
with a polarizer tiled at different angles (denoted by white arrows)
placed in front of the detector, while the corresponding FDTD-
simulated patterns are depicted in Figure S9 (Supporting Infor-

mation) for comparison. Insets in subfigures show the zoomed-
in pictures of the central area in different cases. These polariza-
tion angle-dependent patterns clearly illustrate that the generated
SPP patterns are cylindrically polarized.

3. Conclusions and Perspectives

In summary, we established a generic approach to generate pre-
designed near-field SPP patterns with high efficiencies. Com-
posed by a series of meta-atoms which possess both desired
reflection phases and polarization-conversion capabilities, our
meta-devices can efficiently convert CP light to SPP waves with
desired wave-fronts and polarization distributions. After two
benchmark experiments based on meta-devices in stripe and
arc shapes, we experimentally demonstrated the generation of
a vector SPP vortex with a topological charge l = 1, with inten-
sity much higher than those realized by previous meta-couplers.
All experimental results are in excellent agreement with FDTD
simulations and analytical calculations, revealing the crucial role
played by our meta-atoms exhibiting much higher SPP coupling
efficiencies.
Overall, our work establishes an efficient, generic, and flexible

platform for generating predesigned near-field patterns, which
are useful in both fundamental researches and photonic applica-
tions. Other vector SPP standing-wave patterns can also be real-
ized based on specifically designed meta-couplers. For example,
we show in supporting information that vector SPP vortices with
different topological charges can be realized through construct-
ing meta-couplers with meta-atoms arranged in different ways
(see Figure S10, Supporting Information). Experimentally real-
izing these special near-field patterns with much enhanced local
fields and applying them to boosting light-matter interactions are
interesting and challenging future projects.

4. Experimental Section
Numerical Simulations: Full-wave simulations were performed using

the software FDTD solution. In the simulations, permittivity of Au was de-
scribed by the Drude model 𝜀r(𝜔) = 𝜀∞ − 𝜔2

p∕(𝜔(𝜔 + i𝛾)), where 𝜀∞ = 9,

Laser Photonics Rev. 2023, 17, 2201001 © 2023 Wiley-VCH GmbH2201001 (8 of 10)
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𝜔p = 1.367 × 1016 s−1, and 𝛾 = 1.224 × 1014 s−1 obtained by fitting with
experiment results. The SiO2 spacer was considered as a lossless dielec-
tric slab with permittivity 𝜀 = 2.08, and the dielectric loss was effectively
considered in choosing appropriate damping parameter for Au through
fitting with experimental data. For simulations on reflection properties of
meta-atoms, periodic boundary conditions were applied on the simulation
boundaries. For simulations on finite structures, absorbing boundary con-
ditions were implemented on the boundaries to remove the energy flowing
outside the simulation domain and the energy bounced at the boundary.

Sample Fabrications: All MIM tri-layer samples were fabricated using
standard thin-film deposition and electron-beam lithography (EBL) tech-
niques. First, 5 nm Cr, 150 nm Au, 5 nm Cr, and 180 nm SiO2 dielectric
layer were sequentially deposited on the surface of a silicon substrate us-
ing magnetron DC sputtering (Cr and Au) and RF sputtering (SiO2). Sec-
ond, the cross nanostructures were lithographed with EBL on an ≈100 nm
thick PMMA2 layer at an acceleration voltage of 20 keV. After development
in a solution of methyl isobutyl ketone and isopropyl alcohol, a 5 nm Cr
adhesion layer and a 30 nm Au layer were subsequently deposited using
thermal evaporation. The Au patterns were finally formed on top of the
SiO2 film after a lift-off process using acetone.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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