
 

Highly Efficient Wave-Front Reshaping of Surface Waves with Dielectric Metawalls

Shaohua Dong,1,2 Yu Zhang,3 Huijie Guo,3 Jingwen Duan,1,2 Fuxin Guan,3

Qiong He,3,4 Haibin Zhao,1 Lei Zhou,3,4 and Shulin Sun1,2,*
1Shanghai Engineering Research Center of Ultra-Precision Optical Manufacturing, Green Photonics
and Department of Optical Science and Engineering, Fudan University, Shanghai 200433, China

2State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China

3State Key Laboratory of Surface Physics and Key Laboratory of Micro and Nano Photonic Structures
(Ministry of Education), Fudan University, Shanghai 200433, China

4Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China

(Received 24 October 2017; published 30 January 2018)

Controlling the wave fronts of surface waves (including surface-plamon polaritons and their equivalent
counterparts) at will is highly important in photonics research, but the available mechanisms suffer from
the issues of low efficiency, bulky size, and/or limited functionalities. Inspired by recent studies of
metasurfaces that can freely control the wave fronts of propagating waves, we propose to use metawalls
placed on a plasmonic surface to efficiently reshape the wave fronts of incident surface waves (SWs).
Here, the metawall is constructed by specifically designed meta-atoms that can reflect SWs with desired
phases and nearly unit amplitudes. As a proof of concept, we design and fabricate a metawall in the
microwave regime (around 12 GHz) that can anomalously reflect the SWs following the generalized
Snell’s law with high efficiency (approximately 70%). Our results, in excellent agreement with full-wave
simulations, provide an alternative yet efficient way to control the wave fronts of SWs in different
frequency domains. We finally employ full-wave simulations to demonstrate a surface-plasmon-polariton
focusing effect at telecom wavelength based on our scheme.
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I. INTRODUCTION

Surface waves (SWs), including surface-plasmon polar-
itons (SPPs) and their equivalent counterparts such as spoof
SPPs and guided SWs, have attracted considerable interest
in photonic research [1]. Two extraordinary properties,
subwavelength resolution and local field enhancement,
offered SWs many applications in practice, such as super-
imaging [2,3], biological and chemical sensing [4], and
on-chip photonic circuits [5]. Obviously, efficiently con-
trolling the wave fronts of SWs is the basis to realize these
applications. Some micro-optical elements, e.g., cylindrical
or triangular dielectric disks, are utilized to refract or focus
SWs [6,7]. However, these conventional devices to control
SW wave fronts typically exhibit large sizes and/or limited
functionalities.
With the development of nanophotonics, many new

schemes were proposed to control the SW wave fronts,
yielding fascinating effects such as SW deflection [8–10],
Airy-beam generation [11,12], SW focusing [13–15],
and holograms [16,17]. These devices typically consist
of grooves, holes, and slits patterned on a flat plasmonic

metal, relying on Bragg scatterings for wave-front controls.
Meanwhile, gradient metamaterials were also designed to
achieve the cloaking effect for SWs based on the trans-
formation-optics theory [18–20]. Although these schemes
have shown great potential to control SW wave fronts,
the size of these devices is relatively large (in terms of SW
wavelength) or the working efficiency is low, and, thus,
they are unfavorable for highly integrated on-chip photonic
applications.
Along a parallel line, metasurfaces [ultrathin metama-

terial layers constructed by planar meta-atoms with pre-
determined electromagnetic wave (EM) properties] have
significantly expanded our capabilities to control the wave
fronts of free-space light. Designing metasurfaces with the
appropriate reflection or transmission and amplitude or
phase distributions, one can control the wave fronts of
light incident on the metasurfaces based on Huygens’
principle, leading to various fascinating wave-manipulation
effects such as anomalous transmission or reflection
[21–23], conversion from propagating waves (PWs) to
SWs [24–28], flat-lens focusing [29–32], complex beam
generation [33–35], holographic imaging [36–38], amplitude-
and phase-controlled SW excitation [39], two-dimensional
light control with light [40], and beam splitters [41]. Such a
scheme has the advantages of highly compact device size and
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high working efficiency, both being highly desired in
integrated-photonics applications. However, so far, most work
based on such a scheme is on controlling PWs instead
of SPPs.
In this work, we extend the concept of metasurfaces to

the field of SW manipulations. We first show that an
ultrathin dielectric and metal structure placed vertically on
a plasmonic metal can efficiently reflect SWs with the
phase dictated by the permittivity of the dielectric layer.
This motivates us to build a metawall using such a
double-layer structure that can exhibit well-controlled
SW reflection-phase profiles by varying the permittivity
distribution of the dielectric layer and place it on a
plasmonic metal to efficiently control the wave fronts of
SWs. As a proof of concept, we experimentally demon-
strate in the microwave regime that our fabricated “meta-
wall” can anomalously reflect SWs following the
generalized Snell’s law. The working efficiency is about
70% at frequencies around 12 GHz. Among many possible
applications, we finally employ full-wave simulations to
demonstrate a SPP focusing effect at telecom wavelength,
showing the robustness of our proposed strategy.

II. RESULTS AND DISCUSSION

A. Physical concept and model demonstration

We start by introducing the basic concept. Previous
studies have shown that metasurfaces can modulate the
wave fronts of PWs at will, achieving interesting physical
effects such as anomalous reflection or light focusing
depending on the phase distributions realized on the

metasurfaces, as schematically shown in Figs. 1(a)
and 1(b). The basic idea is to use a carefully designed
metasurface to locally control the phases of the impinging
waves, thus, reshaping the wave fronts of reflected or
refracted beams based on interferences. Inspired by this
observation, here we propose to extend the idea of the
metasurface to control the wave fronts of SWs. As shown
in Figs. 1(c) and 1(d), we can put a carefully designed
ultrathin metastructure (called a metawall) vertically on a
plasmonic surface, which can also locally control the phase
of an impinging SW. When a SW beam is launched on the
plasmonic surface and strikes the metawall, the incident
SW may gain different local phases from the reflections
on the metawall, thus, generating a reflected SW beam with
the desired wave front. By carefully designing metawalls
exhibiting linear or parabolic reflection-phase profiles for
SWs, we can realize anomalous reflection and focusing
for a SW [see Figs. 1(c) and 1(d)].
We next describe how to design our metawalls. We find

that a double-layer metastructure constructed by an ultrathin
gradient-index dielectric layer and a metallic mirror can do
the job. Specifically, the metallic mirror inside the structure
ensures that the metawall can (nearly) totally reflect the SW
wave, while the permittivity of the dielectric layer can be
“tuned” to generate the appropriate local refection phase ϕ.
In principle, if the variation range of ϕ can cover 360° via
tuning the refraction index of the dielectric layer, we can
design metawalls exhibiting appropriate ϕðyÞ profiles to
efficiently reshape the SW wave fronts as desired.
Specifically, if the phase profile of the metawall satisfies

FIG. 1. Concept of wave-
front modulations with gra-
dient metasurfaces for
propagating waves and sur-
face waves. A metasurface
exhibiting a (a) linear or
(b) parabolic reflection
phase distribution can realize
anomalous reflection (a) and
focusing effects (b) for
propagation waves. A meta-
wall exhibiting a (a) linear
or (b) parabolic reflection
phase distribution can realize
anomalous reflection (a) and
focusing effects (b) for the
SW.
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ϕðyÞ ¼ ϕ0 þ ξy ð1Þ

for a SW at a particular frequency, the reflections of the SW
by the metawall must be governed by the generalized Snell’s
law:

sin θr ¼ sin θi þ
ξ

kSW
; ð2Þ

where θi and θr are the incident and reflective angles of the
SW, respectively, kSW is the wave vector of the SW at the
working frequency, and ξ is the phase gradient provided by
the metawall. On the other hand, we can use a metawall to
focus the SW if the ϕ distribution of the metawall exhibits
the following parabolic distribution:

ϕðyÞ ¼ ϕ0 þ kSW

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ F2

q
− F2

�
; ð3Þ

where F denotes the focal length.
We perform numerical studies of effective-medium

models to demonstrate that the idea indeed works.
Without loss of generality, we choose the microwave
regime to work in. Since natural SPPs do not exist in
this frequency domain, we purposely adopt an artificial
plasmonic structure, a perfect metallic conductor (PEC)
ground plane covered by a 2-mm-thick dielectric spacer
(εd ¼ 2.65) that can support guided SWs with a

well-defined dispersion relation working in the microwave
regime [42–44] (see the Supplemental Material [45]). We
next put a 32-mm-high homogeneous metawall vertically
on the plasmonic structure and employ finite element
method (FEM) simulations to calculate the reflection
coefficient of SWs flowing on the plasmonic structure
[see Fig. 2(a)]. The metawall consists of a
5-mm-thick dielectric layer (with permittivity εg) and a
PEC mirror. In our calculations, we excite an eigen SW
mode at the left boundary of the plasmonic structure using a
surface current source and then study the stabilized EM
field distributions inside the system. Finally, we numeri-
cally retrieve the SW reflection coefficient (including its
amplitude and phase) by decomposing the simulated total
fields to the incident and reflected SW signals. We set the
frequency as 12 GHz at which the wave vector of the SW
mode is kSW ¼ 1.055k0 (with k0 being the free-space wave
vector), and we numerically compute the SW reflection
coefficient as a function of εg and depict the results in Fig. 2
(b). It is clear that the reflection phase of the metawall ϕr
can cover the full range of 360° as we vary εg from 3 to 16.
On the other hand, the SW reflection amplitude remains at
around 0.9, indicating that the scatterings to the PWs are
weak in such cases. The inherent working principle of our
metawall is that it can couple the SW mode into a squeezed
evanescent mode with a larger wave vector yet generate
enough accumulated phase after reflection (see the
Supplemental Material [45]).

FIG. 2. Demonstration of the concept
based on the model systems. (a) Simulation
setup to obtain the SW reflection coefficient
of the proposed metawall, which is
composed of a 5-mm-thick dielectric slab
(with permittivity εg) and a PEC mirror.
(b) SW reflection amplitude and phase as
functions of εg for the metawall depicted in
(a) obtained by FEM simulations. (c) FEM-
simulated near-field Ez pattern on a plane
above the plasmonic metal, assuming that a
SW Gaussian beam strikes the metawall.
Here, the distribution of εg is such that the
metawall exhibits a phase distribution sat-
isfying Eq. (1) with ξ ¼ 0.75kSW. The work-
ing frequency is 12 GHz.
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Based on the numerical results shown in Fig. 2(b), we
can design a gradient-index metawall with an appropriate
εdðyÞ profile such that the ϕðyÞ distribution of the whole
device satisfies Eq. (1) with ξ ¼ 0.75kSW. Putting the
designed metawall vertically on the artificial plasmonic
surface, we perform FEM simulations to study the reflec-
tions of the SWs. Figure 2(c) depicts the calculated Ez
field pattern on the artificial plasmonic structure with an
efficiency of about 80%. Here, we numerically integrate out
the power carried by the anomalously reflected SW beam
and then evaluate the working efficiency of the SW
anomalous reflection by calculating the ratio between it
and that of the incident SW beam. Different from conven-
tional metasurfaces for controlling PWs, the proposed
metawall for the SWs will inevitably suffer from scattering
losses, leading to efficiency less than 1. In the present case,
the scattering loss of our device is less than 10%.

B. Design and fabrication of metawalls for
SW anomalous reflection

We now move on to design a realistic metawall in the
microwave regime. Obviously, the key challenge is to find
dielectric materials with permittivity varying in a large-
enough range [see Fig. 2(b)]. Inspired by other practical
realizations of dielectric metasurfaces [31,46,47], we adopt
a high-index (εd ¼ 16) slab drilled with subwavelength-
scaled airholes to mimic a “homogeneous” dielectric
material with certain permittivity. Figure 3(a) shows the
schematic of a designed metawall where the airholes (with
diameters D) are arranged in a two-dimensional square
lattice with periodicity P ¼ 3 mm. Based on the effective-
medium theory (EMT), we can “tune” the value of D to
achieve a desired (effective) permittivity of the whole
dielectric slab and, in turn, a desired reflection phase ϕ
for the SW. We employ full-wave simulations to demon-
strate this point based on the same configuration and
calculation technique as in Fig. 2(a). Figure 3(b) shows
that at a frequency of 12 GHz, the SW reflection phase of
such metawalls can indeed cover the full range of 360° if we
vary the parameter D from 0 to 2.88 mm. Meanwhile, the

SW reflection amplitude is also kept at a high value (larger
than 0.9) in the whole spectrum. To understand the physics
more deeply, we employ EMT to retrieve the effective
permittivity tensor of such a complex medium [48–50]
noting that all characteristic inhomogeneity length scales
(i.e., P, D) are much smaller than the EM wavelength
(25 mm). The results obtained based on the EMT-retrieved
parameters are in excellent agreement with the full-wave-
simulation results based on practical structures [see
Fig. 3(b) and the Supplemental Material [45] ], indicating
that the working mechanism of our metawall is essentially
the same as that in Fig. 2(a).
Based on the results presented in Fig. 3, we next design

and fabricate a gradient metawall (with ξ ¼ 0.79kSW at
f ¼ 12 GHz) and experimentally demonstrate its capabil-
ities to control the wave front of the SW on the designed
artificial plasmonic metal. Figure 4(a) depicts part of
the picture of the fabricated sample. A supercell of the
fabricated gradient metawall consists of ten lines of airholes
with diameters varying from 0 to 2.77 mm, yielding a linear
phase change of ϕ based on the results shown in Fig. 3(b).
According to Eq. (2), the anomalous reflection angle for
the SW is predicted as 52.2° at normal incidence. We first
employ FEM simulations to calculate the Ez field pattern
generated on the system as a Gaussian SW beam is
launched on the plasmonic surface and strikes normally
on the metawall. As shown in Fig. 4(b), the SW beam
reflected by the metawall does flow along a nonspecular
direction at θr ≈ 52.3°, matching well with the theoretical
prediction. We note that both the specular reflection
and −1-order diffraction are deeply suppressed, already
implying a high efficiency of the anomalous reflection.
The working efficiency, thus evaluated is 70%, where the
missing powers are carried out by the scatterings to the far
field as PWs (approximately 13%), normal reflection
(about 9%), and −1-order diffraction of SWs (about 7%).
The performance of our metawall can be further improved
by carefully optimizing the design (e.g., using higher-index
material, thinner thickness, or more unit cells inside the
metawall).

FIG. 3. SW reflection properties of the
designed metawall. (a) Simulation setup to
obtain the SW reflection coefficient of a
nongradient metawall composed of a 5-mm-
thick high-index slab (εd ¼ 16) drilled with
subwavelength-scale airholes and a PEC
mirror. By tuning the diameter D of the
airholes, the effective permittivity of the
whole dielectric layer can be freely tuned
to mimic the model system depicted in
Fig. 2(a). (b) FEM-simulated reflection
amplitude and phase versus the diameter
D based on the practical structure (line) and
the retrieved effective-medium model (star).
Here, the frequency is fixed at 12 GHz.
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We note that the process of designing metawalls for
SW manipulation is similar to that of designing metawalls
for PW manipulations. The most essential difference is that
a metawall inevitably suffers from the scattering losses to
the far field, and, thus, one has to carefully optimize the
structure in the design process. However, the vertical size of
a metawall does not need to be very large (as long as it is
larger than the decay length of the considered SW), which
is an obvious advantage as compared with the metasurface
design for PW manipulations.
We finally demonstrate such anomalous SW reflection

by microwave experiments. The whole experimental setup
consists of an artificial plasmonic metal and a metawall, as
shown in Fig. 4(a). In our experiments, we first excite a SW
beam on the artificial plasmonic metal employing a SW
metacoupler proposed in Ref. [24] (see the Supplemental
Material [45]). The excited SW then propagates on the
artificial plasmonic metal and is reflected anomalously
when it strikes the metawall. A monopole antenna is moved
on a plane 2 mm above the plasmonic metal to measure the
Ez field distribution. Both the monopole antenna and
excited horn are connected to a vector network analyzer
(Agilent E8362CPNA) so that the near-field-measured Ez
field can contain both amplitude and phase information.
Figure 4(d) shows the measured near-field Ez distribution
on the plasmonic metal. Restricted by our experimental
setup, we scan only an area of 300 × 200 mm2, which is

enough to demonstrate the anomalous reflection effect [see
Fig. 4(d)]. The measured results are in good agreement with
the corresponding FEM simulations inside the same area
[see Fig. 4(c)]. From the measured Ez pattern, we can
clearly identify that the anomalous reflection angle is θr ≈
51° [see Fig. 4(d)], again matching well with the theoretical
prediction (i.e., 52.2°). Furthermore, the parallel wave
vector of the anomalously reflected beam depicted in
Fig. 4(d) is measured to be kSW ≈ 1.042k0, agreeing well
with the value kSW ¼ 1.055k0 predicted theoretically for
this frequency and reinforcing our claim that the reflected
signals are indeed from reflected SWs. This evidence
undoubtedly demonstrates the desired SW-manipulation
functionality of the designed metawall. Unfortunately, it is
very difficult to experimentally retrieve the efficiency of
SW anomalous reflection via the power-flow-integration
technique. However, we can still see a reasonably high
efficiency since the measured field amplitudes of the
incident and anomalous reflected SW beams are compa-
rable [see Figs. 4(c) and 4(d)]. In our experimental setup,
the incident angle of the launched SW is fixed by a
metacoupler, which is difficult to change, and, therefore,
we cannot verify the generalized Snell’s law for the SW
anomalous reflection experimentally. Rather, we adopt
FEM simulations to demonstrate this point, where the
anomalous negative reflection effect can also happen in
certain cases (see the Supplemental Material [45]).

FIG. 4. Near-field characterizations of the anomalous reflection phenomenon for a SW. (a) Part of the picture showing the
experimental setup, including the metawall, plasmonic metal, and a detecting monopole antenna. Here, one supercell of the metawall
consists of ten unit cells with the diameters of the airholes changing from 0 to 2.77 mm. (b) FEM-simulated near-field Ez pattern on a
plane 2 mm above the plasmonic metal, where a launched SW wave strikes the metawall. In the measurement, a monopole antenna is
used to probe the SW field distribution (Ez) above the plasmonic metal, with (300 × 200 mm2)-sized images obtained by near-field
scanning measurements (d). As a comparison, FEM simulation with the same length scale is reproduced in (c). Here, the working
frequency is 12 GHz.
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Such an anomalous SW reflection effect can exist
within a certain frequency band. Figures 5(b) and 5(c)
show the measured Ez field patterns at two representa-
tive frequencies (11.5 and 12.5 GHz), which match
well with the corresponding FEM simulations [Figs. 5(e)
and 5(f)]. Based on the measured and simulated results
within the frequency band 11–14 GHz, we obtain how
the reflection angle θr varies against the frequency and
then depict the relationships in Fig. 5(a). We find that
both FEM simulations (stars) and experiments (circles)
are in perfect agreement with the theoretical prediction
of Eq. (2) (solid line) assuming that ξ is a frequency-
independent constant. This is side evidence demonstrat-
ing that our anomalous SW reflection is indeed
governed by the generalized Snell’s law. Moreover,
we also perform FEM simulations to calculate the
working efficiencies of the SW anomalous reflection
within this band. Figure 5(d) shows that our designed
metawall possesses a SW anomalous reflection effi-
ciency higher than 0.5 within (11.75–12.75 GHz), yield-
ing a bandwidth of 1 GHz. Outside this frequency band,
the working efficiency drops significantly since the
resultant SW reflection phase profile gradually deviates
from Eq. (1), leading to stronger scatterings to normal
and −1-order diffraction modes.

C. Extensions to high frequencies

The strategy proposed in this paper is so general that
one can also employ it to realize SPP wave-front control in
higher-frequency domains. As an illustration, we design a
metawall to realize the SPP focusing effect at telecom
wavelength. Figure 6(a) shows the schematic setup of the
SPP metalens with a focal length of 8 μm and a numerical
aperture (NA) of 0.8. In our design, the metawall is
3 μm high and is composed of a 450-nm-thick silicon
(εSi ¼ 12.1) layer drilled with inhomogeneous airhole
arrays and a 200-nm-thick Au film. The lattice constant
of the airhole array is 300 nm, while the airhole diameters
vary from 0 to 276 nm. As shown in Fig. 6(b), the
plasmonic surface is constructed by capping 100-nm
SiO2 on a flat Au film. The SiO2 film is adopted to
increase the mode index of hybrid SPP on the Au surface
[25]. Figure 6(c) depicts the simulated near-field distribu-
tion at a plane 10 nm above the plasmonic metal when a
SPP beam is launched on its surface and reflected back
by the metawall. Clearly, the reflected SPP waves converge
to a focal point at the desired position, demonstrating our
theoretical prediction. Figure 6(d) shows the field intensity
distribution of the focused SPP at the focal line marked as
the blue dashed line in Fig. 6(c). The peak width is about

FIG. 5. Verification of the
anomalous reflection effect
for a SW within a frequency
band. (a) The measured
anomalous reflection angle
θr as the function of the
working frequency obtained
via FEM simulations (star),
near-field experiments (dot),
and theoretical analysis
Eq. (2) (line). The Ez field
patterns on the phasmonic
metal obtained by FEM sim-
ulations (b),(c) and experi-
ments (e),(f) at 11.5 GHz
(b),(e), and 12.5 GHz (c),
(f). (d) The retrieved efficien-
cies of the anomalous reflec-
tion versus frequency via
FEM simulations.
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1038 nm, which is close to the diffraction limit described
by the equation d ¼ λ=ð2 × NAÞ ≈ 969 nm.

III. CONCLUSION

To summarize, we successfully extend the concept of
wave-front manipulation with a metasurface from the far
field to the near field. The proposed metawall composed of
a subwavelength-thick gradient-index dielectric layer and
a flat metallic mirror can (nearly) totally reflect a SW with
desired phase modulation, and, thus, it can efficiently
control the SW wave fronts. We perform both numerical
simulations and proof-of-concept microwave experiments
to demonstrate this idea, showing that the SW can be
anomalously reflected following a generalized Snell’s law
with about 70% efficiency within a broad frequency band.
Such a scheme can also be extended to higher frequencies,
and we employ full-wave simulations to demonstrate a
SPP metalens working at the wavelength of 1550 nm and
exhibiting a focal length of 8 μm. Our findings can
stimulate many practical applications, such as SW holo-
grams, complex SW beam generation, super-resolution
imaging, enhanced nonlinear effects, and so on.
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