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Harnessing Evanescent Waves by Bianisotropic
Metasurfaces

Lin Li, Kan Yao, Zuojia Wang, and Yongmin Liu*

The exponentially decaying nature of evanescent waves renders it difficult to
capture, extract and engineer the wealth of energy and information that they
can carry. Utilizing the out-of-plane electric dipoles and in-plane magnetic
diploes produced by a bianisotropic C-aperture metasurface, in this work, it is
shown that evanescent waves can be effectively molded. More specifically, it
is demonstrated that the phase, polarization state or beam profile of the
emission from evanescent waves can be controlled via the orientation of
C-aperture nanostructures. The work opens a new avenue for metasurfaces to
work in the critical near-field region to efficiently harness evanescent waves,
and promises many potential applications, including on-chip free-electron
light sources, tabletop particle detectors and near-field energy harvesting.

1. Introduction

In electromagnetics, evanescent waves are oscillating fields with
energy spatially concentrated in the vicinity of an object. The ex-
istence of evanescent waves is general, ranging from the non-
radiative emission of a point source, to total internal reflection
at the interface between two media, and to optical surface waves
such as surface plasmon/phonon polaritons. Arising from the
spatial confinement, the amplitude of the local electric field or
the local density of photonic states of an evanescent wave can
be substantially enhanced. Owing to these unique properties,
evanescent waves have been used in a wide range of areas, includ-
ing optical trapping[1,2] and cooling,[3] biochemical sensing,[4]

super-resolution microscopy,[5] subwavelength optical circuits,[6]

as well as thermal energy extraction.[7]

Evanescent waves are also critically important in electron-
induced emission. It is known that when the speed of a moving
charged particle, such as an electron, is smaller than the phase ve-
locity of light in the surrounding medium, the electromagnetic
field produced by the charged particle is evanescent. Periodic
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gratings can be used to couple the near-
field energy into the far field. This is the
so-called Smith–Purcell emission.[8] In
contrast, Cherenkov radiation, which is a
direct emission to the far field, takes place
when the speed of a moving particle ex-
ceeds the phase velocity of light.[9] There
is a rapidly growing interest in novel light
sources based on electron-induced emis-
sion, because they exhibit many special
characteristics, such as high intensity
and broad operating bandwidth.[10–13]

Rationally designed structures, such
as photonic crystals, metamaterials
and plasmonic nanostructures, offer
unprecedented means to tailor electron-
photon interactions and hence control
the electron-induced emission.[14–31]

In spite of these exciting development, so far, few works
have discussed the phase, polarization and beam profile con-
trol of electron-induced emission,[32] which are essential for
tunable, on-chip, free-electron-driven light sources without
additional bulky optical components.
Recognizing the universal characteristics of the evanescent

wave associated with photons and moving charged particles, in
this paper, we experimentally demonstrate an effective means to
control the re-radiation of evanescent waves based on designer
metasurfaces. Over the past several years, metasurfaces have
shown remarkable capabilities and degrees of freedom to tailor
the phase, amplitude and polarization of light.[33–48] Nevertheless,
most of the reported metasurfaces focused on the manipulation
of propagating light waves in free-space. It is equally important to
harness evanescent waves, since they are inherently compatible
with integrated photonics given their nature of subwavelength
confinement. Indeed, some efforts have been devoted to manip-
ulating surface plasmons[49–54] by designing an array of in-plane
electric dipoles with proper spatial arrangements and relative
phase differences. However, the aspect of converting the near
field to far field beyond the electric dipole approximation has not
been addressed. Bianisotropic structures,[32,55] which support
both electric and magnetic resonances, could provide a useful
approach in this regard as we will show in the present work.
As an important step towards harnessing evanescent waves

and converting them to the far field with desired properties,
here we use Smith–Purcell emission as an example and demon-
strate an all-optical platform that both the spectral and angular
responses of the Smith–Purcell emission can be manipulated by
a C-aperture metasurface. We can control the phase of the emis-
sion from evanescent waves through engineering the electric
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Figure 1. Schematic of harnessing evanescent waves by metasurfaces for
controlling Smith–Purcell emission. Electrons (represented by blue dots)
fly closely over the metasurface, which allows the associated evanescent
wave (represented by the green profile) to be efficiently modulated, re-
mitted and focused in free space. The yellow hyperboloid illustrates the fo-
cused Smith–Purcell emission. The phase and polarization of the emission
can be controlled by the orientation arrangement of the C-apertures com-
prising the metasurface. The inset illustrates the produced out-of-plane
electric dipole and in-plane magnetic dipole.

and magnetic dipoles via rotating the C-apertures. Then, exper-
imentally, we use attenuated total reflection (ATR) to generate
evanescent waves to mimic those produced by a swift electron
beam and demonstrate the beam shaping capability of the
C-aperture metasurface at optical frequencies. Moreover, the
polarization states of the Smith–Purcell emission can also be con-
trolled by adjusting the orientation of the C-apertures. Previous
works on manipulating Smith–Purcell emission or converting
evanescent waves into propagatingwaves aremainly based on the
conventional diffraction or scattering process to control the am-
plitude of light waves. In contrast, our work presents the potential
to control the phase, polarization, amplitude and beam profile
of the re-emitted light from evanescent waves, which are very
important for practical devices with high efficiency, compact foot-
print, and multiple functions. Our results not only provide a new
optical platform to imitate and study intriguing electron–matter
interactions, but also promise many potential applications,
including compact and tunable electron-driven light sources,
tabletop particle detectors and near-field energy harvesting.
Figure 1 schematically illustrates our concept of employing

metasurfaces to harness evanescent waves.When electronsmove
closely over a C-aperture metasurface at a speed smaller than the
phase velocity of light, the evanescent waves produced by the elec-
trons can interact with the metasurface. The C-aperture exhibits
strong electric and magnetic dipole resonances, resulting in an
out-of-plane electric dipole p and an in-plane magnetic dipole
m as shown in the inset. When excited by evanescent waves,
these electric and magnetic dipoles cooperate and re-radiate en-
ergy into the far field. Different frommost previous metasurface
work that only utilizes electric dipoles, both electric andmagnetic
dipoles are important in the process studied here. By engineering
the geometry and orientation angle (𝛼) of the C-apertures, we can
control the important characteristics of the emitted light, includ-
ing phase, beam profile, polarization state and wavefront. In our

all-optical analogue experiments, evanescent waves are generated
by ATR to mimic those produced by moving electrons, while the
essential mechanism of the near-field to far-field conversion is
the same.

2. Results and Discussion

To date, most of the metasurfaces for phase control are based on
either the resonance phase provided by an array of different reso-
nant nanoantennas for linearly polarized light, or the geometric
phase via rotating the same building block for circularly polar-
ized light.[34] On the other hand, for resonant nanoantennas, the
required fabrication precision for phase tuning is quite challeng-
ing in the optical region, and their working bandwidth is lim-
ited compared with that based on the geometric phase. To over-
come these challenges, a C-aperture metasurface is proposed,
by which the phase of the re-emitted light from the evanescent
waves can be well controlled via rotating the C-aperture nanos-
tructures. When an electron beam propagates above the meta-
surface, it produces an evanescent wave with transverse mag-
netic (TM) polarization.[32] The magnetic component Hy of the
evanescent wave will excite the in-plane magnetic dipole m1,
which is perpendicular to the symmetry axis of the C-aperture
with a phase retardation 𝜑 with respect to the excitation wave.
Based on the radiation pattern of a magnetic dipole,[56] we can
readily deduce that the component of m1 in the x-direction will
induce the cross-polarized electric field Ey1 in the far field and
Ey1 ∝ Hycos(𝛼)sin(𝛼). Meanwhile, the electric component Ez of
the evanescent wave can excite an out-of-plane electric dipole pz
with a phase difference of 𝛾 relative to the incidentmagnetic com-
ponent. Because of the bianisotropy of the C-aperture, pz will ex-
cite another in-plane magnetic dipole m2, which has the same
direction as m1. Similarly, m2 will induce cross-polarized electric
field Ey2 in the far field and Ey2 ∝ Ezsin(𝛼). The overall electric
field Ey is therefore given by:

Ey = Ey1 + Ey2 = E1 cos (𝛼) sin (𝛼) e
i𝜑 + E2sin (𝛼) e

i(𝜑+𝛾) (1)

Due to the different amplitudes E1,2 and the relative phase differ-
ence 𝛾 , the amplitude and phase of the overall electric field Ey can
be varied by rotating the C-aperture. In particular, we emphasize
that the phase retardation 𝛾 between m1 and m2 is essential for
modulating the phase of the emission, without which the control
over the phase and wavefront for beam shaping would be impos-
sible (see more detailed analyses based on Jones matrix in the
Supporting Information).
Numerical simulations have been performed by using the

particle-in-cell (PIC) solver in commercial software CST Mi-
crowave Studio, in order to investigate the characteristics of the
emitted light arising from the interaction between electrons and
the C-aperture metasurface.[26,57] An electron bunch with energy
of 1 MeV travels 20 nm above the C-aperture metasurface. The
energy of the electrons corresponds to a velocity 𝜈 = 0.94c, here
c denotes the velocity of light in the vacuum. The metasurface is
composed of an array of C-apertures etched through a 100 nm-
thick gold film on a glass substrate. The outer and inner radius of
the C-aperture are 125 nm and 35 nm, respectively, giving rise to
a strong resonance at the wavelength 𝜆 = 1150 nm. The opening
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Figure 2. Numerical simulations of the phase evolution of Smith–Purcell emission modulated by C-aperture metasurfaces. a) Distribution of Ey field
in the x–z plane simulated by the PIC solver. The full map consists of 8 sectors for individual C-apertures in the top inset composing the array (see the
Supporting Information). b) Schematic of the all-optical analogue of Smith–Purcell emission manipulation in an ATR configuration. c) The dependence
of the phase of the cross-polarized emission (Ey) on the rotation angle of C-apertures.

angle of the C-apertures is 120°, and the period in the y-direction
is 450 nm. To obtain Smith–Purcell radiation along the z-axis,
the period in the x-direction is chosen to be 1080 nm.[8] The sim-
ulation results are shown in Figure 2a (see more details in the
Supporting Information). When changing the orientation of the
C-apertures, one can see that the wavefront of the cross-polarized
emission (Ey) has a relative optical path difference up to 𝜆, which
is equivalent to a 2𝜋 phase difference. This result manifests the
feasibility of a complete control over the phase of the Smith–
Purcell emission.
In order to verify the Smith–Purcell emission manipulation in

an all-optical platform, we adopt the ATR configuration as shown
in Figure 2b. The evanescent wave is generated by TM polarized
light that is incident on a prism at an angle of incidence 𝜃 = 45°. It
imitates the TM evanescent wave generated by the electron beam
to induce dipoles on the top surface of themetasurface, which re-
radiate light to the far field (z > 0).[55] Full-wave simulations have
been performed for the ATR configuration using the commercial
software COMSOLMultiphysics. Figure 2c plots the phase of the
cross-polarized emission (Ey) generated by the ATRmethod (blue
circles) when the orientation angle of the C-apertures is varied.

As discussed above, Ey is induced by the projection of the in-plane
magnetic dipole along the x-axis and the sign of this component
will be flipped when the C-aperture rotates across 0° and 180°,
giving rise to a 𝜋-phase jump at the two angles. As a compari-
son, we also plot the phase diagram of the electron-induced emis-
sion simulated by PIC (red crosses). The two simulation results
are in excellent agreement, unambiguously showing the validity
of mimicking Smith–Purcell emission manipulation by the ATR
configuration.
We have designed a metasurface with C-apertures that can si-

multaneously convert evanescence waves to propagating waves
and focus the re-emitted light. This would open up a new
paradigm for highly compact light sources. For a wave propa-
gating along the z-axis, under the paraxial approximation, the
required phase profile to focus it is quadratic, that is, 𝜓 (r) =
−k0r2∕2f , where r =

√
x2 + y2, f is the focal length and k0 is the

wave vector. The phase provided by the metasurface at (x, y) is
thus𝜑m (x, y) = 𝜓(r) − nk0x sin(𝜃), where n= 1.5 is the refractive
index of the glass substrate and 𝜃 = 45° is the angle of incidence.
𝜑m is implemented by varying the orientation of the C-apertures
determined from the phase evolution shown in Figure 2c. The
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Figure 3. Experimental demonstration of phase manipulation and focusing effect by the C-aperture metasurface. a) SEM image of the sample fabricated
by FIB. Scale bar: 5 µm. b) Schematic of optical measurement set-up. c) The images recorded by a CCD camera at the planes of z = 0, 20 and 40 µm,
respectively. The intensity of light in the first two panels are multiplied by 4 for better visualization. Scale bar: 5 µm. d) The focusing image in the y–z
plane.

parameters of the C-apertures are the same as those used in the
numerical simulations and the working wavelength is 1150 nm.
The sample was fabricated by focused ion beam (FIB) milling

through a 100 nm-thick gold film that was deposited with an
e-beam evaporator on a glass substrate. The scanning electron
microscope (SEM) image of the fabricated sample is shown
in Figure 3a. Figure 3b illustrates the optical measurement
set-up, in which the sample was attached to the glass prism with
refractive-index matching oil. A TM-polarized laser beam was
focused and incident on the prism at 45°. The emitted light ma-
nipulated by the C-aperture metasurface was collected by an ob-
jective lens (40X, NA = 0.55, Olympus) and its polarization state
can be analyzed by a polarizer. By adjusting the objective along
the z-axis at a step length of 1 µm, we recorded the cross-sectional
images of the intensity distributions for cross-polarized light via
a CCD camera in the x–y plane at different distances from the
metasurface. Figure 3c presents typical recorded images in the
x–y planes, located at the distances of 0, 20 and 40 µm away from
the metasurface, respectively. From these images, we retrieved
the intensity along the y-axis from the center of the images and
reconstructed the beam profile in the y–z plane as depicted in
Figure 3d. One can clearly observe the focusing effect with a
predesigned focal length of f = 40 µm. These results confirm the
capability of the C-aperture metasurface for the phase manipula-
tion and beam shaping of the re-radiation of evanescent waves.
In the following, wewill demonstrate that the C-aperturemeta-

surface can control the polarization state of the emission as well.
To fully manifest this strategy, the first task is chosen to maxi-
mize the polarization conversion ratio (PCR). For an evanescent
wave polarized in the x-direction, there are two channels to pro-
duce cross-polarized emission (Ey) in the far field as we have dis-
cussed. In order to realize a high polarization conversion ratio,
the C-aperture should be oriented along the y-axis, by which the
in-plane magnetic dipole m can only be excited by the out-of-
plane electric dipole (pz) and oriented along the x-axis, leading

to an emission only polarized along the y-axis (see more detailed
discussions in the Supporting Information).
We have performed full-wave simulations in the same config-

uration as in Figure 2b to investigate the polarization state of the
re-emitted light. The electric field distributions at the wavelength
of 𝜆 = 1150 nm is shown in Figure 4a for two conditions. Each of
themhas two vertical cutting planes intersecting at the center of a
C-aperture resonator to show the snapshots of Ex in the x–z plane
and of Ey in the y–z plane, respectively. The emitted light is purely
x-polarized (Ey ≈ 0) when the C-apertures are oriented along the
x-axis (𝛼 = 0°, left panel), whereas when the C-apertures are ori-
ented along the y-axis (𝛼 = 90°, right panel), the TM evanescent
wave is converted into propagating light with the orthogonal po-
larization state (Ex ≈ 0). These results clearly show that efficient
polarization conversion of the emission can be achieved by vary-
ing the orientation of the C-aperture resonators. To achieve high-
est PCR, the C-aperture should be further rotated to 𝛼 ≈ 100°, so
that Ex approaches to 0 (see details in the Supporting Informa-
tion). In Figure 4b, we plot the simulated spectra of the normal-
ized emission intensity of the two orthogonal polarization states,
and the polarization conversion ratio defined as PCR= Iyx /(Ixx +
Iyx), where Ixx and Iyx are the intensities of re-emitted light polar-
ized along the x- and y-axis, respectively. The PCR can reach al-
most unity around the wavelength of 1100 nm. The experimental
resultsmeasuredwith the same optical set-up shown in Figure 3b
are depicted in Figure 4c. Due to the imperfect fabrication, the in-
tensity peak of the cross-polarization becomes broader and PCR
does not reach unity (see the Supporting Information). However,
the experimentally achieved PCR is still as high as 0.93, show-
ing a very good polarization conversion with a single layer meta-
surface. These results demonstrate efficient polarization conver-
sion performance over a reasonably broad bandwidth. It is worth
pointing out that the broadband high PCR performance could
be achieved by ametasurface with deep-subwavelength thickness
(see the Supporting Information).
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Figure 4. Demonstration of the polarization control of the emission. a) Electric fields re-emitted by the metasurface composed of the C-apertures with
rotation angle 𝛼 = 0o (left panel) and 𝛼 = 90o (right panel). The simulated b) and experimental c) spectra of the co-polarization (Ixx) and cross-polarization
(Iyx), together with the polarization conversion ratio (PCR). d) The simulated and experimental polarization states of light re-emitted by the C-aperture
metasurface. The inset illustrates the general polarization ellipse.

Furthermore, the direction of the polarization can be well con-
trolled by arranging the orientation of the C-aperture. The total
electric field of the emitted light can be expressed as

E⃗ = E⃗x + E⃗y = Ex cos
(
kz − 𝜔t + 𝜑x

)
x⃗

+Eysin
(
kz − 𝜔t + 𝜑y

)
y⃗ (2)

Generally, there is a phase difference of 𝛿 = 𝜑y − 𝜑x, so that the
emitted light is elliptically polarized as shown in the inset of Fig-
ure 4d, where 𝛽 is the orientation angle and 𝜏 is the ellipticity
angle.[58] Figure 4d compares the numerically simulated and ex-
perimentally extracted dependence of 𝛽 and 𝜏 on the orientation
of the C-aperture metasurface. The ellipticity angle 𝜏 is small in
both experimental and numerical results, revealing the nearly lin-
ear polarization state of the emission from the C-aperture meta-
surface. The orientation angle 𝛽 continuously varies with the rota-
tion of the C-apertures. The slight difference between the rotation
angle 𝛼 of the C-aperture and 𝛽 is caused by the direct transmis-
sion of the co-polarization (Ex) (see the Supporting Information).
In principle, the manipulation of the re-radiation of evanes-

cent waves can be readily achieved over a broad wavelength
range in the visible, infrared and even terahertz region, by
properly designing the metasurface. In addition, the opening
angle and the size of the C-apertures can be involved to re-
alize the potential control of the amplitude together with the
phase and polarization. Based on Babinet’s principle, one can
also use the complementary structure, that is, C-ring metasur-
face, to control evanescent waves with transverse electric (TE)

polarization.[56,59–61] Finally, all-dielectric structures can support
both electric and magnetic resonances with smaller optical
loss than the metallic counterparts,[62,63] which are worth of
investigation for the control of evanescent waves.

3. Conclusion

In conclusion, we have demonstrated a feasible scheme of ma-
nipulating the phase, beam profile and polarization of the re-
radiation of evanescent waves by a bianisotropic C-aperturemeta-
surface. The experiment can be considered as an all-optical ana-
logue of Smith–Purcell emission. The phase of the emission is
determined by the cooperation of a magnetic dipole and an elec-
tric dipole, which are induced via the in-plane magnetic field
and out-of-plane electric field of a TM evanescent wave gener-
ated by the ATR configuration, respectively. The phase of the
emission can be tuned by changing the orientation of the C-
apertures to cover a full range of 2𝜋. This allows us to design
and realize a metasurface lens that can focus the emission at a
prescribed position. In addition, the polarization of the emission
can be continuously changed by rotating the orientation of the
C-apertures. Because the existence of evanescent waves is uni-
versal, our approach could be applied to other systems, such as
photonic waveguide modes and surface plasmon/phonon polari-
tons. We envision that our research findings will substantially
advance integrated photonic and electro-optical devices for var-
ious applications, including on-chip free-electron light sources,
optical imaging and sensing, polarization-sensitive detectors and
near-field energy harvesting.
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