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Hyperbolic Metamaterial Devices for Wavefront
Manipulation

Xiang Yin, Hua Zhu, Huijie Guo, Ming Deng, Tao Xu, Zhijie Gong, Xun Li,
Zhi Hong Hang, Chao Wu, Hongqiang Li, Shuqi Chen, Lei Zhou,* and Lin Chen*

Metasurfaces have shown great potential to reshape the wavefront of
electromagnetic (EM) waves, but transmissive meta-devices face challenges
of low-efficiency and/or fabrication complexities. Here, an alternative
approach to realize high-efficiency transmission-mode meta-devices to control
EM wavefronts, based on hyperbolic metamaterial (HMM) waveguides
supporting tailored spoof surface plasmons (SSPs) on their side walls, is
proposed. By manipulating the dispersions of SSPs through adjusting the
HMM geometrical parameters, the phases of EM waves passing through such
waveguides, which enables the design of meta-devices with desired
transmission-phase profiles for particular wave-manipulation applications,
can be controlled. Microwave experiments are implemented to demonstrate
two wave-control effects based on the mechanism, that is, beam-deflection
and focusing, and a maximum conversion efficiency of 42.9% is achieved for
the anomalous refracted beam. By scaling down the HMM meta-devices, the
proposal herein is applicable to optical frequencies and in principle promises
significantly raised conversion efficiencies. The scheme herein can offer a
higher effective refractive index and more tunable dispersion without using
high-index dielectric materials, and thus can serve as an effective and robust
approach to make high-efficiency transmissive meta-devices with diversified
functionalities.

1. Introduction

Manipulating electromagnetic (EM) waves with controllable am-
plitude, phase, and polarization is always the theme in photon-
ics research.[1–3] Metamaterials have provided an unprecedented
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approach to the extreme control of EM
waves, leading to a variety of intriguing
phenomena and applications that are
unattainable with natural materials such
as negative refraction,[4] super-resolution
imaging,[5] and invisibility cloaking.[6]

As the 2D equivalent of metamaterials,
metasurfaces have shown great promises
to control EM waves by locally modulat-
ing the phase, amplitude and/or polar-
ization of the scattered field.[7–13] Distinct
from traditional photonic devices (e.g.,
lenses) that rely on propagation phases
accumulated inside the device to shape
the wavefront, metasurfaces utilize the
interfacial phase discontinuities intro-
duced by subwavelength-sized planar res-
onators to locally control the amplitude
and phase of scattered waves and thus
to reshape the wavefront of EM waves.
Many fascinating wave-manipulation ef-
fects were discovered based on metasur-
faces, such as light bending,[7,11,13] unidi-
rectional surface plasmon coupling,[8,14]

invisibility cloaks,[6,15] flat lenses,[9,16]

holography,[17,18] and generation of vortex
beam.[7,19]

Transmissive metasurfaces are particularly useful in practice,
but the working efficiencies of single-layer plasmonic metasur-
faces are typically low. For example, a single-layer Pancharatnam–
Berry (PB) metasurface, working for circularly polarized (CP)
light, cannot exhibit an efficiency higher than 25%, due to
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lacking of magnetic responses to match the impedance.[20,21] To
build metasurfaces working for linearly polarized (LP) light, one
needs to choose a collection of meta-atoms with transmission
phases covering the full 2π range. However, a single plasmonic
resonator, nomatter electric ormagnetic, can only shift the phase
of EMwave in the range ofπ . To overcome these issues,Huygens’
surfaces[21–23] and multilayer cascaded metasurfaces[20] were pro-
posed which can exhibit significantly enhanced working efficien-
cies for the transmission mode. More recently, dielectric meta-
surfaces were widely studied since they can further enhance the
working efficiency by eliminating the ohmic losses in plasmonic
systems.[11,13,19,23] However, to construct dielectric metasurfaces
that offer high tranmission as well as full 2π phase coverage, the
used dielectric material should have high effective index and also
should be transparent in the frequency range of interest.[11,24–28]

It would be of great significance if an alternative approach is pro-
posed to make high-efficiency transmissive metasurfaces which
can relax the stringent demanding for high-index materials.
In this paper, we establish an alternative approach to construct

transmissive metasurfaces with high working efficiencies and
broad working bands. Distinct from conventional approaches
based on dielectric and plasmonic metasurfaces, our scheme re-
quires neither high-index materials nor plasmonic resonances.
We have noted in previous studies, the high effective refractive in-
dex in the hyperbolic metamaterial (HMM) waveguide has been
successfully exploited to enable artificial high refractive index
metamaterials,[29] indefinite optical cavities,[30] strong enhance-
ment of spontaneous emission,[31] negative refraction,[32] su-
perlensing effects,[33] wideband photon harvesting/absorbing,[34]

and photonics hypercrystals (PHC).[35–37] Here we show that ar-
tificial waveguides with side walls being HMM can support a
branch of waveguide mode, whose dispersion is fully controlled
by spoof surface plasmons (SSPs) on the HMM surface,[29,30,38–43]

so that the phase and amplitude of EMwave transmitted through
such a waveguide can be freely modulated by adjusting the mi-
crostructures of the HMM. We note a series of studies on us-
ing HMM to further construct PHC, where high k modes are
extensively employed, leading to various unique features such
as enhancing light–matter interaction[35,36] and guiding surface
waves at the dielectric–PHC interface with enhanced propaga-
tion distance and wave number.[37] Different from the reported
PHCs, the SSP mode here does not originate from the high
k modes in the HMM, and its propagation direction is nor-
mal to the metal–dielectric multilayer, rather than parallel to the
metal surface. We can thus use such waveguides as a building
block (meta-atom) to construct transmissive metasurfaces with
desired functionalities by tailoring the phases of locally trans-
mitted waves through adjusting the HMM structures. As an il-
lustration of our general concept, we design and fabricate two
functional devices and then perform microwave experiments to
demonstrate their beam-bending or beam-focusing functionali-
ties for LP and CP EM waves, respectively, where the experimen-
tal results are in excellent agreement with the numerical simu-
lations. By scaling down the HMM meta-devices, our proposal
can be extended to operate at optical frequencies and in prin-
ciple promises significantly raised conversion efficiencies, be-
ing comparable to those with dielectric high-aspect-ratio meta-
surfaces recently reported. Benifiting from the great flexibility to
tune the SSP modes by adjusting the structural parameters, the

HMMmeta-devices exhibit the advantages of higher effective re-
fractive indices and more tunable disperison, compared with di-
electric metasurfaces.[11,25,27] The largest aspect ratios for the de-
signed HMM meta-devices are 5.8 in the microwave range and
6.2 in the near infrared range, which is comparable to that of
dieletric metasurfaces.[27,44] Since our scheme do not require any
high-index materials, it thus represents an effective and robust
approach to build high-efficiency wavefront-control transmissive
meta-devices, at frequencies where appropriate high-index ma-
terials are difficult to find. We have noted in a recent study that
the authors have used rigorous treatment of the wave equation,
instead of the ray-optics approximations, to outline the theoret-
ical limitations on working efficiency of passive gradient meta-
surfaces for wave manipulations, especially for large-angle wave
bending applications.[45] They have further shown that, conven-
tional ray-optics approximations are insufficient to design meta-
surfaces for such extreme wave manipulations, and the required
impedance profile needs to include both lossy and gain media
in general to guarantee 100% efficiency even under extreme con-
ditions. Since our metasurfaces are not for very large bending
angles, the issue pointed out in ref.45 is not that severe, and thus
we still used the conventional Huygens’ principle to perform the
designs.

2. Results

2.1. Operating Principle

A typical HMM waveguide comprised of alternating metal–
dielectric multilayer of finite width, W, surrounded with air is
shown in Figure 1a.We are interested in searching for the surface
bounded EM waves, that is, SSPs, at both sides of the HMM-air
interfaces and calculating the dispersion curve (frequency f vs
propagation constant kz along the z-direction). In the microwave
and terahertz domain, the metal can be treated as perfect elec-
tric conductor. By using a modal expansion method to write out
the components of the EM fields in each region and then com-
bining the boundary conditions that Ez and Hy are continuous at
the HMM–air interfaces, the dispersion relations of the surface
bounded waves can be expressed as (see Note 1A, Supporting In-
formation, for more details regarding the derivation process)

⎧⎨
⎩

√
k2z − k20 = −k0S20 cot(ndk0W/2)/nd , odd modes√
k2z − k20 = k0S20 tan(ndk0W/2)/nd , even modes

(1)

where k0 is the wavenumber in free space, td and Pz represent
the thicknesses of dielectric layers and the lattice constant along
the z-direction, respectively, nd denotes the refractive index of

the dielectric layers, and S0 =
√

td
Pz

sin(kztd /2)
kztd /2 . The dispersion rela-

tions represented by Equation (1) indicate that the HMM waveg-
uide supports the propagation of plasmon-like modes with the
asymptotes being controlled mainly by W and nd . Figure 1b il-
lustrates that both the dispersion curves for the symmetric and
asymmetric SSP modes deviate significantly from the light line
(black dashed line). The theoretical results are well consistent
with those numerically simulated with an eigenmode solver by a
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Figure 1. Schematic diagram of 1D-HMM waveguide (array) and dispersion curves. a) 1D-HMM waveguide comprised of alternating metal–dielectric
multilayer of finite width, W , surrounded with air. The thicknesses of metal and dielectric layers are represented by tm and td , respectively, and the lattice
constant along the z-direction is denoted as Pz (= tm + td ). The refractive index of the dielectric layer is assumed to be nd = 2.07. b) Dispersion curves
calculated for tm = 0.04 mm, td = 0.2 mm, and W = 6 mm. c) Distributions of the real part of E x of symmetric and asymmetric SSP modes for the
1D-HMM waveguide at f1 = 0.32c/2W and f2 = 0.92c/2W , respectively. d) 1D-HMM waveguide array with the lattice constant along the x-direction
is represented by P . e) Dispersion curves calculated for tm = 0.04 mm, td = 0.2 mm, W = 6 mm, and P = 8 mm. f) Distributions of the real part of
E x of symmetric and asymmetric SSP modes for the 1D-HMM waveguide array at f1 = 0.32c/2W and f2 = 0.92c/2W , respectively. g) Dependence of
the coupling efficiency between the n-order (n = 0, ± 1, ± 2, . . . ) diffraction waves and the guided zero-order eigen mode of the 1D-HMM waveguide
array on W at 12 GHz. h) Theoretical and simulated reflectance and transmittance and i) phase shift versus W at 12 GHz. All the other geometrical
parameters are the same as those in Figure 2. In this work, all the simulations except the dispersion calculations are conducted by the Lumerical FDTD
Solution.

commercial Bandsolve software.[46] In contrast to a conventional
SSP waveguide made by periodic indentation on a flat metallic
surface,[42,43] theHMMwaveguide here provides the extra dimen-
sion of the tunability of SSP dispersion relation by selecting di-
electric material. The electric field diagrams of theoretical calcu-
lation in Figure 1c confirm the presence of the SSPmodes, which
are highly confined at a rather deep subwavelength scale at both
sides of HMM–air interfaces. To periodically arrange the HMM
waveguides in an array shown in Figure 1d, the SSP modes in
adjacent units will interact with each other due to the overlap
of their evanescent fields. Therefore, the modal characteristics
of the SSP modes could be significantly influenced by the cou-
pling strength, depending on the gap separations between the ad-
jacent HMM waveguides. Using the same calculation approach
described above, the dispersion relation for an HMM waveguide

array can be expressed as (see Note 1B, Supporting Information,
for the derivation process)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
k2z − k20 = −k0S20

1− e−
√

k2z−k20 g

1+ e−
√

k2z−k20 g
cot(ndk0W/2)/nd , odd modes

√
k2z − k20 = k0S20

1+ e−
√

k2z−k20 g

1− e−
√

k2z−k20 g
tan(ndk0W/2)/nd , even modes

(2)

in which g is the gap separation between the adjacent HMM
waveguides and P (= g + W) represents the lattice constant
along the x-direction. The calculated dispersion curves (Fig-
ure 1e) and electric field diagrams (Figure 1f) notably reflect the
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coupling effect of the SSP modes between the adjacent HMM
waveguides. The effective refractive index, kz/k0, of the symmet-
rical SSP mode at f1 = 0.32c/2W is increased from 1.21 for the
single waveguide (Figure 1b) to 2.7 for the waveguide array with
the gap separation of 0.25P (Figure 1e). In addition to tuning the
geometrical parameters of the HMM waveguide, a higher effec-
tive refractive index of the SSP mode could be achieved by using
a smaller gap separation to enhance the coupling between the ad-
jacent SSP modes. It should be noted here, despite the great ca-
pability of the asymmetrical SSP mode in tuning the dispersion
relation, it is not suitable for the design of functional devices due
to zero coupling with the incident waves. This is because that, the
filed distributions of the aysmmetric SSP mode and the incident
EM waves is an odd and even functions, respectively, hence their
field overlap is zero[47] (see Note 3, Supporting Information, for
more details). Consequently, the asymmetric SSP mode can not
be directly excited by the normally incident EM waves and is not
applicable for the design of functional devices.
The remaining question after calculating the guided SSP

modes is how to achieve the maximum transmission by control-
ling the coupling efficiency between the incident waves and the
SSP modes. We have developed a rigorous modal theory to es-
timate the complex reflection/transmission coefficients for the
HMM waveguide array (see Note 2, Supporting Information,
for more details). The coupling efficiency between the n-order
diffracted waves in the air and the m-th symmetric mode sup-
ported by the HMM waveguide array, η(n,m), contributes to the
transmission efficiency (Figure 1g). In our case, merely the fun-
damental SSP mode (m = 0) should be taken into account due
to the selected structural parameters for the HMM waveguide
array. Due to the subwavelength spacing between the adjacent
HMMwaveguides the high-order diffractedwaves are evanescent
waves and can not reach the far-field, but their presences are cru-
cial to make the boundary conditions at the air–HMM interface
satisfied, and thus they can indirectly modify the final strength
of the zero-order SSP mode. As a result, the coupling efficiency
between the diffraction waves for all orders and the zero-order
SSP mode should be taken into account when considering the
transmission efficiency (see Note 4, Supporting Information, for
more details regarding the contribution of the diffraction waves
for all orders to the transmission efficiency). For a small value
of W, the coupling efficiency between the zero-order diffraction
waves and the SSPmode, η(0,0), predominantly contributes to the
high transmission efficiency (nearly 100% in Figure 1h). As W
increases, high-order coupling efficiency, η(n,0) (|n| > 0), occurs
and tends to make extra contributions to the transmission effi-
ciency. As a result, it can still keep a high level of transmission
efficiency despite the fact that the contribution from zero-order
coupling efficiency decreases. The proposedHMMmeta-atom fa-
cilitates great flexibility in shifting the phase of EM wave within
the range of 2π with a wide tuning range of W (Figure 1i), but
without the sacrifice of notably reduced transmission efficiency.
Understanding the EM characteristics of an HMM waveg-

uide array above-mentioned helps us design a transmissive wave-
front manipulation device. It should be emphasized here, the
phase control with the HMM waveguide array can be fulfilled
over a wide range of frequencies throughout the visible, near-
infrared,mid-infrared, terahertz, andmicrowave spectral regions
by freely tuning the geometry defining the multilayer.[48,49] Here

as an example, we have chosen the microwave regime to inves-
tigate the modal dispersions for the three HMM waveguide ar-
rays (Figure 2a–c) as Cu and FR4 are taken as the metal and di-
electric layers. One can see from Figure 2d that there exists a
significant difference of the propagation constant for different
widths of the 1D-HMM waveguide (Figure 2a), apparently in-
dicating that arbitrary phase shift could be introduced for lin-
early polarized EM waves by arranging varied width along the
x-direction. An array of squared-shaped HMM (SHMM) waveg-
uides (Figure 2b) offers the capability of guiding SSPs at both
sides of the HMM–air interfaces along x- and y-polarization di-
rections simultaneously, and hence could impart arbitrary phase
shift for linearly polarized EM waves by varying the HMM
width as well (Figure 2e). What makes the SHMM differ from
the 1D-HMM is that the phase retardation offered by the for-
mer is polarization-independent, whereas that by the latter is
polarization-dependent. This implies that the 1D-HMM waveg-
uide arrays apply to the design of polarization-dependent wave-
front devices, while the SHMMwaveguide arrays are suitably de-
signed for polarization-independent wavefront devices. However,
a SHMM waveguide array fails to introduce phase difference for
the two orthogonal polarization directions due to the equivalent
SSP modes along x- and y-polarizations. An array of rectangle-
shaped HMM (RHMM) waveguides (Figure 2c) can address this
issue since the SSP modes are guided along the two orthogonal
polarization directions with different propagation constants. As-
suming the RHMMwaveguide array, rotated by α with respect to
x-axis, is illuminated with a beam of CP EM wave, the transmit-
ted electric field can be written as

Et = 1
2
(tx + ty )�eco + 1

2
(tx − ty )eσ j2α�ecross (3)

where the first term corresponds to the co-polarized EM waves,
and the second term is associated with the cross-polarized EM
waves that carries a PB phase, tx (ty ) represents the complex trans-
mission coefficient for x(y)-polarized incidence, �eco and �ecross are
the CP-based vectors for the co- and cross-polarized EMwaves, re-
spectively, and σ = ±1 denotes the incident EM waves with right
circular polarization (RCP), and left circular polarization (LCP),
respectively. On the basis of Equation (3), a complete polariza-
tion conversion for the CP EM waves occurs as tx = −ty , which
basically ensures the RHMM waveguide array serves as a half-
wave plate. Meanwhile, the cross-polarized EM wave carries a PB
phase, 2σα, that is twice of the rotation angle. Consequently, we
are able to introduce arbitrary phase distributions for the CP EM
waves by arranging the RHMMwaveguide array with the rotation
angle successively varied along x-axis.
Figure 3 schematically illustrates the wavefront shaping struc-

tures as beam deflectors and focusing lens with theHMMwaveg-
uides. To construct a beam deflector, phase shifts covering 0–2π
range are required to provide full control of the wavefront. Be-
sides, a super cell of the HMM waveguides should be designed
to enable the phase shift, ϕd (x), and location, x, to satisfy the fol-
lowing equation:

ϕd (x) = ϕ0d + 2π
Lx

x (4)
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Figure 2. Schematic diagram of three kinds of HMM waveguide arrays and dispersion curves. Side views for a) 1D-HMM waveguide array, b) square
HMM (SHMM) waveguide array, and c) rectangular HMM (RHMM) waveguide array rotated by α with respect to x-axis. d) The dispersion relations for
x-polarization calculated for P = 8 mm, tm = 0.04 mm, and td = 0.2 mm with different 1D-HMMwidths. e) The dispersion relations for x(y)-polarization
calculated for P = 11 mm, tm = 0.068 mm, and td = 0.4 mm with different SHMM widths. f) The dispersion relations for x- and y-polarizations with P
= 13 mm, Wx = 6 mm, Wy = 9 mm, and Pz = 0.538 mm ( tm = 0.068 mm, td = 0.47 mm) for the RHMM waveguide array. Cu and FR4 are selected as
the metal and dielectric layers, respectively, with the conductivity of Cu 5.8 × 107 s m−1, and the relative permittivity and loss tangent of FR4 equal to
4.3, and 0.025 within the frequency range considered.

where Lx is the lattice constant of a super cell along the
x-direction, and ϕ0d is the phase shift of the first subunit in a
super cell. This equation applies to the design of beam deflectors
working both for linear (Figure 3a,b), and circular polarizations
(Figure 3d). As for the focusing lens for linear (Figure 3c) and
circular (Figure 3e) polarizations, the spatial phase distribution
along the x-direction should abide by a hyperboloidal profile as

ϕ f (x) = ϕ0 f + k0( f −
√
x2 + f 2)+ 2mπ (5)

Here, ϕ0 f is the initial phase shift at the center of the focus-
ing lens (x = 0), f represents the focusing length, and m is the
arbitrary integer.

2.2. Design, Fabrication, and Measurement of Beam Deflectors
and Lenses

The above-mentioned concept of using HMM meta-devices for
diverse control of EM wavefront can be realized in any frequency
regime, owing to the great flexibility in the design of the HMM
waveguide arrays over the entire spectral regime. Here we choose
to design and realize beamdeflectors and lenses at themicrowave
frequencies, and verify their performance with simulations and
a proof-of-concept experiment. Choosing the working frequency
for the designed structures, we have successfully designed and
fabricated five samples to enable those practical functionalities

presented in Figure 3. The detailed sample fabrication can be
found in Note 6, Supporting Information.
Figure 4a shows the fabricated 1D-HMM waveguide array

with Lx = 80 mm for linearly polarization-dependent beam
deflecting. The width of the individual HMM waveguide in
a super cell is presented in Figure 4b, in which their phase
distributions cover 0–2π with a constant step of π/5 and comply
with Equation (4) (Figure 4c). It should be noted here, the width
for the first HMM waveguide is set to zero so as to enable zero
phase shift. In the following work, a HMM waveguide with zero
width is used for the design when zero phase shift is required.
Meanwhile, the transmission amplitude is kept high and almost
uniform. All these conditions ensure the formation of new
wavefront for an incoming x-polarized plane-wave with normal
incidence (The detailed near-field scanning experiments can be
retrieved to Note 6, Supporting Information, and the simulated
and measured near-field electric field distributions of Ex are
shown inNote 7, Supporting Information). The far-field intensity
distributions from the simulation (Figure 4d) agree well with the
measurement (Figure 4e), and both of them validate that nearly
all the transmitted EM waves are refracted along the anomalous
angle of 18.2°, predicted by general Snell’s law[7] (The detailed
far-field measurement and experimental setup are presented in
Note 6, Supporting Information). The conversion efficiency, the
ratio of the energy converted into the anomalous component to
the total energy of the incident EM waves, reaches 43.5% in the
measurement, agreeing well with the simulated value of 44.2%.
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Figure 3. HMM waveguide arrays as beam deflectors and focusing lens. a) 1D-HMM waveguide array for polarization-dependent beam deflection.
SHMM waveguide array for polarization-independent beam b) deflecting and c) focusing. RHMM waveguide array for circularly polarized beam d)
deflecting and e) focusing. All the designed and fabricated samples are sited on an FR4 substrate.

Additionally, the measured diffraction efficiency, the ratio of
anomalous transmitted energy to the total transmitted energy,
is found as high as 82%, associated with the simulation value of
85%. It is worth noting here that no transmission is detected as
the EM waves are totally reflected by the HMM waveguide array
with y-polarized incidence (not shown here).
The SHMMwaveguide array (Figure 4f) can be used to address

the polarization-dependent issue faced by the 1D-HMM waveg-
uide array. The detailed information for the optimization of the
geometrical parameters of the SHMM waveguide array can be
retrieved to Note 8, Supporting Information. Figure 4g,h present
that the designed phase distributions cover full 0–2π range, and
have the linear phase-gradient of π/3, required by Equation (4).
Meanwhile, the high transmission amplitude by each SHMM
waveguide is highly expected to deflect the EM waves along the
anomalous angle with high efficiency. The far-field intensity dis-
tributions from both the simulation (Figure 4i,j) and measure-
ment (Figure 4k,l) indicate that the anomalous angle is equivalent
for x- and y-polarization incidences, and is well consistent with
that retrieved by general Snell’s law. The near-field electric field
distributions can be referred to Note 9, Supporting Information.
By arranging the SHMM waveguide arrays along the x-

direction with the transmission-phase distributions following
Equation (5), a focusing lens (Figure 5a) can be designed with-
out polarization-dependence. In the design, the focusing length,
f , is set to be 250mm, corresponding to numerical aperture (NA)

of 0.61, and ϕ0 f is assumed to be π for the purpose of getting an
optimal focusing effect (SeeNote 10, Supporting Information, for
the optimization of ϕ0 f ). Here we have chosen to vary the width
(Figure 5b,c) of the individual SHMM waveguide to provide the
transmission-phase distributions required by Equation (5). It is
observed from the near-field intensity distributions in Figure 5d–
k that, the EM energy gradually converges to a focal plane both for
x- and y-polarizations, and the experimental results are basically
consistent with the simulation results. The estimated focusing
lengths both for x- and y-polarizations are very close to the de-
signed value of 250 mm. It can be inferred from the simulation
and the measurement that the focusing spot size, defined as the
full width at half maximum (FWHM) of the intensity distribu-
tions at the focal plane, is comparable to half of wavelength.
As has been discussed in the above section, the RHMM

waveguide array can be designed to work as a half-wave plate.
Further arrangement of the RHMM waveguide arrays with suc-
cessive rotation angle can provide arbitrary phase distributions at
the interface, hence enables reconstructing wavefront for CP EM
waves. A fabricated RHMMwaveguide array for beam deflection
of the CP EM waves is shown in Figure 6a. The optimization of
the geometrical parameters of the RHMM waveguide array as
a half-wave plate is presented in detail in Note 11, Supporting
Information. By adopting nine RHMM waveguides in a super
cell and continuously rotating them with a constant step of π/9,
the phase shifts satisfy the condition for beam deflecting by
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Figure 4. Beam deflectors for linearly polarized EM waves. a) The fabricated sample of the 1D-HMMwaveguide array with an area of 248 mm× 300 mm
and a height of 11.5 mm. b) The designed width, W , of each subunit within a super cell. c) The distributions of the transmission amplitude and phase
shift of each subunit within a super cell at 12 GHz. The solid line is retrieved by Equation (4). The d) simulated and e) measured far-field electric field
intensity for x-polarized incidence. The lattice constants of a super cell along the x-direction are L x = 10P = 80 mm. f) The fabricated sample of the
SHMMwaveguide array with an area of 330 mm× 308mm, and height of 16.4 mm. g) The designed width, W , of each subunit within a super cell. h) The
distributions of the transmission amplitude and the phase shift of each subunit within a super cell at 8 GHz. The solid line is extracted from Equation
(4). The i,j) simulated and k,l) measured (far-field electric field intensity for i,k) x- , and j,l) y-polarized incidences, respectively. The lattice constants along
the x- and y-directions are L x = 6P = 66 mm and L y (= P ).

providing full 0–2π range and having a linear phase-gradient
(Figure 6b). Meanwhile, the transmission intensity is kept highly
uniform (Figure 6c). We can easily identify from the far-field
intensity distributions (Figure 6d–g) that the transmitted EM
waves are refracted along the designed anomalous angle as 19.7°.
The transmitted EM waves with the RCP and LCP incidences,
respectively, are refracted along left and right sides with respect
to y-z plane due to the opposite sign of their phase gradients
shown in Figure 6b. The simulated and measured near-field
electric field distributions both for the RCP and LCP incidences
can be found in Note 12, Supporting Information.
By successively rotating the RHMM waveguides to make the

phase shifts to comply with Equation (5), a CP EM focusing
lens with NA of 0.55 can be designed and fabricated (Figure 7a).
The required phase profile along the interface with RCP inci-
dence is depicted in Figure 7b. The simulated and measured re-
sults clearly indicate the focusing effect and a significantly en-
hanced field intensity (Figure 7c,e), when normally incident RCP
EM waves illuminate the sample. The simulated focal length

of 220 mm, associated with the measured value of 234 mm, is
smaller than the designed value of 260 mm due to finite-size
effect.[50] Analogous to the previous dual-polarity metalens,[9] the
focusing properties is altered between a convex lens and a con-
cave lens by controlling the helicity of the incident beam. As a
result, the CP EM lens exhibits a diverging effect when the LCP
incident waves are used (See Note 13, Supporting Information,
for the details).

2.3. Discussion

It is important to discuss the factors that affect the device perfor-
mance in terms of conversion efficiency and diffraction efficiency
for anomalous refracted beam. The modal characteristics of the
SSP mode for an HMM waveguide array is highly dependent on
the structural parameters. Actually, the five fabricated samples
are more or less different from the predesigned structures. The
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Figure 5. Focusing lens for linearly polarized EM waves. a) The fabricated sample of SHMM focusing lens with an area of 385 mm × 308 mm and
a height of 16.4 mm. The distributions of the b) designed phase shift and c) waveguide width of each subunit at 8 GHz. The d,e) simulated and h,i)
measured electric field intensity distributions in x-z plane with d,h) x-polarized, and e,i) y-polarized incidences, respectively. The f,g) simulated and j,k)
experimental intensity profiles along the white dotted lines marked in (d),(e), and (h),(i), respectively. All the other parameters are the same as those in
Figure 2.

fabricated HMM waveguide inevitably has to be slightly tapered,
that is, the bottomwidth is a little larger than the top width. How-
ever, such a tapered HMM waveguide array incurs higher propa-
gation loss compared to the designed structure without taper, re-
sulting in a relatively lower conversion efficiency and diffraction
efficiency. For example, the fabricated SHMM waveguide (Fig-
ure 4f) is linearly tapered with the bottom width 0.3 mm wider
than the designed one. As a consequence, the practical diffrac-
tion efficiency and conversion efficiency are reduced to be ap-
proximately 79.4%, 42.9% for x-polarized incidence, and 95.8%,
40.2% for y-polarized incidence, where the conversion efficien-
cies are higher than that for a single plasmonic metasurface with
a theoretical limit of 25%. These values are very close to the simu-
lation values by taking account into the taper in the simulations.
It is also worth emphasizing here, to cover the full 2π phase for
beam deflecting, a HMM waveguide with a large width, associ-
ated with a high effective refractive index, is used, which will in-
troduce significant mismatch between the propagation constant
of the HMM waveguide array and the wave number in air (see
Note 5, Supporting Information, for more details). In addition,

to design a practical HMM waveguide array for beam deflecting,
a FR4 substrate is used, which will slightly enhance the reflection
at the HMM–air interface as well. As a result, the transmission
efficiency can be reduced for different HMM waveguides, espe-
cially for the one with a large width (see Note 8, Supporting In-
formation, for the dependence of transmission on the width of
HMM waveguide with the involvement of 2 mm FR4 substrate).
Therefore, the transmission efficiency for an HMM waveguide
array is highly suppressed since a significant portion of EMwaves
will be reflected back into the air at the incidence plane. The sim-
ulation results demonstrate that 42% for x-polarization (41.3%
for y-polarization) and 35.2% for circular polarization of incident
EM waves are, respectively, reflected back into the air for the
SHMM (Figure 4) and RHMM (Figure 6) waveguide arrays for
beam deflection, while merely 3% for x-polarization (1.6% for
y-polarization) and 5.8% for circular polarization of incident EM
waves are absorbed by the HMM waveguide arrays accordingly.
We believe, provided the coupling issue solved, the resultant con-
version efficiency can be significantly enhanced, being compa-
rable to that with dielectric metasurfaces.[23,27,28,51] A promising
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Figure 6. Beam deflectors for circularly polarized EM waves. a) The fabricated sample of the RHMMwaveguide array with an area of 351 mm× 351 mm,
and a height of 18.8 mm. A super cell comprised of nine RHMM waveguides with rotation angle step of π/9 (L x = 9P = 117 mm, L y = P = 13 mm).
The cross-polarized phase shift and transmittance under normal incidence of RCP (upper side of (b), and upper side of (c)), and LCP (down side of
(b), and down side of (c)), respectively. In the simulation, the operation frequencies in (b) and (c) are chosen as 7.6 GHz. The d,e) simulated and f,g)
measured far-field electric field intensity profiles for d,f) RCP and e,g) LCP incidences at 7.6 GHz. All the other structural parameters are the same as
those in Figure 2.

Figure 7. Focusing lens for circularly polarized EM waves. a) The fabricated sample of the RHMM focusing lens with an area of 351 mm × 286 mm,
and a height of 18.8 mm. b) The designed phase distributions for RCP incidence at 7.6 GHz. The c) simulated and e) experimental electric field intensity
distributions in x-z plane. The d) simulated and f) experimental intensity profiles along the white dotted lines denoted in (c) and (e), respectively. All the
other parameters are the same as those in Figure 2.

approach to address the coupling issue is to add a tapered HMM
waveguide array to overcome the momentum mismatch at the
incidence plane, which has been exploited for ultra-wideband ab-
sorption with HMM waveguide arrays.[34,48,49] We are currently
exploring some of these avenues.
Although we only show the device performance at one single

frequency for each case in the main text, the operation band-

width of the desired performance (>80% diffraction efficiency
for beam deflecting) reaches a few tenths of 1 GHz (see Note
14, Supporting Information) and can be effectively enlarged if
phase dispersion cancellation technique is used.[52] Besides, the
HMM devices show rather robustness to the incidence angle
since they can maintain a high level of diffraction/conversion
efficiency even if the incidence angle greatly shifts to 20° (see
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Note 15, Supporting Information, for more details). We also em-
phasize that the proposal could be extended to visible, infrared,
and terahertz frequencies by scaling down the multilayer struc-
ture. We have shown in Note 16, Supporting Information, that
the SSP modes can be supported with an HMM waveguide even
in the near-infrared frequency region and the dispersion curve
presents strong resemblance with that of the plasmonic mode in
a metal waveguide of finite width. We note that the HMMwaveg-
uide takes advantage over this traditional plasmonic waveguide
by pulling the dispersion relation further away from the light
line, indicating the method of using the HMM waveguide array
for control of EM waves is rather robust and flexible. The HMM
metasurfaces have been further exploited to demonstrate anoma-
lous refraction and focusing effect at 1550 nm (Notes 17–20,
Supporting Information). We found the designed HMM meta-
surfaces made of silica of low refractive index of 1.45 can raise
the conversion efficiency to 77.9% for the anomalous refracted
beam, due to the significantly suppressed reflection at theHMM–
air interface, while a low device thickness of only about a half
wavelength is used. We believe that it is of great value to ex-
perimentally realize the HMMmeta-devices at high frequencies,
since the conversion efficiencies are comparable to those dielec-
tricmetasurfaces,[44,51,53] while our scheme requires neither high-
index materials. In the optical region, the patterned multilayered
structure can be fabricated by using deposition technique, such
as electron beam evaporation, to precisely grow metal–dielectric
multilayer, followed by focused-ion-beam etching to form the 2D
array[31,54–57] (see Note 21, Supporting Information, for more de-
tails). We have considered the fabrication tolerance introduced
by the experimental fabrication of the SHMM waveguide array,
which shows that the influence of the thickness error (from depo-
sition technique) on the diffraction/conversion efficiency can be
neglected (please see Note 22, Supporting Information, for more
details). The tapered sidewall profiles of the SHMMwaveguides,
originating from etching technique, can slightly deteriorate the
device performances, but the diffraction/conversion efficiency
can still reach as high as 93% (60%), and 96% (57%) for x- and y-
polarized incidences, even if the slant angle is assumed to be 5°,
slightly larger than that used in the metamaterials with Ag/MgF2
multilayered pattern in the near-infrared domain[54] (please see
Note 23, Supporting Information, for more details).

3. Conclusions

We have demonstrated that an HMMwaveguide composed of al-
ternating metal–dielectric multilayers of finite width surrounded
with air can always support the SSP modes at both sides of
HMM–air interfaces, which have strongly similar properties with
the plasmonic mode of a metal surface. The dispersion relation
of the SSP mode can be engineered at will by tuning the geo-
metrical parameters defining theHMM. A newmetasurface plat-
form based on the HMM waveguide array allows the full con-
trol of phase delay of the incident EM waves, which enables us
to reshape the wavefront of the transmitted EM waves in nearly
arbitrary ways. A novel kind of beam deflector and focusing
lens with the HMM waveguides have been designed, fabricated
and measured, demonstrating highly efficient anomalous refrac-
tion and diffraction-limited focusing both for linear and circular

polarizations. The designed, simulated, and measured results
of the anomalous refraction angle are all in very good agree-
ment. Besides, themeasuredmaximum conversion efficiency for
anomalous refracted beam is 42.9% and can be highly expected
to be significantly enhanced if high-efficiency coupling mecha-
nism is introduced. Our results can lead to a variety of applica-
tions, such as polarization and spectral beam splitters, beam de-
flectors, flat lenses, phasemodulators, and so forth.We expect the
presented results could advance a new class of research on EM
functional devices based on the HMMmetasurfaces, particularly
at high frequencies, with the existing fabrication technology.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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2013, 21, 15037.
[33] Z. Jacob, L. V. Alekseyev, E. Narimanov, Opt. Express 2006, 14, 8247.

[34] Y. Cui, K. H. Fung, J. Xu, H. Ma, Y. Jin, S. He, N. X. Fang, Nano Lett.
2012, 12, 1443.

[35] T. Galfsky, J. Gu, E. E. Narimanov, V. M. Menon, Proc. Natl. Acad. Sci.
2017, 114, 5125.

[36] T. Galfsky, Z. Sun, C. R. Considine, C.-T. Chou, W.-C. Ko, Y.-H. Lee, E.
E. Narimanov, V. M. Menon, Nano Lett. 2016, 16, 4940.

[37] E. E. Narimanov, Phys. Rev. X 2014, 4, 041014.
[38] D. R. Smith, J. B. Pendry, M. C. K. Wiltshire, Science 2004, 305, 788.
[39] F. J. Garcia-Vidal, L. Mart́ın-Moreno, J. B. Pendry, J. Opt. A: Pure Appl.

Opt. 2005, 7, S97.
[40] S. A. Maier, S. R. Andrews, L. Mart́ın-Moreno, F. J. Garćıa-Vidal, Phys.
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