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Visible-frequency hyperbolic metasurface
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Metamaterials are artificial optical media composed of sub-
wavelength metallic and dielectric building blocks that feature
optical phenomena not present in naturally occurring materials'~".
Although they can serve as the basis for unique optical devices that
mould the flow of light in unconventional ways, three-dimensional
metamaterials suffer from extreme propagation losses®’. Two-
dimensional metamaterials (metasurfaces) such as hyperbolic
metasurfaces for propagating surface plasmon polaritons'®'' have
the potential to alleviate this problem. Because the surface plasmon
polaritons are guided at a metal-dielectric interface (rather than
passing through metallic components), these hyperbolic metasur-
faces have been predicted to suffer much lower propagation loss
while still exhibiting optical phenomena akin to those in three-
dimensional metamaterials. Moreover, because of their planar
nature, these devices enable the construction of integrated meta-
material circuits as well as easy coupling with other optoelectronic
elements. Here we report the experimental realization of a visible-
frequency hyperbolic metasurface using single-crystal silver nano-
structures defined by lithographic and etching techniques.
The resulting devices display the characteristic properties of
metamaterials, such as negative refraction' and diffraction-free
propagation®’, with device performance greatly exceeding those
of previous demonstrations. Moreover, hyperbolic metasurfaces
exhibit strong, dispersion-dependent spin-orbit coupling, enabling
polarization- and wavelength-dependent routeing of surface plas-
mon polaritons and two-dimensional chiral optical components'*">.
These results open the door to realizing integrated optical meta-
circuits, with wide-ranging applications in areas from imaging and
sensing to quantum optics and quantum information science.

Our approach for realizing a visible-frequency hyperbolic metasur-
face (HMS) involves the definition of a nanometre-scale silver/air
grating on a sputter-deposited, single-crystalline silver film by elec-
tron-beam lithography and plasma etching. Unlike focused-ion-beam
milling methods™'?, which produce rough, defect-ridden structures,
this new method produces smooth, high-quality silver nanostructures
with high aspect ratios, critical for the realization of a surface plas-
mon polariton (SPP)-HMS. Figure 1 illustrates the materials and
structures that form the basis for HMSs. As a starting material, we
sputter-deposited a micrometre-thick silver film on a (111)-silicon
substrate at 300°C and at high deposition rate (>1.5 nm s e,
High-resolution transmission electron microscopy (Fig. 1la), X-ray
diffraction, atomic force microscopy, and electron backscatter
diffraction measurements (see Supplementary Figs 1, 2 and 3,
respectively) reveal that these films are single-crystalline and have
root-mean-square roughnesses as low as 300 pm. The ellipsometric
characterization (Supplementary Fig. 4) shows that, over a large
portion of the visible spectrum, the optical loss in our film is much
lower than those reported previously'®” and is comparable to
recently reported silver films prepared by molecular beam epitaxy™.
Unlike the molecular beam epitaxy process*, however, the sputtering
process can rapidly grow single-crystalline films of large thicknesses,

which is crucial for the realization of an HMS because it prevents SPP
absorption by the silicon substrate. From the experimentally mea-
sured dielectric constants, we determine that the SPP propagation
length L, (defined as the length over which the SPP intensity decays
by 1/e) in a silver film exceeds 100 um for far-field wavelengths
A greater than 650 nm (Fig. 1b).

Beyond exceptional optical performance, single-crystalline silver
films offer mechanical and thermodynamic stability, which is crucial
for defining nanoscale features using lithography and etching. We
fabricated the silver/air gratings and light in- and out-coupling struc-
tures (used to convert far-field light into SPPs and vice versa) by first
defining an Al,O; hard mask with electron-beam lithography and then
dry-etching silver with argon plasma (see Supplementary Fig. 6 for
details). After etching, the residual Al,O; mask was removed with
hydrofluoric acid, leaving clean, high-aspect-ratio silver features.
Figure 1d and e show scanning electron microscope (SEM) images
of representative devices (schematically shown in Fig. 1c¢ with silver
ridge height & = 80 nm, width w = 90 nm, and pitch a = 150 nm). The
smooth surface of our devices, coupled with the single-crystalline nat-
ure of silver, minimizes extrinsic optical losses originating from grain
boundaries and surface roughness.

A recent theoretical work'' has predicted that a silver/air grating
with appropriate sub-wavelength feature sizes, such as that shown in
Fig. 1d and e, should exhibit hyperbolic dispersion for propagating
SPPs below a critical wavelength, 2 = Ar (and elliptical dispersion
above it). A simple physical picture provides insight into the transition
from hyperbolic to elliptical dispersion in this structure. At short
wavelengths, the plasmonic modes are tightly confined to the ridges
of the grating, qualitatively similar to the situation in an array of
parallel nanowires that exhibits hyperbolic dispersion*. In the long
wavelength limit, on the other hand, the modes are only weakly con-
fined, and the grating can be considered a perturbation to a flat surface,
resulting in elliptical dispersion (for discussion, see Supplementary
Figs 7 and 8).

To experimentally verify these predictions, we fabricated a series of
devices and tested their optical properties. Figure 2 presents a device,
D1, designed to demonstrate negative refraction of SPPs, a known
property of hyperbolic metamaterials®. This device consists of a
silver/air grating as well as a groove that launches SPPs on flat silver
upon far-field excitation (Fig. 2a). The angle of refraction at the flat
silver/grating interface was determined by collecting scattered light at
the in-coupling structure, the silver-film/grating interface, and the
corresponding out-coupling structure. As is clearly shown in Fig. 2b
and d (see also Supplementary Figs 9 and 10), the behaviour of D1
changes from normal refraction at 4 > 540 nm to negative refraction
at A < 540 nm. We note that Ay, at which the device behaviour
changes from normal to negative refraction (that is, elliptical to hyper-
bolic dispersion), can be tuned by varying the device geometry
(Supplementary Fig. 11a) or by changing the dielectric environment
of silver (for example, by depositing a thin layer of Al,O; on the device;
see Supplementary Fig. 11b).
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Figure 1 | Single-crystalline silver film and fabricated devices. a, High-
resolution transmission electron microscopy image taken down the [211] axis
that demonstrates the single-crystalline nature of the sputter-deposited silver.
The growth direction is from left to right along the [111] direction with the
surface of the silver film shown at the far right of the image. The inset shows the
electron diffraction pattern. b, SPP propagation length L, on a silver film
derived from measured real and imaginary parts of the dielectric constants for

Figure 3 illustrates a second device, D2, with At = 560 nm, which
exhibits another remarkable phenomenon: diffraction-free propaga-
tion. At Ay, the flat dispersion curve implies that all SPPs propagate
parallel to the silver ridges'" (Fig. 4b, Supplementary Fig. 12 and dis-
cussions below) and thus SPPs excited on a single silver ridge remain
primarily confined to the same ridge despite its sub-wavelength width
(~4/6). In device D2, slots defined directly on individual silver ridges
serve as in-coupling structures that convert far-field light to SPPs (or
out-coupling structures that convert SPPs to far-field light); see
Fig. 3a—c. As shown in Fig. 3d, at A = 585 nm, despite being
excited by only one in-coupling structure, SPPs scatter off multiple
out-coupling structures owing to normal, diffractive propagation.
However, at At = 560 nm SPPs primarily scatter off the out-coupling
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100-nm-thick (blue circles) and 1,200-nm-thick (pink circles) sputtered films.
For comparison, propagation lengths calculated using the dielectric

constants reported in refs 18-20 (green line) are also shown (error bars are one
standard deviation from the average value). ¢, Schematic of HMS, with pitch
a, width w and height h. d, A cross-sectional SEM image of a fabricated
device. e, Top-down SEM image of a silver/air grating and out-coupling
structures (top).

structure located on the same ridge as the in-coupling structure
(Fig. 3e), signifying diffraction-free propagation. This diffraction-
free propagation, coupled with suitably designed ‘magnifying’ out-
coupling structures, enables sub-diffraction-resolution imaging
and photon routeing®”’. Figure 3g presents one such demonstration:
at Ar = 560 nm, despite SPPs being launched at two in-coupling
structures separated by a sub-wavelength spacing of 150 nm, SPPs
primarily scatter off the two corresponding out-coupling structures
staggered along the propagation axis.

We next demonstrate a new optical phenomenon supported by the
silver/air grating: the dispersion-dependent plasmonic spin-Hall effect
(PSHE)'>"***** a plasmonic analogue of the electronic Rashba®
and photonic spin-Hall effects'>*°. In electronic systems, spin-orbit

Figure 2 | Measurement of SPP refraction at a
flat silver/HMS interface. a, An SEM image of a
% device, D1. Far-field light is converted to SPPs in the
silver film via the angled rectangular in-coupling
structure at the top of the image. The excitation laser
% is unpolarized. The SPPs propagate along the silver
film, are refracted at the film-metasurface interface,
i and are then scattered into the far field at the out-
coupling structure at the bottom of the image. In
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this device, the height of the silver ridge is 80 nm, the
width is 90 nm, and the pitch is 150 nm. b, The
angle of refraction 0, as a function of wavelength,
with elliptical (red-shaded) and hyperbolic (blue-
shaded) dispersion regimes indicated. The solid line
is the simulated angle of refraction from FDTD
simulations. The input and output angles, 0;, and
Oou are defined in the inset, with the dotted box
indicating the region of the HMS. ¢, The
experimentally measured (blue data points) and
simulated (black line) propagation length L, of
SPPs in the HMS (error bars are one standard
deviation from the average value). d, Images of SPP
refraction at the flat silver/HMS interface. The
dashed boxes indicate the region of the HMS.
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Figure 3 | Observation of diffraction-free SPP

propagation. a, A schematic for SPP diffraction in

a silver/air grating. b, A schematic for diffraction-

free SPP propagation in a silver/air grating. Inaand

b an in-coupling structure defined on a single ridge

(left-hand side) acts as a point source of SPPs. SPPs
scatter off at the out-coupling structures on the
other side that are staggered along the y axis for
magnification. ¢, An SEM image of a device, D2.
The height of the silver ridge is 80 nm, the width is
90 nm, and the pitch is 150 nm. The y-axis distance
between out-coupling structures is 1 pm, thus
providing the magnification of 6.7. d, e, Optical
images of SPPs scattering at the out-coupling slots
(right-hand side) with SPPs excited with
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unpolarized light by a single in-coupling structure
(inset to Fig. 3f) for A = 585 nm (d) and 2. = Ay =
560 nm (e). f, Diagonal cross-sections of optical
image across out-coupling slots at 4 = 560 nm
(blue) and A = 585 nm (black), with the input
position marked in red. The x-axis coordinate of
the cross-section is indicated on the bottom axis.
g, Similar cross-sections obtained when two in-
coupling notches (inset) are used. In f and g, the
out-coupling intensities are normalized such that
the total integrated intensities are equal.
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coupling arises due to the lack of inversion symmetry (for example, in
the presence of an external electric field) and couples the spin of a
charge carrier to its propagation direction. Similarly, in an optical
system with tightly confined optical modes, the light propagation dir-
ection couples to the electric field rotation, leading to the photonic
spin-Hall effect'>*. In the HMS, a PSHE arises from three structural
features of the silver/air grating. First, this structure lacks inversion
symmetry and exhibits high optical anisotropy for SPPs propagating
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parallel and perpendicular to the silver ridges (y- and x-axes, respect-
ively, in Fig. 4a). Second, due to its nanoscale ridged structure, the
HMS can support electric field components perpendicular to the SPP
propagation direction (for example, E, and E, for propagation along y),
and thus SPPs can exhibit circular polarization. Third, the dispersion
of the system is strongly frequency dependent, such that the direction
of the SPP group velocity changes when moving from hyperbolic to
elliptical polarization. Combined together, these three features enable

Figure 4 | The dispersion-dependent plasmonic
spin-Hall effect (PSHE). a, A schematic of the
PSHE. In a silver/air grating, SPPs with different
helicities propagate into distinct spatial directions.
b, Illustration of the origin of the PSHE. Positive k,
corresponds to ¢ (blue shading) and negative k,
to ¢ (magenta shading). The direction of the
group velocity (black arrows) is perpendicular to
the isofrequency contours at a given dispersion
regime: elliptic (red), diffractionless (green), and
hyperbolic (cyan). The allowed k, values extend
from —m/a to +m/a, where a is the pitch of the
silver/air grating. The dotted black line indicates
the free-space isofrequency contour at the same
frequency as the red curve. ¢, An SEM image of a
device, D3, used to examine PSHE with an in-
coupling structure (cyan rectangle), a silver/air
grating (pink rectangle), and out-coupling
cylinders (green rectangle). d, Image of D3 under
unpolarized laser excitation of the in-coupling
structure. The out-coupling region is marked by
the yellow box. e, f, Image from the out-coupling
structures as a function of wavelength collecting
only ¢" (e)and o~ (f) polarized light. From bottom
to top, the wavelength increases from 480 nm to
700 nm in increments of 20 nm. g, h, Light
intensities measured at the out-coupling structures
foro™- (magenta) and ¢ - (blue) polarized light at
A =530 nm (g) and 2 = 640 nm (h).
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the dispersion-dependent PSHE in which the SPP propagation dir-
ection and helicity are linked to each other in a frequency-dependent
manner (Fig. 4). While the PSHE has been experimentally observed in
bulk hyperbolic metamaterials at radio frequencies', it has not prev-
iously been realized experimentally in the visible frequency regime.

Figure 4c shows a device, D3, which demonstrates the PSHE. In this
device, a single circular in-coupling structure near the silver/air grating
scatters unpolarized far-field light to propagating SPP modes, and an
array of vertical silver cylinders on the other side (diameter 140 nm,
height 90 nm) comprises an out-coupling structure that scatters SPPs
back to the far field. These out-coupling structures convert the SPP
polarization into far-field polarization with minimal distortion (see
discussions in Supplementary Fig. 13). As shown in Fig. 4d, when
SPPs are excited by the in-coupling structure, they split into two sepa-
rate (left- and rightward) beams. Polarization-resolved imaging reveals
that these split SPP beams exhibit opposite circular polarizations (one
predominantly (~80%) 0" and the other is ¢~ with ¢ = E, * iE;
Fig. 4g and h). Moreover, this helicity-dependent splitting is strongly
wavelength-dependent (Fig. 4e and f). When the silver/air grating
exhibits an elliptical dispersion (4 > 580 nm), the " (o7 )-polarized
SPPs deflect to the left (right), with the deflection angle decreasing with
decreasing 4. When the silver/air grating enters the hyperbolic regime
(A < 580 nm), this behaviour reverses (similar to the magnetic
field switching sign in the electronic Rashba effect), and the o
(o7 )-polarized SPPs deflect to the right (left). At the diffraction-free
propagation point (A1 = 580 nm), the splitting between ¢* and ¢~
helicities vanishes.

The physical origin of this dispersion-dependent PSHE can be
understood using the isofrequency contour schematically illustrated
in Fig. 4b. In the silver/air grating, the SPP helicities are determined by
the wave vector that characterizes the electric field. The electric field of
an SPP mode is given by E=E,7— (k,/k,)E,z, where k, =i\/k? — k3,
ky=,/k2+ k; is the plasmonic wavenumber in the direction of 7, 7 is
the in-plane direction of k, and ky is the free-space wave number given
by w/c, where c is the speed of light in a vacuum'**’. Because the SPPs
are evanescent perpendicular to the surface, k, is imaginary and the
field rotates along 7. Near the centre of the Brillouin zone (k, = 0), we
have k, = k, = ko, and the SPP wavelength /gpp in our structures is
similar to the far-field wavelength A (Supplementary Fig. 14 and see
discussion below). As k, increases, however, k, continuously increases
due to highly anisotropic dispersion relation, and for k, > ko the
modes become circularly polarized in the x-z plane. Near the edge
of the Brillouin zone, modes of opposite circular polarization hybrid-
ize, and the polarization effects in the x-z plane vanish. These con-
siderations indicate that when projected on the x-z plane, an SPP
mode with k, < 0 (k, > 0) exhibits 6 (¢7) polarization (note that
an SPP with k, = 0 will exhibit electric field rotation in the y-z plane'®).
The direction of SPP propagation is, however, governed by the group
velocity vector that is perpendicular to the isofrequency contour. The
small angular spread of the right- and leftward SPP beams is a con-
sequence of the shape of this isofrequency contour, which reflects
the optical anisotropy of our silver/air grating. As shown in Fig. 4b,
this simple consideration explains our experimental observations.
Specifically, when the device exhibits elliptical dispersion (1 > /1),
the o* (07 )-polarized SPPs deflect to the left (right) because the
leftward (rightward) group velocity vector is associated with k, < 0
(k> 0). In contrast, in the hyperbolic dispersion regime (4 < /A1), the
reverse is true, leading to the switching of the deflection directions for
ol (67 )-polarized SPPs.

A key improvement of our approach is the dramatic reduction in
optical losses in comparison to bulk metamaterials. To directly char-
acterize the optical performance of HMS, we fabricated silver/air grat-
ings of varying lengths with identical light in- and out-coupling
structures, and measured the out-coupled light intensity as a function
of the grating length at the same in-coupling intensity. By fitting the
intensity-length curve by a single exponential at a given 4, we then
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determined Ly, in our devices, ranging from 6 pm at 2 = 490 nm up to
29 pm at 4 = 610 nm (blue stars in Fig. 2¢; for discussion see
Supplementary Fig. 15). These propagation length L, values are one
to two orders of magnitude larger than those reported in bulk visible-
frequency hyperbolic metamaterials™*.

To analyse our observations quantitatively, we carried out detailed
finite-difference time-domain (FDTD) simulations of SPP propaga-
tion in our device geometries (D1 through D3). These FDTD simula-
tions are in good agreement with the experimental observations in
Figs 2-4: negative refraction for 4 < Ar (Fig. 2b, solid line), diffrac-
tion-free propagation at Ar (Supplementary Fig. 12), and the disper-
sion-dependent PSHE (Supplementary Fig. 16). The FDTD
simulations also indicate that the local polarization of the SPP field
reaches 87% for left- and right-propagating circularly polarized
SPPs, larger than experimentally observed values of 80%, due to the
imperfect polarization conversion of our out-coupling structure
(Supplementary Fig. 17). The simulated propagation lengths (black
line in Fig. 2¢; for discussion see Supplementary Information) in the
HMS are ~30% larger than the experimentally determined ones, prob-
ably owing to residual nanoscale roughness introduced during the
fabrication procedure. Owing to increasing SPP confinement, the
sensitivity to surface roughness increases at lower wavelengths, result-
ing in greater scattering losses. Despite these imperfections, the
measured propagation distances indicate that the low-loss, two-
dimensional nature of our devices offers a substantial improvement
over conventional bulk metamaterials in terms of optical loss, thereby
opening the door for a wide array of high-performance plasmonic
nanostructures.

Although our demonstrations focused on one particular family of
metasurfaces, that is, a silver/air grating, the fabrication strategy is
general and compatible with other bottom-up and top-down semi-
conductor and metal processing techniques. Our method thus opens
up the possibility of realizing low-dimensional transformation optics
and metamaterial-based devices*®**. The same method can be used to
generate integrated metamaterial circuits that combine HMSs on-chip
with other optoelectronic and plasmonic devices. The HMSs can
enable quantum optics applications as well. Because of their small mode
volumes and increased plasmonic density of states'®'!, HMSs can be
used for enhancing interactions of SPPs with individual quantum emit-
ters—a new pathway for realizing solid-state quantum nonlinear optical
circuits. Moreover, the frequency-dependent spin-orbit interaction
enables the exploration of a new class of solid-state quantum optical
phenomena that involve chiral optical interfaces with quantum emit-
ters. By extending recent demonstrations involving such interactions
with one-dimensional waveguides'® into two dimensions, this could
enable spin-dependent routeing of single photons as well as non-trivial
topological phenomena that combine spin-orbit interactions with
single photon nonlinearities associated with quantum emitters™.
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