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ABSTRACT: Anomalous refraction is a form of extreme
waveform manipulation that can be realized with artificially
structured nanomaterials, such as metamaterials or meta-
surfaces. While this phenomenon has been previously
demonstrated for select input and output angles, its general-
ization to arbitrary angles with high efficiencies remains a
challenge. In this study, we show that periodic dielectric
metasurfaces can support ultra-high-efficiency anomalous
refraction for nearly arbitrary combinations of incident and
outgoing angles (>90% efficiency for angles up to 50°). Both
polarization-dependent and polarization-independent device configurations can be realized, and the achieved metrics exceed the
capabilities of conventional metasurfaces by a large margin. Many of the devices studied here utilize dielectric nanostructures that
support strong near-field optical interactions with neighboring structures and complex optical mode dynamics. We envision that
these concepts can be integrated with practical applications in optical communications, spectroscopy, and laser optics.
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Devices that exhibit anomalous refraction, in which the
angles of an incident and transmitted electromagnetic

wave have opposite signs, are an important subset of wavefront
engineering devices. Scientifically, devices supporting anom-
alous refraction have served as model systems to study the
extent to which nanocomposite materials can manipulate
wavefronts in extreme ways. Technologically, these types of
devices serve as important components in optical communica-
tions,1 laser optics,2 and pulse compression3 systems. In all of
these applications, high efficiency is a strict requirement.
One approach to realizing anomalous refraction is with

nanostructured bulk media. Metamaterials supporting negative
permittivity and permeability at a target wavelength have a
negative index of refraction and can steer light to negative
angles.4,5 Anisotropic hyperbolic metamaterials with a negative
permittivity along one or two geometric axes support
hyperbolic isofrequency contours, which can enable negative
refraction for select device orientations and incident angles.6,7

Photonic crystals consisting solely of dielectrics can also be
configured to support negative refraction.8,9 While these
systems have served as successful proof-of-concept realizations
of anomalous refraction, impedance matching issues and
absorption losses have limited their efficiencies.
A complementary approach is to utilize thin-film diffractive

elements. Early realizations of such devices include the
implementation of conventional transmissive or reflective
diffractive gratings in the Littrow configuration.10,11 Here,
high-efficiency beam steering at modest angles can be obtained,
but the incident and outgoing angles are restricted to be equal

and opposite. More recently, optical metasurfaces have been
developed as a versatile platform for wavefront engineering and
can produce devices supporting generalized laws of refraction,
including anomalous refraction.12−16 This design platform has
since been extended to a broad range of optical technologies
including metalenses,17−20 holograms,21−24 polarizers,25,26

beam splitters,27−29 and beam deflectors.30−35

Initial conceptions of metasurfaces utilize a set of
subwavelength-scale elements, such as nanowaveguides or
nanoresonators, each designed to impart a discrete phase
response to the incident field. When stitched together into
ensembles, these elements cumulatively serve as nanoscale
phased arrays. While this design approach is effective for many
wavefront engineering problems, limitations exist for extreme
beam manipulation, when the differences between the input
and output angles are large.34,36 For example, the deflection
efficiencies of periodic metasurfaces (i.e., metagratings) based
on this phased array method are poor for very wide deflection
angles,27,31,33 due to undesired light coupling into spurious
diffraction orders. Recent theoretical work suggests that these
limitations originate because this design method does not
properly manage the impedance mismatch between the
incident and desired wave fronts, particularly in the limit of
extreme beam manipulation.36,37 As such, dielectric metasurfa-
ces based on the phased array method have yet to produce
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demonstrations of high-efficiency anomalous refraction, and it
remains unclear if or how this phenomenon can be realized.
In this study, we theoretically and experimentally show that

dielectric metagratings can yield ultra-high-efficiency anom-
alous refraction for nearly arbitrary input and output angles.
These devices operate by deflecting a plane wave, incident at a
positive angle, to the −1 diffraction order (Figure 1). High

efficiencies are made possible by nontrivial optical mode
dynamics supported within these devices, which are fine-tuned
through careful specification of their optical mode profiles. As a
demonstration, we examine metagratings comprising poly-
crystalline silicon (poly-Si) ridges that can deflect polarized
near-infrared light to negative angles. We also show that high-
efficiency devices supporting polarization-independent anom-
alous refraction can be realized.
We begin by theoretically examining metagratings consisting

of poly-Si nanoridges that deflect plane waves (λ0 = 840 nm,
TM polarization) to negative angles. To provide a detailed

analysis on a representative model system, we focus on devices
that deflect radiation from an incident angle θin = +20° to an
outgoing angle θout = −40°. Devices based on high-aspect-ratio
silicon nanowaveguides as phased array elements are not
capable of high-efficiency beam deflection for these angles
(Figure S1). While the specific geometries and optical modes in
this analysis are particular to these angles, the observed
requirement of nonintuitive nanoridge layouts and complex
optical dynamics for high-efficiency anomalous refraction is
general and applies to devices supporting other θin’s and θout’s.
For these angles, the period is relatively short (Λ ≈ 1.02λ0 ≈
860 nm), and such devices based on the traditional phased-
array approach support two ridges per period. Thus, for our
starting model system, we adopt a two-ridge design and seek to
optimize its performance.
To search for device configurations with high efficiencies, we

perform a parametric sweep of the ridge thickness, widths w1
and w2 of the two ridges, and S, which is the smaller of the two
distances separating the ridges. The absolute deflection
efficiencies of optimal devices as a function of S are plotted
in Figure 2a. Absolute efficiency is defined as the energy
transmitted to the desired angle divided by the energy of the
incident wave in the substrate. A ridge thickness of 325 nm is
chosen because it produces devices with the highest perform-
ance for the given wavelength and function (Figure S2). In the
regime of wide separation (i.e., S ≈ 300 nm), the deflection
efficiencies are relatively low and are well below 50%. However,
as S approaches 90 nm, the absolute efficiencies increase and
reach maximum values near 96%. The quality of beam
deflection supported by the optimal device with S = 90 nm
can be visualized in an electromagnetic field plot (Figure 2b),
which displays well-defined wavefronts propagating in the
incident and outgoing directions.

Figure 1. Anomalous refraction is achieved with a metagrating by
deflecting an incident plane wave to the −1 diffraction order. The
period of the metagrating, Λ, is set by the incident angle θin, outgoing
angle θout, and free space wavelength λ.

Figure 2. Theoretical analysis of metagratings supporting θin = +20° and θout = −40°. (a) Calculated absolute efficiencies of a metagrating,
comprising two nanoridges per period with optimized ridge widths, as a function of nanoridge spacing S. The incident waves are TM-polarized. The
globally optimized metagrating exhibits absolute efficiencies near 96% (green line). Inset: Schematic of an individual grating period. (b) Field plot of
a plane wave incident on a globally optimized metagrating. (c) Ridge widths w1 and w2 that yield devices with optimal absolute efficiencies, plotted in
(a), for a given S. (d) Far-field profile based on a full-wave simulation of a plane wave incident on an isolated set of optimized coupled nanoridges
(green line in (c)), showing strong light deflection to negative outgoing angles. (e) Top views of the field profiles of the propagating supermodes,
solved for the globally optimized metagrating. The plots each span an individual grating period, and the dashed lines demarcate the boundaries of the
silicon ridges. (f) Contribution of individual modes to deflection efficiency for devices with optimized ridge widths and differing S.
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The combinations of w1 and w2 that yield the optimal
deflection efficiencies in Figure 2a are presented in Figure 2c.
Interestingly, the dimensions of the ridge widths are
consistently similar, and they are unchanged across large
ranges of S values. An analysis of deflectors with fixed ridge
widths and decreasing S (Figure S3) also displays efficiency
trends following those in Figure 2a. These plots indicate that
while slight adjustments to the ridge widths are necessary to
refine device performance, high deflection efficiencies in this
system are principally enabled by optical dynamics sensitive to
near-field coupling between the ridges.
The observed high deflection efficiencies can be traced to the

optical response of isolated coupled ridges, which serve as
nanoscale antennas. To probe this further, we perform full-wave
simulations of a plane wave incident on an individual optimized
antenna with S = 90 nm. The far-field profile of the combined
incident, transmitted, and scattered fields, calculated using a
near-to-far-field transformation,38 is plotted in Figure 2d and
displays a number of interesting features. First, it exhibits a large
lobe at negative angles, indicating that individual antennas can
efficiently deflect radiation to negative angles. Second, it shows
minimal reflection of the incident plane wave at the substrate−
air interface, indicating strong impedance matching by our
antenna at the air−substrate interface. Third, there is strongly
suppressed plane wave transmission to positive angles,
indicating that the antenna supports a scattering profile that
destructively interferes with the transmitted incident field.
To further elucidate the origins of high-efficiency anomalous

refraction, we solve for and visualize the supermodes of
antennas with S = 90 nm arranged in a periodic wavelength-
scale lattice. Since neighboring antennas in this configuration
are widely spaced and experience minimal near-field coupling,
this antenna array study highlights the underlying physical
operation of individual antennas. We set the period to be the
same as in Figure 2b, though our findings generally apply to a
wide range of periods (see Figure S4). The modes of this
antenna array are plotted in Figure 2e. Modes M1 and M2 have
fields that are located principally in the individual ridges and are
not strongly impacted by their close proximity. Modes M3 and
M4, on the other hand, have fields that are spatially distributed
across the antenna and that support strong near-field coupling
between the ridges.
To understand the impact of each mode in the beam

deflection process, we calculate the contribution of individual
modes to the overall deflection efficiency for the optimal S = 90
nm device and also for the range of devices simulated in Figure
2c. For each device geometry, we first assume that the incident

electromagnetic plane wave couples to only M1, and we
calculate the resulting fraction of incident power that deflects to
the desired angle. This value represents the efficiency
contributed by M1. We then include more modes in order of
increasing mode number, Mi, and record the net change in
device efficiency with the addition of each mode. The results
are summarized in Figure 2f and indicate that all the modes
work collectively to realize anomalous refraction. Modes M3
and M4 in particular strongly contribute to beam deflection
efficiency in the globally optimal device configurations, in a
manner that is highly sensitive to S. As such, high-efficiency
beam deflection requires the fine-tuning of near-field optical
coupling between ridges, which is critical to specifying M3 and
M4 and their detailed interactions with M1 and M2. A more
rigorous quantification of these detailed optical dynamics is in
the Supporting Information.
Our observation of directional beam deflection based on

interference between differing optical modes appears related to
other established schemes, such as those utilizing interfering
electric and magnetic dipole modes.39 While there are
qualitative similarities, our system utilizes a larger number of
modes, as well as strong intramode and intermode coupling.33

In this model system, only two coupled nanoridges per
period are required to produce high-efficiency anomalous
refraction. For other incident or outgoing angles, different
numbers of ridges, ridge widths, and spacings may be required.
For example, devices that steer light to smaller angles contain
larger periods and typically require more ridges to efficiently
deflect the incident field. While a parametric sweep can be
performed for each desired optical function to identify suitable
geometric configurations of coupled ridges, the problem quickly
becomes intractable as the number of parameters increases. We
therefore turn to topology optimization, which is an iterative,
computationally efficient mathematical method that can
produce high-performance metasurfaces without prior assump-
tions of their topology or operating mechanisms.27,28,33,40,41

This design method also permits the incorporation of
fabrication constraints, to ensure that the designs are robust
to nanofabrication errors.42 To summarize its use here, we
iteratively evolve a device consisting of a dielectric continuum
with values between εSi and εair to one consisting of only εSi and
εair. Two simulations are performed each iteration, a forward
simulation of a plane wave incident from the substrate based on
our desired input angle and an adjoint simulation of a plane
wave incident from air at our desired outgoing angle (Figure
3a). The electric fields in the device layer are recorded for each
simulation, and they are used to calculate perturbative

Figure 3. Silicon nanoridge-based devices supporting generalized anomalous refraction. (a) Schematics of the forward and adjoint simulations used
in the topology optimization of metagratings. (b, c) Absolute and relative efficiencies of sets of metagratings designed using topology optimization
for (b) TM-incident waves with λ = 840 nm and (c) TE-incident waves with λ = 1440 nm. In both plots, θin = +20° and θout is varied between −10°
and −50°.
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modifications to the dielectric constant at each point in the
device, which combine to increase device efficiency as the
simulation progresses.
The theoretical performances of nanoridge-based devices

that deflect TM-polarized plane waves with θin = +20° and λ0 =
840 nm to differing outgoing angles, designed using topology
optimization, are summarized in Figure 3b. For this plot, we
include both the absolute efficiency as well as the relative
efficiency, which is the energy transmitted to the desired angle
divided by the total transmitted energy. The absolute efficiency
of all the devices is over 90%, and the relative efficiencies are
near unity, indicating that ultra-high-efficiency anomalous
refraction devices for more general input and output angles
can be realized with coupled dielectric ridges. This design
methodology also extends to devices that support high-
efficiency anomalous refraction for TE-polarized plane waves
(Figure 3c), indicating the versatility and broad applicability of
topology optimization to these classes of devices. The number
of ridges for these devices range from two to five (see Table S1
for geometric parameters). In all cases, strong near-field optical

coupling between ridges is observed and the optical dynamics
are complex (see Figure S5 for a rigorous analysis of TM-
polarized θout = −10° device), which is consistent with our
model system from earlier.
To experimentally verify the viability of our designs, we

fabricate and characterize metagratings supporting anomalous
refraction. A more thorough discussion of the experimental
details can be found in ref 27. To summarize, we first grow a
layer of poly-Si via chemical vapor deposition on a silicon
dioxide substrate. The metagrating designs are then patterned
using electron beam lithography and reactive ion etching. To
characterize these devices, we loosely focus a tunable white-
light laser beam on the devices, and we detect the diffracted
beams using a germanium photodetector mounted on a
goniometer. Power measurements of the incident beam
transmitted through air, together with calculated reflectivity
values at the air−substrate interface for the given incidence
angle, are used to calibrate our efficiency values.
Far-field profiles of two devices designed for θin = +20°, one

that deflects TM-polarized waves to θout = −40° and the other

Figure 4. Experimental analysis of nanoridge-based metagratings. (a) Experimentally measured absolute efficiency as a function of output angle, for a
device that deflects an incident TM-polarized plane wave (λ = 840 nm) with θin = +20° to θout = −40°. The device has the same geometric
parameters as the globally optimized device featured in Figure 2. The absolute efficiency is near 90%. Inset: SEM image of a top view of the device.
(b, c) Absolute deflection efficiencies for a range of incident angles and wavelengths, which are (b) experimentally measured from the device in (a),
and (c) theoretically calculated. (d−f) Experimental analysis similar to (a)−(c) for a device that deflects an incident TM-polarized plane wave (λ =
840 nm) with θin = +20° to θout = −10°.

Figure 5. Topology-optimized silicon devices supporting generalized, polarization-independent anomalous refraction. (a, b) Absolute and relative
efficiencies of metagratings designed for (a) θin and θout that have equal magnitude but opposite sign and (b) θin = +20° and θout ranging from −20°
to −80°. The efficiencies in the plots represent averages for TE- and TM-polarized incident waves. Insets: Top view images of individual metagrating
unit cells. (c) Experimental absolute efficiencies of a device designed for θin = +50° and θout = −50°, for differing incident polarizations and
wavelengths. Inset: SEM image of a top view of the device.
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to θout = −10°, are plotted in Figure 4a and d, respectively. The
experimental efficiencies for each device are near or above 90%
and are well within 10% of the theoretical value, indicating that
ultra-high-efficiency devices can be experimentally realized with
proper fabrication processing. Additional measurements are
performed by sweeping the wavelengths and incident angles
around their target parameters, and the resulting efficiency
maps are plotted in Figure 4b and e. These plots demonstrate
good agreement with theoretical values (Figure 4c and f). The
low-angle deflector (Figure 4e) supports high efficiencies over a
large angular bandwidth, in part because for small θout the
orientation of the wavevector of the outgoing plane wave
changes a relatively small amount as θin varies.
High-efficiency polarization-independent devices supporting

anomalous refraction can be realized by applying topology
optimization to fully three-dimensional layouts. These devices
are designed to be 325 nm thick, with a minimum feature size
constraint of 60 nm enforced during the simulation process, to
match our fabrication limitations. The resulting devices
comprise highly complex curvilinear shapes and, in many
cases, utilize strong near-field coupling between neighboring
dielectric structures. Compared to the devices based on ridges
presented earlier, which are designed to operate for a specific
polarization, the additional degrees of freedom in fully three-
dimensional layouts enable polarization-independent operation.
The theoretical performances of devices that deflect unpolar-
ized plane waves with λ0 = 1150 nm to a wide range of θin and
θout are summarized in Figure 5a and b. These devices exhibit
efficient polarization-independent deflection with efficiencies
near or above 90% for angles less than 60°. For θinc = +60° and
θout = −60°, the device demonstrates a polarization-
independent absolute efficiency of 86%, compared to the
single-polarization deflection efficiency of 85% presented in ref
10. Even for deflection configurations as extreme as θinc = +80°
and θout = −80°, absolute efficiencies above 50% can be
obtained.
A representative topology-optimized device made from poly-

Si, with θinc = +50° and θout = −50°, is shown in Figure 5c and
displays a curvilinear spatial profile. Plots of experimental
absolute efficiencies for each polarization as a function of
incident wavelength display high overall efficiencies. For TM-
incident polarized waves, the experimental efficiencies from
1100 to 1180 nm are exceptionally high and are well above
90%. The efficiencies for TE-polarized incident waves are
lower, which is due in part to the relatively high sensitivity of
TE modes to fabrication imperfections, arising from the strong
localization of these modes in silicon. Additional experimental
measurements of this device are in Figure S7.
In summary, we have shown that metagratings can be

designed to support generalized anomalous refraction capa-
bilities with ultrahigh efficiencies. Topology optimization serves
as an effective and computationally efficient design method to
produce these device designs for both polarized and
unpolarized input waves. This work more generally shows
that the performance of dielectric metasurfaces at optical
frequencies can be dramatically enhanced through the
utilization of light−matter interactions that go beyond those
featured in conventional phased array designs. By utilizing
nontrivial optical mode dynamics, which are fine-tuned through
careful specification of their optical mode profiles, new regimes
of device designs can be accessed that push the limits of
extreme wavefront control.
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