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Subwavelength planar structures can

generate, reshape, and entangle photons
in a compact and stable device.

n the past decade, optical metasurfaces have become
increasingly popular tools for bending, focusing, and other-
wise transforming light. They precisely control light-matter

interactions with subwavelength structures. The planar

surfaces comprise metallic or dielectric optical resonators

that manipulate electromagnetic waves in specialized and novel ways."?

The idea of pairing light scattering with planar optical structures isn't

new: For more than 50 years, researchers have designed diffractive

optical elements that serve as beam shapers, beamsplitters, and diffusers.?

But metasurfaces are more efficient and adaptable than diffractive

components and can provide flexible control of light-matter interactions.

Conventional optical components guide
electromagnetic wavefronts as light prop-
agates in a bulk medium along optical paths
of different lengths. Metasurfaces, on the
other hand, control the phase, amplitude,
and polarization of light waves within a
distance much less than the wavelength.>*
The resulting optical elements and devices
are effectively two-dimensional, offer new
functionalities, and outperform their tradi-
tional bulk counterparts.**

Metasurfaces consist of carefully ar-
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ranged subwavelength unit cells, often
called meta-atoms. The optical response of
a meta-atom depends on its height, width,
material, and other properties. To achieve
the desired functionality in an optical
component, researchers fabricate an array
of meta-atoms whose parameters vary
across the device based on their specific
contribution. Meta-atoms can operate as
subwavelength resonators®” (see box 1), or
they can contribute to effective averaged
parameters.*




Courtesy of Lannon Harley, the Australian National University.
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FIGURE 1. METASURFACES use subwave-
length structures to manipulate light’s
wavefront. They can (a) rotate light’s
polarization, (b) focus light, (c) generate
three-dimensional images, (d) change
light’s orbital angular momentum,

(e) separate light based on polarization,
and more. The ultrathin devices can
replace bulky traditional classical-optics
components.

!

Optical metasurfaces have demonstrated many functional-
ities, such as those depicted in figure 1, and sometimes even
several at once. Many of those applications constitute promis-
ing alternatives to conventional bulky optical elements and
devices. The metasurfaces are ultrathin, lightweight, and ultra-
compact and may overcome some limitations of their tradi-
tional counterparts. Metasurfaces may soon replace bulky
traditional wave plates, vortex converters, lenses, and holo-
grams operating at many frequencies. After successfully using
them in classical-optics applications in the past decade, scien-
tists have recently expanded the use of metasurfaces to the
quantum realm.?

From classical to quantum

In quantum information science and technology, photons are
ideal information carriers. But encoding and transforming in-
formation in them requires new types of optical devices be-
yond classical ones. The flexibility, compactness, and high effi-
ciency of metasurfaces are factors that make them promising
quantum optics candidates.

The quantum states of light needed for quantum technolo-
gies include single photons and entangled photon pairs, among

others. All those states have properties that cannot be de-
scribed by classical theories of light. Free-space quantum optics
components are essential tools to control those states, because
they can readily access multiple intrinsic degrees of freedom,
such as polarization, orbital angular momentum (OAM), and
frequency. So far, most free-space applications rely on bulk op-
tical elements, including beamsplitters, wave plates, and mir-
rors, many of which are designed to be dynamically reconfig-
urable to tune device behavior. Although those platforms have
enabled the demonstration of quantum computation with lin-
ear optics,’ they are challenging to align, bulky, prone to losing
photons, and mechanically unstable, which introduces errors.

Metasurfaces can replace many of those bulky optical ele-
ments in quantum light applications in free space and at the
interface between free space and photonic devices. As a con-
ceptual illustration, figure 2 depicts how a metasurface could
simultaneously transform photons from M input ports and
send them to M transmission outputs. One could encode
quantum information in multiple degrees of freedom: two
degrees of freedom from the polarization, M, degrees of free-
dom from the frequency, M, from the OAM, and M from the
different spatial paths. For an input N-photon quantum state,

Resonances substantially enhance the
electric and magnetic fields, which is an
important requirement for many func-
tionalities. Several physical mechanisms
are responsible for the field enhance-
ment and mode engineering in meta-
surfaces, including local resonances, such
as surface plasmon resonances; Mie res-
onances of individual nanoparticles; and
collective resonances, such as guided-
mode resonances and bound states in
the continuum (BICs). For quantum ap-
plications, Mie resonances and BICs are
particularly important.

Mie resonances are associated tra-
ditionally with the exact solutions to
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Maxwell’s equations for the scattering
of electromagnetic plane waves by
spherical particles. In a broader con-
text, they explain how high-index di-
electric nanoparticles control light be-
low the free-space diffraction limit,
and recently, they have attracted at-
tention because they can support opti-
cally induced electric and magnetic
resonances of comparable strengths,
which underpin the emerging field of
Mie-tronics.”

BICs are light states that remain lo-
calized despite their energy residing in
the continuous radiation spectrum of
the surrounding propagating modes.

They have attracted considerable inter-
est because they provide a mechanism
for long-term trapping of electromag-
netic energy in open resonators. A true
BIC is a mathematical object with an in-
finite quality factor Q, which is defined
as the ratio of the resonance frequency
to its spectral width. In practice, a BIC can
be realized as a quasi-BIC—produced
by what's known as a supercavity
mode—where both the Q factor and
the resonance width are finite. High-Q
quasi-BIC modes enable light localiza-
tion in conventional photonic struc-
tures, such as nanoantennas, coupled
optical waveguides, and metasurfaces.
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FIGURE 2. IN QUANTUM OPTICS, information can be encoded in light's polarization (horizontal H or vertical V), frequency w, orbital angular
momentum (given by quantum number /), and other properties. A metasurface can transform that information as it transmits photons
from Minput ports in state ¢,, to M output ports in state .. Those outputs can then lead to other optical elements, such as single-photon
sensitive cameras, additional metasurfaces, and integrated photonic circuits or fiber interfaces, depending on the application.

the total number of degrees of freedom scales exponentially
with N as (2 x M, x My x M)N. The metasurface transforms an
input state into a wide range of output states. Although the
simplest metasurface designs offer static transformations, ap-
plying electric fields and many other emerging methods can
dynamically tune the metasurface to make the transformations
reconfigurable.

The metasurface’s outputs can be used for quantum imag-
ing, for example, which aims to improve imaging resolution,
signal-to-noise ratio, and spectral range through clever appli-
cations of quantum entanglement. Cameras with single-photon
sensitivity, such as single-photon avalanche photodiode image
sensors, or arrays of single-photon detectors, such as super-
conducting nanowires, would then precisely measure the pho-
tons. Alternatively, the output could lead to other optical ele-
ments, such as additional metasurfaces or photonic circuits or
fibers.

Many experimental efforts have demonstrated the use of
metasurfaces for quantum state manipulation. One of the early
explorations generated entanglement using the polarization
and OAM of single photons.! In that 2018 work, Mordechai
Segev and Erez Hasman of the Technion-Israel Institute of
Technology and their colleagues directed a beam of linearly
polarized single photons toward a metasurface that converted
them to a superposition of states with OAM quantum number
I = 1 and left-handed circular polarization and with / =-1 and
right-handed circular polarization.

In another work, two of us (Wang and Kivshar) and our col-
leagues designed a metasurface that reconstructs the polariza-
tion states of N photons." The design used one of M potential
spatial input ports and sent the N photons that entered the port
to the M possible output ports. Each output port projected the

photon’s polarization state to a judiciously designed polariza-
tion basis, and a detector was placed at each port. The detectors
collectively measured the probability of N photons arriving at
N ports simultaneously, known as N-photon nonlocal correla-
tions. By repeatedly measuring the correlations between the
measurements at the output ports, we reconstructed the den-
sity matrix of the N-photon polarization state—in our case, up
to N = 2—which contains information about amplitude, phase,
quantum entanglement, and coherence. The metasurface-based
approach is scalable because the required number of output
ports scales linearly with the photon number. What's more,
fabrication imperfections can be accounted for with a one-time
calibration measurement.

Metasurfaces are also particularly suitable for achieving
nonunitary transformations —that is, state evolution that doesn’t
conserve energy. Such transformations can provide novel re-
gimes for photon-state manipulation. For example, Xiang Zhang
of the University of California, Berkeley, and his colleagues
demonstrated that a nonunitary metasurface can tune the in-
terference behavior between two photons.’? The metasurface
served as a beamsplitter with two spatial input ports and two
spatial output ports, but it had an anisotropic phase response,
a phenomenon that is responsible for the nontrivial losses be-
hind the nonunitary response. By rotating the metasurface,
Zhang and his team continuously tuned the photon interfer-
ence between bosonic behavior, where the photons coalesced,
and fermionic behavior, where they remained separate.

Andrey Sukhorukov’s group at the Australian National
University designed and realized a metasurface that performed
nonunitary transformations to change the polarization states
and degree of entanglement of two photons.” The nonunitary
metasurface was made of silicon patterned with alternating
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Single photons and photon pairs are
the simplest quantum light states
available in the lab. Single photons
(see panel a) are emitted by atoms
or their solid-state analogues—
quantum dots, organic molecules
embedded in crystals, or color cen-
ters in diamond—as they sponta-
neously transition from an excited
state (e) to a ground state (g). They
typically get into that excited state
through a stimulated transition: a
pump photon of energy hv (blue ar-
row) followed by a relaxation to level
e (black arrow). Then they sponta-
neously transition down (green ar-
row). Classical optics cannot explain
such spontaneous transitions; their de-
scription requires a quantized field. A
simple explanation is that the transitions
are stimulated by the vacuum field. Al-
though normally the vacuum field popu-
lates all radiation modes uniformly, it can
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be enhanced for certain modes—here,
at the frequency v,—because of an opti-
cal cavity or a resonance. That enhanced
vacuum field, in turn, enhances the
spontaneous emission.

Photon pairs are most easily ob-

Idler

Signal

tained through nonlinear optical
processes, the simplest one being
spontaneous parametric down-
conversion, shown in panel b. In
SPDC, a pump photon splits into
two daughter photons, called a
signal and an idler. The process is
similar to the spontaneous emis-
sion of single photons: A pump
photon (blue arrow) excites the
nonlinear material to a temporary
virtual state, and then the sponta-
neous transition returns the system
to the ground state. That transition,
which is mediated by the materi-
al’s second-order susceptibility, pro-
duces a pair of photons (red and or-
ange arrows). Similar to a single-photon
transition, an enhanced vacuum field
caused by a resonance—in this case, at
one or both of the frequencies v, or v,—
increases the probability of a two-photon
transition.

rectangular cuboids such that the diffractive loss depended on
the input polarization state. Such a nonunitary metasurface
can transform the polarization of a pair of photons in the same
path from any arbitrary initial states to any desired final
states.

Generating quantum light

Replacing bulk linear optical elements with metasurfaces is not
enough to implement quantum technologies on ultrathin plat-
forms. Those platforms must also generate quantum states of
light. The resonances in metasurfaces, explained in box 1, are
essential for that task.

Resonances act not only on incident light; they can also en-
hance the efficiency of spontaneous light emission. The enhance-
ment is best understood in terms of vacuum fluctuations —the
tiny and transient electromagnetic fields that inevitably fill
space even at zero temperature. In a meta-atom, resonances
increase the vacuum fluctuations at certain frequencies and
decrease them in the rest of the spectrum, similar to the Purcell
effect in optical cavities. The resonances boost the spontaneous
emission of single photons and photon pairs, as explained in
box 2. Moreover, they shape the spectrum and direction of the
emitted light.

That enhanced spontaneous emission is, for a few reasons,
particularly useful in conjunction with quantum dots and other
sources of single photons. First, most single-photon sources
have insufficient photon-emission rates for many practical ap-
plications. Second, they typically emit photons in a broad range
of directions, which makes the radiation hard to collect. Finally,
in most cases, the sources emit a broad spectrum of light, in
which individual photons remain distinguishable and thus not

42 PHYSICS TODAY | AUGUST 2022

suitable for quantum technologies. All those problems can be
solved by embedding single-photon emitters into resonant
metasurfaces.

Figure 3a shows the effect of a gallium arsenide metasurface
on embedded indium arsenide epitaxial quantum dots." The
metasurface consists of nanoresonators with broken symme-
try: Instead of perfect cubes, each resonator has a corner re-
moved. That broken symmetry leads to a quasi-bound state in
the continuum (BIC) resonance, which is a trapped light state
with a sharp frequency (see box 1). The BIC is at a wavelength
close to 1200 nm with a quality factor Q of about 100—as a
result, within a bandwidth of about 12 nm, the spectral density
of vacuum fluctuations is amplified 100-fold. Accordingly, the
emission of a quantum dot, otherwise broad and not too bright
(the black curve in figure 3a), is enhanced about two orders of
magnitude within a narrow spectral range (blue curve). The
resonance also makes the quantum dot emit preferentially in
the direction normal to the metasurface.

Today, only four years after that original study, more ad-
vanced designs yield quasi-BIC resonances with Q factors as
high as 10%. Those resonances promise further enhancement of
spontaneous emission and further shaping of the emission’s
spectrum and directivity. Metasurfaces can also shape the po-
larization by, for example, making a quantum dot emit differ-
ently polarized photons in different directions—an example of
multifunctional operation.

Photon pairs

Last year one of us (Chekhova), Frank Setzpfandt at the Uni-
versity of Jena, and our research groups used metasurfaces as
sources of entangled photons through a mechanism called
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FIGURE 3. RESONANCES in metasurfaces enhance and shape the emission of quantum light. (a) In a gallium arsenide metasurface,
resonances known as quasi-bound states in the continuum (BICs) sharpen and enhance the emission from an embedded indium arsenide
quantum dot (blue) compared with the quantum-dot emission in a nonstructured GaAs layer (black). (Adapted from ref. 14.) (b) In a lithium
niobate metasurface, the emission of photon pairs by a process known as spontaneous parametric down-conversion is also dramatically
enhanced within a narrow spectral range (red) compared with the emission from a nonstructured lithium niobate layer (gray). (Adapted

from ref. 15.)

spontaneous parametric down-conversion (SPDC), in which a
material is excited by one photon and then emits two photons
to return to the ground state™ (see box 2). In that experiment,
we fabricated a lithium niobate crystal with trapezoid-shaped
single meta-atoms that each had what’s known as a Mie-type
resonance (see box 1). As shown in figure 3b, that resonance at
1591 nm led to an increase in the pair generation rate (solid red
line) by two orders of magnitude within a 15 nm band, com-
pared with the emission from the unstructured layer of the
same material.

As in any nonlinear effect, SPDC in bulk crystals requires
phase matching. In terms of photons, phase matching is
equivalent to momentum conservation: The momentum of the
pump photon is fully passed to the two daughter photons,
called the signal and the idler. Similarly, energy conservation
dictates that the frequency of
the pump photon is equal to the a|
sum of the daughter-photon
frequencies. In thin materials,
such as metasurfaces, energy
conservation is still valid, but
momentum conservation in the
direction normal to the surface
is relaxed. That relaxation fol-
lows from the uncertainty re-
lation; restricting the source
of photon pairs in space al-
lows any value of their total
momentum.'

The result is that thin
sources of SPDC can emit
photons in any direction and
at any wavelength. The gray
profile in figure 3b, for a non-
structured ultrathin layer of
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how broad the SPDC spectrum can be. Structuring the lithium
niobate such that it has a Mie resonance concentrates the vac-
uum fluctuations in a narrow band, so photon pairs are effi-
ciently emitted only when the signal or idler photon is reso-
nant. The strongest enhancement occurs when both signal and
idler photons are at resonance: The red curve shows an en-
hancement of two orders of magnitude in the two-photon emis-
sion rate in a narrow band near the resonance.

The relaxed momentum conservation for SPDC in meta-
surfaces also introduces flexibility in the choice of pump pho-
ton frequency. If the pump photon frequency is not double that
of the resonance, the total energy is split unequally between
the two daughter photons. The signal photon takes the reso-
nance wavelength, and the idler takes the wavelength needed
to conserve energy. Chekhova, Igal Brener of Sandia National
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FIGURE 4. A METALENS ARRAY creates a multipath quantum source. (a) The nonlinear crystal device

produces photon pairs (red) from each circular lens embedded in the beta-barium borate (BBO) crystal.
(b) A pair of neighboring lenses produces four indistinguishable photons, which interfere and therefore
cause a dip in the number of detected photon quadrupoles. (Adapted from ref. 18.)

lithium niobate, illustrates just
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Laboratories, and their research groups recently implemented
such two-color SPDC in a BIC metasurface consisting of broken-
symmetry GaAs resonators, similar to the metasurface that
enhanced quantum-dot emission (shown in figure 3a). In that
work," the signal and idler wavelengths differed by about 50 nm.
They can be separated even more by choosing other pump
photon wavelengths.

Ametasurface can offer multiple channels for SPDC photon-
pair generation and higher-dimensional entanglement. For ex-
ample, Din Ping Tsai of National Taiwan University and his
colleagues implemented a multipath photon-pair source in a
metasurface lens array integrated in a beta-barium borate crys-
tal' (see figure 4a). The 10-by-10 metalens array forms a mul-
tichannel pump that, in turn, generates photon pairs in 100
channels. The researchers demonstrated four-photon and six-
photon generation in which the photons from different lenses
were highly indistinguishable. The dip in the measured four-
photon coincidences at zero delay in photon arrival times
(figure 4b), and similarly for six-photon coincidences, indicates
that the photons have coalesced because of their indistin-
guishability. That metasurface-based quantum photon source
can easily switch between various high-dimensional entangled
quantum states.

Metasurfaces produce, route, and manipulate quantum states
of light, which will be useful for free-space quantum com-
munication, quantum information, quantum computation, and
quantum imaging. Their key strength is the simultaneous con-
trol over many parameters of the quantum states. One prom-
ising application is integrating metasurfaces with single-

photon-sensitive cameras as a sort of quantum camera lens.
The metasurface could then transform the light as needed for
fast imaging-based measurements of quantum states. On their
own, metasurfaces may provide a path to numerous applica-
tions, including unbreakable encryption and quantum infor-
mation on a chip.

We thank our many colleagues and students for their collaboration
and discussions. We also acknowledge the support of the US Army
International Office (grant no. FA520921P0034).
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