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ABSTRACT: The judicious design of the electromagnetic boundary
provides a crucial route to control light−matter interactions, and it is thus
fundamental to basic science and practical applications. General design
approaches rely on the manipulation of bulk properties of the superstrate or
substrate and on the modification of boundary geometries. Due to the
recent advent of metasurfaces and low-dimensional materials, the boundary
can be flexibly featured with a surface conductivity, which can be rather
complex but provide an extra degree of freedom to regulate the propagation
of light. In this Perspective, we denote the boundary with a nonzero surface
conductivity as the meta-boundary. The meta-boundaries are categorized into four types, namely, isotropic, anisotropic, biisotropic,
and bianisotropic meta-boundaries, according to the electromagnetic boundary conditions. Accordingly, the latest developments for
these four kinds of meta-boundaries are reviewed. Finally, an outlook on the research tendency of meta-boundaries is provided,
particularly on the manipulation of light−matter interactions by simultaneously exploiting meta-boundaries and metamaterials.
KEYWORDS: boundary conditions, light−matter interactions, near-field optics, 2D materials, metasurfaces, metamaterials

■ INTRODUCTION
When two different bulk media are stacked together, an
electromagnetic boundary is formed. The electromagnetic
boundary can be exploited to flexibly control the propagation
of light, including its phase, amplitude, polarization, and
direction.1−10 This way, the electromagnetic boundary is
crucial to control light−matter interactions, and its continuing
exploration has led to many exotic phenomena and practical
applications, including negative refraction,11−16 superlens,17,18

cloak,19−24 and DB boundary.19,25,26

Generally, the design of the electromagnetic boundary relies
on changing the geometric shape of the boundary (e.g.,
grating) or on changing the optical properties of bulk media,
which may function as the superstrate or substrate of the
boundary. Thanks to the recent development of metamaterials,
the optical properties of bulk media can be tailored in a desired
manner.27−35 For instance, by following the design method-
ology of metamaterials, the effective optical response of bulk
media can range from being isotropic, anisotropic, and
biisotropic to being bianisotropic,36−39 and is closely related
to Maxwell equations, which are the basis to describe the
light−matter interaction. The Maxwell equations are

H D t J/× = + (1)

E B t/× = (2)

D· = (3)

B 0· = (4)

where J ̅ and ρ represent the electric current density and electric
charge density, respectively; the relations between the electric
field E̅, magnetic field H̅, electric displacement D̅, and magnetic
flux density are described by the constitutive relations. That is,
the constitutive relations serve as the complementary but
important information for Maxwell equations and can well
describe the optical response of bulk media. To be specific, the
constitutive relations for bulk isotropic media40 can be readily
expressed as

D E= · (5)

B H= · (6)

where ε and μ represent the permittivity and permeability,
respectively. Similarly, the constitutive relations for anisotropic
media40 are written as

D E= · (7)

B H= · (8)

where ε ̿ and μ̿ become a tensor (namely, a 3 × 3 matrix). By
contrast, the constitutive relations for biisotropic media40 are
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D E H= · + · (9)

B H E= · + · (10)

where ξ and ζ describe the magnetoelectric coupling. Similarly,
the constitutive relations for bianisotropic media40 can be
expressed as

D E H= · + · (11)

B H E= · + · (12)

where ξ̿ and ζ̿ become to a tensor. The diversity of bulk media
as governed by eqs 5−12 indicates the enormous possibilities
to conceive different types of electromagnetic boundaries.

Apart from changing the optical properties of bulk media,
the electromagnetic boundary itself can be directly tailored due
to the recent advent of metasurfaces41−45 and low-dimensional
materials,46−53 which can be well modeled by an effective two-
dimensional surface without a thickness, but with a nonzero
surface conductivity.54−65 In other words, with the addition of
metasurfaces or low-dimensional materials, the boundary can
be featured with a nonzero surface conductivity. This way, the
judicious design of surface conductivity can provide an extra
degree of freedom to regulate the electromagnetic boundary
conditions and thus the light-matter interaction. For the
simplicity of conceptual illustration in this work, the boundary
without surface conductivities is denoted as the common
boundary; by contrast, the boundary with nonzero surface
conductivities is termed as the meta-boundary; see the
schematic in Figure 1a,b.

Due to the abundance of metasurfaces and low-dimensional
materials, the electromagnetic boundary conditions can have
different mathematical forms. According to these different
forms of electromagnetic boundary conditions, the meta-
boundary in principle can be categorized into four types,
namely isotropic, anisotropic, biisotropic and bianisotropic

meta-boundaries; see the summarization of boundary con-
ditions for meta-boundaries in Figure 1c. Such categorization
for meta-boundaries based on the boundary conditions is
intrinsically analogous to the studies for bulk media, whose
categorization is based on constitutive relations.

To be specific, the boundary conditions for isotropic meta-
boundary are

n E E H H( ) ( )/21 2 m 1 2× = · + (13)

n H H E E( ) ( )/21 2 e 1 2× = · + (14)

where σe and σm stand for the electric and magnetic surface
conductivities, respectively; E̅1 or E̅2 and H̅1 or H̅2 are the
electric and magnetic fields in the superstrate (denoted as
region 1 in Figure 1a,b) or substrate (region 2) very close to
the boundary, respectively; and n̂ is the surface normal.

When the meta-boundary becomes anisotropic, the boun-
dary conditions in eqs 13 and 14 are changed to

n E E H H( ) ( )/21 2 m 1 2× = · + (15)

n H H E E( ) ( )/21 2 e 1 2× = · + (16)

where σ̿e and σ̿m are tensors (namely, a 2 × 2 matrix).
If the meta-boundary is biisotropic, the magnetoelectric

coupling would appear in the boundary conditions. Then the
boundary conditions for biisotropic meta-boundary become to

n E E H H E E( ) ( )/2 ( )/21 2 m 1 2 1 2× = · + + · +
(17)

n H H E E H H( ) ( )/2 ( )/21 2 e 1 2 1 2× = · + + · +
(18)

where the surface conductivities of σξ and σζ represent the
magnetoelectric coupling.

If the meta-boundary is bianisotropic, the general form for
boundary conditions are

n E E H H E E( ) ( )/2 ( )/21 2 m 1 2 1 2× = · + + · +
(19)

n H H E E H H( ) ( )/2 ( )/21 2 e 1 2 1 2× = · + + · +
(20)

where σ̿ξ and σ̿ζ also become tensors.
From eqs 13−20, the meta-boundary provides an exotic way

to tailor the electromagnetic boundary conditions and is thus
of paramount importance for the exploration of novel light−
matter interactions. We then briefly review the recent progress
in the realm of meta-boundaries, followed by a perspective on
their research tendency. Particularly, due to the infinite vitality
of metamaterials and meta-boundaries, the combination of
metamaterials and meta-boundaries is promising to provide a
powerful platform for the arbitrary manipulation of light.

■ ISOTROPIC META-BOUNDARY
As indicated in eqs 13 and 14, the isotropic meta-boundary
requires the emergence of isotropic electric and magnetic
surface conductivities at the boundary. These surface
conductivities are typically constructed, for example, by
exploiting metal-based metasurfaces54−63 in Figure 2a−c, all-
dielectric metasurfaces,66−69 monolayer graphene49,70 in Figure
2d, and the inversion layer at the insulator-semiconductor
interface (which acts as a two-dimensional electron gas and is
similar to the role of graphene).71 Moreover, due to the recent

Figure 1. Meta-boundaries. (a, b) Schematic of meta-boundaries and
common boundaries. (c) Boundary conditions for different types of
meta-boundaries.
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advances in nanofabrication, these surface conductivities based
either on metasurfaces or low-dimensional materials can be
actively tunable.72−79

The elaborate choice of electric and magnetic surface
conductivities at the isotropic meta-boundary enables many
exotic applications, such as the design of Huygens’ surface,80,81

frequency-selective surface,82−84 and high-impedance surface.
With the existence of Huygens’ surface in Figure 2a, the
transmitted light can propagate along a direction, which is not
normal to the meta-boundary, under the normal incidence.81

When considering the frequency dispersion of these surface
conductivities, the isotropic meta-boundary can be transparent
only to light incidence with certain frequencies and functions
as a frequency-selective surface. When integrating the isotropic
meta-boundary with input ports, the isotropic holographic
metasurfaces for dual-functional radiations without mutual
interferences can be obtained,60 as shown in Figure 2b. The
high-impedance surface could be built by artificially engineered
metal-based structures, such as a mushroom-like unit structure
in Figure 2c.54 For high-impedance surfaces, their equivalent
surface conductivity could be obtained by analyzing the
associated Floquet modes.64 For example, if high-impedance
surface is constructed by a mesh of ideally conducting strips,
the effective surface conductivity for TE waves can be modeled
by i c

wD w De
TE 2 1

ln csc( / 2 )0
= ,65 where D is the period of square

unit cell, w is the width of metal strips, η0 is the impedance of
free space, and c is the speed of light in free space. Similarly,
the effective surface conductivity for TM waves can be
c h a r a c t e r i z e d b y

i c
wD w De

TM 2 1
ln csc( / 2 )

1
(1 sin (90 ) / ( 1))0

2
r

= ° +
,65 where θ is

the incident angle and εr is the relative permittivity of the
substrate. In addition, while the Brewster effect40,85−90 for

transverse-electric (TE) waves is believed to exist only in
systems with magnetic responses, the isotropic meta-boundary
with a specific electric surface conductivity can give rise to the
TE Brewster effect in a homogeneous dielectric interface
without magnetic responses.85

The isotropic meta-boundary is also widely used in
controlling the light flow at the subwavelength scale, especially
for the propagation of surface waves. According to the
boundary conditions in eqs 13 and 14, the dispersion for
transverse-magnetic (TM) or TE surface waves supported at
the isotropic meta-boundary can be derived as

k k
TM surface waves: 1

2
1

2
0z ze mi

k
jjjj

y
{
zzzz

i
k
jjjj

y
{
zzzz+ =

(21)

k k
TE surface waves:

2 2
0z ze mi

k
jjjj

y
{
zzzz

i
k
jjjj

y
{
zzzz+ =

(22)

For illustration, here we consider the symmetric structure in
Figure 1a, namely, regions 1 and 2 are the same and have a
permittivity ε and a permeability μ; and kz stands for the
component of the wave vector perpendicular to the meta-
boundary. If the environment is composed of positive-index
materials, namely ε > 0 and u > 0, the emergence of TM
surface waves in isotropic meta-boundaries requires Im(σe) > 0
and Im(σm) < 0 according to eq 21; by contrast, the existence
condition for TE surface waves in isotropic meta-boundaries
becomes to Im(σe) < 0 and Im(σm) > 0 according to eq 22.48

If the isotropic meta-boundary is composed of monolayer
graphene, the spatial confinement of TM graphene plasmons is
generally much better than that of TE graphene plasmons.91−94

For example, the wavelength of TM graphene plasmons
(Figure 2d) can be 2 orders of magnitude smaller than the

Figure 2. Isotropic meta-boundaries. (a) Unit cell for Huygens’ surface, which can be modeled by an electric surface conductivitity and a magnetic
conductivitity; reprinted with permission from ref 81. Copyright 2013 American Physical Society. (b) Holographic metasurfaces for dual-functional
radiations; reprinted with permission from ref 60. Copyright 2016 Wiley. (c) High impedance metasurface with a mushroom-like unit structure;
reprinted with permission from ref 54. Copyright 1999 IEEE. Distributed under a CC BY4.0 license https://creativecommons.org/licenses/by/4.0/
. (d) Near-field excitation of graphene plasmons by depositing a dipole close to the graphene; reprinted with permission from ref 49. Copyright
2011 American Chemical Society.
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wavelength of light in free space, while the wavelength of TE
graphene plasmons is similar to the wavelength of light in free
space. Moreover, due to the low material loss and active
tunability of graphene, there are extensive studies about TM
surface waves in isotropic meta-boundaries with graphene. On
the other hand, how to improve the spatial confinement of TE
surface waves in isotropic meta-boundaries with graphene,
especially in terahertz or infrared regimes, remains a
challenging issue. One way to tackle this issue is to replace
the positive-index environment of the isotropic meta-boundary
with the negative-index environment (which has ε < 0 and u <
0).95 Under this scenario, it is worthy to note that the existence
conditions for both TM and TE surface waves in isotropic
meta-boundaries would be drastically changed, according to
eqs 13-14); see systematic discussions in ref.95

■ ANISOTROPIC META-BOUNDARY
One typical feature of anisotropic meta-boundaries is their
distinct response to TE and TM waves. That is, the anisotropic
meta-boundary is sensitive to the incident polarization of light
and can be exploited to perform many polarization-based

functions, including polarization selectivity, polarization
conversion, and perfect absorption of light with specific
absorption.69,96−104 For example, the application of anisotropic
meta-boundaries can result in the spatial separation of light
with different linear polarizations.98 Utilizing single or multiple
vertically parallel anisotropic meta-boundaries can realize the
conversion between the circularly polarized light (Figure 3a)
and linearly polarized light.104 If the anisotropic meta-
boundary has certain nonlinear effect, the laser-mode locking
can be achieved; that is, only the laser mode with a specific
polarization at the prescribed frequency can be retained in
Figure 3b.105 Figure 3c shows that the anisotropic meta-
boundary plays an important role in spatially molding the
propagation of surface waves.106

Among various anisotropic meta-boundaries, the hyperbolic
meta-boundary is of particular interest, whose corresponding
electric and/or magnetic surface conductivities have σe,xx·σe,yy <
0 and σm,xx·σm,yy < 0, where σ̿e = diag [σe,xx σe,yy] and σ̿m = diag
[σm,xx σm,yy]. One key advantage of hyperbolic meta-boundaries
is their capability to support hyperbolic plasmons (see their
near-field excitation in Figure 3d, for example), whose

Figure 3. Anisotropic meta-boundaries. (a) Conversion between the circularly polarized light and linearly polarized light by using the anisotropic
meta-boundary; reprinted with permission from ref 104. Copyright 2013 American Chemical Society. (b) Plasmonic metasurface with periodically
arranged gold nanorods; reprinted with permission from ref 105. Copyright 2020 Springer Nature. Distributed under a CC BY 4.0 license https://
creativecommons.org/licenses/by/4.0/. (c) Planar hyperlens. The inset shows the isofrequency contours of surface plasmons in the left and right
regions; reprinted with permission from ref 106. Copyright 2016 American Chemical Society. (d) Near-field excitation of surface waves by putting
a dipole close to a hyperbolic metasurface; reprinted with permission from ref 46. Copyright 2018 AAAS. (e) Surface conductivity of hyperbolic
metasurfaces constructed by graphene nanoribbons; reprinted with permission from ref 110. Copyright 2015 American Physical Society. (f)
Monolayer black phosphorus; reprinted with permission from ref 126. Copyright 2014 Springer Nature.
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isofrequency contour is hyperbolic.106−112 Due to the highly
squeezed nature of hyperbolic plasmons in space, hyperbolic
meta-boundaries have been extensively used to manipulate the
flow of nanolight, especially for the realization of propagation
with high directionality. Therefore, the hyperbolic meta-
boundaries enable a variety of optical functions at the deep-
subwavelength scale, such as plasmonic superlens, enhanced
spontaneous emission, and directional guidance at the
nanoscale.113−121 On the other hand, low-dimensional
materials provide an abundant choice for the construction of
hyperbolic meta-boundaries.122−125 For example, hyperbolic
meta-boundaries can be fabricated by patterning isotropic low-
dimensional materials (e.g., nanoribbons arrays of graphene or
hexagonal boron nitride (BN) in Figure 3d,e or by using
naturally anisotropic materials (e.g., doped monolayer black
phosphorus in Figure 3f).46,110,126

■ BIISOTROPIC META-BOUNDARY
Distinct from the isotropic and anisotropic meta-boundaries,
the biisotropic meta-boundary has magnetoelectric cou-
pling,127−136 which is modeled by the magnetoelectric surface
conductivities in eqs 17 and 18. In order to introduce the
magnetoelectric coupling, the electromagnetic boundary
becomes relatively complex in the structural fabrication and
should be carefully designed. The realization of biisotropic
meta-boundaries may require, for example, the usage of single
metasurface with some irregular bulges in Figure 4a or the

vertical stacking of multiple metasurfaces with a special
interlayer twisted angle in Figure 4b.130,131 Moreover, to
ensure the isotropy of magnetoelectric coupling, these
metasurfaces should have a good rotational symmetry. Figure
3c shows that the time-modulated metasurface, which consists
of metallic patches array and parallel capacitor, may provide
another route for the design of biisotropic meta-boundary.132

Meanwhile, the biisotropic boundary can be achieved by

inserting chiral materials (which intrinsically have the isotropic
magnetoelectric coupling) into an ultrathin dielectric slab in
Figure 3d.133 With the help of the biisotropic meta-boundary,
the scattering cross section of certain objects can be reduced
significantly.135 If the biisotropic meta-boundary is spatiotem-
porally modulated, one may further realize the nonreciprocal
transmission of light.132

Despite these recent advances, the fabrication of biisotropic
meta-boundaries still lacks a systematic methodology and
remains a challenge. Accordingly, the biisotropic meta-
boundary has been rarely explored when compared with the
isotropic and anisotropic ones.

■ BIANISOTROPIC META-BOUNDARY
For bianisotropic meta-boundaries, their fabrication137−139 can
be relatively easier when compared with biisotropic meta-
boundariers, since there is no need to keep the isotropy of
magnetoelectric coupling. For instance, the metasurface with
the Omega-type meta-atom, which has strong anisotropic
magnetoelectric coupling and is relatively simple in fabrication
in Figure 5a,140,141 provides a typical route to construct the
bianisotropic meta-boundary. Apart from metal-based meta-
surfaces, the bianisotropic meta-boundary can also be designed
by arrays of all-dielectric cylindrical rods with an irregular hole.
Figure 5b shows that this kind of bianisotropic meta-boundary
can have a large nonlinear effect, which can induce a giant
asymmetric second harmonic generation.137 While bianiso-
tropic metasurfaces provide a versatile platform for the
construction of bianisotorpic meta-boundaries, the calculation
or retrieval of their effective surface conductivity is generally
very complicated. Despite the complexity, the relevant
calculation or retrieval has been extensively investigated142−144

and is, in principle, feasible, for example, by applying the
homogenization model based polarizabilities.145,146 One
advantage of this model is that it offers a straightforward
route to determine what kind of constituents that should be
incorporated into the metasurface in order to obtain the
desired optical response of metasurface.142,146 Another
advantage of this model allows the rigorous engineering of
the whole metasurface through the calculation of the required
polarizabilities of individual inclusions, if each inclusion sits in
free space and does not interact with other inclusions.146

Moreover, recent works show that the twisted bilayer graphene
in Figure 5c can facilitate the design of novel bianisotropic
meta-boundaries, since the twisted bilayer graphene intrinsi-
cally possesses the bianisotropy, which originates from the
interlayer quantum coupling.147−153 Moreover, the bianiso-
tropic meta-boundary assisted by the twisted bilayer graphene
can support the propagation of chiral plasmons, which have
not only the transverse spin but also the longitudinal spin.150

This way, new kinds of spin−orbit interaction of light are
expected in these bianisotropic meta-boundaries but await
further exploration both in theory and experiments.

Despite the complexity of their electromagnetic boundary
conditions in eqs 19 and 20, bianisotropic meta-boundaries
have demonstrated unique applications in the manipulation of
light−matter interactions. For example, bianisotropic meta-
boundaries are capable to realize the complete polarization
conversion during either the reflection or transmission process
in Figure 5d.149,154 With the help of bianisotropic meta-
boundaries, the polarization of free-electron radiation (e.g.,
Smith-Purcell radiation in Figure 5e) can be arbitrarily
designed.45,155−157 In addition, the bianisotropic meta-

Figure 4. Biisotropic meta-boundaries. (a) Pinwheel-like metasurface;
reprinted with permission from ref 130. Copyright 2018 AAAS. (b)
Bilayer biisotropic metasurface; reprinted with permission from ref
131. Copyright 2016 American Physical Society. (c) Time-modulated
metasurface comprised of metallic patches array and parallel
capacitors; reprinted with permission from ref 132. Copyright 2020
American Physical Society. (d) Chiral metasurfaces with their unit cell
constructed by a dielectric nanodisk and a chiral inclusion; reprinted
with permission from ref 133. Copyright 2020 American Physical
Society.
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boundary is widely used in other realms, including the
transformation of propagating waves into surface waves, self-
isolated Raman lasing in Figure 5f, and asymmetric trans-
mission of light.158,159

■ ACTIVE META-BOUNDARY
One rising tendency for the further exploration of meta-
boundary is the investigation of active (or temporal) meta-
boundary, which is temporally modulated and thus whose
corresponding surface conductivity is a function of time. Due
to the existence of time modulation, the active meta-
boundaries can be exploited to realize exotic performance,
including the dynamical beam steering, nonreciprocal trans-
mission of light, real-time on-chip communications, and

Doppler-like frequency shift of light.160−170 Figure 6a shows
that the active meta-boundary can tune the frequency of
reflected light and converge the reflected light into any
predesigned focal point.166

To further improve the capability of meta-boundaries, one
may add the spatial modulation into the active meta-boundary.
Such kinds of active (or spatiotemporal) meta-boundaries can
be achieved by actively and separately tuning each unit cell of
metasurface, through the electronic or optical program-
ming.171−177 These active meta-boundaries can perform
many advanced functions, such as intelligent communication
and holographic imaging. Figure 6b shows one typical active
meta-boundary, which is created by arrays of complementary
metal-oxide-semiconductor (CMOS)-based chip tiles and can
digitally control the amplitude and phase of light.172 These

Figure 5. Bianisotropic meta-boundaries. (a) Functional meta-mirrors using bianisotropic elements; reprinted with permission from ref 140.
Copyright 2015 American Physical Society. (b) All-dielectric bianisotrapic metasurface; reprinted with permission from ref 137. Copyright 2021
American Chemical Society. (c) Twisted bilayer graphene; reprinted with permission from ref 147. Copyright 2018 Springer Nature. (d)
Polarization rotation with ultrathin bianisotropic metasurfaces; reprinted with permission from ref 154. Copyright 2016 Optica. (e) Smith-Purcell
radiation from bianisotropic metasurfaces; reprinted with permission from ref 45. Copyright 2016 American Physical Society. (f) Self-isolated
Raman lasing with a chiral dielectric metasurface; reprinted with permission from ref 158. Copyright 2021 American Physical Society.

Figure 6. Active meta-boundaries. (a) Spatiotemporal metasurfaces, which can tune the frequency of reflected light and converge the reflected light
at a predesigned focal point; reprinted with permission from ref 166. Copyright 2020 Springer Nature. Distributed under a CC BY 4.0 license
https://creativecommons.org/licenses/by/4.0/. (b) Dynamically programmable metasurfaces, which is made of a programmable two-dimensional
array of meta-elements; reprinted with permission from ref 172. Copyright 2020 Springer Nature. (c) Self-adaptive metasurface cloak enabled by
deep learning; reprinted with permission from ref 178. Copyright 2020 Springer Nature.
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active meta-boundaries are then advantageous in controlling
the scattering of light in real time. For example, Figure 6c
shows that the real-time self-adaptive cloak can be
implemented based on the active meta-boundary with the
aid of artificial intelligence.178 To be specific, though inserting
an artificial neural network between the detection system and
the control system, the active meta-boundary behaves as a
carpet cloak with a very small scattering cross section,
regardless of the real-time change of surrounding environment.

■ MULTIPLE META-BOUNDARIES
Apart from individual meta-boundary, multiple meta-bounda-
ries can be combined, which may induce the in-plane or out-of-
plane interactions between neighboring meta-boundaries. Due
to the rich yet relatively less explored physics in these in-plane
and out-of-plane interactions, the exploration of multiple meta-
boundaries is becoming another research tendency.179−185

To induce the in-plane interaction, one way is to splice two
different meta-boundaries in a same plane, as schematically
shown in Figure 7a. As a result, the in-plane splicing between
two meta-boundaries can give rise to a high-order boundary,
namely, a one-dimensional line interface. Correspondingly, the
existence of high-order boundary can induce the phenomena of
reflection, transmission and even scattering for surface waves.
For example, Figure 7b shows the in-plane splicing between
two hyperbolic meta-boundaries, which are the same but have
different orientation angles. Remarkably, the appearance of
high-order boundary between these two hyperbolic meta-
boundaries can support the phenomenon of all-angle negative
refraction of highly squeezed hyperbolic plasmons within a
broad frequency regime.186 On the other hand, it is worthy to
note that during the reflection and transmission process of
surface waves, the scattering of surface waves into propagating
waves generally exists, which indicates an unwanted degrada-
tion of signals and may induce a noisy electromagnetic
background. Therefore, the suppression of this scattering has

been long sought after but is still challenging in experiments.
The realization of this enticing goal based on the high-order
boundary in Figure 7a, which is formed by diverse meta-
boundaries, might be promising but remains unexplored.

To induce the out-of-plane interaction between meta-
boundaries, one way is to vertically stack multiple parallel
but spatially separated meta-boundaries, as shown in Figure 7c.
For example, Figure 7d shows the schematic structure of
double bilayer graphene, separated by thin BN slabs.
Remarkably, this kind of multiple meta-boundaries can support
the emergence of excitonic superfluid phase.187 Moreover, the
out-of-plane interaction between neighboring meta-boundaries
would become more complex, if there exists the interlayer twist
angle,188−198 as schematically shown in Figure 7e. For example,
Figure 7f shows the multiple meta-boundaries composed of
rotated multiple bilayer graphene.199 The canalized excitation
and propagation of surface waves can be achieved by stacking
multiple α-phase molybdenum trioxide (α-MoO3) slabs, in
which an ultrathin slab of α-MoO3 may be approximately
modeled by an anisotropic metasurface.189 Moreover, the
phenomenon of topological transition for the iso-frequency
contour of surface waves would occur, readily by rotating the
interlayer twist angle.

■ COMPOSITE STRUCTURES COMPOSED OF
META-BOUNDARIES AND METAMATERIALS

Meta-boundaries have shown impressive capabilities to tailor
the optical response of the interface, while metamaterials have
shown impressive capabilities to tailor the optical response of
bulk media. Therefore, it is straightforward to combine meta-
boundaries and metamaterials in a same structure (see the
schematic in Figure 8a). Since both meta-boundaries and
metamaterials can be isotropic, anisotropic, biisotropic and
bianisotropic, there are various possible combinations between
them;200−204 see the brief schematic summarization in Figure
8b. Then the composite structures, which simultaneously have

Figure 7. Multilayer meta-boundaries. (a) Schematic of horizontally stacking multiple meta-boundaries in a same plane. (b) Example of (a), such as
the creation of a line boundary by using two hyperbolic metasurfaces with different in-plane rotations; reprinted with permission from ref 186.
Copyright 2018 AAAS. (c) Schematic of vertically stacking meta-boundaries in multiple parallel planes without interlayer twisted angles. (d)
Example of (c), such as the construction of multilayer heterostructures by using bilayer graphene and the hyperbolic slab (e.g., hexagonal BN);
reprinted with permission from ref 187. Copyright 2017 Springer Nature. (e) Schematic of vertically stacking meta-boundaries in multiple parallel
planes with interlayer twisted angles. (f) Example of (e), such as the twisted double bilayer graphene; reprinted with permission from ref 199.
Copyright 2020 Springer Nature.
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meta-boundaries and metamaterials, are promising to provide a
powerful yet plentiful platform for the manipulation of light−
matter interactions. Therefore, these composite structures are
worthy of more in-depth and systematic exploration.

For example, Figure 9a,b shows two composite structures by
depositing a two-dimensional transition metal dichalcogenides
(TMD) material on a grating or a two-dimensional photonic
crystal,200,201 both of which can be treated as a metamaterial
with strong nonlocality. These composite structures can
flexibly tailor the topological property of polaritonic systems.
Figure 9c shows another composite structure by placing a
monolayer graphene on a uniaxial BN slab with a finite
thickness. This composite structure is able to realize the all-
angle negative refraction of highly squeezed isotropic surface
waves.11 Figure 9d further shows that the composite structure

composed of the monolayer graphene and an α-MoO3 slab can
facilitate the realization of polaritonic focus.196

In conclusion, we have highlighted the importance of meta-
boundaries in controlling the light-matter interactions. After
reviewing the recent progresses on isotropic, anisotropic,
biiostropic and bianisotropic meta-boundaries, the research
tendencies for meta-boundaries are analyzed, including the
continuing exploration of active meta-boundaries, multiple
meta-boundaries, and composite structures composed of meta-
boundaries and metamaterials. Regarding composite structures,
most current researches are mainly carried out for relatively
simple composite structures, which are composed of isotropic
or anisotropic meta-boundaries and isotropic or anisotropic
metamaterials. The relatively complex composite structure,
such as those composed of bianisotropic meta-boundaries and
bianisotropic metamaterials, demands more extensive and in-
depth studies.
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(195) Álvarez-Pérez, G.; González-Morán, A.; Capote-Robayna, N.;

Voronin, K. V.; Duan, J.; Volkov, V. S.; Alonso-González, P.; Nikitin,

ACS Photonics pubs.acs.org/journal/apchd5 Perspective

https://doi.org/10.1021/acsphotonics.2c01705
ACS Photonics XXXX, XXX, XXX−XXX

M

https://doi.org/10.1103/PhysRevLett.120.046801
https://doi.org/10.1103/PhysRevLett.120.046801
https://doi.org/10.1103/PhysRevB.98.195414
https://doi.org/10.1103/PhysRevB.98.195414
https://doi.org/10.1103/PhysRevLett.119.247402
https://doi.org/10.1103/PhysRevLett.119.247402
https://doi.org/10.1364/OPTICA.3.000427
https://doi.org/10.1002/lpor.202000426
https://doi.org/10.1002/lpor.202000426
https://doi.org/10.48550/arXiv.2211.14377
https://doi.org/10.48550/arXiv.2211.14377
https://doi.org/10.48550/arXiv.2212.13066
https://doi.org/10.1103/PhysRevLett.126.123201
https://doi.org/10.1103/PhysRevLett.126.123201
https://doi.org/10.1103/PhysRevLett.113.023902
https://doi.org/10.1103/PhysRevLett.113.023902
https://doi.org/10.1103/PhysRevLett.113.023902
https://doi.org/10.1109/TAP.2003.817558
https://doi.org/10.1109/TAP.2003.817558
https://doi.org/10.1002/adma.201606422
https://doi.org/10.1002/adma.201606422
https://doi.org/10.1515/nanoph-2020-0033
https://doi.org/10.1515/nanoph-2020-0033
https://doi.org/10.1038/s41467-019-11598-8
https://doi.org/10.1038/s41467-019-11598-8
https://doi.org/10.1038/nphoton.2009.3
https://doi.org/10.1038/s41377-018-0055-4
https://doi.org/10.1038/s41377-018-0055-4
https://doi.org/10.1038/s41377-018-0055-4
https://doi.org/10.1038/s41467-020-15273-1
https://doi.org/10.1038/s41467-020-15273-1
https://doi.org/10.2528/PIER22061403
https://doi.org/10.2528/PIER22061403
https://doi.org/10.1126/sciadv.abn7905
https://doi.org/10.1126/sciadv.abn7905
https://doi.org/10.1515/nanoph-2021-0663
https://doi.org/10.1515/nanoph-2021-0663
https://doi.org/10.1186/s43593-022-00032-0
https://doi.org/10.1186/s43593-022-00032-0
https://doi.org/10.1039/D0TC00689K
https://doi.org/10.1039/D0TC00689K
https://doi.org/10.1039/D0TC00689K
https://doi.org/10.1038/s41928-020-00497-2
https://doi.org/10.1038/s41928-020-00497-2
https://doi.org/10.1038/s41928-020-00497-2
https://doi.org/10.1038/s41928-020-0380-5
https://doi.org/10.1038/s41928-020-0380-5
https://doi.org/10.1038/s41467-017-00164-9
https://doi.org/10.1038/s41467-017-00164-9
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/lsa.2014.99
https://doi.org/10.1038/s41467-022-30377-6
https://doi.org/10.1038/s41467-022-30377-6
https://doi.org/10.1117/1.AP.4.1.014002
https://doi.org/10.1038/s41566-020-0604-2
https://doi.org/10.1038/s41566-020-0604-2
https://doi.org/10.1038/s41586-019-1851-6
https://doi.org/10.1038/s41586-019-1851-6
https://doi.org/10.1126/science.aau5144
https://doi.org/10.1126/science.aau5144
https://doi.org/10.1103/PhysRevApplied.2.044011
https://doi.org/10.1103/PhysRevApplied.2.044011
https://doi.org/10.1063/1.5141275
https://doi.org/10.1063/1.5141275
https://doi.org/10.1002/lpor.202000388
https://doi.org/10.1002/lpor.202000388
https://doi.org/10.1038/s41567-018-0138-4
https://doi.org/10.1038/s41567-018-0138-4
https://doi.org/10.2528/PIER21052101
https://doi.org/10.2528/PIER21052101
https://doi.org/10.1155/2018/2532819
https://doi.org/10.1155/2018/2532819
https://doi.org/10.1038/nphys4140
https://doi.org/10.1021/acs.nanolett.9b05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-0732-6
https://doi.org/10.1038/s41563-020-0732-6
https://doi.org/10.1021/acs.nanolett.0c01627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-2359-9
https://doi.org/10.1038/s41586-020-2359-9
https://doi.org/10.1126/science.aat6981
https://doi.org/10.1126/science.aat6981
https://doi.org/10.1038/s41586-020-03159-7
https://doi.org/10.1038/s41586-020-03159-7
https://doi.org/10.1515/nanoph-2022-0034
https://doi.org/10.1515/nanoph-2022-0034
https://doi.org/10.1515/nanoph-2022-0034
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A. Y. Active tuning of highly anisotropic phonon polaritons in van der
Waals crystal slabs by gated graphene. ACS Photonics 2022, 9, 383−
390.
(196) Hu, H.; et al. Doping-driven topological polaritons in

graphene/α-MoO3 heterostructures. Nat. Nanotechnol. 2022, 17,
940−946.
(197) Lou, B.; Zhao, N.; Minkov, M.; Guo, C.; Orenstein, M.; Fan,

S. Theory for twisted bilayer photonic crystal slabs. Phys. Rev. Lett.
2021, 126, 136101.
(198) Chen, J.; Lin, X.; Chen, M.; Low, T.; Chen, H.; Dai, S. A

perspective of twisted photonic structures. Appl. Phys. Lett. 2021, 119,
240501.
(199) Liu, X. Tunable spin-polarized correlated states in twisted

double bilayer graphene. Nature 2020, 583, 221−225.
(200) Zhang, L.; Gogna, R.; Burg, W.; Tutuc, E.; Deng, H. Photonic-

crystal exciton-polaritons in monolayer semiconductors. Nat.
Common. 2018, 9, 713.
(201) Liu, W.; Ji, Z.; Wang, Y.; Modi, G.; Hwang, M.; Zheng, B.;

Sorger, V. J.; Pan, A.; Agarwal, R. Generation of helical topological
exciton-polaritons. Science 2020, 370, 600−604.
(202) Jiang, Y.; Lin, X.; Chen, H. Directional polaritonic excitation

of circular, Huygens and Janus dipoles in graphene-hexagonal boron
nitride heterostructures. Prog. Electromagn. Res. 2021, 170, 169−176.
(203) Hu, H.; Lin, X.; Wong, L. J.; Yang, Q.; Liu, D.; Zhang, B.; Luo,

Y. Surface Dyakonov-Cherenkov radiation. eLight 2022, 2, 2.
(204) Zhong, Y.; Cai, T.; Low, T.; Chen, H.; Lin, X. Optical

interface engineering with on-demand magnetic surface conductiv-
ities. Phys. Rev. B 2022, 106, No. 035304.

ACS Photonics pubs.acs.org/journal/apchd5 Perspective

https://doi.org/10.1021/acsphotonics.2c01705
ACS Photonics XXXX, XXX, XXX−XXX

N

 Recommended by ACS

Experimental Observation of the Spontaneous Emission of a
Space–Time Wavepacket in a Multimode Optical Fiber
Karolina Stefańska, Bertrand Kibler, et al.
FEBRUARY 21, 2023
ACS PHOTONICS READ 

In-Plane and Out-of-Plane Investigation of Resonant
Tunneling Polaritons in Metal–Dielectric–Metal Cavities
Aniket Patra, Antonio De Luca, et al.
FEBRUARY 06, 2023
NANO LETTERS READ 

Hybrid Dielectric-Plasmonic Nanoantenna with
Multiresonances for Subwavelength Photon Sources
Pavel A. Dmitriev, Arseniy I. Kuznetsov, et al.
FEBRUARY 22, 2023
ACS PHOTONICS READ 

Constraining Continuous Topology Optimizations to Discrete
Solutions for Photonic Applications
Conner Ballew, Andrei Faraon, et al.
JANUARY 09, 2023
ACS PHOTONICS READ 

Get More Suggestions >

https://doi.org/10.1021/acsphotonics.1c01549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.1c01549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-022-01185-2
https://doi.org/10.1038/s41565-022-01185-2
https://doi.org/10.1103/PhysRevLett.126.136101
https://doi.org/10.1063/5.0070163
https://doi.org/10.1063/5.0070163
https://doi.org/10.1038/s41586-020-2458-7
https://doi.org/10.1038/s41586-020-2458-7
https://doi.org/10.1038/s41467-018-03188-x
https://doi.org/10.1038/s41467-018-03188-x
https://doi.org/10.1126/science.abc4975
https://doi.org/10.1126/science.abc4975
https://doi.org/10.2528/PIER21050101
https://doi.org/10.2528/PIER21050101
https://doi.org/10.2528/PIER21050101
https://doi.org/10.1186/s43593-021-00009-5
https://doi.org/10.1103/PhysRevB.106.035304
https://doi.org/10.1103/PhysRevB.106.035304
https://doi.org/10.1103/PhysRevB.106.035304
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01863?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acs.nanolett.2c04864?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c01332?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
http://pubs.acs.org/doi/10.1021/acsphotonics.2c00862?utm_campaign=RRCC_apchd5&utm_source=RRCC&utm_medium=pdf_stamp&originated=1677469885&referrer_DOI=10.1021%2Facsphotonics.2c01705
https://preferences.acs.org/ai_alert?follow=1

