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Functional Mid-Infrared Polaritonics in van der Waals

Crystals

Seyoon Kim, Sergey G. Menabde, Victor W. Brar,* and Min Seok Jang*

Despite high scientific and technological potential, nanophotonics research

in the mid-infrared regime remains relatively less explored compared to other
frequency bands, largely because the mid-infrared requires a totally different
set of optical materials. Polaritons in layered 2D materials, or van der Waals
(vdW) crystals, provide a new set of building blocks for mid-infrared nano-
photonics. Herein, the recently reported polaritonic properties of various vdW
crystals are summarized in the context of their mid-infrared applications. Both
polaritons in vdW crystals with naturally anisotropic atomic structures as well
as tunable plasmon polaritons in vdW semimetals are discussed. The extreme
field confinement of 2D polaritons (confinement factors =100) enhances both
their radiative heat transfer as well as the optical coupling to the vibrational
modes of molecules, allowing for highly sensitive chemical detection. Their
tunable properties, meanwhile, enable dynamic modulation of mid-infrared
light to realize dynamic phase shifters, mid-infrared modulators, and spectrally
tunable thermal emitters. By vertically stacking vdW crystals, it is possible to
create a large variety of new effective materials with substantially different

polaritonic properties compared to their building blocks.

1. Introduction

The mid-infrared region (2-20 um) is not only scientifically
interesting but also has high applicability. First, the earth’s
atmosphere is almost transparent in the 3-5 and 8-12 pm wave-
length range, called the infrared atmospheric windows. The
mid-infrared thus can be used for medium- to long-range tel-
ecommunications and imaging even under cloudy conditions.
Second, most molecules have their characteristic vibrational
and rotational modes in the mid-infrared. By detecting these
strong and unique spectral fingerprints from light-molecule
interactions, it is possible to achieve efficient bioimaging and
chemical sensing that overcomes the limitations of Raman
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scattering-based chemical detection.!'?!
Third, the thermal radiation of objects
with moderate temperatures (from room
temperature to 1000 °C) peaks in the mid-
infrared region. Therefore, by acquiring
the ability to modulate the mid-infrared
radiation of materials, it becomes possible
to control the thermal emission proper-
ties of a heated object without altering its
temperature.l’]

Even with these intriguing properties,
the mid-infrared region has rather been
less explored compared to other frequency
regimes, because it requires a totally dif-
ferent set of materials for light sensing
and control. In particular, the field of mid-
infrared nanophotonics, which studies the
behavior of light in subwavelength nano-
structures, is still in its infancy, and the
development of both the materials and
the devices is essential. In this context,
this progress report introduces layered
2D materials and their polaritonic proper-
ties as a new set of functional building blocks for mid-infrared
nanophotonics.

Polaritons are hybrid particles resulting from a strong cou-
pling of photons with dipolar excitations such as atomic vibra-
tions in polar dielectrics (phonon polaritons of mid-infrared
energies), electron—hole pairs in semiconductors (exciton polar-
itons in materials with optical bandgap down to 0.4 eV), elec-
tron oscillations in metals (plasmon polaritons supported by
different materials across a broad frequency range), and Cooper
pairs in superconductors.*>! Among various types of polaritons,
this progress report focuses on phonon polaritons and plasmon
polaritons, which exist at mid-infrared frequencies. Polaritons
in layered 2D materials, often referred to as van der Waals crys-
tals, exhibit a few distinctive characteristics, providing an inter-
esting and unique platform for mid-infrared nanophotonics.
First, due to their structural anisotropy, van der Waals (vdW)
crystals naturally show optical birefringence.[%’ This opens
up an interesting possibility to realize hyperbolic polaritons.
Second, polaritons in 2D materials are often highly confined
with low loss. By “squeezing” the electromagnetic waves into
deeply subwavelength volumes, the polaritons in vdW crystals
enable significantly enhanced light-matter interactions, which
can overcome the limitations imposed by weak interactions in
conventional materials. Third, the planar geometry and low car-
rier densities of 2D metals enable a dynamic tuning of their
plasmon polariton properties via electrostatic gating, which
unlocks the doorway to active nanophotonic devices.®”!
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Figure 1. Diverse applications of mid-infrared polaritons in van der Waals crystals. a) Dynamic modulation of mid-infrared light: Electrical gating of
2D plasmonic materials changes their carrier concentration, allowing the active tuning of their electrodynamic response at mid-infrared frequencies.
Dynamic modulation of emission, transmission, and reflection of mid-infrared light can be achieved by coupling the plasmon polaritons to desired
photonic modes. b) Mid-infrared molecular sensing: strong field confinement of vdW polaritons enables efficient coupling with vibrational modes of
molecules, most of which are in mid-infrared band. This interaction can be detected in far-field, providing the spectral information about the molecular
species. c) Super-Planckian radiative heat transfer: Due to the deeply subwavelength and anisotropic nature of polaritons in vdW crystals, the radiative
heat transfer between vdW materials can overcome the Planckian black body limit, which only holds in far-field macroscopic regime. d) Dispersion
engineering of vdW polaritons: The dispersion of mid-infrared polaritons can be substantially manipulated by stacking vdW crystals and controlling

their interlayer interaction via superlattice formation.

This progress report focuses on the mid-infrared applica-
tions of polaritons in vdW crystals with a special emphasis
on highlighting the important breakthroughs in the last
couple of years. In Section 2, we introduce the fundamental
polaritonic properties of four representative vdW crystals:
hexagonal boron nitride (h-BN), graphene, black phospho-
rous (BP), and o-phase molybdenum trioxide (0-MoOs3),
which was recently demonstrated to support ultralow loss,
in-plane anisotropic hyperbolic phonon polaritons.[1*-12
In Section 3, we discuss the recent developments in active
mid-infrared optical modulation based on 2D plasmons
(Figure 1a), including tunable perfect absorption in graphene
employing multiscale metasurface architectures.'3] Section 4
discusses highly sensitive molecular detection schemes based
on strong couplings between vdW polaritons and molecular
vibrations, due to their extreme field confinement (Figure 1b)
that can be squeezed down to a single-atom-thickness length
scale.'¥l Section 5 focuses on thermal emission engineering,
one of the most important mid-infrared applications,
and introduces dynamic modulation of thermal emission
spectral’® (Figure 1a) and strong radiative heat transfer
between vdW crystals exceeding Planck’s black body limit,¢!
as schematically demonstrated in Figure 1c. Finally, in
Section 6, we explore vast possibilities of engineering the dis-
persion of polaritons by creating new vdW heterostructures
via stacking 2D materials vertically, as sketched in Figure 1d.
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This includes recent breakthroughs in polaritonics based on
moiré vdW superlattices.!!”]

2. Anisotropic Polaritons in van der Waals Crystals

In this section, we discuss fundamental polaritonic properties
of four representative vdW crystals. The first two materials, hex-
agonal boron nitride (h-BN) and o-phase molybdenum trioxide
(0-M0O3), are insulators with optical phonons that support uni-
axial (h-BN) and biaxial (a-MoO;) anisotropic phonon polaritons
in their reststrahlen bands. The second two, graphene and black
phosphorous (BP), are semimetals, and possess plasmon polari-
tons whose properties are tunable by controlling their carrier
concentrations. Plasmons in graphene are in-plane isotropic,
while BP plasmons exhibit a strong anisotropy. The properties of
polariton modes are characterized by their complex wavevector
k,. One important property is the confinement factor, n.g, which
is the ratio between the free space wavelength A, to the polar-
iton wavelength A, and can be derived by normalizing the real
part of k; to the free space wavevector ky (i.e., negr = Re{k,}/ko).
Another wuseful parameter is the damping factor, y =
Im{k,}/Re{k,}, which is defined such that Yy quantifies the
number of wavelengths a polariton mode propagates until dissi-
pation. The polaritons in vdW crystals are often highly confined
(egr = 2011819300420 and long-lived (y~! = 10 — 200/1118)).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Experimentally obtained anisotropic optical properties of h-BN and a-MoOs.

Material h-BN189] 0-MoQ;10-12.160)

Direction In-plane Out-of-plane In-plane Out-of-plane
[100] [001] [010]

£ 4.9-4.98 2.95 4 5.2 2.4

Oro [em™ 1360-1363 760 818-820 545 958-963

oo [cm™) 1614-1617 825 963-974 851 1003-1010

T [em™)] 7-73 3 4 4 2

2.1. Hyperbolic Phonon Polaritons in h-BN and 0-MoO;

Artificial hyperbolic metamaterials—where nanofabrication
methods are used to create a material with an anisotropic
optical response—are a major field of study in the photonics
community due to their ability to realize novel phenomena,
such as negative refraction,’?"?2 hyperlensing,?*?4 nonconven-
tional quantum properties,*’! and anisotropic wave-guiding.l?®!
However, artificial metamaterials often suffer from substantial
optical losses, while the difficulty of fabrication severely limits
their practicality at optical frequencies. Recently, it was demon-
strated that polar insulating van der Waals crystals can support
natural hyperbolic phonon polaritons with exceptionally low
losses and deep-subwavelength field confinement.[!112.18.19]

The structural anisotropy of layered materials naturally cre-
ates different in-plane (g) and out-of-plane (g,) permittivities in
van der Waals crystals. More generally, the frequency-dependent
relative permittivity of a polar dielectric can be described by the
Lorentz model as

2 2

Wi, i — W10, ;

g (w)=¢. |1+ 5—L—"— L0.J . 10.J (1)
W10, — @ —iol;

where the index j indicates the crystal orientation, and wrq,
o, and T are the transverse, longitudinal optical phonon
frequencies, and the damping rate, respectively. We summarize
the phononic properties of h-BN, the most widely investigated
vdW polaritonic material, in Table 1.

h-BN is an insulator having a large bandgap (=6 eV) with its
atomic structure composed of sp? hybridized alternating boron
and nitrogen atoms constituting a honeycomb lattice (lattice
constant 0.25 nm; single layer thickness 0.33 nm).?”} Due to
its in-plane isotropy, h-BN exhibits uniaxial optical properties
with a degenerate in-plane phonon mode at 1360 cm™ and an
out-of-plane phonon at 760 cm™! in its naturally abundant form
(Figure 2a).l'828] n the two reststrahlen bands, the in- and out-
of-plane permittivities of h-BN have opposite signs (ge, < 0),
and thus, the dispersion relations of both bands become hyper-
bolic, k% /&, +ki | €. =ki, where kj and k, are the in-plane and
out-of-plane components of the wave-vector, respectively. The
upper reststrahlen band with g < 0 and &, > 0 (Type II hyper-
bolicity) spans at @ = 1370-1610 cm™!, while the lower band
with reversed signs of permittivity components (Type I hyper-
bolicity) comprises @ = 750-820 cm™. The isofrequency curves
for the two reststrahlen bands are shown on the right panel
of Figure 2a. Notably, the curve slope has different signs for
different bands, which is a consequence of the group velocity
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vector pointing at opposite directions. In principle, these
hyperbolic polariton modes can have arbitrarily large wave vec-
tors and infinitely many transverse branches regardless of the
material thickness.'”! The experimentally observed confine-
ment factor of h-BN hyperbolic phonon polaritons reaches up
to neg = 50.11182829 Phonon polaritons exhibit relatively low
losses compared to plasmon polaritons because their lifetime
is not affected by the electronic losses, but mainly dictated by
the crystal quality of the atomic lattice. The losses in natural
h-BN crystals are demonstrated to be lower than that of most of
the plasmonic materials (y~! = 15-30),12%2l and can be further
reduced through isotopic enrichment (y~! = 40).[18

As a natural next step, researchers have pursued polaritons
with Dbiaxial anisotropy, which requires a material exhib-
iting three different permittivities along different directions
(ex # & # &). One way to achieve this condition is to peri-
odically pattern a thin layer of uniaxial anisotropic material
(ex = & # &) such as h-BN, such that it exhibits asymmetric
in-plane effective permittivities.? Unlike h-BN, &MoO;
naturally exhibits strong in-plane structural anisotropy due
to the variations in the interlayer spacing for different crystal
orientations (lattice constants are 0.396, 0.369, and 1.385 nm
for x [100], y [001], and z [010] crystalline directions, respec-
tively).ll' The broken symmetry imposes biaxial optical
properties on o-MoO; with three distinctive phonon modes
at 820, 545, and 960 cm™! along x, y, and z crystalline direc-
tions, respectively, as summarized in Table 1. Consequently,
the in-plane dispersion of phonon polaritons in 0-MoO;
is hyperbolic in the first (545 to 851 cm™, ¢, &, > 0 and
g, < 0, Type 1I) and second (820 to 972 cm™, &, €, > 0 and
g, < 0, Type II) reststrahlen bands, and elliptical in the third
reststrahlen band (958 to 1010 cm™, g, # &, > 0 and €, < 0,
Type 1),?l as demonstrated in Figure 2b. Near-field imaging of
phonon polaritons in 0-MoO; nanodisks allows direct meas-
urement of their dispersion, demonstrating the elliptical and
hyperbolic types at corresponding frequencies, as shown in
Figure 2¢,d.'!l Here, the near-field imaging was performed
with a scattering-type scanning near-field optical microscope
(s-SNOM),?!l where a nanotip effectively couples the far-field
with the near-fields via inelastic scattering, overcoming the
momentum mismatch and thus enabling the excitation and
detection of polaritonic modes.?” The confinement factor
of a-MoO; phonon polaritons is measured to be as high as
N = 60, and, surprisingly, the lifetime reaches up to 8 ps
(v~ = 200) which is about four times higher than that of the
phonon polaritons in isotopically enriched h-BN.["! The strong
field confinement and ultralow loss of hyperbolic phonon
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Figure 2. Dispersion of mid-infrared polaritonic species in the four representative 2D materials. a) Calculated (solid) and measured (data points)
dispersion of phonon polaritons in 105 nm-thick stack of h-BN in the two reststrahlen bands; right panel: hyperbolic dispersion of h-BN phonons in
the corresponding reststrahlen bands, with indicated group velocity vector (blue arrow). Adapted with permission.?®l Copyright 2015, Springer Nature.
b) Left panel: orthorhombic lattice structure of layered a-MoOj; (top) and atomic structure of its unit cell (bottom). Adapted with permission.l""]
Copyright 2018, Springer Nature. Right panel: calculated (imaginary part of the complex reflectivity; color map) and measured (red and blue data
points) dispersion of hyperbolic phonons in the -MoOj; flake on SiO, substrate. Adapted with permission.'?) Copyright 2019, AAAS. c,d) Fourier
transform (absolute value) of the near-field images of the phonons at a-MoOjs surface at frequencies of upper and lower reststrahlen bands, with fitted
isofrequency contours. (c,d) Adapted with permission.'l Copyright 2018, Springer Nature. e) Tunable dispersion of plasmon polaritons in graphene on
a dispersionless substrate (calculated; dashed) and on SiO, (calculated/measured; solid curves/data points). Adapted with permission.5 Copyright
2013, American Chemical Society. f) Calculated (color map) and experimental (data points) change in transmission for graphene/monolayer h-BN/SiO,
nanoresonators of varying width at a carrier density of 1 x 10'> cm™2, normalized relative to zero carrier density; dashed and dotted-dashed lines indicate
theoretical dispersion of plasmons in bare graphene and graphene on SiO,, respectively. Adapted with permission.['% Copyright 2014, American Chem-
ical Society. g) Loss function, —Im[1/g(k, )], calculated for monolayer BP for k along the two crystal axes, as indicated in the inset; n?® =1x 103 cm™?,
I'=10 meV, T =300 K. Shaded regions denote the Landau damping regions. Adapted with permission.[*é! Copyright 2014, American Physical Society.

polaritons in h-BN and a-MoOj; provide a new and interesting
physical platform with strong and directional light-matter
interaction, enabling the realization of nanoscale photonic
devices for a range of applications from deeply subdiffractional
imaging?®3% to molecular spectroscopy.33!

2.2. Tunable Plasmons in Graphene and Black Phosphorous

Graphene and black phosphorus support plasmon polaritons
from THz to mid-infrared frequencies. In the case of graphene,
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the symmetry of the honeycomb lattice composed of carbon
atoms imposes (for small k-vectors) an in-plane isotropy to
the optical properties of graphene. When the Fermi energy of
graphene is sufficiently higher than the electron temperature,
|E¢| > kT, the in-plane isotropic sheet conductivity of mono-
layer graphene takes the following form within the local
random phase approximation/*4

.2 2 B 2
ieB e e(hw—2IEFI)—Lln7(h“’+2|EF|) (2)

O'ZD (w,EF):iz - 2
wh’ (o+il) 4h 2r (ho-2|E)
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Table 2. Effective mass of free carriers in bulk and single layer BP. AC and ZZ represent the armchair and zigzag crystal direction, respectively.

Carrier type Electron Hole
Direction AC yv4 1 AC yv4 1
Bulk Experiment(161] 0.083 1.027 0.128 0.076 0.648 0.280
Theoryl162 0.115 1.855 0.115 0.104 0.774 0.158
Single layer Theory*4 0.166 0.846 - 0.182 1.140 -

where e and 6 are the elementary charge and the step func-
tion, respectively. I is the carrier damping rate determined
by impurities, defects, and electron-phonon scattering pro-
cesses in graphene.’® The Fermi level in graphene can be
controlled by external doping,® with the resulting 2D carrier
concentration given by n®® = E; /(mh*vi) , where vp = 106 m s7!
is the Fermi velocity of free carriers in graphene.l3®l The first
term in Equation (2) originates from intraband electro-photon
scattering processes and coincides with the Drude model,
and the second term takes into account interband electron
transitions. When graphene is doped enough to prompt Pauli
blocking (i.e., 2|Ef| > Aiw), it supports low-loss plasmon polar-
itons. In the quasi-static limit (neg > 1), the wavevector of
graphene plasmons can be approximately derived as k, =~ 2i
ex{e)w/0?P(w, Fr), where (€) is the average relative permittivity
of the environment.l’”] The dispersion of graphene plasmon
polaritons is shown in Figure 2e,f demonstrating modes of
graphene on both a dispersionless substrate (dashed) and
SiO, substrate (solid), where in the latter case, graphene
plasmons hybridize with SiO, phonons (as will be further
discussed in Section 3.2). The confinement factor of gra-
phene plasmons is largely dependent on both @ and Eg; negy
increases with decreasing |Eg|, and has been experimentally
shown to be as high as =100, however, when |Eg| is too low,
graphene plasmons are highly damped by interband transi-
tions. The loss of graphene plasmon polaritons critically
depends on the quality of the graphene sample and meas-
urement condition. Large-area graphene grown by chemical
vapor deposition (CVD) typically have y~! = 5 or even less at
room temperatures.83% When a high-quality exfoliated gra-
phene is encapsulated by h-BN, y~! can be as high as 25.10]
Recent experiment at low temperatures around T = 60 K
reports y~! = 130, which corresponds to the plasmon propa-
gation length exceeding 10 um.[*1

BP is an emerging mid-infrared biaxial plasmonic van der
Waals crystal. Similar to graphene, a single layer of BP has
a honeycomb lattice, but its surface is puckered due to sp’
hybridization. These atomic corrugations induce strong in-
plane anisotropy of the material properties along two distinct
directions: the direction of atomic puckering (“armchair”; AC),
and the direction perpendicular to it (“zigzag”; ZZ). The out-
of-plane lattice constant is 1.07 nm.[*243] Therefore, the optical
conductivity of BP is different along each of the three crystal
axes (Oac # Ozz # 0)). Below the bandgap of BP, which ranges
from 0.3 (bulk) to 2 eV (monolayer) depending on the number
of layers,* the intraband bulk optical conductivity of BP can be
approximated by using the Drude model
o, ()= iD; _ ien 3

O (@+i) ~ my(@+iT) ©)
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where T, D = me?n/ m;, e, and n are the damping rate, the Drude
weight, the elementary charge, and the carrier concentration
which is tunable via doping. The effective carrier mass, m, along
each crystal direction is summarized in Table 2. The relative per-
mittivity tensor £(w) relates to oj(w) as & = 1 + i0j/€@. In case
of the monolayer BP, its permittivity can be obtained using the
effective bulk conductivity 0 (0) =0 ]Z'D((D)/ a, where a = 0.54 nm
is the thickness of a single BP layer.*”l Due to the strong biaxial
anisotropy, the plasmon polaritons in BP (Figure 2g) are expected
to show three different types of dispersion characteristics:*>4¢]
elliptic (permittivity tensor with metallic principal components
of different magnitude), interband-induced quasi-isotropic (sym-
metric permittivity tensor), and hyperbolic (one of the principal
components of the permittivity tensor is metallic and another is
dielectric). Furthermore, the dispersion and type of anisotropy of
these plasmons can be controlled via electrostatic doping and/or
periodic patterning of the BP sheet.*8 Due to this tunability,
BP may become an alternative to graphene as a 2D plasmonic
material, while providing an anisotropic functionality. Plasmons
in BP are extremely confined, n.g= 10-10%, and the confinement
factor depends on both the frequency and the carrier density of
BP.Ml To the best of our knowledge, to date, the direct observa-
tion of plasmon polaritons in BP has not been reported, and
thus it is early to mention anything decisive on the lifetime of
BP plasmons. The quantum oscillation measurements estimate
the carrier lifetime of BP to be about 0.1 ps for both carrier types
at cryogenic temperatures,*”! which corresponds to the mobility
of 500 cm? V' s and y~! = 1-10. One experimental work
reported observation of interface polaritons, where plasmons in
BP and phonons in SiO, are hybridized, and the measured life-
time of the hybrid interface phonon was =5 ps."

3. Dynamic Light Modulation with Tunable
Plasmons

As discussed in Section 2.2, the optical properties of plasmon
polaritons in vdW crystals are largely tunable by adjusting
the material carrier densities. Their atomically thin geometry,
meanwhile, is ideal for creating structures that can be electro-
statically gated. These two properties make vdW materials an
effective and compact platform for active modulation of both
guided wavesP? and free space light®*3 at mid-infrared
frequencies. The extremely confined nature of vdW plas-
mons, however, makes them difficult to couple strongly to the
free waves and thus hinders their efficiency in optoelectronic
devices.”®l Recent advances have shown that this wavevector
mismatch problem can be overcome by introducing multiscale
nanophotonic design, which enables electronically tunable per-
fect absorption in graphene.[!3]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) (Top) Electrical 27 phase shift of graphene plasmons controlled by local phase-shifter voltage (Vps). (Bottom) Measured phase shift
(orange circles) and calculated phase shift (orange curve). Adapted with permission.'l Copyright 2017, Springer Nature. b) (Top) Schematic of reso-
nant transmission modulation through a deep-subwavelength graphene plasmonic gap. (Bottom left) Calculated gate-dependent transmission across
the gap. (Bottom right) |E,| distribution around the gap with graphene plasmonic resonance at E¢ = 0.385 eV. Adapted with permission.’52 Copyright
2018, American Physical Society. c) (Top) lllustration of graphene nanoresonators supporting localized graphene plasmons with TM polarized incoming
light. Red arrows and blue arrows represent graphene plasmons and intercoupling in the nanoresonators, respectively. (Middle) |E| distribution and
(bottom) Re(E,) distribution displaying large field enhancement by graphene plasmons The dashed white lines correspond to graphene nanoresona-
tors. d) (Top left) Schematic of graphene doping with ionic gel. (Top right) AFM image of patterned graphene microribbons. The ribbon width and the
gap width are both 4 um. (Bottom) Measured gate-dependent THz light modulation. Adapted with permission.®® Copyright 2011, Springer Nature.
e) (Top) Graphene nanoresonators with capacitor-like electrostatic gating. (Bottom) SEM images of patterned graphene nanoribbons. The gap width
is equal to the ribbon width. f) Measured mid-infrared light modulation (left) as varying the ribbon width and (right) as varying the doping level.
(e,f) Adapted with permission.’l Copyright 2013, American Chemical Society.

3.1. Modulation of Guided Waves

Graphene has been widely exploited to electronically mod-
ulate guided waves based on its tunable absorption and
refractive index change, enabling broadband and ultrafast mod-
ulation.B7-6 In particular, the tunable and ultrahigh-confined
properties of graphene plasmons discussed in Section 2.2 allow
dynamic manipulation of electromagnetic waves at deep-sub-
wavelength scale. For example, an in situ electrical 27 phase
shift has been experimentally demonstrated in graphene.!l
As shown in Figure 3a, propagating plasmons along encapsu-
lated graphene were launched by a top metal contact, and their
phase velocity, or the dispersion, was actively controlled by local
gating. Surprisingly, the optical path length of the graphene
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plasmons was observed to be tuned in the order of microm-
eters within a couple of hundreds nanometer length scale due
to the ultrahigh confinement factor (n.gq = 100). As a result of
the modulated optical path lengths of the graphene plasmons,
a dynamic 27 phase shift was achieved within a 4,/30 length
scale, which corresponds to 350 nm.>!]

In addition to the phase modulation in waveguides, gra-
phene plasmons have been theoretically explored as a means of
regulating mid-infrared transmission in noble metal plasmonic
waveguides across a A/50 gap.’? In that study, two metal—
insulator-metal (MIM) waveguides were connected by a narrow
junction covered by graphene, as shown in Figure 3b. In this
structure, light transmission across the junction can be achieved
through two optical pathways: background transmission modes

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and graphene plasmons. Surface plasmons bound on the
bottom gold layer and the unbound eigenmodes inside the gap
correspond to the background transmission modes. These two
components correspond to the background transmission mode,
and their electromagnetic behaviors barely depend on the exist-
ence of graphene. In contrast to the background transmission
modes, transmission through the graphene is determined by
the graphene plasmonic resonance condition inside the gap.
As a result, these two transmission modes interfere construc-
tively or destructively depending on the graphene Fermi level,
creating a Fano resonance, as shown in Figure 3b. Here, the
resonant transmission could be totally suppressed by a com-
plete destructive interference between the two modes.’? In
addition, the complete switching of the transmission could be
achieved by a very small change in the graphene Fermi level
(15 meV) owing to the sharp asymmetric line shape of the Fano
resonance.

3.2. Free Space Light Modulation

While waveguide geometries naturally allow for strong interac-
tions between vdW plasmons and light, free space modulation
is also possible, and is generally more useful for optoelectronic
applications. Figure 3c illustrates the basic schematic of light
modulation using graphene nanoresonators with TM polarized
incoming light. When the carrier density is varied, the plas-
monic resonance condition for a particular nanoresonator width
changes as the excited plasmons form standing wave-like local-
ized modes. Similar to noble metal plasmonic nanoparticles or
antennas, this plasmonic resonance in the patterned graphene
results in resonant absorption at a specific frequency, allowing
for direct interaction with free space photons. These types of
light modulators are distinguished from other graphene-based
light modulators in that graphene serves as an active plasmonic
medium instead of tuning the local resonance environment of
incorporated noble metal plasmonic structures.©'-6%]
Light-matter interactions in patterned graphene nanoreso-
nators have been experimentally demonstrated from THz to
mid-infrared ranges. Ju et al. first demonstrated active THz light
modulation in graphene ribbon array fabricated on SiO,/Si sub-
strate, as shown in Figure 3d.°®l In this device, a CVD-grown
graphene was patterned at 1 pm length scales using optical
lithography, and ionic gels were used to control the graphene
carrier density. In later experiments presented in Figure 3e,
electron beam lithography was used to pattern CVD graphene
down to 15 nm length scales in devices operating at mid-
infrared frequencies.’*’ In those types of experiments, the
resonant frequency was tuned by two factors: the size of the gra-
phene ribbons and the doping level of graphene. Equation (2)
presented in Section 2.2 implies that, when |Eg| > 2Awm > k, T
and the dispersion of the substrate is negligible, the conduc-
tivity of graphene can be accurately described solely by the
Drude-like intraband conductivity. These results at the resonant
frequency that is approximately proportional to \/E; /W , or
n'*|JJW, where W and n are the width of the graphene ribbon
and the graphene carrier density, respectively, as shown experi-
mentally in Figure 3f*%¢7] This dependency indicates that
narrower patterns and higher doping are required to induce
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plasmon resonances at higher frequencies. In particular,
the doping level in Figure 3e was controlled by capacitor-like
electrostatic gating, which is preferable over the use of ionic
gels, 1066869 photodoping,’” or chemical doping!®”7! for high-
speed modulation and functional integration.

In addition to the tunable graphene plasmonic cavity modes
(GP), other resonant peaks were observed in graphene nanor-
ibbon transmission experiments, as can be seen in Figure 3f
below 900 cm™ (A = 11.1 um).’¥ Those resonances originate
from surface plasmon phonon polaritons (SPPPs), which is a
coupled mode between graphene plasmons and optical pho-
nons in the SiO, layer.”?) Compared with graphene plasmons,
these SPPPs were found to exhibit less dependency on the
doping level and bound around the SiO, phonon energy. The
strength of the SPPP resonance decreases with decreasing
ribbon width, because the SPPP mode becomes lossier as its
frequency approaches to the SiO, phonon energy.

Additional plasmonic modes in graphene devices have also
appeared in high magnetic fields at THz frequencies due to the
splitting of edge and bulk plasmons in graphene nanodisks.”’!
Furthermore, in graphene nanorings, bonding and antibonding
hybridized plasmons have been demonstrated, and resonant
extinction close to near-infrared was achieved with the antibo-
nding modes.[*” In addition to the graphene nanoresonators,
some theoretical works have reported that far-infrared to THz
light modulation could be achievable with nanostructured
monolayer black phosphorus, which also supports highly con-
fined localized plasmons modes.*7-7473]

3.3. Major Obstacles in Strong Light Modulation

In the electrostatic modulator experiments described before, the
resonant modulation efficiency was relatively low in contrast to
noble metal plasmonic structures, where absorption efficiencies
approaching 100% have been experimentally realized.’¢8l This
discrepancy is due to the low carrier density of graphene, which
leads to a low oscillator strength, and correspondingly low
absorption cross sections. In order to achieve high modulation
efficiencies, the absorption cross section must be larger than
the physical unit cell of the resonator array, which is difficult to
achieve in atomically thin materials with low carrier densities.

To achieve strong light modulation in graphene plasmonic
devices, intriguing strategies have been proposed. Stacking of
graphene disks with insulating layers was utilized to enlarge
the scattering cross sections, which resulted in improved light—
matter interaction in graphene.’! High doping levels with ionic
gelsl®®%] and double-layered graphenel”! were also exploited to
increase oscillator strength in graphene nanoresonators. Fur-
thermore, using a strategy borrowed from the radio antenna
community, graphene nanoresonators with a back reflector
have been theoretically expected to exhibit perfect absorp-
tion.® In this scheme illustrated in Figure 4a (a so-called
Salisbury screen), the back reflector is designed to recycle
photons escaping from the graphene nanoresonators, creating a
Fabry—Perot resonance that enhances the electric field intensity
in the graphene sheet. Subsequent experiments demonstrated
that this strategy can enhance the absorption in graphene up to
25%, as shown in Figure 4a.%
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Figure 4. a) (Top) Schematic of graphene nanoresonators placed on a Salisbury screen. Measured mid-infrared light resonant absorption (middle) as
varying the carrier densities of 40-nm-wide graphene nanoresonator and (bottom) as varying the graphene nanoresonator width with n=1.42x 10" cm2.
The dotted curve in the bottom spectra represents field enhancement from the Salisbury screen. Adapted with permission.’>l Copyright 2014,
American Physical Society. b) (Top) Schematic of graphene nanoresonators incorporated with noble metal plasmonic antennas. (Middle) Measured
gate-dependent absorption map exhibiting perfect absorption in graphene. (Bottom) Measured gate-dependent reflection modulation efficiency map
(Mr = 1=R/Rmay)- Adapted with permission.["l Copyright 2018, American Chemical Society. c) (Top) Schematic of graphene nanoresonators regulating
the resonant transmission of noble metal plasmonic structures. (Middle) SEM images of a fabricated device. (Bottom) Measured gate-dependent
transmission modulation efficient (ny = 1-T/T,,.,) exhibiting 2.7 times higher light modulation efficiency in the coupled structure compared with a bare

graphene nanoresonator device. Adapted with permission.’®l Copyright 2016, Springer Nature.

Despite these efforts, strong light modulation using gra-
phene nanoresonators has been elusive due to the inefficient
coupling between the graphene plasmons and free space pho-
tons. This weak coupling is, in fact, related to the large confine-
ment factors of graphene plasmons, which is—in principle—a
desirable property, but also creates a large mismatch between
the free space and graphene plasmon optical wavelengths.>%81]
In other words, scattering cross sections in graphene nanoreso-
nators are limited by the inherent large momentum mismatch.

A second effect limiting coupling efficiency is the low
mobility of the CVD graphene used in most optoelectronic
devices, which degrades the plasmonic oscillator strength.
In most graphene plasmonic light modulators, a CVD-grown
graphene was preferably adopted because of its usability in fab-
rication and mass production. However, the use of CVD-grown
graphene leads to degraded carrier mobility, a crucial factor
determining the oscillator strength in graphene nanoresona-
tors. Compared with high carrier mobilities achievable in exfo-
liated /encapsulated graphene, processed CVD-grown graphene
layers inevitably exhibit much lower carrier mobilities because
trapped impurities, wrinkles, and polymethyl methacrylate
(PMMA) residues are unavoidable in transferring CVD gra-
phene onto a substrate.®2#3] Moreover, patterning graphene
itself diminishes graphene quality as it produces edge defects.
In particular, narrower graphene nanoresonators suffer from
more edge scattering, which results in low graphene carrier
mobilities.® The carrier mobilities in patterned graphene
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were estimated to be 400-500 cm? V! s7! with =0.5 eV of gra-
phene Fermi level.333%%] In addition, scattering of graphene
plasmons from the edges has been shown to increase the
damping rate,[®”l and plasmons along the edges were visualized
in patterned graphene.l® These defects induced in fabrication
end up weakening the oscillator strength in graphene nanores-
onators. At frequencies higher than 0.2 eV (=1600 cm™),
optical phonons in graphene are expected to provide an addi-
tional damping pathway for graphene plasmons.[37:67]

3.4. Multiscale Nanophotonic Design for Efficient Light Modulation

In order to ultimately overcome the weak interaction between
graphene plasmons and free space light, strategies have
emerged that use noble metal antenna structures that focus the
light onto the graphene sheet, where multiscale nanophotonic
design was utilized to significantly enhance the light-matter
interactions in graphene. Figure 4b,c displays examples of two
such devices.'>*3 Graphene nanoribbons were placed inside
noble metal slits, and they were fabricated on an insulator/back
reflector membrane. In this work, the incorporated noble metal
antennas play two pivotal roles. First, the subwavelength-scale
metal antennas help bridge the gap between free space photons
and graphene plasmons at deep-subwavelength scale.l’]
This configuration intermediates the large wavevector mis-
match between them, so that radiative coupling to graphene
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nanoresonators is improved. Second, nonresonant focusing
effect by the noble metal antennas leads to a huge increase in
oscillator strength of the graphene nanoresonators.[®%7] This
improvement can also be understood by the enlargement of the
scattering cross section of the graphene nanoresonators.

As a result of enhancing the light-matter “coupling” and the
light-matter “interactions” in the graphene nanoresonators, it
has been experimentally demonstrated that perfect absorption
is no longer limited by low graphene carrier mobilities. Mid-
infrared measurements demonstrated 97% of absorption in gra-
phene nanoresonators incorporated with noble metal antennas,
as shown in Figure 4b, while a bare graphene nanoresonator
device exhibited only 52% of absorption.!'*l Here, the extremely
large absorption was realized by a resonant absorption in the
graphene layer covering less than 10% of the surface area, and
not in the incorporated noble metal plasmonic structures.

Multiscale nanophotonic design has also been adopted to
efficiently regulate transmitted light using graphene nanostruc-
tures. Figure 4c illustrates how to modulate resonant transmis-
sion electronically with graphene plasmons.l*®l The periodically
arranged noble metal structures exhibit an extraordinary optical
transmission (EOT) type effect.®8%% The resonant transmission
is achieved by coupled surface plasmons on the top and bottom
surfaces of the metal grating with the metallic gap being their
coupling channel. When the intergap graphene nanoresonators
are tuned to exhibit resonant absorption at the EOT frequency,
it blocks the coupling channel, resulting in the suppression of
the resonant transmission. Similar to the schematic presented
in Figure 4b, the incorporated noble metal structures enhance
the oscillator strength of graphene nanoresonators, leading to
a high modulation efficiency. In the experimental results pre-
sented in Figure 4c, the multiscale graphene nanoresonator
device exhibited 2.7 times higher light modulation efficiency
at mid-infrared compared with a bare graphene nanoresonator
device.P3l Another efficient light modulation was also demon-
strated at the THz range with a multiscale graphene nanoreso-
nator structure.®!l In this structure, an anticrossing between
the resonant absorptions in split-ring resonators and gra-
phene nanoresonators was exploited to regulate the resonant
transmission.

4. Molecular Sensing

Infrared spectroscopy is a powerful technique used in bio-
chemistry and industry due to its label-free and nondestruc-
tive molecular identification capabilities. Most molecules have
their own characteristic structural rotations and vibrations, and
these roto-vibrational modes can be directly activated with mid-
infrared light. By detecting the resonant spectral “fingerprints”
in the mid-infrared, one can identify the molecular composition
of target specimen. However, one major hurdle facing infrared
spectroscopy is its relatively poor detection sensitivity origi-
nating from weak light-matter interactions between molecules
and mid-infrared light. These weak interactions mainly arise
from the fact that the molecules (usually below 10 nm) are much
smaller than the wavelength of mid-infrared radiation.**%3 In
this section, we discuss how to improve the detection capability
of infrared spectroscopy with polaritons in 2D materials.
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4.1. Infrared Spectroscopy with Polaritons in vdW Materials

To overcome the weak light-molecule interactions in infrared
spectroscopy, noble metal plasmonic structures have previously
been exploited. These methods—known as surface enhanced
infrared absorption (SEIRA)—leverage the plasmonic reso-
nances in metallic structures to create hotspots of high light
confinement, which leads to significant enhancement in local
light-molecule interactions.**%! By tailoring the nanoantennas
to exhibit plasmonic resonances at the vibration frequencies
of target agents, strong absorption signals could be observed
in the infrared, with enhancement in sensitivity of up to five
orders of magnitude.”® This method of using metal antennas
to locally enhance optical fields is fully compatible with polari-
tonic vdW materials where the enhancement can be much
higher due to the high confinement factors. Furthermore, in
the case of dielectric vdW materials, the losses can be signifi-
cantly reduced, leading to better resolved resonances. This has
led to significant interests in using vdW materials for improved
infrared spectroscopy.

Similar to graphene nanoresonators discussed in Section 3.2,
the localized hyperbolic phonon polariton modes can be excited
in patterned polar van der Waals crystals.’”’ In patterned
h-BN, hyperspectral resonances with Q-factors of 283 could be
achieved due to the absence of electronic losses in h-BN.*l In
addition to the high Q-factor, a large confinement of ,/86 was
also realized,® which results in a strong near-field enhance-
ment around the resonators.’®! Figure 5a illustrates how the
h-BN nanoresonators were used for detecting the mid-infrared
spectral features of C—H bond at 1450 cm™ in 4,4’-bis(N-
carbazolyl)-1,1"-biphenyl (CBP).3% Exfoliated h-BN flakes (40 nm
thick) were transferred onto a CaF, substrate, h-BN nanorib-
bons were patterned by the electron beam lithography fol-
lowed by reactive ion etching. The ribbon width and the pitch
were 158 nm and 400 nm, respectively. The CBP layers were
deposited by thermal evaporation. Transmission measurement
results presented in Figure 5a display strong light-molecule
interactions when the hyperbolic phonon polariton resonance
and the vibrational spectrum of the C—H bond in CBP are
overlapped (blue curve, 20 nm-thick CBP).**l Without the h-BN
nanoresonators, the clear spectral feature disappears (lower
brown curve, 20 nm-thick CBP), which originates from the
inherent size discrepancy between the mid-infrared wavelength
and the molecules. Due to the high Q-factor in the hyperbolic
phonon polariton nanoresonators, their molecular detection
performance is anticipated to significantly surpass the conven-
tional SEIRA based on noble metal plasmonic structures.

4.2. Dynamic Infrared Spectroscopy

In order to enhance molecular detection performance, the
SEIRA method requires matching the resonance frequency
of incorporated resonators to the roto-vibrational frequencies
of the target molecules. This asserts the importance of tun-
ability of the plasmonic resonant frequency to cover a variety
of molecular fingerprints appearing throughout a wide range
of mid-infrared frequencies. However, it is not straightforward
to integrate tunability into the conventional nanophotonic
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Figure 5. a) (Left) h-BN ribbon arrays with CBP. The ribbon width and the period are 158 nm and 400 nm, respectively. (Right) Measured transmission
spectra with different CBP thicknesses. The gray dashed line at 1450 cm™' corresponds to the C—H vibrational frequency in CBP, and clear spectral
features appear when the resonance of the h-BN ribbons match to that frequency. Adapted with permission.133l Copyright 2018, Springer Nature.
b) (Top) Illustration of hybridized SPPP modes in a graphene/monolayer h-BN nanoresonator. (Bottom) Measured transmission spectra as varying the
nanoresonator width. Sharp dips at 1370 cm™' arise from the SPPPs in the heterostructure. Adapted with permission.'% Copyright 2014, American
Chemical Society. c) (Top) Schematic of graphene nanoresonators detecting protein molecules. (Bottom) Measured extinction spectra as varying the
doping level of the graphene nanoresonators. Gray vertical strips indicate amide | and Il vibrational bands of the protein. Adapted with permission.[
Copyright 2015, AAAS. d) (Left) Molecular detection with graphene nanoresonators on a CaF, insulating layer. (Right) Measured extinction spectra
covering a wide range of mid-infrared. Adapted with permission.l'®l Copyright 2016, Springer Nature. ) (Left) Schematic of acoustic graphene plas-
monic device. Target molecules are placed beneath the graphene sheet. (Right) Measured absorption spectra detecting thin silk layers. Gray vertical
strips indicate amide | and Il vibrational bands of the silk layer, and dashed lines are calculated from Lorentzian fitting. Adapted with permission.[1%8]
Copyright 2019, Springer Nature.

structures as their plasmonic resonance frequencies are pre-  graphene nanoresonators were fabricated on a monolayer h-BN
determined at the time of fabrication. In other words, their  sheet, as shown in Figure 5b. When the resonance in the gra-
resonances are static, and can only interact with the molecular ~ phene nanoresonators is tuned to the optical phonon in h-BN
vibrations that fall within a fixed frequency window. In atomi-  at 1370 cm™ (gray vertical line in Figure 5b), highly confined
cally thin vdW materials, however, the plasmon polaritons can  near-fields of the graphene plasmons boost up the interac-
be tuned by changing the sheet carrier density, which allows tions with the monolayer h-BN, producing hybrid surface-
for the realization of devices that can be electrostatically con-  phonon-plasmon-polariton modes in the heterostructure.[1%
trolled to sweep over a wide frequency range, and also leverage  The degree of interaction can be controlled by varying the size
the strong field confinement in vdW materials to increase  of the nanoresonators, or by electrostatically tuning them. As
sensitivity.[*3] the plasmon and phonon resonances are moved relative to one
As discussed in Section 3.2, graphene plasmons exhibit another, they exhibit an anticrossing in frequency space that
electronically tunable electromagnetic behavior, which enables  results from the strong interaction between them. As a result, a
an active light modulation with graphene nanoresonators. In  clear dip in transmission appears despite the h-BN sheet being
addition to the tunability, highly confined graphene plasmons  only atomically thin, as shown in Figure 5b, indicating that gra-
yield strong near-field enhancement, indicating promising phene nanoresonators can be utilized for extremely sensitive
potentials for SEIRA. In particular, enhanced light-matter = molecular detection.
interactions with graphene nanoresonators were demonstrated The tunable properties and the strong near-field enhance-
for the identification of monolayer h-BN.I'%I In this work, ment in graphene nanoresonators have been experimentally
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demonstrated to identify the mid-infrared molecular responses
from a small amount of organic specimens to gas mole-
cules.P2191-104 Figyre 5S¢ illustrates the basic schematic of
electronically tunable SEIRA with graphene nanoresonators
detecting protein molecules.l®? The plasmonic resonance in the
graphene nanoresonators is controlled by electrostatic gating,
and target protein molecules are placed on the graphene. When
the plasmonic resonance is tuned to the vibrational bands
of the protein (gray vertical strips), the resonant coupling
between them produces two spectral dips at the vibrational
frequencies, as shown in Figure 5¢, which indicates the presence
of the protein molecules. These spectral dips are almost unde-
tectable when they are offresonance (V, = -20 or —40 V),
revealing the importance of tunability in SEIRA spectroscopy.

One major issue expected in SEIRA spectroscopy with gra-
phene nanoresonators would be a limited coverable spectral
range due to substrate. Most commonly used insulating layers,
such as SiO,, SiN,, Al,O3;, or HfO,, have strong phononic
absorption usually below 1100 cm™, where the damping rate of
the graphene plasmons becomes too high to yield a strong res-
onance. Although h-BN could be considered as an alternative
insulating material, the in-plane and out-of-plane phonons lead
to producing blind spectral regions at the vicinities of 1360 and
760 cm™, respectively. To resolve this problem, CaF, was used
as an alternative insulating layer to gate graphene nanoreso-
nators.'Y) Compared to other insulating materials, CaF, has
almost zero phononic absorption up to 650 cm™, making its
optical properties suitable for SEIRA spectroscopy.'®! With the
use of a CaF, insulating layer, graphene nanoresonators were
demonstrated to identify a molecule’s vibrational fingerprints
ranging from 844 to 1466 cm LU as shown in Figure 5d,
where the vibrational spectral features turn out to be obscure
without the graphene plasmons.

4.3. Acoustic Plasmons with Atomic-Scale Vertical
Field Confinement

2D polaritons are vertically confined with the characteristic
length of A,/m. For example, if graphene plasmons exhibit
a confinement factor of n.g = 100 at free space wavelength
Ao = 10 um, then 4,/m = 30 nm, and its electric field reaches
up to =30 nm away from the graphene surface. Recently, it has
been discovered that a graphene—insulator-noble metal het-
erostructure can overcome this vertical confinement limit and
squeeze the field of plasmon polaritons in the length scale of
one atomic layer, since the noble metal prevents the field pen-
etration by inducing the image charges on its surface.l'* This
new plasmonic mode is called “acoustic” graphene plasmons
(named so for their linear dispersion and symmetric field
profile, resembling the acoustic phonon modes in graphene)
and exhibits higher lateral confinement (n.s up to =170) com-
pared to regular graphene plasmons.#201%1 Systems with
such extreme plasmon confinement go into the nonlocal
regime,['%l while the momentum of acoustic graphene plas-
mons approaches the fundamental limit imposed by the
Landau damping. Such acoustic plasmons are also theoretically
expected to exist in BP, exhibiting anisotropic dispersion in the
mid- and far-IR regimes.[1?”]
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The extremely high near-field confinement of acoustic gra-
phene plasmons was recently used to realize ultrasensitive
infrared spectroscopy, as shown in Figure 5e.'% In this device,
acoustic graphene plasmons on metal strips were launched by
intergap graphene plasmons excited from metal edges. A thin
silk protein layer was placed beneath the graphene sheet, and a
back reflector was incorporated to further enhance light-matter
interactions, which resulted in large absorption. As shown
in Figure Se, two spectral dips emerged at the vibrational
frequencies of the target silk protein. In particular, even an
angstrom-thick protein was detectable due to the extreme level
of light-matter interactions.[1%!

5. Thermal Radiation Engineering

Any object at temperatures from 300 to 1000 K emits thermal
radiation at mid-infrared frequencies. Until recently, the
thermal emission characteristics of an object was considered to
be fixed and not actively controllable, and that the intensity of
thermal emission was upper bounded by the Planck’s thermal
radiation law. Recent advances in nanophotonics, however,
have challenged this conventional conception.'%”! By employing
exotic polaritonic properties of van der Waals crystals, the char-
acteristics of thermal emission can be substantially engineered
to realize dynamic thermal emission modulation!® and super-
Planckian radiative heat transfer.[16:110-112]

5.1. Dynamic Modulation of Thermal Emission

Dynamic modulation of thermal radiation is desirable for many
applications based on tunable mid-infrared sources including
compact IR spectroscopy, chemical analysis, and environmental
monitoring.’>13] The most straightforward method to modu-
late the thermal emission intensity is to adjust the tempera-
ture of the emitter. However, temperature modulation is often
inefficient and slow since heating and cooling of macroscopic
objects having large heat capacity requires a large amount
of energy and takes a long time. An alternative way of modu-
lating thermal emission intensity is to control the emissivity of
the object. Kirchhoff’s law of thermal radiation states that the
angular spectral emissivity e(®,7,p) is equal to the angular
spectral absorptivity o(w,7,p") for reciprocal thermal emit-
ters, where 7i and p specify the direction and the polarization,
respectively. Consequently, optical devices that can modulate the
absorption of incident light can also modulate its own thermal
emission dynamically. The direction, polarization, and the spec-
tral line shape of thermal emission can also be controlled by
engineering the absorption characteristics of the emitter.1%
Electrically tunable plasmon polariton resonances in gra-
phene nanostructures, which were introduced in Section 3,
can also be utilized in dynamic thermal emission modulation.
Brar et al. demonstrated that the thermal radiation of graphene
plasmonic resonators on SiN,/Au substrate can be dynamically
tuned by varying the graphene carrier density via electrostatic
gating,[>) as schematically shown in Figure 6a. The changes in
emissivity spectra have a peak at the plasmon resonance fre-
quency and the intensity of the peak substantially increases and
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its spectral position blueshifts from around 1300 to 1400 cm™!
as the carrier density varies from 0.5 to 1.2 x 102 cm™ as
shown in Figure 6b. The emissivity spectrum is also strongly
dependent on the polarization, reconfirming that the peak
originates from the graphene plasmon resonance (Figure 6c).
As predicted by Kirchhoff’s law of thermal radiation, the emis-
sivity and the absorptivity spectra of the device at the same car-
rier density match well. The maximum thermal power modula-
tion is observed to be 50 pW c¢cm™! at 250 °C which compares
favorably with commercial mid-infrared LEDs. The switching
speed of the electronic thermal emission modulation is lim-
ited by the RC time constant rather than the heat capacity or
thermal time constant of the device.["”]

5.2. Super-Planckian Radiative Heat Transfer

Planck’s law for black bodies sets an upper limit for the radia-
tive heat transfer between macroscopic objects in the far-field.
However, since the Planck’s law is based on ray optics, it fails
to describe the radiative heat transfer in two distinctive regimes
where either (1) the separation between the objects or (2) the
dimensions of the objects are smaller than the thermal wave-
length (about 10 pm at room temperature).'* The extremely
confined and anisotropic nature of the polaritons in vdW crys-
tals, along with their atomic thinness, provide an ideal platform
to access both regimes and thus realize the super-Planckian
radiative heat transfer.

When two objects are put in close vicinity (separation
< thermal wavelength), the evanescent waves of the two objects
can couple together and provide extra channels for the radia-
tive heat transfer. The rate of this near-field radiative heat
transfer (NFRHT) is thus strongly dependent on the near-
field density of photonic states in the system, which can be
enhanced and tuned by the highly confined (n.¢ = 100) polari-
tonic modes sustained by vdW crsytals.l'™® It was theoretically
predicted''*116l and experimentally demonstrated!''”] that plas-
mons in graphene mediate and boost the NFRHT between
polar dielectrics. In their recent experiments, Yang et al.l'l
observed super-Planckian NFRHT between two macroscopic
graphene sheets separated by 430 nm vacuum gap (Figure 6d),
which exceeds the blackbody limit by 4.5 times for a wide range
of temperature differences, as shown in Figure 6e.

Anisotropic polaritons in vdW materials not only make the
NFRHT dependent on the crystal direction of the vdW mate-
rials"8! but also provide another path to further intensifying
the NFRHT when they become hyperbolic.''%112l Hyperbolic
polaritons can possess arbitrarily large wavevectors. The near-
field density of photonic states dramatically increases due to
the contribution of these high-k modes in a broad frequency
regime.'%) Recently, Ge et al% and Zhang et al.''¥l theo-
retically investigated the NFRHT between the two suspended
sheets of BP, and reported that the radiative heat flux can exceed
the Planck’s limit by 10% to 10* times for separation distance
between 100 and 10 nm (Figure 6f,g). Liu and Zhang proposed
periodic graphene ribbon arrays to induce hyperbolic modes
and predicted a giant enhancement of the NFRHT by more than
one order of magnitude.''?l Additionally, due to the low elec-
tronic heat capacity and large polaritonic field concentration,
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the NFRHT between nanostructured vdW crystals can be ultra-
fast and the radiative cooling between two graphene nanodisks
is predicted to occur within a femtosecond timescale.'?’!

Planck’s law is also expected to fail to describe the radiative
heat transfer between sub-thermal-wavelength objects. Very
recently, it was predicted?!] and demonstrated!?? that even
the far-field radiative heat transfer (FFRHT) can overcome
the Planckian limit by orders of magnitudes if some, not nec-
essarily all, of the dimensions of the objects become much
smaller than the thermal wavelength. Fernandez-Hurtado et al.
theoretically investigated the ultimate limit of the far-field viola-
tion of Planck’s law by analyzing the FFRHT between 2D mate-
rials (graphene and monolayer BP) in a coplanar configuration
as shown in the insets of Figure 6h, and predicted more than
seven orders of magnitude stronger FFRHT compared to the
Plank’s blackbody limit (Figure 6h).['1

6. Polaritonic Dispersion Engineering
in van der Waals Crystals

The electromagnetic field of the (quasi)particles in 2D materials
stretches beyond the atomically thin layer, which makes them
extremely sensitive to their proximity to substrates or other 2D
crystals.'?’l Furthermore, since the unique properties of 2D
crystals stem from the periodicity of their atomic structure, free
carriers and polariton species populating such materials are
highly susceptible to the perturbation of the crystalline atomic
structure. Therefore, properties of polaritons in 2D materials
can be engineered at the quantum level via: (1) vertical stacking
of vdW crystals, which leads to a hybridization of polariton spe-
cies100124125] or control over the level of their anisotropy;!'%l
(2) imposing a superlattice periodicity on 2D materials, which
causes significant alteration on the polariton characteristics in
nontrivial manner.['7:127-131]

6.1. Polaritons in van der Waals Heterostructures

Besides the straightforward engineering of interface proper-
ties, 13271351 stacks of vdW materials can support hybridized
polaritonic modes. For example, in an h-BN-graphene hetero-
structure, graphene plasmons and h-BN phonons hybridize
into infrared surface plasmon—phonon polaritons.[190:124125]
This new polaritonic species has been observed using both
single- and multilayer h-BN, stacked with a single graphene
layer. In the former case, the far-field measurements revealed
the splitting of graphene plasmon dispersion into two optical
modes with anticrossing near the frequency of the planar h-BN
phonons.'% The unique behavior is explained within the
limits of classical electromagnetic coupling between the plas-
monic near-field and the phonon modes of the h-BN lattice. In
the case of multilayer h-BN substrate, the hybridization with
hyperbolic phonons results in hyperbolic plasmon-phonon
polaritons.'?* These hybridized infrared polaritons have been
observed with the near-field technique, and demonstrated to
have approximately twice larger propagation length compared
to graphene plasmons due to lower sensitivity to ohmic losses
in graphene.['2
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Figure 6. a) Graphene resonators array placed on the temperature-controlled stage with electrostatic gating for emissivity measurements. b) Carrier
density dependence of change in emissivity with respect to the CNP for 40 nm graphene nanoresonators (inset) at 250 °C. c) Polarization dependence
of the emissivity change for 40 nm graphene nanoresonators at 250 °C, for a carrier density of 1.2 X 10"* cm™2. (a—c) Adapted with permission.['’]
Copyright 2015, Springer Nature. d) A schematic of the NFRHT measurement setup with vacuum between the emitter and receiver graphene layers.
e) The measured heat flux density (symbols) and the analytical prediction (shaded region and dashed line) at different emitter temperature variation
between i-Si substrates with or without graphene, as indicated; in the simulation, the gap between the layers is considered as d = 430 £ 25 nm and
graphene’s Fermi level £z = 0.27 £ 0.03 eV (inset). (d,e) Adapted with permission.l"®! Copyright 2018, Springer Nature. f) Schematic of the NFRHT
between two monolayer BP sheets separated by the gap with size d. g) Ratio between the NFRHT and black body heat transfer rates as a function of d;
electron density n =5 x 10'> cm™2. (f,g) Adapted with permission.["8 Copyright 2018, American Chemical Society. h) FFRHT enhancement dominated
by the TE-polarized guiding modes in the nanoribbons of graphene and BP. Adapted with permission.'"l Copyright 2018, American Chemical Society.

Interestingly, it is also possible to induce anisotropy to the dis-
persion of polaritons in an isotropic 2D material by stacking it with
an anisotropic one. For example, in a very recent experimental
study, Chaudhary et al. demonstrated h-BN phonon polaritons
exhibiting an in-plane anisotropy induced by the BP substrate.[!2¢!
The study demonstrates the anisotropy of 1.25 for the phonons
in 40 nm-thick layer of h-BN at 1405-1440 cm™, caused by the
strong in-plane anisotropy of BP, as discussed in Section 2.2.

6.2. Plasmonics in Graphene Superlattices

It has been demonstrated that N layers of graphene exhibit N
times the higher optical conductivity, since the electronic sys-
tems of the layers typically stay decoupled.3®! However, when
the layers of graphene become electronically coupled, the
plasmonic dispersion of system of the two graphene layers
(bilayer graphene with Bernal stacking) significantly deviates
from that of a single layer, characterized by a higher plasmon
momentum, which has been associated with the interlayer
tunneling.'3”] The system of bilayer graphene has one more
degree of freedom: the twist angle 6 between the layers, leading
to the formation of a moiré superlattice of carbon atoms, as
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shown in Figure 7a. When the twist angle is large (6 2 3°), the
period of the moiré superlattice is small enough to consider
the twisted bilayer graphene (TBG) as a uniform material,
having continuous band structure which depends on the twist
anglel!381401 (Figure 7b) and can be electrostatically tuned.[!38l
Accordingly, the plasmonic dispersion in TBG also depends on 6.
Hu et al.'"! probed the infrared graphene plasmons in single-
layer graphene (SLG) and TBG with different twist angles using
the s-SNOM at excitation wavelength A, = 11 um (Figure 7c).
According to the measurements, the plasmon dispersion in
TBG is close to that of SLG at smaller angles, while shifting to
larger plasmonic wavelengths (and hence, lower damping) as
the angle increases.*!] From the analytical model for conduc-
tivity in both cases, the estimated SLG plasmon wavelength was
ApStS = 279 nm, while the plasmon wavelength in TBG was
ApTBG = 393, 387, 340, and 278 nm for 6 = 27°, 12°, 5°, and 3°,
respectively. Authors noted that the measured A, B¢ agrees well
with the theoretical model for TBG in the Dirac regimel!*¥! only
at large twist angles 6 2 3°. However, when the twist angle is
small, the TBG system goes into a completely different regime,
for example, exhibiting unconventional physical properties
at the “magic angle” of 6 = 1.1°1*2 which has caused much
excitement across the broader physics community.
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Figure 7. a) Schematics of the moiré superlattice in TBG with twist angle 6, with period indicated by the red arrow. Adapted with permission.['*!l
Copyright 2017, American Physical Society. b) Calculated electronic band structure of TBG for the indicated 6. Adapted with permission.'*0l Copyright
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angle; plasmonic fringes clearly visible. (Bottom row) Model (red dashed) and measured (gray solid) near-field amplitude profile across the interfaces
(indicated by the dashed blue line); blue arrow marks the plasmonic wavelength in TBG, twice larger than the fringe period. Adapted with permis-

sion.""] Copyright 2017, American Physical Society.

For even smaller twist angles < 1°, the period of the moiré
superlattice (=10-100 nm) becomes significantly larger than
that of the graphene atomic lattice. This allows atoms in the
two adjacent graphene sheets to reconstruct their lattices
into energetically favorable AB and BA Bernal stacking, thus
forming commensurate domains of different stacking order
separated by domain walls of topological naturel!”.131:143-145] a5
shown in Figure 8a. These domain walls support topological
chiral states, causing the local conductivity to increase due to
the optical transitions between the chiral states and band con-
tinual'71*4 (Figure 8b). Jiang et al.*4 experimentally observed
the electrically tunable reflection of propagating infrared plas-
mons at the topological boundaries with the near-field imaging
technique (Figure 8c). And more recently, Sunku et al.'”] used
the near-field imaging to demonstrate the interference of
plasmon polaritons in the network of the topological domain
walls. In fact, it has been suggested that the superlattice of
the topological domain boundaries can be potentially used as
a tunable photonic crystal for infrared graphene plasmons:
theoretical calculations predict an opening of a bandgap in the
plasmonic dispersion due to the presence of the superlattice
formed by the domain walls with large enough plasmon scat-
tering strengthl'’! (Figure 8d). The electrostatic and microme-
chanical (via twist angle) tunabilities of such superlattices are
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promising mechanisms to control highly confined graphene
plasmons and other polaritons in layered van der Waals mate-
rials at the quantum level, without the demanding top-down
nanofabrication.

Another platform that allows formation of periodic moiré
superlattices is the heterostructure of graphene and h-BN,
since both materials have similar lattice constants as well
as strong interlayer coupling between carbon atoms in gra-
phene and boron and nitrogen atoms in h-BN.I'"#61%7] With
careful lattice matching, it is possible to create a moiré super-
lattice domain of moderate size (of sub-micrometer scale and
up to =10 nm period) where electronic bands of graphene are
significantly perturbed, acquiring a new set of superlattice-
induced Dirac minibands, leading to a nontrivial plasmonic
dispersion.[22130147] Once again, the near-field imaging tech-
nique was used for the experimental investigation of this
phenomenon!!?’! (Figure 8e). Although the exact physical
model of graphene plasmons in h-BN-induced superlattice
is still under development, the most recent theoretical inves-
tigation suggests that the graphene/h-BN moiré superlattice
leads to a strong asymmetry in the electronic dispersion of
graphene between the hole and electron doping regimes,3%
a trait that is drastically different from that of a single-layer
graphene.3!
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Figure 8. a) Schematics of the TBG with small twist angle before (left) and after (right) lattice reconstruction. Adapted with permission.*3] Copyright
2019, Springer Nature. b) Electronic band structure of the topological domain wall (K valley) with chiral 1D states (orange), red arrow indicates optical
transitions responsible for the increased local conductivity. ¢) Near-field image of TBG (scattered field amplitude s) with clearly visible topological
boundaries, overlapped with TEM image of the TBG after reconstruction, showing domains of AB and BA stacking. d) Calculated plasmonic dispersion
in the superlattice of topological boundaries with large plasmon scattering strength. (b—d) Adapted with permission.l'’l Copyright 2018, AAAS. e) (Left)
Near-field image of graphene on h-BN (scattered field amplitude s) with domains of moiré-patterned graphene (“1”; MPG), graphene without moiré
superlattice (“2”; SLG), and bare h-BN (“3”), scale bar is 1 um; inset: surface mapping (AFM in contact mode) of the boundary between the domains
of MPG (“1”) and SLG (“2"), scale bar in 40 nm. (Right) Scattered near-field amplitude across the MPG-SLG boundary, showing plasmonic fringes
of different period. Adapted with permission.l'?l Copyright 2015, Springer Nature. f) Topologically protected plasmons in graphene superlattice with

broken T symmetry. Adapted with permission.*l Copyright 2017, Springer Nature.

Finally, graphene is predicted to become a platform for the
realization of topologically protected infrared plasmons in a
periodically patterned single layer1*81# (Figure 8f). In general,
topological optical states require the time-reversal symmetry
(T) breaking of the system’s optical response.'>% Due to its low
dimensionality, graphene is predicted to provide T-breaking for
the edge-bound plasmonic modes under relatively low mag-
netic fields of =1 tesla.l'*¥] However, topological plasmons are
yet to be experimentally demonstrated.

7. Outlook

The unique electronic properties of van der Waals materials
combined with their intrinsic thinness and smoothness allow
them to exhibit distinctive optical properties that are of both
fundamental and technological interest. Thus far, those proper-
ties—which include high mode confinement, index tunability,
and optical anisotropy—have been observed and leveraged in
only a small number of potential material systems, including
graphene, h-BN, black phosphorus, and o~-MoO;. However,
there is a large number of alternative van der Waals materials
that can exhibit these properties including transition metal
dichalcogenides, borophene, and more exotic materials such
as Bi,Se;—a topological insulator that could support low loss
plasmonic modes.!] Many of these materials have already
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been isolated for electrical studies, but they are difficult to
integrate into optical devices due to either their air sensitivity,
low sample quality, or an inability to fabricate large-scale sam-
ples. Fortunately, many of the characterization and device
integration methods described in this progress report can be
straightforwardly applied to new material systems. In par-
ticular, scattering SNOM has emerged as a powerful tool that
can extract the localized polaritonic properties of small exfoli-
ated samples that could not be probed in a conventional optical
microscope. s-SNOM has recently been extended for use in
low-temperature and high-vacuum environments,*!! and it can
also be used to image samples that are encapsulated in h-BN,
which can protect materials from environment. Furthermore,
the device geometries that have been designed to optimize elec-
trostatic gating and interactions with free space light can be
broadly repurposed for many vdW materials.

Among the fundamental mid-infrared optical properties that
will continue to attract interest in vdW material systems is their
large confinement factors, high anisotropy, and the ability to
create a tunable optical response over a large wavelength range.
Materials with strong in-plane anisotropy, for example, could
be used for hyperlensing, strong light-matter interactions,
and directional light propagation. In addition to exploring
materials with natural structural anisotropy, the application of
strain or layering of two anisotropic materials could be used
to alter the anisotropic optical properties in a controllable
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manner. Furthermore, materials that display tunable, aniso-
tropic plasmon polaritons, such as BP, could be developed into
polarization switchers, or electrically tunable dichroic filters.
For BP, some recent experiments to that end have been per-
formed by exploiting BP’s bulk electronic anisotropy,'>? but
the use of surface plasmons requires better control of the BP
surface. One alternative method of realizing such behavior is
to couple the tunable surface plasmons of graphene with the
anisotropic phonon polaritons of an underlying material, such
as 0-MoO;. In that scheme, tunable hybrid modes could be
realized that display anisotropy. Meanwhile, in order to increase
the confinement factors in vdW optical materials, it is neces-
sary to explore materials with lower polaritonic group veloci-
ties. To that end, systems with larger carrier effective masses
could be explored, or higher purity samples could be developed
with losses sufficiently small to allow polaritons to propagate
even as the dispersion bands flatten. For plasmonic materials,
decreasing the loss in the material could allow for plasmon
polaritons to propagate even at very low carrier densities, where
the confinement factors are increased.’”)

Integrating vdW materials with nanophotonic structures—
including metasurfaces, photonic crystals (PC), waveguides,
and plasmonic antennas—will continue to be explored as a
means of making novel optical properties observable macro-
scopically and useful for device integration. In general, these
strategies work by either increasing the optical path length
through the vdW system, or by focusing the free space light
into the small volume of the vdW crystal so that the interaction
is increased. For optical sensing, this strategy could be useful
in improving the overall signal-to-noise ratio in devices by, for
example, simultaneously coupling the highly confined vdW
modes to a molecule of interest as well as a photonic structure
that interact with the far-field. Nanophotonic structures can also
be explored as a way of creating a more narrowband response
in polaritonic vdW materials, which can be useful for sensing,
as well as for thermal emission devices. For example, experi-
ments with graphene coupled to photonic crystals have shown
that the narrow reflection peak of a PC cavity can be turned on/
off by controlling the interband transitions in graphene,[!>3]
and more recently it has been shown that the thermal emission
from a graphene sheet can also be coupled to a PC cavity.'¥
Improving the tuning range of vdW polaritons with nanophotonic
structures, meanwhile, could be useful for the creation of
dynamic phase shifter devices that can be used for spatial light
modulators or holographic displays.[®*1>]

Emerging many-body phenomena in vdW materials are
extremely interesting from a polaritonic perspective, since the
surface polaritons are intimately linked to the electronic and
phononic structure of the material. Exploring how the optical
response changes in twisted vdW systems, for example, could
provide insight on the rich interactions in the material. As
researchers continue to create material systems with novel
physics, and rich phase transitions, it is likely that new polari-
tonic properties will become observable. As discussed before,
twisted bilayer graphene is one exciting candidate material to
observe such effects, but twisted transition metal dichalcogenide
(TMD) layers can also show novel effects such as interlayer exci-
tonic states that are confined within a tunable moire potential
and emergent topological states.['’®157] Moreover, high-quality
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graphene and bilayer graphene have recently been shown to
display hydrodynamic properties and liquid nitrogen tempera-
tures, which could affect plasmonic behavior.'>®! Finally, several
high T, superconductors are also vdW materials,' and the
polaritonic response in those systems could vary dramatically
as they are brought to a single layer.

In summary, we anticipate that the development of mid-
infrared polaritonics in vdW materials will not only give us
deeper understanding of fundamental electronic and phononic
interactions in solid-state systems but also lead to breakthroughs
in practical applications including biosensing, environmental
monitoring, modulation of mid-infrared light with unprec-
edented spatiotemporal resolutions, heat management beyond
the Planck’s limit, and thermal energy applications.
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