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Plasmonics1 is an important subfield of
photonics that deals with the excita-
tion, manipulation, and utilization of

surface plasmon polaritons (SPP, hereafter
also called simply plasmons), the quantum
of elementary excitation involving the col-
lective electron oscillation.2 Over the past
decade or so, research has focused mainly
on noble metals plasmonics, with silver and
gold being the predominant materials of
choice. Today, metal plasmonics constitute
the foundational pillars for applications as
diverse as nanophotonics for integrated
photonic systems,3�5 metamaterials with
unusual electromagnetic phenomena,6�9

biosensing with nanostructures,10,11 photo-
voltaic devices,12 single photon transistors
for quantum computing13,14 and surface-
enhanced Raman spectroscopy for singlemo-
lecule detection.15,16 These breakthroughs
were realized in the visible to near-infrared
frequencies.
In the ongoing search for new and better

plasmonicmaterials,17 graphene has emerged
to be a very promising candidate for terahertz
to mid-infrared applications,18�23 the fre-
quency range where its plasmonic resonance
resides. Today, the terahertz to mid-infrared
spectrum, which typically ranges from 10

to 4000 cm�1, is finding a wide variety of
applications24�26 in information and commu-
nication, medical sciences, homeland security,
military, chemical and biological sensing, and
spectroscopy, among many others. In this re-
view, we describe the recent advances made
in the basic understanding and engineering
of plasmons in graphene metamaterials, and
provide our perspective on their potential
application space.

Graphene as a Tunable Optical Material. Ac-
companying the relativistic-like linear en-
ergy dispersion in graphene, with electrons
traveling at a Fermi velocity only 100 times
smaller than the speedof light, are its unique
electronic and optical properties.27,28 Intrin-
sic graphene has a universal optical conduc-
tivity of e2/4p, where e is the electronic
charge and p is the reduced Planck constant,
hence, an absorption of Rπ ≈ 2.3% which
depends only on the fine-structure constant
R.29�32 Unlike metals, which have abun-
dance of free charges, graphene is a semi-
metal. Free carriers can be induced through
chemical doping or electrical gating with
great ease due to its two-dimensional nature.
Free carriers in graphene obtained through
suchmeans can reacharound0.001�0.01per
atom, or doping concentration of 1� 1012 to
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ABSTRACT In recent years, we have seen a rapid progress in the field of graphene plasmonics,

motivated by graphene's unique electrical and optical properties, tunability, long-lived collective

excitation and its extreme light confinement. Here, we review the basic properties of graphene

plasmons: their energy dispersion, localization and propagation, plasmon�phonon hybridization,

lifetimes and damping pathways. The application space of graphene plasmonics lies in the

technologically significant, but relatively unexploited terahertz to mid-infrared regime. We discuss

emerging and potential applications, such as modulators, notch filters, polarizers, mid-infrared

photodetectors, and mid-infrared vibrational spectroscopy, among many others.

KEYWORDS: graphene plasmonics . terahertz . mid-infrared . damping . applications . metamaterials . spectroscopy .
plasmonic devices . plasmon�polaritons . plasmon�phonon�polaritons
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1 � 1013 cm�2, which is significantly smaller than that
of 1 per atom for noble metals. Solid electrolyte gating
can allow for higher concentration of free carriers of
0.1 per atom, which translates to a chemical potential
of EF ≈ 1 eV.33 The two-dimensional and semimetallic
nature of graphene, therefore, allows for electrical
tunability not possible with conventional metals.

Figure 1a,b illustrates a characteristic absorption
spectrum of graphene at finite doping and the differ-
ent optical transition processes involved. The spectral
weight below 2EF is mainly imparted to a Drude peak
response at terahertz frequencies, due to intraband
free carriers absorption. At near-infrared to visible
frequencies, absorption is due to direct interband
transitions. In doped graphene at the mid-infrared
regime, Pauli-blocking occurs and the optical conduc-
tivity is minimal. The residual absorption observed
in experiments at low temperature32 is generally at-
tributed to disorder.36 Graphene, besides being a
unique material with unprecedented tunable optical
properties, is also an excellent conductor of electricity.
Highest attained carrier mobility has reached
1 000 000 cm2/(V s) in suspended samples37 and
100 000 cm2/(V s) for ultraflat graphene on boron
nitride.38,39 These attributes, in addition to its stability

and compatibility with standard silicon processing
technologies, has led to the rapid development of
promising graphene-based active devices on a silicon
photonic platform, such as photodetectors in optical
communication data-links34,40 and electro-optical
modulator in silicon waveguides,35 among many
others. Some of these active graphene devices are
illustrated in Figure 1c,d. In similar fashion, the utiliza-
tion of graphene plasmons, a collective form of elec-
tron excitation, allows for tunable plasmonic devices.

Terahertz to Mid-Infrared Plasmon�Polaritons. Conven-
tional plasmonics emerged from the early study of SPP
confined to metallic surfaces,41 where free electrons
oscillate collectively in resonance with the electromag-
netic field. They are confined transverse magnetic (TM)

VOCABULARY: Polaritons - quasi-particles resulting

from the coupling of electromagnetic waves and an elec-

tric dipole-carrying excitation such as phonon and plas-

mon. In graphene, these excitations reside in the terahertz

to mid-infrared regime; Terahertz radiations - electro-

magnetic waves at wavelengths from 0.1 to 1 mm, while

mid-infrared radiations from 3 to 8 μm. The following

conversion can come in handy: 1 eV = 8000 cm�1 =

1.25 μm = 240 THz;

Figure 1. (a) Illustration of a typical absorption spectrum of doped graphene.29�32 It has characteristic features such as a
Drude peak at terahertz frequencies, minimal absorption in the mid-infrared frequencies due to Pauli blocking and a
transition to the universal 2.3% absorption beyond the far-infrared. (b) Illustration of the various optical transition processes.
At small ω less than the thermal energy, transitions occur via intraband processes. At finite ω < 2 μ, disorder plays an
important role in imparting the momentum for the optical transition. A transition occurs around ω ≈ 2 μ, where direct
interband processes lead to a universal 2.3% absorption. (c) Schematic of a metal�graphene�metal photodetector with
asymmetricmetal contacts, which was operated at 10 Gbits/s data rate with 1.55 μm light excitation as described in ref 34. (d)
Schematic of a graphene-based waveguide-integrated optical modulator reported in ref 35. Inset shows a finite element
simulation of thewaveguide's opticalmode, designed so as tomaximize the field at the interface between thewaveguide and
the graphene for maximal absorption efficiency.
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electromagnetic wave, where the electric field vector
is parallel to the plasmon propagation direction i.e.,
its wave vector q. This is illustrated in Figure 2a. The
dispersion relation of this SPPmode is well-known, and
can be obtained by solving Maxwell's equation under
appropriate boundary conditions:41,42

qsp ¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrεm(ω)

εr þ εm(ω)

r
(1)

where εr = 1 for air. A prerequisite for its existence is
that εrεm(ω) < 0; hence, metals are usually used. As an
example, SPP at air�silver interface has the optimal
electromagnetic wave confinement in the red part of
the visible spectrum20 i.e.,≈18 000 cm�1, with a wave-
vector qsp an order of magnitude larger than its free
space momentum, i.e., q0 = ω/c. Their weaker confine-
ment and increased losses at lower frequencies make
noble metal plasmons less appealing for applications
at terahertz and mid-infrared frequencies.

The simple dielectric�graphene�dielectric system
also accommodates a TM plasmonmode, as illustrated
in Figure 2b. In the nonretarded regime where q. q0,
it has the following solution:20,43,44

q � i2ωεrε0
σ(q,ω)

(2)

where εr is the average dielectric constant of its
surrounding medium and σ(q,ω) is the nonlocal con-
ductivity of graphene. In the long-wavelength (i.e., q,
kF where kF is the Fermi wave vector) and high doping
(i.e., pω , EF) limits, the conductivity is dominated
by intraband electronic processes following the local

Drude model,45

σ(ω) ¼ ie2jEFj
πp2(ωþ i=τe)

(3)

Here, τe is themomentum relaxation time. Substituting
eq 3 into eq 2, we obtain the plasmon dispersion
relation in the long-wavelength limit,

q(ω) ¼ 2πp2ε0εr
e2EF

ω2(1þ i=τω)

¼ εr
2R

ω

ωF
k0(1þ i=τω) (4)

where R � e2/4πpε0c = 1/137 is the fine strucure
constant and ωF = EF/p. In the mid-infrared frequency,
we have ω/ωF of order 1 under typical doping condi-
tion, implying a strong inherent plasmonic wave loca-
lization effect of order 1/R. Hence, the plasmon wave-
vector (momentum) q in graphene can be two orders
larger than q0, which translates to a confinement
volume 106 times smaller than the diffraction limit.
Such extreme light confinement effect makes gra-
phene an attractive platform for nanophotonics in
these spectral ranges i.e., terahertz to mid-infrared.
For clarity, the plasmon disperson ωpl(q) from eq 4
can be obtained by setting τe = 0,

ωpl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2EFq

2πp2ε0εr

s
(5)

The ωpl �
√
q plasmon dispersion relation is ex-

pected for all 2D systems.44 For example, when we
use an electron concentration of 1 � 1013 cm�2, the
plasmon frequency will reside in the mid-infrared
regime of the electromagnetic spectrum.

Coherent Plasmons Phase Space. A plasmon, the quan-
tum of plasma oscillation, can either be self-sustaining
or severely damped. For technology, we are obviously
interested in the former. Landau damping is a funda-
mental and intrinsic damping mechanism due to the
loss of collective motion to the excitation of electron�
hole pairs. This occurs when the phase space of
plasmon and that of intraband and interband single
particle electron�hole excitations overlaps as de-
picted in Figure 2c. It is also clear that the threshold
for interband Landau damping can be tuned with EF.

Electron energy loss spectroscopy (EELS) is a com-
monly used technique for the study of electronic and
plasmonic properties of materials, including graphene
films. The sample is exposed to a beam of electrons
with well-defined kinetic energies, where the energy
loss of the reflected or transmitted beam is then
measured. A dominant source of energy loss is via

the Coulomb interactions with the conduction elec-
trons, including plasmons.48,49 This energy loss can be
computed within a rigorous and microscopic theore-
tical framework, the Random phase Approximation
(RPA),50�52 and is defined as the imaginary part of

Figure 2. (a) Illustration of a TM surface plasmon polariton
(SPP) at a metal�dielectric interface. (b) Illustration of a TM
plasmonmode in 2Dgraphene. (c) Plasmondispersion in 2D
graphene (solid line) calculated within the Random Phase
Approximation (RPA) taken from ref 46. The dashed line
indicates the long wavelength plasmon dispersion ωpl � q.
Landau damping regions due to intraband and interband
single particle electron�hole excitations are indicated. (d)
Plasmon dispersion of 2D graphene on SiC(0001) (symbols)
measured using EELSwith data taken from ref 47. Dashed line
is the long wavelength plasmon dispersion for reference.
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the inverse dielectric function, i.e., L(q,ω) � J [1/εRPA].
L(q,ω) is known as the electron loss function. The
dielectric function, in the absence of interactions, can
be computed from,

εRPA(q,ω) ¼ εr � vcΠ
0
F, F(q,ω) (6)

where vc = e2/2qε0 is the 2D Coulomb interaction.
ΠF,F

0 (q, ω) is the 2D polarizability function which
includes all single particle transitions between the
various electronic bands. The mathematical details,
including analytical form for ΠF,F

0 (q, ω) derived at
T = 0, are described in refs 46 and 53. However, in
the regime in which we are interested, i.e.,ω > vFq and
EF . pω, ΠF,F

0 (q, ω) can be approximated by,

Π0
F, F(q,ω) �

EFq
2

πp2(ωþi=τe)
2
¼ εr

vc

ω2
pl

ω2
(7)

Collective plasmonic modes can then be obtained
from the zeros of the full dielectric function i.e.,
εRPA(q,ω) = 0. From eqs 6 and 7, one arrived at the
expected plasmon dispersion in the long-wavelength
limit, ω = ωpl.

Figure 2c shows the calculated plasmon dispersion
from RPA theory using the exact form of ΠF,F

0 (q, ω).
At the long-wavelength limit, its dispersion follows
the ωpl �

√
q behavior expected for 2D plasmons.44

However, departure from this
√
q behavior becomes

apparent at larger q, where it begins to acquire a more
linear dispersion. EELS experiments were performed on
single and multilayer doped graphene on a SiC(0001)
crystalline wafer surface and also graphene grown on
Cu foil by chemical vapor deposition (CVD),47,54 where
Figure 2d shows the measured graphene plasmon
dispersion. EELS is not able to resolve plasmon disper-
sion at small q. At finite q, we see that it disperses rather
linearly instead of the

√
q-dependence, due to nonlocal

effects described within the RPA. At sufficiently large
plasmonmomentum, i.e., q > kF, the graphene plasmon
enters the interband Landau damping regime, and
becomes severely damped. By contrast, Landau damp-
ing for plasmons in conventional 2DEG occurs in the
intraband regime instead, due to the presence of an
energy gap. Note also the difference in the density
dependence of ωpl between graphene and 2DEG. As
is apparent from eq 5, ωpl � n1/4 in graphene while it
varies asωpl� n1/2 in conventional 2DEG. One can show
this by recasting into the conventional effective mass
Drudemodel through the simple relations, n= kF

2/π and
m = EF/vF

2.
So far, we discussed only the coherent plasmons

due to intraband processes involving the π band of
graphene. However, graphene also accommodates
energetically higher plasmonic modes, such as the π
and πþ σ plasmons at≈5 and ≈15 eV, respectively.55

These plasmonic modes arise from the π band and
interband processes with the high energy σ band.

However, these plasmonic modes reside within the
Landau-damped regions, with measured full-width
at half-maximum (fwhm) of the plasmon loss peak of
order 1 to 10 eV.47,54,55 As a result, they are not of
interest to the plasmonic applications we are consider-
ing and will not be discussed further in this article.

Confined Plasmon�Polaritons in Nanostructures. The size
of a material can influence how it interacts with light
especially when it is much smaller than the free space
wavelength. This fact was appreciated long ago by
Mie,57,58 when he explained the origin of the observed
red color in spherical gold nanoparticles solution by
simply solving Maxwell equation with the same bulk
material dielectric properties, but with modified
boundary conditions due to reduced size. Discontinu-
ities in the electric permittivity can set up standing
localized plasmon waves confined to the metal sur-
faces, when the light frequency is tuned to its plasmon
resonance. In similar fashion, 2D localized plasmons
can also be excited in lithographically designed thin
film metal slabs, disks and their periodic arrays.59�62

Recently, localized plasmonic modes has been ex-
perimentally observed in graphene micro- to nanorib-
bons and nanodisks arrays,21,22,63 through prominent
absorption peaks in transmission spectroscopy mea-
surements. In particular, polarization sensitive ribbon
arrays provide a pedagogical framework for the study
of basic properties of graphene plasmons,22,63 as will
bemade apparent below. Electromagnetic simulations
have shown that the plasmonic response between an
individual ribbon and its arrays are indistinguishable,
when the lattice constant of the array is more than
twice the ribbons width,64 implying that ribbon-to-
ribbon coupling can be neglected in this limit. Plas-
monic resonances within an individual ribbon occur
when q ≈ (2n þ 1)π/W, where W is the ribbon's width
and n = 0, 1, 2, .... This is the condition that the plasmon
half-wavelengths will be able to fit within the ribbon
width. Only plasmonic modes with odd multiples of
half-wavelengths65 couple with light as this produces
an effective charge dipole that creates the necessary
restoring force for collective charge oscillations.

Figure 3a,b illustrates the experimental measure-
ment scheme used to study a graphene nanoribbon
array on a diamond-like carbon (DLC) substrate as
described in ref 22. The electromagnetic response of
the array is characterized by its extinction spectrum,
Z(ω) = 1 � Tper/Tpar, where Tper and Tpar are the
transmission of light through the ribbon array with
electric field perpendicular and parallel to the ribbons.
By excitating the localized plasmons, the extinction
spectrum Z(ω) revealed prominent the resonant peaks
shown in Figure 3c at room temperature. By contrast,
analogous plasmonic absorption was observed in con-
ventional two-dimensional electron gas systems only
at 4.2 K.66 The graphene plasmon dispersionωpl(q) can
be mapped out by performing the measurement for
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ribbon arrays of different widths. When correction for
an apparent difference between the electrical and
physical width of the ribbons was done, a good agree-
ment between the observed localized plasmon disper-
sion with the classical result of eq 4 was found as
shown in Figure 3d. Unlike plasmonic resonances in
metallic nanoparticles, graphene plasmons reside in
the terahertz to mid-infrared regime. In addition, the
two-dimensional and semimetallic nature of graphene
allows for electrical tunability of these plasmonic
resonances.22,56,63,67

Seeing and Launching Propagating Plasmons. Previously,
we discussed how far-field scattered light produced by
interaction with plasmons can allow one to derive
information about the plasmonic behavior, such as its
dispersion. Development of scanning near-field optical
microscopy (SNOM)68 has provided an opportunity for
direct imaging of the SPP fields in conventional metal
plasmonics with nanometer range resolution, where
SPP scattering, interference effects and localization
have been visualized.69 Recently, a similar scattering-
type SNOM has allowed for nanoimaging of infrared
graphene plasmons56,67 as illustrated in Figure 4a.
Here, the sharp tip of an atomic force microscope,
with radius of curvature a≈ 25 nm, is illuminated with
a focused infrared beam, imparting the required

momentum of order 1/a for the excitation of graphene
plasmons. With the use of a free space incident light
of wavelength 11.2 μm (or frequency ω = 892 cm�2),
graphene plasmon in the form of a standing wave is
observed. The graphene plasmon was found to have
a wavelength of 200 nm, consistent with the estimate
from eq 4 (here, graphene is supported on a SiO2 sub-
strate with a doping of 8� 1012 cm�1), and 2 orders of
magnitude smaller than the free space wavelength.
Images of interference patterns generated by the
plasmon wave close to the graphene edges, atomic
defects, and at boundary of monolayer-bilayer gra-
phene are displayed in Figure 4b�e.

The ability for controlled launching of propagating
plasmons is a key element to nanophotonics applica-
tions. Conventional plasmonics approaches include
the use of a prism, either in the Otto or Kretschmann
configurations,70,71 where the evanescent wave asso-
ciatedwith total internal reflection excites propagating
surface plasmons along the metal�dielectric interface.
Excitation can also be performed using a diffrac-
tion grating, which shifts the wave-vector of incident
electromagnetic wave to match that of the surface
plasmon.1 These techniques can also be applied to
graphene,72 among other proposed methods such
as diffractive grating etched into the underlying

Figure 3. (a) Mid-infrared transmission measurement setup for graphene nanoribbons, which also involves an infrared
microscope coupled to a Fourier-transform infrared spectrometer (FTIR). (b) SEM image of an array of graphene nanoribbons
with width of 100 nm. (c) Extinction spectra Z(ω) = 1� Tper/Tpar, where Tper and Tpar are the transmission of light through the
ribbon array with electric field perpendicular and parallel to the ribbons. Inset: plasmon resonance frequency as a function of
wave vector q = π/W, where W is the width of the nanoribbon. The gray curve is a fit according to ωpl �

√
q. (d) The same

plasmon resonance data (red dots) as in (c), nowplotted as a function of wave-vector defined as q = π/We, whereWe =W�W0

is an effective electrical width with W0 = 28 nm. Plasmon resonance data for a lower Fermi level case are also plotted (gray
dots). Dashed curves are again fitting toωpl �

√
q. Figures are reprinted with permission from ref 22. Copyright 2013 Nature

Publishing.
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substrate,73,74 modulated conductivity in graphene72

and via surface acoustic waves with a piezoelectric
material.75 Up to date, experimental demonstration of
propagating graphene plasmons via these approaches
has not yet been demonstrated.

Coupling Plasmons with Phonons. Atomic vibrations in
polar crystals can also couple resonantly with electro-
magnetic fields. Hybridization between plasmons and
the polar optical phononmodes has long been studied
in the context of doped bulk semiconductors.76 At
the surfaces of these polar semiconductors, there are
Fuchs-Kliewer surface optical (SO) phonons77 which
have been studied extensively in conventional two-
dimensional electron gas system.78 For isotropic polar
dielectric material, the frequency of SO phonon is
related to its bulk transverse and longitudinal optical
(i.e., TO and LO) phonons throughωSO = [(ε0þ 1)/(ε¥þ
1)]1/2ωTO,

77 where ε0 (ε¥) is the static (high frequency)
dielectric constant and ωLO/ωTO = (ε0 þ ε¥)

1/2, i.e., the
Lyddane-Sachs-Teller relation. Recently, the potential
benefits of coupling with these long-lived phonons for
plasmonics applications have been recognized.79�81 In
addition, the surface polar phonon itself can be excited
by light, forming phonon�polariton as demonstrated
using infrared nanoscopy on SiC surfaces.79

When graphene is placed on a polar substrate, the
electronic degrees of freedom in graphene, including
its collective plasmon mode, can couple with these
SO phonons as seen in recent experiments22,47,82,83 via
long-range Fröhlich coupling, leading to a modified
plasmonic dispersion.84 The dispersion of these coupled
plasmon�phonon modes was recently measured.22 In
the experiment,22 the extinction spectra for graphene
ribbon arrays on a SiO2 substrate with W ranging from
60 to 240 nmweremeasured. There are three resonance
peaks within the measured frequency range of
650�6000 cm�1, due to the two relevant SO phonon
modes of SiO2 at 806 and 1168 cm�1. The interaction of

plasmon with these phonon modes can be described
within a generalized RPA theory as described below.
Figure 5aplots themeasured resonances overlaidon the
calculated RPA loss function with excellent agreement,
where the strength of the plasmon-phonon coupling
dictates the amount of anticrossing between the plas-
mon and phonon modes.

Dielectric function including electron coupling with
these SO phonons can be written as (see also the
Supplemental Information of ref 22):

εRPA(q,ω) ¼ εr � vcΠ
0
F, F(q,ω) � :::

∑
SO

εrω~
2
SO

(ωþi=τSO)
2 �ω2

SO þω~2SO

(8)

where τSO is the lifetime of the SO phonon mode,

ω~SO �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π
p

ωSOF 2

r
(9)

F 2 � pωSO

2π
1

ε¥ þ 1
� 1
ε0 þ 1

� �
(10)

F 2 describes the Fröhlich coupling strength, ε0 (ε¥)
are the low (high) frequency dielectric constant of the
dielectric, which for SiO2 is 3.9 (2.5). The frequencies of
these coupled plasmon�phonon modes can be ob-
tained by solving for εRPA = 0 numerically. In the simple
case of only one SOmode, and setting τe = τSO = 0, the
coupled plasmon�phononmodes reduces to a simple
biquadratic equation given by,22

ω2
( ¼ ω2

pl þω2
SO

2
(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ω2

plþω2
SO)

2 � 4ω2
pl(ω

2
SO �ω~2SO)

q
2

(11)

In the limit of zero coupling, i.e.,ω~SOf 0, we recover
the expected limits ωþ f ωSO and ω� f ωpl. The
frequencies of these various SO phonon modes are
the following:ωSO1 = 806 cm�1 andωSO2 = 1168 cm�1.

Figure 4. (a) Diagram of an infrared nanoimaging experiment at the surface of graphene on SiO2. Green and blue arrows
display the directions of incident and backscattered light, respectively. Concentric red circles illustrate plasmon waves
launched by the illuminated tip. (b�e) Images of infrared amplitude s (ω = 892 cm�1) defined in the text taken at zero gate
voltage. These images show a characteristic interference pattern close to graphene edges (blue dashed lines) and defects
(green dashed lines and green dot), and at the boundary between single and bilayer graphene (white dashed line). Locations
of boundaries and defects were determined from AFM topography taken simultaneously with the near-field data. Scale bars,
100 nm. All data were acquired at ambient conditions. Figures are reprinted with permission from ref 56. Copyright 2012
Nature Publishing.
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Typical quasi-particle lifetimes are τe = 0.1 ps and τSO =
1 ps. The coupling parameters obtained by fitting to
experimental coupled plasmon�phonon resonances
are F SO1

2 = 0.2 meV and F SO2
2 = 2 meV. Another SO

phonon mode at ωSO = 460 cm�1 (with F SO
2 =

0.2 meV85) resides outside the experimental frequency
range. Hence, the choice of substrate can be used to
engineer the plasmon dispersion in graphene.

Plasmon Damping Pathways and Lifetimes. When the
plasmon enters the phase space for single particle
transitions (i.e., intraband or interband), the plasmon
dissociates into electron�hole pairs, losing its coher-
ence and spectral weight. Plasmons can also decay into
photons via radiative processes86 which become in-
significant in the electrostatic limit, i.e., when the size
of plasmonic structure is smaller than the wavelength
of light. In addition, inelastic scattering with optical
phonons and other carrier scattering processes can
also contribute to plasmon damping. From the mea-
sured extinction spectra described above, the plasmon
damping rate Γpl can be extracted from the resonance
line width, i.e., full-width-half-maximum (fwhm), and is
related to its lifetime via τpl = [2Γpl]

�1.
Figure 5b,d shows themeasured plasmon damping

rate and lifetime is a function of both the ribbon's
width and the plasmon frequency for both the gra-
phene nanoribbons array on DLC and SiO2 substrate.
Here, the plasmon resides outside the Landau damp-
ing regions as shown in Figure 5a. A phenomenological

model which reasonably accounts for the experimen-
tally observed plasmondamping rate,Γpl, is given by,

22

Γpl(ω, W) ¼ Γ0(ω)þ 2vF
W �W0

(12)

Γ0 characterizes the plasmon damping processes in
bulk graphene, which includes scattering via optical
phonons,20,22 impurities,87 defects88 and electron�
electron interactions.89 The electron momentum re-
laxation time, τ0, obtained from dc Hall mobility mea-
surements or the Drude peak in ac optical conductivity,
provides reasonable estimates of the plasmon lifetime
due to quasi-elastic processes. Electrical transport in
large-scale grown CVD graphene and epitaxial gra-
phene on SiC substrate are also affected by wrinkles90

and atomic steps,91 respectively, with measured elec-
tron mobility of order μ ≈ 1000 cm2/(V s), which
translates to τ0 ≈ 50 fs. On the other hand, exfoliated
graphene on boron nitride substrate can exhibit elec-
tron mobility of μ ≈ 60 000 cm2/(V s),38 or τ0 ≈ 3 ps.

However, highly inelastic processes due to intrinsic
optical phonons, although not important at ω f 0,92

can provide significant additional energy loss channel
when the plasmon energy exceeds the optical phonon
emission threshold, ωpl > ωop. The long-wavelength
optical phonons in graphene are at an energy ofωop =
0.2 eV, or 1580 cm�1. As shown in Figure 5d, the
plasmon lifetime decays rapidly to 20 fs as its plasmon
energy exceeds that of the optical phonon. This process

Figure 5. (a) Plasmon frequency as a function of wave vector q = π/We (We is an effective electrical width) of hybrid
plasmon�phonon coupled modes measured using the FTIR transmission spectroscopy technique. It is overlaid with the
calculated loss function, plotted as a two-dimensional pseudocolor background. The dashed line represents the plasmon
frequencywithout considering plasmon�phonon hybridization. Two surface polar phonons and the intrinsic optical phonon
frequencies are indicated. (b) Damping rates of plasmons in graphene ribbons with similar doping on DLC (red) and SiO2

(gray) as a function ofWe. For ribbons on SiO2, peak 3 in (a) is analyzed. The red dashed curve gives the calculated damping
rates including edge and theDC scattering time τ0. (c) Illustrationof the plasmondampingprocess through the emission of an
optical phonon, which brings it into the intraband Landau damping regime creating electron�hole pairs. (d) Plasmon
lifetimes of ribbons on DLC (red dots) and SiO2 (gray dots) as a function of plasmon resonance frequency. Dashed curves are
calculated results including various scattering processes as described in the text. (e) Extinction spectra of a ribbonwith width
W = 100 nm on SiO2 at 4 different doping levels. Inset shows the extracted fwhm as a function of the corresponding plasmon
resonance frequency. Figures are reprinted with permission from ref 22. Copyright 2013 Nature Publishing.
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is schematically illustrated in Figure 5c, where through
the emission of an optical phonon, the plasmon is
brought into the intraband Landau damping regime
with the creation of electron�hole pairs. Calculation of
the plasmon lifetime due to this process, τe�ph(ω), is
described in detail in the Supplemental Information
of refs 22 and 20. Evidence for the optical phonon
mediated damping can be further strengthened by
studying the carrier density dependence of the plas-
mon line width as shown in Figure 5e. As the plasmon
frequency, which increases with doping, exceeds the
graphene optical phonon energy, we observe a sub-
stantial increase in its resonance line width as shown in
the inset of Figure 5d. This observation further rein-
forces our picture of the plasmon decay channel via
optical phonon emission.

The latter contribution in eq 12 is a finite size effect
resulting in plasmon lifetime of 50 fs for 100 nm width
nanoribbons array. Ignoring other contributions, the
plasmon damping due to this finite size effect goes as
1/q, or inversely proportional to the confinement. This
general trend has been observed in experiments.93

Analogous finite-size effects also govern plasmon
damping in metallic nanoparticles.94 In this case, the
damping is proportional to 1/r, where r is the radius of
the nanoparticle. There are different physical models
for this behavior, many of them summarized in ref 57,
with the dominant mechanism depending on the
particular experiment. The phenomenological model,
eq 12, provides a satisfactory description of the experi-
mentally observed graphene plasmon lifetime.

The role of phonons in the damping of plasmons is
complex. Infrared phonons, such as the polar phonons
in SiO2, can couple remotely with the graphene plas-
mon. The resultant hybrid plasmon�phonon modes
in turn inherit part of the long lifetime time of the
phonon, typically of order of 1 ps. Analogous to a pair
of classical coupled harmonic oscillators, the nature
and quality of the coupled mode (that is, phonon- or
plasmon-like) depends on its resonating frequency. For
example, if it is resonating at a frequency close to one
of the SiO2 SO phonon, it would exhibit a narrower
spectral width, inherited from the relatively long pico-
second phonon lifetime. As shown in Figure 5d, the
lifetime of the hybrid plasmon-phonon mode diverges
at frequency close to one of the SiO2 phonon at
1168 cm�1.

The application of magnetic field can also strongly
modify the plasmon lifetime. The cyclotron spectra of
graphene in a nonquantizing magnetic field, B, given
by ωc = eB/mc, wheremc = EF/vf

2 is the cyclotron mass,
which has a finite value dependent on the carrier
density. In the absence of a magnetic field, the extinc-
tion spectra of an array of graphene microdisks mea-
sured with FTIR transmission spectroscopy technique
reveal prominent resonance due to the localized 2D
graphene plasmon.95 The presence of a magnetic field

would exert an additional cyclotron force, splitting the
resonance into two peaks which move in opposite
directions with increasing field,95 with energies
given by,

ω( ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

pl þω2
c=4

q
(ωc=2 (13)

where ωpl is the localized plasmon in the absence of
a magnetic field. Similar behavior was also observed
at natural inhomogeneities (e.g., step and wrinkles) on
the graphene surface.96

The Faraday rotation spectra of these split magne-
toplasmons show that each peak is excited by a
different circular polarization direction. Most interest-
ingly, the measured fwhm for ω� becomes narrower
while that of ωþ gets broader with increasing field.95

With increasing magnetic field, the zero field plasmon
splits into a bulk and an edge mode. The latter forms
skipping orbits along the edges of the disks, effectively
transforming the 2D plasmon into a 1D-like plasmon.
Such edge current in a broken time reversal symmetric
system has the characteristic of reduced backscatter-
ing, much akin to that of quantum Hall edge current,
resulting in the reduced plasmon line width.95 More
recently, the edge plasmon dynamics in graphene
disks were alsomeasured using real time techniques.97

The dramatic reduction in backscattering in the edge
plasmon mode was verified and lifetimes as long as
50 ps (attenuation length of 70 ( 30 mm) were
observed. This is about 3 orders of magnitude longer
than the Drude relaxation time of the sample (0.05 ps
for a sample mobility of 5000 cm2/(V s)). Here, these
measurements were performed under quantizing
magnetic field for the v = 2 Landau level. The above
results indicate thatmagnetic fields provide a powerful
way of tuning not only the energy, but also the lifetime
of plasmons in graphene.

Enhanced Optoelectronics with Plasmons. Graphene is a
very unique optoelectronic material. Its large optical
phonon energies (Eop = 200 meV. kT) and mismatch
of Fermi and sound velocities (vF = 100vs) imply limited
scattering phase space with its intrinsic phonons,
which underlies the very weak electron�phonon cou-
pling in graphene when compared to other material
systems.33,92 Hence, upon carrier excitation with light or
othermeans, the electronic temperature in graphene can
be driven far from equilibrium providing the potential
for efficient optoelectronic devices.85 The optoelectronic
response in graphene can be driven by bolometric,99,100

thermoelectric,101,102 or photovoltaic99,103 effects, de-
pending on the device design and operating conditions.
Due to the limited absorption of 2D graphene, its re-
sponse is not particularly strong, and many strategies
have been proposed to overcome this limitation. For
example, microcavity-induced optical confinement
leads to 20-fold enhancement in photocurrent,104,105

silicon-waveguide-integrated graphene photodetectors
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also improves responsivities,106,107 and by integrating
metallic plasmonic nanostructures with graphene photo-
detectors as depicted in Figure 6a,b, an order of magni-
tude enhancement in photoresponsivity has been
achieved.98,108 Engineering the physical dimension of
metallic plasmonic nanostructures allows for spectral
selective amplification of photoresponse. Research
efforts have focused primarily on the near-infrared to
visible regions mainly for applications in optical
communications.

The terahertz andmid-infrared bands are important
spectral ranges where more efficient and compact
imaging and sensing devices are needed for critical
security and local communications applications.
Although state-of-the-art infrared detectors based on
semiconductor quantum well photoconductors have
response time and sensitivity approaching fundamen-
tal limits, they require cryogenic temperature opera-
tion at 4.2 K.109 Utilizing graphene's intrinsic plasmons
would enable tunable enhanced light absorption,
especially in the mid and far-infrared range.32 Gate-
tunable plasmonic enhanced photodetection at room
temperature in themid-infrared regimewith graphene
nanoribbons array was recently demonstrated.23 This
is illustrated in Figure 6c,d. Here, a hybrid plasmon�
phonon mode is excited at 943 cm�1 with a CO2 laser

(with perpendicular polarization), which upon decay
raises both the electron and phonon temperatures
(Te and Tph). The elevated temperature then produces
a change in the electrical conductivity and, hence, a
change in the photocurrent. A schematic of the photo-
current generation mechanism is shown in Figure 6e.
Despite this being the first demonstration of opto-
electronic response driven by intrinsic plasmons in
graphenemetamaterials, the observed photoresponse
enhancement is already more than an order of magni-
tude under ambient conditions for a 140 nm nano-
ribbons array as shown in Figure 6d. In addition, the
narrow line width of≈100 meV further allows for gate-
controlled switching of the plasmonic effect.

Active Metamaterials. Metamaterials are artificially
structured materials with engineered electromagnetic
properties not commonly found in nature, such as
negative index-of-refraction,6 electromagnetically in-
duced transparency (EIT),7 superlensing8 and cloaking.9

Since the electromagnetic response of metamaterials
can be tailored to a particular region of the electro-
magnetic spectrum, especially the “terahertz gap”
(0.1�10 THz) region where most of naturally occurring
materials are unresponsive, metamaterials are playing
an increasingly important role in creating necessary
functional devices for the rapidly developing terahertz

Figure 6. (a) Scanning electron microscopy micrographs of the graphene devices with plasmonic nanostructures in false
colors. Blue, graphene; purple, SiO2 (300 nm); yellow, Ti/Au electrodes. Scale bar, 20 μm. (b) Photovoltagemaps of the device
with light polarization perpendicular to the ribbons excited at 514 nm. (c) Schematic of the photoconductivity setup with a
graphene nanoribbon superlattice. Infrared laser light at 10.6mm is chopped at 1.1 kHz and the photocurrent is analyzedby a
lock-in amplifier referenced to the chopping frequency. (d) Gate-voltage-dependent photocurrent of a superlattice of 140 nm
graphenenanoribbonarraywith incident infrared light polarizationperpendicular (red spheres) andparallel (blue spheres) to
the ribbons. Applied source-drain bias is 2 V. Inset shows the polarization dependence of the peak photocurrent under the
same conditions. (e) Illustration of the mechanism of phonon and hot electron generation through decay of the hybrid
plasmon�phonon quasi-particles. Perpendicular polarization excites primarily the plasmon�phonon mode, while parallel
polarization excites individual electron�hole pairs. The plasmon�phonon quasi-particle decaysmainly through SO phonons
into other phonons,while electron�hole pairs decayprimarily into hot electrons. Electrons thermalize among themselves at a
temperature Te and phonons among themselves at a temperature Tph. A bottleneck exists between electron and phonon
baths, preventing full equilibration of electrons and phonons in graphene. Relevant scattering mechanisms (electron�
electron, electron�phonon or phonon�phonon) are indicated. Figures are reprinted with permission from refs 98 and 23.
Copyright 2011 and 2013, respectively, Nature Publishing.

REV
IEW



LOW AND AVOURIS VOL. 8 ’ NO. 2 ’ 1086–1101 ’ 2014

www.acsnano.org

1095

technologies.24 Terahertz functional devices including
phase and amplitude modulators based on metallic
metamaterials on Schottky diode structures111,112

and narrow-band perfect absorbers113 have been de-
monstrated, but with limited active electrical tunability
at room temperature.

Graphene metamaterials offer a very wide design
space for functional devices. Examples involve tunable
graphene/insulator stacks, far-infrared notch filters
with 8.2 dB rejection ratios and capable of shielding
97.5% of the incoming terahertz radiation, while at
the same time remaining relatively transparent
elsewhere,21 as illustrated in Figure 7a,b. Better shield-
ing can be achieved with increasing layer number N,
since the Drude weight scales linearly with N as shown
in Figure 7b. Transparent far-infrared filters can also be
implemented with similar graphene/insulator stacks in
the form of microdisk arrays as illustrated in Figure 7c,
d. Here, electromagnetic resonances can be tuned
through various means. For example, the plasmon
resonance increases with 1/

√
dwhere d is the structur-

al size, with the carrier density as n1/4 and n1/2 for single
and stacked graphene layers, respectively,114 with
the number of stacked graphene layers as N1/2, or
via interdisk interaction through varying the lattice

constant a. Figure 7c,d illustrates two particular exam-
ples of tuning, by varying a and d, respectively. In
principle, varying the doping and microstructure di-
mensions would enable devices with electromagnetic
response ranging from terahertz to mid-infrared, oper-
ating at room temperature. Simple graphene micro-
and nanoribbons arrays have also allowed the realiza-
tion of terahertz to mid-infrared linear polarizers with
extinction ratio of ≈90%.22,63 Integrating graphene
with an array of meta-atoms and metallic wire gate
electrodes, gate-controlled graphene-based meta-
materials allow for modulation of both the amplitude
and phase of transmitted terahertz wave by up to 47%
and 32.2�, respectively.115 Furthermore, the tunability
of graphene provides a way to dynamically control the
phase of a reflected electromagnetic field. Using an
array of reflective cells, which individually produce a
specific phase-shift upon reflection of the wave, would
allow the construction of a desirable far-field beam,
with applications as reflectarray antennas,116�118 e.g.,
for space applications. Various theoretical proposals,
yet to be experimentally demonstrated, include com-
plete optical absorption,119 graphene mantle cloak,120

transformation optics,110 hyperbolic metamaterials and
hyperlenses based on graphene�insulator stacks.121,122

Figure 7. (a) Terahertz electromagnetic wave shielding using transparent graphene/insulator stacks as illustrated in the inset
of (b). Extinction spectra quantify the shieldingeffectiveness using stackeddeviceswith one, two, three, four andfive layers of
graphene. Solid lines are fitted curves. (b) FittedDrudeweight and scatteringwidth as a function of graphene layer number in
the stacked devices. The Drude weight increases linearly with layer number, while the scattering width stays constant. (c)
Plasmons in patterned graphene/insulator stacks. Extinction in transmission in stacked plasmonic devices with one, two and
five graphene layers. The graphene plasmonic device is formed by patterning the stacked layers into microdisks in a
triangular lattice as shown in the inset, where d is the diameter of the disk and a is the lattice constant of the array. (d)
Extinction spectra of tunable terahertz filters using stacked devices with five graphene layers. The resonance frequency can
be tuned by varying the diameter d of the disks. In these filters, the lattice constant a is always 400 nm larger than the disk
diameter d. (e) Guiding of plasmon in 2D graphene utilizing spatially varying conductivity (or doping) through different
capacitive coupling to the underlying back-gate. Simulation results of the electric field component Ey (snapshot in time) for an
infrared-guided wave at frequency of 30 THz with the ribbon-like section split into two paths. (f) Implementation of
transformation optics in 2D graphene. Here a simulation shows a 2D version of the Luneburg lens of the phase of Ey at
frequency of 30 THz. Panels a�d are reprinted with permission from ref 21. Copyright 2012 Nature Publishing. Panels e and f
are reprinted with permission from ref 110. Copyright 2011 The American Association for the Advancement of Science.
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Figure 7e,f shows two illustrative examples of transfor-
mation optics using graphene,110 by designing and
manipulating spatially inhomogeneous nonuniform
conductivity patterns across the 2D graphene.

Mid-Infrared Vibrational Spectroscopy. Vibrational spec-
tra provide fingerprints of molecular structures and as
such they are used extensively in science and techno-
logy. The two techniques commonly used to obtain
vibrational spectra are infrared absorption spectro-
scopy and Raman scattering.125 Nanoscience and tech-
nology demands spectroscopy on smaller and smaller
samples and even single molecules16 and there is
increasing need for better detectivity of vibrational
spectra. Plasmonic effects have served as a powerful
means to enhance optical fields and are utilized in
various surface-enhanced optical phenomena such as
Raman scattering and second harmonic generation.126

In general, the effectiveness of a plasmonic system to
enhance the optical field is often expressed by its
quality factor Q, given by Q = �Re[εm]/Im [εm], where
εm is the complex dielectric function of the metal
particle. In the case of noble metal plasmonic systems,
Q is in the range of 10�100, and the local optical field
intensity enhancement responsible for the increase in
absorption/emission rates is proportional toQ2, andQ4

for Raman scattering.
In metal particles, the plasmon resonance occurs

when |εm þ εs| is minimum, where εs is the dielectric
function of the surrounding medium.57 For noble
metals (Au and Ag), the plasmon resonances are
typically in the visible part of the spectrum, while
molecular vibrational mode frequencies are in
the mid-infrared. These plasmonic resonances could
be red-shifted up to the near-infrared by modifying
the dielectric environment, e.g., by coating with a high
permittivity dielectric.127 By switching from spherical
to ellipsoidal particles, the fundamental plasmonic
mode can be split into two branches, with the low-
energy resonance occurring when the length of the
rod is a multiple of the exciting wavelength.128,129

Figure 8a shows a periodic array of gold plasmonic
nanorods designed for the detection of vibrational
modes of a protein monolayer.123 It has a plasmonic
resonance which resides close to two vibrational
modes of the silk fibroin protein at 1537 and
1660 cm�1, see also inset of Figure 8b. The measured
reflectance spectra in Figure 8b show clear signatures
of these vibrational modes for just a 2 nm thick protein
film. In graphene nanoribbons and microribbons,
localized plasmon resonances can occur in the near-
infrared to far-infrared. In addition, the graphene
plasmon resonance is tunable by changing the carrier
density electrostatically or chemically. This invokes the
interesting possibility of using patterned graphene or
graphene on grating structures for mid-infrared vibra-
tional spectroscopy of absorbed molecules. Figure 8c
illustrates a schematic of such an application.124 Below,

we consider a pedagogical example which illustrates
the basic principles of how plasmons in graphene can
be used to enhance the infrared activity of phonons.

Consider graphene's immediate cousin: its AB
Bernal-stacked bilayer version.130�132 In monolayer
graphene, the in-plane optical phonon at the Γ point
does not have any infrared activity. However, in bilayer,
the Γ phonons of the two layers can couple to
form an in-phase (symmetric) and an out-of-phase
(antisymmetric) mode, where inversion symmetry is
no longer invariant in the latter.133 As a result, the
antisymmetric mode becomes infrared active. It ap-
pears as a peak in absorption absorption atω≈ 0.2 eV,
with a strong dependence of the peak intensity and
of its Fano-type line shape on the applied gate
voltage.134,135 In the absence of any plasmonic en-
hancement, the measured extinction of this infrared-
active phonon mode in bilayer is about 1%.134�136

Plasmons in bilayer graphene nanostructures can
enhance the phonon infrared activity, as shown in a
most recent experiment,136 achieving at least a 5-fold
enhancement of the measured extinction.

The effect of electron�phonon interaction on the
plasmonic response of graphene can be described
within the RPA formalism, according to the charged-
phonon model.137,138 Renormalized by many-body
interactions, this 'dressed' phonon gives rise to a Fano
asymmetric spectral line shape. The Fano feature
develops as a result of the interference between the
discrete phonon mode and the 'leaky' plasmonic

Figure 8. (a) Scanning electron micrograph of a periodic
array of gold nanorods designed such that their plasmonic
resonance resides near the vibrational modes of a silk
fibroin protein sample. Inset shows the simulated field
intensity around the rod. (b) Reflectance spectra from a
1.6 μmperiodic array before (dashed line) and after coating
it with a 2 nm thick protein film (solid line). The amide-I and
II vibrational modes of the protein backbone are illustrated
in the inset. (c) Illustration of a graphene grating structure
used for the excitation of plasmons and the detection of
thin film molecular layers. Panels a and b are reprinted with
permission from ref 123. Copyright 2009 The Proceedings
of theNationalAcademyof Science. Panel c is reprintedwith
permission from ref 124. Copyright 2013 American Physical
Society.
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mode; the electronic lifetime is significantly shorter
than that of the phonon, broadening the former into
a quasi-continuum. At zero detuning, a very narrow
transparent window emerges within the broadly
opaque plasmonic absorpion.136,138 This enhancement
of infrared phonon spectral weight with decreasing
detuning underlies the basic physics of plasmon en-
hanced infrared spectroscpy.139 Similarly, this basic
principle can also be extended to that of mid-infrared
vibrational spectroscopy of absorbed molecules as
illustrated in Figure 8c. In this case, the infrared phonon
(vibration) resides outside of graphene where the
plasmon�phonon interaction is remote, but the phy-
sical principle is the same. Indeed, recent classical
electromagnetic calculations124 of the system in
Figure 8c reveal similar type of Fano line shape and
transparency features. Other calculations suggest
giant levels of light concentration leading to huge
infrared-absorption enhancement in certain graphene
nanostructures.140

CONCLUDING REMARKS

In summary, there are a number of unique properties
of graphene plasmonics that distinguish it from con-
ventional metal plasmonics and many new possible
areas of applications. First, the two types of plasmonics
materials are fundamentally different. Graphene is the
ultimate thin 2D material, covalent, flexible and inert,
which can be fabricated and patterned using standard
techniques such as CVD growth, lithography and etch-
ing. The energy of graphene plasmons is tunable either
by electrostatic (gate) or chemical doping. Unlike noble
metal plasmons whose prime application range is in
the visible part of the spectrum, graphene plasmonics
operate at long wavelengths: middle, far-infrared, and
terahertz ranges. This enables infrared photonic appli-
cations (e.g., infrared photodetection, enhanced infra-
red absorption, optical communications) and helps
to bridge the so-called THz gap. Moreover, graphene
is compatible with silicon electronics and photonics
and can be incorporated in these technologies. It can
also be used in conjunction with conventional meta-
materials and structures, such as nanoantennas, to
confer to them the desired tunability, while the
high sensitivity of the graphene surface plasmons to
changes in the environment (changes in the dielectric
function or charge transfer) suggest sensitive sensor
capabilities.
To fully exploit the possibilies offered by graphene

plasmonics, a number of advances are required. First,
more fundamental science work is needed to fully
understand the behavior of plasmons in both mono-
layer and multiple layer graphenes, in particular the
damping processes. The detailed behavior of these
plasmons is largely determined by the quality of the
graphene itself. Large-scale grown high quality gra-
phene is highly desirable in many of the applications

we discussed. Advances in the high quality graphene
growth and in the passivation chemistry of edges
would reduce scattering and increase the Q-factors of
the corresponding plasmonic devices. Development of
controllable and stable chemical doping for graphene
is highly desirable. While use of localized plasmons in
patterned graphene provides a very convenient way of
optically accessing these excitations, edge-scattering
increases their damping rates. For this reason, alterna-
tive ways of exciting plasmons in extended graphene
such as the use patterned substrates, e.g., gratings,
should be pursued.
At the same time, we should be reminded that

graphene is only a particular example of 2D van der
Waals layered materials. In the larger picture, we have
other 2D materials such as boron nitride,141 transition
metal dichalcogenides,141�143 metallic oxides144

and many others. These materials include metals,
semimetals, semiconductors, topological insulators,
and common insulators, including hybrid hetero-
structures,141�145 and come with interesting electrical
and optical properties.146�150 From this standpoint,
the research on graphene plasmonics is a precursor
to plasmonics with 2D materials, most of which are
unexplored to-date. These diverse material properties
allow for different and new application space beyond
what conventional bulk metal plasmonics material can
possibly offer.
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