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Plasmons: photons + conduction electrons

Plasmon oscillation at
dielectric/metal interface:

experience many periods of the textured surface and thus display the
PBG phenomenon. We also note with interest that recent develop-
ments in the fabrication of periodic nanostructures via self-assembly
offer the prospect of easily producing SP PBG substrates to act as pho-
tonic substrates on which to define SP photonic circuits.

At frequencies within a bandgap, the density of SP modes is zero—
no SP modes can be supported. However, at the band edges, the SP
mode dispersion is flat and the associated density of SP modes is high,
corresponding to a high field enhancement close to the metal surface.
Further, the nature of this flat band means that such modes can be
excited by light that is incident over a wide range of angles, making
them good candidates for frequency-selective surfaces. Flat bands are
also associated with the localized SP modes of metallic nanoparti-

cles23,24. The frequency and width of these modes are determined by
the particle’s shape, material, size and environment23,25,26,  and for this
reason they are being pursued as tags for biosensing27,28 and as sub-
strates for SERS29 and potentially as aerials for fluorophores30,31. The
interaction between two or more nanoparticles can lead to still further
levels of field enhancement32–34,  with even more dramatic effects asso-
ciated with hot spots in random structures35. 

Mapping surface plasmons and developing components
The properties of SP devices are intimately linked to the activity and the
distribution of SPs on the metal surface. Much is still not known about
the relationship between surface topology and the nature of the SP
modes, and so a more detailed study of the details of this SP activity is
vital. Because of the way SPs are confined to the surface and because of
the subwavelength nature of the structures and fields involved, one
cannot rely on traditional far-field techniques. Instead near-field tech-
niques3,36 such as photon scanning tunnelling microscopy (PSTM) are
typically employed to map the fields on the metal surface, for example,
those of the SP waveguide in Fig. 1. A PSTM is basically a collection
mode scanning near-field optical microscope where the sample lies on a
glass prism, which enables one to shine light in total internal reflection.
The nanometre size tip, mostly obtained  by pulling an optical fibre,
which may eventually be coated with a metal, frustrates the total reflec-
tion when scanning close to the surface and thereby maps the near-field
intensities.

Surprisingly, as we enhance the capabilities of near-field techniques
further to map the SP fields into the subwavelength regime we come up
against an interesting variant of Heisenberg’s uncertainty principle.
Applied to the optical field, this principle says that we can only measure
the electric (E) or the magnetic field (H) with accuracy when the volume
!l3 in which they are contained is significantly smaller than the wave-
length of light in all three spatial dimensions. More precisely,
Heisenberg’s uncertainty principle binds E and Hof the optical wave to
!l through the cyclic permutation of their vector components (i,j),

"Ei"Hj!#c2/2!l4. (3)

As volumes smaller than the wavelength are probed, measurements
of optical energy become uncertain, highlighting the difficulty with per-
forming measurements in this regime. 
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SPs at the interface

between a metal and

a dielectric material

have a combined

electromagnetic wave

and surface charge

character as shown in

a. They are

transverse magnetic

in character (H is in

the y direction), and

the generation of

surface charge

requires an electric

field normal to the surface. This combined character also leads to the field component perpendicular to the surface being enhanced near the

surface and decaying exponentially with distance away from it (b). The field in this perpendicular direction is said to be evanescent, reflecting the

bound, non-radiative nature of SPs, and prevents power from propagating away from the surface. In the dielectric medium above the metal,

typically air or glass, the decay length of the field, !d, is of the order of half the wavelength of light involved, whereas the decay length into the

metal, !m, is determined by the skin depth. c, The dispersion curve for a SP mode shows the momentum mismatch problem that must be

overcome in order to couple light and SP modes together, with the SP mode always lying beyond the light line, that is, it has greater momentum

(#kSP) than a free space photon (#k0) of the same frequency $.

Box 1
Surface plasmon basics
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Figure 2 SP photonic bandgap. The
SP dispersion curve shown in Box 1
was directly imaged using a modified
prism coupling technique. a, The
dispersion curve (here shown as
inverse wavelength versus angle) for
a flat surface is shown in the upper
picture; here dark regions correspond
to coupling of incident light to the SP
mode, and the colours are produced
on a photographic film by the
wavelength of the light used. b, If the
metal surface is textured with a two-

dimensional pattern of bumps on an
appropriate length scale (roughly half
the wavelength of light) as shown in
this SEM, a bandgap is introduced
into the dispersion curve of the
associated SP modes. Bar, 0.7 %m.
c, The bandgap is clearly seen in the
lower picture where there is a spectral
region in which no SP mode (as
indicated by the dark regions) exists.
Also note the distortion of the SP
mode and the edges of the bandgap.
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From [Barnes et al., Nature 2003]

Surface Plasmon Polariton

Collective oscillation of
electrons and electric field.

Propagating along the
interface.

Momentum mismatch
kp � ω/c results in field
enhancement (‘compressed
light’).

Applications

Nanophotonics: optics at
subwavelength scale.

Strong light-matter
interaction: sensors.
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Plasmons: photons + conduction electrons

Plasmon dispersion at a Si/Ag
interface:

dielectric !see Fig. 1"a#$; these are transverse magnetic "TM#
modes accompanied by collective oscillations of surface
charges, which decay exponentially in the transverse direc-
tions "see, e.g., Refs. 1 and 2 and references therein#. Their
dispersion curve is given by

qsp =
!

c
% "r""!#

"r + ""!#
"1#

!see Fig. 1"b#$; note that close to the SP resonance
"!=!SP#, the SP wave vector !solid blue line in Fig. 1"b#$ is
much larger than the wave vector of the same frequency
excitation in the bulk dielectric !dotted blue line in Fig.
1"b#$. As a result, a localized SP wave packet can be much
smaller than a same frequency wave packet in a dielectric.
Moreover, this “shrinkage” is accompanied by a large trans-
verse localization of the plasmonic modes. These features are
considered very promising for enabling nanophotonics,1–4 as
well as high field localization and enhancement. A necessary
condition for the existence of SPs is ""!##!"r "i.e., ""!# is
negative#, which is why metals are usually used. However,
SPs in metals are known to have small propagation lengths,
which are conveniently quantified "in terms of the SP wave-
length# with the ratio Rqsp /Iqsp; this quantity is a measure
of how many SP wavelengths can an SP propagate before it
loses most of its energy. The wave localization "or wave
“shrinkage”# is quantified as $air /$sp, where $air=2%c /! "the
wavelength in air#. These quantities are plotted in Fig. 1"c#
for the case of Ag-Si interface, by using experimental data
"see Ref. 3 and references therein# to model silver "metal
with the lowest losses for the frequencies of interest#. Near
the SP resonance, wave localization reaches its peak; how-
ever, losses are very high there resulting in a small propaga-
tion length l&0.1$sp&5 nm. At higher wavelengths one can
achieve low losses but at the expense of poor wave localiza-
tion.

III. PLASMONS AND THEIR LOSSES IN DOPED
GRAPHENE

Graphene behaves as an essentially 2D electronic system.
In the absence of doping, conduction and valence bands meet
at a point "called Dirac point# which is also the position of

the Fermi energy. The band structure, calculated in the tight
binding approximation is shown in Fig. 2"b# "see Ref. 25 and
references therein#; for low energies the dispersion around
the Dirac point can be expressed as En,k=nvF&'k', where the
Fermi velocity is vF=106 m /s, n=1 for conduction, and n
=!1 for the valence band. Recent experiments32 have shown
that this linear dispersion relation is still valid even up to the
energies "frequencies# of visible light, which includes the
regime we are interested in.

Here, we consider TM modes in geometry depicted in Fig.
2"a#, where graphene is surrounded with dielectrics of con-
stants "r1 and "r2. Throughout the paper, for definiteness we
use "r1=4 corresponding to SiO2 substrate, and "r2=1 for air
on top of graphene, which corresponds to a typical experi-
mental setup. TM modes are found by assuming that the
electric field has the form

Ez = Aeiqz!Q1x, Ey = 0, Ex = Beiqz!Q1x, for x ' 0,

Ez = Ceiqz+Q2x, Ey = 0, Ex = Deiqz+Q2x, for x # 0.

"2#

After inserting this ansatz into Maxwell’s equations and
matching the boundary conditions !which include the con-
ductance of the 2D graphene layer, ("! ,q#$, we obtain the
dispersion relation for TM modes:

"r1

%q2 !
"r1!2

c2

+
"r2

%q2 !
"r2!2

c2

= !
("!,q#i

!"0
. "3#

By explicitly writing the dependence of the conductivity on
the wave vector q we allow for the possibility of nonlocal
effects, where the mean free path of electrons can be smaller
than q!1.33 Throughout this work, we consider the nonre-
tarded regime "q)! /c#, so Eq. "3# simplifies to

q & Q1 & Q2 & "0
"r1 + "r2

2
2i!

("!,q#
. "4#

Note that a small wavelength "large q# leads to a high trans-
versal localization of the modes, which are also accompanied
by a collective surface charge oscillation, similar to SPs in
metals; however, it should be understood that, in contrast to

FIG. 1. "Color online# "a# Schematic description of a surface plasmon "SP# on metal-dielectric interface. "b# SP dispersion curve "solid
blue line# for Ag-Si interfaces; dotted blue is the light line in Si; dashed red line denotes the SP resonance. "c# Wave localization and
propagation length for SPs at Ag-Si interface "experimental Ag losses are taken into account#.
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From [Jablan et al., PRB 2009]

Surface Plasmon Polariton

Collective oscillation of
electrons and electric field.

Propagating along the
interface.

Momentum mismatch
kp � ω/c results in field
enhancement (‘compressed
light’).

Applications

Nanophotonics: optics at
subwavelength scale.

Strong light-matter
interaction: sensors.
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Plasmons in graphene

Screened Coulomb interaction in
graphene:

[Wunsch, Stauber, FS, Guinea , NJP

2006]

[Hwang, Das Sarma, PRB 2007]

Screening: dielectric function
ε(k, ω)

Coulomb interaction vk is
screened by ε(k , ω):

v eff = vk/ε(k , ω)

Random-Phase-
Approximation: sum up all
bubble insertions.

εRPA = 1 − vkΠ(0)(k , ω)

The zeros of εRPA yield the
plasmon dispersion.
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Plasmons in graphene

Plasmon dispersion
in free-standing

graphene (εeff = 1):

[Wunsch et al., 2006]

[Jablan et al., 2009]
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Graphene plasmons: long lifetimes, high field confinement and tuneability

For small k :

ω(k) ≈
√
k EF/εeff

Tuneable via EF . (In situ via gate
voltage.)

Sensitive to environment via εeff .
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Plasmons in graphene – applications
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Graphene Plasmonics: A Platform for Strong Light!Matter
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Surfaces plasmons (SPs), the electromagnetic waves coupled
to charge excitations at the surface of a metal, are the pillar

stones of applications as varied as ultrasensitive optical
biosensing,1!3 photonic metamaterials,4 light harvesting,5,6 op-
tical nanoantennas,7 and quantum information processing.8!11

However, even noble metals, which are widely regarded as the
best available plasmonic materials,12 are hardly tunable and
exhibit large Ohmic losses that limit their applicability to optical
processing devices.

In this context, doped graphene emerges as an alternative,
unique two-dimensional plasmonic material that displays a wide
range of extraordinary properties.13 This atomically thick sheet of
carbon is generating tremendous interest due to its superior
electronic and mechanical properties,14!20 which originate in
part from its charge carriers of zero e!ective mass (the so-called
Dirac fermions18) that can travel for micrometers without
scattering, even at room temperature.21 Furthermore, rapid
progress in growth and transfer techniques has sparked expecta-
tions for large-scale production of graphene-based devices and a
wide range of potential applications such as high-frequency
nanoelectronics, nanomechanics, transparent electrodes, and
composite materials.17

Recently, graphene has also been recognized as a versatile optical
material for novel photonic22 andoptoelectronic applications,23 such
as solar cells, photodetectors,24 light emitting devices, ultrafast lasers,
optical sensing,25 and metamaterials.26 The outstanding potential
of this atomic monolayer is emphasized by its remarkably high
absorption27,28 !R ! 2.3%, where R = e2/pc ! 1/137 is the "ne-
structure constant. Moreover, the linear dispersion of the Dirac

fermions enables broad band applications, in which electric gating
can be used to induce dramatic changes in the optical properties.29

All of these photonic and optoelectronic applications rely on
the interaction of propagating far-"eld photons with graphene.
Additionally, SPs bound to the surface of doped graphene
exhibit a number of favorable properties that make graphene
an attractive alternative to traditional metal plasmonics. In
particular, graphene plasmons are con"ned to volumes of the
order of "106 (i.e., "1/R3)) times smaller than the di!raction
limit, thus facilitating strong light!matter interactions.
Furthermore, dramatic tuning of the plasmon spectrum is
possible through electrical or chemical modi"cation of the
charge carrier density,28,30 and a Fermi energy as high as EF =
1!2 eV has been recently realized.30,31 Last, the electronic
structure of graphene and the ability to fabricate large, highly
crystalline samples should give rise to SP lifetimes reaching
hundreds of optical cycles, thereby circumventing one of the
major bottlenecks facing noble-metal plasmonics. These are
powerful reasons to investigate these plasmons, despite the fact
that no experimental proof of their existence has been yet
reported.

Here, we show that these properties can be used to tailor
extremely strong light!matter interactions at the quantum level.
In particular, we theoretically consider the interaction between a
single quantum emitter and single SPs in graphene and show that
the extreme mode con"nement yields ultrafast and e#cient decay

Received: May 25, 2011
Revised: July 7, 2011

ABSTRACT:Graphene plasmons provide a suitable alternative
to noble-metal plasmons because they exhibit much tighter
con"nement and relatively long propagation distances, with the
advantage of being highly tunable via electrostatic gating. Here,
we propose to use graphene plasmons as a platform for strongly
enhanced light!matter interactions. Speci"cally, we predict
unprecedented high decay rates of quantum emitters in the proximity of a carbon sheet, observable vacuum Rabi splittings, and
extinction cross sections exceeding the geometrical area in graphene nanoribbons and nanodisks. Our theoretical results provide the
basis for the emerging and potentially far-reaching "eld of graphene plasmonics, o!ering an ideal platform for cavity quantum
electrodynamics, and supporting the possibility of single-molecule, single-plasmon devices.

KEYWORDS: graphene, plasmons, strong light-matter interaction, quantum optics, vacuum Rabi splitting

NATURE COMMUNICATIONS  | ARTICLE

Subject terms: Physical sciences Applied physics Nanotechnology Optical physics

ARTICLE PREVIEW
view full access options

Photocurrent in graphene harnessed by tunable
intrinsic plasmons
Marcus Freitag, Tony Low, Wenjuan Zhu, Hugen Yan, Fengnian Xia & Phaedon Avouris
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Abstract
Graphene’s optical properties in the infrared and terahertz can be tailored and enhanced by
patterning graphene into periodic metamaterials with sub-wavelength feature sizes. Here we
demonstrate polarization-sensitive and gate-tunable photodetection in graphene nanoribbon
arrays. The long-lived hybrid plasmon–phonon modes utilized are coupled excitations of electron
density oscillations and substrate (SiO ) surface polar phonons. Their excitation by
s-polarization leads to an in-resonance photocurrent, an order of magnitude larger than the
photocurrent observed for p-polarization, which excites electron–hole pairs. The plasmonic
detectors exhibit photo-induced temperature increases up to four times as large as comparable
two-dimensional graphene detectors. Moreover, the photocurrent sign becomes polarization
sensitive in the narrowest nanoribbon arrays owing to differences in decay channels for
photoexcited hybrid plasmon–phonons and electrons. Our work provides a path to light-sensitive
and frequency-selective photodetectors based on graphene’s plasmonic excitations.
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Single-photon nonlinear optics with graphene plasmons

M. Gullans,1 D. E. Chang,2 F. H. L. Koppens,2 F. J. Garćıa de Abajo,2, 3 and M. D. Lukin1

1Department of Physics, Harvard University, Cambridge, MA 02138, USA
2ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain

3ICREA - Instituci Catalana de Recerca i Estudis Avanats, Barcelona, Spain
(Dated: September 12, 2013)

We show theoretically that it is possible to realize significant nonlinear optical interactions at the
few photon level in graphene nanostructures. Our approach takes advantage of the electric field
enhancement associated with the strong confinement of graphene plasmons and the large intrinsic
nonlinearity of graphene. Such a system could provide a powerful platform for quantum nonlinear
optical control of light. As an example, we consider an integrated optical device that exploits this
large nonlinearity to realize a single photon switch.

Introduction - Nonlinear optical processes find ubiqui-
tous use in modern scientific and technological applica-
tions, facilitating diverse phenomena like optical modula-
tion and switching, spectroscopy, and frequency conver-
sion [1]. A long-standing goal has been to realize nonlin-
ear effects at progressively lower powers, which is difficult
given the small nonlinear coefficients of bulk optical ma-
terials. The ultimate limit is that of single-photon non-
linear optics, where individual photons strongly interact
with each other. Realization of such nonlinear processes
would not only facilitate peak performance of classical
nonlinear devices, but also create a unique resource for
implementation of quantum networks [2] and other ap-
plications that rely on the generation and manipulation
of non-classical light.

One approach to reach the quantum regime involves
coupling light to individual quantum emitters [2, 3], in
order to take advantage of their intrinsically nonlinear
electronic spectrum. While a number of remarkable phe-
nomena have been demonstrated using these systems [4],
their realization remains a challenging task. Specifically,
in contrast to conventional bulk nonlinear systems, co-
herent single quantum emitters are generally unable to
operate under ambient conditions, suffer from relatively
slow operating speeds, are prone to strong decoherence
in solid-state environments, and have limited tunability
of their properties.

Fueled by these considerations, there has been re-
newed interest in nonlinear optical materials that can
reach the quantum regime [5–7]. In particular, recent
experiments demonstrated the realization of a quantum
nonlinear medium, featuring single photon blockade [8]
and conditional two-photon phase shifts [9], in a cold,
dense gas of strongly interacting atoms. The essence of
these approaches is that the interaction probability for
two photons becomes substantial if the photons are con-
fined to a sufficiently small mode volume of the nonlinear
medium for sufficiently long times. Motivated by these
recent developments, in this Letter we explore the po-
tential for using nanoscale surface plasmon excitations in
graphene [10, 11] for quantum nonlinear optics. In par-
ticular, recent theoretical [10–13] and experimental [14–

16] results indicate that graphene plasmons can be con-
fined to volumes millions of times smaller than in free
space. We show that under realistic conditions, this
field confinement enables deterministic interaction be-
tween two plasmons (i.e., photons) over picosecond time
scales, which is much shorter than the anticipated plas-
mon lifetime [17]. We show how one can take advantage
of this interaction to realize a single photon switch and
produce non-classical light.
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FIG. 1: a) Schematic of the graphene macro-atom. A doped
graphene disk confines photons as plasmons to mode volumes
millions of times smaller than free space. This induces a
large dispersive nonlinearity so that only a single photon can
resonantly excite the cavity. b) Nonlinear shift (calculated
from Eq. 5) for the fundamental mode relative to the plas-
mon linewidth with decreasing mode volume V0 = (λsp/λ0)

3.
Here we take the linewidth as γ = ev2

F /µ �ωF with the Fermi
energy �ωF = 0.2 eV and a mobility of µ = 105(104) cm2/Vs
corresponding to a quality factor of roughly 600(60).

Graphene plasmonics - Graphene, a single atomic layer
of carbon atoms, has attracted tremendous interest for
its unique electronic, mechanical, and quantum transport
properties [18–20]. Recently it has also been realized that
the unique properties of graphene have a strong effect on
the guided electromagnetic surface waves in the form of
surface plasmons (SPs) [21].

Through electrostatic gating, it is possible to introduce
a net carrier concentration, which shifts the Fermi energy
�ωF away from the Dirac point to a non-zero value. The
in-plane conductivity of graphene is well-approximated
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Polar substrates: hybridized phonon-plasmon states
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FIG. S 1: Graphene loss function on SiO2 substrate. Calculated RPA loss function

�
�
1/�rpa

T

�
, including interactions with the intrinsic and SiO2 substrate phonons. Graphene doping

is assumed to be Ef = −0.43 eV and an effective �env = 1.5. Shaded regions represent the intra-

band Landau damping regime i.e. �ω/Ef < q/kF . Dashed line on the left plot is calculated from

the classical plasmon dispersion ω2
pl = e2qvF kF /(2π��0�env). The frequencies of the various phonon

modes are assumed to be at ωop = 1580 cm−1, ωsp1 = 806 cm−1 and ωsp2 = 1168 cm−1. The lifetime

associated with the phonons used in these plots are τop = 70 fs, τsp1 = 0.5 ps and τsp1 = 0.2 ps.

Calculations include damping of single particle excitations δe as described in the Suppl. info. text.

The coupling parameters used are g0 = 7.7 eVÅ−1, F2
sp1 = 0.2 meV and F2

sp2 = 2meV.

36

Plasmon dispersion in
graphene on SiO2.

There are three branches
instead of one. (From [Yan

et al., Nat. Photon. 2013].)
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Polar substrates: hybridized phonon-plasmon states

Coupling to substrate
phonons:

k k-q

q

Interaction with substrate phonons

Polar lattice vibrations in substrate
create electric field.

Graphene electrons couple to
substrate phonons. [Schiefele, FS,

Guinea, PRB 2012]

Phonon–plasmon modes

Graphene plasmon hybridizes with
substrate phonons.

Dispersion splits into branches.

Plasmon inherits long phonon
lifetime.
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Polar substrates: hybridized phonon-plasmon states

Electron/phonon content
of hybridized modes:

! Ie

!
!

Figure 1: Graphene nanoribbon superlattice photodetector. (a) Y_"!%Q1')V&O!1R!+9)!
%12+#%+!#$)#!1R!#!,$#O9)2)!2#21$*TT12!#$$#3!O91+1=)+)%+1$!5*+9!IJJ!2U!NHE!5*=+9!#2=!

IJJ!2U!NHE!'O#%*2,C!XY%#Q)!T#$! *'![ U\C!09)!Q)2,+9!#2=!5*=+9!1R! +9)!)2+*$)!#$$#3!#$)!

cJ U! #2=! IJ U! $)'O)%+*@)Q3C! (b)! Y%9)U#+*%! 1R! +9)! O91+1%12=&%+*@*+3! ')+&OC! A2R$#$)=!

Q#')$!Q*,9+!#+!IJCb U!*'!%91OO)=!#+!ICIm:S!#2=!+9)!O91+1%&$$)2+!*'!#2#Q3S)=!T3!#!Q1%GV*2!

#UOQ*R*)$! $)R)$)2%)=! +1! +9)! %91OO*2,! R$)^&)2%3C! (c)! AQQ&'+$#+*12! 1R! +9)! U)%9#2*'U! 1R!
O91212!#2=!91+!)Q)%+$12!,)2)$#+*12!+9$1&,9!=)%#3!1R!+9)!93T$*=!OQ#'U12VO91212!^&#'*V

17

[Freitag et al., Nat. Commun.

2013]

Interaction with substrate phonons

Polar lattice vibrations in substrate
create electric field.

Graphene electrons couple to
substrate phonons. [Schiefele, FS,

Guinea, PRB 2012]

Phonon–plasmon modes

Graphene plasmon hybridizes with
substrate phonons.

Dispersion splits into branches.

Plasmon inherits long phonon
lifetime.
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How to launch plasmons – overcome momentum mismatch

LETTER
doi:10.1038/nature11254

Optical nano-imaging of gate-tunable graphene
plasmons
Jianing Chen1,2*, Michela Badioli3*, Pablo Alonso-González1*, Sukosin Thongrattanasiri4*, Florian Huth1,5*, Johann Osmond3,
Marko Spasenović3, Alba Centeno6, Amaia Pesquera6, Philippe Godignon7, Amaia Zurutuza Elorza6, Nicolas Camara8,
F. Javier Garcı́a de Abajo4, Rainer Hillenbrand1,9 & Frank H. L. Koppens3

The ability to manipulate optical fields and the energy flow of light
is central tomodern information and communication technologies,
as well as quantum information processing schemes. However,
because photons do not possess charge, a way of controlling them
efficiently by electricalmeans has so far proved elusive.A promising
way to achieve electric control of light could be through plasmon
polaritons—coupled excitations of photons and charge carriers—in
graphene1–5. In this two-dimensional sheet of carbon atoms6, it is
expected that plasmon polaritons and their associated optical fields
can readily be tuned electrically by varying the graphene carrier
density. Although evidence of optical graphene plasmon resonances
has recently been obtained spectroscopically7,8, no experiments so
far have directly resolved propagating plasmons in real space. Here
we launch and detect propagating optical plasmons in tapered
graphene nanostructures using near-field scattering microscopy
with infrared excitation light9–11. We provide real-space images of
plasmon fields, and find that the extracted plasmon wavelength is
very short—more than 40 times smaller than the wavelength of
illumination. We exploit this strong optical field confinement to
turn a graphene nanostructure into a tunable resonant plasmonic
cavity with extremely small mode volume. The cavity resonance is
controlled in situ by gating the graphene, and in particular,
complete switching on and off of the plasmon modes is demon-
strated, thus paving the way towards graphene-based optical
transistors. This successful alliance between nanoelectronics and
nano-optics enables the development of active subwavelength-
scale optics and a plethora of nano-optoelectronic devices and
functionalities, such as tunable metamaterials12, nanoscale optical
processing, and strongly enhanced light–matter interactions for
quantum devices13 and biosensing applications.
Surface plasmons are electromagnetic waves that propagate along

the surface of a metal. Similar propagating waves are expected for
graphene4. In fact, owing to the two-dimensionalnature of the collective
excitations in this material, the confinement of graphene plasmons is
expected to be much stronger than that of metallic surface plasmons.
However, launching and detecting graphene plasmons has so far
remained a challenge: because of the large wavevector mismatch of
graphene plasmons compared to free-space photons, plasmon excita-
tion and detection by light is very inefficient. The first reports of
graphene plasmon resonances were based on electron spectroscopies
(inelastic electron scattering14–16 and photoemission spectroscopy17),
used to spectrally probe excitation modes in graphene. Recently,
resonant coupling of propagating terahertz waves to plasmons in
micro-ribbons7 has been demonstrated, and infrared near-field micro-
scopyhas beenapplied toobserve the couplingof grapheneplasmons to
phonons8. These pioneering works have revealed the interaction
between low-energy photons and graphene plasmons in the spectral

domain. However, high-resolution nanoscale real-space imaging of
the plasmonic modes is of fundamental importance to conclusive
unveiling of propagating and localized plasmons in graphene sheets
and nanostructures.
Here we visualize propagating and localized graphene plasmons in

real space by scattering-type scanning near-field optical micro-
scopy18,19 (scattering-type SNOM). Our scattering-type SNOM com-
prises an atomic force microscope (AFM) in which the metallized tip
is illuminated with a focused infrared laser beam (Fig. 1a). The
backscattered radiation is recorded simultaneouslywith the topography,
yielding nanoscale resolved infrared near-field images (Methods). A
representative near-field image is shown in Fig. 1b, where the tip is
scanned over a tapered graphene ribbon on the carbon-terminated
surface of 6H-SiC (ref. 20), illuminatedby light of free-spacewavelength
l05 9.7mm. One of the most distinct features in this image is the
presence of fringes parallel to the edge of the ribbon in its wider part.
The distance between fringe maxima is approximately constant at
,130 nm inside the ribbon. We interpret these fringes as follows:
the near field at the tip apex locally excites radial surface waves that
propagate along the surface and reflect at the edges, partially reaching
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Tours Cedex 2, France. 9IKERBASQUE, Basque Foundation for Science, 48011 Bilbao, Spain.

a

b

c

0

Figure 1 | Imaging propagating and localized graphene plasmons by
scattering-type SNOM. a, Diagram of the experimental configuration used to
launch and detect propagating surface waves in graphene (represented as blue
rings). The metallized AFM tip (shown in yellow) is illuminated by an infrared
laser beam with wavelength l0. b, Near-field amplitude image acquired for a
tapered graphene ribbon on top of 6H-SiC. The imaging wavelength is
l05 9.7mm. The tapered ribbon is 12mm long and up to 1 mmwide. c, Colour-
scale image of the calculated local density of optical states (LDOS) at a distance
of 60 nm from the graphene surface, and assuming substrate er5 1. Simulation
fitting parameters: graphenemobility m5 1,000 cm2V21 s21 and Fermi energy
EF5 0.4 eV.
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The multiple resonance structures observed in the spectra of
Fig. 1c are due to interactions of graphene plasmons with substrate
phonons. These Fuchs–Kliewer19 surface optical (SO) phonons are
well known in polar semiconductor surfaces and have been
studied extensively in conventional two-dimensional electron
systems20,21. When graphene is placed on a polar substrate such as
SiO2 that accommodates these SO phonons, long-range Fröhlich
coupling can mediate interactions with the electronic degrees of
freedom in graphene22,23, including the collective plasmon
modes24. These interactions produce hybridized plasmon–phonon
modes in the vicinity of their crossing energies and have recently
been observed using techniques such as electron energy loss spec-
troscopy of epitaxial graphene on SiC substrate25 and near-field
optical nanoscopy of graphene on a SiO2 substrate

5. It is instructive
to first consider a simpler system, that is, graphene on a nonpolar
substrate, DLC.

Plasmons of graphene nanoribbons on DLC substrate
Figure 2a presents extinction spectra for graphene ribbons of
various widths W on a DLC substrate. We observe only one promi-
nent plasmon resonance peak for each spectrum, unlike in the
spectra for the SiO2 substrate. Here, we expect the plasmon reson-
ance frequency to follow a simple

p
q dispersion in the long wave-

length limit, where q is the plasmon wave vector, as predicted by
random phase approximation (RPA) theory for the linear response
of two-dimensional electronic systems26 such as graphene27,28. For
localized plasmons in graphene ribbons, q is simply given by
p/W (ref. 29), regardless of the spacing between the ribbons or
the period of the array. The inset of Fig. 1c depicts the surface
plasmon dipole resonance within the ribbon. The plasmon reson-
ance in a periodical ribbon array is dominated by the dipole reson-
ances within each isolated ribbon, as the ribbon-to-ribbon coupling
effects are much weaker8,30. The inset of Fig. 2a shows the extracted
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How to launch plasmons – our proposal

Excite a surface acoustic wave (SAW)

An interdigital transducer (IDT) on
a piezoelectric film excites a
sinusoidal SAW. [Ruppert et al., PRB

2010]

M. L!o"elmann, A. Mersmann /Chemical Engineering Science 57 (2002) 4301–4310 4303

Fig. 3. Innovative measuring method.

sensor surface will be accelerated by generating an addi-
tional supersaturation !Csensor. In the case of a constant
cooling rate and a high supersaturated solution, the incrus-
tation on the cold sensor surface will start after a very short
time, whereas in the case of a saturated or unsaturated so-
lution the incrustation starts later because additional super-
saturation has to be established. So, as shown in Fig. 3, the
starting point of the incrustation is the decisive measurement
signal.
By using and providing constant settings and conditions

for eachmeasurement (e.g. cooling rate, sensor surface prop-
erties) the incrustation of the sensor surface is then only
dependent on time and supersaturation.
Generating additional supersaturation by the use of cool-

ing also means that this sensor is suitable only for systems
with a solubility that shows a certain positive dependence
on temperature (L"o#elmann & Mersmann, 1999).

3. Sensors

In the $rst functional prototype, two di#erent devices for
the detection of the incrustation on the sensor surface, the
interdigital transducer (IDT) and the surface acoustic wave
sensor (SAW), were integrated.

3.1. Interdigital transducer sensor (IDT)

A%xing electrodes in an interlocked way (see Fig. 4) with
the help of thin-$lm technology on a dielectric substrate, a
planar capacitor is formed. The impedance Z of this capac-
itor depends on the material properties of the substrate and
the adjacent solution. Thus, a change of the electric conduc-

Fig. 4. Interdigital transducer sensor.

tivity ! and/or the speci$c inductive capacity "r could be
speci$ed by a change of the impedance. The penetration of
the electric $eld into the solution depends on the distance
of the electrodes and averages in our case to 50 !m. The
whole surface is passivated with a thin SiC-layer (500 nm)
which ensures a high mechanical and chemical resistivity.

3.2. Surface acoustic wave sensor (SAW)

Fig. 5 shows two IDTs acting as an emitter and a re-
ceiver of electroacoustic waves. The resonance frequency
of the emitter is determined by the geometric variables
and the properties of the substrate. Applying an elec-
tric high-frequency signal, electroacoustic waves with a
frequency from 50 up to 150 MHz can be emitted. The

SAW deforms graphene into a
diffraction grating.

Laser light scattered at the
deformation excites plasmons.

Λg k0,Ω0

k0,´ 2Π�Λg

Resonance:

k0,´ + 2Π�Λg = kpHΩ0L

kpHΩL

k

Ω
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How to launch plasmons – our proposal

Sketch of the device:
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Features and advantages

Scalable approach – allows
for integrated devices (no
AFM).

Excites propagating
plasmons in extended
graphene sheet (instead of
patterned structures).

No plasmon scattering at
ribbon edges.

Coupling between laser and
plasmon electrically
switchable (via IDT).
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Efficiency

plasmon excitation results in
a dip in transmission
spectrum TTM.

Calculated extinction values
1 − T (δ)/T (0) comparable
to those achieved with
ribbon structures. [Yan et al.,

Nat. Photon. 2013]

Extinction depends on SAW
amplitude δ and graphene
quality (scattering time τe).

Plasmon resonance can be
tuned with EF (backgate).

Transmittance vs. frequency with

and without the SAW: 4
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FIG. 3. (a) Transmittance of AlN and graphene on AlN in the absence of surface corrugation, normal incident light. (b)
Change in the transmittance of TM polarized light due to plasmon excitation in the presence of a surface acoustic wave (SAW).
SAW amplitude δ = 4 nm and period λg = 0.25 µm, graphene parameters EF and τe as in Fig. 2. (c) Same as (b) for various
angles of incidence θ. (d) Extinction spectrum of graphene on AlN in the presence of a SAW (δ = 4 nm and λg = 0.25 µm) for
different values of EF and τe. Peaks are due to excitation of plasmons in the ωp+ branch (see Eq. (7)). (e) Same as (d) for
excitation of plasmons in the ωp− branch, δ = 4 nm and λg = 1 µm. (f) Extinction spectrum corresponding to (c).

ωp− branch in Fig. 3(e) begins to merge with the phonon
resonances of AlN (see Fig. 3(a)). The extinction spec-
tra for graphene on ZnO are qualitatively similar to those
shown for AlN, but allow, due to the lower surface phonon
frequency, to excite ωp+ plasmons with longer laser wave-
lengths (see Fig. 2(c)).

As ω/c � 2π/λg, the θ-dependent term in Eq. (10)
shifts the plasmon resonance only slightly, as shown by
the transmittance and extinction spectra in Fig. 3(c) and
(f). The strength of the resonance, however, is maximal
for normal incident light, because only the x-component
of the electric field excites plasmons.

Due to the δ2 dependence in the diffraction inten-
sity of Eq. (12), the achievable efficiency also depends
strongly on the SAW amplitude. With the realistic value
of 4 nm used in Fig. 3 [31], the predicted extinction val-
ues are comparable to those obtained in Ref. 12 with
patterned graphene. However, exciting plasmons in an
extended graphene sheet avoids plasmon damping due
to edge scattering, which severely limits plasmon life-
times in patterned graphene [12]. Moreover, the SAW-
assisted plasmon generation mechanism in homogeneous
graphene will permit to design plasmonic devices using
propagating plasmons, otherwise impeded in patterned
graphene structures.

We have demonstrated that SAWs can be used to gen-
erate a switchable refraction grid which couples laser light

into the hybridized plasmon supported by graphene on
piezoelectric materials like, for example, ZnO and AlN.
The coupling to surface phonons shifts the low wavevec-
tor part of the graphene plasmon dispersion, which is vir-
tually unaffected by intraband losses, upwards into the
attractive mid infrared frequency range. Due to their rel-
atively low damping in the vicinity of the surface phonon
frequency, these phonon-like plasmon branches have a
high potential for photonic applications.

The proposed scheme for plasmon excitation avoids
the patterning of graphene, diminishing the edge scatter-
ing and generating propagating plasmons which could be
used in future graphene-based plasmonic devices. More-
over, plasmons can be switched electrically, via the high
frequency signal at the IDT, whereas the plasmon res-
onace can be tuned via electrostatic gating. In addi-
tion, the IDT technology allows for many different plas-
mon functionalities. For example, curved IDTs can cre-
ate interfering SAWs for plasmon focusing [32]. Thus,
SAWs offer the possibility to tailor electrically switch-
able graphene-based metamaterials.

We would like to thank Frank Koppens, Christo-
pher Gaul and Harald Haakh for helpful remarks. The
authors acknowledge support from the Marie Curie
ITN NanoCTM, the Campus de Excelencia Interna-
cional (Campus Moncloa UCM-UPM), ERC Advanced
Grant 290846, and from MICINN (Spain) through Grant
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FIG. 3. (a) Transmittance of AlN and graphene on AlN in the absence of surface corrugation, normal incident light. (b)
Change in the transmittance of TM polarized light due to plasmon excitation in the presence of a surface acoustic wave (SAW).
SAW amplitude δ = 4 nm and period λg = 0.25 µm, graphene parameters EF and τe as in Fig. 2. (c) Same as (b) for various
angles of incidence θ. (d) Extinction spectrum of graphene on AlN in the presence of a SAW (δ = 4 nm and λg = 0.25 µm) for
different values of EF and τe. Peaks are due to excitation of plasmons in the ωp+ branch (see Eq. (7)). (e) Same as (d) for
excitation of plasmons in the ωp− branch, δ = 4 nm and λg = 1 µm. (f) Extinction spectrum corresponding to (c).

ωp− branch in Fig. 3(e) begins to merge with the phonon
resonances of AlN (see Fig. 3(a)). The extinction spec-
tra for graphene on ZnO are qualitatively similar to those
shown for AlN, but allow, due to the lower surface phonon
frequency, to excite ωp+ plasmons with longer laser wave-
lengths (see Fig. 2(c)).

As ω/c � 2π/λg, the θ-dependent term in Eq. (10)
shifts the plasmon resonance only slightly, as shown by
the transmittance and extinction spectra in Fig. 3(c) and
(f). The strength of the resonance, however, is maximal
for normal incident light, because only the x-component
of the electric field excites plasmons.

Due to the δ2 dependence in the diffraction inten-
sity of Eq. (12), the achievable efficiency also depends
strongly on the SAW amplitude. With the realistic value
of 4 nm used in Fig. 3 [31], the predicted extinction val-
ues are comparable to those obtained in Ref. 12 with
patterned graphene. However, exciting plasmons in an
extended graphene sheet avoids plasmon damping due
to edge scattering, which severely limits plasmon life-
times in patterned graphene [12]. Moreover, the SAW-
assisted plasmon generation mechanism in homogeneous
graphene will permit to design plasmonic devices using
propagating plasmons, otherwise impeded in patterned
graphene structures.

We have demonstrated that SAWs can be used to gen-
erate a switchable refraction grid which couples laser light

into the hybridized plasmon supported by graphene on
piezoelectric materials like, for example, ZnO and AlN.
The coupling to surface phonons shifts the low wavevec-
tor part of the graphene plasmon dispersion, which is vir-
tually unaffected by intraband losses, upwards into the
attractive mid infrared frequency range. Due to their rel-
atively low damping in the vicinity of the surface phonon
frequency, these phonon-like plasmon branches have a
high potential for photonic applications.

The proposed scheme for plasmon excitation avoids
the patterning of graphene, diminishing the edge scatter-
ing and generating propagating plasmons which could be
used in future graphene-based plasmonic devices. More-
over, plasmons can be switched electrically, via the high
frequency signal at the IDT, whereas the plasmon res-
onace can be tuned via electrostatic gating. In addi-
tion, the IDT technology allows for many different plas-
mon functionalities. For example, curved IDTs can cre-
ate interfering SAWs for plasmon focusing [32]. Thus,
SAWs offer the possibility to tailor electrically switch-
able graphene-based metamaterials.

We would like to thank Frank Koppens, Christo-
pher Gaul and Harald Haakh for helpful remarks. The
authors acknowledge support from the Marie Curie
ITN NanoCTM, the Campus de Excelencia Interna-
cional (Campus Moncloa UCM-UPM), ERC Advanced
Grant 290846, and from MICINN (Spain) through Grant
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Summary

By electrically exciting a diffraction grating, we
can couple laser light to graphene plasmons.

The laser-plasmon coupling is switchable.

Propagating plasmons in an extended
graphene sheet are excited.

No problems with unclean edges in patterned
graphene.

A versatile building block for future
integrated plasmonic devices.

See arXiv:1309.0767.
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