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ABSTRACT: Surface plasmon has the unique capability to
concentrate light into subwavelength volume.1−5 Active
plasmon devices using electrostatic gating can enable flexible
control of the plasmon excitations,6 which has been
demonstrated recently in terahertz plasmonic structures.7−9

Controlling plasmon resonance at optical frequencies,
however, remains a significant challenge because gate-induced
free electrons have very weak responses at optical
frequencies.10 Here we achieve efficient control of near-
infrared plasmon resonance in a hybrid graphene-gold nanorod
system. Exploiting the uniquely strong11,12 and gate-tunable optical transitions13,14 of graphene, we are able to significantly
modulate both the resonance frequency and quality factor of gold nanorod plasmon. Our analysis shows that the plasmon−
graphene coupling is remarkably strong: even a single electron in graphene at the plasmonic hotspot could have an observable
effect on plasmon scattering intensity. Such hybrid graphene−nanometallic structure provides a powerful way for electrical
control of plasmon resonances at optical frequencies and could enable novel plasmonic sensing down to single charge transfer
events.
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Surface plasmon resonance in nanoscale metal structures has
attracted tremendous interest due to its unique capability

to concentrate light into a deep subwavelength scale.5 In
applications ranging from nanoantenna1 to metamaterials3,4 it is
often desirable to have plasmonic resonances that can be
controlled in situ with electrostatic gating. So far, such active
plasmonic devices have been demonstrated only at terahertz
frequencies employing hybrid semiconductor−metal nanostruc-
tures,7−9 because gate-induced free electrons in typical
semiconductors have large responses only at this low-frequency
range.10 At optical frequencies (including near-infrared to
visible), electrical control of plasmon resonance has been an
outstanding challenge due to the dramatically reduced free
electron responses with increasing frequency. Graphene, a
novel zero-bandgap semiconductor,15,16 provides a unique
opportunity to address this challenge, because not only the low-
frequency free carrier response but also the high-frequency
interband transition in graphene can be conveniently varied
through electrical gating.13,14 In addition, graphene can be
readily integrated into the nanometer-sized hot spot in the
nanometallic structure due to its single atom thickness and
excellent compatibility with nanofabrication.17−19

Here we demonstrate electrical controlled plasmonic
resonance at near-infrared using the hybrid graphene-gold
nanorod structure as a model system. This is in contrast to
intrinsic graphene plasmonics that arises from free carriers at
terahertz and far-infrared frequencies.20−22 Such plasmon

resonance control is also distinctly different from enhancing
absorption for graphene photo detectors.23,24 We show that,
although graphene is only a single atom thick, its effect on the
gold nanorod plasmon is remarkably strong: Electrical gating of
graphene efficiently modulates all aspects of the plasmon
resonance, including a 20 meV shift of resonance frequency, a
30% increase in quality factor, and a 30% increase in resonance
scattering intensity. The plasmon resonance frequency shift and
the resonance quality factor increase can be attributed to,
respectively, changes in the real (εg′) and imaginary (εg″) part of
the graphene dielectric constant upon electrical gating. Our
analysis further shows that surprisingly few graphene electrons
at the plasmon hot spots contribute to a large fraction of the
plasmon modulation, with each additional electron changing
the plasmon scattering intensity by about one thousandth. This
intensity change, we note, is well within the detection limit of
modern photonic technology, and it could enable ultrasensitive
optical detection of single charge transfer events. The hybrid
graphene−nanometallic structure therefore opens up oppor-
tunities not only to active control near-infrared plasmon
resonances, but also to novel single-electron sensing.
Figure 1a illustrates our device configuration, where

graphene is placed on top of gold nanorods. Figure 1b shows
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a typical high-resolution scanning electron micrograph (SEM)
of the single gold nanorod covered by graphene in our devices.
We used top electrolyte gating with ionic liquid to control
optical transitions in graphene.25 The consequent changes in
plasmon resonance of individual graphene−nanorod hybrid
structures were probed with dark-field Rayleigh scattering
spectroscopy.
Figure 2a and b display two representative single-particle

Rayleigh scattering spectra of an ungated graphene−nanorod
hybrid structure and a bare gold nanorod, respectively. Both
scattering spectra exhibit prominent plasmon resonances at
0.86 eV (i.e., at the telecom wavelength of 1.5 μm). However,
the plasmon resonance of the graphene-nanorod hybrid
structure is much broader, with a full-width-half-maximum
(fwhm), at 93 meV (compared to 70 meV in a bare gold
nanorod). It is quite surprising that a monolayer thick graphene
can lead to such a large change in plasmon resonances in the
gold nanorod. This underlines remarkably strong interband
optical absorption of graphene at in optical frequencies (Figure
2c),11,12 which provides an efficient dissipation channel and
increases the damping rate of the surface plasmon oscil-
lation.17,26

To modulate the quality factor and scattering intensity of the
plasmon resonance, one can simply eliminate the energy
dissipation channel in graphene by switching off its interband
optical transitions. This can be achieved through electrostatic
gating: gated graphene has a shifted Fermi energy |EF|, and
optical transitions with energy less than 2|EF| become forbidden
due to empty initial states (or filled final states) for hole (or
electron) doping (Figure 2d).13,14 We can determine this gate-
induced change in graphene absorption using infrared reflection
spectroscopy. Figure 3a displays the gate-induced reflectivity
change δR/R at the plasmon resonance energy 0.86 eV in an
area with only graphene. It shows a step-function-like decrease
in reflectivity, corresponding to reduced graphene absorption,12

at large hole doping (with Vg lower than −0.1 V). This gate-
dependent reflectivity curve indicates that our as-prepared
graphene under ionic liquid is strongly hole-doped, and 2|EF|
reaches the probe photon energy of 0.86 eV at Vg = −0.1 V.
Similar curves obtained at different probe photon energies
allow us to determine the 2|EF| value of graphene at different
applied gate voltages.

Rayleigh scattering intensity from an individual graphene−
nanorod hybrid structure as a function of the photon energy
and gate voltage is displayed in a two-dimensional (2D) color
plot in Figure 3b. Figure 3c shows four line cuts of the 2D plot
for Rayleigh scattering spectra at Vg = 0.5, −0.1, −0.9, and −1.5
V, which clearly demonstrate the capability to modulate surface
plasmon resonance through electrical gating. The detailed
dependences of plasmon resonance energy (ER), width (ΓR),
and peak intensity (IP) on graphene 2|EF| are shown in Figure
4a−c (symbols). The resonance width in Figure 4b displays a
step-like decrease, corresponding to an increase in quality
factor, with increasing 2|EF|. This is a direct consequence of
blocked graphene optical absorption in highly doped graphene,
which leads to a reduced εg″ in graphene and lower loss. The
increased quality factor naturally leads to a higher scattering
intensity at the plasmon resonance, as shown in Figure 4c. The
plasmon resonance frequency exhibits an unusual behavior
(Figure 4a): it shifts to lower energy, and then to higher energy,
with increased graphene doping. This behavior can be

Figure 1. Graphene-gold nanorod hybrid structure. (a) Illustration of a
typical device with graphene placed on top of gold nanorods. A top
electrolyte gate with ionic liquid is used to control plasmon resonance
through varying optical transitions in graphene. (b) A typical high-
resolution scanning electron micrograph (SEM) of the single gold
nanorod covered by graphene. Individual gold nanorods are well-
separated from each other in our devices, and graphene is observed to
drape nicely over the nanorods (white arrow).

Figure 2. Effect of graphene on the gold nanorod plasmon resonance.
(a) Rayleigh scattering spectra of an as-prepared graphene-nanorod
hybrid structure. (b) Rayleigh scattering spectrum of a bare gold
nanorod. Both scattering spectra exhibit prominent plasmon
resonances at 0.86 eV (i.e., at the telecom wavelength of 1.5 μm),
but the resonance in graphene-nanorod hybrid structure is significantly
broader due to extra dissipation channel from graphene absorption.
(c) Illustration of strong interband optical transitions present at all
energies in pristine graphene. They contribute to the plasmon
dissipation at 0.86 eV. (d) Illustration showing that a gate-induced
shift in Fermi energy (EF) can block the interband transition in
graphene and reduce optical dissipation at 0.86 eV.
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accounted for by gated-induced change in the real part of
dielectric constant (εg′) of graphene, as we describe below.
Gate-dependent complex dielectric constant of graphene has

been established previously.12,27,28 The imaginary part εg″ is
characterized by a constant absorption of (πe)2/(ℏc) above 2|
EF| from interband transitions and Drude absorption from free
carriers (i.e., intraband transitions). The real part εg′ can be

Figure 3. Electrical control of the plasmon resonance. (a) Gate-
induced reflectivity change (δR/R) of graphene on the substrate
probed at photon energy of 0.86 eV. It shows a step-function-like
decrease in reflectivity, corresponding to a reduction of graphene
absorption, due to blocked optical absorption at large hole doping
(Figure 2d). The threshold voltage at Vg = −0.1 V is set by 2|EF|
reaching the probe photon energy of 0.86 eV. (It indicates that the as-
prepared graphene under ionic liquid is strongly hole-doped.) (b)
Scattering intensity (color scale, arbitrary units) is plotted as a function
of the photon energy and gate voltage. (c) Rayleigh scattering spectra
of an individual graphene−nanorod hybrid structure at Vg = 0.5, −0.1,
−0.9, and −1.5 V, corresponding to the four horizontal (dashed) line
cuts in b. Strong modulation of all aspects of the plasmon excitation,
including the resonance frequency, quality factor, and scattering
intensity, is achieved as electrostatic gating shifts the Fermi energy and
modifies optical transitions in graphene.

Figure 4. Comparison between experiment and theory. Symbols in a,
b, and c show, respectively, detailed data of the plasmon resonance
energy (ER), width (ΓR), and peak scattering intensity (IP) as a
function of 2|EF| in graphene. Our model (solid line) reproduces nicely
the experimental data, where the changes in the plasmon resonance
energy and width originate from gate-induced modification in the real
(εg′) and imaginary (εg″) part of graphene dielectric constant,
respectively. The red and then blue shift of plasmon resonance
frequency in a is due to an increase and then decrease of εg′ in
graphene at the plasmon resonance energy ER when optical transitions
change in graphene as doped. Intraband transition part provides
monotonically decreasing contribution to εg′ whereas the interband
transition part provides a contribution which has maximum at 2|EF| =
ER. The decreased resonance width at large 2|EF| in b is a consequence
of reduced εg″ and lower loss when optical transitions at ER are
blocked. This increased quality factor naturally leads to a higher
scattering intensity at the plasmon resonance in c.
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obtained from εg″ using the Kramer−Kronig relation.
Specifically, energy-dependent εg′ and εg″ have the form27,28
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Here d is the thickness of graphene. The interband transition
broadening Γ is estimated to be 110 meV from the graphene
reflection spectrum. The free carrier scattering rate 1/τ can be
set to zero because it has little effect on the dielectric constants,
εg′ (ER) and εg″ (ER), at the plasmon resonance energy ER. We
have assumed that the interband transition broadening is
dominated by finite lifetime of excited states and characterized
by a Lorentzian line shape. Equation 1 shows that εg″ (ER)
experiences a step-like decrease when 2|EF| is larger than ER and
blocks the relevant interband transitions. εg′ (ER) has significant
contribution both from intraband transition and interband
transitions (see Supporting Information). The intraband
transition contribution decreases monotonically with carrier
doping. On the other hand, the interband transition
contribution has a maximum at 2|EF| = ER. This is because all
optical transitions below ER contribute a negative susceptibility,
and transitions above ER contribute a positive susceptibility to
εg′ (ER).
Figure 4a and b shows the relation between the changes in

the plasmon resonance energy and width with the graphene
dielectric constant εg′ and εg″. We found that the frequency shift
and width increase of the plasmon resonance scale linearly the
gate-dependent εg′ and εg″ of graphene, that is, ER = ER

0 + αεg′
and ΓR = ΓR

0 + βεg″ (solid lines in Figure 4a and b). Here ER
0 =

862.4 meV and ΓR
0 = 72.8 meV are the plasmon resonance

frequency and width for bare gold nanorod, and α = −3.693
and β = 4.828 are two constant prefactors. (For best fitting we
have also slightly shifted |EF| by 40 meV compared to the values
we determined through optical spectroscopy at the region with
only graphene. This shift is presumably due to slightly different
carrier doping at the hot spot right next to gold.) Our simple
model reproduces nicely the significant gate-induced decrease
of plasmon resonance width (i.e., higher quality factor), as well
as the red and blue shifts of the plasmon resonance energy. The
increased scattering intensity arises naturally from the increased
plasmon resonance quality factor.
Our numerical simulation further confirms the above picture.

The simulation shows that electrical gating of graphene leads to
a modulation of plasmon resonance quality factor by 28% (see
Supporting Information), which agrees well with our
experimental observation. Interestingly, a significant portion
of this change arises from the hot spots at the two ends of the
gold nanorods due to strongly enhanced electric field therein:
Our simulation (Figure S2 in Supporting Information) shows
that integrated intensity of the in-plane field within the hot
spots (defined by two 20 nm × 20 nm area) constitutes 14% of
integrated in-plane intensity overall the whole horizontal plane.
It suggests that the small area of graphene at the hot spots 4%

increase in plasmon scattering intensity (i.e., 14% of total
changes). This response arises from only ∼60 gate-induced
electrons within the hot spot area given that a carrier
concentration variation of 8 × 1012/cm2 is needed to shift
the Fermi energy from 0.4 to 0.5 eV and block interband
transition in graphene,13,14 which can couple with the
resonance-electric field of a gold nanorod. Therefore the
addition of a single electron (or hole) at the plasmonic hot
spot, such as from charge transfer, can modify resonance
scattering intensity by about 0.07%. In comparison, the shot-
noise limited detection sensitivity is about 10−6/(Hz)1/2 for
nanorod plasmon scattering with focused 1 mW laser excitation
(see Supporting Information). It suggests that even a single
electron can have a potentially observable effect on gold
nanorod plasmon scattering intensity. This extremely strong
interaction between graphene and plasmon resonance can
enable the detection of individual single charge transfer event at
the plasmonic hot spot.
In conclusion, we demonstrate efficient electrical modulation

of plasmon resonance at optical frequencies utilizing the strong
and tunable interband transitions in graphene. It not only
allows for in situ control of optical light at subwavelength scale
but also offers new opportunities for single charge and
molecular sensing. Our study also raises an interesting
question: what is the optimal plasmonic structure for the
maximized interaction between graphene and the plasmonic
resonance? Such an optimized structure is likely to have much
enhanced plasmon modulation based on electrical gating of
graphene and will pave the way for new kinds of plasmonic
applications.

Methods. Chemically synthesized gold nanorods were
purchased from Nanopartz (part number: 30-HAR-1400).
The gold nanorods have a mean diameter of 25 nm and length
of 200 nm, with a plasmon resonance energy at 860 meV on
glass substrates.29 Gold nanorods were deposited on a glass or
SiO2/Si substrate by spin coating at a spinning speed of 500
rpm. The substrate with gold nanorods was then immersed in
acetone at 70 °C for 30 min to dissolve residual cetrimonium
bromide (CTAB). On top of the nanorods we transferred a
large-area graphene grown by chemical vapor deposition using
the standard growth and transfer processes.30,31 For electro-
static gating of graphene we used a top electrolyte gating with
i on i c l i q u i d 1 - e t h y l - 3 -me t h y l im i d a zo l i um b i s -
(trifluoromethylsulfonyl)imide (EMI-TFSI).25 Figure 1b dis-
plays a typical high-resolution scanning electron micrograph
(SEM) of the gold nanorod covered by graphene on SiO2/ Si
substrate. Our SEM images show that the gold nanorods have a
length distribution from 155 to 311 nm, and they form mostly
well-separated individual rods in our devices. Transferred large
area graphene draped nicely around the gold nanorods, as can
be seen at the nanorod edges in the SEM image.
The electrically tunable plasmon resonance in the hybrid

graphene-nanorod structure is probed using a dark-field
Rayleigh scattering spectroscopy of individual gold nanorods.
We used a supercontinuum laser as the broadband light source
producing high brightness photons from 0.67 to 2.7 eV. The
supercontinuum light is focused to excite gold nanorods in a
microscopy setup. The Rayleigh scattering light from individual
nanorods is collected using confocal microscopy in dark-field
configuration and analyzed by a spectrometer equipped with an
InGaAs array detector.
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