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Abstract: Graphene has recently emerged as a viable plat-

form for integrated optoelectronic andhybrid photonic de-

vices because of its unique properties. The optical proper-

ties of graphene can be dynamically controlled by electri-

cal voltage and have been used to modulate the plasmons

in noble metal nanostructures. Graphene has also been

shown to support highly confined intrinsic plasmons,with

properties that can be tuned in the wavelength range of

2 µm to 100 µm. Here we review the recent development

in graphene-plasmonic devices and identify some of the

key challenges for practical applications of suchhybridde-

vices.
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1 Introduction

Nanophotonics is a thriving research field, which holds

tremendous promise for optical information processing at

the nanoscale. One of the most promising directions in

nanophotonics is to use free charge oscillations in metal

nanostructures known as surface plasmons (SPs) for con-

trol andmanipulation of optical signals [1, 2]. Surface plas-

mons exhibit a resonant behavior at a particular wave-

length,when the electric restoring force equals the Lorentz

force caused by an incident field. At such a resonance

the electromagnetic energy is confined to subwavelength

length scales in the close vicinity of the nanostructures.

This unprecedented ability to confine energy in small vol-

umes has resulted in a number of novel applications like

surface plasmon assisted lithography [3], data storage [4],

enhanced chemical reaction rates [5, 6], improved photo-

voltaic devices [7], particle trapping [8, 9], and biosens-

ing [10].

At present, there are two main challenges in realizing

the full promise of plasmonics. First, the traditional no-

blemetals (gold and silver) used in plasmonics exhibit rel-

atively high intrinsic optical loss. They are also not fully

CMOS compatible and hence cannot be integrated with

electronic components. In recent years a number of sig-

nificant breakthroughs were made in identifying alterna-

tive plasmonic materials [11]. Naik et al. demonstrated

that transparent conducting oxides like aluminum doped

zinc oxide, and ceramic nitrides like TiN can be used

to lower losses and thereby improve the performance of

plasmonic devices [12, 13]. The second major challenge in

plasmonics is the lack of post fabrication dynamic con-

trol of plasmonic resonance. Currently the resonant wave-

length of plasmonic nanostructures is dependent on their
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size, shape, and material properties [1, 14]. In the liter-

ature we find that a number of phenomena like phase

transitions [15], electrical carrier injection in semiconduc-

tors [16, 17], ultrafast optical pumping [18] andmechanical

stretching of elastic membranes [19, 20] have been used to

tune plasmonic resonances. The magnitude and speed of

change in resonance are important criteria in evaluating

the merits of these approaches for specific applications.

Recently the synergy between the exceptional opto-

electrical properties of graphene and plasmon resonances

in metallic nanostructures led to the development of elec-

trically modulated plasmonic resonance. These devices

can potentially lead to applications like modulators, pho-

todetectors, and sensors in near-infrared (NIR) to mid-

infrared (MIR) wavelength ranges. In this review we begin

with a discussion of the fundamental optical properties of

graphene, which makes it very attractive for the dynamic

control of plasmon resonance. We also describe numeri-

cal approaches to model graphene using full wave elec-

tromagnetic simulations. We then survey the current sta-

tus of graphene-hybrid devices inMIR andNIRwavelength

ranges. We then identify current difficulties, and present

our perspective of this exciting new research direction.

2 Optical properties of graphene

2.1 Band structure of graphene

Graphene is a hexagonal lattice of sp2 hybridized carbon

atoms arranged in a single atomic layer. In the crystalline

phase, the electronic configuration of carbon is 1s2, 2s2,

2p2. The 2s and 2p orbitals canmixwith each other in three

possibleways giving rise to sp, sp2, and sp3 hybridizations

forming different carbon-based molecules [21]. In the re-

ciprocal space, the unit cell can be described by two ba-

sis vectors a⃗1 and a⃗2 as shown in Fig. 1. Starting from

these basis vectors and using the tight binding approxi-

mation [21] it can be shown that the band structure can be

described using the equation

E(k⃗) = ±𝛾0

√︂

1 + 4 cos

√
3kxa0
2

cos
kya0
2

+ 4 cos2
kya0
2

(1)

where, a0 is the lattice constant, kx and ky are reciprocal

lattice vectors, and 𝛾0 is the nearest neighbor hopping en-

ergy (typically in the range 2.6ś3.1 eV).

The conductionandvalancebands toucheachother at

the six corners of the hexagonal 1st Brillouin zone known

as the K points as shown in Fig. 1b. Close to the K points

the dispersion relation for graphene is linear (E = ℏvFk).

Figure 1: Electronic band structure of graphene: (a) Unit cell in re-

ciprocal space showing the basis vectors a⃗1 and a⃗2 in terms of real

space lattice constant a0. (b) The E-K diagram for graphene (eq. 1) cal-

culated using the tight binding approximation. The conduction and

valence bands meet at the six corners of the hexagon in reciprocal

space (known as Dirac or K points). The energy scale is normalized to

nearest-neighbor hopping energy which is typically in the range 2.6ś

3.1 eV. (c) Simplified representation of band structure of graphene

using cut-lines along high symmetry directions. The band structure

is linear close to K points giving rise to many unique properties of

graphene. (d) Intraband and interband transitions in graphene, pho-

tons with energies above 2EF will be absorbed due to transitions into

the unoccupied states above the Fermi level.

The Fermi energy (EF) is given by

EF = ℏvFkF = ℏvF
√︀

πng,2D (2)

where, ng,2D is the carrier concentration in the two-

dimensional graphene sheet, vF is the Fermi velocity

(≈1 × 106 m/s). This linear dispersion implies that charge

carriers in graphene behave as massless Dirac fermions.

This is the underlying reason for many novel electronic

and optical properties of graphene like large carrier mo-

bility (andhence lowDC scattering rate) and allowed inter-

band transitions from terahertz to visible frequencies [22,

23]. It can easily be shown that this linear dispersion re-

sults in a linear dependence of the electronic density of

states (DOS) on the Fermi wavevector (kF) around Dirac

point which is given by

DOS(kF) =
kF

πℏvF
=

ω

πℏv2F
(3)

Therefore, undoped graphene is extremely sensitive to

small external perturbation especially at IR frequencies.

This also leads to highly nonlinear current change close to
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the Dirac point [24]. This is clearly different from a conven-

tional 2D electron gas, with parabolic dispersion, where

the density of states is constant (m*/πℏ2). Further, the

sheet carrier density can be electrically tuned by electro-

static gating using a field effect transistor (FET) structure.

Due to these fascinating electrical properties, graphene

was initially considered as an alternative to silicon for na-

noelectronics.

2.2 Intraband and interband transitions in

graphene

The electronic properties and optical properties of

graphene are very closely related. In undoped graphene

at 0 K, optical absorption is frequency independentÐ

determined only by universal absorbance, A(ω) =

πe2/ℏc = πα ≈ 2.3% [23]. This is due to the cancellation

of frequency dependent terms in the three important pa-

rameters determining optical absorption in Fermi golden

ruleÐthe square of transition matrix element (∝ v2F/ω
2),

the joint density of states (∝ ω/ℏv2F), and the photon en-

ergy (∝ ω) [25].

The optical absorption in doped graphene depends

strongly on the sheet carrier density. A photon incident

on a graphene sheet can excite two types of possible

transitionsÐan intraband transition where the initial and

final states of the electron are within the same band, and

an interband transition where the incident photon excites

an electron in valance band into the conduction band (see

Fig. 1d). Further, an interband transition can generate an

e-h pair only if the energy of the incident photon is greater

than 2EF . These transitions can be analytically expressed

in terms of optical conductivity of graphene derived under

the Random Phase Approximation (RPA) in the local limit

as [26ś28]:

σ (ω) =
2e2ωT

πℏ

i

ω + iτ−1
log
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2 cosh
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ωF
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⎤

⎦

(4)

where,H (ω) = sinh (ω/ωT)/[cosh (ωF/ωT) + cosh (ω/ωT)],

ωF = EF/ℏ, ωT = kBT/ℏ, ω is the frequency of incident

light, e is the charge of an electron, τ is the Drude re-

laxation rate, T is the temperature, and kB is the Boltz-

mann constant. The first term represents the free carrier

response of graphene arising due to the intraband tran-

sitions. The intraband response is dominant above MIR

wavelengths as can be seen in Fig. 2(aśb). The second

term describes the contribution of interband transitions,

which are the dominant contribution at visible and NIR

wavelengths, where the conductance has a constant value

of G0 (= e2/4ℏ). The optical conductivity calculated using

RPA is consistent with numerous experimental reports in

literature [23, 29, 30].

2.3 Numerical Modeling of Graphene

To develop useful devices with graphene it is essen-

tial to develop accurate models for numerical simula-

tions. Graphene being a vanishingly thinmonolayer poses

unique challenges for numerical treatment. There are two

main approaches for the numerical implementation of

graphene (i) treat graphene as an effective medium with

finite thickness (tg) [31] and permittivity given by ε(ω) =

1+ iσ (ω) /ωε0tg, (ii) describe graphenewith a surface cur-

rent Js = σ (ω) E. In the first approach there can be sta-

bility and convergence problems if the choice of tg is not

sufficiently small. Further, an extremely small thickness

will addunnecessary computational complexity due to the

requirement of a fine mesh size [32]. Hence, the second

approach is more suited for grid-based, full-wave finite-

element frequency domain simulation methods using for

example commercial tools such as COMSOL Multiphysics

or CST Studio. The validity of the numerical modeling can

be seen in Fig. 3 where the experimentally measured IR

reflectivity of single layer graphene (SLG) normalized to

reflectivity at charge neutral point (CNP) is shown along

with the numerical simulations. When the carrier density

is increased SLG becomes more łmetallicž and hence re-

flectivity is higher. The dip seen in the 9ś10 µm range is

due to the optical phonon in the SiO2 layer which leads

a large reflection peak and an effectively small change as

a function of carrier density. The features at 8 µm are re-

lated to the epsilon near zero enhanced absorption which

appear when reflection from a range of angle of incidence

(φ) is measured. We can see from Fig. 3(b) that simulation

at normal incidence alonedoesnot capture the experimen-

tal data. To better match the experimental features we av-

eraged simulations over a range of ϕÐthe full details of

which are discussed in an upcoming paper. The final re-

sult of the averaging procedure is shown in Fig. 3(c) which

indicates the RPA model is able to capture the behavior

of graphene remarkably well considering that the exper-

iments were performed using Chemical Vapor Deposition

(CVD) grownwith up to 20% inhomogeneity. An important

point to note is that the scattering time extracted from our

experimental and numerical analysis is about five times

smaller than estimate based on DC Drude model [33].
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Figure 2: Relative contributions of interband and intraband transitions to real part (a) and imaginary part (b) of conductivity. Interband con-

ductivity is dominant at visible frequencies while intraband contribution dominates above mid-infrared frequencies (ng,2D = 7 × 1011 cm−2,

T = 300 K, τ = 3 × 10−14s); (c) Figure of merit calculations indicating that graphene is a good plasmonic material between 2 µmś20 µm

wavelengths. The plasmonic response can be tuned to near-infrared wavelengths by increasing carrier density in graphene.

Figure 3: (a) Modulation of IR reflectivity of CVD graphene on Si/300 nm SiO2 substrate as a function of sheet carrier density. Measurements

wereperformedusinga Fourier Transform Infrared (FTIR) Spectrometerwithmicroscopeaccessory (Objective: 15X,N.A. 0.58Reflectochromat);

measurements are normalized to RCNP. (b-c) FEM simulations using a surface current model for graphene (COMSOL Multiphysics) at normal

incidence and averaged over a range of angle of incidence (φ); the experimental data was fitted with carrier scattering time (τ) as a fitting

parameter in the RPA model, which yields scattering time of 10 fs.

The RPA model cannot be used directly in time do-

main simulations because the interband conductivity does

not have a simple time domain form. Several groups re-

port time domain simulations by either ignoring interband

contribution or assuming asymptotic conditions [34–36].

These approximations are not valid at optical wavelengths

or room temperature. We recently developed an accurate,

multivariate time domain model for graphene using two

Padé approximant terms, which accurately captures the

time domain response of graphene from visible to IRwave-

lengths [37, 38]. This model has been already tested by

combining critical-point approach [37, 38] with a surface-

current enabled FDTD scheme [32, 39].

2.4 Gating techniques for control of optical

properties

Electrical backgating is themost popular approach to con-

trol the charge density in the graphene sheet. In this

method, a DC voltage is applied to the silicon substrate

separated from the graphene sheet by a thin insulating

layer. The induced carrier density can be estimated using

a parallel plate capacitor model as ng,2D = Cgate(VG −

VCNP)/q, where Cgate = εinsulator/tinsulator is the gate ca-

pacitance, VG is the applied gate voltage and VCNP is the

charge neutral point voltage and q is the charge of the

electron. Thermally grown 300 nm SiO2, which is typ-

ically used as an insulator, gives a gate capacitance of

11.5 nF cm−2. A thin insulating layer is usually preferred

since it would give better capacitive control over the in-
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duced charge. However, when the insulating films are

thinner than 100 nm the gate leakage current increases

causing the device to breakdown. The Si/SiO2 backgating

technique typically yields a highest carrier density of ~7

× 1012 cm−2 taking into account device area and leakage

considerations. The gate capacitive control can be slightly

improved by using a high-kmaterial like HfO2 or Al2O3 in-

stead of traditional SiO2 as an insulator [40].

A simple yet effective method of achieving large car-

rier densities is to use an electrochemical top gate [41],

wherein the gate voltage is applied to an electrolyte de-

posited on top of a graphene sheet (see Fig. 5a). The elec-

trochemical gating scheme exhibits a much higher gate

capacitance (~µF cm−2) due to the formation of an ex-

tremely thin electrical double layer at the interface [42, 43].

Graphene can also be doped by exposure to chemicals

such as Nitric Acid (HNO3), Iron (III) Chloride (FeCl3) and

Gold (III) Chloride (AuCl3), which leads to large sheets car-

rier density due to charge transfer reactions [44]. However,

chemically doped devices are also known to degrade over

time making them less robust compared to back gated de-

vices.

3 Graphene as a platform for

tunable plasmonic devices

3.1 Fundamentals

Surface plasmons enable the confinement of the inci-

dent electromagnetic energy into a subwavelength volume

at the resonant wavelength. The characteristic resonant

wavelength is extremely sensitive to the local dielectric en-

vironment, which can be effectively used to modulate the

optical response of the resonance. The changes in optical

properties of graphene described in the previous section,

will perturb the plasmonic resonance in metallic nanos-

tructures if they are fabricated close to the graphene sheet.

The changes in resonance frequency due to this small di-

electric perturbation can be estimated using the perturba-

tion theory using the equation [45, 46]

∆ω

ω0
= −

∫︀∫︀∫︀

V

dV
[︁(︁

∆
↔

µ · H⃗0

)︁

· H⃗*
0 +

(︁

∆
↔

ε · E⃗0

)︁

· E⃗*0

]︁

∫︀∫︀∫︀

V

dV
(︁

µ · H⃗0 · H⃗*
0 + ε · E⃗0 · E⃗

*
0

)︁

= −
∆Wm + ∆We

Wm +We
(5)

where, ω0 is the resonance frequency, E0 and H0 are un-

perturbed electric and magnetic fields, ∆
↔

ε is the change

in dielectric permittivity, ∆
↔

µ is the change magnetic per-

meability, We and Wm are the total electric and magnetic

energies, respectively. The change in resonance frequency

∆ω is large when a strong perturbation of material pa-

rameters overlaps with the electric and magnetic fields of

the resonant mode leading to a large numerator contribu-

tion in Eq. 5. The integral in the numerator captures the

change in the stored electromagnetic energy, whereas the

denominator represents the total electromagnetic energy.

Therefore, the fractional change in resonance frequency

is simply proportional to fractional changes in the total

electromagnetic energy. This approach provides a quanti-

tative measure to analyze graphene-plasmonic hybrid ge-

ometries, and has been verified for dipole antennas [47]

and Fano resonant metasurfaces [48] in MIR wavelengths.

3.2 Tunable MIR plasmonic devices

In recent years, many groups have attempted to com-

bine the dynamic tunability of graphene with plasmonic

resonances for IR modulator applications. The extraordi-

nary sensitivity of plasmonic modes to the presence of

graphene was first reported in split-ring resonators [49].

However, in that work the influence of carrier density and

the exact nature of the interaction was not discussed [50].

Subsequent studies using bow-tie antennas addressed this

issue and concluded that graphene modulates the plas-

monic resonance strongly in MIR frequencies [51, 52]. The

width of the plasmon resonance was found to decrease

as the Fermi energy is increased. This is easily explained

by considering the allowed interband transitions. At a

Dirac point all interband transitions are allowed lead-

ing to higher loss and therefore wider resonance. How-

ever, as the Fermi energy is increased some of the in-

terband transitions are blocked and hence the width of

the resonance is lowered. It should be noted that despite

the early promiseÐup to 25% peak change in transmis-

sion at a 5 µm wavelength (see Fig. 4a)Ðthe bow-tie an-

tennas did not show any spectral tunability. Further, the

incident electromagnetic energy interacts strongly with

graphene only in the narrow (~80 nm × 80 nm) neck re-

gion of the bow-tie antenna. In fact, for any dipole an-

tenna at resonance the electromagnetic energy is confined

only to the small regions around the edges of the antenna.

Therefore, these geometries will not be very sensitive to

changes in graphene and are not strongly tunable. An im-

proved design for tunable resonance in MIR frequencies

was proposed by Yao et al. where they incorporated ideas

fromMetal-Insulator-Metal (MIM) waveguides into the an-

tenna geometry [53, 54]. In a clever design they stagger
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two adjacent nanorod antennas so that the electric field

is confined to regions between the nanorodsÐsimilar to

a bonding mode in a MIM waveguide. They report im-

proved tuning range of ~1100 nm at 6.5 µm wavelength

(see Fig. 4b). The tunability of plasmon resonance could

also be improved by using Fano resonant metallic struc-

tures, which possess overlapping dipolar and quadrupo-

lar resonances [55, 56]. These resonantmodesmutually in-

terfere and produce much sharper spectral features, and

hence show greater sensitivity to graphene. A large blue

shift (~30 cm−1)was shown using Fano resonant metasur-

face [48, 56] inMIRwavelengths (see Fig. 4c). The progress

made by a number of research groups toward graphene-

basedmodulation schemes is tabulated in Table 1. At mid-

IR wavelengths MIM mode in plasmonic antennas and

Fano resonant antennas have shown promising amplitude

and spectral modulation results [56, 57]. Dynamic modu-

lation has not received sufficiently wide attentionÐwith

only one report from Harvard University demonstrating

3 dB bandwidth of up to 20 GHz [57]. There is still signif-

icant room for further improvement of modulation speed

since the intrinsic carrier transport occurs on a picosecond

timescale in graphene [58].

3.3 Tunable NIR plasmonic devices

There is also tremendous interest in applying graphene to

realize modulators and sensors at NIR and visible wave-

lengths, since it can potentially lead to devices with small

footprint and high modulation speeds [59, 60]. It can be

seen from Fig. 2c that large changes in conductivity in NIR

frequencies occur when the carrier density in graphene is

>1 × 1013 cm−2. The conventional backgating technique is

not adequate to realize such high carrier densities. There-

fore, ionic liquid gating discussed earlier is typically used

for experiments at NIR and visible wavelengths. Modu-

lation of plasmonic resonance in NIR frequencies was

demonstrated in nanorods [61] and dolmen structures [62].

The influence of graphene is much stronger in dolmen

structures because of the higher sensitivity of Fano-type

resonance. High-k dielectrics like Al2O3, which provide

stronger capacitive control on the charge carriers at the

same gate voltage, provide yet another direction improv-

ing the maximum carrier density in graphene and thereby

achieve stronger modulation [57]. In another intriguing re-

port electrically tunable surface plasmon polaritons at vis-

iblewavelengths have been realized by exploiting the high

localized electric fields at the interface of Ag nanowire and

graphene to achieve the huge carrier density needed [63].

Table 1: Comparison of different approaches reported in literature

demonstrating modulation of plasmonic resonance with graphene.

3.4 Other graphene-plasmonic hybrid

devices

In the last few years a number of research groups used

plasmonic structures to improve the response of graphene

photodetectors. The primary advantage of graphene over

traditional photodetectors is its broad spectral sensitivity

(due to its unique electronic band structure), fast trans-

port properties [64] and short intrinsic lifetimes [58]. Pho-

todetectorswith speed exceeding 40GHz [65] and intrinsic

bandwidth of 260 GHz [58] have been demonstrated. One

of the primary challenges for graphene based photodetec-

tors is the small responsivity which is the result of finite

optical absorption in single layer graphene. Further, the

extraction of photocurrent is efficient only in the regions

where there is a field gradient (typically p-n junctions).

Echtermeyer et al. showed that by using plasmonic nanos-

tructures it is possible to efficiently localize electromag-

netic energy near the p-n junctions, and thereby enhance

the efficiency of photodetectors by up to 20 times [66]. The

plasmonic nanostructures help in improving the spectral

selectivity of photodetectors and could potentially enable

multicolor photodetection [67]. In addition to the direct ex-

citation of e-h pairs in graphene, the hot electrons in plas-

monic structures have also been shown to contribute to
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Figure 4: Dynamic modulation of plasmonic resonance at MIR wavelengths using bow-tie antennas (a), staggered nanorods mimicking bond-

ing mode in MIM waveguides (b) , and Fano resonant metasurface (c). Figures adapted with permission from references [51, 54], and [56],

respectively. Copyright (2012ś2014) American Chemical Society.

Figure 5: (a) Schematic of different gatingmechanisms for graphene. Ionic topgate supports higher sheet carrier density than the conventional

Si back gate due to higher capacitance; (b) modulation of Fano resonant structures at NIR wavelengths; and (c) voltage dependent scattering

spectrum from a single gold nanorod covered with graphene. Figures (b) and (c) adapted with permission from references [62] and [61],

respectively. Copyright (2012ś2013) American Chemical Society.

photocurrentÐresulting in an 800% increase in photocur-

rent compared to pristine graphene [68]. However, most of

these experiments report improved responsivity at the cost

of speed, spectral sensitivity, or device dimensions and are

performed at visible wavelengths. Novel device architec-

tureswhich canblend the tunability and improved respon-

sivity of graphene-plasmonic antenna hybrid photodetec-

torwill hold significant potential for practical applications

especially at IR wavelengths.

4 Conclusions and future directions

Graphene-antenna hybrid platform has shown consider-

able potential for the development of compact and ultra-

fast MIR modulators [56, 57]. There is significant scope

for improvement in the NIR wavelength range where there

have only been a few demonstrations [61, 62]. An im-

portant shortcoming of most of the graphene-plasmonic

hybrid devices so far is the work function mismatch at

the metalśgraphene interface, which leads to Fermi level

pinning at the interface [69]. This adversely impacts the

charge transport behavior and lowers tunability of the

plasmonic resonance. Mueller et al. report that the metal

contact induced doping of graphene not only occurs un-
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der the contact, but also extends 200ś300 nm into the

graphene sheet [70].While it is known thatmetallic nanos-

tructures cause electron doping of graphene [51], the diffu-

sion length of carriers is presently unclear. This needs to

be investigated carefully through scanning photocurrent

measurements to optimize the tunability of plasmonic res-

onance. Another direction for improving the tunability is

to increase thenumber of graphene layers, and thereby im-

prove the optical conductivity [71] and strength of interac-

tion with plasmonic resonance. Study of screening and in-

terlayer coupling in exfoliated multilayer graphene shows

that linear band structure model for graphene is valid up

to four layers [72], which suggests that some of the unique

properties of graphenewill be preserved up to a few layers.

Lastly, the experimental carrier scattering time obtained

by fitting experimental IR reflectivity measurements with

RPA model is only about 10 fs. Improving the uniformity

of CVD-grown graphene will be very important in improv-

ing the scattering time and thereby the electro-optical re-

sponse. Looking into the future, theoretical studies have

shown that graphene patterned down to sizes below 10nm

canalso support plasmons [73], and canpotentially enable

nonlinear phenomena at the single photon level [74]. Ad-

vances in the aforementioned challenges can lead to the

development of exciting new technologies in addition to

the NIR and MIR graphene-plasmonic antenna hybrid de-

vices discussed in this review.
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