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Abstract: Plasmonic excitations, consisting of collective
oscillations of the electron gas in a conductive film or
nanostructure coupled to electromagnetic fields, play a
prominent role in photonics and optoelectronics. While
traditional plasmonic systems are based on noble metals,
recent work has established graphene as a uniquely suited
materials platform for plasmonic science and applications
due to several distinctive properties. Graphene plasmonic
oscillations exhibit particularly strong sub-wavelength
confinement, can be tuned dynamically through the
application of a gate voltage, and span a portion of the
infrared spectrum (including mid-infrared and terahertz
(THz) wavelengths) that is not directly accessible with
noble metals. These properties have been studied in
extensive theoretical and experimental work over the past
decade, and more recently various device applications are
also beginning to be explored. This review article is
focused on graphene plasmonic nanostructures designed
to address a key outstanding challenge of modern-day
optoelectronics – the limited availability of practical, high-
performance THz devices. Graphene plasmons can be used
as a means to enhance light–matter interactions at THz
wavelengths in a highly tunable fashion, particularly
through the integration of graphene resonant structures
with additional nanophotonic elements. This capability is
ideally suited to the development of THz optical modula-
tors (where absorption is switched on and off by tuning the

plasmonic resonance) and photodetectors (relying on
plasmon-enhanced intraband absorption or rectification of
charge-density waves), and promising devices based on
these principles have already been reported. Novel radia-
tion mechanisms, including light emission from electri-
cally excited graphene plasmons, are also being explored
for the development of compact narrowband THz sources.

Keywords: graphene; hot-carrier effects; plasmonics; ter-
ahertz optoelectronics.

1 Introduction

The terahertz (THz) spectral region, often defined as the
frequency range between 300 GHz and 10 THz (i. e., the
wavelength range between 1mmand 30 μm), is still largely
underutilized due to the relatively low maturity level of
relevant components and systems [1–3]. At the same time,
the potential of THz technologies for many sensing, spec-
troscopy, and imaging applications is now well estab-
lished, and is driving rapid growth in related research and
development efforts. These applications rely on the unique
ability of THz radiation to penetrate through common
packaging materials with little attenuation, and to accu-
rately detect many molecules of interest based on distinc-
tive rotational/vibrational resonances at THz frequencies.
Specific areas where these capabilities can play an
enabling role [3–5] include security screening (e. g., for the
detection of drugs and explosives), medical diagnostics
(e. g., for cancer anddental tissue imaging),manufacturing
quality control (e. g., in the pharmaceutical, electronics,
and aeronautics sectors), as well as fundamental research
in condensed-matter physics, chemistry, and astronomy.

Despite significant recent progress, the key challenge
limiting the widespread adoption of these technologies
remains the development of practical THz optoelectronic
devices, especially radiation sources. It is well known that,
while the THz spectral region lies at the boundary between
the traditional domains of photonics and microwave elec-
tronics, device concepts borrowed from either discipline
cannot be readily extended to THz frequencies. In

Current address: National Electronics and Computer Technology
Center, 112 Thailand Science Park, Pathumthani, 12120, Thailand.

*Corresponding author: Roberto Paiella, Department of Electrical and
Computer Engineering and Photonics Center, Boston University, 8
Saint Mary's Street, 02215, Boston, MA, USA,
E-mail: rpaiella@bu.edu. https://orcid.org/0000-0002-7183-6249
Yuyu Li, Khwanchai Tantiwanichapan and Anna K. Swan: Department
of Electrical and Computer Engineering and Photonics Center, Boston
University, 8 Saint Mary's Street, 02215, Boston, MA, USA,
E-mail: yl@bu.edu (Y. Li), khwan@bu.edu (K. Tantiwanichapan),
swan@bu.edu (A.K. Swan)

Nanophotonics 2020; 9(7): 1901–1920

Open Access. © 2020 Yuyu Li et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 Public License.

https://doi.org/10.1515/nanoph-2020-0211
mailto:rpaiella@bu.edu
https://orcid.org/0000-0002-7183-6249
mailto:yl@bu.edu
mailto:khwan@bu.edu
mailto:swan@bu.edu


particular, microwave sources are generally restricted to
operation frequencies below ∼ 1 THz, due to fundamental
materials limitations of traditional semiconductors such as
low room-temperature mobilities and small saturation ve-
locities [1]. On the photonics side, THz quantum cascade
lasers (QCLs) based on GaAs quantum wells can provide
relatively good performance in many respects [6]. Howev-
er, their spectral coverage is restricted to a limited portion
of the THz spectrum (currently 1.2–5.4 THz) due to strong
lattice absorption at frequencies within and near the rest-
strahlen band of GaAs [7]. Additionally, their operation is
fundamentally limited to temperatures below ∼200 K, so
that cryogenic cooling is generally required for high-per-
formance operation, which strongly degrades their porta-
bility and integration in practical systems [7]. At present,
most THz imaging and spectroscopy systems (including
commercial units) rely instead on photoconductive an-
tennas for THzwave generation [8]. However, the operation
of these devices requires an ultrafast laser source (typically
Ti:sapphire or fiber based), which also significantly in-
creases their size, cost, complexity, and power consump-
tion.

Graphene is a relatively new materials system for THz
optoelectronics, but has already received significant
attention due to several distinctive properties [9–12]. First,
the gapless and linear energy dispersion of its band
structure produces a frequency-independent interband
absorption spectrum that extends across the entire infrared
range. Theoretical studies have also suggested that the
same band structure can potentially support population
inversion and optical gain at THz frequencies under
external carrier injection [13–15], depending on the
detailed interplay of the intraband and interband relaxa-
tion dynamics. Second, graphene can feature ballistic
electronic transport over μm-scale distances with record
large room-temperature mobilities [16–19], and thus is an
ideal materials system for THz sources based on high-fre-
quency coherent carrier dynamics [20] and electron-beam
radiation mechanisms [21–23]. Third, the collective oscil-
lations of the graphene electron (or hole) gas can produce
plasmonic resonances at THz or mid-infrared frequencies,
as opposed to the visible or near-infrared excitations of
traditional plasmonic nanostructures based on noble
metals [10, 24–27]. These graphene plasmon polaritons
(GPPs) can also feature particularly strong sub-wavelength
field confinement and large propagation lengths. Further-
more, they are actively tunable through the use of a gate
voltage to control the carrier density, which is particularly
attractive for optoelectronic device applications and may
open up new opportunities in meta-photonics and trans-
formation optics [28]. Finally, graphene and related vander

Waals heterostructures can be readily assembled on any
desired substrate (including Si-based microelectronics
chips) using well-established aligned transfer techniques
[29]. This property (while not specific to THz devices) al-
lows for large-scale system integration,with great potential
benefits in terms of system miniaturization and enhanced
functionality.

In the past several years, significant research efforts
have been reported that strongly substantiate the promise
of graphene for THz optoelectronics. The present article is
focused on work in this area involving the use of graphene
plasmonic oscillations. The fundamental physics of these
excitations and their initial experimental observation are
reviewed in Section 2. In particular, the active tunability of
the plasmonic resonance frequency is discussed in detail
for two representative configurations, graphene nano-
ribbons and grating-coupled graphene films. The key fac-
tors determining the plasmonic absorption strength,
including doping and the interplay between radiative and
nonradiative damping, are also described together with
possible avenues to maximize the underlying light–matter
interactions. Various THz device applications from the
recent literature are then presented in Sections 3 and 4. The
use of plasmonic effects in graphene is particularly sig-
nificant as a way to increase the fraction of incident light
that can be absorbed, which in 2D materials is intrinsically
limited by their ultrasmall thickness. This general idea has
been employed successfully in several demonstrations of
THz modulators and photodetectors, and representative
results for both types of devices are reviewed in Section 3.
Next, Section 4 describes initial work towards the devel-
opment of graphene THz light sources, including devices
based on plasmon amplification in the presence of popu-
lation inversion and plasmonic emitters where GPPs are
excited by an injected electrical current (through the gen-
eration and subsequent energy relaxation of hot carriers)
and then radiate into the far field. A theoretical model for
the latter radiation mechanism is also presented that
highlights the importance of plasmon-enhanced light–
matter interactions for this application as well. The current
status and potential of all these device technologies are
finally summarized in the conclusive Section 5.

2 Graphene plasmon polaritons

Surface plasmon polaritons are guided electromagnetic
waves propagating along the interface between a
conductor and an insulator, coupled to collective oscilla-
tions of the electron gas at the surface of the conductor. By
virtue of their highly evanescent nature, they can feature
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deeply sub-wavelength optical confinement with strong
local field enhancement, at the expense however of sub-
stantial optical losses due to ohmic absorption in the
conductor. These properties have been widely investigated
in the past couple of decades for applications such as
surface-enhanced sensing and spectroscopy, imaging
beyond the diffraction limit, medical diagnostics and
treatment, high-efficiency photovoltaics, etc. [30]. Typical
plasmonic devices consist of films or nanostructures of
noblemetals (Au, Ag, Al) with resonant excitations at near-
infrared or visible wavelengths. Since the plasma fre-
quency of a conductor generally increases with its carrier
density, longer-wavelength plasmonic excitations
(extending into the THz spectral region) can be obtained
with doped semiconductors, either at the free surface of
bulk films [31] or in the two-dimensional electron gas
(2DEG) of buried heterojunctions [32]. As a 2D semimetal
with widely gate-tunable carrier density, graphene is also
particularly interesting for basic studies and device appli-
cations in plasmonics. While several review articles
already exist [10, 24–27], here we discuss the fundamental
properties of GPPs that are directly relevant to the THz
devices described in the following. It should also be noted
that GPPs are only one example of a rich family of tunable
polaritonic excitations in 2D materials and van der Waals
heterostructures [33].

2.1 Plasmonic dispersion properties

We begin by considering a planar sheet of graphene sur-
rounded by two dielectric media of relative permittivities
εr1 and εr2 [Figure 1]. This system supports a continuous
distribution of plasmon polariton modes, whose disper-
sion properties can be computed by solving Maxwell’s
equations in the space immediately below and above the
sheet and then applying the electromagnetic boundary

conditions. In this formulation, graphene is described by
means of its conductivity function σ (ω, β), where ω is the
optical angular frequency and β is the wavenumber. If we
consider the nonretarded regime (β >> ω/c) and use a
simple Drudemodel for σ, the following dispersion relation
is obtained [34, 35]:

β(ω) � πZ2ϵ0(εr1 + εr2)
q2EF

(1 + i
ωτ

)ω2, (1)

where τ is the relaxation time accounting for all relevant
electronic scattering mechanisms and EF is the Fermi
energy. Despite the simplicity of the Drude model, this
expression can be quite accurate provided that two key
conditions are satisfied [35]. First, the graphene Fermi level
EF must be sufficiently larger than the thermal energy kBT
so that finite-temperature effects can be neglected. Second,
the frequency ω must be small enough so that interband
damping (where GPPs are absorbed through the excitation
of electron-hole pairs) is forbidden by Pauli blocking.
When the latter condition is not satisfied, a more accurate
model can be constructed using the random phase
approximation for the dynamic conductivity, including
the contribution from interband transitions [34]. In any
case, for the typical carrier densities (of order 1012 cm−2) and
frequencies (<10 THz) considered in this review, the Drude
model underlying Eq. (1) has been shown to be fully
appropriate [36]. It is also interesting to note that the
characteristic features of Eq. (1), including the ω2 and 1/EF
dependence of the real part of β, are a general property of
plasmon polaritons in any 2DEG [37]. The dependence on
carrier density per unit area N, however, is determined by
the electronic band structure. In graphene, due to the
conical dispersion near the Dirac points, EF � ZvF

���
πN

√
(where vF ≈ 1 × 108 cm/s is the Fermi velocity) so that
β∝ 1/

��
N

√
. In contrast, in traditional semiconductor 2DEGs

with a parabolic energy dispersion, β∝ 1/N.
The propagation constant Re[β(ω)] of Eq. (1) can be

substantially larger than the free-space wavenumber
k0 = ω/c at the same frequency, by one to two orders of
magnitude depending on the specific values of all the
relevant parameters. As a result, the wavelength and
transverse localization length of GPPs can be smaller than
the free-space wavelength by the same factor, leading to
extreme optical confinement. At the same time, according
to Eq. (1) the ratio between the real and imaginary parts of
β(ω), which determines the quality factor of the plasmonic
oscillations, is equal to ωτ. While this result is again
common to all 2DEGs, it should be noted that the relaxation
time τ in graphene can be particularly long, even at room
temperature where the electronic mobility of traditional

Figure 1: Graphene plasmon polaritons. Schematic illustration of
the GPP field-intensity distribution (shown in blue) for a continuous
sheet of graphene embedded within two homogeneous dielectric
media of permittivity εr1 and εr2.
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semiconductors is significantly degraded by phonon scat-
tering. In graphene, by virtue of its large optical phonon
energies and weak electron-phonon coupling, the mobility
(proportional to τ) is instead often limited by scattering
mechanisms originating from the substrate, such as
charged impurities and surface roughness. As a result,
record large room-temperature mobilities can be achieved
in samples embeddedwithin highly inert hexagonal-BN (h-
BN) layers [18, 19] or partially suspended [16, 17]. The same
geometries can therefore be employed to produce plasmon
polaritons with particularly low propagation losses and
high quality factors, as confirmed by recent experimental
studies [38, 39]. More in general, graphene offers a more
favorable tradeoff between optical losses and field
confinement compared to other plasmonic systems
including noble-metal nanostructures.

Equation (1) also indicates that the dispersion prop-
erties of GPPs depend on the surrounding materials
through their permittivities εr1 and εr2. A particularly
common substrate for fundamental studies and device
applications of graphene is oxidized silicon in a gated
field-effect-transistor (FET) configuration. In this arrange-
ment, the medium above the graphene sheet is air (i. e.,
εr2 = 1), while themedium below consists of an SiO2 layer of
sub-micron thickness tOX on a doped Si substrate. If the Si
crystal has sufficiently low doping to behave as a (lossy)
dielectric at the plasmonic frequencies of interest, Eq. (1)
remains approximately valid with the permittivity εr1 given
by a weighted average of those of SiO2 and Si. The relative
weights are determined by the overlap factors of the plas-
monic field-intensity distribution [which varies with dis-
tance z from the graphene plane approximately as exp(–
2Re[β(ω)]|z|)] with the two materials. In contrast, if the Si
doping is large enough to produce a negative permittivity
at the GPP frequencies, the plasmonic dispersion proper-
ties are significantly modified by the additional metallic
boundary condition at the Si/SiO2 interface. Under these
conditions, for sufficiently small tOX a linear relation be-
tween wavenumber β and angular frequency ω is obtained
[40], similar to the behavior of acoustic waves.

Regardless of the details of the surrounding media,
GPPs in continuous films cannot be excited directly by
incident radiation, whose in-plane wavevector is always
smaller than the free-space wavenumber k0, which in
turn is much smaller than the plasmonic propagation
constant Re[β]. This limiting behavior is again common to
surface plasmon polaritons in other 2DEGs or at planar
metal-dielectric interfaces, and several different ap-
proaches have been devised to overcome it. For the direct
study of GPP propagation, near-field microscopy tech-
niques have been employed to excite and monitor these

surface waves [38, 41–44], by taking advantage of the
highly evanescent optical fields that can be produced and
collected by nanotips. Specifically, these measurements
allow visualizing the standing-wave patterns generated
by the reflection of GPPs at the edges of graphene films
and nanostructures, as well as at internal line defects
such as grain boundaries [43]. To enable direct coupling
to free-space radiation, as needed in typical device ap-
plications, subwavelength graphene structures such as
nanoribbons [45–49] or disks [50–52] have been used as a
way to effectively eliminate the requirement of in-plane
momentum conservation. Alternatively, the momentum
mismatch between free-space radiation and GPPs in
continuous films can be compensated by diffractive
coupling with a periodic array. The latter approach has
been demonstrated using graphene sheets near a surface
relief grating [53–55], coated with a periodic array of
nanoparticles [56], or patterned in the shape of a periodic
lattice of holes (anti-dots) [52, 57, 58].

2.2 Plasmonic resonances of graphene
nanoribbons

For any given coupling geometry, the GPP resonance fre-
quencies can be tuned by design through the structure di-
mensions and actively by varying the graphene carrier
density. As a first important example, in Figure 2(a) we
consider an array of graphene nanoribbons of width w,
connected between the source and drain contacts in a gated
FETconfiguration. In this geometry, eachnanoribbonacts as
a Fabry–Perot cavity for plasma waves along the direction
perpendicular to its long axis [the x direction of Figure 2(a)].
The plasmonic resonance frequencies ωn are then deter-
mined by the phase condition requiring constructive inter-
ference upon each roundtrip within the cavity, i. e., 2Re
[β(ωn)]w + 2φr = 2nπ, where φr is the reflection phase for
plasmawaves at each ribbon edgeand n is a positive integer.
The reflection phase can take on nontrivial values due to the
presence of strong evanescent fields at the graphene edges,
and a value of (or near) π/4 has been computed [59, 60].
Using Eq. (1) for the GPP wavenumber β(ω) and the afore-
mentioned relation between Fermi energy EF and carrier
density N, the following simple analytical expression is ob-
tained for the resonance frequencies νn = ωn/(2π):

νn � 1
2π

��������������
q2vF(nπ − ϕr)��
π

√
Zε0(εr1 + εr2)

√
N1/4��
w

√ . (2)

More specifically, this equation describes the
nanoribbon plasmonic modes with zero longitudinal
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wavenumber. For each value of the integral index n, a
continuous distribution of GPPs also exist that propagate
along the nanoribbon in the y direction, while bouncing
back and forth between its boundaries along the x di-
rection according to the phase condition above. Impor-
tantly, however, the resulting plasmonic density of
modes is peaked at the resonance frequencies of Eq. (2)
[61], so that the nanoribbon optical response is typically
dominated by the GPPs at these frequencies. In arrays of
nanoribbons, the plasmonic resonance frequencies can
also be affected by near-field coupling between neigh-
boring ribbons at sufficiently small separations (∼10 nm)
[61].

In Figure 2(b) we plot the frequency of the funda-
mental plasmonic resonance ν1 computed as a function
of carrier density N, for different values of the nano-
ribbon width w in the FET geometry of Figure 2(a). This
oxidized-Si FET geometry is particularly convenient and
well established for the purpose of tuning the graphene
carrier density N dynamically with an electrical signal.
Specifically, N is determined by the capacitor relation
qN = ε0εOX|VG – VCNP|/tOX, where εOX and tOX are the
permittivity and thickness of the SiO2 gate dielectric,
respectively, VG is the applied voltage between the back
gate and the graphene channel, and VCNP is the gate
voltage at charge neutrality. For typical values of tOX on
the order a few 100 nm, the carrier-density values
considered in Figure 2(b) can be achieved with practical
gate voltages on the order of several 10 V. Therefore, it
follows from this plot that the fundamental plasmonic

resonance of graphene nanoribbons can be tuned,
actively and by design, across the entire THz spectrum.
In fact, mid-infrared resonances can also be produced
with the same configuration using narrower ribbons
[46, 47].

This nanoribbon geometry was employed in the first
experimental observation of GPPs excited by free-space
radiation [45]. The devices used in these measurements
are based on graphene grown by chemical vapor depo-
sition (CVD) on copper and then transferred on an
oxidized Si substrate with a poly(methyl methacrylate)
(PMMA) support polymer. The ribbon arrays, shown in
the atomic force microscopy (AFM) images of Figure 2(c),
were fabricated by photolithography and oxygen plasma
etching. A thin ion-gel top-gate architecture was also
introduced in order to control the graphene carrier den-
sity over a particularly large range, up to 15 × 1012 cm−2,
with small voltages on the order of a few V. Optical
transmission spectra measured with these devices at
room temperature [Figure 2(d) and (e)] reveal strong ab-
sorption features in the spectral range between 100 and
200 cm−1 (3–6 THz), with peak value as large as 13%. The
expected tunability with ribbon width [Figure 2(d)] and
carrier density [Figure 2(e)] is also clearly demonstrated
by these data. Additionally, Figure 2(e) shows that plas-
monic absorption in these devices is only experienced by
light polarized perpendicular to the nanoribbons. In
contrast, a monotonic increase in absorption with
decreasing frequency is observed with the opposite po-
larization (as shown in the figure inset), indicative of free-

Figure 2: Graphene nanoribbons. (a)
Schematic illustration of a graphene
nanoribbon device in a gated FET
configuration. (b) Resonance frequency of
the fundamental plasmonic resonance of
the same device structure, calculated as a
function of carrier density N for different
values of the nanoribbon width w. (c) AFM
images of three devices with w = 1, 2, and
4 μm. (d) Normalized absorption spectra of
the devices of (c) at a carrier density N of
15 × 1012 cm−2, for incident light polarized
perpendicular to the nanoribbons. (e)
Absorption spectra of the 4 μm-width
sample for different values of the gate
voltage VGS – VCNP (applied across a top
gate dielectric). The inset shows the
spectra measured under the same
conditions with incident light polarized
parallel to the nanoribbons. In (d) and (e),

ΔT indicates the differencebetween the sample transmission coefficient T at a given gate voltage and its value at charge neutrality TCNP. (c)–(e):
reprinted with permission from ref. [45]. Copyright (2011), Springer Nature.
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carrier absorption. This behavior is consistent with the
polarization properties of surface plasmon polaritons,
which generally possess an in-plane component of the
electric field parallel to their direction of propagation
[30]. As discussed above, the dominant plasmonic exci-
tations of graphene nanoribbons propagate back and
forth between the ribbon edges at normal incidence.
Therefore, these oscillations cannot be excited by inci-
dent light polarized parallel to the nanoribbons.

2.3 Plasmonic resonances of grating-
coupled graphene

An alternative approach for the coupling of GPPs to free-
space radiation involves the use of a diffraction grating
located in the near-field vicinity of the graphene active
layer. A possible device geometry for this purpose is shown
schematically in Figure 3(a) [56], where the grating consists
of a square-periodic array of gold nanocylinders deposited
on a continuous sheet of graphene. A potential advantage
of this geometry is a particularly simple fabrication pro-
cess, where the array is introduced in the same lithography
steps as the metal contacts. Therefore, compared to gra-
phene nanostructures such as the nanoribbons of the
previous section, this approach does not require any
complex shaping of the graphene sheet, where irregular
and defective edges may be introduced. Compared to other
grating-coupled configurations [53–55], it does not require
the transfer of graphene on a patterned substrate, where
inhomogeneous strain fields may be produced leading to

the formation of crystalline defects. As a result, for any
given graphene synthesis and deposition process, partic-
ularly high structural quality of the GPP active layer can be
expected.

In general, diffractive coupling relies on the ability of a
grating of period Λ along the x (y) direction to shift the x (y)
component of the incident-light wavevector by any integral
multiple of 2π/Λ. In the square-periodic array of
Figure 3(a), a GPP of angular frequency ωn.m can therefore
be excited if its propagation constant matches the shifted

in-plane wavevector, i. e., Re[β(ωn,m)] � 2π
�������
n2 +m2

√
/Λ,

where n and m are two integers specifying the diffraction
order. It should be noted that this equation neglects the in-
plane wavevector of the incident light, which is generally
much smaller than Re[β] as mentioned previously. Using
Eq. (1), the following expression is then obtained for the
grating-coupled GPP resonance frequencies νn,m = ωn,m/
(2π) (i. e., the frequencies of the excited GPPs),

νn,m � 1
2π

���������������
2

��
π

√
q2vF

�������
n2 +m2

√
Zϵ0(εr1 + εr2)

√
N1/4��
Λ

√ . (3)

These frequencies exhibit a similar dependence on
carrier density and structural dimensions as the nano-
ribbon resonances of Eq. (2), and can also span a wide
portion of the THz spectrum [Figure 3(b)]. It should also
be noted that the fundamental diffraction resonances
(n = 1, m = 0) and (n = 0, m = 1) can only be excited by
incident light polarized along the x and y directions,
respectively, because of the aforementioned polarization
properties of surface plasmons [30]. However, in the

Figure 3: Grating-coupled graphene. (a)
Schematic illustration of a graphene FET
coated with a periodic array of Au
nanoparticles (NPs). (b) Frequency of the
first-order plasmonic resonance of the
same device structure, calculated as a
function of carrier density N for different
values of the array period Λ. (c), (d)
Transmission spectra of two devices with
array period Λ = 1.5 μm (c) and 5 μm (d) for
different values of the gate voltage VGS,
normalized to the spectra at the charge
neutrality point. Inset: frequency of
minimum transmission fGPP as a function of
carrier density N (estimated from VGS using
the gate capacitor relation with
tOX = 300 nm). (e) Symbols: measured
values of fGPP versus Λ for six different
samples. Solid line: theoretical fit of the

experimental data based on the expression of Eq. (3) for fGPP = ν1,0 = ν0,1, with N used as the only fitting parameter; a fairly good agreement is
obtained for N = 4.1 × 1012 cm−2. Reprinted with permission from ref. [56]. Copyright (2017), American Chemical Society.
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square-periodic array under study, these two modes are
degenerate so that their superposition is polarization
independent.

Representative experimental results obtainedwith this
grating-coupled device geometry are shown in
Figure 3(c)–(e) [56], for a set of samples based on large-area
(∼1 mm2) graphene sheets grown by CVD on copper and
transferred on oxidized Si substrates using PMMA. In order
to enable gated transmission measurements, the FET gate
contact in these devices is deposited on a small window
etched through the top SiO2 layer (as opposed to the back
surface of the Si substrate). With this approach, pro-
nounced THz absorption dips were measured at room
temperature [Figure 3(c) and (d)], with center frequencies
varying with grating period Λ in good agreement with Eq.
(3) [Figure 3(e)]. Particularly large quality factors (for CVD
graphene) of up to about four are also observed in some of
these plots. At the same time, as the gate voltage VGS is
increased, the amplitudes of these transmission dips in-
crease but their center frequencies remain relatively con-
stant [see insets of Figure 3(c) and (d)], in apparent
discrepancy with the theoretical predictions plotted in
Figure 3(b). This unexpected behavior is attributed to large
variations in carrier density N across the sample area for
fixed VGS, which were also measured with the same sam-
ples by Raman microscopy [56] consistent with prior re-
ports [62]. As a result, the plasmonic absorption spectra
appear to be dominated by the sample regions with carrier
density values in the range corresponding to maximum
scattering lifetime (∼2–5 × 1012 cm−2 for graphene on SiO2

[63]), where the diffractive coupling of incident light to

GPPs can be expected to be strongest as discussed in the
next section. This observation provides important insight
on the limits of tunability of GPPs, especially in large-area
samples, and highlights the importance of uniform carrier
distribution to enable dynamically tunable graphene
plasmonic devices.

2.4 Plasmonic absorption and critical
coupling

From an application standpoint, GPPs are attractive as a
means to enhance the strength of light–matter in-
teractions in graphene (absorption, emission, nonlinear
frequency conversion), which is otherwise necessarily
limited by the single-atomic-layer thickness of the gra-
phene lattice. To illustrate their potential and limitations
for this purpose, here we discuss how GPPs contribute to
the absorption strength of the gated nanoribbons of
Figure 2. The key conclusions of this discussion can then
be extended to other device geometries and optical
processes. In general, the plasmonic absorption spec-
trum αGPP(ν) can be computed via finite-difference time-
domain (FDTD) simulations by comparing incident, re-
flected, and transmitted power for a single unit cell of the
device structure under study. Figure 4(a) shows the
calculated spectra of a representative device (having
530 nm nanoribbon width and 1 μm center-to-center
spacing), for light at normal incidence with polarization
perpendicular and parallel to the nanoribbons. The car-
rier mobility μ used in these simulations [proportional to

Figure 4: Plasmonic absorption in graphene nanoribbons. (a) Absorption spectrum for incident light with polarization parallel (blue trace) and
perpendicular (red trace) to the nanoribbons, for μ = 2,000 cm2/Vs and N = 5.4 × 1012 cm−2. The nanoribbons have 530 nm width and 1000 nm
center-to-center spacing. (b) X-polarized absorption spectra for different nanoribbons at different carrier densities. The ribbon widths,
selected to produce approximately the same peak absorption frequency, vary from 200 to 800 nm in steps of 100 nm in order of increasing
carrier density. In each sample, themobility is μ=2,000 cm2/Vs and the geometricalfill factor is 50%. (c) Peak absorption of the structure of (a)
for x-polarized light versusmobility (bottomaxis) and plasmonic nonradiative damping rate (top axis). For simplicity, the SiO2 gate dielectric is
modeled with a real dielectric constant in these simulations, so that the calculated absorption values are due entirely to the graphene
nanoribbons.
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the scattering lifetime τ of Eq. (1)] is 2,000 cm2/Vs, which
is appropriate for CVD graphene deposited on SiO2 using
PMMA [64]. The Fermi energy EF is 0.27 eV (corre-
sponding to a carrier density of 5.4 × 1012 cm−2 for
tOX = 300 nm), large enough so that interband absorption
at THz frequencies is completely suppressed due to Pauli
blocking.

The results plotted in Figure 4(a) are consistent with
the polarization properties described in Section 2.2, i. e.,
nanoribbon GPPs can only be excited by light polarized
perpendicular to the ribbons. At the same time, even with
the proper incident polarization, the absorption strength
at the plasmonic resonance frequency (i. e., the fraction
of incident light absorbed by the GPPs) is found to be
relatively small, less than 6%. A particularly simple
approach to increase this peak absorption is to use wider
nanoribbons with higher carrier density, where the size
mismatch between the plasmonic field distribution and
the incident wavelength is reduced while more electrons
(or holes) can contribute to the plasmonic oscillator
strength. This idea is illustrated in Figure 4(b), where we
plot the x-polarized absorption spectra of several struc-
tures with different combinations of ribbon width w and
carrier density N, each selected to produce approxi-
mately the same resonance frequency ν1 following Eq. (2).
In practice, this approach is ultimately limited by
the maximum available gate voltage and/or dielectric
breakdown in the gate insulator, as well as by the
decrease in mobility at exceedingly large carrier den-
sities. A related approach involves the use of samples
consisting of two (or more) graphene sheets stacked on
top of one another. Recent work has established that the
effective Fermi energy EF for plasmonic oscillations in
double-layer graphene (DLG) is equal to the sum of the
Fermi levels of the individual layers [65]. As a result,
given the nonlinear relation between carrier density and

Fermi energy in graphene (N∝ E2F), DLG allows accessing
the same plasmonic frequencies with larger nanoribbon
dimensions, which again is favorable to increase the
absorption strength.

To further elucidate the key limiting factors of gra-
phene plasmonic absorption, in Figure 4(c) we plot the

calculated x-polarized peak absorption α(x)GPP(ν1) of the
same device of Figure 4(a) at the same carrier density as a
function of carrier mobility μ (bottom axis) and corre-
sponding scattering rate 1/τ (top axis). The shape of this
trace can be explained with a general argument based on
coupled-mode theory [66, 67]: the coupling between
external radiation and the plasmonic resonance is
maximum when the radiative decay rate of the plasmonic

oscillations Γrad is equal to their nonradiative damping rate
Γnr. Away from this critical-coupling condition, the ab-
sorption decreases regardless of whether Γrad < Γnr (under-
coupling) or Γrad > Γnr (over-coupling). In the graphene
2DEG, nonradiative damping of the plasmonic oscillations
involves the same scattering mechanisms that also limit
the mobility (impurities, defects, phonons, and other car-
riers). Therefore, Γnr can be taken to be equal to 1/τ, which
is inversely proportional to μ. The radiative decay rate Γrad
is instead largely independent of electronic scattering
processes and mostly limited by the large wavelength
mismatch between the graphene surface plasmons and
free-space radiation. The simulation results of Figure 4(c)
indicate that, in the nanoribbon geometry under study,
critical coupling is achieved at an optimal mobility μ* of
about 30,000 cm2/Vs. Therefore, samples based on CVD
graphene on oxidized Si [with typical mobilities on the
order of 2,000 cm2/Vs, as in Figure 4(a) and (b)] are strongly
under-coupled. Additionally, Figure 4(c) also shows that
the peak absorption of the same device under critical
coupling, α* = 23%, is well below its theoretical limit of
100%.

These considerations suggest several possible avenues
to further improve the design of graphene plasmonic
nanostructures for enhanced light–matter interactions.
First, higher-quality graphene sampleswith largermobility
may be employed. In fact, mobilities approaching the
optimal value for critical coupling in Figure 4(c) can be
achieved, even at room temperature, with graphene sheets
embedded in h-BN [18, 19] or partially suspended [16, 17].
However, at present these samples tend to be quite small
and cannot be readily scaled to the lateral dimensions
required to avoid diffraction-limit effects in THz optoelec-
tronic devices (≳100 μm). Second, the graphene nano-
structuresmay be combinedwith additional photonic and/
or plasmonic antennas that can effectively “funnel” inci-
dent radiation into the GPPs (and vice versa) [68, 69], in
order to increase their radiative decay rate Γrad and thus
lower the optimal mobility μ*. Finally, the graphene
dielectric environment may also be engineered to increase
the peak plasmonic absorption at critical coupling [α* in
Figure 4(c)] towards its maximum possible value of 100%.
In general, α* in these devices is limited by the presence of
both transmission and reflection channels for the incident
light, in addition to absorption, and therefore perfect ab-
sorption may be achieved by suppressing these additional
processes [70, 71]. Specific configurations that have
been developed to increase Γrad and/or α* will be dis-
cussed in the next chapter, in the context of graphene THz
modulators.
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3 Graphene THz devices based on
plasmonic absorption

The fundamental physical properties of graphene plas-
monic excitations, and the ability to control themby design
in nanostructures of increasing complexity, remain the
subject of extensive ongoing research. At the same time, in
the past several years, considerable efforts have also been
devoted to the exploration of their optoelectronic device
applications at both THz and mid-infrared wavelengths.
These activities so far have primarily focused on optical
modulators and photodetectors, and in the following we
describe some of the main accomplishments and oppor-
tunities for further progress in the context of THz opto-
electronics. Related work, also with significant device
implications, includes the use of GPPs for THz difference
frequency generation [72, 73] and mid-infrared biosensing
[74, 75]. Additionally, it should be noted that an extensive
literature also already exists on the demonstration of
various types of graphene THz modulators [76–82] and
photodetectors [83–85] that do not involve GPPs.

3.1. THz optical modulators

The broadband dynamic tunability and relatively narrow
linewidth of plasmonic absorption in graphene are particu-
larlywell suited for the development of opticalmodulators. In
such devices, the fraction of incident light transmitted
through thegrapheneactivematerial ismodulatedbyvarying
the applied gate voltage. In the off-state, transmission is
minimized by tuning the plasmonic resonance under high
carrier density to the desired operation wavelength. The on-
state is then produced by varying the gate voltage to decrease
the carrier density, so as to simultaneously suppress and red-
shift the plasmonic absorption peak. This basic device func-
tionality is illustrated by the absorption spectra of Figure 2(e)
[45]. In this particular example, a modulation efficiency (i. e.,
fractional decrease in transmission from the on- to the off-
state) of about 10% is obtained at frequencies near 100 cm−1

(3 THz) for a change in gate voltage (across a thin ion-gel top-
gate dielectric) on the order of 1 V. The corresponding mod-
ulation speed is limited by the RC time constant associated
with the gate capacitor and its series resistance, and GHz-
range cutoff frequencies are expected to be accessiblewith an
optimized design of the gating configuration [68].

The key challenge for the development of practical
devices based on this principle is provided by the relatively
small single-pass absorption of graphene (even at the
GPP resonance frequency), which limits the maximum

achievable modulation depth. For some applications, the
graphene active layer could be integrated with a wave-
guide configuration, e. g., for the direct currentmodulation
of the radiation output of a THz QCL [86]. More generally, a
possible solution is the introduction of additional THz
antennas that can focus the incident light into sufficiently
small “hot spots” overlapping the graphene plasmonic
oscillators. As a result, theGPP radiative decay rate Γrad can
be enhanced, as discussed in the previous section, leading
to increased absorption. This approach has been employed
in ref. [68], where graphene nanoribbons were integrated
within the capacitor gaps of an array of complementary
split-ring resonators (C-SRRs) patterned in a metal film
[Figure 5(a)]. These structures can be described as lumped
LC circuit elements at optical frequencies, featuring a
geometrically tunable transmission resonance [dashed
curve in Figure 5(b)]. The graphene nanoribbons (fabri-
cated from CVD-grown graphene transferred on a Si/SiO2

substrate) introduce an additional absorption resonance,
which can be tuned dynamically by varying the gate
voltage as described in Section 2.2. When the two reso-
nances overlap, the transmission at their common center
frequency is minimized. In Figure 5(b), an on/off modula-
tion efficiency of about 60% near 4 THz is demonstrated
based on this approach. The corresponding change in gate
voltage in this device is quite large (about 100 V), but could
be reduced substantially using a thinner gate dielectric,
such as the ion gel used in ref. [45]. The structure of Figure 5
was also found to display the hallmarks of strong coupling
between the underlying resonances [68], and therefore
provides an interesting platform for studying cavity-
enhanced light–matter interactions at THz frequencies.

Further improvements in modulation depth could be
achieved with device structures that can provide perfect
absorption under conditions of critical coupling. A
possible design is shown in Figure 6(a), where a back Au
mirror is used to block transmission of the incident light
and at the same time suppress reflection through interfer-
ence (with the proper choice of graphene-mirror separa-
tion). As a result, perfect absorption is enforced by the
requirement of conservation of power flow [70, 71]. This
basic structure is well established in radio-wave engi-
neering [87], where it is referred to as Salisbury screen. To
illustrate its effectiveness, in Figure 6(b) we plot the

calculated peak absorption α(x)GPP(ν1) of an array of gra-
phene nanoribbons on an optimized vertical cavity as a
function of graphene mobility μ. The nanoribbon width
(w = 530 nm) and carrier density (N = 6.5 × 1012 cm−2)
are similar to those of the device of Figure 4(c), resulting in
the same resonance frequency (7.9 THz). A maximum
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graphene absorption of over 99% is obtained with this
device at the optimal mobility for critical coupling μ*
(again ∼30,000 cm2/Vs), and at any mobility its peak ab-
sorption is larger than that of the reference structure of
Figure 4(c) by a factor of over 4. Additionally, even though
the device operation mechanism relies on interference,
active tunability can still be achieved. This conclusion is
substantiated in Figure 6(c), where we plot the absorption

spectrum α(x)GPP(ν) of the same structure of Figure 6(b) at
μ = 32,000 cm2/Vs for different values of the Fermi energy.
Theoretical considerations also indicate that this perfect
absorption mechanism is nearly omnidirectional [70].

Finally, even in this Salisbury-screen configuration the
optimal mobility μ* can be decreased towards values acces-
sible with CVD graphene by combining the graphene plas-
monic oscillatorswith suitable antennas that canenhance the
GPP radiative decay rate Γrad. This idea has been demon-
strated in recent work at mid-infrared wavelengths (near
7 μm) [69], where simple Au rectangular antennas were
introduced in an array of CVD-graphene nanoribbons with
mobility smaller than 1000 cm2/Vs. Both graphene and Au
nanostructures were fabricated on a SiO2/SiNx membrane of
the required thickness to suppress reflection (approximately

one quarter of the target wavelength rescaled by the mem-
brane refractive index), back coated with a Au film. With this
device, a maximum absorption of nearly 97%wasmeasured,
togetherwith anon/offmodulationefficiencyof about 96%in
reflection. The same approach could be extended to THz
modulators by rescaling both the antenna dimensions and
the cavity thickness.

3.2. THz photodetectors

The use of graphene for photodetection across the entire
infrared spectrum has also been investigated extensively
over the past decade [88]. Similar to the modulator appli-
cation just described, a key requirement to improve the
performance of graphene photodetectors is to increase the
fraction of incident light that can be absorbed in the active
layer to produce a readout electrical signal. Once again,
plasmonic effects are attractive for this purpose, although
it is important to point out that plasmonic absorption is an
intrinsically intraband process, where optical energy is
transferred to the electron (or hole) gas without the direct
creation of additional electron-hole pairs. As a result,

Figure 6: Graphene plasmonic oscillators
(GPOs) on a vertical cavity for THz
modulation. (a) Schematic device
geometry. (b) Calculated peak absorption
versus mobility, for an array of graphene
nanoribbons (with 530 nm width, 4.4 μm
center-to-center spacing, and
6.5 × 1012 cm−2 carrier density) on an
optimized vertical cavity (with 2.7 μm Si
thickness and 300 nm SiO2 thickness). (c)
Absorption of the same device versus
frequency and Fermi energy

for μ = 32,000 cm2/Vs. In all these simulations, the device is illuminated at normal incidence with light polarized perpendicular to the
nanoribbons.

Figure 5: HybridgraphenemetamaterialforTHz
modulation.(a)Schematicillustrationofaunit
cell, consistingofagraphenenanoribbon
(lightblue rectangle) located in thecapacitor
gapofacomplementarysplit-ringresonator
patternedinaAufilm.(b)Transmissionspectra
ofadeviceconsistingofanarrayof closely
packedunit cellsbasedon thedesignof (a)at
differentback-gatevoltages.Eachspectrumis
normalizedtothesubstratetransmission.The
dashedcurvewasmeasuredwitha reference
devicewithout thegraphenenanoribbons.
Inset:SEMimageofaunit cell (thescalebar is
5μm).Reprintedwithpermissionfromref.[68].
Copyright (2015),SpringerNature.
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standard photoconductive and photovoltaic devices
(which rely on the photoexcitation of electrons and holes
and their subsequent separation under an external or built-
in voltage) would not benefit fromplasmonic enhancement
effects. However, additional photodetection mechanisms
have also been reported in graphene that involve a
photoinduced increase in carrier temperature rather than
density, including the bolometric and photo-thermoelec-
tric effects [88]. In a bolometer, this temperature increase is
detected through the corresponding change in conductiv-
ity, due to either a decrease in mobility or an increase in
carrier density after thermal equilibration [89]. In a photo-
thermoelectric device, a photocurrent is produced through
the Seebeck effect in suitably asymmetric device structures
(e. g., employing different metals in the source and drain
electrodes) [84]. These photodetection mechanisms are
actually especially important in graphene by virtue of its
weak electron-phonon coupling, so that the electron gas
can reach significantly higher temperatures than the lat-
tice. Furthermore, they can generally be expected to play a
dominant role in devices operating at long infrared

wavelengths (especially THz) where interband transitions
are suppressed by Pauli blocking.

In this context, plasmonic absorption can again be
quite beneficial. Similar to what happens in other plas-
monic systems [90], optically excited GPPs predominantly
decay into hot carriers, which then rapidly thermalize with
one another (on a typical time scale of a few ten femto-
seconds) at an elevated temperature over the lattice. In
fact, because of the comparatively small number of elec-
trons involved in the plasmonic oscillations in graphene, a
particularly large temperature increase can be expected for
any given amount of absorbed optical energy [25]. As a
result, the responsivity of any photodetector relying on
carrier heating can be enhanced by incorporating plas-
monic structures to increase the optical absorption. This
idea was initially demonstrated at mid-infrared wave-
lengths (near 10 μm) in ref. [91], with an array of
CVD-graphene nanoribbons in an FET configuration
[Figure 7(a)].When the gate voltage is tuned so that theGPP
resonance matches the incident wavelength, a large in-
crease in photocurrent (up to 15-fold) is obtained for light

Figure 7: Graphene plasmonic photodetectors. (a) Scanning photocurrent image of a nanoribbon device designed for plasmon-enhanced
photodetection near 10 μm wavelength. The scale bar is 30 μm. (b) Photocurrent versus gate voltage measured with the device of (a) for
incident light polarized parallel (blue circles) and perpendicular (red circles) to the nanoribbons. (c) Responsivity enhancement of a graphene
photo-thermoelectric detector coupled to ametallic double-patch THz antenna, plotted as a function of polarization angle of the incident light.
The metallic patches are illustrated by the yellow rectangles. The blue and red traces were measured with the device illuminated from the air
above and through an on-chip Si lens, respectively. (d) Thermal radiation spectrum of the same device of (c) under current injection across the
two metal patches. The two gray bands indicate water absorption lines. (e) False-color SEM image of an antenna-coupled graphene FET THz
photodetector. (f) Responsivity versus gate voltage bias measured with the device of (e) for different angles between the incident-light
polarization and the antenna axis. (a), (b): reprinted with permission from ref. [91]. Copyright (2013), Springer Nature. (c), (d): reprinted with
permission from ref. [94]. Copyright (2015), American Chemical Society. (e), (f): reprinted with permission from ref. [97]. Copyright (2012),
Springer Nature.
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polarized perpendicular to the ribbon relative to the
orthogonal polarization [Figure 7(b)], consistent with the
plasmonic absorption properties of graphene nanoribbons
described above. The photocurrent in this device is nega-
tive (i. e., the conductivity decreases under illumination),
indicating that the dominant photodetectionmechanism is
the reduction in mobility with increasing electronic tem-
perature. Another mid-infrared device demonstrated more
recently [92] consists of an array of graphene nanodisks
connected by ultrathin ribbons that provide a sizeable
energy barrier (a few 10 meV) for current flow. With this
arrangement, photodetection with significantly reduced
dark-current noise can be achieved through the plasmon-
mediated excitation of hot carriers in the nanodisks with
sufficiently high energy to surmount the barriers in the
ribbons.

Plasmon-enhanced photodetection has also been
reported at THz wavelengths in a photo-thermoelectric
device, again using nanoribbons, but in this case con-
nected to different metal contacts (Cr and Au) at the
source and drain electrodes [93]. In a somewhat related
approach, a metallic double-patch THz antenna (also
consisting of different metals) has been used to produce a
confined region of high-field enhancement in a contin-
uous sheet of graphene, both for photo-thermoelectric
detection and thermal light emission [94]. The enhanced
light–matter interaction in this case is related to the
fundamental resonance of the antenna slot (rather than
GPPs) at a frequency of about 2 THz. An on-chip Si lens is
also used to improve the coupling efficiency of externally
incident light into the device (and vice versa). The
measured polarization-resolved responsivity at reso-
nance is increased by three orders of magnitude in the
presence of the antenna [Figure 7(c)]. At the same time,
when a large electrical current is driven between the two
antenna patches to heat up the graphene electron gas in
the slot region, a relatively narrow thermal-radiation
spectrum is measured, peaked at the antenna resonance
frequency [Figure 7(d)].

A different type of plasmonic THz photodetector that
has also been developed with graphene is based on early
theoretical work on 2DEGs of traditional semiconductor
heterojunctions [95, 96]. In this approach, an incident
THz wave is fed to an antenna connected between the
source and gate contacts of an FET to produce an AC
modulation of the carrier density, and therefore plas-
monic oscillations traveling along the device channel.
Because of the intrinsically nonlinear electrical transfer
characteristics of FETs, this AC signal is then rectified to
produce a DC photovoltage across the drain and source
contacts. Additionally, if the decay lifetime of the

plasmonic oscillations is long compared to the travel time
across the channel, a standing wave pattern is produced
leading to resonantly enhanced response at discrete fre-
quencies (inversely proportional to the channel width). A
graphene photodetector based on this approach has been
developed in ref. [97], using a log-periodic circular-
toothed antenna connected to a short (∼10 μm) CVD-
graphene FET [Figure 7(e)]. The observed dependence of
responsivity on gate voltage [Figure 7(f)] is in agreement
with theoretical expectations for operation in the over-
damped (i. e., non-resonantly enhanced) regime. At the
same time, the measured room-temperature photovoltage
and noise properties (near 0.3 THz) were found to be
already suitable for THz imaging applications in realistic
settings. The resonant mode of operation has also been
reported more recently with an FET device at cryogenic
temperatures based on high-mobility exfoliated graphene
embedded in h-BN [98].

4 Graphene plasmonics for THz
light emission

Compared to the optical modulators and photodetectors
just reviewed, research on graphene-based THz light
emitters is at present in a much earlier stage. Significant
efforts so far have focused on the theoretical proposal and
numerical investigation of novel device concepts exploit-
ing various distinctive properties of the graphene 2DEG
[13–15, 20–23, 99–101]. Initial experimental progress in-
cludes the demonstration of THz radiation from transient
photocurrents generated under ultrafast optical excitation,
either through quantum interference involving funda-
mental and second-harmonic pulses [102] or with individ-
ual pulses incident on suspended samples [103]. In ref.
[104], THz light emission is reported based on a combina-
tion of the photon drag effect and optical rectification
(enhanced through the excitation of surface plasmons on
an underlying metal film). More recently, THz high-har-
monic generation with remarkably large conversion effi-
ciency has also been observed [105]. These results
substantiate the promise of graphene as a novel THz source
material, but at the same time their reliance on optical
pumping (rather than electrical injection) is a key limita-
tion for many practical device applications. In the
following, we focus on recent work where the underlying
radiation mechanism involves (or can be extended to)
electrical injection. Once again, graphene plasmonic ex-
citations also play an important role in enhancing the ef-
ficiency of these mechanisms.
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4.1 THz interband light emission

In traditional semiconductors, a population inversion
across the fundamental energy bandgap can be readily
established through the injection of sufficiently high den-
sities of electrons and holes. This behavior is enabled by
the ultrafast (sub-picosecond) nature of intraband equili-
bration compared to interband recombination. As a result,
separate quasi-Fermi distributions of electrons and holes
can accumulate near the edges of the conduction and
valence bands, respectively. Under these conditions, op-
tical gain can be obtained in the spectral range between the
bandgap energy and the separation of the electron and
hole quasi-Fermi levels. In graphene, where the bandgap
energy is zero, such gain would therefore occur at THz
frequencies (equivalent to negative dynamic conductivity)
[13]. Motivated by these considerations, extensive time-
resolved measurements have investigated the relevant
relaxation lifetimes in graphene [106–108]. The resulting
physical picture, depending on the detailed experimental
conditions, is illustrated in Figure 8(a) [109]. Intraband
equilibration by carrier-carrier scattering is generally
found to occur on a much faster time scale compared to
interband recombination (about 100 fs vs. 1–10 ps at room
temperature), qualitatively similar to the behavior of
traditional gapped semiconductors. The associated carrier
temperature dynamics (i. e., cooling to the lattice temper-
ature via phonon emission) is more complex as it depends
on the energy range of the initial hot-carrier distribution

[108], but usually takes place on an intermediate
time scale.

These ideas suggest a potential avenue towards the
development of graphene-based THz amplifiers and lasers
[13–15, 109–112]. The required carriers could be introduced
by optical pumping [13], as illustrated schematically in
Figure 8(a). Alternatively, electrons and holes could be
injected electrically in a forward-biased p-i-n junction
established with a double-gated FET geometry [15], where
the two gates are biased with voltages of opposite polarity
to introduce carriers of opposite charge in the underlying
graphene regions. The amount of population inversion that
can be achieved depends on the detailed values of the
relevant intraband and interband relaxation lifetimes. In
particular, it has been argued that, under conditions of
high carrier densities and/or high electronic temperatures,
the ability to produce such an inversion is strongly
degraded by Auger recombination processes [113]. In any
case, even in a fully inverted structure, the maximum
achievable gain for single-pass transmission is limited by
the universal interband absorption coefficient of graphene
(2.3% [114], which is impressive for a single atomic layer
but too small for typical device applications). Graphene
plasmons once again provide a promising approach to
overcome this limitation by virtue of their strong optical
confinement and small group velocity, which effectively
increase the light–matter overlap and interaction length,
respectively. This idea was originally proposed in ref. [14],
where extremely large peak gain coefficients of a few

Figure 8: THz interband amplification in graphene. (a) Time evolution of the graphene electronic distribution function f(ε) after
photoexcitation with light of photon energy -Ω. If intraband equilibration is sufficiently faster than interband recombination, a population
inversion can be established. (b) Experimental sample geometry used to investigate THz amplification in optically pumped graphene. (c)
Measurement results based on the geometry of (b). The black and red traces show the THz signals measured by electro-optic sampling (EOS)
for two different thicknesses of the CdTe crystal, as a function of delay time between the optical pump and probe. The inset shows the THz
signal peaks measured after a round-trip inside the crystal [path ② of (b)] with (red) and without (gray) a graphene sheet under the CdTe
crystal. The larger peak value of the red trace is an indication of THz amplification by the photoexcited graphene carriers. Reprinted with
permission from ref. [109]. Copyright (2012) by the American Physical Society.
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104 cm−1 were computed for GPPs propagating along a
continuous graphene sheet with a reasonable population
inversion (on the order of 1010–1011 cm−2) and a long but
achievable plasmonic scattering lifetime (0.5 ps). More
complex structures have also been investigated numeri-
cally, including periodic arrays of linear plasmonic nano-
cavities (defined by multiple parallel electrodes on a
continuous sheet), where the peak gain can be further
enhanced via coherent phase locking of the plasmonic
oscillations in the individual nanocavities [99].

Experimental evidence of THz light amplification in
graphene has been reported in refs. 109 and 111, based on
time-resolved optical-pump/THz-probe measurements with
an exfoliated graphene sample on Si/SiO2 [Figure 8(b)]. In
these experiments, ultrafast infrared pump pulses are used
to excite photocarriers in the graphene sheet and, at the
same time, produce a THzprobewave by optical rectification
inanoverlayingCdTe crystal. ThisTHzbeam is thendetected
via electro-optic sampling as it exits theCdTe surface directly
[path ① in Figure 8(b)] and after a round-trip inside the
crystal [path②]. The latter signal is found to be significantly
stronger in the presence of the graphene sheet compared to a
reference device without graphene [Figure 8(c)], suggesting
amplification by the graphene carriers. The measured gain,
however, is an order of magnitude larger than the afore-
mentioned theoretical limit for interband transitions in gra-
phene. In ref. [111], the authors present additional data
suggesting the excitation of GPPs by the THz probe in the
samedevice. This behavior could explain the largemeasured
gain, but it is still not clear how THz photons may couple in
and out of surface plasmons in the continuous unpatterned
graphene sheets used in these experiments. A more recent
publication also reports the measurement of THz radiation
from an electrically driven dual-gate graphene FET inte-
grated with a distributed-feedback cavity, including a rather
weak and spectrally narrow emission feature at 100 K [112].
This observation may be interpreted as indicative of lasing,
although additional data will be required for a more
conclusive claim.

4.2 THz light emission from current-driven
plasmonic oscillations

A completely different approach for THz light emission in
graphene relies on the generation of hot carriers under
current injection and their subsequent energy relaxation
through the excitation of GPPs [115]. Free-space THz radi-
ation can then be emitted by the resulting collective os-
cillations of the graphene electron gas. This idea was
originally investigated in early work with grating-coupled

2DEGs in traditional semiconductor heterojunctions, such
as Si/SiO2 and GaAs/AlGaAs [40, 116, 117]. Pronounced THz
emission peaks were measured with these systems, but
only at cryogenic temperatures, which were used to study
hot-carrier effects and plasmonic dispersion properties.
The use of graphene for this application is once again
attractive because of its exceptional transport properties,
allowing for reduced plasmonic damping and thus partic-
ularly narrow emission spectra even at ambient tempera-
ture [118]. Graphene is also an ideal materials system for
the excitation of hot carriers, by virtue of its low electronic
heat capacity and weak electron-phonon coupling. Prior
work has already established its promise as a stable
and efficient thermal emitter at mid-infrared [119, 120]
and visible [121] wavelengths. Additionally, the strong
confinement of graphene plasmons in the supporting 2DEG
is favorable to enhance plasmon generation via hot-carrier
decay. In fact, it has been suggested that the latter process
in graphene can become remarkably efficient and lead to
unusual effects such as the generation of plasmonic
shockwaves [122].

The initial experimental demonstration of current-
driven THz light emission from graphene plasmonic os-
cillations is summarized in Figure 9(a)–(c) [115]. The de-
vices used in this work consist of CVD graphene
nanoribbons patterned on a back-gated Si/SiO2 FET,
similar to the structure of Figure 2(a). Perpendicular
“bridge” sections are also introduced to connect neigh-
boring ribbons to one another, in order to minimize the
impact of material defects and cracks on the current flow
through the entire device [Figure 9(a)]. Figure 9(b) shows a
representative emission spectrum measured with a device
at a substrate temperature Tbase of 80 K, for an input elec-
trical power Pin of 0.2W (determined by the applied source-
drain current and voltage). This trace is normalized to the
emission spectrum of the same sample gated at charge
neutrality, so as to fully highlight the plasmonic contri-
bution. A sharp peak with quality factor of about four is
observed, centered near the nanoribbon plasmonic reso-
nance frequency νpl ≈ 8 THz. To illustrate the geometrical
and electrostatic tunability of these devices, the symbols in
Figure 9(c) show the peak emission frequencies measured
with two samples of different ribbon width w (530 and
810 nm) as a function of carrier density N. The solid and
dashed lines are computed, respectively, with the analyt-
ical expression for the nanoribbon resonance frequency ν1
of Eq. (2) and via FDTD simulations. Excellent agreement
with the experimental data is obtainedwith both analytical
and numerical modeling, and altogether these two devices
can cover a rather broad spectral range from about 4 to
8 THz.
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In the work of ref. [115], these emission spectra could
only be resolved up to a maximum substrate base tempera-
ture Tbase of about 190 K. The output power levels measured
around liquid-nitrogen temperature are on the order of a few
nW, corresponding to a rather lowwall-plug efficiencyΔPout/
Pin ∼ 10–8. In order to understand the key factors limiting
these performance metrics, and to identify possible avenues
for improvement, we present a simple theoretical model of
the underlying emission mechanism. The radiation spectra
under study can be described as thermal emission reso-
nantly enhanced by the excitation of surface plasmons.
Therefore, consistent with Kirchhoff's law of thermal radia-
tion for a collection of resonant nanoparticles [123], their
power density per unit area per unit frequency ρout(ν, T) is
given by Planck's formula for blackbody emission ρbb(ν,
T) = (2πhν3/c2)/[exp(hν/kBT) − 1] multiplied by the nano-
particle absorption efficiency. The absorption efficiency is
defined as the ratio between absorption cross-section and
physical surface area and, importantly, can be well above
one at frequencies near a nanoparticle absorption reso-
nance. For the devices of Figure 9, it can be written as
ηGPP(ν) = αGPP(ν)Stot/Sgr, where Sgr is the graphene surface
area, Stot is the total device area (including both graphene
nanoribbons and the empty spaces in between), and αGPP(ν)
is the fraction of light incident on the entire device that is
absorbed by the plasmonic oscillations. The plasmonic
output power can thenbe computed as Pout =∫dνρout(ν, T)Sgr
and, for a sufficiently narrow plasmonic absorption peak (of
center frequency νpl and FWHM linewidth δν), it can be
approximated as Pout ≈ ρout(νpl, T)Sgrδν. With this

formulation, we finally obtain the following expression for
the wall-plug efficiency:

ΔPout/Pin � ⟨ηGPP(νpl)⟩[ρbb(νpl,  Tel) − ρbb(νpl,  Tbase)]δν/pin.

(4)

Here, ΔPout is the increase in plasmonic output power
produced by the injected current; Tel is the 2DEG temper-
ature under bias, which can be estimated from the input
power density pin = Pin/Sgr using available analytical
models [124–126]; and the brackets ⟨⟩ indicate averaging
over two orthogonal incident polarizations, which is
required since the Planck's formula for ρbb describes un-
polarized radiation.

The key conclusion that emerges from this analysis is
that all the design prescriptions described above for
maximizing the plasmonic absorption strength αGPP(νpl)
are also beneficial in the context of the THz light-emitting
devices of Figure 9. In addition, since the output power
ΔPout of Eq. (4) is proportional to the absorption efficiency
ηGPP, further enhancements can be achieved by optimizing
the geometrical factor Stot/Sgr. To illustrate the corre-
sponding margins for improvement, in Figure 9(d) we plot
the polarization-averaged peak absorption efficiency
⟨ηGPP(νpl)⟩ computed by FDTD simulations as a function of
graphene mobility for two different structures. The blue
squares correspond to the device of Figure 9(b). Based on
these simulation results combined with the relevant
experimental parameters (Stot = 190× 150 μm2, Stot/Sgr = 1.9,
N = 5.4 × 1012 cm−2, Tbase = 80 K, Pin = 0.2 W, and

Figure 9: THz light emission from plasmonic oscillations in graphene nanoribbons. (a) Schematic device structure. (b) Measured radiation
spectrum of a sample with 530 nm-wide ribbons and 1.0 μm center-to-center spacing at a carrier density N = 5.4 × 1012 cm−2, normalized to the
spectrum at the charge neutrality point. The base temperature is 80 K and the input electrical power 0.2 W. Inset: top-view SEM image. The
scale bar is 3 μm. (c) Symbols: peak emission frequencies of the spectra measured with two devices of different nanoribbon width w. Solid
lines: numerical fits to the analytical expression of Eq. (2) with a single fitting parameter (the reflection phaseφr, for which a value of 0.27π is
estimated). Dashed lines: resonance frequencies computed by FDTD simulations. (d) Polarization-averaged peak absorption efficiency versus
mobility for two different plasmonic THz emitters. The blue squares correspond to the device of (b). The red circles correspond to the vertical-
cavity nanoribbon device structure of Figure 6 (with 530 nm ribbon width and 4.4 μm spacing) at N = 6.5 × 1012 cm−2. In each structure, the
nanoribbon fill factor is optimized formaximumabsorption efficiency. The star symbol indicates the operating point for the experimental data
of (b). (a)–(c): reprinted with permission from ref. [115]. Copyright (2019), American Chemical Society.
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μ = 2,000 cm2/Vs as indicated by the star in the figure), we
compute a plasmonic output power ΔPout of 5.4 nW and a
wall-plug efficiency ΔPout/Pin of 3 × 10−8. This estimate is in
reasonably good agreement with the power extrapolated
from the experimental data of Figure 9(b) (3.4 nW [115]),
which substantiates the validity of the present model. The
red circles in Figure 9(d) refer to a similar nanoribbon de-
vice on an optimized Salisbury-screen substrate (the
structure of Figure 6). At any fixed mobility, an increase in
absorption efficiency by a factor of about 20 is obtained
over the reference design represented by the blue squares.
At the optimal mobility for critical coupling [again
∼30,000 cm2/Vs in Figure 9(d)], the calculated absorption
efficiency of this vertical-cavity device is nearly 70 times
larger than in the measurements of Figure 9(b).

Further improvements can be expected by using
higher doping and DLG samples, as discussed in Section
2.4. The use of graphene nanostructures featuring a po-
larization-independent plasmonic response is also benefi-
cial to increase the polarization-averaged peak absorption.
Suitable designs include circular or slightly elliptical disks
connected to one another by narrow ribbons to enable
gating and current flow [92]. The graphene plasmonic os-
cillators could also be integrated with additional THz an-
tennas in order to increase their radiative decay rate Γrad,
and therefore decrease the optimal mobility for critical
coupling to values accessible with large-area CVD gra-
phene. As a result, the absorption strength could be further
enhanced, similar to the aforementioned prior work on
optical modulators [68, 69]. Through a combination of
these design prescriptions, THz output powers approach-
ing the mW range may be achievable with large (but real-
istic [119, 121]) input electrical powers of about 100 W
delivered to a total device area of a few mm2. Combined
with its relatively simple manufacturing and broadband
tunability, the resulting technology would then be quite
appealing as a way to address the present lack of practical
THz radiation sources.

5 Conclusion

In summary, we have reviewed the basic physics and THz
device applications of plasmonic excitations in graphene
nanostructures. These resonances provide an effective way
to enhance light–matter interactions in a highly tunable
fashion, although the magnitude of the enhancement
strongly depends on the sample mobility and surrounding
dielectric environment. While ultrahigh mobilities are
accessible, even at room temperature, in suspended or
h-BN-embedded graphene, the resulting devices are

currently limited by exceedingly small dimensions,
particularly for long-wavelength photonic device applica-
tions. In contrast, the impact of the surrounding environ-
ment on the plasmonic absorption strength provides a
wealth of design opportunities that can be addressed with
available nanophotonic technologies, and significant
progress in this direction has already been reported [68–
71]. In the context of THz optoelectronics, the distinctive
properties of graphene plasmons are particularly well
suited for application to optical modulators, and initial
work suggests that competitive devices in terms of all the
key performancemetrics (modulation depth, drive voltage,
speed) could be developed with a focused engineering
effort [68, 69, 86]. Promising graphene photodetectors
based on plasmonic effects have also been demonstrated
[91–94, 97, 98] and even employed in a prototype THz
imaging setup [97]. On the other hand, significantly less
progress has been reported so far in the area of THz radi-
ation sources, which perhaps mirrors the great challenges
encountered in the development of such devices based on
other materials systems. The recent results reviewed in
Section 4 are promising, but extensive additional work will
be required to fully assess their potential for a direct
technological impact.

If adequate performance levels can be achieved, all of
these THz devices would be quite compelling for several
reasons, common to other graphene technologies: they can
be manufactured with relatively simple and inexpensive
processes (e. g., not requiring any complex heteroepitaxial
growth), are directly compatible with a wide range of sub-
strates (including Si-based microelectronic systems), and
can provide extreme size miniaturization. These properties
are particularly attractive for the development of large-scale
THz integrated circuits, which currently are limited to oper-
ation frequencies below 1 THz and/or extremely small
component counts [127, 128]. In turn, these systems could
benefit many established applications of THz devices (e. g.,
imaging and sensing for security screening, industrial in-
spection, and medical diagnostics) and possibly contribute
to the emergence of new ones, such as on-chip processing of
optical data at THz speeds. The investigation and develop-
ment of the underlying device functionalities are also
important from a fundamental standpoint, as a way to shed
new light on the rich interplay between hot carriers, plas-
mons, and photons in 2D nanostructures.
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