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Plasmonic terahertz lasing in an array of graphene nanocavities
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We propose a novel concept of terahertz lasing based on stimulated generation of plasmons in a planar
array of graphene resonant micro/nanocavities strongly coupled to terahertz radiation. Due to the strong
plasmon confinement and superradiant nature of terahertz emission by the array of plasmonic nanocavities, the
amplification of terahertz waves is enhanced by many orders of magnitude at the plasmon resonance frequencies.
We show that the lasing regime is ensured by the balance between the plasmon gain and plasmon radiative
damping.
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Fundamental limits reached by the available sources of elec-
tromagnetic radiation based on classical electronic oscillations
radiating at radio and microwave frequencies, and on electron
transitions between quantized energy levels corresponding to
infrared and optical frequencies, give rise to the so-called
terahertz (THz) gap.1,2

Extraordinary electronic properties of novel materials
might help to go beyond the limits of the THz gap. In particular,
graphene, a two-dimensional monolayer of graphite, has
received a great deal of interest recently due to its unique
electronic properties stemming from a linear (Dirac-type)
gapless carrier energy spectrum E = ±VF |p| (see the inset
in Fig. 1), where E and p are the electron (hole) energy and
momentum, respectively, VF ≈ 108 cm/s is the Fermi velocity,
which is a constant for graphene, and upper and lower signs
refer to the conduction and valence bands, respectively.3,4

Graphene is especially promising for THz photonics5 due to
its zero (or small in doped graphene) band gap.

Interband population inversion in graphene can be achieved
by its optical pumping6 or carrier injection.7 At sufficiently
strong excitation, the interband stimulated emission of photons
can prevail over the intraband (Drude) absorption. In this case,
the real part of the dynamic conductivity of graphene can
be negative in the THz range. This effect can be used for
THz photon lasing.8 Stimulated emission of near-infrared9

and THz10 photons from population inverted graphene was
recently observed.

Graphene exhibits strong plasmonic response due to both
high density and small “relativistic” effective mass mF =
EF /V 2

F of free carriers, where EF is the Fermi energy. Disper-
sion of the plasma waves (plasmons) in graphene was studied
for intrinsic (undoped)11,12 and doped (or gated)13–17 graphene.
Plasmon resonances in graphene can be controlled in graphene
nanoribbon arrays18–20 and tuned in the entire THz range,
depending on the direction of the plasmon propagation in the
array plane and/or by varying the nanoribbon width. Plasmons
in patterned graphene strongly couple to electromagnetic
waves, which makes graphene nanostructures very promising
for the development of tunable graphene-based THz plasmonic
metamaterials.19,21–24

Compared with the stimulated emission of electromagnetic
modes (photons), the stimulated emission of plasmons by the

interband transitions in population inverted graphene exhibits a
much higher gain due to a small group velocity of the plasmons
in graphene and strong confinement of the plasmon field
in the vicinity of the graphene layer.25,26 Plasmon emission
due to recombination of the electron-hole pairs in graphene
was demonstrated experimentally recently.27 However, a large
plasmon gain in graphene leads to strong dephasing of the
plasmon mode, hence preventing THz lasing. Also, strong
coupling between the plasmons in graphene and electromag-
netic radiation can hinder THz lasing from nonequilibrium
plasmons. Therefore, to the best of our knowledge, neither
plasmonic amplification of THz radiation nor THz plasmonic
lasing in graphene has been reported so far.

In this paper, we consider the amplification of a THz wave
by the stimulated generation of resonant plasmons in a planar
periodic array of graphene plasmonic micro/nanocavities
strongly coupled to THz radiation. We show that, due to the
strong confinement of the plasmon modes in the graphene
micro/nanocavities and superradiant nature of electromagnetic
emission from the array of the plasmonic micro/nanocavities,
the amplification of THz waves is enhanced by several orders
of magnitude at the plasmon resonance frequencies. It is
shown that the plasmonic THz lasing becomes possible due to
restoring the plasmon coherence in the graphene nanocavities
strongly coupled to THz radiation at the balance between the
plasmon gain and plasmon radiative damping.

Let us suppose that graphene micro/nanocavities are
confined between the contacts of the metal grating located
on a plane surface of a dielectric substrate, which can be
high resistivity Si or SiC (see Fig. 1). We assume that the
graphene is pumped either by optical illumination or by
injection of electrons and holes from opposite metal contacts
in each graphene nanocavity. In this case, the electron and
hole densities in graphene can substantially exceed their
equilibrium values and the electron and hole systems can be
characterized by the quasi-Fermi energies ±EF , respectively
(see the inset in Fig. 1) and the effective temperature T . If
the characteristic time of the emission of the optical phonon
by an electron or a hole is much shorter than the time of
the pair collisions, the nonequilibrium electrons and holes
emit a cascade of optical phonons and occupy low energy
states in the conduction and valence bands, respectively.
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FIG. 1. (Color online) Schematic view of the array of graphene
micro/nanocavities. The incoming electromagnetic wave is incident
from the top at normal direction to the structure plane with the
polarization of the electric field across the metal grating contacts. The
energy band structure of pumped graphene is shown schematically in
the inset.

In this case, the contribution of nonequilibrium carriers to
the heating of the electron-hole system is small and their
effective temperature T is close to the lattice temperature T0.28

(If the effective temperature exceeds T0, somewhat stronger
pumping might be needed to ensure the population inversion
in graphene.28) For T = T0, one can describe the response of
pumped graphene by its complex-valued sheet conductivity in
the local approximation26 (see also Refs. 17 and 29, as well as
the recent review paper 30)

σGr (ω) =
(

e2

4h̄

){
8kBT τ

πh̄(1 − iωτ )
ln

[
1 + exp

( EF

kBT

)]

+ tanh

(
h̄ω − 2EF

4kBT

)
− 4h̄ω

iπ

×
∫ ∞

0

G(E,EF ) − G(h̄ω/2,EF )

(h̄ω)2 − 4E2
dE

}
. (1)

Here ω is the frequency of the incoming electromagnetic wave,
e is the electron charge, h̄ is the reduced Planck constant, kB

is the Boltzmann constant, and

G(E,E ′) = sinh(E/kBT )

cosh(E/kBT ) + cosh(E ′/kBT )
.

The first term in the curly braces in Eq. (1) describes a
Drude-model response for the intraband processes involving
the phenomenological electron and hole scattering time τ ,
which can be estimated from the measured dc carrier mo-
bility: τ = μEF /eV 2

F .31 The temperature-independent carrier
mobility μ > 250000 cm2/V s observed recently in multilayer
epitaxial graphene on 4H-SiC substrate32,33 corresponds to
τ ≈ 10−12 s for EF = 40 meV at room temperature. Carrier
scattering times longer than 1 ps were observed recently by
the Raman spectroscopy of optically pumped graphene34,35 in
a quasiequilibrium regime (after the carriers are equilibrated
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FIG. 2. (Color online) Contour map of the absorbance as a
function of the quasi-Fermi energy and the frequency of incoming
THz wave for the array of graphene microcavities with period L =
4 μm and the length of a graphene microcavity a = 2 μm. The
electron scattering time in graphene is τ = 10−12 s. Blue and red
arrows mark the quasi-Fermi energies for the maximal absorption
and for the plasmonic lasing regime, respectively, at the fundamental
plasmon resonance.

due to fast carrier-carrier scattering). The remaining terms in
Eq. (1) arise from the interband transitions. For sufficiently
strong degeneracy of the electron and hole systems, the
quasi-Fermi energy EF depends on the electron (hole) density,
Nn(p)(Nn = Np), in graphene: EF ∼ h̄VF

√
πNn(p).4 Hence,

the quasi-Fermi energy is determined by the photogeneration
rate36 or by the carrier injection rate7 under optical or
carrier injection pumping, respectively. Of course, the simple
estimates of the phenomenological parameters given above
are to be considered only as rough approximations. Their
exact values are to be measured34,35 or calculated by using
a microscopic ab initio approach.37–39

We assume that the external THz electromagnetic wave is
incident upon the planar array of graphene micro/nanocavities
at normal direction to its plane with the polarization of the
electric field across the metal grating contacts as shown in
Fig. 1. Then we solve the problem of the amplification of
the THz wave by the array of graphene micro/nanocavities
in a semianalytical self-consistent electromagnetic approach
similar to that described in Ref. 40 (for more details of our
theoretical approach see Ref. 41).

Figure 2 shows the contour map of the calculated ab-
sorbance as a function of the quasi-Fermi energy (which
corresponds to the pumping strength) and the THz wave fre-
quency for an array of the graphene microcavities with period
L = 4 μm and the length of each microcavity a = 2 μm.
The absorbance is defined as the ratio between the absorbed
or emitted (which corresponds to negative absorbance) THz
power per unit area of the array and the energy flux density
in the incoming THz wave. In the amplification regime, the
negative value of the absorbance yields the amplification
coefficient. The value of Re[σGr (ω)] is negative above the solid
black line in Fig. 2, corresponding to Re[σGr (ω)] = 0 (i.e.,
to transparent graphene). Above this boundary line, negative
absorption (i.e., amplification) takes place at all frequencies
and pumping strengths. The plasmon absorption resonances
below the Re[σGr (ω)] = 0 line give way to the amplification
resonances above this line. Plasmon resonances appear at
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frequencies ω = ωp(q) determined by the selection rule for
the plasmon wave vector qn = (2n − 1)π/aeff, where aeff is
the effective length of the graphene micro/nanocavity. The
effective length of the graphene micro/nanocavity can be,
in general, different from its geometric length a due to the
effect of the metal contacts (see the related discussion for a
conventional two-dimensional electron system in Ref. 42). The
frequency of the plasmon resonance is determined mainly by
the imaginary part of the graphene conductivity in Eq. (1),
while the real part of the conductivity is responsible for
the energy loss (for Re[σGr (ω)] > 0) or energy gain (for
Re[σGr (ω)] < 0).

As seen from Fig. 2, the absorbance (including the negative
absorbance in the amplification regime) at the plasmon
resonance does not vary monotonously with increasing EF ,
but rather exhibits absorption and amplification maxima at
some values of the quasi-Fermi energy. The reason is that the
absorbed or amplified electromagnetic power depends not only
on the plasmon loss due to its energy dissipation, γdis(EF ,ω) <

0, or plasmon gain, g(EF ,ω) > 0, respectively, but also on the
coupling between the plasmons and electromagnetic wave.
Coupling might be different for different structures but,
basically, it is controlled by the radiative damping, γrad(EF ,ω),
due to plasmon radiative decay into electromagnetic waves.
General phenomenological consideration of THz absorption
in a planar periodic plasmonic structure43–45 shows that the
maximal absorption at the plasmon resonance takes place when
γdis = γrad irrespective of details of the plasmonic structure.

For zero pumping strength, the dissipative damping of the
plasmons in graphene, γdis, comes from the energy loss due
to the electron and hole scattering with the decay rate γsc and
the energy loss due to generation of the electron-hole pairs
with the decay rate γe-h. Hence γdis = γsc + γe-h. These two
different energy loss mechanisms are accounted for by the first
and second terms in the curly braces in Eq. (1), respectively. In
the structure under consideration, the dissipative broadening of
the plasmon resonance resulting from the carrier scattering in
graphene for τ = 10−12 s is 2γsc = 1/2πτ ≈ 0.16 THz. The
plasmon loss resulting from the generation of the electron-hole
pairs by the THz wave depends on frequency, see Eq. (1), and
leads to a plasmon resonance broadening of about 0.014 THz
at frequency 1.96 THz of the fundamental plasmon resonance
in Fig. 2 for zero pumping strength, EF = 0. The radiative
broadening of the plasmon resonance depends on both the
carrier concentration in graphene and on the antenna properties
of the planar periodic plasmonic structure.43–45 In the “cold”
structure (without pumping), the radiative broadening of the
first plasmon resonance in Fig. 2 is about 0.01 THz.

For 2EF > h̄ω, the energy loss due to the generation
of the electron-hole pairs described by the second term
in the curly braces in Eq. (1) becomes negative (which
corresponds to the energy gain), while the net loss can be
still positive due to the electron (hole) scattering contribution,
so that the plasmon net dissipative damping becomes smaller.
Because the electron scattering loss in graphene for EF = 0
is typically greater than the plasmon radiative loss in the
array of the graphene micro/nanocavities, the plasmon net
dissipative damping becomes equal to their radiative damping
at some pumping strength EF > 0 that results in the maximal
absorption at the plasmon resonance. The quasi-Fermi energy
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FIG. 3. The fundamental plasmon resonance (a) in the maximal
absorption regime, (b) near the graphene transparency regime
Re[σGr (ω)] = 0, and (c) near the self-excitation regime.

value corresponding to the maximal absorption at the first
plasmon resonance is marked by the blue arrow in Fig. 2.
The maximal theoretical value of the absorbance at the
plasmon resonance is44,45 Amax

res = 0.5(1 − √
R0), where R0 is

the reflectivity of a bare substrate, which yields Amax
res ≈ 0.23

for a silicon substrate [see Fig. 3(a)].
With further increase of EF , the energy gain can balance

the energy loss caused by the electron scattering in graphene
resulting in zero net energy loss, Re[σGr (ω)] = 0, and cor-
responding graphene transparency. In this case, the plasmon
resonance line exhibits a nonsymmetric Fano-like shape46,47

shown in Fig. 3(b), since the real part of graphene conductivity
changes sign across the plasmon resonance. The linewidth
of the Fano-like plasmon resonance is given mainly by its
radiative broadening (since the dissipative damping is close to
zero in this case). The radiative linewidth of the Fano-like
resonance at Re[σGr (ω)] = 0 is greater than that for zero
pumping (EF = 0) because the carrier density in graphene
is higher for EF > 0.

Above the graphene transparency line Re[σGr (ω)] = 0, the
THz wave amplification at the plasmon resonance frequency
[see Fig. 3(c)] is several orders of magnitude stronger than
away from the resonances (the latter corresponding to the pho-
ton amplification in population inverted graphene9,10). Note
that at a certain value of the quasi-Femi energy, EF = E (se)

F ,
the amplification coefficient at the plasmon resonance tends
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FIG. 4. (Color online) (a) The variation of the power amplifica-
tion coefficient along the first-plasmon-resonance lobe (see Fig. 2)
near the self-excitation regime. The frequency of the plasmon lasing
is marked by the vertical dashed line. (b) Schematic illustration of the
energy rate balance in the plasmon lasing regime. (c) The snapshot
of the distribution of the normalized induced in-plane electric field at
the moment of time corresponding to the maximal swing of plasma
oscillations in the graphene microcavities at the fundamental plasmon
amplification resonance shown in Fig. 3(c).

toward infinity with corresponding amplification linewidth
shrinking down to zero. This corresponds to plasmonic lasing
in the graphene micro/nanocavities in the self-excitation
regime. The behavior of the amplification coefficient around
the self-excitation regime is shown in Fig. 4(a). The lasing
occurs when the plasmon gain balances the electron scattering
loss and the radiative loss, g(E (se)

F ,ω) = −[γrad(E (se)
F ,ω) +

γsc]; see Fig. 4(b). It means that the plasmon oscillations are
highly coherent in this case, with virtually no dephasing at
all. When g(EF ,ω) < −[γrad(E (se)

F ,ω) + γsc], a fast radiative
decay hinders the plasmon stimulated generation in graphene,
whereas when g(EF ,ω) > −[γrad(E (se)

F ,ω) + γsc] a low radia-
tive decay rate slows down the release of the plasmon energy
into THz radiation. The quasi-Fermi energy corresponding to
plasmonic lasing in the first plasmon resonance is marked
by the red arrow in Fig. 2. Weaker plasmon gain is needed
to meet the self-excitation condition at the higher-order
plasmon resonances because of smaller radiative damping
(due to a smaller oscillator strength) of the higher-order
plasmon modes. Hence, plasmonic lasing takes place at quasi-
Fermi energy values closer to the graphene-transparency line
Re[σGr (ω)] = 0 for the higher-order plasmon resonances (see
Fig. 2). Therefore, dynamic and frequency ranges of plasmonic
lasing decrease for higher order resonances. Plasmon radiative
damping not only determines the plasmonic lasing condition,
but also plays a constructive role in the amplification process.
By conservation of energy, the electromagnetic power emitted
from the array of graphene micro/nanocavities is proportional
to the radiative decay rate of stored energy, 2|γrad|. Hence, a
much higher amplification coefficient can be reached at the first
plasmon resonance as compared to that for the higher-order
plasmon resonances (in the same frequency range around the
self-excitation frequency).

Of course, the divergence of the amplification coefficient at
EF = E (se)

F is unphysical. It is a consequence of the linear
electromagnetic approach used in this work. It is natural
to assume that the linear approach is quantitatively valid

when the amplitude of amplified plasmon oscillations in
graphene is much smaller than the unperturbed density of
the photogenerated or injected electron-hole pairs. Estimat-
ing the unperturbed density of the nonequilibrium carriers
as (Nn + Np) ∼ 2E2

F /(πh̄2V 2
F ) ≈ 4 × 1011 cm−2 for EF =

36 meV, we can claim that our approach is quantitatively valid
up to power amplification coefficients of 103 or even higher.
(For example, the fluctuations corresponding to blackbody
radiation at 300 K would be amplified above the mW/cm2

level at the plasmon resonance frequencies.) This value of
the amplification coefficient is five orders of magnitude higher
than that away from the plasmon resonance. We expect that the
main conclusions of this paper concerning general properties
and conditions of the amplification process and plasmon
lasing remain valid qualitatively even for greater amplification
coefficients.

Although we presented the above results of numerical
calculations obtained for an array of graphene microcavities,
similar results were obtained also for an array of graphene
nanocavities. The plasmon resonance frequency is roughly
proportional to the inverse value of the square root of the
nanocavity length, so that, for example, the lasing at the
fundamental plasmon resonance takes place at a frequency of
about 6.7 THz at EF = 18 meV for the graphene nanocavity
length 200 nm. It is worth mentioning that the main results
of our paper remain valid also for a shorter relaxation time.
Only the corresponding values of the quasi-Fermi energy and
the frequency of the plasmonic lasing increase somewhat in
this case. For example, assuming the carrier relaxation time
0.1 ps, we obtain the plasmonic lasing at frequency 9.8 THz of
the fundamental plasmon resonance for a quasi-Fermi energy
value of about 55 meV in an array of the graphene nanocavities
of length 200 nm each.

Enhanced THz emission from the graphene nanocavities
is caused by the fact that plasmons in different nanocavities
oscillate in phase (even without the incoming electromag-
netic wave) because the metal contacts act as synchronizing
elements between adjacent graphene nanocavities (applying
a mechanical analogy, one may think of rigid crossbars
connecting oscillating springs arranged in a chain). Therefore,
the plasma oscillations in the array of graphene nanocavities
constitute a single collective plasmon mode distributed over
the entire area of the array, which leads to the enhanced
superradiant electromagnetic emission from the array. The
plasmon-mode locking regime among different graphene
nanocavities is illustrated in Fig. 4(c). Extraordinary properties
of a collective mode in an array of synchronized dipole
oscillators are well known in quantum optics: the power
of electromagnetic emission from such an array grows as
the square of the number of the oscillators in the array.48

Superradiant plasmon resonances in concentric ring/disc gold
nanocavities in the visible and near-infrared spectral ranges
were experimentally demonstrated recently.49

Giant THz amplification enhancement at the plasmon
resonance is also ensured by strong plasmon confinement in the
graphene micro/nanocavities; see Fig. 4(c). A large plasmon
gain in graphene would lead to the strong dephasing of a
plasma wave over quite long propagation distance (which
corresponds to the nonresonant stimulated generation of
plasmons25,26). Therefore, strong plasmon-mode confinement
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in a single-mode plasmonic cavity is required to ensure
the resonant stimulated generation of plasmons. Plasmon
confinement to a single-mode micro/nanocavity also enhances
the rate of spontaneous electromagnetic emission by the
plasmon mode due to the Purcell effect.50 It is expected that
the confinement of plasmons in a two-dimensional array of
graphene micro/nanocavities could enhance the amplification
even more.

In conclusion, we predict a giant amplification and lasing
of THz radiation due to the stimulated generation of plasmons
in an array of graphene resonant micro/nanocavities strongly
coupled to THz radiation. The amplification of the THz wave
at the plasmon resonance frequencies is several orders of
magnitude stronger than away from the resonances. Giant THz
wave amplification is due to the strong plasmon confinement
and superradiant nature of THz emission by the array of
plasmonic micro/nanocavities. The THz lasing at the plasmon
resonance is achieved when the net plasmon gain in graphene
approaches the negative of the radiative damping of the
resonant plasmons, which ensures high plasmon coherence
and self-excitation of plasmons in the graphene nanocavities.
The amplification resonance line is mainly of Lorentzian shape

except when the net energy gain in graphene is close to
zero. In that case, a Fano-like resonant lineshape is formed
due to a strong variation of the graphene conductivity across
the resonance linewidth. These results might be of broad
physical interest as revealing new general features of the strong
interaction of an array of nonequilibrium oscillators with
electromagnetic radiation. In terms of practical applications,
these results can pave a way to creation of plasmonic graphene
amplifiers and generators for THz frequencies.
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