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Giant plasmon instability in a dual-grating-gate graphene field-effect transistor
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We study the instability of plasmons in a dual-grating-gate graphene field-effect transistor induced by dc
current injection using self-consistent simulations with the Boltzmann equation. With only acoustic-phonon-
limited electron scattering, it is demonstrated that a total growth rate of the plasmon instability, with a
terahertz/midinfrared range of the frequency, can exceed 4×1012 s−1 at room temperature, which is an order
of magnitude larger than in two-dimensional electron gases based on the usual semiconductors. By comparing
the simulation results with existing theory, it is revealed that the giant total growth rate originates from a
simultaneous occurrence of the so-called Dyakonov-Shur and Ryzhii-Satou-Shur instabilities.
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I. INTRODUCTION

Electronic, hydrodynamic, and electromagnetic properties
of two-dimensional (2D) plasmons in the channels of field-
effect transistors (FETs) have been investigated extensively
for their utilization in terahertz (THz) devices [1–6] (see
also review papers [7–10] and references therein). Especially,
plasmon instability is one of the most important properties
to realize compact, room-temperature operating THz sources.
Self-excitation of plasmons due to instability induces ac
voltages in the gate electrodes and, in turn, leads to the
emission of THz waves.

The so-called Dyakonov-Shur (DS) [2,11–13] and Ryzhii-
Satou-Shur (RSS) instabilities [14–16] in single-gate FETs
were proposed theoretically as mechanisms of plasmon insta-
bility by dc current injection through the transistor channel.
The DS instability originates from the Doppler shift effect at
asymmetric boundaries in the channel, i.e., zero time variation
of the potential at the source contact and zero time variation
of the electron velocity near the drain contact, which are
naturally realized by operating the FET in the saturation
regime. In the same saturation regime, the RSS instability takes
place due to the transit-time effect of fast-moving electrons
in the high-field region on the drain side. Alternatively, the
so-called dual-grating-gate structure [see Fig. 1(a)], in which
two types of interdigitately placed gates form a very efficient
grating coupler between THz waves and 2D plasmons [17,18],
has been proposed for direct THz emission without antenna
integration [17,19]. The RSS instability in this structure has
been investigated analytically [16]. In addition, asymmetry of
the gate placement is expected to lead to a partial realization
of the asymmetric boundary conditions and, in turn, of the DS
instability [9,10].

However, in FETs or high-electron-mobility transistors
(HEMTs) based on the usual semiconductors (Si and com-
pound semiconductors such as InGaAs and GaN), the growth
rates of the instabilities are of the order of 1011 s−1, which are
limited by electron saturation velocities (�2×107 cm/s in the
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GaAs channel). With such low growth rates the plasmons are
easily damped out at room temperature by a large damping
rate (�1012 s−1) associated with electron scattering.

Plasmons in graphene have then attracted much attention
owing to their gapless energy spectrum and massless carriers
[20–29]. The most straightforward yet striking advantage of
graphene plasmons over those in the usual semiconductors
is their ultimately low scattering rate at room temperature, if
external scattering sources in graphene such as impurities and
defects and those induced by the substrate and gate insulator
are excluded and the electron scattering is limited only by
the acoustic-phonon scattering [30] in graphene. Then, the
plasmon damping rate can be down to 1011 s−1 [31], together
with the electron drift velocity up to �108 cm/s. These lead
to an expectation that the plasmon instabilities in graphene
are very strong and can take place at room temperature.
Although the technology of fabricating ultimately high quality
graphene still needs to be improved, a recent experimental
report on graphene encapsulated into hexagonal boron nitride
layers [32], which demonstrated an electron mobility at room
temperature comparable to the acoustic-phonon-limited value,
supports its feasibility.

In this paper, we conduct simulations of the plasmon insta-
bilities in a dual-grating-gate graphene FET with dc current
injection, assuming an acoustic-phonon-limited scattering rate
at room temperature, and demonstrate the occurrence of giant
instabilities with their total growth rate (which we define
as the growth rate subtracting the damping rate) exceeding
4×1012 s−1 and with a plasmon frequency ranging in the
THz/midinfrared range. We show the gate-length dependence
of the plasmon frequency and the total growth rate extracted
from the simulations, and we found distinct dependences of
growth rates specific to the DS and RSS instabilities [2,14],
thus identifying the giant total growth rate as a simultaneous
occurrence, or more specifically, a linear superposition of those
instabilities.

II. MECHANISMS OF DYAKONOV-SHUR AND
RYZHII-SATOU-SHUR INSTABILITIES

The mechanisms of the DS and RSS instabilities and
their features are summarized as follows. The DS instability
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FIG. 1. Schematic views of (a) a dual-grating-gate graphene
FET and (b) a profile of steady-state electron concentration under
consideration.

originates from the Doppler shift effect at asymmetric bound-
aries. In the case of FETs in the saturation regime, the
potential is fixed at the source side (the short boundary),
while the current, i.e., the electron velocity, is fixed at the
drain side (the open boundary). Between these asymmetric
boundaries, a resonant cavity for plasmons is formed. Then,
the open boundary reflects traveling plasmons towards it with
the current amplitude preserved, whereas the short boundary
reflects them with amplification. The resonant frequency of
the excited plasmons is determined by geometrical factors
(gate length, gate dielectric thickness, and lengths of the
ungated regions in the channel) and gate voltage through
the electron concentration. The latter enables the tuning of
the frequency. On the other hand, the RSS instability takes
place in the same saturation regime due to the transit-time
effect of fast-moving electrons in the high-field region (i.e.,
the low-concentration region) on the drain side. The electric
field created by those electrons modulates the concentration
at the edge of the high-concentration region and results in
a bunching of electrons in the low-concentration region.
Depending on the length of the low-concentration region and
the electron velocity, it interferes with plasmons in the high-
concentration region either constructively or destructively. The
constructive interference corresponds to the instability. The
plasmon frequency is again determined by the geometrical
factors in the high-concentration region and the gate voltage.

In the case of dual-grating-gate structures, both instabilities
can be realized by the following configurations. First, the
resonant plasmon cavity can be formed by modulating the
concentration profile through gate voltages in such a way
that high- and low-concentration regions are created. This
also enables the occurrence of the RSS instability. Second,
asymmetry of the gate placement leads to a partial realization
of the asymmetric boundary conditions and, in turn, of the DS
instability.

III. SIMULATION MODEL

Figure 1(a) shows a dual-grating-gate graphene FET under
consideration with the spatial axes and geometrical parame-
ters. In our simulation model, we assume that the number of
periods of the grating gates is sufficiently large, i.e., the total
channel length is longer than the THz/midinfrared wavelength,
so that we can ignore the effects of nonperiodicity, such as
the presence of the source and drain contacts, and we can
consider one period as a unit cell. In addition, we assume

that the channel width in the y direction is so long compared
with the length of a period that the electron concentration
in the channel, together with the geometry, can be treated
as uniform in the y direction. We fix the thickness of the
gate dielectric, Wg = 50 nm, and the left spacings of gates
1 and 2, sg1 = 200 nm, sg2 = 300 nm, whereas we vary the
lengths of gates 1 and 2, Lg1 and Lg2, in the range between
100 and 400 nm in order to reveal the characteristics of the
instabilities obtained in this work by comparison with existing
theory. The values of those parameters were chosen in such a
way that the frequencies of the self-excited plasmons fall into
the THz/midinfrared range. The dielectric constant of media
surrounding the graphene channel is set to ε = 4. Figure 1(b)
is a profile of the steady-state electron concentration without
current flow, and it was calculated self-consistently with a
uniform electron doping �e = 5×1011cm−2, together with
certain gate voltages. Slight electron doping is introduced
to avoid plasmon damping due to the electron-hole friction
[27]; even at the point with the lowest electron concentration,
the hole concentration is negligibly low, �h = 6.8×109cm−2.
On the other hand, the highest electron concentration is set
to be not so high that the difference between maximum and
minimum Fermi energies (166 and 68.5 meV, respectively)
does not exceed optical-phonon energies in graphene and
thus electrons injected quasiballistically from the region with
high electron concentration do not experience optical-phonon
emission, which would critically hinder the RSS instability.

We use the quasiclassical Boltzmann equation to describe
the electron transport in the channel,

∂f

∂t
+ vF

px

| p|
∂f

∂x
− eEx

∂f

∂px

= JLA(f | p), (1)

where v = 108 cm/s is the Fermi velocity in graphene, Ex is
the self-consistent electric field in graphene, and p = (px,py)
is the momentum. The boundary condition for Eq. (1) is
periodic, i.e., f |x=0 = f |x=L. On the right-hand side of
Eq. (1), we take into account the collision integrals for the
acoustic-phonon scattering JLA, where

JLA(f | p) = 1

(2π�)2

∫
d p′WLA( p′ − p)[f ( p′) − f ( p)], (2)

and an explicit expression of the transition probability WLA

can be found in Ref. [30]. We use the so-called weighted
essentially nonoscillatory finite-difference scheme [33,34]
to solve Eq. (1), which is demonstrated to be applicable
for graphene transport simulations [35]. The time step of
the simulation was set to �t = 0.05 fs to avoid numerical
instabilities.

Equation (1) is accompanied by the self-consistent 2D
Poisson equation

∇ · [ε∇ϕ(t,x,z)] = 4πe[�(t,x) − �e]δ(z), (3)

where ∇ = (∂/∂x,∂/∂z), ϕ is the electric potential, � =∫
d pf/π2

�
2 is the electron concentration in the channel,

and �e is the electron doping concentration. The electric
field in the channel can be found by Ex = −(∂ϕ/∂x)z=0. The
boundary condition at x = 0 and L = 0 is periodic, while we
set the natural boundary conditions, ∂ϕ/∂z = 0, at z = Wt

and z = −Wb, where Wt and Wb are sufficiently large so that
they do not affect the numerical results. Besides, the electron
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FIG. 2. Time evolution of the electric field at the middle of a
channel region under gate 2 with (a) Lg1 = 160 nm and (b) 110 nm.
In both cases, the external electric field is set to Eext = 0.8 kV/cm.
The insets show the corresponding absolute values of the Fourier
transform.

concentration in the channel expressed as a delta function in
Eq. (3) is accounted for as a boundary condition at z = 0:

∂ϕ

∂z

∣∣∣∣
z=+0

−∂ϕ

∂z

∣∣∣∣
z=−0

= 4πe

ε
(� − �e). (4)

We use a finite-element library called LIBMESH [36] to solve
Eq. (3) with those boundary conditions. More details of the
simulation model are given elsewhere [31].

A simulation starts by applying a uniform external dc
electric field in the channel direction Eext to inject positive
source-drain dc current. To avoid unwanted plasmon excitation
associated with an abrupt turn-on of the dc electric field,
an artificially large damping factor is set in front of the
collision integral in Eq. (1), and it is gradually decreased
to unity within 6 ps, which is much longer than the inverse
of plasmon frequency obtained in the simulation. Then, the
electron concentration, electric field, etc., begin to oscillate
and their amplitudes increase with time, as shown in Fig. 2(a).
This is identified as an occurrence of plasmon instability.

In general, simulated oscillations contain several modes.
Distinct fundamental modes can be obtained with certain sets
of parameters, and the frequency and total growth rate can
be easily extracted. However, with other sets they contain
fundamental and second modes with very close frequencies
and/or higher harmonics which have comparable amplitudes
with the fundamental modes, resulting in the beating [see
Fig. 2(b)] and/or the distortion of wave forms. To extract the
frequency and total growth rate of the fundamental mode, we
perform the Fourier transform of the oscillation with respect to
time, pick up the first peak and another close peak, if any, and
perform a curve fitting to them with the following function:

F (ω) =
∑
i=1,2

Ei

4π

|γi |√
γ 2

i + (ω − ωi)2
. (5)

Equation (5) is equal to the absolute value of the Fourier
transform of the summation of two exponentially growing
harmonic functions

∑
i=1,2 Ei exp(γit) cos(ωit + θi) around

its peak(s). As seen in the insets of Figs. 2(a) and 2(b), the
fundamental and adjacent second modes can be well separated
by this method.

FIG. 3. (a) Total growth rate and (b) frequency of the fundamental
plasmon mode as functions of the length of gate 1 (circles with solid
lines) and theoretical fitting curves (dashed lines).

IV. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) show the total growth rate and
frequency of the fundamental mode as a function of the
length of gate 1 with Eext = 0.8 kV/cm and with Lg2 =
300 nm. They clearly demonstrate the total growth rate of
the instability exceeding 4×1012 s−1 with the frequency in the
THz/midinfrared range. This value is an order of magnitude
larger than achievable in FETs or HEMTs based on the
usual semiconductors at room temperature. This giant total
growth rate of the plasmon instability in the dual-grating-gate
graphene FET is attributed to the lower plasmon damping
and also to the larger drift velocity, both originating from the
lower scattering rate limited only by acoustic phonons. This
point shall be discussed in more detail below.

The gate-length dependence of the total growth rate exhibits
an oscillatory behavior; the oscillation period becomes shorter
and the amplitude becomes larger as the gate length becomes
shorter. It is specific to the RSS instability, and it corresponds to
the constructive/destructive interference between plasmons in
the high-concentration region (under gate 1) and the bunched
electrons in the low-concentration region (under gate 2). This
effect is illustrated in Fig. 4, where an oscillation of the electron
velocity is built up at the left edge of the high-concentration
region (near x = 150 nm), where the electrons are injected into
the low-concentration region. Besides, there is a monotonically
increasing portion of the total growth rate with decreasing Lg1

in Fig. 3(a). This can be attributed to the DS instability, in
which the growth rate is inversely proportional to the traveling
time of plasmons in the gated region and therefore to the
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FIG. 4. Time evolution of the electron velocity distribution after
the onset of plasmon instability, in the case with Lg1 = 160 nm and
Lg2 = 300 nm.

gate length [2]. Those characteristics signify the simultaneous
occurrence of the DS and RSS instabilities. In fact, the overall
characteristics of the growth rate can be described qualitatively
well by the formula according to Ref. [15], which is a linear
superposition of the growth rates of those instabilities,

γ = vDS

Lg1
− vRSS

Lg1
J0

(
Lγ

Lg1

)
, (6)

where vDS = 4×107 cm/s, vRSS = 7.5×107 cm/s, and Lγ =
5800 nm are fitting parameters [see the fitting curve in
Fig. 3(a)].

As seen in Fig. 3(b), the frequency is almost inversely
proportional to Lg1, and it obeys the well-known dispersion of
gated 2D plasmons,

f = sg1

Lg1
, (7)

where sg1 = 1.15×108 cm/s is the plasmon phase velocity
which is extracted as a fitting parameter and which is
quantitatively consistent with the value calculated analytically
[20] for the region under gate 1.

The giant instability found here at room temperature
originates from the ultimately weak electron scattering rate in
graphene, and there are two factors responsible for this: (1) the
weak damping of plasmons and (2) the large drift velocity in
both high- and low-concentration regions that leads to large DS
and RSS instabilities, respectively. First, the estimated damp-
ing rate was around 1.2×1011 s−1 in the low-concentration
region and 2.5×1011 s−1 in the high-concentration region; note
that the electron scattering rate, and thus the plasmon damping
rate, for the acoustic-phonon scattering is proportional to
the square root of the electron concentration [30,31]. Such
low values of the plasmon damping rate can be achieved
only at nitrogen temperature or lower in other materials. It
is worth mentioning that the low-concentration region with
adjacent ungated regions acts as a better (passive) plasmon
resonant cavity, while the instabilities take place primarily for

FIG. 5. Total growth rate and frequency of the fundamental mode
as functions of the length of gate 2.

plasmons in the high-concentration region, as is evident from
the dependence of the frequency on Lg1 and its consistency
with Eq. (7), and the frequency is insensitive to the length of
gate 2, as shown in Fig. 5 (in contrast, the total growth rate
can vary with it). This is similar to the situation discussed
in Ref. [37], where the ungated plasmon resonance can be
effectively tuned by the gated region of the channel. In fact, it
can be seen in Fig. 4 that a higher harmonic oscillation with
more than one node is excited in the low-concentration region.
This, together with the oscillation in the high-concentration
region, form the fundamental mode of the whole period.

In addition, the values of the drift velocities obtained in the
simulation, � 4×107 cm/s in the low-concentration region
and � 107 cm/s in the high-concentration region, confirm the
factor (2) for the giant growth rate. Especially, the former is
more than twice larger than the saturation velocity in Si and
InGaAs channels. However, the velocities extracted by Eq. (6)
as fitting parameters differ from these values by several factors.
A reasonable explanation for this discrepancy is that the DS
instability also takes place not only in the high-concentration
region but also in the low-concentration region. Figure 4
exhibits waves propagating in opposite directions in the latter,
suggesting the occurrence of the DS instability there. This
should add a constant term in Eq. (6), and then the fitting
velocities should become closer to the simulated values.

V. CONCLUSION

In conclusion, we have conducted simulations of plasmon
instability driven by dc current injection in the dual-grating-
gate graphene FET. We have obtained a giant total growth rate
of the instability at room temperature exceeding 4×1012 s−1.
Through the dependences of the total growth rate and fre-
quency on the gate lengths, we have revealed that the giant
total growth rate originates from a simultaneous occurrence
of DS and RSS instabilities. The obtained result strongly
suggests that a graphene FET with a dual-grating-gate structure
is very promising for the realization of a high-power, compact,
room-temperature operating THz source.
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