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ABSTRACT

We present detailed numerical analysis of the Dyakonov-Shur (DS) plasma instability in a DC biased graphene field-effect transistor (FET)
with the gate shifted with respect to the middle of the transistor conducting channel. We show that the geometric asymmetry is sufficient to
trigger the DS instability in the two-dimensional electron gas in the transistor channel. We demonstrate sustained plasma oscillations in the
instability end point and analyze the properties of these oscillations for different positions of the gate and at different values of other physical
and geometric FET parameters. The obtained results show the possibility of designing a tunable on-chip source of terahertz electromagnetic

radiation based on the graphene FET with shifted gate.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0111560

Recent years have shown the highest increase in demand for
faster internet due to the exponential growth in the number of online-
connected applications and their number of users.' To meet the
projected demand, wireless data rates in the terabit per second range
are required. These rates are achievable with higher bandwidths
offered in the terahertz (THz) band (0.1-10 THz) of the electromag-
netic (EM) spectrum.” Currently, there are a number of applications
based on the short-range wireless communications in the THz
domain, such as wireless networks on chip (WNoC),” internet of
nano-things," and nanosensor networks.” However, the progress in
these areas is hampered by the lack of a compact, efficient, room-
temperature operating source of THz EM radiation.

One of the most promising approaches for the development of
such a source is to use electron plasma oscillations in the two-
dimensional (2D) electron channel of field-effect transistors (FETs).
Recent experiments in graphene FETs demonstrated high-quality elec-
tron plasma oscillations at room temperatures.”” The frequency of the
2D plasma oscillations lies in the THz domain. The compact FET size,
its compatibility with planar CMOS technology, and the possibility of
external control of the plasma frequency make FET's a very attractive
candidate for the development of a tunable THz source of EM
radiation.

The main challenge in the development of a THz source based
on the plasmonic FET is the conversion of the plasma oscillations in
the FET electron channel into the EM signal. The physical mechanism

for this conversion was proposed by Dyakonov and Shur (DS) in
Ref. 8. The authors theoretically demonstrated that in a FET biased by
a DG, the amplitude of plasma waves may exponentially increase after
multiple reflections from the source and the drain ends of the plas-
monic cavity formed in the FET channel. This effect, known as the
Dyakonov-Shur (DS) instability, occurs if asymmetric boundary con-
ditions for plasma wave reflections are imposed at opposite ends of the
plasmonic cavity. Namely, the impedance between the Ohmic contact
and the gate at one side of the FET cavity (the drain side) should be
larger than the one at the opposite side (the source side) when a DC
flows from the drain to the source. In the instability end point, station-
ary sustained plasma oscillations are developed in the channel, and the
energy supplied by the DC is balanced by Joule losses and radia-
tion.”'" In the theory developed in Ref. 8, ideal boundary conditions
with the gate-source impedance Zg = 0 and the gate-drain impedance
Zgg = 00 were used. However, it was shown later'>'® that the DS
instability takes place at any finite Z, and Zy4, provided that Zgy > Z,
and Joule losses are sufficiently small.

Difficulties in experimental demonstration of the DS instability
are mostly connected with practical implementations of the asymmet-
ric boundary conditions. In early experimental works, * the asymme-
try provided by shorting the source and gate contacts and depleting
the semiconductor FET channel near the drain was insufficient, and
only weak broadband THz radiation at cryogenic temperatures was
observed. In later works,”” the FET asymmetry was improved by
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asymmetrically placing the gate contact with respect to the source and
the drain contacts of the FET, and resonant THz emission at plasma
frequencies tunable by the gate voltage was observed. Very recently,
the semiconductor FET with engineered structural asymmetry has
been designed in order to study the asymmetry effect on plasma insta-
bility.'” Transport measurements in these structures demonstrated
sustainable plasma oscillations in the FET cavity consistent with the
DS instability, though THz emission measurements were not
attempted in this work. A unified approach to evaluating the plasma
instability in current-biased FET channels without mirror symmetry
was developed in Ref. 17. Furthermore, the effect of geometric asym-
metry in the gate position along the FET channel on the detection of
THz radiation by graphene FETs was recently measured in Ref. 18.

In this Letter, we present a systematic theoretical study of the DS
instability in the graphene FET with a shifted gate. Since the impedan-
ces Zgs and Zg; are capacitive in nature, positioning the gate at different
distances from the source and the drain contacts results in different
values of Zy and Zy; and may trigger the DS plasma instability. The
proposed FET architecture is shown in Fig. 1. The graphene channel
of length L is sandwiched between the dielectric substrate of thickness
I'and the barrier of thickness d separating the channel from the metal
gate contact. The source and the drain metal contacts are attached on
either side of the structure. The gate contact of length L, < L can be
positioned arbitrarily along the channel, thus providing the required
geometric asymmetry. (This geometry differs from the geometry of
the partly gated channel considered in Ref. 17, where the gate of vari-
able length was placed next to one of the side contacts.) We assume
that a DC bias current I; flows in the FET channel between the drain
and source contacts, and a constant gate voltage Vi, controls the equi-
librium electron density in the channel under the gate, n,, whereas the
electron density in ungated parts of the channel, 7, remains constant.
The equilibrium electron density in the channel 7y (x) is modeled as

1 1
— x—=x  __ _x=xg |» (1)
l+ew 1—|—ewR>

no(x) = ny + (ny — ng)(

where x1 (xg) are x-coordinates of the left (right) edge of the gate con-
tact as shown in Fig. 1, so that xzg — x; = L, and 2w is the length of
the transition region between gated and ungated parts of the channel.
An example of the normalized equilibrium electron density
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FIG. 1. Schematic of the graphene FET with a shifted gate. Inset: normalized equi-
librium electron density distribution in the FET channel from Eq. (1) with Ly = 0.5L,
X, = 0.08L, w = Ly/25, and ng = ny /3.
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distribution no(x)/n, as a function of x/L with ny = n, /3, Ly = 0.5L,
and w = Lg/25 is shown in the inset in Fig. 1.

The electron transport in the graphene FET channel can be
described within the hydrodynamic model used in a number of publi-
cations."” ** In this model, the equation of continuity connects the
electron density n(x, t) and the hydrodynamic velocity v(x, f) in the
channel as

On 0j

5t T =" @
where j = nv is the electron flow density. The electron dynamics in the
channel is described by the Euler equation. The Euler equation for
massless 2D Dirac fermions in the DC-biased graphene layer at arbi-
trary values of the velocity v was recently derived in Ref. 11 and has
the following form:

2—p v vi(1—p?)onm p? v
(I L TR T (A

w1 =) =)
+ NN eE, + . \/%—0. 3)

Here, f = é, 1 is the equilibrium electron density, v is the drift veloc-
ity due to stationary electron flow jo = ngvy = const between the
source and the drain, 7 is the electron momentum relaxation time,
vp = 1.5 x 10°m s~ is the electron Fermi velocity in graphene, and
—e is the electron charge. The self-consistent electric field E, in Eq. (3)
is induced by the charged fluctuations in the electron system. Equation
(3) was derived for uniform electron systems with 1y = const but can
be generalized to electron channels with non-uniform equilibrium elec-
tron density 1y (x) considered in this paper. In the latter case, Eq. (3)
remains valid, but the electric field E, now also includes a static built-in
electric field Ey, producing the non-uniform equilibrium electron den-
sity distribution. This electric field can be easily found from Eq. (3) in
the stationary limit when n(x,t) = ng(x) and E.(x,t) = Eg(x).
Splitting the total field E, in Eq. (3) as Ey = Eo, + E™, where E™ is
the induced electric field, we finally obtain
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where f, = ;2. The electric field E"/(x, t) can be found from the
system of Maxwell’s equations

aHind

) ot 6Eind (5)
V x H™ = —¢(j — jo)d(2)% + ez T

where E™ = EMig+E"7 and H™ = H"™y are the electric and
magnetic components of the EM field induced by the electric current
—e(j — jo)0(2)% in the channel. Equations (2), (4), and (5) form the
closed system of equations, provided that the profile ny(x) is given

\v4 ><Eind = — Ul
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and should be solved self-consistently in order to describe the collec-
tive plasma excitations in the 2D graphene channel and accompanying
electromagnetic radiation generated in the instability regime.” '

We solved the system of equations (2), (4), and (5) numerically
using our in-house developed multiphysics simulation platform, pro-
viding simultaneous self-consistent solutions of the hydrodynamic
and Maxwell’s equations. Recently, this platform was successfully used
for modeling the DS instability in both semiconductor”'® and gra-
phene' "> FETs with externally imposed ideal as well as non-ideal
boundary conditions defining the values of Zg, and Zgy. In this study,
no boundary conditions were artificially imposed at the ends of the
FET channel. This approach is more consistent because the capacitive
links between the metal source, drain, and gate contacts are inherently
included in the system of Maxwell’s equations describing the whole
transistor structure.

In our numerical simulations, we used the channel length
L=1pm, gate length L,= 0.5 um, and thicknesses of the barrier layer
and the substrate d = 20 nm and [ = 400 nm, respectively. The rela-
tive electric permittivity of the dielectric material is assumed to be
& = 3.8, and all transistor terminals were assigned very high conduc-
tivity making them ideal metal contacts. We assumed that the 2D elec-
tron gas in the graphene channel is depleted under the gate with
electron density 19, = 2 X 10 m™, and the electron density in the
ungated parts of the channel 19, = 6 x 10'® m 2. The length of the
transition region between gated and ungated parts of the channel in
Eq. (1) was taken as w = 20 nm.

In Fig. 2, we present our results demonstrating the temporal evolu-
tion of the plasma oscillations developing after initial random local per-
turbation of the electric current. In this calculation, we use the value of
the electron drift velocity under the gate vy = 2.8 x 10° ms™! and the
electron momentum relaxation time 7 = 2.3 ps. In Fig. 2(a), we show
the temporal evolution of the plasmonic signal in the FET channel with
the gate in the immediate vicinity of the source contact, so that
xp = 20nm, and the drift velocity v, pointing in the source-to-drain
direction as indicated in the inset atop of the graph. In this FET con-
figuration, the impedance Zy, is much larger than Zg, and for the

scitation.org/journal/apl

given direction of the electron drift, the DS instability should
develop in the channel provided that the instability increment
vo/Lg(~ 5.6 x 10" s7!) exceeds the plasmon damping 1/7(~ 4.3
x 101 s71). %" This conclusion is confirmed by the results shown in
Fig. 2(a). In the instability end point reached in about 20 ps after the
initial perturbation, the sustained plasma oscillations are developed
and maintained in the channel.

Our numerical simulations (not shown here) demonstrate that
for the values of v, smaller than the threshold drift velocity
Vil ~ 2.7 x 10°ms™!, the plasma oscillations are damped. This
numerically found value of the threshold drift velocity is larger than
the one predicted for the ideal boundary conditions:™'" L, /7 ~ 2.2
x10° ms™!. This result is in compliance with the theoretical results in
Refs. 9, 12, and 13, predicting the increase in vf)h for the non-ideal
boundaries. Also, numerical calculations of v/ made at different values
of the electron density under the gate, 719, did not show any depen-
dence of v}/' on 19, (with numerical accuracy of =2%), indicating that
the boundary impedances weakly depend on the electron density
change at the interface between the gated and ungated parts of the
channel.

The fundamental frequency of the sustained oscillations is about
1.3 THz as follows from the spectral content of the plasma oscillations
shown in Fig. 2(a) next to the graph. The theoretical value of the fun-
damental plasma frequency under ideal boundary conditions can be

12
found as fy = v;,/4Lg, where v, = (v%/Z + ez\/@dw/\/ﬁsgoh) ! is

the plasma velocity in graphene.”””’ This expression yields

fo = 2.15THz, which is markedly larger than our numerical value.
The difference between these two values of f; is due to the non-ideal
boundary conditions used in the numerical simulation. The finite val-
ues of Z, and Zy, result in a decrease in the resonant plasma fre-
quency.” In Fig. 2(b), the same calculation as in Fig. 2(a) but with
opposite direction of the drift velocity is shown. In this case, the
plasma oscillations are damped as expected.”'" This confirms the ori-
gin of the plasma instability as the DS instability. The last conclusion
is further confirmed in Fig. 2(c) where temporal evolution of the
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FIG. 2. (a) Temporal evolution of the plasmonic current density in the current-biased graphene FET channel with a shifted gate (x, = 20nm, L, = 0.5L) and positive direction
of the drift velocity. The current spectral content is shown to the right of the current plot. (b) The same plot as in (a) but for the negative drift velocity. (c) The same plot as in
(a) but with the gate extending from the source to the drain and both directions of the drift velocity. In all plots L=1um, vy =2.8 x 10°ms~", 7 = 2.3ps,
n, =6 x 10'6 m~2, and ng = ny/3. Insets: schematics of the device configuration with arrows indicating the direction of the drift velocity.
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FIG. 3. Temporal evolution of the plasmonic current density in the current-biased graphene FET channel with the gate shifted to different positions: (a) x, = 80 nm; (b)
X, = 260 nm. All other parameters are the same as in Fig. 2. The current spectral content is shown to the right of the current plots. Insets: schematics the device configuration

with arrows indicating the direction of the drift velocity.

plasma oscillations is considered in the FET configuration where the
gate extends from the source to the drain for the same values of the
parameters as in Figs. 2(a) and 2(b). In this case, the system is symmet-
ric (Zys = Zyq), and plasma oscillations are damped for both directions
of the drift velocity.

When the gate shifts toward the middle of the channel, the differ-
ence between Z, and Zgy decreases, reducing the DS instability incre-
ment.”'” This results in the reduction in signal amplitude shown in
Fig. 3(a), where calculations of the plasmonic signal were performed for
the gate positioned closer to the middle of the channel with
x, = 80 nm. The weakened plasmonic signal with a fundamental fre-
quency around 1.3 THz can be found in the spectral content of the sig-
nal, indicating that the reduced instability increment still exceeds the
plasma damping. One can assume that the reduction of the instability
increment due to decreased difference between Zy, and Z,,; can be com-
pensated by increasing the drift velocity vo. However, the dramatically
increased noise in the signal prevents reliable numerical analysis of the
dependence of the threshold drift velocity on the gate position shift.

In Fig. 3(a), new high-frequency sustained plasma modes can be
seen in the spectrum above ~14 THz. It is an interference of these
modes with the lower frequency modes that produces noticeable noise
in the signal. Numerical analysis of the spatial distribution of the elec-
tron density in the channel at these high resonant frequencies indicates
that these modes are localized in the ungated part of the FET channel
between the gate and the drain contact. These modes can result from
the DS instability in the ungated asymmetric plasmonic cavities as pre-
dicted in Ref. 26. This problem is the subject of our current studies,
and the results will be published elsewhere.”’

Shifting the gate to the middle of the FET channel restores the
geometric symmetry, and the DS instability is no longer detected as
shown in Fig. 3(b), where the plasmonic signal is damped for both
directions of the drift velocity.

At small values of the drift velocity vy < v,, the DS instability
develops in the current-biased plasmonic cavity with ideal boundary

conditions (Ze; =0, Zgg = 00) only when v /Ly > 1/7 (the instability
threshold).”'" Therefore, the instability disappears and plasma oscilla-
tions become damped with decreasing drift velocity v, and/or relaxa-
tion time 7. We numerically analyzed the dependence of the instability
threshold on these two parameters for the FET configuration used in
Fig. 2(a) with the gate placed in close vicinity to the source contact. In
Fig. 4, we show the color map with the regions corresponding to the
damped and sustained plasma oscillations in the vy — t phase space.
The theoretical boundary between these two regions under the ideal
boundary conditions is shown by the dashed line. From this calcula-
tion, it follows that, in general, the instability threshold is close to the
“ideal” theoretical value. Deviations from the ideal behavior can be
attributed to the finite values of the terminating impedances Z
and Zyy and their dependence on the resonant plasma frequency. This

0.24 0.25

FIG. 4. Color map with regions of damped (blue) and sustained (yellow) plasma
oscillations in the vy — = phase space for the graphene FET with a shifted gate
(x. =20nm). All other parameters are the same as in Fig. 2. The dashed line
shows the instability threshold in the FET with ideal boundary conditions.
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result emphasizes the critical importance of the boundary conditions
for experimental observation of the DS instability.

The results presented in this paper demonstrate the possibility of
the DS plasma instability in the current-biased graphene FET struc-
tures with the gate shifted from the middle of the FET channel. We
show that the geometric asymmetry is sufficient to trigger the DS
plasma instability. We also analyzed the dependence of the strength of
sustained plasma oscillations developed in the instability end point on
the position of the gate, drift velocity, and the electron relaxation time.
It turns out that the strength of the plasmonic resonance (and there-
fore the power of the radiated THz EM signal) is maximized when the
gate is positioned next to the source contact, and the drift velocity is
directed toward the drain contact. It is worth mentioning that in the
recent publication,'® the graphene FET with the same geometry and a
shifted gate was successfully used for the detection of THz EM radia-
tion. Our results indicate that a similar structure can be used for the
generation of THz radiation and potentially lead to the development
of tunable on-chip THz sources operating at room temperatures.
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Scientific research (AFOSR) under Grant No. FA9550-16-1-0188
and the U.S. National Science Foundation under Grant No. CNS-
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