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Current-driven plasmons in two-layer semiconductor heterostructures:
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In this work, the plasmonic oscillations in two-dimensional charge-coupled semiconductor layers, including
those biased by an external current, have been thoroughly investigated by the hydrodynamic model. The relative
amplitudes of the charge-density oscillations and their phase shift in the two coupled layers have been calculated.
For the long wavelengths important in experimental studies, it has been found that the electron relaxation
radically modifies the mode types and dispersion, providing linear portions of the wave-vector dependencies
followed by a square root branching. We have shown that the hydrodynamic approach does not predict any
instability for drifting electrons in two coupled identical layers, while plasmonic instability is possible for the
layers with distinct characteristics. For these cases, there exists a narrow (w, k) region with strong (resonant)
interlayer interaction, where the real parts of w(k) of the plasmon modes are identical and linear in k (a second
linear portion). The imaginary parts are different and one of them can change sign, leading to the plasmonic
instability effect. This instability develops as the two-stream convective instability, whose threshold and fre-
quency critically depend on the velocity of drifting electrons. Under negligibly weak electron relaxation, there is
no drift velocity threshold for the revealed instability, while electron relaxation originates the finite velocity
threshold. The numerical estimations of the instability critical parameters are provided for the GaAs-based
heterostructures. We suggest that this investigation of charge-coupled current-biased semiconductor layers brings
the new knowledge to solid-state plasmonic physics and can be used in the practical search of terahertz electric

instabilities and sources of terahertz emission.
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I. INTRODUCTION

Development of terahertz (THz) wave technologies aims
to close the gap between infrared optics and microwave elec-
tronics. This is a difficult task because, to approach the THz
band from the microwave domain, the frequency range of
electronic devices must be very essentially extended, while to
approach it from infrared photonics is challenging because of
unusually low photon energies and long wavelengths (in free
space) relevant for this frequency band. Thus, conceptions
of both electronic and photonic devices should be renovated.
Plasmons, fundamental wave-like excitations of charges of
electrons coupled with electromagnetic fields, open a way
to bridge this “THz gap.” A number of works devoted to
the plasmons in conductive media, including semiconduc-
tor materials and heterostructures, constitute a new research
area—plasmonics [1-4]. For THz plasmonics, especially im-
portant are surface and two-dimensional (2D) plasmons,
which have been observed and studied in silicon, diamond,
II-V and GaN-based heterostructures, graphene, and other 2D
materials. These electronic excitations demonstrate a number
of new physical phenomena, particularly, a confinement of
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electromagnetic energy in subwavelength volumes compared
with the free-space waves. The important advantage of the use
of the 2D plasmons is the possibility to control the electron
concentrations and, thus, plasmon frequencies. All of these
features dictate a great interest in 2D plasmonic devices, such
as THz detectors, mixers, emitters, etc. [5,6].

As for plasmonic-based emitters, the present achieve-
ments in this area are mainly associated with selective THz
emission [7,8] originated from the radiative decay of 2D plas-
mons of nonequilibrium electrons under the grating (see also
Refs. [9,10]). The development of electrically driven plas-
monic coherent THz sources still remains the great challenge.
One of the possibilities of amplification and generation of THz
radiation lies in the use of the effects of electrically induced
plasmon instabilities.

Conventionally, different mechanisms of such instabilities
can be classified as follows: (i) Dyakonov-Shur instabilities
in field-effect transistors [11,12] and diodes [13] with specific
properties of the source and drain of the devices; (ii) Ryzhii-
Satou-Shur and other transit-time instabilities, which arise for
the ballistic [14-16] or quasiballistic [17] electron transport;
(iii) Cherenkov-type plasmon instability [18-20]; (iv) two-
stream instabilities [21-25], including instability arising for
the reststrahlen frequency band in drifting plasmon-optical
phonons system [26-31]. The listed instabilities are expected
in short or nonuniform, spatially modulated channels. More-
over, it is accepted that in the uniform plasma with a single
mobile charged component (the electrons in the case under
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consideration) and with Maxwellian or shifted-Maxwellian
distributions there are no instabilities [32-34].

Recent progress in the technology of 2D semiconductor
materials has led in the production a variety of artificial
nanosystems consisting of single-, double-, and multiquan-
tum wells; single, double, or stacked atomically thin layers
assembled into the whole heterostructure [35]. The intrinsic
properties of such heterostructures become dependent on the
neighboring conductive layers coupled by the electrostatic
potential, interlayer transitions, and dielectric environment.
This offers opportunities for convenient control of their
properties in creating perspective functionalities relevant for
potential applications in electronics, optics, and optoelectron-
ics. Particularly, much research work has been devoted to
plasmonic nanostructures with two spatially separated layers
of various materials and configurations [23,24,36,37], which
possess tunable kinetic properties and can meet the conditions
of plasmonic instability. General analysis of properties of
charge-coupled 2D plasmonic layers is the goal of this paper.

Previously, for two interacting plasmonic layers, it has
been shown the occurrence of two plasmon modes w = w(k),
which dispersion relations in the long-wavelength limit are de-
scribed by a square root wep (k) ~ Vk and a linear Wap(k) ~ k
dependence on the wave vector k (k = |k|). In the plasmon
hybridization picture, the carrier densities in the two layers
oscillate in phase for the optical (symmetric) mode w,p (k) and
out of phase for the acoustic (antisymmetric) mode w,p(k).
The mode spectra possess the reciprocal property, they are
twofold degenerate, w(k) = w(—Kk). The frequencies of these
modes depend on the carrier densities in the two layers n;
and np and the strength of interlayer coupling &(d), where
d is the interlayer distance. When the two plasmonic layers
are biased by the DC electric current, the number of distinct
hybridized plasmon modes is doubled, w(k) # w(—k), due
to the nonreciprocal character of the drifting-electron motion.
Each of the modes demonstrates a Doppler shift, given by
the k - v term, as well as an additional, nontrivial dependence
on the electron velocity v caused by the interlayer coupling
effect. The latter, particularly, results in the development of
a two-stream convective instability upon increasing the drift
velocity.

For the theoretical description, we use the set of the time-
dependent hydrodynamic equations [11], which includes the
equation of continuity of the carrier flow density i = nv, the
equation of motion for the electrons moving with drift velocity
v, and the Poisson equation for the electrostatic potential,
which couples the electron motion in both layers. Letting
small variations for all the variables in the form of Fourier
components (~ ¢/®T=@)) with real wave vector k and com-
plex frequency w(k) = w’ + iw”, and using the standard lin-
earization procedure in the basic equations [11], we obtain the
dispersion equation. The solution of this equation represents
the modes of collective self-oscillations of the electron den-
sity and induced electric field. Their properties, particularly
dependencies on the dc current, are analyzed below in detail.

The paper is organized as follows: In Sec. II, we describe
the hydrodynamical model with the set of equations used to
calculate the existing plasmon modes in a multilayer het-
erostructure. Section III provides analytical solutions of the
dispersion equation and a thorough analysis of the obtained
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FIG. 1. Schematic of a two-layer nanostructure: layers 1 and 2
represent 2D electrons in the (x, y) plane separated by an insulating
region of the width d. The electric field E is applied to the layers in
the x direction.

plasmon modes in current-biased two-layer nanostructures.
The peculiarities of long-wavelength dispersion and two-
stream instability are analyzed in detail. In Sec. IV, numerical
estimations are given of characteristic parameters of two-
layer GaAs- and GaN-based heterostructures optimized for
experimental studies of plasmons, including the plasmonic
instability induced by the electric current. Section V briefly
discuses and summarizes the results obtained.

II. THEORETICAL MODEL

For a multilayer heterostructure consisting of N nanolay-
ers, the temporal evolution of spatially inhomogeneous
variations of the electron densities sn‘®(r, ), a =1, ..., N,
is governed by the set of N coupled continuity equations:

J (@) s(a)
o8 0 + Ve 81O, 1)

= Go[6n“FV(x, 1)] — R[50 (x, 1)], (1)

and the Poisson equation

N
ASo(r, z,1) = 4% ZSn("‘)(r, I)S[z + Qo — 3)%1]. )

a=1

Here, ¢ and SE = —V ¢ are variations of the electrostatic
potential and electric field, respectively; the fluctuating elec-
tric field, SE®(r, ¢), can be different in different nanolayers.
E is the applied electric field, € is the dielectric permittiv-
ity of environment, —e is the electron charge (e > 0), and
r = (x,y) is the in-plane position vector. In Eq. (2), the
Dirac § function, §(z), takes into account the 2D charac-
ter of the electrons in nanolayers, assembled perpendicular
to the z axis at equal distance d between adjacent layers
(Fig. 1). The carrier motion in the neighboring layers is cou-
pled through the electrostatic potential and possible carrier
exchange. The latter is described by effective transition rates,
represented by the two terms (G, R,) on the right-hand side
of Eq. (1).

In the absence of an external electric field (E = 0), local
electron-density excitations always decay over time. If the
electric field E is applied, then the electron excitations drift
and decay; the corresponding spatial-time Fourier compo-
nents have the form of propagating and decaying waves. The
specific character of these waves is determined by the dom-
inant transport regime. We consider two regimes of electron
transport differing by the intensity of dissipation processes
and representing essentially distinct expressions for the elec-
tron flow density, 8i(r,¢), in Eq. (1). (I) Quasiballistic
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FIG. 2. Schematic diagram of plasmon wave propagation relative
to an electric field applied in the x direction. The arrows indicate the
direction of wave (~¢/®*~¢D) propagation, with frequency o’ and
wave vector k, in different quadrants (I-IV) of the plane (k, o).

transport, under which the electron density self-oscillations
are weakly decaying plasmons. In the electric field E, these
plasmons can be described by the hydrodynamic approach
[11]. (I) Drift-diffusion electron transport, under which
the oscillating waves are dissipative self-oscillations of the
electron charge density and electric field. For quasiballistic
transport, the electron flow density is expressed as i@ =
n@v@® g0 that

Si®(r, 1) = v@sn O (r, 1) + n v (r, 1) (3)
for the drift-diffusion transport, and we can write

8i(r, 1) = —po [ESn'®(r, t) + nSE@ (r, 1)]
— D VEn'“(r, 1), 4)

where 11, and D,, are the electron mobility and diffusion coef-
ficient, respectively. The system of Egs. (1) and (2) is suitable
for both approaches (I) and (II). In the results obtained, the
transition from quasiballistic to collision-dominated regime
can be followed with the aid of the well-known criteria for
the validity of these approaches.

Furthermore, we use the Fourier transform (r, 1) — (K, )
for the in-plain variables and solve the equations for the
Fourier amplitudes §¢x ,(z), Slk > and 8n(“) In making use
of the solution of the Poisson equation (2) S¢k.0(2), to-
gether with (SE(“) —ik8¢k »,(z) and 8i") in the continuity
equations (1) we obtam a system of N llnear algebraic equa-
tions for (Snk The solution of these equations allows us to
derive the dlspers1on equation and analyze the existing modes,
o = w(k), of self-oscillations of electron density and electric
field for the considered heterostructure under the applied elec-
tric field E.

In Fig. 2, we present a schematic diagram showing distri-
butions of the wave vector k and frequency «’ on the plane
(k, @) in regard to possible wave propagation relative to the
direction of the external electric field E applied along the x
axis. Since the (k, ®’) in the first and third quadrants (also

second and fourth) correspond to the same wave propagation,
shown by the right (left) arrows, it suffices to consider only
two (k, ') quadrants with the opposite wave propagations.
Thus, there are two equivalent considerations: (i) k > 0, o' <
0and (if) k < 0, ®" > 0. In what follows, we consider the first
case with k > 0 and " Z 0. It is worth noting the existence of
two possible kinds of dispersion curves for which o’'(k) > 0
and ' (k) < 0. In the latter case, those parts of the dispersion
curve for which w'(k) > 0 and w'(k) < O correspond to waves
propagating in opposite directions.

III. PLASMONS IN CURRENT-BIASED TWO-LAYER
NANOSTRUCTURES

The electrons in a two-layer nanostructure (o« = 1, 2) [38],
which is the simplest case of a multilayer nanostructure, under
an electric field E are characterized by the area homoge-
neous density 7" and n®, the carrier effective mass m; and
my, and the drift velocity v( and v®. The electron mo-
tion is coupled through the electrostatic potential, ¢(r, z,t),
and can be affected by intralayer scattering and interlayer
transitions described by effective times 7; and 1, and 7y,
respectively; r and z are the in-plane and vertical coordi-
nates. The dynamics of small deviations Sn(r, 1), snP(r, 1),
sviD(r, 1), v (r, 1), and 8¢(r, z, 1) [~ T ~®"] from the
homogeneous stationary state is governed by the set of hy-
drodynamic equations [11], written for the Fourier amplitudes
from Eqgs. (1)-(3) as

(—iw + ik - v + 71w = Ef(az), &)
o
an(ﬂ) Sn(a)
—ia)8n(a) +ik- 1(“) —ko ko (6)
‘[,30, ‘Eaﬁ

82
(ﬁ —k >5§0k,w(Z)

_Amel ) d <2>< ﬂ)
- e [5 5( 2>~|—8n s(+5)] @

where 61(“2) = V(‘")Sn(“) + n®sv®) s the electron flux den-
sity, and o, 8 =1, 2 Substltutlng variations of the electric
field, 8E]((“2), obtained from the Poisson equanon [39] into

(2)

Egs. (5) and (6), we get the equations for Sn and 8n

2
(—ia) + ik - V(l) + szl + m)g ()

2
+ (—iw+ik-v(2)+1:211 + )5 @ =0, (8a)

A (k a))
where

Ay(K, 0) = —iw + ik - v 4 ¢!, (8b)
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Wpa = (4 e*n“k/2myen)'/? ~ k'/? is the 2D plasmon fre-
quency [40]. Using the solvability condition for the homo-
geneous system of linear equations (8a), we can derive the
dispersion equation for collective charge-density oscillations,
o = w(k), in the two-layer nanostructure.

A. Two identical layers

Let us consider two identical, current-biased layers with
" =n® =nm=m=m 11=0=r1, and T4 = Tu;
also, we assume that the layers are equally biased so that
the drift velocities in the layers are the same v() = v(® =
v; from Eq. (8b), A;(k, ) = Ax(k, w) = A(k, w). For such
heterostructure with two equally biased layers, the system of
equations (8a) becomes

)
o - 1
<—lw +ik-v+r + A(k,pa)) Snf(fu
2
“p_kd _ _—1)5,@
’ (A(k,p ¢ T ), =0,

w2
Pkt )
Ak, ) ,

a)2
+ (—ia) +ik vt +—L—)en) =0. (9

+ Ak, w)

These equations determine the plasmon dispersion and rela-
tive amplitudes in the layers.

Plasmon modes. The dispersion equation follows from
Eq. (9) as

@}
—iw+ik-v+

—kd
Ak w)(l te )]

2
: : -1 “p
><|:—la)—|—zk-v—|—21ctr +

_ k|
Ak ¢ )]_O’

(10)

where w, = (4 e’nk/2meg)'/* ~ k'/2,

For real wave vector K, the frequency w is the complex
number w = o’ + iw”. We have found from Egs. (9) and (10)
that the spectrum of self-oscillations in the system of drifting
electrons consists of different branches (modes), which are
commonly referred to the optical (OP) and acoustic (AP)
plasmons [23,24,41-44]. These modes are characterized by
in-phase (symmetric) oscillations of the electron density in
the two layers, SnE(I,L = (Sn]((z’zo, and out-of-phase (antisym-

metric) oscillations, 5”1(;120 = —(Snl(zl), respectively. Note that

the latter represents quasineutral collective oscillations with
sn\) +8n) = 0. The OP mode is

NOJ

, 1
Wy =k-vi E\/4w]2,r2(1 Fekdy_1q,

U 1
Wy = — 5= (11)

The AP mode is

1
a);p =k -v+t ;\/4(1)12)‘52(1 — ek — (1 —27/14)?,

o = (L] (12)
®\2r 1)

In (11) and (12), the term with the drift velocity k - v provides
the Doppler shift for both the OP and AP modes.

In the absence of applied electric field (E, v = 0), we ob-
tain from (11) and (12)

/ 1 — /! l
W)y = i;\/%},ﬂ(l Ttk =1 el =—5- (3)

1 1

/ . _ —kd _ "o _
Wy = :tZ‘E \/460%7,'2(1 ety —1, wp = 7 (14)

For comparison convenience of Eqgs. (13) and (14), we have
taken 7, = oo. In the quasiballistic regime (w,7 > 1) and
long-wavelength limit (kd < 1), it follows for the OP mode
that a)gp ~ :I:«/Ew,, ~ /k, whereas for the AP mode, a);p ~
:i:a)p\/m ~ k.

Long-wavelength limit. With increasing scattering, the de-
cay rate of plasmons is increased, and the propagation length
is decreased. If the electric field is applied, the occurrence
of Doppler shift and dissipation can change the behavior of
plasmon frequencies in the long-wavelength limit kd < 1.
This limit is especially interesting because of both unusual
behavior of the low-frequency plasmons in the coupled layers
and facilitated experimental studies by Raman spectroscopy
and scanning microspectroscopy methods. The functions of
k under the square root in Egs. (11) and (12) take negative
values in the intervals [0, k'] and [0, k;”], where the upper
boundaries of the intervals are determined by the roots of
equations 4w>t*(1 4+ e7*) — 1 =0 and 4w37*(1 — e ) —
1 =0, respectively. An approximate analytic solution of
these equations gives k;” ~ 1/8d(wqt)* and k" ~ 1/2dwy,
where

wq = 2me*n/mdey)'?. (15)

Within these intervals, the terms with the square root become
the imaginary values and provide an additional contribution
to the plasmon dissipation rate. The plasmon frequency is
given by the linear dependence on the wave vector o’ =Kk - v
for both the OPs and APs, with the same phase and group
velocity equal to the electron drift velocity: vy, = vgr = v.
Within the discussed intervals imaginary parts of the plasmon
frequencies are

, 1 k
Cl)z)p —Z l:F 1 W s
) 1 k\?
C()a/p = —Z 1:F 1— (ﬁ) . (16)

To analyze asymptotic behavior for k > k,,, we use a small
deviation 8k > 0 letting k = k,,, + 8k to obtain for OPs

Swy, = W), — vk = v8k + wy(2d8k)'*. (17)

m
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FIG. 3. A sketch of w vs k for the long-wavelength limit (illustra-
tion is valid for both OP and AP branches plotted in arbitrary units).
(a) Linear portion (k < k) and branching (k > k,,) of (k). (b) Re-
spective dependencies of w” (k). Straight line (1,2) is ” = —1/27.

It follows from Eq. (17) that $w;, ~ +w,(2d5k)'* ~ (8k)'/?
for 8k « 2dw?/v?, which is typical for OPs; and then
approaches to the linear dependence (Sa)ép((Sk) ~ vdk for

greater 8k values determined by an opposite inequality 6k >
2dw? /v?. Similarly, we find for APs

S, = wly — vk = vok £+ w, (24%k7SK) 7, (18)

which results in ], > +wy(2d?* k5P 8k) /2 ~ (8k)'/? for Sk <«
2d%k5P w§ /v?; and 8w}, = v8k for 8k values determined by

8k > 2d*k,! w3 /v?. As distinct from the case of v = 0 where
w;p(k) ~ k for k — 0, we have obtained that a);p((Sk) ~
(8k)!/? when 8k — 0 (k — k;,7). Qualitatively, complex de-
pendencies of w’'(k) and " (k) for both OP and AP plasmon
branches are sketched in Fig. 3 at small & > 0, where (1,2)
corresponds with (£) in Egs. (11) and (12).

Crossover quasiballistic-diffusion transport regimes. Con-
siderable decrease of 7 leads to crossover from quasiballistic
(wpT > 1, kl, > 1) to diffusion (w,7 K 1, kI, < 1) trans-
port and thereby the suppression of plasmon oscillations
(I, is the electron mean-free pass). However, it can be
shown that the two modes of electron-density self-oscillations
(symmetric and antisymmetric) remain in effect under the
drift-diffusion transport regime. Such conversion tendency
from plasmons to dissipative modes can be observed by noting
that, with decreasing t the notion of electron mobility, u =
et /m, can be used under the inequalities 0wt K 1, ki, < 1
characterizing the drift-diffusion transport regime. The corre-
sponding self-oscillating modes are obtained by solving the
system of equations (1), (2), and (4), using the same method-
ology with the replacement of Eq. (3) by Eq. (4).

Modification of the oscillation characteristics can be illus-
trated by a simple example of a single-layer nanostructure. For
this case, the dispersion relations are obtained from Eqgs. (11)
and (12) using the limit (d, t,) — 00, which corresponds to
the uncoupled layers

k) =k- j:i 422—1—i' (19)
O =RV E STVt 27’
here, the subscripts “£” in w4 (K) correspond with the signs
“+” before the square root. For quasiballistic transport,
w,T > 1, Eq. (19) describes two weakly decaying Doppler-
shifted plasmon modes with equal decay rates:

W, (k) =k -vEa,k), of=—1/21. (20)

With decreasing t, the expression under square root in (19)
may flip its sign at 4a)f,r2 < 1, which results in plasmon
modes converting into dissipative modes with oscillations
driven by convective processes. These modes are charac-
terized by equal frequencies, o/, (k) = ' (k), and different
decay rates:

(k) =k-v, k)~ -wt(l+wr?),
o’ (k) =~ —1/7. 1)

As o” ~ t~!, this mode is strongly suppressed. Noting that
wlz)r = w, = 21 /1,, it follows that the mode with decay rate
/[ (k) turns into a dissipative mode of the form w(k) =k -
v — i(w, + Dk?), where D is the effective diffusion coeffi-
cient, and 7, is the relaxation time of a 2D electric charge,

similar to the Maxwell relaxation time,

- 2wetn\’ 5 meg
D= T, Ty =——0r. 22)
meo e’ntk

B. Two-stream instability in two-layer nanostructures

We continue to consider the two-layer nanostructure de-
scribed in Sec. III A, with an additional assumption that the
electric current flows only in one of two layers; as such, we let
v(D = 0 and v? = v. In this case, the system of equations (9)
is reduced to the form

|:1 — ﬂ(ﬁ + Li|8nf(l) + e_kdénl(ffu =0,

N

wp \Wpy wpT
el + [1 _etkw (‘” —kv, L)}an& = 0.
’ wp wp COPT ’
(23)

The equality to zero of the determinant of linear equa-
tions (23) represents the dispersion equation, and its solutions
define the frequencies of oscillations with given (real) values
of the wave vector. These frequencies determine the asymp-
totic temporal behavior of the small perturbations with given
values of k.

Dispersion equation and its solutions. For further analysis,
we introduce the dimensionless variables

w v
Q=—, lqgl=kd, V=—-——,
wyq d

Wd

0 = wyt, 24)

where w, is given by Eq. (15), v = |v|, Ty — o0. The disper-
sion equation, written in dimensionless form, is

(92 + gsz = |q|) [(Q —VgP + gm —Vg) - |q|}

=g’e M = ¢(g), 25)

For example, in considering @’ > 0 [Q" > 0 in Eq. (25)], the
terms with V for ¢ > 0O correspond to the wave propagation
along the drift velocity, and ¢ < 0 in the opposite direction.
As noted in Sec. II, it suffices to consider the waves with
g 2 0 and Q' = 0. Noting that V is the ratio between the
electron drift velocity and the wave phase velocity v,, = w,/k
(k =1/d), we can suppose by analogy with the Cherenkov
radiation [45] that under the electron drift with sufficiently
high velocity, higher than the phase velocity vy, (V 2 1), the
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considered system of plasmons can enable a negative damping
regime, when the kinetic energy of the moving electrons is
transferred to the plasmon waves. Such electrically induced
instability in the system of two groups of interacting carriers,
moving with a relative velocity v, is a two-stream instability,

J

1

Q(g) =1qV + 3V + (g — ¢V + )2 + 1]g — g}
1

(q) = 3qV — {34*V? +[((q — g)V? + D)2 + 11g — q.}
1

() = 3qV + {14*V? — [((q — g)V* + D)2 — 11g — ¢.}

1
Q@) = 3qV = {14°V? = [((q — g)V* + )2 — 11g — q¢}

where ¢, = 1/462. The obtained modes are completely hy-
bridized, so that they are not separated into OP and AP types
of excitations. To reveal the regimes of possible instability, we
analyze the behavior of modes (26a)—(26d) in a wide range of
relevant values of V and 6. As it turns out from the obtained
results, the increase in V results in that two of the modes
approach each other and converge at some point for V =~ 1.
The interaction of plasmon excitations in the layers becomes
resonant when the modes converge at finite values of g. This
is illustrated by Figs. 4 and 5(a), 5(b), where the calculated
real and imaginary parts of Q2(q) are shown in comparison
for V.= 0 (Fig. 4) and V 2 1 [Figs. 5(a) and 5(b)]. In Fig. 4,
the curves 1, 2 correspond to OPs, whereas the curves 3,
4 correspond to APs. In the limit of small ¢ (¢ < 1), the
curves show different behavior as a function of ¢, that is
1] (@) ~ /q for OPs, whereas |} 4(¢)| ~ g for APs; the
decay rate is dispersionless and is given by Q" = —1/26 for
all modes.

-1.5F

-2.0F

-2.5
0

q

FIG. 4. Dispersion of plasmon modes, Re[S2(g)], calculated for
V =0, 6 =50: 1, 2 optical plasmons; 3, 4 acoustic plasmons. The
mode attenuation is dispersionless: Im[Q(g)] = —1/20 = —0.01
(not shown).

which can also develop when the drift velocity of one group
of participating carriers is zero [21,22,46].

The dispersion equation (25) is a fourth degree polynomial
equation with complex coefficients whose solutions 2(q) =
Q'(q) + 2" (g) represent four plasmon modes:

1 1
2 _ig?, (26a)
1 1
2 iqu , (26b)
[
2 —ig?, (26¢)
[
2 —ig?, (26d)

(

As is seen from the comparison of Figs. 4 and 5(a), the
curves 1, 2 qualitatively are weakly changed upon increasing
V from V =0 to V = 1. In contrast, the relative position
of curves 3, 4 is substantially changed, so that these curves
converge at g = ¢.. In the vicinity of mode convergence, the
imaginary part of frequency, 22”(¢), demonstrates a sharp
peak, which maximum value can become a positive number,
thereby indicating the development of instability.

Thus, unlike a single layer [34], plasmons in coupled two
or multiple layers can become electrically unstable under the
high electron drift.

Phase shift and relative amplitudes of plasmonic oscilla-
tions.. Before proceeding to consideration of the instability,
it is instructive to study charge distributions in the interacting
layers. The electron-density oscillations of small amplitude
in the two layers can be compared from Eq. (23) for each
of the plasmon modes obtained (26a)—(26d). In the linear
theory, which has been used to derive Eq. (23), the difference
between such oscillations is described in terms of a phase shift
® and a relative amplitude f so that we can write §n® =
fe®snD. The latter can be expressed, using the first of
equations (23), as

7 i Y e
fe =(SZ +zg—q>;zf(q,9). (27)
Here, ® = arctan(f;/f,) is the phase shift, f = (f> + f*)!/?
is the amplitude, f, = (Q2 — Q7 — ¢ — Q;/0)e?/q and f; =
(29 + 071, e7/q are the real and imaginary parts of the
function f(g, 2), respectively. We note that it is necessary to
distinguish two pairs of plasmon modes, 2(g), 2(g) and
Q3(q), Q4(g), where the latter is characterized by the clear
resonant behavior near g = ¢, [Figs. 5(a) and 5(b)]. There-
fore, we analyze them separately.

The calculation results of the amplitudes and phase
shifts for oscillating electron densities in the two layers
are presented in Fig. 6 for the plasmon modes 23(g) and
Q4(g). The electron densities in the layers are shown as a
function of kx for one “period” of oscillations: 0 < kx < 2w,
a snapshot sampling at an arbitrary time moment #. Letting
sn'V(kx) = acos(kx), we obtain equal amplitudes for both
the modes (furthermore, we set an arbitrary amplitude a = 1).
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FIG. 5. Dispersion of plasmon modes (26a)—(26d) calculated
for V =1.25, 6 =50 (numbering of curves corresponds to
Fig. 4). (a) Dispersion of Re[2,(¢)] = ] (g), Re[Q:(¢)] = 25(g),
Re[Q3(g)] = Q5(g), and Re[24(q)] = }(g). (b) Dispersion of at-
tenuation, Im[Q3(¢)] = ©4(¢g) and Im[4(g)] = 2/ (g), of plasmon
modes shown in Fig. 5(a) by the curves 3, 4; the attenuation
of modes (g) and 2,(q) is dispersionless: Q{(q) = 5(q) =
—1/26 = —0.01 (not shown).

Thus, §n® (kx) = cos(kx F ®) for modes Q3(q) and Q24(q),
respectively. In the calculations, we used the data from
Fig. 5(a): g- = 2.5, Q}(q.) = Q,(g.) = 1.56. From Fig. 5(b),
) (q.) = —0.073 for the decrement, and Q5(g.) = 0.053 for
the maximum increment. Then, we find for layer 2 that the
phase shift ® = 1.25 and the amplitude a = 1.

The similar consideration of modes €2;(g) and 2,(g)
of Figs. 5(a) and 5(b) at g =g, [Q|(g.) =471, @
(qc) = —1.58, and Q{(q.) = Q5(q.) = —0.01] demonstrates
that the phase shift in én'"(kx) and 8n®(kx) is absent
for these modes (& = 0). However, relative amplitudes are
drastically different in comparison with the case of converg-
ing modes Q3(g.) and Q4(q.). For én'"(kx) = cos(kx), we

10
05 1 2 3
N
S 00
05
A0}
0 1 2 3 4 5 6

kx

FIG. 6. Illustration of phase shift in electron-density oscillations
snV (curve 1) and 6n® (curves 2, 3) for plasmon modes shown
in Figs. 5(a) and 5(b) by the curves 3, 4. Layer 1: curve 1 (black).
Layer 2: curve 2 (red), ® = —1.25 for plasmon mode 23(q.); curve
3 (blue), & = 1.25 for plasmon mode 24(g.). Curves 1-3 have the
same amplitude.

found that §n® (kx) = 95.86n"(kx) for mode Q(g.) and
sn® (kx) = 0.018nV (kx) for mode Q,(g.). Since the electron
drift velocity is zero in one layer (layer 1 in Fig. 1), this
results in effective detuning, which affects the coupling of the
two layers so that they response differently to the excitation.
In the absence of resonance, these modes have considerably
different frequencies at g = g.; the oscillations behavior in the
layers is as in almost noninteracting (or weakly interacting)
layers.

Finally, we conclude that strong plasmonic coupling of
the two layers and the instability effect are of a resonant
character, require plasmon modes proximity (coincidence of
the frequencies and wave vectors).

Two-stream instability. In the above accepted nomencla-
ture, the branches Q23(g) and €24(q) demonstrate the crossing
at zero coupling [¢ — 0, Eq. (28)] and radical changes at
¢ # 0. Particularly, the expression under the square root of
Egs. (26¢) and (264d),

R(q.V.q:) = 14’V + (g — q¢)

- q\/(q — q:)’V2 4 exp (=2¢),

can be negative in some range of the wave vectors, which
means that in this range Re[Q23(g)] = Re[Q24(q)] = %Vq; but
Im[€23(g)] and Im[24(g)] are different. As a result, the branch
Q3(q) is weakly damped or amplified, while the branch Q4(g)
is strongly damped:

Im[Q3] = T's = O[-R(q, V, ¢:1VIR(q, V, q)| — q./%,

Im[Q4] = Ty = —O[—R(q, V, ¢: 1V IR(q, V, ¢:)| — ¢/,

with  ©(x) being the Heaviside step
Figures 7(a)-7(d) illustrate the behavior of

function.
temporal
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FIG. 7. (a), (c) Density plots of I'5(¢g, V) where solid lines corre-
spond to I';3(g, V') = 0, the inner part of the area (between the curves)
is I'3(g, V) > 0, and the outer part is I'3(g, V) < 0. (b), (d) '3(¢q, V)

increment or decrement, I'3, of the potentially unstable
branch 23(q). In Figs. 7(a) and 7(c), the density plots of I'3
are shown in the (g, V') plane for two cases: in the absence
of the electron relaxation (¢, — 0) and for finite values of
the relaxation parameter ¢,. In Figs. 7(b) and 7(d), the g
dependencies of I'3(g) are presented for different electron
drift velocities (different V values). In the dissipativeless cases
of Figs. 7(a) and 7(b), the instability exists for all presented
values of the velocity, although I'; sharply decreases as the
velocity decreases. In the case of Figs. 7(c) and 7(d), the
instability arises at large velocities, V > 1.5 (the behavior
of I at small g is characteristic for the diffusion-transport
regime discussed above).

The resonance nature of the instability facilitates a theoreti-
cal analysis for weakly coupled layers, e(g) < 1. In the zeroth
approximation, neglecting the small term on the right-hand
side of Eq. (25), we get two uncoupled modes of interest:

QY =gV —(g—q)'? —ig)”

T

QY =(q—q)"* —ig!. (28)

T

The mode ng) refers to the drifting electrons, while QZO) is for
nondrifting electrons in the unbiased layer. At first, for sim-
plicity, we assume the absence of dissipation (t = 00), which
can be taken into account later on. In this case, the frequencies
ng) and Qf‘o) are real. The intersection of the modes ng)(q)
and Q' (¢) takes place at the point (q., Q.) with g, = 4/V?,
Q. =2/V.Letting g = q. + 6q and 2 = Q. + 52, we obtain
in the linear approximation: Q4(g) = Q. + v48q and Q3(g) =
Q. + v3dq, where vy = V/4 and v; = 3V /4.

In the next approximation, we take into account the cou-
pling between the two modes, which reflects in a finite value
of £(q) in Eq. (25). The dispersion equation in the vicinity of
the intersection point (g., €2.) takes the form

(82)% — (v3 4 v4)8g8Q2 + [v3v4(8g)> +E]1 =0,  (29)

where & = V2¢78/V" The solution of Eq. (29) relative to §Q
is

) 1/2
1 1% .
(6Q)s = 71 Vog £ [(5> (8q)* — 4sj| . (30

It follows that, for (8¢)*> < (4/V)?&, the solutions (§Q2)+ =
%VSq £ i(8Q2)/ are the complex numbers, and the imaginary
part of one of them is positive,

v —_ V2
Q) =10 =,z - Z(q —q.)? >0, (31)

i.e., the instability of plasmon waves takes place.
Differentiating (30) with respect to §¢g, we get the group ve-
locity Vg = (v3 + v4)/2 = V/2 of the waves (vg, = v/2); the
corresponding maximum increment of the instability also can
be found: T'y) = +/& = (Ve*/V")~!. Hence, the characteris-
tic time of growth of initial perturbations by a factor of “e”

vs g at a fixed V; curves 1, 2, 3, and 4 are for V = 0.9, 1, 1.2, and
1.44, respectively. (a), (b) g; =0 (8 — 00); (¢), (d) g, = 8 x 1073
(6 =5.6).
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is 7, = 1 /! = 1/wy~/; then the characteristic length scale
of their drift propagation, L; = vt;, with ; = w}'Ve* V2 s
estimated to be L; = V2e*V*d.

Equations (30) and (31) are valid for zero electron dissi-
pation. In considering the influence of a finite value of ,
we note that, for the quasiballistic transport regime, the pa-
rameter g, in Eq. (28) takes rather small values (¢, < 1).
Then, the instability analysis accounting for the dissipation
can be carried out analytically, similarly to the results ob-
tained in Egs. (30) and (31), considering g, as the small
parameter. We found that, in the region of strong interac-
tion of the branches ng)(q), Qio)(q), the intersection point
(Ge, ©.) and the slopes of the curves are modified: G. =
G — qrs Qo= Q2 — 1Var, Q@) = Qe + 138, QL (q) =
Qe + D48q, with 04 = v4(1 + v3g.) and B3 = v3(1 + 5 v3g0).
For the condition of V\/gqt « 1, the correction to the am-
plification or absorption of the €23(g) branch is I'; = Fg()) —
g:'"*. Also, the characteristic time of growth of initial per-
turbations t;, and the characteristic length scale of drift
propagation L;, are renormalized as T; = w;lVe[(“/ V*)=4:] and
L; = dV2el#/V)=a]  respectively. The results show the ten-
dency for suppression of the instability effect due to the
electron scattering [see also Figs. 7(b) and 7(d)].

The convective character of the instability. The analyzed
plasmon instability is of the convective kind [47]. Indeed,
considering 8q in Eq. (29) as the unknown, with a real 4€2,
we get the equation

v304(8¢) — (v3 + V4)8QWg + [ +8] =0.  (32)

This equation has two roots

{(v3 4+ v4)82 £ [(v3 — v4)*(5)°

5 =
( q)i 2U3 V4

— 4vyv48]'?). (33)

The expression under the square root in Eq. (33) becomes
negative for (8Q2)> < 3%, thus providing an imaginary part
to (8q)+ = (8q) £i(8q)" [(8q)” > 0]. Since the imaginary
part of the root (§g)_ is negative, the wave considered is
unstable; that is, small initial perturbations in the form of
plane waves will indefinitely grow with the increase of the
space coordinate. For small dissipation, it is possible to es-
timate the characteristic length scale of amplitude growth
he & L2V,

Finally, in the two-layer nanostructure with only one layer
biased with the electric current, the plasmonic instability can
occur, which manifests itself as the two-stream instability of
convective character. The instability threshold and charac-
teristic frequency range critically depend on the velocity of
drifting electrons. Under negligibly small electron relaxation,
there is no velocity threshold. The electron relaxation leads to
the existence of the drift velocity threshold.

Long-wavelength limit in collision-dominated regime. The
long-wavelength limit in situations when only one of two
layers is biased with the current can be analyzed in the
same way as described in Sec. III A. The linear portion of
the dispersion curves, induced by the Doppler shift given
in Egs. (26a)—(26d), is revealed to be more pronounced for
modes Q%(q) and €2(q); therefore, we focus only on these

0.3
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FIG. 8. Dispersion of plasmon modes €25(¢g) and €2}(q) calcu-
lated for small g; V = 0.65, 6 = 5. (a) Linear portion of dispersion
of degenerate modes }(g) and €2(g) for ¢ < g,, and branching of
Q5(q) and 2)(q) for g > g,,. (b) Respective dependencies of 5(q)
and Q] (q). Numbering of curves corresponds to the mode indexes.

two modes. The linear dispersion 5(q) = €,(q) = (1/2)qV
is observed in the interval 0 < g < ¢g,,, Where g, is the root
of equation R(q,V, g;) = 0. Within this interval, the func-
tion R(q, V, g, ) takes negative values providing an additional
contribution into attenuation of the modes. The results of nu-
merical calculations using the parameter values V = 0.65 and
6 =5 are presented in Figs. 8(a) for Re[€23(q)], Re[Q4(q)]
and 8(b) for Im[R23(g)] and Im[24(g)]. It is seen that, for
g < g, there are two modes of the same frequency €5(q) =
Q2,(q) = (1/2)qV, but with different attenuation Q5(q) =
Q) (q) =xVIR(q,V, q:)] — %/2; and with the same phase
or group velocity, vy, = vg = (1/2)v. In the limit of g —
0, we obtain that Q}(¢) - 0 and Qj(q) - —1/6 = —-0.2
[Fig. 8(b)]. For g > g,,, they are split into two different
modes, 25(q) # ,(g), with the same attenuation Q5 =
Q) = —1/26, which is independent of ¢. For g = g, the
oscillations of electron densities in the layers are of symmet-
rical type 8n'") = 6n®. For ¢ > g,,, letting a small deviation
8q = q — qm, we obtain that Q/(q) = Q,(q) =~ (1/2)g.,V +
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1/ 2)R/q(qm)4 /q — qm, 1.¢., the wave-vector dependence char-
acteristic for the OPs.

IV. NUMERICAL ESTIMATIONS

For numerical estimations of the characteristics of two-
layer coupled plasmons and the conditions defining the
two-stream plasmon instability, we consider GaAs- and GaN-
based heterostructures.

GaAs-based nanostructure. We set m = 0.067 mgy (mq is
the free-electron mass), €p = 12.35, d = 107° sm, and n =
10" ecm~2. Then, we obtain w; = 1.4 x 103 s~

For the equilibrium conditions and low (nonheating) elec-
tric fields, the relaxation time t can be estimated by using
the low-field electron mobility. For high-quality GaAs het-
erostructures, one can use the mobility values p© =3 x
10° sm?/V -s at a temperature Ty = 7} = 77 K, while for
Ty = T» = 300 K the typical mobility is i = 800 sm?/V -s.
Respectively, we obtain the estimated relaxation times t =
1~1.1x 107's (@ ~158)and 7 = 1» ~ 3 x 107145 (8 ~
0.4).

First, we consider the long-wavelength plasmons under
equilibrium and at low applied fields. Using the above pa-
rameters at the temperature 7p = 7; and in the absence
of the current, we find the dimensionless OP frequencies
Re[Q1(9)] = /29, Re[Q2(q)] = —+/2¢ which coincide with
the dimensionless plasmon frequencies corresponding to a
twice electron concentration; and the AP modes Re[23(g)] =
q and Re[24(q)] = —q. The signs + correspond to the wave
propagations in two opposite directions [see Fig. 2, quad-
rants I and IV of the (w, k) plane]. At higher temperature,
Ty = T3, the oscillations are overdamped in the wide intervals
0<g<gl=12and 0 <gq<gq)f =18 for OP and AP
modes, respectively. Two different dampings are characteristic
for each type of the modes because it follows from Eq. (16);
remarkably, one of OP and one of AP modes have absolute
values of the dimensionless damping smaller than 1/26.

In the case of low applied fields and low temperature, the
OP plasmon waves are of high quality. Indeed, the parame-
ter g,/ essential for the long-wavelength limit is very small;
thus, both terms in Eq. (11) are real, Re[Q1(g)] = qV + /2q
and Re[Q(q)] = gV — +/2¢, and the plasmon damping is
constant and small, Im[2;(g)] = Im[$2,(g)] = 1/20. These
waves can propagate in two opposite directions. On the con-
trary, for the AP modes in the limit ¢ <« 1, we find ¢’ =
0.04; thus at 0 < g < g, a linear portion of Re[€23(g)] and
Re[€24(q)] is realized with the g-dependent dampings given
by the second of Egs. (16). Remarkably, for ¢ less than g, as
well as slightly above it (depending on the velocity parameter
V), both AP waves are unidirectional, i.e., always propagating
along the electron drift.

Consider high electric fields providing a high drift velocity
of the electrons. The scattering time of hot electrons can be
estimated by using the differential mobility u,(E) = dv/dE
as T = muy(E)/e. At the lattice temperature 77 = 77 K, for
the electric fields of E &~ 1 kV/cm, the differential mobility
and the drift velocity were found to be iy (E) ~ 10* cm?/V -
s, W(E)~ 2 x 107 cm/s [48], that gives the relaxation time
T~4x 10785,

To describe plasmon instability characteristics, we use the
above presented estimates of v and 7 [48] to obtain the di-
mensionless parameters values V = 1.44, 0 = 5.6, and ¢, =
8 x 1073. The branches € (¢) and ©(g) (positive and nega-
tive at g > 0, respectively) show the standard behavior, with
positive and negative propagation directions, similarly to the
branches Q] (¢) and ©5(¢) in Fig. 5.

The behavior of branches 5(¢g) and €2)(¢g) is more com-
plicated. At small g < gy, there is a common linear portion
of the dispersion Q5(q) = ,(q) = %qV. After the branch-
ing point (2, ~ 0.9, g, =~ 0.08), they are divided up to the
region where they stick together forming a second (short)
linear portion. It is there that the instability effect is expected.
Location of the second linear portion is determined by the
crossing of the £23(g) and QJ(¢) branches given by Egs. (28):
Q.=2/V=~14, q.=4/V?~ 19 (the plasmon frequency
~3 THz and the wavelength ~33 nm). From Eq. (26c), we
find that the instability of the mode 23(g) occurs in the in-
terval g = 1.6-2.1, with maximal dimensionless amplification
Im[€23] = 0.01. This corresponds to the temporal and spatial
increments 1.4 x 10'" s7! and 3.5 x 10® cm™!, respectively.
Both plasmons given by the branches 23 and €24 propagate in
the same direction. The increase in the drift velocity by 10%
leads to a fourfold increase of the amplification coefficient
(Im[23] ~ 0.04).

GaN-based nanostructure. It is well known that, due to
relatively large effective mass and strong optical phonon
scattering, the high-speed electron transport in GaN-based
structures occurs in very high fields (above tens of kV/cm)
with large dissipation rates [49,50]. Under these conditions
and high electron concentrations, the collective charge-
density oscillations are strongly damped. If the concentrations
are relatively small, so that these oscillations are of sub-THz
or a few THz range, then the temporal high-speed electron
kinetics is complex due to the optical-phonon-transient-time
resonance in bulk [51,52] and quantum well GaN structures
[53,54], when the hydrodynamic approach cannot be applied
[55]. Thus, in the frame of the accepted approach, we restrict
ourselves to the case of relatively low electric fields (less than
10 kV/cm).

In GaN quantum wells, the highest low-field mobil-
ity was measured at subhelium temperatures, u = (1-2) x
10° cm?/(Vs) [56-58] for sufficiently low electron con-
centrations, n = (4-10) x 10'! cm™2. At T, = 50-100 K,
the acoustic-phonon-limited mobility was found to be u =
(2.5-5.0) x 10* cm?/(V s) [59,60]. We set m = 0.2 mq, €y =
10, d = 107 cm and assume 7 = 3 x 10'' cm~2. Then, we
estimate wy; = 1.5 x 10'® s7! and the relaxation time 7 >
1072 s (0 > 15). Under such conditions and low electric
fields, the two-layer coupled plasmons are high-quality oscil-
lations described by Egs. (11) and (12).

For the case of a moderately strong applied field E, we
can estimate the relaxation time from differential mobility
nqa(E). For example, at £ =4 kV/cm, the Monte Carlo
simulations accounting for all actual scattering processes of
the electrons give the drift velocity v & 107 cm/s, (V ~ 0.65)
and uy(E) =600 cm/(Vs). The latter corresponds to
T2~6.8%x 107" s (6~ 1). The modes Q) (g) and Q)(q)
(positive and negative at ¢ > 0) show the standard behavior
with positive and negative propagation directions, similar
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to ©)(q) and Q’(g) presented in Fig. 5. The modes ©5(q)
and Q}(g) at small g < g, = 0.58 [25(g,) = 0.2] have a
common linear portion Q5(q) = €(q) ~ 0.34g. After the
branching point, (g, 2,,), these modes are separated. Both
modes are unidirectional excluding the range 0.68 < g < 2.1,
where the mode )(¢g) changes the positive propagation
direction to a negative one.

V. DISCUSSION AND CONCLUSION

We have studied plasmonic properties of heterostructures
composed of parallel 2D semiconductor nanolayers separated
by the interlayer distance d and subjected to an electric cur-
rent. The electron transport in individual layers has been
described in the hydrodynamic approach, taking into account
the self-consistent electrostatic potential and the electron mo-
mentum dissipation characterized by a relaxation time .
The electrostatic potential strongly couples the electrons in
adjacent layers and results in radical modification of the plas-
mon modes; particularly, the number of modes in a two-layer
nanostructure is doubled compared with that which is usually
obtained in a single-layer configuration. In the absence of the
electron drift, there are two types of the coupled modes, the
optical wyp(K) and acoustical w,,(k) modes, with the square
root and linear wave-vector dependencies of the plasmon fre-
quencies, respectively. We analyzed relative amplitudes of the
charge-density oscillations in the layers and their phase shift.
The analysis shows that, in the long-wavelength limit, the
electron relaxation modifies both types of modes, providing
linear portions of the wave-vector dependencies followed by
a square root branching. The theoretical behavior of the modes
in the long-wavelength limit is important, because it facilitates
detail studies of the coupled oscillations by the Raman and
scanning microscopy techniques.

The frequencies and damping of the two-layer coupled
modes have been analyzed under the electron drift; the anal-
ysis has shown that the hydrodynamic approach does not
predict any instability for the configuration with two identical
layers. On the contrary, the plasmonic instability is possible
for the layers with distinct characteristics. We have considered
the case when only one of two charge-coupled layers is biased
with the electron current, for which the plasmon dispersion
equation has been solved exactly in the analytical form.

We have shown the existence of a narrow (k, ) region
with a strong interlayer interaction of a resonant character. In
this region, the real parts of the respective modes are identical
and linear in k (a second linear portion). The imaginary parts
are different and one of them can change sign; the latter
corresponds to the plasmonic instability effect.

In the two-layer nanostructure considered, the plasmonic
instability occurs as the two-stream instability of convective
character. The instability threshold and frequency critically
depend on the velocity of drifting electrons. In fact, under neg-
ligibly small electron relaxation, there is no velocity threshold
for the instability, while the electron relaxation imposes a
finite velocity threshold. Meanwhile, for the relaxation time
satisfying the condition wyt >> 1, the threshold velocity can
be estimated as v 2 wqyd ~ n/€p. Thus, the use of semicon-
ductor layers with low electron density (n < 10'> cm~?) and
a high dielectric constant environment may be preferable for
achieving the velocity threshold.

To illustrate the results obtained, we provided numerical
estimates for two-layer GaAs- and GaN-based heterostruc-
tures. For both cases, we discussed the important parameters
and behavior of the long-wavelength plasmons. For the case
of GaAs-based heterostructures, we find that the considered
plasmon instability can be realized under high-field electron
transport, despite a significant increase of the relaxation rate
of hot electrons. At that, for this instability, the temporal and
spatial increments lie in the ~10 ps~! and ~1 um™! ranges,
respectively.

We suggest that the presented investigation brings new
knowledge about solid-state plasmonic physics and can be
used in the search of terahertz electric instabilities in semicon-
ductor heterostructures composed of charge-coupled layers as
the sources of terahertz emission.
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