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Plasma instabilities in a steady-state nonequilibrium one-dimensional solid-state plasma
of finite length
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We show theoretically that strong plasma mode generation is possible in a nonequilibrium steady-state
guasi-one-dimensional bounded solid-state plasma, in which a nonequilibrium distribution is maintained by
appropriate injection/extraction of carriers. We calculate the density response of realistic model systems using
the random-phase approximation, determine the normal modes of the bounded carrier plasma, and show that
strong plasma instabilities can be generated under suitable conditions. Such stimulated plasma oscillations
could lead to sources of terahertz electromagnetic radigi#0163-182806)01135-9

I. INTRODUCTION free path for phonon scattering, one can overcome collisional
losses while still maintaining electron-electron interactions,
Nonequilibrium plasmas can develop plasma oscillationspecessary for the development of collective effects. The
since for the excited particles of such plasmas this is one ofharge-density oscillations of a bounded plasma couple di-
the available energy dissipation channfelShis can be rectly to the electromagnetic radiation, and no additional
viewed as the result of plasma wave generation due to netoupling mechanism is thus necessary to convert the plasma
downwards (in energy single-particle transitions, arising wave energy into electromagnetic radiation.
from population inversion in the particle distribution. This
effect can be used to generate or amplify electromagnetic Il. THEORY

radiation. When a constant current is app_lled to drive the A model which simulates the conditions of the proposed
plasma away from equilibrium, the resulting spontaneous

A . Idea consists of a quantum well confined by infinite potential
plasma wave generation is called the current-driven plasma

! o . ) : walls located ak=0 andx=L. A given potential profile is
instability (CDP). While CDP! S are yvell known in gaseous ssumed between the walls. We first consider a quasi-one-
plasmas, to our knowledge their solid-state analogs have n

: o imensional well. In the random-phase approximatiRRA)
yet been directly observed. This is due to the fact that a the density response of electrons to the external potential

d|rec_t transfer of energy from_ a current into a plgsma mod erturbation of the formV,,(x:t) =V, (x,w)exp—i wt) with
requires that the carrier velocities exceed a certain threshol o
requencyw, is given by

This threshold velocity in solid-state systems is of the order
of the Fermi velocity*~® In uniform solid-state plasmas, even
those at modulation-doped heterojunctions where scattering 5P(X;w)=f dx’ xo(X,X";0)Vi(X'; w), 1)
with phonons is strongly reduced, it is difficult to accelerate _ ) o
carriers to reach this very high threshold without generatingVhere xo(x,x";w) is the single-electron susceptibility given
strong plasma heating. In modulated lower-dimensional plas?y

mas, such as quantum wires with a superposed periodic pQ- (XX @)
tential modulation along the length of the wire, the threshold¥®' ™"

velocity can be substantially reducgdinlike the unmodu- —f,

lated systems, the instability can then occur in the domain of =2> > % V(X)W (X)W (X )P/ (X).
essentially cold electron transport, and thus the driving fields oo ETETO @
do not enhance the dissipative collisions. Even though this

scenario is quite promising, the generation of plasma waves and ¥ (x) are single-electron eigenvalues and eigenfunc-
could be possible only for low temperatures, rendering manyions, respectively, corresponding to a chosen ground-state

applications of this phenomenon impractical. (statig potential inside the well. Here we uke=1. The total
In this paper we examine in detail an idea for achievingdynamic potential is given by

plasma wave generation, and subsequent decay of these & ra L

plasma waves into eIectromagneUc radiafiaile consider a Vr(X; ) = Vey(X; 0) + — f dyf dx’' Sp(x'; w)

boundedsolid-state plasma which can accommodate several Ka J-ar " Jo

eigenmodes. Such a system plays the role of a plasma mode IND L 21— 112

resonator. For the pump mechanism we assume an energeti- XLx=x")"+y" 75 &)

cally selective injection and extraction process. By reducingvhereV,,(X;w) is the external dynamic potential. The sec-
the active size of the device below the corresponding meaond term on the right is the Hartree potentiak is the di-
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electric constant of the material. To avoid the Coulomb sin-

gularity of the Hartree term, we assume that the electron gas @ . ! ]
has a very small widtla, and that the induced density does S e PR
not change across this dimension. We next expgmnand y, > m=4 i X
in the Fourier series g \ P i
= I o i
£ ey 1 Tyt F—
. s ¢ A Sy P
Z [ [} v cily M A\
Sp(X,w)= a(w)si X), 4 = I / S PN
p(X;w)= X a(w)sin(dnX) (@ 3 F A AR
= ,’l'\ -"‘.¢ \ / N\}'l\,"\_
, S - . . , 0 0.2 ' .0.4. 0.6 0.8 1
Xo(XX'50)= 2, 2 Bon(@)Sin(Anx)sin(dn x'), (5) /o,
n=1ln=1

whereq,=n/L, andn is a positive integer. Substitutirg) FIG. 1. [am(w)| vs Rew) for three values ofj,, (m=2, 4, and
and (5) into (2), we obtain 6), for a simple well, with no internal potential. The frequencies are

in units wy with gg=hwy=21 meV. The Fermi energy isp=21
meV. The arrows indicate the successively increasing eigenmode

- - frequencies for a quasi-1D electron gas, for the corresporgling
2 [Snn = Bnn (@)v(dnr) Jan () = E Bnn(@)Eyr,
n'=1 n'=1

(6) IIl. INSTABILITIES IN BOUNDED SYSTEMS

where We first consider a simple well, with no internal potential,
and an equilibrium electron distributiomvhich cannot lead
4 (L L to an instability. We obtain the mode structure using the
Bow(@)=12 f dxf dx’ xo(X,X";@)sin(quX)sin(g,/X"),  formalism of Sec. Il. Figure 1 shows,,(»)| vs Réw) for
0 0 three values of),, (m=2, 4, and 6, Eq.(10). We normalize
() the distances bi,=52 A, and wave vectors byll4. For the
unit of energy we choose,=%%2m*L2=21 meV, with the
2€?L  [laglar2 effective mass for GaAan* =0.0665n,. The Bohr length
V()= xalg| fo dz Ko(2), ®  in this medium is approximately 104 A, ag is taken to be
3 half of that. We normalize the energy and frequenciegsy
gin this calculation, in these reduced units we tdke70,
a=1, g=1 (i.e.,L=3640 A, a=52 A, ande=21 meV in
L the normal units andy=0.02 (or 0.53 meV. The response
En:f dX' V(X' Sin(qpx"). (9)  spectrum consists of a series of peaks, corresponding to
0 standing plasma waves in the quasi-1D box. The two most
prominent peaks in each curve represent the strongest plas-

Ko(2) being the modified Bessel function of order zero, an

For Vex(X) = Vosin(@mX), mon resonances for a givay,. The oscillator strength be-
tween various peaks changes, so that this pair of peaks
En=(VoL/2)nm- (100  moves toward higher frequencies for increadipg This dis-

persion follows approximately the dispersion relation for a
The solution of Eq(6), for a,(w), is given symbolically by 1D plasmon'’ shown by the arrows in Fig. 1. With increas-

ing L or g, the number of possible resonances in the box

a=[1-Bv] !BE. (1) increases, and finally, for very lardge only one peak, which

follows the dispersion of a one-dimensional electron-gas
Our formalism may be compared to that of Das Sarma and1DEG) plasmon, will dominate the spectrum as expected.
Lai,’® who considered a guasi-one-dimensiohD) (infi- Now we consider a scheme which gives rise to an insta-
nite) electron gas. bility. The electron energy spectrum in the well is discrete

A normal mode of the system occurs when the chargewith e=%2n272/2m* L2, wheren is an integer. Levels below

density oscillation response at a given frequency becomes: are occupied. When additional electrons are injected into
large for an arbitrarily small external perturbation. A levels located well above the Fermi level, strong downwards
bounded system can have several normal modes, which caransitions will occur to the unoccupied states below, capable
be determined by examining the charge-density responsef generating plasmons, and an instability can occur. In order
[Eq. (4)] as a function of complew. The sign of the imagi- to maintain this population inversion in a steady state, it is
nary part of the frequencyy=Im(w), if negative, indicates necessary to extract carriers from the lowenoccupied
that the mode represents damped density oscillatiessa  band efficiently. To illustrate this effect, we inject electrons
result of various losses in the systerand if positive it rep- into a band of energies between=1.55 ande,=2.1. In
resents growing plasma oscillatiofisstability). When the  terms of the notation of Sec. fl.=1 for ¢;<e<e, and for
electron distribution is out of equilibrium, its excess energye<1, and is zero otherwise. The correspondjag(w)| vs
can lead to an instability. Note that, since the instability is aRe(w) for y=0.02 is shown by the dashed line in Fig. 2, for
“normal mode,” albeit with a complex, its characteristics m=6. Comparison of Fig. 2 with the corresponding curve of
do not depend on the form of the external poterigl(x). Fig. 1 reveals an additional resonancewat0.52 (i.e., 10.9
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FIG. 2. |ap(w)| vs Réw) for m=6, for a simple well(as in Fig. [ .4
1), with additional carrier injection into the band of energies be- o8k N
tween 32.5 and 44 meV. The frequencies are in umgs with i : S
go=hwy=21 meV. Curves for two differeny/s are shown. osk a o . =
o : <
S} [ <
meV) and w=0.73(15.3 me\}, while the double-peak struc- 3 0al ‘ £
ture (of Fig. 1) is shifted to higher frequencies as a result of r .
the increased electron density in the system due to injection. 0.2k
By changingy we can study the stability characteristics of i
these plasmon modes. We find that these feat(wes).52 o b e e e
and 0.73 represent unstable modes. Fo+0.52 there is a 0.6 0.8 1 1.2 1.4 1.6
pole at positivey=0.055 (i.e., 1.2 meV, as shown by a  ®) Ale,
dramatic enhancement of the density response and a reduc- _ _
tion in its width aty=0.055(solid line in Fig. 3. A similar FIG. 3. (a) The energy vs state indetb) Re(w) Vs A (triangles,

enhancement occurs far=0.73 andy=0.056. The double- andy vs A (filled circles for a square well with additional periodic
peaked structure, on the other hand, represents stable modggt,e““a' modulation of the fornA [1—sin(2mx/d)], with d=327
since their response becomes singular for vanishirithese . For (b), carriers are selectively injected into the second band of
unstable modes are the analogs of the current-driven acousfig" levels(evels 12-21

(unstablg modes we found in uniform as well as modulated _ o

systems in our earlier work® As in those cases, there is an between the second and first minibands must be larger than
energy gap in the distribution function in this scenario. Thethe energy gap between the second and third minibands; then
occurrence of two unstable modes, rather than one, is due € mode frequency lies between these two gaps e a
plasma wave reflections arising from the finite size of themaximum at a certain injection level. o
system. This is a robust instability, well in excess of the These calculations show the feasibility of achieving a
dissipative collision rate in a typical system. The growth rateStrong instability(in both schemes aboyevith a growth rate

of the instability can be further enhanced by choosing highefar in excess of the dissipative collision rates, which typi-
energies and a larger width for the injected band. cally do not exceed 0.5 meV for currently available samples

Another scheme for generating plasma instabilities inat low temperatures. Thus devices based on these ideas could

bounded systems is to introduce a deep potential modulatiope practical. We note that the energies and growth rates can
inside an empty quantum well. With deep enough modulabe scaled by changing the size)( and by changing the
tion, well-separated, narrow, minibands are formed. By in-strength of the modulation potentiah), for the second
jection into the second, or higher miniband, it is possible tosScheme. From the fabrication point of view, the first scheme
obtain downwards transitions which generate plasmons ifias the advantage that it does not need any internal potential
the injected carrier plasma. This scenario can be simulateghodulation, while the second does not require an occupied
by applying a periodically modulated potential of the form well; i.e., doping or other carrier generating schemes are not
A[1-sin(2mx/d)], with periodd, between the walls of our heeded.

model system. The corresponding ground-state single- We point out that the instabilites considered here are
particle energies are shown in Fig.(aB for period largely insensitive to the dimensionality of the system, as
d=2nL,=327 A, for different amplitudes of the potential long as a three-band population scenario is maintained
modulationA, and show the formation of narrow band struc- through proper injection and extraction schemes, and should
tures for sufficiently large valves @§. Selectively injecting be essentially unchanged in “fat” wire systems. Such sys-
carriers into the second band of ten leVistates 12—21; see tems are easier to fabricate, and would allow a larger level of
Fig. 3@)] for all cases, they for an unstable plasma mode vs njection.

A is shown in Fig.8). The growth ratey also depends oN,

the number of injec_ted states. For the casehefl.2 (i.e., IV. DISCUSSION

25.2 meV}, the maximumy=0.079(i.e., 1.66 meY occurs

for N=10, when the second band is fully occupied. General In order to achieve the generation of growing plasma
features of this instability are the following: the energy gapwaves in a bounded plasma, we propose to employ a vertical
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* mesa” structure, in which a quasi-1D electron plasma ismuch higher current can be employed. On the other hand,
confined in a quantum well, with injection from one side into since there are not true minigaps in a superlattice of 2DEG, it
a specified level, and extraction from the other side fromwill be necessary to have an extraction process which is
specified levels. One possibility is to employ two resonantfaster than the filling-up rate due to electron-phonon scatter-
tunneling energy filters, with proper energy levels. Anothering, so that the quasi-steady-state population arrangement
possibility involves periodical superlattices with proper ar-necessary for the instability can be maintained. Recent work
rangement of minibands so as to Bragg reflect, or transm®Y Faistetal™" lends support to this possibility; it was
electrons in and extract out from desired levels of the quanShown that a local population inversion in a quantum cascade
tum well (a similar arrangement was used by Faisal ). laser system, with no true minigap, was maintained in spite
Once the conditions for instability have been realized, aof strong electron-phonon scattering. : .

charge-density oscillation will develop in the active region. It IS Important to .not'e that our mechanism relies on the
This effectively constitutes an oscillating dipole which will Cllective-mode excitation of the system, to be contrasted

emit electromagentic radiation at the frequency of the plasm¥/'th the smgle-partlglei spé(])r;:caneous (Iem|55|on mec?}gmsm of
wave, if an efficient coupling scheme to free space can b € guantum cascade lasersis a result, one can achieve a
introduced(see below: much strongesstimulatedemission in which the collective

As a first priority it is important to prove the existence of mo\(:/e plays tr:]e roI.e of a Falcl)ry-Perot resonator. hich
the instability. At the onset of the instability a measurable e note that, in general, competing processes, whic

increase of the device current is expected, since another lo§guse _nonradlfatlve interminiband tran3|t|0r(electr(_)n-
channel is opened. Another means of detecting the ons@1°nOnN interactions, Auger processes,diave longer time

would be the observation of an absorption change Wheﬁcales than the injection/extraction and plasma-field-induced
sweeping an external frequency through the resonance. transition rates, and therefore it should be possible to main-

The plasma wave amplitude will saturate at a given valuéain the required carrier population arrangements to assure

determined through the onset of various loss mechanismig€ Instability. . .
(including nonlinear effecis when they match the growth Operation at temperatures above cryogenic levels is gen-

rate. The saturation level will determine the possible radia-‘:"r‘p"l.Iy possmle du_e to the cqllectmty (.)f the macrocharge
tion power. oscillations on which the device operation rests. Plasma ef-
An estimate of the emission power can be given, assumf_ects can naturally extend this operational principle to do-

ing state-of-the-art tunneling injection structures. Assumin%“ra“n of the microcharge oscillations. There is no

in-
an injected current of 0.1 mA for a-dum? A/lcm? mesa

inciple” restriction to cryogenic temperature operation for
structure, corresponding to a current density of Am?, ~ devices based on plasnteollective effects. The phenom-
and a voltage drop of 1 mV across the confined structure, w

non of plasma instability-induced stimulated emission as
can expect a radiation power of TOW if we assume a iscussed in this paper utilizes the principle of microcharge
quantum efficiency of 10°~10 2. By arranging an array of oscillations at the collective level. Devices based on these

devices which could in addition function as an antenna,'deas could operate at temperatures above cryogenic levels.

power levels in the range of 16-10* W are basically pos-
sible (for 1P structures

The basic phenomenon discussed here might be realized We wish to thank Stephen Walkauskas for computational
in other experimental arrangements as well. In principle, thénelp. This material is based upon work supported by the U.S.
instability might develop in a superlattice of 2DEG, with Army Research Office under Grant No. DAAH04-94-G-
potential modulation in the perpendicular direction as in our0052, and the European Research Office London under Grant
quasi-1D example. The advantage of such a system is thatho. N68171-96-C-9015.

ACKNOWLEDGMENTS

1A. B. Mikhailovskii, Theory of Plasma Instabilitie€Consultants ~ °J. Cen, K. Kempa, and P. Bakshi, Phys. Rev.38 10 051

Bureau, New York, 1974 Vol. 1; N. Krall and A. Trivelpiece, (1988.
Principles of Plasma Physid®icGraw-Hill, New York, 1973. °P. Bakshi, J. Cen, and K. Kempa, Solid State ComnTié 835
2D. C. Tsui, E. Gornik, and R. A. Logan, Solid State Comm. (1990.

7 . .
875(1980; R. Hopfel, G. Lindemann, E. Gornik, G. Stagh, A. K(.llggr]?pa, P. Bakshi, J. Cen, and H. Xie, Phys. Rev39273

C. Gossard, and W. Wiegmann, Surf. SI13 118(1982; E. 8y, ;o 'k kempa, and P. Bakshi, J. Appl. Phyi2, 4767(1992).
Gornik and R. Hopfel, AEU Electron. CommuB7, 213(1983. 9K. Kempa, P. Bakshi, and H. Xie, Phys. Rev4B, 9158(1993
3 - . i y . y - . y . b .
P. Bakshi and K. Kempa, Superlatt. Microstrut?, 363 (1995; 105, pasSarma and W. Lai, Phys. Rev3B 1401(1985.
see references therein for other early efforts. 113, Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson, M.
4p. Bakshi, J. Cen, and K. Kempa, J. Appl. Ph§4.2243(1988. S. Hybertsen, and A. Y. Cho, Phys. Rev. L&, 411(1996.



