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We have considered the electron-plasmon interaction and intersubband resonance screening in a
quantum well with inverted subband occupation. We show that in such a system the intersubband
plasmon emission leads to an efficient deexcitation of the nonequilibrium initial state and raises the
occupation of states at the lower-subband bottom. Downshift and resonance narrowing of the
intersubband optical emission spectra are obtained and shown to be influenced by the process of
intersubband plasmon excitation. €998 American Institute of Physics.
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Relaxation of nonequilibrium charge carriers is impor- The above picture of the relaxation process has been
tant for the performance of many electron heterostructureleveloped for the normal ordering of subband filling when
devicest™ At low sheet electron concentrationdls  most of electrons occupy the lower subband steligs<n;.
<10 cm™ 2, the intrasubband relaxation insBs hetero-  Operation of the quantum cascade 1a€@€L)%° requires a
structures is determined basically by polar optical phonoronequilibrium state of the active quantum well with a sig-
and intrasubband—plasmon scattering processes, which bgificant population in the upper subbard,=n;+n,, in-
come comparable at the level of electron concentraben  cluding the situation with inverted subband occupatiog,
~10' cm2.! In laser heterostructures designed for optical~n_  In this letter we demonstrate that the inverted order of
transitions in the rangkw~150-300 meMRef. 9, the rel-  syphand occupation results in an effective relaxation mecha-
evant energy quantawp a’_]dﬁ“’élll)' are small compared  nism for nonequilibrium electrons in the lower subband due
with the subband separatiofip;, so that nonequilibrium 5 scattering by intersubband plasmon excitations of the
electrons entering the first subband after intersubband z_ﬁpper-subband electrons. In contrast to the cascade relax-

Shonorrl]-e?issionbbtracrjwsitiqn_s n:]ust s_ublserc]quently Cgslca%ﬁion by phonons and intrasubband plasmons, this one-step
own t e Irst subband emitting the OP“C"?‘ phonons an OW'scattering process efficiently fills the lower-subband bottom
energy intrasubband plasmons. The high-energy intersu

: . : baInd should be taken into consideration if one is interested in
band plasmon modey}?, being characterized by an anti-

. A T . . the realization of a high-gain QCL in the low-concentration
symmetric potential distribution, could participate in the 9.10

; . . . regime:
intersubband relaxation causing electron intersubband Z—fg We restrict ourselves to the two lowest parabolic sub-
transitions with a small momentum transfer. However, undeb : S P o

-~ R ) ._bands characterized by a Fermi-distributed population in the
the condition of Fermi filling of the first subband states, th|su er subbandN.~n. with the Fermi wave-vectok. and
kind of transition becomes possible only for high-energy pper s 'Iz'h - bband ol F tential
electrons in the second subband because of the upshift of ﬂferml energy er . € Intersubband plasmon potentia

e(21) _ iqr 7 7
energy of the intersubband collective excitatiofglas- ~ ¥p (% 1) = @21(2)€" coset causes polarization of the
mong®-8 electronic system in the second subband corresponding to the

admixture of lower-energy stateg;(z) from the first sub-
N.S band to the occupied second-subband staigz). Using
*Z[14+0(ga)]. (1) this induced charge distribution as a source in Poisson’s
Kok equatiorf we easily determine the intersubband plasmon en-
ergy Aol (q)~Ay—38,. This quantum turns out to be
Here, 6, and S are, respectively, the depolarization shift of smaller thanﬁwfmlz) due to the positive sign of the electric-
the intersubband excitation energy and depolarizatioie|d energy, which is a part of the energy of the collective
integral;"® and « is the dielectric constant. As a result, for intersubband excitation. In contrast to the system with nor-

electrons injected into the bottom of the second subband thga| subband occupatidifig. 1(a)], where the intersubband

2

e
ﬁwﬁz)(Q)%Azﬁ Sqr 04—

plasmon-assisted intersubband relaxation is negligible. plasmon excitation raises the ground-state-en&gypy in-
tersubband plasmon quantum, the polarization pro¢2ss
3Electronic mail: garik@sbee.sunysb.edu results in thelowering of the energy of the initial nonequi-
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FIG. 1. Spectrum of electron excitation in a two-subband system with nor-

mal (a) and inverted(b) ordering of subband occupation. The continuum FIG. 2. Approximate nonequilibrium distribution function for electrons in
single-particle excitations of the initial-stat®, is represented by shaded the first subband for subband depopulation timg,=1 ps and two values
regions and the dispersions of intrasubbafld,22 and intersubband of electron concentration,: (a) 1X 10 cm™2, (b)5x 10! cm™2. The in-
(12,27 collective excitations are shown by heavy solid lines. Dashed linesset shows the occupation probability for electron states near the first sub-
illustrate the scattering of an external elect(enby intersubband plasmon. band bottom as a function of electron concentratignfor two different

In the insets we show electron—electron scattering events, which are analqalues ofr; 4, (in ps).

gous to the electron—plasmon processes but are ineffective due to electron

wave-function orthogonalitya) or large momentum transféb) (Ref. 3.

A21ﬁwph— 61) (4)

WeeT1out

f(el)ocex;<—

librium state[Fig. 1(b)]. As a result, the scattering process
with intersubband plasmon emission in the inverted system (11) 1 \nd1d) : _
must include the intersubband 1-2 electron transition assd¥YNere Wee=Wg; '+ W™ is the total cascade cooling rate
ciated with the absorption of the deexcitation endﬁgﬁ”. for 1-1 intersubband relaxation processes. For an exemplary

In accordance with the random phase approximatiiRA) calculation, we consider an infinitely deep quantum well
the state of the inverted system with one excited intersubWith subband energy separatidry,=300 meV and width

band plasmon can be represented |[&—7%o{f(q)) anb4 7Innm3A.\S ?IA o sr?:gi'?erir?rln g rp;?(:n:ﬂ:{teri avceolr)ree;? c()::ltljcu 0
_ PO . et 47N 5AS. + Tl ph i
ZF(K)C1yrqC2x|Eo)- The expectation value of the first lated forT=0 K by the standard method using the dielectric

subband nl;mber operator in this state is tHed,C1x)  continuum modet! To simplify the model, the phonon spec-
=[F(k+a)|* , where the form-factoF (k) obeys the nor- . m has been approximated by bulk phonons, neglecting
malization conditior|F(k)|?= 1. This implies an effective phonon confinement effett? The electron concentration
increase of the first subband occupation by one electror}ange is chosen to bexs10°~5x 101 cm2, which is typi-
Sinceq<kg, this process fills the bottom states of the first .| tor the QCL® Phonon—plasmon coupling becomes im-
subband—to a good approximation uniformly. _ portant at higher concentration levil=10" cm ? (Ref.
Following Refs. 9 and 10, we suppose the depozplulatmri) and is neglected here. Figure 2 represents the distribution
of the first subband to be fast tunneling eVeniyrs 75. function for the electron population in the first subband cal-
Then, in a steady-state, one hag~n,iou/ 7in <Nz, culated for two values of electron sheet concentrafign
hence, the electron—plasmon scattering rates are determingg,o separate groups of electrons are readily seen in the first
essentially by the electron concentration in the second subs,pphand: “cool” electrons in the subband bottom and “hot”
band. The balance equation for the electrons occupying thgjectrons in high-energy states characterized by the distribu-
bottom of the first subbandwith partial concentratiomo)  tjon function(4). The inverted population of the high-energy

can be written in the form states is formed by cascade-like emission of optical phonons
m (A-fep, f(ey) No and intrgsubband plgsmons, whereas the subband bottom
WJ flT(T(E): o 2 sta'tes withk<kg are filled mos.tly QUe to the one—sj[ep events
th it Lout of intersubband plasmon excitation. We would like to em-

wheref(e,) is the electron distribution function in the first phasize that the latter process effectively fills precisely those

subband, normalized as states which are the final states for light-emitting
m transition$® (states withk<kg in the model considered
_zfﬁfhwphdflf(el):nl_no, here, restricting to some extent the value of inverted popu-
mhe < lation associated with laser action. This trend becomes more
7h2n, pronounced if the depopulation time,,, increases. The
f(e;<ep)=fo~ ey (3) inset in Fig. 2 shows the occupation numlbgrfor the bot-

tom states in the first subband as a function of the electron
and 1/rf)|21) is the electron scattering rate by intersubbandconcentratiom,, calculated for two different values of de-
plasmons,wﬁl). In the high-energy regioneg<e;<A,q, population time,r;,,, Namely, 1 and 2 ps.

the distribution functiorf(e,) is established by optical pho- We now turn to the optical characteristics in the quan-
non and intrasubband—plasmon-cascade emission and can toen well, which are substantially influenced by the intersub-

approximated by the simple expressidn band plasmon spectrum. In a system with normal ordering of
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first-subband bottom filling, which in our model occurs due
to the nonequilibrium intersubband plasmon excitation.

In Fig. 3 we show the results of exemplary gain spectra
calculations. Taking into account the resonance screening of
the light field (solid curve$ we obtain a substantial down-
shift of the gain peak position and the line narrowing analo-
gous to that observed in absorption spetir@ihe linewidth
at the half-maximum level is practically “pinned” at the
value 2hy. This agrees well with the experimental observa-
tions of the narrow spontaneous emission linewidth even for
high-temperature operating QCL heterostructdré<ur re-
sults show also the remarkable influence of the lower-
subband bottom filling on the gain peak position. The maxi-
mum shift of the gain spectrum is achieved at low value of
FIG. 3. Downshift and narrowing of the optical gain spectra due to thedepopulation timer; o,/~0.1 ps, which is typical for modern
depolarization effect in a quantum well with inverted subband occupationQCL design1,7 while the increase of,, leads to a more
Dashed curves represent calculations neglgcting the depolar[zation eﬁe&tffective filling of the subband bottorfsee Fig. 2 and re-
(«=0) for two values of electron concentratio: (a) 5x10° cm~2; (b) . . .
4x 10" cm 2. Solid curves labeled with the value of tunneling depopula- sults in substantial decrease of the peak shift.
tion time 7,4, (in p9 illustrate the influence of the first-subband bottom In conclusion, it is demonstrated that the collective ef-
filing on the gain spectrum am,=4x 10" cm 2. The low-temperature ~ fects in quantum wells with inverted subband occupation dif-
valuefy= 1 meV was taken for the polarization dephazing f&ef. 14.  fer significantly from those in normal systems. The excita-

tion of intersubband plasmons lowers the energy of the
the subband occupation the lightwave field screening by theonequilibrium initial state and opens a new relaxation chan-
electron gas leads to an upshift in the energy of the intersuliel for high-energy electrons in the lower subband. We have
band absorption spectruti.At high electron concentrations shown that the intersubband resonance screening of the light-
the absorption linewidth is considerably narrower than thevave electric field in these systems leads to both narrowing
single particle broadening determined by the nonparabolicityand anomalous downshift of the optical gain spectrum.
of the subband&**® We will show that for a quantum well .
with inverted subband occupation the depolarization field as- The authors would like to thank M. Hybertsen, R. Ka-

sociated with the nonequilibrium intersubband plasmon exZ2"nov. and V. Gorfinkel for helpful discussions. This work

citationSwﬁl) leads to a downshift of the emission peak andV&s supported by the U.S. Army Research Office under

a corresponding downshift and narrowing of the optical gainGram No. DAG55-97-1-0009.

spectra. For a two-subband model, following Refs. 14-16 we

obtain low-temperature long-wavelength susceptibility
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