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Intersubband electron transitions due to electron-electron interactions
in quantum-well structures
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We have developed a full random-phase approximation formalism, and an efficient computational scheme
for calculating the electron-electron scattering rates in quantum wells in nonequilibrium steady state, including
the full dynamic screening. We apply our formalism to quantum-well systems studied in two recent experi-
ments, which report different scattering rates for similar structures and similar carrier densities, and obtain
guantitative agreement with both experiments. We show that the observed difference in the scattering rates is
the result of different excitation levels in these experiments. We have also shown that the temperature depen-
dence of the intersubband electron-electron scattering rate in one of the experiments is dominated by the
higher-order, noncollective electron-electron scattering events at low temperature. We propose a scenario that
could lead to the dominance of the electron-plasrtmilective) scattering processes. One of the experimental
indications of this would be an activated temperature dependency of the intersubband electron-electron scat-
tering rate.

The electron-electron scattering processes in homoggshonon threshold showed that the intersubband relaxation
neous electron systems are well understood, at least in thates, due to electron-electron scattering, differed in the two
random-phase approximatidRPA),! and this has provided experiments by over an order of magnitude even though the
a quantitative understanding of the mean free path of elecstructures were similar, and had the same total electron den-
trons in metal$:® This is not the case in strongly inhomoge- sity. An extension of the experimental scenario of Ref. 10, to
neous systems, even in those with the translational symmetipclude a detailed study of temperature and density depen-
broken only in one dimension. Simplified approaches havalence of the scattering rate, has been given in Ref. 12.
been proposé@ to treat such systems, which emphasize the We present in this work a full RPA formalism, and an
single-particle(Augen nature of the electron-electron scat- efficient calculational scheme, for the electron-electron scat-
tering, but ignoré or phenomenologically approximatéhe  tering rate in quantum-well systems. This generalizes the
screening. A RPA-based approach, which includes effects girevious effort® and includes fully the dynamic screening
dynamical screening, was employed in Ref. 6 to study thevia a detailed calculation based on the self-energy formalism.
relaxation of the nonequilibrium electron distribution func- Such a complete treatment is essential for the proper justifi-
tion in a simple model quantum-well system. cation of the calculational scheme. Our analysis is relevant

Electron-electron scattering dominates the physics of carfor the nonequilibrium steady-state systems with significant
rier relaxation in quantum nanostructures for which the in-carrier populations. We apply this formalism to the experi-
tersubband separation is less than the LO-phonon energyental scenarios of Refs. 10-12.

(~36 meV in GaAs. Knowledge of the electron-electron  We consider here a nanostructure in which electrons are
scattering rates is therefore crucial in determining the electrapped, by an arbitrary confining potential, to a finite size
trical and thermal transport properties of such structuresdomain in thez direction, and are free to move in any direc-
This is especially important for structures used as active retion perpendicular ta. Assume, initially, that the energy
gions of devices designed for emission of radiation in thespectrum consists of only two subbands. Since we are inter-
THz frequency rang&:® Typically, these operate in a non- ested here in a nonequilibrium steady-state situation, we pro-
equilibrium steady state, and in some cases carry a largeeed as follows. First, we calculate the intersubband scatter-
electron population in the active region. Then the electroning rate for an equilibrium, nonzero temperature carrier
electron scattering becomethe limiting mechanism in distribution, using the Matsubara formalisnsecond(after
achieving population inversion. Of obvious interest here igperforming all Matsubara summatignsve identify the Fer-
the possibility of reducing those electron-electron scatteringnion distribution functions with the state occupation factors.
rates(by appropriate structure design, or excitation schemeFinally, we employ these state occupation factors for the
so that a significant intersubband population inversion can baonequilibrium steady state.

achieved. This could clear the way to a THz lasér. The averaged out scattering rate.,, of an electron in

Experiments show that the intersubband electron-electrothe upper of the two subbands=2), can be obtained from
scattering rates in semiconductor quantum-well systems cathe imaginary part of the corresponding self-energy, which in
be very high(of the order of 1 meY, almost approaching in the RPA has the following forn®
some circumstances the intersubband scattering rate due to 1
emission of LO honons. However, two recent / _ - ’ PN
experimentg%1! perfor&ed on two-subband quantum-well 2 (1t on)= wzm S om) Go(rr iy —iwon)
structures(with the intersubband separation below the LO- D
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where B=1KkT and the Matsubara frequencies, Im[S(r r'ow]
=2mmn/B, w,=(2n+1)7/B, wheren andm are integers. S(ryr'iwy) =~ —f or—w ()

The noninteracting propagator is given by

w)=2

Kn

The screened interactids(r,r’,
the Dyson equation

Vn(DWE (1) w), is given in the RPA by

w—E(K,n)+is’ @

Go(r,r',
whereK is the electron, in-plane, wave vectors1,2 is the
subband index, and=(R,z), whereR is the in-plane posi-
tion vector. The single-particle energy B(K,n)=K?/2m
+¢&, (mis the effective mass;,, is the electron energy as-
sociated with the motion imdirection. In this paper we also
seth=1. ¥, (r) is the corresponding single-particle eigen- where the Coulomb potentialir,r’)=e
function of the statK in the nth subband. We employ the ¢ is the dielectric constant of the semiconductor, and the
Lehman representation of the screened interaction: single-particle susceptibility is

S(I‘,I",w)ZU(I’,I")-‘rf dr”f dr”v(r,r"”)

X)(O(r”,r’”,w)S(r”’,r',w), (4)

(ne[K,n]=ng[KY,

N'JW (DWW (NP (1)

(r,r’,w)=z

Kn ’ w+

K'n

with the Fermi distribution function given byng[x]
=1/(e*#+1). The expectation value of the self-energy in the
stateK,n is

D(K,n)=f drj dr' >, (r,r' E[K,n]) W (NTE (r').
(6)

Finally, the averaged scattering rate of an electron in the

second subband is

'Yscat:_2<|m[D(K12)]>a (7)

where() denotes averaging over all states of the upper sub-

band o=2).

Performing the standard Matsubara summations, Foune

transforming the in-plane quantities usingxp(—iQR)],
and employing the cosine Fourier transfotfitSalongz, one
can show that

4 [ dQ
Yscat:< - ;f WF(l,ZQ)Im{Flﬂz}>, tS)
where
F(1,2Q)=ng[E(K,2)—E(K+Q,1)]
+ne[—E(K+Q,1)+ u] (9)

and ng[x]=1/(e*¥*—1) is the Bose-Einstein distribution
function with u the chemical potential.
The interaction functiod” is defined as

an'mm/:f dqf dq’'S(q,9",Q,®)Wnn (A) Wi (")
(10)
with Wnn/(q)zfdzcost)‘Ifn(z)‘If:,(z). It is calculated by

inverting the following matrix equation obtained from the
transformed Dyson equatidd):

E(K,n)—E(K",n")+i6 ©)

Comiir = En: 2 {Samm’nn’ _Xnn’(va)Cmm'nn’}an’ll’
nl

(1)

in which n,n’,m,m’ 1,1’ are all either 1 or 2. Explicitly,
Cmm’nn’:Bmm’nn’_[Q/(Zwe)z]Amm’Ann’ ) (12
Bmm’nn’:J dgqv ()W (Q)Whn (0), (13
Amm’zf dgu(q)Wnm (), (14

herev(q)=4me?/(q%+ Q?). The transformed susceptibil-
ity function x, which enters Eq(11), is obtained by combin-
ing results of Refs. 15 and 16,

2 1
Xnn (Q,w)= wzﬁnp[E(Km]x E

fdk
0

S
2Q
K+ K
ke—K

2wk |
yexpk?B)+1

X

(15

where

E(K+Q,n")]s+(w+i8)—sQ@}

(16)
andQ=|Q|/kg, Q=w/eg, andB=Be. The scaling fac-
tors are chosen to be the Fermi wave vedtpr, and the

Fermi energystkE/Zm, corresponding to the electron gas
of the same density &=0. v is obtained from

1
_E{[E(Kn)_

3T 3/2

fduln[1+yexp( u?)]=1. (17
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FIG. 1. Intersubband scattering rate vs intensity of the THz ra—Ci FI|G' 2. Interstubbandlsclattt.erlng zme vs tOt?rll electror_w der:s:ty.
diation. Circles represent our calculation and squares the experl reles represent our caiculation and squares the expenmental re-

mental results of Ref. 10. sults of Ref. 11.

Equation(11) can be easily solved by mapping of indices ~ Next, we apply our formalism to a similar double-well,
nn’—N, mm —M, andll’—L, and subsequently by in- two subband structure of Ref. 11. In this case, a laser beam is
verting the resultingin the case of two subbands oplg¢  used to excite electrons from the valence band into a narrow
X 4 matrix. The obtainedl is used in the integrand of E8) ~ window which overlaps with both subbands in the conduc-
to finally yield y¢. An extension to multipler{>2) sub- tion band. Since the excitation rate is very fast, the electron
bands is straightforward, and amounts essentially to increapopulation divides, essentially equalfgue to the constant
ing the range of the subband summations. density of states between the two subbands. The final result

To extend this formalism to the case of a steady-stat®f our calculation(circles is shown in Fig. 2, and is in a
nonequilibrium system, we first eliminate the Bose-Einsteingood, quantitative agreement with the experimojuares

distribution function from Eq(9) by employing the identity It should be emphasized that our calculations leading to
the results shown in both Figs. 1 and 2 employed only pa-

rameters that were specified by the experimental scenarios.
In the experiment of Ref. 10, for most of the radiation inten-
Then, we substitute all of the Fermi distribution functions for sities, the electron gas had a smaller population in the upper
the corresponding occupation factors, i.@z[E(K,n)] band, compared to the case of the experiment of Ref. 11.
—f(K,n). Then, a simple phase-space blocking argument, combined
In the experiments discussed below the scattering rateyith the quadratic scaling of the Auger procégsire two-
averaged out over the states of a given subband, is measurpdrticle, noncollective scatteripgvith the upper subband
for a given excitation condition. This justifies the averagingdensity, explains the smaller scattering rates measured in
procedure employed in Eq&) and(8), and also allows usto Ref. 10.
use, as a good approximation, the averaged adr thenth One of the results of the experiment reported in Ref. 10
subband value of f(K,n). Such an averaging procedure Was the temperature dependence of the intersubband scatter-
would be unjustified in the calculatiorisot performed hepe ing rate. It was suggested thags.,— A exp(—Eqx/KT)
of the nonequilibrium steady state, i.e., in calculations thattBexp(—Eg,/KT), with the activation energy E,;
aim at determiningf(K,n). Such calculations were per- =2.9meV for small temperatur@), andE,,=24 meV for
formed in Ref. 6 by employing a formalism essentially simi- large T. While E,, clearly is due to the emission of LO
lar to ours, combined with the transition rate balance equaphonons {, o=A+E,,=35meV), the origin of the lower
tions. activation energyE,; remained unexplained. In a later
We first apply our formalism to the experimental scenariostudy:? this low-temperature domain was studied in detail. It
of Ref. 10, where a double-well structure is remotely dopedywas shown that the temperature dependency in this very low
so that electrons occupy the lower subband up to the Fernii range <30K) is more complex than earlier suggested
level E;;=4 meV. A beam of THz radiation excites some of on the basis of a very limited number of data points. In fact,
the electrons to the upper subband. The intersubband sepathe scattering rate seems to folloW dependency, in the
tion isA=11meV. All other subbands in this structure are attemperature range 10KT<<30K, before saturating at the
least 100 meV above this doublet. The occupation of thdevel of 1¢ sec ! for T<10K (see Fig. 3, squargs
upper subbandlN5,) is controlled by the radiation intensity The results of our calculationsg/{.,vs T) for this case are
(1), and can be estimated from the electron flux balance beshown in Fig. 3(circles, together with the experimental re-
tween the two subband$; yty,=Nsyscas WhereN; is the  sults of Refs. 10 and 12squares Our calculations agree
lower subband population, ang,, proportional tdl, is the  well with the experiment in the window 10KT<30K. The
upconversion rate due to the THz radiation. Figure 1 showsigherobservedscattering rates outside this range are due to
our calculation(circles of vy, vs | compared with the ex- mechanisms not included in our calculatioig., emission
perimental resultgsquares The agreement is very good of LO phonons forT>30K, and acoustic phonons far
over the three orders of magnitude lof <10K). In Fig. 4 we separate the different contributions to

ng[B—AJ(Ne[A]—ne[B])=(1-ne[ADNe[B]. (18
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FIG. 3. Intersubband scattering rate vs temperature. Circles rep- F|G. 5. Absorption spectrum vs normalized frequeady. The
resent our calculation and squares the experimental results of Redolid line is forq=0.3:, dotted forq=0.6k;, and dashed foq
12. =1.XK.

our data in Fig. 3. The squares represent the full scatteringhe phase-space limitations on the allowed transitions. To
rate, diamonds represent Auger scattering, i.e., due to thelate this interpretation to our situation, we have calculated
static screening obtained by settiBgo v in the Dyson equa- the absorption spectrufi~Im Sw,q)]. We employed here
tion, and finally circles represent the difference between theéhe calculation scheme of Ref. 15. Figure 5 shows the ab-
two, i.e., scattering from plasmons and higher-order electronsorption spectrum for three representative wave veajors
electron processes. These results show that the lowFhe solid line shows that the spectrum for snals domi-
temperature expansion for each of these curves is of the formated by collective excitationghe intrasubband and inter-
a+bT2+---, wherea for each curve represents a small re- subband plasmohsvhich lie outside of the single-particle
sidual scattering rate at=0. In Fig. 4 this term has been excitation continua. Note that the peaks are very nafbe
subtracted for each curve. It is clear that for sniglthe  slight broadening is due to a small paramefer0.1 meV,
higher-order processesontribute strongly to the scattering used in Eq(5)], i.e., there is practically no Landau damping.
rate. The relative importance of these diminish for lar§ier This means that each electron has to be excited across a
For the parameters of the experimental scenario of Ref. 18onzero energy gaf the order of the depolarization shift

(aerial density of 18cm™?), however, even al=20K,  to emit a plasmon. On the other hand, for largdindicated

they amount to 50% of the total scattering rate.

by the dotted and broken lingghe plasmon resonances en-

The T2 scaling of the scattering rate is reminiscent ofter the single-particle continuaote the large broadening of
metallic behavior at low temperatutéand is entirely due to  the plasmon peaksand there is no need for an additional

scattering rate (arbitrary units)

0.001

T

0.1

0.01 |

‘ .10
T

excitation of an electron to emit a plasmégapless situa-
tion). Since in the experimental scenario of Refs. 10 and 12,
intersubband transitions from the upper band to the lower
one can occur only for largg (small g transitions are phase-
space blocked due to the large occupation of the lower sub-
band, the gapless scenario dominates the physics. The upper
band electrons therefore decay through the continuum of in-
termediate electron-hole states, as in the case of metals. This
explains theT? dependency for all of the three curves shown
in Fig. 4.

For the collective(plasma effects to dominate the decay
process, a scenario is needed which allows for downwards
transitions with very smalt. This will necessarily occur in
structures, where a strong population inversion exists, i.e.,
the lower subband is essentially empgsee Refs. P In this
case(see Fig. 5 fog=0.3kg), the absorption spectrum will
be dominated by the intersubband collective excitation
tersubband plasmonmvhich is separated from the edge of the

FIG. 4. Intersubband scattering vs temperature for calculatiorsingle-particle continuum by a small g&p(of the order of

with all diagrams includedsquarey including only the first RPA,
“ring,” i.e., Auger processescircles, and the contribution from all
“rings,” except the first ongdiamonds.

the depolarization shift We expect therefore an activated
behavior of the scattering rates, i.e., given by a Boltzman
factor y~exp(—E/KT), in this case.
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In conclusion, we have developed a full RPA formalism, propose a scenario of strong population inversion that can be
and an efficient computational scheme for calculating theachieved in a wide class of structures, which leads to domi-
electron-electron scattering rate in semiconductor nanostrugrance of the electron-plasmon scattering. One of the experi-
tures, which includes fully the dynamical screening effectsmental indications of this would be an activated dependency
Our calculations are in good quantitative agreement with repf electron-electron scattering.
cent experimental results, with no adjustable parameters. We
have also shown that the temperature dependence of the in- We wish to thank K. Bedell, A. Nazarenko, and K. Un-
tersubband electron-electron scattering rate in the quantunterrainer for helpful discussions. This work was supported by
well system of Refs. 10 and 12 is dominated by the higherthe U.S. Army Research Office under Grant No. DAAG55-
order electron-electron scatterings beloWw=20K. We  97-1-0021.

1G.D. MahanMany-Particle PhysicgéPlenum, New York, 1990 m. Hartig, S. Haacke, P. E. Selbmann, B. Deveaud, R. A. Taylor,

2¢C. Brundle, Surf. Sci48, 99 (1975. and L. Rota, Phys. Rev. Le®0, 1940(1998; M. Hartig, J. D.

3L. Marton, J. Simpson, H. Fowler, and N. Swanson, Phys. Rev. Ganiere, P. E. Selbmann, B. Deveaud, and L. Rota, Phys. Rev. B

, 126, 182(1966. 60, 1500(1999.

SV- Fal'’ko, Phys. Rev. B47, 13 585(1993. 123, N. Heyman, J. Barnhorst, K. Unterrainer, J. Williams, M. S.
P. Hyldgaard and J. Wilkins, Phys. Rev.53, 6889(1996. Sherwin, K. Campman, and A. C. Gossard, Physid&Bster-

6S. C. Lee and I. Galbraith, Phys. Rev.58, R16 025(1997). dam 2, 195(1998.

B. Williams, B. Xu, Q. Hu, and M. Melloch, Appl. Phys. Lef5, 133, C. InksonMany-Body Theory of Solidélenum, New York,

8 2927(1999. ) 1984; R. D. Mattuck,A Guide to Feynman Diagrams in the
M. Rochat, J. Faist, M. Beck, U. Oesterle, and M. llegems, Appl. Many-Body ProbleniMcGraw-Hill, New York, 1976.

Phys. Lett.73, 3724(1998. 14K. Kempa and W. L. Schaich, Phys. Rev.38, 547 (1986.

9 .
“Sassar, . Rauch, K. Uniorainer, and £ Gori. 3 A phye. " Kemea D: A Boido,C. Beckat, and . Cen, Pys. Rev. &
o . ' i e ’ " 40, 8385(1989; K. D. Tsuei, W. W. Plummer, A. Liebsch, E.

85, 3708(1999; P. Bakshi, K. Kempa, A. Scorupsky, C. G. Du, .
G. Feng, R. Zobl, G. Strasser, C. Rauch, Ch. Pacher, K. Unter:, Pehlke, K. Kempa, and P. Bakshi, Surf. Sp47, 302 (1991

i6 ;
rainer, and E. Gornik, Appl. Phys. Left5, 1685(1999. 17‘]' Cen, P,h'D' thesis, Boston College, 1990. -
103 N. Heyman, K. Unterrainer, K. Craig, B. Galdrikian, M. S. A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinshkilethods

Sherwin, K. Campman, P. F. Hopkins, and A. C. Gossard, Phys. ©f Quantum Field Theory in Statistical PhysidBover, New
Rev. Lett.74, 2682(1995. York, 1963.



