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Electron capture in quantum wells via scattering by electrons, holes, and optical phonons
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Electron-capture times due to the electron-electrese), electron-hole ¢-h), and electron-polar optical
phonon €-pop) interactions are calculated in the GaAs quantum W@W) with electron and hole densities
10 cm™2. The calculated capture times oscillate as a function of the QW width with the same period but with
different amplitudes. The-h capture time is two to four orders larger and #te capture time one to three
orders larger than the-pop capture time. The exceptions are the QW widths near resonance minima, where the
e-e capture time is only 2 3 times larger and the-h capture time 16100 times larger. A different physical
origin of the oscillatory behavior is demonstrated for éie ande-pop capture times. Effects of exchange and
degeneracy on the-e capture are analyzed. The exchange effect increasesdtwpture time approximately
two times while the degeneracy does not change the capture time except for the QW depths and widths near the
resonancelS0163-182606)01948-9

I. INTRODUCTION taken into account. Similarly to Ref. 9 the exchange effect
was not considered.

Electron capture represents the transition of an electron The exchange effect was previously included in the
from the state above the barrier into a bound state in théarrier-carrier ¢-c) thermalization of photoexcited spin-
quantum well(QW). In a QW laser the electrons and holes polarized two-dimensiondRD) carriers in the lowest energy
captured in the QW can create population inversion and pafevel of the GaAs QW?>*°In this case the inclusion of the
ticipate through mutual recombination in the laser actionexchange slows down the thermalization many times. Re-
Therefore, the shorter the capture time, the faster the creatigiently, the exchange has been incorporated into the intersub-
of population inversion, and the laser works at a lowerbandc-c scattering rate in the GaAs QW.
threshold current and/or with a better high-speed modulation In this work we wish to extend our previous calculations
characteristics. of the e-e interaction induced capture timéy taking into

Since in QW lasers the wavelengths of captured electrongccount the exchangéWe consider also the electron cap-
are comparable with the QW width and their coherencdure due to the electron-hole-) interaction where besides
length exceeds the barrier widththe classical diffusive the electron screening also the screening by the Holésn
model$ have to be replaced by quantum-mechani€ay)  neglected in similar analyzpss incorporated into the static
ones. Previous QM calculations predicted that the polar opscreening function. Finally, we analyze different physical
tical phonon (pop emission induced capture time in the origins of the oscillatory behavior of thee ande-pop cap-
single QW oscillate®® in dependence on the QW width. ture times.

These oscillations were observed in the separate confinement The e-h interaction-induced capture time in the SCHQW
heterostructure quantum welBCHQW),® in the multiple-  oscillates with the same period as e ande-pop capture
quantum-well structuréand in the QW structure with tunnel times but with a larger oscillation amplitude than the ampli-
barriers® tude of thee-e capture time. Thee-h capture time is even

The electron and hole capture processes are expected lrger in the oscillation minima. The degeneracy influences
play an important role in the optimization of QW laser per-the value of thes-e capture time only in the resonance. The
formance. The hole capture is faster due to the large holexchange effect increases its value two times outside the
effective mass and studies of the capture are therefore faesonance and about 10% in the resonance.
cused mainly on electror’§!! The difference between the In Sec. Il thee-h, e-e, and e-pop scattering rates are
electron and hole capture times tends to diminish during thelescribed including the effects of the exchange and degen-
capture procesédue to an electron-hole attraction and dueeracy in thee-e interaction. The calculated electron capture
to the ambipolar character of the capture. Minimization oftimes are discussed in Sec. Il and the results are summarized
the electron capture time can be achieved mainly by optimizin Sec. IV.
ing the QW width and depth. While the capture due to the
electron—pplar optical pho.none(p.o_p) intgraction i; QOmi— Il. CARRIER-CARRIER SCATTERING RATE
nant outside the oscillation minima, in the minima the
electron-electron €-e) interaction can play an important  Figure 1 shows the band edge profile of the SCHQW
role” and becomes dominant for high enough electron densistructure analyzed in this work. The structure consists of the
ties. Increasing influence of treee capture with increasing Al Ga,_, As/GaAs/ALGa;_ As QW  with 500-A
electron density in the QW was confirmed in Refs. 13 and 147l ,Ga; _,As barriers, embedded between two semiinfinite
where the electron degeneracy and the dynamic screeninyAs layers™*! The AlAs barrierV, is 1.07 eV. To have the
function in a coupled system of electrons and phonons werél ,Ga;_,As barrierV,, equal to 0.3 eV we take the alu-
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FIG. 1. Conduction-band edge diagrdethematit and geom- q q
etry of the separate confinement heterostructure quantum well con- q° qh
sidered in our calculations. — =Fh (o) —F%.(q), (4)
q q
minium contenix=0.30528 The carrier density in the QW is q"
— 1 2 -2 : H
Ns=10"-10*cm~2 and the lattice temperature is 8 K. The Gaj1n(@=FSNn(@)| 1+ —SFT?H(Q)}
same structure has been considered in previous q
analyzes:®%!!since it is of some interest for optical mea- o
Eg;esments of the capture time as well as for laser applica- _ ESF?Fln(q)F?_fll(Q)!
The c-c scattering rate in the structure is treated in the o e
Born approximation according to Ref. 17. Let the carder Hajin(d) =Fzj10(a) 1+E 11149)
occupy the subband with wave vectork,; and the carrier
B occupy the subbangwith wave vectork,. Due to a mu- qe
tual Coulomb interaction the carrier is scattered into the — _Spipln(q)Fg*fn(q),
subbandm with wave vectork; and the partner carrigs is q
scattered into the subbamdwith wave vectork;. The c-c am 4 U2 12
scattering rate of a carrier with wave vectoy from the q==|2g%+ 2r Egh_ 29| g%+ zr Egh cos|
subband to the subband can be obtained as 2 h h

®

1 and E"=Ef+E]-E;—E. In the above formulas

)\ﬁf(kl):@4zk A(k)Nmn(9), a,B=eh, (1)  the reduced effective mase,=2m,m,/(m,+my), the
b2 relative vector g=m,(k,/m,—k;/m), « is the static
permittivity, the electron and hole effective masses are
denoted asm, and m,, and the electron and hole
subband energies asE‘;(y:i,m) and E[;(ézj,n),
respectively. Finally, gS=e?m./(2m«k%?)f5(k,=0) and
ah=e’m,/(2mkh?) f(k,=0).
The form factors in Eq(3) are defined as

whereg=|k;—k,|. The summation ovek, is assumed to
include both spin orientations, the summation oygr in-
volves the subbands below the &a; _,As barrier.A is the
normalization areaf?(k,) is the Fermi distribution function
of the carriersB in the subband, and )\ﬁﬁn(g) is thec-c
pair scattering rate.

The electron capture time is reciprocal of the electron

capture rate, Fiimn(a)= f_wdzlf_wdzz)(i“(zl)xf(zz)
e~ Wzl i(2,) xf(2,),
IR UMY meAn
ot = ., n=eh, 2) a,f=eh, (6)
% f2(kq) where the wave functioy?, of the carriere in the subband
1K1

v(y=1i,j,m,n) is obtained assuming thedependent carrier
effective mass and the fldt band with parabolic energy

where the summation over(m) includes onlyethe subbands  gigpersion, both properly interpolated between GaAs and
above (below) the Al,Ga,_,As barrier andfi(k;) is the pjpg. 18

electron distribution in the subband

B. Electron-electron pair scattering rate

A. Electron-hole pair scattering rate The e-e pair scattering rate is found in a similar wésee

The e-h pair scattering rate is calculated considering thethe Appendix as thee-h pair scattering rate. Taking into
screening by electrons and holes occupying the lowestaccount only the screening by electrons in the lowest sub-
energy subbangsee the Appendijx It reads band, one gets



17732

30 T ‘r. T T T T

"

25} S -
‘o 4

£ 20} b -
2 V0

i 15F l.lv’/ ;..': E
o T

S ¥ ]
= g 2
i !

© sp I's : .'...' : alilg ]

& | "oy .
0 L L~ ) '
20 40 60 80 100 120

Quantum Well Thickness [A]

FIG. 2. e-e capture time as a function of QW width for various

static screening models. The capture time calculated using-the

scattering ratg7) (open trianglesis compared with the capture

times calculated using the-e scattering rat€12) screened by the
screening functiori8) with realisticF114(q) (full circles) and with
F1111(9)=1 (full squares.
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where the static screening functiefi(q) reads
(@) =1+(agq)Fif1(a)fi(k,=0), ®
1 am am 1/2 1/2
q= 5[2@12+ -7 ES—29| ¢°+ > ES| cosd| , (9)

andES=E{+Ej—Ef—ER. In Eq.(8) the static screening

by the holes is omitted assuming that the holes are too slo

(due to their large effective masgeto follow the fast

changes of electron positiof$This is a so-called quasidy-

namic screening model.

It is worth mentioning that the screenirige., the term
containing the screening functioef(q)] disappears in Eq.
(7) for those transitions in whichF{;(q)=0 and/or
Fi/1n(a)=0. This happens wheg(z,) is symmetric(anti-
symmetrig and x5,(z1) is antisymmetrigsymmetrig, and/or
when the same holds forj(z,) and xp(zo).

For example, when the QW contains two energy sub-
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FIG. 3. Electron capture time vs the QW width for thepop
interaction (full circles), the e-h interaction (open triangles the
e-e interaction without exchange effe@pen circleg and thee-e
interaction with exchange effe@trosses

oo P w
ieleml(q)Fifln(q)
into the fornt’
e (g Namee! [ Fn@f
ijmnl9 = 167732 o —qzee(q)z .

To justify the approximatior(11), the e-e capture times
calculated for various screening functions are compared in
Fig. 2. In this calculation the electron distribution function
(k) in the formula(2) was taken as a constant distribution
up to the pop energy above the M&a;_,As barrier, which
roughly models the injected barrier distribution after a rapid
\Bhonon cooling. The capture time obtained from the pair
scattering rat€¢12) with the screening functiofB) is almost
the same as the capture time obtained from the pair scattering
rate (7). If (following Ref. 19 we use Eg.(12) with
F{1149) =1 in the screening functio(8), the calculated cap-
ture time overestimates both capture times more than by
20%.

C. Electron-electron pair scattering rate
with degeneracy and exchange

To include the Pauli exclusion principle in tlee scat-

bands, the screening effect disappears for the transitiongring rate Eq(7) we can start from the equation

i,1—-1,2 (i=3,5,...). Then thee-e pair scattering rate
reads

Nsmee* (27 [FiaAa)]?
ee — P
Ni1d9)= 167Tﬁ3K2f0 de e : (10
Note that the same effect appears also indke pair scat-
tering rate(3).
After simple manipulations, the integrand in E{) can
be simplified assuming

Ngm.e?
N0 = g | ORI ko ko= k)]
[Fsﬁ"m(ql)]z
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h
X 8| 5 (ki+k3—ki®—ki®)+E§|, (13
e
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in which kj=k;+k,—k5. The § function simplifies the in-

3 ' Lxe 8 ()]
tegration ovek; in Eq. (13) and then thes-e pair scattering 10 3 T_f_?.‘l“;;:irjjff,. ©
rate with degeneracy is given by £ 0t :iiX )9 00 50 4 33*-::_'::,.»-""/ o
= -0 9...¢ ° B -
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1/2
plng + % D%+ A;L—T ES—4k kycosp| FIG. 4. (a) e-e capture time vs the QW width. The total capture
time from Fig. 3(open circlegis split into thee-e capture time to
12 state 1,1(full square$ and into thee-e capture time to states 1,2
:ED_ E D2+ 4—mEe—4k K and 2,1 (full triangles. (b) Squares of thee-e form factorsF;;,
P2=73 2 2 s 1 2008p| andF;,; vs the QW width forgq=3x10® m~2. (c) Squares of the

e-e form factorsF,;;; vs the QW width forq=3x10° m~2.
D=k;cos9+k,coq 6— ¢).
Ill. ELECTRON CAPTURE TIMES
The angle®) and ¢ in the above expressions are between the
wave vectork,,k; andkq,k,, respectively.

Electrons are indistinguishable particles. Therefore, th
scattering raté€7) should include the exchange efféBtAc-
cording to Ref. 17 the exchange can be incorporated into t
intersubbande-e scattering raté14) using the replacement

Figure 3 shows the electron capture time versus the QW
é(vidth for e-e, e-h, ande-pop interactions where, in the case
of the e-e interaction, the results obtained with and without
hghe exchange effect are distinguished. In these calculations

the function f{(k,) in formula (2) is taken as a constant
distribution up to the pop energy above the,8h; ,As

ee 2 ee 2 ee (7|2 barrier. The capture times oscillate with the QW width and
|F|]mn(ql)| 1 |F|]mn(QI)| |F|Jnm(ql )| . .

2 o012 3| " 2etia )2 T BCYSNEY) reach the minimum whenever a new bound state merges into
are®(ar) gie(an®  a/“e(ar) the QW? At small QW widths, when the QW contains only

one bound state, theh ande-e capture times increase with

_Fﬁfnn(%)Fﬁﬁm(Q() (15 an increasing QW width. At the QW widths at which the
a€%(q))a/ €(q)) |’ second bound state merges into the QWB()_A for holes,
46 A for electrony the e-h ande-e capture times decrease
where suddenly by several orders of magnitude. With a further in-
) 02 5 crease of the QW width the oscillatory behavior persists, but
q; =[p“+ki—2kipicog )] 1=1,2. the oscillations become smooth. To understand this feature
we split in Fig. 4a) the totale-e capture time from Fig. 3
D. Electron-polar optical phonon scattering rate into thee-e capture time to states 1(full squares and the

e-e capture time to states 1,2 and 2(full triangles. A
smooth decrease of the total capture time from its maximum
value atw= 73 A is due to the decrease of the capture time
to states 1,1 withw. This decrease is caused by the increase
2 S (q) of relevant form factor$Fig. 4(c)] with w. At the same time
f iimm(d (16) the capture time to state 1,2 and 2,1 increases witlue to
0 qe®(q) the decrease of relevant form factgrg. 4(b)] with w.
The behavior of the-pop capture time is quite different.
172 The decrease of the-pop capture time to its oscillation
' minima is smooth even when the first minimum appears. The
(17) e-pop capture time curve does not show a resonant drop for
the QW widths near the resonances, because the barrier elec-
where E§= Ei—En—Thw, fiw is the pop energy and., is  trons occupy the states below the threshold for the pop emis-
the high-frequency permittivity. To obtain theepop capture sion and cannot be scattered into the subband, which is in
time the same formula as E) can be used after replacing resonance with the top of the QW. A further increase of the
7 by pop. QW width shifts the resonant subband deeper into the QW

The e-pop scattering rate of an electron with wave vector
k, from subband to subbandm for a spontaneous phonon
emission only read&?!

ezwme( 1 1)

Nim (k) =g —7

Ko K

2m 2m 172
q=[2kf+h—zeE§—2k1 k§+h—zeE§) cosd
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FIG. 5. (a) e-pop capture time vs the QW width. The total
capture time from Fig. 3full circles) is split into thee-pop capture
time to state 1,1open squargsand into thee-pop capture time to
state 2,2(open triangles (b) The e-pop form factorsF;;», vs the
QW width forq=3x10° m~2. (c) The e-pop form factorsF;; ;; vs
the QW width forq=3x10° m~1.

and thee-pop scattering into this subband smoothly in-

ture time(full circles). Electron capture times for theee interaction
with exchange effect are also shown for the electron density 10
cm~2 (crossesand 132 cm™2 (plusses

tions by the same QW width as resonances measured in the
experiments. The direct comparison requires one to take into
account the ambipolar capture time, which can only be cal-

culated when the hole capture time is fitted to the experimen-

tal data®!?

To directly detect thee-e capture time it is necessary to

suppress thee-pop interaction. A proper structure for the

creases. The exception is a monoenergetic distribution wit§-POP interaction suppression is the structure with the QW

the energy close to the pop energy. In such casesthep

depth smaller than the pop energy. If in the time-resolved

scattering into the resonance subband is not prohibited and a

resonant decrease of theepop capture time takes platé.

2
Similarly to thee-e interaction case we split in Fig(& the W T JE
total e-pop capture time from Fig. 3 into thepop capture A,—A"QJ@;A 5‘
time to states 1,1open squargsand thee-pop capture time A”A"O'O’ Yl
to states 2,4open triangles Transitions to the highest sub- 10' NN = é e
band in the QW play always a more important role than'w ,A',@'@
transitions to the lower subbands. This fact explains the be= A/A O
havior of the relevant form factors in dependence on the QW“E’ 0 A o
width in Figs. §b) and 5c). s 4O
The total electron capture time that is, in fact, measured in® EI,A /,gf ]
an experiment can be obtained as 2 &8 ]
S0t o o« *?
o Te-eTe-pop 19 .’,Q--.".".“.\.\ o
SO et Tepop. ®-0 *¢ o
-2 1 1 N 1 N 1 N 1 1 N
In Fig. 6 thee-pop capture timgfull circles) is compared 10 005 010 015 020 025 030 0.35

with the total electron capture timéspen symbolsobtained
using thee-e capture time with exchange for the electron
densityNg= 10 and 13% cm~2. This figure depicts how the

Quantum Well Depth [eV]

FIG. 7. Electron capture time as a function of QW depth for the

e-e interaction affects the total electron capture time near tthW width of 46 A. Open circles are for thee interaction without
resonance and how its effect decreases the total electron cagsgeneracy and exchange effect, open squares are feretfiater-

ture time when the electron density is higher. A direct com-action with degeneracy, open triangles are for éhe interaction

parison of our total electron capture time with the with degeneracy and exchange effect, and full circles are for the
experiment$® is not possible because we use the step dise-pop interaction-induced capture time. In the calculations the dis-
tribution function for an active laser regime. Neverthelesstribution functionff(k,) in the capture time formulé) is the Bolt-

we have obtained the resonances in the capture time oscillamann distribution at the electron temperature 70 K.
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W U o RO I (19
5)(10_21 2 3 ‘4 All three terms in Eq(19) have almost the same magnitude,

Electron density [x10"" cm?] which we verify numerically. Consequently, the presence of
the third (interference term decreases the value of the ex-
FIG. 8. Electron capture time vs the electron density for the Qwpression(19) two times in comparison with the case when
with V,,=0.05 eV andv=46 A. Open circlegtriangles represent  the exchange effedt.e., the interference ternis neglected.
the capture time for the-e interaction without(with) degeneracy Finally, in the resonance the exchange increases the capture
and exchange effect, respectively, and full squares represent thame by only 10%. This is due to the fact that in the reso-
capture time for the-pop interaction. nance the values af andq’ strongly differ and the interfer-
ence term becomes much smaller than direct terms.
The effect of degeneracy on the capture time is negligible

optical experimefitsuch structure would be irradiated by a When the difference between the lowest-energy subband

short laser pulse, the excited carriers above the barrier wouf@P0ve the barrier and the highest-energy subband in the QW
is large compared to the quasi-Fermi energy of the electrons

thermalize to the Boltzmann distribution with the electron,

temperatureT, during several picosecorff€ and after that the QW. In such a case most of the final states in the QW
: : T are unoccupied and theee capture times with and without
they would be captured via theee interaction into the QW. .
. . egeneracy are quite close. Near the resonance, when the
Figure 7 shows the electron capture time versus the Q

. ighest-energy subband in the QW is close to the lowest
depth for the QW _W'dth, equal to 46, A. Here we assume thaEubband above the barrier, the degeneracy strongly reduces
the QW depth varies with the aluminum conteraccording

: > 18 - the number of available final states despite the fact that the
to the relationV,, = (0.9456+0.128&) eV.In this calcu-  highest subband is essentially unoccupied. This is due to the
lation the distribution functionff(k,) in the capture time fact that the electron captured in the highest subband of the
formula(2) is taken as the Boltzmann distribution function at Qw can exchange only a small amount of energy with the
the electron temperatufe,=70 K. This choice corresponds scattering partner in the lowest subband of the QW. The
to the assumption that the electrons are optically excited onlgavailable final states of the scattering partner are therefore
a few meV above the AlGa,;_,As barrier. Figure 7 also blocked by the 8-K Fermi distribution in the QW.
shows that the-e capture dominates if the QW depth is less
than 0.04 eV. The degeneracy and exchange affecethe IV. CONCLUSIONS
capture time substantially at a small QW depth.

The electron capture times from Fig. 8 illustrate the inclu- The e-h, e-e, ande-pop capture times have been calcu-
sion and exclusion of the degeneracy and exchange effect fated in the SCHQW for carrier densites of't@nd 16
the e-e interaction with an increasing electron density for theCm > All three capture times oscillate as a function of the
shallow QW (,,=0.05 eV,w=46 A). In such structures, QW width with the same _perlqd but with very different am-
recently also considered in Ref. 23, the capture time is of plitudes. Thee-h capture time is not only much greater than

similar importance as the-pop capture time for higher elec- ?ﬁ:-gognc?grtutrﬁe“m\?\/but dilhss g;i?t?;;h?ensgzzgzgtu{ﬁ the
tron densities although it was calculated including the degen-I v ; Q Wi Ny
. . : L resonance the-e interaction plays a role together with the
eracy and exchange effect in teee interaction, which in- . ; di h -~ h
creases the capture time by about two times e-pog interaction and improves the capture efficiency of the
Outside th i h ) ) QW.” Since the increase of the electron density decreases the
utside the resonance Ine exchange increases P~ ee capture time, it is expected that theh capture time will
ture time by about two times due to the following reasons. INyerease similarly. Therefore, the influence of éhe inter-
the case where both electrons are scattered into the sam@yion should be considered only for high density and in
subband h=n), all three terms in the substitutid@5) have esonances.
almost the same magnltuc(w/hlch we verify numerically We find that the electron capture time oscillates as a func-
because the values of andq’ are very close. In the case tjon of the depth and reaches the oscillation minimum when
where both electrons are scattered into different subbandgnew bound state merges into the QW. At the same time the
(m#n), it is necessary to take into account that the substieffect of the degeneracy and exchange effect oretbecap-
tution (15) is summed in formulagl) and(2) over the final  ture time have been studied. The degeneracy increases the
statesm andn. In the sum the terms with final statesn  capture time approximately 50% only in the resonant
andn,m can be rewritten as minima. The inclusion of the exchange effect into e
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interaction increases the-e capture time by about two
times. To illustrate the quantitative importance of the ex- (L+ASXS+ > CSf +E Coixp=B¢,
change effect found in this paper, we mention that the quan- I=11#p

titative changes due to the dynamic screening and coupling

between electrons and phondnst considered in this wojk p=12,....L,
are much smallel® Therefore, the exchange effect should be
considered in the-e interaction-induced capture.

er

F+(1+AD )x“+ E Cpkth
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7 Qiﬂ * ’ N 51\12 ” I a0 m\12a—Qlz' 27|
Anza dz'[¢{(Z")] dz'[¢(z")]%e :
APPENDIX: CARRIER-CARRIER INTERACTION o ﬂc

WITH MULTISUBBAND STATIC SCREENING

. . _ o /R aws 25-Ql | =
The statically screened intercarrier interaction in the mul- By’ ZKQJ_de [¢(z')] ’ . m=enh,
tisubband 2D systemV/(Q,z;,2,), can be obtained by solv-
ing the integral Poisson equatf

Q.’f o o
CiTjN?:EIledZ,[¢i”(2,)]Zfiocdzﬁ[quﬁ(z”)]z

7Q‘Zliz"‘ =
e o022 Xe ,  m,O=e,h.

V(Q!ZlIZZ):

2kQ Unlike the integral equatiofAl) the linear equations
QP = . (A2) can be easily solved. When the solutioxs are set

—IZl ) dZ'[¢f(2")]%e Au-7l back into the Eq(A1), one obtains the intercarrier interac-

tion V(Q,z1,2,) in a closed form:

xfx d2[65(2)PV(Q.2 \25)

o € —RIz21—2p
EK) QEJW h 2] R |

-2 5| dZl(z)Pe 9 L o

S -3 2" artgtaypeomr A2
|=1

><j:dz’(d;[‘(z’))ZV(Q,Z’,Zz), (A1) <o
_ k[~ i h/omy12 7Q\2172"\
kzzl—Q fﬁmdi[qﬁk(z )]%e

whereL (K) is the number of electrofthole) subbands, the Di+1(25)

first term on the right-hand side is the bar Coulomb interac- “—p

tion, the second and third terms describe the screening by

electrons and holes, respectively, and whereD;/D=x" is theith solution of the systenfAl) [ D,
and D are appropriate determinaftdhe Coulomb matrix
element

(A3)

2 2
Qf=5— 7 1f(k=0), Q=55 k(k=0) = (e
TK TK f_wdzlf_wdzz¢i(21)d)j(zz)\/(Q’Zl'22)¢m(21)¢n(22)

(A4)
are the 2D electron and 2D hole screening constants in the
Ith electron andth hole subband, respectively. is then easy to evaluate.
If the Coulomb potentialAl) is multiplied by the elec- The e-h scattering raté3) and thee-e scattering raté7)
tron wave functiong{ for 1=1,2,...,L and by the hole are obtained using the Coulomb matrix eleméat) for

wave function d)[} for k=1,2,... K, and then integrated L=K=1 and forL=1, K=0, respectively. Taking{=0 in
over 7', the following two sets of mutually coupled equa- the e-e interaction we neglect the screening by the holes.
tions are found: This corresponds to the so-called quasidynamic
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approximatiort,’ in which heavy holes are not able to follow sity of the carriers equal to ¥cm~=2 or 102 cm™2, the

the fast changes of electron positions. Finally, as in previoufattice temperature 8 )the quasiequilibrium carriers occupy
papers::1* we restrict ourselves to the screening by quasi-mainly the lowest subband of the QW. Therefore, we neglect
equilibrium carriers in the QW. In our conditiorfthe den- L andK greater than 1.
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