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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-electron (e-e), electron-hole (e-h), and electron-polar optical
phonon (e-pop! interactions are calculated in the GaAs quantum well~QW! with electron and hole densities
1011 cm22. The calculated capture times oscillate as a function of the QW width with the same period but with
different amplitudes. Thee-h capture time is two to four orders larger and thee-e capture time one to three
orders larger than thee-pop capture time. The exceptions are the QW widths near resonance minima, where the
e-e capture time is only 223 times larger and thee-h capture time 102100 times larger. A different physical
origin of the oscillatory behavior is demonstrated for thee-e ande-pop capture times. Effects of exchange and
degeneracy on thee-e capture are analyzed. The exchange effect increases thee-e capture time approximately
two times while the degeneracy does not change the capture time except for the QW depths and widths near the
resonance.@S0163-1829~96!01948-6#
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I. INTRODUCTION

Electron capture represents the transition of an elec
from the state above the barrier into a bound state in
quantum well~QW!. In a QW laser the electrons and hol
captured in the QW can create population inversion and
ticipate through mutual recombination in the laser acti
Therefore, the shorter the capture time, the faster the crea
of population inversion, and the laser works at a low
threshold current and/or with a better high-speed modula
characteristics.

Since in QW lasers the wavelengths of captured electr
are comparable with the QW width and their coheren
length exceeds the barrier width,1 the classical diffusive
models2,3 have to be replaced by quantum-mechanical~QM!
ones. Previous QM calculations predicted that the polar
tical phonon ~pop! emission induced capture time in th
single QW oscillates4,5 in dependence on the QW width
These oscillations were observed in the separate confine
heterostructure quantum well~SCHQW!,6 in the multiple-
quantum-well structure,7 and in the QW structure with tunne
barriers.8

The electron and hole capture processes are expecte
play an important role in the optimization of QW laser pe
formance. The hole capture is faster due to the large h
effective mass and studies of the capture are therefore
cused mainly on electrons.9–11 The difference between th
electron and hole capture times tends to diminish during
capture process12 due to an electron-hole attraction and d
to the ambipolar character of the capture. Minimization
the electron capture time can be achieved mainly by optim
ing the QW width and depth. While the capture due to
electron-polar optical phonon (e-pop! interaction is domi-
nant outside the oscillation minima, in the minima t
electron-electron (e-e) interaction can play an importan
role9 and becomes dominant for high enough electron de
ties. Increasing influence of thee-e capture with increasing
electron density in the QW was confirmed in Refs. 13 and
where the electron degeneracy and the dynamic scree
function in a coupled system of electrons and phonons w
540163-1829/96/54~24!/17730~8!/$10.00
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taken into account. Similarly to Ref. 9 the exchange eff
was not considered.

The exchange effect was previously included in t
carrier-carrier (c-c) thermalization of photoexcited spin
polarized two-dimensional~2D! carriers in the lowest energ
level of the GaAs QW.15,16 In this case the inclusion of the
exchange slows down the thermalization many times.
cently, the exchange has been incorporated into the inter
bandc-c scattering rate in the GaAs QW.17

In this work we wish to extend our previous calculatio
of the e-e interaction induced capture time9 by taking into
account the exchange.17 We consider also the electron ca
ture due to the electron-hole (e-h) interaction where beside
the electron screening also the screening by the holes~often
neglected in similar analyzes! is incorporated into the static
screening function. Finally, we analyze different physic
origins of the oscillatory behavior of thee-e ande-pop cap-
ture times.

Thee-h interaction-induced capture time in the SCHQ
oscillates with the same period as thee-e ande-pop capture
times but with a larger oscillation amplitude than the amp
tude of thee-e capture time. Thee-h capture time is even
larger in the oscillation minima. The degeneracy influenc
the value of thee-e capture time only in the resonance. Th
exchange effect increases its value two times outside
resonance and about 10% in the resonance.

In Sec. II thee-h, e-e, and e-pop scattering rates ar
described including the effects of the exchange and deg
eracy in thee-e interaction. The calculated electron captu
times are discussed in Sec. III and the results are summar
in Sec. IV.

II. CARRIER-CARRIER SCATTERING RATE

Figure 1 shows the band edge profile of the SCHQ
structure analyzed in this work. The structure consists of
Al xGa12xAs/GaAs/AlxGa12xAs QW with 500-Å
Al xGa12xAs barriers, embedded between two semiinfin
AlAs layers.1,11 The AlAs barrierVb is 1.07 eV. To have the
Al xGa12xAs barrierVw equal to 0.3 eV we take the alu
17 730 © 1996 The American Physical Society
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54 17 731ELECTRON CAPTURE IN QUANTUM WELLS VIA . . .
minium contentx50.305.18 The carrier density in the QW is
NS51011–1012 cm22 and the lattice temperature is 8 K. The
same structure has been considered in previo
analyzes,1,6,9,11 since it is of some interest for optical mea-
surements of the capture time as well as for laser applic
tions.

The c-c scattering rate in the structure is treated in th
Born approximation according to Ref. 17. Let the carriera
occupy the subbandi with wave vectork1 and the carrier
b occupy the subbandj with wave vectork2. Due to a mu-
tual Coulomb interaction the carriera is scattered into the
subbandm with wave vectork18 and the partner carrierb is
scattered into the subbandn with wave vectork28 . The c-c
scattering rate of a carrier with wave vectork1 from the
subbandi to the subbandj can be obtained as

l im
ab~k1!5

1

NSA
(
j ,n,k2

f j
b~k2!l i jmn

ab ~g!, a,b5e,h, ~1!

whereg5uk12k2u. The summation overk2 is assumed to
include both spin orientations, the summation overj ,n in-
volves the subbands below the AlxGa12xAs barrier.A is the
normalization area,f j

b(k2) is the Fermi distribution function
of the carriersb in the subbandj , andl i jmn

ab (g) is the c-c
pair scattering rate.

The electron capture time is reciprocal of the electro
capture rate,

te2h
21 5

(
i ,m,k1

f i
e~k1!l im

eh~k1!

(
i ,k1

f i
e~k1!

, h5e,h, ~2!

where the summation overi (m) includes only the subbands
above ~below! the AlxGa12xAs barrier andf i

e(k1) is the
electron distribution in the subbandi .

A. Electron-hole pair scattering rate

The e-h pair scattering rate is calculated considering th
screening by electrons and holes occupying the lowe
energy subband~see the Appendix!. It reads

FIG. 1. Conduction-band edge diagram~schematic! and geom-
etry of the separate confinement heterostructure quantum well c
sidered in our calculations.
s
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l i jmn
eh ~g!5

NSmre
4

16p\3k2E
0

2p

du

3FFi jmn
eh ~q!2

qs
e

qeeh~q!
Fi1m1
ee ~q!G1 j1n~q!

1
qs
h

qeeh~q!
Fi1m1
eh ~q!H1 j1n~q!G2q22, ~3!

where thee-h static screening functioneeh(q) is given by

eeh~q!5S 11
qs
e

q
F1111
ee ~q! D S 11

qs
h

q
F1111
hh ~q! D

2
qs
e

q
F1111
eh ~q!

qs
h

q
F1111
he ~q!, ~4!

G1 j1n~q!5F1 j1n
eh ~q!F11

qs
h

q
F1111
hh ~q!G

2
qs
h

q
F1 j1n
hh ~q!F1111

he ~q!,

H1 j1n~q!5F1 j1n
hh ~q!F11

qs
e

q
F1111
ee ~q!G

2
qs
e

q
F1 j1n
eh ~q!F1111

eh ~q!,

q5
1

2 F2g21 4mr

\2 ES
eh22gS g21 4mr

\2 ES
ehD 1/2cosuG1/2,

~5!

and ES
eh5Ei

e1Ej
h2Em

e 2En
h . In the above formulas

the reduced effective massmr52memh /(me1mh), the
relative vector g5mr(k2 /mh2k1 /me), k is the static
permittivity, the electron and hole effective masses
denoted asme and mh , and the electron and hol
subband energies asEg

e(g5 i ,m) and Ed
h(d5 j ,n),

respectively. Finally, qs
e5e2me /(2pk\2) f 1

e(k250) and
qs
h5e2mh /(2pk\2) f 1

h(k250).
The form factors in Eq.~3! are defined as

Fi jmn
ab ~q!5E

2`

`

dz1E
2`

`

dz2x i
a~z1!x j

b~z2!

3e2quz12z2uxm
a ~z1!xn

b~z2!,

a,b5e,h, ~6!

where the wave functionxg
a of the carriera in the subband

g(g5 i , j ,m,n) is obtained assuming thex-dependent carrier
effective mass and the flatG band with parabolic energy
dispersion, both properly interpolated between GaAs a
AlAs.18

B. Electron-electron pair scattering rate

Thee-e pair scattering rate is found in a similar way~see
the Appendix! as thee-h pair scattering rate. Taking into
account only the screening by electrons in the lowest s
band, one gets

n-
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l i jmn
ee ~g!5

NSmee
4

16p\3k2E
0

2p

du

3FFi jmn
ee ~q!2

qs
e

qee~q!
Fi1m1
ee ~q!F1 j1n

ee ~q!G2q22,

~7!

where the static screening functionee(q) reads

ee~q!511~qS
e/q!F1111

ee ~q! f 1
e~k150!, ~8!

q5
1

2 F2g21 4me

\2 ES
e22gS g21 4me

\2 ES
eD 1/2cosuG1/2, ~9!

andES
e5Ei

e1Ej
e2Em

e 2En
e . In Eq. ~8! the static screening

by the holes is omitted assuming that the holes are too s
~due to their large effective masses! to follow the fast
changes of electron positions.15 This is a so-called quasidy
namic screening model.

It is worth mentioning that the screening@i.e., the term
containing the screening functionee(q)# disappears in Eq
~7! for those transitions in whichFi1m1

ee (q)50 and/or
F1 j1n
ee (q)50. This happens whenx i

e(z1) is symmetric~anti-
symmetric! andxm

e (z1) is antisymmetric~symmetric!, and/or
when the same holds forx j

e(z2) andxn
e(z2).

For example, when the QW contains two energy s
bands, the screening effect disappears for the transit
i ,1→1,2 (i53,5, . . . ). Then thee-e pair scattering rate
reads

l i112
ee ~g!5

NSmee
4

16p\3k2E
0

2p

du
@Fi112

ee ~q!#2

q2
. ~10!

Note that the same effect appears also in thee-h pair scat-
tering rate~3!.

After simple manipulations, the integrand in Eq.~7! can
be simplified assuming

FIG. 2. e-e capture time as a function of QW width for variou
static screening models. The capture time calculated using thee-e
scattering rate~7! ~open triangles! is compared with the captur
times calculated using thee-e scattering rate~12! screened by the
screening function~8! with realisticF1111(q) ~full circles! and with
F1111(q)51 ~full squares!.
w

-
ns

Fi jmn
ee ~q!F1111

ee ~q!

Fi1m1
ee ~q!F1 j1n

ee ~q!
'1 ~11!

into the form17

l i jmn
ee ~g!5

NSmee
4

16p\3k2E
0

2p

du
uFi jmn

ee ~q!u2

q2ee~q!2
. ~12!

To justify the approximation~11!, the e-e capture times
calculated for various screening functions are compared
Fig. 2. In this calculation the electron distribution function
f i
e(k1) in the formula~2! was taken as a constant distribution
up to the pop energy above the AlxGa12xAs barrier, which
roughly models the injected barrier distribution after a rap
phonon cooling.5 The capture time obtained from the pai
scattering rate~12! with the screening function~8! is almost
the same as the capture time obtained from the pair scatter
rate ~7!. If ~following Ref. 19! we use Eq. ~12! with
F1111
ee (q)51 in the screening function~8!, the calculated cap-

ture time overestimates both capture times more than
20%.

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

To include the Pauli exclusion principle in thee-e scat-
tering rate Eq.~7! we can start from the equation

l i jmn
ee ~g!5

NSmee
4

8p\3k2E dk28@12 f m
e ~k11k22k28!#

3@12 f n
e~k28!#

@Fi jmn
ee ~ql !#

2

ql
2ee~ql !

2

3dS \2

2me
~k1

21k2
22k18

22k28
2!1ES

eD , ~13!

FIG. 3. Electron capture time vs the QW width for thee-pop
interaction ~full circles!, the e-h interaction ~open triangles!, the
e-e interaction without exchange effect~open circles!, and thee-e
interaction with exchange effect~crosses!.
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54 17 733ELECTRON CAPTURE IN QUANTUM WELLS VIA . . .
in which k185k11k22k28 . Thed function simplifies the in-
tegration overk28 in Eq. ~13! and then thee-e pair scattering
rate with degeneracy is given by

l i jmn
ee ~g!5

NSmee
4

8p\3k2(
l51

2 E
0

2p

du
pl

uD22pl u
@12 f m

e ~r l !#

3@12 f n
e~pl !#

@Fi jmn
ee ~ql !#

2

ql
2ee~ql !

2 , ~14!

where

ql5@pl
21k2

222k2plcos~u2f!#1/2, l51,2

r l5@k1
21k2

21pl22k1k2cosf22k1plcosu

12k2plcos~u2f!#1/2,

p15
1

2
D1

1

2 FD21
4m

\2 ES
e24k1k2cosf G1/2,

p25
1

2
D2

1

2 FD21
4m

\2 ES
e24k1k2cosf G1/2,

D5k1cosu1k2cos~u2f!.

The anglesu andf in the above expressions are between
wave vectorsk1 ,k28 andk1 ,k2, respectively.

Electrons are indistinguishable particles. Therefore,
scattering rate~7! should include the exchange effect.15 Ac-
cording to Ref. 17 the exchange can be incorporated into
intersubbande-e scattering rate~14! using the replacement

uFi jmn
ee ~ql !u2

ql
2ee~ql !

2 °
1

2 F uFi jmn
ee ~ql !u2

ql
2ee~ql !

2 1
uFi jnm

ee ~ql8!u2

ql8
2ee~ql8!2

2
Fi jmn
ee ~ql !Fi jnm

ee ~ql8!

qle
e~ql !ql8e

e~ql8! G , ~15!

where

ql85@pl
21k1

222k1plcos~u!#1/2, l51,2.

D. Electron-polar optical phonon scattering rate

Thee-pop scattering rate of an electron with wave vec
k1 from subbandi to subbandm for a spontaneous phono
emission only reads20,21

l im
e-pop~k1!5

e2vme

8p\2 S 1

k`
2
1

k D E
0

2p

du
Fiimm
ee ~q!

qee~q!
, ~16!

q5F2k121 2me

\2 ES
P22k1S k1212me

\2 ES
PD 1/2cosuG1/2,

~17!

whereES
P5Ei2Em2\v, \v is the pop energy andk` is

the high-frequency permittivity. To obtain thee-pop capture
time the same formula as Eq.~2! can be used after replacin
h by pop.
e

e

e

r

III. ELECTRON CAPTURE TIMES

Figure 3 shows the electron capture time versus the Q
width for e-e, e-h, ande-pop interactions where, in the cas
of the e-e interaction, the results obtained with and witho
the exchange effect are distinguished. In these calculat
the function f i

e(k1) in formula ~2! is taken as a constan
distribution up to the pop energy above the AlxGa12xAs
barrier. The capture times oscillate with the QW width a
reach the minimum whenever a new bound state merges
the QW.9 At small QW widths, when the QW contains onl
one bound state, thee-h ande-e capture times increase wit
an increasing QW width. At the QW widths at which th
second bound state merges into the QW (;30 Å for holes,
46 Å for electrons!, thee-h ande-e capture times decreas
suddenly by several orders of magnitude. With a further
crease of the QW width the oscillatory behavior persists,
the oscillations become smooth. To understand this fea
we split in Fig. 4~a! the totale-e capture time from Fig. 3
into thee-e capture time to states 1,1~full squares! and the
e-e capture time to states 1,2 and 2,1~full triangles!. A
smooth decrease of the total capture time from its maxim
value atw573 Å is due to the decrease of the capture tim
to states 1,1 withw. This decrease is caused by the increa
of relevant form factors@Fig. 4~c!# with w. At the same time
the capture time to state 1,2 and 2,1 increases withw due to
the decrease of relevant form factors@Fig. 4~b!# with w.

The behavior of thee-pop capture time is quite different
The decrease of thee-pop capture time to its oscillation
minima is smooth even when the first minimum appears. T
e-pop capture time curve does not show a resonant drop
the QW widths near the resonances, because the barrier
trons occupy the states below the threshold for the pop em
sion and cannot be scattered into the subband, which i
resonance with the top of the QW. A further increase of
QW width shifts the resonant subband deeper into the Q

FIG. 4. ~a! e-e capture time vs the QW width. The total captu
time from Fig. 3~open circles! is split into thee-e capture time to
state 1,1~full squares! and into thee-e capture time to states 1,2
and 2,1 ~full triangles!. ~b! Squares of thee-e form factorsFi112

andFi121 vs the QW width forq533108 m21. ~c! Squares of the
e-e form factorsFi111 vs the QW width forq533108 m21.
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and the e-pop scattering into this subband smoothly in
creases. The exception is a monoenergetic distribution w
the energy close to the pop energy. In such case thee-pop
scattering into the resonance subband is not prohibited an
resonant decrease of thee-pop capture time takes place.14

Similarly to thee-e interaction case we split in Fig. 5~a! the
total e-pop capture time from Fig. 3 into thee-pop capture
time to states 1,1~open squares! and thee-pop capture time
to states 2,2~open triangles!. Transitions to the highest sub
band in the QW play always a more important role tha
transitions to the lower subbands. This fact explains the
havior of the relevant form factors in dependence on the Q
width in Figs. 5~b! and 5~c!.

The total electron capture time that is, in fact, measured
an experiment can be obtained as

te-tot5
te-ete-pop

te-e1te-pop
. ~18!

In Fig. 6 thee-pop capture time~full circles! is compared
with the total electron capture times~open symbols! obtained
using thee-e capture time with exchange for the electro
densityNS51011 and 1012 cm22. This figure depicts how the
e-e interaction affects the total electron capture time near t
resonance and how its effect decreases the total electron
ture time when the electron density is higher. A direct com
parison of our total electron capture time with th
experiments6–8 is not possible because we use the step d
tribution function for an active laser regime. Nevertheles
we have obtained the resonances in the capture time osc

FIG. 5. ~a! e-pop capture time vs the QW width. The tota
capture time from Fig. 3~full circles! is split into thee-pop capture
time to state 1,1~open squares! and into thee-pop capture time to
state 2,2~open triangles!. ~b! The e-pop form factorsFii 22 vs the
QW width for q533108 m21. ~c! Thee-pop form factorsFii 11 vs
the QW width forq533108 m21.
th

a

e-

in

e
ap-
-

-
,
la-

tions by the same QW width as resonances measured in th
experiments. The direct comparison requires one to take int
account the ambipolar capture time, which can only be cal
culated when the hole capture time is fitted to the experimen
tal data.6,12

To directly detect thee-e capture time it is necessary to
suppress thee-pop interaction. A proper structure for the
e-pop interaction suppression is the structure with the QW
depth smaller than the pop energy. If in the time-resolved

FIG. 6. Total electron capture times vs the QW width for the
electron density 1011 cm22 ~open triangles! and for the electron
density 1012 cm22 ~open circles! are compared with thee-pop cap-
ture time~full circles!. Electron capture times for thee-e interaction
with exchange effect are also shown for the electron density 1011

cm22 ~crosses! and 1012 cm22 ~plusses!.

FIG. 7. Electron capture time as a function of QW depth for the
QW width of 46 Å. Open circles are for thee-e interaction without
degeneracy and exchange effect, open squares are for thee-e inter-
action with degeneracy, open triangles are for thee-e interaction
with degeneracy and exchange effect, and full circles are for the
e-pop interaction-induced capture time. In the calculations the dis
tribution functionf i

e(k1) in the capture time formula~2! is the Bolt-
zmann distribution at the electron temperature 70 K.
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54 17 735ELECTRON CAPTURE IN QUANTUM WELLS VIA . . .
optical experiment6 such structure would be irradiated by
short laser pulse, the excited carriers above the barrier w
thermalize to the Boltzmann distribution with the electr
temperatureTe during several picoseconds6,22 and after that
they would be captured via thee-e interaction into the QW.
Figure 7 shows the electron capture time versus the
depth for the QW width equal to 46 Å. Here we assume t
the QW depth varies with the aluminum contentx according
to the relationVw5(0.9456x10.1288x2) eV.18 In this calcu-
lation the distribution functionf i

e(k1) in the capture time
formula~2! is taken as the Boltzmann distribution function
the electron temperatureTe570 K. This choice correspond
to the assumption that the electrons are optically excited o
a few meV above the AlxGa12xAs barrier. Figure 7 also
shows that thee-e capture dominates if the QW depth is le
than 0.04 eV. The degeneracy and exchange affect thee-e
capture time substantially at a small QW depth.

The electron capture times from Fig. 8 illustrate the inc
sion and exclusion of the degeneracy and exchange effe
thee-e interaction with an increasing electron density for t
shallow QW (Vw50.05 eV,w546 Å!. In such structures
recently also considered in Ref. 23, thee-e capture time is of
similar importance as thee-pop capture time for higher elec
tron densities although it was calculated including the deg
eracy and exchange effect in thee-e interaction, which in-
creases the capture time by about two times.

Outside the resonance the exchange increases thee-e cap-
ture time by about two times due to the following reasons
the case where both electrons are scattered into the s
subband (m5n), all three terms in the substitution~15! have
almost the same magnitude~which we verify numerically!
because the values ofq and q8 are very close. In the cas
where both electrons are scattered into different subba
(mÞn), it is necessary to take into account that the sub
tution ~15! is summed in formulas~1! and ~2! over the final
statesm andn. In the sum the terms with final statesm,n
andn,m can be rewritten as

FIG. 8. Electron capture time vs the electron density for the Q
with Vw50.05 eV andw546 Å. Open circles~triangles! represent
the capture time for thee-e interaction without~with! degeneracy
and exchange effect, respectively, and full squares represen
capture time for thee-pop interaction.
ld
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1

2 F uFi jmn~q!u2

q2e~q!2
1

uFi jnm~q!u2

q2e~q!2 G
1
1

2 F uFi jnm~q8!u2

q82e~q8!2
1

uFi jmn~q8!u2

q82e~q8!2 G
2
1

2 FFi jmn~q!Fi jnm~q8!

qe~q!q8e~q8!
1
Fi jnm~q!Fi jmn~q8!

qe~q!q8e~q8! G .
~19!

All three terms in Eq.~19! have almost the same magnitud
which we verify numerically. Consequently, the presence
the third ~interference! term decreases the value of the e
pression~19! two times in comparison with the case whe
the exchange effect~i.e., the interference term! is neglected.
Finally, in the resonance the exchange increases the cap
time by only 10%. This is due to the fact that in the res
nance the values ofq andq8 strongly differ and the interfer-
ence term becomes much smaller than direct terms.

The effect of degeneracy on the capture time is negligi
when the difference between the lowest-energy subb
above the barrier and the highest-energy subband in the
is large compared to the quasi-Fermi energy of the electr
in the QW. In such a case most of the final states in the Q
are unoccupied and thee-e capture times with and withou
degeneracy are quite close. Near the resonance, when
highest-energy subband in the QW is close to the low
subband above the barrier, the degeneracy strongly red
the number of available final states despite the fact that
highest subband is essentially unoccupied. This is due to
fact that the electron captured in the highest subband of
QW can exchange only a small amount of energy with
scattering partner in the lowest subband of the QW. T
available final states of the scattering partner are there
blocked by the 8-K Fermi distribution in the QW.

IV. CONCLUSIONS

The e-h, e-e, ande-pop capture times have been calc
lated in the SCHQW for carrier densites of 1011 and 1012

cm22. All three capture times oscillate as a function of t
QW width with the same period but with very different am
plitudes. Thee-h capture time is not only much greater tha
the e-pop capture time but also greater than thee-e capture
time even for the QW widths near the resonance. In
resonance thee-e interaction plays a role together with th
e-pop interaction and improves the capture efficiency of
QW.9 Since the increase of the electron density decreases
e-e capture time, it is expected that thee-h capture time will
decrease similarly. Therefore, the influence of thee-h inter-
action should be considered only for high density and
resonances.

We find that the electron capture time oscillates as a fu
tion of the depth and reaches the oscillation minimum wh
a new bound state merges into the QW. At the same time
effect of the degeneracy and exchange effect on thee-e cap-
ture time have been studied. The degeneracy increase
capture time approximately 50% only in the resona
minima. The inclusion of the exchange effect into thee-e

the
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interaction increases thee-e capture time by about two
times. To illustrate the quantitative importance of the e
change effect found in this paper, we mention that the qu
titative changes due to the dynamic screening and coup
between electrons and phonons~not considered in this work!
are much smaller.13 Therefore, the exchange effect should
considered in thee-e interaction-induced capture.
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APPENDIX: CARRIER-CARRIER INTERACTION
WITH MULTISUBBAND STATIC SCREENING

The statically screened intercarrier interaction in the m
tisubband 2D system,V(Q,z1 ,z2), can be obtained by solv
ing the integral Poisson equation21,24

V~Q,z1 ,z2!5
e

2kQ
e2Quz12z2u

2(
l51

L Ql
e

Q E
2`

`

dz9@f l
e~z9!#2e2Quz12z9u

3E
2`

`

dz8@f l
e~z8!#2V~Q,z8,z2!

2 (
k51

K Qk
h

Q E
2`

`

dz9@f l
h~z9!#2e2Quz12z9u

3E
2`

`

dz8„f l
h~z8!…2V~Q,z8,z2!, ~A1!

whereL(K) is the number of electron~hole! subbands, the
first term on the right-hand side is the bar Coulomb inter
tion, the second and third terms describe the screening
electrons and holes, respectively, and

Ql
e5

e2me

2pk\2 f l
e~k50!, Qk

h5
e2mh

2pk\2 f k
h~k50!

are the 2D electron and 2D hole screening constants in
l th electron andkth hole subband, respectively.

If the Coulomb potential~A1! is multiplied by the elec-
tron wave functionf l

e for l51,2, . . . ,L and by the hole
wave functionfk

h for k51,2, . . . ,K, and then integrated
over z8, the following two sets of mutually coupled equ
tions are found:
-
n-
g

y
.

l-

-
by

he

~11App
e !xp

e1 (
l51, lÞp

L

Cpl
eexl

e1 (
k51

K

Cpk
hexk

h5Bp
e ,

p51,2, . . . ,L,

(
l51

L

Crl
ehxl

e1~11Arr
h !xr

h1 (
k51,kÞr

K

Crk
hhxk

h5Br
h ,

r51,2, . . . ,K, ~A2!

where

xi
h5E

2`

`

dz8@f i
h~z8!#2V~Q,z8,z2!,

Aii
h5

Qi
h

Q E
2`

`

dz8@f i
h~z8!#2E

2`

`

dz9@f i
h~z9!#2e2Quz82z9u,

Bi
h5

e

2kQE2`

`

dz8@f i
h~z8!#2e2Quz82z2u, h5e,h,

Ci j
hq5

Qj
h

Q E
2`

`

dz8@f i
h~z8!#2E

2`

`

dz9@f j
q~z9!#2

3e2Quz82z9u, h,q5e,h.

Unlike the integral equation~A1! the linear equations
~A2! can be easily solved. When the solutionsxi

h are set
back into the Eq.~A1!, one obtains the intercarrier interac
tion V(Q,z1 ,z2) in a closed form:

V~Q,z1 ,z2!5
e

2kQ
e2Quz12z2u

2(
l51

L Ql
e

Q E
2`

`

dz9@f l
e~z9!#2e2Quz12z9uDl~z2!

D

2 (
k51

K Qk
h

Q E
2`

`

dz9@fk
h~z9!#2e2Quz12z9u

3
Dk1L~z2!

D , ~A3!

whereDi /D5xi
h is the i th solution of the system~A1! @Di

andD are appropriate determinants#. The Coulomb matrix
element

E
2`

`

dz1E
2`

`

dz2f i~z1!f j~z2!V~Q,z1 ,z2!fm~z1!fn~z2!

~A4!

is then easy to evaluate.
Thee-h scattering rate~3! and thee-e scattering rate~7!

are obtained using the Coulomb matrix element~A4! for
L5K51 and forL51, K50, respectively. TakingK50 in
the e-e interaction we neglect the screening by the hol
This corresponds to the so-called quasidynam
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approximation,17 in which heavy holes are not able to follo
the fast changes of electron positions. Finally, as in previ
papers,11,14 we restrict ourselves to the screening by qua
equilibrium carriers in the QW. In our conditions~the den-
nd

P.

. D

r,

A.

to

H.
s
i-

sity of the carriers equal to 1011 cm22 or 1012 cm22, the
lattice temperature 8 K! the quasiequilibrium carriers occup
mainly the lowest subband of the QW. Therefore, we neg
L andK greater than 1.
a,
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16M. Moško and A. Mošková, Semicond. Sci. Technol.9, 478

~1994!.
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