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By studying photoluminescence and photoluminescence excitation in coupled quantum wells, we

investigate the inhuence of tunneling on the relaxation of photocreated carriers. The ability to vary
the coupling strength between the wells by changing the tunnel-barrier thickness allowed us to
study the inhuence of the carrier lifetime on excitation spectra. For sufficiently strong coupling,
hot-exciton relaxation and resonant Raman scattering or "hot" luminescence, can be observed.

INTRODUCTION

A coupled-quantum-wells system (CQW) is a superlat-
tice in which the period consists of a thick barrier fol-
lowed by two wells of different thicknesses, separated by
a thin barrier. The thick barrier isolates each set of two
wells from the next one so that the system can be con-
sidered as a stack of isolated CQW's. Such a systein has
attracted considerable attention in recent years. Com-
pared to isolated quantum wells, CQW's exhibit new opti-
cal properties such as interwell transfer of excitation, '
interwell optical transitions, and crossing of different
quantized levels when subjected to an electric field, '

which are now well documented.
A wide range of spectroscopic techniques has been

used to study CQW's including absorption, 2' steady-
state' or time-resolved luminescence, excitation of the
luminescence' [photoluminescence excitation (PLE)],
and photoconductivity.

Photoluminescence excitation and photoconductivity
(PC) experiments are often expected to give the same in-

formation as absorption; however, PLE or PC spectra
can show structures which are not related to the density
of states, but to the energy-relaxation processes of the
system. A comprehensive review of those phenomena
can be found in Ref. 11 for bulk semiconductors. The
basics are as follows: carriers are excited at a variable en-

ergy above the band gap and the luininescence (for PLE
spectra) is detected on a line at or below the band gap.
Before they can recombine radiatively, photocreated car-
riers must relax down to their respective band edges. If
any kind of "escape mechanism, " such as strong nonradi-
ative traps, is present, the intensity of the luminescence
detected for a given excitation energy will depend on the
relative magnitude of the "escape time" and the time it
takes for a carrier to relax down to the band edge. The
same remark applies to photoconductivity experiments.

In bulk materials' ' or short-period superlattices' '
with short carrier lifetimes (due, for instance, to efficient
transport towards the surface or to a high concentration
of bulk nonradiative traps), PLE and PC spectra show

strong resonances approximately spaced by the energy of
an optical phonon. These resonances were successfully
interpreted in terms of this model.

In the following we shall focus our attention on a simi-
lar phenomenon observed in PLE spectra of various
CQW's. In such samples a short lifetime of the carriers
in the narrow well is obtained, not as a result of the poor
quality of the sample, but as a result of a short tunneling
time from the narrow well to the wide one. The interest
of the CQW system is that the "escape mechanism" can
be tuned by varying the barrier width, without affecting
the sample quality. It is also possible, in principle, to
study "on-resonance" as well as "off-resonance" condi-
tions, where the ground state of the narrow-well would
coincide (or not) in energy with the n =2 state of the
wide well. As we shall show in the following, tunneling
times can easily be varied from a few nanoseconds to a
few picoseconds. Relaxation in the narrow well will then
be influenced by this kind of internal time scale provided
by the tunneling mechanism.

SAMPLE DESCRIPTION AND CHARACTERIZATION

We studied four GaAs/Al„Gai, As molecular-beam-
epitaxy (MBE) -grown samples in which the narrow-
(NW) and wide-well (WW) widths are kept in the same
range (60 A for the NW and 120 A for the WW) and the
tunnel-barrier widths I.b are 80, 60, 30, and 15 A. The
Al composition of the barriers is equal to about 26%%uo. In
the following we shall label the samples from their barrier
width. Due to the well widths of our sample, there is no
resonance between the energy levels of the two wells, and
the energy separation from the electron ground state of
the NW to the electron ground state of the WW is larger
than one optical-phonon energy (iricoi o=36 meV; see Fig.
1 for a schematic energy configuration of the CQW sys-
tem). The spectra were recorded at 2 K, with an excita-
tion density of about 100 W/cm .

Luminescence of such samples basically consists of two
lines corresponding, respectively, to the NW and WW
(see Fig. 1). As a result, from the increasing tunneling
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FIG. 1. Schematic energy diagram of the studied CQW sys-

tems (left), and typical luminescence spectrum for the case of an
80-A barrier (right).

probability from the NW to the WW, the intensity ratio
Iw~/IN between these two lines increases when the
barrier width decreases. This ratio, R, is reported in
Table I. The luminescence of the WW shows a thin
linewidth (about 1 meV) and the PLE detected on the
WW indicates very little Stokes shift (less than 1 meV),
indicating a rather high sample quality.

Time-resolved luminescence experiments have also
been carried out on our samples by using both a syn-
chroscan streak camera and an up-conversion setup with
subpicosecond resolution similar to that described in Ref.
17. The decay times of the NW luminescence are also re-
ported in Table I. Injected carrier densities for these
measurements are of the order of 5 X 10' cm carriers
per well, i.e., well above the residual p-type doping.

EXPERIMENTAL RESULTS

Figure 2 shows the PLE spectra detected on the two
luminescence lines of the 80-A sample. As usual for
sufficiently thin barriers, the excitation of the WW line
shows structures related to the NW. ' This is direct evi-
dence of the transfer of photoexcited carriers from the
NW to the WW. ' Similar PLE spectra are observed for
the WW in all the samples studied hereafter. Very weak

Lb (A)

80
60
30
15

~ (=Iww~lgw)

8

2000
8000

35 000

~ (ps)

& 2000
260

10
6

TABLE I. Summary of the behavior of the ratio R of the
luminescence intensities of the W%' and NW wells, and the
measured decay times of the NW luminescence as a function of
the barrier width L~ of the CQW system.

FIG. 2. PLE spectra detected on the WW luminescence line
(WW) and on the NW luminescence line (NW) of a CQW with

0
an 80-A barrier.

crossed transitions are also observed (involving electrons
of one well recombining with holes in the other), especial-
ly at the highest excitation densities, but these will not be
detailed in this paper.

In the following we shall only concentrate on the PLE
spectra detected on the NW exciton line. For the I.b =80
A sample the excitation spectrum of the NW shows the
usual shape, typical of isolated quantum wells. The
heavy- and light-hole exciton resonances (labeled HH and
LH, respectively) are clearly marked. Although transfer
occurs from the NW to the WW, this transfer has to be
slower than the thermalization of the carriers. The exact
mechanism for the formation of the exciton is still an
open question; however, it is widely admitted that the
overall time it takes for a photoexcited pair to relax and
bind into an exciton is of the order of 200 ps. ' ' Time-
resolved experiments on the same sample indeed indicate
transfer times to excess of 2000 ps (see Table I). For this
last experiment to be possible, the temperature of the
sample has to be raised to 80 K in order to get longer ra-
diative lifetimes.

0
The results obtained for the 60-, 30-, and 15-A samples

are quite different: the intensity of the NW luminescence
is now much weaker than that of the WW luminescence
because of the increased transfer of the photoexcited car-
riers from the NW to the WW (see Table I). The NW
luminescence is weak and shows several components [Fig.
3(a)]. The position of the NW heavy-hole —exciton reso-
nance (observed in the excitation spectrum of the WW)
corresponds to the high-energy component of the NW
luminescence (1.591 eV). This is where we set the detec-
tion for the PLE measurement of the NW. We shall re-
turn to the shape of the NW luminescence later.

The PLE spectra of the NW line also drastically
changes (see Fig. 4): it is necessary to keep in mind that
in the three samples of Fig. 4, the intensity of the signal
at the heavy-hole resonance is larger —by orders of
magnitude —than the rest of the spectrum. All spectra
show sharp oscillatory structures separated by 36 rneV.
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FIG. 3. (a) Spectrum of the NW luminescence of a CQW
with a 30-A barrier; (b) same luminescence line when the excita-
tion is 72 meV above the high-energy component. Also shown
as a dashed line is the variation of the intensity of peak 4 (attri-
buted to Raman scattering or hot luminescence) when the exci-
tation energy is scanned around 1.664 eV.

FIG. 4. PLE spectra detected on the NW luminescence line
0

for three CQW's with 60-, 30-, and 15-A barriers. The curves
are slightly shifted so as to align the detection energies (indicat-
ed by an arrow). Note that the intensity of the HH- exciton res-

0
onance could go to 10 in the case of the 60-A barrier and to 80

a
in the case of 30-A barrier.

We shall first describe the results on the Lb =30 A sam-

ple, as they are sharper than in the other samples.
For the Lb =30 A the PLE spectrum of the NW line

shows the usual heavy- and light-hole —exciton reso-
nances, but also shows three series of marked oscillatory
structures labeled A„,B„,and C„.These three series ex-
hibit a period of 36 meV; series A„and B„extrapolate to
the heavy-hole —exciton line and series C„extrapolates 9
meV higher (Co line). Structures A„are composed of
very sharp peaks standing on an asymmetrically
broadened pedestal B„.As n increases, replicas of the
A„series appear on the lower-energy side of the struc-
ture, separated by about 2.5 meV. Structures C„are
asymmetrically broadened and show no narrow peaks.
When the detection energy is scanned across the HH
PLE exciton resonance of the NW, the peaks A„move
together such that their series extrapolates directly to the
detection energy with a 36-meV period. The structures
B„andC„keep the same energy position. The intensity
of each series is resonantly enhanced at this exciton reso-
nance (see the dashed curve in Fig. 3). The intensity
profile of the A„and B„resonances is quite peculiar, as
the first replica is rather small, whereas the second is the
most intense. The intensity of the following replica
monotonously decreases.

Let us now return to the luminescence spectra of the
NW (see Fig. 3). When nonresonantly excited, for exam-
ple, by excitation at 2 eV, above the barriers, the spec-
trum of the narrow well corresponds to Fig. 3(a). The po-
sition of the excitonic line in PLE is 1.592 eV, corre-
sponding to the highest-energy component (arrow 3).
When the excitation energy E,

„

is set about 72 meV
above this structure (1.592+0.072=1.664 eV), sharp
peaks appear superimposed on the luminescence spec-
trum [arrow 4, compare Figs. 3(a) and 3(b)]. The energy
of the sharpest peak is exactly 72 meV below E,„andfol-
lows it when E,

„

is moved; this explains the behavior of
the series A„in the PLE spectra. A second peak appears
in the, luminescence spectrum about 2.5 rneV above struc-
ture 4 (see arrow 5) and corresponds to the replica ob-
served in PLE 2.5 meV below the A2 peak (see Fig. 4).
Moving the excitation energy around 1.664 eV results in
a correlated displacement of the sharp peaks in the
luminescence spectrum of Fig. 3(b). The intensity varia-
tion of the sharpest feature (arrow 4) is plotted as a
dashed line in Fig. 3; this curve reproduces the excitonic
absorption line quite well. A similar enhancement is
shown, with lower intensity, by the small replica (arrow
5), and also by the broader structure (arrow 3).

If the PLE is now detected by setting the monochro-
mator at 1.585 eV, on the strongest luminescence peak
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(arrow 2), the sharp resonances A„,8„,and C„donot
appear any more. In the same way, in selective lumines-
cence excited 72 meV above this line, no sharp structure
is observed.

0
The luminescence and excitation spectra of the 60-A

sample show similar features, although they are less
marked and broader than the structures in the 30-A sam-
ple (see Fig. 4 for the PLE spectrum of the NW line).

The 15-A sample gives a different picture: the spec-
trum is featureless except for the three sharp peaks at 36,
72, and 108 meV above the detection energy (Fig. 4).
Those peaks follow the detection when it is scanned
across the NW heavy-hale line and vanish when it is
placed above or under this line. The background signal
below these three peaks does not correspond to any
luminescence from the NW, but to the high-energy tail of
the WW luminescence, observed due to the very large
amplification factor used in this experiment (the intensity
ratio is 35 000; see Table I).

DISCUSSION

In order to interpret these observations, we shall study
the relaxation of photocreated carriers in a CQW. For
the sake of clarity the following discussion will be mainly
qualitative. Some calculations leading to the quantitative
estimates will, however, be used in the discussion. In our
samples no resonance occurs between the quantized levels
of the two wells, so that the wave functions are clearly lo-
cated in one or the other well, and we can consider the
CQW as two independent wells coupled through a bar-
rier. Hence, "tunneling" from one well to the other
necessarily means "assisted tunneling. " First, we shall
only consider electron tunneling, as (i) we are working in
a low-density regime, (ii) the tunneling time of the holes
is longer than that of electrons due to their larger
effective mass, and (iii) relaxation of holes is also more
rapid than electron relaxation, as they have less excess
energy and interact more strongly with the phonons.

We shall try to order our discussion according to the
following scheme: in the first subsection we show that
the resonances we observed are not due to hot-electron
relaxation, in the second we emphasize the basic features
of hot-exciton relaxation, and in the third we give our full
interpretation of the PLE or CQW's.

Hot-electron resonances'

In polar semiconductors the most efficient energy-
relaxation channel for electrons is the emission of LO
phonons. In quantum wells, intrasubband relaxation by
LO-phonon emission occurs in a characteristic time of
about 200 fs. As pointed out in Ref. 21, for a given relax-
ation channel, intrawell relaxation in CQW's is faster
than interwell relaxation. Then, the electrons photo-
created in the NW will all first relax down to the
[e, , e, +E„o]interval, where e, is the bottom of the NW
first conduction band, by emitting the proper number of
LO phonons. At this point, if the NW was not coupled
to the WW, electrons would cool down to the band edge
by acoustic-phonon emission, and bind with a hole into

an exciton which would decay radiatively or nonradia-
tively. This roughly corresponds to the case of the
Lb =80 A sample, where the tunneling process is longer
than 1 ns and can be neglected compared to relaxation
processes. The times involved in the cooling of an
electron-hale pair and its binding into an exciton are not
perfectly documented up to now. ' ' Cooling time de-
pends on the excess energy to be lost by acoustic-phonon
emission, and will be of the order of 100—200 ps. Forma-
tion of an exciton might be shorter [20 ps Ref. (20)], but,
in any case, the subsequent cooling of the exciton also in-
volves acoustic phonons, and the order of magnitude of
the time will also be 100 ps. ' '

The key feature of our CQW is that, even in the
[e, , e, +ficoLo] interval, the electrons can still emit a LO
phonon and tunnel to the WW (the NW band edge is
more than one-LO-phonon energy higher than the WW
band edge). If the time associated with this process is
shorter than the binding of the electron and the hole into
an exciton, most of the electrons of the NW will transfer
to the WW during the last relaxation step. For
suf6ciently thin barriers, no NW luminescence would be
expected if all excitons were to be formed from uncorre-

0
lated carriers. In the case of the 30-A barrier, for exam-
ple, the time decay of the NW luminescence is as short as
10 ps, i.e., shorter than the time required to bind an elec-
tron and a hole into an exciton. Even k =0 electrons will
then tunnel before binding into an exciton.

As a consequence, the structures we observe cannot
stem from an electron-relaxation process. This is
confirmed by the fact that their energy separation is 36
meV, instead of 42 meV in the case of electron relaxa-
tjon 1 1 7 12

Hot excitons

The 36-meV period of the observed resonances suggest
that they are related to "hot"-exciton relaxation
Since such excitons have a large k vector, they can only
be created by indirect absorption of light involving a
large-q phonon. Of course, such indirect absorption has
a weak oscillator strength. It is only evidenced in our ex-
periments since the contribution of free-electron —hole
pairs created by direct absorption is completely washed
out (remember the large intensity ratios between the
luminescence of the two wells). Like "hot" electrons,
"hot" excitons with a kinetic energy in excess of EL&
(from now on, we take the origin of the energies at the
bottom of the exciton ls subband) will mainly interact
with LO phonons: upon LO-phonon emission they can
be scattered into their own band, to another band, or to
the continuum. We shall only consider intraband scatter-
ing and scattering into the continuum (dissociation) for ls
excitons.

To compute the indirect-absorption coefficient (as well
as the scattering and dissociation times), the
electron —LO-phonon interaction is included to the
second order (emission of one phonon only will be con-
sidered). The exciton wave functions and the exciton-
phonon interaction are written as in Ref. 23 (only the
Frohlich interaction is considered). We do not treat the
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continuum as interacting electron-hole pairs, but rather
as plane waves. A complete treatment (taking the corre-
lation of the electron-hole pairs of the continuum into ac-
count) of the indirect excitonic absorption can be found
in Ref. 24 for the three-dimensional (3D) case. The case
of 2D phonon-assisted indirect absorption, with a correct
treatment of the continuum states, can be found in Ref.
25. We used the following parameters: electron mass
m, /m =0.07, and hole mass m& /m =0.4 in units of the
free-electron mass.

The arbitrarily normalized absorption coeScient (in-
direct creation of a ls exciton with LO-phonon emission)

0
is shown in Fig. 5 for a 60-A well. Creation of hot exci-
tons with the participation of q =0 phonons is then for-
bidden. The large enhancement of the phonon-assisted
absorption just above ELo could just be an artifact of our
model for the phonons as it stems from our allowance for
phonons with zero transverse wave vector and would not
appear as strongly if we had used confined phonons. In
the case of confined-phonon modes, the maximum of the
absorption probability will nevertheless be reached be-
tween EL& and 2E„~,but would be less pronounced. As
the exact shape of the absorption curve strongly depends
on the chosen phonon model, we have not attempted a
quantitative comparison with the experiment. We shall
only retain the following characteristics: indirect absorp-
tion is forbidden at Ezo, reaches its maximum between

E&0 and 2E„O,and becomes negligible for energies larger
than a few E~o. The case of 2s excitons is different and
does not lead to any interdiction of the q =0 process.

The inverse-scattering and dissociation times are
shown in Fig. 6 for the same well width. We find that the
scattering (1/W„,«) and dissociation (1/W&;»„) times
for an exciton of a given energy are on a subpicosecond
time scale and of the same order of magnitude. A similar

0

L = 60A
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~5-
u1

2 3

ENERGY E/ELO

FIG. 6. Scattering and dissociation rates for 1s excitons in a
4

60-A-wide well. The origin of the energies is at the bottom of
the 1s exciton band.

result was obtained for bulk CdS (Ref. 13), and a detailed
study of the dissociation and scattering times for hot 3D
excitons can be found in Ref. 27 and 28.

Our results imply that a significant proportion of exci-
tons with a kinetic energy in excess of E„owill reach the
[0 Et o] interval by LO-phonon emission, before being
dissociated or transferred to the WW. This
multiphonon-cascade process is described in detail in Ref.
11 for the 3D case, but in two dimensions the basics are
unchanged.

In the [O,ELo] interval, excitons of an isolated well
can only cool down by emission of acoustic phonons or
ionize by acoustic-phonon emission and impurity scatter-
ing. At this point, the times involved are so long that we
cannot ignore their possible tunneling to the WW for the
case of the CQW system. If this tunneling time is short
compared to the cooling time, excitons with nonzero ki-
netic energy will not be able to relax their energy com-
pletely and give rise to luminescence. In this case
luminescence from the NW only stems from those exci-
tons which can avoid the last slow relaxation step, i.e.,
excitons whose kinetic energy is an integer multiple of
ELQ Resonances are then expected at these energies in
excitation spectra. The intensity of the nth resonance
varies as

~ —
~ W„„,(mE„o)

a(nE ) g W„,(mELo )

0 I I
I I

where W„,(E) is the inverse total lifetime of an exciton
with kinetic energy E. As a rough approximation, we
can write

ENERGY E/ELO
W„,(E)= W„„,(E)+W~;„„(E), (2)

FIG. 5. Arbitrarily normalized [a (2E„o) = I ] indirect-
4

absorption coefBcient for a 60-A-wide quantum well. The origin
of the energies is at the bottom of the 1s exciton band.

neglecting the contribution to the total lifetime of the
scattering to excited levels.

It should be noted that in the above cascade model the
steady-state distribution at the exciton band edge is
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thermalized. " Two more scattering Inechanisms should
be added to this model.

(i) Multiphonon resonant Raman scattering, well docu-
mented in three dimensions.

(ii) Nonthermalized ("hot") luminescence: if the aver-
age thermalization time is greater than or comparable to
the exciton lifetime at the band edge we must include the
possibility of an additional nonthermalized exciton distri-
bution at an integer multiple of ELQ below the excitation
energy.

Whether Raman scattering and hot luminescence can
be distinguished in steady-state experiments is still not
clear. ' They both lead to sharp peaks at integer multi-
ples of E~Q above the detection energy in excitation spec-
tra. As the two processes involve the same intermediate
states as the "standard" multiphonon-cascade mode, a
golden-rule approach shows that the intensity of the
peaks varies according to (1) in both cases.

Full interpretation

We can now give our interpretation of the PLE spectra
presented above. In the 80-A sample the barrier is thick
enough so that the contribution of the indirect absorption
cannot be resolved from the contribution of the nontun-
neling electrons, and the PLE spectrum has its usual
shape.

In the Lb =60 and 30 A samples, the coupling between
the wells is strong enough to wash out the contribution of
the electrons created by direct absorption, This is possi-
ble not only because of the thin barriers but also because
of the energy difference between the ground states (on
another sample with a 50-A barrier, but where the
difference between the ground states was less than ELQ,
the excitation of the NW luminescence only shows struc-
tures typical of isolated wells).

The series A„ is attributed to multiphonon resonant
Raman scattering or "hot" luminescence; the fact that
they follow the detection position, their intensity reso-
nance at the NW HH-exciton energy, and the very nar-
row linewidths confirm this. The distribution of the in-
tensity of the A„lines is also in agreement with this in-

terpretation: The A& transition is almost forbidden. The
replica 2.5 meV below the main line corresponds to the
GaAs-type phonon mode of the Al„Ga& „Asbarriers. It
should be noted that in our model the A, peak (corre-
sponding to indirect absorption assisted by one LO pho-
non of zero momentum) is forbidden; taking into account
the polariton effect in the final state would lift this selec-
tion rule as the excitons giving rise to luminescence have
a very small but nonzero momentum. Similar phenome-
na have been observed and interpreted in the same terms
by Planel et al. ' in bulk CdS: in, admittedly, "surface-
polluted" samples the uncorrelated electrons were
trapped by very eScient nonradiative centers, and multi-
phonon cascades were observed in the excitation spectra
of both free and impurity-bound excitons (also see Ref.
34). In our case the "trapping" of the electrons can be
controlled by the barrier width and is by no means relat-
ed to a poor quality of the samples.

The series 8„is attributed to a similar multiphonon

cascade of excitons terminating on a thermalized distri-
bution of excitons at the band edge. Those resonances
are broadened on their high-energy side by the participa-
tion of acoustic phonons in the last thermalization step.

Series C„is attributed to the equivalent cascade ter-
minating on excited bound states of the exciton. It
should be noted that in our interpretation series C„can-
not extrapolate directly to the electron band edge because
the resulting uncorrelated zero-kinetic-energy electrons
would tunnel to the WW rather than bind with a hole
into an exciton and contribute to the NW luminescence.
Noting that the binding energy of the 2s exciton is about
—,', of the binding energy of the 1s exciton, and mostly at-
tributing the Co resonance to the 2s exciton, we obtain a
1s binding energy of 10 meV in good agreement with
theoretical estimates. Confirmation of this interpreta-
tion comes from the fact that the C, transition is not for-
bidden, contrary to the case of 1s excitons.

These assignments also explain the features of the NW
selective luminescence spectra (see Fig. 3). Resonant Ra-
man scattering (RRS) and "hot" luminescence probe the
k -0 free-exciton density of states and may yield to sharp
peaks only when the exciting energy is an integer multi-
ple of E„Qabove the free-exciton line. The envelope of
the intensity of the observed peaks coincides both with
the NW heavy-line —exciton resonance (detected in the
WW PLE), and with the high-energy component of the
NW luminescence.

Therefore we assign the high-energy component of the
NW luminescence (1.591 eV) to free excitons. When PLE
is performed on the low-energy component of the
luminescence line (1.585 eV), no RRS peaks are detected.
This leads us to attribute this low-energy component to
localized excitons: selection rules described in the second
subsection do not hold for localized excitons. The mea-
sured localization energy of 6.5 meV is in correct agree-
ment with the binding energy of an exciton localized by a
one-monolayer terrace of at least 100 A radius. As very
few excitons are created because of the tunneling process-
es discussed above, the trapping centers never get saturat-
ed and this low-energy component may dominate the
spectrum.

Let us finally note that time-resolved study of the reso-
nant peaks which appear in luminescence might help us
to distinguish between resonant Raman scattering and
"hot*' luminescence.

0
The results obtained on the 15-A sample are in ap-

parent contradiction with the above interpretation. This
0

can be resolved if we note that for a 15-A barrier the tun-
neling time of the excitons becomes short compared to its
radiative lifetime, so that resonances due to cascades ter-
minating on real exciton states (thermalized or not) are
also washed out of the spectrum. This explains the disap-
pearance of the B„andC„series in the PLE spectrum
and the absence of luminescence from the NW. The
shape of the envelope of the Raman lines will be modified
for the same reason; the inverse total lifetime should be
corrected:

W„,(E)= W„„,(E)+Wd;„„(E)+W,„„„,l(E),
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where 8',
„„„„

takes the hole tunneling into account. If
8',„„„,&

becomes larger than W,«+ 8'd;„„,the intensity
I„roughly decreases as (I/W, „„„„)",which is indeed in

qualitative agreement with the experiment.
A similar phenomenon has been observed and inter-

preted by Kleinman et al. in various single or multiple
quantum wells. In this case probable trapping of the un-
correlated electrons (resulting in an admitted very weak
luminescence efficiency) made the observation of
resonant-Raman-scattering-related lines possible.

and flowing of carriers to the substrate or the surface due
to eScient transport to explain the observation of RRS
and hot-exciton resonances in the excitation spectra.
Such mechanisms could not be easily controlled or quan-
titatively analyzed. In the CQW system the ability to
vary the electron and hole tunneling times from the NW
to the WW enabled us to study in detail the influence of a
tunable "escape mechanism" on PLE spectra.
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