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We have studied the effects of coupling on the lifetime of spatially indirect excitons in (50-A

GaAs)/AloiGa0, 7As symmetric double quantum wells. The coupling was controlled by varying the

barrier thickness between 25 and 60 A and by application of an electric field. Lifetime enhance-

ments of up to 3 orders of magnitude relative to the lifetimes of spatially direct excitons were ob-

served. At a given electric field the lifetime enhancement was larger the wider the barrier, due to

the smaller electron-hole wave-function overlap, in good agreement with theory. We have also

observed nonresonant hole tunneling and estimated the tunneling time, which was of the order of
300 ps in a 40-A-barrier sample.

Application of an electric field perpendicular to the lay-
ers of a quantum-well structure drastically changes the
exciton recombination lifetime. Large increases of the
recombination lifetime have been observed in single quan-
tum wells' due to the field-induced polarization of
electron-hole pairs and the subsequent reduction in the
electron-hole wave-function overlap. In coupled double
quantum wells (DQW) the electric field leads to the for-
mation of spatially indirect excitons with electrons local-
ized in one well and holes localized in the other (see
Fig. 1). Recombination lifetimes associated with these in-

direct excitons have been reported to be much longer than
those of spatially direct excitons, in symmetric as well as
in asymmetric DQW. '

It has been theoretically predicted that these long-lived
spatially indirect excitons can undergo Bose condensa-
tion. The long lifetimes should allow thermalization and
condensation to occur before the electron-hole recombina-
tion. Furthermore, the separation of electrons and holes
in two different wells should prevent the formation of exci-
ton molecules or drops. In addition, experimental indica-
tions of an electric-field-induced phase transition, mani-
fested by an abrupt reduction of the photoluminescence
linewidth in a DQW structure with 50-A GaAs wells

separated by a 40-A AlosGao7As barrier, have recently
been reported.

Thus, the detailed knowledge of the exciton lifetimes in

coupled DQW systems under electric fields becomes cru-
cial for the determination of the relevance of the field-
induced lifetime enhancement in this phase transition. In
this work, we present time-resolved luminescence mea-
surements in GaAs/Alo 3Gao 7As symmetric coupled
DQW under electric field and compare the results for
different barrier thicknesses with theoretical calculations
based on the spatial electron-hole eave-function overlap.

We have also observed heavy-hole nonresonant tunnel-
ing between the two wells. Hole tunneling in heterostruc-
tures is a field of growing interest, ' especially after re-
cent theoretical work' ' predicting much faster hole
tunneling times than generally accepted, ' due to the mix-

ing between the heavy- and light-hole bands. The tunnel-
ing time deduced here is of the order of 300 ps for a sym-
metric DQW structure with a 40-A barrier under an elec-
tric field of 16 kV/cm, an estimation that agrees with cal-
culations in the same kind of structure. 's

The three samples used in this study were grown by

D

FIG. 1. Potential profile and electron and heavy-hole squared
wave functions for a double quantum-well structure with 50-A
GaAs wells and a 40-A Alo iGao iAs barrier (50 A-40 A-50 A)
(a) under flat-band conditions and (b) for an electric field of 15
kV/cm. The wave functions were calculated by numerically
solving Schrodinger s equation. The arrows show the transitions
observed in photoluminescence. Solid (dashed) lines denote the
symmetric (antisymmetric) states. Under flat-band conditions
the antisymmetric heavy-hole state cannot be distinguished
from the symmetric one. D (I) denotes the spatially direct (in-
direct) transition.
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molecular-beam epitaxy and contained ten sets of sym-
metric DQW. The wells consisted of 50 A GaAs while the
Alo 3Ga07As barrier thickness was 25, 40, and 60 A, re-
spectively, in each of the three samples. The individual
DQW units were separated by 200 A Alo 3Ga07As and the
whole was clad by 1000-A A103Gao7As layers on both
sides. This structure formed the intrinsic layer of a p -i-
n+ diode grown on a n+-type GaAs substrate, thus en-
abling application of an electric field.

The samples were placed in a immersion-liquid-He cry-
ostat and excited with 5-ps pulses at an 75.6-MHz repeti-
tion rate from a Styryl-8 dye laser synchronously pumped
by the second harmonic of a mode-locked neodymium-
doped yttrium aluminum garnet (Nd+:YAG) laser. All
measurements were performed at a temperature of 1.8 K.
The excitation energy and the averaged power density
were 1.675 eV and 0.1 W/cm, respectively. The photo-
luminescence was dispersed with a triple spectrometer
with a 0.5-m dispersion stage and detected with a cooled
imaging photomultiplier tube. The time decay was mea-
sured by time-resolved photon-counting using a time-to-
amplitude converter. The photon timing signal was taken
at the Z-microchannel plate output. The I/e time of the
system response curve was 150 ps.

Under flat-band conditions the electron and hole wave
functions in a pair of quantum wells separated by a thin
enough barrier are extended over both wells. In photo-
luminescence one transition is observed, corresponding to
recombination of electrons and heavy holes in the !:ym-
metric state [as marked by the arrow in Fig. 1(a)1. Under
moderate electric fields the heavy-hole wave functions are
completely localized in one of the two wells, whereas the
electron wave functions still partially extend into the
neighboring well. Two transitions are observed in photo-
luminescence, as shown in Fig. 1(b), a spatially indirect
one (since the electron wave function is mostly localized in
well 2 while the hole wave function is localized in well 1)
and a spatially direct one. The direct transition becomes
possible because the electric field distorts the wave-
function symmetries. At moderate electric fields the in-
direct transition shifts to lower energies linearly with the
electric field 8 (the energy shift, ~, is equal to end,
where d is the distance between the centers of the quan-
tum wells and e is the charge of the electron) while the
direct one initially moves to slightly higher energies and
then remains unchanged.

Figure 2 depicts the time-integrated photoluminescence
associated with the two transitions shown in Fig. 1(b) for
the three samples studied in this work, each at an electric
field of approximately 14 kV/cm. The arrows indicate the
peak positions of the luminescence lines under flat-band
conditions. The energy of the peak position is expected to
be lower as the barrier width decreases, due to the increas-
ing coupling between the two wells. The fact that the
luminescence line of the 40-A-barrier sample lies above
the one of the 60-A-barrier sample can be explained by a
one-monolayer (i.e., 2.83 A) deviation from the nominal
well width. The difference in the ratio of the indirect to
the direct transition intensity refiects the difference in bar-
rier width. The smaller the barrier width the higher the
tunneling rate from the heavy-hole level in well 2 to that
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FIG. 2. Time-integrated photoluminescence spectra of 50-A

GaAs DQWs with 25-, 40-, and 60-A Alp 3Ga07As barriers at
electric fields of 12.7, 13.9, and 14.2 kV/cm, respectively. The
spectra have been shifted vertically for clarity. The arrows indi-
cate the peak positions of the luminescence lines under flat-band
conditions. The diN'erent energy shifts of the indirect lumines-

~cence peaks relative to the direct ones reflect the difference in
barrier width. The luminescence band seen at about 1.565 eV in
the 50-A-25-A-50-A sample is probably associated to recom-
bination at impurities.

in well 1 and, consequently, the larger the intensity ratio.
In fact, in the sample with the narrowest barrier (25 A)
the direct transition is not observed at all.

The conversion of externally applied voltage into elec-
tric field was done by fitting the energy shift of the
indirect transition to the equation ~ end =ed(V
—Vb)/W, where V is the applied voltage, Vb the built-in
voltage, and W the width of the intrinsic region. The
values of d, Vb, and W obtained from these fits were in

good agreement with the growth parameters.
For the following time-resolved measurements the spec-

trometer bandpass was set to the peak of the indirect and,
when observable, also to the peak of the direct photo-
luminescence line, unless otherwise mentioned. The
bandpass spectral width (full width at half maximum)
was 2.5 meV. Figure 3(a) shows decay curves obtained in
this way for the indirect exciton luminescence of the 50-
A-40-A-50-A. sample. As the electric field increases
there is a dramatic enhancement of the luminescence de-
cay time.

The zero of the time scale in Fig. 3 was chosen to coin-
cide with the peak of the luminescence decay curve under
fiat-band conditions which occurs at the end of the laser
pulse. However, as the electric field increases, the peak of
the indirect luminescence decay curves is delayed [see Fig.
3(a)l. On the other hand, the decay curve of the direct
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FIG. 3. Time dependence of the photoluminescence for the

(50-A GaAs)/(40-A Alp, 3Gap 7As)/(50-A GaAs) DQW. (a)
Decay curves of the indirect exciton photoluminescence under
various electric fields. (b) Time decay of the integrated intensity
of the direct (D) and indirect (I) luminescence lines at an elec-
tric field of 15.7 kV/cm (solid curves) together with the time de-

cay of the integrated luminescence intensity under flat-band
conditions (dashed curve). The spectra have been shifted verti-

cally for clarity. The arrows indicate the peak positions of the
direct and indirect luminescence decay curves and the straight
lines correspond to exponential fits to the decay curves at short

times, from which the exponential decay time was extracted.

luminescence continues to peak at zero, as can be seen in

Fig. 3(b). At an electric field of 15.7 kV/cm the indirect
luminescence decay curve peaks about 600 ps after the
direct luminescence one. We attribute this experimentally
significant delay to holes tunneling nonresonantly2' from
well 2 to well 1 [see Fig. 1(b)] and thus further increasing
the indirect exciton population after the laser pulse has
ended. (The electrons excited into the antisymmetric level

relax very fast to the symmetric one. ) Furthermore, at
15.7 kV/cm the direct luminescence intensity is decaying
faster than the luminescence intensity under flat-band
conditions [see Fig. 3(b)] indicating that hole tunneling is

contributing to the decay of the direct luminescence.
The delay time of about 600 ps observed for the indirect

luminescence decay curve is related to the nonresonant
hole tunneling time but is not a good measure of it. It is

possible to obtain an estimate of this tunneling time from
the decay time of the direct luminescence, zd, using the
equation I/rd = I/r„+ I/r„where r„ is the direct recom-
bination time and z, the tunneling time. Assuming that z,
is not affected by the electric field, we set it equal to 270
ps, which is the value obtained from the slope of the decay
curve under Bat-band conditions. With zd =150 ps we get
z& =340 ps. Fast-decaying curves are inAuenced by the

1000—

T=1.8K

100

10
sok

O. 1

0
I

20 40

ELECTRIC FIELD (kV/crn)
60

FIG. 4. Lifetime of the spatially indirect excitons as a func-
tion of electric field for three different barrier thicknesses: 25,
40, and 60 A. The solid lines represent theoretical calculations
(see text). The dashed lines are drawn as a guide to the eye.

system response, and the decay times obtained have been
corrected for it. Including the errors introduced by this
correction results in a possible error as large as a factor of
2 ln zf.

No similar delay effects of the indirect luminescence
decay curves were observed in the 25- and 60-A.-barrier
samples, possibly because the tunneling rate is faster than
our experimental resolution in the former case and be-
cause the tunneling rate is too slow to produce a substan-
tial exciton population increase in the latter. In the 25-
A-barrier sample the direct luminescence line was too
weak to be observed. In the 60-A-barrier sample, as in the
40-A-barrier sample, the decay time of the indirect
luminescence was shorter than the luminescence decay
time under flat-band conditions. Using the same argu-
ments as above we obtain r, =440 ps for an electric field
of 14.2 kV/cm. Due to the large errors involved a quanti-
tative comparison between the tunneling times for dif-
ferent barriers is not possible.

Nido et a/. ' have observed a nonresonant hole tunnel-
ing time of the order of 50 ps in a 50-A-30-A-100-A
GaAs/A1035Ga065As asymmetric DQW structure. On the
other hand, Leo et a/. ' have reported the nonresonant
hole tunneling time to be longer than 8 ns in 63-A-50-
A-90-A GaAs/Alp 3Gap 7As DQWs. The nonresonant
tunneling time of the order of 300 ps at 15.7 kV/cm deter-
mined in this work is in agreement with the theoretical
calculations of Bastard et a/. ' for impurity-assisted hole
tunneling in the same DQW structure (see Fig. 14 in Ref.
18). However, a systematic investigation of resonant and
nonresonant hole tunneling rates as a function of barrier
thickness is needed.

We now turn to a quantitative presentation of the exci-
ton lifetimes as a function of electric field. The results for
the three different barrier thicknesses are summarized in

Fig. 4. The experimental points in Fig. 4 were obtained
from the slopes of decay curves like the ones shown in Fig.
3(a). In the case of nonexponential decay, probably re-
sulting from fluctuations in the barrier width, 6 the slope at
short times was taken. In Fig. 4 we thus plot the fastest
decay time. There is considerable error (about ~ 20%) in
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the long lifetimes determined for the 50-4-60-tI1.-50-A
sample due to the 13-ns laser-pulse repetition rate. Nev-

ertheless, since these lifetimes are 1 or 2 orders of magni-
tude longer than the ones measured for a 40-A barrier at
the same electric field, a comparison is still valid.

The integrated luminescence intensity is approximately
the same for all three samples and is almost constant as a
function of electric field. We therefore assume that the
influence of nonradiative processes even on the longest
measured exciton lifetimes is small. In the 25-A-barrier
sample the decay time at the peak of the impurity-related
luminescence band was also measured and was found to
exceed the decay time at the peak of the intrinsic lumines-
cence for low electric fields. The impurity-related decay
time increased at a faster pace with electric field and be-
came an order of magnitude longer at high fields. Thus,
the measured lifetimes are dominated by the intrinsic
recombination time.

As can be seen from Fig. 4, in the 50-A-40-A-50-A
sample an electric field of 30 kV/cm causes the measured
recombination lifetime to increase by about 2 orders of
magnitude. For a 25-A barrier, more than twice this elec-
tric field is necessary to produce the same effect, whereas
for a 60-A barrier already half this electric field causes an
increase of almost 3 orders of magnitude. The experimen-
tal results are compared with theoretical calculations
presented as solid lines in Fig. 4. The electron and heavy-
hole wave functions were calculated as a function of elec-
tric field by numerically solving Schrodinger's equation
and the radiative recombination lifetime r was evaluated
according to the equation rtz: I/[~M, t, P~f(0)~ ], where

M, t, is the overlap integral of the electron and hole wave
functions and f(r) the exciton envelope function (for de-
tails see Ref. 7). The wider the barrier the smaller the
overlap integral at a certain electric field and thus the

longer the recombination lifetime, leading to lifetimes as
long as 1.1 its for an electric field of 35 kV/cm in the 60-
A-barrier sample. All three theoretical curves were calcu-
lated with only one adjustable parameter, the propor-
tionality coefficient in the above equation. The good
agreement between theory and experiment further sup-

ports our assumption that the measured lifetimes are
dominated by the radiative recombination times.

In conclusion, we have conducted a systematic study of
the recombination lifetime of spatially indirect excitons in

GaAs/Alo 3Gao 7As double quantum wells as a function of
electric field and barrier thickness. A theoretical model
that calculates the electron and hole wave-function over-

lap including excitonic effects predicts lifetimes which are
in good quantitative agreement with the experimental re-
sults. On the other hand, the lifetime of the spatially
direct excitons is shorter than the lifetime under flat-band
conditions due to holes tunneling from one well to the oth-
er. In the case of a 40-A barrier, the nonresonant hole
tunneling time was found to be of the order of 300 ps, in

agreement with recent theoretical calculations. '

The lifetimes of spatially indirect excitons measured
here are enhanced by 2 to 3 orders of magnitude relative
to the lifetimes under flat-band conditions. The electric
field necessary to produce a given lifetime enhancement
depends, however, on the barrier thickness. Therefore, in

order to elucidate the mechanisms by which the electric
field induces the linewidth reduction observed in Ref. 8, a
detailed investigation of this reduction in structures with
different barrier thicknesses is necessary.
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