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Recombination dynamics of spatially separated electron-hole plasmas
in GaAsÕAlAs mixed type-IÕtype-II quantum well structures
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M. J. Godfrey
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~Received 29 April 2003; published 29 September 2003!

We have studied the recombination dynamics of a series of mixed type-I/type-II GaAs/AlAs quantum well
structures. While monitoring the recombination involving the wide quantum wells, we observed long-lived
transients whose time scales increase exponentially with the barrier thickness of the quantum well structures.
We identify heavy hole tunneling as the dominant process which determines the time scale of the long-lived
photoluminescence transients. By studying the barrier thickness dependence and the excitation power depen-
dence of the long-lived transients we have also shown that the electric field associated with the spatially
separated electron/hole plasma leads to significant modifications of the relative hole subband energies and
hence the hole tunneling rate.
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I. INTRODUCTION

By an appropriate design of the thickness and chem
composition of the layers of quantum well structures, it
possible to create a range of novel two-dimensional str
tures that exhibit specific optoelectronic properties. This
particularly the case for the GaAs/AlAs materials syst
where, by the choice of appropriate layer thickness, it is p
sible to create a so-called type-II band alignment. Suc
system is created1 when the thickness of the GaAs layer
less than 35 Å, so that the lowest confined electron stat
the GaAs lies above theX minima in the AlAs. Thus the
lowest energy confined electron state of the whole struc
lies in the AlAs layer and the lowest energy confined h
state lies in the GaAs layer. A refinement of such a ba
alignment is achieved in a so-called mixed type-I/type
structure2 where a GaAs/AlAs multiple quantum well struc
ture is fabricated in which alternate layers of GaAs ha
thicknesses greater than and less than 35 Å~see Fig. 1!. The
main consequence of this type of structure is that elect
hole pairs that are optically excited in the thin GaAs lay
become spatially separated, as the electrons can scatter
ps time scale3 via the AlAsX states to the thicker GaAs laye
~see Fig. 1!. The spatial separation of the electrons and ho
and hence long lifetime4 means that the density of carrie
can be very large (;1012 cm22) for optical excitation den-
sities of only a few mW cm22. Initially this type of structure
was used to generate large carrier densities at ultralow o
cal power excitation for the study2,4 of nonlinear optical
properties of the wide quantum wells. Such structures h
also been used to study a wide range of physical phenom
including the behavior of charged excitons,5–8 interlayer
exciton,9 electron/exciton scattering,10 indirect electron-hole
gas transitions,11 and the modulation of THz radiation by a
optically excited electron gas.12

In the original reports2,4 on the mixed type-I/type-II struc
ture it was inferred from the dependence of the density of
electron gas on the barrier thickness that the lifetime of
spatially separated carriers was determined by the heavy
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tunneling time. The heavy hole tunneling times were e
mated from the recovery time of the exciton bleaching f
lowing pulsed excitation. The times quoted in this wo
could only be regarded as estimates because the nature o
response of the exciton bleaching as a function of car
density was not known. In this paper we report on the obs
vation, following pulsed excitation, of long-lived recombin
tion from the wide quantum well, which we ascribe to th
sequential process of holes tunneling from the narrow qu
tum well followed by recombination with electrons in th
wide quantum well. These observations are used to inve
gate the dynamics of hole tunneling as a function of car
density in samples with a range of barrier widths.

II. EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy i
Varian Gen II machine at a substrate temperature of 630

FIG. 1. Schematic diagram of the conduction and valence b
edges showing the lowest confinedX andG electron states and hol
states. The dominant excitation mechanism and the limiting elec
and hole relaxation mechanisms are indicated by arrows.
©2003 The American Physical Society26-1
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using As2 . The samples were grown onn1 substrates and
consisted of nominally~a! 6800 Å of GaAs,~b! a 6000-Å-
thick layer of Al0.6Ga0.4As, ~c! a multiple quantum well con-
sisting of 20 periods of 25- and 68-Å GaAs double quant
wells separated by AlAs barriers of width 72, 80, 90, and 1
Å in the different samples,~d! a 6000-Å-thick layer of
Al0.6Ga0.4As, and ~e! a 1000-Å-thick GaAs capping laye
The thicknesses of the GaAs and AlAs layers we
measured4 by x-ray diffraction.

For the optical experiments the samples were mounted
the cold finger of a liquid He continuous flow cryostat. F
the cw photoluminescence spectroscopy the samples
excited by chopped light from a He/Ne laser and the em
sion analyzed and detected by a 1-m grating spectrom
followed by a GaAs photomultiplier and lock-in amplifie
The photoluminescence time decay measurements were
formed by modulating the He/Ne laser with an acousto-op
modulator and processing the photoluminescence signal
a digital oscilloscope.

III. RESULTS AND DISCUSSION

In Fig. 2 we show a series of photoluminescence spe
recorded at a temperature of 8 K as afunction of excitation
power density from the sample with 80-Å barriers. At t
lowest excitation power density the spectrum is domina
by a feature at 1.6104 eV, which is ascribed to exciton em
sion involving the lowest confined electron and hole state
the wide quantum well. As the excitation power density

FIG. 2. Low temperature (T58 K) photoluminescence spectr
from the sample with 80-Å barriers as a function of the avera
excitation power density.
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increased, a low energy shoulder emerges at 1.6073
which is identified as recombination involving negative
charged excitons,5 indicating a significant free electron den
sity. The feature at 1.6011 eV is identified as exciton reco
bination in regions where the quantum well is thicker th
the average, which may be within a quantum well or in qua
tum wells with different thickness; this assignment is bas
on absorption spectroscopy~not shown!. As the excitation
power density is increased, the individual peaks can
longer be resolved and the spectrum broadens reflecting
large electron density that exists in the wide quantum w
The reasons why the values of excitation power density
quoted and not the equivalent excited carrier densities wil
discussed in detail later. These spectra are typical of the
sults from all four samples, the only difference being t
form of the spectra is different for a specific excitation pow
density, which reflects the dependence of the electron den
in the wide quantum well on the barrier thickness.

The basic idea behind this work is that if the decay of t
photoluminescence from the wide quantum well is monito
following pulsed excitation then not only will we observe th
fast ~;ns! recombination of carriers excited directly in th
wide quantum well but also we should see a much slow
transient. This slow decay should arise from the sequen
process of hole tunnelling and carrier cooling and subsequ
recombination with electrons that have scattered rap
from the narrow quantum well. The time constant associa
with this sequential process will be governed by the h
tunnelling rate which is expected to be much less than
rates associated with scattering and recombination. In Fi
we show decay curves taken at different detection ener
across the spectrum of the sample with 80-Å barriers~pho-
toluminescence spectra shown in Fig. 2!. The sample was
excited by pulses of 400msecs duration. In Fig. 3 slow de
cays can clearly be seen after the fast decay of the dire
excited electron hole pairs; the dashed line in the sepa
decay curves indicates the turn-off time of the excitati
light. The measured decay of the initial fast transient is li
ited by the system response. These results illustrate on
the main complications in performing photoluminescen
time decay measurements in this type of sample. If the de
of the photoluminescence is measured at a particular de
tion energy, then the form of the decay will not only involv
the change in carrier density as a function of time but a
will inevitably involve the change in the spectrum, becau
as seen in Fig. 2 the spectrum is a strong function of
carrier density. Thus, this method cannot be easily used
monitor the change in electron density in the wide quant
well as a function of time.

To overcome this problem, the decay of the photolum
nescence was measured while sampling all the light emi
by the samples. Control experiments were performed
showed there was no significant contribution to the sig
from recombination involving electrons and holes in the n
row quantum well, electrons in theX states in the AlAs bar-
riers and holes in the narrow quantum well and electrons
holes in the bulk GaAs. Thus, we are able to monitor
change in carrier density in the wide quantum well as a fu
tion of time. In Fig. 4 we show the results of the all-ligh
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FIG. 3. Photoluminescence transients recorded atT58 K from
the sample with the 80-Å barriers at various detection ener
across the spectrum for an average excitation power density
31021 W cm22.
11532
decay time measurements for all four samples where the
tensity of the excitation pulse was varied as indicated in
figure caption. All the decay curves were normalized su
that the maximum intensity at the end of the excitation pu
was set equal to 1, and then offset for clarity.

Clearly, the form of the decay curves varies with exci
tion power density and from sample to sample at the sa
excitation power density. To clarify the overall behavior w
start by noting that for all four samples at the lowest exci
tion power density the decays have the same general no
ponential form. As stated previously we attribute these lo
lived transients to the holes tunneling from the narro
quantum well to the wide quantum well. As these dec
curves are nonexponential we characterize them by the
(te) for the photoluminescence intensity to fall from i
maximum value at the beginning of the long decay to a va
of 1/e of the maximum value. The values forte are listed in
Table I and, as can be seen, they increase rapidly as a f
tion of the barrier thickness. It should be stressed that
values ofte have little physical significance other than len
ing support to the assignment of the process controlling
slow transient as being the hole-tunneling rate. Neverthel
this argument is supported by the data presented in Fig
where the values ofte are shown on a log/linear plot as
function of the barrier thickness and a reasonable expon
tial dependence is observed. In the simplest picture,
would expect that the decays at the lowest excitation po
density would be governed by a single time constant, i
single exponentials. We suggest that the observed n
exponential character of the slow decay curves at low e
tation densities is due to interface roughness. As the het

s
8

citation
FIG. 4. Photoluminescence transients of all the light from all four samples with the indicated barrier thickness at different ex
power densities. For the curves labeled~a!, ~b!, ~c!, ~d! and ~e! the excitation power densities were 1.4, 1.331021, 1.331022, 1.2
31023, and 631024 W cm22, respectively.
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interfaces of the quantum wells are not atomically smoo
there are local fluctuations in the thickness of the AlAs b
riers. Thus the holes will tunnel through barriers of differe
thickness, leading to a wide range of tunneling rates wit
the excitation area.

As the excitation power density is increased the form
the decay curves diverges from that exhibited in the subse
curves labeled~e! in Fig. 4. As an example, if we examin
the data for the sample with 90-Å barriers we see that@curve
~b!# the decay initially exhibits a portion with a relativel
small gradient before decaying at a similar rate to that
curve ~e!. Furthermore, at the highest excitation power de
sity @curve ~a!#, the decay exhibits an initial fast transie
before the flatter portion of the decay curve is reached.
the samples show a similar behavior with increasing exc
tion power density, although it should be noted that~a! the
onset of the flat region of the decay occurs at lower exc
tion power densities as the barrier thickness increases,
~b! the fast transients observed at the high excitation po
densities become significant only in the samples with bar
thicknesses of 90 and 109 Å. The dependence of these

TABLE I. For all four samples are listed values ofte , the area
under the decay curve, the estimated value of the carrier densn
and the relative shift in energy of the hole subbandsDE, all in the
low excitation region.

Barrier thickness572 Å

Power density
~W cm22!

te

~microsecs!
Integrated area

~a.u.!
n

~cm22!
DE

~meV!

1.4
1.331021 11 3 1010 1.2
1.331022 11 3 109 0.1
1.231023 13 3 108 0.01
631024 13 3 53107 0.005

Barrier thickness580 Å

1.4
1.331021

1.331022 38 11 73109 0.8
1.231023 36 12 13108 0.08
631024 34 12 33108 0.004

Barrier thickness590 Å

1.4
1.331021

1.331022

1.231023 172 60 53109 0.8
631024 176 62 33108 0.4

Barrier thickness5109 Å

1.4
1.331021

1.331022

1.231023 422 133 33109 5
631024 438 123 1.53109 2.5
11532
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characteristics on both excitation power density and bar
thickness, suggests that the controlling factor is the equi
rium carrier density achieved during the pump pulse.
pointed out previously4,11 the spatially separated electro
hole plasmas can lead to a significant space charge field.
electric field can lead to significant changes in the alignm
of the hole subbands in the narrow and wide quantum we
Results for the calculated dispersion13 of the valence sub-
bands for the two quantum wells are shown in Fig. 6 in t
absence of any space charge field. The most important

FIG. 5. A plot ofte vs barrier thickness for all four samples, a
uncertainty in the barrier thickness of6 one monolayer is assumed

FIG. 6. Valence subbands for the 25- and 68-Å GaAs/Al
quantum wells indicated by the dashed and solid lines, respectiv
The labeling of the states is made without any consideration to t
heavy or light hole character.
6-4
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bands for the purposes of this discussion are the lowest l
n51 subband in the 25-Å quantum well and the third a
fourth highest bands in the 68-Å quantum well. The dom
nant effect of a space charge field will be to raise the low
energy 25-Å hole subband relative to the subbands in
wide quantum well. Thus, as any space charge field is
creased the intersection of then51 subband in the 25-Å
quantum well with then53 hole subband of the wide quan
tum well will shift to increasingly large values ofk, for
which the thermal factor is smaller, leading to a reduction
the tunnelling current. Eventually then51 hole subband of
the 25-Å quantum well will come into resonance with t
n54 hole subband of the 68-Å quantum well. Qualitative
this overall behavior agrees with the experimental obse
tions, in which for the samples with the 90 and 109-Å b
riers at the highest excitation power densities we see an
tial fast transient followed by a relatively flat portion of th
decay curve. These effects are seen in these two sampl
particular because the overall tunnelling rates are low, le
ing to the high carrier densities and hence the large sp
charge fields necessary.

It is difficult to put these arguments on a quantitative b
sis, as we cannot use any single decay rate to calculate
equilibrium carrier densities. Nevertheless a rough estim
of the carrier densities~n! and hence the relative shift (DE)
in the hole subband energies can be obtained for the
excitation power densities by using the observed value
te . The values for the estimated carrier densities at the
excitation power densities are shown in Table I. For the
cay curves from which the values ofte were extracted, the
relative shift of the hole subbands is no more than a f
meV.

If these time constants were appropriate for the excita
power densities used for the decay curves that show the
tial fast transient and the flat decay the carrier densi
would be sufficient to produce changes in the alignmen
the hole subbands of'100 meV. This would lead to then
51 hole subband of the 25-Å quantum well being in or clo
to resonance with then54 hole subband of the wide quan
tum well leading to an enhancement of the hole tunnell
rate. As the carrier density collapses then51 hole subband
of the 25-Å quantum well no longer intersects with then

*Permanent address: Physics Department, UMIST, PO Box
Manchester, M60 1QD, England.
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54 wide well subband, but instead intersects with the th
wide well subband at highk values leading to a reduction i
the hole tunnelling rate and the shallow portion region of
decay.

The preceding discussion assumes that the decays
measure are purely radiative, i.e., that there are no nonr
ative recombination paths. As these systems exhibit s
long-lived carriers they could be particularly susceptible
nonradiative recombination. To investigate this possibil
we consider the integrated area under the decay curves
the low excitation power densities. Based on the argum
that the values ofte are a measure of the decay of the sp
tially separated electron/hole pairs, the magnitude of the
tegrated areas under the decay curves should scale with
values ofte for the different samples if the decays are pure
radiative. The values for the integrated areas are show
Table I, and indeed, at the low excitation densities the in
grated areas do scale withte . Thus, we believe that the
effects of nonradiative recombination are negligible ev
over these long time scales.

IV. SUMMARY

In summary, we have observed complex long-lived ph
toluminescence transients involving recombination fro
electrons and holes in the wide quantum well of a variety
mixed type-I/type-II quantum well structures. By studyin
the barrier dependence of the form and time scale of
long-lived transients we have shown that the dominating f
tor is rate at which holes tunnel from the narrow quantu
wells to the wide quantum wells. In particular the form of th
transient is strongly influenced by the relative alignment
the hole subbands in the quantum wells which itself
strongly influenced by the time dependent space charge
caused by the spatially separated electron hole plasma.

ACKNOWLEDGMENTS

We would like to thank E. O. Go¨bel and F. Ahlers of the
Physikalisch-Technische Bundesanstalt for useful disc
sions. In addition, one of us~P.D.! would like to thank the
Physikalisch-Technische Bundesanstalt for the award of
position of a guest scientist during the course of this wor

8,

.

d

,

Phys. Rev. B54, 10 609~1996!.
8M. Kozhevnikov, E. Cohen, A. Ron, H. Shtrikman, and L. N

Pfeiffer, Phys. Rev. B56, 2044~1997!.
9A. Nazimov, E. Cohen, A. Ron, E. Linder, H. Shrikman, and L.

Pfeiffer, Physica E6, 650 ~2000!.
10M. Koch, R. Hellmann, G. Bastian, J. Feldmann, E. O. Go¨bel, and

P. Dawson, Phys. Rev. B51, 13 887~1995!.
11R. Guliamov, E. Lifshitz, E. Cohen, A. Ron, and P. Dawson, Ph

Rev. B64, 035314~2001!.
12I. H. Libon, S. Baumga¨rtner, M. Hempel, N. E. Hecker, J. Feld

mann, M. Koch, and P. Dawson, Appl. Phys. Lett.76, 2821
~2000!.

13A. M. Malik, M. J. Godfrey, and P. Dawson, Phys. Rev. B59,
2861 ~1999!.
6-5


