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Controlled type-I –type-II transition in GaAs/AlAs/Al xGa12xAs double-barrier quantum wells
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We show that the insertion of extremely narrow AlAs layers in double-barrier GaAs/AlAs/AlxGa12xAs
quantum wells results in a variety of electronic configurations, thus providing a powerful tool for tailoring the
electronic transitions in GaAs heterostructures. In particular, the transition from type-I to type-II recombination
is shown to occur in correspondence with variations by a single monolayer in the thickness of the AlAs and/or
GaAs layers. Drastic changes in the recombination lifetimes are correspondingly observed; at the same time,
the photoluminescence efficiency is found to be almost independent of the type-I–type-II character of the
transition.@S0163-1829~97!04904-7#
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I. INTRODUCTION

Increasing attention has been devoted recently to typ
GaAs/AlxGa12xAs heterostructures in which the groun
level for the holes is aG state in the GaAs region, while th
lowest level for the electrons is anX state in the
Al xGa12xAs region.1–3 In this kind of heterostructure th
radiative recombination turns out to be indirect both ink
space and in real space and therefore dramatic changes o
optical properties are expected with respect to the more c
monly studied type-I systems. So far most of the work
this subject has been performed in thin GaAs/AlAs quant
wells4 ~QW’s! and superlattices~SL’s!;5–7 in fact, in these
structures, the confinement energy of theG conduction-band
state increases when reducing the GaAs thickness, so
below 35 Å, the ground electronic level of the structure is
X state in the AlAs layers.

A different approach used in order to achieve the type
type-II transition consists of applying a hydrosta
pressure.8,9 Due to the opposite variations of theG and X
band gaps with pressure, a crossover is eventually expe
in all kinds of GaAs/AlxGa12xAs heterostructures.

In this paper we show that a different kind of heterostru
ture, namely, double-barrier quantum wells~DBQW’s!, in
which an ultrathin layer of AlAs is inserted between t
Al xGa12xAs and GaAs regions, provides a very favorab
system for studying the type-I–type-II transition. In fac
with a proper choice of the growth parameters, a large v
ety of electronic configurations is allowed in these structur
the ground level can be a bound or an unbound state for
the holes and the electrons and even, in the latter case, aG or
550163-1829/97/55~4!/2393~8!/$10.00
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an X state. Indeed, as shown below, a detailed analysis
frequency and time-resolved photoluminescence~PL! spectra
demonstrates the occurrence of the type-I–type-II transit
The dependence of the optical transition energies on
AlAs and GaAs thicknesses is in agreement with the pred
tions of a simple envelope function model, which confirm
the occurrence of the type-I–type-II transition when t
number of GaAs monolayers is reduced below a criti
value. This transition is dramatically demonstrated by
time-resolved measurements where jumps in the decay ti
from 400 ps to 600 ns are observed when switching fr
type-I to type-II heterostructures, without major changes
the PL efficiency. From the experimental data we estim
the value of theG-X mixing potential to be of the order of 4
meV.

The paper is organized as follows. In Sec. II we develo
simple model for calculating the confinement energies
the G andX potential profiles. A phaselike diagram for th
electronic configuration is presented, showing the possib
of type-II DBQW’s with a proper choice of the structura
parameters. Details of the samples investigated and the
perimental apparatus used are reported in Sec. III. Sectio
is devoted to the presentation of the experimental results
their discussion. Concluding remarks are given in Sec. V

II. ELECTRONIC CONFIGURATION

In this section, we analyze the electronic properties
Al xGa12xAs/AlAs/GaAs DBQW’s in the framework of the
effective-mass approximation. In this kind of heterostru
tures one has to deal with both theG andX band-gap pro-
2393 © 1997 The American Physical Society
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2394 55B. CHASTAINGT et al.
files, which are depicted in Fig. 1. In fact, since the AlAs
an indirect semiconductor and given the band-offset ratio
the AlxGa12xAs/GaAs interface, DBQW’s can support a
bound state for both theX and G profiles under suitable
values of the Al concentration and layer thicknesses. In ord
to solve the eigenvalue problem and to find the bound-st
energies, we analyze the two potential schemes reported
Fig. 1 independently.

A complication arises from the fact that in bulk materia
theX minimum is threefold degenerate. The lattice consta
mismatch between GaAs and AlxGa12xAs produces an an-
isotropic strain on the AlxGa12xAs layers: the unit cell is
extended along the~001! growth axis and compressed in the
perpendicular plane. The strain splits theX degeneracy into
two distinct bands with very different dispersions as a co
sequence of the strong anisotropy of the conduction ba
near theX minimum. The upper~lower! band is namedXz
(Xxy) because the relative effective mass along the grow
direction coincides with the bulk effective massmz (mx,y)
along the same~perpendicular! axis; the two masses are in-
deed very different (mz'5.6mxy).

Details on the calculations based upon the envelope fu
tion approximation are given in the Appendix and Ref. 1
We find that the levelXxy is always aboveXz in the
DBQW’s investigated and that, in most cases,Xxy is not a
confined state in the AlAs layers. For this reason, but also
the sake of simplicity, we discuss the general features of
electronic properties of the DBQW heterostructures referri
only to theXz profile. We will also limit our analysis to
DBQW’s with ultrathin AlAs layers, namely, only one or
two monolayers, such as the heterostructures investigate

Both the X and G potential schemes for the DBQW’s
show the peculiar and interesting feature that bound sta
are allowed only in a limited range of the GaAs and AlA
layer thicknesses. A similar effect does not exist in standa
QW structures, which always admit at least one bound sta
Even more interesting is the fact that theX and G bound
levels have a different dependence on the GaAs layer thi
ness: aG (X) bound state is present only for relatively thic
~thin! GaAs region. In fact, on the one hand, when reducin
the width of the GaAs layers one obviously increases t
confinement energy of theG bound state, which eventually
becomes a resonance in the continuum. AG bound state can
exist only for relatively thick layers of GaAs and this prop
erty has been used, for instance, for studying the case of v

FIG. 1. G andX band-gap profiles.
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shallow carrier subbands.10–14 On the other hand, anX
bound state is allowed only in very thin GaAs layers; in fa
a large GaAs barrier~see Fig. 1! completely decouples the
two AlAs wells, which, being very thin and strongly asym
metric, do not admit any bound state. On the contrary, w
out the GaAs region theX profile corresponds to a standa
QW, which, as already noted, always allows at least o
bound state. As a matter of fact, theX bound level arises
from the coupling between the two very thin AlAs well
which is effective only in the limit of very thin GaAs barri
ers.

For both theX andG potential profiles a threshold valu
L th
i ( i5X,G) exists in the GaAs thickness for admitting

bound state. This can be easily calculated, after solving
eigenvalue problem for theG (X) profile, by imposing the
condition that the ground-state energy inG (X) coincides
with the AlxGa12xAs potential barrierVB

G (VB
X). The rela-

tions obtained betweenL th
i , the AlAs thicknessd, and the

aluminum contentx ~giving the effective masses and th
potential barrier height! are

L th
G 5

2

kw
G
arctan@a

G
tanh~kb

Gd!#, ~1!

L th
X5

2

kw
X arctan@axtan~kb

xd!#, ~2!

where

a i5
mw
i kb

i

mb
i kw

i , kw
i 5A2mw

i VB
i

\2 , kb
i 5A2mb

i ~V0
i 2VB

i !

\2

for i5X,G andV0
i stands for the highest potential barrie

e.g., AlAs inG and GaAs inX. The numerical values of the
parameters depend on the aluminum contentx, as given in
Table I.

Therefore, DBQW’s indeed result in a large variety
electronic configurations, as depicted in Fig. 2 in the case
DBQW’s with two monolayers~ML’s ! of AlAs. The dashed
~dotted! line in Fig. 2~a! represents the threshold conditio
for admitting a bound state in theG (X) potential profile:
above ~below! this line a bound state exists, while belo
~above! it, theG (X) electronic spectrum is a continuum. Th
continuous line in Fig. 2~a! corresponds to the evolution o
the G-X cross point as a function of the aluminum conte
when varying the GaAs layer thickness: above it the fun
mental electronic level is at theX point, while below it the
continuous line is at theG point. Note also that below five
ML’s the G-X cross point tends to the critical valu
xc50.38, which corresponds to the direct-indirect crosso
for the alloy. Following these predictions, one can defin
therefore, the character of the fundamental electronic le
which can be bound or unbound in both theX and theG
conduction minima.

As a further step one can add the threshold condition
heavy holes just by using Eq.~1! with the corresponding
parameters. A sort of phase diagram for the DBQW’s c
therefore be plotted, such as the one reported in Fig. 2~b!. In
order to label all the possible configurations we used
standard denomination of type I or type II for describin
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TABLE I. Numerical values of the parameters used in the calculations.

Parameter GaAs AlxGa12xAs AlAs

band-gap energy atG
Eg

G ~eV! 1.5194a 1.519411.36x10.22x2b 3.13a

band-gap energy atX
Eg
X ~eV! 1.9880c 1.98810.207x10.055x2c 2.25c

electron effective mass atG
me

G/m0 0.0665d 0.066510.0835xe 0.15d

heavy-hole effective mass
mhh/m0 0.3774f 0.377410.1011xe 0.4785f

light-hole effective mass
mlh /m0 0.0904f 0.090410.1175xe 0.2079f

electron effective mass atXz

mXz/m0 1.3a 1.320.2xe 1.1a

electron effective mass atXx,y

mXxy/m0 0.23a 0.2320.04xe 0.19a

elastic stiffness constants
C11 ~Mbar! 1.223g 1.22310.027xe 1.25g

C12 ~Mbar! 0.571g 0.57120.37xe 0.534g

shear deformation potential
E2 ~eV! 6.5h 6.520.07xe 5.8i

aReference 19.
bReference 22.
cReference 23.
dReference 24.
eReference 25.
fReference 26.
gReference 20.
hReference 21.
iReference 27.
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heterostructures where the electron and hole wave funct
are localized mainly in the same or in different spatial
gions, respectively. Note that for the peculiarities of t
Al xGa12xAs/AlAs/GaAs DBQW’s type-I~type-II! character
always implies a directG-G ~indirectG-X) fundamental tran-
sition in k space. Besides the usual discrimination betwe
type-I and type-II heterostructures, additional features can
stressed concerning the presence, or lack thereof, of a b
state for both the electrons and the holes. We named t
different configurations with the first four greek letters
reported in the caption to Fig. 2~b!. A very similar phase
diagram~the main changes are in the extension of the diff
ent regions! is found in the case of DBQW’s with one ML o
AlAs.

From the phase diagrams of the DBQW heterostructu
one obtains that the optimum aluminum percentage for
vestigating the transition from type-I to type-II recombin
tion is of the order of 40%. In fact, on the one hand, t
fundamental electronic level is always at theG point of the
Brillouin zone below the critical valuexc50.38; on the other
hand, it is well known that a high aluminum content pr
duces compositional islands at the alloy surface and th
fore results in an increase of the interface roughness a
degradation of the sample quality.

Let us conclude this section with a few remarks on
validity of the envelope function approximation~EFA!. The
EFA has been shown to be a very simple and powerful th
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retical approach for describing the electronic properties
the heterostructures. However, the EFA is,a priori, appli-
cable only to relatively thick layers and in the absence
resonances between different points of the Brillouin zo
Both these conditions fail in the case of ultrath
Al xGa12xAs/AlAs/GaAs DBQW’s and therefore a more so
phisticated theoretical approach is certainly needed for p
cise quantitative predictions. Nevertheless, it has been fou
a posteriori, that EFA predictions nicely agree with the e
perimental findings even outside thea priori range of appli-
cability; in particular, both the ultrathin heterostructures a
theG-X mixing problem have been analyzed recently with
this framework. We therefore believe that the EFA can
used as a simple and direct method for qualitatively int
preting the main features in ultrathin AlxGa12xAs/AlAs/
GaAs DBQW’s without asking for a strict quantitative agre
ment with the experimental data. In fact, one should a
note that in the case of ultrathin DBQW’s the numeric
predictions of the model critically depend on the choice
the structure parameters~i.e., the effective masses, the ban
offset, and the AlxGa12xAs band gap!, even if the gross
features are always maintained.

III. SAMPLES AND EXPERIMENT

The four samples on which measurements have b
made were undoped AlxGa12xAs/AlAs/GaAs DBQW’s
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2396 55B. CHASTAINGT et al.
grown by molecular-beam epitaxy with a nominal aluminu
concentration ofx50.42; as stressed in the preceding s
tion, x'0.4 is indeed the optimum aluminum content f
investigating the type-I to type-II transition. The growth p
rameters were preliminarily determined using reflect
high-energy electron diffraction intensity oscillations; t
samples were grown on rotating substrates.11 Each structure
contains several DBQW’s of different AlAs and GaAs lay
thicknesses separated by thick AlxGa12xAs barriers~300 Å!
in order to decouple the carrier wave functions. In the f
lowing, the DBQW’s will be labeled by the notation (a-b),
wherea andb stand for the AlAs and GaAs thickness give
in monolayers, respectively. Sample 1 contains fo
DBQW’s: ~2-9!, ~2-7!, ~2-5!, and ~1-3!; sample 2:~1-7!,
~2-6!, and~1-4!; sample 3:~1-8!, ~1-6!, and~2-4!; and sample
4: ~2-8!, ~1-5!, and ~1-2!. The electronic configuration o
these structures is reported in Fig. 2, as resulting from
predictions of the envelope function theory.

Continuous-wave~cw! PL and photoluminescence excit
tion ~PLE! measurements have been performed using a
able Ar1 pumped dye laser as the excitation source. The
signal was dispersed by a 1-m focal length double-gra
monochromator and detected by standard lock-in techniq
In the case of time-resolved PL measurements, a sync
nously pumped mode-locked dye laser providing pulses w
a time duration of the order of 10 ps has been used.
repetition rate has been varied in the range 1–76 MHz
means of a cavity dumper apparatus in order to allow

FIG. 2. ~a! Electronic configurations in DBQW’s with two ML’s
of AlAs. Full line, evolution of theG-X crossover as a function o
the Al content when varying the GaAs layer thickness, dashed~dot-
ted! line, threshold condition for admitting a bound state in theG
(X) potential profile.~b! Recombination types in DBQW’s.a, con-
fined holes-unconfined electrons;b, confined holes-confined elec
trons;g, unconfined holes-confined electrons;d, unconfined holes-
unconfined electrons.
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measurement of decay times up to several hundreds of n
seconds. The time-resolved detection has been obtaine
means of a time-correlated single photon-counting techni
with an overall time resolution of about 150 ps. The samp
were held in a variable temperature cryostat and the la
intensity was always kept below 10 W/cm2 in the measure-
ments reported in this work.

IV. RESULTS AND DISCUSSION

A. Continuous-wave measurements

We report in Fig. 3 the PL spectra atT52 K of the
DBQW’s investigated, together with the assignment of t
PL bands. In the case of the~2-9! and~2-7! DBQW’s the PL
bands clearly show pronounced shoulders on the high-en
side, which are very likely connected to one GaAs mon
layer fluctuation, as suggested by their energy position
compared with the PL bands associated with the~2-8! and
~2-6! DBQW’s. No trace of phonon sidebands are detected
the PL spectra of the different samples. It should be no
also that, for several type-II DBQW’s@namely,~1-6!, ~2-6!,
and~2-5!#, the PL lines are doublets. Possible attributions
the PL doublet are recombination at donor impurities and
transitions involving theXz and theXx,y valley; the experi-
mental splitting is, in both cases, in agreement with the th
retical prediction. We are not able to give a definitive att
bution, even if the excitation power and temperatu
dependence of the relative weights suggest that do
impurities10 play a major role. In any case, a detailed discu
sion of this point is beyond the scope of this paper.

The most striking feature in the spectra reported in Fig
is certainly the shift of the PL transition energies when bo
adding AlAs monolayers and reducing the GaAs layer thi
ness. This is clear evidence of the strong increase of
carrier confinement in the DBQW structures. However,
blueshift of the PL lines associated with the reduction of
GaAs thickness tends to saturate for ultrathin DBQW’s,
shown in Fig. 4, where the transition energies are plot
versus the GaAs layer thickness. The change of slope in
4 can be explained in terms of a type-I–type-II transition

FIG. 3. PL spectra of DBQW’s atT52 K after cw excitation.
The peaks are labeled according to the AlAs~GaAs! layer thick-
nesses in ML’s.
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the DBQW’s around the~1-4! and ~2-6! heterostructures, a
predicted by the effective-mass model and reported in Fig
In fact, in Fig. 4 we also compare the experimental tre
with th predicted dependences of the transition energies
tween the fundamental hole state and the first electron bo
level at theG ~solid line! or at theX ~dashed line! profile.
Obviously the intersection of the two lines denotes the ty
I–type-II crossover and the agreement between the exp
mental and theoretical trends clearly confirms the chang
the type of recombination.

The fact that the directG-G and indirectG-X transitions
have a different dependence on the GaAs thickness a
from the completely different electron potential profiles
which they refer~see Fig. 1!. As discussed in Sec. II, theG
andX electronic states indeed show opposite variations w
thinning the GaAs regions: the electron confinement ene
increases in the case of theG states and decreases in the ca
of theX levels, respectively. However, the dependence of
recombination energy on the GaAs layer thickness is de
mined by the energy dependence associated with the lig
carrier and therefore the residual increase of the transi
energy in the case of type-II recombination is due to
increase of the heavy-hole confinement energy~the heavy-
hole mass is smaller than theXz electron mass!.

Let us now return to the PL spectra reported in Fig. 3. I
worth noting, as a general feature, that most of the suppo
type-II transitions show PL intensities comparable to or ev
higher than those relative to type-I transitions, showing t
the nonradiative processes have a similar influence on
kinds of heterostructures. This is rather surprising for
couple of reasons. First, one might expect the nonradia

FIG. 4. Transition energies in DBQW’s as a function of t
GaAs layer thickness.s andd, experimental points; — and - - -,
EFA predictions for type-I and type-II structures, respectively.
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processes to be more effective in ultrathin DBQW’s due
the larger carrier delocalization in the alloy region, which
well known to be of a poorer quality material compared
GaAs. Second, due to the much longer radiative lifetime
the case of indirect transitions, the radiative efficiency sho
decrease even for similar nonradiative rates. We there
conclude that the relevance of the nonradiative mechani
at low temperatures must be negligible in most of the hete
structures investigated. A different behavior is found in t
case of the~1-3! and ~1-2! DBQW’s. In the first one, the
considerable reduction observed in the PL intensity is pr
ably due to a radiative and a nonradiative lifetime of t
same order of magnitude, even if a less efficient elect
capture can be inferred from the absence of any confi
state in theG potential profile. Finally, in the case of~1-2!
DBQW’s, we were not able to detect any PL at all, as e
pected, due to the fact that heavy holes are not confi
anymore~type-II g DBQW’s!.

Other interesting information can be derived from t
analysis of the PLE spectra, shown in Fig. 5 for type-II stru
tures. On the one hand, they allow us to determine the en
position of the direct excitonic transition in th
Al xGa12xAs barriers, which enables us to estimate the
erage aluminum content of the alloy in each structure from
comparison with the knownx dependence of the
Al xGa12xAs gap as given in Table I. The experimental va
ues give an average aluminum content of about 0.415~con-
sidering all the structures! with an accuracy of about 1–2 %
denoting a high reliability of the design paramete
(x50.42). Note also that the experimental value ofx has
been used for computing the transition energies of e
DBQW investigated. On the other hand, on the low-ene
side of the PLE spectra we resolve shoulders associated
transitions within the DBQW’s. The relative assignments a
reported in Fig. 5 and their positions agree nicely with t
predictions of the effective-mass model; the estimatedG-G
energy transitions for type-II DBQW’s are shown by sol
circles in Fig. 4. Finally, we were not able to resolve a
structure in the case of~1-3! DBQW’s, in agreement with the
absence of any electron bound states in theG potential pro-
file.

FIG. 5. PLE spectra of type-II DBQW’s atT54 K. The arrows
mark the fundamental electron–heavy-hole~solid arrow! and
electron–light-hole~dotted arrow! transitions atG.



to
-
t
6.

ca

f 4

fo

n
life
e

at

n

u
an
a

t

s
nt
a

rd

lap

the
n
n

he
e

are
ata

in

ri-
e
K,

se-
in

L

ec-
are

ne

2398 55B. CHASTAINGT et al.
B. Time-resolved measurements

The transition of the optical recombination from type I
type II in ultrathin DBQW’s, predicted by the EFA and con
firmed by the cw measurements, is very clearly demonstra
by the time-resolved~TR! measurements reported in Fig.
In the case of type-I structures, such as~1-7! and ~2-7!
DBQW’s, we find PL decay timestL of the order of 400 ps
at 4 K, that is, of the same order of magnitude as the de
times measured in standard GaAs QW’s.12 Reducing the
GaAs thickness,tL greatly increases: values of the order o
ns are found for~2-6! and~1-4! DBQW’s, which are near the
G-X crossover, while much longer values are obtained
type-II structures, namely 70 and 170 ns in the case of~2-5!
and ~1-3! DBQW’s, respectively. This trend is obviously i
agreement with the expected increase of the radiative
time as soon as the transition switches from direct to indir
~both in k and real space! recombination.

For a more quantitative analysis of the experimental d
one can use the approach proposed by Dawsonet al.4 based
upon the assumption that the forbidden type-II transitio
acquire a nonzero radiative rate as a consequence ofG-X
mixing induced by an effective potentialVG-X . The elec-
tronic ground state of type-II structures does not have a p
X character, since it is a mixture of the two nearly reson
G and X levels. The radiative lifetime associated with
type-II recombination can then be written as4

t II5t I
1

uVG-Xu2 F DEG-X

z^CX
e uCG

e& zG2, ~3!

whereDEG-X is the energy difference between theG andX
states, whose wave-function overlap integral appears in
denominator, andt I is the radiative lifetime of theG state
uCG

e&. In order to evaluatet I for ultrathin DBQW’s one has
to consider that, due to theG-exciton delocalization, it in-
creases when decreasing the GaAs layer thickness. Thi
crease is due essentially to the reduction of the overlap i
gral between theG electron and hole wave functions and
reasonable estimate oft I is given by13

FIG. 6. PL decay in different DBQW’s atT54 K after picosec-
ond excitation. The time constants corresponding to the fitting li
are also given.
ed
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t I5
t I0

z^CG
e uCG

hh& z2
, ~4!

wheret I0 ('200 ps! is the value corresponding to a standa
single quantum well. In the case of the~1-3! DBQW, where
theG electronic level is not bound, we estimate the over
integrals in Eqs.~3! and~4! by assumingCG

e to be given by
the wave function corresponding to the first resonance in
continuum spectrum~i.e., the energy where the transmissio
probability is maximum! according to recent results o
above-barrier resonances.14

Before discussing the predictions of this model for t
radiative lifetimes in type-II DBQW’s a few remarks ar
needed. First of all, it should be recalled thattL represents
the radiative lifetime only if the nonradiative processes
not effective. In fact, as discussed in Sec. IV A, the cw d
at low temperatures suggest a very small~if any! contribu-
tion from the nonradiative mechanisms, except perhaps
the case of the~1-3! DBQW. The radiative nature of the
recombination in our structures is confirmed by the expe
mental finding, reported in Fig. 7, that the PL decay tim
tL increases with temperature by about 25 ns from 4 to 15
as expected for the radiative lifetime.15 Above 20 K the re-
combination time starts decreasing, very likely as a con
quence of the activation of nonradiative channels and,
particular, of the thermal escape of carriers.16

Another point to make is that the time evolution of the P
signal at lowT in type-II DBQW’s is nonexponential in the
time interval investigated, namely, a few hundred nanos
onds after excitation; in fact, at least two time constants

s

FIG. 7. ~a! PL decay of the~2-5! DBQW at two different tem-
peratures.~b! PL decay time versus temperature for the~2-5!
DBQW.
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needed in order to reproduce the experimental data. T
feature can be ascribed to the doublet nature of the PL p
observed in cw measurements, most likely due to the rec
bination of both free excitons and excitons bound at do
impurities. Due to the large overlap between the two
bands, the TR measurements, even at the peak energy,
tain contributions from both PL lines, which, in principle, a
expected to have different decay times. In fact, we find th
increasing the laser intensity, the relative weight of t
slower component in the TR spectrum decreases, in ag
ment with the saturation of the low-energy PL band obser
under cw excitation. We therefore assign the slower de
time to the extrinsic recombination of the bound excitons a
assume that the faster time is constant~i.e., the decay time a
short delays! as representative of the radiative recombinat
in type-II DBQW’s. However, it should be noted that a
intrinsic nonexponential behavior of the PL time evolution
type-II structures at lowT has been suggested recently.7

We find that the experimental recombination times can
fairly accounted for by Eqs.~3! and~4! if the matrix element
of the effective mixing potentialuVG-Xu is taken to be of the
order of 4 meV. Such a numerical value for the effecti
mixing potential is in agreement with those estimated
type-II short-period SL’s, as reported in Ref. 5. Actual
several mechanisms contribute in determiningVG-X and most
of them are extrinsic in nature, in particular, the interfa
roughness,6 which can be very different in different struc
tures. Moreover, DBQW’s and SL’s are, in many aspec
very different; in the latter a large number of interfaces an
superimposed periodicity along the growth axis are pres
while only two interfaces are involved in the case
DBQW’s. We believe, therefore, that a comparison betwe
data from DBQW’s and SL’s is not at all straightforward.

V. CONCLUSION

The insertion of ultrathin layers of AlAs between th
Al xGa12xAs alloy and the GaAs layers provides an impo
tant degree of freedom for tailoring the band structure a
the optical transition energies of semiconductor heterost
tures. As a matter of fact, DBQW’s show a large variety
electronic configurations within small changes of the str
tural parameters; the carrier ground state can be boun
unbound and in the case of the electrons the fundame
level can be both atG in GaAs and atX in AlAs. We have
demonstrated the transition from type-I to type-II recom
nation in a set of DBQW’s.

Both cw and TR photoluminescence have been use
order to establish the nature of the recombination, but i
probably worth stressing that the two techniques prov
very different information. The PL and PLE transition ene
gies measured in a continuous wave essentially reflect
ground-state energies that can be taken into accoun
simple effective-mass calculations for the separatedG and
X potential profiles. Even if an anticrossing splitting is e
pected as a consequence of theG-X mixing, not only is its
value very small in comparison to the carrier confinem
energies, but, in addition, it turns out to be of the same or
of magnitude as the measured linewidth and the Stokes s
at least in the samples we have investigated. Moreover,
large inhomogeneous broadening makes it very hard to
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solve the weak indirectG-X transition in the PLE spectra
Even if G-X mixing is the main physical mechanism in d
termining the excitonic recombination in type-II structures
is rather difficult to extract information on it from the cw
measurements. Completely different is the case of TR
measurements, since the radiative recombination times
directly determined by theG-X mixing. Good agreement is
finally obtained between the observed PL decay times
the predictions of a well-known model4 for the recombina-
tion in type-II heterostructures, based onG-X mixing effects.
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APPENDIX

The electronic levels in theG andX profiles have been
calculated using the standard transfer matrix formalism
the envelope function approximation.17 We use the Bastard
boundary conditions~e.g., we conserve the envelope wa
function and its derivative divided by the effective mass17!
and the parameters reported in Table I. Nonparabolicity
the G conduction band is included self-consistently by co
sidering an energy-dependent effective mass;18 a conduction
band offset of 0.68 has been used.28 The eigenvalue problem
was then solved independently for theG and the twoX
bands. The effect of the lattice mismatch between GaAs
Al ~Ga!As has been included following the bulk relation
ships. Since the DBQW’s investigated have been grown
~001! GaAs substrates, the GaAs layers can be conside
unstrained and all the strain is found in the AlAs a
Al xGa12xAs layers. The in-plane strain for the AlAs laye
is given by19

ei5exx5eyy5
aGaAs2aAlAs

aAlAs
521.431023, ~A1!

while the perpendicular strain is determined by20

e'5ezz522
C12

C11
ei51.231023, ~A2!

where theCi j are the AlAs elastic stiffness constants r
ported in Table I. Theei relative values for the alloy
Al xGa12xAs scale linearly withx following the Vegard law
ande' can be deduced by means of Eq.~A2!. The strain in
the AlAs layers induces a hydrostatic shift of all theX states
of the order of a few meV.21 The uniaxial deformation pro-
duces a splitting of theXz andXx2Xy levels given by21

DX5E2~e'2ei!, ~A3!

whereE2 is the shear deformation potential reported in Ta
I. This splitting, of the order of 15 meV in the AlAs layers,
divided among the three states according to the relations20

DXz5
2
3 DX, DXx5DXy52 1

3 DX. ~A4!
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