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Exciton delocalization in thin double-barrier GaAs/AlAs/(Al,Ga)As quantum-well structures
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Nonconventional GaAs/Al, _,Ga,As quantum-well structures, with one or two monolayers of AlAs
inserted between the GaAs layers and the Al,_, Ga,As barriers (double-barrier quantum wells), have
been investigated to observe the quasi-three-dimensional behavior of excitons in thin quantum wells.
These samples provide higher confinement energies than single quantum wells of the same thickness, in

such a way that relatively thick wells produce shallow carrier subbands.

An increase of the photo-

luminescence lifetime of excitons has been found when narrowing the well thickness. The analysis of in-
tensity and shape of the photoluminescence spectra made us confident in interpreting this increase as an
effect of the exciton delocalization, and a qualitative agreement with a simple model for the exciton radi-

ative lifetime is obtained.

Carrier confinement in quasi-two-dimensional semicon-
ductor heterostructures strongly modifies the physics of
excitons with respect to bulk material. The most evident
and discussed effect is the increase of the exciton binding
energy, which, together with the unchanged electron-
phonon coupling, determines the well-known influence of
the excitonic features on the linear- and nonlinear-optical
properties of semiconductor quantum wells (QW’s). The
increase of the exciton binding energy with carrier
confinement is related to an increase of the oscillator
strength and, therefore, a decrease of the radiative life-
time. A dependence of the exciton lifetime as a function
of the well width L, has been theoretically predicted’2
and experimentally established"** even if a non-
negligible spread of the experimental data suggests
sample-dependent contributions.’

An even more interesting property is the reduction of
the carrier confinement when narrowing the well width
below a certain value (<10 A for GaAs/Aly ;Gag ;As)
due to the finite height of the barrier potential and the
subsequent spread of the exciton wave function into the
barrier region. Therefore, in the limit L, —0, the exci-
ton in the QW, instead of reaching the two-dimensional
(2D) limit, becomes a bulk exciton of the alloy. This
delocalization is expected to produce both a reduction of
the exciton binding energy? and an increase of the radia-
tive time constant, but very few experimental results
confirming this effect have been reported, mainly due to
the difficulty of growing ultrathin QW structures of good
quality. The increase of the exciton lifetime has been ob-
served by Cebulla et al.%” in In,_,Ga,As/InP QW’s
with thicknesses below 40 A, even if a controversy re-
garding these results can be found in the literature.® Oth-
er results have claimed to show, although in an indirect
way based on the spectral analysis of the continuous-
wave (cw) photoluminescence (PL), the increase of the ex-
citonic lifetime for GaAs/Al,_,Ga, As QW’s with thick-
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ness smaller than 15 A.°

In this work we study the exciton radiative lifetime at
low temperature in a set of nonconventional
GaAs/Al,_,Ga,As QW heterostructures, characterized
by extremely high confinement energies (sum of the ener-
gies of the first electron and heavy-hole subbands) for rel-
atively thick QW’s. This effect can be obtained by grow-
ing one or two monolayers (1-2 ML) of AlAs at each in-
terface between GaAs and the Al,_,Ga, As barriers;
these hetrostructures are thus named double-barrier
quantum wells (DBWQ’s).!%!! The resulting shallow sub-
bands (very close to the Al,_,Ga,As band edges) allow
us to investigate the effects of the reduction of exciton lo-
calization in relatively thick QW’s. In fact, the
confinement energy in a 20- A DBQW with 2 ML of AlAs
coincides with that of a conventional single QW (SQW) of
about 8 A.

The exciton radiative lifetime has been studied by
means of time-resolved photoluminescence (TRPL). We
find an increase of the PL decay time greater than a fac-
tor 2 from a 20-A SQW to a 20-A 2 ML DBQW. An
analysis of the nonradiative-decay mechanisms allows us
to attribute the observed increase to a radiative property
of the recombination. This effect turns out to be in quali-
tative agreement with the resulting high decrease of the
exciton oscillator strength.

Four samples have been used in this work: two
DBQW heterostructures with one and two AlAs mono-
layers at each side of the QW (named 1 ML and 2 ML,
respectively), and two SQW samples, all of them grown
by molecular-beam epitaxy (MBE) under similar condi-
tions. Each structure contams three QW’s with nominal
thicknesses of 20, 40, and 80 A; the Al content in the al-
loy is always around 0.3.

Continuous-wave photoluminescence and luminescence
excitation (PLE) measurements have been performed at 4
K, using, for excitation, the 5145-A line of an Ar™ laser
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or an Ar*-pumped dye laser (6200~6700 A), respective-
ly. The PL signal was dispersed by a double-grating
monochromator and analyzed by usual photon-counting
detection. The excitation source for TRPL was a
Nd:YAG (yttrium aluminum garnet) synchronously
pumped dye laser, operating at about 620 nm; the time
duration of the pulses was 3 ps and the repetition rate 76
MHz. A synchroscan streak camera with a temporal
resolution of the order of 20 ps was used to measure the
PL decay times at 4 K.

Figure 1 shows the comparison of the PL spectra from
a SQW sample (0 ML) and the two DBQW samples (1
and 2 ML). The most striking feature in these spectra is
the shift of the excitonic transitions towards higher ener-
gies by adding the AlAs ML’s; in the case of 20- A wells,
we find an increase of more than 100 meV from the 0-ML
to the 2-ML DBQW. This directly shows the strong in-
crease of the carrier confinement energy in the DBQW
structures. It is worth noting that the PL integrated in-
tensity of all the QW’s investigated turns out o be of the
same order of magnitude, even for the 20- A DBQW’s,
while a strong reduction of the PL efficiency has been re-
ported for thin SQW’s of In,_,Ga, As/GaAs (Ref. 12)
having subbands of similar shallowness as in our case.

Useful information about the quality of the samples
can be inferred from the analysis of the PL spectra. We
find that the full width at half maximum (FWHM) AE of
the excitonic lines depends on the confinement energy
and is lower for the SQW’s than for the DBQW’s. In
particular, in the case of the 20-A QW’s, AE varies from
9 meV for the SQW up to 18 and 20 meV for the 1- and
2-ML DBQW?s, respectively, while very similar values of
AE are found for the 80-A (AE~3 meV) and 40-A
(AE =6-10 meV) QW’s. The higher values of AE in the
thinnest DBQW?’s can be accounted for by the increase of
the carrier confinement energy. In fact the inhomogene-
ous linewidth can be estimated from the relation

dL v
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AE=AE, + (1)

where E, and E,; are the energies of the electron and
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ples at 4K.

Experimental PL spectra for O-, 1-, and 2-ML sam-
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heavy-hole subbands, respectively, and AEy is the homo-
geneous linewidth. This expression yields a fluctuation of
the well thickness AL, very close in all the samples in-
vestigated (AL, =+ ML for SQW’s and AL, =+ ML for
DBQW?’s), thus showing a similar interface roughness.
We would like to point out, as an additional indication of
the quality of our samples, that we do not detect in the
spectra of Fig. 1 relevant luminescence signals associated
to shallow acceptor impurities at the low-energy side of
the excitonic PL lines.

Finally, we have performed PLE measurements of the
different QW’s with photon energies around the
Al ,Ga,_,As absorption edge, in order to obtain the
height of the potential barriers in each sample (e.g., the
Al content, x). At the same time, the confinement ener-
gies [experimental points in Fig. 2(a)] have been estimat-
ed from the energy position of the PL peaks, after taking
into account the calculated exciton binding energy.'!

The energies of the subbands in the DBQW structures
have been determined by using an effective-mass model,
which gives the following equation'®:

4 L,
— |t tanh(K;d)— | —— |tan |k;——
m, zb iw 2
k.K.m
— tanh(K;d)tan (k;—— |=0, (2)
Kmlmg
where
k,=k,(E,)=2m}E, /#)"? ,

K, =K,(E,))=[2m2X(V,—E;)/#]"?, 3)

K, =K,(E)=[2m3(V,—E;) /#*]'?,
and i stands for electrons, heavy holes, and light holes; V,
and V, are the confinement potentials of the AlAs and
Al,Ga,_, As barriers, and d is the thickness of the AlAs
layer. The effective masses along the growth direction (z)
in GaAs, AlAs, and Al,Ga,_, As regions are m,, mj,
and m;, respectively. They have been corrected for non-
parabolicity according to an empirical two-band model."?
The results of this calculation, with the usual values for
the parameters involved (namely band-gap offset
AE.:AE,=65:35 and the standard effective masses) are
shown in Fig. 2(a) and provide an estimate, by compar-
ison with the experimental confinement energies, of the
thicknesses of the different QW’s [Fig. 2(a)]. Equation (2)
gives a good concordance with the experimental data, in
agreement with similar findings in the case of SQW’s, if
one reduces by nearly 2 ML and 1 ML the nominal thick-
ness of the 80- and 40-A DBQW?’s, respectively, while, for
the thinnest DBQW'’s, the nominal thickness is obtained
within the error due to the well width fluctuation AL .
As already mentioned, it turns out from Fig. 2(a) that
in the DBQW systems the carrier subbands can be locat-
ed very close to the barrier band edges, still for relatively
large well widths. In fact, we found that no bound states
are allowed below a minimum width of the DBQW. This
can be deduced from Eq. (1) by substituting the energy E;
of the bound state by its maximum value 17,-, i.e., the con-
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tinuum threshold for electrons or holes,

2 m,‘wK,(V,) —
; ——arctan |——————tanh{K;(V;)d} | . 4)
ki(V;) mik;(V;)

min —

The resulting widths for electrons (heavy holes) are 11.6
(10.1) and 18.3 A (13.8) for 1 and 2 ML, respectively. A
similar effect does not exist in a SQW structure, which al-
ways admits at least one bound state, and it evidences the
relevance of DBQW’s for investigating the 2D — 3D tran-
sition of the carrier properties when decreasing the well
width.

Other interesting features can be obtained from the
analysis of the carrier wave functions and, in particular,
of the probability of finding the carriers in the barrier re-
gion, reported in Figs. 2(b) and 2(c). In the case of thick
QW’s, the insertion of one or two monolayers of AlAs in-
creases both the confinement energy and the carrier local-
ization. Due to this peculiar characteristic, DBQW’s
have been suggested as good systems for obtaining het-
erostructures with very high optical quality, in particular
in the near-infrared region. However, when the
confinement energy becomes comparable with the
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FIG. 2. (a) Calculated confinement energies as a function of
the QW thickness for O, 1, and 2 ML of AlAs, by using the ex-
perimental band-gap energy difference between GaAs and
(AL,GA)As reported in the plot. The experimental points corre-
spond to 0-ML (OJ), 1-ML (@), and 2-ML ( A) samples. (b) and
(c) Calculated probability of penetration of electrons (b) and
heavy holes (c) into the (Al,Ga)As barriers.

2241

Al,_,Ga, As barriers, the penetration of the carrier wave
functions into the barrier region strongly increases for
DBQW structures, so that the probability of finding the
carriers outside the well approaches unity for L, —L™".
Therefore, in the case of thin wells the insertion of AlAs
monolayers produces a delocalization of the carrier wave
functions and, as already mentioned, DBQW?’s seem to be
ideal systems for studying the increase of the excitonic
lifetime in the limit of high confinement, as well. At the
same time, it should be noted that for a given
confinement energy, the SQW’s exhibit a higher delocali-
zation of carrier wave function than the DBQW’s. The
key point is that by using DBQW’s it is possible to
achieve a strong delocalization even for quite thick wells.

We would like also to stress that the insertion of the
AlAs monolayers produces an asymmetry in the behavior
of electrons and holes. We find a higher delocalization of
the electron wave function with respect to the heavy
holes when decreasing the well width, the most dramatic
evidence being the difference between their corresponding
minimum thicknesses. In particular, in the case of a 20-
A well with 2 ML as AlAs, the probability of finding the
electron in the barrier region is of the order of 0.6 while
the holes are still very well confined (probability =~0.1).
This feature which is not present in SQW’s of
GaAs/Al,_,Ga,As, resembles the properties of thin
QW’s of In,_,Ga,As/InP, where the band offset
AE_:AE, =35:65 produces a similar effect. However,
such asymmetry in DBQW’s strongly depends on the
choice of the band-gap offset which, in spite of being a
key parameter of the GaAs/Al,_,Ga,As heterostruc-
tures, is still not known with enough accuracy for estab-
lishing precise consequences on DBQW’s properties. On
the other hand, DBQW?’s seem also to be highly suitable
for testing the band-gap offset ratio AE,:AE,, as has also
been stressed elsewhere.'*

We now discuss the results obtained by TRPL mea-
surements. In Fig. 3(a) the PL decay times 7; at 4 K are
reported for each QW of the samples investigated. We
find a pronounced increase of 7; with increasing the
confinement energy when it becomes close to the barrier
potential. However, before claiming any consequence on
exciton delocalization, let us discuss the influence of non-
radiative recombination in our samples. It is well known
that 7, corresponds to the radiative recombination time
only when the excitonic energy-loss mechanisms give a
negligible contribution. In fact, 7, can be expressed by
7, =[77 '7;']17", where 7, and ,, are the radiative and
nonradiative lifetimes, respectively. Different mecha-
nisms have been proposed for the excitonic energy losses
in QW’s at low temperature, but trapping at defects both
in the well and in the barriers, seems to play a major
role.® 1516

In fact, it has been shown that the presence of nonradi-
ative traps in the QW region is related to shallow-
impurity contamination.!>!” We will assume, from the
absence of any notable extrinsic recombination in the PL
spectra, that, at most, a small density of nonradiative
centers is present in our QW’s and, in particular, the 20-
A wells. Furthermore, we have shown in Fig. 2 that the
insertion of the AlAs monolayers produces, at a given en-
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ergy, a higher penetration of the wave function into the
barrier regions, which are known to be of lower quality
than the QW region. We can therefore infer a higher
probability of carrier trapping at crystal defects, and then
a lower nonradiative time in the case of 20-A DBQW'’s
with respect to the SQW’s of the same thickness. It fol-
lows that the measured increase of 7, in the 20-A
DBQW’s possibly reflects an even higher increase of the
corresponding radiative lifetime. A further confirmation
of the negligible contribution of nonradiative mechanisms
in the thinnest DBQW comes from the value of the in-
tegrated PL intensity which, contrary to the reduction of
the PL efficiency reported for ultrathin SQW’s,'? is of the
same order of magnitude as in thicker QW’s.

The radiative lifetime of the exciton is inversely pro-
portional to the oscillator strength of the optical dipole
transition. In the simplest approach (two-bands approxi-
mation) the exciton wave function is built up from the en-
velope wave functions of the two lowest subbands of elec-
trons and holes, and a trial function ¢, (r) is chosen for
a variational calculation. In this model, which so far has
been used for establishing the dependence of the excitonic
lifetime on the well width,%7 one obtains

%~fls ~ |Mcv|2|¢exc(0)|2|(Xe(ze)]Xh(zh))'2 ’ (5)
R

where M, is the optical transition matrix element be-
tween the conduction and valence bands, and the last
term is the electron-hole overlap integral.

The factor |¢exc(0)lz, which gives the probability of
finding the electron-hole pair in the same unit cell, is in-
versely proportional to the exciton effective area. A
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rough estimate of the well-width dependence of this
quantity can be given by considering the geometrical
average of the half width of the squared envelop wave
function of electrons and holes, (z)=1"(z,)(z,). In
fact, it has been suggested®’ that (z) reflects the exciton
extension z.,. along the growth direction. At the same
time, the in-plane radius of the exciton in the QW shows
a dependence on the well width very similar to z,,..>*

The electron-hole overlap integral in Eq. (4) is usually
neglected in the case of GaAs/Al,_,Ga,As QW struc-
tures.>® The value of the carrier masses and the band-
gap offset ratio determine in the system a symmetry be-
tween the electron and hole wave functions producing an
overlap integral near to unity even for very thin wells
[Fig. 3(b)]. On the other hand, a non-negligible variation
of the electron-hole overlap integral with the well thick-
ness has been shown in heterostructures like
In,_,Ga, As/InP QW’s,%” which, as already mentioned,
exhibit some analogies with thin GaAs/Al,_,Ga, As
DBQW’s.

We report in Fig. 3(b) the electron-hole extension {z)
and the inverse of the squared overlap integral as a func-
tion of the confinement energy for the heterostructures
investigated (0—2 ML). The dependence of these quanti-
ties on the well width does not show significant
differences for different values of the AlAs ML’s as long
as the wells are relatively thick; the overlap integral is
near unity and the carrier extension decreases linearly
with the well thickness. On the other hand, when the
confinement energy approaches the continuum threshold
the situation changes dramatically. In the case of 1 or 2
ML, both (z) and [{x,|x, )|? start increasing very fast
with increasing confinement energy, originating an in-
crease of the radiative lifetime. An important contribu-
tion to this effect comes from the overlap integral, the
more important the nearer is L, to the minimum thick-
ness for electrons, thus reflecting the asymmetry between
electrons and holes. The increase of the exciton lifetime
observed experimentally in highly confining DBQW’s
[Fig. 3(a)] can be therefore inferred by the dependence of
the exciton oscillator on the well width, mainly due to the
variation of |#,,.(0)|> and |{x,lx, )| 2 as given in Fig.
3(b).

We would like to stress that even if the dependence of
|#exc(0)[* on the well width has been calculated using the
wave functions of the isolated carriers, the result can
indeed be assumed as a reasonable estimate of the exciton
extension as long as the confinement energies of electrons
and holes in our narrowest wells!* are larger than the ex-
citon binding energy (10 meV as maximum!!). It should
also be noted that the mixing between heavy and light
holes and the coupling between the 2D subbands and the
3D continuum are not considered within the two-band
approximation, even if they certainly play an important
role in DBQW heterostructures. Nevertheless, this type
of calculation is not at all trivial and no attempts of this
kind have been reported up to now, to our knowledge.
We have also pointed out the experimental problems in
extracting the value of the radiative lifetime from the
measured PL decay times. For both reasons we have
only tried a qualitative comparison of our calculations
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with the experimental results.

In summary, we have shown that the DBQW struc-
tures can be used for studying the quasi-3D behavior of
excitons in ultrathin wells. We have found an increase of
the excitonic PL decay time when increasing the carrier
confinement energy. The overall quality of the samples
investigated, as shown by the PL spectra, allows us to in-
terpret this increase in terms of a property of the radia-
tive lifetime of excitons. The experimental data turn out
to be in agreement with the estimated dependence of the
excitonic radiative lifetime on the well thickness.
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