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Âåñåëèí Äîí÷åâ, Êðàñèìèðà Ãåðìàíîâà, Íèêîëàé Ùèíêîâ. ÎÏÒÈ×ÍÈ ÑÂÎÉÑ-
ÒÂÀ È ÊÀ×ÅÑÒÂÎ ÍÀ ÈÍÒÅÐÔÅÉÑÈÒÅ Â ÊÂÀÍÒÎÂÈ ßÌÈ ÎÒ GaAs, ÂËÎ-
ÆÅÍÈ Â ÑÂÐÚÕÐÅØÅÒÊÈ ÎÒ AlAs/GaAs

Ïðåäñòàâåíî å äåòàéëíî îïòè÷íî èçñëåäâàíå íà êâàíòîâè ÿìè îò GaAs, âëîæåíè
â ñâðúõðåøåòêè îò AlAs/GaAs. Ïðîâåäåíè ñà ôîòîëóìèíåñöåíòíè (ÔË) èçìåðâàíèÿ
â íàáîð îò îáðàçöè ñ ðàçëè÷íà ãåîìåòðèÿ è òåìïåðàòóðà íà èçðàñòâàíå. Îò àíà-
ëèçà íà ïðîôèëà íà ÔË ëèíèè å ïîëó÷åíà êîëè÷åñòâåíà îöåíêà çà îòíîñèòåëíèòå
ïðèíîñè íà ñâîáîäíè åêñèòîíè è ñâîáîäíè òîêîíîñèòåëè â ïðîöåñà íà èçëú÷âàòåë-
íà ðåêîìáèíàöèÿ. Íàìåðåíî å, ÷å ïðèíîñúò íà ñâîáîäíèòå òîêîíîñèòåëè íàðàñòâà ñ
òåìïåðàòóðàòà, íî ñâîáîäíèòå åêñèòîíè äîìèíèðàò èçëú÷âàòåëíàòà ðåêîìáèíàöèÿ â
öåëèÿ èíòåðâàë îò õåëèåâè äî ñòàéíè òåìïåðàòóðè. Åíåðãèèòå íà îïòè÷íè ïðåõî-
äè, îïðåäåëåíè îò àíàëèçà íà ïðîôèëà íà ÔË ëèíèè, ñà ñðàâíåíè ñúñ ñúîòâåòíèòå
åíåðãèè, ïðåñìåòíàòè â ðàìêèòå íà ìîäåë, îñíîâàí íà ïðèáëèæåíèåòî íà îáâèâàùè-
òå ôóíêöèè, êîéòî âêëþ÷âà íåðåçêè èíòåðôåéñè. Â òîçè ìîäåë êîíöåíòðàöèîííèÿò
ïðîôèë â íàïðàâëåíèå, ïåðïåíäèêóëÿðíî íà èíòåðôåéñà, ñå ïðåäñòàâÿ êàòî ðåçóëòàò
îò âçàèìíà äèôóçèÿ íà ìàòåðèàëíèòå êîìïîíåíòè (Al è Ga), ïðè êîåòî äèôóçèîííà-
òà äúëæèíà å ïàðàìåòúð, îïðåäåëÿù ðàçìèâàíåòî íà èíòåðôåéñà. Îò ñðàâíåíèåòî å
îöåíåíà ñòåïåíòà íà ðàçìèâàíå íà èíòåðôåéñèòå â ðàçëè÷íèòå èçñëåäâàíè îáðàçöè.
Äèñêóòèðàíî å âëèÿíèåòî íà óñëîâèÿòà çà ïîëó÷àâàíå âúðõó êà÷åñòâîòî íà èíòåð-
ôåéñèòå íà ñòðóêòóðèòå.
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RTIES AND INTERFACE QUALITY OF GaAs QUANTUM WELLS EMBEDDED IN
SHORT-PERIOD AlAs/GaAs SUPERLATTICES

A detailed optical study of GaAs quantum wells embedded in AlAs/GaAs superlattices
is presented. Photoluminescence (PL) measurements are carried out on a number of
samples with di�erent geometry and growth temperature. The line-shape analysis of the
PL peaks provides a quantitative estimate of the relative contributions of free excitons
and free carriers to the radiative recombination process. It is found that the contribution
of free carriers increases with the temperature, but free excitons dominate the radiative
recombination in whole the range from helium up to room temperature. The optical
transitions energies found from the PL line-shape analysis are compared with the correspo-
nding energies calculated in frames of an envelope function approximation based model,
which incorporates graded interfaces. In this model, the concentration pro�le across the
interfaces is represented as a result of material interdi�usion, the di�usion length being
a parameter, determining the degree of the interface broadening. The comparison has
allowed estimating the interface broadening in the di�erent investigated nanostructures.
The in�uence of the growth conditions on the interface quality is discussed.

Keywords: AlAs/GaAs superlattices, embedded quantum wells, photoluminescence
spectra, line-shape analysis, interface grading, envelope function approximation, excitons

PACS numbers: 78.67.De, 78.67.Pt, 78.55.�m, 73.21.Fg

1. INTRODUCTION

Currently an increasing attention has been paid to the investigation of short-
period AlAs/GaAs superlattices (SLs) containing embedded GaAs quantum wells
(QWs). It has been shown that they have unique basic properties and allow
fabrication of advanced device structures for optoelectronics, photonics, optical
communications, etc. [1�9].

The photoluminescence (PL) measurements have been proved to be a valuable
tool to study the electronic states and optical properties of QWs. In order to
better understand the measured PL spectra, however further e�orts are needed
for improving and extending the theoretical analysis of the PL line-shapes. For
example, the dominant recombination mechanism and the momentum conservation
in the radiative recombination process in GaAs/AlGaAs single and multiple QWs
remains an open question. Some authors have found that in a wide temperature
range (2�300 K) free exitons dominate the radiative recombination [10�12], while
others claim that free carrier recombination is the main radiative process at 300 K
[13].

The e�ect of interface roughness on the electronic states and PL properties
of di�erent nanostructures is another problem of a prime importance in their
characterisation. It is known that the real interfaces are rather graded than abrupt
due to the intermixing of the material components [14, 15]. Di�erent intermixing
sources have been discussed in a variety of papers [14, 16�19]. The material
intermixing at the interfaces can signi�cantly a�ect the physical properties of the
QWs and SLs and in particular the shape of their PL spectra [20�24].
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Until now such e�ects have been discussed in a number of papers concerning
mainly GaAs/AlGaAs single QWs or periodic multilayers [21,23,25]. In complicated
nanostructures such as AlAs/GaAs SLs containing GaAs embedded quantum wells,
the problems mentioned above have been less studied and understood. Their study
and better understanding are very important especially at 300 K, which is the
operating temperature of most optoelectronic devices.

In this paper we present a detailed PL study of molecular beam epitaxy (MBE)
grown short-period AlAs/GaAs SLs with GaAs embedded wells (EWs). PL spectral
measurements are performed at di�erent temperatures from 2 to 300 K. A detailed
analysis of the PL spectra is carried out using two approaches. The �rst one
represents a PL line-shape analysis based on a simple statistical model, which
takes into account both free exciton and free carrier recombination. The �t of the
measured PL spectra performed by means of this model shows that free exitons
play a predominant role in the radiative recombination up to room temperature.
The thermal equilibrium between exitons and free carriers is well described by the
mass action law. It is found also that the PL line-shape is a�ected by interface
imperfections.

In the second approach, the optical transition energies are calculated by means
of an envelope function approximation (EFA) based model, taking into account
the exciton binding energies. The model incorporates a graded potential at the
interfaces, which is represented by a di�usion potential, the di�usion length being
a parameter, determining the degree of interface broadening. A good agreement
between the calculated excitonic transition energies and those derived from the
�ts is found and this way an estimate of the interface broadening in the di�erent
investigated nanostructures is obtained. The in�uence of the growth conditions on
the interface quality is discussed. Complicated PL structures connected with the
SL are also observed in the PL spectra. Their qualitative discussion con�rms the
main conclusions of the graded potential model. Thus the analysis of complicated
AlAs/GaAs nanoheterostructures is extended to real interfaces, which is essential
for advanced device fabrication.

2. EXPERIMENTAL

The samples investigated are grown by MBE on (001) GaAs substrates in EPFL
(Ecole Polytechnique F�ed�erale de Lausanne), Switzerland. They represent (AlAs)4/
(GaAs)8 SLs with one or two EWs [4 and 8 are the number of monolayers (ML)
of AlAs and GaAs, respectively (1 ML = 0.283 nm)]. Two types of samples have
been studied. Type A samples are grown at 600◦C and include an EW of 5 nm
(18 ML) sandwiched between 26 and 20 periods of SL, the �rst SL being grown
directly on the substrate. Type B samples are grown at di�erent temperatures
between 550 and 680◦C. They contain two EWs�one of 12 nm (42 ML) and one of
5 nm (18 ML), the latter being above the former. There are 5, 24 and 20 periods
of SL situated bellow the 12 nm EW, between the EWs and above the 5 nm EW,
respectively. In this case a GaAs bu�er layer of 400 nm is grown between the
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substrate and the �rst SL. Both types of samples have a cap layer of Alx.Ga1−xAs
(x = 0.33 is the mean Al content in the SL), which is thick 50 and 30 nm in
samples A and B, respectively. The sample designs are schematically represented
on Fig. 1.

Fig. 1. Schematic representation of the experimental samples used in the studies

PL spectra are measured at di�erent temperatures and excitation densities in
the Laboratory of Electron and Phonon Properties of Solid State Materials and
Structures (Faculty of Physics, So�a University), in the Department of Physics
and Measurement Technology (Link�oping University, Sweden) and in the Institute
of Opto- and Microelectronics, EPFL (Switzerland). Standard optical techniques
for PL measurements are used. The basic characteristics of the set-ups and the
experimental conditions are given in Table 1.

It is found that the PL spectra do not depend on the excitation wavelength
used in the experiments. At low excitation densities the PL peak positions do not
depend on the excitation power. That is, why in the description and the discussion
below we give only the temperature of the measurements. The other conditions
are given only if necessary.
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Table 1. Experimental set-ups and conditions applied in the PL measurements

Series 1 2 3 4

T , K 2�300 2�300 300 77
Illumination He�Ne laser Ar laser Ar laser Semicond.laser
λ, nm 632.8 501 488 520
P , W/cm2 1�34 4�400 300�3000 70
Monochro- Double SPEX Jobin Yvon Double SPEX Jobin Yvon
mator (f = 0.85 m) (f = 0.46 m) (f = 0.85 m) (f = 0.46 m)
Detector GaAs CCD�line GaAs Si

Photomultiplier detector Photomultiplier
Resolution 0.15 nm 0.025 nm 0.8 nm 1 nm
Location Linkoeping Linkoeping So�a University EPFL,

University, University Switzerland
So�a University

3. ANALYSIS OF THE PL SPECTRA

3.1. BASIC FEATURES OF THE PL SPECTRA

Typical PL spectra of samples type A and B are shown on Fig. 2. Sharp PL
peaks related to electron�heavy hole transitions in the EWs are observed at low
temperature. They are labelled P3 in samples A and P1 and P3 in samples B. The
peaks broaden with increasing the temperature and small peaks or shoulders, P2
and P4, appear on their high-energy sides, corresponding to electron�light hole
transitions. Since P1 and P2 are present only in the spectra of samples B, they
are attributed to the 12 nm EW. Similarly P3 and P4 are ascribed to the EW of
5 nm.

The high-energy region of the 2K spectra reveals a sharp peak S2 and a wider
low energy satellite S1, which has a shoulder in A samples (see Fig. 3). These
peaks are ascribed to electron�heavy hole transitions in the SL (see below).

3.2. EXCITON BINDING ENERGIES

The knowledge of the exciton binding energies Eb is necessary for the comparison
between the calculated and the experimental optical transition energies (see below).
The precise calculation of Eb requires the use of complicated many-bands EFA
models [26]. For a single GaAs/AlGaAs QW, they could be calculated by means
of a simple interpolation formula proposed in [27]. In the case of EW, one can
expect that the excitons will be more delocalised in the SL and therefore the
exciton binding energies will be lower than for single QW. That is, why we use in
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a �rst approximation the values of Eb calculated in [28] for a GaAs/AlAs/AlGaAs
QW with double barrier. They are given in Table 2.

(a) (b)

Fig. 2. PL spectra (circles) at di�erent temperatures and �ts of the PL peaks (lines) for
samples type A (a) and B (b). The spectra at 150 K and 300 K are shifted upward for

clarity

Fig. 3. PL spectra of samples type A (up) and B (down) measured at 2 K in a large
spectral range. The spectrum of sample type A is shifted upward for clarity
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Table 2. Exciton binding energies for heavy-hole (Ebh) and light-hole (Ebl) transitions

Embedded well (nm) Ebh (meV) Ebl (meV)

5 12 13.5
12 9 10.5

3.3. MAIN RADIATIVE RECOMBINATION MECHANISMS

The mechanisms of radiative recombination in complicated quantum heterostru-
ctures, such as SL with EWs are not systematically studied until now. However,
this is a problem of prime importance, especially at room temperature, which is
the operating temperature of most of the optical and optoelectronic devices based
on the above-depicted structures. We have performed a detailed analysis of this
problem using two approaches.

Excitation Density Dependence of the PL Intensity. The dependence
of the integrated PL line intensity on the excitation density has a power form
IPL ∼ Iα

exc, where the value of the exponent α indicates the main recombination
mechanism as follows: α = 1 for free exciton recombination and α = 2 for free
carrier recombination [4,13]. We have applied this approach to analyse the P1
and P3 peaks at 2K and the same peaks with their shoulders (P1 + P2 and P2
+ P4) at 300 K. The values of α obtained for di�erent PL lines and di�erent
samples are in the range 1.06�1.22 at 2K and 1.25�1.67 at 300 K. These results
show qualitatively that the recombination at low temperature (2 K) is excitonic.
Moreover, free excitons dominate the recombination up to room temperature,
where a contribution of free carriers is also present. This is con�rmed quantitatively
by the analysis in the next section.

Line Shape Analysis. In the second approach, a line-shape analysis of the PL
peaks is performed. They are �tted using a simple statistical model, which takes
into account both free exciton and free carrier recombination [4, 5, 10, 29]. Two
Gaussians, multiplied by the corresponding statistical distributions describe the
discrete HH and LH exciton lines. The free carrier recombination terms include a
broadened step-like 2D density of states, multiplied by the free carrier statistical
distribution in Boltzmann approximation and the 2D Sommerfeld factor, which
takes into account the Coulomb interaction between electrons and holes. Thus,
the emission intensity is a sum of the following terms:

Ixi(hν) = Axi exp
[
− (hν − Exi)2

2σ2
xi

]
exp

(
−hν − Exi

kT

)
, (i = HH,LH) (1)
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and

Ici(hν) =Aci
1

1 + exp

(
−hν − Eci

σci

) exp
(
−hν − Eci

kT

)

(i = HH, LH). (2)

× 2

1 + exp

(
−2π

√
Ri

|hν − Eci|

)

Here Axi, Exi and σxi (i = HH,LH) denote the amplitude, the energy and
the broadening parameter of the heavy-hole (HH) and light-hole (LH) exciton
lines; Aci, Eci, σci are the amplitude, the energy and the broadening parameter of
the electron-to-HH and electron-to-LH free�carrier recombination; and Ri is the
e�ective Rydberg, i.e., the exciton binding energy Ebi.

Table 3. Temperature dependence of the ratio F/X of the contributions of free
excitons (X) and free carriers (F ) to the radiative recombination in samples A and B

T (K)

F/X
Type B Type A

12 nm EW 5 nm EW 5 nm EW

2 0 0 0
64 0.07 0.02 0.02
77 0.12 0.04 �
80 � � 0.03
100 0.18 0.08 0.07
150 0.44 0.20 0.22
206 � � 0.34
300 0.95 0.63 0.73

Fig. 2 shows that the theoretical �ts (solid lines) describe satisfactorily the
main features of the experimental peaks. Using the �t results, we investigate
the temperature evolution of the relative contributions of free excitons (X) and
free carriers (F ) to the radiative recombination, estimated by integrating the
corresponding terms in the �tting formulae. Table 3 represents the values of the
ration F/X at di�erent temperatures in two samples (type A and B). At 2 K
the PL peaks P1 and P3 are described by single Gaussians, corresponding to HH
exciton recombination. The LH exciton and the free carrier transitions are not
present in the spectra. So, the radiative recombination at 2 K is purely excitonic
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(F= 0). With increasing the temperature, the free carrier contribution increases
and so does the ratio F/X. Its values are larger for the wider EW in accordance
with the smaller exciton binding energies in this case. At room temperature F
is comparable to X, but free exciton recombination still prevails: F/X is in the
range from 0.84 to 0.95 for the 12 nm EW, and from 0.63 to 0.82 for the 5 nm
EW in di�erent samples. These �ndings show that free exciton recombination is
dominant in our samples at all the temperatures used.

The careful analysis of the theoretical and experimental curves displayed in
Fig. 2 shows two interesting features:

i) The �ts cannot reproduce satisfactorily the broadening of the high-energy
side of the HH exciton peaks (P1 and P3). This broadening results from exciton
recombination at low temperature without momentum conservation [11, 30], while
in the model used a momentum conservation is assumed.

ii) The low-energy sides of the peaks are reproduced with minor accuracy,
because the model does not take into account the recombination of excitons bound
to potential �uctuations at the interfaces [30,31] due to interface imperfections.

These e�ects are an indication that in the investigated structures the interfaces
are not perfect. This is con�rmed also in the following section.

In spite of these e�ects the peak parameters can be quite well estimated in
frames of the theoretical model used, as discussed in [30]. The following facts also
con�rm the correctness of the model:

i) The plots of Ln[F/(X ∗ T )] versus 1/T corresponding to the P1�P2 and
P3�P4 emission lines are linear (Fig. 4). Their slopes are in good agreement with
the exciton binding energies used in the calculations. Thus, it is shown that the
thermal equilibrium between excitons and free carriers is well described by the 2D
mass action law [32].

ii) The exciton transition energies derived from the �ts follow well the temperat-
ure behaviour of the GaAs gap down to 30 K (Fig. 5). The same energies determined
directly from the PL peak positions have lower values, especially at low temperat-
ures.

iii) The line broadening parameters increase with T (Fig. 6), due to exciton
scattering by LO phonons. The broadening is greater for the P3 peaks, in accord-
ance with the smaller EW width (Fig. 6).

At the end of this section we emphasize that the results obtained in frames of
both approaches used show that the radiative recombination in QWs embedded in
SLs is dominated by exciton recombination up to room temperature.
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Fig. 4. Arrhenius plots of F/XT for the peaks P1 and P3 from the QWs in samples type
A (a) and B (b). The data obtained from the �t of the PL peaks at di�erent temperatures
are shown (points) together with a linear �r (lines). The slopes are indicated on the �gure
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Fig. 5. Temperature dependence of the exciton transition energies, derived from the �ts
of the peaks P1 (•) and P3 (N). The GaAs gap is also given (lines) shifted by 0.03 and

0.15 eV, respectively
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Fig. 6. Line broadening parameter as a function of the temperature for the peaks P1 (•)
and P3 (N)

3.4. DISCUSSION OF THE EXPERIMENTAL RESULTS IN
FRAMES OF AN EFA MODEL, WHICH INCLUDES

NON-ABRUPT INTERFACES

Non-abrupt interfaces and optical transition energies. In this section, a
discussion of the interface grading e�ect on the PL spectral behaviour is given. The
experimental optical transition energies, determined from the line-shape �ts (Sect.
3.3.2), are compared with the ones calculated by the EFA taking into account the
potential non-abruptness which is always present at real interfaces. In the interface
model used in the calculations, the concentration pro�le across the interfaces is
represented as a result of material interdi�usion, the di�usion length being a
measure of the interface broadening. A more detailed description of this model
is given in our previous papers [6�8].

Table 4 presents a comparison between the calculated energies of HH exciton
transitions in both types of EWs and the experimental ones obtained in two
samples�one of type A and one of type B. The exciton binding energies Ebh

and the di�usion length LD used in the calculations are also given. The energies
calculated assuming abrupt interfaces (LD = 0) are lower than the experimental
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ones. The di�erence is larger for the narrower well and is more pronounced in
samples A than in samples B. The discrepancies decrease when the interface
broadening is taken into account. The transition energies shift up with increasing
LD as shown in our previous works [8, 33]. Thus, a nearly perfect agreement
between calculated and experimental values is achieved as follows (see Table 4).
A broadened potential characterised by a di�usion length of 4.3 ML explains the
energy position of the PL emission from the 5 nm EW in samples A. One and
the same di�usion length of 3.4 ML accounts for the transition energies in both
EWs in samples B. Note that the same value of LD provokes di�erent shifts in the
transition energies in the two EWs. The shift is smaller in the larger EW, because
in this well the wave functions of the �rst electron and hole states are less sensitive
to potential grading at the interfaces.

Table 4. Comparison between calculated and experimental energies for heavy-hole
exciton transitions two samples (type A and B)

Sample Type A Type B
Embedded Well 5 nm 5 nm 12 nm

LD, ML 0 4.3 0 3.4 0 3.4
Ebh, meV 12 12 12 12 9 9
EEFA, meV 1653 1696 1653 1680 1554 1558
EEFA − Ebh, meV 1641 1684 1641 1668 1545 1549
hν, meV (peak) 1684 (P3) 1668 (P3) 1549 (P1)

The larger value of LD, obtained for samples A indicates a larger interdi�usion
and interfaces with lower quality in this case. This could be explained taking into
account the following: i) The higher growth temperature of samples A leads to a
larger Ga�Al interdi�usion during the growth process. This is discussed in more
details in the next section; ii) As discussed in [14] the passage of defects through
interfaces provokes a substantial intermixing. In our case, the di�usion of defects
from the substrate to the EW is easier in samples A than in samples B, because
in the former there is no bu�er layer and the EW is closer to the substrate.

Thus, considering graded interfaces we are able to explain the energy positions
of the PL peaks resulting from the EWs. Besides, the degree of interface broadening
has been assessed from the comparison between calculated and experimental values.

Typical energy intervals between the peaks S1 and S2 in the high-energy region
of the spectra are about 20 and 43 meV in samples A and B, respectively. A
splitting of the SL exciton emission in two or more peaks has been observed
by other authors and has been explained by unintentionally introduced interface
imperfections and/or �uctuations in the thickness and in the potential of the SL
layers [9,24]. All these peculiarities induce localised states both in space and in
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energy. Thus, the SL mini�bands widen and split in subbands, which results in
two or more PL peaks [9,24], as in our case. At low temperature these e�ects
reduce considerably the vertical carrier transport to the EW. This accounts for
the relatively high amplitude of the SL peaks compared to the ones of the EWs,
as seen in Fig. 3.

We do not compare quantitatively the calculated and experimental energies
of the SL transitions, because in the calculations we consider a SL with wells of
equal width (except the central EW), and we use a potential averaged over the
layer planes. Therefore our model does not account for the observed splitting of
the PL emission from the SL (the two peaks S1 and S2). However the discussions
carried out for the EWs apply qualitatively to the transitions in the SL. The
larger degree of potential grading in samples A results in higher energies of the SL
transitions, as seen in Fig. 3. The broad PL band S1 (which includes a shoulder)
in the spectra of samples A also imply a larger intermixing in this case.

Our suggestion for the origin of the peaks S1 and S2 is con�rmed also by data,
obtaining via transmission electron microscopy (TEM). This is illustrated by the
TEM-photo of a B type sample shown on Fig.7. The �uctuations of the widths of
the SL layers are clearly seen.

Fig. 7. Transmission electron microscopy photo of a sample type B

Interfaces quality of the investigated nanostructures. In this section,
we compare the data (PL peak positions and calculated LD) obtained in several
samples grown at di�erent substrate temperatures Ts. The results for B type
samples are summarised in Table 5, where Ecor is the P3 peak energy increased by
the exciton binding energy (12 meV, see Table 2) and the temperature correction
(for the measurements at 77 K). The latter is necessary because of the di�erent
measurement temperatures. It is determined from the di�erence between the peak
P3 positions at 2 K and 77 K in sample 3B and equals 3.9 meV. This value is
lower than the shift of the GaAs gap with the temperature (6.7 meV for 77 K
[34]) because of exciton localisation in potential �uctuations at the interfaces at
low temperatures [12]. The value of LD is determined comparing Ecor (P3) with
the results of the EFA calculations. The following tendency is observed: increasing
the growth temperature results in higher values of LD, i.e. in lower quality of the
interfaces. This �nding is in agreement with the results from Ref. [6], where we
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have performed a similar analysis, but using empirical tight-binding calculations.
The quantitative analysis is not performed for the peak P1, because its sensitivity
to the interface potential changes is very small. Nevertheless, its energy position
follows the general trend of the peak P3, as can be seen from Table 5.

Table 5. PL peak positions and calculated values of LD obtained in several samples
type B, grown at di�erent substrate temperatures Ts

Sample Texp, K E(P1), eV E(P3), eV Ts, ◦C Ecor(P3), eV LD, MC

1B 2 1.5491 1.6625 550 1.6745 3.0 (0)
2B 2 1.5493 1.6674 550 1.6794 3.3 (3)
3B 2 1.5392 1.6677 550 1.6797 3.3 (5)
4B 77 1.5382 1.6660 550 1.6819 3.4 (9)
5B 77 1.5398 1.6660 600 1.6819 3.4 (9)
6B 2 1.5511 1.6717 600 1.6837 3.6 (0)
7B 77 1.5426 1.6694 600 1.6853 3.6 (9)
8B 77 1.5436 1.6705 650 1.6864 3.7 (6)
9B 77 1.5436 1.6718 650 1.6877 3.8 (4)
10B 77 1.5465 1.6804 680 1.6963 4.3 (3)

Table 6. PL peak positions and calculated values of LD obtained in several samples
type A, grown at di�erent substrate temperatures Ts

Sample Texp, K E(P3), eV Ts, ◦C Ecorr(P3), eV LD, MC

1A 2 1.6834 600 1.6954 4.2 (8)
2A 2 1.6844 600 1.6964 4.3 (3)
3A 2 1.6898 600 1.7018 4.6 (3)
4A 2 1.6893 600 1.7013 4.6 (0)

Table 6 presents the energies of the peaks P3 in A type samples together with
the corresponding values of LD calculated from them. The mean value of LD at
Ts = 600◦C (4.46 ML) is considerably higher than that in B type samples grown
at the same temperature (3.59 ML). This di�erence is seen also in Fig. 8, which
displays the values of LD obtained in each sample. As depicted in the previous
section, the higher LD values in A samples are related to the absence of a bu�er
layer in this case, which leads to lower quality of the interfaces.

The literature data for the AlAs/GaAs interfaces, obtained from the analysis
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of high-resolution TEM measurements, give LD values between 1 and 4 ML. The
values found in our work for di�erent samples are between 3.0 and 4.6 ML (see
Tables 5 and 6), i.e., they are in good agreement with the literature data. In
the same time, these values show a relatively large interface broadening in the
investigated samples.
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0

Fig. 8. Di�usion length values obtained for a number of samples type A(5) and B(•)
grown at di�erent substrate temperatures
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Fig. 9. The averaged value of the di�usion length obtained for di�erent samples type B
as a function of the substrate temperature. The line is only a guide for the eyes
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Fig. 9 shows the values of LD in B samples averaged at each of the four
growth temperatures. The errors are estimated by calculating: i) the root mean
squared deviation of the LD values at the corresponding Ts and ii) the error in
LD corresponding to the 1 nm error in the PL peak position. The larger of these
two values is given on Fig. 9. One can see that the averaged value of LD increases
with increasing the growth temperature. On the other hand the careful analysis
of the data on Table 5 shows that LD varies among di�erent samples grown at
the same substrate temperature. This implies that besides the interdi�usion other
reasons could be responsible for the energy shift of the PL peaks with increasing
Ts. Such a reason could be the interface roughness on an atomic scale, which is
averaged over the layer planes in our model. Therefore, LD must be considered as
a parameter, which accounts for the averaged interface broadening in the growth
direction of the structure.

4. CONCLUSION

GaAs quantum wells embedded in short-period AlAs/GaAs SL are studied
by PL measurements at di�erent temperatures using a number of samples with
di�erent geometry and growth temperature. The observed PL peaks have been
identi�ed as the HH and LH exciton transitions in the EWs and the SL. A
detailed analysis of the PL line shapes is performed for the EW transitions, using
a simple statistical model. As a result a quantitative estimate of the relative
contributions of free excitons and free carriers to the radiative recombination
in a wide temperature range (2 to 300 K) is obtained. It is found that free
excitons recombination dominates the PL emission up to room temperature. This
is con�rmed also by the analysis of the excitation density dependence of the
integrated PL intensity. The temperature behaviour of the PL peak energies and
PL peaks broadening parameters follows the expected trends. Some discrepancies
between the experimental and theoretical PL line-shapes are attributed to localised
excitons, which indicate the presence of interface imperfections.

A very good agreement is obtained from the comparison between the exciton
transition energies in the EWs determined from the �ts and the corresponding
energies calculated in frames of an EFA based model, which takes into account the
interface grading due to material interdi�usion. The comparison has provided an
estimate of the degree of interface broadening in the samples used. It is found that
the interface broadening increases with increasing the growth temperature. On the
other hand a bu�er layer between the substrate and the SL improves the interface
quality. The applied approach extends the analysis of complicated GaAs/AlGaAs
heterostructures towards real interfaces, allowing a better description of their PL
properties. It can also be used in the evaluation of various heterostructures with
a larger degree of interface grading (obtained, e.g., by sample annealing) in order
to exploit their new properties attractive for device fabrication.
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