PHYSICAL REVIEW B 76, 155309 (2007)

Energy spectrum and structure of thin pseudomorphic InAs quantum wells in an AIAs matrix:
Photoluminescence spectra and band-structure calculations
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The energy spectrum of thin pseudomorphic InAs quantum wells (QWs) in an AlAs matrix has been studied
by steady-state and transient photoluminescence (PL) and calculation. It has been found that the PL spectra of
the QWs consist of intense lines related to a no-phonon excitonic transition accompanied by its phonon
replicas. The band alignment in the QWs is shown to be of type I, with the lowest conduction band states

belonging to the indirect Xy, minimum.
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I. INTRODUCTION

Thin InAs and InGaAs quantum wells (QWs) recently
have attracted much attention from both the fundamental and
application points of view.'"'® The majority of the studies
reported so far have concentrated on the direct gap
InGaAs/GaAs material system,'=*%71213 while the techno-
logically similar system of InAs/AlAs received much less
attention. Usually, a QW of the InGaAs/AlAs system is con-
sidered to be similar to InAs/GaAs QWs. There, however,
exist important differences in the physical properties be-
tween InGaAs/GaAs and InGaAs/AlAs QWs which have
not been addressed so far. The principal difference between
the InAs QWs in GaAs and AlAs concerns the band structure
of the QWs that could switch from direct to indirect gap due
to the changes in the relative positions of various conduction
band minima. Because of the small electron effective mass of
InAs, the electron states in the I' minimum of the QW con-
duction band are considerably more strongly shifted by
quantum confinement than those in the L and X minima.
Therefore, in the InGaAs/AlAs material system, the confine-
ment can lead to a transformation of the structure of elec-
tronic levels in the QW due to (i) a transition of the lowest
state of the conduction band from direct to indirect, and (ii) a
transition of the band alignment from type I to type II, which
can happen if quantum confinement pushes the lowest state
of the QW conduction band above that of the matrix.

For thin InGaAs/AlAs QWs with a small InAs mole frac-
tion, the type-I to type-II transition was experimentally dem-
onstrated by many groups.'#-!® However, in spite of many
experimental and theoretical investigations devoted to the
study of the structure of electronic levels of thin InAs
layers,”!3 only the conduction band states of the I' minimum
were taken into consideration to date. At the same time, the
effect of the confinement on the structure of electronic levels
of thin InAs QWs has been scarcely studied yet.

In this paper, we present the results of a study of atomic
structure and energy spectrum of single thin InAs QWs in an
AlAs matrix. We demonstrate that the quantum confinement
leads to the transformation of the lowest electron state from
the direct I' to indirect X minimum of the InAs conduction
band, but does not result in a type-I to type-II transition of
spatial band alignment.

The paper is organized as follows. In Sec. II, we demon-
strate that the lack of precise knowledge on the InAs/AlAs
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QW atomic structure and uncertainties of some of the band-
structure parameters of InAs hinder the unambiguous calcu-
lation of the QW band lineup. In Sec. III, the techniques used
for experimental assessment of the band structure are de-
scribed. The experimental results on continuous-wave (cw)
and transient photoluminescence (PL) of the QWs are pre-
sented in Sec. IV together with a discussion of the shape of
the QW PL spectrum and PL decay. The analysis of the ex-
perimental dependence of the QW PL line position on carrier
concentration and a comparison of the positions of the PL
lines with the calculated transition energies allow us to
clarify the band lineup and atomic structure of the QWs.
Finally, the conclusions are summarized in Sec. V.

II. CALCULATION OF THE BAND LINEUP OF A
THIN InAs/AlAs QUANTUM WELL

In this section, we will demonstrate that, despite the ex-
pectation, the available literature data are insufficient for the
calculation of the band structure of a thin InAs quantum well
in a wide band-gap matrix with adequate accuracy.

Traditionally, thin InAs QWs have been described as thin
slabs with abrupt heterointerfaces®'* (we will refer to such
QWs as abrupt). However, Offermans et al.'® recently dem-
onstrated a strong intermixing of the well and barrier mate-
rials in thin InAs QWs in both GaAs and AlAs matrices due
to the strain-driven InAs segregation (such QWs will be re-
ferred to as diffused in the following). In this section, we
present a band lineup calculation for both the abrupt and
diffused QWs. In order to calculate the band lineup of a
strained InAs/AlAs heterostructure, we take into account (i)
the change of the band gaps of InAs and AlAs due to the
change in the unit cell volume (A€/Q), (ii) the splitting of
the degenerate valence bands and of the degenerate indirect
minima in the conduction band of InAs and AlAs induced by
the biaxial component (1) of the strain, and (iii) the value of
the InAs/AlAs valence band offset (VBO).!”

A. Case of a thin abrupt quantum well

If a thin InAs/AlAs QW manifests itself as a thin slab as
was supposed earlier for InAs/GaAs and InAs/InP QWs,210
the strain is mostly localized within the InAs layer, and
therefore, the change of the band gaps and the splitting of the
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degenerate bands can be easily calculated using the macro-
scopic theory of elasticity.!”!® For a pseudomorphic InAs
layer, the components of the strain tensor parallel € and
perpendicular €, to the plane of the heterointerface are given
by17

€= 4 1, (1)
A1nAs
a
€, = < - 17 (2)
A1nAs
C
aizalnAs|:1 —2€||C_12}7 3)
11

where a; and a, are the lattice parameters of the strained
InAs in the plane and perpendicular to the layer, respectively,
with g equal to the cubic lattice parameter of the AlAs, ap,a;
is the lattice parameter of unstrained InAs, and ¢, and ¢y,
are the elastic constants of InAs. Let us choose the Cartesian
coordinate system with the z axis oriented along the sample
growth direction. Then the components of the strain tensor
will be €,=¢€,,=€ and €,=¢€,, the change of the unit cell
volume due to the hydrostatic part of the strain can be writ-
ten as AQ)/Q=Tr(e)=€,+€,,+¢€_, and the biaxial compo-
nent of the strain will be I=€,,—€,,.

According to Ref. 19, the changes of the band gaps for
direct and indirect extrema with unit cell volume are given
by Eg=E§+aUAQ/Q, where Eg is the unstrained band gap
and a, is the absolute deformation potential that describes
the change of the total band gap. The twofold degenerate
valence band of unstrained InAs splits into separate heavy-
(HH) and light-hole (LH) bands. Taking into account the
biaxial component of the strain and spin-orbit coupling, the
splitting of the valence bands (AEy_; ;) can be expressed
using the components of the strain tensor, the deformation
potential b, and the spin-orbit splitting:'’

Ay 36E 1
AEuy_1n= = o

5 1 4 5 172
2 4 5 AO + EAoéEOOI + §5EOOI N

(4)

where A, is the spin-orbit splitting in the absence of strain
and OFy =2bI is the splitting due to biaxial strain. In un-
strained bulk InAs, the X minimum of the conduction band is
anisotropic, with the Xy, Xy, and X, states being threefold
degenerate. The biaxial compression of a thin InAs layer
grown on AlAs results in lowering the energy of the Xy and
X, states with respect to that of the X, state.’” Thus, the
lowest state of the X minimum in an InAs/AlAs structure
becomes the twofold degenerate Xyy state. The shifts of the
states with respect to the unperturbed X minimum position
are given for the Xy, and X, states by the expressions®”

AE,=—= (5)

and
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TABLE 1. Band-structure parameters for InAs and AlAs.

Parameters InAs AlAs
a (A) 6,0583% 5.6611°
¢y (Mbar) 0.8332 1.250*
¢y, (Mbar) 0.4532 0.534*
b (eV) —1.8%b -2.3b
Ay (eV) 0.38%b 0.28b
E, (eV) 3.7¢ 6.11¢
a (ev) -5.66¢ -8.93¢
al (ev) 0.92¢ 1.o1¢
at (eV) -2.89¢ -4.609
Er (eV) 0.417° 3.099°
Ex (eV) 1.39,° 1.433,° 2.27%¢ 2.228,1 2.24b
E; (eV) 0.98,° 1.133,° 1.52f¢ 2.46°
4Reference 17. “Reference 22.
bReference 21. fReference 24.
‘Reference 20. gReference 25.
dReference 19. hReference 23.

AEXY == ETZI > (6)

where E, is the deformation potential at point X of the Bril-
louin zone.”® The L minimum of the conduction band is also
anisotropic and threefold degenerate, however, (001) biaxial
strain has negligible effect on this minimum.'’

In order to calculate the band lineup of a thin pseudomor-
phic InAs/AlAs QW, we used the band-structure parameters
of InAs and AlAs collected in Table 1.

Unfortunately, together with accurately experimentally
determined or calculated parameters such as lattice constants,
elastic constants, spin-orbit splitting, and deformation poten-
tials, there are parameters with poorly known values. Actu-
ally, the low temperature energy gaps for the X (Ey) and L
(E;) conduction band minima in InAs have not been studied
experimentally. Vurgaftman et al.?' recommended using Ey
=1.433 eV and E;=1.133 eV based on the suggestions made
by Adachi,?® and Ref. 27 extrapolated Ey and E; from room
temperature data to 0 K, taking the temperature dependence
of the indirect gaps to be identical to that of the direct gap.
On the other hand, Ref. 22 gives Exy=1.39 eV and E;
=0.98 eV, while Boykin®* and Ref. 25 give Ex=2.27 eV and
E;=1.152 eV, respectively. The VBO value for the
InAs/AlAs heterojunction is also not completely determined
yet. There are many calculations for strained InAs layers on
unstrained AlAs substrates which give various values of
VBO ranging from 0.29 to 0.83 eV.318:21.28-31

Using the accurately determined parameters, one can cal-
culate the following values for a pseudomorphic strained
InAs layer: the direct band gap E;=0.55 eV, the splitting
between the light- and heavy-hole levels AEuy ;4
=0.205 eV, and the shifts of the Xy, and X, states of the
InAs conduction band with respect to their unperturbed po-
sition AE,=0.34 eV and AEyy=-0.17 eV. On the other
hand, the values for the unperturbed positions of the indirect
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FIG. 1. (Color online) Band diagrams of pseudomorphic abrupt
InAs/AlAs structure calculated with utmost values of VBO, Ey,
and E; of the InAs layer. (a) Ex=1.335¢V, E;=1.153 eV, and
VBO=0.3eV; (b) Exy=2215eV, E;=1325¢V, and VBO
=0.83 eV. Er marks energy positions of the I'-minimum electrons
for an InAs QW with a thickness of 1.5 ML.

extrema that are calculated from less precisely known pa-
rameters vary in the ranges of 1.335-2.215eV and
1.153-1.325 eV for Ey and E;, respectively. If we now take
the utmost values of Ey, E;, and VBO, then different band
diagrams are realized as shown in Fig. 1.

Both sets of values in Fig. 1 result in a type-I alignment,
with the conduction band states belonging to the I' mini-
mum. However, the quantum confinement in a thin InAs QW
with thickness of a few monolayers leads to a strong increase
in the energy of the I point electrons with respect to their
indirect counterparts due to the small value of the electron
effective mass in the I' minimum, as is shown in Fig. 1.
Therefore, if a QW manifests itself as a thin slab, both the
type-I band alignment with the lowest electron state belong-
ing to an indirect minimum of the InAs conduction band and
type-II alignment can be realized depending on the values of
Ey, E;, and VBO.

B. Case of a diffused InAs quantum well

In order to describe a diffused QW, we follow Offermans
et al.’® and use the phenomenological model of Muraki et
al.* In the framework of this model, the indium composition
profile across the QW is determined by the amount of depos-
ited InAs (N) and the segregation coefficient R that equals
0.78 for InAs in AlAs.'3 The calculated segregation profile of
a QW with N=1.4 monolayers (ML) is shown in Fig. 2(a).
One can see that the peak InAs fraction in the diffused layer
is only 25%. The band lineup of this diffused QW was cal-
culated using the theory of elasticity.!”-'® The band-structure
parameters for the layers of InAlAs alloy were determined
by a linear approximation between the parameters of InAs
and AlAs. The calculated band diagrams for the two utmost
cases of Ey, E;, and VBO are depicted in Figs. 2(c) and 2(d).
One can see that, similar to the case of an abrupt QW, both
the type-I and type-II band alignments can be realized de-
pending on the band parameters. However, the InAlAs alloy
contains a high concentration (=75%) of AlAs with well-
defined band-structure parameters that results in a consider-
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FIG. 2. (Color online) (a) The segregation profile of a diffused
InAs/AlAs QW with a nominal amount of deposited InAs N=1.4
ML, calculated according to Ref. 32. (b) Wave function amplitude
of an Xyy electron in the diffused QW with type-I band structure.
[(c) and (d)] The band lineups of the diffused QWs for two utmost
sets of values of Ey, E;, and VBO determined by a linear approxi-
mation between the parameters of InAs and AlAs. From top to
bottom: I', L, X,, and Xyy conduction band minima, and HH and
LH valence bands.

able decrease of the uncertainty in the Ey, E;, and VBO
values. Therefore, in the case of the diffused QW, the lowest
electron state always belongs to the Xyy minimum of the QW
conduction band.

Thus, we see that the uncertainty in the QW atomic struc-
ture and the values of Ey and E; of InAs and VBO hamper
the determination of the lineup of thin InAs/AlAs structures
merely by calculation. In order to clarify the actual structure
of the QW band lineup, we have performed PL experiments
as described in the next sections.

III. EXPERIMENT

The samples of InAs QWs studied in this work were
grown by molecular beam epitaxy on semi-insulating (001)-
oriented GaAs substrates in a Riber-32P system. The samples
consisted of one InAs layer sandwiched between two 25 nm
thick layers of AIAs grown on top of a 200 nm buffer GaAs
layer. The first AlAs layer in all the samples was grown at a
substrate temperature Tg of 600 °C. The QW layers were
deposited with a nominal amount of InAs of 1.2 or 1.4 ML at
T¢=480 °C and a rate of 0.04 ML s~!. as calibrated in the
center of the wafer using reference samples. To prevent InAs
evaporation, the growth temperature was not increased dur-
ing the deposition of a few initial monolayers of the second
AlAs layer covering the QW. The rest of the cover layer was
grown at T¢=600 °C. A 20 nm GaAs cap layer was grown
on top of the sandwich in order to prevent oxidation of AlAs.
For comparison, three types of structures were used: (i) a
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FIG. 3. The low temperature PL spectra of (1) the InAs/AlAs
QW with 1.4 ML thickness and (2) the AlAs layer.

thin GaAs/AlAs QW with a GaAs layer thickness of 2 ML
that produced type-II band alignment, (ii) a 100 nm layer of
AlAs without any QW formed inside, and (iii) a structure
with InAs quantum dots (QDs) formed in an AlAs matrix3?
whose InAs wetting layer represents a QW similar to those
described above but has a thickness of 1.8 ML. Sample (i)
was grown in a Riber Compact system at T4=600 °C. The
PL excitation was accomplished above the direct band gap of
the AlAs matrix. Steady-state PL was excited by a He-Cd
laser (Aw=3.81 eV) with a power density in the range of
0.02-25 W cm™2. Transient PL was excited by a pulsed N,
laser (Aw=3.68 eV) with a pulse duration of 7 ns and a peak
power density of 150 kW cm™ or 1 mJ cm™ density of the
pulse energy. Stationary and transient PLs were analyzed by
a 0.6 m double grating monochromator and detected with a
cooled photomultiplier tube with an S-20 photocathode. The
PL signal was recorded using a photon counting system for
stationary PL and a time-correlated photon counting system
in transient PL mode. The degree of linear polarization of
QW PL was measured in the edge-emission geometry per-
pendicular to the growth direction. The laser light was inci-
dent normal to the plane of the QW layer, the sample being
excited is close to the edge to minimize self-absorption. The
polarization degree was analyzed by a polarizer placed in
front of the cryostat window. A quartz depolarizer wedge was
placed in front of the entrance slit of the monochromator to
eliminate spurious polarization effects arising from the grat-
ing.

IV. EXPERIMENTAL RESULTS

A. Photoluminescence of InAs/AlAs quantum well

The low temperature PL spectra of the 1.4 ML QW
sample and a comparison single AlAs layer are shown in Fig.
3. Two intense PL lines: high energy at 2.102 eV and low
energy at 2.060 eV, with full widths at half maximum
(FWHMSs) of 36 and 22 meV, respectively, dominate in the
spectrum of the QW. The lines are Gaussian like with
slightly extended low-energy tails. A weak feature around
2.010 eV is also seen. The spectra of the samples with dif-
ferent well widths demonstrate the same bands and low-
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FIG. 4. (Color online) The low temperature polarization-
dependent PL spectra of the InAs/AlAs QW taken from the sample
edge. Arrows indicate the directions of the electric field vector for
the two spectra.

energy feature that are shifted as a whole, while their relative
positions remain constant. In the spectrum of the AlAs layer
sample, we observe only a weak broad line at an energy of
2.1 eV connected with the donor-acceptor recombination in
AlAs.3* The intensity of this line is by 3 orders of magnitude
smaller than that of the QW sample. The low PL intensity in
the AlAs layer is quite natural since, due to the small prob-
ability of radiative recombination in an indirect band-gap
material, the photoexcited electrons and holes mostly trans-
fer to the surrounding GaAs rather than recombine in this
thin layer. The intense PL of the thin InAs QW evidences
that the high efficiency of carrier capture by this layer is
similar to the case of thin InAs/GaAs QWs.>’

B. Identification of the optical transitions

The PL spectra of thin InAs/AlAs QWs always contain
two lines in contrast to the spectra of thin InAs/GaAs or
InAs/InP QWs, which display a single excitonic line
only.>*7- In this section, we will demonstrate that these two
PL lines are due to an excitonic transition accompanied by
phonon replicas, while other alternative explanations such as
transitions involving heavy- and light-hole states in the QW
or transitions in regions of the QW with different widths can
be rejected.

In order to clarify whether the two PL lines are related to
transitions involving heavy and lights holes, we measured
linearly polarized PL taken from the edge of the sample. The
results are depicted in Fig. 4. One can see that both lines are
strongly polarized along the plane of the QW. The polariza-
tion of the PL is not complete, though. Such a feature of the
polarization spectra can be caused by two reasons: the light-
heavy holes mixing® or the contribution of unpolarized PL
emitted approximately perpendicular to the line of sight and
then directed toward the observer by reflections at the sam-
ple’s surfaces.* However, in any case, the high degree of PL
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FIG. 5. The spectra of the (a) InAs/AlAs and (b) GaAs/AlAs
QWs as a function of temperature, from top to bottom: (a) 5, 10, 15,
20, 25, 30, 40, 50, 60, 90, and 100 K; (b) 5, 10, 20, 25, 30, 40, 50,
60, 70, 85, and 100 K.

polarization along the plane of the QW evidences the heavy-
hole character for both transitions.*

In order to clarify whether the PL lines are attributed to
the well width fluctuations, we studied the PL temperature
dependence. The spectra are depicted in Fig. 5(a). One can
see that as temperature is increased, both QW related lines
simultaneously drop in intensity, and subsequently, disappear
under a broad PL band® at temperatures above 50 K. The
absence of any significant change in relative intensity of the
lines clearly evidences that the PL lines are not related to
fluctuations of the well width, which should cause an in-
crease in the intensity of the high-energy line.30-38

An interesting feature of the InAs/AlAs QW spectra is
that the parameters of the PL lines are closely connected
together. The relative intensity, linewidth, and energy split-
ting of the two lines remain similar with changes in tempera-
ture and concentration of nonequilibrium carriers (the latter
will be demonstrated in Sec. IV C). These observations sug-
gest that the lines correspond to the no-phonon line of an
excitonic transition and its phonon replica, or two phonon
replicas. However, the splitting of these lines is quite differ-
ent from any phonon energy in InAs or AlAs.>> We assume
that this is a result of an overlap of a no-phonon (NP) line
and several of its replicas related to phonons belonging to
InAs and AlAs, all broadened due to the roughness of the
QW interface. Since the lowest state of the conduction band
of the AlAs matrix has the Xy, symmetry,? it is reasonable
to expect, similar to a type-Il band alignment Xy
GaAs/AlAs QW, that these phonon replicas are related to (i)
longitudinal optical (LO) phonons of InAs (AQIS
=25 meV), (ii) transverse acoustical (TA) phonons of AlAs
(ﬁQ’T*},AS: 12 meV) at point X of the Brillouin zone, and (iii)
point X LO phonons of AlAs (AQ;5"=48 meV).?> Note
that the replicas related to the AlAs phonons can be present
in a spectrum of a QW not only of type II but also of type-I
band alignment. Indeed, in a thin abrupt QW, the carrier
wave function extends to the matrix that facilitates interac-
tion with AlAs phonons, while a diffused QW manifests it-
self as a layer of InAlAs alloy with a high concentration of
AlAs. As it is clearly seen in Fig. 3, the FWHM of even the
narrowest PL line is at least twice the AlAs TA-phonon en-
ergy and is practically the same as the InAs LO-phonon en-
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FIG. 6. (Color online) Deconvolution of the PL spectrum of the
1.4 ML InAs/AlAs QW.

ergy; therefore, PL lines of these replicas cannot be resolved
in the spectra of InAs/AlAs QWs.

Fitting the spectrum with the lines of phonon replicas
listed above confirms the assumption on the phonon-related
nature of the PL lines. Figure 6 shows the results of fitting of
the spectrum with a sum of four Gaussian lines correspond-
ing to the no-phonon transition and its TApjas, LOgjas and
LOy, 4 replicas. The best agreement between the experimen-
tal and fitted spectra has been achieved for the no-phonon
transition energy of 2.109 eV. A small deviation of the low-
energy side in the experimental spectrum is connected with
two-phonon lines, which were not taken into account in the
fitting. Note that in the framework of the proposed interpre-
tation, the weak line at 2.010 eV finds a natural explanation
as a two-LOya-phonon transition.

C. Determination of the quantum well band lineup

The identification of the lines in the PL spectra of thin
InAs/AlAs QWs as phonon replicas shows only that elec-
trons reside in indirect Xy states, but does not help us to
discriminate between the types of alignment of conduction
bands in the studied structures. In order to determine the
band lineup of the InAs/AlAs QWs, we studied the energy
position of the PL lines (% w,,,,) as a function of the concen-
tration (n) of nonequilibrium carriers.

The Aw,,,(n) dependence in structures with type-II band
alignment was analyzed in Ref. 5. It has been shown that the
shift in the line position is proportional to the cubic root of
the excitation power density at densities as small as
0.05 W cm™2 (see Refs. 5 and 40). In structures with type-I
band alignment, fiw,,,, is determined by the product of the
densities of states and functions of band occupancies for
electrons and holes.*! In this case, 7w, does not depend on
the excitation power density until the carrier quasi-Fermi-
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FIG. 7. The low temperature PL spectra of the (a) InAs/AlAs
and (b) GaAs/AlAs QWs as a function of excitation power density
(Wem™): (a) 1, 0.04; 2, 0.35; 3, 3.2; 4, 25; (b) 1, 0.02; 2, 0.14; 3,
1.3; 4, 12.

levels enter the respective bands and band filling begins. A
further increase in the excitation density results in a blueshift
of the line.*!

The cw PL spectra as a function of excitation power den-
sity are depicted in Fig. 7(a). For comparison, the spectra of
the type-II GaAs/AlAs QW taken with similar excitation
densities are presented in Fig. 7(b). One can see that the
increase of the excitation power density by almost 3 orders
of magnitude practically does not lead to any shift of the
lines in the InAs/AlAs QW, while in the spectra of the
GaAs/AlAs QW, the lines display a 7 meV shift in the same
power range. The dependencies of the line shift on excitation
density for the two structures are shown in Fig. 8. It is seen
that in the type-II GaAs/AlAs QW the shift is proportional
to the cubic root of the excitation power density, in agree-
ment with Refs. 5 and 40.

The transient PL spectra of the InAs/AlAs and
GaAs/AlAs QWs with a nitrogen laser excitation are de-
picted in Fig. 9. In the InAs/AlAs QW, in spite of the high
peak excitation power density of 150 kW cm™2, only a small
redshift (8 meV) of the lines connected with filling of the
bands with nonequilibrium carriers takes place during the
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FIG. 8. (Color online) The shift of the PL lines of the

InAs/AlAs and type-1I GaAs/AlAs QWs as a function of excitation
power density P.
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FIG. 9. Transient PL spectra of the (a) InAs/AlAs and (b)
GaAs/AlAs QWs. The delays after the excitation pulse, from top to
bottom: (a) 0.25, 2, 20, 50, 150, 250, 350, 450, 550, 650, and
750 ms; (b) 0.25, 0.6, 2, 10, 40, 100, 200, 400, 700, 1000, 1500,
2600, and 3600 ms.

initial stage of decay, when the PL intensity decreases sev-
eral times.*! On the other hand, the PL lines of the
GaAs/AlAs QW demonstrate a continuous redshift during
the decay that reaches 30 meV some 3 ms after the excita-
tion pulse. Therefore, the absence of the shift of the lines
with variation in the concentration of nonequilibrium carriers
at moderate excitation densities allows us to identify the spa-
tial band alignment of the InAs/AlAs QW as type L.

It is interesting that the InAs/AlAs and GaAs/AlAs QWs
display not only different line shifts in the transient PL spec-
tra but also different laws of decay, as illustrated in Fig. 10.
The InAs/AlAs QW demonstrates a virtually exponential PL
decay with a lifetime of 110 us (fit curve 1), while the
GaAs/AlAs QW displays a nonexponential decay that is al-
most an order of magnitude longer (see inset; note the use of
double logarithmic plot). In order to demonstrate that this
difference supports the conclusion on type-I band alignment
in the InAs/AlAs QW, we present below an analysis of the
PL decay law.
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FIG. 10. (Color online) The kinetics of the integrated PL of the
InAs/AlAs QW (empty squares). Lines are decay curves calculated
according to Eq. (7) with decay rates (s™): 1, wy=9x 103, w,=0
(pure exponential); 2, wo=6 X 10%, w,=4 X 10%; 3, wy=6 X 10%, w,
=8X10% and 4, wy=3X10% w,=8X10%. Inset: Type-II
GaAs/AlAs QW PL decay (empty circles) and calculated decay
curve for wy=6Xx 10> s™! and w,=1.5%x10% s,
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It is known that the PL decay of Xy, indirect band-gap
QWs of both types of band alignment*>~** and with any
structure of the heterointerface*>* (abrupt or diffused) can
be described with the following relationship for the recom-
bination rate Ip;:

I (1) < exp(= wot) (1 + 2w, 1)~ )

where 7 is time, w, is the decay rate connected with stochas-
tic processes of scattering of electronic momenta by short-
range potential scatterers related to any imperfection of
atomic structure, and w, is the decay rate resulting from
other processes not related to stochastic scattering, including
all recombination channels: phonon-related radiative and ex-
trinsic nonradiative recombinations. The decay curves calcu-
lated in accordance with Eq. (7) for different values of wy
and w, are depicted in Fig. 10. In the case of the GaAs/AlAs
QW, the best approximation of the experimental decay was
obtained with wy=6X10%s~! and w,=1.5Xx10% s~!, which
are similar to the values obtained earlier for Xyy GaAs/AlAs
short-period superlattices.*>* In the InAs/ AlAs QW, the cal-
culated decay curve satisfactorily fits the experimental data,
with the parameters w, and w, lying in the ranges wy
=(6-9)x 10* s~ and w,=(0-4) X 10* s™! (curves 1 and 2 in
the figure). With w, greater than 4 X 10° s~!, no fit could be
obtained for any value of w, (see curves 3 and 4 as an
example).*¢

The most interesting result is the increase of wy in the
InAs/AlAs QW by an order of magnitude in comparison
with the GaAs/AlAs QW. We interpret this strong increase
in wy as a result of type-I band alignment in InAs/AlAs
QWs. Indeed, in the case of type-I alignment QWs, the over-
lap of the electron and hole wave functions takes place not
only at the heterointerface but also everywhere inside the
QW. This results in an increase of the probability of radiative
recombination of excitons accompanied by phonon emission
that is responsible for the w, value. It is also possible that the
increase in wy is related to the increase in nonradiative re-
combination rate.*>*’ Since the intensities of cw PL of both
QWs measured under the same experimental conditions are
similar, the nonradiative losses in the InAs/AlAs QW are
compensated by an increase in the rate of carrier capture by
the QW. It is known that the rate of carrier capture in a QW
of type I is much larger than in a type-Il QW.*® Thus, the
increase in w due to the discussed reasons also indicates the
type-1 band alignment in the thin InAs/AlAs QW.

A further argument in favor of type-I alignment in the
InAs/AlAs QW is given by a comparison of the temperature
dependencies of the PL spectra seen in the InAs/AlAs and
GaAs/AlAs QWs [Figs. 5(a) and 5(b)]. One can see that an
increase in temperature leads to the appearance of a high-
energy line in the spectra of type-II GaAs/AlAs QW. This
line is related to the recombination of X, excitons due to the
filling of X, states of the AlAs conduction band by electrons
at high temperatures.*” At the same time, this line does not
appear in the spectra of InAs/AlAs QWs.

D. Identification of the atomic structure of an
InAs/AlAs quantum well

The PL spectrum deconvolution presented in Fig. 6 re-
veals a domination of the AlAs-related phonon replicas in the
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FIG. 11. (Color online) Calculated energy of the electron-heavy
hole transition as a function of the nominal QW thickness. Full
squares, abrupt QW; empty circles, diffused QW. The VBO values,
from top to bottom in each set (€V): 0.8, 0.5, and 0.3. The experi-
mental data (energy position of the high-energy PL line) are de-
picted with stars.

spectrum of type-I alignment InAs/AlAs QW. This is an
argument in favor of a diffused structure of the QW. Indeed,
in such a case, the QW manifests itself as a layer of an
InAlAs alloy with a high concentration of AlAs; therefore, a
domination of AlAs-related phonon replicas in the spectrum
is quite natural. In this section, in order to find additional
arguments in favor or against the suggestion of the diffused
atomic structure of the InAs/AlAs QW, we analyze the en-
ergy position of the QW PL lines as a function of the QW
width.

Figure 11 demonstrates that the InAs/AlAs QWs with a
nominal thicknesses of 1.2 and 1.4 ML and the 1.8 ML thick
wetting layer of the structure with InAs/AlAs QDs have
close energy positions of the high-energy PL line (the data on
the QD sample were taken from our recent work®?): as the
well thickness is varied 1.5 times, the position of the line
changes by 40 meV only. The calculated energies of the elec-
tron to heavy hole transition as a function of the nominal
QW thickness in abrupt and diffused QWs are shown in Fig.
11 for several VBO values.”® The calculation was performed
in the framework of the envelope function model.’! One can
see that the energy of the optical transitions calculated for
diffused QWs is very close to the experimental data (stars),
while that in the abrupt QW depends considerably strongly
on the QW width. Besides, 1 min annealing of the QD
sample at 850 °C had shown that the PL lines of the wetting
layer are blueshifted by only 10 meV, whereas the QD line
exhibits a blueshift of more than 200 meV due to the InAs-
AlAs interdiffusion.’® The small blueshift of the wetting lay-
er’s QW line evidences that the wetting layer is initially a
diffused QW, and the additional interdiffusion induced by the
annealing only slightly changes its shallow potential
profile.??

Therefore, we conclude that thin InAs/AlAs QWs are dif-
fused QWs with type-I band alignment and that the lowest
electron state belongs to the Xy minimum of the conduction
band.
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V. CONCLUSION

The energy spectrum and structure of thin InAs QWs in
an AlAs matrix have been investigated. We determined that
the QWs are diffused InAlAs layers like those observed re-
cently by Offermans et al.,' and have type-I band alignment.
The calculation of the QW energy structure and the shape of
the PL spectrum demonstrate that the lowest state of the QW
conduction band belongs to the Xyy indirect minimum. The
intense PL of the QWs demonstrates the high efficiency of

PHYSICAL REVIEW B 76, 155309 (2007)

carrier capture by a thin InAs layer with respect to bulk AlAs
material.
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