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Optical study of Al0.4Ga0.6Sb/GaSb single quantum wells
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Despite the recent upsurge in research on GaSb-based systems, only few systematic investigations have been
performed on the fundamental optical and electronic properties of AlxGa12xSb/GaSb quantum wells. For this
reason we studied a series of Al0.4Ga0.6Sb/GaSb single quantum wells, with well thicknesses ranging from 40
to 117 Å, by reflectance~R! and photoreflectance~PR! in the 0.6 to 1.5 eV spectral range and at temperatures
from 6 to 300 K. The structures were grown by molecular-beam epitaxy on~001! GaSb substrates and
structurally and compositionally characterized by photoluminescence, x-ray diffraction, and reflection high-
energy electron diffraction. Both R and PR spectra showed clear evidence of the structures associated with the
transitions allowed between thenth heavy-~light-! hole subband and thenth conduction subband forn51 and
2. Standard critical-point line shapes fitted satisfactorily the PR structures, allowing accurate determination of
both transition energies and broadening parameters as functions of the well thickness. The transition energies
were well fitted by a theoretical model based on the envelope-function scheme, thus giving reliable values for
the two fit parameters, i.e., the band offset and the conduction-band nonparabolicity.@S0163-1829~99!05423-5#
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I. INTRODUCTION

The optical and electronic properties of quantum we
and superlattices involving GaSb-based alloys have rece
attracted increasing interest for their potential application
devices, especially in high-power AlxGaAs12xSb/GaSb laser
emitters at 3 –4mm,1 normal-incidence infrared (5 –15mm)
photodetectors2 and modulators3 based on interconductio
subband transitions in GaSb/AlxGa12xSb multiquantum
wells ~MQW’s!. Thus a great effort has been made to sati
the need for novel experimental and theoretical results. N
ertheless, only few papers4–6 have analyzed in detail the op
tical intersubband transitions in AlxGa12xSb/GaSb quantum
wells ~QW’s! and correlated them with the electronic stru
ture of QW’s as a function of one or more parameters, s
as well thickness (tW), strain, band offset, effective masse
and conduction-band nonparabolicity. Moreover, there is
a certain diversity in the band-parameter values from th
papers and, more generally, from literature.7

In the experimental works, absorption spectroscop4

electroreflectance5 ~ER!, and photoluminescence4,6 ~PL!
have generally been used, while photoreflectance~PR! and
reflectance~R! have rarely appeared, even if they have be
extensively and successfully applied to characterizing
studying the fundamental properties of other III-V semico
ductor quantum-size structures.8 A reason for the scarce us
of PR is that difficulties are often encountered when expl
ing the modulation efficiency in bulk and epitaxial Sb-bas
semiconductors, so that only two papers,9,10 which came to
PRB 590163-1829/99/59~23!/15395~7!/$15.00
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partially divergent conclusions, have dealt with this topic.
a recent work11 we gave experimental evidence of a stro
PR effect in GaSb/AlxGa12xSb single quantum wells
~SQW’s!, and we showed that even unintentionally dop
GaSb-based quantum systems can be studied and char
ized by PR. Optical-absorption spectroscopy has in turn b
systematically preferred to R as a probe of layered Ga
compounds, although it requires transparent substrates~e.g.,
GaAs!, which may induce significative strain effects due
the strong lattice mismatch (;7%) between GaAs and
GaSb.

Here we present a systematic PR and R study from 0.
1.5 eV and at different temperatures on a series of unin
tionally doped Al0.4Ga0.6Sb/GaSb SQW’s with different wel
thicknesses. In order to reduce the strain effects, the sam
were grown by molecular-beam epitaxy~MBE! on ~001!
GaSb substrates and were well characterized in composi
crystalline structure, thicknesses, and interfaces by phot
minescence, reflection high-energy electron diffracti
~RHEED!, and high-resolution x-ray diffraction~HRXRD!.
We chose the mole fractionx50.4 for the AlxGa12xSb lay-
ers since this is the composition generally used for quan
well infrared photodetectors.

The aims of this work are to clearly evidence the optic
transitions between quantum states in the SQW’s and to
cisely determine their energies for subband indexn>1, to
compare the experimental energies with theoretical val
obtained with a model based on the envelope-funct
scheme, and to give more reliable information on charac
15 395 ©1999 The American Physical Society
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15 396 PRB 59R. FERRINIet al.
istic parameters such as band offset and GaSb conduc
band nonparabolicity, whose values heavily influence
electronic structure of these systems.

II. EXPERIMENTS

The structures were grown by MBE in an Intevac Gen
modular growth chamber on~001! GaSb substrates using
Sb4 molecular beam. They consisted of 500-nm-thick Ga
buffers and of Al0.4Ga0.6Sb/GaSb SQW’s. In order to max
mize the PL quantum efficiency of the QW’s, the buffe
were grown at 450 °C, except in the topmost part, where
temperature was linearly increased up to 550 °C and t
stabilized for the growth of QW’s. The Al0.4Ga0.6Sb and
GaSb growth rates were 1.0 and 0.6mm/h, respectively, and
the Sb4 /Ga beam equivalent pressures~BEP’s! were in the
10–14 range.

The growth rates were deduced by analyzing the RHE
oscillations that were carried out prior to the growth of ea
QW structure and have an accuracy to within65%. Using
the values of GaSb and AlxGa12xSb growth rates, the growth
times were established so as to have the following valu
For the thicknesses of the two barriers, 200 and 500 Å
wards the surface and the substrate, respectively, and fo
wells, tW540, 60, 80, and 117 Å in samples 40, 60, 80, a
117, respectively. Adjusting the growth rates predetermi
the composition.

The structures were characterized by means of PL exc
at 10 K by the blue line of an Ar1 laser with a power density
of 5 W/cm2 and using a Fourier-transform spectrometer a
a cooled Ge detector.

HRXRD experiments were carried out in convention
(n,2n) double crystal geometry by means of a compu
controlled diffractometer using CuKa1 radiation and 004 re-
flection. A Rigaku RU-200 rotating anode generator w
used as the radiation source. The incident beam was co
tioned by aU-shaped~004! Si monochromator. In order to
reduce the diffuse scattering background of the sampl
thin slit on the detector with an acceptance angle of ne
0.4° was used, and the measurements were carried out i
w-2q scan mode. The rocking curves were recorded i
wide angular range, from23000 to 3000 arcsec, because t
effect of the abruptness of the interfaces on the diffract
profile was clearly visible far from the Bragg peaks. T
intensity modulations and angular positions of the interf
ence fringes~Pendello¨sung! in the x-ray diffraction profiles
were fitted by means of a suitable calculation program ba
on the dynamic theory of x-ray diffraction. With this proc
dure it is generally possible to determine the structural
rameters ~strain, thickness, abruptness of interfaces, a
chemical composition! of the whole heterostructure, even
the constituent layers are on a nanometer scale. Detail
the growth conditions as well as on the optical and morp
logical characterization of GaSb and AlxGa12xSb epitaxial
layers have been reported elsewhere.12–14

PR measurements were performed at near-normal i
dence in the 0.7–1.5 eV photon energy range, with ene
step and spectral resolution of 1 meV. The standard exp
mental apparatus15 operated with a 100 W halogen lamp
probe source. The excitation source was provided by a 2 mW
He-Ne laser (l5632.8 nm) mechanically chopped at a fr
n-
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quency of 220 Hz. The pump beam was guided to the sam
by an optical fiber allowing greater flexibility in the optica
layout. The samples were mounted in thermal contact w
the cold finger of a microminiature Joule-Thompson refr
erator coupled with a programmable temperature contro
allowing measurements in the 80–300 K temperature ran
The reproducibility of the PR signal versus position on t
sample was checked by scanning the surface through
crostep movements of anx-y stage.

R at near-normal incidence was measured in the 0.6–
eV photon energy range by a Cary 5E automatic spectrop
tometer, with a photometric accuracy of 0.5% and spec
resolution better than 0.2%. An Al mirror covered with
MgF2 film, whose absolute reflectivity was directly me
sured, was used as reference. The samples were put o
cold finger of a helium flow cryostat and measured at sev
different temperatures between 6 and 300 K.

III. RESULTS AND DATA ANALYSIS

Table I shows the parameters of the wells and the barr
obtained by fitting the HRXRD experimental curves und
the assumption that the QW structure is made up of th
layers consisting of the two barriers and the well. Sligh
better fits are obtained when the structure is considered
constituted by five or six layers, thus suggesting that
interfaces are not abrupt. This may explain the discrepa
between the intended values and the HRXRD values of
effective well thicknesses given in Table I. The compositi
of the barrier layers were obtained by taking into account
deviation from the Vegard law found in a recent study16 of
the AlxGa12xSb on GaSb epitaxial system. The value of t
compositionx has been calculated using the equation

x50.0947j210.9048j20.000213, ~1!

wherej is the value of the composition evaluated from t
x-ray diffraction measurement of the lattice parameter
using the Vegard law.

The energies of the PL peaks~Fig. 1! were fully consis-
tent with those of a large number of pseudomorphic QW
with the same barrier composition and grown under the sa
conditions. The full widths at half maxima~FWHM’s! of PL
peaks were at least as wide as those reported in the litera
and relatively large~e.g., 8 meV for sample 80!, thus sug-
gesting that the interfaces were relatively rough compare
those of the AlxGa12xAs/GaAs system. This is qualitativel
consistent with the HRXRD results described above.

TABLE I. Upper ~towards the surface! and lower~towards the
substrate! Al content in AlxGa12xSb barriers, and effective wel
thicknesses~in Å) measured by HRXRD.

Sample
No.

x
~upper barrier!

x
~lower barrier!

Elective well
thicknesstx

(Å)

40 0.42760.005 0.42460.005 31.561.0
60 0.41860.005 0.41760.005 49.861.0
80 0.39760.005 0.39160.005 74.561.5
117 0.40660.005 0.40360.005 105.662.0
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Growth interruptions at the heterointerfaces, which
other systems are beneficial for the reduction of the interf
roughness, do not seem to have much effect. T
Al xGa12xSb/GaSb interface roughness causes the relati
large value~e.g., 12 meV at 10 K for sample 60! of the
Stokes shift between the exciton peaks, which were m
sured by reflectance techniques and PL. This can be in
preted as due to exciton localization in the widest parts of
QW’s.

In Fig. 2 we present the PR spectra~solid lines! of
samples 40, 60, 80, and 117, taken at 90 K in the 0.75–1
eV range, and the corresponding best fits~dashed lines! ob-
tained according to the line-shape models characteristi
PR spectroscopy17,18~see below!. For clarity, 60, 80, and 117
spectra were shifted vertically with respect to 40 spectru

Low- and high-energy arrows mark the features due to
direct energy gap (E0) of the GaSb buffer layer and of th
Al0.4Ga0.6Sb barrier, respectively, and which correspond

FIG. 1. 10 K photoluminescence spectra of Al0.4Ga0.6Sb/GaSb
SQW’s samples with different well thicknesses. Peaks corresp
with the intersubband HH1-C1 transition.

FIG. 2. 90 K photoreflectance spectra of all samples~solid lines!
and best fits of the optical spectra~dashed lines! to standardCP line
shape. Arrows (E0 of GaSb and Al0.4Ga0.6Sb layers! and bars
~HH1-C1, LH1-C1, and HH2-C2! mark the fitted transition ener
gies. For clarity, the spectra were shifted vertically with respec
sample 40 spectrum.
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the M0 tridimensional critical point (G8-G6 transition! in the
joint density of states.8,9,14The temperature behavior of thes
spectral features~see Ref. 11! was in excellent agreemen
with thermoreflectance results19 from high-quality GaSb and
Al xGa12xSb single layers grown by MBE in the same cha
ber.

In addition to the PR features due to the bulk band ga
other spectral features are clearly displayed in Fig. 2.
HHn-(LHn-) Cn indicates the transitions from thenth
heavy-~light-! hole quantum level to thenth confined level of
the conduction band in the quantum well region of t
samples, these features can be attributed to the HH1
LH1-C1, and HH2-C2 direct transitions atG point on the
basis of the following characteristics: their energy locatio
the energy dependence on the well width and on the t
perature~with decreasing temperature they blueshift by t
same amount as the gap of the well material,11 while LH1-
HH1 splitting remains almost constant!, as well as the agree
ment with the energy-level calculation discussed below.

Figure 3 shows the normal-incidence R spectra of
same samples, taken at 90 K in the 0.75–1.35 eV ran
which display features corresponding to those of PR.
clarity, both samples 60 and 117 spectra were shifted ve
cally by 0.02 with respect to samples 40 and 80 spec
respectively. The R low-energy shoulder~arrows!, which is
partially influenced by the interference effects of the laye
structure, marks theE0 gap of the GaSb buffer layer. In th
case of sample 117, where it is particularly evident, theE0
value is in excellent agreement with the thermoreflecta
results of Refs. 14 and 19. The R high-energy shoulde
related to theE0 energy gap of the Al0.4Ga0.6Sb barriers. A
couple of peaks appear between the fundamental absorp
edges of barrier and well in all spectra. Their energy posit
and separation, as well as the broadening, increase with
creasingtW . A third peak is clearly visible in the spectra o

d

o

FIG. 3. 90 K reflectance spectra of all samples. Arrows mark
energy positions of theE0 gap of GaSb buffer layer. Bars indicat
the R features due to the HH1-C1, LH1-C1, and HH2-C2 transiti
in GaSb wells. For clarity, both samples 60 and 117 spectra w
shifted vertically by 0.02 with respect to samples 40 and 80 spec
respectively.
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TABLE II. ~Al,Ga!Sb material parameters used in the envelope-function calculation of the QW transition energies.

Parameter~unit! Sample No. Value Remarks

GaSbE0 gap ~eV! 0.799 PR measurements
Al xGa12xSb E0 gap ~eV! 40 1.348

60 1.357 PR measurements
80 1.312

117 1.320
Spin-orbit splittingD0 ~eV! 0.7620.39x10.3 x2 Ref. 32
Valence-band offsetDEv ~meV! 160 Ref. 33
GaSb effective masses (m0) mc50.04

mhh50.27 Refs. 5 and 6
mlh50.045

Al xGa12xSb effective masses (m0) mc$117.74@2/E011/(E01D0)#%21

mhh50.2710.18x Refs. 5 and 6
mlh50.04510.085x

GaSb CB nonparabolicity parameterE0C ~eV! 0.989 (T50 K)
0.974 (T590 K) Ref. 26
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samples 80 and 117. These three peaks correspond t
HH1-C1, LH1-C1, and HH2-C2 direct transitions: in partic
lar, the HH2-C2 structure does not appear in the R spec
~or in the PR spectrum! of sample 40 because the C2 lev
falls in the continuum, while in sample 60 the HH2-C2 str
ture is smeared in the high-energy shoulder because o
nearness of the absorption edge of Al0.4Ga0.6Sb.

Since the optical spectra display features due both to
interband transitions and to quantum-size intersubband
sitions, in order to precisely determine the corresponding
ergies we first fitted the PR data to the line-shape mo
most appropriate to the nature of the transitions.

As far as the interband transitions are concerned, in
semiconductors in the low-field limit, near a critical po
(CP) the modulated reflectance signal (DR/R) is character-
ized by a third-derivative-like behavior of the complex
electric function (ẽ) with respect to the photon energ
\v.20,21 Since the low-field limit is satisfied in PR if Fran
Keldysh oscillations are absent~i.e., for native surface elec
tric field <104 V/cm), theCP energyEC can be obtained
by fitting the PR line shape by the Aspnes functional form20

DR/R5Re@Aeif~\v2EC1 ig!2m#, ~2!

whereA andf are, respectively, the amplitude factor and
phase projection angle that vary slowly with\v; g is the
Lorentzian broadening parameter for theCP; m is an integer
or half-integer depending on theCP type (m52.5 for a
three-dimensional interbandCP, m53 for a two-
dimensionalCP). In Table II we report theE0 energies de
rived from the best fit to the PR structures both in Ga
buffers and in Al0.4Ga0.6Sb barriers.

For the intersubband transitions, it is worth noting tha
quantum-size structures PR is a first-derivat
spectroscopy.8 It was shown17 that for a bidimensionalCP
~allowed intersubband transitions! in the absence of excitoni
effects the first derivative ofẽ with respect to\v produces
the sameDR/R line shape as Eq.~2! with m51. It was
found that, when excitonic effects cannot be neglected, a
the GaAs-based QW’s even at room temperature,22–24 a
the
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Gaussian broadening~involving hypergeometric functions!8

is more appropriate than a Lorentzian broadening20 @Eq. ~2!

with m52# in the related ẽ. However, Shanabrook an
co-workers22 showed that the third-derivative functiona
form for a two-dimensionalCP @i.e., Eq. ~2! with m53#
does mimic the first derivative of the Gaussian dielect
function and can be used as a reasonable and useful app
mation, due to its closed analytical form.

We therefore performed the least-square fit of PR spe
by using the Eq.~2! with m52.5, 1, or 3 to reproduce in
order, a bulk interband transition, a QW intersubba
~Lorentzian! transition and a QW excitonic~Gaussian! tran-
sition. The best fits well reproduce the experimental li
shapes in all samples, thus supporting our attributions of
spectral features. The energies and the broadenings de
from the best fit to the HH1-C1, LH1-C1, and HH2-C2 stru
tures are listed in Table III, together with the energies d
duced from R measurements, corresponding with the p
energy positions atT590 K.

IV. DISCUSSION

While the fitted values of theE0 gap in the different GaSb
buffer layers coincide within the experimental accura
(61 meV), we obtained four different values forE0 in the
Al0.4Ga0.6Sb barrier layers~see Table II!, corresponding with
different effective compositionsx. On the other hand, thes
E0 values differ by less than 1% with respect to those o
tained from thermoreflectance measurements on AlxGa12xSb
thick and relaxed layers~see Ref. 19!: apart from experimen-
tal uncertainty, this small difference is due to the fact that
our case the Al0.4Ga0.6Sb barrier layers were pseudomorph
cally grown on the GaSb layers, as it is suggested by Ref.
and they were slightly strained~the typical lattice mismatch
between GaSb and Al0.4Ga0.6Sb is onlyDa/a;0.27%).6 It
was also of interest that the PR line shapes correspondin
the E0 gap of both GaSb buffer layers and AlxGa12xSb bar-
riers of samples 40 and 60 differ slightly from those
samples 80 and 117: this is due to the different values
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TABLE III. Energy and broadening parameter values~in meV! derived from the best fit of the 90 K PR
structures due to the HH1-C1, LH1-C1, and HH2-C2 QW transitions. The energies of the equivalent R
are also reported.

Sample Photoreflectance Reflectace
No. HH1-C1 g LH1-C1 g HH2-C2 g HH1-C1 LH1-C1 HH2-C2

40 1034 9.5 1087 10.0 1028 1082
60 952 5.5 992 6.0 1260 18.0 948 988
80 894 3.9 921 4.5 1115 7.5 894 924 1112

117 852 3.0 872 3.3 989 7.2 854 872 989
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phasef in Eq. ~2!, which are due to different optical paths
the multilayer structures.17

The 90 K PR features due to the QW transitions~HH1-
C1, LH1-C1, and HH2-C2! are characterized by a band-
band line shape in samples 40 and 60@m51 in Eq. ~2!# and
by an excitonic line shape in samples 80 and 117@m53 in
Eq. ~2!#. In spite of this, the analysis of the spectral featu
at different temperatures indicates that even for sample
and 117 the excitonic character of the transitions is los
T>250 K. This can be explained both by thermal effects
interface roughness.

We remind that the exciton binding energy in bulk Ga
is much smaller than in bulk GaAs~1.5 vs 3.8 meV! and that
the same ratio applies in the bidimensional limit: thus
confined excitons in GaSb wells are more drastically affe
by thermal effects with respect to similar GaAs-ba
heterostructures,11,26 where it was shown that the QW inte
band transitions are excitonic even at room temperature23,27

Nevertheless, the different behavior of samples 80 and
indicates that in GaSb-based QW’s temperature alone ca
be responsible for ionizing confined excitons. We beli
that this different behavior is due to the nonabruptnes
Al xGa12xSb/GaSb interfaces, which involved 3–5 monol
ers of the GaSb wells, according to HRXRD analysis.
low quality of the first few monolayers should induce a gr
density of defects and complexes, which, in turn, are kn
to produce high density ofp-type impurities (>1017 cm23 in
GaSb bulk samples!.13,28 The enhanced free-carrier conce
tration causes partial exciton screening and, combined
thermal disorder, makes band-to-band transitions more
vorable than excitonic ones. This happens particularly in
thinnest wells~i.e., samples 40 and 60!, while in samples 80
and 117 the nonintentional free carriers are indeed dis
uted in a wider well and their effective density is lowere

An interesting point is the different broadeningg of the
QW spectral structures observed in the four samples.
HH1-C1, LH1-C1, and HH2-C2 structures become stron
and sharper as well thickness is increased. It is well kn
that interface roughness broadens the linewidth of thin
wells more substantially: for the ideal case of an infin
barrier-height square well, a 1/tW

3 dependence of the line
width on the well widthtW is expected.29 However, theoret
ical studies30 have shown that both interface roughness
alloy disorder cause a more complicated dependence o
linewidth on microstructural parameters and the deca
smoother~i.e., the exponent oftW is considerably smaller!.
Our results are consistent with this observation~the broaden
ing varies with;1/tW

1.2) and confirm the PL evidence of th
lower quality of the GaSb/AlxGa12xSb interfaces with re
s
80
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spect to the GaSb/AlxGa12xSb ones.
We would like to point out that the small ga

(;80 meV) between theG and L conduction-band minima
of the GaSb and the different effective masses of the e
trons occupying the two valleys are expected to produc
G-L crossover of the conduction ground states for the th
nest wells (;36 Å for a barrier compositionx50.31).6 By
a more detailed study~not discussed here! of our samples PL
emission as a function oftW , it can be argued that for sampl
40 then51 L quantum state is localized;30 meV below
the correspondingG quantum state. Nevertheless R and P
data are linked to theG valley, i.e., they reveal essentiall
direct transitions; in particular theDR/R spectral features
due to indirect transitions are weak and have no longe
derivative behavior.31 Actually it must be noted that in the
thinnest wells, besides the interface roughness effects,
proximity of theL valley may affect the broadening of the
and PR spectral features.

To compare the experimental and the theoretically p
dicted quantum transition energies of the Al0.4Ga0.6Sb/GaSb
SQW’s, we calculated the theoretical energies by mean
the envelope-function model.29 For the sake of simplicity, we
used the average values of the barrier compositions repo
in Table I. We believe that this procedure does not affect
results of the analysis, since the differences between
compositions of the two barriers are generally within t
experimental error. The accepted values of material par
eters used in the model are given in Table II.5,6,26,32,33We
made allowance for the typical composition and thickne
uncertainties, derived from HRXRD fortW and x. We used
the band-gap energies of GaSb and Al0.4Ga0.6Sb directly ob-
tained from the fit of PR measurements. In this way we to
into account the strain effects on the band gap of
Al0.4Ga0.6Sb barriers, which were pseudomorphically grow
on the GaSb layers.6,25 Because of the absence in the P
spectra of the strain-induced HH-LH band splitting of t
Al0.4Ga0.6Sb E0 gap, it can be deduced that the contributi
of the ~001! uniaxial stress is negligible. On the other han
we assumed that most of the hydrostatic part of the st
affects the conduction band of the barriers, thus adopting
idealized nonstrained case for the valence-band offsetDEv .6

For a preliminary calculationDEv was taken to be 160
meV,33 consistent with the zero strain value of (30
675)x meV obtained in Ref. 6. We took the split-off ban
correction into consideration both in the wells and in t
barriers, and we assumed for the spin-orbit splitting ene
D0 the values reported in Ref. 32. The calculations includ
the differences in effective-mass parameters between
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and barrier materials,5,6 and the nonparabolicity of the bul
conduction band of GaSb. In Ref. 26 it was demonstra
that nearG point the energy dispersion of the GaSb cond
tion band is well expressed by a Kane’s model dispers
law, approximated tok4,

EC~k!5E01
\2k2

2mC
S 12

1

E0C

\2k2

2mC
D , ~3!

wheremC is the electron effective mass andE0C5E0 /d is
the conduction-band nonparabolicity parameter, whiled is
the adimensional nonparabolicity coefficient. From the fitti
of the optical absorption near the fundamental absorp
edge, using GaSb parameters in accordance with thos
Table II, Ghezziet al.26 obtained the valuesd50.82. Assum-
ing E050.799 eV, derived from the PR measurements in
samples, we obtained the nonparabolicity parameter v
E0C50.974 eV.

The excitonic effects that appear in samples 80 and
were taken into account by subtracting the exciton bind
energyEb from the calculated transition energies. The bin
ing energy of the GaSb confined excitons was calculated
Giugno et al.34 for GaSb/Al0.31Ga0.69Sb QW’s, using GaSb
and AlxGa12xSb parameters in accordance with those of R
6. For the HH1-C1 confined exciton they obtained anEb
value ranging from 5.5 to 4.5 meV fortW ranging from 30 to
120 Å. Taking into account that for the fundamental excit
state 1s Eb is expected to increase asx is increased (DEb
;10% if x is doubled in GaAs/AlxGa12xAs QW’s!,35 and
that the difference betweenEb~HH1-C1! andEb~LH1-C1! is
less than 1 meV,35 we assumed an average value of 6 m
for the binding energies in samples 80 and 117.

Among the input parameters of the envelope-funct
model ~i.e., the conduction- and valence-band parameter
the constituent materials and the structural parameters o
QW’s!, the band offset and the GaSb conduction-band n
parabolicity are the least reliable. In addition to this, prelim
nary calculations showed that slight variations in these
parameters strongly influence the resulting transition en
gies ~for the other parameters we obtained differences
;1 meV). On this basis we fitted the described model to
experimentally derived transition energies, assumingDEv
andE0C as free parameters. The least-square fit, giving ax2

value less than 50, was carried out using the CERN libr
MINUIT program, based on the Metropolis algorithm. T
fitted curves for the HH1-C1, LH1-C1, and HH2-C2 tran
tion energies versustW are shown in comparison with our P
results in Fig. 4. From the fit we obtainedDEv5156 meV
and E0C5977 meV, in good agreement with the values
DEv5120630 meV ~Ref. 6! or DEv5160 meV ~Ref. 33!
and ofE0C5974 meV~Ref. 26!.
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V. CONCLUSIONS

We present an optical investigation of fully characteriz
Al0.4Ga0.6Sb/GaSb SQW’s, conducted by using PL, R, a
PR in a complementary fashion. R and PR clearly eviden
the quantum transitions HH1-C1, LH1-C1, and HH2-C2 b
tween the valence subband and conduction subband le
We can thus confirm the possibility of successfully applyi
R and PR techniques even to GaSb-based quantum con
systems, in contrast with what has been stated in prev
experimental references.10

The line-shape broadening of the PR structures varies
proximately with 1/tW , rather than with the ideal behavior o
1/tW

3, due to interface roughness and alloy disorder.
agreement with the PL measurements performed on the s
samples, PR results confirmed that the quality of
GaSb/AlxGa12xSb interfaces was lower than that of th
GaAs/AlxGa12xAs ones.

We fitted the energies calculated in the envelope-funct
scheme to those experimentally derived from R and PR,
suming the effective well thickness and composition o
tained from the HRXRD and RHEED analysis. The para
eter values we obtained for the valence-band offset and
the GaSb conduction-band nonparabolicity are thus more
liable than those so far reported in the literature.
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FIG. 4. 90 K transition energies in Al0.4Ga0.6Sb/GaSb SQW’s as
a function of the well width: experimental data~dots!; theoretical
calculation~solid lines!.
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