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Despite the recent upsurge in research on GaSbh-based systems, only few systematic investigations have been
performed on the fundamental optical and electronic properties,@al ,Sb/GaSb quantum wells. For this
reason we studied a series ofyAGa, (Sb/GaSb single quantum wells, with well thicknesses ranging from 40
to 117 A, by reflectancéR) and photoreflectand@R) 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 epitaxy00d) 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 timth heavy¢light-) hole subband and th&h conduction subband far=1 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 nonparab@i@itg3-182699)05423-5

I. INTRODUCTION partially divergent conclusions, have dealt with this topic. In
a recent work! we gave experimental evidence of a strong
The optical and electronic properties of quantum wellsPR effect in GaSb/AlGa _,Sb single quantum wells
and superlattices involving GaSb-based alloys have recent§SQW'’s), and we showed that even unintentionally doped
attracted increasing interest for their potential application inGaSb-based quantum systems can be studied and character-
devices, especially in high-power MaAs _,Sb/GaSb laser ized by PR. Optical-absorption spectroscopy has in turn been
emitters at 3—4um,! normal-incidence infrared (5-15m) systematically preferred to R as a probe of layered GaSb
photodetectorsand modulators based on interconduction compounds, although it requires transparent substtatgs
subband transitions in GaSbhi&a _,Sb multiqguantum GaAs, which may induce significative strain effects due to
wells (MQW'’s). Thus a great effort has been made to satisfythe strong lattice mismatch~7%) between GaAs and
the need for novel experimental and theoretical results. NevsaSh.
ertheless, only few papérg have analyzed in detail the op- Here we present a systematic PR and R study from 0.6 to
tical intersubband transitions in &ba, _,Sb/GaSb quantum 1.5 eV and at different temperatures on a series of uninten-
wells (QW'’s) and correlated them with the electronic struc- tionally doped A} ,Ga&, ¢Sb/GaSb SQW’s with different well
ture of QW's as a function of one or more parameters, suclthicknesses. In order to reduce the strain effects, the samples
as well thicknesst(y), strain, band offset, effective masses, were grown by molecular-beam epitaxi¥BE) on (001
and conduction-band nonparabolicity. Moreover, there is stillGaSh substrates and were well characterized in composition,
a certain diversity in the band-parameter values from theserystalline structure, thicknesses, and interfaces by photolu-
papers and, more generally, from literat(ire. minescence, reflection high-energy electron diffraction
In the experimental works, absorption spectroscbpy, (RHEED), and high-resolution x-ray diffractiofHRXRD).
electroreflectande (ER), and photoluminescent® (PL) We chose the mole fractiox= 0.4 for the ALGa, _,Sb lay-
have generally been used, while photoreflectafi®i® and ers since this is the composition generally used for quantum
reflectancegR) have rarely appeared, even if they have beerwell infrared photodetectors.
extensively and successfully applied to characterizing and The aims of this work are to clearly evidence the optical
studying the fundamental properties of other IlI-V semicon-transitions between quantum states in the SQW'’s and to pre-
ductor quantum-size structurgg\ reason for the scarce use cisely determine their energies for subband index1, to
of PR is that difficulties are often encountered when exploit-compare the experimental energies with theoretical values
ing the modulation efficiency in bulk and epitaxial Sb-basedobtained with a model based on the envelope-function
semiconductors, so that only two pap&twhich came to  scheme, and to give more reliable information on character-
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istic parameters such as band offset and GaSb conduction- TABLE I. Upper (towards the surfageand lower(towards the
band nonparabolicity, whose values heavily influence theubstrate Al content in ALGa _,Sb barriers, and effective well

electronic structure of these systems. thicknessesin A) measured by HRXRD.
Elective well
Il. EXPERIMENTS Sample X X thicknesst,

The structures were grown by MBE in an Intevac Gen I No. (upper barrier _ (lower barriey A

modular growth chamber o(001) GaSb substrates using a 40 0.427 0.005 0.424-0.005 31.5-1.0
Shy, molecular beam. They consisted of 500-nm-thick GaSb o 0.418-0.005 0.41%0.005 49.81.0
buffers and of A} .Ga, ¢Sb/GaSh SQW'’s. In order to maxi- S0 0.397 0.005 0.39% 0.005 74515
mize the PL quantum efficiency of the QW's, the buffers 117 0.406- 0.005 0.40%0.005 105.6:2.0

were grown at 450 °C, except in the topmost part, where the
temperature was linearly increased up to 550 °C and then

stabilized for the growth of QW’s. The AiG&¢Sb and  quency of 220 Hz. The pump beam was guided to the sample
GaSb growth rates were 1.0 and Q.én/h, respectively, and by an optical fiber allowing greater flexibility in the optical
the Sh/Ga beam equivalent pressur@EP’s) were in the  layout. The samples were mounted in thermal contact with
10-14 range. the cold finger of a microminiature Joule-Thompson refrig-

The growth rates were deduced by analyzing the RHEErator coupled with a programmable temperature controller,
oscillations that were carried out prior to the growth of eachallowing measurements in the 80—300 K temperature range.
QW structure and have an accuracy to withis%. Using  The reproducibility of the PR signal versus position on the
the values of GaSb and &ba, _,Sb growth rates, the growth sample was checked by scanning the surface through mi-
times were established so as to have the following valuessrostep movements of any stage.

For the thicknesses of the two barriers, 200 and 500 A to- R at near-normal incidence was measured in the 0.6—1.5
wards the surface and the substrate, respectively, and for th#®/ photon energy range by a Cary 5E automatic spectropho-
wells, ty=40, 60, 80, and 117 A in samples 40, 60, 80, andtometer, with a photometric accuracy of 0.5% and spectral
117, respectively. Adjusting the growth rates predeterminedesolution better than 0.2%. An Al mirror covered with a
the composition. MgF, film, whose absolute reflectivity was directly mea-

The structures were characterized by means of PL excitegured, was used as reference. The samples were put on the
at 10 K by the blue line of an Ar laser with a power density cold finger of a helium flow cryostat and measured at several
of 5 W/cn? and using a Fourier-transform spectrometer anddifferent temperatures between 6 and 300 K.

a cooled Ge detector.

HRXRD experiments were carried out in conventional
(n,—n) double crystal geometry by means of a computer
controlled diffractometer using CuKaadiation and 004 re- Table | shows the parameters of the wells and the barriers
flection. A Rigaku RU-200 rotating anode generator wasobtained by fitting the HRXRD experimental curves under
used as the radiation source. The incident beam was condire assumption that the QW structure is made up of three
tioned by aU-shaped(004) Si monochromator. In order to layers consisting of the two barriers and the well. Slightly
reduce the diffuse scattering background of the sample, better fits are obtained when the structure is considered as
thin slit on the detector with an acceptance angle of nearlgonstituted by five or six layers, thus suggesting that the
0.4° was used, and the measurements were carried out in tivgterfaces are not abrupt. This may explain the discrepancy
w-2¢ scan mode. The rocking curves were recorded in detween the intended values and the HRXRD values of the
wide angular range, from- 3000 to 3000 arcsec, because theeffective well thicknesses given in Table |. The composition
effect of the abruptness of the interfaces on the diffractiorof the barrier layers were obtained by taking into account the
profile was clearly visible far from the Bragg peaks. Thedeviation from the Vegard law found in a recent sttfdgf
intensity modulations and angular positions of the interferthe Al,Ga _,Sb on GaSb epitaxial system. The value of the
ence fringegPendellsung in the x-ray diffraction profiles compositionx has been calculated using the equation
were fitted by means of a suitable calculation program based
on the dynamic theory of x-ray diffraction. With this proce- x=0.094%?+0.904& — 0.000213, 1)
dure it is generally possible to determine the structural pa-
rameters (strain, thickness, abruptness of interfaces, andvhere¢ is the value of the composition evaluated from the
chemical compositionof the whole heterostructure, even if x-ray diffraction measurement of the lattice parameter by
the constituent layers are on a nanometer scale. Details arsing the Vegard law.
the growth conditions as well as on the optical and morpho- The energies of the PL peakBig. 1) were fully consis-
logical characterization of GaSb and,®a, _,Sb epitaxial tent with those of a large number of pseudomorphic QW's
layers have been reported elsewhéré? with the same barrier composition and grown under the same

PR measurements were performed at near-normal incieonditions. The full widths at half maxim@&WHM's) of PL
dence in the 0.7-1.5 eV photon energy range, with energpeaks were at least as wide as those reported in the literature
step and spectral resolution of 1 meV. The standard experand relatively largge.g., 8 meV for sample 80pthus sug-
mental apparatds operated with a 100 W halogen lamp as gesting that the interfaces were relatively rough compared to
probe source. The excitation source was provided B mW  those of the AlGa, _,As/GaAs system. This is qualitatively
He-Ne laser x=632.8 nm) mechanically chopped at a fre- consistent with the HRXRD results described above.

Ill. RESULTS AND DATA ANALYSIS
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FIG. 1. 10 K photoluminescence spectra of &g, ¢Sb/GaSb [ I
SQW’s samples with different well thicknesses. Peaks correspond "
with the intersubband HH1-C1 transition. N Y N
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other systems are beneficial for the reduction of the interface

roughness, do npt seem to have much effect. 'The FIG. 3. 90 K reflectance spectra of all samples. Arrows mark the
AlyGa _,Sb/GaSb interface roughness causes the relativelynergy positions of th&, gap of GaSb buffer layer. Bars indicate
large value(e.g., 12 meV at 10 K for sample B@f the  the R features due to the HH1-C1, LH1-C1, and HH2-C2 transitions
Stokes shift between the exciton peaks, which were mean Gasb wells. For clarity, both samples 60 and 117 spectra were
sured by reflectance techniques and PL. This can be integhifted vertically by 0.02 with respect to samples 40 and 80 spectra,
preted as due to exciton localization in the widest parts of theespectively.

QW's.

In Fig. 2 we present the PR specttaolid lineg of  the Mg tridimensional critical pointg-I'g transition in the
samples 40, 60, 80, and 117, taken at 90 K in the 0.75—1.4fpint density of state&4The temperature behavior of these
eV range, and the corresponding best fitashed lingsob-  spectral featureg¢see Ref. 11 was in excellent agreement
tained according to the line-shape models characteristic afith thermoreflectance resutfsrom high-quality GaSb and
PR spectroscopy*®(see below. For clarity, 60, 80, and 117  Al,Ga,_,Sb single layers grown by MBE in the same cham-
spectra were shifted vertically with respect to 40 spectrum.per.

Low- and high-energy arrows mark the features due to the |n addition to the PR features due to the bulk band gaps,
direct energy gapK,) of the GaSb buffer layer and of the other spectral features are clearly displayed in Fig. 2. If
Al Gay ¢Sb barrier, respectively, and which correspond toHHn-(LHn-) Cn indicates the transitions from thath

heavy{light-) hole quantum level to theth confined level of

- E, HHI-C] E the conduction band in the quantum well region of the
:GaSbILHI-Cl A, G:O @ samples, these features can be attributed to the HH1-C1,
; N HE2-C2 “+'° LH1-C1, and HH2-C2 direct transitions &t point on the
——— basis of the following characteristics: their energy location,
#117 x 10 the energy dependence on the well width and on the tem-
perature(with decreasing temperature they blueshift by the
¢ same amount as the gap of the well mateftakhile LH1-
#80"\/";“ HH1 splitting remains almost constanas well as the agree-
X

ment with the energy-level calculation discussed below.

I l Figure 3 shows the normal-incidence R spectra of the

/\’\/N same samples, taken at 90 K in the 0.75-1.35 eV range,

r which display features corresponding to those of PR. For

3 #60 x10 clarity, both samples 60 and 117 spectra were shifted verti-

Z* | | * cally by 0.02 with respect to samples 40 and 80 spectra,

0 _—*«-—“"*\«,VI\’*“‘ —_— respectively. The R low-energy should@rrows, which is

Cl L 1 .#|40. | I"1|° partially influenced by the interference effects of the layered

08 09 1.0 1.1 12 13 14 structure, marks th&, gap of the GaSb buffer layer. In the

case of sample 117, where it is particularly evident, Hae
value is in excellent agreement with the thermoreflectance

FIG. 2. 90 K photoreflectance spectra of all samggmdid lineg ~ 'esults of Refs. 14 and 19. The R high-energy shoulder is
and best fits of the optical spectidashed linesto standarcCP line  related to theE, energy gap of the AlGa ¢Sb barriers. A
shape. Arrows E, of GaSb and AJ,GaSb layers and bars couple of peaks appear between the fundamental absorption
(HH1-C1, LH1-C1, and HH2-C2mark the fitted transition ener- edges of barrier and well in all spectra. Their energy position
gies. For clarity, the spectra were shifted vertically with respect toand separation, as well as the broadening, increase with de-
sample 40 spectrum. creasingty, . A third peak is clearly visible in the spectra of

Photon energy (eV)
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TABLE Il. (Al,Ga)Sb material parameters used in the envelope-function calculation of the QW transition energies.

Parametefunit) Sample No. Value Remarks
GaSbE, gap(eV) 0.799 PR measurements
AlL,Ga _,SbEj gap(eV) 40 1.348

60 1.357 PR measurements
80 1.312
117 1.320
Spin-orbit splittingA, (eV) 0.76-0.39x+0.3x? Ref. 32
Valence-band offseAE, (meV) 160 Ref. 33
GaSbh effective masses() m.=0.04
Mpn=0.27 Refs. 5 and 6
m;, = 0.045
Al,Ga, _,Sb effective massesr(y) mMe{1+7.742/Eo+ 1/(Eg+Ag)]} 1
m;,,=0.27+0.18x Refs. 5 and 6
My, = 0.045+ 0.085x
GaSb CB nonparabolicity parametggc (eV) 0.989 T=0K)
0.974 T=90 K) Ref. 26

samples 80 and 117. These three peaks correspond to tfaussian broadeningnvolving hypergeometric functions
HH1-C1, LH1-C1, and HH2-C2 direct transitions: in particu- is more appropriate than a Lorentzian broadeffifigg. (2)
lar, the HH2-C2 structure does not appear in the R spectruiyith m=2] in the relatede. However, Shanabrook and
(or in the PR spectrujnof sample 40 because the C2 level o \yorkerd? showed that the third-derivative functional
falls in the continuum, while in sample 60 the HH2-C2 struc-¢,.m\ for a two-dimensionalC P [i.e., Eq.(2) with m=3]

ture is smeared in the high-energy shoulder because of tr}foes mimic the first derivative of the Gaussian dielectric
nearness of the absorption edge of &a, ;Sb.

Since the optical spectra display features due both to bul&ungtlon and can be used as a rgasonable and useful approxi-
mation, due to its closed analytical form.

interband transitions and to quantum-size intersubband tran- We therefore performed the least-square fit of PR spectra
sitions, in order to precisely determine the corresponding e by using the Eq(2) with m=2.5, 1, or 3 to reproduce in

ergies we first fitted the PR data to the line-shape mOdelorder, a bulk interband transition, a QW intersubband

most appropriate to the nature of the transitions. : i Lo .

As far as the interband transitions are concerned, in bu"gl:tc.)rent_f_ﬁ\r) ganfl;!fn anlcli a QWdexcn?hnl(lGauss_lah trtar:-ll
semiconductors in the low-field limit, near a critical point S|h|on. ne I es 'ls Wteh repro uct_e € exgggrr}[gn a f'rtlﬁ
(CP) the modulated reflectance signdiR/R) is character- 220 2% 0y 2Pl ol St broadenings derived
ized by a third-derivative-like behavior of the complex di- o 9 9

- o ) from the best fit to the HH1-C1, LH1-C1, and HH2-C2 struc-
electric function €) with respect to the photon energy yres are listed in Table Ill, together with the energies de-

fiw. 222 Since the low-field limit is satisfied in PR if Franz- g,ced from R measurements, corresponding with the peak
Keldysh oscillations are absefite., for native surface elec- energy positions af =90 K.

tric field <10* V/cm), the CP energyE can be obtained
by fitting the PR line shape by the Aspnes functional féfm
AR/R=RA&(hw—Ec+iy) M, @ V- DISCUSSION
While the fitted values of thE, gap in the different GaSb
whereA and ¢ are, respectively, the amplitude factor and thepyffer layers coincide within the experimental accuracy
phase projection angle that vary slowly withw; y is the  (+1 meV), we obtained four different values f&g, in the
Lorentzian broadening parameter for @@; mis an integer Al ,Ga, (Sb barrier layergsee Table I, corresponding with
or half-integer depending on th€P type (m=2.5 for a  different effective compositions. On the other hand, these
three-dimensional interbandCP, m=3 for a two- [, values differ by less than 1% with respect to those ob-
dimensionalCP). In Table Il we report thé, energies de-  tained from thermoreflectance measurements QGAL ,Sb
rived from the best fit to the PR structures both in GaSchk and relaxed |ayer@ee Ref. 19 apart from experimen_
buffers and in A} ,Ga ¢Sb barriers. tal uncertainty, this small difference is due to the fact that in
For the intersubband tranSitionS, it is worth nOting that inour case the I%|4GQ)GSb barrier |ayers were pseudomorphi-
quantum-size  structures PR is a first-derivativecally grown on the GaSb layers, as it is suggested by Ref. 25,
spectroscopy.It was shown’ that for a bidimensionaCP  and they were slightly straineghe typical lattice mismatch
(allowed intersubband transitions the absence of excitonic  petween GaSb and flGa, ¢Sb is onlyAa/a~0.27%)° It
effects the first derivative of with respect tohw produces was also of interest that the PR line shapes corresponding to
the sameAR/R line shape as Eq2) with m=1. It was theEg, gap of both GaSbh buffer layers and, 8l _,Sb bar-
found that, when excitonic effects cannot be neglected, as iriers of samples 40 and 60 differ slightly from those of
the GaAs-based QW's even at room temperattité’ a  samples 80 and 117: this is due to the different values of
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TABLE lIl. Energy and broadening parameter valygsmeV) 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 peaks
are also reported.

Sample Photoreflectance Reflectace
No. HH1-C1 b% LH1-C1 b% HH2-C2 b% 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

phases in Eq. (2), which are due to different optical paths in spect to the GaSh/4Ga_,Sb ones.

the multilayer structure¥’ We would like to point out that the small gap
The 90 K PR features due to the QW transitidb1l- (80 meV) between th& and L conduction-band minima

C1, LH1-C1, and HH2-CPare characterized by & band-to- of the GaSh and the different effective masses of the elec-

band line shape in samples 40 and[60=1 in Eq.(2)]and  ,ons occupying the two valleys are expected to produce a

by an excitonic line shape in samples 80 and li=3 in ) cross0ver of the conduction ground states for the thin-
Eq. (2)]. In spite of this, the analysis of the spectral featuresg

at different temperatures indicates that even for samples 8 st wells €36 A for a barrier composition=0.31)” By
and 117 the excitonic character of the transitions is lost for more detailed studinot discussed heyef our samples PL

T=250 K. This can be explained both by thermal effects anaigq'tis'on_als f funct|ton dlth, Itt cfanlbe z?rgetfgothat 1;(/)rbsszple
interface roughness. en= quantum state is localiz meV below

We remind that the exciton binding energy in bulk GaSbthe corres.pondlngf guantum stgte. Nevertheless R an.d PR
is much smaller than in bulk GaA4.5 vs 3.8 meYand that data are linked to thé" valley, i.e., they reveal essentially
the same ratio applies in the bidimensional limit: thus thedirect transitions; in particular th&R/R spectral features
confined excitons in GaSb wells are more drastically affectedlU€ to indirect transitions are weak and have no longer a
by thermal effects with respect to similar GaAs-basedderivative behavio?! Actually it must be noted that in the
heterostructures;?® where it was shown that the QW inter- thinnest wells, besides the interface roughness effects, the
band transitions are excitonic even at room temperattie. proximity of thelL valley may affect the broadening of the R
Nevertheless, the different behavior of samples 80 and 11@&nd PR spectral features.
indicates that in GaSh-based QW’s temperature alone cannot To compare the experimental and the theoretically pre-
be responsible for ionizing confined excitons. We believedicted quantum transition energies of the &ba, ¢Sb/GaShb
that this different behavior is due to the nonabruptness oS8QW’s, we calculated the theoretical energies by means of
Al,Ga, _,Sh/GaSh interfaces, which involved 3—5 monolay-the envelope-function mod&l.For the sake of simplicity, we
ers of the GaSb wells, according to HRXRD analysis. Theused the average values of the barrier compositions reported
low quality of the first few monolayers should induce a greatin Table I. We believe that this procedure does not affect the
density of defects and complexes, which, in turn, are knowrfesults of the analysis, since the differences between the
to produce high density qi-type impurities &10'" cm 3in ~ compositions of the two barriers are generally within the
GaSb bulk sample€3? The enhanced free-carrier concen- experimental error. The accepted values of material param-
tration causes partial exciton screening and, combined witgters used in the model are given in Tablg4f*%*%we
thermal disorder, makes band-to-band transitions more famade allowance for the typical composition and thickness
vorable than excitonic ones. This happens particularly in theincertainties, derived from HRXRD fdgy, andx. We used
thinnest wells(i.e., samples 40 and &0while in samples 80 the band-gap energies of GaSb ang &g ¢Sb directly ob-
and 117 the nonintentional free carriers are indeed distribtained from the fit of PR measurements. In this way we took
uted in a wider well and their effective density is lowered. into account the strain effects on the band gap of the

An interesting point is the different broadeningof the Al /Ga ¢Sb barriers, which were pseudomorphically grown
QW spectral structures observed in the four samples. Then the GaSb layers? Because of the absence in the PR
HH1-C1, LH1-C1, and HH2-C2 structures become strongespectra of the strain-induced HH-LH band splitting of the
and sharper as well thickness is increased. It is well knowrly Ga, sSb B gap, it can be deduced that the contribution
that interface roughness broadens the linewidth of thinneef the (001) uniaxial stress is negligible. On the other hand,
wells more substantially: for the ideal case of an infinite-we assumed that most of the hydrostatic part of the strain
barrier-height square well, at} dependence of the line- affects the conduction band of the barriers, thus adopting the
width on the well widtht,, is expected® However, theoret- idealized nonstrained case for the valence-band offget.®
ical studie€® have shown that both interface roughness and~or a preliminary calculatioAE, was taken to be 160
alloy disorder cause a more complicated dependence of theeV® consistent with the zero strain value of (300
linewidth on microstructural parameters and the decay is- 75)x meV obtained in Ref. 6. We took the split-off band
smoother(i.e., the exponent ofy, is considerably smallgr  correction into consideration both in the wells and in the
Our results are consistent with this observatfithe broaden- barriers, and we assumed for the spin-orbit splitting energy
ing varies with~ 1/t,,>? and confirm the PL evidence of the A, the values reported in Ref. 32. The calculations included
lower quality of the GaSb/AlGa, _,Sb interfaces with re- the differences in effective-mass parameters between well
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and barrier material$® and the nonparabolicity of the bulk 1400
conduction band of GaSb. In Ref. 26 it was demonstrated 1300 | T=90K
that nead” point the energy dispersion of the GaSb conduc- N L
tion band is well expressed by a Kane’'s model dispersion 2 1200
law, approximated td*, E 1100 | LHICE
) i HH2-C2
h.2k? 1 #2%K? 8 1000 -
Ec(k)=Eo+m(1—E—m>, (©)) o L
C oc <1c 900 |- HH1-C1
wheremc is the electron effective mass afiyc=Eq/d is goo Lot v 1 11

the conduction-band nonparabolicity parameter, widilés 20 40 60 80 100 120
the adimensional nonparabolicity coefficient. From the fittin . o

of the optical absorpli:ion near %he fundamental absorpti(?n Well thickness (4)
edge, using GaSb parameters in accordance with those of FIG. 4. 90 K transition energies in AlGa, (Sh/GaSb SQW's as
Table Il, Ghezzet al?® obtained the valued=0.82. Assum-  a function of the well width: experimental datdots; theoretical
ing Eq=0.799 eV, derived from the PR measurements in ouralculation(solid lines.

samples, we obtained the nonparabolicity parameter value
Eoc=0.974 eV.

The excitonic effects that appear in samples 80 and 117
were taken into account by subtracting the exciton binding We present an optical investigation of fully characterized
energyE, from the calculated transition energies. The bind-Al, ,Ga, ¢<Sb/GaSb SQW'’s, conducted by using PL, R, and
ing energy of the GaSb confined excitons was calculated bR in a complementary fashion. R and PR clearly evidenced
Giugno et al®* for GaSb/Ap 3:Gay geSb QW's, using GaSb the quantum transitions HH1-C1, LH1-C1, and HH2-C2 be-
and AL Ga, ,Sb parameters in accordance with those of Reftween the valence subband and conduction subband levels.
6. For the HH1-C1 confined exciton they obtained B  We can thus confirm the possibility of successfully applying

value ranging from 5.5 to 4.5 meV foy, ranging from 30to R and PR techniques even to GaSh-based quantum confined
120 A. Taking into account that for the fundamental excitonsystems, in contrast with what has been stated in previous

state 5 E, is expected to increase ass increased E,  experimental referencé®.

~10% if x is doubled in GaAs/AlGa _,As QW's),** and The line-shape broadening of the PR structures varies ap-

that the diﬁerencSe betwedf,(HH1-C1) andE,(LH1-CD) is  proximately with 1fy,, rather than with the ideal behavior of
less than 1 meV? we assumed an average value of 6 meVig, 2 due to interface roughness and alloy disorder. In

for the binding energies in samples 80 and 117. _agreement with the PL measurements performed on the same
Among the input parameters of the envelope-functionsgmples, PR results confirmed that the quality of the

model(i.e., the conduction- and valence-band parameters %aSb/ALGal_XSb interfaces was lower than that of the
the constituent materials and the structural parameters of ﬂ"@aAs/Aleai,xAs ones.

QW's), the band offset and the GaSb conduction-band non- \ye fitted the energies calculated in the envelope-function
parabolicity are the least reliable. In addition to this, prelimi-scheme to those experimentally derived from R and PR, as-
nary calculations showed that slight variations in these WQuming the effective well thickness and composition ob-
parameters strongly influence the resulting transition energined from the HRXRD and RHEED analysis. The param-
gies (for the other parameters we obtained differences ofer values we obtained for the valence-band offset and for
~1 meV). On this basis we fitted the described model to 0Ufhe Gash conduction-band nonparabolicity are thus more re-

experimentally derived transition energies, assumii,  |iaple than those so far reported in the literature.
andE, as free parameters. The least-square fit, giving a

value less than 50, was carried out using the CERN library
MINUIT program, based on the Metropolis algorithm. The
fitted curves for the HH1-C1, LH1-C1, and HH2-C2 transi-
tion energies versusy are shown in comparison with our PR This work was partially supported by the CNR-MADESS
results in Fig. 4. From the fit we obtainedE, =156 meV |l Project and INFM Network “Fisica e tecnologia dei semi-
and Eqc=977 meV, in good agreement with the values of conduttori Ill-V.” The authors would like to thank Professor
AE,=120+30 meV (Ref. 6 or AE,=160 meV (Ref. 33 L.C. Andreani for helpful discussions and generous support
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