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Indium segregation in InxGa12xAs/GaAs ~0.3,x<0.5! quantum wells grown by molecular-beam epitaxy
and its influence on their electronic properties are investigated using thermally detected optical absorption. A
kinetic model is used to derive concentration profiles and applied to interpret experimental data. The depen-
dence of the In surface segregation on growth temperature and growth rate is studied. It is shown that a
decrease of the substrate temperature is the best method to limit the segregation process kinetically. From a fit
of the kinetic model to experimental data, the conduction-band offset ratioQc is found to be independent of
indium compositionx between 0.2 and 0.5~Qc50.6460.01!. The exciton wave function is calculated using a
variational technique involving a transfer-matrix formalism to study the influence of potential shape on exci-
tonic properties. Only a slight increase in oscillator strength with In segregation is observed for the fundamen-
tal excitonic transition.@S0163-1829~97!06104-3#
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I. INTRODUCTION

Strained layer structures offer two main advantages o
lattice-matched systems for device realization. First, differ
band-gap ranges are achievable through the greater free
in choice of alloy composition, and, second, the strain sp
ting of the valence band at theG point enables valence-ban
engineering to take place. In the case of~In,Ga!As/GaAs, it
is well known that the biaxial compression of th
InxGa12xAs material lifts the degeneracy at the top of v
lence band. The uppermost valence-band component is
rived from the bulk heavy-hole band and presents a relativ
small effective mass for motion in the plane of the laye1

This has been exploited in devices made fro
InxGa12xAs/GaAs strained quantum well structures in hig
speed electronics or optoelectronics.2–4

However, there are several limits inherent to t
InxGa12xAs/GaAs system. For an indium concentrati
greater than 0.2, the~In,Ga!As growth is, in a first stage
bi-dimensional~2D! and then becomes tri-dimensional~3D!.
The 2D-3D transition in the growth mode involves the fo
mation of islands which are elastically relaxed.5–8 Then plas-
tic relaxation through dislocation generation occurs as
~In,Ga!As thickness is increased. Moreover, it is now w
established that, during the growth of an InxGa12xAs/GaAs
heterostructure by molecular-beam epitaxy~MBE!, surface
segregation of In constitutes an ultimate limitation to t
achievement of perfectly abrupt interfaces.9–15 Optical mea-
surements display a strong ability to probe the interfac
quality of InxGa12xAs/GaAs quantum wells~QW’s! since
electronic states are sensitive to the profile of
In composition.12,16 However, a correct interpretation o
the spectroscopic data needs a theory for segregatio
model the In distribution at the GaAs/InxGa12xAs and
550163-1829/97/55~4!/2406~7!/$10.00
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InxGa12xAs/GaAs interfaces. For this purpose, different a
proaches have been proposed10,12,17,18but only the method of
Grandjean, Massies, and Leroux,17 based on a Monte Carlo
simulation of the growth, and the kinetic model of Dehae
Wallart, and Mollot18 are able to provide the variation of th
In composition profile as a function of growth paramete
the others fail in predicting correct profile variations wi
substrate temperatures and growth rates.

In this paper, we report a quantitative analysis of the
fects of In segregation on the optical and electronic prop
ties of InxGa12xAs/GaAs QW’s as functions of growth con
ditions. We use the kinetic approach of Dehaese, Wall
and Mollot18 for the analysis of thermally detected optica
absorption ~TDOA! results on InxGa12xAs/GaAs QW’s
grown by MBE under various conditions of temperature a
growth rate. To our knowledge, it is the first time that th
particular model has been used to account for experime
data. It leads to an explicit description of the variation
electronic states as a function of the growth parameters.
fit of the calculated transition energies of heavy-hole a
light-hole excitons~e1hh1 and e1lh1 , respectively! to the
measured values enables the strained conduction-band o
ratio (Qc) to be determined.Qc is chosen as an adjustab
parameter together with the In composition and other pa
meters entering the model. Experimental measurement
various groups19–24 have yielded different results forQc
which is a key parameter for tailoring the optical and ele
tronic properties of devices. From the examination of seve
samples, we determineQc for different values of the indium
concentration (x). The result is in agreement with a simp
calculation based on potential deformation theory and on
properties of the~In,Ga!As alloy. The last part of this pape
is concerned with the effect of the indium segregation
~In,Ga!As/GaAs heterostructures on the excitonic propert
2406 © 1997 The American Physical Society
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and particularly on the oscillator strength of the transition

II. EXPERIMENTAL DETAILS

A. Growth conditions and calibration

InxGa12xAs/GaAs QW samples have been grown
n1-type doped~001! GaAs substrates in an MBE machin
equipped with anin situ reflection high-energy electron
diffraction ~RHEED! facility. After the growth of a GaAs
buffer layer at 580 °C, the substrate temperature was redu
to a value between 400 and 530 °C to obtain the InxGa12xAs
QW’s. Further details on the growth can be found in Ref.
the nominal indium composition (x), growth temperature
(Tg), growth rate (Vg), and QW thickness (Lw) are listed in
Table I. The samples, labeled 1, 2, 3, and 4, contain
quantum wells with different thicknesses separated
400-Å-thick barriers and samples 5 and 6 are single quan
wells. Growth rates, QW thicknesses and indium compo
tions were determined accurately by the variation in
RHEED specular beam intensity. For the segregation stu
we focus our analysis on the experimental results obtai
on samples 1–4 which have the same In composition
correspond to different growth parameters.

B. Thermally detected optical-absorption experiments

TDOA at liquid-helium temperatures is very appropria
to detect small absorption signals arising from ultrathin la
ers. Its use in the characterization and for the study of se
conducting QW structures has been demonstrated previo
~e.g., Refs. 25 and 24 at liquid4He and3He, respectively!.

In this technique, the heating of the sample caused by
phonon emission due to nonradiative deexcitation, which
curs after optical absorption, is detected via a thermom
maintained with the sample at low temperature. The mo
chromatic excitation source consists of a halogen lamp
lowed by a HR640 Jobin-Yvon monochromator. The th
mometer is a germanium resistor shielded from the incid
radiation. A bolometer enables the TDOA spectra to be n
malized. The resistance variations of the thermometer an
the bolometer are detected by using ac Wheatstone bri
and lock-in amplifiers. The TDOA sensitivity increases dra
tically when the temperature is lowered because of the
crease of the specific-heat capacity of the sample-hol
thermometer assembly and of the increase in
thermometer sensitivity. The results reported here are f
experiments carried out at about 0.35 K by using an ads
tion 3He refrigerator which was implanted into the4He bath

TABLE I. Nominal growth parameters of the samples inves
gated.

Sample x Tg ~°C! Vg ~ML s21! Lw ~ML !

1 0.35 400 0.50 6-8-10-12-16
2 0.35 450 0.50 6-8-10-12-16
3 0.35 500 0.50 6-8-10-12-16
4 0.35 500 1.30 6-8-10-12-16
5 0.5 530 0.60 4
6 1.0 450 0.18 1.1~34!
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cryostat employed in previous TDOA studies. Further deta
about the experimental setup can be found in Refs. 25
26.

III. THEORETICAL MODELING

A. Kinetic model for the indium segregation

In order to determine the indium composition profile
~In,Ga!As/GaAs QW’s, we use the kinetic approach dev
oped by Deahese, Wallart, and Mollot.18 In this model, the
segregation is described by an exchange process betwe
Ga surface atom and an In atom in the bulk phase. T
exchange process must overcome the energy barrierE1 with
a rateP15n0 exp~2E1/kTg!, wheren051013 s21 is the vi-
bration frequency. The reverse exchange can also occur
rateP2 is given byn0 exp~2E2/kTg!, but the corresponding
energy barrierE2 is larger. The differenceE22E15Es cor-
responds to the segregation energy of the equilibri
model.10 The time evolution of the number of In surfac
atoms is obtained from the balance of incoming and outgo
In atoms. Thus,

dXIn s /dt5F In1P1XIn b~ t !XGa s~ t !2P2XIn s~ t !XGab~ t !,
~1!

whereFIn is the In flux in monolayers per second~ML s
21!.

The numbers of In and Ga atoms,XIn i (t) andXGai (t), at the
surface (i5s) or in the bulk (i5b), are expressed in frac
tions of monolayers. The second term of the right-hand s
of Eq. ~1! represents those In atoms which leave the b
phase (b) for the surface layer (s). It is expressed as the rat
P1 weighted by the number of exchange possibilities wh
are taken to be productXIn b(t)XGa s(t). In the same way, the
reverse exchange results in a number of In atoms leaving
surface phase given byP2XIn s(t)XGab(t). Furthermore, the
conservation of In and total surface atoms during the ti
interval @0,t# gives

XIn s~0!1XIn b~0!1F Int5XIn s~ t !1XIn b~ t !, ~2!

XIn s~0!1XGa s~0!1~F In1FGa!t5XIn s~ t !1XGa s~ t !.
~3!

Since XIn b(t)1XGab(t)51, the combination of the three
equations above leads to a differential equation forXIn s(t).
A numerical solution of this equation with a predicto
corrector method enables the In concentration profile to
deduced.27

B. Electronic states and excitonic properties

The calculation of confinement energies in the QW h
erostructures is carried out within the framework of t
effective-mass approximation. The energies of the elect
heavy- or light-hole levels in a QW modified by In segreg
tion are determined within the transfer-matrix formalism i
cluding the strain effects on the~In,Ga!As band structure.
The physical constants of GaAs and InAs used in the ca
lations are specified in Table I of Ref. 24 and are the res
from a careful analysis of data available in the literature. T
physical constants of InxGa12xAs are calculated by a linea
interpolation between binary values, except for electron a
light-hole effective masses for which the strain-induc
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2408 55P. DISSEIXet al.
modification along the quantization axis of the QW
considered.28 For the strain-free band gap of InxGa12xAs, we
use the expression given by Goetzet al.:29 Eg ~eV!
51.519221.5837x10.475x2 at 2 K.

In order to evaluate the effect of a gradual potential due
In segregation on the excitonic properties developed in S
IV D, the transfer-matrix formalism was combined with
variational method.30,31 However, to ensure computation
rapidity, several assumptions have been made. Valence-
mixing effects32,33were not included in the calculation and
trial excitonic envelope function with a single variation
parameter,ab , has been chosen. It is expressed as follow

f5we~ze!wh~zh!exp@2Ar 21~ze2zh!
2/ab#. ~4!

ze and zh are, respectively, the coordinates of the elect
and hole along the quantization axis andr is the relative
distance between the two particles in the layer plane.we(ze)
andwh(zh) are the envelope functions related to the electr
and holes in the quantum well. Indeed, it has been sho
that, for the thicknesses corresponding to the QW’s inve
gated, the introduction of a second variational parame
does not modify greatly the results of the calculation in co
parison with these obtained by using only one paramete30

IV. RESULTS AND DISCUSSION

A. TDOA spectra

The TDOA spectra of samples 1 and 2 are displayed
Figs. 1~a! and 1~b! in the range of the QW emission wave
lengths. The continuous increase of the TDOA signal w
the increase of the photon energy is due to the impu
absorption front of the GaAs barriers in both cases. The
citonic absorption in GaAs is detected at 1.515 eV in ea
sample. In order to obtain precise values of the energie
the different excitonic absorption peaks, the baseline, ma
due to the GaAs absorption front and also including band
band contributions of the QW transitions, has been remo
by simulating it with a polynomial curve. The results of th
subtraction of this baseline from the TDOA signal, display
in each figure after amplification, enable the energy of e
peak to be determined accurately. The fundamental excit
transitione1hh1 is detected for all the QW thicknesses of
8, 10, 12, 16 ML’s. The electron-light-hole transition is on
observed for the 6- and 8-ML-wide QW’s. One can eas
measure the energy shifts of the different absorption peak
sample 2 with respect to those of sample 1 which have b
grown with the same rate but at a lower temperature~see
Table I!. The effect of segregation is to increase the tran
tion energies12 and appears to be much less important
sample 1. This can be explained in terms of kinetic limitati
of segregation at low growth temperatures.18 It will be shown
in the following section that this behavior can be quantifi
by using the kinetic model presented above. Finally, one
note a smaller energy shift between the absorption pe
attributed to thee1lh1 transition observed in samples 1 an
2. Light holes are less sensitive to segregation effects du
a large extension of their envelope wave function with
spect to the scale of the In gradual repartition. Furtherm
their levels are quasiresonant to the GaAs valence band
o
c.
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B. Analysis of the data

The procedure which consists of eliminating the Ga
absorption from the TDOA spectra, has been systematic
used in order to obtain the absorption energies values.
accurate determination of thee1hh1 ande1lh1 energies pro-
vides an experimental data set enabling the validity of
kinetic model to be demonstrated. The experimental ener
are displayed as functions of QW thickness for samples 1
in Fig. 2. On the lower part of this figure~part a!, we have
plotted together the results from samples 1 and 2, which h
been grown with the same rate but at different temperatu
The upper part@Fig. 2~b!# concerns the results of samples
and 4 obtained at the same growth temperature but with
ferent growth rates.

In order to obtain the fit of the calculations within th
kinetic model to the experimental data, the adjustable par
eters considered wereE1, E25E11Es , the conduction band
offset ratioQc , and the indium concentrationx. A slight
variation of this last parameter was allowed around the no
nal value estimated from RHEED measurements. The w
thicknesses are assumed to be accurately controlled.
growth parameters~Tg andVg! used for the calculations ar

FIG. 1. TDOA spectra of InxGa12xAs/GaAs multiple quantum
wells ~x'0.32! obtained at 0.35 K. The upper part of the figu
concerns sample 2 grown at 450 °C with a rate of 0.5 ML s21 and
the lower part corresponds to sample 1 grown with the same gro
rate but at a lower temperature~Tg5400 °C!. Thee1hh1 ande1lh1
excitonic absorption signals have been amplified for each sam
after the removal of the GaAs absorption front~see text for details!.
The dashed lines are guides for the eyes. Note the redshift of
excitonic transitions~sample 1! with the decrease of the substra
temperature. The excitonic transition in the GaAs barriers is a
detected.
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those measured during the growth~see Table I!. The choice
of Qc as an adjustable parameter is justified by the obse
tion of thee1lh1 transition which is rather sensitive to th
value for the thinnest QW’s. The ground-state level of t
light holes, which resides near the top of the well, is inde
strongly dependent on the exact depth of the valence-b
well.

Inspection of Fig. 2 shows that
~i! There is a good agreement between the theore

curves~solid lines! and the experimental points for all th
samples, proving the ability of the kinetic model to accou
for the variation of the In composition profile versus grow
parameters. The shifts in the transition energies, when
growth temperature is increased@Fig. 2~a!# or when the
growth rate is decreased@Fig. 2~b!#, are well predicted. The
parameters leading to the best fit to all experimental data
E15~1.7360.02! eV, Es5~0.1360.01! eV, Qc50.6460.01,
and x50.3260.01. For a given parameter, exceptE1, the
uncertainty is the maximum deviation between the va
given above and these obtained from the individual fits
each sample. ForE1, only the samples grown at the lowe
temperatures were used; for the samples fabricated

FIG. 2. Thickness dependence of the excitonic transition e
gies for samples 1,2~a! and 3,4~b!. j ands represent the experi
mental energies and the solid lines are the results of calculat
based on the kinetic model and including the nominal growth
rameters~Tg andVg! indicated in the figure for each sample. Th
theoretical results are displayed for the fit parameters:E151.73 eV,
Es50.13 eV,Qc50.64 eV, andx50.3260.01.
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500 °C,E1 can change significantly without altering the fi
The value forEs determined here is in reasonable agreem
with previous surface analysis studies on~In,Ga!As alloys
which have yielded an estimate ofEs ~Es50.1560.1 eV!.10

~ii ! The use of the same set of values for the adjusta
parametersE1 andE2 for all samples demonstrates the re
ability of the In segregation model for InxGa12xAs/GaAs
heterostructures.

~iii ! A decrease in the growth temperature of 50 °C a
given growth rate of 0.5 ML s21 @Fig. 2~a!# has more of an
effect than an increase of the growth rate from 0.5 to
ML s21 at Tg5500 °C @Fig. 2~b!#. When the substrate tem
perature decreases without any variation in the growth r
the flux term is no longer negligible with respect to the e
change terms in Eq.~1! and consequently, there is a kinet
limitation of segregation. The model is also able to pred
variations of the In segregation with growth rates, but su
an effect is weak at 500 °C@Fig. 2~b!# because, with a
growth rate of approximately 1 ML s21, the exchange terms
are always greater than the flux term. The system is then
thermodynamical equilibrium so that In concentration p
files are weakly sensitive to variations in the growth rate

We have also tested the model on a multiple-quant
well structure which contains four InAs/GaAs QW’s each
1 ML thickness, grown at 450 °C and 0.18 ML s21 ~sample
6!. Figure 3 displays TDOA spectra obtained from th
sample. The signals corresponding to thee1hh1 and e1lh1
excitonic transitions are clearly detected. A weak band on

r-

ns
-

FIG. 3. TDOA spectrum of an InAs/GaAs multiple quantu
well sample grown at 450 °C with a low growth rate~0.18 ML s21!.
As in Fig. 1, thee1hh1 and thee1lh1 excitonic absorptions have
been amplified after removing the GaAs front absorption~vertical
amplification ratio given in the lowest part of the figure!. The ver-
tical arrows show the theoretical transition energies between e
tron and heavy- or light-hole ground states after the correction
the exciton binding energy, calculated withE151.73 eV,Es50.13
eV, andQc50.64 for a QW thickness adjusted to 1.07 ML.
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high-energy side of thee1lh1 excitonic peak is also ob
served. It is labelede1hv because it involves transitions be
tween confined electrons in the InAs well and unconfin
holes in the GaAs barrier continuum. Since light holes
weakly localized in the InAs layer and quasiresonant w
the GaAs valence-band edge, the small energy differe
~;4.5 meV! between thee1hv ande1lh1 peaks must be re
lated to the binding energy of light-hole excitons. In Fig.
we have shown the theoreticale1hh1 and e1lh1 excitonic
energies ~vertical arrows! calculated with E151.73 eV,
Es50.13 eV, andQc50.64 i.e., same as above! for a QW
thickness adjusted to 1.07 ML~closed to the nomina
thickness51.1 ML!. Good agreement between the calcula
and experimental energies is obtained by strictly using
growth rate and temperature parameters measured durin
growth. However, at 450 °C and at a growth rate of 0.
ML s21, the exchange terms are relatively important w
respect to the flux term and there is no efficient kinetic lim
tation of segregation. At this temperature, a sensible red
tion of the segregation process would need a growth
above 1 ML s21. It must be noted that the maximum indiu
composition in the well is only 0.3 due to segregation so t
the corresponding data is in the range of the indium com
sitions investigated here.

C. Strained conduction-band offset ratio

The band offset of the~In,Ga!As/GaAs system has bee
investigated extensively during the past few years thro
the analysis of the electronic states of strain
InxGa12xAs/GaAs quantum wells by optical spectrosco
experiments. For this purpose, the strained conduction-b
offset ratioQc was introduced as an adjustable paramete
the models used to calculate the QW energy levels. An
portant advantage in using this parameter lies in the fact
neither the pressure coefficient of the valence band nor
distribution of the alloy band gap bowing between cond
tion and valence bands have to be known.

The fit to our experimental data enables us to determ
Qc with accuracy. For the samples investigated here w
x50.32 andx50.5 ~sample 5!, we find thatQc is constant
and is equal to 0.6460.01. The same value was deduc
previously from an analysis of TDOA and reflectivity me
surements carried out on In0.22Ga0.78As/GaAs QW’s of vari-
ous thicknesses.24 We then deduce thatQc is independent of
the indium composition forx between 0.2 and 0.5. This be
havior can be justified by a simple model within potent
deformation theory, based on the knowledge of the
strained InAs/GaAs valence-band offset~V0! and the distri-
bution of the~In,Ga!As band gap bowing between valen
and conduction bands. By takingav52(ac2av)/10, which
is a reasonable value34,35 ~ac is the hydrostatic deformation
potential of the conduction band andav that corresponding
to the valence band!, an excellent agreement is found wi
the experimental data forV050.140 eV by assuming tha
25% of the alloy band gap bowing is assigned to the vale
band~see Fig. 4!. These last results are found to be in agre
ment with a previous experimental determination
V0 ~Ref. 36! and theoretical calculations concerning t
~In,Ga!As alloy.37
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D. Segregation effects on excitonic properties

The influence of In surface segregation on excitonic en
gies in InxGa12xAs/GaAs QW’s has already been in ev
dence from optical studies since these energies are sens
to the potential profile at the interfaces. However, the eff
of the segregation on the excitonic oscillator strengths~f osc!,
has, to our knowledge, never been studied previously.
oscillator strength of thee1hh1 excitonic transition in an
ideal~In,Ga!As/GaAs QW is compared with that correspon
ing to the same quantum well whose potential profile
modified by the indium segregation. The calculation of t
excitonic envelope wave function is performed with t
variational principle by using the transfer-matrix formalism

The oscillator strength per unit area is

f osc}U E
2`

`

f~ze5z, zh5z, r50!dzU2Y ^fuf&

5U E
2`

`

we~z!wh~z!dzU2Y ^fuf&, ~5!

heref(ze ,zh ,r ) is the exciton wave function given in Sec
III B. The behavior off osc is thus determined by the varia
tions of the overlap of electron and hole wave functions a
of the normalization term̂fuf& which depends on the in
plane exciton Bohr radiusab .

The relative variations off osc, with respect to the oscilla-
tor strength in a square QW, are given in Table II for diffe
ent In concentrations and QW thicknesses. The indium s
regation chosen here corresponds to the usual MBE gro
conditions i.e.,Vg50.5 ML s21 andTg5500 °C. The param-
eters of the kinetic model are those previously determin
~E151.73 eV,Es50.13 eV!. Note that the calculations ar
carried out for QW thicknesses which are below the criti
thickness or the thickness corresponding to the 2D-
growth mode transition forx larger than 0.2.

FIG. 4. The conduction-band offset ratioQc as a function of the
indium composition. The experimental data~d: this work,j: Ref.
24! are compared with theoretical calculations~straight lines! using
an unstrained valence-band offsetV050.140 eV and different val-
ues~h! of the bowing band-gap part assigned to the valence ba
Good agreement is found with the experimental data forh50.25.
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It appears that segregation does not modify significan
the oscillator strength of thee1hh1 excitonic transition. This
result is interpreted by considering the envelope wave fu
tions of the electron and the hole, i.e.,we(ze) andwh(zh).
For the quantum well thicknesses investigated, the exten
of the wave function is much larger than a typical extent
the indium distribution~;30 Å! and the variation of the
integral *we(z)wh(z)dz is not large. As an example, th
productswe(z)wh(z) without and with segregation are com
pared to the gradual profile of the indium incorporation in
2 ML QW with a nominal compositionx of 0.5 as shown in
Fig. 5. The oscillator strength in a QW with segregation
generally greater than that in a perfect square QW. Si
segregation has no significant effect on the exciton Bohr
dius and, consequently, on the normalisation term^fuf&, the
variation of f osc is mainly due to the more important overla
of the electron and hole envelope functions in a QW w
segregation.

V. CONCLUSION

TDOA measurements have been carried out in orde
study optical properties of InxGa12xAs/GaAs QW’s grown
by MBE under various growth conditions. The TDOA da
have been interpreted by using envelope function calc
tions based on a kinetic model for building In compositi
profiles, which includes explicitly the growth paramete
~rate or temperature!. In accordance with the experiment
results, this model accounts well for the variation of In se
regation with substrate temperature or growth rate. T
work suggests that kinetics can be used to limit the In s
regation process during the InxGa12xAs/GaAs QW growth.
It demonstrates that a way to limit segregation is to prev
the system from reaching thermodynamic equilibrium by

TABLE II. Variations ~in %! of the oscillator strength of the
e1hh1 excitonic transition due to segregation in usual MBE grow
conditions for QW’s of different sizes and In concentrations.

\ x

0.1 0.2 0.3 0.5Lw ~ML !

2 9.0 9.0 9.0 10.5
4 7.5 6.0 6.0 8.5
8 3.0 1.0 1.5 2.0
12 0.0 20.5
16 21.0 20.5
24 20.5
s,
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ing low growth temperatures or high growth rates. Howev
the substrate temperature seems to be the most efficien
rameter to limit kinetically the exchange process. In additi
the fit to our experimental data set enables the conduct
band offset ratio~Qc50.6460.01! to be determined accu
rately and in agreement with previous results obtained
x50.2. We have then deduced its independence of the
composition in the range ofx from 0.2 to 0.5. This result is
in agreement with a simple calculation based on the poten
deformation theory and assuming that 25% percent of
alloy band-gap bowing is assigned to the valence band.
effect of segregation on exciton quantization, particularly
the oscillator strength of thee1hh1 excitonic transition, has
also been studied by using a variational technique within
transfer-matrix formalism. Our numerical results indicate
slight increase of the oscillator strength with segregat
which is explained in terms of envelope function overlap

FIG. 5. The product of the normalized electron and hole en
lope functions versus the distancez in a two ML In0.5Ga0.5As/GaAs
QW without and with In surface segregation together with the
composition profile calculated for standard MBE growth con
tions: Tg5500 °C,Vg50.5 ML s21 for Es50.13 eV andE151.73
eV. The areas below each curve, which correspond to the enve
function overlap (* f e(z) f h(z)dz), are also indicated.
ys.
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