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Competition between radiative decay and energy relaxation of carriers
in disordered InxGa1ÀxAsÕGaAs quantum wells
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Photoluminescence~PL! and excitation PL measurements have been performed at different temperatures,
excitation energies, and power densities in a number of strained InxGa12xAs quantum wells where the fluc-
tuations in the potential energy were comparable with the thermal energy. This has allowed us to observe a full
series of anomalous temperature dependencies. These features, including some subtle ones, follow from the
competition of thermalization and the degree of disorder in the samples. They are all accounted for by a
theoretical model, which takes into account the excitons’ radiative decay and phonon scattering in a disordered
potential on an equal footing. Thus the interplay between finite lifetime and relaxation/thermalization is in-
cluded in detail.
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I. INTRODUCTION

The influence of morphological disorder on the optic
properties of quantum wells~QW’s! has been the subject of
number of theoretical and experimental papers in the
years. In heterostructures based on III-V semiconductors
their alloys, fluctuations in the well width and alloy comp
sition modulate the local profile of the valence and cond
tion bands and strongly affect the optical properties. A nu
ber of theoretical and experimental groups have investiga
therefore, the dependence on the degree of disorder o
photoluminescence~PL! line shape, in particular of the ful
width at half maximum~FWHM! and of the ‘‘Stokes shift’’
~SS!, i.e., the red shift of the QW PL emission with respe
to the absorption.

The simulation of the competition between carrier th
malization and morphological disorder is somewhat sim
in the two opposite limiting cases of very high or very lo
disorder, where the ratio (D5kBT/W) between the carrie
thermal energy (kBT) and the mean value of the disorde
induced potential fluctuations is a critical parameter. Th
fluctuations are probed by the value~W! of the FWHM of the
heavy-hole exciton~HHE! band in photoluminescence exc
tation ~PLE! spectra. In the limit of very highD ~weakly
disordered QW’s and/or highT), the exciton thermal energ
is higher than the difference between the local maxima
minima of the crystal potential, and the carriers are able
relax towards the absolute potential minimum. This ho
even at low temperatures (T55 K! in the case of very
weakly disordered systems. By assuming a Boltzmann di
bution for the excitons and a Gaussian line shape for
exciton absorption, the Stokes shift turns out to be prop
tional to W2/kBTc ,1 whereTc is the carrier temperature. I
the opposite limit of lowD ~highly disordered sample
and/or lowT), the carriers relax towards local minima of th
potential, whose stochastic distribution determines the p
PRB 610163-1829/2000/61~16!/10985~9!/$15.00
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energy of the free exciton emission and the value of SS
the case of a Gaussian distribution for the local minima a
of Gaussian spatial correlations, SS is given at zero temp
ture by 0.55W.2

In recent years, the most general case of neither v
strong nor very weak disorder has been studied system
cally by two of the present authors~E.R., R.Z.!.3 In this case
of ‘‘intermediate’’ disorder, the finite lifetime of excitons ha
to be taken into account. This introduces a competition
tween the radiative exciton decay and the exciton ene
relaxation which is due to phonon scattering in the prese
of local energy variations. It manifests itself in anomalo
temperature dependencies: At low temperature, this com
tition leads to an incomplete relaxation of excitons, whi
are only partially thermalized, and to a nonmonotonic dep
dence onT of the Stokes shift. For increasing temperatur
SS increases until it reaches a maximum atTM , then it de-
creases gradually as expected for an increasing carrier
malization. Correspondingly, the PL HHE line shape n
rows for increasing temperature, it reaches a minimum
Tm , then it broadens again at higher temperatures. A mo
describing excitons as classical particles performing a di
sive random walk in a disordered potential landscape le
also to quite similar results.4 In this framework, the zero-T
limit for the energy and shape of the PL band is quite diff
ent from that given by the theory of Ref. 2.

In the case of strained InxGa12xAs/GaAs quantum wells,
PL measurements have shown5 that the thermalization and
the localization models hold in the opposite limiting cas
respectively, of high and low temperatures—at least at l
excitation power density. Both models fail, however, when
sizable fraction of carriers, but not all, are thermalizedD
'1).5 In this case, namely, in a large part of the (x, T!
diagram of ternary alloys such as InxGa12xAs/GaAs or other
disordered systems, only a few reports on the effects of c
petition between carrier thermalization and potential w
10 985 ©2000 The American Physical Society
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10 986 PRB 61M. GRASSI ALESSIet al.
fluctuations are found in the literature. Among them, a n
monotonic dependence onT of the exciton PL peak energ
Ep in InGaAs/InP single quantum wells has been attribu
to exciton localization.6 This behavior leads to a dip on th
order of a few tenths of a meV in the dependence onT of Ep
and to a minimum at finiteT in the FWHM of the exciton PL
band. Similar features have been observed in other III-V h
erostructures, including InGaN,7 both in QW’s~Refs. 8–11!
and in quantum dots.12,13 Whenever noticed, these featur
have been ascribed to exciton localization effects, on
grounds of qualitative arguments. Finally, anomalous te
perature dependencies also related to disorder have rec
been observed14 and theoretically discussed15 on the basis of
a classical hopping model assuming exponentially s
pressed long-distance hops.

In this work, we perform a detailed analysis of the optic
properties of a number of strained InxGa12xAs/GaAs QW’s
as a function of temperatureT and of exciting power density
P. The use of samples grown by different techniques, w
different indium concentrations and well widths, has allow
us ~a! to observe a whole series of anomalous effects in
optical response of several samples with a different degre
disorder,~b! to relate those effects to the degree of disord
and ~c! to confirm all the main predictions of the model
Ref. 3 adapted to InxGa12xAs/GaAs QW’s. In particular, we
provide evidence of the nonmonotonic, ‘‘anomalous’’ depe
dence onT of the Stokes shift and of the FWHM of the HH
band. We provide also a crude estimate of a shift tow
high energy of the PLE emission with respect to the HH
absorption. This shift is induced by disorder, as thoroug
discussed in the theory section, and provides evidence o
effective mobility edge for exciton relaxation near the cen
of the excitonic absorption. Finally, a detailed comparison
simulation results for the relaxation kinetics with experime
tal results is presented.

II. THEORETICAL APPROACH

We present a microscopic treatment of the effects of d
order on the basis of the model of Ref. 3. Therein, the eff
tive potential relevant for exciton localization is determin
by the strength of the disorder and the internal exciton w
function, which in turn is determined by material paramete
We briefly summarize the method and the choice of the
rameter values entering the model. Under quite general
cumstances, the effect of the disorder on therelative motion
of electron and hole can be neglected in comparison with
influence on the center of mass motion of the exciton as
entity. The center of mass eigenstates satisfy a single-par
Schrödinger equation with a spatially correlated potential.
a given computer-generated disorder realization, the e
disorder eigenstates are determined. The matrix elemen
the deformation potential scattering operator and the ra
tive coupling to the light field yield the state-dependent ra
for exciton recombination and relaxation, which determ
the spectra observed in the different optical experiments~PL,
PLE, absorption, etc.! We use whenever possible the valu
and interpolation formulas of Ref. 16. Besides the param
values reported in Table I, we use the usual ratio of 2:1~only
very inaccurately known! for the band offset and the value o
13.9~14.6! for the InxGa12xAs dielectric constant in the cas
-
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x50.5 ~0.8!. Image potential effects for a barrier dielectr
constant of 12.5 are included in the determination of
exciton relative wave function.17 The prefactor of the radia
tive decay rate is found to be close to that of GaAs/AlGa
system, thus we useg rad/uCQ50u251025 nm22 ps21 as in
Ref. 3. The acoustic phonons are assumed to be thos
GaAs with sound velocity\n53.3 meV nm and stiffness
c115n2r55.1 meV nm23. A general agreement is found i
the literature on the basic effect that radiation and excit
phonon interaction determine the low-excitation lumine
cence. On the contrary, not much is known for certain in
parameters, in particular the deformation potentials for
individual bands, as opposed to the difference between
lence and conduction band contributions. The latter diff
ence is the only easily accessible parameter and is exp
mentally determined by optical measurements un
hydrostatic pressure. It is then linearly interpolated betwe
the values it has in GaAs and InAs

Dc2Dv5~28.412.4x! eV. ~1!

Since theindividual values of the deformation potential ar
needed in our simulations, we have run our simulations
two different choices of the ratioR5Dv /Dc . The trial val-
ues ofR are 0.1, as its best estimate for GaAs,18 or a much
larger value, 1.

The in-plane heavy-hole masses of Table I are determi
from a four-band k•p calculation with Luttinger’s
g-parameters obtained from a quadratic interpolation
those in Ref. 19. A strain induced heavy-light hole splitti
of 0.42 eV is used.16 The electron mass of the well materi
is extrapolated from a figure in Ref. 16 and a weighted
erage of barrier and well mass is used; see Table I. Fina
the exciton kinetic mass is given by the sum of the elect
and heavy-hole masses,M5me1mhh . However, it should
be warned thatk•p theories are not accurate for thin wel
such as the ones under consideration. In particular, for
parameter set used, no confined light-hole single part
state is found in the well region. This would imply that th
light-hole exciton is of type II character. For thin wells, as
the present case, the electron wave function penetr
deeply into the barrier and such a type II exciton has
oscillator strength comparable to those of, e.g., the Ga
GaAlAs type I excitons. The energetic position of type
excitons in these cases is, therefore, determined mostly
the electron confinement. As a matter of fact, well pr
nounced light-hole exciton recombinations appear in Fig
at energies not much above those of the correspond

TABLE I. Exciton parameters entering the theoretical estima
of the Stokes shift and FWHM for the HHE PL band as a functi
of T for the different samples investigated in the present work: B
radius aB , binding energyEB , electron~e! and heavy-hole (hh)
effective masses in units of the free electron massm0.

Sample aB ~nm! EB ~meV! me(m0) mhh (m0)

A, D 12.3 9.6 0.061 0.174
B 12.4 8.8 0.065 0.18
C 11.3 9.9 0.056 0.16
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heavy-hole excitons. These features are consistent with
predicted type II character for the light-hole excitons.

In the next step, exciton Bohr radii and binding energ
are determined with a variational ansatz for the relative
citon wave function including the image charge interactio
The Bohr radius is needed for the calculation of the effect
potential for the center of mass motion. With the assumpt
of a short range disorder, the whole approach involves on
single parameter, which is adjusted to the specific sam
This parameter is the strengths of the local energy varia-
tions. It is determined by fitting the width of PL or PL
bands. Typically,s is about 1–1.5 W. Note, that both PL o
PLE bandwidth ands are considerably less than the unde
lying energy variations due to, e.g., local monolayer fluct
tions which are of the order of 100 meV for our case.20,21

This can be understood as motional narrowing: As an
tended object, the exciton averages over the underlying
tential fluctuations. For givens, a numerical solution of the
Schrödinger equation yields the wave functions and thus
sorption spectra. PL and PLE spectra follow from sub
quently solving the kinetic equation for exciton relaxati
given in Ref. 3.

III. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORETICAL SIMULATIONS

A. Experimental details

In order to investigate samples with different degrees
disorder, PL measurements have been carried out on
InxGa12xAs/GaAs QW’s with different values of indium
concentrationx ~0.5 or 0.8! and well widthL ~from 2 to 7
monolayers, ML!; see Table II.22,23 For the same reasons
PL and PLE measurements were performed at tempera
ranging from 4.2 to 100 K. Three samples~A, B, and C!
have been grown by molecular beam epitaxy~MBE! at
460 °C, one~D! by metal organic chemical vapor depositio
~MOCVD! at 520 °C. The excitation sources were either
Ar1 laser or a Ti:sapphire tunable laser. The PL emissi
excited by the 488 nm line of the Ar1 laser or the 770 nm

FIG. 1. PL~dotted line! and PLE~full line! spectra atT510 K
for samples A, B, C, and D. The PL spectra exhibit a single b
which is related to heavy-hole exciton recombination. In the P
spectra, the peaks of heavy- and light-hole excitons, and that o
GaAs barrier free exciton are observed with increasing energie
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line of the Ti:sapphire laser, was dispersed by an asymme
DMS-2 SOPRA double monochromator with an equivale
focal length of 75 cm and detected by standard photon co
ing techniques. Emission bands have been fitted by Gaus
line shapes in order to better define the peak energies.

B. Stokes shift

The PL and PLE spectra taken at 10 K for th
InxGa12xAs/GaAs samples reported in Table II are shown
Fig. 1.24 All measurements reported in this paper unless o
erwise noticed have been performed in a linear regime—
exciton line shapes did not change for excitation intensi
varying by roughly three orders of magnitude. The detect
energy in the PLE spectra has been choosen on the low
ergy tail of the PL band in order to optimize the observati
of the HHE band. The FWHM of the heavy-hole excito
increases on going from sample A to sample D, both in
PL and PLE spectra, which corresponds to an increase in
degree of disorder. In the PLE spectrum of sample A, gro
by MBE, the HHE signal is three times higher than that
LHE and comparable with that of the GaAs free exciton,
usually found in not too disordered QW’s. In the PLE spe
trum of sample D, with a higher degree of disorder, the HH
signal is comparable to that of LHE.

In Fig. 1, the HHE and LHE signals in sample D are t
times smaller than that of the GaAs free exciton. A reduct
of the QW signal with respect to the one of the GaAs barr
has been observed in strongly disordered heterostruct
where it has been attributed to the presence of a mob
edge for relaxation.25 This feature gives rise to a suppressi
of exciton relaxation into low-energy states and to an asy
metric decrease of the HHE contribution to the PLE spec
compared to the case of perfect thermalization. The prese
of a mobility edge also leads to a dependence of the P
spectra on detection energyEdet as shown in Fig. 2 in the
case of sample C. A clear change in the PLE spectra ca
observed forEdet going from the high to the low-energy sid
of the PL band, reported in the figure for sake of comparis
The weight of the HHE band relative to the exciton co
tinuum suddenly decreases for Edet&1.360 eV, the most
likely value for the relaxation mobility edge in this sampl
Also the peak energy of the PLE band shows a tiny dep
dence on the detection energy and shifts by'1 meV toward
higher energies for decreasing detection energies.

The discussion of the effect of disorder on the optic
properties of a InxGa12xAs/GaAs QW will be focused on the

d

he

TABLE II. Nominal indium concentrationx, well thicknessL,
growth method, and growth temperatureTG , for the InxGa12xAs
samples investigated in the present work. The valuesW of the
FWHM measured at 10 K in PLE for the HHE band, an index of t
degree of disorder in the samples, are reported in the last colu
Estimates of the relative uncertainties in the values ofx andW are
also given.

Sample x L ~ML ! Growth TG (°C) W ~meV!

A 0.5610% 4 MBE 460 9.065%
B 0.865% 2 MBE 460 12.065%
C 0.5610% 7 MBE 460 17.565%
D 0.565% 4 MOCVD 520 25.565%
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dependence on temperature and exciting-power densit
the Stokes shift, a clear probe of the presence of a mob
edge in QW’s, and of the FWHM of the HHE band observ
in PL spectra. This discussion will be performed initially
the case of sample C, which exhibits an intermediate deg
of disorder with respect to the other samples investiga
here; later it will be extended to the other samples.

The Stokes shift is usually defined as the difference
tween the peak energies of the HHE bands in the absorp
and PL spectra. The determination of the absorption spe
of thin QW’s requires the removal by chemical etching
the substrate. This procedure is unsuitable in the cas
strained QW’s such as those investigated here since it le
to a change in the strain—and, therefore, in the opt
response—of the investigated sample. In the case of stra
QW’s SS is commonly estimated as the the difference
tween the HHE peak energies in PLE and PL spectra,
former being equated approximately to absorption spectra
turn, this estimate of SS can be easily compared with
obtained from numerical simulations of PL and PLE spec
as those reported in the following theory section. It should
mentioned, however, that the slight dependence of the P
spectra on detection energy reported in Fig. 2 introduces
uncertainty of the order of 1 meV in the estimate of SS fro
PLE spectra.

The peak energies of the HHE bands in the PL and P
spectra of sample C are reported in Fig. 3 as measure
different temperatures. They provide the dependence onT of
the Stokes shift, which is indicated at 10 K by the doub
headed arrow in the figure. The PLE peak energy~diamonds!
decreases with increasingT, roughly following the InGaAs

FIG. 2. PLE spectra at 10 K of the heavy-hole exciton in sam
C for different detection energies indicated by arrows and norm
ized to maximum. The PL spectrum at 10 K is also shown
comparison.

FIG. 3. Temperature dependence of the PL~circles! and PLE
~diamonds! heavy-hole exciton energy peaksEp for sample C. The
PL Stokes shift~SS! at 10 K is displayed by a double-headed arro
of
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energy gap. On the contrary, the dependence onT of the PL
peak energy~circles! exhibits a sigmoid, nonmonotonic be
havior which leads to the corresponding nonmonotonic
pendence onT of the Stokes shift reported in Fig. 4. Therei
for a fixed exciting power density SS goes through a ma
mum at a temperatureTMÞ0 which justifies the term
‘‘anomalous’’ Stokes shift commonly used in the literatur
In the framework of any thermalization model SS decrea
monotonously for increasing carrier temperature, e.g., p
portional toW2/kBTc . Since the PL emission intensity lin
early increases on an extended range of power densities~0.5
W cm22<P<500 W cm22), as expected in quasi-2D sys
tem, the dependence ofTM on P displayed in Fig. 4 further
supports a tight correlation between the ‘‘anomalous’’
and exciton thermalization effects in a disordered potent
In fact, the ‘‘anomalous’’ dependence of SS onT is monoto-
nously smeared out for increasingP when excitons increas
ingly fill the potential local minima until they thermaliz
again in an ordered ‘‘effective’’ potential. For similar rea
sons SS tends monotonously to zero at higherTs where its
value is roughly independent ofP, as shown in the figure. I
should be noticed that the dependence of SS onP is maxi-
mum at the lowestT, which provides a further contribution
to the experimental uncertainty in the estimate of SS.

In the same temperature range where SS goes throug
‘‘anomalous’’ maximum, the FWHM of the HHE band in P
goes through an equally ‘‘anomalous’’ minimum, as show
in Fig. 5~a!, at a temperatureTmÞTM . This effect is more

e
l-
r

.

FIG. 4. Temperature dependence of the Stokes shift in samp
for different excitation power densities. The lines are guides to
eye.

FIG. 5. Temperature dependence of the FWHM of the HHE
band for~a! sample C and~b! sample D. The full lines are guides t
the eye.
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evident in the case of the more disordered sample D, wh
the minimum in FWHM vsT is deeper and at higher tem
perature; see Fig. 5~b!.

These temperature dependencies can be qualitatively
plained in the framework of exciton localization in potent
energy relative minima. For temperature increasing fromT
50, excitons begin to thermalize and relax to the abso
potential minimum. Therefore, the PL HHE peak ener
shifts towards lower energy, SS increases, and the FW
decreases. Then, as the temperature increases further, th
citon population starts to spread over the full density
states. The FWHM begins to increase, while the PL sh
toward higher energies, and SS decreases.

For an increasing degree of disorder in the samp
namely, on going from sample A to sample D, all the pro
erties reported for sample C and attributed to disorder cha
accordingly:Tm , SS, andTM increase, indeed, withW. This
has already been shown in Fig. 5 forTm . The values of the
Stokes shift, determined for all samples as done for sam
C, are reported as a function of temperature in Fig. 6. In
samples SS has an ‘‘anomalous’’ temperature depende
with a TM which is higher and better defined the more d
ordered is the sample. In the case of the least disord
sample A,TM is smaller than 4.2 K, at least in the limit o
our experimental energy resolution~0.1 meV!. Finally, at all
temperatures SS increases with the degree of disorderW. At
10 K, SS depends linearly onW with a slope equal to 0.8
~full line in the inset!, quite higher than that predicted~0.55!
in Ref. 2 for a fully disordered system. It may be wor
noticing thatTm’s on the order of 150–200 K have recent
been reported for the emission bands of self assembled q
tum dots in InGaAs/AlGaAs heterostructures. In that ca
those anomalies have been attributed to carrier hopping
tween dots which is expected to give rise to a behavior si
lar to that predicted in highly disordered QWs.13

Simulation results obtained on the basis of the model
scribed in the theory section are reported in Fig. 7. Here,
PL FWHM ~lower panels! and the Stokes shifts~higher pan-
els! corresponding to those experimentally determined in
previous section for samples C and D have been displaye
a function ofT. The corresponding experimental data~open
squares! are also displayed for comparison’s sake. The

FIG. 6. Temperature dependence of the Stokes shift for all
InxGa12xAs samples studied in the present work. The values of
Stokes shift at 10 K are reported in the inset as a function ofW, the
FWHM of the heavy-hole exciton band in PLE spectra. The f
lines are guides to the eye.
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simulations have been obtained for a choice of parame
corresponding to those of the two more disordered sample
and D~left and right panels, respectively!. Full lines refer to
simulations forR5Dv /Dc51, dashed lines to simulation
for R50.1. The only free parameter entering the simulatio
is the degree of disorder which is reflected in the value ofW,
the high-temperature PLE FWHM. We used disord
strengths such that the room temperature values ofW are 19
and 29 meV for samples C and D, respectively. The value
W at low T is slightly less, due to the effect of an incomple
thermalization. For both values ofR the simulations only
qualitatively reproduce the nonmonotonic behavior expe
mentally found for SS and the PL FWHM. Also the chara
teristic temperaturesTm andTM approximatively agree with
their experimental counterparts estimated at the lowest p
sible P. However, the relative positions ofTm andTM differ
both from the experiments and from what has been found
the GaAs simulations.3 This shows that details matter in th
simulations and that the nonmonotonic behavior cannot u
versally be rescaled from one sample to the other. It sho
be emphasized again that the semiquantitative agreemen
existence and position of minima in PL position and lin
width is possible only due to the inclusion of both ener
relaxing and radiative processes and to the kinetic desc
tion resulting in a nonthermal distribution. Two features r
garding the remaining quantitative deviations between
periment and theory in Fig. 7 are noteworthy.

~i! The quantitative agreement with the experiment is f
for R50.1, it improves forR51. Higher values ofR would
be better but, as stated above, there is no independent da
the deformation potential ratioR for InGaAs QW, which is a

e
e

l
FIG. 7. Simulation results for parameters corresponding

samples C~left! and D~right!. Room temperature PLE-FWHM ar
19 and 29 meV, respectively. The shift SS of the PLE maximum
10 K relative to the peak positions of the HHE band in the PL
reported in the upper panels as a function ofT. The FWHM based
on moments of PL histograms obtained for luminescence at dif
ent temperatures is shown in the lower panels. Full lines thro
open circles~solid dots! are guides to the eyes for simulations o
tained by using aDv /Dc ratio of 0.1 ~1!. The experimental data
reported in Figs. 5 and 6 for samples C and D are also shown
sake of comparison by open squares~scaled by 1/3 in the case o
SS!. Note the differences in the minima and maxima positio
which are addressed in the text in detail.
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10 990 PRB 61M. GRASSI ALESSIet al.
strained system. Furthermore, we cannot exclude that pa
the residual discrepancies with the experimental results
come from details in the confinement wave functions at
interfaces and other small differences. In particular, the te
perature dependence of the Stokes shift and the PL FW
depend sensitively on the ratio between the radiative lifet
and the phonon scattering time at the different energies.
latter depends on the deformation potentials~and on R),
among others, which enter roughly in the combination

gphonon;FDcxS mh

M
qi D2DvxS me

M
qi D G2

~2!

with x(q) being the Fourier transform of the squared excit
wave function for the relative motion of electron and ho
The momentum transferq is determined by the energy dif
ference. Asx(q) falls rapidly from unity with increasing
argument, the phonon scattering is much larger if the sma
mass goes along with the larger fraction of the total def
mation potential than in the opposite case. Higher value
R correspond therefore to higher values ofgphononand faster
relaxation. One could speculate that in disordered QW’s
electron-phonon coupling increases compared to the
fectly ordered bulk case, e.g., because of confinement eff
and of abrupt lattice changes at the interfaces.

~ii ! Variations with temperature are stronger in the expe
mental data than in the simulations. This rules out cert
possible sources of systematic experimental errors such
long-range inhomogeneous broadening. It suggests that
theory slightly underestimates energy relaxation or overe
mates the rate of radiative decay. One possible origin of
former possibility, the insufficient knowledge of deformatio
potentials, has already been discussed. Involvement of o
phonon branches~optical phonons! is another possibility.

Assumption of longer lifetimes would also favor strong
‘‘anomalous’’ behavior and bring theoretical results closer
the experiments. We do not show such calculations beca
in contrast to the phonon scattering, there is not much un
tainty in the choice input parameters for the calculation
radiative lifetimes. However, there are many examples
low-dimensional semiconductor systems where experime
radiative lifetimes and theoretical predictions disagree. G
erally, in these cases, the latter is too short, as it might b
the present case as well.

At the moment, the only sample-specific input parame
is the disorder strengthW, which, from its very definition,
cannot be predicted independently.Ad hocassumption of a
longer radiative lifetime would be in conflict with this firs
principle character of the theory.

C. Other effects related to disorder

Fluctuations in the potential energy may lead to oth
nontrivial effects in the optical properties of disorder
QW’s. In Fig. 8, we present simulation results for the P
~higher panel! and PLE spectra~lower panel! of the HHE
band in sample C at different temperatures. The simula
for the absorption spectrum is also shown in both pan
These simulations have been obtained by smooth fits thro
histograms of data in theR51 case. Since the PLE lin
shape weakly depends on detection energy, as experim
tally found and reported in Fig. 2, the displayed PLE curv
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are the weighted sum of the emission intensities over all
detection energies, of course, excluding the resonant e
sion ~as done in PLE experiments!. For decreasing tempera
ture, the HHE PL band becomes more symmetric and ex
its an increasing red shift with respect to the absorption b
whose nonmonotonic dependence onT has been reported in
detail in Fig. 7. The HHE PLE band, instead, is highly asy
metric at all temperatures. Moreover, for decreasing te
peratures, it exhibits an increasing blueshift SS8 with respect
to the absorption band. This shift is related to the presenc
an effective mobility edge that leads to a suppression of
exciton relaxation into low-energy states.25

This blueshift of the PLE spectra is considerably sma
than the redshift of the PL spectra and depends on temp
ture as well as on detection energy~qualitatively, a detection
energy in PLE deep in the tail of the density of states lead
a smaller SS8!. The finite, although small, value of SS8 at
low temperatures distinguishes, therefore, the definition
SS in terms of the difference between the peak energie
the HHE in the absorption and PL spectra from its operat
definition used here, and in most of the literature for strain
QW’s. The latter definition, in fact, relies on the assumpti
that peak energies of PLE and absorption spectra coincid
all temperatures.

In order to experimentally and quantitatively verify th
theoretical prediction of a finite value for SS8, at least at low
T, we need a procedure for its estimates from the PLE d
As already mentioned, an estimate of the absorption spe
in strained QW’s is intrinsically quite unreliable. Therefor
we estimate SS8 for the two samples, C and D, where th
value of SS8 is expected to be higher, on the grounds o
somewhat crude approximation. We extrapolate the valu
the absorption peak energy at lowT from the fit of the tem-
perature dependence measured at highT’s (T*60 K! for the

FIG. 8. Simulation results for parameters corresponding
sample C. Analytical fits to the histograms obtained for lumin
cence~PL, thin lines in upper panel!, absorption~thick line in both
panels!, and excitation spectra~PLE, thin lines in lower panel! are
reported. The normal behavior of the Stokes shift SS is clearly s
in the maximum positions, the anomalous behavior reported in
7 is not resolved here. The trend of the line width manifests its
more clearly in the heights of the normalized peaks. PLE curves
scaled with an~almost! temperature-independent factor to coinci
with the high energy behavior of absorption. The blueshift S8
clearly increases with falling temperature.
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PLE HHE peak energy. In fact SS8 ~and SS! vanishes and the
PLE spectrum reproduces well the absorption spectrum
T’s high enough that carriers freely relax and thermal
through the full density of states, as previously discuss
The PLE energy peak curves are then expected to follow
high-temperature dependence of the InGaAs band ga26

This dependence is assumed to be given by

E~T!5Eb2abS 11
2

eQ/T21D , ~3!

namely, to be determined by the Bose-Einstein statistical
tor for phonons with an average frequencyQ. This formula
well describes the dependence onT of the GaAs energy
gap.27 The values of the three fitting parametersQ, Eb , and
ab , which are allowed to vary in order to account for diffe
ent thicknesses and indium concentrations, are reporte
Table III. Within the uncertainties, theab andQ values are
equal to those estimated in GaAs and reported in the last
of the table. The experimental data and their best fits
given in Fig. 9 by triangles and full lines, respectively. A
low Ts, the data exibit a small but clear deviation from t
reference curves, faster in the most disordered sample D
broader PLE and PL exciton bands.

SS8 values at 10 K are reported in Table IV for samples
and D. In the other two samples A and B, SS8 is '1 meV. In
the same table are also summarized the values for all o
parameters related to disorder, as estimated from the ex
ment and from the theoretical simulations. As already d
cussed, the quantitative agreement with the experiment is
for R50.1, it improves forR51, for all parameters excep

TABLE III. Best values of the parametersEb , ab , andQ en-
tering the fit of the dependence onT of the HHE peak in the PLE
spectra, for the most disordered InxGa12xAs samples C and D. The
parameters fitting the dependence onT of the GaAs energy gap ar
taken from Ref. 27 and are reported in the last row with the co
sponding estimated uncertainties.

Sample Eb ~eV! ab ~meV! Q ~K!

C 1.425 54 210
D 1.485 54 240
GaAs bulk 1.57160.023 57629 2406102

FIG. 9. Comparison between the temperature dependence o
PLE peak energies for the different InxGa12xAs samples~triangles!
and the corresponding absorption peaks~full lines!, as derived by
fitting Eq. ~3! to the high-temperature data. For comparison’s sa
both PLE peak energies and absorption peaks for sample C
been shifted by 50 meV toward higher energies.
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Tm . In particular, SS8 increases with disorder as expecte
although it results smaller than theoretically predicted. A b
ter agreement is found if experiment and simulations
compared by looking directly at the shift of the PL wit
respect to the PLE spectra, without introducing the interm
diate step of absorption.

The discrepancy between experimental and theoretica
timates of SS8 may be justified by the fact that both dete
minations are delicate. In fact, while the experiments ha
been analyzed by fitting the peaks with Gaussian, differ
options are available for the discussions of the numer
results. Each option has its specific drawback because
underlying optical density or absorption is intrinsical
asymmetrical with a rather long tail to the high-energy sid

PLE spectra are even more asymmetrical, as they s
the absorption’s high-energy tail and fall rather rapidly b
low the effective relaxation mobility edge, see Fig. 8~lower
panel! and Fig. 1~experiment!. Absorption and PLE spectra
can be fitted well by the product of an error function and
exponential. The former describes the rapid fall on the lo
energy side, whereas the latter describes the high-energy
The form of the high-energy tail can be understood on
ground of second order perturbation theory and reflects
Fourier transform of the square of the excitons relative wa
function. In contrast, low-temperature PL and resonant s
ondary emission~i.e., light emitted at the excitation fre
quency! can be fitted typically by Gaussians with good a
curacy, see Fig. 8~upper panel! and Fig. 1~experiment!.

A Stokes shift SS8 defined in terms of an average ener
exhibits a smaller dependence on temperature than tha
fined, e.g., in terms of the position of the low-energy h
maximum. This feature and the uncertainty in the fit of t
absorption position are, in our opinion, the primary reaso
for having found experimental values for SS8 systematically
smaller than those obtained in the simulation.

In conclusion of this section, it might be useful to disti
guish two conceptually different aspects of incomplete rel
ation, both contributing to SS8 and the nonmonotonic behav
ior of SS. First, we can think of the scattering becoming sl
at low temperatures and comparable to the radiative lifetim

-

the

,
ve

TABLE IV. Theoretical and experimental estimates of differe
parameters characterizing the emission spectra of samples C a
the two more disordered InxGa12xAs samples investigated here: 1
K values of the blueshift SS8, of the Stokes shift SS, and ofW8, the
FWHM of the PL HHE band. Both the experimental and theoreti
estimates of SS have been obtained as the difference betwee
peak energies of the HHE band in PL and PLE spectra. The va
of the temperatureTM for which SS is maximum and of the tem
peratureTm for which W8 is minimum are also reported. Theoret
cal estimates have been obtained forR5Dv /Dc51 ~in brackets for
R50.1). Experimental estimates have been obtained from spe
taken at the lowest excitation power density~50 W cm22).

Sample
SS8

~meV!
SS

~meV!
TM

~K!
Tm

~K!
W8

~meV!

C exp 1.762 1862 2265 1065 9.361
C sim 3.5~5.0! 9.0 ~7.0! 15 ~10! 15 ~12! 12.8 ~13.8!

D exp 2.562 23.562 2065 1565 11.961
D sim 6.0~5.0! 15.0 ~9.5! 15 ~5! 20 ~15! 19.4 ~21.4!
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For broad lines and acoustic phonons, which carry away o
a limited amount of energy at a time, it takes several scat
ing events to relax to thermal energies and the exciton po
lation might fail to reach a thermal distribution. In such
scenario, the temperature-dependent SS depends very s
tively on the scattering rates. The second, somehow oppo
limit is the picture of excitons relaxing into well separat
local minima with very small transfer rates between them
such a picture, uncertainties in the prefactors of the scatte
strengths are almost irrelevant for the qualitative feature
SS and SS8, as the rates are assumed to become expo
tially small in the low-energy tail. The differences of th
qualitative behavior of SS and PL-FWHM from sample
sample, seen both in the experiment and in the simulat
and the dependence of the simulation results on the in
parameters, in particular the deformation potentials, poin
the fact that the InGaAs system is in between these
scenarios. In particular, both pictures allow us to underst
the occurrence of a blueshift SS8, with a weaker dependenc
on the detection energy of SS8 in the mobility edge picture.

IV. CONCLUSIONS

Since the lifetime of excitons is finite, the competitio
between the radiative exciton decay and the exciton ene
relaxation due to phonon scattering in a disordered poten
leads to an incomplete relaxation of excitons, in particula
low temperatures. This gives rise to the prediction of a se
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of features in the optical response of a disordered system
are ‘‘anomalous’’ with respect to those characteristic of th
malized excitons. These ‘‘anomalous’’ features, includi
some subtle ones, have all been experimentally observe
PL and PLE performed in a number of InxGa12xAs QW’s
grown by MBE or MOCVD. These samples differ for th
indium concentration and the well thickness, as well as
degree of disorder, and are all characterized by fluctuati
in the potential energy comparable with thermal energies
tween 4.2 and 60 K. All the anomalous features here repo
have been shown to depend on the sample degree of d
der. Two different scenarios for incomplete carrier relaxat
have been discussed which both account for the ‘‘anom
lous’’ behavior of SS and SS8. The dependence of the simu
lation results on the input parameters, in particular the de
mation potentials, suggests that the InGaAs system is
between these two scenarios.
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