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PhotoluminescencéPL) and excitation PL measurements have been performed at different temperatures,
excitation energies, and power densities in a number of strain&hln,As 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.

[. INTRODUCTION energy of the free exciton emission and the value of SS. In
the case of a Gaussian distribution for the local minima and
The influence of morphological disorder on the optical of Gaussian spatial correlations, SS is given at zero tempera-
properties of quantum wellQW’s) has been the subject of a ture by 0.55V.?
number of theoretical and experimental papers in the last In recent years, the most general case of neither very
years. In heterostructures based on IlI-V semiconductors anstrong nor very weak disorder has been studied systemati-
their alloys, fluctuations in the well width and alloy compo- cally by two of the present autho(g.R., R.Z). In this case
sition modulate the local profile of the valence and conducof “intermediate” disorder, the finite lifetime of excitons has
tion bands and strongly affect the optical properties. A num+o be taken into account. This introduces a competition be-
ber of theoretical and experimental groups have investigatedween the radiative exciton decay and the exciton energy
therefore, the dependence on the degree of disorder of thelaxation which is due to phonon scattering in the presence
photoluminescencéPL) line shape, in particular of the full of local energy variations. It manifests itself in anomalous
width at half maximum(FWHM) and of the “Stokes shift” temperature dependencies: At low temperature, this compe-
(S9, i.e., the red shift of the QW PL emission with respecttition leads to an incomplete relaxation of excitons, which
to the absorption. are only partially thermalized, and to a nonmonotonic depen-
The simulation of the competition between carrier ther-dence onT of the Stokes shift. For increasing temperatures,
malization and morphological disorder is somewhat simpleSS increases until it reaches a maximunTgt, then it de-
in the two opposite limiting cases of very high or very low creases gradually as expected for an increasing carrier ther-
disorder, where the ratioA=kgT/W) between the carrier malization. Correspondingly, the PL HHE line shape nar-
thermal energy KgT) and the mean value of the disorder- rows for increasing temperature, it reaches a minimum at
induced potential fluctuations is a critical parameter. Thesd ,,, then it broadens again at higher temperatures. A model
fluctuations are probed by the val(#) of the FWHM of the  describing excitons as classical particles performing a diffu-
heavy-hole excitofHHE) band in photoluminescence exci- sive random walk in a disordered potential landscape leads
tation (PLE) spectra. In the limit of very highA (weakly also to quite similar resultsin this framework, the zerd-
disordered QW'’s and/or high), the exciton thermal energy limit for the energy and shape of the PL band is quite differ-
is higher than the difference between the local maxima anént from that given by the theory of Ref. 2.
minima of the crystal potential, and the carriers are able to In the case of strained |Ga _,As/GaAs quantum wells,
relax towards the absolute potential minimum. This holdsPL measurements have shothat the thermalization and
even at low temperaturesT €5 K) in the case of very the localization models hold in the opposite limiting cases,
weakly disordered systems. By assuming a Boltzmann distrirespectively, of high and low temperatures—at least at low
bution for the excitons and a Gaussian line shape for thexcitation power density. Both models fail, however, when a
exciton absorption, the Stokes shift turns out to be proporsizable fraction of carriers, but not all, are thermalized (
tional to W?/kgT,,* whereT, is the carrier temperature. In ~1)5 In this case, namely, in a large part of the, (T)
the opposite limit of lowA (highly disordered samples diagram of ternary alloys such as @, _,As/GaAs or other
and/or lowT), the carriers relax towards local minima of the disordered systems, only a few reports on the effects of com-
potential, whose stochastic distribution determines the peagetition between carrier thermalization and potential well
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fluctuations are found in the literature. Among them, a non- TABLE I. Exciton parameters entering the theoretical estimates
monotonic dependence dnof the exciton PL peak energy of the Stokes shift and FWHM for the HHE PL band as a function
Ep in InGaAs/InP single quantum wells has been attributedf T for the different samples investigated in the present work: Bohr
to exciton localizatiorf. This behavior leads to a dip on the radius &, binding energyEg, electron(e) and heavy-holeth)
order of a few tenths of a meV in the dependencd @i E,, effective masses in units of the free electron nags

and to a minimum at finit& in the FWHM of the exciton PL
band. Similar features have been observed in other Ill-V het- SMPle  ag ("m) g (meV)  me(mg) Mgy (Mo)

erostructures, including InGafboth in QW’s (Refs. 8—11 A, D 123 96 0.061 0.174
and in quantum dot§>"® Whenever noticed, these features g 124 88 0.065 018
have been ascribed to exciton localization effects, on the 11.3 9.9 0.056 0.16

grounds of qualitative arguments. Finally, anomalous tem-
perature dependencies also related to disorder have recently
been observé and theoretically discussEtbn the basis of x=0.5(0.8). Image potential effects for a barrier dielectric

a classical ho_pplng model assuming exponentially SlJpE:onstant of 12.5 are included in the determination of the
pressed long-distance hops.

In this work, we perform a detailed analysis of the optical exciton relative wave functiolf. The prefactor of the radia-
oroperties of a number of strainedGey_,As/GaAs QW's tive decay rate is found to be close to that of GaAs/AlGaAs

. - > system, thus we us@.q/|¥o_o/?=10"° nm 2ps ! as in
as a function of temperatufieand of exciting power density Ryef. 3. The acousti?:ragrlon%nos' are assumed Ff[o be those of

P.' The use .Of samples grown by differen.t techniques, WithGaAs with sound velocityh v=3.3 meV nm and stiffness
different indium concentrations and well widths, has aIIowedcll: »2p=5.1 meV nm 3. A general agreement is found in

us (_a) to observe a whole series of an_omalo_us effects in th? e literature on the basic effect that radiation and exciton-
optical response of several samples with a different degree ¢ honon interaction determine the low-excitation lumines-
disorder,(b) to relate those effects to the degree of di:sordergence On the contrary. not much is known for certain inout
and (c) to confirm all the main predictions of the model of ' Ys P

) . parameters, in particular the deformation potentials for the
Ref. _3 ada_pted to IGa, _,As/GaAs QW S In part|culflr, We individual bands, as opposed to the difference between va-
provide evidence of the nonmonotonic, “anomalous” depen-

dence ofT of the Stokes shift and of the EWHM of the HHE lence .and conducnon band contnbuuons. The Iattgr dlffer—.
i . . nce is the only easily accessible parameter and is experi-
band. We provide also a crude estimate of a shift towar

nigh eneray of the PLE emission with respect to the HHESiE SEEITIES, Y, TOUEE. (EREERERS, e
absorption. This shift is induced by disorder, as thoroughl Y P i y P

y . .
discussed in the theory section, and provides evidence of atrt11e values it has in GaAs and InAs

effective mobility edge for exciton relaxation near the center

of the excitonic absorption. Finally, a detailed comparison of D.—D,=(—8.4+2.4x) eV. (1)
simulation results for the relaxation kinetics with experimen-
tal results is presented. Since theindividual values of the deformation potential are

needed in our simulations, we have run our simulations for
two different choices of the ratiR=D,/D.. The trial val-
ues ofR are 0.1, as its best estimate for GaAsr a much

We present a microscopic treatment of the effects of distarger value, 1.
order on the basis of the model of Ref. 3. Therein, the effec- The in-plane heavy-hole masses of Table | are determined
tive potential relevant for exciton localization is determinedfrom a four-band k-p calculation with Luttinger's
by the strength of the disorder and the internal exciton wavey-parameters obtained from a quadratic interpolation of
function, which in turn is determined by material parametersthose in Ref. 19. A strain induced heavy-light hole splitting
We briefly summarize the method and the choice of the paef 0.42 eV is used® The electron mass of the well material
rameter values entering the model. Under quite general citis extrapolated from a figure in Ref. 16 and a weighted av-
cumstances, the effect of the disorder on itblative motion  erage of barrier and well mass is used; see Table I. Finally,
of electron and hole can be neglected in comparison with itéhe exciton kinetic mass is given by the sum of the electron
influence on the center of mass motion of the exciton as aand heavy-hole massel| =m,+m,,. However, it should
entity. The center of mass eigenstates satisfy a single-particlee warned thak- p theories are not accurate for thin wells
Schralinger equation with a spatially correlated potential. Insuch as the ones under consideration. In particular, for the
a given computer-generated disorder realization, the exagarameter set used, no confined light-hole single particle
disorder eigenstates are determined. The matrix elements efate is found in the well region. This would imply that the
the deformation potential scattering operator and the radidight-hole exciton is of type Il character. For thin wells, as in
tive coupling to the light field yield the state-dependent rateshe present case, the electron wave function penetrates
for exciton recombination and relaxation, which determinedeeply into the barrier and such a type Il exciton has an
the spectra observed in the different optical experim@its  oscillator strength comparable to those of, e.g., the GaAs/
PLE, absorption, ettWe use whenever possible the valuesGaAlAs type | excitons. The energetic position of type |l
and interpolation formulas of Ref. 16. Besides the parametegxcitons in these cases is, therefore, determined mostly by
values reported in Table |, we use the usual ratio of(@rlly ~ the electron confinement. As a matter of fact, well pro-
very inaccurately knownfor the band offset and the value of nounced light-hole exciton recombinations appear in Fig. 1
13.9(14.6 for the InGa, _,As dielectric constant in the case at energies not much above those of the corresponding

II. THEORETICAL APPROACH
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142 146 1.50 144 148 1.52 TABLE II. Nominal indium concentratiorx, well thicknessL,
A T T T T T growth method, and growth temperatufg, for the InGa _,As
) ' samples investigated in the present work. The vaMé®sf the
= FWHM measured at 10 K in PLE for the HHE band, an index of the
= degree of disorder in the samples, are reported in the last column.
"g Estimates of the relative uncertainties in the values ahdW are
G .
= » also given.
'z b x01 Samol ;
g ple X L (ML) Growth Tg (°C) W (meV)
= A  05+10% 4  MBE 460 9.65%
= B 08:5% 2  MBE 460 12.65%
., C 0.5-10% 7 MBE 460 17.55%
- D 0.5=5% 4 MOCVD 520 25.55%

136 144 143 146 150
Photon Energy (eV)

line of the Ti:sapphire laser, was dispersed by an asymmetric

FIG. 1. PL(dotted ling and PLE(full line) spectra af=10 K  DMS-2 SOPRA double monochromator with an equivalent
for samples A, B, C, and D. The PL spectra exhibit a single bandocal length of 75 cm and detected by standard photon count-
which is related to heavy-hole exciton recombination. In the PLEing techniques. Emission bands have been fitted by Gaussian
spectra, the peaks of heavy- and light-hole excitons, and that of théne shapes in order to better define the peak energies.
GaAs barrier free exciton are observed with increasing energies.

B. Stokes shift

heavy-hole excitons. These features are consistent with the The PL and PLE spectra taken at 10 K for the

predicted type Il character for the light-hole excitons. InGa,_,As/GaAs samples reported in Table Il are shown in

In the next step, eXCitOf_‘ Bohr radii and binding en_ergiesFig. 12* All measurements reported in this paper unless oth-
?irtindscg\r/rgl?fr?ctivgtnhi?c\lll?élii“ogﬂ ;rqwza(t: gﬁ;:hs irr](atg[;\ft’io‘a:'erwise noticed have been performed in a linear regime—the
The Bohr radius is needed fc?r the calc%lation gf the effectivelsxCiton line shapes did not change for excitation intensities
potential for the center of mass motion. With the assumption arying by roughly three orders of magnitude. The detection

of a short range disorder, the whole approach involves onl gnergy in the PLE spectra has been choosen on the low en-
g ' PP y %rgy tail of the PL band in order to optimize the observation

single parameter, which is adjusted to the specific sampled]c the HHE band. The FWHM of the heavy-hole exciton
This parameter s .the stren_gt'h of the chal energy varia- increases on goin;g from sample A to sample D, both in the
'gon:(;j. It_l_'s .de'herml_nedb byt fl'tt'TgS t\?\/e Il,lv '?th tﬁf thL tﬁrpT_LE PL and PLE spectra, which corresponds to an increase in the
ands. lypicalyo IS about 1--1. - NOte, that bo or degree of disorder. In the PLE spectrum of sample A, grown
PI.‘E bandwidth _an_dr are considerably less than the under- by MBE, the HHE signal is three times higher than that of
Iymg energy variations due to, e.g., local monolayerézlégl:tua-LHE and comparable with that of the GaAs free exciton, as
tT'?]r.]S Wh'cg aredof trt]e grder of t.loo ImeV for.ou.rX "~ _usually found in not too disordered QW's. In the PLE spec-
IS can be understood as motional NArrowing: AS an €Xg,, . sample D, with a higher degree of disorder, the HHE
tended object, the exciton averages over the underlying pos'ignal is comparable to that of LHE
tential fluctuations. For givemr, a numerical solution of the In Fig. 1, the HHE and LHE signéls in sample D are ten
Schrc_dinger equation yields the wave functions and thus abiimes small’er than that of the GaAs free exciton. A reduction
sorption spectra. PL 'and' PLE spectra fOHO.W from subsebf the QW signal with respect to the one of the GaAs barrier
quently solving the kinetic equation for exciton relaxation has been observed in strongly disordered heterostructures

given in Ref. 3. where it has been attributed to the presence of a mobility
edge for relaxatio® This feature gives rise to a suppression

[ll. EXPERIMENTAL RESULTS AND COMPARISON of exciton relaxation into low-energy states and to an asym-

WITH THEORETICAL SIMULATIONS metric decrease of the HHE contribution to the PLE spectra

compared to the case of perfect thermalization. The presence
of a mobility edge also leads to a dependence of the PLE
In order to investigate samples with different degrees okpectra on detection enerdy.; as shown in Fig. 2 in the
disorder, PL measurements have been carried out on fowase of sample C. A clear change in the PLE spectra can be
In,Ga _,As/GaAs QW’s with different values of indium observed folE g going from the high to the low-energy side
concentratiorx (0.5 or 0.8 and well widthL (from 2 to 7 of the PL band, reported in the figure for sake of comparison.
monolayers, MI; see Table 117%?% For the same reasons, The weight of the HHE band relative to the exciton con-
PL and PLE measurements were performed at temperaturgguum suddenly decreases for, E1.360 eV, the most
ranging from 4.2 to 100 K. Three samplé&, B, and Q likely value for the relaxation mobility edge in this sample.
have been grown by molecular beam epita®BE) at  Also the peak energy of the PLE band shows a tiny depen-
460 °C, ongD) by metal organic chemical vapor deposition dence on the detection energy and shiftssaly meV toward
(MOCVD) at 520 °C. The excitation sources were either arhigher energies for decreasing detection energies.
Ar* laser or a Ti:sapphire tunable laser. The PL emission, The discussion of the effect of disorder on the optical
excited by the 488 nm line of the Arlaser or the 770 nm properties of a IfGa,_ ,As/GaAs QW will be focused on the

A. Experimental details
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FIG. 4. Temperature dependence of the Stokes shift in sample C
FIG. 2. PLE spectra at 10 K of the heavy-hole exciton in samplefor different excitation power densities. The lines are guides to the
C for different detection energies indicated by arrows and normaleye.
ized to maximum. The PL spectrum at 10 K is also shown for

comparison. energy gap. On the contrary, the dependenc@& ohthe PL

n ) eak energycircles exhibits a sigmoid, nonmonotonic be-
dependence on temperature and exciting-power densny_ avior which leads to the corresponding nonmonotonic de-
the St.okes shift, a clear probe of the presence of a mobilit endence off of the Stokes shift reported in Fig. 4. Therein,
gdge in QW's, anq of_the FWHM .Of the HHE band. qpservgdfor a fixed exciting power density SS goes through a maxi-
in PL spectra. This discussion will be performed initially in mum at a temperaturdw£0 which iustifies the term
the case of sample C, which exhibits an intermediate degree ¥ M J

of disorder with respect to the other samples investigate(flanﬁmflous StEkefs shlfthcomn;_only usedollnltgeé Igerature.
here; later it will be extended to the other samples. n the framework of any thermalization mode ecreases

The Stokes shift is usually defined as the difference beMonotonously for increasing carrier temperature, e.g., pro-

tween the peak energies of the HHE bands in the absorptiopertional toW?/kgT,. Since the PL emission intensity lin-
and PL spectra. The determination of the absorption spect/@@rly increases on an extended range of power dentigs
of thin QW’s requires the removal by chemical etching of W cm ><P<500 W cm ?), as expected in quasi-2D sys-
the substrate. This procedure is unsuitable in the case dém, the dependence @, on P displayed in Fig. 4 further
strained QW’s such as those investigated here since it leadgipports a tight correlation between the “anomalous” SS
to a change in the strain—and, therefore, in the opticahnd exciton thermalization effects in a disordered potential.
response—of the investigated sample. In the case of straindd fact, the “anomalous” dependence of SS Biis monoto-
QW's SS is commonly estimated as the the difference benously smeared out for increasifgwhen excitons increas-
tween the HHE peak energies in PLE and PL spectra, thingly fill the potential local minima until they thermalize
former being equated approximately to absorption spectra. Iagain in an ordered “effective” potential. For similar rea-
turn, this estimate of SS can be easily compared with thagons SS tends monotonously to zero at highemwhere its
obtained from numerical simulations of PL and PLE spectrajalue is roughly independent & as shown in the figure. It
as those reported in the following theory section. It should behould be noticed that the dependence of S ds maxi-
mentioned, however, that the slight dependence of the PLum at the lowesT, which provides a further contribution
spectra on detection energy reported in Fig. 2 introduces ag the experimental uncertainty in the estimate of SS.
uncertainty of the order of 1 meV in the estimate of SS from  |n the same temperature range where SS goes through an
PLE spectra. “anomalous” maximum, the FWHM of the HHE band in PL
The peak energies of the HHE bands in the PL and PLEyoes through an equally “anomalous” minimum, as shown
spectra of sample C are reported in Fig. 3 as measured @ Fig. 5a), at a temperatur@,,# T, . This effect is more
different temperatures. They provide the dependence ai

the Stokes shift, which is indicated at 10 K by the double- Lo
headed arrow in the figure. The PLE peak enddigmonds L (@)
decreases with increasing roughly following the InGaAs 141
S |
E 10
137 | PRSI . sample C =g B sample C
& e 20 |
<L SS ¢ o L (®)
w136 2 16 ]
© 6 o0°° © o 12 L D
0 20 40 60 80 100 0 2|0 4|0 6|0 80
T (K) T K)
FIG. 3. Temperature dependence of the (lcles and PLE FIG. 5. Temperature dependence of the FWHM of the HHE PL

(diamonds heavy-hole exciton energy peaks for sample C. The  band for(a) sample C andb) sample D. The full lines are guides to
PL Stokes shiftSS at 10 K is displayed by a double-headed arrow. the eye.
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FIG. 6. Temperature dependence of the Stokes shift for all the { . , il ) )
In,Ga _,As samples studied in the present work. The values of the 25 75 25 75
Stokes shift at 10 K are reported in the inset as a functiow,ahe T(K) T (K)
FWHM of the heavy-hole exciton band in PLE spectra. The full
lines are guides to the eye. FIG. 7. Simulation results for parameters corresponding to

samples Qleft) and D(right). Room temperature PLE-FWHM are

evident in the case of the more disordered sample D, whert9 and 29 meV, respectively. The shift SS of the PLE maximum at
the minimum in FWHM vsT is deeper and at higher tem- 10 K relative to the peak positions of the HHE band in the PL is
perature; see Fig.(b). reported in the upper panels as a fL_mctionToﬂ'h(_a FWHM basec_i

These temperature dependencies can be qualitatively e®n moments of PL_ hlstograms obtained for Iumlnescepce at differ-
plained in the framework of exciton localization in potential €Nt temperatures is shown in the lower panels. Full lines through
energy relative minima. For temperature increasing fifbm open C'rCIeS@O“d dot§ are gu'des to the eyes for S'.mmat'ons ob-
=0, excitons begin to thermalize and relax to the absolutéaIned by. using D, /D, ratio of 0.1(1). The experimental data

C S reported in Figs. 5 and 6 for samples C and D are also shown for
poltentlal minimum. Therefore, th.e PL HHE peak energy ake of comparison by open squaftesaled by 1/3 in the case of
shifts towards lower energy, SS Increases, and the FWH S. Note the differences in the minima and maxima positions,
d_ecreases. Then, as the temperature increases further_, the gXiich are addressed in the text in detail.
citon population starts to spread over the full density of
states. The FWHM begins to increase, while the PL shiftsimulations have been obtained for a choice of parameters
toward higher energies, and SS decreases. corresponding to those of the two more disordered samples C

For an increasing degree of disorder in the samplesand D (left and right panels, respectivélyFull lines refer to
namely, on going from sample A to sample D, all the prop-simulations forR=D,/D.=1, dashed lines to simulations
erties reported for sample C and attributed to disorder changer R=0.1. The only free parameter entering the simulations
accordingly:T,, SS, andTly, increase, indeed, witv. This is the degree of disorder which is reflected in the valug&/pf
has already been shown in Fig. 5 fbf,. The values of the the high-temperature PLE FWHM. We used disorder
Stokes shift, determined for all samples as done for samplestrengths such that the room temperature valuéd’ afe 19
C, are reported as a function of temperature in Fig. 6. In aland 29 meV for samples C and D, respectively. The value of
samples SS has an “anomalous” temperature dependenc@gat low T is slightly less, due to the effect of an incomplete
with a Ty, which is higher and better defined the more dis-thermalization. For both values d® the simulations only
ordered is the sample. In the case of the least disordereglualitatively reproduce the nonmonotonic behavior experi-
sample A, Ty, is smaller than 4.2 K, at least in the limit of mentally found for SS and the PL FWHM. Also the charac-
our experimental energy resolutigd.1 me\j. Finally, at all  teristic temperature$,,, and Ty, approximatively agree with
temperatures SS increases with the degree of distkdét  their experimental counterparts estimated at the lowest pos-
10 K, SS depends linearly oW with a slope equal to 0.8 sible P. However, the relative positions af,, andT,, differ
(full line in the inse}, quite higher than that predicté@.55 both from the experiments and from what has been found for
in Ref. 2 for a fully disordered system. It may be worth the GaAs simulation®.This shows that details matter in the
noticing thatT,’s on the order of 150—200 K have recently simulations and that the nonmonotonic behavior cannot uni-
been reported for the emission bands of self assembled quaversally be rescaled from one sample to the other. It should
tum dots in InGaAs/AlGaAs heterostructures. In that casebe emphasized again that the semiquantitative agreement on
those anomalies have been attributed to carrier hopping bexistence and position of minima in PL position and line-
tween dots which is expected to give rise to a behavior simiwidth is possible only due to the inclusion of both energy
lar to that predicted in highly disordered QWs. relaxing and radiative processes and to the kinetic descrip-

Simulation results obtained on the basis of the model detion resulting in a nonthermal distribution. Two features re-
scribed in the theory section are reported in Fig. 7. Here, thgarding the remaining quantitative deviations between ex-
PL FWHM (lower panelsand the Stokes shiftdiigher pan-  periment and theory in Fig. 7 are noteworthy.
els) corresponding to those experimentally determined in the (i) The quantitative agreement with the experiment is fair
previous section for samples C and D have been displayed d#sr R=0.1, it improves foR=1. Higher values oR would
a function of T. The corresponding experimental dé&tgen  be better but, as stated above, there is no independent data on
squarep are also displayed for comparison’s sake. Thesehe deformation potential ratig for InGaAs QW, which is a
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strained system. Furthermore, we cannot exclude that part of
the residual discrepancies with the experimental results may o 30K
come from details in the confinement wave functions at the —o—100K

PL sample C

interfaces and other small differences. In particular, the tem- g K )
perature dependence of the Stokes shift and the PL FWHM g T Absorption
depend sensitively on the ratio between the radiative lifetime 3
and the phonon scattering time at the different energies. The =}
latter depends on the deformation potentiédsd onR), > |eE S
among others, which enter roughly in the combination ‘g TNk
, § —-1 K
mp, me =
Yphononr ™ DcX(Vq _DUX<VQ|) 2 =
with x(q) being the Fourier transform of the squared exciton 30 20 10 0 10 20 30
wave function for the relative motion of electron and hole. Energy (meV)
The momentum transfey is determined by the energy dif-
ference. Asx(q) falls rapidly from unity with increasing FIG. 8. Simulation results for parameters corresponding to

argument, the phonon scattering is much larger if the smallesample C. Analytical fits to the histograms obtained for lumines-
mass goes along with the larger fraction of the total deforcence(PL, thin lines in upper panglabsorption(thick line in both
mation potential than in the opposite case. Higher values ofanel$, and excitation spectréPLE, thin lines in lower panglare
R correspond therefore to higher values)gf,ononand faster reported. The normal behavior of the Stokes shift SS is clearly seen
relaxation. One could speculate that in disordered QW'’s thé" the maximum positions, the anomalous behavior reported in Fig.
electron-phonon coupling increases compared to the per- is not resolved here. The trend of the line width manifests itself
fectly ordered bulk case, e.g., because of confinement effecfaore clearly in the heights of the normalized peaks. PLE curves are
and of abrupt lattice changes at the interfaces. scaled with ar(almos} temperature-independent factor to coincide
(i) Variations with temperature are stronger in the experi-"‘i'th lth? high e”efgz fb‘ﬁ,ha"'or of absorption. The blueshift SS
mental data than in the simulations. This rules out certairf'©a"y Increases with falling temperature.

possible sources of systematic experimental errors such as a

long-range inhomogeneous broadening. It suggests that off€ the weighted sum of the emission intensities over all the

theory slightly underestimates energy relaxation or overestidetection energies, of course, excluding the resonant emis-

mates the rate of radiative decay. One possible origin of th§ion (as done in PLE experiments-or deCfeaSi”Q tempera-
former possibility, the insufficient knowledge of deformation tUre, the HHE PL band becomes more symmetric and exhib-

potentials, has already been discussed. Involvement of othdf @n increasing red shift with respect to the absorption band
phonon branchegptical phononsis another possibility. whose nonmonotonic dependenceThas been reported in

Assumption of longer lifetimes would also favor stronger d€tail in Fig. 7. The HHE PLE band, instead, is highly asym-
“anomalous” behavior and bring theoretical results closer toMetric at "’,‘" temperatures. Mo_reover, fqr decreasing tem-
the experiments. We do not show such calculations becausBeratures, it exhibits an increasing blueshift $&h respect
in contrast to the phonon scattering, there is not much uncef© the absorption band. This shift is related to the presence of
tainty in the choice input parameters for the calculation of2" effective mobility edge that leads to a suppression of the

radiative lifetimes. However, there are many examples ofXCiton relaxation into low-energy stafés.
low-dimensional semiconductor systems where experimental This blueshift of the PLE specira Is considerably smaller

radiative lifetimes and theoretical predictions disagree. Gentan the redshift of the PL spectra and depends on tempera-

erally, in these cases, the latter is too short, as it might be ifH"€ @s Well as on detection energpalitatively, a detection
the present case as well. energy in PLE deep in the tail of the density of states leads to

At the moment, the only sample-specific input parametef Smaller SS. The finite, although small, value of S&t
is the disorder strengtkV, which, from its very definition, low temperatures dls_tlngmshes, therefore, the deflnlthn of
cannot be predicted independentid hocassumption of a SS in terms of the difference between the peak energies of

longer radiative lifetime would be in conflict with this first- the HHE in the absorption and PL spectra from its operative
principle character of the theory. definition used here, and in most of the literature for strained

QW’s. The latter definition, in fact, relies on the assumption
that peak energies of PLE and absorption spectra coincide at
all temperatures.

Fluctuations in the potential energy may lead to other In order to experimentally and quantitatively verify the
nontrivial effects in the optical properties of disorderedtheoretical prediction of a finite value for St least at low
QW’s. In Fig. 8, we present simulation results for the PLT, we need a procedure for its estimates from the PLE data.
(higher panel and PLE spectrdlower panel of the HHE  As already mentioned, an estimate of the absorption spectra
band in sample C at different temperatures. The simulatioin strained QW's is intrinsically quite unreliable. Therefore,
for the absorption spectrum is also shown in both panelswe estimate SSfor the two samples, C and D, where the
These simulations have been obtained by smooth fits througialue of SS is expected to be higher, on the grounds of a
histograms of data in th&=1 case. Since the PLE line somewhat crude approximation. We extrapolate the value of
shape weakly depends on detection energy, as experimetite absorption peak energy at |owfrom the fit of the tem-
tally found and reported in Fig. 2, the displayed PLE curvesperature dependence measured at Aigh( T=60 K) for the

C. Other effects related to disorder
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TABLE Ill. Best values of the parametek,, a,, and® en- TABLE IV. Theoretical and experimental estimates of different
tering the fit of the dependence dnof the HHE peak in the PLE parameters characterizing the emission spectra of samples C and D,
spectra, for the most disordered @g, _,As samples C and D. The the two more disordered |6& _,As samples investigated here: 10
parameters fitting the dependenceToaf the GaAs energy gap are K values of the blueshift SSof the Stokes shift SS, and @', the
taken from Ref. 27 and are reported in the last row with the correFWHM of the PL HHE band. Both the experimental and theoretical

sponding estimated uncertainties. estimates of SS have been obtained as the difference between the
peak energies of the HHE band in PL and PLE spectra. The values
Sample E, (eV) a;, (meV) 0 (K) of the temperaturdy, for which SS is maximum and of the tem-
peratureT ,, for which W' is minimum are also reported. Theoreti-
C 1.425 >4 210 cal estimates have been obtainedfe:D, /D=1 (in brackets for
D 1.485 54 240 R=0.1). Experimental estimates have been obtained from spectra
GaAs bulk 1.57%0.023 5729 240+102 taken at the lowest excitation power dengisd W cm 2).
SS SS Tm Tm w’
PLE HHE peak energy. In fact $%and S$ vanishes and the sample (meV) (meV) (K) (K) (meV)

PLE spectrum reproduces well the absorption spectrum at
T's high enough that carriers freely relax and thermalize ©  exp 1.&2 18+2 22+5 10+5 9.3+1
through the full density of states, as previously discussed. ¢ sim 35(5.0 9.0(7.0 15(10) 15(12) 12.8(13.3
The PLE energy peak curves are then expected to follow the D exp 25-2 2352 20+5 15t5 11.9-1

high-temperature dependence of the InGaAs band?%ap. ,
This dependence is assumed to be given by b sim 60(5.0 150(9.5 15(5 20(15 194(214

Tn- In particular, SSincreases with disorder as expected,
although it results smaller than theoretically predicted. A bet-

. . . - ter agreement is found if experiment and simulations are
namely, to be determined by the Bose-Einstein statistical fac g P

tor for phonons with an average frequer@y This formula compared by looking directly at the shift of the PL with
well describes the dependence Bnof the GaAs energy respect to the PLE spectra, without introducing the interme-

" diate step of absorption.
27
gap:* The values of the three fitting paramet@s E,,, and The discrepancy between experimental and theoretical es-

3y, Which are allowed to vary in order to account for differ- 5105 of S5 may be justified by the fact that both deter-
ent thicknesses and indium concentrations, are reported iQinations are delicate. In fact, while the experiments have
Table IIl. Within the uncertainties, tha, and® values are  poqn analyzed by fitting the peaks with Gaussian, different
equal to those estlmated_m GaAs and reporteq in the IE_iSt ro ptions are available for the discussions of the numerical
of the table. The experimental data and their best fits argag 115 Each option has its specific drawback because the
given in Fig. 9 by triangles and full lines, respectively. At \nqerving optical density or absorption is intrinsically
low Ts, the data exibit a small but cl_ear deviation from th?asymmetrical with a rather long tail to the high-energy side.
reference curves, faster in the most disordered sample D with | £ spectra are even more asymmetrical, as they share
broader PLE and PL exciton bands. the absorption’s high-energy tail and fall rather rapidly be-
SS values at 10 K are reported in Table IV for samples Cyqy the effective relaxation mobility edge, see Fig(i@wer
and D. In the other two samples A and B,'3$~1 meV. In ane) and Fig. 1(experiment Absorption and PLE spectra
the same table are alsq summarized _the values for all oth%ran be fitted well by the product of an error function and an
parameters related to disorder, as estimated from the expely,onential. The former describes the rapid fall on the low-
ment and from th.e t_heoreucal S|muI:_at|ons. As aI_ready_dls—.energy side, whereas the latter describes the high-energy tail.
cussed, the_ql_Jantltatlve agreement with the experiment is faffe torm of the high-energy tail can be understood on the
for R=0.1, it improves forR=1, for all parameters except ground of second order perturbation theory and reflects the
Fourier transform of the square of the excitons relative wave
annsfa, function. In contrast, low-temperature PL and resonant sec-
143} ondary emission(i.e., light emitted at the excitation fre-
I sample D quency can be fitted typically by Gaussians with good ac-
s 8 curacy, see Fig. 8upper pangland Fig. 1(experimenk
~1.421 A Stokes shift SSdefined in terms of an average energy
exhibits a smaller dependence on temperature than that de-
C fined, e.g., in terms of the position of the low-energy half
1.41 N maximum. This feature and the uncertainty in the fit of the
0 40 T 80 120 absorption position are, in our opinion, the primary reasons
(K) for having found experimental values for ‘S§/stematically

FIG. 9. Comparison between the temperature dependence of tifdnaller than those obtained in the simulation. o
PLE peak energies for the different Ba _,As samplegtriangles In conclusion of this section, it might be useful to distin-
and the corresponding absorption pe#ksl lines), as derived by  guish two conceptually different aspects of incomplete relax-
fitting Eq. (3) to the high-temperature data. For comparison’s sake@tion, both contributing to SSand the nonmonotonic behav-
both PLE peak energies and absorption peaks for sample C haver of SS. First, we can think of the scattering becoming slow
been shifted by 50 meV toward higher energies. at low temperatures and comparable to the radiative lifetime.

E(T)=Ep—ayp

2
1+ m>, (€)

(V)

E
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For broad lines and acoustic phonons, which carry away onlgf features in the optical response of a disordered system that
a limited amount of energy at a time, it takes several scatterare “anomalous” with respect to those characteristic of ther-
ing events to relax to thermal energies and the exciton popunalized excitons. These “anomalous” features, including
lation might fail to reach a thermal distribution. In such a some subtle ones, have all been experimentally observed by
scenario, the temperature-dependent SS depends very serBi- and PLE performed in a number of,®a _,As QW’s
tively on the scattering rates. The second, somehow opposigrown by MBE or MOCVD. These samples differ for the
limit is the picture of excitons relaxing into well separatedindium concentration and the well thickness, as well as for
local minima with very small transfer rates between them. Indegree of disorder, and are all characterized by fluctuations
such a picture, uncertainties in the prefactors of the scatterinign the potential energy comparable with thermal energies be-
strengths are almost irrelevant for the qualitative features ofiveen 4.2 and 60 K. All the anomalous features here reported
SS and S§ as the rates are assumed to become exponeifrave been shown to depend on the sample degree of disor-
tially small in the low-energy tail. The differences of the der. Two different scenarios for incomplete carrier relaxation
qualitative behavior of SS and PL-FWHM from sample to have been discussed which both account for the “anoma-
sample, seen both in the experiment and in the simulatiorpus” behavior of SS and SSThe dependence of the simu-
and the dependence of the simulation results on the inpuation results on the input parameters, in particular the defor-
parameters, in particular the deformation potentials, point tanation potentials, suggests that the InGaAs system is in-
the fact that the InGaAs system is in between these twdetween these two scenarios.

scenarios. In particular, both pictures allow us to understand
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