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Resonant Rayleigh scattering by excitonic states laterally confined in the interface roughness
of GaAs/Al,Ga; _,As single quantum wells
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Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom
(Received 31 January 1997

A systematic study of resonant Rayleigh scatte(lRRS in semiconductor single quantum welldW'’s) is
reported. The QW’s were grown under different conditions leading to different interface roughness. High
spatial and spectral resolution photoluminescefi®le and PL-excitationPLE) measurements revealed that
the electronic configuration of the wells is very sensitive to the growth conditions. RRS and multichannel PLE,
which can be related to the absorption, were measured simultaneously in order to study the redshift of the RRS
with respect to the absorption. The dependence of this shift on the full width half maxima of the transitions
studied showed remarkable differences depending on the interface roughness profile. RRS intensity was found
to be very sensitive to the inhomogeneous broadening of the transitions. The temperature dependence of RRS
from 1.4 to 40 K is also reported. The decrease in the intensity and in the redshift between RRS and PLE found
in the experiment when temperature is raised can be explained in terms of thermal detrapping of laterally
confined excitong.S0163-18207)05420-9

[. INTRODUCTION dimensional(2D) growth islands formed at the well inter-
faces during the growth process. Formally all the excitonic
In 1982, Hegartyet al! reported for the first time a reso- states may be localized, however, for practical purposes,
nant enhancement of the Rayleigh scattering at the heavyhose with sufficiently large localization length may be con-
hole (hh) exciton transitions of GaAs/AlGa; _,As multiple  sidered “propagating” or delocalized states. Confined states
guantum well structures. Spatial fluctuations in the wellcorrespond to slightly lower energies than propagating states
width that cause spatial fluctuations in the refractive indexand thus correspond to the low-energy side of the absorption
were identified as the origin of the elastic scattering of lightpeak. The redshift of the RRS with respect to the photolumi-
in the whole solid angléRayleigh scattering Hegartyet al.  nescence excitatiofPLE) found for the hh transition in QW
presented a macroscopic theoretical treatment of the procesgstem$®’ was then taken to be a consequence of the pres-
that gave relative values for the homogeneous broadeningnce of localized states and therefore as a general feature of
(') usually obscured by the inhomogeneous broadeningeal QW structureS.
(A) in this kind of systent:?2 Thus resonant Rayleigh scat-  The optical response of semiconductor QW’s is very
tering (RRS appeared as a powerful technique for the studymuch dependent on the growth conditions through the qual-
of the dynamics of excitons in quantum well®W'’s) ca- ity of the interfaces. Well width fluctuations are unavoidable
pable of use at very low excitation intensities where otherand lead to inhomogeneous broadening of the optical transi-
methods such as hole burning or photon echoes present protiens.  However, recent investigation in  growth
lems. Despite these advantages, the use of RRS was inexplechniques-'? have proved that the control of the growth
cably abandoned for almost a decade. The experimentémperature and the time the growth is interrupted at the
progress in time resolution in the early 1990s allowed thednterface can lead to bigger and more separated growth is-
development of time-resolved light-scattering spectrosiands. Spatially resolved PL measurements on those kinds of
copies$ and, in particular, time-resolved RRS. According to samples have resulted in very sharp pedikewidths down
the theoretical predictions of Stolz and coworRersthe to ~40 ueV, see Gammort al'® that show the single-
RRS signal, even for complex inhomogeneously broadeneexciton character of the transitiohs.'®
systems, decays with the intrinsic coherence time of the ex- In this paper we present a systematic study of RRS in
citonic statesT,, related tol” by I'=#/T,. semiconductor single QW’s with the aim of throwing light
Despite the relevance of the results obtained with RRS imn the nature of this process. We analyze carefully the scat-
the study of QW systems, almost no attention was paid to théering process with the help of a microscopic picture in order
RRS process itself. It was only recently that the firstto determine the localized or extended nature of the excitonic
experiment&’ and theoreticd'° attempts were made at a states participating in the scattering. High-resolution RRS
microscopic description of the process. Discussion has beemeasurements at the hh exciton transitions in different sized
centered on the nature of the intermediate excitonic state@W'’s (from 40 to 200 A were undertaken in order to ad-
participating in the scattering. As a consequence of wavedress the RRS dependence on the inhomogeneous broaden-
vector conservation, confined excitonic states give the maiimg of the transition. Experimental evidence about the char-
contribution to the scattering efficierftyn systems with acter of the intermediate states, either confined or
small disorder such as crystalline solids. In semiconductopropagating, was gathered by investigating two samples with
QW's excitons are confined(or localized by two-  very different excitation pictures due to differences in the
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FIG. 1. Feynman diagrams contributing to the Rayleigh scatter-
ing amplitude. Dotted lines represent incoming and dispersed pho-
tons, double lines correspond to intermediate excitonic states, and
the dashed lines represent impurities of the perfect lattice.

typical length scale of their interface roughness. If confined
states give the main contribution to RRS, one should expect
a high dependence of the scattering efficiency on temperature
as a consequence of the temperature dependence of state life-FIG. 2. Plane section of the phase sphere for a RRS process for
times through scattering by acoustic phonons. The temper@rewster's angle scattering geometky, k., andkg are the inci-

ture dependence of the RRS is regarded for temperaturekent, reflected, and scattered photons, respectively. The shaded area
from 1.4 to 40 K, for QW's of several widths and also for corresponds to the collection cone.

bulk GaAs.

_ This paper is _organized as follows. A th_eoret?cal descripyyhere E,, T
tion of the Rayleigh scatttering process Is given in Sec. Il. Inbroadening, and the position vector of the stateEquation
Sec. Il the two samples studied in this work are descnbed(l) explains why the scattering is resonant wham~E,, .

emphasizing that the differences in the growth conditions The microscopic picture also helps to clarify the selection
have caused important differences in their exciton spectra. pic p P

Details about the experimental setup are given in the end Jﬁles of the process and e_specially_the controversial issue of
that section. The redshift of the RRS with respect to thdl® character of intermediate stafe$.Let us analyze first
absorption spectrum is analyzed for both types of sample antde I.owest—order dl_agram of Fig. 1. If the intermediate states
for several well widths, and also for the bulk in Sec. IV. In &€ ideal propagating states, then the wave-vector conserva-
Sec. V RRS intensity and line shape are analyzed in terms dfon principle fixes the scattering directioks=k;) and only
the homogeneous and inhomogeneous broadening of tH@rWard Scattering iS pOSSible. For Conﬁned StateS, on the
transition. Section VI deals with the variation of the RRSOther hand, the wave-vectors are not good quantum numbers
profile with temperature. And, finally, Sec. VIl summarizesand their conservation is relaxed. In lowest-order perturba-
the main conclusions of the work. tion theory only confined excitonic states contribute to RRS.
In higher-order terms, the participation of static defects re-
moves any constraint on the character of the intermediate
Il. THEORETICAL BACKGROUND states and both confined and propagating states contribute to

In a RRS process the incoming light is elastically dis_the scattering efficiency. In QW systems, where fluctuations

persed in the whole solid angle and the resonance occul@ the well width have led to Iatergl confinement of the ex-
when the excitation energy is equal to the energy of a redfiton center of mass wave functions, RRS comes mainly
excited state of the system. This process is microscopicallffom the first diagram in Fig. 1, i.e., from confined interme-
analyzed in this section. A diagrammatic picture of the pro-diate states.
cess is very useful in understanding the nature of the process. It is helpful to make the description given in the previous
Some lower-order Feynman diagrams contributing to RR$aragraph more quantitative with regard to the degree of
are depicted in Fig. 1. The first diagram in Fig. 1 representsonfinement of the lateral wave function that this model of
the absorption of a photonef,k;) by the solid with the RRS demands. In real QW systems all excitonic states are
creation of an exciton in the stais; in the second step the formally localized due to fluctuations in the well width and
exciton is destroyed with the emission of a photoneven those considered to be propagating states have a finite
(ws=w ,kq). In the following diagrams the photoexcited ex- diffusion length® because the finite exciton lifetime. To de-
citon interacts elasticallyonly wave vector is transferred in termine the level of confinement required in the lowest-order
the scatteringwith one or more static defects of the solid. RRS process one has to analyze carefully the wave-vector
This interaction is represented by the full vertex. The contri-change that occurred in the process. Figure 2 shows the scat-
bution of the excitonic propagatofdouble lines in Fig. 1to  tering geometry corresponding to incidence near to Brew-
the scattering amplitude is proportional to ster’'s angle @z~ 75°) and collection in ari/3 cone around

the growth axis £). The high refractive index of GaAs im-

plies only a small angle= from 12° to 20°) between the

2 1 _ el (ks=K)rm 1) incident and the scattered wave vectors. Energy conservation
m Em—fw+il /2 ' implies

m. andr, are the energy, the homogeneous
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wheren is the refractive index andl the wavelength of the 5F I . Sample A
incident light. Confinement of the center of mass wave func- i o Sample B

tion in the plane of the well relaxes the conservation of the
wave vector in that plane. The same effect for the confine-
ment in the growth direction permits final states contributing
to scattering in the collection cone to satisfy overall conser-
vation of |k| required by energy conservation. In order to

1 ]

PL-PLE Stokes Shift (meV)

scatter into the collection cone, the in-plane wave-vector un- nl T i
certainty has to be relaxed to at least the extent of | T ]
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Therefore any exciton localized on a length scale smaller Well Width (A)

than
FIG. 3. Stokes shift between PL and multichannel PLE as a
function of the well width in the two samples studied.

A/ yy= (4)

sindg tionally obtained by integrating the luminescence at a single

will contribute to the RRS process described by the ﬁrstwavelength, which is usually chosen at the low-energy side

diaaram of Fia. 1. Excitons localized on a lenath scale lar eof the PL peak. Under ideal conditions, when the nonradia-
gram 9. . ! gth 9€live recombination is negligible and the relaxation is much
than this are those we consider to be propagating states for

L aster than the radiative recombination, the PLE spectrum
the purposes of RRS. For an incident wavelength of 8000 ) o
A/4,=<0.83 um. The confinement required for Brewster can be assumed to be equivalent to absorption. Nevertheless,

anale scattering aeometry is not Verv severe due to the lateral confinement of excitons in the interface
9 99 y y ' roughness, conventional single-channel PLE is extraordinar-
ily dependent on the final state and on the relaxation process

Ill. SAMPLE DESCRIPTION AND EXPERIMENTAL and therefore cannot be related to the absorptiofihis
SETUP problem can be reduced by extending the integration to the
A. Samples growth whole luminescence peak so that all the most important

) ) ) ] emission channels are being considered. Assuming that all
The two samples investigated in this work were grown oy ahsorbed light is reemitted, which is valid for good qual-

GaAs [001]-oriented substrates in two different MBE ma- jr, Qw systems, then thimultichannelPLE is proportional
chines; one of the samples, the one.that WI||.be referred t0 a3, the absorption spectrum. Remarkable differences are
sampleA from now on, was grown in a Varian Gen Il and foyng petween the two samples. Both samples show a red-
the other one, sampl®, in a Vacuum Generator VBOH MBE gt of the PL peak with respect to absorption, but while it
machine. Both samples consist of GaAs single QW's of SeVincreases considerably in sampleas the wells become nar-
eral widths (from 20 to 300 A separated by 150-A  1ower (the measured splittings go from 0.02 meV for the
Al 0.58580,6¢AS barriers. Samplé was indium mounted ona 554 4 QW to 5.2 meV in the 40-A wellin sampleB this

molybdenum block for growth and sampk held in an shift is always very smalit is only 0.15 meV for the 56-A

indium-mounting f_ree block. Nominally, growth cond!tlons QW). In sampleA the redshift between the two spectra
were comparable in terms of growth rates and arsenic overs

ressure. however. samofe was arown continuously at a (Stokes’ shiff is comparable to the broadening of the PL
Eubstrate: tem eraiure oepeGSO og whereas sa I%t;vas peak, whereas in sampk it is much smaller than the mea-
P or‘rEp sured full width at half maximunfFWHM)—there is a dif-
grown at a lower substrate temperature of 570 °C and, mor,

h ; . rence of one order of magnitude. The variation with the
importantly, the growth was interrupted for 2 mindah s at well width of the Stokes shift between the PL and the ab-

each heterointerface. In both cases substrate temperatur, 5‘rption is shown in Fig. 3. Also the FWHM exhibit dissimi-
were measured using an optical pyrometer. For the growt rities: in sampleA the absorption peaks are wider than the

e e o [, PL ones, s i sually ound:n samfiso the the hand
! both spectra show similar linewidths for all the transitions

minute. Scanning tunneling microscope studies of grOWth'studied.

m_terrup_ted GaAs surfacgs have revealed - large two- The unusual behavior of samdiewas studied further by
g”?ﬁrls'ginzlt; islands of typical size larger than the eXCIONe yse of a sampling method that restricted the probed area
ohr radius® (ag). to squares< 1 um?. This method consists of covering the
. o sample with a thin film of Al(100 nm), which is opaque to
B. Optical characterization typical GaAs/AlLGa, _,As transition wavelengths. Electron-

Both samples were characterized using standard optic&eam lithography is used to produce a series of apertures of
techniques: PL and PLE spectra were recorded for the hHiameter varying from 5 down to 0&m. Figure 4 shows the
exciton at the different wells. The PLE spectrum is convenPL spectrum of the hh exciton for the 28-A QW measured
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through a lum-diam aperture. The spectrometer was set at
- different positions of the low-energy side of the emission
(the detection energies are shown by arrowWée PLE spec-

B trum is extremely dependent on the detection energy due to
I the isolation of the different growth islands. PLE shows only
those excited states that couple to the detected quantum dot
transition, and cannot be simply proportional to absorption,
as has been pointed out earlier in this section.

The use of near-field spectroscopies allows the direct
measurement of the homogeneous broadening of the excited
states of the system as indicated by the Lorentzian shape of
| the sharp peaks of the spectra in Figs. 4 and 5. The emission
= peaks from these spectra have widths of 68V approxi-

e e mately for the lowest-energy excited state and homoge-

neously increase with energy for further excited states. The
Energy (eV) FWHM for excited states go from 60 to 128eV. The error

in these is mainly determined by the spectrometer resolution

FIG. 4. PL spectrum for the 28-A QW in sampemeasured  and it was estimated by using the spectral lines of a Ne lamp.
through an aperture of 0.6m of diameter. The laser power em- Subtracting the Ne line broadening from the measured emis-
ployed in the experiment was of 3Q0N/mm? and the temperature ~ sjon linewidths we obtained~20 eV for the lowest-
was of 4.2 K(this temperature was measured at the He exchanggm_:.rgy state, and values going from 20 to 86V for higher

PL Intensity (arb. units)

area of the cryostat excited states.
through an aperture of 0,6m diameter. The PL profile is C. Electronic pictures
formed by a large number of very sharp pedusdecon- The dissimilarities found in the emission and absorption

volved FWHM of 60—-10QueV) irregularly separated in en-  gspecira of the two samples have their origin in two different
ergy. By standard macroscopic PL techniques it is only posg|ectronic configurations as a result of different interface
sible to obtain Iz_iser spots (_Jlown to mdn diameter. With the roughness profiles. In sampfe the typical length scale of
use of the aluminum masking we found that for areas smallef,e growth islands is, generally, smaller than the exciton
than 1um? the inhomogeneities are spectrally resolved. TheaB_ Small islands, i.e., those much smaller thag, can
resolution of these measurements was limited by the spegcatter excitonic states leading to modification of their ener-
trometer and was 3geV. Smglg—channel standard PLE was gies and wave functions but they remain propagating
also performed on sampl. Figure 5 shows PLE spectra stated® There are, however, a few islands large enough to
corresponding to the hh exciton transition of the 28-A QWconfine the exciton center of mass in the plane of the well. In
sampleA, therefore, the excitonic state in a given region can
——— be of either propagating or confined character. In the PL
process, localized and extended excitons are optically cre-
ated. Propagating excitons decay into confined states, which
© are at lower energies, during the thermalization step. Thus,
the emission spectrum of this sample only shows the con-
i \ fined states. This explains why the absorption peaks are cen-
| tered at higher energies and, also, why they are broader than

the PL ones. In samplB, on the other hand, 2D islands are
large (=ag) thanks to the interruption of the growth at the
interfaces. The lateral barriers of these islands are large
enough to avoid tunneling through them during the lifetime
of the confined states, as can be deduced from the PLE spec-
tra of Fig. 5. With such a potential profile, samfBecan be
seen as an array of quantum boxes of different depths and
shapes. The excitonic states in these wells are a solution of
isolated quantum box potentials and have confined character
if they are bound solutions of the potential or propagating
character in the case of the continuum. The small values
found for the Stokes shift between PL and PUHg. 3) as
well as the similar FWHM found for the transitions in both
spectra indicate that, in contrast to what happens in sample
A, in sampleB almost all the states participate in the emis-
FIG. 5. Single-channel PLE spectra for the 28-A QW in samplesion. The experimental results seem to suggest that the relax-
B measured through a 06m-diam aperture. The detector was set ation from higher- to lower-energy confined states in the in-
at three different energies: 1.66334 &%), 1.66407 eV(b), and terface islands occurs more slowly than the radiative
1.66448 eV(c). recombination.

PLE Intensity (arb. units)

AAPARAM

1.665 1.670 1.675

Excitation Energy (eV)
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In good agreement with the electronic picture proposedilthough there is relaxation from higher- to lower-energy
for sampleB are the near-field spectra of Figs. 4 and 5. In theconfined stategotherwise the intensity of the lowest-energy
PL spectrum of Fig. 4, the energy levels of the excitonstransition would have been very Igwthe relaxation time
confined in 2D islands depend on the island depth and radiusloes not dominate the dynamics of 0D excitons and higher
then the large number of sharp peaks correspond to the largexcited states also recombine radiatively. Our conclusions
diversity of lateral sizes. The existence of sharp transitiongre coincident with previous results, which found that in 0D
throughout the inhomogeneously broadened line proves thaemiconductor systems the relaxation by LA phonons de-
during the lifetime of the excitons these are confined in thecreases strongly when the separation between energy levels
2D islands, which can be then seen as naturally formed quaris bigger than a certain vali#&??
tum dots!® In a single-channel experiment, where the detec-
tion is restricted to one energy corresponding to a specific
dot, we expect to see excitation transitions in this dot only
for laser energies below the continuum edge. The high sen- The experimental setup employed to measure the RRS of
sitivity found in sampleB’s PLE spectra with respect to the the two samples just described was the standard for a multi-
detection energy confirms that slightly different detection enchannel experiment: a titanium-doped sapphire laser was
ergies correspond to different islands and the PLE spectrudsed as excitation source, the scattered light was dispersed
obtained corresponds to a single dot that is optically isolate®#y @ 0.85-m focal length double monochromator and re-
from the rest, in the sense that exciton relaxation between theorded by a charge-coupled device camera. Nevertheless two
dots does not occur. considerations have to be taken into accodintin order to

As pointed out before, we expect that the total confineminimize the nonresonant elastic scattering at the surface of
ment of excitons found in sampR:decelerates somehow the the sample, the laser beam was incident at Brewster's angle
relaxation rate of higher- into lower-energy states. Relax{ fs=arctanf,/n;)~75°] and detection was normal to the
ation processes between excited states separated by a féample surfacgji) due to the fact that the high coherence of
meV usually involve inelastic scattering by longitudinal the laser light could cause interference fringes via multiple
acoustic(LA) phonons. The inelastic scatteriigr relax-  reflection at the cryostat windows, interference modulation
ation) rate (r; *) and the spontaneous emission ratg ) was preyented _by focusing the Iaser.bear_n onto a diffuser to
give rise to the radiative broadening,§y of the transition. reduce its spatial coherence before illuminating the sample.
I,.q can be associated to the lifetime of the stateby  With the spectrometer fixed at the wavelength corresponding
T,..—~%/T,. Elastic scattering processes contribute to thd® the transition maximum, the laser was tuned across the
dephasing of the state and thus to its homogeneous broade‘?_fﬂc'ton transition. The multichannel detection allowed the
ing. This second contribution is known as collision broaden-Simultaneous measurement of the RRS and the PL spectra.
ing (o) @nd, as with the radiative broadenifg,, can be The.RRS and P!_ signals were c.arefully separateq. By inte-
defined in terms of the dephasing tifié (I'eoy=%/T}). In a grating the elastically scattered light for each excitation en-

two-level system the homogeneous broadening can be wri€’9Y the RRS spectrum was obtained, and doing the same
ten in terms of these two components as with the reemitted light for the whole hh transition it was

possible to obtain the absorption spectrum, as pointed out at
the beginning of this section.

D. Experimental apparatus

=T ¢t 20 cop- 5)

In OD semiconductor structures, because of the total quanti- IV. RRS VERSUS ABSORPTION

zation of the energy, elastic scattering is forbiddeand the

homogeneous broadening is entirely radiative. The linewidth mportant information about the origin of the RRS pro-
measured by near-field PL for the lowest-energy excited staté€Ss can be obtained by comparing the RRS and the absorp-
gives a very good approximation of the radiative recombination spectrurfi of a given transition. Figures(8 and 6b)

tion time of the state. Notice that the emission of phonons ishow RRS and PLE spectra for the 150-A QW hh exciton of
forbidden for this state and, at low temperatures, the absorgamplesA andB, respectively, in terms of the laser detuning.
tion of phonons is highly improbable. Typical broadeningsWhile a measurable shift to lower energies of RRS with re-
measured in samplB were approximately 2Q.eV, which  spect to absorption is found in sampke, its value is
correspond to lifetimed;~ 7,~30 ps. Higher excited-state 150+50 ueV, in sampleB this redshift has decreased to 20
broadenings measured by PLE monotonically increase witlweV, which is within the experimental error. Due to its simi-
increasing energy. However, these states still show veriarities with the Stokes shift found between the emission and
small linewidths. Considering that the radiative recombina-the absorption spectra in QW transitions, the red shift of the
tion times of higher excited states are approximately equal tRRS with respect to the absorption has also been denoted as
that for the first excited state, then relaxation times deducetiStokes shift” in the literature. From now on we will refer
from the experimental results are comparable with to it as> to avoid confusion, i.e3 =E(PLE peak-E(RRS
(7,=10 p9. According to Bockelmann's calculations of peak. The study of the magnitude & was extended to
guantum dot exciton radiative recombination times, the exdifferent wells in both samples. As in the case of the PL-PLE
pected increase im, with increasing energy is attenuated asspectra, it is found that while in samplefinite 3, is detect-

the confinement potential increas@<-or the typical values able and increases as the well width decreases, saBple
of the lateral potential of sampR’s dots (~4 meV) 7, will shows an almost negligible shift. This behavior is reported in
increase below 5% for the excited state separated 10 meWigs. Gc) and &d). These two figures show the RRS and the
from the lowest-energy state. It has been proved then thaBLE spectra corresponding to the hh exciton transition of the
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FIG. 6. RRS and absorption intensity profiles for the 150-A hh  FIG. 7. X as a function of the FWHM of the PL peaks in the two
exciton transitions in samplé& (a) and sampleB (b) and for the  different samples. The excitation power and the temperature were
60-A hh transitions in samples (c) andB (d). Thex axis corre-  kept fixed at 10uW/mm? and 8.5 K, respectively.
sponds to the laser detuning ¢ —E).

reported recently by Guriokt al.’, which they found to be
60-A QW’s in samplesA and B, respectively. In this case Sample independent.
3 has increased to 0.92 meV in samplewhile it is still A resonant enhancement of the elastic scattering was also
lower than 0.2 meV in samplB. observed for the bulk exciton transition of GaAs. Two fea-

To understand the origin of these different behaviors it istures are remarkable in this case: the RRS signal is weaker
convenient to go back to the origin of the RRS process itselfthan the one found at 2D transitions; and, more importantly,
Despite the analogy between PL and RRS, these two pro~ iS zero within the experimental error. The presence of
cesses have completely different natures. PL is an incoherefigfects in the perfect lattice breaks the periodicity of the
process, which involves the relaxation of the real excitorpotential and thus the conservation of wave vector is not
population. RRS, on the other hand, comes from the coherefigquired any longer. This is the mechanism responsible for
scattering of light as a consequence of the relaxation oRRS in bulk material and corresponds to diagrams including
wave-vector conservation in real solids, and for low excita-interaction with static defects in the diagrammatic picture of
tion densities derives from exciton states and not from reaFig. 1. The participation of static defects eliminates any con-
exciton populatiorfs (the Feynman diagrams of Fig. 1 in- straint on the character of the intermediate states in this case,
volve virtual excitations of an initially unexcited system Wwhich is why%~0. Because RRS by bulk excitonic states is
Besides, while in PL it is the relaxation step that depopulate@ higher-order process and also because the density of impu-
the propagating states before the emission, in RRS only Iovities in the bulk is low in good samples, it is weaker than
calized states can participate in the procéss a first ap- that measured on single QW's.
proximation; see Sec.)ll

The measured, for the hh transitions of samplke can be
explained in terms of the propagating and confined character
of the ground state for different areas on the plane of the well The presence or lack of an energy shift between RRS and
for the single QW’s of this sample. The peak of the RRSPLE has been a recurrent topic in the scarce literature on
occurred at the lower-energy side of the absorption spectrumesonant elastic scattering in 2D semiconductor systefs.
because confined exciton states give the main contribution tBlowever, no attention has been paid to the RRS intensity
the scattering. The lack & in sampleB, on the other hand, itself. Accepting that RRS in QW heterostructures is mainly
cannot be interpreted as a sign of the lack of confined stateproduced by confined exciton states, a larger scattering en-
On the contrary, the dominant confined character of thénancement would be expected in narrow wells where the
states of sampl8 is responsible for the very low values of confinement due to one monolayer fluctuations in the well
3. in this sampleX does not depend on the confinement butwidth is stronger. In Fig. 8 the RRS scattering profiles for the
on the electronic picture of the system. In Fig. 7 the meahh exciton transitions of four wells in sampke are repre-
sured, for the different transitions in the two samples is sented in terms of the energy detuning of the excitation en-
represented in terms of the FWHM of the emission, whichergy with respect to the maximum of the RRS peak. The
must be proportional to the confinement energies of laterallyemarkable fast decay of the intensity maximum as the well
bound states since here we do not eliminate the inhomogevidth decreases is in contradiction with the initial assump-
neous broadening. in both samples increases linearly with tions. The same behavior is observed for santhle
the emission linewidth. However, the rate of the increase The understanding of the experimental results of Fig. 8
with FWHM is very different from one sample to the other. requires a careful analysis of the scattering process. In the
Linear regression gives slopes of 0.85 and 0.11 for samplesalculations of the scattering efficiency of Belitsiyal® the
A and B, respectively, both very far from the 0.42 slope distribution of confined states was modeled by a completely

V. LINE-SHAPE ANALYSIS OF RRS
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FIG. 8. RRS for different well width transitions as a function of 15225 1.5230 1.5235 1.5240 1.5245
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FIG. 9. RRS spectra for 200-A QW for different temperatures.

. TR . . From right to left the peaks were measured at 8.3, 9.8, 13.2, 14.9,
random spatial distribution and the differences in the con- ;
P 17.1, and 19.9 K. The inset shows the temperature dependence of

fined energy due to the variation in the lateral size of thethe RRS total intensit
. . . . y.

growth islands was reproduced by imposing Gaussian fluc-
tuations in the state energy. The RRS efficiency then det
pends strongly on the ratio between the homogeneous an
the inhomogeneous broadenihgA of the excitonic transi-
tions (in that modell” is the imaginary part of the state
energy and\ the Gaussian distribution widthAs I'/A de-
creases, the RRS peak becomes less intense and bfdader. Since confined excitons dominate the RRS in QW hetero-
Transitions occurring in narrower wells present a biggerstructures, as shown in previous sections, we expect the RRS
FWHM, or equivalently a biggeA, due to the stronger con- profile to be sensitive to changes in the temperature. The
finement potentials. Then, although in narrow wells the potemperature dependence of the RRS spectrum was studied
tential islands are deeper and the confinement is stronger, tlier several excitonic transitions in both samples. The mea-
scattering centers are distributed among a wider range afurements were made over a wide range of temperatures:
energies, causing weaker enhancement of the RRS. from 1.4 to 40 K. For temperatures oveR&K a continuous-

Another factor that could affect the RRS intensity profilesflow liquid-He cryostat was used. Temperatures from 1.4 to
of Fig. 8 is the angular dependence of the RRS processgl.2 K were achieved in a He bath cryostat. The sample tem-
According to Eq(3) the in-plane transferred wave vector can perature was measured by a four-point resistance measure-
be determined by the angle between the incident excitatioment of a rhodium-iron sensor placed at the sample holder in
beam and. For incidence near to Brewster’s angle and lightthe sample space of the cryostat. Figure 9 shows the evolu-
wavelength in the redik,, is very small(it corresponds to  tion of the RRS spectrum at the hh exciton transition of a
A/ 'yy~1um). The Fourier transform of the confined exciton 200-A QW when temperature varies from 8 to 20 K at a
wave function®(k,,) should have a peak &, correspond- constant injection power. As the temperature is raised, apart
ing to confinement lengths of the order af (~100 A).  from the shift to lower energies of the transition due to the
This means that only the tail at lok, of ®(k,,) is being  diminution of the well and barrier band gafithe maximum
probed in the experiment. As the well width decreases thef the peak decays as well as the total intensity of the process
potential from one-monolayer fluctuations increases agd (see inset of Fig. P
decreases, thus the peak ®fk,,) moves towards larger Increasing the temperature can modify the homogeneous
Ky, i.€., it moves away from the probed area, and the intenand the inhomogeneous broadenings of the excitonic transi-
sity of the measured signal drops. tions. The temperature dependence of the homogeneous

For narrower wellsthigher A) not only does the maxi- broadening of excitons confined in interface roughness 2D
mum of intensity decay for smaller well widtsee the spec- islands has been recently studied by Gammon and
tra corresponding to 100- and 80-A QW’s in Fig.lut also  co-workers'® It was found that up to 15 K the linewidth
the broadening increases considerably. The comparison #¢mains constant. Above this value it increases with a con-
the FWHM of the RRS, the PL, and the PLE spectra revealegtant rate of 5 approximatejgeV K ~1. The scattering with
that the RRS linewidth changes at the same rate as the Rthonons increases for higher temperatures and so does the
broadening. And thus, while in sampke absorption peaks relaxation rater; * contributing to the increase of the homo-
were wider than RRS transitions, especially for narrowgeneous broadeniridq. (5)]. The inhomogeneous broaden-
wells, in sampleB both widths are similar, which confirms ing also increases linearly with the temperature. The tem-

at the main contribution to RRS in QW systems comes
m confined excitonic states.

VI. TEMPERATURE DEPENDENCE OF RRS
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FIG. 10. Temperature dependenceZomeasured at the hh ex-  F|G. 11. Temperature evolution of the RRS spectra at the bulk

citon transition corresponding to different well widths. The experi- exciton energy transitions.
mental errors of the points are of GGV for the 150-A QW and of

100 ueV for the 100- and 80-A wells. increase the shallower confined states can be promoted to
delocalized states by the absorption of a phonon, and there-
perature coefficient varies from one author to anotlielues  fore these states do not contribute to the elastic scattering. In
from 3.5 to 10ueV K ~* can be found in the literatu?® but this first stageS, may increase. Above a certain temperature
in any case are comparable to the homogeneous broadeniag the localized states are accessible to thermal disorder and
one. As temperature is raised the rafid A increases 3 starts to decrease.
slightly. According to the Belitskyet al. model this effect Figure 11 reports the evolution of the RRS spectrum for
contributes to an enhancement of the scattering efficiencythe bulk exciton in GaAs with the temperature in the interval
which is not seen in the experiment. Nevertheless the ingoing from 8.3 to 19.9 K. At 8.3 K the RRS spectrum shows
crease of'/A is very small, much smaller than the one thattwo peaks, the more intense corresponds to the fundamental
occurred with the variation of the well width, and no large exciton E,=1.5153 eV and the other one corresponds to
effects can be expected from the variationdl'iM due to  the exciton bound to a neutral impuriti£ (=1.5143 eV. In
changes in the temperature. their evolution with the temperature, free and bound exciton
As temperature is raised, the increase in phonon modstates behave completely differently: while the intensity of
occupancy makes it possible for other processes such as areE’ peak depends strongly on the temperatiggremains
sorption of phonons to start to compete with the Rayleighconstant as temperature increases. The free exciton probabil-
channel causing a decay in its efficiency. When the absorpty of occupation does not change dramatically with the tem-
tion of one or several phonons connects two real excitoniperature in the range of temperatures of the experirfigmt
states the process is resonant and the photon emitted whem 20 K), the bound exciton state, on the other hand, can be
the second exciton recombines contributes to the lumineseasily depopulated, i.e., ionized, as temperature incréabes
cence spectrum. If the final excitonic state has a propagating =0.862 meV~ exciton bound energy
character the whole process can be seen as a thermal detrap-
ping of excitons, which has already been studied by means of
other technique® Because the probability of thermal de-
trapping is proportional to the population of phonons, de- The optical investigations of two different samples pre-
scribed by the Bose-Einstein distributionng= sented in this paper have shown that the presence of a Stokes
[exp@wp/kBT)—l]*l, it increases with the temperature. As shift of the emitted signal with respect to the absorption is
the temperature is raised the thermalization dominates ambt a general feature of 2D systems. In contrast to the estab-
the RRS signal becomes weaker. Absorption of LA phononsished idea of a Stokes shift increasing with the lateral con-
is also the cause of the faster relaxation rate and the broadénement, we have given experimental evidence of the sensi-
linewidths of the states. We point to the enhancement of thévity of the Stokes shift to the interface roughness potential
inelastic channels as the cause of the decay in the RRS iprofile, which can be modified by the growth conditions. The
tensity observed in the experime(fitig. 9). same was observed for the energy shift between RRS and the
Thermal detrapping of excitons is also observed in theabsorption.
temperature evolution & . Figure 10 shows the evolution of From the analysis of the intensity and line shape of the
3. with the temperature measured in the 150-, 100-, and 80--RRS spectra from exciton transitions in wells of different
QW'’s of sampleA. At low temperatures <10 K) X re-  width, it has been concluded that the increase of confinement
mains constant or even increases sligliige the evolution effects as the well width decreases and the concomitant in-
of the 100-A QW. Above approximately 10 K3 of the  crease of the inhomogeneous broadening of the transitions
transitions studied starts to decrease linearly. In terms of thattenuates the enhancement of the elastic scattering and
detrapping picture presented above, as temperature startsrwakes the RRS peaks broader as a consequence of the spread

VII. CONCLUSIONS
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in energy of the scattering centers. case: the intermediate states have propagating character and
Although the participation of propagating exciton states isthe scattering involves static defects in the crystal. The scat-

not forbidden by the selection rules in QW systems, the mairtering efficiency in this case was proportional to the concen-

contribution to the RRS efficiency comes from states of con4ration of impurities, which does not depend on the tempera-

fined character. The relaxation rate of these states is veryre.

sensitive to changes in the temperature. As temperature in-
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