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Quantum size and shape effects on the excited states of,{Ba; _,As quantum dots
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Resonant photoluminescence and excitation photoluminescence experiments have been carried out at low
temperature in a number @hGaAs/GaAs heterostructures. This has allowed us to investigate the dependence
of the excited state energy of self-aggregated quantum(@i%) on shape and size. Experimental results are
compared with theoretical estimates of the QD density of states, and agreement and discrepancies with differ-
ent theoretical approaches are highlighted. Finally, present results support recent reports of a strong In inter-
diffusion.
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[. INTRODUCTION made between different dots or with theoretical calculations
because of the lack of detailed structural informatiery.,

In recent years, zero-dimensional systems, e.g., quantuthe indium distribution in the QP On the other hand, fluc-
dots (QD’s), have been the object of intensive studies be+tuations in QD size and/or shape and alloy nonuniformity
cause of their application in optoelectronic devices. In parinhomogeneously broaden PL spectra and hamper the inves-
ticular, high gain, high qguantum efficiency, and low thresholdtigation of a large number of QD’s at once, as in the case of
current density with a weak or zero temperature dependena®mnresonant photoluminescence. Furthermore, QD excited
have been predicted and experimentally observed in diodstates are easily investigated in microphotoluminescence,
lasers based on QD's3 where high excitation densities are achieved by focusing the

Although the ground and excited states of self-aggregatethser spot to few microns square °but these spectra may
quantum dots have been widely investigated, their completbe affected by many-body effects.
description has been achieved only in the case of colloidal The QD feature most relevant for applications is the elec-
11-VI and 111-V QD’s,*® whose spherical shapes can be esti-tron and hole density of states, which is atomiclike because
mated easily and included in theoretical calculations. In theof a 3D carrier confinement. Single-particle DOS is usually
case of InGa,_,As/GaAs self aggregated QD's, lenticular, investigated by resonant PIRPL) and PL excitation
conical or pyramidal shapes have been reported insteadPLE).*?®31=3"Therein, only a sub-ensemble of QD’s is ex-
Moreover, the QD electronic properties depend on the theceited since the excitation energy is lower than that of the 2D
retical approach followed and on the details of strain distri-InAs “wetting” layer (WL). At low excitation density, this
bution. The effective mass approdch gives a crude esti- results in a fluorescence line narrowing of the QD PL band.
mate of the QD ground state, the eight bamkdp However, PL, RPL, and PLE spectra are ruled by photon
approacA ! and the pseudopotential appro&ch” predict, absorption and carrier relaxation and their interpretation is
instead, QD excited states characterized by a rich structureot straightforward, and sometimes controver&ldf As an
and energy levels not equally spaced. In fact, the strong mixexample, the issue of carrier relaxation in a system with an
ing of the valence bands caused by the strain, the ensuirgfomiclike DOS, namely, the “phonon bottleneck” isstte,
removal of orbital degeneracy, and the breakdown of thdias been addressed often but never solved 0.
selection rules for dipole transitions give rise to a large num- In the present work, a comprehensive study of excited
ber of allowed radiative transitioris->*® However, only a states in IpGa _,As/GaAs QD’s is performed by RPL and
few lines are predicted to dominate the QD optical spectra.PLE. Fourteen samples grown by different techniques, with

On the experimental side, an evaluation of the QD densitglifferent indium content, and whose average QD ground
of stategDOY), oscillator strengths, polarization, and optical state emission spans a wide range of ener@iesn 1.07 to
transition selection rules should be obtained directly by ab1.31 eV} were investigated. RPL and PLE techniques are
sorption spectroscopy. However, due to the extremely lowshortly compared in Sec. Il, where the equivalence of these
absorption of thin single QD layers, only few experimentstwo techniques is pointed out. Then, PLE and RPL spectra
have been carried out by means of either highly sensitivare presented in Sec. Ill, where the following results have
technique¥ or low temperature calorimetric absorptith. been achieved. In all samples investigated, a discrete number
The discrete nature of the QD DOS has been supportedf well defined resonances is observed in PLE and RPL spec-
mainly by photoluminescenc@L) spectra in single QD’s, tra. The energy of these resonances relative to that of the QD
where several sharp lines have been observed and attributgdound state varies sizably from sample to sample. More-
to excitonic or multiexcitonic level¥®~2*This single dot ap- over, in the same sample it changes with detection energy
proach lacks statistical relevance and no comparison can g, in PLE or excitation energ¥,,. in RPL. For samples
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TABLE I. Specifications for the lfGa, _,As/GaAs heterostruc- of the main band observed in nonresonant Plp., COVeErs
tures studied in the present work. Samples of the s&eshave g energy rangél.075 to 1.310 eV; see Tablg wider than
been grown by MOCVD withx=0.5, other samples have been i, Ref, 35, In all samples non-resonant PL spectra exhibit
grown by MBE withx=1. L is the nominal IGa, _,As coverage g gsjan or almost Gaussian bands, thus suggesting a single
in monolayers(relative uncertainty=5%), Ep, and I are the iy tion of QD sizes and shapes. QD’s should have the

emission energy and the full width at half maximum, respectively, : . :
of the QD band as measured in nonresonant photoluminescence safgape of full pyramids wit!f113 or (114 lateral surfaces in

T=10 K. All samples are capped with a 50 nm thick GaAs layer. samples of the seri.es 8XX and vyi(lth) Iat?ral Surfaces.in
Samples are listed for decreasing valueEgh, . samples of the series 9YY, as discussed in R_ef. 42. Finally,
QD’s should be shaped as truncated pyramids with0)
lateral surfaces in samples of the series RZXinless oth-
erwise specified, optical measurements were carried out at
(ML) (eV) (meV) T=10 K in a closed cycle, liquid He optical cryostat. A
Ti-sapphire tunable laser, used as light source for RPL and

Sample L EnpL r

881 L5 1.310 35 PLE, has provided excitation energies varying continuously
882 L7 1.290 33 from about 1.2 to 1.6 eV. A Nd-Yag laserEf,

883 1.9 1.280 30 =1.165 eV) has been used in the energy region below 1.2
884 21 1.266 31 eV. Nonresonant PL was performed by means of afi Ar
904 1.9 1.265 50 laser Eq=2.41 eV) or a Ti-sapphire laser Efy,

885 2.5 1.230 36 =>1.519 eV). Low excitation densitiesP(0.5 W/cnr)

886 3.2 1.220 40 have been used, with a laser spot size of the order of
905 2.1 1.200 50 200 wm. The signal was spectrally analyzed by a double 3/8
906 2.5 1.140 45 or a singé 1 m monochromatofresolution~1 meV) and
RO8 6.0 1120 50 measured by a GaAs photomultiplier, an InGaAs detector, or
R19 6.0 1115 55 a N, cooled Ge detector. AII. spectra were corrected for the
R10 6.0 1115 50 spectral response of the optical system.

R11 8.0 1.105 50

RO5 4.0 1.075 40

IIl. EXPERIMENTAL RESULTS

A. Equivalence of RPL and PLE

with increasing values of the main PL-band peak energy, |n this section, the equivalence of PLE and RPL will be
excited state energies initially increase with respect to th@nown and the advantages of these techniques with respect to
ground state energies, as reported in Ref. 35 where QD'gonventional nonresonant PL, NPL, will be pointed out. In
emitting below 1.2 eV were investigated, then saturate, anqupL, carriers photogenerated in the continuum of the 2D
finally decrease when approaching the energy of the two di(InGa)As WL (or in the 3D GaAs barrigrare captured by
mensional InAs layer. These resulisdemonstrate tha_t PLE individual QD’s and relax to the QD ground state before
and RPL resonances are directly related to QD excited stai@combining radiatively. This process gives rise to PL lines
transitions rather than to multiphonon procesggsprovide  \yhose homogeneous broadening is of the order of tens of
evidence of a combined role of quantum size and quantu%ev_ﬂ Nevertheless, full width at half maximuiFWHM)
shape effects in determining the energy of QD excited stateg,f NPL bands is of the order of 30-50 meV, see Table I,
which are in good agreement with theoretical estimai@s;  gjnce QD size and shape have a random distribution.
identify two groups of low energy resonances, which are The above inhomogeneous broadening is reduced when
attributed to single phonon replica and transitions involvingipe excitation energy is lower than the WL band gap, as in
hole excited state®r local mode} (iv) indicate the absence p|E and RPL4 PLE measurements are made by monitoring
of a sizable phonon bottlenecky) support recent sugges- the emission energy of QD's whose ground state enEgy
tions pf a deviation of the effective indium concentration .gincides with the detection energye, while E,. spans
from its norﬂ(ﬂi‘l value because of a strong In and Gaphe QD density of states. A typical PLE spectrum is shown in
interdiffusion”™"* Conclusions are drawn in Sec. IV. Fig. 1 (top) for sample 905 E4=1.200 eV, roughly the
peak energy of the NPL spectrum shown in the same figure
by a dashed line ForE.,=1.4 eV, the signal is strong and
related to absorption in the continuum of states of the WL

Nonresonant and resonant PL as well as PLE measur¢heavy-hole(HH) and light-hole(LH) excitonic absorptioh
ments have been performed on fourteegGa _,As/GaAs A resonance due to the absorption at the energy of the GaAs
samples; see Table I. Nine InAs/GaAs samples of series 8XXree exciton is also resolvedEfe=1.515 eV). Other four
and 9YY have been grown by molecular beam epitaxypeaks appear below the WL continuum, at 1.258, 1.281,
(MBE) at T=500-520"°C, five IpsGaysAs samples of the 1.313, 1.351 eMi.e., 58, 81, 113, 151 meV abovEy,
series RZZ have been grown by metal-organic chemical varespectively. These PL peaks are related to the combined
por deposition(MOCVD) at a temperature varying between effects of absorption and relaxation processes in QD’s. For
520°C (No. R05 and 580 °C(No. R1]1. The peak energy eachEg, the PLE signal is given by

II. SAMPLES AND EXPERIMENTAL DETAILS
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#9‘05 ' ' T Similar arguments apply to RPL measurements, which are
FE taken forEg,, fixed below the WL band edge energy. Phonon
- NPL PLE bottleneck effects influence carrier relaxation in the same
2 FEN LHE . .
E , M&"{,\l way as in PLE experiment and resonances are observed for
— Ege= Eg.s.: Eexe=N Eph- ©)
Z k 1258 . . .
g For E, in the NPL band, mainly QD ground states are di-
E A L — rectly excited and the radiative emission is resonant with the
o _/\/\“ 1313 laser, except for weak replicas due to exciton-phonon inter-
' action effects®3” When increasingE.,. several resonances
LY +1.3§1 v due to transitions from QD excited states begin to appear,
1.1 12 13 14 15 which coincide with those found in PLE. In all the RPL
Photon energy (eV) spectra in the bottom of Fig. 1, a resonance appears at 1.2 eV

when E,. coincides with the energy of one of the peaks
FIG. 1. NPL and PLEtop), and RPL(bottom) spectra in sample (1 258, 1.281, 1.313, and 1.351 eV; see arrows in the figure
No. 905 k=1,L=2.1 ML). The NPL spectrum is shown by & detected in the PLE spectrum taken fBj.=1.2 eV and
dashed line. The PLE spectrum, taken B=1.2 €V, is shown  ranorted in the top of the figure. Moreover, multiple reso-
by a solid bold line. The RPL spectra are given for vari@s.,  nances appear in the RPL spectra when&gg corresponds
yvhlch correspon_d to the peak energies of the main resonances seg one of the different resonances of different QD’s. As an
in PLE; see vertical arrows. - . . .
example, forE..=1.258 eV one excites the first excited
state of a subensemble of QD’s emitting at 1.2 eV and the
oL Eexc: Ede second excited state of a subensemble of QD’s emitting at
= Patl Eexc: Edet Preil Eexc™ Edet; Eded Pend Eded (1) ~1177 eV, namely~23 meV lower than 1.200 eV. The
intensity of each resonance varies wih,., namely, with
whereP,,, P, Pemare the probabilities for the absorption, the number of QD’s excited, as it will be shown in the fol-
relaxation, and emission processes, respectitdy, is pro-  lowing. At the same time, a nonresonant band due to carrier
portional to the number of QD’s with a given excited stateabsorption in the WL tail continuously grows up for increas-
energy and a ground state enef§y=Ege, as well as to ing E¢,. and adds to the resonances due to the QD excited
the oscillator strength for the optical transition from gys-  states’®
tem ground stateo the QD excited stateP, is the prob- Notice that a fluorescence narrowing is obtained in RPL
ability for carrier relaxation from the QD excited state to theas well as in PLE spectra. In fact, the energy dispersion of
QD ground state. At high excitation power, Auger the QD ground states, as measured by the FWHM in the
process€$*® or Coulomb scattering with free carriéfs nonresonant PL, is greater than the energy differences be-
dominate carrier relaxation, while at low excitation densitiestween the resonances observed in RPL or PLE. The residual
single-phonon or multiphonon processes pretfail*If P,  broadening of RPL spectra can be accounted in the same way
is independent ofE.,.— Eqe, PLE fully reproduces optical as for PLE spectra, except for a reversed role of excited and
absorption and the energy spacings between different resground states. Finally, no Stokes shift is observed between
nances correspond to differences between QD excited statbe ground and excited state energies estimated by PLE or
energies. In the opposite limit fd?,, an accurate determi- RPL spectra, as expected on the ground of the discrete QD
nation of the QD DOS is not straightforward, even at low DOS.
power densitiegnamely, in absence of Auger procegsés
fact, the small window of available longitudinal-opti¢hlO) B. RPL and PLE spectra
phonon energies permits an efficient carrier relaxation from

the QD excited state towards the QD ground state only for _ /& Will now show PLE and RPL spectra for different

QD's in order to establistii) resonance energies and their
Eexc=Ei = Egert NEpp, 2) dependencg__on Q_D size and sha(;iie);Ql_D DOS and/?r pho-
non modes(iii ) evidence, or lack of evidence, of a “phonon
whereE; is the energy of théth QD excited stateE, is the  bottleneck.” It should be mentioned that, at the low power
energy of a LO phonon and is an integer. Whenever the densities P~0.5 W/cnt) used in present experiments, the
excitation energy does not satisfy Eg), a “phonon bottle- line shape of PL bands does not change wRerhanges by
neck” takes place and nonradiative channels dominate carrigwo orders of magnitude and PL intensities scale almost lin-
relaxation®®*7*8 In this case, PLE resonances are equallyearly with P. This reasonably excludes that high excitation
spaced by multiples of phonon energies and cannot be easiiglaxation mechanisms such as Auger processes contribute to
related to QD excited states. It should be noted that PLEarrier relaxation in the present experimefits.
spectra exhibit a small broadenitGWHM ~ 15-20 meV PLE (RPL) spectra are plotted in the tdgpottom of Fig.
because the likely existence of small subensembles of QD8 as a function of relative energie,— Eget, for various
with slightly different excited state energies but same groundEge; (Eexd and for three different samples. The QD average
state energy. Moreover, multiple scattering with acousticemission energy, as indicated by the NPL peak ené&rgy, ,
phonons provides an additional source of broadefring. spans an energy range going from 1.310 @. 881; L
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FIG. 2. Top: PLE spectra taken at different valuesEg; for Foe P (V) Fae o V)
samples  No. 881 X=1L=1.9 ML), No. 904 &=1L FIG. 3. Left: NPL, PLE, and RPL for sample 90%=1,L
=15 ML), No. 886 é(zl,l_:32 ML) BOttom RPL Spectl‘a_for =31 ML) R|ght NPL, PLE, and RPL fOI’ Sample ROS
the same samples shown in the top of figure, taken for d'ﬁerenfx=0.5, L=6.0 ML).
E.x- Different resonances in PLE and RPL spectra are labeled by
numbers(dashed lines are guides to the pyonresonant contri-
butions to RPL spectra are indicated by dots. ening. In some cases, as for QD’s emitting belew.15 eV,
two or three distinct peaks are sometimes resofyet>°

(iv) A smooth background signal adds to the resonances.
Its weight increases witk 4, and becomes dominant f&t,,
approaching the energy of the WL bane{.4 eV). This

=1.5 ML), to 1.265 eMNo. 904;L=1.9 ML), to 1.220 eV
(No. 886; L=3.2 ML). Samples emitting below 1.2 eV,

namely, the low-energy limit for emission of the Ti-sapphire . ) T S
amely, the low-energy limit for emis PP background is attributed to a partial distribution of carriers in

laser, will be discussed later. , L
At a first inspection of PLE spectra, several resonanceghfa whole ensemble of QD's because of an absorption in the

. - il of the WL band due to a continuum of states overlappin
appear, which are grouped by dashed lines and labeled @e QD excited state®d. Alternatively, such a continuEFn k

numbers. In particular, we list the following. could be due to direct tunneling between QD’s, higher for the

(i) A resonancée, at ~50-60 meV and a stronger reso- excited states.
nance, E;, at ~70-90 meV are well resolved in all — pp) shectra are shown in the bottom of Fig. 2 s,
samples. Weaker features are also resolved in the energyEdet for an easy comparison with PLE spectra. The same
range of phonon modes. Higher energy and broader resQggonances observed in PLE are seen in RPL spectra. How-
nances are observed in samples with lowgf, . Similar  eyer, resonances in the energy range of phonon modes are
features can be seen in PLE spectra reported in thgetter resolved by RPL at lof,,.; see, e.g., the two Raman
literature?® 33435 peaks due to scattering of the GaAs transverse opfic@)

(i) Resonance energies vary sensibly from sample t@nd LO phonons. An additional resonance is also observed in
sample as well as in a same sample for diffefent. There-  all samples at-20—25 meV. Higher excited states, instead,
fore, the resonance energy depends on the QD ground stadee less resolved in RPL spectra, where the nonresonant band
energy,Eys, selected by the choice diq, and, conse- (centered aEynp. and indicated by full dots in the figure
quently, on QD siz¢and/or shape As an example, the reso- grows up for increasing.,. until it dominates the spectra for
nance atE,~55 meV shifts by about 2 meV wheBy E,, approaching the WL enerd§. This band is the RPL
spans the QD ground state energy range of each sampb®unterpart of the background signal observed in PLE.
(about 40—-60 meV, the sample FWHM in NPL spectra  RPL spectra of samples emitting below 1.2 eV have been
Moreover, E, changes by about 6 meV on going from measured by using also a Nd-YAG laséf.(.=1.165 eV)
sample 881 to sample 904. Larger shifts are observed in thi@ order to add a spectrum fd.,. lower than typical ener-
case of the resonanés at 70 meV, that changes from 70 to gies of the Ti-sapphire laser. Two typical cases are shown in
83 meV for a change ity Of 56 meV in sample 886, and the bottom of Fig. 3 for an InAs sample grown by MEBHo.
changes from 67 to 73 meV in sample 881. 907, lefy and an IgGa sAs sample grown by MOCVD

(iii) In most samples, the resonankg is a symmetric (No. R08, right. RPL intensity is plotted V&, Eger, @S in
singlet. On the contrary, the line shapekyf is asymmetric  Fig. 2. Nonresonant PL and partial PLE spedfoaly the
and characterized by shoulders; see, e.g., samples 904 ahigh energy range is covered by the lasae shown in the
886. This indicates a superposition of different optical tran-top of the figure for the same two samples reported in the
sitions, whose weight varies witky and whose energy bottom. In these samples, the energy spacing between reso-
separation is smaller than the sample inhomogeneuos broadances is smaller for QD’s emitting below 1.2 eV, see, e.g.,
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FIG. 4. Strengths of the four Gaussian functions used to fit RPL 60~ o
spectra taken in sample 886 for differet,. as a function of ¥
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resonances foE.,.=1.165 eV andE.,=1.2 eV, and the
discussion of the following Fig. 5.
0 1 1 1 1 1 1 i
IV. DISCUSSION AND CONCLUSION 1.0 1.1 1.2 13 14

Let us now discuss PLE and RPL results. In principle, Egs(ev)

resonances in these spectra could be related to multiphonon ) ) _
processes. The energy of these phonons r&h@cmn 206 FI_G. 5. Resonance energies for all _mvestlgate_d s_amples, as de-
to 36.6 meV in(InGa)As heterostructures and do not Changet,erm'ned py PLE and RPL spectra at dlfferent excitation and detec-
from sample to sample. Therefore, only excited states Whos%‘:lgrggérg'esl'_airgsrggorr:}?:r ?; ;f:grrg;tioglu?sft;:‘seo?gagofg?%gate
1 1 .St
energy differs from that of the QD ground state by multiples xcited sgtates. Isolated points on the left are data taken by means of
. . d-YAG laser. Open squares refer t s QD’s, full dots to
state and give rise to intense PL bands. Resonances, therlﬁAs QD’s. Energy reg?ons that corr(g'sf?;‘iga\to%ultiples of phonon
fore, ShOUId be observed only in well defined energy Wm'energies iNInGa)As/GaAs heterostructures are highlighted in gray.
dows, independently of sample as well as of excitation or
detection energy. On the contrary, as already observed in thground state NPL contribution has not been included in the
case of the spectra reported in Fig(ghd confirmed in the fits and the Gaussian full widths at half maximum have been
following for all samples; see Fig.)5the energy of reso- taken of the order of 15—-20 meV. The fitted strength of each
nances in PLE and RPL specsiably varieswith Eg4;and  Gaussian has been reported in the figure as a function of the
Eexc, respectively, ands not related to any multiple of pho- energy differenceE.,— Enp.. As previously suggested,
non energiesAs an example, the energy &, (from 50 to  the intensity of each Gaussian exhibits a well defined maxi-
60 me\) differs from any single phonon energy and is only mum for Eq,.— Exp €qual to the difference between the en-
seldom equal to multiples of a phonon energy. Moreovergrgy of the QD excited state and that of the QD ground state.
when a magnetic field is applied to the system, energy levels The values ofEg,.— E4; Were determined for all sample
of QD’s vary sensibly because of the diamagnetic shift andesonances by PLE at differeBt; and by RPL at different
exhibit a Zeman splitting” In these experiments, therefore, E.,.. They are reported in Fig. 5 as a function of the QD
the energy spacing between different QD states changes aggound state energf, s that coincides withEge in PLE
is rarely equal to a multiple of the LO-phonon energy. Nev-spectra. In the case of RPL spectig,s coincides with the
ertheless, strong resonances continue to be observed at absolute energy of the different resonances, as discussed in
values of magnetic field®. For these reasons, we attribute Sec. Ill. Isolated points on the left side are data obtained by
RPL and PLE resonances to excited state transitions insteadeans of a Nd-YAG laser in samples such as those investi-
that to multiphonon processes, contrary to what claimed igated in Ref. 35 E4,<1.2 eV). Open squares refer to
previous works>31~® This attribution permits to obtain a In,<Ga, As QD’s, full dots to InAs QD’s. We report also the
quite precise picture of the QD DOS that agrees very wellaverage values for WL heavy-hol¢iHE) and light-hole
with recent theoretical models. Moreover, it shows how thgLHE) transition energies, whose dependence on InAs cov-
energy of these excited states depend on QD shape and sizeage has been investigated in a previous Woikhe four-

The above picture is well supported by the analysis of theéeen investigated samples largely differ for InAs coverhge
RPL spectra of sample 886 shown in Fig. 4. RPL spectraind In concentratiox; see Table I. Nevertheless, the ener-
taken for differentE,,., as those reported in the bottom of gies of the different resonances group into a finite number of
Fig. 2, have been deconvoluted in terms of five Gaussiaticlusters” of data labeled fron{0) to (5) in the figure.
contributions from electronic states or phonon modes. For These clusters correspond either to well defined sets of
simplicity, the five Gaussian peak energies have been ke@D excited states or to phonon modes. Clugiis associ-
fixed with Eg, (at 21, 35, 55, and 77 meV above the QD ated to an excited state 50—60 meV above the ground state
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energy, with an energy spread due to residual fluctuations if000)|210), is predicted at 45 meV. This and the first weak
QD size and shape rather than to the experimental unceresonance involving an electron state, ti€90)|010 at
tainty. Cluster(3) ranges from 60 to 90 meV. A complex ~65 meV, may account for clusté®) at about 50 meV. The
internal structure makes more difficult a precise estimate 0f010|010 and|100)|110) transitions are among the stron-
the average peak energy of this cluster. Clugfghas a 10 gest transitions, are almost degenerate, and fall in a region
meV energy spread around 110 meV. Data appear scatter@®ing from 80 to 95 meV. They can be related to clug8y
at higher energies, see clusté), since the inhomogeneous Which is the strongest in all samples and spans the energy
broadening affects more the highest excited states. Finallyegion from 70 to 90 meV. It may be worth noticing here that
two sets of resonances are observed below 50 meV. Clustée splitting in theE; manyfold coincides with the energy of
(1) collects resonances ranging from 28 to 36 meV, two orthe first hole-excited state, as measuredBy A weaker
three of which (28, 33, and 35 me\are often observed in resonancg010)|110), predicted at 105 meV, could be as-
a same sample. Since these resonances are almost indepsigned to resonancg, at about 100 meV. Resonances of
dent onEg g, they are attributed to electron-phonon interac-cluster (1) have already been attributed to phonon
tion effects’®3%*The assignment of the resonances in clus-sidebands®3
ter (0), whose energy decreases for increadiyg , is less As shown in Fig. 5, present results extend the dependence
straightforward. A study of the intensity of these resonancesf the excited state energy on QD size, reported in Ref. 35
as a function ofEg (in PLE) or Ee, (in RPL) like that for a QD emitting at 1.025 eV, to QD’s with different sizes
reported in Fig. 4 indicates that these resonances are relatédd shapesmitting at higher energy. Although the agree-
likely to hole excited states of the QD’s, as suggested also iment with theoretical predictions of Ref. 35 is rather good,
Ref. 37. present results indicate that quantum size effects determine

We compare now our results with theoretical estimates ofxcited state energies only for weak carrier confinement and
the energy and strength of QD excited states. The agreemesitggest that some other stronger effect should occur for
with theoretical predictions based on the eight bang Egs= 1.2 eV. The increase of the excited state energies with
(Refs. 9,35 or the pseudopotential approach®4is good. Egs, shown in Fig. 5 for QD ground state energy smaller
This supports the existence of a finite number of electrorthan 1.2 eV, can be explained, indeed, in termsjadntum
bound states as well as the removal of the orbital degeneragjze effectdthe largerEg, the smaller the QD size, the
of the bound states with an ensuing richness of transitionkrger the energy separation between electronic Ig¥els
between the QD valence and conduction bands. A closerdowever, E, slightly decreases for increasirigy s in the
comparison between the theoretical predictions obtained iwhole range above 1.2 eV and only data taken by means of
large QD’s emitting at low energy~1 eV) and the corre- Nd-Yag in QD’s emitting below 1.2 eV suggest a reverse
sponding experimental results discloses, however, some difrend. In a similar wayE; is roughly constant or slightly
ferences. increases with increasingg s for QD’s emitting around 1.2

For what concerns the pseudopotential approach, estV, but it decreases for high& s values. These two oppo-
mates of the QD ground and excited states have been madée regimes withEy ¢ are better seen in the case of cluster
in the case of QD’s with basis 11.3 nm, height 5.6 nm, emit{4), which shows a clear maximum foE,s=1.25 eV,
ting at 0.959 eV}* In this framework, clustef0) should be namely, in the range covered by the Ti-sapphire laser. In the
due to transitions from the-like electron state to excited same way, the energy difference between contiguous excited
hole states. Cluster®) and (4) should correspond, instead, states decreases faf=1.2 eV. This behavior, opposite to
to transitions from the ground hole state to the excited, splitwhat expected on the basis of quantum size effects, can be
ted electronp states. Cluste(5) may correspond to transi- ascribed toquantum shape effectShe evolution of the QD
tions from the splitted, first hole-excited states to the electrodOS for QD with same badebut different heighh, namely,
p states. No transition is predicted, instead, for energy correfor QD with different aspect ratioy=h/b, has been inves-
sponding to that of clustef2), which may involve higher tigated in Ref. 12. Therein, it has been shown that the energy
energy hole-excited states spacing between excited states decreases for decregsimg

In the eight band-p method, estimatéshave been ob- good agreement with our experimental results. In our
tained for the excited states of QD’s with basis 17 nm andsamples, indeed, QD emission energies range from 1.07 to
aspect ratio 0.5 emitting at 1.025 eV. These estimates are ih.31 eV andy decreases with increasirlg, s ; see Sec. |l
good agreemefit with experimental results for QD’s emit- and Ref. 42. Therefore, the dependence of the DOS on QD
ting below 1.2 eV. Within the eight barkl- p approach, we shape may mask quantum size effects in QD emitting above
may classify all transitions observed here, including those irl.25 eV, namely, where carrier confinement is weaker.
cluster(2). As done in Ref. 35, we will label excitonic tran- Recently, it has been reported that the transitions from the
sitions toward the ground state by the dominating single parground states dinGaAs/GaAs QD'’s with different nominal
ticle contribution |€,mp|hymp. The first ket refers to an In concentrationsX=0.5 andx=1.0) almost coincide both
electron state and the second ket indicates a hole state. Thepeak energy and line shapeThis has been attributed to
first sizable transition involving a hole state is the transitionstrong deviations of the effective In concentrations from their
from the |000)|020) state, at about 20 meV. This transition nominal values. These conclusions, supported by x-ray fine
can be related with the weak, low energy resonances olstructure measuremerftsare consistent with those drawn on
served in our samples around this energy and grouped ithe grounds of tomographic nanometer-scale images of self-
cluster (0). A second transition involving a hole state, the assembled InAs/GaAs quantum dots obtained from surface
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sensitive x-ray diffractiot® Strong In and Ga intermixing is able to the system. This process may be induced by the lo-
confirmed here, where we show that the same).5 andx  calization of QD wave functions, which results in a mixing
=1.0 samples investigated in Ref. 41 have also excited staisf k bulk states and couples more easily with acoustic
energies at the same energy distance from the ground stafshonons at the Brillouin-zone bord&rAlternatively, it has
see Fig. 5. been suggested that the coupling with acoustic modes due to
Finally, data reported in Fig. 5 suggest that the phonon. o phonon anarmonicity produces relaxation times only
bottleneck does not affect present RPL and PLE Spectra. |Weak|y |0nger than those related to relaxation via
Fig. 5, we have highlighted in gray the energy windows thati 0-phonons® In this framework, we suggest that localized
coincide with multiples of a phonon energy, as determinedngodes may provide an additional path for carrier
from resonances in clustéf) (phonon energy broadening relaxation?® Localized as well as acoustic modes may also
has been included Most of the resonances fall out of the \arrant hole relaxation from excited states whose energy is
gray regions, the only regions where efficient multiphononjower than LO-phonon energies. However, at this stage,
relaxation should take place in presence of a strong phonofothing more can be said about these local modes whose

bottleneck. The high optical efficiency of QD samples andsignature in resonant spectra should coincide with that of
the very short rise times in PL signal measured in time renle excited stateg,,.

solved experiments seem also to exclude important phonon
bottleneck effects. On the other hand, the mechanism pre-
venting phonon bottleneck in these zero-dimensional sys-
tems has not been identified yet. In fact, fast relaxation by
Auger effect or by scattering with free carriers is unlikely at It is a pleasure to acknowledge M. Colocci for fruitful
the low power densities of the present experiments. Tentadiscussions and the technical assistance of A. Miriametro and
tively, an enhanced coupling with acoustic phonons has beeln. Ruggieri. This work has been partially supported by the
suggested to enlarge the window of phonon energies avaiProject MADESS II.
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