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Electronic energy levels and energy relaxation mechanisms
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We report a spectroscopic investigation of the electronic energy levels and carrier-relaxation mechanisms in
self-organized InAs/GaAs quantum dots. Power-dependent photoluminegédrcand photoluminescence
excitation(PLE) are used to study the energy-level structure. Two excited states, 74 and 120 meV above the
luminescent ground state, are identified. As expected for a zero-dimensional system, it is not possible to
observe PL from the ground state of the dots when exciting between the energies of the ground and first excited
state due to the discrete, atomiclike nature of the electronic states. Selectively excited PL and PLE reveal two
mechanisms for the relaxation of carriers from the excited states to the ground state: a nonresonant mechanism
dominant in the upper state, and a resonant mechanism, involving the emission of one or more LO phonons of
well-defined energy, which is dominant in the lower excited state. The resonant mechanism is shown to be a
consequence of the distribution of energy-level spacings in the inhomogeneous ensemble of dots; preferentially
selecting dots with an energy-level spacing close to an integer multiple of the LO phonon energy.
[S0163-182696)02548-9

[. INTRODUCTION small areas of three-dimensional growth, which sit on a thin
two-dimensional laye(the so-called wetting laygrform the

Quantum dots provide the ultimate quantum system witrjuantum dots. Although initially observed in the InAs-on-
three-dimensional carrier confinement resulting in atomicGaAs system, self-organized dots have now been observed in
like, discrete electronic energy states. In addition to allowinga wide range of material systeh&! For the InAs-on-GaAs
the study of physics in a zero-dimensional semiconductosystem, for which there is a 7% lattice mismatch, the result-
system, these discrete energy levels are expected to resultamt InAs dots have a typical base sizel0-25 nm and
a number of advantageous properties for electronic anbieight~2-10 nm?®the actual size being dependent to some
electro-optic device applications. Quantum dot lasers are preextent upon the growth conditions. These dimensions are
dicted to exhibit both low threshold current densitiesnd  small enough that strong quantum effects are observed.
low- or zero-temperature dependence of the threshold In this paper we present a study of the electronic energy
current! while the use of quantum dots may offer possibili- levels and carrier relaxation mechanisms in self-organized
ties for low-power nonlinear devices. However, for devicelnAs/GaAs quantum dots. The latter topic is of particular
applications to be a realistic prospect the quantum dots mugmportance in zero-dimensional systems since it has been
satisfy a number of requirements. These include large carrigiredicted that their discrete, atomiclike energy levels may
confinement and energy-level separaticakT, large areal inhibit the efficient carrier relaxation by single phonon emis-
densities, high optical quality, and uniform size and shape.sion, which occurs in systems with continuous energy

Of the many techniques proposed and investigated for thkevels? Unless other efficient relaxation mechanisms are
fabrication of quantum dots, perhaps the most promising ipossible, i.e., multiphonotf, Auger!* or long-range reso-
that of self-organized grow> Dots prepared by this tech- nance energy transféf,carrier relaxation rates will be very
nique appear to be capable of satisfying all of the aboveslow, with serious implications for device performance.
requirements, although further improvements in size and
shape umformlty are desirable. Self-organlzeq growth may Il EXPERIMENTAL DETAILS
occur when a thin layer of one semiconductor is grown epi-
taxially on a second semiconductor of a different lattice con- The samples were grown by solid source molecular-beam
stant. For intermediate values of lattice mismatch the initiakepitaxy using conditions very similar to those of Moison
two-dimensional growth transforms, above a certain criticaet al? The structure consisted of a thin layer of InAs depos-
thickness, to nonuniform three-dimensional growth, resultingted on a GaAs buffer layer, which in turn was grown on an
in a spatial modulation of the epitaxial layer thickness. Thisundoped GaAs substrate. At the growth temperature used
is known as the Stranski-Krastanov growth mechanism. Th€T;=500-520 °Q the transformation from two- to three-
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dimensional growth was found to occur after the deposition
of a nominal 1.8—-1.9 ML of InAs. However, x-ray analysis
of samples containing an J[6a_,As/GaAs multiple-
guantum-well buffer suggests that the InAs thickness may be
~5-10 % lower than intended due to In desorption at the
growth temperature used. The main sample studied in this
paper consisted of 2.4 M{nomina) of InAs, which resulted
in square quantum dots of base lengti2 nm, height~=2
nm, and density-5x10'° cm™2, as evidenced by plan view
and cross-sectional transmission electron microsédfje
growth was terminated with the InAs dots being overgrown
by a GaAs capping layer of thickness 100 nm.
PhotoluminescencéPL) and high-resolution photolumi-
nescence excitatiofPLE) spectra were excited with an Ar
pumped Ti: sapphire laser and the resultant PL was dispersed
by a double-grating spectrometer and detected with a liquid-
nitrogen-cooled Ge-i-n photodiode. Low-resolution PLE
spectra were obtained over a wider energy range and at lower
incident power density with a 150-W tungsten halogen lamp
and monochromator combination. In both cases a large num-
ber of dots(~1C® dots for laser excitation with a cylindrical
focusing lens illuminating an area2x102 cn? and ~10'° x0.5
dots for lamp and monochromator excitation of an ar€al , , ) i
cn?) were probed. Higher incident laser power densities 1.00 1.10 1.20 1.30 1.40
~50-5000 W cm? were obtained with a micro-PL system Photon Energy (eV)
that uses a HeCd laséx,,=440 nm excitationand a high-
,?;T?Iith%on;icgﬁﬁizpsehg?tj-ﬁg\\//z:r)]g%ir\]/?a)?ciltaa%ciec:nsips O;t;;;zo?t_)i din FIG. 1. Power-dependent PL spectra of the quantum dot sample
the GaAs capping layer resulting in strong excitation of theeXCIteOI with short-wavelength lighihe,=4420 A=2.80 eV.
dots (~1 e-h pair per dot at 50 W crrf). All the measure-
ments were performed with a sample temperature of 4.2 K

x8 , 45W/cm?2

74meV

1 450W/cm?2

PL Intensity (arb. units)

l 4500W/cm?

ground-state energy, of the dots probed. This linewidth is
'somewhat smaller than values previously reported for similar
samples:>*®indicating that these size and shape fluctuations
are reasonably smdlh 35-meV PL linewidth corresponds to
base length variations of+0.5 nm (Ref. 17]. With in-

The quantum dot samples exhibit very strong Pl=dt1  creasing laser power density the intensity of the ground-state
pm, for excitation both above and below the GaAs barrieremission approximately saturates and additional featlizes
band gap. We compared their PL efficiency to that of high-and T; are observed to higher energies. This behavior is
quality 10- and 20-A Gdn, _,As-InP quantum wells, which attributed to the filling of the ground state and the resultant
emit in the same wavelength region and are believed to haveecombination from excited stat&s*®
very high luminescent efficiency.For both types of struc- The nature of the excited dot states is unclear with calcu-
ture the excitation was directly into the active region usinglations of the electronic structure of self-organized InAs dots
photons of an energy less than that of the barrier band gagiving conflicting results. For example, the calculations of
The integrated PL intensity of the dot sample was found taGrundmann, Stier, and Bimbérgfor pyramidal dots predict
be a factor~10 weaker than that of the individual quantum only one confined electron state, with allowed transitions to a
wells. However, given that the dots occupy orhp% of the  number of heavy-hole states. On the other hand, Marzin and
total sample area, the absolute quantum efficiencies of thBastard® predict at least two confined electron states for
dots and the quantum wells are comparable. This result sugone-shaped dots. A possible cause of this discrepancy is the
gests that the dots do not introduce a significant number afiifferent choice of effective mass for the electrons.
nonradiative recombination pathways. Capacitance-voltage measurements, which distinguish elec-

Figure 1 shows PL spectra as a function of incident lasetron from hole states, by Medeiros-Ribeiro, Leonard, and
power, using the high-power densities obtainable with thePetroff! on ~20-nm-diameter InAs dots indicate two elec-
micro-PL system. If we assume a radiative lifetime for thetron states but only one hole state. In view of this uncertainty
dots of ~1 ns® no lateral carrier diffusion within the wet- concerning the electronic structure of the dots we cannot
ting layer away from the excited region and that all the pho-eliably identify the states involved with the transitiofs
toexcited carriers produced in the GaAs barriers are subs@nd T;. The conclusions reached in the remainder of this
quently captured by the dots, the lowest power of 45 Wem paper are independent of such identification.
is calculated to produce a dot occupaneg. At this power Although PLE has been used extensively to study the ex-
we observe only a single peak at 1.13 eV, labeled We  cited states of quantum wells, the observed PLE spectrum
will refer to this as the “ground-state” transition. The width only represents the absorption spectrum if the probability of
of this peak(35 meV at the lowest powgresults from varia- relaxation from the initially excited state to the groutid-
tions in the size and shape, and hence variation in theninescing state is independent of energy. Any energy de-

Ill. EXPERIMENTAL RESULTS
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FIG. 2. PL and PLE spectra obtained using laser excitation. The FIG. 3. PLE spectra obtained for different detection energies as
inset shows a typical PLE spectrum recorded using lamp and monadndicated in the inset. The spectra are plotted as a function of the
chromator excitation. For both PLE spectra detection is at the Plenergy difference between the incident photon energy and the de-
maximum. tection energy.

pendence of this probability will distort the spectrum. In photons(zero Stokes shift so long as the dots are suffi-
quantum wells this is generally a weak effect and PLE pro<iently far apart that no transfer between dots océtiBuch
vides reliable excited-state transition energies. However, weesonant ground-state emission has not been observed using
find that in our quantum dots the carrier relaxation efficiencyour present experimental techniques, probably because it is
is a function of energy, showing strong resonances when thebscured by the elastically scattered laser light from the
energy separation between the incident photon and detecti@mample surface or by resonant Rayleigh scattering from the
energies is equal to certain integer multiples of the LO phoinhomogeneously broadened ground-state transifion.
non energy. This energy dependence dominates the spectidence, for the present experimental conditions, only by ab-
so that excited-state energies cannot be determined directborbing into an excited state, from which relaxation occurs to
from the spectra. This behavior is shown in the main part othe lower-energy emitting ground state, can a nonzero PLE
Fig. 2, which shows Pl(excited at 1.291 eVand PLE(de- signal be obtained.
tected at 1.14 eV, the peak of the Paf the sample, both The inset to Fig. 2 shows a PLE spectrum recorded using
recorded with laser excitation. The absolute energies of théhe lamp and monochromator combination, which allows a
sharp features in the PLE spectrum, labeled 2LO and 3LOmuch wider energy range to be scanned than is available
depend upon the detection energy, shifting rigidly as thiswith the laser. For low energies the spectrum agrees with that
energy is variedsee Fig. 3 beloy Hence the peak positions obtained with the laser. At higher energies the lamp and
do not give the excited-state energies, and we will showmonochromator PLE spectrum shows absorption occurring
below that they appear to represent the effects of carrier ranto both the two-dimensional InAs wetting layer1.4-1.5
laxation by the emission of two or more LO phonons ofeV) and the GaAs barrier layers=1.52 e\). The features
well-defined energy. occurring at=~1.29 and~1.37 eV are briefly discussed be-
For energies below the phonon featufesl.17 e\ the  low.
PLE signal falls to zero. This indicates that no measurable The behavior of the features labeled 2LO and 3LO in the
PL is produced when exciting in this energy range, whichPLE spectrum of Fig. 2 is shown in more detail in Fig. 3,
corresponds to energies between the ground state and fishich shows PLE spectra plotted against the difference be-
excited state of the dots being probed. Such behavior is conween the incident photon energy and the detection energy.
sistent with that expected for a zero-dimensional system witlspectra are shown for detection at three different points in
discrete, atomiclike energy levels. Although light may bethe PL peak shown in the insétecorded for an excitation
absorbed directly into the ground state of the dots and wilenergy of 1.291 e} The PLE spectra show three peaks with
subsequently be reemitted, for a zero-dimensional systemonstant shifts from the detection energy. For the present
this should occur at the same energy as that of the incidersample these energy shifts are(5829), 84(3x28), and
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102(3%34) meV, respectively. The unstrained LO phonon
energy of InAs is 29.9 meV and the calculations of Grund-
mann, Stier, and Bimbet§suggest that strain increases this
value to 32.1 meV in pyramidal-shaped dots. In the wetting a7 A N
layer a slight reduction to 29.6 meV is predicted, duetothe | "~ e
competing effects of strain and confineméhtdence the 5
features observed in the PL and PLE spectra occur at ap- x3.3
proximately two(2LO) and three(3LO) multiples of these
InAs LO phonon energies. We therefore tentatively identify
them as being due to carrier relaxation processes involving
the emission of two or three LO phonons. Although possibly
two 3LO featureg84 and 102 meYare present in the spec-
tra of Fig. 3, which may indicate the coupling of the dot
electronic states to both the dot and wetting layer LO
phonons, only one 2LO feature is observed. However, it is
possible that the 2LO feature corresponding to the weak 3LO
feature at 102 meV is obscured by the low-energy tail of the
dominant 3LO feature at 84 meV.

The present results are analogous to those of Fafard
et al,'® where strong features shifted by a single LO phonon

Eex=1.298eV

Eex=1.258eV

x2.2 Eex=1.245eV

Eex=1.240eV

PL Intensity (arb. units)

Eex=1.221eV

x1.5 : :"'i

Eex=1.198eV
from the excitation energy were observed in the PL spectra ~
of Al,In,_,As/Al,Ga _,As self-organized quantum dots, M _
and those of Heitzt all® for InAs/GaAs dots similar to 35/ Fex1asoeV
ours. However, the sample of Ref. 16 had a slightly larger 1.05 1.1 1.15 1.2 1.25 1.3
PL linewidth (45 meV),'® and a peak was observed in PLE at Photon Energy (eV)

the single(1LO) phonon energy in addition to the 2LO and

3LO features observed in the present sample. As will be [ 4 selectively excited PL spectra obtained for a range of
explained later, the phonon features are believed to arise bgscitation energies. The dashed lines indicate a Gaussian fit to the
cause the experiment selects out of the ensemble of dofpnresonant ground statliRGS emission. The dot-dashed lines
having a range of energy-level separatié‘ﬁﬁnose dots for indicate how the resonant features follow the excitation energy
which this separation is an integral number of LO phonon(note that as in PLE there are two features assigned t9.3LO
energies. In our relatively homogeneous samples, the small-
est energy separation is presumably greater than the singéause the intensities of the phonon features increase as their
LO phonon energy. emission energies approach the maximum of the nonreso-
Heitz et al1® also observed substructure in their multiple natly excited PL, their relative intensities in individual PL
phonon peaks, as measured in resonantly excited PL, whickpectra are different from those observed in the PLE spectra
they attributed to coupling to various different phononof Fig. 3. For example, for excitation energiesl.245 eV
modes including interface, dot, wetting layer, and GaAsthe normally weak 3LO feature at 102 me¥See Fig. 3 is
phonons. Such substructure is not observed in the preseolose to resonance and is hence relatively intense. However,
sample. The very sharp lines observed-@&5 meV are Ra- its intensity decreases rapidly as it moves off resonance with
man lines. These have energies of 33.7 and 36.5 meV, codecreasing laser excitation energy.
responding to the bulk GaAs TO and LO phonon energies, In the main part of Fig. 5 the intensities of the NRGS and
respectively, and do not show significant resonance effects ithe 2LO and 3LO phonon features, as observed in PL, are
the energy region of the dot states. They thus represent bujilotted against the incident photon energy. A typical PL
GaAs phonons that are not coupled to the dot electronispectrum obtained with excitation at 1.959 eV, above the
states. GaAs band gap, is also shown for comparison. In the inset
Figure 4 shows a series of PL spectra recorded for a rang#e intensities of the phonon features are plotted against their
of excitation energies. For high excitation energies the speaespective emission energies. Except for intensity the phonon
tra are dominated by a broad pe@kdicated by the dashed curves plotted in the inset are essentially identical to the PL
line, which is a Gaussian fit to the dathaving a roughly obtained with above GaAs band-gap excitation, showing that
constant energy of-1.125 eV, which, by comparison with the same distribution of luminescent states is probed by each
the spectra of Fig. 1, is attributed to the ground-state emisprocess. In particular, this indicates that the strengths of the
sion from the quantum dot ensemble. We refer to this broaéhdividual 2LO and 3LO multiple-phonon resonant relax-
feature as the “nonresonant ground statBlRGS emission.  ation features are determined by the density of figabund
With decreasing excitation energy the intensity of the NRGSadiative states.
emission decreases and a number of sharper features are ob-The PL spectra of Fig. 4 and the data plotted in the main
served, the absolute energies of which depend upon the laspart of Fig. 5 suggest that carriers can relax to the ground
excitation energy. The approximately constant energy sepastate of the dots by two distinct mechanisms, which we refer
ration of these features from the laser energy allows them tto as “nonresonant” and “resonant,” respectively. The rela-
be identified as the PL equivalents of the 2LO and 3LOtive importance of these two mechanisms depends upon the
features observed in the PLE spectra of Figs. 2 and 3. Beexcitation energy. For high-energy excitaticnl.23 eV, the
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intensity of the NRGS decreases. However, relaxation to the
ground state now becomes possible by a resonant process
involving the emission of either two or three LO phonons.
These processes become important when the energy differ-
ence between the incident photon and the dot ground state is
close to a multiple of the LO phonon energ®iw o or
3fiw o). The relatively narrow linewidthé~10 me\) of the
phonon features suggest that, unlike the first process, relax-
1.0 1.1 1.2 ation to only a small fraction of the dot ground states is

Photon Energy (eV) possible for a given excitation energy. The linewidth is prob-
ably nonzero for two reasons: a low-energy LA phonon can
be involved in addition to the LO phondn,and the LO
phonon itself can have a spread in energy due to stfdihe
experimental data therefore suggest the presence of two car-
rier relaxation mechanisms. The first is nonresonant and per-
mits relaxation to a large fraction of the ground states of the
dot ensemble, any selectivity being due solely to the elec-
tronic structure. The second, resonant mechanism, involves
the emission of two or three LO phonons of well-defined
energy and populates the ground states of only a small frac-
tion of the dot ensemble.

The energies of the dot transitions, as determined from the
high incident laser power intensity PL spectra of Fig. 1, are
1.00 1.10 1.20 1.30 indicated in Fig. 5. It appears that the nonresonant mecha-

Photon Energy (eV) nism is associated with absorption at the second excited-state
transitionT3, and is weaker by a factor of at least 6 for the
FIG. 5. Intensities of the various components of the ground-stattleower_energy. tranS|t|or1T2_. The resqnant process, on the
ther hand, involves initial absorption at tAg transition

emission as observed in resonantly excited PL. In the main figur I db t relaxation to th d state b |
the intensities of the NRGS 2LO, and 3LO emissions, obtaine oflowed by resonan r'e gxa 1on 1o the grOl,m ?ae_ Yy mu B
LO phonon emission. The relaxation is primarily

from Fig. 4, are plotted against the excitation energy. In the inse{Iple o - .
they are plotted against the relevant emission energy. Only the mor&rough the emission of three LO phonons at higher excita-

intense 3LO phonon feature, of energy 84 meV, is plotted. Alsation ene_rgies and two at lower energies. The reason_for the
shown is a typical PL spectrum obtained with nonselective excitacontrasting dependence of the two relaxation mechanisms on
tion above the GaAs band gdh,,=6328 A=1.959 e\}. The po-  €XCitation energy is not fully clear. However, a possible ex-
sitions of the optical transitions, as determined from high incidentdlanation is that the nonresonant process involves interdot
power PL spectra, are indicated by the vertical arrows. tunneling since this should be stronger for the higher-energy
state, where the height of the tunneling barrier is smaller,
nonresonant NRGS excitation regijoad emission is ob- thus favoring the involvement of thg; states in the NRGS
served, indicating that the ground states of a significant fracemission. A nonresonant tunneling process is required, pos-
tion of the dot ensemble are being populated. The PL peakibly acoustic phonon assisted as has been observed between
shifts downwards by about 14 meV as the excitation energyhe ground states of very closely spaced quantumddtee
is reduced by 53 meV from 1.298 eléee Fig. 4 showing relaxation mechanism would hence consist of the initial non-
that the excitation is somewhat selective due to the correlaesonant tunneling between dots followed, after on average
tion between the excited- and ground-state energies of that least one tunneling event, by intradot relaxation, possibly
different-sized doté.The ratio 53:14 is consistent with the by the emission of multiple LO phonons. Approximately
calculated dependence of the ground- and excited-state enesimilar rates for the interdot tunneling and the intradot en-
gies on dot sizé®!” However, although the width of the PL ergy relaxation are required to ensure an overall quasinon-
peak varies slightly, decreasing from 36 to 28 meV as thaesonant process. For example, a faster tunneling rate would
excitation energy is reduced from 1.298 to 1.245 eV, it re-allow carriers to reach the largest dots before relaxation to
mains fairly broad, indicating that the relaxation mechanisnthe ground state occurred whereas a faster intradot relaxation
responsible for this emission is nonresonant in nature. Pogate would result in the resonant relaxation observed for ab-
sible nonresonant mechanisms for relaxation in this regimsorption into the lower-energy, state. However, we stress
include the emission of continuufmonzerdk) phonons, cas- that until the form of the nonresonant relaxation process is
cade through nonradiating excitonic stafesr tunneling be- unambiguously known, a detailed understanding of the
tween dots and subsequent resonant or nonresonant relarechanisms involved is not possible. It is also important to
ation. While this broad nonresonant PL ceases to beote that other explanations for the nonresonant relaxation
observable for excitation below 1.22 eV, it may still be mechanism exist. For example, the upper excited level could
present, but obscured by the stronger resonant emissiononsist of a number of closely spaced, unresolved states be-
However, its intensity for excitation below 1.22 eV does nottween which initial acoustic phonon assisted intradot relax-
exceed 15% of the intensity for 1.3-eV excitation. ation occurs followed by multiple LO phonon relaxation to
With decreasing excitation energy belowl.30 eV the the ground state.

Intensity (arb. units)

Intensity (arb. units)
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An explanation for the selectivity of the resonant process
has been proposed by Heiét al® Unlike quantum wells Lo \/\ (a)
where there is only one variable dimensighe well width, 210

dots having different combinations of base length and height 1LO Eex=1.240eV
may have the same ground-state energy but different excited- J Eex=1.319eV
state energies. As different ground-state energies are probed N <

by varying the PLE detection energy, those dots having a PL

level spacing equal to an integer multiple of the LO phonon
energy are the only ones that can relax to the ground state by
LO phonon emission. Hence the PLE spectra should show a
constant shift from the detection energy, as observed experi-
mentally, the shift being determined by the phonon energies
rather than by the electronic level splitting. A further conse-
guence of this mechanism is that carriers created in dots
having energy-level spacings not resonant with an integer
number of LO phonons are lost from the dot before they can
relax to the ground state. It has been suggested that such
carriers could transfer to deep levels in the GaAs barrier PL

layers'® However, a more likely explanation is that these A /

5L0
Eget=1.148eV

4L0 PL Maximum 1.166eV

Linewidth 67meV

)
N

PI}E—U

3Lo (b)
Eex=1.192eV
/ Edet=1.137eV

2L0

PL Intensity (arb. units)

carriers recombine radiatively from the excited states, the
resultant PL occurring at the e>_<C|tat|on energy and conse- Linewidth 35meV
guently not being observable using the present experimental PLE . . ' .
technique. _ 0 50 100 150 200 250 300
Calculations suggest that the range of excited-state ener-
. ) ) i AE (meV)
gies for a given ground state, resulting from dot size and

shape fluctuatlons_, is suff|C|e_nt in the sample of Hettal. _ FIG. 6. Resonantly excited PL and PLE spectra(8ra sample
to account for their observation of Consta_nt energy mUItIpI(:‘With a ground-state PL linewidth of 67 meV indicating a large dot
phor_mn related features. Our data c_:onfl_rm .thIS. We havej;e and shape inhomogeneity, afit) the more homogeneous
studied a number of other samples with differing degrees ofampie studied extensively in this paper having a PL linewidth of
dot size and shape inhomogeneity, as evidenced by the Pis meV. The selectively excited PL spectra are plotted against the
linewidth. Multiple phonon related carrier relaxation featuresdifference between the incident laser energy and that of the emitted
are observed in all samples, the number of such featurgshotons(AE=Ee—Eynoon and are hence reversed compared to
scaling approximately with the degree of inhomogeneitythose plotted in previous figures. The PLE spectra are plotted
(i.e., with the width of the distribution of energy-level spac- against the difference between the incident photon energy and the
ings). Figure 6 compares two samples with different PL lin- detection energyAE=E oo~ Eged-
ewidths, and hence different degrees of dot homogeneity,
with results consistent with the interpretation given above.
Fig. 6(b) shows PLE and resonantly excited PL spectra of theind 1685x33.6 meV for 1LO, 2LO, 3LO, 4LO, and 5LO,
sample discussed extensively above, while Fig) 8hows respectively. It is not clear if this difference represents cou-
the corresponding spectra of a second sample, grown und@fing to different phonons in the two samples or coupling to
similar conditions, whose larger nonresonant PL linewidth ofan identical phonon, the energy of which is sample depen-
67 meV indicates a greater spread of dot sizes. While the Pdent.
of the sample with linewidth 35 meV shows only 2LO and
3LO fga}tures, the sample with the larger PL linewidth shows, IV. CONCLUSIONS
in addition, 1LO, 4LO, and 5LO features. A correspondingly
greater number of phonon features is observed in the PLE
spectrum of the more inhomogeneous sample. In addition, We have presented a study of the electronic energy levels
the PLE spectrum of the more homogeneous sarfiplg. and carrier relaxation mechanisms of self-organized
6(b) and the inset to Fig. ]2shows two features at higher InAs/GaAs quantum dots of base leng#12 nm and height
energies(~160 and 230 me) the absolute energies of =~2 nm. Power-dependent PL shows that there are at least
which also shift rigidly with the detection energy. However, three optically allowed transitions, at 1.136, 1.210, and 1.275
corresponding features at similar energies are not observed @V (averaged over the dot size distributjpmespectively.
suitably resonantly excited PL spectra and the origin of thes&he relatively narrow linewidth of the ground-state emission
features is at present not understood. (35 meV in our best sampléndicates a small quantum dot
The two samples show some difference in the energy o$ize distribution. PLE and resonantly excited PL spectra
the fundamental phonon mode as measured in PLE. For thghow evidence for two different carrier relaxation mecha-
more homogeneous sampleig. 6(b)] features occur at 8  nisms, a nonresonant process, and a resonant process involv-
x29) and 843x28) meV for 2LO and 3LO, respectively, ing the emission of one or more LO phonons of well-defined
whereas the features in the less homogeneous sdfffigle  energy, independent of dot size. These mechanisms bypass
6(a)] occur at 32.3, 67(@x33.8), 97(3X32.3, 1284X32), the phonon relaxation bottleneck predicted for zero-

PL Maximum 1.132eV
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