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We present radiative lifetime measurements of excited states in semiconductor self-assembled quantum dots.
By increasing the photoexcitation intensity, excited-state interband transitionsrupSaan be observed in
photoluminescence. The dynamics of the interband transitions and the intersublevel relaxation in these zero-
dimensional energy levels lead to state filling of the lower-energy states, allowing the Fermi level to be raised
by more than 200 meV due to the combined large intersublevel spacing and the low density of states. The
decay time of each energy level obtained under various excitation conditions is used to evaluate the intersub-
level thermalization time[.S0163-182@06)06839-1

The dynamics of carriers confined in semiconductor quanease of ML fluctuations in a QW. Indeed the excitons local-
tum structures with allowed momentum in at least one direcized in the potential fluctuation of a QW can be used to
tion leads to rapid thermalization with the lattice, and conseproduce natural QD’$}~22 PL microspectroscopy of these
qguently radiative recombination originating predominantly natural QD’s reveals a very sharp homogeneous linewidth of
from the lowest available sta®. For quantum dot$QD’s) the ground-state emission similar to the one observed with
however, the zero-dimension@D) discrete density of states self-assembled QD¥17 and excitation spectroscopy has
imposes more severe thermalization ruiésyhich can trans-  also been used to reveal excited states which have an energy
late to the observation of photoluminescen@®) from  splitting comparable to the QW inhomogeneous broadening.
excited-state transitions at low excitation intensities due tAlso, in the absence of strain-induced self-assembling
the restricted intersublevel relaxation ratdue to thispho-  processe$*?°monolayer fluctuations can lead segregated
non bottlenecleffect, efficient carrier relaxation toward the inhomogeneous broadeningesulting in multipeak PL emis-
ground states occur predominantly between levels which arsion when observed in macrospectroscopy. For example
separated by not more than a few meV using longitudinalMarqueziniet al.recently reported PL emission of thin InAs/
acoustic(LA)-phonon emission, or by an energy within a InP QW's displaying up to five peaks, corresponding to the
few meV from the longitudinal-optic (LO) phonon ground-state PL emission in QW’s having a local thickness
energie$~® However, it has been shown that thermalizationof 1-5 ML, respectively®
can also be achieved efficiently due to multiphonon The above three effectphonon bottleneck, state filling,
processes’ or Coulomb interaction$.For example, the in- and segregated inhomogeneous broadériag give rise to
homogeneously broadened Gaussian PL line shape originatigher-energy emission pe@k but possess characteristic
ing from the statistically distributed ground states of smallfeatures specific to the different physics involved in each.
self-assembled QD’s obtained using spontaneous islanBor example, the state-filling effect is the only one which
formatior’"°indicates that the intersublevel relaxation rateswill show clear saturation effects. At low intensity only the
are much faster than the 1-ns interband dynamics of the (inhomogeneously broadenedround-state levels are ob-
ground state$® Furthermore, the atomiclike discrete energy served because of the fast intersublevel relaxation in the case
spectrum of each QD state is expected to lead &ate-  of bare levels with no significant phonon bottleneck effect.
filling effect due to exclusion principles taking effect when As the intensity is increased, a progressive saturation of the
only a few carriers populate the lower states. This will alsolower-energy transitions is combined with the emergence of
lead to hindered intersublevel dynamics, and to the observamission peaks originating from the excited-state interband
tion of excited-state interband transitions as the excitatiomadiative transitions. These are observed as intersublevel car-
intensity is increased. This has also been observed experier relaxation toward the lower level is slowed due to the
mentally with larger self-assembled QI}'¢’ which support  reduced number of available final stafd$:%?°In contrast,

a greater number of excited statésyith hole levels in small  the phonon bottleneck effect will permit excited-state inter-
pyramidal self-assembled QD' and with QD’s created by band transitions even in low excitation conditions because
potential deformation in a quantum wéQW) stressed with  the intersublevel and interband relaxation dynamics are
self-assembled QD€ The phonon bottleneck and the state- comparablé.On the other hand, the multiple peaks observed
filling effects both lead to emission peaks at higher energyn the case of segregated inhomogeneous broadening are
than the ground-state emission, but should not be confuseagsually observed with the same relative amplitude over sev-
with the higher-energy emission commonly observed in theeral orders of magnitude of excitation intensity, since they
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reflect the relative abundance of a given ground-state energgnalyze the dynamics of excited states in such self-assembled
relative to the other available ground-state energies in th@D’s with well-defined excited-state spectra, and study the
probed ared® Consequently, the energy position of the influence of the state filling on the intersublevel thermaliza-
peaks observed in the case of segregated inhomogeneotisn and the interband radiative recombination.

broadening in QW'’s follow the energy predicted for a QW  The self-assembled QD’s used for the present study ex-
with a fluctuation of a few ML from its mean deposited hibit state filling with up to four observable excited state
thickness. In contrast, in self-assembled QD’s the energjnterband transition$. The sample has been grown by
spectra of the excited states are typically quite different frommolecular-beam epitaxy using the Stranski-Krastanow
the ML fluctuation energies due to the lateral confinementgrowth mode. The sample structure grown on a Gag8
Also, contrary to the other two cases, the higher-energgubstrate consists of a 500 nm GaAs buffer layer, followed
peaks observed in the case of the segregated inhomogenedusthe QD layer where 6.5 ML of §xGa, sAs were grown at
broadening all originate from ground-state transitions whicha nominal temperature of 530 °C, and covered with a 30-nm
will behave very differently under an external perturbation.GaAs cap layer. The PL measurements were performed at 4
For example, in a magnetic field the ground states will exK using for the excitation source either a steady-state

hibit normal diamagnetic shifts, whereas the excited stateAr™, or a YAG (yttrium aluminum garngt pumped

will show more complex splitting with shifts to lower ener- rhodamyne 640 dye laser system providing 5-ps pulses at
gies and with restoration of the dynamical symmetry at som&30.0 nm at a repetition rate of 76 MHz. The beam was
specific fields®2"~2° For the case of excitons localized in focused to a spot-80 um in diameter at the sample surface,
natural dots in thin QW’s with ML fluctuations, they are thus probing a population 0f-5x10° dots. The lumines-
confined by a much shallower potential than in the case otence was dispersed by a 0.64-m spectrometer, and either
self-assembled QD’s obtained by the spontaneous island fodetected, with a cooled germanium detector using synchro-
mation, and are therefore easily distinguished when th@&ous detection techniques for the cw measurements, or col-
available thermal energy is increasd* The onset of ther- lected and analyzed via an up-conversion technique using a
mionic emission and the thermal PL quenching is thereford.ilO ; crystal for time-resolved PKTRPL) measurement¥.
observed at much higher temperatures in self-assemblethis TRPL system provided a temporal resolution~ef0
QD'’s due to their deeper confining potentials. ps.

In virtue of their relatively rapid intersublevel dynamics  Transmission electron microscogYEM) was performed
and well-defined 0D density of states, larger self-assembledn a piece adjacefttto the sample studied optically to insure
QD'’s, which can accommodate several excited states with athat the self-assembling growth proceeded normally, and that
electronic intersublevel spacing comparable to the LO-o segregated inhomogeneous size or strain-field broadening
phonon energy, represent an ideal quantum system to stuayn be present in the PL spectra due to monolayer fluctua-
state-filling effects. For example, the observed PL peak sepdions or gross size or distribution nonuniformities. As can be
ration between the radiative recombination of adjacent exinferred from the picture, the dot density is 1@6n~ 2, and
cited states in self-assembled QD’s 36.5 nm in diameter isheir average diameter is 36.5 nm, which yields a coverage of
~50 meV? This allows the excited-state transitions to be 10%. Note that the inset shows that the QD size uniformity is
resolved from the Gaussian inhomogeneous broadeninigetter than 10%. Figureg& and 2b) show the cw PL spec-
which for self-assembled QD’s typically yield a full width at tra obtained for different excitation intensities. At very low
half maximum (FWHM) of ~50 meV. This broadening excitation densityf0.050 W/cnf), only one emission peak is
arises from small fluctuations in the QD’s confining size, theobserved at 1.10 eV with a shoulder at 1.13 eV. As the
alloy composition variations, and the shifts due to strain-fieldpower is increased, five peaks are resolved, including the
effects. The major contribution to the inhomogeneous broadground staté.These peaks are separated40 meV(in the
ening comes from the size variation due to the large confinease of the highest excited statasd ~50 meV (in the case
ing potentials and the small volumes. However, due to selfof the lowest statgs Their FWHM ranges from 30 to 40
organizing processes, segregated inhomogeneous simeeV, as deduced from a multiple Gaussian fit. Figu@ 2
broadening is not normally observed in,Gg, _,As/GaAs shows the time-integrated spectra obtained for pulsed excita-
self-assembled QD’s. Under favorable growth conditionstion. Also, for comparison, the calculated emission energies
the alloy fluctuations can be minimized, and would certainlyfor a corresponding hypothetical QW with a various number
never lead to segregated inhomogeneous alloy broadenirgf ML is shown at the top of Fig. 2. From the good QD size
under normal conditions. Finally, although the total-energyand near-neighbor distance uniformities observed in Fig. 1,
shifts due to strain fields are more than 100 niéthe QD  and from the complete lack of correlation of the emission
to QD variations are again small due to the self-organizatiorenergies with the emission expected for ML fluctuations, the
of the strain fields, leading to a normal distribution of the possibility of segregated inhomogeneous broadening can be
next-neighbor distanc&?>which also prevents the possibil- unambiguously ruled ouf. Furthermore, the emission peaks
ity of segregated inhomogeneous strain-field broadening. lobserved in Fig. 2 have the temperature dependence ex-
addition, many-body phenomena such as biexcitons, chargeected for excitons localized in deep confining potentials.
excitons, exciton complexes, and band-gap renormalizatiorlere some radiative recombination can still be observed at
can also contribute to the broadening at higher excitatiomoom temperature, whereas excitons localized in shallow
intensities, but for a large ensemble of QD’s they will be minima grossly suffering from segregated inhomogeneous
difficult to resolve from the above inhomogeneous broadenbroadening would be quenched at much lower temperatures
ing mechanisms, as they can only shift the emission energglepending on the localization potentj&pically a few tens
by few meV3318|t is therefore the purpose of this paper to of K (Ref. 30]. Finally, the excited-state nature of these
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FIG. 1. Dark-field TEM plan view micrograph of the,/@a; _ ,As/GaAs sample. The dark-light contrast seen is obtained under two beam
dynamical diffraction conditions. The operating diffraction vector is always perpendicular to the dark-light lobes, indicating a radially
symmetric strain field. The inset shows some statistics obtained from the TEM picture.

higher-energy transitions has recently been confirmed bedistribution typical of a QW system with the same composi-
yond any possible doubt by measuring the magnetic-fieldion. In the adiabatic approximation, we first find the energy
dependence of the observed pe&ks. E(p) corresponding to the motion along the growth direction
The expected electronic levels of the QD’s were calcufor a given thickness of the dot at the radial coordinate
lated with the structural information provided by the growth, The radial motion for each angular momentum channel in the
the TEM, and the PL results. The QD is modeled as a hemieffective confining potentiaE(p) is next solved exactly. In
spherical cap® with a fixed heighh and a radius at the base order to carry those calculations, the average QD height is
s, formed on a wetting layefWL) of thicknesst,,. The first estimated by computing the thickness of a QW that
confining potentiaV,. is zero inside the dot and the wetting would emit at the same ground-state energy than the QD’s.
layer, and finite outside. The effective-mass Hamiltonian,The total QD thickness thus obtained is 6.0 nm. Next, from
and the adiabatic approximation are used to describe théhe QD coverage, the average volume, and the total amount
conduction- and valence-band states in the QD. Our modeidf material deposited, the WL thickness is estimated to be
includes electron-hole Coulomb interaction, and the influ-1.6 nm. Results are presented in Fig. 3. The solid bars indi-
ence of strain was also partially considered. The preciseate the energy levels of a single QD wigk18 nm,h=4.4
strain distribution in these dots is still a matter of nm, andt,=1.6 nm, while the dashed line shows the absorp-
discussior’? so in a first approximation we used the strain tion spectrumD () of an ensemble of dots, with a size dis-



54 STATE FILLING AND TIME-RESOLVED. .. 11551

T 4 I ' I ' T

CW excitation

Absorption/emission intensity

Pulsed excitation

Photoluminescence (arb. units)

80 200
i Confinement energy (meV)

1.0

FIG. 3. Absorption spectrundashed ling and emission spec-
trum (solid line) obtained from theoretical calculations for an en-
semble containing many dots. The bars indicate the position of the
energy levels for a single dot with a potential profile, as shown in
Energy (eV) the inset. The amplitude of the bars is proportional to their oscillator
strengths. The parameter values @18 nm, h=4.4 nm, and
t,=1.6 nm. The numbers indicate the allowed angular momenta
(\évhich are consistent with the dot symmetry.
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FIG. 2. Low-temperaturéd K) PL spectra of 1gGa, £As/GaAs
self-assembled QD’s 36.5 nm in diameter, displaying excited-stat
radiative recombination as the intensity is increased. Spectra ex-_..
cited with a cw Ar-ion laser at different excitation intensities(@n )ﬁatlon and the
and(b), and excited at 1.968 eV with a pulsed dye lasdicjnWith

pulsed excitations, the excited-state emission is obtained at slightl h rically fitted t inal tial
lower excitation intensities. To illustrate that the PL arises from theSac Curve was empirically Titted 1o a singie exponentia

excited states and not from ML fluctuations in a QW, the calculateoruncuon of the formAe™"" in order to extract a decay time
emission energies for a corresponding hypothetical QW with a variconstant. The ground state as well as the first and second
ous number of ML is shown with the vertical bars at the top of €xCited states do not seem to show a single exponential de-
cay due to the state-filling effect, but, for the dynamic range
permitted by the experiment, deviations from the trial func-
tribution consistent with what is found in Fig. 1. If we are to tion were small. The same procedure was applied for two
assume the nonequilibrium distribution functiotw)=e ", other excitation intensities, namely, 1.3 and 325 Wcamd
the emission spectrum of a highly excited group of QD’s isTable | summarizes the results obtained. The results pre-
given byE(w)=n(w)D(w), as shown in Fig. 3solid line). It sented in Fig. 2 and Table | can be summarized as follows:
is found that there are indeed five groups of bound statesxcited-state emission and absolute saturation of the ampli-
below the confined states of the wetting layer. These grouptide of the lower transitions are observed as the excitation
correspond to states with different angular moment&heir  intensity is increased; the decay time of a given transition
grouping and spacing is consistent with a shell structure of éncreases with the excitation intensity to finally saturate
QD with an effective parabolic confining potential. The line slightly above 1 ns; and, finally, the upper transitions have
shape of the spectrum and the relative position of the peakiaster decay times. The above observations are all consistent
gualitatively correspond to experimental results. This simplewith state filling effects in QD’s as described above.
calculation shows that good agreement can be obtained be- Let us first discuss the cw PL experiment. The carriers are
tween experiment and theory using an ensemble of selffirst created in the barrier materigbaAs, and those created
assembled QD’s with excited-state emission. Observed disa the vicinity of the QD layer will be captured by the QD's.
crepancies may come from differences in the real versus therecise information about the capture process is not available
assumed QD shape. The effects of exciton-exciton interaat the moment, but carriers should first fall in the 2D con-
tions have also been neglected. In particular, it is expectetinuum states of the WL before being trapped by a QD.
that the ground-state emission is significantly broadened bWithout more precise experimental evidence, one has to con-
biexcitonic recombinations. sider that the carriers can then possibly fall directly into any
Time-resolved spectroscopy was used to monitor the timef the available discrete bound states, with no need to occupy
evolution of each emission line observed, and obtain inforall the excited states sequentially. However, since more
mation on the dynamics of the interband radiative recombistates are available in higher-energy levels, most carriers will

intersublevel thermalization. The time-
dependent trace for each PL peak is shown in Fig. 4 for an
verage excitation intensity of 13 W/énThe decay part of

figure.
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. time, before the saturation caused by the upper state feeding
i process, as being the radiative lifetimel ng. However,
since excited-state PL can be observed at high excitation
intensities, it is clear that intersublevel thermalization toward
. the lower levels is slowed due to the reduced number of
available final states caused by the state-filling effect. As the
intersublevel thermalization rate decreases and approaches
b the interband radiative recombination rate for a given
excited-state transition, the spectra display a progressive
saturation of the lower-energy transitions combined with the
emergence of additional emission peaks originating from the
upper excited states.

For the TRPL measurements all photoexcited carriers are
created within 5 ps, i.e., before any radiative recombination
can occur. At this point the QDs are empty afgl <7zap,
therefore capture times are fast compared to the radiative
lifetimes, and state filling will occur for lower average exci-
tation powers than in the cw case. This is observed in Fig. 2.
Then, after the QD’s are initially filled and neglecting non-
radiative recombinatioff the carriers can relax either by
radiative recombination or intersublevel relaxation, except
for carriers in the ground state which can decay by radiative
recombination only. When a recombination event occurs, it
creates an empty state. This empty state is eventually filled
i by a carrier coming from the upper levels, which in turn

Time Delay (ps) leaves an empty state in upper levels. This cascade stops
when the highest occupied level loses a carrier which cannot

FIG. 4. Time decay of the various emission peaks spectra obbe replaced. Thus the shorter intensity-dependent decay
tained by up-conversion measurements. The sample was excitéiimes of the upper excited states are a consequence of the
with a YAG-pumped rhodamyne 640 dye laser system producingtate-filling effect. Also, the nonsingle exponential decay of
5-ps pulses and emitting at 630.0 nm. The average power at thigwer-energy levels is caused by the constant supply of car-
sample was 1 mW, with a repetition rate of 76 MHz. Each trace wagijers coming from the upper states. For lower excitation in-
obtained &4 K by monitoring the decay of one energy lev80-  tensity the initial occupation numberw), of all the states is
meV bandwidth for detection lower, and the number of decay channels available for ex-

cited states becomes higher, and hence the shorter decay
enter the dot via an excited state. This imposeS that intel’SUbiTneS observed. For such case of low excitation densities,
level relaxation times are much shorter than the excited-statome of the excited states may be initially empty. Under
radiative lifetimes, otherwise excited-state |UmineSCenCQhese conditions, the decay time of the highest occupied level
would be observed at low excitation powghonon bottle-  js mainly determined by the intersublevel relaxation time.
neck effect, which is not seen in Fig. 2. The carrier popula- For 1.3-W/cnf excitation, the decay time of the=3 level is
tion and therefore the PL intensity of a given excited state310 ps, and for a Sequentia| picture in which carriers can
will be proportional toTg /(7is, +7rap), Where 7ig is the  only decay to the next lowest level, this time is an estimate
intersublevel relaxation time antk,p is the radiative life-  of the n=3-2 intersublevel thermalization time. Note that
time. This factor becomes negligible ifis<7rpp, @and  since excited-state luminescence can still be observed, state-
excited-state PL can be observed only;if, is comparable fijlling effects are present, and the empty dot intersublevel
to 7rap - Since no excited-state emission is observed at lowelaxation times are in fact much shorter than 310 ps.
excitation intensities, the above condition must be satisfieghoshita and Sakaki calculated that subnanosecond inter-
for empty QD’s, and we therefore interpret the longer decaysublevel relaxation times can be achieved for an energy spac-

ing of one LO phonon with a tolerance 6f3 meV. For the

TABLE |. Decay times obtained by single-exponential fitting of sample studied in this paper, the combined electron and hole
the time-dependent curves. intersublevel spacings range from 40 to 50 meV. According
to our calculations this corresponds to an electron spacing in

Peak bosit Decay times(ns) the range of available phonons energies of-30and 36-3
position . .
Level eV) Poyc=0.1 MW Poyc=1.0 MW P, =25 mW mev for the.InAs—Ilke and the GaAs—I!ke LO-phonon ener-
gies respectivel{®> These processes might therefore contrib-
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n=1 1.107 1.0 2.6 1.2 ute to the fast thermalization toward the lower-energy states.
n=2 1.157 0.18 0.87 1.0 In addition, Auger-like processes have been suggested to ex-
n=3 1.202 0.31 0.44 0.81 plain subnanosecond carrier relaxation in small QtFs.

n=4 1.247 0.30 0.45 It is also interesting to note that the rise times for the
n=5 1.287 0.19 0.27 various transitions at different excitation intensities are found

to be virtually the same, and close to the temporal resolution
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limit of our setup, namely, the 10—90 % rise times are-35 In conclusion, excited-state PL was obtained in
ps. For a given energy level, this time is determined by thdnosG& sAs/GaAs self-assembled QD’s, and up to five QD
diffusion time to the dot regiofir,y), the actual capture time bound states were observed. Up-conversion was used to
from the top of the barrier to the discrete bound state conMeasure the decay time of the excited-state emission. The

. . . ... fast intersublevel thermalization of the bare excited states,
sidered(7,), and the intersublevel dynamics. If the rise time

dom d by th . | Id which leads to a progressive state filling of the lower energy
was dominated by the capture tirfiee., slow ), one would  g¢ates. allowed the Fermi level to be raised by more than 200

expectrse to be different for each level since Fig. 2 indi- mev due to the combined large intersublevel spacing and the
cates that the lower levels will be filled first. Moreover, in low density of states. The decay time of each transition ob-
this case the intersublevel dynamics would play a role, andained under various excitation conditions has been used to
depending if a particular level is beneath or above the initiakevaluate the excited-state radiative lifetime, which is esti-

Fermi level its rise time should change dramatically. Thusmated to be~1 ns(similar to the ground state lifetimyeand

for slow 7. One expects the rise times to be a function Ofthe intersublevel thermalization time which is estimated to

energy level and excitation density. Equal rise times for all’® &t most a few hundred ps.

states at all intensities suggests that, is rather limited by Part of this research was supported by NSF Science and
carrier diffusion, which would imply that the actual capture Technology Center QUESIDMR No. 91-20007, and by an
times(7;) are much shorter than 35 ps. Future femtoseconA\FOSR Grant(No. F49620-92-J-0134 One of us(S.R)

resonant excitation experiments would help to clarify thiswould also like to acknowledge NSERC for their additional
fast capture dynamics. support.
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