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Microphotoluminescence studies of single quantum dots. I. Time-resolved experiments
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Photoluminescence measurements with combined spatial, temporal, and spectral resolution are performed on
single GaAs/GgAl ;_,As quantum dots. The complete spatial quantization leads to a spectrum of discrete
emission lines. A series of structures with various confinement strength is investigated, as a function of
excitation wavelength, excitation power, and temperature. In all cases, a fast rise of the luminescence is
observed. Several independent results show that Coulomb scattering plays a major role within the early stage
of energy relaxation. At liquid-helium temperature, a strikingly different recombination dynamics is observed
for dots with various lateral potential. For weak lateral confinement, energy relaxation is directly observed in
the time dependence of the luminescence spectrum. In contrast, in the sample with strongest confinement,
independent recombination of the discrete lines occurs. Increasing the excitation power, higher-energy lines
appear and the spectral weight shifts systematically from the lowest to the higher-energy lines. For this
variation, which corresponds to an increase in the estimated number of electron-hole pairs in the single dot
from about 1-2 to 200, the peak energies hardly change. We have also performed detailed calculations of the
energy spectrum and the relaxation and recombination times of excitons in quantum dots. The experimental
results are surprisingly well interpreted assuming the formation of an exciton gas obeying the Pauli exclusion
principle.[S0163-18207)06907-3

I. INTRODUCTION sers. In contrast to the measurement techniques described
above, PL spectroscopy probes not only the conduction band
The charge carriers in quantum dots are confined in albut transitions between valence- and conduction-band states.
three spatial directions. In analogy to the case of atoms ofhe PL spectrum contains a number of important informa-
molecules this leads to a discrete energy spectrum. Thions that are sometimes difficult to extract. It reflects the
conduction-band states of semiconductor quantum dots haw®nduction- and valence-band structure, the dynamics of re-
been studied experimentally by intraband absorption of inlaxation and recombination, and is sensitive to excitonic and
frared light? resonant tunneling,® capacitance spec- many-body effects.
troscopy>®’and Raman scatterirfign intraband absorption, Although fabrication techniques for artificial semiconduc-
dipole transitions between the-electron ground state and tor structures have been greatly improved, inhomogeneities
n-electron excited states are probed. For nearly parabolic lastill remain within arrays of one-dimension&lD) or 0D
eral confinement potentials, usual for samples with a laterastructures. Up to now, most experimental studies have been
confinement induced by structured gates, the transition eneperformed on such arrays exhibiting fluctuations of size
gies are insensitive to many-body effects. The dipole operaand/or composition. In optical spectroscopy, this leads to in-
tor only couples to excited states of the center-of-mass coofiomogeneous broadening, which hampers the study of the
dinate without affecting the relative motion of the individual intrinsic properties of the low-dimensional systéht?
carriers. This result is usually called the generalized Kohn Space-resolved spectroscopy allows the investigation of
theoren™° Electron transport through quantum dots, suchan individual quantum structure. The PL spectrum of a single
as resonant tunneling and capacitance spectroscopy, @glantum dot should not be affected by inhomogeneous
strongly influenced by charging effects. The Coulomb block-broadening. Local potential fluctuations in a single dot may
ade is an interesting phenomenon in itself but hampers theodify the quantization energy of discrete atomiclike levels,
determination of the intrinsic electron spectrum. Raman scatbut should not cause line broadening.
tering is a powerful technique that allows one to measure the In the microphotoluminescence/{PL) experiment, local
energy splitting between the-electron ground state and ex- excitation and detection are achieved with a resolution of
cited states in quantum dots. For smalthe method is very about 1um by the use of an optical microscope objective.
difficult for intensity reasons, but on the other hand there ardVith u-PL it has been shown on specially designed single
no limitations due to the generalized Kohn theorem or charggquantum dot structures, that the discrete radiative transitions
ing effects. between OD states can be measured in semiconductor
PhotoluminescencéPL) spectroscopy is the most widely heterostructure¥:**The u-PL spectrum of a single dot con-
used optical characterization tool for semiconductor quantunsists of sharp, atomiclike lines, in contrast to the broad spec-
dots. The PL properties are of central importance for opticatra observed by ordinary PL spectroscopy on arrays of quan-
applications as light detectors, emitters, modulators, or latum dots. Theu-PL technique is versatile and powerful. The
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spatial resolution of excitation and detection can be variedepts underlying the time-resolved PL of quantum dots. Sec-
independently and the efficient collection allows spectrostion IV contains a description of the experimental setup. The
copy with very weak excitation. The excitation conditions presentation of the experimental results in Sec. V is divided
are well characterized, the dependences on the wavelengtiifo four parts according to the different parameters that have
intensity, and polarization of the exciting beam provide de-been systematically varied: the excitation wavelengih,
tailed information on the intrinsic optical properties of a the excitation powe(B), the lateral confinemeri€), and the
nanostructure. Narrow, OD-like transitions can be observeg@mple temperatur@®). A concluding discussion is given in
by -PL also on single quantum wel&:1” These lines are S€c- VI
attributed to excitons confined to a local interface imperfec-
tion. As an example of the power of the technique, even Il. SAMPLES
confined biexcitons could be identified by a quadratic depen-
dence on the excitation power, a distinct polarization depen- Both the time-resolved and the magnetic-field experi-
dence and a two-photon absorption line in adPL excita- ments are performed on single quantum dot structures fabri-
tion spectrumt® The sharp lines related to interface cated by laser-induced local interdiffusion. This section
imperfections in quantum wells have been observed also bgives a brief description of the fabrication process, while
near-field scanning optical microscoppNSOM).'® With ~ more detailed accounts have been published elsevhéte.
NSOM a better spatial resolution can be obtained to the exfhe samples have been characterized in detail byweRL
pense of sensitivity. For the example of a spatial resolutiorspectroscopy?
of 100 nm in the visible spectral range, about three orders of A schematic cross section of a dot structure is given in the
magnitude of the signal are lost in this nonimaginginset of Fig. 1 of Ref. 12. The starting material is a 3-nm-
techniquet®?° To our knowledge, NSOM spectroscopy with wide, undoped GaAs/GggAl g3As single quantum well
local detection could not yet be performed under reasonablgrown by molecular beam epitaxy. A band-gap modulation is
low excitation conditions. Finally, cathodoluminescence hagroduced by locally heating the sample by an*Ataser
also been employed successfully to avoid inhomogeneouseam focused to a spot of about 500 nm full width at half
broadening by spectroscopy of single quantum &bts.this ~ maximum (FWHM). An external laser power stabilizer and
case, local excitation is provided with high excess energyn autofocus system are used to keep the laser intensity on
and the spatial resolution is limited by the diffusion length ofthe sample surface constant. Thermal interdiffusion of the
the electrically injected carriers. well and barrier layers takes place underneath the spot cen-
In the present two papers, we report on a detailed inveger. A dot structure is defined by first drawing a square frame
tigation of the optical properties of single quantum dots. Theof sizew with the focused laser beam. Subsequently an area
samples have been fabricated by laser-induced local interdibf 6X6 wm around the dot is interdiffused by scanning the
fusion of a GaAs/GgAl ;_,As quantum-well heterostruc- beam continuously. This procedure gives rise to a lateral
ture. We have realized a-PL experiment with picosecond modulation of the band gap as shown schematically in the
time resolution, which allows us to follow the line spectrum lower part of the inset. The strongly nonlinear temperature
of a single dot directly in the time domaf??® This paper dependence of the interdiffusion allows one to realize steep
(part ) contains a comprehensive discussion of these timelateral barriers for electrons and holes.
resolved studies. In the following papfrart Il (Ref. 24], In Fig. 1 of Ref. 12 and Fig. 4 of Ref. 3Q4-PL spectra
results of another experiment are presenjed®L spectros- collected on different quantum dots at liquid-helium tem-
copy of the single quantum dots in high magnetic field. perature are presented. Only one dot is measured at a time
With the time-resolved measurements, we address a nun@d consequently there should be no inhomogeneous broad-
ber of important open questions regarding the dynamics oéning of the spectra. Indeed, the PL lines of the quantum dots
relaxation and recombination in quantum dots. It has beeare much smaller than the inhomogeneously broadened line
predicted theoretically that phonon-assisted relaxation shouldf the as-grown quantum welf meV FWHM). The energy
be considerably slowed down by complete spatialshift of the lowest PL line is a combined effect of lateral
quantizatiort>~?" In typical quantum dot structures, the re- confinement and alloying of the dot center. The effective size
laxation by LA phonon scattering should be efficient only of the lateral confinement is given by the interdiffusion pro-
between levels with an energy separation smaller than a fefile and not just by the geometrical sige This can be seen
meV. LO phonon emissionand two phonon LGLA in Fig. 6 of Ref. 29, where the effective lateral modulation of
mechanismkis possible only for energy separations within athe band edges, theoretically expected for structures with
few meV from a LO branch. Relaxation by Coulomb scat-w=600, 450, and 300 nm, is presented. Decreasgirfgom
tering via an Auger-like process has also been considred.large values, the laser-induced barriers move closer together,
This relaxation mechanism is expected to be efficient in thevhich leads to an increasing lateral quantization. Maximum
presence of a dense electron-hole plasma, even for small datenfinement is obtained when the barriers are about to meet
where the phonon scattering rates are low. In addition to that the dot center. We expect this to be realized in the
information on the energy relaxation properties, our time-w=450 nm dot where a maximum line splitting of about 10
resolved studies also provide new and unexpected insighmeV is observed. Decreasing further, the increasing Al
into the spectrum and the recombination dynamics of an ineontent near the center of the dot leads to a strong blueshift
teracting electron-hole plasma in a quantum dot. of the PL ground state, but a decreasing lateral barrier height.
This paper is organized as follows. In Sec. I, we describéd~or w—0, we approach the case of a homogeneously al-
the investigated series of single quantum dot structures. Ifoyed 2D layer without lateral confinement. Section 111 A 2
Sec. lll, we briefly discuss some of the basic physical concontains a comparison of the experimental PL spectra with
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calculated exciton states. It is important to remember that the Theoretical results for the energy spectrum and radiative
correct measure for the strength of the lateral confinement ikfetimes of quantum dot excitons are presented in Fig. 3 of

the line splitting of thew-PL spectrum and not the geometri- Ref. 22. We consider the effective-mass Hamiltonian
cal sizew.

H=Hy+Hgp,
Ill. BASIC CONCEPTS - 5
St B L N A
In this section we discuss some of the basic concepts rel- Ho:V:Ee'h _2mV KEJF Wi + Emva(xﬁ Y),

evant to the time-resolved PL of quantum dots. It is divided
into three parts(A) the eigenstates of the electronic system, o2
(B) the mechanisms of energy relaxation after optical exci- Hep= —f dzef dz;| xe(Ze) |2 xn(Z0) [P ——-
tation, and(C) the theoretically expected properties of an &lre—rpl
exciton gas in a quantum dot.

@

H. describes the electron-hole Coulomb attraction screened
o by the static dielectric constard; and weighed over the
A. Electron-hole pairs in quantum dots ground subband wave functions, xi, of the quantum well.

1. Independent electron-hole pair The lateral confinement, included id,, is described by
arabolic potentials with rotational symmetry in they
lane. We usav,= we(m./my)¥? so that the electron and
ole parabola have the same curvature, as suggested by the

The simplest way to describe the luminescence spectru
is to consider band-to-band transitions between singleh

particle states. The lateral potential and the lowest heavy(-: lculated band edge profiles presented in Fig. 6 of Ref. 29
hole and electron states, calculated for our laser fabricategl, \\_ 450 nm. Thus. a single parameter, the enefgy,

dots, are presented in Fig. 6 of Ref. 29. In these samples, _tr}?escribes the strength of the lateral confinement in this

confinement is much stronger in the growth direction than Nhodel. The HamiltoniarH is diagonalized numerically by

the lateral directions. Therefore it is a good approximation, expansion on the analytical eigenfunctionsHyf The

for the near-band-edge states to consider the lateral motiqgtter are parametrized by the radial quantum numbers
as independent and to neglect valence-band mixing. In th and the angular momentum quantum numbers| o;‘
| S

general case, there is a coupling between the different Spatiﬂ]e 2D harmonic oscillator. The invarianceldfto rotations

and light-hole components. A calculation of hole levels in

guantum dots including valence-band mixing can be found irglr momgntumj :.le.tl h of the exc_|to_n envelo_pe function.
Refs. 31 and 32. nly excitons withj=0 decay radiatively, while the other

Already the single-particle spectrum is discrete in quan-s.tates are not coupled to the light in the dipole approxima-

tum dots. Therefore the electron hole Coulomb attractiorf O The radiative Iifetir_ne-R of a particular s_tate(i%% obtained
does not have the same qualitative effect as in systems fom its envelope functionje(re,ry) according t

higher dimensionality where it introduces discrete transitions

in an originally continuous spectrum. In small dots, where R j drer,r) 2)
the confinement energy strongly exceeds the energy associ-

ated with the Coulomb attraction, the independent electronye first emphasize that the spectrum of radiative states is
hole pair picture is adequate. This situation can be realizedyominated by a series of almost equidistant lines, with a
for example, in epitaxially grown strained semiconductor is-gnacing that increases withw, . Disregarding the mixing of
land structures?*-**in the corresponding calculations the the center of mass and the relative exciton coordinate by the
electron hOI% Coulomb attraction can be treated as a weakera| potential, we can approximatively ascribe these main
perturbatior? lines to the confinement of the center-of-mass motion in the
parabolic potential. Another important point to notice is the
strong increase of the density of the nonradiative Q) lev-
When the spatial confinement is comparable to or weakeels with increasing energy. This also is a property of the
than the Coulomb attraction, the single-particle levels argparabolic potential shape. Remember that the degeneracy of
strongly mixed and the independent electron-hole pair picthe single-particle states of a 2D harmonic oscillator in-
ture breaks down. This is the case in our samples. The readereases linearly with energy.
may compare the level splittings in Fig. 1 of Ref. 12 with the  The cw PL spectra collected on tiwe=400 and 500 nm
exciton binding of a GaAs quantum webf the order of 10 dots are dominated by their lowest-energy peak but display
meV). In principle, the exciton concept applies only to the clear structures of almost equidistant spacing at higher pho-
case of one electron-hole pair in the dot. Experimentally thigon energy. The position of the experimental lines compares
means a low excitation power, which ensures that the avequite well with the calculated exciton energies if we consider
age number of pairs is less than one. The cw spectra pré&w,=3 meV (2 meV) for w=400 nm (500 nm). For the
sented in Ref. 12 and 30 correspond to this single excitod50-nm dot our model of the local thermal interdiffusion
regime. The estimation derived in Sec. V B gives a value ofjives# w,=6 meV. The 10-meV splitting between the low-
102 pairs in time-average for the 125-nW spectra of Fig. 4est two peaks agrees with Fig. 3 of Ref. 22, but the threefold
of Ref. 12. The measured magnetic field shifts of théL  splitting of the excited statéRef. 12, Fig. 4 is not borne out
lines presented in part (Ref. 29 also show the excitonic by the calculation. This fine structure cannot be explained
character of the single quantum dot spectra. either by varying the ratia,/wy, .3° However, the first ex-

-2

2. Single exciton
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cited radiative state is almost degenerate with the loweshreshold valueE; has to be compared to the level separa-
j=*2 state. A deviation of the lateral potential from rota- tions within the exciton energy spectrum. Applied to the cal-
tional symmetry would mix the three states; i.e., the nonraculated spectrum of Fig. 3 of Ref. 22 we notice the follow-

diative excitons would gain oscillator strength. Such a deviaing. For fw,=6 meV, direct scattering between the main

tion can be caused by charged defects introduced by the lasediative lines is widely suppressed. At high energy efficient
processing in the area surrounding the dot or simply by notelaxation is possible via the closely spaced nonradiative lev-
perfectly constant interdiffusion conditions during writing els, while we expect a rather slow relaxation from the first

the square frame that defines the dot. excited to the ground radiative state. For weaker lateral con-
finement,h w,=2 meV, there should be efficient relaxation
3. Interacting electron-hole plasma directly between the radiative levels all the way down to the

Th . . b . inal i d wh rground statdin this case the separation of the radiative lev-
e situation becomes increasingly complicated Wherpq is smajler thark,). Experimentally, the most prominent
more than one electron-hole pair is present in the dot. Fo

. . o Excited-state transitions are observed in the sample where the
two pairs, the formation of a biexciton state has been theor

; ) . ) evel splitting is maximum, which is consistent with the
retically predicted’ and experimentally observé8Studying pitng

her simol del of q h onl | slowing down of relaxation with increasing lateral confine-
a rather simple model of a quantum dot with only two €lec- .o ; A detailed description of the theoretical work on the
tron and two hole levelgapart from spif Barenco and

: . spectrum, relaxation, and radiative recombination of quan-
Dupertuis® have calculated the spectrum for up to 4 inter- P d

) i . o tum dot excitons are given in Ref. 36, together with calcula-
acting electron-hole pairs. They find very intricate spectrayiong on the relative intensity of the PL lines.
which sensitively depend on the number of carriers.

The parabolic potentials, which are used to describe our
structures, have special properties concerning interaction ef-
fects. The generalized Kohn theorem states that for parabolic In contrast to the phonon scattering mechanism where the
quantum dots the spectrum of dipole transitions betweegXxcess energy of the photo-generated carriers is transformed
states from the same parabolic band only reflect singleinto lattice vibrations, Coulomb scattering between the
particle energieg'.lo This theorem, however, does not apply charge carriers only causes an energy redistribution within
to interband transitions and we expect to see many-body ethe electronic system. Such a redistribution can nevertheless

fects in the luminescence even for parabolic confinement. be very important for the thermalization. It allows a large
number of carriers to access a few particular efficient relax-

ation channels. One example is the rapid cooling of an elec-

B. Mechanisms of energy relaxation tron gas through emission of LO phonons by electrons in the
tail abover w o of their distribution.
- _ o Bockelmann and Egeler have proposed and studied the

The most efficient phonon scattering mechanism in th&ollowing, Auger-like mechanism for efficient electron relax-
polar IlI-V .compounds is the interaction with LO phonons. ation in quantum dot& In a typical PL experiment electron-
Typical scattering rates are of the order of20L0°s™. A hole pairs are excited close to or above the barriers of the
first-order phonon emission or absorption process is possiblgteral potential. Depending on the excitation intensity and
only if the energy separation between the initial and finakhe efficiency of relaxation, an electron-hole plasma of siz-
electron states matches the phonon energy. In quantum dotgple density can be present in this energy range. An electron
the discrete electronic energy spectrum together with they an excited quantum dot state can now relax by transferring
very weak energy dispersion of the LO phonon prevents thgs energy to the plasma by Coulomb interaction in an Auger-
Frohlich interaction in the general case. like process. A scattering event involves a transition between

On the other hand, scattering by LA phonons is possiblewo quantum dot states and a single-partiédectron or
over a wide energy range. However, it has been shown thegole) or collective plasma excitation. The plasma itself,
retically that, although the mechanism remains possible, thgjaced in an energy region with a quasicontinuous spectrum,
rates of electron—LA-phonon scattering in quantum dots decan easily thermalize by phonon scattering. For a plasma
crease drastically when the energy level separation exceedsjansity of 10° cm~2, the calculated Auger scattering rate of
thresholdE, .?° Although momentum conservation is relaxed an electron in the first excited dot level exceeds€9 2,
due to the spatial confinement, abdiethe energy conser- eyen for small lateral dot size where relaxation by LA pho-
vation requires scattering by LA phonons with a wave vectohon emission is inefficierf® In the dot structures investi-
too large to be accommodated by the electron. The thresholgated here the described Auger mechanism is possible also
energy E;, given by E;=%c2n/L, only depends on the for resonant excitation within the dot. Here the narrowly
sound velocitycs (3700 m/s for GaAsand the smallest di- spaced higher-energy states play the same role as the 2D

mension of the quantum ddt. Throughout our series of continuum states above the lateral potential barrier play in
guantum dot€E;=5.1 meV is constant; the value &f=3 the calculations.

nm is given by the width of the underlying quantum well.
Due to the larger effective mass the hole level splitting is
smaller than the electron one and therefore hole relaxation in
guantum dots remains efficient down to somewhat smaller In this section we discuss some properties of a gas of
lateral structure size. noninteracting excitons in a quantum dot. At first sight it
The described relaxation bottleneck exists in a similardoes not seem to make much sense to extend the single ex-
way also for excitons in quantum dofsin this case, the citon picture to a situation with more than one electron-hole

2. Coulomb scattering, Auger mechanism

1. Phonon scattering

C. Exciton gas
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pair in the dot, since as mentioned in Sec. Il A 3, few-body
interaction effects are expected to have a strong impact on
the energy spectrum. The motivation for this discussion is
twofold. (i) Our experimental spectra, which will be pre-
sented in Sec. V, show a surprisingly weak dependence on
the number of excitons in the dot and therefore suggest such2
an excitonic description(ii) Even a rough theoretical de-
scription may be a helpful guideline since, to our knowledge,
no more realistic theoretical description is available, neither
for the few-electron-hole pair spectrum nor for the dynamics
of relaxation and recombination.

INTENSITY (arb. un

1. Bose or Fermi statistics?

The Wannier exciton is a many-body excited state of the
solid. Even if we disregard this aspect in the simple electron-
hole picture, we deal with a composite of two half-integer
spin particles. In guantum dot samples where the effects of
lateral confinement and exciton binding are of similar impor-
tance, the average distance between the excitons is never
large compared to the exciton radius. Therefore already in
the limit of two excitons the composite character is revealed _ )
and the Pauli exclusion principle should be important. The FIG. 1. Calculated PL spectrum as a function of time for an
latter acts between the two electron and the two hole comgXciton gas in a quantum dot with parabolic lateral potentials of
ponents. In consequence, there should be no low-density r we=6 meV. At the time origin a Fermi distribution is assumed

gime corresponding to an exciton gas of Bose statistics ilﬁz:::aﬁler;:()g; ?r:(gl'lz%liirf ah;ennggesf;ﬂfrxi(?;;cm:t\e/dTrgfethrz?_
guantum dots. In the limit of small dots, where the spectrum,._ - P L > ra-
iative recombinatioricalculated, and nonradiative recombination

bfc?meshmlcreas.mgly well detsfnbed In te:;ns Ig)f IHQeF:epdthgwith a rateP of 2x10° s~ for all level§ of the excitons. The
efec;]ronl- ole palrst\r/]e |eX?$(|; 0 recov.er' e, ermi s adls 'ﬁ auli exclusion principle is included in the rate equation. A lattice
of the electron and hole. ermi statistics is assumed, t ‘?emperaturél] of 10 K is used.

curves presented in the left part of Fig. 3 of Ref. 22 give the

Fermi energy as a function of the number of excitbhgat  Between square brackets, the Planck distributigngives
zero temperature. Strictly speaking, as a composite particlgye number of phonons present in equilibrium at the lattice

t_he_ exciton_obeys neithe_zr a pure Fermi nor a pure Bose St%mperatureT,. For w;>0 this number is increased by
tistics, but in the following we nevertheless consider thes¢ne' to account for spontaneous phonon  emission

two limiting cases. [sgnk=0)=1, sgnk<0)=—1]. The scattering timesﬂ
are calculated to first order of perturbation theory, assuming

the deformation potential interaction with one bulk LA
In this section we present some theoretical results on thehonon®®*° For the loss rate

dynamics of an exciton gas in a quantum dot. We study the
behavior of exciton gases, where in one case a Fermi and in
the other case a Bose statistics is assumed. Qualitatively dif-
ferent results are obtained. For Fermi statistics, Pauli block-
ing of relaxation can strongly modify the time-resolved op-We consider, in addition to LA phonon scatterifigst tern,
tical response. The fo"owing set of rate equations iSnonradiatiVe recombinatio('described by a Single phenom-
considered: enological rateP for all levels and radiative recombination
[riR according to Eq(2)]. From the solution of Eq(3) we
directly obtain the time-dependent luminescence spectrum
since the intensity emitted from the exciton statis given
This determines the time dependence of the occupatiogy
probability n; for all quantum dot exciton states. The first \]iocniTinl_ (6)
term on the right side describes scattering into the $tate o
second gives the particle loss out of this state. The paramet¥/® @ssume the initial distribution
\ determines the quantum statistias=0 stands for Bose- ni(t=0) = (1+eE~#)/Tex)~1
Einstein and\ =1 for Fermi-Dirac statistics. Foax =1, the : '
Fermi factors suppress scattering into occupied states arithis Fermi distribution is characterized by the temperature
ensure thah;<1. At the lattice temperaturg, , the scatter- T, and the number of excitorls,,. The chemical potential
ing rate between two levelsandj, separated by an energy u is determined byNg,, Te,, and the calculated energy
fiw;;=E;—E;, reads spectrum. The initial condition is used as a very simple de-
1 0.1 - scription of the system shortly after an excitation pulse,
mij =7 Lnp(|w;l, T)+32+3z80Mw))]. (49 which is followed by fast carrier relaxation through com-

2. Dynamics of relaxation and recombination

S=P+m 1+ 7 (1-\n) (5
J#i

dn;

n =J§ 7 (1-An)—n;S . 3
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INTENSITY (arb. units)
INTENSITY (arb. units)

FIG. 4. Same as Fig. 1, for a lateral potentialfab,=2 meV
FIG. 2. Same as Fig. 1, for a lateral potential witth,=2 meV. and without Pauli exclusion.

bined LO-phonon and Coulomb scattering. The present ratelnder the same excitation conditions the initial distribution
equation analysis is restricted to the time and energy rangie more degenerate for stronger lateral confinement. For
where LA phonon scattering represents the dominant mech@&w,=6 meV, we obtain a chemical potential=24 meV
nism. >Toy, While in the 2-meV casg=5.3 meV is comparable

The set of scattering timeé)j and radiative lifetimesTis  to T,,, which means a more classical energy distribution.
calculated for the 100 lowest exciton states, only once for For the 6-meV dot with Pauli exclusioffFig. 1), we ob-
each dot of giverk w, . This allows a systematic study of the serve a continuous time decay of the intensity. Comparing
effects of the lattice temperaturg, the nonradiative loss the integrated signal from the range 14—18 meV with the
rateP, the exciton numbeN,,, the temperatur&,,, and the signal of the radiative lines at 2.6 and 7.8 meV, we can
parameten, which determines the quantum statistics. define three energy intervals of roughly equidistant spacing

Typical results of a numerical solution of E@) are pre- that exhibit a similar time dependence. The absence of an
sented in Figs. 1-4. The same initial distribution with efficient population transfer between these energy intervals
Nex=50, Te,=4 meV is assumed, applied to dots with has two reasong1) The slowing down of LA phonon scat-
hw,=2 meV andiw.=6 meV, for bothh=0 and\=1. tering renders direct scattering between the lowest radiative
We find qualitatively different dynamics for the four cases.lines inefficient, as described in Sec. 11l B(@®) Relaxation
through the intermediate nonradiative states is hindered by
the Pauli principle since these states are widely occupied.

An internal dynamics is recovered for weaker lateral con-
finement(Fig. 2). In this case direct scattering between the
radiative states is possible and the Pauli blocking of relax-
ation is less active due to the more classical carrier distribu-
tion (see above There are characteristic plateaus in the time
dependence of the low-energy lines. They arise from the
combination of efficient relaxation and Pauli exclusion,
which assures a population close to one for these states over
a long time interval.

Assuming Bose statistics, the dynamics changes. For
strong lateral confinemeriFig. 3), the signal from the inter-
val 14-18 meV decreases much faster and the two lowest
lines each acquire a pronounced maximum at sizable time
delay. The fast decay is caused by relaxation through the
closely spaced nonradiative levélg. 3 of Ref. 22, which
is possible although these states are occupied since there is
no exclusion principle. Relaxation of excitons, the majority
from nonradiative states, causes the delayed maxima for the
two lowest lines.

For Bose statistics and weak lateral confinem&ing. 4)
FIG. 3. Same as Fig. 1, without the Pauli exclusion principle. the carriers relax very rapidly into the ground state, which

INTENSITY (arb. units)
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then acquires a populatiom=>1. The corresponding maxi- of the lateral confinemen(C), and the sample temperature
mum intensity exceeds the values obtained in the forme(D).

situations by about a factor of teftompare the vertical

scales of Figs. 194 The decay of this strong luminescence A. Excitation wavelength dependence

reflects the radiative lifetime of the ground state. In the other

three cases, the time dependence is given by a complicated The depth (.)f the lateral potential in the laser-induced
interplay of relaxation and recombination. guantum dots is about 35 meV, both for the electron and

heavy hole. We have performed pulsed excitation with a

photon energy between 18 and 66 meV above the lowest PL
IV. EXPERIMENTAL TECHNIQUE line. Thus this energy interval ranges from the case of reso-
nant excitation deeply in the dot to resonant excitation close
to the top of the confining lateral barrier. For an excess en-
ergy close to the LO phonon bran¢86 meV in GaA$ reso-

The experimental setup is schematically depicted in Fig
5. Excitation is provided by a cw mode-locked Ti:sapphire

!astir pggnspe;iztéy an Ar Iase.r. 2—%s—dltjratlon_tpulses aretrsfﬁnant enhancement of relaxation by LO phonon emission into
n Et: d_t t-nT rang_?hln or etft.o exntzle_ rzszoR/la: yTh?he ground state should occur. Below this LO phonon thresh-
quantum dot structures. Jne repettion rate 1 Z- "N%1d remains relaxation by LA phonon scattering and, depend-

pulse duration is systematically controlled by an autocorrelai—ng on the number of charge carriers, Coulomb scattering.

tor. The excitation beam linearly polarized and adequatel){:Or relaxation dominated by LO phonon emission, we would

attenuated is focused through a microscope objective. Thﬁms expect a sizable change when the excitation energy is

Spot size at the s_ample surfac_e_ is i (FWHM). The scanned throughw . This is not observed experimentally.
position and focusing of the exciting beam are controlled byAS shown in Fig. 6, we always observe a fast rise of the
a high precisionXyz tran_slatlon stage. The sample is ground-state PL, independently of the excitation wavelength.
mounted on a cold finger in a continuous-flow He cryostatyyo see no resonant behavior at the excess energy of
which allows measurements in the 5-100-K temperatur%wLo_ The rise time of about 10 ps, which is close to the
ran_lgr(]a. hotolumin n ianal from th mol lect time resolution of the experiment, is too short for relaxation
€ pnotoluminescence signal fro € samp'e, collecte y LA phonon scattering. These considerations indicate that

by the microscope objective, passes through a 200pin- Coulomb scattering, which can always promote part of the

fole Iocatgd atan image plane. Thus, the observgtion Is dor?:%rrier distribution abové w o, and thus make LO phonon
on a restricted sample ar¢a—3 um) and observation of a emission possible, is important. This result is further sup-

single dot is made possible. The signal is then dispersed by rted by the power dependence, to be presented in the next
82-cm spectrometer with 300-g/mm gratings and deteg:ted b ection. The fast rise of the PL a,nd the absence of an effect
?ilgu?gttilgr?”t)r/]emrgegggends:tei‘m:rgﬁﬁ: ;gg:tgggg:.ismltshssC'lo'nat hw o is observed for all excitation powers, all investi-
: i o " h&ated quantum dot structures and for the whole temperature
high stability of the excitation source allows a deconvolutlonrange
procedure giving a slightly better time resolution. Thus, the '
overall spectral and time resolutions of the experimental
setup are 2 meV and 10 ps. Part of the excitation beam is
directly sent to the streakscope through a delay line in order The excitation power determines the number of photoex-
to get a fixed time reference avoiding any jitter problemscited electron-hole pairs in the dot. For excitation with pico-
between two different data accumulations. second pulses, we may safely neglect recombination during
An analyzer is placed before the spectrometer to decreasfe pulse. The number of excitons in the dot, created by a
the intensity of the scattered excitation light and to ensure 8ingle pulse, is estimated with the expression

better signal-to-noise ratio for resonant excitation of the

B. Excitation power dependence

guantum dot. Nevertheless the minimum excess energy that P

we were able to achieve was only 18 meV. The mechanical Nex=ay vho @
stability of the setup allows integration times as long as 30

min without drifting away from the single dot. An absorption probability ofv=6x10"2 is used, a typical

value for GaAs quantum wells. In the energy range where
excitation is provided, the total level density in the quantum
V. EXPERIMENTAL RESULTS dot is sufficiently high to ensure that the absorption is not
In this section, we present the results of the time-resolvedignificantly different with respect to the unmodulated 2D
measurements. It is divided into four parts, according to thé&ase. The factoy is the laser power that impinges onto the
different physical dependencies that have been studied. Ipduare dot of sizev divided by the total power in the fo-
the first two parts, the dependence on the excitation wavecused beam. The fraction on the right-hand side gives the
length (A) and excitation powe(B) is discussed. This sys- number of photons per pulse. It is given by the measured
tematic variation of the excitation conditions provides usaverage poweP, the photon energfiw, and the pulse rep-
with information on the relaxation mechanism, active shortlyetition ratev (82 MHz). For a Gaussian spot with 1&m
after the excitation pulse and responsible for the rise of théull width at half maximum,P=1uW, Aiw=1.7 eV, and
PL. The time-dependent spectra at later times reflect the eWv=450 nm, we thus obtaiflg,=12.5.
ergy spectrum and the complex relaxation and recombination To describe the case of cw excitation, we define an aver-
dynamics of the electron hole plasma. They show a charaage numbeN and a mean lifetime- of the excitons in the
teristic dependence on the excitation poW®Y, the strength  quantum dot. The relation
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and the focus of the laser spot on the sample. In fact it is
important to avoid lateral drift of the sample during the long
accumulation time of the measurements, since we have ob-

then describes the balance between the energy gain by phgerved that the relative intensities of the lines can change in
ton absorption(left) and the energy loss by exciton recom- & nonsymmetric way when the sample is intentionally dis-

bination (right). From Eqgs.(7) and(8) it follows that

)
xTV .
w

— Pr
N=ay—=N;g )

fw
Under the assumption that the relaxation is much faster than
the recombination, which in quantum dots is not always jus-
tified (see Sec. lll B 1, we can approximate by the calcu-
lated lifetime. Withw=1.96 eV,7=10 ° s (Fig. 3 of Ref.
22) andP=125 nW, we thus estimafé=10"2 excitons for
the u-PL spectra of the 450-nm dot under weak cw excita-
tion (Fig. 4 of Ref. 12. The cw estimation has to be consid-
ered with some precaution because there could be an accu-
mulation of charge carriers in states that are weakly coupled
to the light; this would mean a longer effective lifetimend
therefore a higher exciton numbkr This problem does not
exist for pulsed excitation as long as the time interval
between the individual pulses is long enough to ensure that
all photoexcited carriers recombine before the next pulse ar-
rives.

We have employed laser powers between 140 nW and 14
u#W. According to the above estimate, this corresponds to
the range from 1-2 to 170 excitons in the dot. In Fig. 7, we
present the measured temporal change of the PL spectrum
for three different laser powers. Within about the first 100 ps,
the spectra appear broadened to an amount that increases
with increasing excitation power. This density-dependent
broadening strongly supports the interpretation that Coulomb
scattering contributes significantly to the initial stage of en-
ergy relaxation.

With increasing time delay, the broadening decreases and
the late spectra consist of a number of distinct peaks. The
relative intensity of the peaks changes systematically with
laser power. This dependence is shown more clearly in Fig. 2
of Ref. 22, where a series of spectra measured with different

laser power are directly superimposed. The spectra are rey=

corded without intentionally changing the lateral positionbel

+60 meV]

+36 meV]

T =260 ps

/

+18 meV]

PL Intensity ( arb. units )

Time (ps)

FIG. 6. Time dependence of the fundamental transition of the
450 nm quantum dot for three excitation energies above and
ow the LO phonon emission threshoR=4.5 uW, T\=7 K.
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450 nW 56 meV 1.4uW 56 meV 14 uW 56 meV
YA I BN v 300 - 800 ps
_N/W/\xuw M\M 200 - 300 ps
FIG. 7. Photoluminescence spectra of the
single dotw=450 nm for different time delay
WM”/\\W M 100 - 200 ps windows. The excitation powe? increases from
left to right, as indicated at the top of each figure.
Pulsed excitation is provided at 1.764 eV, 59
50 - 100 ps meV above the lowest luminescence line. The
sample temperature is 7 K.

PL INTENSITY (arb. units)
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170 172 174 170 172 174 170 172 174
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placed with respect to the microscope objective. Such a disfhe PL spectrum of the photoexcited electron-hole plasma
placement decentralizes both the excitation and the detectiatan be interpreted in terms of an exciton gas over the whole
on the dot. We have carefully checked the power dependengange ofN.,. The state filling effect indicates Fermi statis-
presented in Fig. 2 of Ref. 22 with a second series of meatics.
surements where the position of the laser spot has been re-
centralized for each spectrum. For an excitation power of
450 nW, two main peaks separated by about 10 meV are
observed. Taking into account the smaller spectral resolution Up to this point we have presented results on the quantum
in the time-resolved measurement, this spectrum is vergot structure ofv=450 nm. This structure exhibits by far the
similar to the one observed under weak cw excitation. Withstrongest lateral confinement within the investigated series of
increasing power of the resonant excitation, two additionafuantum dots fabricated by laser-induced thermal intermix-
strong lines appear and the spectral weight shifts systemating of one quantum well. We have also studied dots with
cally to higher energy. Only under resonant, pulsed excitageometrical sizes of 400, 500, 600, and 1000 nm. All these
tion are we able to observe the two strong higher-energgtructures of weak lateral confinement exhibit the same
transitions. In the cw case, an increase in laser power fromualitative behavior in the time-resolved measurements. In
125 nW to 20uW causes a considerable broadening but thehis section, we show, taking the example of the 500-nm dot,
two high-energy lines only appear as weak structtffes. that this behavior strongly differs from the one observed for

The observed strong power dependence is attributed to strong lateral confinement. On the 500-nm dot a PL line
successive filling of excited states. The almost equidistansplitting of about 4 meV is observe(Fig. 1 of Ref. 13,
spacing of all 4 lines compares well with the calculation forwhich in the theoretical description correspondsiio,=2
hwe,=6 meV. If Fermi statistics is assumed, the theoreticalmeV. Due to the smaller lateral confinement, the individual
shift of the Fermi energy by about 30 meMft part of Fig.  lines are not resolved in the time-resolved spectra shown in
3 of Ref. 23 is consistent with the appearance of the twoFig. 2 of Ref. 22. Again we observe a blueshift of the spec-
higher-energy lines in the experimental spectra. With in-tral weight with increasing laser power. Due to the higher
creasing powefi.e., exciton nhumberthe lowest states first density of states, this blueshift is, however, much smaller
acquire a sizable occupation. The level degeneracy is highéhan in thew=450 nm dot. The experimentally observed
at the excited-state energies. As a consequence, the lowdstieshifts of different size are in agreement with the theo-
peaks saturate at intermediate power levels, while the uppeetical results obtained fofw,=2 meV and 6 meMtop of
ones increase witP up to 14 uW. Fig. 3 of Ref. 22.

Let us now consider the dependence of the peak positions In Fig. 4 of Ref. 22, we compare the time dependence of
on the excitation power, i.e., the estimated exciton numbethe PL of the weak and the strong confinement case. The
Neyx. The two lowest lines shift by about 1 meV to lower same nominal excitation conditions are used. For weak lat-
energy withN, increasing from about 1 to 60. The position eral confinement, a transfer of intensity from the higher-to
of the two higher-energy levels appears to be independent ahe lower-energy part of the PL spectrum is detected with
Ney Within the experimental accuracy. The very weak energyincreasing time. The spectral weight of the PL shifts system-
shifts indicate that the spectrum remains of excitonic originatically to the ground state, as exemplified by the time evo-
For cw excitation the estimated exciton number in the dot idution of the selected spectral windows in the right side of
about 102 and the emission spectrum is excitonic. Increasthe figure. The decay times, obtained from a fit to the tem-
ing the exciton number in the dot up to about 1 with cw poral decay of the PL, decrease with increasing energy. On
excitatiort? and to about 200 with pulsed excitation, only a the strong confinement sample, tive=450 nm dot, a strik-
very small shift of the emission spectrum occurs. Thereforéngly different recombination dynamics is observed. The
we conclude that the spectrum remains of excitonic originexcited-state transitions exhibit comparable or even longer

C. Dependence on the lateral confinement



55 MICROPHOTOLUMINESCENE ... I. ... 4465

decay times than the ground state. No systematic transfer of - . . -
intensity from higher to lower energy is observed on this
guantum dot. The observed dynamics resembles our theoreti-
cal results for an exciton gas with Fermi statistics presented
in Fig. 1 for strong and in Fig. 2 for weak lateral confine-
ment. Notice the plateaulike time dependence at short time
delay observed fow=500 nm. Theory predicts such an ef-
fect (Fig. 2), however in a more pronounced form than ex-
perimentally observed.

On the other hand, the experimental results are fully in-
consistent with the assumption of an exciton gas with Bose
statistics(Figs. 3 and 4 None of the two striking qualitative
features of the dynamics in the Bose case is experimentally
observed. For strong lateral confinememt=450 nm, cor-
responding to Fig. 3 the lowest PL maximum should appear
more than 400 ps after the pulse; the measured value is be-
low 50 ps. We also do not observe the one order of magni-
tude difference in the peak intensity of the lowest PL line
between the 450- and 500-nm quantum dot structure, to be
expected from the comparison of Figs. 3 and 4.
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D. Temperature dependence

Raising the sample temperaturerfrd K up to 60 K, a FIG. 8. Temperature dependence of the intenditp) and the
gualitatively different behavior is observed for the quantumdecay time(bottom of the spectrally integrated PL for single quan-
dot series and the reference quantum WEIG. 8. In the  tum dot structures of various geometrical sizeand the as-grown
temperature rangé—25 K) where the PL intensitie@ipper ~ quantum well (dashed line ¢: quantum well; dotted lineO:
par) are essentially constant the PL recombination timev=1um; dashed-dotted line wit®: 500 nm; solid line, 450 nm;
(lower pan} increases for the quantum well but decreaseground(®), first excited (), second excited ¢), and third ex-
slightly for the dots. The increase of the quantum-well decayitéd (A) stat9. Apart from the PL intensity for 450 nm all experi-
time is a typical result obtained when excitation is performednental points correspond to an average over the PL spectrum. The
with a nonzero excess energy. It is attributed to the thermaﬁor'zontal error bars give the temperature variation during the mea-
excitation of excitons or polaritons from radiative states aturement detected_ by_ a temperature sensor Iocatt_ad close to the
the bottom of the 2D subband to nonzero Center-of-masgample' Pulsed excitation is provided at 1.764 eV with an average
momentum states, which are not coupled to the f§rt?In powerP of 2.5 uW.

the u-PL arrangement the measured quantum-well decay The temperature-induced change within the PL spectrum

time can be affected by spatial diffusion of the carriers out of f the w=450 nm quantum dot is presented in Fig. 9. With

the detection range. Recent measurements of the exciton iﬁicreasin temperature the relaxation becomes faster for two
plane diffusion constant indicate that the 60-K decay timereasons(i% the gxciton—LA honon scattering rates increase
could be influenced by this effect, while at lower temperature,. P 9 '

the diffusion length should be small compared to the Spopi) the more classical exciton distribution leads to a less
size® efficient Pauli blocking of the relaxation. This gives rise to

an accelerated decay of the excited states, in qualitative ac-

In a quantum dot the translational invariance is broken, ordance with the decrease in the relative intensity of the
which leads to higher-energy radiative states. Therefore th% Y

thermal depopulation of the lowest states does not necess I'ggﬁ:i_tg[]i?/:agl]y “r?gv?/e\\llvgrh Les%per?r:gr?hggrzticla? ?nn: deZIS d';'_
ily imply an increase in the decay time in contrast to the case Y, ' 9

P : . cribed above, we expect a smaller temperature effect than is
of a quantum well. Considering the decay of a single IS0Iate{zxperimentally observed. We therefore attribute part of the

0D state we would expect a negligible temperature depen= L . . )
P g'g b P ecrease in high-energy intensity to a systematic decrease of

dence. In practice, the temporal decay of the quantum doie number of carriers in the dot with increasing temperature
lines will vary according to the temperature dependence o} 9 P '

the energy relaxation, of the carrier distribution and of the'rn accordance with the above-mentioned influence of non-

nonradiative decay rates. We observe a systematic decreasa(?d'a“v.e recomb|_nat|on af‘d escape mec_hanlsms. That t_he
of the decay time of the spectrally integrated PL with in- reflaxation dynamics effectively changes with temperature is

creasing temperature and with decreasing geometrical sizfi,l:frgég’s%'} irhoem dif’é 13}:2 C\;gm;é?;z?rzatgfe? syissterr;‘gac;tilc_
w (Fig. 8). This is attributed to the activation of nonradiative Y Y gy

loss mechanisms, which might be related to structural defect%red’ the qualitative difference between the dynamics of the

in the intermixed barriers. We cannot explain the ComplexStrong and weak confinement case diminishes.

temperature dependence by simply considering thermal acti-

vation out of the dot above the lateral barrier. An exponential VI. CONCLUSIONS

activation law with an activation energy given by the energy

difference between the 0D state and the top of the lateral The observation of up to four almost equidistantly spaced
barrier does not well describe the measured results. PL peaks suggests that tebape of the lateral confinement
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— T the low-power cw spectrum(ii) the intensity of the two
high-energy lines compared to the two low-energy lines de-
pends in a nonsymmetric way on the position of the sample
with respect to the point of local excitation and detection,
(iii ) more radiative lines appear in the spectra than are theo-
retically expected for a parabolic lateral potential with rota-
tional symmetry(iv) nonradiative processes seem to become
important at rather low temperature. It remains that within
our series of quantum dots each structure exhibits a discrete,
individual energy spectrum. The strength of the spatial quan-
tization is varied and pronounced 0D effects are systemati-
cally observed on the sample with strongest lateral confine-
ment, thew=450 nm dot. It would be interesting to perform
similar time-resolved studies also on other types of quantum
dot structures. For instance, the confining potentials of epi-
taxially grown quantum dots are expected to be nonparabolic
5K x1 and stronger than in the present case.
PR B S S We find several experimental indications foriarportant
1.68 1.7 172 1.74  1.76 contribution of Coulomb scattering to the process of energy
Energy (eV) relaxation. First, there is the density-dependent broadening
of the spectra at short time delays, which increases with the
FIG. 9. Time-integrated spectra of the=450 nm quantum dot  excitation power. Second, a fast rise of the PL is observed
at different temperatures. The relatively strong broadening is causeiddependently of the lateral confinement and the sample tem-
by the integration over the full time intervaD—800 p3, which  perature. Third, we observe no pronounced effects when the
notably includes the initial stage of relaxatiéompare Fig. 7,  eycitation wavelength is varied through the threshold for LO
3;;02 Zi'tr;hﬁ futlcl)t't':]‘ee Q;e):i\:‘r?l :151 L:Srend t? styfte"}agga&y C(k’]mrpa:re] honon emission. The measurements indicate that relaxation
pectra up tc num temperature o wnere ‘gy means of Auger proces£Bss efficient down to very low
photoexcited carriers recombine to a large extent already within 2007 . ~" . - . - .
ps after the pulseP=2.5uW. excitation power. This might algo e>_<pla|n the efficient Iurr_n—
nescence and the short PL rise time observed on epitax-
potentialof the investigated quantum dot structures is essenially grown InAs/In,Ga; _,As quantum dot island
tially parabolic. Nevertheless, deviations from a perfectlystructures®3*344449t would be interesting to improve the
symmetric shape should exist. This follows from a numbeitime resolution and to measure the dependence of the PL rise
of observations on thes=450 nm structurefi) the first ex- time on the number of photoexcited carriers. This could pro-
cited state exhibits a fine structure, which is well resolved irvide additional information on the relative importance of

PL Intensity ( arb. units )

w=450 nm /\ /\ w=450 nm
2.5 uw 2.5 uw
T=18 K v \ 7260 K |7l
1 2 é\”%\ 1 12 3 4“\
1.7 1.73 1.7 1.73 .

FIG. 10. Time dependence of
the PL intensity from selected
spectral windows for thev=450
nm quantum dot, at 15 Kleft)
and 70 K (right). The spectrum
given in the inset is integrated
over times of more than 400 ps
after the excitation pulse for
T=15 K and from 0 to 800 ps for
T=60 K.

3 1=150 ps
4 1=130 ps

| I
0 300 600 900 O 300 600 900

TIME ( ps )
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carrier-carrier and carrier-phonon scattering in the energy re- By the present work we have demonstrated that PL spec-
laxation. troscopy of a single quantum dot is possible with picosecond
Strikingly different behavior is observed for the sampletime resolution. Using resonant excitation and low excitation
with the strongest confinement as compared to all the othgsower we have been able to avoid sizable heating, as is evi-
structures of our series. The strong confinement samplgenced by the narrow linewidths. The sensitivity of the ex-
shows pronounced 0D effects. Increasing the number of experiment is excellent, the ultimate limit of a single exciton
citons in the dot from about 1-2 to 200, additional excited—per pulse in the dot has been approached. We believe that
state transitions appear up to more than 30 meV above th@me-resolvedu-PL spectroscopy has the potential to be-

ground state. This extremely strong variation of the spectrungome an important technique in the field of semiconductor
demonstrates the small density of states caused by the comRanostructures.

plete spatial quantization. It is accompanied by a surprisingly
weak shift of the discrete lines. These small shifts and the
similarity between the low-power time-resolved and the cw
spectra strongly suggest an excitonic description over the
entire range of excitation power. The calculated behavior of We thank K. Brunner, G. Bam, and G. Weimann for

a Fermi gas of excitons in a quantum distin qualitative  providing the samples and G. Abstreiter, G. Bastard, C.
agreement with our experimental finding#: state filling is  Delalande, J. Y. Marzin, B. Ohnesorge, P. Voisin, and M.

observed in the spectrum with increasing laser poigrin ~ Voos for support or helpful suggestions. The work has been
the strong confinement sample at low temperature we see raupported financially by the Deutsche Forschungsgemein-
population transfer from higher to lower energy with increas-schaft(SFB 348 and a PROCOPE contract. One of(AsF.)

ing time, (iii ) an internal relaxation dynamics is recovered byis grateful for a Human Capital and Mobility grant of the
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