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Time Resolved Spectroscopy of Single Quantum Dots: Fermi Gas of Excitons?
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Photoluminescence measurements with spatial and temporal resolution are performed on individual
GaAyGaAlAs quantum dots. Already 10 ps after weak, resonant excitation, we observe luminescence
which evolves to a spectrum of distinct, narrow lines. With increasing excitation intensity, the
spectral weight shifts from the lowest to higher levels but the peak energies hardly change. Our
results demonstrate that Coulomb scattering is an important relaxation mechanism and suggest that
the interacting electron-hole plasma in quantum dots behaves like an exciton gas obeying Pauli
exclusion. [S0031-9007(96)00141-X]

PACS numbers: 73.20.Dx, 78.47.+p

In quantum dots the charge carriers are confined in atharrow lines blueshifted with respect to the ground state
three spatial directions and the energy spectrum is discreti#y PL spectra collected on single Gg/&&aAlAs quantum
in analogy to the case of atoms. Energy levels of semicordots under low power continuous wave (cw) excitation [9].
ductor quantum dots containing electrons have been stud-is contrasts to similar, more recent experiments on InAs
ied by infrared absorption [1,2], resonant tunneling [3—5],dots, where the PL spectra have been interpreted in terms of
and capacitance spectroscopy [2,6]. These experimenta,single line per dot [10]. In the presence of a sufficiently
which probe electrons in dots with nearly parabolic con-dense electron-hole plasma, typical for strong excitation
finement, are insensitive to the many-body Coulomb intereonditions, relaxation by Coulomb scattering via an Auger
action due to the so-called generalized Kohn theorem [7,8mechanism is expected to become important in quantum
The determination of the energy spectrum from transportiots [17]. This mechanism has not yet been demonstrated
experiments is difficult because of charging effects. experimentally.

In photoluminesence (PL) spectroscopy, electron-hole In addition to detailed information on the relaxation
or exciton states are probed rather than the electron statgwoperties, our measurements also provide new insight
The experiment is sensitive to many-body effects, indinto the energy spectrum of the interacting electron-hole
dependently of the shape of the confinement potentiaplasma in quantum dots. We show that the spectrum
Sharp, discrete radiative transitions between quasi-zer@and the temporal decay of the luminescence from this
dimensional states in semiconductor structures are otlwomplicated few-particle system can be understood in
served only in spatially resolved spectroscopy of individuakerms of the single exciton properties of the quantum dot.
guantum structures (see, for example, [9—12]). WithouOur approach includes the Pauli exclusion principle, a
spatial resolution the measurements must be performed arery unusual concept for excitons.
arrays containing many structures which leads to a strong The measurements are performed on a series of
inhomogeneous broadening. In the experiment describeguantum dot structures fabricated by laser-induced
in this paper, we have combined the spatial resolution witlthermal interdiffusion of an undoped, 3 nm wide
a time resolution of about 10 ps. This allows us to follow GaAs/Gay ¢sAlp35As quantum well [9]. An individual
in the time domain the luminescence of the discrete statedot structure is defined by drawing a square frame of
of single quantum dots. Up to now, time resolved PL ex-size w with a focused At laser on the sample surface.
periments have been performed on arrays of quantum dofsn area of6 X 6 um around the dot is interdiffused
only. Individual lines are not resolved because of inhomoby scanning the beam continuously. Model calculations
geneous broadening and a fast rise of the PL is observedf the interdiffusion indicate that the lateral potentials
similar to results obtained with quantum wells [13,14]. are parabolic near the dot center with a barrier height of

There are important open questions regarding the energgbout 35 meV for both electrons and holes. The effective

relaxation in quantum dots. Theory predicts that in typicalateral confinement is given by the interdiffusion profile
semiconductor quantum dots relaxation by phonon emisand not just by the geometrical sime A splitting of the
sion is efficient only between levels separated by no morew PL ranging from 0 to 10 meV is observed on a series
than a few meV (via LA phonons) or by an energy within of dot structures of differentv. This splitting character-
a few meV from a LO phonon branch (via LO phononsizes the strength of the lateral confinement. Details of the
or a two phonon LO+LA mechanism) [15,16]. An ex- sample fabrication and the cw PL investigations are given
perimental indication for this slowing down of relaxation in [9]. In this paper we discuss two structures: sample A
in zero-dimensional (OD) structures is the appearance ofith strong (10 meV splittingw = 450 nm) and sample
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B with weaker (4 meV splitting,w = 500 nm) lateral For sample A, at long time delays, the spectra consist
confinement. The other structures of the quantum dot sesf a set of distinct peaks. The number and relative
ries also exhibit much weaker line splittings than sampleveight of these lines depend on the laser power, as
A and give qualitatively the same results as sample B. shown in Fig. 2. For an excitation power of 450 nW,

The sample is locally excited with a wavelength-tunable two main peaks separated by about 10 meV are observed;
continuously mode-locked Ti:sapphire laser which generthe spectrum is very similar to the ones measured with
ates 1.5 ps [full width at half maximum (FWHM)] pulses weak cw excitation [9]. With increasing power of the
with a repetition rate of 82 MHz. The laser is focusedresonant pulsed excitation, two strong, additional lines
through a microscope objective to a spot size of abouappear at higher energy and the spectral weight shifts
1.5 um FWHM. All measurements presented in this pa-systematically to these excited states. For sample B, the
per are performed at a sample temperature of 7 K. The Pindividual lines are hardly resolved in the time resolved
signal is dispersed through a 32 cm spectrometer and deaeasurement because the lateral confinement is much
tected by a two-dimensional syncroscan streak camera witlveaker. Accordingly, the blueshift of the spectral weight
a spectral and temporal resolution of 2 meV and 10 ps. with increasing power is smaller than in sample A.

Figure 1 shows time resolved PL spectra collected on The exciton number in the dav.,, excited by one
the single quantum dot structure A. The luminescence ipulse, is estimated a®/.x = ayNpn. The number
excited resonantly in the dot, below or above the threshold,,,. of photons which impinge on the sample follows
energy for LO phonon emission into the ground statedirectly from the measured average laser poWwevia
(hwLo = 36 meV in GaAs). The PL signal appears with Ny = P/vhe (photon energyiw, repetition ratev =
arise timer, of about 10 ps, close to the time resolution of 82 MHz). The factor y describes the portion of the
the experiment. This holds for the whole spectrum, at allaser spot profile on the actual dot size. An absorption
excitation intensitiesi@0 nW-14 uW) and all excitation probability of « = 6 X 1073 is used, as a typical value
energies (18—66 meV above the ground state). Within théor GaAs quantum wells. For thé.5 um spot on the
first 50—100 ps the spectra are broadened to an amoustructure with a geometrical size of = 450 nm, we thus
which increases with the pulse power. The short risebtain 12.5 excitons per pulse in the dot fopuW laser
time, the independence on the excitation energy (above qower. For the power range of Fig. 2, the estimate gives
below the LO phonon energy), and the density dependerftom 170 down to about 2 excitons per pulse on average.
broadening show that Coulomb scattering is important Let us now consider the dependence of the peak posi-
in the early stage of thermalization. Scattering by LAtions on the excitation power, i.e., the estimated exciton
phonons is too slow to explain the small value 9f numberN.. The lowest two lines, which dominate at
[18]. For relaxation dominated by LO phonon emissionweak excitation, shift by about 1 meV to smaller energy
alone, we would expect strong effects when the excitationvhenN,, increases from 1.7 to 56. The position of the two
energy is scanned throughw;o. Neither the rise time higher levels is independent 8t , within the spectral res-
nor the spectra show a systematic dependence of this kindlution. The remarkably weak energy shifts strongly sug-
Apparently, Coulomb scattering, which can promote a pargest that the photoexcited carriers are well described as an
of the charge carriers aboviev; o and with that allows for  exciton gas over the whole rangegf;. The state filling
LO phonon emission even for an excitation belbw; o,  effect indicates Fermi statistics. A Fermi gas of excitons?
is efficient down to the smallest laser power of 140 nW.Let us first quantify this approach before we show that it
These conclusions hold for all investigated dot structurescan also explain the temporal decay of the PL spectra.
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FIG. 1. PL spectra of sample A for different time delay windows. The excitation power, focused3pm spot, is given at the
top left. Excitation is within the dot, 59 or 30 meV above the lowest PL peak, as indicated on the top right.
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' T - Excitonic effects are very important in our dot structures
because the exciton binding and lateral confinement ener-
140 nW gies are comparable. The dominant radiative levels are
almost equidistant and their recombination rates are simi-
lar. The Fermi energ¥ of an exciton gas, defined by fill-
ing in turn the discrete levels, is given by the left curves.
The confinement potential in a real structure will certainly
450 nW differ from the parabolic and rotational symmetric model
potential. Such a deviation can be due to charged defects
introduced by the laser processing in the surrounding area
or simply by not perfectly constant interdiffusion condi-
1.4 pW tions during writing the square frame which defines the
dot. It mixes energetically neighboring states and non-
radiative excitons gain oscillator strength. We therefore
expect more radiative states in the real structures, but the
oscillator strength should remain centered around the dom-
inant radiative states of Fig. 3. In any case, the real energy
spectrum is discrete and the dependencgbn N, is,

as a property of the level statistics, not very sensitive to a
perturbation of the confinement potential.
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140 nW increasing from 1 to 100 shows that the appearance of the
WJ‘/%W two higher energy peaks in sample A is consistent with
Mme the occupation of the discrete states from below. The

140w B lowest states first acquire a sizable occupation and the

level degeneracy is higher at the excited state transitions.
M As a consequence, the lower peaks saturate at intermediate
| ) , power levels, while the upper ones increase linearly with
1.68 1.70 1.72 174 1.76 Puptol4 uW. For weaker lateral confinemenb{ =
ENERGY (eV) 2 meV) the increase itk is smaller, in accordance with

_ _ the smaller blueshift observed on sample B.

FIG. 2. PL spectra integrated over times of more than 250 pS For the investigated quantum dots, theory predicts that

g:te%?ﬁngﬁlzs:d tg)iﬁléag)?gitlgti%lﬁ\gg\?vift 1.764 ev. The spectrg p phonon scattering between exciton_ states separated
by more than about 5 meV becomes inefficient on the

A theoretical description of single exciton states in thetime scale of radiative recombination (Fig. 2 of [18]). In

dots under study has been developed in [18]. The rightample A relaxation from the first excited radiative state is

part of Fig. 3 shows the calculated level scheme of heavhindered, but excitons at higher energy can relax using the

hole excitons in a model potential for samples A and B.closely spaced nonradiative levels (Fig. 3). This explains
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FIG. 3. Calculated energies and radiative lifetimes of excitons in quantum dots. The parabolic lateral potential is characterized
by the separatiofiw, of the single electron states. The valie, = 6 meV (2 meV) corresponds to sample A (B). The inverse
recombination timer~! of the radiative states is given by the length of the horizontal bars, through the bottom scale. The left part
shows the Fermi energhir as a function of the number of excitong, in the dot, at zero temperature.
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why for low excitation power the ground and first excitedfast relaxation. For the example ., = 50, Tex =
transitions are observed but not yet the two higher energy meV and considering the Pauli exclusion principle, we
lines. The latter appear only at stronger excitation wher@btain independent recombination of the lines for strong
the relaxation from the higher radiative states decreases lfgample A, iw, = 6 meV) and an internal dynamics
an increasing occupation of the states below. To achievior weak (sample Bfiw, = 2 meV) lateral confinement,
a sizable occupation, the thermal enekdyof the exciton in agreement with the experiment. On the other hand,
gas should not exceed its Fermi enerfly. Therefore without Pauli exclusion a pronounced internal dynamics
it is favorable, first, to have a small density of statesis calculated both for weak and strong confinement.
(ideally a quantum dot of large level spacing) in order to In summary, time resolved microscopic PL spec-
obtain a sizableZ; already at low excitation power and, troscopy has been performed on individual quantum dot
second, to excite resonantly in order to avoid heating by atructures. We find that Coulomb scattering is important
high excess energy. As a consequence, sample A, whidh the carrier relaxation process, down to very low excita-
exhibits the smallest density of states, is predestined tbon power. The interpretation in terms of a Fermi gas of
form a degenerate Fermi gas. excitons describes the whole set of experimental results:
In Fig. 4, we compare the time evolution of the PL the systematic change of the spectra with increasing
spectra of samples A and B, under the same excitatiotaser power, the Pauli blocking of the relaxation, and the
conditions. In sample A the excited state transitionsqualitative differences between strong and weak lateral
exhibit comparable or even longer decay times than theonfinement. The concept of a Fermi gas of quantum
ground state, showing the absence of efficient relaxatiodot excitons is an interesting subject for futures studies.
expected for the degenerate Fermi gas. This contrasBxperimental investigations on quantum dots fabricated
sample B. There is a clear transfer of intensity with timeby other techniques could provide information about the
from higher to lower energy, the decay time decreases witgenerality of the results with respect to the shape of the
increasing energy. In sample B, the density of states isonfinement potential. On the theoretical side, we need a
too high to achieve a degenerate Fermi gas and therefomicroscopic understanding why the observed behavior of
the Pauli blocking of the relaxation is less efficient. Thatthe correlated electron-hole plasma in the quantum dots
the energy distribution is more classical in this case als@an be interpreted in terms of single exciton properties.
appears directly from the spectra in the insets. We are pleased to thank C. Delalande, J.Y. Marzin,
In addition, we have theoretically studied the energyB. Ohnesorge, P. Voisin, and M. Voos for their support,
relaxation of the exciton gas in the quantum dots. Ahelpful suggestions, and discussions. One of us (A.F.)
rate equation, based on calculated exciton LA phonothanks the European Community for financial support
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