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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
GaAsyGaAlAs 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 tha
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
a
e
on
tu
5]
n
n
er
,8
o

ol
at
in
tia
er
o
a
u

d
on
be
it
w
t
x

do
o

ve

r
a
is

or
in
s
-
n

ate

9].
As
s of
tly
ion
er

tum
ted

n
ight
ole
um
his
in

ot.
, a

of
ed
e

of
.

ns
ls
of

ive
le

ies

the
en
A

In quantum dots the charge carriers are confined in
three spatial directions and the energy spectrum is discr
in analogy to the case of atoms. Energy levels of semic
ductor quantum dots containing electrons have been s
ied by infrared absorption [1,2], resonant tunneling [3–
and capacitance spectroscopy [2,6]. These experime
which probe electrons in dots with nearly parabolic co
finement, are insensitive to the many-body Coulomb int
action due to the so-called generalized Kohn theorem [7
The determination of the energy spectrum from transp
experiments is difficult because of charging effects.

In photoluminesence (PL) spectroscopy, electron-h
or exciton states are probed rather than the electron st
The experiment is sensitive to many-body effects,
dependently of the shape of the confinement poten
Sharp, discrete radiative transitions between quasi-z
dimensional states in semiconductor structures are
served only in spatially resolved spectroscopy of individu
quantum structures (see, for example, [9–12]). Witho
spatial resolution the measurements must be performe
arrays containing many structures which leads to a str
inhomogeneous broadening. In the experiment descri
in this paper, we have combined the spatial resolution w
a time resolution of about 10 ps. This allows us to follo
in the time domain the luminescence of the discrete sta
of single quantum dots. Up to now, time resolved PL e
periments have been performed on arrays of quantum
only. Individual lines are not resolved because of inhom
geneous broadening and a fast rise of the PL is obser
similar to results obtained with quantum wells [13,14].

There are important open questions regarding the ene
relaxation in quantum dots. Theory predicts that in typic
semiconductor quantum dots relaxation by phonon em
sion is efficient only between levels separated by no m
than a few meV (via LA phonons) or by an energy with
a few meV from a LO phonon branch (via LO phonon
or a two phonon LO+LA mechanism) [15,16]. An ex
perimental indication for this slowing down of relaxatio
in zero-dimensional (0D) structures is the appearance
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narrow lines blueshifted with respect to the ground st
in PL spectra collected on single GaAsyGaAlAs quantum
dots under low power continuous wave (cw) excitation [
This contrasts to similar, more recent experiments on In
dots, where the PL spectra have been interpreted in term
a single line per dot [10]. In the presence of a sufficien
dense electron-hole plasma, typical for strong excitat
conditions, relaxation by Coulomb scattering via an Aug
mechanism is expected to become important in quan
dots [17]. This mechanism has not yet been demonstra
experimentally.

In addition to detailed information on the relaxatio
properties, our measurements also provide new ins
into the energy spectrum of the interacting electron-h
plasma in quantum dots. We show that the spectr
and the temporal decay of the luminescence from t
complicated few-particle system can be understood
terms of the single exciton properties of the quantum d
Our approach includes the Pauli exclusion principle
very unusual concept for excitons.

The measurements are performed on a series
quantum dot structures fabricated by laser-induc
thermal interdiffusion of an undoped, 3 nm wid
GaAsyGa0.65Al 0.35As quantum well [9]. An individual
dot structure is defined by drawing a square frame
size w with a focused Ar1 laser on the sample surface
An area of 6 3 6 mm around the dot is interdiffused
by scanning the beam continuously. Model calculatio
of the interdiffusion indicate that the lateral potentia
are parabolic near the dot center with a barrier height
about 35 meV for both electrons and holes. The effect
lateral confinement is given by the interdiffusion profi
and not just by the geometrical sizew. A splitting of the
cw PL ranging from 0 to 10 meV is observed on a ser
of dot structures of differentw. This splitting character-
izes the strength of the lateral confinement. Details of
sample fabrication and the cw PL investigations are giv
in [9]. In this paper we discuss two structures: sample
with strong (10 meV splitting,w ­ 450 nm) and sample
© 1996 The American Physical Society
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B with weaker (4 meV splitting,w ­ 500 nm) lateral
confinement. The other structures of the quantum dot
ries also exhibit much weaker line splittings than sam
A and give qualitatively the same results as sample B.

The sample is locally excited with a wavelength-tunab
continuously mode-locked Ti:sapphire laser which gen
ates 1.5 ps [full width at half maximum (FWHM)] pulse
with a repetition rate of 82 MHz. The laser is focus
through a microscope objective to a spot size of ab
1.5 mm FWHM. All measurements presented in this p
per are performed at a sample temperature of 7 K. The
signal is dispersed through a 32 cm spectrometer and
tected by a two-dimensional syncroscan streak camera
a spectral and temporal resolution of 2 meV and 10 ps

Figure 1 shows time resolved PL spectra collected
the single quantum dot structure A. The luminescenc
excited resonantly in the dot, below or above the thresh
energy for LO phonon emission into the ground st
(h̄vLO ­ 36 meV in GaAs). The PL signal appears wi
a rise timetr of about 10 ps, close to the time resolution
the experiment. This holds for the whole spectrum, at
excitation intensities (140 nW 14 mW) and all excitation
energies (18–66 meV above the ground state). Within
first 50–100 ps the spectra are broadened to an am
which increases with the pulse power. The short r
time, the independence on the excitation energy (abov
below the LO phonon energy), and the density depend
broadening show that Coulomb scattering is import
in the early stage of thermalization. Scattering by L
phonons is too slow to explain the small value oftr

[18]. For relaxation dominated by LO phonon emissi
alone, we would expect strong effects when the excita
energy is scanned through̄hvLO. Neither the rise time
nor the spectra show a systematic dependence of this k
Apparently, Coulomb scattering, which can promote a p
of the charge carriers aboveh̄vLO and with that allows for
LO phonon emission even for an excitation belowh̄vLO,
is efficient down to the smallest laser power of 140 n
These conclusions hold for all investigated dot structur
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For sample A, at long time delays, the spectra con
of a set of distinct peaks. The number and relat
weight of these lines depend on the laser power,
shown in Fig. 2. For an excitation power of 450 nW
two main peaks separated by about 10 meV are obser
the spectrum is very similar to the ones measured w
weak cw excitation [9]. With increasing power of th
resonant pulsed excitation, two strong, additional lin
appear at higher energy and the spectral weight sh
systematically to these excited states. For sample B,
individual lines are hardly resolved in the time resolv
measurement because the lateral confinement is m
weaker. Accordingly, the blueshift of the spectral weig
with increasing power is smaller than in sample A.

The exciton number in the dotNex, excited by one
pulse, is estimated asNex > agNphot. The number
Nphot of photons which impinge on the sample follow
directly from the measured average laser powerP via
Nphot ­ Pynh̄v (photon energȳhv, repetition raten ­
82 MHz). The factor g describes the portion of the
laser spot profile on the actual dot size. An absorpt
probability of a ­ 6 3 1023 is used, as a typical value
for GaAs quantum wells. For the1.5 mm spot on the
structure with a geometrical size ofw ­ 450 nm, we thus
obtain 12.5 excitons per pulse in the dot for1 mW laser
power. For the power range of Fig. 2, the estimate giv
from 170 down to about 2 excitons per pulse on averag

Let us now consider the dependence of the peak p
tions on the excitation power, i.e., the estimated exci
numberNex. The lowest two lines, which dominate a
weak excitation, shift by about 1 meV to smaller ener
whenNex increases from 1.7 to 56. The position of the tw
higher levels is independent ofNex, within the spectral res-
olution. The remarkably weak energy shifts strongly su
gest that the photoexcited carriers are well described a
exciton gas over the whole range ofNex. The state filling
effect indicates Fermi statistics. A Fermi gas of exciton
Let us first quantify this approach before we show tha
can also explain the temporal decay of the PL spectra.
FIG. 1. PL spectra of sample A for different time delay windows. The excitation power, focused to a1.5mm 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.
3623
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FIG. 2. PL spectra integrated over times of more than 250
after the pulse. Excitation is provided at 1.764 eV. The spe
are normalized to the excitation power.

A theoretical description of single exciton states in t
dots under study has been developed in [18]. The r
part of Fig. 3 shows the calculated level scheme of he
hole excitons in a model potential for samples A and
3624
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y
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Excitonic effects are very important in our dot structur
because the exciton binding and lateral confinement e
gies are comparable. The dominant radiative levels
almost equidistant and their recombination rates are s
lar. The Fermi energyEF of an exciton gas, defined by fill
ing in turn the discrete levels, is given by the left curve
The confinement potential in a real structure will certain
differ from the parabolic and rotational symmetric mod
potential. Such a deviation can be due to charged def
introduced by the laser processing in the surrounding a
or simply by not perfectly constant interdiffusion cond
tions during writing the square frame which defines t
dot. It mixes energetically neighboring states and n
radiative excitons gain oscillator strength. We theref
expect more radiative states in the real structures, but
oscillator strength should remain centered around the d
inant radiative states of Fig. 3. In any case, the real ene
spectrum is discrete and the dependence ofEF on Nex is,
as a property of the level statistics, not very sensitive t
perturbation of the confinement potential.

The shift of EF by more than 30 meV withNex

increasing from 1 to 100 shows that the appearance of
two higher energy peaks in sample A is consistent w
the occupation of the discrete states from below. T
lowest states first acquire a sizable occupation and
level degeneracy is higher at the excited state transitio
As a consequence, the lower peaks saturate at interme
power levels, while the upper ones increase linearly w
P up to 14 mW. For weaker lateral confinement (ve ­
2 meV) the increase inEF is smaller, in accordance with
the smaller blueshift observed on sample B.

For the investigated quantum dots, theory predicts
LA phonon scattering between exciton states separ
by more than about 5 meV becomes inefficient on
time scale of radiative recombination (Fig. 2 of [18]).
sample A relaxation from the first excited radiative state
hindered, but excitons at higher energy can relax using
closely spaced nonradiative levels (Fig. 3). This expla
cterized
se
ft part
FIG. 3. Calculated energies and radiative lifetimes of excitons in quantum dots. The parabolic lateral potential is chara
by the separation̄hve of the single electron states. The valueh̄ve ­ 6 meV (2 meV) corresponds to sample A (B). The inver
recombination timet21 of the radiative states is given by the length of the horizontal bars, through the bottom scale. The le
shows the Fermi energyEF as a function of the number of excitonsNex in the dot, at zero temperature.



VOLUME 76, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 6 MAY 1996

d
rg
er
s
iev

es
to
,
y
hi

L
tio
n
th
tio
as
e
i

s
fo
a
ls

gy
A
o

ed
n
e
of

nt
ve
p
e

he
m

e
ng
s
,
nd,
ics

c-
dot
nt

ta-
of
lts:
ing
he
ral

um
es.
ted
he
the
d a
r of
ots
.
in,
rt,
F.)
ort

the
48)

art,

w

s,
why for low excitation power the ground and first excite
transitions are observed but not yet the two higher ene
lines. The latter appear only at stronger excitation wh
the relaxation from the higher radiative states decrease
an increasing occupation of the states below. To ach
a sizable occupation, the thermal energykT of the exciton
gas should not exceed its Fermi energyEF . Therefore
it is favorable, first, to have a small density of stat
(ideally a quantum dot of large level spacing) in order
obtain a sizableEF already at low excitation power and
second, to excite resonantly in order to avoid heating b
high excess energy. As a consequence, sample A, w
exhibits the smallest density of states, is predestined
form a degenerate Fermi gas.

In Fig. 4, we compare the time evolution of the P
spectra of samples A and B, under the same excita
conditions. In sample A the excited state transitio
exhibit comparable or even longer decay times than
ground state, showing the absence of efficient relaxa
expected for the degenerate Fermi gas. This contr
sample B. There is a clear transfer of intensity with tim
from higher to lower energy, the decay time decreases w
increasing energy. In sample B, the density of state
too high to achieve a degenerate Fermi gas and there
the Pauli blocking of the relaxation is less efficient. Th
the energy distribution is more classical in this case a
appears directly from the spectra in the insets.

In addition, we have theoretically studied the ener
relaxation of the exciton gas in the quantum dots.
rate equation, based on calculated exciton LA phon
scattering and radiative recombination times, is solv
A Fermi initial distribution characterized by the excito
numberNex and temperatureTex is assumed as a simpl
model for the system shortly after the initial stage

FIG. 4. Time dependence of the PL intensity from differe
spectral windows. The spectrum in the inset is integrated o
times of more than 500 ps after the excitation pulse for sam
A (600 ps for B). Excitation is provided at 1.767 eV. Th
values oft are obtained by fitting the temporal decay of t
PL. The sharp peaks at 150 ps show the laser pulse fro
delay line.
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fast relaxation. For the example ofNex ­ 50, Tex ­
4 meV and considering the Pauli exclusion principle, w
obtain independent recombination of the lines for stro
(sample A, h̄ve ­ 6 meV) and an internal dynamic
for weak (sample B,̄hve ­ 2 meV) lateral confinement
in agreement with the experiment. On the other ha
without Pauli exclusion a pronounced internal dynam
is calculated both for weak and strong confinement.

In summary, time resolved microscopic PL spe
troscopy has been performed on individual quantum
structures. We find that Coulomb scattering is importa
in the carrier relaxation process, down to very low exci
tion power. The interpretation in terms of a Fermi gas
excitons describes the whole set of experimental resu
the systematic change of the spectra with increas
laser power, the Pauli blocking of the relaxation, and t
qualitative differences between strong and weak late
confinement. The concept of a Fermi gas of quant
dot excitons is an interesting subject for futures studi
Experimental investigations on quantum dots fabrica
by other techniques could provide information about t
generality of the results with respect to the shape of
confinement potential. On the theoretical side, we nee
microscopic understanding why the observed behavio
the correlated electron-hole plasma in the quantum d
can be interpreted in terms of single exciton properties
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