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Multiexciton Spectroscopy of a Single Self-Assembled Quantum Dot
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We apply low temperature confocal optical microscopy to spatially resolve, and spectroscopic
study, asingleself-assembled quantum dot. By comparing the emission spectra obtained at various
citation levels to a theoretical many body model, we show that (a) single exciton radiative recombina
is very weak, and (b) sharp spectral lines are due to optical transitions between confined multiexcit
states among which excitons thermalize within their lifetimes. Once these few states are fully oc
pied, broadbands appear due to transitions between states which contain electrons in the contin
[S0031-9007(98)06202-4]

PACS numbers: 78.66.Fd, 71.35.–y, 71.45.Gm, 85.30.Vw
sity
n-
bor-
ily
of
ce

l

d
he
ft
ld
The study of electronic processes in semiconductor h
erostructures of reduced dimensionality has been a sub
of recent extensive research efforts. Of particular impo
tance are the efforts to fabricate and study semicondu
tor quantum dots (QDs) of nanometer size, in which th
charge carriers are confined in all directions to characte
istic lengths which are smaller than their de Broglie wave
lengths [1–16]. These efforts are motivated by both th
QDs potential device applications, as well as their bein
an excellent stage for experimental studies of basic qua
tum mechanical principles. One very promising syste
of such QDs is called self-assembled QDs (SAQDs).
fabricating SAQDs, minimization of the lattice mismatch
strain between different epitaxially grown semiconduc
tor layers occurs via the formation of small islands con
nected by a very thin wetting layer. By capping thes
self-assembled islands with an epitaxial layer of wide
band gap material, with similar lattice constant to that o
the substrate, high quality QDs are produced [4,5]. Th
natural way of producing large ensembles of QDs h
motivated a vast number of studies of their structura
electronic, and optical properties [3–5,10–16]. The siz
distribution of these SAQDs (typically about 10%), an
the resultant inhomogeneous broadening of the SAQ
characteristic features, has so far limited the abili
to clearly understand and unambiguously interpret th
experimental results. In this Letter, we overcome this o
stacle by spectroscopically studying multiexcitonic opt
cal transitions in asingleSAQD. We show here, indeed,
that multiple sharp spectral lines, as well as broad spect
features, which previously were interpreted as an optic
signature for emission from an ensemble of dots [4,5
are actually due to optical transitions between multicarri
states within a single dot, under various excitation level

The SAQD sample studied here was fabricated by d
position of a coherently strained epitaxial layer of InAs o
an AlGaAs layer deposited on GaAs substrate. The lay
sequence, compositions, and widths are given in the left
set of Fig. 1. During the growth of the strained layer, th
0031-9007y98y80(22)y4991(4)$15.00
et-
ject
r-
c-
e
r-
-
e
g
n-

m
In

-
-
e
r
f
is
as
l,
e

d
Ds
ty

e
b-
i-

ral
al
],

er
s.
e-
n
er
in-
e

sample was not rotated; thus a gradient in the QDs den
was formed across its surface [10]. In particular, low de
sity areas, in which the average distance between neigh
ing QDs is larger than our spatial resolution, could eas
be found on the sample surface. The right side inset
Fig. 1 displays the far-field ensemble photoluminescen
(PL) spectrum of such an area of the SAQD sample.

We use a 3100 in situ microscope objective for
diffraction limited low temperature confocal optica

FIG. 1. PL intensity as a function of photon energy an
position along a line across the SAQD sample surface. T
intensity is given by a gray color scale bar to the right. Le
inset: schematic description of the sample. Right inset: far-fie
PL spectrum of the sample.
© 1998 The American Physical Society 4991
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spectroscopical studies of the single SAQDs. Our syste
provides spatial resolution of.0.5 mm, both in the
excitation and in the detection channels [14].

The dots position and characteristic emission wav
length are found by taking PL spectra during a line sca
over the SAQD sample surface. A typical scan is display
in Fig. 1, where the PL intensity as a function of photon en
ergy and objective position is given by the gray color scal
During this scan, the PL was excited with a 730 nm,7 mW
cw light from a Ti:S laser. In each 0.1mm long step of
the objective the PL spectrum was measured by expos
a cooled charge coupled device camera for 50 sec. Th
emission lines from three different spatial positions alon
the scanned line are evident in Fig. 1. These lines are d
to carriers’ recombination within single SAQDs, as indi
cated by their spatial and spectral widths, which are bo
resolution limited [6,17]. In Fig. 2 we present PL spectr
from a single SAQD found by such a scan for various e
citation powers.

An overall perception of the important spectral fea
tures is obtained from the 100mW spectrum which is
composed of two groups of emission lines located ne
1.325 and 1.375 eV, respectively. The groups are nea
symmetrically positioned around a weak emission line
1.355 eV. Each group is composed of several sharp a
well resolved lines, two of which, roughly 7 meV apart
are particularly strong. We marked the strongest lines
each group and the center line by numbers in increasi
order of their spectral position. It is important to note her
that the overall shape of the spectrum and its power d
pendence (see below) are quite typical to all of the dots w
studied. However, as can be deduced from the far-fie
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FIG. 2. PL spectra from a single SAQD for various excitatio
power levels.
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PL spectrum (right side inset of Fig. 1) different PL spec
tra are obtained from different dots, depending on the
dimension, shape, composition, and surroundings. At th
excitation power of 1mW, only lines 1 and 3 (Fig. 2)
are observed, with intensity of less than 1 countys, in
agreement with the estimated exciton lifetime [11] an
our system’s collection efficiency. The emission of line 1
increases roughly as the square root of the excitatio
power up to about 100mW, where it reaches saturation.
Line 3, on the other hand, reaches saturation already
excitation power of 7mW. At 20 mW the emission spec-
trum is already composed of the five main spectral line
and at 100mW, all main lines are saturated. At satura
tion, the intensity of line 2 is about half that of lines 1,
4, and 5, whose intensity is.10 times larger than that of
line 3. Above 100mW, several sharp lines appear below
each group of lines. At yet higher excitation power, thes
lines form two broad spectral bands (C1 andC2, Fig. 2)
which dominate the PL spectrum.

For the analysis of our observations we use a mod
parallelepipedal box with infinite potential barriers and
a rectangular base whose dimensions are much larg
than its height. We fitted the dot base dimensions t
obtain the observed level separation of.50 meV and
adjusted its height to obtain the Coulomb splitting o
7 meV (see below). Using typical InAs effective masse
[18] for electrons (0.023m0) and for heavy holes (0.6m0,
wherem0 is the electron rest mass) and dielectric consta
[18] (´  15) we find that base dimensions of30.2 3

31.2 nm2 and a height of 5 nm best fit the observed
data. Note that the box base is not square; thus the
is no geometrical degeneracy in agreement with rece
calculations [15]. Although our model does not describ
the exact SAQD potential structure in geometrical shap
[5], strain, and piezoelectric fields [15,16], it is reassurin
that the fitted dimensions are similar to those typicall
reported for this SAQD system [5]. We show below
that in spite of its simplicity the model explains our data
quite well. This means that the knowledge of the singl
particle level separation and the strength of the Coulom
matrix elements between these levels are nearly enough
describe the optical properties of a fully quantized syste
with a few carriers in it. The details of its confining
potentials are only second in importance.

We consider the first four, doubly degenerate electro
and hole levels in our model dot: (111), (121), (211)
and (221) at this energy order, where the numbers
parentheses are the quantum numbers associated with
confinement alongx, y, and z (the growth direction),
respectively. The wave functions of electrons and hole
in these states are analytically expressed. This limite
number of states is adequate to explain the low lev
excitation PL spectra. Higher excitation levels, which giv
rise to carriers in the continuum above the dot barrier
potential, are dealt with here more qualitatively. The
Coulomb interaction between carriers in our dot is now
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considered using the following many body Hamiltonian
H  Hfree 1 HCoul, whereHfree describes noninteracting
electrons sed and holesshd in their respective bands,
and HCoul describes thee-e, h-h, and e-h Coulomb
direct and exchange interactions [19]. Since electron a
hole wave functions are identical in our model, thee-h
exchange interaction term vanishes. We find the soluti
for the multiexciton energy levels and wave function
by exact diagonalization of the many body Hamiltonia
for these first four single carrier levels. We conside
here all neutral multiexcitonic states up to the excito
population number of eight, at which all of the level
considered are fully occupied. Optical transitions betwe
the different excitonic population levels, in which a singl
e-h pair is annihilated, are then calculated using the dipo
approximation [19].

In Fig. 3, horizontal solid lines represent some of th
calculated energy levels. The single carrier states (
which the Coulomb interaction is ignored) are displaye
on the left side of the figure. Single electron (hole) ener
levels are represented by superscripts above the letterseshd
and the occupation number of these levels is given

FIG. 3. Energy level diagram of the SAQD multiexcitonic
states, contributing the most to optical emission. Shown a
the multiexcitonic levels calculated by excluding (left) an
including (right) the Coulomb interaction between carriers. Th
vertical arrows indicate optical transitions due to one excito
annihilation (see text).
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numbers in front of the letter. The state spin degenera
is given by the number in parentheses. The multiexciton
states, including now the Coulomb interaction between th
carriers, are displayed on the right side of the figure. Her
the degeneracy is partially removed and we describe t
states by their total angular momentumsSd, its projection
on the dots growth directionsMSd, and the total electronic
(Se) and hole (Sh) spins. With one exception, indicated by
dashed horizontal lines, we display only those states whi
evolve from single carrier levels of identical electron an
hole quantum and occupation numbers. This is becau
the lowest energy state in each excitonic occupation lev
is always of this type, and thus, optical transitions betwee
these levels dominate the PL spectrum. These sing
carrier states are either 1, 4, or 16 times degenera
The Coulomb interaction lifts only the degeneracy of th
16 multiplets, which occur whenever two half filled levels
of electron and hole participate in the multiexcitonic state
They are split into three levels according to theirSe

and Sh quantum numbers, exactly like a bulk biexciton
[20]. The lowest of these levels is ninefold degenera
containing a quintuplet, a triplet, and a singlet ofSe  1
and Sh  1 which add toS  2, 1, and 0, respectively.
The midenergy level is sixfold degenerate containing tw
triplets of Se  1s0d and Sh  0s1d which add toS 
1s1d. The highest of these levels contains only a singl
with Se  0, Sh  0, and S  0. For calculating the
PL spectrum the distribution of excitons among the
multiexcitonic states should be known. The relativel
small number of observed PL lines lead us to safe
conclude that only the lowest multiexcitonic energy sta
of each exciton occupation number has a significant stea
state population. This means that there is no phon
bottleneck [21] for exciton thermalization and they reac
thermal distribution faster than the radiative recombinatio
occurs.

The optically allowed transitions between the lowes
multiexcitonic state of each exciton occupation level an
the multiexcitonic states of one less exciton occupatio
are represented in Fig. 3 by vertical arrows. Annihilation
of e1h1 (e2h2) are represented by solid (empty) arrows
and annihilation ofe2h1 is represented by a dashed arrow
We note that optical transitions conserveS andMS [19].
Transitions of the same energy between different excito
occupation levels are drawn along the same vertic
thin dashed line. These vertical lines are numbered
increasing order of their energies, like the experimental
measured PL lines as shown in Fig. 4. In Fig. 4 w
display the calculated dot emission spectra, in units of th
squared dipole moment between thee1 andh1 states, for
a few exciton occupation numbers. In the calculation
we average over degenerate initial states and sum o
final states. For comparison, measured spectra for vario
excitation powers are shown by dots.

The following conclusions are drawn by comparing
the experimental data to the model calculations. Th
4993
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FIG. 4. Calculated PL spectra for various exciton populatio
numbers. For comparison, the experimental measurements
also displayed.

characteristic appearance of the PL lines in pairs is clea
explained in terms of the Coulomb splitting of biexcito
levels (the nine and six degenerate levels). The multili
PL spectrum which we measure even at our lowest ex
tation power indicates that the average exciton occupat
number is already larger than 2. This agrees very well w
a conservative estimate of the occupation number, based
the measured laser power and estimations of the absorp
and exciton lifetime [11] (diffusion of carriers from the Al-
GaAs layers into the SAQD can be safely neglected due
the sample structure). Thus, surprisingly, single lines d
to the recombination of single exciton and single biexcito
are not observed at all at low excitation spectra. Line
which corresponds in energy to the radiative recombin
tion of a single exciton, appears only at much higher ex
tation power (20mW). This can be due toe-h exchange,
which splits the fourfold degeneracy between the tripl
and the singlet states of the single exciton level. Since,
has been observed in II-VI nanocrystallites [8], the low
energy triplet state is optically forbidden, the single exc
ton annihilation line can be observed only when at lea
three excitons occupy the dot. Alternatively, it can be du
to a reduced electron-hole overlap integral which weake
this transition [15].

Assuming that recombination is possible only vi
radiative channels we calculated the lifetime of eac
multiexcitonic occupation level. Using these lifetimes i
turn, a correlation between the excitation power and t
number of excitons within the dots can be drawn. W
find a relatively good agreement between the excitati
power dependence of the PL spectra and the calcula
spectra based on that correlation. The appearance of sh
lines at the lower energy side of each of the two spect
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line groups, and their evolution with increasing excitatio
power into the broadbandsC1 andC2, are also explained
by our model (see the 500mW PL spectrum in Fig. 4).
We note in Fig. 3 that the higher the excitation is, th
higher are the populated single electron and hole leve
which participate in the multiexcitonic ground states
Optical transitions from these states to the high ener
states of one less exciton level by the annihilation ofe1h1

and e2h2 are now possible, leading to a characteristi
decrease in the energy of these transitions. The magnitu
of this shift is given by the Coulomb interaction term
between the high energy level and the lower one. Th
term is almost constant as long as confined single carr
states are concerned. At high enough excitation pow
when continuum electron levels are populated, these sh
are becoming smaller and thus, broad spectral bands
low energy are formed. Since the density of continuum
levels is large, these bands are not saturated, and th
eventually dominate the PL spectra. We do not obser
higher energy PL lines due to the annihilation of highe
energye-h pairs, such ase3h3 ande4h4, probably since,
as can be seen in Fig. 2, they are masked by the large
emission from the GaAs substrate.

In summary, we resolved the emission from a sin
gle self-assembled quantum dot and successfully e
plained its power dependent PL spectra using multicarri
Hamiltonian.
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