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Optical investigations of individual InAs quantum dots: Level splittings of exciton complexes

L. Landin, M.-E. Pistol,* C. Pryor, M. Persson, L. Samuelson, and M. Miller†

Department of Solid State Physics, Box 118, Lund University, S-221 00 Lund, Sweden
~Received 24 May 1999!

We have investigated individual InAs quantum dots embedded in GaAs using photoluminescence spectros-
copy as a function of temperature and excitation power density. We also presentk•p calculations including
both direct and exchange interactions for systems with up to three excitons in the dot. From these calculations
we are able to assign some of the many peaks observed to various few-particle states. A rate-equation model
has also been developed which allows simulations of the peak intensities with excitation power density to be
made and compared with experiment.@S0163-1829~99!04548-8#
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I. INTRODUCTION

It has recently become possible to observe photolumin
cence ~PL! from individual quantum dots grown by th
Stranski-Krastanov technique. This allows one to probe
electronic structure of a dot in the detail that will be requir
for a full understanding of these structures. The most wid
studied system is InAs quantum dots embedded in G
barriers.1 It has been observed that few-particle states
easily formed in such quantum dots,2,3 as evidenced by the
appearance of many closely spaced emission lines. The n
ber of lines increases rapidly with increasing excitati
power density, which is assumed to correlate with an incre
ing number of charge carriers in the dots.2,3 At sufficiently
low excitation power density, only single excitons~X! should
be present, while higher excitation power density should p
duce biexcitons (X2) and then triexcitons (X3). In addition,
charged states containing an extra electron or hole are
possible. Whatever excitons populate the dot, the PL sp
trum will depend on the excitation power, due to interactio
within the dot. Determining the nature of the dominant int
actions~direct or exchange! and whether or not the exciton
are neutral are central to unraveling the electronic struc
of quantum dots.

In this paper we present high spectral resolution photo
minescence measurements of individual InAs quantum d
in GaAs. The experimental results are compared withk•p
calculations that include direct and exchange interactions
addition, a rate equation model is used to estimate the o
pancy of the levels. Section II begins with an introduction
our notation for dealing with the complexities of multipa
ticle states in a quantum dot. Section III describes the sam
growth, and the experimental arrangement for measuring
spectra. Section IV presents the PL spectra, and their de
dence on excitation power density and temperature. Sec
V presents the results of our calculations of the electro
energy levels, and the transitions among them. Section
discusses the relationship between the calculated levels
the observed peaks. Section VII presents our rate-equa
model used to describe the occupancy of the levels, and
sents a comparison with the results of the measurement

II. MULTIPARTICLE STATES

It is extremely difficult to discuss multiexciton state
without a clear notation. In spite of being referred to as ‘‘a
PRB 600163-1829/99/60~24!/16640~7!/$15.00
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tificial atoms,’’ quantum dots have significantly less symm
try than an atom, making the customary atomic spectrosco
notation useless. Even if the dot possesses a discrete rem
of an atom’s rotational symmetry, that symmetry may
difficult to determine, and may vary from system to syste
The random nature of Stranski-Krastanov growth may e
result in dots with no residual symmetry. Therefore, it b
hooves us to adopt a notation that is not tied to any assu
geometry of the dot, but rather deals directly with the fillin
of levels.

We specify states by the occupation numbers of the sin
electron and single hole orbitals. For example, (e10:h02) is
a state with one ground-state electron and two holes in
first excited orbital. For InAs/GaAs dots the typical spaci
between single-particle energies is 10 meV for valence-b
states, and 100 meV for conduction-band states. The C
lomb binding energy is on the order of 30 meV.4 If the dot
has no geometric symmetry each single-particle orbita
double degenerate due to the Kramer’s degeneracy, ma
(e10:h02) twofold degenerate. This degeneracy can be s
by the exchange interaction, with typical spacings of a f
meV or less in InAs/GaAs dots. Since the exchange splitt
is much smaller than the contribution to the energy com
from the single-particle energies and the direct interacti
there is a clear separation of energy scales. Therefor
makes sense to refer to a state by its configuration of sin
particle orbitals and its level within the exchange-split m
tiplet. We specify the states within an exchange-split mult
let by an additional subscript of the forms/t, wheret is the
total number of states in the multiplet ands identifies the
states. For example, (e10:h02)1/2 is the ground state of the
(e10:h02) configuration including the effect of exchange.

An additional complication arises if the dot is symmetr
In this case some single-particle orbitals will be more th
twofold degenerate. This is indicated by a subscript on
integer giving the occupation number. For examp
(e114 :h20)1/8 is a four-particle state in which the
conduction-band first excited state is fourfold degenera
and contains one electron.

III. GROWTH AND MEASUREMENT

The dots were grown by chemical beam epitaxy, as
scribed in Ref. 5. Atomic force micrographs show that t
16 640 ©1999 The American Physical Society
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PRB 60 16 641OPTICAL INVESTIGATIONS OF INDIVIDUAL InAs . . .
dots have a typical height of about 4 nm, although there
considerable scatter. The lateral extension is less certain
to tip convolution, but we estimate about 10–12 nm. T
dots are covered with a 20-nm GaAs capping layer and
thus fully strained.

PL measurements were performed in a flow cryostat
signed for microphotoluminescence. The typical tempera
was 5 K, as measured by a thermocouple in close proxim
to the sample. No laser heating was observed, and this
checked by chopping the laser. The sample was lightly gl
in one corner to avoid possible strain effects. For excitat
we used a frequency-doubled yttrium aluminum gar
~YAG! laser emitting at 532 nm. Light was collected with
microscope, dispersed through a spectrometer, and then
tected with a cooled charge-coupled device~CCD! camera.
This technique, in combination with a low-density samp
produces PL spectra of individual dots.2 Since we used a
CCD camera for detection, no intermediate pinhole was u
~as in confocal microscopy!. The laser spot was typically 10
mm and a 203 objective with a long working distance wa
used. The integration times used were typically a few ho
with a maximum of 10 h. Usually two separate exposu
were made, which allowed easy removal of noise spikes,
the exposures were then added in software. The excita
power density was adjusted with neutral density filters.

IV. EXCITATION POWER DENSITY
AND TEMPERATURE DEPENDENCE

Ten dots were measured, all of which gave similar resu
We will focus our attention on two of the dots, denoted QD
and QD2. Figure 1 shows the emission spectra of QD1
different excitation power densities, including the ent

FIG. 1. Photoluminescence spectra of a single InAs quantum
~QD1! for different excitation power densities. At low excitatio
power densities~,20 W/cm2! only low-energy emission near 1.3
eV is seen. These transitions involve the ground-state sin
particle orbitals. At higher excitation power density, emission
pears near 1.40 eV, which involves configurations with exci
single-particle orbitals. At the highest excitation power density~150
W/cm2! the emission becomes broad and featureless.
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range from the lowest-energy transition to the low-ene
tail of the wetting-layer emission. The observed lines f
into two distinct groups at low and high energy, around 1
and 1.4 eV, respectively. At the lowest excitation power de
sity, the emission consists of a few low-energy peaks.
higher excitation power densities, some of the low-ene
peaks vanish, while additional high-energy lines appear.
the highest excitation power the emission becomes broad
featureless. It has been proposed that this broadening is
to interactions with carriers in the wetting layer.2

Figure 2 is a detailed view of the low-energy emissi
spectrum for QD1 at different excitation power intensitie
Groups of lines are labeled by the type of excitonic state
which we will ultimately ascribe the line. At the lowest ex
citation power density the emission consists of three lines
increasing excitation power density new lines (X2) appear
0.4 meV above and 4.0 meV below the strongestX line.
Finally, at the highest excitation power density a third set
lines appears (X3). The X3 lines have a linewidth of abou
0.3 meV which is significantly larger than the linewidths f
X2 andX ~0.1 meV!. The X3 lines ~presumably! arise from
transition of the type (e21:h21)→(e11:h11). High-energy
transitions of the type (e21:h21)→(e20:h20) also appear a
high excitation power density~see Fig. 1!.

Note that the strongestX line is at a lower energy than th
strongestX2 line. This is in disagreement with previou
assignments.6,7 However, those assignments were for expe
ments on dots of InxGa12xAs in GaAs, and it appears tha
the energies are sensitive to the structure of the d
Whether the recombination energy of a biexciton is above
below that of a single exciton is not straightforward to a
swer for a quantum dot. In a quantum well a biexciton
formed by a van der Waals–like attraction of excitons, ma

ot

e-
-
d

FIG. 2. Photoluminescence spectra of a single InAs quantum
~QD1! for different excitation power densities. At the lowest exc
tation power density, three lines are seen, labeledX. At higher
excitation power density two additional lines appear, labeledX2 . At
still higher excitation power densities, new emission lines app
(X3), and the original lines vanish. Groups of lines are labe
according to the exciton complex. There is also emission from
unknown state, indicated by a question mark.
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FIG. 3. ~a! Evolution of the photoluminescence spectrum with temperature~QD1!. At 10 K emission is seen fromX, X2 , andX3 . At
higher temperatures, the higher-order excitons quench.~b! Evolution of the photoluminescence spectrum with excitation power density
temperature of 50 K. At the lowest excitation power onlyX is visible ~in addition to the unknown line marked ?, which is the same line
in Fig. 2!. At higher excitation powerX2 emission appears, but theX3 emission never becomes visible.
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ing the biexciton emission energy lower than that for a sin
exciton. In a quantum dot the situation is far more comp
due to the strong confinement. The electron and hole w
functions are primarily determined by the strong confini
dot potential. The Coulomb energy is determined by
charge distributions from these wave functions, and depe
sensitively on the relative sizes of the electron-electron, h
hole, and electron-hole interactions. By changing the
structure, the charge densities, and thus the interactions,
be modified. It is therefore reasonable for theX andX2 lines
to be reversed in different dot structures. Such a phen
enon presents an interesting theoretical challenge; howe
a more detailed characterization of the dot structure will
necessary.

Figure 3 shows the evolution of the QD1 spectrum w
temperature. The excitation power density was chosen to
low the simultaneous observation ofX, X2 , andX3 lines. As
the temperature increasesX3 quenches first, followed byX2 .
At the highest temperature the emission is mostly fromX. It
is natural to assume that the triexciton should quench fi
due to the presence of particles in excited orbitals with
corresponding low binding energy. This argument does
apply to the biexciton though, where all charge carriers ar
their lowest orbitals. The quenching of the biexciton em
sion with temperature will be explained in Sec. V. If w
increase the excitation power density, at a temperature o
K we never observe the triexciton, as shown in Fig. 3, in
cating that the thermal emission rate is faster than the e
sion rate for this state at this temperature. We do, howe
recover the biexciton emission at higher excitation pow
density.

At low excitation power density there is a mystery line f
which we do not have an assignment. This line has an in
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sity that decreases with excitation power density more r
idly than theX lines. This indicates that this line is not re
lated toX, and it may be due to a charged exciton.

In Fig. 4 we show the emission spectrum of QD2 f
different excitation power densities. The behavior is ve
similar to QD1, and we can follow the emission fromX, X2 ,
andX3 . Emission lines from (e1:h1)1,2/4 were not observed
in this dot, despite a 10 h integration time. In Fig. 4 we a
show the evolution with temperature of the emission fro
QD2, at an excitation power density where emission fromX,
X2 , andX3 is simultaneously observed. The same behav
as for QD1 is observed withX3 quenching first, followed by
X2 and finallyX. What is generally true for all measured do
is that the highest-energy emission line ofX2 appears at a
higher energy than the highest-energy emission line ofX.
The energy difference between theX3 emission lines and the
X2 emission lines is not as consistent from dot to dot as t
betweenX andX2 .

V. ELECTRONIC STRUCTURE CALCULATIONS

Energy levels and wave functions were calculated usin
k•p model, including Coulomb charging effects, and the e
change interaction. The strain distribution was computed
ing the finite element method, and then used in a stra
dependent eight-bandk•p Hamiltonian to compute the
single-electron and single-hole wave functions. Details of
method used to calculate single-particle states and the
evant material parameters may be found elsewhere.4

The single-particle wave functions were then used to c
struct a multiparticle basis in which the direct and exchan
Coulomb interaction Hamiltonian were diagonalized. T
single-particle wave functions come as degenerate pairs
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FIG. 4. Photoluminescence spectra of a single dot~QD2!. The evolution of the spectra with excitation power density and temperatu
very similar to that of QD1, shown in Figs. 2 and 3.
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lated to each other by time reversal. Thus, for a noninter
ing system each single-particle energy level may contain
particles. This is still true if direct interactions are include
since the direction interactions depend only on the cha
density. The exchange interaction is considerably more c
plex since it involves the spinor structure of the multiba
wave function.

The exchange interaction is divided into short- and lon
range pieces. We will consider the dominant short-ran
component given byHsr5asW •JW wheresW is the spin-12 op-
erator acting on theG6 components of the conduction ban
JW is the spin-32 operator acting on theG8 components of the
valence band, anda is a material-dependent constant. Sin
a depends on the microscopic details of the wave function
is fit to experimental data. In our case,a was fit to experi-
ments on InAs nanocrystals.8

Multiparticle states were found by first choosing which
the single-particle energy levels were filled with electro
and holes. The multiparticle wave function was then taken
be a linear combination of all possible combinations of fill
orbitals. For example, consider a single exciton in
(e10:h10) configuration. Letfe(x) andfh(x) be the single-
electron and single-hole ground-state wave functions. Th
are each degenerate with their time reverses,Tfe(x) and
Tfh(x). The exciton wave function is taken to be of th
form

afe~xe!fh~xh!1bTfe~xe!fh~xh!1cfe~xe!Tfh~xh!

1dTfe~xe!Tfh~xh!. ~1!

In this basis, the Hamiltonian for the direct and exchan
interactions is a 434 matrix, which is easily diagonalize
t-
o
,
e
-

-
e

it

s
o

e
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e

once its matrix elements have been calculated from thef’s.
Optical transitions were calculated in the dipole approxim
tion. For multiexcitons there are some important techni
details concerning the overlaps between the initial and fi
states of the nonrecombining particles. Further details of
calculations are available elsewhere.

The geometry of the dot was assumed to be a squ
based pyramid with 101-type sides. The height was var
between 4.1 and 4.7 nm, which corresponds to a base le
ranging from 5.8 to 6.6 nm. This size was chosen to giv
lowest transition energy which agrees with the experime

Calculations were done for up to three excitons in the d
Figure 5 shows the energy levels for a dot with a 6.6-n
base. The most important feature is that the ground-s
single exciton which is fourfold degenerate in the absence
exchange, is exchange split into four states. The states
found in two groups of closely spaced doublets, with 0.
meV between (e1:h1)1/4 and (e1:h1)2/4, and 0.1 meV be-
tween (e1:h1)3/4 and (e1:h1)4/4. The doublets are sepa
rated from each other by 3.8 meV. From the dipole mat
elements we find that the ground state (e1:h1)1/4 is dark,
while (e1:h1)2/4 is extremely dim (,1023 of a typical al-
lowed transition!. The two states of the upper doublet a
optically active. In spite of their dipole suppression, the tw
lower states may still be observable due to phonon inte
tion; however, they would be expected to be significan
dimmer.

Transitions involvingX2 reflect the same pattern as se
in X. However, the role of exciton relaxation is differe
because the quadruplet of (e1:h1) states are now the fina
state. Even if excitons were to relax instantaneously to th
ground state, the transitionX2→X1 would involve all four
(e1:h1) states.
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16 644 PRB 60LARS LANDIN et al.
For X3 the situation is even more complex. Becau
(e11:h11)1232/32 are possible final states, there are 32 p
sible transitions involving (e21:h21)1/8 as the initial state,
although only 16 of them are dipole allowed. The (e11:h11)
states appear in clusters of levels with spacings of less th
meV, with spacings of a few meV between the cluste
Hence, the (e21:h21)→(e11:h11) transitions would be ex
pected to be seen as broad lines separated by a few me

The details of the spectrum can change significantly w
dot geometry, although the qualitative features remain
changed. Figure 6 shows the effect of island size on
e1:h1→vacuum transition. The span of the multiplet is re
tively insensitive to size over the limited range consider
The spacings within the multiplet are more sensitive to isla
geometry.

VI. PEAK ASSIGNMENTS

We now turn to assigning the observed PL peaks to
transitions we have calculated. This is a challenging t
since the island shape and size can have a strong influenc
the pattern of spacings, but the precise size and shape o
individual dot is uncertain. Considering the power-depend
spectra of Fig. 2, we see that the three PL peaks observe
the lowest excitation power consist of two low-energy pea
0.6-meV apart, and another peak 4.0-meV higher. The
low-energy peaks are extremely small, in agreement with
calculations predicting one dipole-forbidden state and a
state. The spacings also agree with the calculations. H
ever, only a single high-energy peak is observed instea
the predicted doublet. We believe this single high-ene

FIG. 5. Level structure for an InAs quantum dot with up to thr
excitons. The notation is explained in Sec. II of the text. The m
radiative transitions observed experimentally are indicated by
arrows. Additional transitions that are not directly observed in
periments are denoted by dashed arrows.
e
-

1
.

.
h
-
e

-
.
d

e
k
on
an

nt
at

s
o
e

-
of
y

peak is in fact an unresolved doublet. Note that a char
exciton (e2:h1) or (e1:h2) has only one doubly degenera
state, producing only a single emission line. Hence, we c
not assign such configurations to the emission lines labeleX
in Fig. 2.

The (e2:h2) configuration consists of only one stat
Consequently the (e2:h2)→(e1:h1) transitions must have
the same spacing as the (e1:h1)→vacuumtransitions~in the
first case because of the unique initial state and in the la
case because of the unique final state!. This is exactly what
we observe within the precision of our experiments, althou
one possible line is not observed. The relevant transitions
markedX2 in Fig. 2.

The (e21:h21) configuration has eight states and the r
evant final configuration, (e11:h11), has 32 states. W
would thus expect 256 possible emission lines from
(e21:h21)→(e11:h11) transition. The calculations show
that about half of these lines should be optically active.
our experiments we only observe two lines, denotedX3 in
Fig. 2. The energy position and splittings of these lines
consistent with the (e21:h21)126/8→(e11:h11)23230/32 tran-
sitions giving rise to the highest energy peak and
(e21:h21)126/8→(e11:h11)31232/32 transitions giving rise to
the lowest energy peak. If we assume that all states wi
0.5 meV of the ground state of the triexciton are populat
i.e., the (e21:h21)126/8 states, we calculate the spectru
shown in Fig. 7. In the figure we also show the energy p
sition of the highest emission lines ofX2 ~which are closely
spaced!. As can be seen from the calculation the emiss
lines appear in groups, which explains the experimental
that the linewidth of theX3 emission is significantly large
than for theX andX2 emission lines~see Fig. 2!. Our assign-
ment of theX3 emission lines is mostly based on the ener
position and is thus quite uncertain. In order to make a m
reliable assignment, it is necessary to determine the occ
tion of the states in the initial configuration. The situatio
could be clarified by selective excitation experiments.

The mystery line in Figs. 2 and 3~b! remains unassigned

n
ll
-

FIG. 6. Calculated transition energies forX andX2 as a function
of dot height, where the shape of the dot was kept fixed.
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It is tempting to assume that this line is related to the bi
citon and that the triexciton is responsible for the lin
markedX2 . We do not favor such an interpretation, since t
mystery line does not increase in intensity relative to
exciton for increasing excitation power density, as can
seen in Fig. 3~b!. This intensity behavior has been observ
also in other dots. The most likely explanation, is that t
line is due to a charged exciton~which should have only one
emission line!. Although we believe our assignment of th
peaks is the most likely we note that there are many diffic
ties, both experimental and theoretical. We do not know
shape of the dots very accurately and we do not know
degree of intermixing, making the calculations somewhat
reliable. There is also a possibility that there are additio
lines that are below our detection limit.

VII. RATE EQUATIONS

The observed intensities depend on the occupations o
various levels. The occupations depend on the excita
power, the transition probabilities, and the temperature.
have developed a general rate-equation model in orde
simulate some of our experimental results and to provid
consistency check on our assignments. The situation
slightly different from the rate equations used in atom
physics since the objects of interest are electron-hole p
Consider a dot in which one exciton is present. This exci
can be removed in two ways, either by recombination or
capturing an additional exciton to form a biexciton.

If we assume that each configuration consists of only
state we get

]N1

]t
5NexvcS 12 (

k51

n

NkD 1v2,1N22v1,0N12NexvcN1 ,

]Nk

]t
5NexvcNk211v~k11!,kNk112vk,~k21!Nk2NexvcNk ,

]Nn

]t
5NexvcNn212vn,n21Nn , ~2!

FIG. 7. Calculated spectra of an InAs quantum dot containing
X3 that recombines to produceX2 . The energy forX2 recombina-
tion is also indicated. Only the two emission lines with the high
energy are shown for theX2 emission.
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whereNex is the number of electron-hole pairs in the bu
~which is proportional to the excitation power density!, Nk is
the occupation probability of configurationk ~i.e., Xk),
vk,(k21) is the recombination probability for Xk
→Xk21 , vc is the capture probability, andn is the maxi-
mum number of excitons that can be bound to the dot. T
factor (12(k51

n Nk) in the first equation ensures probabili
conservation and could also be labeledN0 ~a dot without
carriers! resulting in the constraintSk51

n Nk51.
In reality each configuration has several states am

which transitions also may occur. This modifies each eq
tion in ~1! to

]Nk
a

]t
5Nex

vc

Mk
(

i
Nk21

i 1(
i

vk11,k
i ,a Nk11

i 2(
i

vk,k21
a,i Nk11

a

2NexvcNk
a1(

iÞa
vk,k

i,a Nk
i 2(

iÞa
vk,k

a,iNk
a ~3!

and the sum in (12(k51
n Nk) must be replaced by (1

2(k51,a
n Nk

a) to include each state in the configuration. T
subscript inNk

a identifies the configuration and the supe
script the particular state.vk11,k

i ,a is the probability of transi-
tions from stateNk11

i to stateNk
a , andMk is the number of

states within configurationXk . Even more general model
may be constructed, such as including thermal dissocia
of excitons, but already at this stage there are many unkn
parameters.

We have numerically solved the system of rate equati
using a few simplifying assumptions in order to minimize t
number of unknown parameters. We assume that the rec
bination probabilities ofX2 andX3 are the same and that th
capture probabilities ofX, X2 , andX3 are all equal and fast
For the recombination probability ofX we use the calculated
values~see Sec. IV!. For transition between states in a co
figuration with two levels~labeled 1 and 2 with 2 highest in
energy! we use the following probabilities, which are com
patible with thermodynamics:9

vk,k
1,25

g

eDE/kT21
,

vk,k
2,15

g

eDE/kT21
1g, ~4!

whereDE is the energy difference between the two differe
states in the configuration andg is a rate which is a fitting
parameter and is a measure how quickly the states will th
malize. Equation~4! may be generalized if more levels a
involved.9 With these assumptions we are left with two fre
parameters for excitation power density sufficiently low th
only X1 andX2 are populated.

In the first calculation, we have calculated the ratio of t
population probability ofX and X2 ~i.e., N1/N2) as a func-
tion of excitation power density. The result is shown in F
8 along with experimental data. We use the ratio of the po
lation probabilities, since this is less sensitive to experim
tal errors than the absolute population probabilities. We fi
that the model explains the data quite well. In the inset
Fig. 8 we also show the calculated population probabilit
of X, X2 , andX3 as a function of excitation power density
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Due to the many states involved when triexcitons are pop
lated there are many unknown parameters and the result
quite qualitative. We note that for certain excitation powe
densities, there should be emission fromX, X2 , andX3 , in
agreement with our experimental results.

In Figure 9 we plot the calculated intensities ofX2 as a
function of temperature, along with the experimental data
The excitation power density was chosen to makeN1 andN2

comparable atT55 K. As the temperature is increased,X2

quenches rather quickly, in agreement with experiment. Th
physical reason is that at low temperature,X is primarily in
its lowest states, (e1:h1)1,2/4, which has a low recombina-
tion probability, and a biexciton is easily formed. At higher
temperatures, however,X will be excited to (e1:h1)3,4/4

which has a high recombination probability and it will thus
be harder to form a biexciton. The fact that our rate-equatio
model agrees with the measured intensities supports our pe
assignment.

We find that the rate of thermalization is about 20 time

FIG. 8. A plot of the calculated intensity ratio ofX andX2 as a
function of excitation power density along with experimental data
The inset shows the normalized intensities ofX, X2 , andX3 as a
function of excitation power density.
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slower than the recombination rate of (e1:h1)3,4/4 ~i.e., us-
ing g as a fitting parameter!. This is a robust prediction of the
simulations.

VIII. SUMMARY

In summary, we have in some detail investigated in
vidual InAs quantum dots in GaAs both by experimental a
theoretical means. By comparing experiment and theory
have made an assignment of the different emission line
various transitions between multiparticle states.
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.
FIG. 9. A plot of the calculated intensity ofX2 as a function of

temperature for different values of the thermal rate constantg. The
recombination probability ofX has been set to one. The best fit
obtained with a low thermalization rate, about 20 times lower th
the recombination rate.
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