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Carrier-carrier correlations in an optically excited single semiconductor quantum dot
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~Received 17 March 1999; revised manuscript received 15 November 1999!

We applied low-temperature diffraction-limited confocal optical microscopy to spatially resolve and spec-
troscopically study photoluminescence from single self-assembled semiconductor quantum dots. Using selec-
tive wavelength imaging we unambiguously demonstrated that a single photoexcited quantum dot emits light
in a few very narrow spectral lines. The measured spectrum and its dependence on the power of either cw or
pulsed excitation are explained by taking carrier correlations into account. We solve numerically a many-body
Hamiltonian for a model quantum dot, and we show that the multiline emission spectrum is due to optical
transitions between confined exciton multiplexes. We furthermore show that the electron-electron and hole-
hole exchange interaction is responsible for the typical appearance of pairs in the photoluminescence spectra
and for the appearance of redshifted new lines as the excitation power increases. The fact that only a few
spectral lines appear in the emission spectrum strongly indicates fast thermalization. This means that a multi-
exciton relaxes to its ground state much faster than its radiative lifetime.
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I. INTRODUCTION

The study of electronic properties of the semiconduc
heterostructure of reduced dimensionality has been a su
of many recent extensive efforts. These efforts are motiva
both by their potential device applications as well as by th
being an excellent stage for experimental studies of b
quantum mechanical principles. Semiconductor quan
dots~QD’s! of nanometer size are of particular interest sin
carriers are confined there within dimensions smaller t
their de Broglie wavelength. This confinement in three dir
tions results in a characteristic discrete energy spectrum
a d-like density of states.1

One of the simplest and therefore most common ways
producing semiconductor QD’s is the Stranski and Krasta
self-assembled growth of strained QD’s~SAQD’s!.2–4 In this
growth mode, the elastic energy associated with the lat
mismatch strain between different epitaxially deposi
semiconductor layers is minimized through the formation
small islands connected by a thin wetting layer.5 These high
crystalline quality islands are typically of pyramidal shape
10–30 nm base dimensions and 2–8 nm height.6 By capping
these self-assembled islands with an epitaxial layer of w
band-gap material and a lattice constant that is similar to
of the substrate, high-quality QD’s are produced. One of
main disadvantages of this growth mode is the size distr
tion of the SAQD’s, which is typically about610%. This,
together with possible distributions in composition, stra
field, and structural shape, gives rise to a large nonuniform
of the SAQD properties in general and inhomogene
broadening of their optical spectral features in particular.1,3–7

This has been a long-standing impediment on the studie
SAQD’s, which has so far limited the ability to correct
interpret and clearly understand the experimental data.
obvious way to overcome this obstacle is to optically stud
single quantum dot.8–11 By doing so one can completel
PRB 610163-1829/2000/61~16!/11009~12!/$15.00
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avoid the inhomogeneous broadening and therefore expe
explore the energy spectrum of confined charge carrier
the QD, and the interactions and correlations amo
them.12–14 A typical signature of such studies is the appe
ance of sharp and distinct spectral lines in the lo
temperature photoluminescence~PL! spectrum due to the
discrete nature of the energy levels of carriers that radiativ
recombine within these ‘‘zero-dimensional’’ QD’s.11,15 Re-
cently, the effects of externally applied electric and magne
fields on such isolated quantum systems were studied
monitoring their influence on the PL spectrum.16–18

The presence of few confined carriers in such a sm
volume gives rise to correlated few carrier multiplexes,19–21

which are unstable otherwise. Therefore, the analysis of
optical studies of these systems is fundamentally differ
than the analysis of recombination processes in system
higher dimensionality.

In this paper, we present continuous wave~cw! and
pulsed PL spectroscopy measurements of the recombina
processes in single SAQD’s. For the analysis of our data
outline a theoretical model that quite systematically expla
the measured PL spectra and quantitatively accounts for t
dependence on the excitation power in both cw and pul
mode. In particular, we demonstrate that the electr
electron (e-e) and hole-hole (h-h) exchange interaction en
ergies can be directly obtained from the PL spectra. We
ambiguously show, in fact, that these exchange terms
most instrumental for the understanding of the experime
results when more than two carriers of the same type par
pate in the radiative process.

This paper is organized as follows. In Sec. II we pres
our theoretical multiexciton model. In Sec. III we present t
low-temperature PL spectroscopy of single SAQD’s, and
Sec. IV the experimental data are discussed in terms of
model of Sec. II. Our conclusions are briefly summarized
Sec. V.
11 009 ©2000 The American Physical Society
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II. THE MULTIEXCITON MODEL

A. Energy levels

We describe the many-body Hamiltonian of a single Q
in terms of its single carrier energies and wave functions

H5H f ree
e 1H f ree

h 1Hcoul
e-e 1Hcoul

h-h , ~1!

where

H f ree
h 5(

j
« jbj

†bj , H f ree
e 5(

j
« jaj

†aj , ~2!

Hcoul
e-e 5

1

2 (
i 1 ,i 2 ,i 3 ,i 4

ai 1
† ai 2

† ai 3
ai 4

Gi 1 ,i 2 ,i 3 ,i 4
, ~3!

Hcoul
e-h 52 (

i 1 , j 2 , j 3 ,i 4
ai 1

† ai 4
bj 3

† bj 4
Gi 1 , j 2 , j 3 ,i 4

1 (
j 1 ,i 2 , j 3 ,i 4

ai 2
† ai 4

bj 3

† bj 1
Gj 1 ,i 2 , j 3 ,i 4

, ~4!

Hcoul
h-h 5

1

2 (
j 1 , j 2 , j 3 , j 4

bj 1

† bj 2

† bj 3
bj 4

Gj 1 , j 2 , j 3 , j 4
. ~5!

In Eqs.~2!–~5!, ai ,bj (ai
† ,bj

†) are the annihilation~creation!
operators for electrons and holes, respectively, and« i , « j are
their corresponding one-particle energy levels within
QD. The summation indexi ( j ) runs over all the electron
~hole! one-particle states~spin-degenerate states are i
cluded!. The Coulomb interaction terms, Eqs.~3!–~5!, can be
expressed in terms of the one-particle~electron and hole!
envelope wave functionsf l ,B(xW ) as follows:

Gl 1 ,l 2 ,l 3 ,l 4
5dS4 ,S1

dS3 ,S2
E E d3x d3x8f l 1 ,B* ~xW !f l 2 ,B* ~xW8!

3
e2

«uxW2xW8u
f l 3 ,B~xW8!f l 4 ,B~xW !, ~6!

whered i j is the Kronecker delta andsi ande are the spin and
charge of the respective single carrier state,B5C,V is the
band index, andl i represents the set of quantum numb
that characterizes the single carrier envelope function.

Since the main subject of this work is the optical prop
ties of a single dot containinga few interactingcarriers in it,
we chose to describe the single-particle states in the simp
possible form. As shown below, a typical PL spectrum fro
a single quantum dot is composed of a few spectral lin
These lines result from the multicarrier occupation of t
emitting dot. We show below that the spectral positions
these lines, as well as their dependence on the excita
power, can be described by two important physical prop
ties of the dots. Namely, the single carrier energy level se
ration and the exchange integrals between these levels
show that these twomost meaningfulparameters can, in fac
be accurately deduced from the measured spectrum. Fur
more, we have found out that the exchange integrals betw
single carrier states, the many carrier wave functions, and
oscillator strength for optical transitions between them
not strongly dependent on the details of the single car
e
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wave functions. They strongly depend, however, on the sy
metry and spin degeneracy of these single carrier wave fu
tions. These are accurately given by the following ve
simple single carrier model. In this model both electrons a
holes are described by envelope functions that are the
lytical solutions of a potential structure described by a re
angular box of dimensionsLx ,Ly ,Lz, and infinite potential
barriers,

f l ,B~xW !5A 23

LxLyLz
sinS nxp

Lx
xD sinS nyp

Ly
yD sinS nzp

Lz
zD ,

~7!

wherenx ,ny ,nz ~51,2,3, . . . !, are the quantum numbers a
sociated with the respective axes. We note that in this o
band simplified model the smalle-h exchange interaction22

strictly vanishes.
We now diagonalize numerically the Hamiltonian~1! to

yield all the multicarrier energy levels and their correspon
ing wave functions. Since in this work we study an undop
sample in which carriers are excited optically, we deal h
only with neutral multicarrier states with an equal number
electrons and holes. We note, however, that the mode
general enough to allow analysis of charged QD’s as well
order to keep the description concise, we consider in
following discussion only the lowest four single electron a
four single hole energy levels. These levels, denoted her
ter by~111!, ~211!, ~121!, and~221!, are characterized by th
quantum numbers associated with the confinement along
Cartesian axesx, y, andz, respectively. In this geometrically
nonsymmetric (Lx.Ly@Lz) box, each of these single carrie
states is only doubly spin (↑↓) degenerate.

1. Uncorrelated carriers

As an example, we describe in Fig. 1 a few simple cases
First, we consider the case in which only one electron-h
pair occupies the QD@Fig. 1~a!#. If the Coulomb interaction
within the pair can be ignored, it is readily seen that there
16 possible different energy levels and each one is four tim
degenerate due to the various electron and hole spin s
@left side of Fig. 1~a!, where for simplicity only four levels
are shown#. We denote the four lowest energy states of t
noninteracting pair by, 1e1↑1h1↑, 1e1↑1h1↓, 1e1↓1h1↑,
and 1e1↓1h1↓, respectively. Here 1e(h)1 means one elec
tron ~hole! in its lowest single carrier level~111!. Similarly,
assuming that the effective mass of the hole is larger t
that of the electron, the degenerate states of the second
ergy level are denoted by 1e1↑1h2↑, 1e1↑1h2↓, 1e1↓1h2↑,
and 1e1↓1h2↓, respectively. In these states, one hole resi
in its second energy level~211!.

The situation in which two electrons and two holes o
cupy the dot can be similarly described. Here, there are
together 784 biexciton states in 100 energy levels and, un
the exciton energy levels, the degeneracy is energy level
pendent@Fig. 1~b!, where for simplicity only nine levels are
shown#. There are nondegenerate levels such as the low
biexcitonic energy level 1e1↑1e1↓1h1↑1h1↓, in which all
the participating single carrier electron and hole levels
full. There are also levels of maximum of 16-fold dege
eracy, like 1e11e21h11h2, in which two different electron
and hole levels are half full. These energy levels and a
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PRB 61 11 011CARRIER-CARRIER CORRELATIONS IN AN . . .
other noncorrelated ones are illustrated on the left side
Fig. 1.

2. Correlated carriers

Let us consider now the effect of the Coulomb interact
on these multicarrier states. Since the Hamiltonian is s
independent it commutes with spin operators. Therefo
their eigenvalues can be used to characterize the eigens
of the full Hamiltonian @Eq. ~1!#. The ‘‘good’’ quantum
numbers that we introduce12 are the total electron~hole! spin
Se(h)

2 , the total spinS2, and its projection along thez axis,
Sz . In the case of one electron-hole pair~‘‘single exciton’’!,
as can be seen in the right-hand side of Fig. 1, the Coulo
attraction gives rise to a rigid downward shift of all the e
ergy levels. However, there is no degeneracy removal an
the excitonic levels remain four times degenerate.~We note
here that the electron-hole exchange interaction, which
ignore, should in principle, remove the degeneracy betw
the threeS251 states and the oneS250 state of each energ
level.23!

The situation is vastly different for the case of two ele
trons and two holes~a ‘‘biexciton’’ !. A noteworthy example
is the 16-fold degenerate 1e11e21h11h2 level. Here, thee-e
andh-h exchange interactions partly remove the degener

FIG. 1. Schematic description of the energy levels of the Q
confined single-exciton and biexciton multiplexes. On the l
~right! side of the figure the levels are described without~with! the
Coulomb interaction. The numbers in parentheses represen
level degeneracy and the symbolsei (hj ) stand for electron~hole!
in their i th ( j th! single carrier level.
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by splitting it into three levels. The lowest level withSe
2

51 andSh
251 is ninefold degenerate. The second level w

Se
251(0) andSh

250(1) is sixfold degenerate. The third is
nondegenerate level, withSe

250 andSh
250. We demonstrate

below that this spin degeneracy removal reveals itself i
characteristic multispectral line PL spectrum. We furth
show that such a behavior is characteristic to all even mu
exciton ~i.e., even number of correlated electron-hole pai!
cases.

B. Optical transitions between multiexciton states

We proceed and calculate, using the dipole approxim
tion, the matrix elements for optical transitions between i
tial and final exciton multiplexes~multiexcitons!, which dif-
fer by onee-h pair ~exciton!. Such optical transitions ofe-h
annihilation can occur only between states of the sameS2

and Sz eigenvalues. As discussed above for the biexci
case, there are several hundred degenerate energy leve
eachNth (N>2) multiexciton. Therefore, there are typical
hundreds of allowed optical transitions of different phot
energies between the (N11)th to the Nth multiexciton
cases.

If the radiative rate is much slower than the thermaliz
tion rate, fast thermalization to the ground multiexciton
states will significantly lower the number of these transitio
Our experimental observation14 and others10,21 are definitely
in accordance with the assumption that the QD is in therm
equilibrium when photons are emitted due to exciton ann
lation. Therefore, in the following, we consider only optic
transitions from the ground energy level of each (N11)th
multiexciton to all possible levels of theNth multiexciton.

As an example, we schematically display in Fig. 2 all t
allowed optical transitions that result from the radiative a
nihilation of a triexciton in its ground energy level. The su
sequent creation of the biexciton states is also describe
the figure. As can be seen, in the noncorrelated energy l
scheme~Fig. 2, left side! only two optical transitions are
allowed. The first is due to the recombination of electron a
hole in their first one-carrier energy levels, and the secon
due to the recombination of electron and hole in their sec
energy levels. In the correlated carrier picture, however~Fig.
2, right side! we show that the first optical transition spli
into two strong and one weak distinct transitions due to
splitting of the 16 times degeneratee1e2h1h2 energy level as
discussed above. This behavior is not limited to this opti
transition only. As can be readily understood, similar sp
ting occurs also in every optical transition between odd
even higher multiplexes of excitons.

This splitting results directly from the exchange intera
tion between carriers of the same charge. Its magnitude
pends on the Coulomb integral as given by Eq.~6!. In Table
I, we list the nonvanishing exchange integrals that invo
carriers within the first two energy levels of our model re
angular QD. In these calculationsLx , Ly , andLz were set to
30.5, 30.0, and 5.0 nm, respectively, and the InAs dielec
constant~15.0! was used.24 As we discuss below, these d
mensions were chosen to best fit our experimental obse
tions. We note in Table I that the exchange integral betw
the pair of levels~211!-~121! and~111!-~221! is roughly half

t
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the magnitude of that between~111!-~211! and ~111!-~121!.
We will return to this point in the discussion of our expe
mental measurements.

Thee-e andh-h exchange interactions are responsible
the line splitting described in Fig. 2. In addition, they giv
rise to a spectral redshift of optical transitions from succ
sively higher multiplexes of excitons, as demonstrated
Fig. 3. These redshifts are caused by the number of exch
interactions, which increases with the number of carrie
Therefore, the sum of exchange interaction energies low
the energy of theN11 multiexciton levels more than it low

FIG. 2. Schematic description of the allowed optical transitio
between the ground triexciton energy level to the biexciton sta
without ~left side! and with ~right side! the Coulomb interaction.
The light ~dark! gray vertical lines represente1h1 (e2h2) pair re-
combination.

TABLE I. Calculated exchange energies for confined carri
within the model quantum dot.

j nxnynz D1 j ~meV! D2 j ~meV!

1 111 3.49
2 211 3.48
3 121 3.48 1.57
4 221 1.57 2.98
5 311 2.17 2.83
6 131 2.17 1.14
7 321 1.14 1.27
8 231 1.14 1.89
9 411 1.47 1.82
10 141 1.47 0.84
r

-
n
ge
.
rs

ers the energy of theN multiexciton levels, thus causing
successive redshifts in the transition energies.

In Fig. 3 we summarize all the calculated optical tran
tions resulting from the radiative annihilation of up to eig
multiexciton ground states. For these calculations an In
band gap of 0.625 eV and electron and hole effective mas
of 0.023 and 0.6 electron rest mass, respectively, w
used.24 Here, only transitions that result from annihilation
electron and hole in their lowest two single carrier levels
considered. A thin~thick! solid arrow denotes transitions du
to radiative recombination ofe1h1 (e2h2) pairs. A dashed
arrow denotes the recombination ofe2h1 or e1h2 pairs,
which becomes partially allowed due to Coulomb interact
mixing. We present only the relevant levels that particip
in the radiative recombination processes of the ground m
tiexciton levels. Since mainly symmetrical electron and h
configurations participate in these transitions, the ene
level notation is common to both charge carriers. For
ample, by 2eh1 we denote two electrons and two holes
their respective first one-carrier energy levels. The verti
lines are numbered in increasing energy order. In this w
different transitions of the same energy are drawn along
same vertical lines. We note that the biexciton binding e
ergy, which amounts to 1.3 meV, is significantly less th
the .7 meV exchange splitting. The various exchan
terms, which give rise to the splitting and to the spect
red shifts are also marked in Fig. 3. It is readily seen t
optical transitions from a ground level of an odd multiexc
ton split in a similar way to the splitting discussed in Fig.
Starting from the annihilation of the ground state of the fi
multiexciton, both optical transitions split similarly. In add
tion, the emission spectrum of higher multiexcitons is shift
downward in energy, relative to that of the lower-order on
The magnitude of this energy shift equals the splitting ene
and it can be easily traced back to be the sum of the
change integrals of all the participating single carrier lev
as given in Table I. As a result of these spectral shifts, o
two new redshifted spectral lines appear every time tha
higher-order ground level of an even multiexciton reco
bines.

In Fig. 4 we present the calculated optical transitions d
to the recombination of electrons and holes from the t
lowest-lying single carrier energy levels of our infinite p
tential barrier QD, as a function of the number of excito
within it. Figures 3 and 4 demonstrate the following poin
~a! Only two optical transitions are allowed for radiative r
combination of an even multiexciton ground state while
to six transitions are allowed for a recombination of an o
multiexciton. ~b! The same optical transition can be due
the recombination of up to five different exciton multiplexe
~c! The magnitude of the energy splitting and the spec
redshift for successively higher-order multiexcitons rapid
decrease with the number of excitons, causing the reduc
of the transition energy to converge to a finite value. T
value can be easily associated with the renormalized b
gap of a highly excited bulk semiconductor.13 We note here
that Fig. 4 describes the case of infinite potential barri
with an infinite number of discrete confined single carr
energy levels. In reality, however, we expect only a very f
confined single electron levels before the onset of a spec
continuum.

s
s,

s
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FIG. 3. Schematic description of the allowed optical transitions due to single electron-hole pair annihilation from the ground
levels of the first eight QD exciton multiplexes. Transitions without~with! consideration of the Coulomb interaction are displayed on the l
~right-! hand side. Light gray~thick dark gray! vertical arrows denote thee1h1 (e2h2) pair recombination. The dashed vertical arro
representse2h1 pair recombination. 2D is the sum of electron-electron and hole-hole exchange energies between the first and secon
carrier levels.
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C. Lifetime of multiexcitons

We assumed so far that the photogenerated multiexci
thermalize to their ground level much faster than their de
rates. If in addition, we assume that any nonradiative rec
bination rate is much slower than the radiative ones, then
multiexciton lifetimes can be directly determined from t
ns
y
-
e

calculated optical transitions. The calculated lifetimes for
first few exciton multiplexes in our model quantum dots a
presented in Table II.

At any given time, only one well-defined excitonic mu
tiplex may exist in the QD. We define byni (0,ni,1) the
probability of finding thei th excitonic multiplex in the QD.
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Thus, for example,n0 is the probability of finding the QD
empty, andn2 is the probability of finding a biexciton in the
QD. We describe the temporal evolution of an exciton m
tiplex by the following rate equation:

dni

dt
5gi2

ni

t i
1

ni 11

t i 11
2gi 11 . ~8!

Heret i is the radiative lifetime of thei th multiexciton andgi
is its photogeneration rate@in Eq. ~8!, t05` andg050#. We
note that in addition to the ‘‘conventional’’ first three term
in Eq. ~8!, there is also a fourth term that describes the
crease in thei th multiexciton occupation probability due t
the photogeneration of the (i 11)th multiexciton that cause
the i th multiexciton to ‘‘vanish.’’ The photogeneration rat
of the i th multiexcitongi can be expressed as

gi5ni 21G, ~9!

whereG(t) is the total~time dependent! QD exciton photo-
generation rate andG(t) is proportional to the power of the
external excitation source at a given time. Equation~9! sim-
ply expresses the idea that the photogeneration rate of thi th
multiexciton depends linearly on the probability that the d
is occupied by the (i 21)th multiexciton. This means, o
course, that the QD cannot be emptied by the excita

FIG. 4. Vertical bars represent the calculated allowed opt
transition energies of increasingly higher QD exciton multiplex
By light gray vertical bars we denote optical transitions into t
upper nondegenerate exchange split states, which due to the la
degeneracy have smaller intensity.

TABLE II. Calculated QD multiexciton recombination rates~in
units of t1

21).

t1
21 t2

21 t3
21 t4

21 t5
21 t6

21 t7
21 t8

21

1 1.9 13.75 7.21 38.3 15 53.62 20
-

-

t

n

source ~we neglect stimulated emission throughout th
analysis!. Equation~8! can be analytically solved for both cw
and pulse excitations.

III. EXPERIMENTAL RESULTS

A. The sample

The SAQD sample studied here was fabricated by de
sition of a coherently strained epitaxial layer of InAs on
Al xGa12xAs layer deposited on GaAs substrate. The la
sequence, compositions, and widths are given elsewhe14

The SAQD’s were embedded within an Al0.3Ga0.7As/
Al0.1Ga0.9As quantum well structure in order to shift the P
emission energy above the silicon band gap. We used se
tive liquid-nitrogen-cooled charge coupled device~CCD! ar-
ray detector to perform the required very low light lev
spectroscopy. Note, furthermore, that the Al0.3Ga0.7As barri-
ers prevent vertical diffusion of photogenerated carriers i
the SAQD’s. Therefore, the only photons that generate c
riers are those absorbed within the quantum wells. The g
erated carriers then diffuse laterally into the SAQD’s. Th
allowed a quite accurate estimate of the SAQD photogen
ated carrier occupation. Note also that during the growth
the strained layer, the sample was not rotated. Thus a gr
ent in the QD’s density was formed across its surface.
particular, low-density areas, in which the average dista
between neighboring QD’s is larger than our spatial reso
tion, could easily be found on the sample surface.

B. Experimental setup

We use diffraction-limited low-temperature confocal o
tical microscope for the PL studies of the single SAQD
The setup is schematically described in Fig. 5. We use
3100 in situ microscope objective in order to focus the tu
able Ti:sapphire laser light at normal incidence on t
sample. Both cw and picosecond pulsed excitations w
used. The emitted light was collected by the same mic
scope objective that was accurately manipulated in three
rections using computer-controlled motors. A CCD cam
based active feedback loop is used for stabilizing
objective-sample working distance. The collected light w
spatially filtered, dispersed by a 0.22 m monochromator
detected by a nitrogen-cooled CCD array detector. The s
tem provides diffraction-limited spatial resolution both in th
excitation and the detection channels. We tested the c
bined spatial resolution of our system by creating selec
PL images of a cleaved edge of a single quantum w
~SQW! sample.25 The spatial full width at half maximum o
the SQW PL emission intensity was found to b
0.5–0.6mm, in agreement with the expected diffractio
limited optical resolution at this wavelength (.750 nm).
The collection efficiency of our system was carefully o
tained from the measured spectrum of the reflected la
beam. We found that approximately 33105 photons give
rise to one CCD camera count.

C. Photoluminescence line scans and selective
wavelength images

The dots position and characteristic emission wavelen
are found by taking PL line scans over the SAQD sam

l
.

of
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FIG. 5. Schematic descrip
tion of the low-temperature
diffraction-limited confocal mi-
croscope setup.
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surface. Typical line scans are displayed in Fig. 6, where
PL intensity as a function of photon energy and object
position is given by the gray scale as indicated by the bar
the figures. During the line scan, the PL was excited
7 mW (30 mW) of cw, 730-nm laser light, as shown in Fig
6~a! and 6~b!. The microscope objective was moved in ste
of 0.1 mm @Fig. 6~a!# or 0.25mm @Fig. 6~b!#, in each of
which the PL spectrum was measured by exposing the C
camera for 50 s. We note in Fig. 6 that at various positio
along the scanned surface, spectrally sharp PL lines are
served. These lines are due to recombination of excit
within single SAQD’s, as indicated by their resolutio
limited spatial and spectral widths.11,15 In the low-power
scan, Fig. 6~a!, the PL spectrum from each SAQD is main
composed of a single spectral line. In contrast, however
the high excitation scan, all the PL spectra contain a few
lines, which appear in pairs. In order to convince oursel
that, indeed, a single SAQD emits more than one spec
line, we generated selective wavelength images such as t
shown in Fig. 7. In Fig. 7 we show four 20320 selective
wavelength images of the sample surface. In order to ob
these images we recorded the full PL spectrum at 400 a
points, by exposing the CCD for 10 s at each point. In F
7~a! we present the PL spectrum obtained from one s
point, the position of which is marked by the crossing lin
on the images of Fig. 7. Four distinct sharp spectral lines
observed in Fig. 7~a!. The spectral wavelength of each
these lines was used to generate each one of the imag
Fig. 7, respectively, by displaying the intensity of the PL
the selected line wavelength, as a function of the objec
position. Inspection of the images clearly demonstrates
each one of the four spectral lines originates from the sa
e
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D
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spatial position, and thus conclusively proves that they
emitted from one SAQD. The scanned 6mm36 mm area of
Fig. 7 contains a few SAQD’s, which we revealed in a sim
lar way ~not shown!.

Using this procedure, we found that, indeed, the aver
distance between neighboring SAQD’s is larger than
spatial resolution. The PL spectra of each of these SAQ
show several characteristic features. In particular, the sh
spectral lines form one or more groups, and each such gr
typically contains a pair of particularly strong lines. In ge
eral, the number of groups and their PL intensity stron
depends on the power of excitation.

We note here that since the average distance between
is larger than our spatial resolution and is comparable w
the diffusion length, the estimation of the density of the ph
togenerated carriers within the SAQD can be made q
reliably. One does not have to know the area of the excit
beam for this estimation. In addition, the resonant tunnel
structure of our sample14 prohibits vertical diffusion of car-
riers, which were generated outside the Al0.1Ga0.9As layer
into the SAQD’s. From the measured power of the exciti
beam and the known index of refraction and absorption
the layers we estimated the carrier generation rate within
SAQD. Thus, using the measured lifetime of photoexci
carriers in similar such SAQD’s@0.7 ns~Refs. 26 and 27!#
we estimated that with 1mW cw excitation power, three
excitons occupy the SAQD on average. Under pulse exc
tion with the same average power, we obtain over 50 ex
tons per each laser pulse.

We show below that when nonradiative recombinati
processes are taken into account, the above estimate
considerably reduced, due to the shortening of the sin
exciton lifetime.
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D. Power dependence of the PL spectrum of a single SAQD

In Figs. 8 and 9 we present PL spectra from a sin
SAQD for various excitation powers, using cw and picos
ond pulse excitation, respectively. A short horizontal li
represents the zero for each spectrum, after subtractin
constant background due to the emission from the GaAs.
PL spectra of both cw and pulsed excitation, which we
obtained from two different SAQD’s, are composed of tw
groups of emission lines, with a few characteristic spec
lines in each group. We assigned a serial number to the m
lines according to their spectral position. Thus, the low
energy group is composed of line numbers 1 and 2 and
higher-energy group is composed of line numbers 4 and
respectively. Line number 3 is approximately positioned
between the two groups. The energy difference between
groups amounts to 52 meV, while the difference between
pair of lines in each group is approximately 7 meV. The
energies are typical for the SAQD PL spectra. Und
1 mW cw excitation~Fig. 8! only the lowest-energy PL line
number 1 is observed. As the power increases, more spe
lines are observed. At 100mW cw excitation, five main
spectral lines are observed. When the excitation powe
further increased, two broad spectral bands appear to
lower-energy side of each group of discrete lines.C1 and
C2 denote these bands, which dominate the PL spectrum
yet higher excitation power. The rate at which the intens
of each emission line grows with the excitation power
different. While the PL intensity of line numbers 2 and
saturates for excitation powers of 100mW and 7mW, re-
spectively, line number 1 and line number 4 continue to

FIG. 6. The PL emission intensity~as indicated by the gray
scale! as a function of the photon energy and the microscope p
tion along a line above the sample surface. The sample was ex
by a cw laser beam at normal incidence at 7mW ~a! and 30mW
~b!.
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crease in approximately a square root dependence on
excitation power. They saturate only for excitation powers
over 500mW.

There are two main differences between the cw a
pulsed excitation as can be seen by comparing Fig. 8 w
Fig. 9. First, the total PL intensity under pulse excitation
roughly an order of magnitude lower than that under
excitation. Second, under pulsed excitation, already at v
low excitation power, most of the spectral lines appear.

Finally, it is very important to note that at high excitatio
power a typical spectral line appears in between line nu
bers 4 and 5. The significance of this line and its importan
in determining the QD symmetry is briefly discussed belo

IV. DISCUSSION

Our experimental findings are analyzed in terms of
theoretical model presented in Sec. II. Although the act
shape of each of the SAQD’s that we studied is not know
earlier studies have shown that the base dimens
~.20–40 nm! are much larger than its height~2–6 nm!.6 The
exact values of the SAQD single carrier energy levels

i-
ed

FIG. 7. ~a! PL spectrum of a single SAQD.~b! 6 mm36 mm
selective wavelength images of the sample surface. In each o
images~1 through 4! the intensity of the emitted PL~as indicated by
the gray scale! at the energy that corresponds to the spectral line
shown in~a! is displayed as a function of the microscope object
position. The cross on all the images marks the spatial positio
the QD.
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undoubtedly determined by their geometrical shapes, com
sitions, strain fields, and dimensions.28–30However, these de
tails become of secondary importance for the understan
of the confined multicarrier optical transitions. We have th
chosen a short height, right-angle parallelepiped quan
box of infinite potential in order to calculate the single pa
ticle wave functions and energy levels. The advantage of
simplistic description of the QD is that its single carrier e
ergy levels and wave functions can be expressed analytic
@Eq. ~7!#. We varied the dimensions of our model dot
order to obtain maximum agreement with the measured d
By varying its base dimensions, we mainly affect the ene
difference between the single carrier confined levels wit
the box. We found out that a base dimension of 30 nm gi
rise to.50 meV energy separation between thee1h1 single
exciton level and thee2h2 level. This separation is related t
the energy separation between the two main groups of e
sion lines, which appear in the PL spectra of the SAQD~see
Fig. 8!. By varying now the third dimension of the box, w
mainly affect the Coulomb integrals as given by Eq.~6!. The
values that we present in Table I were obtained with a b
height of 5 nm, which best fitted the characteristic 7-m
splitting between the lines in each group. Finally, we ha

FIG. 8. Single SAQD PL spectra at various cw excitation po
ers. The spectra are vertically shifted for clarity. The horizontal l
to the left of each spectrum marks the corresponding zero emis
The inset contains similar spectra from SAQD sample without a
minum. Note that in this case due to the much less efficient no
diative decay channels, the single exciton line~number 2! is the first
to be observed already at very low excitation powers. The biexc
line (XX) is also observed in these spectra~Ref. 31!.
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adjusted the~small! amount by which the base geometric
degeneracy is removed30 by choosing a rectangle base wi
nearly equal sides. A rectangle side difference of appro
mately 1 nm, which resulted in 3 meV energy separat
between thee2h2 and e3h3 single carrier states, best ac
counted for the excitation power dependence of the PL
tensity of line numbers 4 and 5, and the line in between th
~see Fig. 8!. Note that the dimensions that we obtain are ve
well compared with the reported values.6 We stress again
that the specific geometry used here is different from t
reported in the literature. But since we fit the confined ene
level separation, the exchange integral values and the ‘‘g
metrical degeneracy’’ to our data, the actual shape of the
has only a secondary importance.

We proceed by using our rate equation@Eq. ~8!# to calcu-
late the emitted PL spectrum as a function of the opti
excitation power. We found that at moderate and high ex
tation powers, our model quite nicely reproduces the m
sured spectra and their power dependence. At low pow
however, there is a difference between the calculated o
by which the spectral lines appear as the excitation po
increases and the observed order. While the first observ
peak in the experiment is the lowest-energy peak~peak num-
ber 1!, the model obviously predicts that the first observa
peak should have been the single exciton peak, which res
at higher energy~peak number 2!. According to the model,
only when the number of excitons in the QD exceeds tw
the lowest-energy peak~peak number 1! should have ap-
peared. We explain this apparent discrepancy in terms
nonradiative recombination channels that are very efficien
low excitation densities and quickly saturate at higher ex
tation densities. The nonradiative recombination reveals

-
e
n.
-
a-

n

FIG. 9. Single SAQD PL spectrum at various pulse excitat
powers. The curves are vertically shifted for clarity. The horizon
line to the left of each spectrum marks the corresponding z
emission.
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self in two ways in our experimental measurements. The
is due to the overall count rates that we obtain, which for l
power excitation are about two orders of magnitude low
than the expected rates based on PL lifetime measureme31

and count rates at higher excitation density. The secon
the actual absence of the exciton and biexciton spectral l
in very low density excitations.

Such nonradiative recombination channels are known
be the result of aluminum contained in the layers in wh
the SAQD’s are embedded.32 These nonradiative rates affe
the recombination of carriers within the SAQD’s.

In order to test this hypothesis, we have measured SA
samples without aluminum. Few such spectra are depi
for comparison in the inset to Fig. 8. As predicted by o
model, in the absence of the nonradiative decay chan
associated with the aluminum, the single exciton~line num-
ber 2! and biexciton (XX) lines are clearly observed in thes
spectra, already at very low excitation power. Under h
excitation power the spectra are quite similar to those p
sented in Fig. 8. More details on these results will be p
lished elsewhere.31 The results are similar to those of Bay
et al.19 who similarly observed the single exciton peaks
the PL emission from SAQD’s embedded in aluminum-fr
layers. The observation of the exciton emission was also
ported by other groups.8,19 The measurements by Brunn
et al.8 were performed on natural QD’s formed by size flu
tuation of an AlxGa12xAs/GaAs quantum well. Both exciton
and biexciton lines were reported in the emission spectr
these QD’s.

Thus, a fast nonradiative decay channel is assumed fo
lowest two exciton multiplexes. We then write 1/t1(2)
51/t1R(2R)11/tNR , wheret1R(2R) is the radiative lifetime
of the exciton~biexciton! ground level andtNR is their non-
radiative lifetime. Since at higher excitation densities o
model quite accurately agrees with the measured data
conclude that the nonradiative lifetime of higher excit
multiplexes is negligible in comparison with their radiativ
lifetimes. For higher-order multiplexes, saturation and p
sible screening may make this nonradiative channel inef
tive. For example, saturation of nonradiative decay chan
such as Shockley-Read-Hall are very well known in bu
semiconductors.33 Excitation transfer to neighboring dots
yet another nonradiative channel for a single quantum
~but not necessarily for dot assemblies!, which will be satu-
rated just as well at high excitation density. By adjusting
ratio of tNR /t1R'0.01 we successfully obtain the low
power excitation spectra and their power dependence.
results of our calculations are compared in Fig. 10 with
measured PL spectra. We emphasize that the assumptio
full thermalization is essential. It is easily verified that wit
out this assumption the emission spectrum is composed o
enormous number of allowed optical transitions, in contr
with the experimental results.

The main difference between the calculated and meas
PL spectra is that the latter loses its discrete nature at
excitation power. This is due to the finite number (.2 –5) of
confined electron levels within the ‘‘real’’ SAQD’s. Thus
while in our model the exchange energies continue to var
a discrete manner with the multiexciton order~Figs. 3 and 4!,
in the real SAQD’s it becomes continuous.

Our model qualitatively explains the differences betwe
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the cw and pulsed excitation. In the pulse case the ave
number of excitons within the SAQD, during the lifetime o
the photogenerated carriers, is considerably larger. For
reason, already at very low average power, all the charac
istic exciton multiplex lines are observed.

In Fig. 11 we compare the calculated and measured
intensity of the five spectral lines~1–5! as a function of the
photogeneration power. Figures 11~a! and 11~b! represent
the cw excitation case, while Figs. 11~c! and 11~d! represent
the pulsed excitation case. There is an overall agreem
between the measurements and calculations. We note
our model reproduces the evolution of the PL emission w
excitation power for both the cw and pulsed cases. Mo
over, the absolute emission rates measured at the PL ma
are comparable with our model calculations and the e
ciency of our experimental setup. The excitation efficiency
the onset of the emission detection is also comparable w
our estimate and the above mentioned nonradiative rates
spection of the abscissas of the measured and calcu
curves, however, suggests that the number of excitons in
QD is proportional to the square root of the excitation pow
Such sublinear dependence may arise from the ineffic
diffusion of photogenerated carriers into the SAQD at hi
excitation densities. It is obvious that at these densities,
eral diffusion of carriers as well as stimulated emission m
be correctly taken into account. These processes, howe
are beyond the scope of this work.

Comparing the cw and pulsed excitation, and taking in
account the repetition rate, we estimate the single exc
radiative lifetime (t1R) as 3–5 ns. This lifetime completel
determines now the effective decay times of the various
lines. Using our rate equations, we obtain for the various
lines decay times of 200–700 ps, in agreement with p
lished data obtained by measuring the PL decay time of
SAQD’s inhomogeneously broadened spectral line26,27 and
our more recent time resolved measurements from sin
QD’s.31

FIG. 10. Comparison between the measured and calculated
spectra for various cw excitation densities.
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V. SUMMARY

We applied low-temperature diffraction-limited confoc
optical microscopy to spatially resolve and spectroscopic
study photoluminescence emission from single s
assembled semiconductor quantum dots. Using selec
wavelength imaging we unambiguously demonstrated th
single photoexcited QD emits light in a few very narro
spectral lines.

In order to explain the measured spectrum and its dep
dence on the power of either cw or pulsed excitation,
outlined a theoretical many-body model. The model u
analytical single carrier wave functions of a parallelepip
The Coulomb interaction integrals are then calculated

FIG. 11. ~a!, ~b! @~c!, ~d!# Comparison between the measur
and calculated PL intensity of few spectral lines as function of
cw ~pulse! excitation power intensity. The line numbers are in a
cordance with the peak numbers in Fig. 8~Fig. 9!.
h.

rd
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off
ly
-
ve
a

n-
e
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d

used for exact diagonalization of the many-body Ham
tonian, to obtain the many-body eigenenergies and w
functions. The dipole approximation is then used for calc
lating the oscillator strength for optical transitions betwe
these eigenenergies and their radiative lifetimes.

By adjusting the dimensions of the model parallelepip
we fit the experimentally measured spectra. In addition,
analytically solve the multiexciton radiative rate equatio
and carefully compare our calculations with the measu
data. From this comparison we conclude the following.

~a! The multiline PL spectrum of an optically excited Q
is due to optical transitions between confined exciton mu
plexes.

~b! A multiexciton relaxes to its ground state much fas
than its radiative lifetime. Therefore, at cryogenic tempe
tures a multiexciton radiatively recombines only from
ground state.

~c! The exchange interaction between single carrier sta
of the same type reflects itself in the appearance of pair
lines in the PL spectrum.

~d! With increasing cw excitation power, the emissio
intensity of the spectral lines reaches maximum and t
starts to decrease, while new spectrally redshifted lines
pear. The new lines similarly depend on the excitati
power.

~e! The spectral redshifts of the new lines are due to
exchange energy between single carrier levels of increa
energy. Once the discrete levels of the QD are fully oc
pied, spectrally broad bands are formed due to transiti
involving continuum electronic states.

~f! The order by which the spectral lines appear and re
their maximum as the excitation power gradually increa
yields information about the symmetry of the QD. We sho
that the self-assembled quantum dots that we investig
have only spin degeneracy but no geometrical degenera

~g! Efficient nonradiative decay channels determine
recombination times of single excitons in SAQD’s embedd
in Al containing layers. Therefore, the actual measured
decay times at low excitation density are much shorter t
the single exciton radiative lifetime that we found here to
a few nanoseconds long.
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