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Microphotoluminescence studies of single quantum dots. I. Time-resolved experiments
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~Received 13 May 1996!

Photoluminescence measurements with combined spatial, temporal, and spectral resolution are performed on
single GaAs/GaxAl 12xAs quantum dots. The complete spatial quantization leads to a spectrum of discrete
emission lines. A series of structures with various confinement strength is investigated, as a function of
excitation wavelength, excitation power, and temperature. In all cases, a fast rise of the luminescence is
observed. Several independent results show that Coulomb scattering plays a major role within the early stage
of energy relaxation. At liquid-helium temperature, a strikingly different recombination dynamics is observed
for dots with various lateral potential. For weak lateral confinement, energy relaxation is directly observed in
the time dependence of the luminescence spectrum. In contrast, in the sample with strongest confinement,
independent recombination of the discrete lines occurs. Increasing the excitation power, higher-energy lines
appear and the spectral weight shifts systematically from the lowest to the higher-energy lines. For this
variation, which corresponds to an increase in the estimated number of electron-hole pairs in the single dot
from about 1–2 to 200, the peak energies hardly change. We have also performed detailed calculations of the
energy spectrum and the relaxation and recombination times of excitons in quantum dots. The experimental
results are surprisingly well interpreted assuming the formation of an exciton gas obeying the Pauli exclusion
principle. @S0163-1829~97!06907-5#
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I. INTRODUCTION

The charge carriers in quantum dots are confined in
three spatial directions. In analogy to the case of atoms
molecules this leads to a discrete energy spectrum.
conduction-band states of semiconductor quantum dots h
been studied experimentally by intraband absorption of
frared light,1,2 resonant tunneling,3–5 capacitance spec
troscopy,2,6,7and Raman scattering.8 In intraband absorption
dipole transitions between then-electron ground state an
n-electron excited states are probed. For nearly parabolic
eral confinement potentials, usual for samples with a lat
confinement induced by structured gates, the transition e
gies are insensitive to many-body effects. The dipole ope
tor only couples to excited states of the center-of-mass c
dinate without affecting the relative motion of the individu
carriers. This result is usually called the generalized Ko
theorem.9,10 Electron transport through quantum dots, su
as resonant tunneling and capacitance spectroscopy
strongly influenced by charging effects. The Coulomb blo
ade is an interesting phenomenon in itself but hampers
determination of the intrinsic electron spectrum. Raman s
tering is a powerful technique that allows one to measure
energy splitting between then-electron ground state and ex
cited states in quantum dots. For smalln, the method is very
difficult for intensity reasons, but on the other hand there
no limitations due to the generalized Kohn theorem or cha
ing effects.

Photoluminescence~PL! spectroscopy is the most widel
used optical characterization tool for semiconductor quan
dots. The PL properties are of central importance for opt
applications as light detectors, emitters, modulators, or
550163-1829/97/55~7!/4456~13!/$10.00
ll
or
he
ve
-

t-
al
r-
a-
r-

n
h
is
-
e
t-
e

e
-

m
l
-

sers. In contrast to the measurement techniques desc
above, PL spectroscopy probes not only the conduction b
but transitions between valence- and conduction-band sta
The PL spectrum contains a number of important inform
tions that are sometimes difficult to extract. It reflects t
conduction- and valence-band structure, the dynamics of
laxation and recombination, and is sensitive to excitonic a
many-body effects.

Although fabrication techniques for artificial semicondu
tor structures have been greatly improved, inhomogene
still remain within arrays of one-dimensional~1D! or 0D
structures. Up to now, most experimental studies have b
performed on such arrays exhibiting fluctuations of s
and/or composition. In optical spectroscopy, this leads to
homogeneous broadening, which hampers the study of
intrinsic properties of the low-dimensional system.11,12

Space-resolved spectroscopy allows the investigation
an individual quantum structure. The PL spectrum of a sin
quantum dot should not be affected by inhomogene
broadening. Local potential fluctuations in a single dot m
modify the quantization energy of discrete atomiclike leve
but should not cause line broadening.

In the microphotoluminescence (m-PL! experiment, local
excitation and detection are achieved with a resolution
about 1mm by the use of an optical microscope objectiv
With m-PL it has been shown on specially designed sin
quantum dot structures, that the discrete radiative transit
between 0D states can be measured in semicondu
heterostructures.12,13Them-PL spectrum of a single dot con
sists of sharp, atomiclike lines, in contrast to the broad sp
tra observed by ordinary PL spectroscopy on arrays of qu
tum dots. Them-PL technique is versatile and powerful. Th
4456 © 1997 The American Physical Society
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55 4457MICROPHOTOLUMINESCENCE . . . I. . . .
spatial resolution of excitation and detection can be var
independently and the efficient collection allows spectr
copy with very weak excitation. The excitation conditio
are well characterized, the dependences on the wavele
intensity, and polarization of the exciting beam provide d
tailed information on the intrinsic optical properties of
nanostructure. Narrow, 0D-like transitions can be obser
by m-PL also on single quantum wells.14–17 These lines are
attributed to excitons confined to a local interface imperf
tion. As an example of the power of the technique, ev
confined biexcitons could be identified by a quadratic dep
dence on the excitation power, a distinct polarization dep
dence and a two-photon absorption line in them-PL excita-
tion spectrum.16 The sharp lines related to interfac
imperfections in quantum wells have been observed also
near-field scanning optical microscopy~NSOM!.18 With
NSOM a better spatial resolution can be obtained to the
pense of sensitivity. For the example of a spatial resolut
of 100 nm in the visible spectral range, about three order
magnitude of the signal are lost in this nonimagi
technique.19,20To our knowledge, NSOM spectroscopy wi
local detection could not yet be performed under reasona
low excitation conditions. Finally, cathodoluminescence h
also been employed successfully to avoid inhomogene
broadening by spectroscopy of single quantum dots.21 In this
case, local excitation is provided with high excess ene
and the spatial resolution is limited by the diffusion length
the electrically injected carriers.

In the present two papers, we report on a detailed inv
tigation of the optical properties of single quantum dots. T
samples have been fabricated by laser-induced local inte
fusion of a GaAs/GaxAl 12xAs quantum-well heterostruc
ture. We have realized am-PL experiment with picosecon
time resolution, which allows us to follow the line spectru
of a single dot directly in the time domain.22,23 This paper
~part I! contains a comprehensive discussion of these ti
resolved studies. In the following paper@part II ~Ref. 24!#,
results of another experiment are presented:m-PL spectros-
copy of the single quantum dots in high magnetic field.

With the time-resolved measurements, we address a n
ber of important open questions regarding the dynamics
relaxation and recombination in quantum dots. It has b
predicted theoretically that phonon-assisted relaxation sh
be considerably slowed down by complete spa
quantization.25–27 In typical quantum dot structures, the r
laxation by LA phonon scattering should be efficient on
between levels with an energy separation smaller than a
meV. LO phonon emission~and two phonon LO1LA
mechanisms! is possible only for energy separations within
few meV from a LO branch. Relaxation by Coulomb sc
tering via an Auger-like process has also been considere28

This relaxation mechanism is expected to be efficient in
presence of a dense electron-hole plasma, even for small
where the phonon scattering rates are low. In addition to
information on the energy relaxation properties, our tim
resolved studies also provide new and unexpected ins
into the spectrum and the recombination dynamics of an
teracting electron-hole plasma in a quantum dot.

This paper is organized as follows. In Sec. II, we descr
the investigated series of single quantum dot structures
Sec. III, we briefly discuss some of the basic physical c
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cepts underlying the time-resolved PL of quantum dots. S
tion IV contains a description of the experimental setup. T
presentation of the experimental results in Sec. V is divid
into four parts according to the different parameters that h
been systematically varied: the excitation wavelength~A!,
the excitation power~B!, the lateral confinement~C!, and the
sample temperature~D!. A concluding discussion is given in
Sec. VI.

II. SAMPLES

Both the time-resolved and the magnetic-field expe
ments are performed on single quantum dot structures fa
cated by laser-induced local interdiffusion. This secti
gives a brief description of the fabrication process, wh
more detailed accounts have been published elsewhere12,29

The samples have been characterized in detail by cwm-PL
spectroscopy.12,30

A schematic cross section of a dot structure is given in
inset of Fig. 1 of Ref. 12. The starting material is a 3-nm
wide, undoped GaAs/Ga0.65Al 0.35As single quantum well
grown by molecular beam epitaxy. A band-gap modulation
produced by locally heating the sample by an Ar1 laser
beam focused to a spot of about 500 nm full width at h
maximum~FWHM!. An external laser power stabilizer an
an autofocus system are used to keep the laser intensit
the sample surface constant. Thermal interdiffusion of
well and barrier layers takes place underneath the spot
ter. A dot structure is defined by first drawing a square fra
of sizew with the focused laser beam. Subsequently an a
of 636 mm around the dot is interdiffused by scanning t
beam continuously. This procedure gives rise to a late
modulation of the band gap as shown schematically in
lower part of the inset. The strongly nonlinear temperat
dependence of the interdiffusion allows one to realize st
lateral barriers for electrons and holes.

In Fig. 1 of Ref. 12 and Fig. 4 of Ref. 30,m-PL spectra
collected on different quantum dots at liquid-helium tem
perature are presented. Only one dot is measured at a
and consequently there should be no inhomogeneous br
ening of the spectra. Indeed, the PL lines of the quantum d
are much smaller than the inhomogeneously broadened
of the as-grown quantum well~7 meV FWHM!. The energy
shift of the lowest PL line is a combined effect of later
confinement and alloying of the dot center. The effective s
of the lateral confinement is given by the interdiffusion pr
file and not just by the geometrical sizew. This can be seen
in Fig. 6 of Ref. 29, where the effective lateral modulation
the band edges, theoretically expected for structures w
w5600, 450, and 300 nm, is presented. Decreasingw from
large values, the laser-induced barriers move closer toge
which leads to an increasing lateral quantization. Maxim
confinement is obtained when the barriers are about to m
at the dot center. We expect this to be realized in
w5450 nm dot where a maximum line splitting of about 1
meV is observed. Decreasingw further, the increasing Al
content near the center of the dot leads to a strong blue
of the PL ground state, but a decreasing lateral barrier hei
For w→0, we approach the case of a homogeneously
loyed 2D layer without lateral confinement. Section III A
contains a comparison of the experimental PL spectra w



th
t
i-

re
e
m
c
an

ru
gle
v
t
, t
i
io
ti
th
at
av
in
i

an
io
s
n
re
so
o
e
is
e
e

k
ar
ic
ad
he

he
h
ve
pr
ito
o
. 4

tive
of

ned

y the
29

this

u-
.
r
a-
d

s is
a

the
ain
the
he

he
y of
in-

lay
ho-
res
er

n
-
old

ed

4458 55BOCKELMANN, HELLER, FILORAMO, AND ROUSSIGNOL
calculated exciton states. It is important to remember that
correct measure for the strength of the lateral confinemen
the line splitting of them-PL spectrum and not the geometr
cal sizew.

III. BASIC CONCEPTS

In this section we discuss some of the basic concepts
evant to the time-resolved PL of quantum dots. It is divid
into three parts:~A! the eigenstates of the electronic syste
~B! the mechanisms of energy relaxation after optical ex
tation, and~C! the theoretically expected properties of
exciton gas in a quantum dot.

A. Electron-hole pairs in quantum dots

1. Independent electron-hole pair

The simplest way to describe the luminescence spect
is to consider band-to-band transitions between sin
particle states. The lateral potential and the lowest hea
hole and electron states, calculated for our laser fabrica
dots, are presented in Fig. 6 of Ref. 29. In these samples
confinement is much stronger in the growth direction than
the lateral directions. Therefore it is a good approximat
for the near-band-edge states to consider the lateral mo
as independent and to neglect valence-band mixing. In
general case, there is a coupling between the different sp
directions and each valence-band state is a mixture of he
and light-hole components. A calculation of hole levels
quantum dots including valence-band mixing can be found
Refs. 31 and 32.

Already the single-particle spectrum is discrete in qu
tum dots. Therefore the electron hole Coulomb attract
does not have the same qualitative effect as in system
higher dimensionality where it introduces discrete transitio
in an originally continuous spectrum. In small dots, whe
the confinement energy strongly exceeds the energy as
ated with the Coulomb attraction, the independent electr
hole pair picture is adequate. This situation can be realiz
for example, in epitaxially grown strained semiconductor
land structures.13,21,33,34In the corresponding calculations th
electron hole Coulomb attraction can be treated as a w
perturbation.35

2. Single exciton

When the spatial confinement is comparable to or wea
than the Coulomb attraction, the single-particle levels
strongly mixed and the independent electron-hole pair p
ture breaks down. This is the case in our samples. The re
may compare the level splittings in Fig. 1 of Ref. 12 with t
exciton binding of a GaAs quantum well~of the order of 10
meV!. In principle, the exciton concept applies only to t
case of one electron-hole pair in the dot. Experimentally t
means a low excitation power, which ensures that the a
age number of pairs is less than one. The cw spectra
sented in Ref. 12 and 30 correspond to this single exc
regime. The estimation derived in Sec. V B gives a value
1022 pairs in time-average for the 125-nW spectra of Fig
of Ref. 12. The measured magnetic field shifts of them-PL
lines presented in part II~Ref. 24! also show the excitonic
character of the single quantum dot spectra.
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Theoretical results for the energy spectrum and radia
lifetimes of quantum dot excitons are presented in Fig. 3
Ref. 22. We consider the effective-mass Hamiltonian

H5H01Heh ,

H05 (
n5e,h

2\2

2mn
S ]2

]xn
2 1

]2

]yn
2D 1

1

2
mnvn

2~xn
21yn

2!,

Heh52E dzeE dzhuxe~ze!u2uxh~zh!u2
e2

e l ure2rhu
. ~1!

Heh describes the electron-hole Coulomb attraction scree
by the static dielectric constante l and weighed over the
ground subband wave functionsxe , xh of the quantum well.
The lateral confinement, included inH0, is described by
parabolic potentials with rotational symmetry in thexy
plane. We usevh5ve(me /mh)

1/2 so that the electron and
hole parabola have the same curvature, as suggested b
calculated band edge profiles presented in Fig. 6 of Ref.
for w5450 nm. Thus, a single parameter, the energy\ve ,
describes the strength of the lateral confinement in
model. The HamiltonianH is diagonalized numerically by
an expansion on the analytical eigenfunctions ofH0. The
latter are parametrized by the radial quantum numbersne ,
nh and the angular momentum quantum numbersl e , l h of
the 2D harmonic oscillator. The invariance ofH to rotations
around thez axis implies the conservation of the total ang
lar momentumj5 l e1 l h of the exciton envelope function
Only excitons with j50 decay radiatively, while the othe
states are not coupled to the light in the dipole approxim
tion. The radiative lifetimetR of a particular state is obtaine
from its envelope functioncex(re ,rh) according to36

tR}U E drcex~r ,r !U22

. ~2!

We first emphasize that the spectrum of radiative state
dominated by a series of almost equidistant lines, with
spacing that increases with\ve . Disregarding the mixing of
the center of mass and the relative exciton coordinate by
lateral potential, we can approximatively ascribe these m
lines to the confinement of the center-of-mass motion in
parabolic potential. Another important point to notice is t
strong increase of the density of the nonradiative (jÞ0) lev-
els with increasing energy. This also is a property of t
parabolic potential shape. Remember that the degenerac
the single-particle states of a 2D harmonic oscillator
creases linearly with energy.

The cw PL spectra collected on thew5400 and 500 nm
dots are dominated by their lowest-energy peak but disp
clear structures of almost equidistant spacing at higher p
ton energy. The position of the experimental lines compa
quite well with the calculated exciton energies if we consid
\ve53 meV ~2 meV! for w5400 nm ~500 nm!. For the
450-nm dot our model of the local thermal interdiffusio
gives\ve56 meV. The 10-meV splitting between the low
est two peaks agrees with Fig. 3 of Ref. 22, but the threef
splitting of the excited state~Ref. 12, Fig. 4! is not borne out
by the calculation. This fine structure cannot be explain
either by varying the ratiove /vh .

30 However, the first ex-
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55 4459MICROPHOTOLUMINESCENCE . . . I. . . .
cited radiative state is almost degenerate with the low
j562 state. A deviation of the lateral potential from rot
tional symmetry would mix the three states; i.e., the non
diative excitons would gain oscillator strength. Such a dev
tion can be caused by charged defects introduced by the
processing in the area surrounding the dot or simply by
perfectly constant interdiffusion conditions during writin
the square frame that defines the dot.

3. Interacting electron-hole plasma

The situation becomes increasingly complicated wh
more than one electron-hole pair is present in the dot.
two pairs, the formation of a biexciton state has been th
retically predicted37 and experimentally observed.16 Studying
a rather simple model of a quantum dot with only two ele
tron and two hole levels~apart from spin!, Barenco and
Dupertuis38 have calculated the spectrum for up to 4 inte
acting electron-hole pairs. They find very intricate spec
which sensitively depend on the number of carriers.

The parabolic potentials, which are used to describe
structures, have special properties concerning interaction
fects. The generalized Kohn theorem states that for parab
quantum dots the spectrum of dipole transitions betw
states from the same parabolic band only reflect sin
particle energies.9,10 This theorem, however, does not app
to interband transitions and we expect to see many-body
fects in the luminescence even for parabolic confinemen

B. Mechanisms of energy relaxation

1. Phonon scattering

The most efficient phonon scattering mechanism in
polar III-V compounds is the interaction with LO phonon
Typical scattering rates are of the order of 1012–1013 s21. A
first-order phonon emission or absorption process is poss
only if the energy separation between the initial and fi
electron states matches the phonon energy. In quantum
the discrete electronic energy spectrum together with
very weak energy dispersion of the LO phonon prevents
Fröhlich interaction in the general case.

On the other hand, scattering by LA phonons is poss
over a wide energy range. However, it has been shown th
retically that, although the mechanism remains possible,
rates of electron–LA-phonon scattering in quantum dots
crease drastically when the energy level separation excee
thresholdEt .

25 Although momentum conservation is relaxe
due to the spatial confinement, aboveEt the energy conser
vation requires scattering by LA phonons with a wave vec
too large to be accommodated by the electron. The thres
energyEt , given by Et5\cs2p/L, only depends on the
sound velocitycs ~3700 m/s for GaAs! and the smallest di-
mension of the quantum dotL. Throughout our series o
quantum dotsEt55.1 meV is constant; the value ofL53
nm is given by the width of the underlying quantum we
Due to the larger effective mass the hole level splitting
smaller than the electron one and therefore hole relaxatio
quantum dots remains efficient down to somewhat sma
lateral structure size.

The described relaxation bottleneck exists in a sim
way also for excitons in quantum dots.36 In this case, the
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threshold valueEt has to be compared to the level sepa
tions within the exciton energy spectrum. Applied to the c
culated spectrum of Fig. 3 of Ref. 22 we notice the follo
ing. For \ve56 meV, direct scattering between the ma
radiative lines is widely suppressed. At high energy efficie
relaxation is possible via the closely spaced nonradiative
els, while we expect a rather slow relaxation from the fi
excited to the ground radiative state. For weaker lateral c
finement,\ve52 meV, there should be efficient relaxatio
directly between the radiative levels all the way down to t
ground state~in this case the separation of the radiative le
els is smaller thanEt). Experimentally, the most prominen
excited-state transitions are observed in the sample where
level splitting is maximum, which is consistent with th
slowing down of relaxation with increasing lateral confin
ment. A detailed description of the theoretical work on t
spectrum, relaxation, and radiative recombination of qu
tum dot excitons are given in Ref. 36, together with calcu
tions on the relative intensity of the PL lines.

2. Coulomb scattering, Auger mechanism

In contrast to the phonon scattering mechanism where
excess energy of the photo-generated carriers is transfor
into lattice vibrations, Coulomb scattering between t
charge carriers only causes an energy redistribution wi
the electronic system. Such a redistribution can neverthe
be very important for the thermalization. It allows a larg
number of carriers to access a few particular efficient rel
ation channels. One example is the rapid cooling of an e
tron gas through emission of LO phonons by electrons in
tail above\vLO of their distribution.

Bockelmann and Egeler have proposed and studied
following, Auger-like mechanism for efficient electron rela
ation in quantum dots.28 In a typical PL experiment electron
hole pairs are excited close to or above the barriers of
lateral potential. Depending on the excitation intensity a
the efficiency of relaxation, an electron-hole plasma of s
able density can be present in this energy range. An elec
in an excited quantum dot state can now relax by transfer
its energy to the plasma by Coulomb interaction in an Aug
like process. A scattering event involves a transition betw
two quantum dot states and a single-particle~electron or
hole! or collective plasma excitation. The plasma itse
placed in an energy region with a quasicontinuous spectr
can easily thermalize by phonon scattering. For a plas
density of 1010 cm22, the calculated Auger scattering rate
an electron in the first excited dot level exceeds 1011 s21,
even for small lateral dot size where relaxation by LA ph
non emission is inefficient.28 In the dot structures investi
gated here the described Auger mechanism is possible
for resonant excitation within the dot. Here the narrow
spaced higher-energy states play the same role as the
continuum states above the lateral potential barrier play
the calculations.

C. Exciton gas

In this section we discuss some properties of a gas
noninteracting excitons in a quantum dot. At first sight
does not seem to make much sense to extend the single
citon picture to a situation with more than one electron-h
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pair in the dot, since as mentioned in Sec. III A 3, few-bo
interaction effects are expected to have a strong impac
the energy spectrum. The motivation for this discussion
twofold. ~i! Our experimental spectra, which will be pre
sented in Sec. V, show a surprisingly weak dependence
the number of excitons in the dot and therefore suggest s
an excitonic description.~ii ! Even a rough theoretical de
scription may be a helpful guideline since, to our knowled
no more realistic theoretical description is available, neit
for the few-electron-hole pair spectrum nor for the dynam
of relaxation and recombination.

1. Bose or Fermi statistics?

The Wannier exciton is a many-body excited state of
solid. Even if we disregard this aspect in the simple electr
hole picture, we deal with a composite of two half-integ
spin particles. In quantum dot samples where the effect
lateral confinement and exciton binding are of similar imp
tance, the average distance between the excitons is n
large compared to the exciton radius. Therefore alread
the limit of two excitons the composite character is revea
and the Pauli exclusion principle should be important. T
latter acts between the two electron and the two hole c
ponents. In consequence, there should be no low-densit
gime corresponding to an exciton gas of Bose statistics
quantum dots. In the limit of small dots, where the spectr
becomes increasingly well described in terms of independ
electron-hole pairs we expect to recover the Fermi statis
of the electron and hole. If Fermi statistics is assumed,
curves presented in the left part of Fig. 3 of Ref. 22 give
Fermi energy as a function of the number of excitonsNex at
zero temperature. Strictly speaking, as a composite par
the exciton obeys neither a pure Fermi nor a pure Bose
tistics, but in the following we nevertheless consider the
two limiting cases.

2. Dynamics of relaxation and recombination

In this section we present some theoretical results on
dynamics of an exciton gas in a quantum dot. We study
behavior of exciton gases, where in one case a Fermi an
the other case a Bose statistics is assumed. Qualitatively
ferent results are obtained. For Fermi statistics, Pauli blo
ing of relaxation can strongly modify the time-resolved o
tical response. The following set of rate equations
considered:

dni
dt

5(
jÞ i

t j i
21nj~12lni !2niSi . ~3!

This determines the time dependence of the occupa
probability ni for all quantum dot exciton states. The fir
term on the right side describes scattering into the statei , the
second gives the particle loss out of this state. The param
l determines the quantum statistics.l50 stands for Bose-
Einstein andl51 for Fermi-Dirac statistics. Forl51, the
Fermi factors suppress scattering into occupied states
ensure thatni<1. At the lattice temperatureTl , the scatter-
ing rate between two levelsi and j , separated by an energ
\v i j5Ei2Ej , reads

t i j
215t i j

0 21@nP~ uv i j u,Tl !1 1
21 1

2 sgn~v i j !#. ~4!
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Between square brackets, the Planck distributionnP gives
the number of phonons present in equilibrium at the latt
temperatureTl . For v i j.0 this number is increased b
one to account for spontaneous phonon emiss
@sgn(x>0)51, sgn(x,0)521#. The scattering timest i j

0

are calculated to first order of perturbation theory, assum
the deformation potential interaction with one bulk L
phonon.36,39 For the loss rate

Si5P1t i
R211(

jÞ i
t i j

21~12lnj ! ~5!

we consider, in addition to LA phonon scattering~last term!,
nonradiative recombination~described by a single phenom
enological rateP for all levels! and radiative recombination
@t i

R according to Eq.~2!#. From the solution of Eq.~3! we
directly obtain the time-dependent luminescence spect
since the intensity emitted from the exciton statei is given
by

Ji}nit i
R21. ~6!

We assume the initial distribution

ni~ t50!5~11e~Ei2m!/Tex!21.

This Fermi distribution is characterized by the temperat
Tex and the number of excitonsNex. The chemical potentia
m is determined byNex, Tex, and the calculated energ
spectrum. The initial condition is used as a very simple
scription of the system shortly after an excitation puls
which is followed by fast carrier relaxation through com

FIG. 1. Calculated PL spectrum as a function of time for
exciton gas in a quantum dot with parabolic lateral potentials
\ve56 meV. At the time origin a Fermi distribution is assume
with Nex550 excitons and a temperatureTex of 4 meV. The theo-
retical model includes LA phonon scattering~calculated rates!, ra-
diative recombination~calculated!, and nonradiative recombinatio
~with a rateP of 23109 s21 for all levels! of the excitons. The
Pauli exclusion principle is included in the rate equation. A latt
temperatureTl of 10 K is used.
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bined LO-phonon and Coulomb scattering. The present ra
equation analysis is restricted to the time and energy ran
where LA phonon scattering represents the dominant mech
nism.

The set of scattering timest i j
0 and radiative lifetimest i

R is
calculated for the 100 lowest exciton states, only once fo
each dot of given\ve . This allows a systematic study of the
effects of the lattice temperatureTl , the nonradiative loss
rateP, the exciton numberNex, the temperatureTex, and the
parameterl, which determines the quantum statistics.

Typical results of a numerical solution of Eq.~3! are pre-
sented in Figs. 1–4. The same initial distribution with
Nex550, Tex54 meV is assumed, applied to dots with
\ve52 meV and\ve56 meV, for bothl50 andl51.
We find qualitatively different dynamics for the four cases

FIG. 2. Same as Fig. 1, for a lateral potential with\ve52 meV.

FIG. 3. Same as Fig. 1, without the Pauli exclusion principle.
te
ge
a-

r

.

Under the same excitation conditions the initial distributi
is more degenerate for stronger lateral confinement.
\ve56 meV, we obtain a chemical potentialm524 meV
@Tex, while in the 2-meV casem55.3 meV is comparable
to Tex, which means a more classical energy distribution

For the 6-meV dot with Pauli exclusion~Fig. 1!, we ob-
serve a continuous time decay of the intensity. Compar
the integrated signal from the range 14–18 meV with
signal of the radiative lines at22.6 and 7.8 meV, we can
define three energy intervals of roughly equidistant spac
that exhibit a similar time dependence. The absence o
efficient population transfer between these energy interv
has two reasons:~1! The slowing down of LA phonon scat
tering renders direct scattering between the lowest radia
lines inefficient, as described in Sec. III B 1.~2! Relaxation
through the intermediate nonradiative states is hindered
the Pauli principle since these states are widely occupied

An internal dynamics is recovered for weaker lateral co
finement~Fig. 2!. In this case direct scattering between t
radiative states is possible and the Pauli blocking of rel
ation is less active due to the more classical carrier distri
tion ~see above!. There are characteristic plateaus in the tim
dependence of the low-energy lines. They arise from
combination of efficient relaxation and Pauli exclusio
which assures a population close to one for these states
a long time interval.

Assuming Bose statistics, the dynamics changes.
strong lateral confinement~Fig. 3!, the signal from the inter-
val 14–18 meV decreases much faster and the two low
lines each acquire a pronounced maximum at sizable t
delay. The fast decay is caused by relaxation through
closely spaced nonradiative levels~Fig. 3 of Ref. 22!, which
is possible although these states are occupied since the
no exclusion principle. Relaxation of excitons, the major
from nonradiative states, causes the delayed maxima for
two lowest lines.

For Bose statistics and weak lateral confinement~Fig. 4!
the carriers relax very rapidly into the ground state, wh

FIG. 4. Same as Fig. 1, for a lateral potential of\ve52 meV
and without Pauli exclusion.
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then acquires a populationn@1. The corresponding maxi
mum intensity exceeds the values obtained in the form
situations by about a factor of ten~compare the vertica
scales of Figs. 1–4!. The decay of this strong luminescen
reflects the radiative lifetime of the ground state. In the ot
three cases, the time dependence is given by a complic
interplay of relaxation and recombination.

IV. EXPERIMENTAL TECHNIQUE

The experimental setup is schematically depicted in F
5. Excitation is provided by a cw mode-locked Ti:sapph
laser pumped by an Ar1 laser. 2-ps-duration pulses are us
in the 685–720-nm range in order to excite resonantly
quantum dot structures. The repetition rate is 82 MHz. T
pulse duration is systematically controlled by an autocorre
tor. The excitation beam linearly polarized and adequa
attenuated is focused through a microscope objective.
spot size at the sample surface is 1.5mm ~FWHM!. The
position and focusing of the exciting beam are controlled
a high precisionxyz translation stage. The sample
mounted on a cold finger in a continuous-flow He cryos
which allows measurements in the 5–100-K temperat
range.

The photoluminescence signal from the sample, collec
by the microscope objective, passes through a 200-mm pin-
hole located at an image plane. Thus, the observation is d
on a restricted sample area~2–3 mm! and observation of a
single dot is made possible. The signal is then dispersed
32-cm spectrometer with 300-g/mm gratings and detected
an optically triggered Hamamatsu streakscope. In this c
figuration the response time of the streakscope is 15 ps.
high stability of the excitation source allows a deconvoluti
procedure giving a slightly better time resolution. Thus,
overall spectral and time resolutions of the experimen
setup are 2 meV and 10 ps. Part of the excitation beam
directly sent to the streakscope through a delay line in or
to get a fixed time reference avoiding any jitter proble
between two different data accumulations.

An analyzer is placed before the spectrometer to decre
the intensity of the scattered excitation light and to ensur
better signal-to-noise ratio for resonant excitation of
quantum dot. Nevertheless the minimum excess energy
we were able to achieve was only 18 meV. The mechan
stability of the setup allows integration times as long as
min without drifting away from the single dot.

V. EXPERIMENTAL RESULTS

In this section, we present the results of the time-resol
measurements. It is divided into four parts, according to
different physical dependencies that have been studied
the first two parts, the dependence on the excitation wa
length ~A! and excitation power~B! is discussed. This sys
tematic variation of the excitation conditions provides
with information on the relaxation mechanism, active shor
after the excitation pulse and responsible for the rise of
PL. The time-dependent spectra at later times reflect the
ergy spectrum and the complex relaxation and recombina
dynamics of the electron hole plasma. They show a cha
teristic dependence on the excitation power~B!, the strength
r
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of the lateral confinement~C!, and the sample temperatur
~D!.

A. Excitation wavelength dependence

The depth of the lateral potential in the laser-induc
quantum dots is about 35 meV, both for the electron a
heavy hole. We have performed pulsed excitation with
photon energy between 18 and 66 meV above the lowes
line. Thus this energy interval ranges from the case of re
nant excitation deeply in the dot to resonant excitation cl
to the top of the confining lateral barrier. For an excess
ergy close to the LO phonon branch~36 meV in GaAs! reso-
nant enhancement of relaxation by LO phonon emission
the ground state should occur. Below this LO phonon thre
old remains relaxation by LA phonon scattering and, depe
ing on the number of charge carriers, Coulomb scatter
For relaxation dominated by LO phonon emission, we wo
thus expect a sizable change when the excitation energ
scanned through\vLO . This is not observed experimentally
As shown in Fig. 6, we always observe a fast rise of
ground-state PL, independently of the excitation waveleng
We see no resonant behavior at the excess energy
\vLO . The rise time of about 10 ps, which is close to t
time resolution of the experiment, is too short for relaxati
by LA phonon scattering. These considerations indicate
Coulomb scattering, which can always promote part of
carrier distribution above\vLO , and thus make LO phonon
emission possible, is important. This result is further su
ported by the power dependence, to be presented in the
section. The fast rise of the PL and the absence of an ef
at \vLO is observed for all excitation powers, all invest
gated quantum dot structures and for the whole tempera
range.

B. Excitation power dependence

The excitation power determines the number of photo
cited electron-hole pairs in the dot. For excitation with pic
second pulses, we may safely neglect recombination du
the pulse. The number of excitons in the dot, created b
single pulse, is estimated with the expression

Nex>ag
P

n\v
. ~7!

An absorption probability ofa5631023 is used, a typical
value for GaAs quantum wells. In the energy range wh
excitation is provided, the total level density in the quantu
dot is sufficiently high to ensure that the absorption is n
significantly different with respect to the unmodulated 2
case. The factorg is the laser power that impinges onto th
square dot of sizew divided by the total power in the fo
cused beam. The fraction on the right-hand side gives
number of photons per pulse. It is given by the measu
average powerP, the photon energy\v, and the pulse rep-
etition raten ~82 MHz!. For a Gaussian spot with 1.5mm
full width at half maximum,P51mW, \v51.7 eV, and
w5450 nm, we thus obtainNex>12.5.

To describe the case of cw excitation, we define an av
age numberN̄ and a mean lifetimet̄ of the excitons in the
quantum dot. The relation
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FIG. 5. Schematic diagram of the lumine
cence setup with temporal, spatial, and spec
resolution.
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agP5\v̄
N̄

t̄
~8!

then describes the balance between the energy gain by
ton absorption~left! and the energy loss by exciton recom
bination ~right!. From Eqs.~7! and ~8! it follows that

N̄5ag
Pt̄

\v̄
5Next̄n

v

v̄
. ~9!

Under the assumption that the relaxation is much faster t
the recombination, which in quantum dots is not always j
tified ~see Sec. III B 1!, we can approximatet̄ by the calcu-
lated lifetime. With\v̄51.96 eV,t̄510210 s ~Fig. 3 of Ref.
22! andP5125 nW, we thus estimateN̄>1022 excitons for
them-PL spectra of the 450-nm dot under weak cw exci
tion ~Fig. 4 of Ref. 12!. The cw estimation has to be consi
ered with some precaution because there could be an a
mulation of charge carriers in states that are weakly coup
to the light; this would mean a longer effective lifetimet̄ and
therefore a higher exciton numberN̄. This problem does no
exist for pulsed excitation as long as the time intervaln21

between the individual pulses is long enough to ensure
all photoexcited carriers recombine before the next pulse
rives.

We have employed laser powers between 140 nW and
mW. According to the above estimate, this corresponds
the range from 1–2 to 170 excitons in the dot. In Fig. 7,
present the measured temporal change of the PL spec
for three different laser powers. Within about the first 100
the spectra appear broadened to an amount that incre
with increasing excitation power. This density-depend
broadening strongly supports the interpretation that Coulo
scattering contributes significantly to the initial stage of e
ergy relaxation.

With increasing time delay, the broadening decreases
the late spectra consist of a number of distinct peaks.
relative intensity of the peaks changes systematically w
laser power. This dependence is shown more clearly in Fi
of Ref. 22, where a series of spectra measured with diffe
laser power are directly superimposed. The spectra are
corded without intentionally changing the lateral positi
ho-
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and the focus of the laser spot on the sample. In fact i
important to avoid lateral drift of the sample during the lo
accumulation time of the measurements, since we have
served that the relative intensities of the lines can chang
a nonsymmetric way when the sample is intentionally d

FIG. 6. Time dependence of the fundamental transition of
w5450 nm quantum dot for three excitation energies above
below the LO phonon emission threshold.P54.5 mW, Tl57 K.
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FIG. 7. Photoluminescence spectra of t
single dotw5450 nm for different time delay
windows. The excitation powerP increases from
left to right, as indicated at the top of each figur
Pulsed excitation is provided at 1.764 eV, 5
meV above the lowest luminescence line. T
sample temperature is 7 K.
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placed with respect to the microscope objective. Such a
placement decentralizes both the excitation and the detec
on the dot. We have carefully checked the power depende
presented in Fig. 2 of Ref. 22 with a second series of m
surements where the position of the laser spot has bee
centralized for each spectrum. For an excitation power
450 nW, two main peaks separated by about 10 meV
observed. Taking into account the smaller spectral resolu
in the time-resolved measurement, this spectrum is v
similar to the one observed under weak cw excitation. W
increasing power of the resonant excitation, two additio
strong lines appear and the spectral weight shifts system
cally to higher energy. Only under resonant, pulsed exc
tion are we able to observe the two strong higher-ene
transitions. In the cw case, an increase in laser power f
125 nW to 20mW causes a considerable broadening but
two high-energy lines only appear as weak structures.12

The observed strong power dependence is attributed
successive filling of excited states. The almost equidis
spacing of all 4 lines compares well with the calculation
\ve56 meV. If Fermi statistics is assumed, the theoreti
shift of the Fermi energy by about 30 meV~left part of Fig.
3 of Ref. 22! is consistent with the appearance of the tw
higher-energy lines in the experimental spectra. With
creasing power~i.e., exciton number! the lowest states firs
acquire a sizable occupation. The level degeneracy is hig
at the excited-state energies. As a consequence, the lo
peaks saturate at intermediate power levels, while the up
ones increase withP up to 14mW.

Let us now consider the dependence of the peak posit
on the excitation power, i.e., the estimated exciton num
Nex. The two lowest lines shift by about 1 meV to lowe
energy withNex increasing from about 1 to 60. The positio
of the two higher-energy levels appears to be independen
Nex within the experimental accuracy. The very weak ene
shifts indicate that the spectrum remains of excitonic orig
For cw excitation the estimated exciton number in the do
about 1022 and the emission spectrum is excitonic. Incre
ing the exciton number in the dot up to about 1 with c
excitation12 and to about 200 with pulsed excitation, only
very small shift of the emission spectrum occurs. Theref
we conclude that the spectrum remains of excitonic orig
s-
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The PL spectrum of the photoexcited electron-hole plas
can be interpreted in terms of an exciton gas over the wh
range ofNex. The state filling effect indicates Fermi stati
tics.

C. Dependence on the lateral confinement

Up to this point we have presented results on the quan
dot structure ofw5450 nm. This structure exhibits by far th
strongest lateral confinement within the investigated serie
quantum dots fabricated by laser-induced thermal interm
ing of one quantum well. We have also studied dots w
geometrical sizes of 400, 500, 600, and 1000 nm. All th
structures of weak lateral confinement exhibit the sa
qualitative behavior in the time-resolved measurements
this section, we show, taking the example of the 500-nm d
that this behavior strongly differs from the one observed
strong lateral confinement. On the 500-nm dot a PL l
splitting of about 4 meV is observed~Fig. 1 of Ref. 12!,
which in the theoretical description corresponds to\ve52
meV. Due to the smaller lateral confinement, the individu
lines are not resolved in the time-resolved spectra show
Fig. 2 of Ref. 22. Again we observe a blueshift of the spe
tral weight with increasing laser power. Due to the high
density of states, this blueshift is, however, much sma
than in thew5450 nm dot. The experimentally observe
blueshifts of different size are in agreement with the the
retical results obtained for\ve52 meV and 6 meV~top of
Fig. 3 of Ref. 22!.

In Fig. 4 of Ref. 22, we compare the time dependence
the PL of the weak and the strong confinement case.
same nominal excitation conditions are used. For weak
eral confinement, a transfer of intensity from the higher
the lower-energy part of the PL spectrum is detected w
increasing time. The spectral weight of the PL shifts syste
atically to the ground state, as exemplified by the time e
lution of the selected spectral windows in the right side
the figure. The decay times, obtained from a fit to the te
poral decay of the PL, decrease with increasing energy.
the strong confinement sample, thew5450 nm dot, a strik-
ingly different recombination dynamics is observed. T
excited-state transitions exhibit comparable or even lon
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decay times than the ground state. No systematic transfe
intensity from higher to lower energy is observed on t
quantum dot. The observed dynamics resembles our theo
cal results for an exciton gas with Fermi statistics presen
in Fig. 1 for strong and in Fig. 2 for weak lateral confin
ment. Notice the plateaulike time dependence at short t
delay observed forw5500 nm. Theory predicts such an e
fect ~Fig. 2!, however in a more pronounced form than e
perimentally observed.

On the other hand, the experimental results are fully
consistent with the assumption of an exciton gas with B
statistics~Figs. 3 and 4!. None of the two striking qualitative
features of the dynamics in the Bose case is experimen
observed. For strong lateral confinement (w5450 nm, cor-
responding to Fig. 3!, the lowest PL maximum should appe
more than 400 ps after the pulse; the measured value is
low 50 ps. We also do not observe the one order of mag
tude difference in the peak intensity of the lowest PL li
between the 450- and 500-nm quantum dot structure, to
expected from the comparison of Figs. 3 and 4.

D. Temperature dependence

Raising the sample temperature from 5 K up to 60 K, a
qualitatively different behavior is observed for the quantu
dot series and the reference quantum well~Fig. 8!. In the
temperature range~5–25 K! where the PL intensities~upper
part! are essentially constant the PL recombination ti
~lower part! increases for the quantum well but decrea
slightly for the dots. The increase of the quantum-well dec
time is a typical result obtained when excitation is perform
with a nonzero excess energy. It is attributed to the ther
excitation of excitons or polaritons from radiative states
the bottom of the 2D subband to nonzero center-of-m
momentum states, which are not coupled to the light.40–42 In
the m-PL arrangement the measured quantum-well de
time can be affected by spatial diffusion of the carriers ou
the detection range. Recent measurements of the excito
plane diffusion constant indicate that the 60-K decay ti
could be influenced by this effect, while at lower temperat
the diffusion length should be small compared to the s
size.43

In a quantum dot the translational invariance is brok
which leads to higher-energy radiative states. Therefore
thermal depopulation of the lowest states does not nece
ily imply an increase in the decay time in contrast to the c
of a quantum well. Considering the decay of a single isola
0D state we would expect a negligible temperature dep
dence. In practice, the temporal decay of the quantum
lines will vary according to the temperature dependence
the energy relaxation, of the carrier distribution and of t
nonradiative decay rates. We observe a systematic decr
of the decay time of the spectrally integrated PL with
creasing temperature and with decreasing geometrical
w ~Fig. 8!. This is attributed to the activation of nonradiativ
loss mechanisms, which might be related to structural def
in the intermixed barriers. We cannot explain the comp
temperature dependence by simply considering thermal
vation out of the dot above the lateral barrier. An exponen
activation law with an activation energy given by the ener
difference between the 0D state and the top of the lat
barrier does not well describe the measured results.
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The temperature-induced change within the PL spectr
of thew5450 nm quantum dot is presented in Fig. 9. W
increasing temperature the relaxation becomes faster for
reasons:~i! the exciton-LA phonon scattering rates increa
~ii ! the more classical exciton distribution leads to a le
efficient Pauli blocking of the relaxation. This gives rise
an accelerated decay of the excited states, in qualitative
cordance with the decrease in the relative intensity of
higher-energy lines with temperature of 5, 15 and 25
Quantitatively, however, using the theoretical model d
scribed above, we expect a smaller temperature effect tha
experimentally observed. We therefore attribute part of
decrease in high-energy intensity to a systematic decreas
the number of carriers in the dot with increasing temperatu
in accordance with the above-mentioned influence of n
radiative recombination and escape mechanisms. That
relaxation dynamics effectively changes with temperature
clearly seen from Fig. 10. At higher temperature a system
decrease of the decay time with increasing energy is rec
ered, the qualitative difference between the dynamics of
strong and weak confinement case diminishes.

VI. CONCLUSIONS

The observation of up to four almost equidistantly spac
PL peaks suggests that theshape of the lateral confinemen

FIG. 8. Temperature dependence of the intensity~top! and the
decay time~bottom! of the spectrally integrated PL for single qua
tum dot structures of various geometrical sizew and the as-grown
quantum well ~dashed lineL: quantum well; dotted lines:
w51mm; dashed-dotted line withd: 500 nm; solid line, 450 nm;
ground~d), first excited (s), second excited (l), and third ex-
cited (n) state!. Apart from the PL intensity for 450 nm all experi
mental points correspond to an average over the PL spectrum.
horizontal error bars give the temperature variation during the m
surement, detected by a temperature sensor located close t
sample. Pulsed excitation is provided at 1.764 eV with an aver
powerP of 2.5mW.
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potentialof the investigated quantum dot structures is ess
tially parabolic. Nevertheless, deviations from a perfec
symmetric shape should exist. This follows from a numb
of observations on thew5450 nm structure:~i! the first ex-
cited state exhibits a fine structure, which is well resolved

FIG. 9. Time-integrated spectra of thew5450 nm quantum dot
at different temperatures. The relatively strong broadening is cau
by the integration over the full time interval~0–800 ps!, which
notably includes the initial stage of relaxation~compare Fig. 7,
0-100 ps!. The full time interval is used to systematically compa
the spectra up to the maximum temperature of 60 K where
photoexcited carriers recombine to a large extent already within
ps after the pulse.P52.5mW.
n-

r

n

the low-power cw spectrum,~ii ! the intensity of the two
high-energy lines compared to the two low-energy lines
pends in a nonsymmetric way on the position of the sam
with respect to the point of local excitation and detectio
~iii ! more radiative lines appear in the spectra than are th
retically expected for a parabolic lateral potential with ro
tional symmetry,~iv! nonradiative processes seem to beco
important at rather low temperature. It remains that with
our series of quantum dots each structure exhibits a disc
individual energy spectrum. The strength of the spatial qu
tization is varied and pronounced 0D effects are system
cally observed on the sample with strongest lateral confi
ment, thew5450 nm dot. It would be interesting to perform
similar time-resolved studies also on other types of quan
dot structures. For instance, the confining potentials of e
taxially grown quantum dots are expected to be nonparab
and stronger than in the present case.

We find several experimental indications for animportant
contribution of Coulomb scattering to the process of ene
relaxation.First, there is the density-dependent broaden
of the spectra at short time delays, which increases with
excitation power. Second, a fast rise of the PL is obser
independently of the lateral confinement and the sample t
perature. Third, we observe no pronounced effects when
excitation wavelength is varied through the threshold for L
phonon emission. The measurements indicate that relaxa
by means of Auger processes28 is efficient down to very low
excitation power. This might also explain the efficient lum
nescence and the short PL rise time observed on ep
ially grown InAs/InxGa12xAs quantum dot island
structures.13,33,34,44,45It would be interesting to improve the
time resolution and to measure the dependence of the PL
time on the number of photoexcited carriers. This could p
vide additional information on the relative importance

ed

e
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FIG. 10. Time dependence o
the PL intensity from selected
spectral windows for thew5450
nm quantum dot, at 15 K~left!
and 70 K ~right!. The spectrum
given in the inset is integrated
over times of more than 400 p
after the excitation pulse for
T515 K and from 0 to 800 ps for
T560 K.
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carrier-carrier and carrier-phonon scattering in the energy
laxation.

Strikingly different behavior is observed for the samp
with the strongest confinement as compared to all the o
structures of our series. The strong confinement sam
shows pronounced 0D effects. Increasing the number of
citons in the dot from about 1–2 to 200, additional excite
state transitions appear up to more than 30 meV above
ground state. This extremely strong variation of the spectr
demonstrates the small density of states caused by the
plete spatial quantization. It is accompanied by a surprisin
weak shift of the discrete lines. These small shifts and
similarity between the low-power time-resolved and the
spectra strongly suggest an excitonic description over
entire range of excitation power. The calculated behavio
a Fermi gas of excitons in a quantum dotis in qualitative
agreement with our experimental findings:~i! state filling is
observed in the spectrum with increasing laser power,~ii ! in
the strong confinement sample at low temperature we se
population transfer from higher to lower energy with increa
ing time,~iii ! an internal relaxation dynamics is recovered
decreasing the strength of the lateral confinement.
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By the present work we have demonstrated that PL sp
troscopy of a single quantum dot is possible with picoseco
time resolution. Using resonant excitation and low excitat
power we have been able to avoid sizable heating, as is
denced by the narrow linewidths. The sensitivity of the e
periment is excellent, the ultimate limit of a single excito
per pulse in the dot has been approached. We believe
time-resolvedm-PL spectroscopy has the potential to b
come an important technique in the field of semiconduc
nanostructures.
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Böhm, G. Tränkle, and G. Weimann, J. Phys.~France! IV 3, 107
~1993!.

30U. Bockelmann, K. Brunner, and G. Abstreiter, Solid State El
tron. 37, 1109~1994!.

31D. A. Broido, A. Cros, and U. Ro¨ssler, Phys. Rev. B45, 11 395
~1992!.

32T. Darnhofer, D. A. Broido, and U. Ro¨ssler, Phys. Rev. B50,
15 412~1994!.

33G. Wang, S. Fafard, D. Leonhard, J. E. Bowers, J. L. Merz, an



L.

.

un.

ics
0

, M.

4468 55BOCKELMANN, HELLER, FILORAMO, AND ROUSSIGNOL
M. Petroff, Appl. Phys. Lett.64, 2815~1994!.
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