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Role of the continuum background for carrier relaxation in InAs quantum dots

E. W. Bogaart,* J. E. M. Haverkort, T. Mano, T. van Lippen, R. Nötzel, and J. H. Wolter
COBRA Inter-University Research Institute, Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB

Eindhoven, The Netherlands
�Received 24 November 2004; revised manuscript received 26 July 2005; published 1 November 2005�

We study the carrier capture and relaxation in self-assembled InAs/GaAs quantum dots �QDs� using bleach-
ing rise time measurements as a function of the excitation density, at 5, 77, and 293 K. We observe that the
bleaching rise time and the carrier lifetime of the first excited state are longer than the bleaching rise time of
the QD ground state, indicating that the excited state does not act as an intermediate state. For high excitation
density, we observe a temperature-dependent plateau in the initial bleaching rise time, contradicting an Auger-
scattering-based relaxation model. Both these experimental results point toward a relaxation through the con-
tinuum background, followed by a single LO-phonon emission toward the QD ground state. The relaxation
through the continuum background is governed by Coulomb or acoustic phonon coupling between the con-
tinuum and the discrete QD energy levels.

DOI: 10.1103/PhysRevB.72.195301 PACS number�s�: 78.67.Hc, 78.47.�p, 42.65.�k

INTRODUCTION

One of the fundamental aspects of semiconductor quan-
tum dots �QDs� is the discrete spectrum of eigenstates, due to
the three-dimensional confinement. In reality, this ideal-atom
picture is not observed. The deviation from the ideal-atom
picture arises when the photoluminescence excitation �PLE�
spectrum from a single QD is studied, showing not only
sharp luminescence lines of the lower-lying QD eigenstates
but also a nonzero continuum background.1–9 Toda et al.1

first suggested that the presence of such a continuum has
major consequences for the energy relaxation of excited car-
riers within QD nanostructures. In order to explain the non-
zero background, and moreover the associated relaxation
channel, many concepts are proposed. Toda et al.1 initially
associated the continuum to the tail of wetting layer �WL�
defect states, to which the carriers can relax their excess
energy. However, Sanguinetti et al.10 showed that even with-
out the presence of the WL, fast carrier relaxation into the
QD energy ground state �GS� is possible with similar relax-
ation times as observed in Stranski-Krastanow- �SK-�grown
QDs. More recently, Vasanelli et al.11 explained the con-
tinuum background in the PLE spectrum by the existence of
crossed transitions between the bound QD states and delo-
calized states associated with the WL or barrier layer, hence,
ascribing the continuum background as due to an intrinsic
property of QDs. In this paper, we will show that the con-
tinuum background is not only important for explaining the
single-QD PLE spectrum,6,7,9 but the continuum background
is also of prime importance for explaining the carrier capture
and relaxation dynamics in a QD.

As suggested first by Toda et al.,1 carrier relaxation takes
place through the continuum background followed by a
single LO-phonon emission. However, it should be noted
that relaxation through the continuum is impossible as long
as we ascribe the continuum as being due to indirect-in-real-
space transitions11 between the localized QD state and the
WL state, since these transitions are not providing a relax-
ation channel within the QD. Any carrier relaxation through
this continuum requires an additional coupling between the

continuum and the confined QD states, either by a carrier-
carrier scattering or phonon-scattering-induced process.
Therefore, the efficiency of the continuum as a carrier relax-
ation channel is determined by the coupling strength between
the continuum and the discrete QD levels.

CONTINUUM RELAXATION MODEL

In this paper, we propose that the carrier capture and re-
laxation process takes place in two steps, as is illustrated in
Fig. 1: �i� the carrier relaxes through the continuum with a
relaxation time that is solely determined by the coupling
strength between the localized QD states and this continuum;
�ii� this initial relaxation process is continued by a single
LO-phonon emission process in which the carriers finally
relax toward the QD GS. From our experimental results, we

FIG. 1. �Color online� Schematic representation of the QD DOS,
showing the continuum background which gives rise to a pathway
for carrier relaxation. The LO-phonon replica is located near the
onset of the continuum background, indicating that the carrier re-
laxation through the continuum is followed by a single LO phonon.
The inset depicts the indirect-in-real-space transitions,11 which give
rise to the continuum background.
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obtain several strong indications supporting this mechanism.
First, at high excitation density, when Auger scattering is
generally believed to be responsible for the carrier relax-
ation, our data show strong evidence that, apart from Auger
scattering, a single LO-phonon emission process is still nec-
essary in order to complete the total relaxation process. Sec-
ond, within the usual relaxation picture, the uppermost con-
fined QD energy levels are first occupied by carrier capture,
followed by a carrier relaxation process within the QD in
which the carrier relaxes down, passing the different exited
states �ESs� toward the GS.12 However, our results are in
contradiction with this model, since we observe that the fill-
ing time as well as the carrier relaxation time of the first ES
are longer than the filling time of the GS. This indicates that
the carrier relaxes to the QD GS level without initially filling
the excited states, thus pointing toward a relaxation through
the continuum which initially bypasses the excited state.11,13

The proposed relaxation channel through the continuum, is
schematically illustrated in Fig. 1 showing the single LO-
phonon line at the onset of the continuum background, in
accordance with observed PLE spectra.1,6,7

Despite intensive investigations on the carrier capture and
relaxation in QDs, the various explanations1,10,11,14–18 for the
relaxation channel which have been proposed do not provide
a single coherent picture. In particular, a clear consensus for
the detailed carrier relaxation mechanism is still lacking. To
make an attempt to resolve this issue, we use two-color
pump-probe time-resolved differential reflectivity
�TRDR�.19,20 Using nonresonant excitation, carriers are ex-
cited within the barriers surrounding the QDs and diffuse
from the barriers towards the QDs where they are captured
and relax to the QD ground state. The probe beam monitors
the absorption bleaching in the vicinity of the QD GS and ES
transition. This experimental technique allows a direct com-
parison between the low temperature and room temperature
carrier capture and relaxation. Moreover, TRDR is sensitive
not only to the QD GS population, but also to populations of
the excited states. The differential signal is directly related to
the changes of the occupation of the QD eigenstates, i.e.,
�R−R0� /R0=�R /R0��fe+ fh�, where fe and fh are the elec-
tron and hole occupation probabilities, respectively, whereas
the photoluminescence �PL� signal is proportional to the
product of the two probabilities, i.e., PL� fefh. Therefore, by
monitoring the occupation of the discrete QD energy states
within the time domain, we are able to monitor the dominant
mechanisms involved with the carrier relaxation processes.
Finally, this technique allows us to simultaneously investi-
gate the QD absorption spectrum, which is directly propor-
tional to the QD density of states �DOS�20 and is insensitive
to the QD luminescence efficiency.

EXPERIMENTAL SETUP AND SAMPLE DETAILS

To determine the optical time response of the QDs, the
sample is investigated by two-color time-resolved pump-
probe differential reflection spectroscopy.19,20 In this con-
figuration, a 76 MHz mode-locked Ti:sapphire laser �Ti:S� is
used as the pump source, and is mechanically chopped with
a frequency of 4 kHz. The pump pulses are focused on the

sample with a spot size of 55 �m, exciting carriers in the
GaAs barrier layers in which they diffuse toward the QDs.
The capture of the carriers into the QDs leads to bleaching of
the QD transitions, and hence, a decrease of the probe pulse
absorption and a change of the QD reflectivity. The pump-
induced changes within the QD are probed by 200 fs and
2 ps pulses which are generated from an optical parametric
oscillator. The probe pulse energy is tuned to the QD optical
resonance, as is depicted in the inset of Fig. 2. The probe
light is focused on the sample with a spot size of 25 �m
using a graded index lens. Probe light reflected from the
sample is collected by the same lens �so-called illumination
and collection hybrid mode� and is focused on a balanced
photodetector and subsequently measured by a lock-in am-
plifier to achieve a relative sensitively of 5�10−7. The light
collected by the detector is a superposition of the reflections
of each layer, i.e., top surface, QD layers, and cross-product
terms, as will be described below.

The time-resolved bleaching measurements are performed
on a five-layer self-assembled InAs/GaAs QD sample grown
by molecular beam epitaxy on GaAs �100�, by the SK
growth mode. After the deposition of a 295 nm GaAs buffer
layer at 580 °C, the temperature was lowered to 490 °C for
the growth of the multiple QD layers. A 30 nm GaAs layer
was deposited before the growth of the five layers of QDs:
2.1 monolayers �ML� of InAs followed by 30 nm GaAs.
Hereby, the QD layers can be considered as electronically
uncoupled. Finally, the sample is capped by 137 nm GaAs at
a temperature of 580 °C. Atomic force microscopy images
show that the QDs are formed with a density of approxi-
mately 2.8�1010 cm−2.

DIFFERENTIAL REFLECTIVITY OF QD STRUCTURES

In order to describe the reflection signal, we use a proce-
dure similar to that of Tassone et al.21 Although this method

FIG. 2. �Color online� Room-temperature PL spectra of the QD
sample for cw excitation �a�, 250 mW/cm2 at 2.33 eV, and pulsed
excitation �b�, 5 kW/cm2 at 1.59 eV. The inset depicts the PL spec-
trum at 5 K �cw�. The arrows indicate the photon energy of the
pump and probe pulses and the energetic onset of the WL. The
TRDR spectrum, i.e., the absorption bleaching spectrum, obtained
at 293 K �squares� shows the GS as well as the first ES of the QD
ensemble.
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was primarily developed to describe the response of quantum
well systems, we assume that the model is also suitable for
the description of the reflection response of QD structures.
The QD size is small compared to the probe wavelength,
such that the QDs are assumed to be electronically small.22

Hence, the QD layer can be approximated by a thin layer
with an average refractive index nQD. The total reflection of
the QD structure, taking into account all interferences be-
tween individual QD-layer and surface reflections, can be
calculated analytically, in analogy with Ref. 21, in which
case we obtain

�rtot�2 = �rs + rQD�
k

Cke
i�k

1 − CkrsrQDei�k�2

, �1�

where rs and rQD denote the sample surface and the QD-layer
reflectivity, respectively. The summation takes into account
the contribution of each QD layer, with Ck a correction term
for the incident intensity, i.e., approximately �1−rs

2�, and �k

a phase difference induced by the total barrier width. Taking
into consideration a homogeneous QD size distribution with
a resonance frequency �0, which is broadened by radiative
and nonradiative linewidths � and 	, respectively, Eq. �1�
can be expressed by21,23–25

�rtot�2 � rs
2 − 2�1 − rs

2�rs

��
k
� �� + 	�cos �k + ��0 − ��sin �k

�� − �0�2 + �� + 	�2 	�

= Rs��� + RQD��� , �2�

where Rs is the constant surface reflection and RQD can be
written as RQD���=L����, by introducing a line shape fac-
tor L���.

Within the experiment, the photon energy of the probe
light is far below the GaAs band gap, such that the pump-
induced change of the GaAs refractive index within the
probe energy window can be neglected.26,27 The carrier-
induced change in the QD reflectivity, that is,
�� /�
�RQD���=�RQD���, arises from the change in the QD
oscillator strength23,24 due to carrier capture, and hence a
carrier-induced change of the radiative broadening. Thus, the
pump-induced reflection change within the probe energy
window is written as

�

�

Rtot��� =

�

�

RQD��� =

��

�


�

��

L�������� , �3�

which can be rewritten as

�

�

Rtot��� = �R��� =

��

�

�����

�

��
L��� + L���

�

��
����	

= ��
����L���� + L���� , �4�

with ��=�� /�
. As is denoted by Eq. �4�, the reflection
spectrum includes the line shape factor L��� and its deriva-
tive. In general ���0, which means that �L����� �L�����.
Hereby, the differential reflection signal is expressed within
the first-order approximation by

�R���
Rtot���

=
R��� − Rtot���

Rtot���
�

�RQD���
Rtot���

=
���������L����

Rtot���
.

�5�

The amplitude and the shape of the differential reflection
signal depend on the QD sample structure through L����,
which takes mutual interferences of the reflection signals of
the QD layers into account. However, in Eq. �5� only the
relative phase of the reflections is of importance. Due the
symmetrical configuration with respect to the central QD
layer, the odd parts of L����, i.e., sin �k, will cancel. Hence,
the differential reflection signal has a typical Lorentzian be-
havior with a linewidth given by the radiative broadening �
plus the nonradiative broadening 	. For real QD structures,
however, due to the QD size distribution a summation over
all homogeneous broadened QD states has to taken into ac-
count, which results in an inhomogeneous broadened QD
DOS of the ensemble 
D����, such that L����→D���.
Hereby, the inhomogeneous broadened TRDR spectrum not
only depicts the QD absorption spectrum, but also directly
mirrors the DOS of the QD ensemble.

EXPERIMENTAL RESULTS AND ANALYSIS

PL and TRDR spectra

Figure 2 depicts the PL spectra of the QD ensemble at 5
and 293 K. For the excitation a cw neodymium-doped yt-
trium aluminum garnet �Nd:YAG� laser is used with an ex-
citation density of 250 mW/cm2 at a photon energy of
2.33 eV. Both spectra show a broadened main peak and a
shoulder at the higher-energy side of the spectrum. The spec-
trum obtained at 293 K can be well deconvoluted using
Gaussian functions with the main peak at an energy of
1.045 eV and with a width of 41 meV. However, the result
of the deconvolution is not included in the figure for clarity.
Using a mode-locked Ti:S laser �5 kW/cm2 at 1.59 eV� as
the excitation source, the first excited state is well observed
in the spectrum b in Fig. 2. The excited state has a peak
energy that is shifted over 56 meV with respect to the QD
GS and has a width of 58 meV. Furthermore, the WL tran-
sition is located 168 meV above the QD GS, as is illustrated
in the inset of Fig. 2. The measured TRDR curves, which are,
e.g., shown in Fig. 3�a�, are characterized by a rising edge
governed by the capture and relaxation times as well as a
decay. In addition, information about the QD absorption
strength at the probe wavelength is contained in the ampli-
tude of the �R /R0 signal. The solid points in Fig. 2 are the
maxima of the TRDR signal for different probe wavelengths
and thus represent the QD absorption bleaching spectrum.
Figure 2 clearly shows both the GS and ES of the quantum
dot, which emphasizes that the population dynamics of the
GS as well as of the ES can be individually probed. For
probe energies below 1 eV, no bleaching signal is observed.
Deconvoluting the absorption spectrum by using two Gauss-
ian functions provides two peaks with energies of 1.047 and
1.101 eV and with widths of 41 and 33 meV for the ground
and excited state, respectively. It is observed that the GS
spectra, i.e., from PL and TRDR, are well consistent con-
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cerning both the peak position and the width. The QD ES
peak energy has a similar shift from the GS peak energy in
both PL and TRDR. We would like to remark that similar
results have been observed in our other samples with various
configurations and materials composites, e.g., Refs. 20 and
28. In addition, within the spectral resolution of our measure-
ments, we do not observe a Stokes shift between the absorp-
tion and the luminescence spectra.

In order to study the confinement of the carriers in the
InAs QDs, temperature-dependent PL measurements are pre-
formed between 5 and 293 K �not shown here�. The inte-
grated PL intensity is maintained up to 130 K and decreases
exponentially with the increase of the temperature due to
thermal quenching.29,30 From the PL quenching, using an
Arrhenius plot of ln��Ipl� versus T−1, an activation energy of
171 meV is deduced, which is consistent with the energy
difference between the QD GS and the WL. Hence, a hole-
confinement energy of 30–40 meV is deduced,31 which in-
dicates that the onset of the continuum background origi-
nates from the transition between the WL valence band
continuum and the GS electron confinement state.11 More-
over, the onset of the continuum is located in the vicinity of
the first LO-phonon energy above the QD GS energy, as is
illustrated in Fig. 1.

Carrier capture and relaxation

Energy dependence

The time evolution of the differential reflection signal of
the GS and the first ES obtained at 5 K is presented in Fig.
3�a�. The rise time of the bleaching signal is generally the
overall carrier capture time of the probed QD energy level.
The bleaching signal reaches its maximum value after a few
picoseconds followed by an exponential decay, which di-
rectly monitors the carrier lifetime within the QD eigenstate.
The bleaching time evolution can be described by

�R

R0
�t� � 
exp�− t/�decay� − exp�− t/�rise�� , �6�

with �rise and �decay the bleaching rise time and decay time,
respectively. The filling of the quantum dot ES with a rise
time of �rise=24.4±0.3 ps is significantly longer than the GS
rise time �rise=11.5±0.2 ps, which means that the ES is be-
ing filled at a lower rate than the GS. Also, the decay of the
excited state bleaching is much longer, �decay=290±2 ps,
than the rise time of the GS bleaching signal, indicating that
the filling of the GS is not due to carrier relaxation from the
first ES. The zero-time delay point is extrapolated from the
experimental results. We want to emphasize that the rise time
as is shown in Fig. 3, is in all measurements equal to the
initial rise time of the differential signal, as is stressed by the
enlargement in Fig. 3�a�. To further emphasize that the ob-
served excited state rise time is not determined by state fill-
ing, the onset of the QD bleaching is depicted in Figs. 3�b�
and 3�c� for various excitation densities. We want to stress
that for the initial rise times, state filling can by definition
still be completely ignored. Since we measure the initial rise
time, the relative long rise time of the excited state can not
be due to state filling of the GS and subsequent filling of the
ES. If we look to the rise time only, our result implies that
the QD lowest energy level is being filled through a channel
which circumvents the excited states. This mechanism is in
contradiction with the idea of carrier relaxation within a QD
starting at the highest confined QD level with a subsequent
relaxation passing all other confined levels one by one.12 On
the other hand, this observation supports our idea that the

FIG. 3. �Color online� �a� Time evolution of the differential
reflectivity signal of the QD GS and ES. The initial rise of the
bleaching signal has a characteristic time of �rise=11.5 and 24.4 ps
for the GS and ES, respectively. The decay of the signal has a
characteristic time of �decay=1708 and 290 ps for the GS and ES,
respectively. �b� and �c� Onset of the QD bleaching for different
excitation densities, in units of I0=100 W/cm2, for the QD GS and
ES, respectively. �d� Initial rise time as function of QD transition
energy at 5 and 293 K for an excitation density of 200 W/cm2. The
inset depicts the initial rise time at 77 K for an excitation density of
100 W/cm2.
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carriers relax through the continuum, continued by relaxation
to the GS by single LO-phonon emission. In the latter pic-
ture, the ES rise time can be longer than the GS rise time
when the coupling of the ES with the continuum is weak as
compared to the coupling between the QD GS and the con-
tinuum. Finally, we note that if the occupation of the QD GS
was due to carrier replenishment from higher-energy QD
states, the time evolution of the GS occupation would show a
plateaulike behavior before the exponential decay. This is not
observed. These results more strongly suggest, that carriers
captured in the excited energy states, are not responsible for
the initial GS bleaching.

Figure 3�d� depicts an overview of the initial rise time as
function of transition energy for various temperatures. A pro-
nounced energy dependence is observed at T=5 K. More-
over, the observed increase of the rise time when tuning from
the GS absorption peak toward the ES absorption peak, sub-
stantiates the long ES rise time as compared to the GS rise
time.

Excitation density dependence

In order to reveal the underlying relaxation mechanism
and to separate the effect of carrier-phonon and carrier-
carrier scattering in the capture process, we analyze the
bleaching rise time as a function of the pump excitation den-
sity. Figure 4�a� depicts the excitation dependence of the
bleaching amplitude at the center of the GS transition, for
various temperatures. For low excitation densities
�100 W/cm2� the amplitude of the differential reflection
signal increases linearly with increasing excitation, for all
temperatures. In this regime, an average occupation density
of less than one electron or hole per dot is assumed. For
higher densities the signal deviates from the linear behavior,
hence, the increase of the number of carriers per dot, and
approaches an asymptotic value for excitation densities

above 1 kW/cm2. We would like to remark that the bleach-
ing amplitude has decreased only by a factor of 2 by increas-
ing the temperature from 5 up to 293 K.

Time-resolved measurements performed with different
excitation powers show that the carrier capture and relax-
ation process strongly depends on the excitation density, as is
depicted in Figs. 3�b� and 4�b�. For low excitation densities
�100 W/cm2� a near-constant initial rise time of about
20 ps is measured at 5 and 77 K. As the excitation density
increases, the bleaching rise time decreases and approaches
an asymptotic value of about 9 ps ��1 kW/cm2�. A similar
behavior is observed for the bleaching rise time at 293 K,
with a minimum value of 7 ps. The rise time values decrease
with a 1/ P dependence, with P the excitation density, which
is common for a two-particle scattering process.10,32 From
these measurements it is clear, that the carrier capture pro-
cess is dominated by different mechanisms for the two den-
sity regimes. The results as depicted in Fig. 4�b�, are usually
interpreted as being governed by phonon emission processes
and by Auger scattering for low and high excitation densi-
ties, respectively.16 The plateau value, which is reached for a
density of approximately 1 kW/cm2, has also been observed
by other groups,16,32 and is most easily interpreted as being
due to state filling, but we will argue below that this can not
be the case for our measurements. First, the observed tem-
perature dependence of the plateau value can not be ex-
plained by the state-filling argument. Second, as we have
previously indicated, the initial rise time can impossibly be
influenced by state filling. Finally, if the plateau value were
due to state filling, we would expect a fast initial rise fol-
lowed by saturation of the bleaching signal which has not
been observed.

Due to the excitation within the GaAs barriers, the carri-
ers have to diffuse toward the QDs in order to be captured.
This means that the rise time of the bleaching signal is also
affected by the carrier diffusion time and the local capture

FIG. 4. �Color online� Amplitude of the QD
bleaching �a� and the bleaching rise time �b� as
functions of excitation power at 5 �triangles�, 77
�stars�, and 293 K �squares�. �c� Bleaching rise
time as a function of temperature for low excita-
tion power. The fits represent the carrier relax-
ation by phonon emission for n=1,2, one phonon
and two phonons, respectively. �d� Rise time of
the bleaching signal of the first ES as a function
of excitation power for various temperatures.
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time. Hence, the plateau at high carrier density might be
governed by these two processes. However, the carrier cap-
ture process within the continuum is assumed to be fast,2,32

1 ps, and the carrier diffusion decreases with increasing
temperature,33–35 which is in contradiction with the tempera-
ture dependence of the high carrier density plateau, as is
depicted in Fig. 4�b�. Therefore, we believe that the bleach-
ing of the QD energy transitions is dominated by the intradot
energy relaxation.

In our model, the plateau for low excitation densities, be-
low 100 W/cm2, is interpreted as being due to relaxation
through the continuum, which is only weakly coupled to the
QD eigenstates by most probably LA phonons, continued by
a single LO-phonon emission. With the increase of the
pump-induced carrier density, Auger scattering becomes
more important and directly contributes to the relaxation pro-
cess. However, carrier relaxation in which the Auger process
becomes the dominant carrier relaxation mechanism, is not
in accordance with our measurements, since the data still
show a significant temperature dependence, as is depicted in
Fig. 4�b�. In the continuum relaxation model, Auger scatter-
ing is one of the possible mechanisms that will increase the
coupling between the continuum and the confined QD energy
levels, thus facilitating the relaxation through the continuum.
It should, however, be pointed out that other carrier-carrier
scattering mechanisms such as electron-hole �e-h�
scattering36,37 within the QD will also be enhanced for higher
excitation densities. Unfortunately, we have to remark that,
although TRDR is sensitive to the individual occupation dy-
namics of the electron and hole levels separately, fe and fh,
respectively, we have not observed an initial rapid increase
of the bleaching signal due to the fast hole relaxation, fol-
lowed by a second bleaching signal due to e-h scattering36,37

throughout the whole measurement series. In our model, we
do not claim that we can separate the effects of Auger scat-
tering and e-h scattering, but we only emphasize that both
these mechanisms are likely to enhance the continuum relax-
ation both directly and by coupling the continuum with the
QD levels.

Finally, for excitation densities above 1 kW/cm2, the
Auger-mediated relaxation through the continuum is very
fast, leaving the final single LO-phonon emission process as
the limiting step in the relaxation path, which is believed to
be responsible for the observed plateau for high excitation
density. Moreover, for high densities the bleaching rise time
is equivalent to the LO-phonon lifetime in GaAs, i.e.,
5–10 ps,32,38 which suggests that the final optical phonon
emission process is limited by the hot-phonon effect. This
result endorses our idea that the final step in the relaxation
path through the continuum involves a single LO-phonon
emission, as is illustrated in Fig. 1.

Further evidence for our model is provided by Fig. 4�c�,
where we plot the temperature dependence of the bleaching
rise time for low excitation density. The temperature depen-
dence can be fitted by assuming that the carrier relaxation is
governed by the emission of one or multiple LO phonons,
�=�0 / 
nB+1�n,16,39 as is depicted in Fig. 4�c�. In this equa-
tion, nB is the Bose-Einstein distribution function for LO
phonons, and n takes into account the number of LO
phonons which are emitted during the relaxation process. For

the calculation we have used the GaAs LO-phonon energy.
The temperature dependence, as is shown in Fig. 4�c�, clearly
indicates that the carrier capture and relaxation process in a
QD at least includes the emission of a single LO-phonon
process, i.e., the best fit is obtained for n=1, consistent with
the previous results and with our continuum relaxation
model.

Finally, we have measured the bleaching rise time of the
first excited QD eigenstate as function of the pump excitation
power for various temperatures, as is depicted in Fig. 4�d�.
The observed dependence on the excitation density and tem-
perature is similar as in the case of the GS bleaching rise
time, indicating that our results are mutually consistent.
Moreover, the ES rise times are consistently longer than the
GS rise times for all temperatures and excitation densities.
The relatively long rise time of the ES with respect to the GS
indicates that the ES is not acting as an intermediate level in
the carrier relaxation process toward the QD GS.

Since the measured continuum background in PLE usu-
ally extends down to a single LO-phonon energy above the
QD ground-state energy,1,6–8 and the ground-excited state en-
ergy splitting is 56 meV, the continuum overlaps with the
excited state transitions. This disputes the idea of isolated
excited-states, as is schematically illustrated in Fig. 1. In
addition, from the carrier confinement energy �171 meV� a
hole-confinement energy of 30–40 meV is deduced. This in-
dicates that the onset of the continuum arises from the tran-
sition between the WL valence band continuum and the first
electron confinement state,11 located in the vicinity of the
first LO-phonon energy above the QD GS energy. Surpris-
ingly, the coupling of the continuum with the ES is weaker
than the coupling with the GS, as is evidenced from the
relative long rise time for the first excited state. A possible
explanation for the different coupling is as follows: The con-
tinuum is, according to Ref. 11, formed by indirect-in-real-
space transitions between the QD ground state and the WL,
and hence is connected to the GS transition. In the absorp-
tion, the ES gives rise to its own continuum, which consists
of indirect-in-real-space transitions between the QD excited
state and the WL. The onset of the continuum associated
with the ES arises from the transition between the WL va-
lence band continuum and the first excited electron state
within the QD. The efficiency of the coupling strength of a
continuum associated with the excited state is expected to be
lower due to the odd symmetry of the ES envelope wave
function. Hence, it is expected that the carrier relaxation oc-
curs in the continuum associated with the QD ground state,
and with the final relaxation down to the ground state by
LO-phonon emission.

SUMMARY

In summary, carrier capture and relaxation processes of
self-assembled InAs/GaAs QDs have been studied directly,
by means of two-color TRDR for various temperatures and
pump excitation densities. Fast carrier capture and relaxation
is observed. The initial bleaching rise time and the carrier
relaxation time of the first ES are longer than the initial rise
time of the QD GS, indicating that the excited state does not
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act as an intermediate state. A temperature-dependent plateau
in the initial bleaching rise time is observed at high excita-
tion density, contradicting a relaxation model based purely
on Auger scattering. Both these experimental results point
toward a relaxation through the continuum background, fol-
lowed by a single LO-phonon emission toward the QD
ground state. Finally, we would like to remark that the pro-
posed mechanism of continuum relaxation followed by a
single LO-phonon emission might provide a basis for inte-

grating the various explanations of previous experiments,
considering phonon-mediated relaxation and Coulomb scat-
tering.
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