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We have examined state filling and thermal activation of carriers in buried InAs self-assembled
quantum dots sSAQDsd with excitation-dependent cathodoluminescencesCLd imaging and
spectroscopy. The InAs SAQDs were formed during molecular-beam epitaxial growth of InAs on
undoped planar GaAss001d. The intensities of the ground- and excited-state transitions were
analyzed as a function of temperature and excitation density to study the thermal activation and
reemission of carriers. The thermal activation energies associated with the thermal quenching of the
luminescence were measured for ground- and excited-state transitions of the SAQDs, as a function
of excitation density. By comparing these activation energies with the ground- and excited-state
transition energies, we have considered various processes that describe the reemission of carriers.
Thermal quenching of the intensity of the QD ground- and first excited-state transitions at low
excitations in the,230–300-K temperature range is attributed to dissociation of excitons from the
QD states into the InAs wetting layer. At high excitations, much lower activation energies of the
ground and excited states are obtained, suggesting that thermal reemission of single holes from QD
states into the GaAs matrix is responsible for the observed temperature dependence of the QD
luminescence in the,230–300-K temperature range. The dependence of the CL intensity of the
ground-and first excited-state transition on excitation density was shown to be linear at all
temperatures at low-excitation density. This result can be understood by considering that carriers
escape and are recaptured as excitons or correlated electron–hole pairs. At sufficiently high
excitations, state-filling and spatial smearing effects are observed together with a sublinear
dependence of the CL intensity on excitation. Successive filling of the ground and excited states in
adjacent groups of QDs that possess different size distributions is assumed to be the cause of the
spatial smearing. ©2005 American Institute of Physics. fDOI: 10.1063/1.1935743g

I. INTRODUCTION

Self-assembled quantum dotssSAQDsd have been stud-
ied intensively both experimentally and theoretically due to
their applications in optoelectronic devices such as quantum
dot sQDd lasers1 and infrared photodetectors2,3 and for their
potential in the development of quantum nanodevices.4–6 An
optimal operation of these devices would be difficult without
a thorough understanding of the optical properties of SAQDs
at different temperatures and excitations. Since most QD-
based devices are intended to work at room temperature, an
understanding of their behavior at high temperatures is of
great importance. Quenching of the QD luminescence with
increasing temperature is commonly attributed to the carrier
thermal escape from the QDs to the InAs wetting layersWLd
and to the continuum of states in the GaAs barrier7–10 or
nonradiative recombination centers.10–12In spite of extensive
studies, consensus has not yet been reached on whether the
thermal reemission of excitons13–17 or free electrons and
holes8,18 from dots into the barrier is responsible for the ob-
served thermal quenching of the QD luminescence at high

temperatures. The influence of carrier excitation density on
the subsequent optical properties of SAQDs, particularly the
thermal quenching of the QD luminescence, has been largely
neglected in past studies.8,19 A number of effects at low and
high excitations that limit the use of QD devices are known.
At low-excitation density, a suppressed relaxation from ex-
cited states, also known as the phonon bottleneck effect, lim-
its the use of QD lasers for high-speed applications. This
effect was predicted20,21 and observed recently in InAs
QDs.22,23At high-excitation densities, state-filling effects are
well known from photoluminescencesPLd experiments and
are commonly used to access the excited-state spectrum.23–25

Yet, only a few studies have been performed in which the
excitation dependence of the QD luminescence intensity of
the ground-18,26,27 and excited-state transitions was studied
systematically at different temperatures and excitation
conditions.8,17

In this work we have examined the temperature and ex-
citation dependence of the luminescence intensity of the
ground- and excited-state transitions in InAs SAQDs with
cathodoluminescencesCLd imaging and spectroscopy. We
have performed a detailed analysis of CL emission obtainedadElectronic mail: danrich@bgumail.bgu.ac.il
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at low- and high-excitation densities in the 230–300-K tem-
perature range for five InAs QD samples. The thermal acti-
vation energies associated with the thermal quenching of the
luminescence were measured for ground- and excited-state
transitions of the SAQDs, as a function of excitation density.
By comparing these activation energies with the ground- and
excited-state transition energies, we have considered various
processes that describe the reemission of carriers. All
samples share the same SAQD growth and formation condi-
tions prior to capping, but possess different electronic levels
after capping due to the incorporation of a lateral potential
confinement layersLPCLd that is positioned at different lay-
ers of the QDs for each sample. A suppressed relaxation from
the first excited state at low-excitation density and state-
filling and spatial smearing effects at high excitations were
observed for all InAs QD samples.

II. EXPERIMENTAL DETAILS

The self-assembled InAs QD samples were grown on
undoped planar GaAss001d substrates by solid-source
molecular-beam epitaxysMBEd, as has been described
previously.8,28 Briefly, InAs QDs were formed at a substrate
temperature of 500 °C by depositing 2.5-monolayerssML d
of InAs at a rate of 0.054 ML/s under an As4 partial pressure
of 73106 Torr. Subsequently, the samples were cooled to
350 °C for the growth of capping layers deposited by migra-
tion enhanced epitaxy. Two reference InAs QD samples were
grown. The first was capped by 30-ML In0.15Ga0.85As fol-
lowed by deposition of 140-ML GaAs while the second was
capped solely by GaAs. In samples labeled 1, 2, and 3, 10
MLs of the 30-ML In0.15Ga0.85As were replaced by an
In0.15Al0.25Ga0.60As layer, which forms a LPCL. The LPCL is
positioned at different heights of the QDs for each of
samples 1–3. Sample 1 has the LPCL located at the bottom
of the InAs QDs. In samples 2 and 3, the LPCL is positioned
10 and 20 MLs above the bottom of the QDs, respectively.
Previous atomic force microscopysAFMd results obtained
from uncapped 2.5-ML InAs QDs showed that the QD den-
sity was,400/mm2, with the measured average QD width
and height of,20 and,6 nm, respectively.28

The CL experiments were performed with a modified
JEOL-5910 scanning electron microscopesSEMd using a
15-keV electron beam with probe current in the 0.03–35-
nA range.29 An InP:InGaAs photomultiplier tubesPMTd op-
erating in the 950–1700-nm spectral range was used to de-
tect the luminescence dispersed by a 0.25-m monochromator.
Measurements were conducted at different temperatures in
the 50–300-K temperature range. In order to increase the
range of accessible excitation densities, the excitation vol-
ume was varied by defocusing the electron beam in repro-
ducible steps.30 The respective spot area was measured by
exposing an electron resist layer that is normally used for
electron-beam lithography. In the very low excitation density
regime, the electron beam was defocused to a circular spot
with a diameter of 90mm at the sample surface. For an elec-
tron beam of this diameter, the dose of exposure was found
to be homogeneously distributed, within the sensitivity of the
electron resist. In this way, the collected CL intensity and

measured photon count rates remain reasonable and provide
an adequate signal-to-noise ratio. The defocusing approach
permits measuring CL emission with an excitation density
that is several orders of magnitude smaller than what can be
employed using a focused electron beam.30 This is made pos-
sible, owing to the excitation, e.g., of a large number of
QDs,2.53106, when the defocused spot size is 90mm.

III. RESULTS AND DISCUSSIONS

A. Cathodoluminescence spectroscopy at different
excitation densities

Figure 1 shows a low-excitation spatially averaged CL
spectra of the GaAs and InGaAs-capped samples and
samples 1,2, and 3 acquired for a beam energy of 15 keV and
beam current of 1 nA, while the electron beam was defo-
cused to a spot size ofS=6300mm2. In this very low exci-
tation density regime, the steady-state average occupation in
the QDs,nQD, is well below one electron–hole pair per dot.
The relationship between the carrier occupation number in
the QDs,nQD, and probe current,Ib, can be approximated by

nQD <
IbEbtrLD

3eEgVeAD
, s1d

where Eb is the e-beam energys15 keVd, Eg is the GaAs
band gap, which is 1.52 eV atT<50 K, Ve is the e–h exci-
tation volume at 15 keV, which is 3.4 and 9500mm3 for
focused and defocused electron beams, respectively,LD is
the carrier diffusion lengths,0.5 mmd, tr is the e–h lifetime
s,0.5 nsd,8 andAD is the density of QDss400 mm−2d.28 Us-
ing the values appropriate for our experimental conditions,
we get nQD<3.8Ib snAd for a focused electron beamsthe
case of a high-excitation densityd, whereas for very low ex-

FIG. 1. Spatially averaged CL spectra of the GaAs- and the InGaAs-capped
samples, and samples 1, 2, and 3 acquired at low excitation under a defo-
cused e-beam condition forT=60 K. The ground-statesGSd and first
excited-state peaks, labeled P0 and P1, respectively, are indicated by the
vertical dashed lines.
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citation densities in the defocused e-beam casesi.e., when
S=6300mm2d, nQD<10−3Ib snAd. From the results of the
excitation-dependent CL spectroscopyssee Fig. 2d, two
peaks labeled P0 and P1 are identified as the ground-state
sGSd and first excited-state transitions, respectively.

Similar results were obtained for all five samples with
small differences in the CL peak positions, as shown in Fig.
1. We will therefore present mainly the results obtained for
one sample, namely, the InGaAs-capped sample. Spatially
averaged CL spectra of the InGaAs-capped sample at differ-
ent excitation densities are shown in Fig. 2. The spectra were
acquired for a beam energy of 15 keV atT=165 K. All the
spectra are normalized to have nearly the same intensity; the
scaling factors are indicated. The excitation current densities
sshown in units of nA/mm2d were varied from very low for a
strongly defocused electron beamsthe two lowest spectra in
Fig. 2d to very high conditions when a focused electron beam
was rastered over a 64348 mm2 region with various probe
currents. On increasing the excitation density, the ratio be-
tween the intensity of the high- and low-energy peaks in-
creases. Therefore, we assign four peaks, indicated by verti-
cal dashed lines and labeled P0, P1, P2, and P3, to the GS
and three excited-state transitions, respectively, which were
observed in previous reports for similar InAs SAQDs.22,25,31

Figures 1 and 2 show that the intensity of the first excited-
state transition maintains,10% of the intensity of the GS
transition even for a vanishingly small average steady-state
occupation well below one electron–hole pair per dot. We
estimate from Eq.s1d that the four lower CL spectra in Fig.
2, corresponding to the four lowest-excitation densities, have
an average steady-state carrier population,nQD, of 1310−4,
1310−3, 0.4, and 3.8, respectively. These results demon-
strate a suppressed relaxation to the ground state in the low-
density regime, which is the phonon bottleneck effect. A
similar phonon bottleneck effect for InAs QDs was observed
in a photoluminescence study using a weak excitation in
which the first excited-state emission exhibited an intensity
of ,16% of the ground-state emission intensity at a tempera-
ture of 7 K.22 Under high-excitation conditions, CL spectra
in Fig. 2 show a well-defined ground-state and two excited-
state transitions with energy spacings of 67 and 74 meV,
consistent with previous measurements for similarly grown
QD structures.22,25An onset of the third excited-state transi-
tion, P3, is observed for the InGaAs-capped sample at beam
currents above 20 nA. In the other samples, only two
excited-state transitions are indicated. The measured ground-
and excited-state transition energiesE0, E1, and E2, as ob-
tained from CL spectroscopy atT=60 K for the five QD
samples, are summarized in Table I.DE10=E1−E0 and
DE21=E2−E1 are intersublevel spacings between the GS and
excited-state transitions. The ground- and excited-state tran-
sition energies of the InGaAs-capped sample are reduced by
,35 meV with respect to the transition energies of the
GaAs-capped sample because of an overall lower confine-
ment potential in the case of InGaAs capping.32 The transi-
tion energies of sample 1, with the LPCL located at the bot-
tom of the InAs QDs, are close to the transition energies of
the GaAs-capped sample. In the case of sample 3, with the
LPCL located on top of the QDs, the transition energies are
nearly identical with those of the InGaAs-capped sample.
Further, the intersublevel spacingDE10 of sample 1 is in-
creased by 20 meV relative to the intersublevel spacing of
the InGaAs-capped sample, consistent with the results of
previous PL and photoluminescence excitationsPLEd
measurements.28

B. Temperature- and excitation-dependent CL for low-
excitation densities

CL spectra of the InGaAs-capped sample, acquired with
a strongly defocused electron beam for a beam energy of
15 keV and beam current of 1 nA, are shown in Fig. 3. The

FIG. 2. Spatially averaged CL spectra for the InGaAs-capped sample ac-
quired with a focused and strongly defocused electron beam at different
probe currentsIb for T=165 K. The GS and three excited-state peaks, la-
beled P0 and P1–P3, respectively, are indicated by the vertical dashed lines.
The lowest two spectra were acquired under low-excitation conditionssa
defocused e-beam with spot areaS=6300mm2d and beam currents of 0.1
and 1 nA, respectively.

TABLE I. Ground- and excited state transition energiesE0, E1, andE2 obtained from CL spectroscopy atT
=60 K for the QD samples used in this study.DE10=E1−E0 and DE21=E2−E1 are the QD intersublevel
spacings.

E0 seVd E1 seVd E2 seVd DE10 smeVd DE21 smeVd

Sample 1 1.052 1.139 1.212 87 73
Sample 2 1.034 1.105 1.180 71 75
Sample 3 1.026 1.093 1.168 67 75

InGaAs-capped 1.026 1.093 1.167 67 74
GaAs-capped 1.057 1.130 1.206 73 76
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spectra were acquired for various temperatures in the
50–300-K temperature range. All the spectra are normalized
to have nearly the same intensity, and scaling factors are
indicated. In order to show that peak P1 of the first excited-
state transition exists at all temperatures, revealing the sup-
pressed relaxation from the first excited state in the low-
excitation-density regime, we have multiplied the portion of
each spectrum containing this peak by a factor of 5.

Spatially averaged CL intensities of the GS, P0, and
excited-state transitions P1 and P2, which exhibit an Arrhen-
ius behavior at low- and high-excitation densities, are shown
in a log of CL intensity versus 1/kT plot in Fig. 4 for the
InGaAs-capped sample. In order to estimate the activation
energies of peaks P0, P1, and P2, we have performed linear
fits of the log of intensity versus 1/kT data in the
230–300-K temperature range. The solid lines in Fig. 4 in-
dicate the results of linear fits in the high-temperature range,
from which corresponding activation energies are deter-
mined. At a low-excitation density, the results yield spatially
averaged activation energies of 325±15 and 255±9 meV for
the GS and first excited-state transitions, respectively. Acti-
vation energies of the ground and first excited states obtained
at low excitation in the 230–300-K temperature range for the
QD samples used in this study are summarized in Table II.
The difference between activation energies of the first ex-
cited state and the ground state,DEA10=EA1−EA0, is close to
the intersublevel spacingsi.e., the difference in transition en-
ergies between these states,DE10=E1−E0. The measured ac-
tivation energies can be used to help deduce the physical
process of carrier reemission and distinguish between the
three general cases of reemission involving excitons, corre-
lated electron–hole pairs, and independent single carriers.
The reemission of correlated electron–hole pairs from the

QD states to the barrier is possible in the strong confinement
regime, when Coulomb-induced electron–hole correlations
are weak.33 If carriers are reemitted as correlated electron–
hole pairs, then according to the requirement of detailed bal-
ance, the measured activation energy would be about half of
the total barrier height.34 The difference between activation
energies of the first excited state and the ground state would
be about half of the difference in transition energies between
these states.34 For the case of exciton reemission, the activa-
tion energy would be approximately equal to the barrier
height, and the difference between activation energies of the
first excited state and the ground state would be close to the
difference in transition energies between these states.34 Fi-
nally, if carriers are reemitted independently, the measured
activation energy would be determined by the activation en-
ergy of the more weakly bound carrier-typesi.e., most prob-
ably the holed and would be less than half of the total barrier
height.25,35,36 In this case, the difference between activation

FIG. 3. Spatially averaged CL spectra for the InGaAs-capped sample ac-
quired at low-excitation density in the 50øTø300 K temperature range.
The GSsP0d and first excited-state componentssP1d are indicated. The left
part of each spectrum containing peak P1sand separated from the main peak
P0 by a dashed lined was additionally multiplied by a factor of 5.

FIG. 4. A semilogarithmic plot of the spatially averaged CL intensities of
the GS P0 and excited-state transitions, P1 and P2, for the InGaAs-capped
sample vs 1/kT under low- and high-excitation conditions, which exhibit an
Arrhenius behavior. The e-beam was sharply focused under high-excitation
conditions, whereas the e-beam was uniformly defocused to a circular spot
having an area of,6300mm2 under low-excitation conditions. The solid
lines indicate the results of linear fits in the temperature range of
230–300 K, from which corresponding activation energies are determined,
as shown. As can be seen, activation energies of the ground and first excited
states are significantly reduced at high excitation relative to their values at
low excitation.

TABLE II. Activation energies of the groundsEA0d and the first excited
statessEA1d obtained at low-excitation densities in the 230–300-K range for
the InAs QD samples used in this study. Note thatDEA10=EA1−EA0 and
DE10=E1−E0.

EA0 smeVd EA1 smeVd DEA10 smeVd DE10 smeVd

Sample 1 306±10 219±6 87 87
Sample 2 306±12 235±8 71 71
Sample 3 315±9 251±7 64 67

InGaAs-capped 325±15 255±9 70 67
GaAs-capped 300±8 232±7 68 73

123520-4 Khatsevich et al. J. Appl. Phys. 97, 123520 ~2005!

Downloaded 21 Jun 2005 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



energies of the first excited state and the ground state would
be also less than half of the difference in transition energies
between these states.35,36The total barrier height depends on
whether the reemission is to the WL or to the GaAs barrier;
it is equal either toDEB=EWL −Ei or to DEB=EGaAs−Ei,
whereEWL, EGaAs, andEi are the transition energies of the
wetting layer sWLd, GaAs barrier, and theith QD state.34

The WL and GaAs emission energies,EWL and EGaAs, are
,1.420 and 1.510 eV, respectively, atT<100 K.8,37 Our ex-
perimental results in Table II show activation energies that
are too large to be consistent with the reemission of single
carriers or correlated pairs. Within the margins of error
s,10% –15%d the derived activation energies are quite
close to the exciton localization energies with respect to the
WL.15–17Moreover, the measured difference between activa-
tion energies of the first excited state and the ground state for
each of the five samples is close to the difference in transi-
tion energies between these states, which is also consistent
with the inferred process of exciton reemission. Therefore,
the magnitudes of the measured activation energies together
with the approximately equal differences between transition
and activation energies of the ground and first excited states
si.e., DEA10<DE10d demonstrate that dissociation of both
ground- and excited-state excitons from the QD states into
the WL si.e., exciton emissiond is responsible for the ob-
served temperature dependence of the luminescence in the
,230–300-K range at low excitation.

In previous studies, the dependence of the integrated PL
intensity of the GS transition on excitation density was mea-
sured at low-excitation densities and different temperatures
for InAs/GaAs QD samples.18 The behavior was purely lin-
ear at low temperatures, while at temperatures above
,250 K a superlinear, nearly quadratic behavior, was
observed.18 In order to explain the observed behavior, a
model based on an independent capture and escape of elec-
trons and holes was proposed.18 At low excitation when
much less than one electron–hole pair per dot is available,
the probability that one electron and one hole are captured in
the same QD depends quadratically on the excitation density.
As the average occupation becomes higher than one electron-
hole pair per dot this probability will vary linearly with ex-
citation. No such excitation-dependent studies have been
previously reported for excited-state transitions in QD
samples. In order to investigate this further, the spatially av-
eraged CL intensity of the ground-statesP0d and first excited-
statesP1d transitions was measured in the 250øTø300 K
temperature range versus beam currentsIb in the range of
100 pA–10 nA for a beam-broadened excitation area ofS
=6300mm2, which enables detection in the limit of very low
excitation. A linear regression of the log–log plots of CL
intensity for P0 and P1 vsIb resulted in slopesk of 1±0.05
for all samples in this high-temperature range, reflecting a
linear dependence of intensity on excitation density. We de-
duce from these results that carriers are captured as excitons
or correlated e–h pairs. This is entirely consistent with the
notion that exciton emission is the primary process for es-
cape, as determined from the activation energy data previ-

ously discussed. For comparison, a quadratic dependence
would have yieldedk=2 and would have implied an inde-
pendent carrier capture mechanism.18

C. State-filling effects in QDs

A log–log plot of the spatially averaged CL intensity of
the GS P0 and two excited-state transitions, P1 and P2, ver-
sus beam current at intermediate and high-excitation densi-
ties are shown in Fig. 5 for the InGaAs-capped sample. The
focused electron beam was rastered over a 64348 mm2 re-
gion with various probe currents in the 0.03ø Ibø40 nA
range. The solid lines are linear regressions with slopesk
indicated in the figure. A slope ofk=1 corresponds to a lin-
ear dependence, where carriers are captured into QD states in
the form of correlated electron–hole pairs or excitons.18

Slopes larger than 1 represent a superlinear dependence and
reflect the capture of independent electrons and holes into
QD states.18 Slopes smaller than 1 are attributed to an exci-
tation regime where state filling of the QDs and the WL
occurs and represent a sublinear dependence. A sublinear de-
pendence withk=0.85 is observed for the intensity of the GS
transition at beam currents in the 0.5–10-nA range. The in-
tensity of the GS transition P0 begins to saturate at relatively
low beam currents,Ibù0.5 nA, when a steady-state average
occupation in the QDs is already about two electron–hole
pairs per dot, from Eq.s1d. An additional decrease in the
slopek is observed for beam currents above 10 nA, due to
state filling of the WL. It is commonly believed that the WL
acts as a barrier for the carrier capture and thermal escape
processes.8,15–17 The slopek of P1 remains equal to 1 for
beam currents below 10 nA. At higher beam currents satura-
tion of the intensity of the first excited-state transition begins
and a sublinear behavior is observed. A markedly different
behavior is revealed for emission of the second excited-state

FIG. 5. Log–log plot of the spatially averaged CL intensity of the GS P0 and
two excited-state transitions, P1 and P2, vs beam current at intermediate and
high-excitation densities for the InGaAs-capped sample. The solid lines are
linear regressions. A slope ofk=1 reflects a linear dependence. Slopes larger
than 1 represent a superlinear dependence. Slopes smaller than 1 are attrib-
uted to state filling of the QD and the WL states and represent a sublinear
dependence.
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P2. For beam currents below 15 nA, a superlinear depen-
dence is observed, while at higher excitations the behavior
becomes linear or sublinear. This behavior is consistent with
the independent capture and filling of electrons and holes in
excited states at low excitations and high temperatures where
the probability of a correlated electron–hole pair being cap-
tured simultaneously into higher excited states is much less
than 1.18 Similar results are obtained for the other four
samples.

A set of monochromatic CL images that were acquired at
wavelengths corresponding to the GS and two excited-state
transitions in QDs at low- and high-beam currents are shown
in Fig. 6 over a 32324 mm2 region of the InGaAs-capped
sample. The monochromatic CL images in Figs. 6sad, 6scd,
and 6sed were acquired with beam currents in which state-
filling effects were negligiblessee Fig. 6d. In contrast, CL
images in Figs. 6sbd, 6sdd, and 6sfd were acquired for beam
currents corresponding to a strong saturation of CL intensi-
ties of the GS and excited-state transitions. Monochromatic
CL images of the ground and excited QD states acquired at
low-excitation densities reveal spatial variation in the inten-
sity of luminescence, with domain sizes on the order of
,1 mm. At higher excitations, a nearly uniform spatial dis-
tribution of the CL intensities is observed. Thus, an increase
in excitation density to a level that approaches saturation of a
particular QD state results in a spatial smearing effect. The

monochromatic CL image acquired for the third excited state
is not shown here, owing to its similarity in behavior with
the other CL images.

In order to analyze the spatial correlations between CL
of the GS and three excited-state transitions and better un-
derstand the existing spatial variations of CL, a binning of
pixels along an arbitrary horizontal line in the images of Fig.
6 was performed. As a result, a plot of the CL intensity
versus linear distance is shown in Fig. 7. The strong corre-
lation of the dips and peaks, as illustrated by the vertical
dashed lines, indicates that the GS P0 and excited-state peaks
sP1, P2, and P3d stem from the same QDs. At low-excitation
densities, a noticeable spatial variationsi.e., contrast in the
imagesd of ,15% in the CL intensity of the GS and three
excited-state transitions is observed. The intensity variations
are likely caused by changes in the sizes of groups of QDs
and spatial variations in thermally induced reemission of car-
riers, as previously established by CL wavelength imaging of
similar SAQD samples.19 Spatial smearing occurs for large
excitations due to an equilibration of carrier populations in
adjacent groups of QDs, as illustrated in Fig. 8. At low-
excitation densities, the QD emission is dominated by the GS
emission of larger QDs that have smaller transition energies.

FIG. 6. A set of monochromatic CL images at low and high excitationssas
indicatedd that were obtained while an electron beam ofEb=15 keV was
rastered over a 32324 mm2 region for the InGaAs-capped sample atT
=190 K: sad andsbd represent CL images of the GS component at the peak
wavelengthlm=1254 nm;scd andsdd andsed andsfd represent CL images of
the first and second excited-state components acquired at peak wavelengths
of lm=1172 nm andlm=1095 nm, respectively. Increasing the excitation
density results in aspatial smearing effect.

FIG. 7. Line-scan analysis for the InGaAs-capped sample atT=190 K
showing the CL intensity of the GS P0 and excited-state transitions P1–P3 at
low- and high-excitation conditions vs distance along an arbitrary line. The
vertical dashed lines illustrate the spatial correlation between peaks and dips
of this scans. Spatial smearing occurs for large excitations due to an equili-
bration of carrier populations in adjacent groups of QDs.

FIG. 8. Schematic illustration of successive state filling in adjacent groups
of QDs resulting in an equilibration of carrier populations and an excitation-
dependentspatial smearing effect.
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A much weaker emission of the first excited state is also
observed, as seen in Figs. 1 and 2. On increasing the excita-
tion density, the GS emission of larger QDs saturates when a
steady-state average occupation in these QDs is already
about two electron–hole pairs per dot, and a subsequent fill-
ing of smaller QDs begins. This is followed by an equilibra-
tion of the carrier populations in adjacent groups of larger
and smaller QDs, which in turn causes a simultaneous de-
crease in the spatial variation of the intensity of the GS tran-
sition, thereby causing the observed spatial smearing effect.
As we increase the excitation density still further, a filling of
the first excited state of larger QDs begins, as shown in Fig.
2. The carriers will then begin to fill the first excited state in
groups of larger QDs until its saturation induces carriers to
begin filling the first excited state in groups of smaller QDs.
The process will continue for filling of the P1 state in the
same manner as described for the filling of the GS P0 state.
Thus, as the excitation is increased, a sequential filling of the
GS P0, P1, and P2 states occurs in which spatial smearing is
caused by an equilibration of carrier density between the
states in adjacent groups of larger and smaller QDs.

D. Temperature-dependent CL and thermalization
in QDs at high excitations

Spatially averaged CL spectra of the InGaAs-capped
sample were acquired while the focused electron beam was
rastered over a 64348 mm2 region for a beam energy of
15 keV and beam current of 35 nA, as shown in Fig. 9. At
this excitation, the CL intensities of the GS and two excited-
state transitions are strongly saturated. Spectra were acquired
for various temperatures in the 50–300-K temperature range.
All the spectra are normalized to have nearly the same inten-
sity, and the scaling factors are indicated.

A semilogarithmic plot of the spatially averaged CL in-
tensity of the GS and two excited-state transitions versus
1/kT at high excitation is shown in the upper part of Fig. 4
for these spectra. The solid lines indicate the results of linear
fits in the 230–300-K temperature range, from which corre-
sponding activation energies are determined. The results
yield spatially averaged activation energies of 186±10,
145±11, and 135±8 meV for the ground and two excited-
states, respectively. It is apparent from Fig. 4 that the activa-
tion energies of the ground and the first excited states are
significantly reduced at high excitation relative to their val-
ues of 325±15 and 255±9 meV at a low-excitation density.
Activation energies measured under this high-excitation den-
sity in the 230–300-K temperature range for the five QD
samples are listed in Table III. We assume that at high-
excitation densities the WL states are filled and the decrease
in the QD emission with increasing temperature in the
230–300-K temperature range is attributed to thermal escape
of less-confined carriers from respective QD states into the
GaAs barrier.18 Although an uncertainty exists in the band
offset ratio for the InAs QDs, several authors have pointed
out that the hole-confinement energyDEh is weaker than the
electron confinement energyDEe for lens-shaped QDs.25,35,36

The ground-state activation energiesssee Table IIId are com-
parable with a value for the ground-state hole localization
energy with respect to the GaAs barrier, as calculated for a
lens-shaped InAs QD and equal to 193 meV.38 Assuming
that the measured activation energies of the ground and ex-
cited states are equal to the barrier heights of the holes with
respect to the GaAs barrier, we can extract the ratio of local-
ization energies from

QL = EAi/sEGaAs− Eid, s2d

whereEAi andEi are the activation and transition energies for
the ith QD state. We obtain values of the ratio of localization
energies in the range of,33% –38%. These values are in
good agreement with other values reported in the literature.18

We expect that these values forQL are also close to the
hole-band offset ratio. Such consistency further suggests
strongly that thermal reemission of single holes into the
GaAs barrier is indeed responsible for the observed tempera-
ture dependence of the CL intensity of the GS P0 and two
excited-state, P1 and P2, transitions in the,230–300-K
temperature range for high-excitation conditions. This is to
be compared with the excitonic nature of carrier reemission
under low-excitation conditions, as discussed in Sec. III B.

FIG. 9. Spatially averaged CL spectra of the InGaAs-capped sample ac-
quired under a high-excitation condition whereIb=35 nA in the 50øT
ø300 K range. The GS P0 and two excited-state peaks, P1 and P2, are
indicated.

TABLE III. Activation energies of the groundsEA0d and two excited states
sEA1 and EA2d obtained at high-excitation density in the 230–300-K range
for the InAs QD samples used in this study.

EA0 smeVd EA1 smeVd EA2 smeVd

Sample 1 190±3 160±8 154±6
Sample 2 189±4 150±1 150±1
Sample 3 187±11 147±9 135±8

InGaAs-capped 186±10 145±11 135±8
GaAs-capped 184±12 163±13 158±7
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IV. SUMMARY AND CONCLUSIONS

We have examined in detail the optical properties of self-
assembled InAs QDs with cathodoluminescencesCLd imag-
ing and spectroscopy under various excitation conditions and
sample temperatures. The InAs QDs were formed via self-
assembly during MBE growth of InAs on undoped planar
GaAss001d. The CL images and spectra revealed the ground
statesGSd and up to three QD excited states. A suppressed
relaxationsi.e., the phonon bottleneck effectd from the first
excited state at very low excitation density was observed.
The excitation density dependence of the CL intensity of the
ground and first excited-state transitions was shown to be
linear at all temperatures for low-excitation conditions. This
result can be understood by considering that carrierssid are
captured as excitons or correlated electron–hole pairs andsii d
escape via thermal reemission as excitons. At sufficiently
high excitations, state-filling and spatial smearing effects are
observed together with a sublinear dependence of the CL
intensity on excitation density. We present a simple model to
explain the spatial smearing effect. A successive filling of the
ground and excited states in adjacent groups of QDs having
different size distributions is proposed to be the cause of
spatial smearing under high-excitation conditions. The CL
intensities of the ground- and excited-state transitions were
analyzed as a function of temperature and excitation to study
the thermal activation and reemission of carriers. Thermal
quenching of the CL intensity of the QD ground- and
first excited-state transitions at low excitation in the
,230–300-K temperature range is attributed to dissociation
of excitons from the QD states into the WLsi.e., a reemis-
sion of excitonsd. At high-excitation conditions, significant
reductions in the activation energies of the ground and ex-
cited states are found. This suggests strongly that the thermal
reemission of single holes from QD states into the GaAs
barrier is responsible for the observed temperature depen-
dence of the QD luminescence in the,230–300-K tempera-
ture range. An improved understanding of the operation and
design of InAs/GaAs QD-based optoelectronics could ema-
nate from these results and other optical studies involving the
excitation and temperature dependence of such samples.

ACKNOWLEDGMENTS

This work was supported by the Israel Science Founda-
tion and by the DoD Multidisciplinary University Research
Initiative sMURId program administrated by AFOSR.

1N. Kirstaedteret al., Appl. Phys. Lett.69, 1226s1996d.
2L. Chu, A. Zrenner, M. Bichler, and G. Abstreiter, Appl. Phys. Lett.79,
2249 s2001d.

3Z. Chen, E.-T. Kim, and A. Madhukar, Appl. Phys. Lett.80, 2490s2002d.
4J. J. Finley, M. Skalitz, M. Arzberger, A. Zrenner, G. Böhm, and G.

Abstreiter, Appl. Phys. Lett.73, 2618s1998d.
5M. C. Bödefeld, R. J. Warburton, K. Karrai, J. P. Kotthaus, G. Medeiros-
Ribeiro, and P. M. Petroff, Appl. Phys. Lett.74, 1839s1999d.

6T. Lundstrom, W. Schoenfeld, H. Lee, and P. M. Petroff, Science286,
2312 s1999d.

7Z. Y. Xu et al., Phys. Rev. B54, 11528s1996d.
8Y. Tang, D. H. Rich, I. Mukhametzhanov, P. Chen, and A. Madhukar, J.
Appl. Phys. 84, 3342s1998d.

9S. Fafardet al., Surf. Sci. 361, 778 s1996d.
10Y. T. Dai, J. C. Fan, Y. F. Chen, R. M. Lin, S. C. Lee, and H. H. Lin, J.

Appl. Phys. 82, 4489s1997d.
11K. Mukai, N. Ohtsuka, and M. Sugawara, Appl. Phys. Lett.70, 2416

s1997d.
12Y. Wu, K. Arai, and T. Yao, Phys. Rev. B53, R10485s1996d.
13A. Patane, A. Polimeni, P. C. Main, M. Henini, and L. Eaves, Appl. Phys.

Lett. 75, 814 s1999d.
14W.-H. Chang, T. M. Hsu, C. C. Huang, S. L. Hsu, C. Y. Lai, N.-T. Yeh,

and J.-I. Chyi, Phys. Status Solidi B224, 85 s2001d.
15R. Heitz, I. Mukhametzanov, H. Born, M. Grundmann, A. Hoffmann, A.

Madhukar, and D. Bimberg, Physica B272, 8 s1999d.
16R. Heitz, I. Mukhametzanov, A. Madhukar, A. Hoffmann, and D. Bim-

berg, J. Electron. Mater.28, 520 s1999d.
17W.-H. Chang, T. M. Hsu, N.-T. Yeh, and J.-I. Chyi, Chin. J. Phys.sTaipeid

40, 548 s2002d.
18E. C. Le Ru, J. Fack, and R. Murray, Phys. Rev. B67, 245318s2003d.
19D. H. Rich, C. Zhang, I. Mukhametzhanov, and A. Madhukar, Appl. Phys.

Lett. 76, 3597s2000d.
20U. Bockelman and G. Bastard, Phys. Rev. B42, 8947s1990d.
21H. Benisty, C. M. Sotomayor-Torres, and C. Weisbuch, Phys. Rev. B44,

10945s1991d.
22R. Heitz, H. Born, F. Guffarth, O. Stier, A. Schliwa, A. Hoffmann, and D.

Bimberg, Phys. Rev. B64, 241305s2001d.
23K. Mukai, N. Ohtsuka, H. Shoji, and M. Sugawara, Phys. Rev. B54,

R5243s1996d.
24S. Raymondet al., Phys. Rev. B54, 11548s1996d.
25M. Grundmann, N. N. Ledentsov, O. Stier, D. Bimberg, V. M. Ustinov, P.

S. Kop’ev, and Zh. I. Alferov, Appl. Phys. Lett.68, 979 s1996d; M.
Grundmann, N. N. Ledentsov, O. Stier, J. Böhler, D. Bimberg, V. M.
Ustinov, P. S. Kop’ev, and Zh. I. Alferov, Phys. Rev. B53, R10509
s1996d.

26H. Lee, W. Yang, and P. C. Sercel, Phys. Rev. B55, 9757s1997d.
27F. Pulizzi, A. J. Kent, A. Patanè, L. Eaves, and M. Henini, Appl. Phys.

Lett. 84, 3046s2004d.
28E.-T. Kim, Z. Chen, and A. Madhukar, Appl. Phys. Lett.81, 3473s2002d.
29H. T. Lin, D. H. Rich, A. Konkar, P. Chen, and A. Madhukar, J. Appl.

Phys. 81, 3186s1997d.
30U. Jahn, S. Dhar, O. Brandt, H. T. Grahn, and K. H. Ploog, J. Appl. Phys.

93, 1048s2003d.
31R. Heitz, F. Guffarth, I. Mukhametzhanov, M. Grundmann, A. Madhukar,

and D. Bimberg, Phys. Rev. B62, 16881s2000d.
32E. T. Kim, Z. H. Chen, and A. Madhukar, Appl. Phys. Lett.79, 3341

s2001d.
33G. W. Bryant, Phys. Rev. B37, 87633s1988d.
34W. Yang, R. R. Lowe-Webb, H. Lee, and P. C. Sercel, Phys. Rev. B56,

13314s1997d.
35W.-H. Chang, T. M. Hsu, C. C. Huang, S. L. Hsu, C. Y. Lai, N. T. Yeh, T.

E. Nee, and J.-I. Chyi, Phys. Rev. B62, 6959s2000d.
36R. Collombelli, V. Piazza, A. Badolato, M. Lazzarino, F. Beltram, W.

Schoenfeld, and P. Petroff, Appl. Phys. Lett.76, 1146s2000d.
37W.-H. Chang, W. Y. Chen, T. M. Hsu, N.-T. Yeh, and J.-I. Chyi, Phys. Rev.

B 66, 195337s2002d.
38A. J. Williamson, L.-W. Wang, and A. Zunger, Phys. Rev. B62, 12963

s2000d.

123520-8 Khatsevich et al. J. Appl. Phys. 97, 123520 ~2005!

Downloaded 21 Jun 2005 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


