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Self-assembled InAs/GaAs quantum dots studied with excitation dependent
cathodoluminescence

Y. Tang, D. H. Rich,a) I. Mukhametzhanov, P. Chen, and A. Madhukar
Photonic Materials and Devices Laboratory, Department of Materials Science & Engineering, University of
Southern California, Los Angeles, California 90089-0241

~Received 13 April 1998; accepted for publication 9 June 1998!

We have examined the optical properties of self-assembled InAs quantum dots~QDs! with
polarization sensitive and time-resolved cathodoluminescence~CL! techniques. The InAs QDs were
formed via self-assembly during molecular beam epitaxial growth of InAs on unpatterned
GaAs~001!. CL spectra exhibited a two-component line shape whose linewidth, intensity, and peak
positions were found to be temperature and excitation dependent. The two components are found to
be consistent with state filling of the QDs, resulting in emission involving ground state and excited
state excitonic transitions. The luminescence intensities and lineshapes of the QD and wetting layer
~WL! excitonic transitions were analyzed with constant excitation and time-resolved CL for various
temperatures and excitation levels to study the thermal activation, re-emission, and recombination
kinetics of carriers. Thermal quenching of the QD ground state and excited state components in the
105–175 K range is correlated with a rise in the WL emission, showing that the WL carrier
distribution is fed partially by thermal reemission of carriers from the QDs. A more rapid thermal
quenching of the QD and WL excitonic emissions in the 185–300 K range is consistent with thermal
reemission of carriers into the GaAs matrix. Time delayed CL spectra show that carriers in the
excited states rapidly feed the ground state during the decay phase of the luminescence, further
confirming that the two components are derived from the same QD. The CL decay time for the QD
luminescence was found to be wavelength and temperature dependent, owing to thermal reemission
into the WL. The CL decay times ranged from 0.1 to 2.0 ns. A polarization anisotropy was found
in CL spectroscopy, revealing the importance of the stress anisotropy in both the formation of QDs
and their subsequent optical emission. ©1998 American Institute of Physics.
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I. INTRODUCTION

The molecular beam epitaxial~MBE! growth of coherent
three-dimensional~3D! islands has recently drawn a gre
deal of attention, owing to its great potential for applicatio
in lasers and infrared detectors that are based on the uti
tion of optically active quantum dots~QDs!.1–6 Under certain
MBE growth conditions the formation of a high-densi
strained pyramidal InAs QDs on GaAs has been dem
strated and studied by several groups with photolumin
cence ~PL!.2–10 The InAs self-assembled quantum do
~SAQDs! form with a substantial variation in size, thereb
yielding a unique spectrum of confinedd-like states for each
QD. The inhomogeneity in height and lateral size of t
SAQDs results in a broad~40–60 meV! luminescence line
shape, whose width depends on the level of excitation
number of QDs which are excited.6 For SAQDs grown on
unpatterned substrates, a partial linear polarization ani
ropy in photoluminescence has been previously observed
was attributed to the asymmetry of the island shape.9,10 Vari-
ous attempts have been made to control the size-shape
phology and spatial arrangement of InAs SAQDs. Expe
ments have shown that SAQDs, at the later stages of gro
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have a tendency toward lateral size equalization, owing t
strain-dependent incorporation and elastic interaction of
lands through the substrate.2,11 Attempts for size equalization
have been made via vertical self-organization by utilizing
strain field in the cap layers induced by 3D islands as
driving force.2 Recently, a lateral selectivity in the control o
InAs SAQD formation has been demonstrated by the gro
of InAs on patterned GaAs~001! substrates.12 Recent work
has focused on the temperature and excitation dependen
the luminescence properties of InAs SAQDs.7,8,13–17 Con-
flicting interpretations have arisen over the interpretation
multiple peaks which can appear in the broad luminesce
lineshape.8 Time-resolved PL studies have further explor
the temperature dependence of the decay time and relax
kinetics of excited carriers in SAQDs.14,18–21

In this work, we have examined the optical properties
SAQDs grown on unpatterned substrates with spatia
spectrally, and temporally resolved cathodoluminesce
~CL! techniques. We have performed a detailed analysis
sample which exhibits multiple and distinct emission fe
tures in its CL line shape to clarify issues of QD size dist
butions and state filling effects. Polarization-sensitive det
tion is further utilized to examine the presence of strain a
probe the character of the hole states in the optical tra
tions. The CL approach can provide simultaneous spatial
spectral information which is ideally suited for the study
il:
2 © 1998 American Institute of Physics



k
e
a

an

er

ils
o
r

e

us
-
e
r
3D
e
r-

d
ng
°C
A

e
c
ig
u

ed

om
ed
b
a
S
c
a

ion
1
rl

e
bl
u

ce
nt

the

e
ne
ngth

s
ves
into
um
th

i-
ash
the
2,

nents
ex-

s of
ti-
ge

m
e-
d to

to
-

2.7

sian

ning

3343J. Appl. Phys., Vol. 84, No. 6, 15 September 1998 Tang et al.
nanostructures grown on patterned substrates. We have
amined and compared the recombination and relaxation
netics of carriers confined to SAQDs, the temperature dep
dence of the luminescence line shape and energy shifts,
excitation dependence of the polarization anisotropy
spectral line shapes.

II. SAMPLES AND EXPERIMENTAL SETUP

Self-assembled InAs quantum dots structures w
grown by MBE on planar GaAs~001! 60.1° substrates. A
thick high quality GaAs buffer layer was first grown. Deta
of the growth and surface morphology as a function
growth for similar samples have been described elsewhe2

A sample was grown with a;1.74 monolayer~ML ! InAs
deposition at 500 °C and 631026 Torr As4 pressure. Under
these conditions the initial GaAs~001! surface showed a
c(434) reconstruction. Growth of other samples show
that the reflection high-energy electron diffraction~RHEED!
pattern becomes spotty after;1.57 ML InAs deposition, re-
vealing the 2D to 3D morphological transition. Previo
atomic force microscopy~AFM! and scanning tunneling mi
croscopy~STM! studies of the uncapped samples confirm
that the coverage of;1.57 ML is the transition coverage fo
2D–3D growth.2,11 These studies also showed that the
InAs islands coexist with small 2D clusters for an InAs d
livery of ;1.74 ML.2 The density of the SAQDs was dete
mined by AFM and is;450 mm22. The lateral size of the
island ranges from 11 to 21 nm, with 90% of the islan
falling in the 13–17 nm range. A 50-nm-thick GaAs cappi
layer was grown by migration-enhanced epitaxy at 400
resulting in buried InAs QDs suitable for optical studies.
recent AFM study by Garciaet al. has shown that a larg
anisotropic redistribution of the InAs island material can o
cur upon deposition of the GaAs capping layer, thereby s
nificantly altering the size and shape distributions of the b
ied InAs QDs.22

The CL experiments were performed with a modifi
JEOL-840A scanning electron microscope~SEM! using a
10–15 keV electron beam with probe current ranging fr
0.1 to 10 nA.23 The temperature of the sample was vari
from 87 to 300 K. Constant excitation CL spectra were o
tained with a 0.275 m spectrograph with a Si CCD arr
detector. In CL imaging and time-resolved experiments, a
avalanche photodiode was used. The method of delayed
incidence in an inverted single photon counting mode w
employed for the time-resolved study with a time resolut
of ;100 ps.23 Electron beam pulses of 50 ns width with a
MHz frequency were used to excite the sample. Linea
polarized cathodoluminescence~LPCL! measurements wer
performed by detecting luminescence with a rotata
vacuum linear polarizer mounted in the SEM chamber. L
minescence was detected with the electric field~E! along
either the@110# or @11̄0# directions to evaluate the presen
of an anisotropy caused by strain or quantum confineme
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III. RESULTS AND DISCUSSION

A. Excitation-dependent CL

Spatially averaged CL spectra were acquired while
electron beam rastered over a 128394mm2 area with vari-
ous probe currents,I b , as shown in Fig. 1 for a temperatur
~T! of 87 K. The CL spectra exhibit a broad asymmetric li
shape possessing a small shoulder on the shorter wavele
side of the lineshape forI b,0.1 nA. As the beam current i
increased from 0.1 to 10 nA, this shoulder grows and evol
into a distinct peak. We have decomposed the spectra
two components P1 and P2 by fitting the spectra to the s
of two Gaussian components, each with a variable full wid
at half-maximum~FWHM! and variable peak energy pos
tion. The decomposition into P1 and P2 is indicated by d
and dotted curves in the figure. For a fixed beam current,
relative contribution of the higher energy component, P
increases as the temperature increases. The two compo
in the luminescence spectra are attributed to two distinct
citonic transitions, originating from the ground-state~P1!
and excited states~P2! of individual QDs. Similar results
have been observed in excitation dependent PL studie
InAs SAQDs.7 The large FWHM is due to the usual statis
cal nature of the SAQD ensemble, which results in lar
~.;10%! QD size variations during growth.

Results of the fits are plotted in Fig. 2 for various bea
currents atT587 K. The peak energy positions and int
grated intensities of the P1 and P2 components are foun
vary as the excitation level is increased fromI b50.1 to 10
nA. The intensity of the ground state transition, P1, begins
saturate whenI b'1 nA. Thise-beam excitation level corre
sponds to a steady-state average occupation of about

FIG. 1. CL spectra~dots! acquired for various electron beam currents,I b ,
ranging from 0.1 to 10 nA. Spectra were decomposed into two Gaus
components represented by dash~P1! and dot-dash~P2! lines which are
shown offset below the data. The fits are represented by solid lines run
through the data.
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electron-hole pairs per dot.24 P1 becomes blueshifted by;3
meV as the current increases from 0.1 to 1 nA, and t
redshifts by;4 meV over the 1 to 10 nA range. The initia
blueshift may be due to an enhanced carrier collection
smaller QDs possessing larger effective band gaps as
excitation level is increased, thereby causing a shift in
weighted ensemble towards larger energies. The subseq
redshift is evidence for a Coulomb interaction between ex
tons in the same QD, as the ground and excited state e
tonic transitions energies are expected to be reduced w
the dots become occupied with multiple excitons.25,26Owing
to the strong localization of excitons in QDs, biexciton bin
ing energies of;5 meV are expected,25,26 consistent with
our observed redshift. The excited state component
monotonically shifts to the blue by;7 meV over the 0.6 to
10 nA range, suggesting that additional excited state fill
occurs at higher excitation levels. This effect is in compe
tion with the Coulomb interaction, which should also redu
the energy of the excited states. The FWHM increases o
slightly from 60.5 to 62.1 meV for P1 as probe current
creases from 0.1 to 1 nA and after that decreases to
meV at I b510 nA. However, the FWHM of P2 increase
monotonically from 51.0 to 75.2 meV with increasing pro
current over the 0.1<I b<10 nA range, consistent with th
filling of additional excited states in the dots. A blue shift
the P2 peak should occur as the occupation of high-ene
excited states is expected to simultaneously broaden the
tribution. The P1 and P2 intensities are found to cross aI b

'2 nA, indicating the increasing population of the excit
states once the ground state excitonic transitions saturat

B. Temperature-dependent CL and thermalization in
SAQDs

We have examined the temperature dependence of
CL spectra for the temperature range 87<T<300 K. The
integrated CL intensities of components P1, P2, and the I
wetting layer~WL! transition are shown in a log of CL in
tensity versus 1/T plot in Fig. 3. As the temperature is in
creased from;105 to 150 K, a decrease in the P1 and
intensities occurs with an attendant increase in the WL em
sion intensity. The WL emission occurs at 1.423 eV forT
5103 K. The decrease in the P1 and P2 emission with
creasing temperature is evidently due to the increase in t

FIG. 2. The P1 and P2 peak energies and integrated intensities for va
beam currents.
n

n
he
e
ent
i-
ci-
en

-

2

g
-
e
ly

.2

gy
is-

.

he

s

2
s-

-
r-

mal reemission of captured excitons in the QDs prior to th
recombination in the QDs. Once re-emitted into the WL a
GaAs barrier, the carriers can recombine through other ra
tive and nonradiative channels. One such channel is the
emission, which shows a corresponding small increase in
integrated intensity~Fig. 3! as the P1 and P2 emissions d
crease in the 105<T<150 K range. The complementary be
havior of the QD and WL emissions provides direct eviden
for thermal transfer to the WL in this temperature range.

The CL intensity of the P1 and P2 peaks exhibits
Arrenhius-type dependence whose activation energy va
with the temperature range. To estimate the activation
ergy, we have performed linear fits of the log of intens
versus 1/T data for two different temperature ranges,
shown by the lines in Fig. 3. In the 105<T<175 K range,
the activation energies,E1 andE2 , for P1 and P2 emission
are 48 and 30 meV, respectively. In the 180<T<300 K
range,E1 and E2 are 333 and 287 meV, respectively. W
attribute the different activation energies to two fundame
tally different thermal reemission processes occurring in
different temperature ranges. In the lower temperature ra
excitation of single electrons or holes to the WL is expec
to occur, owing to the slight rise in the WL emission in th
range. The results show thatE1.E2 in both ranges, which
should be expected given that holes involved in the P1 em
sion have larger confinement energies than those involve
the P2 emission. The magnitude of these activation ener
is related to the energy difference between the electron
hole levels of the WL and QD. Previous calculations ha
shown that for QDs emitting in the 1.20–1.30 eV ener
range, the electron levels between the QD (u000&e) and WL
are separated by 20–80 meV.7 Likewise, the excited state
hole levels (u001&h) and WL hole levels are possibly sep
rated by 50–100 meV.7 Thus, the measured activation ene
gies in the lower temperature range are roughly consis
with energies required for single particle excitations of ele
trons and/or holes from confined QD states to the WL c
tinuum levels. Once carriers have been re-emitted into
WL they may recombine nonradiatively through defects,

us

FIG. 3. The P1, P2, and wetting layer~WL! integrated CL intensities for
various sample temperatures. A log of intensity vs 1/kT plot is shown fr
which activation energies are obtained from slopes of lines fit to the d
The WL intensities are shown reduced by a factor of 10 for clarity.
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captured by QDs, or recombine radiatively in the WL. T
latter most again gives rise to the increase in the meas
WL emission in this temperature range.

The activation energies in the 180–300 K temperat
range are much closer to the difference in energy betw
the GaAs excitonic transition~;1.50 eV! and the P1 and P2
transitions. Thus, it is apparent that a direct excitation
single particles and excitons to the GaAs barrier should
possible in this temperature range. Likewise, carriers in
WL can also be thermally reemitted to the surrounding Ga
matrix, thus also giving rise to its quenching in this tempe
ture range. A linear fit is also illustrated for the log of th
WL intensity versus 1/T in Fig. 3, resulting in an activation
energyE3 of 143 meV, roughly consistent with the energ
difference between the GaAs and WL luminescence ener
throughout the 180–300 K range.

Further results of the fits are shown versus tempera
in Fig. 4. The solid lines in the top panel show the expec
shifts of the peak position based on the Varshni law27 for the
band gap shift of InAs with temperature. The rapid deviat
from the Varshni dependence in the 140–180 K range s
gests that a thermal redistribution of excitons into differe
QD groups, possessing different size/shape distributions,
curs. We suggest that additional groups of QDs may be
cessed through thermal re-emission and diffusive transpo
the WL. Since the P1 emission energy is decreasing w
temperature at a rate faster than the Varshni prediction,
conclude that larger QDs comprise this new group, ther
accounting for the redshift. From 170–240 K, the P1 em
sion again follows the Varshni dependence. A previous te
perature dependent PL study of InAs SAQDs has likew
shown evidence for thermally assisted carrier transfers
QDs possessing different size distributions.8 We expect that
each new group of QDs involved in the thermal redistrib
tion will exhibit similar P1 and P2 emissions, owing
ground state and excited state excitonic transitions. The
sulting P1 and P2 energies will depend on largely unkno
details, such as the strain, size, and shape morphology o
various groups of buried QDs that are thermally accesse
higher temperatures.

The further deviation, however, of the P2 emission fro
the Varshni dependence throughout the 170–240 K ra
may indicate that a thermal redistribution of excitons oc

FIG. 4. The P1 and P2 peak energies and FWHM of each compone
temperature. The predicted InAs band gap vs temperature~i.e., Varshni’s
law! is shown with solid lines.
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pying high-energy states occurs. Several, nearly degene
and closely spaced higher lying hole levels in InAs Q
have been predicted,7,18 and these states may have ener
spacings less than kT for this temperature range. At hig
temperatures, the weight of populated excited states in
QDs is expected to shift towards higher energies, accoun
for the blueshift of P2. Further corroboration of this effect
observed in the lower panel of Fig. 4, which shows t
FWHM of each peak versus temperature. A rapid decre
and increase of the FWHM for P1 and P2, respectively
observed in the 140–180 K range, where the peak ener
shift most rapidly. The broadened P2 emission in the 17
240 K range is also consistent with a thermal redistribut
into higher lying hole states in this range.

C. Time-resolved CL measurements

The carrier relaxation kinetics have been studied w
time-resolved CL measurements. A series of CL transie
were taken with the wavelength ranging from 920 to 10
nm at a temperature of 87 K. Time delayed spectra of the
and P2 emission were reconstructed from the CL transie
as shown in Fig. 5. The spectrum labeledin pulsewas ac-
quired with the time window centered in the middle of the
ns excitation pulse, thereby obtaining a spectrum simila
the constant excitation CL measurement in Fig. 1. Spe
are shown for various time windows during the decay pha
A rapid redshift is seen to occur, indicating that carriers
relaxing rapidly to lower energy states. Using the same
ting procedure employed for the constant excitation CL sp
tra, we have decomposed the time-delayed spectra into
and P2 components, as shown in Fig. 5. The rapid redshi
now observed to be due to a differing rate in which the
and P2 emissions decay. The P2 emission has notice
dissipated to a weak background in the 1 to 2 ns time w

vs

FIG. 5. Time-delayed CL spectra acquired for various time windows sho
during the decay phase. The decomposition into the P1 and P2 compo
are shown.
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dow. A redshift of;15 nm is observed for the P1 emissio
as the exciton decay proceeds towards equilibrium.

The integrated intensities of the P1 and P2 emissions
shown as a function of time in Fig. 6. The P2 peak dec
rapidly with a decay time of 0.63 ns, as obtained by
linear fit in the 0–1.2 ns range. The P1 emission, howe
exhibits a much slower decay with a decay time of 2.0 ns
obtained from a fit in the 0.7–4 ns range. A delay of the
decay is also observed in the 0–0.7 ns range. This dela
direct evidence for carrier feeding from the excited states~P2
emission! to the ground state~P1 emission! during the decay
phase. Carriers in the excited states can recombine thro
radiative emission or relax to the ground state, provided
ground state is empty. The temporary supply of excess
riers from the P2 states will feed the P1 ground state s
that it is fully occupied for;0.7 ns, after which it exhibits
the usual exponential decay behavior.

Similar time-resolved CL measurements were perform
with varying temperatures ranging from 87 to 200 K. T
lifetimes are found to reduce from 2.0 to 1.2 ns for P1 a
from 630 to 90 ps for P2, as shown in Fig. 7. Theoreti
studies predict that the intrinsic carrier lifetime of excitons
QDs should increase linearly with temperature in the h
temperature range.28 In this temperature range, it is also po
sible however for defect-induced nonradiative recombinat

FIG. 6. Integrated P1 and P2 intensity vs time transients. Solid lines ar
to the data in a semilog plot to obtain the decay times.

FIG. 7. Lifetimes of P1 and P2 components vs 1/kT. Activation energies
obtained from the linear fits, as shown.
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and thermal re-emission to occur, as previously discus
which will reduce the measured decay time. Carriers in Q
re-emitted to the WL and GaAs barriers can be captured
defects prior to recapture, thereby increasing the decay
The re-emission rate of carriers increases as temperatur
creases, which increases the CL decay rate at higher
peratures. The thermal activation energies are estimated
an Arrenhius fit, as shown in Fig. 7, and they are 10 and
meV for P1 and P2, respectively. These values are ag
consistent with re-emission of QD carriers into the WL f
the 105–180 K range.

D. Linear polarization measurements

Previously, linearly polarized cathodoluminescen
~LPCL! measurements have been employed to study the
fluence of strain on the optical properties of strain
~InP!2 /~GaP!2 quantum wires.29 The presence of a strain ma
effect the relative admixtures of heavy- and light-hole~hh
and lh! characters in the valence-band wavefunctio
thereby potentially inducing polarization effects in the ex
tonic luminescence. Such measurements can be employ
help distinguish between states possessing varying deg
of hh and lh admixtures.

LPCL spectra of the QD luminescence are shown in F
8. A partial linear polarization along the@11̄0# direction is
observed, as evidenced by a;13% increase in the integrate
CL emission for theEi@11̄0# detection orientation, relative
to E'@11̄0#. A similar polarization behavior in photolumi
nescence from SAQDs has been reported by Nabetaniet al.,9

who observed a linear polarization anisotropy in PL by
factor of;2.9. They attributed the polarization anisotropy
the elongation of quantum dot along the@11̄0# direction as
evidenced by their TEM, STM, and RHEED results.9 The
average structural anisotropy in the elongation of the In
islands was observed to beL11̄0 /L110'1.13, whereL is the
maximum length of the island along the corresponding^110&
direction.9 Another study by Saitoet al.10 showed a struc-
tural anisotropy of 1.94 and PL polarization ratio of 1.37.

fit

re

FIG. 8. Linearly polarized cathodoluminescence~CL! spectra acquired with
electric field,E, parallel and perpendicular to the@11̄0# direction. The inset
shows the polarization ratio as a function of electron beam current.
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We have decomposed the LPCL spectra into P1 and
components as in our previous excitation-dependent ana
in order to evaluate differences in anisotropy between
two components. The decomposition of the CL spec
shows polarization ratios,I 11̄0 /I 110, of 1.17 and 1.09 for P1
and P2, whereI 11̄0 and I 110 are the integrated CL intensitie
for light with its field parallel to the@11̄0# and @110# direc-
tions, respectively. These ratios are essentially indepen
of the excitation level, as shown in the inset of Fig. 8, desp
the large variation in the P1 and P2 relative intensities w
beam current~Figs. 1 and 2!.

There are a few interesting ramifications worth mentio
ing. The polarization of the luminescence is primarily det
mined by the character of the hole wavefunction involved
the excitonic transition. Since P1 and P2 possess diffe
polarization anisotropies, it is reasonable to conclude
these transitions involve hole states possessing differen
mixtures of hh and lh characters. That is, we argue that
and P2 should involve excitonic transitions with differe
hole states, each possessing a different energy and h
character. Second, the existence of an anisotropy whic
constant over a wide range ofe-beam excitation suggests th
the SAQDs possess a homogeneous or roughly cons
shape and strain distribution. Randomly oriented SAQ
would be expected to exhibit no polarization anisotrop
TEM measurements of the uncapped islands in a 1.74
InAs sample prepared with similar growth conditions sh
pyramidal islands with primarily$302% side facets, indepen
dent of island size.30 If the facets and island shapes were
vary considerably with island size, we would expect an
citation dependent polarization anisotropy. Likewise,
strain distribution in and surrounding an island will depe
on its shape and not on its size.7 Variations in strain distri-
bution can markedly affect the polarization anisotropy
nanostructures.29 Thus, the constant polarization anisotro
over a wide range of excitation is consistent with islands t
exhibit a roughly constant shape, strain, and orientation
tribution, while the size variation of the ensemble leads
the inhomogeneous energy broadening.

IV. SUMMARY AND CONCLUSIONS

We have examined the optical properties of se
assembled InAs QDs with excitation dependent, polariza
sensitive, and time-resolved cathodoluminescence spec
copy techniques. The InAs QDs were formed via se
assembly during MBE growth of InAs on unpattern
GaAs~001!. CL spectra exhibited a two-component lin
shape whose linewidth, relative intensity, and peak positi
were obtained by decomposition into two Gaussian com
nents and found to be temperature and excitation depend
The two components are found to be consistent with s
filling of the QDs, resulting in emission involving groun
state and excited state excitonic transitions. Various b
shifts and redshifts in the peak positions of the decompo
gaussian components for increasinge-beam current are inter
preted as a state filling of excited states and Coulomb eff
involving multiple exciton effects at higher levels o
excitation.
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The intensities of the QD components and wetting la
~WL! excitonic transitions were analyzed as a function
temperature and excitation level to study the thermal act
tion and re-emission of carriers. Thermal quenching of
QD ground state and excited state components in the 1
175 K range is correlated with a rise in the WL emissio
showing that the WL carrier distribution is fed partially b
thermal re-emission of carriers from the QDs. A more rap
thermal quenching of the QD and WL excitonic emissions
the 185–300 K range is consistent with thermal reemiss
of carriers into the GaAs matrix. An activation energy ana
sis was performed to confirm the correct energetics of th
thermalization processes. A polarization anisotropy w
found in CL spectroscopy, revealing the importance of
stress anisotropy in both the formation of QDs and th
subsequent optical emission. Ground state and excited
excitonic transitions were found to exhibit differences in p
larization anisotropy, revealing that the transitions likely i
volve different hole states, each possessing different adm
tures of heavy- and light-hole characters. Time delayed
spectra show that carriers in the excited states rapidly f
the ground state during the decay phase of the luminesce
further confirming that the two components are derived fr
the same QD. The CL decay time for the QD luminescen
was found to be temperature dependent, owing to ther
reemission into the WL. These results illustrate the compl
ity of the spectral and temperature dependence of the ca
relaxation in InAs SAQDs, and should provide a foundati
for further studies of the optical properties of such system
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