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Effect of carrier emission and retrapping on luminescence time decays
in InAs/GaAs quantum dots

Weidong Yang, Roger R. Lowe-Webb, Hao Lee, and Peter C. Sercel
Department of Physics and Materials Science Institute, University of Oregon, Eugene, Oregon 97403

~Received 14 July 1997!

We report time-resolved photoluminescence measurements as a function of temperature for InAs quantum
dots grown by molecular-beam epitaxy on GaAs~100!. As the temperature is increased, the decays on the
high-energy side of the photoluminescence band speed up, while the decay times on the low-energy side of the
band increase. This increase occurs up to a ‘‘drop’’ temperature, which increases with decreasing emission
energy, beyond which the decay times decrease. We present a coupled rate-equation model which includes the
effects of thermal emission from quantum dot states into the wetting layer followed by transport and recapture,
which reproduces the dispersive temperature dependence observed. The activation energy for thermal emission
from quantum dots emitting at a given frequency is found to be approximately one-half the effective band-gap
difference between the quantum dot and the wetting layer. This result is consistent with detailed balance
requirements under the assumption that, on average, electrons and holes are captured and emitted by quantum
dots in pairs.@S0163-1829~97!07943-5#
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I. INTRODUCTION

The realization that defect-free quantum dots~QD’s! may
be formed directly during molecular-beam epitaxy by stra
induced islanding has spurred much experimental effort
rected toward understanding and exploiting the electro
and optical properties of these structures.1–14While a general
consensus has emerged on a number of important chara
istics, e.g., thed-function-like character of the joint densit
of states for optical transitions,3,4 there remain a number o
open questions.

One major issue remaining to be addressed concerns
physics of carrier relaxation in QD’s, which at present
poorly understood. An energy relaxation bottleneck has b
predicted when the interlevel spacings do not match
zone-center optical-phonon energy,15–17 a situation which is
apparently manifested in the case of self-organized In
quantum dots. If the bottleneck exists, it should be obse
able in time-resolved measurements of the photolumin
cence decays. Thus far, measurements by a numbe
groups have failed to observe a significant bottlene
effect.12,13

Much work remains to be done in this area to identify t
dominant relaxation mechanism. While many investigat
have reported experimental time-resolved photolumin
cence~PL! measurements on QD samples, reported analy
have so far been limited to a determination of the pheno
enological luminescence decay times. In order to const
models of carrier relaxation in QD structures, it is clear th
a quantitative approach will be necessary.

With this motivation, we carried out measurements of
temperature dependence of photoluminescence time de
in self-organized InAs QD’s, and developed a coupled ra
equation model to explain the observed temperature de
dence. As the temperature is increased, the decays on
high-energy side of the PL band speed up. Simultaneo
the decay times on the low-energy side of the band cha
560163-1829/97/56~20!/13314~7!/$10.00
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nonmonotonically, first increasing and then decreasing ab
a ‘‘drop’’ temperature which increases with decreasing em
sion energy. The slowing down effect, which has been no
before in the literature,12,13 is unexpected in quantum dots
However, as described below, we have been able to acc
quantitatively for the temperature dependence by conside
the effect of thermally activated carrier emission and retr
ping. The activation energy governing thermal emission
found to be approximately equal to one-half the effect
band-gap difference between quantum dots and the we
layer. This result is consistant with detailed balance requ
ments under the assumption that, on average, electrons
holes are thermally emitted from QD’s in pairs. While th
microscopic relaxation mechanism cannot be established
the basis of this result, the phenomenology observed app
to rule out certain hypotheses which have been advance
explain the unusual temperature dependence, such as the
population of a dark exciton state.13

II. SAMPLE GROWTH AND PHOTOLUMINESCENCE
SPECTRA

The samples studied were grown on~100!
nonintentionally-doped GaAs substrates in a cust
molecular-beam-epitaxy chamber built at Oregon.5 After
growing a GaAs buffer layer at 590 °C the substrate te
perature was lowered to 500 °C for growth of the QD’s. Q
growth was performed by cycled deposition of In~0.2 ML, 5
s! followed by As2 ~25 s, beam equivalent pressure
31026 Torr!. Growth was monitored by reflection high
energy electron-diffraction~RHEED! which showed a trans
formation to a spotty diffraction pattern indicative of islan
formation at a critical coverage of 1.5 ML of deposited InA
Immediately following the final In/As cycle, the sample wa
capped with 30 nm of GaAs. Nonresonantly excited PL sp
tra of samples with InAs coverages between 1.4 and 3.0
are shown in Fig. 1~a!. These spectra were measured with
Ge pin detector under cw excitation with the 488-nm line
13 314 © 1997 The American Physical Society
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56 13 315EFFECT OF CARRIER EMISSION AND RETRAPPING . . .
an argon-ion laser. Figure 1~b! shows the peak emission en
ergy vs nominal InAs coverage—the sharp break at 1.5
coincides with the onset of the two-dimensional~2D! to 3D
transition as observed during the growth by RHEED.

Note that many aspects of the electronic structure of s
organized InAs/GaAs QD’s, such as the number of bou
electron and hole states, remain controversial.8–11 The prob-
lem of characterizing these samples is exacerbated by
fact that samples grown by different groups under nomina
similar growth conditions frequently possess quite differ
properties.5 To further characterize—and document—t
properties of the samples studied in the time-resolved
experiments discussed below, we measured PL spectra u
resonant excitation. PL spectra obtained from the 1.8-
sample, under continuous-wave excitation with a Ti sapph
laser tuned between 890 and 950 nm, are shown in Fig
Luminescence was dispersed with a1

4 -m monochromator
with a 600-g/mm diffraction grating and detected with
single-photon-counting silicon avalanche photodio
~EG&G Canada SPCM!. The spectra exhibit relatively shar
single LO-phonon lines at 35 and 30 meV, consistent w
the strain shifted bulk InAs LO phonon and an interfa
mode associated with the QD’s, respectively, as well
broad two- and three-phonon resonances centered at 65
95 meV. While similar spectra were previously reported
Heitz et al.,6 spectra reported by others do not exhibit t
single phonon line.7,9 As pointed out by Steeret al.,9 a major
unresolved question concerns the origin of the ‘‘nonre
nant’’ emission observed in addition to the multiphon
resonances discussed above. Given that the resonance

FIG. 1. Islanding transition: InAs on GaAs.~a! Photolumines-
cence spectra of samples with total deposited InAs between 1.4
3.0 ML. ~b! Photoluminescence energy vs amount of InAs dep
ited. Both the peak energy~solid line! and the energies at half
maxima~dotted lines! are shown.
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flect enhanced relaxation by emission of multiple L
phonons, by what mechanism does carrier relaxation occu
those QD’s which emit at energies Stoke’s shifted
amounts not equal to integer multiples of the LO-phon
energies? While a number of models have be
proposed,18–22 existing studies including this one do not y
permit an answer to this question.

III. TIME-RESOLVED PHOTOLUMINESCENCE
EXPERIMENTS

Time-resolved PL measurements were made over a t
perature range from 10 to 140 K using a time-correla
single-photon-counting system incorporating the monoch
mator and silicon avalanche detector referred to in Sec
Samples were excited with a cavity-dumped mode-lock
Ti:sapphire laser tuned to a center wavelength of 850 n
with a 10-nm band pass set with an extracavity prism filte23

nd
-

FIG. 2. Resonantly excited PL spectra of InAs/GaAs QDs w
1.8 ML of InAs. ~a! PL plotted vs emission wavelength for variou
excitation wavelengths between 890 and 950 nm.~b! PL spectra as
in ~a! but plotted vs Stoke’s shift from laser line. The solid vertic
lines mark the energies 30, 35, 65, and 95 meV correspondin
the phonon resonances discussed in the text.
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13 316 56YANG, LOWE-WEBB, LEE, AND SERCEL
Photoluminescence excitation studies undertaken by
group demonstrate that this pump wavelength correspond
excitation directly into the wetting layer~WL! on which the
QD’s form, which has a band gap equal to 1425 meV at
K. We chose to pump into the wetting layer rather than
GaAs barrier to simplify the decay dynamics. Our obser
tion has been that PL decays measured under excitation
the GaAs barrier are typically nonexponential. This is p
sumably due to the more spatially distributed absorpt
which occurs when pumping into the GaAs barrier, and
effect of surface recombination. In addition, the capture
namics are fundamentally more complicated in the case
excitation above the GaAs band edge, because capture
QD’s may in principle occur directly from the GaAs barri
or sequentially through the wetting layer.

Typical PL decays for the 1.8-ML sample are shown
Fig. 3 for temperatures of 10, 80, and 130 K, for seve
emission wavelengths within the PL band. Several featu
are apparent in these plots. First, the PL decays are
described with a single exponential over the first 4 ns of
decay, with the exception of a fast initial transient in t
higher-energy decays which is probably due to excited-s
emission.13,14 As the temperature is increased, the decays
the high-energy side of the PL band speed up, while
decay times on the low-energy side of the band exhib
nonmonotonic change. The decay times first increase w
increasing sample temperature, and then decrease abo
‘‘drop’’ temperature. The drop temperature depends on
transition energy, increasing with decreasing emission
ergy. These features are more clearly summarized in Fig
which shows the PL decay times for various emission wa
lengths plotted versus sample temperature between 10
140 K. ~The solid lines are the results of a model fit d
scribed in Sec. IV.! The luminescence decay times plotted
Fig. 4 were determined by fitting the experimental dec
curves at a particular emission wavelength to a single ex
nential over a time window between 0.75 and 3.00 ns
lowing the laser pulse. This delayed time window was
lected to avoid the possible influence of excited-st
emission on the determination of the decay times. In Fig
each continuous line shows PL decay constants versus
perature for a particular emitting state at a different spec
position within the QD emission band. AtT510 K, each
point corresponds to emission at a distinct wavelength
tween 920 and 970 nm, separated by 10-nm intervals. As
moves along each line from 10 K toward higher tempe
tures, the wavelength at which the decay time is measure
redshifted to account for the energy-band-gap shift with te
perature. The degree of shift was estimated using the ene
band-gap formula for In12xGaxAs alloys contained in Ref
24, with the parameterx chosen so as to match the low
temperature emission wavelength. We consider this exp
sion for the temperature shift to be the best estimate av
able in the absence of detailed knowledge of the band off
and composition of the QD’s.

The slowing down effect apparent in Fig. 4 has be
noted before in the literature.13 However, in previous work
only the decay times at the QD peak were reported, and
wavelength-dispersive character of the change in decay ti
with temperature, depicted in Fig. 4, was not discussed.
pointed out by several groups,12,13 the increase in deca
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times with temperature is unexpected in QD’s, where
spontaneous emission rate coefficient should be indepen
of temperature. Note that a superficially similar increase
the lifetime of excitons in quantum wells is due to therm
population of dark exciton states away from the zone cen
which cannot emit, an effect which cannot occur in QD

FIG. 3. Time-resolved PL spectra of InAs/GaAs QDs. The d
cays shown are offset vertically for clarity, and are measured
10-nm intervals between 920 and 970 nm atT510 K ~a!, between
930 and 980 nm atT580 K ~b!, and between 935 and 985 nm
T5130 K ~c!. The solid lines represent fits to a single exponen
decay as described in the text.
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56 13 317EFFECT OF CARRIER EMISSION AND RETRAPPING . . .
owing to the nominally zero-dimensional character of t
density of states.

The decrease in PL decay times seen at high sample
peratures, coupled with the observation that the drop t
perature increases with decreasing QD emission ene
strongly suggests that the temperature dependence of th
decays as a consequence of thermally activated emissio
excitons or carriers from the QD’s, followed by subsequ
transport in the WL and recapture into other QD’s. Spec
cally, we hypothesize that, at a sufficiently high temperatu
QD’s with higher transition energies experience a relativ
large rate of thermal emission of electron-hole pairs b
into the WL, leading to a reduction of the PL decay time f
these QD’s with increasing temperature. Meanwhile rec
ture from the WL causes the population of the other low
energy QD’s to be replenished during the decay, leading
an increase in the phenomenological PL decay times on
low-energy side of the PL band. At even higher tempe
tures, thermally activated emission ultimately begins
cause a decrease in the PL decay times of the lower-en
QD states. In Sec. IV we describe a coupled rate-equa
model of the PL decay dynamics which incorporates th
effects.

IV. RATE-EQUATION MODEL INCORPORATING
THERMAL EMISSION AND RECAPTURE

To test whether or not the observed temperature dep
dence of the PL decay times may be understood quan
tively in terms of the hypothesis described in Sec. III, w
modeled the PL time decays using a coupled rate-equa
approach. The model is shown schematically in Fig. 5.

In the model, excitons are created in the WL at timet
50 by absorption of a laser pulse, assumed to be ad func-
tion in time. The number of excitons in the WL per unit ar

FIG. 4. PL decay times vs temperature under excitation into
WL. The crosses represent the experimental decay times, with
dotted lines providing a guide to the eye. The solid lines represe
fit to the model, Eq.~1!, using the parameters listed in Table I. A
T510 K, each line corresponds to an emission wavelength betw
920 and 970 nm separated by 10-nm intervals. As one moves a
each line from 10 K toward higher temperatures, the wavelengt
redshifted to account for the energy-band-gap shift with temp
ture ~see text!.
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at any time isM5NWLm, whereNWL is the effective density
of states of the excitons, andm5m(t) is the occupancy as a
function of timet. The effective density of states is given b
NWL5DWLkBT, where the two-dimensional density of stat
in the WL is DWL5mWL /p\2. Excitons in the WL are as-
sumed to be captured into QD’s with a capture rate coe
cient c, and also may be lost at a rateq5qr1qe . Hereqr
denotes a recombination rate whileqe represents the rate o
thermal emission from the WL to the GaAs barrier. The te
perature dependence of this coefficient is taken to beqe
5qeoexp(2DE/KBT), where DE is the energy of the WL
exciton with respect to the GaAs band edge. Once excit
are thermally emitted out of the WL, they are assumed to
irreversibly lost.

The population of QD bound excitons~or electron-hole
pairs, see discussion below! at energyE with respect to the
WL is given by N(E)5NDJ(E) f (E), where the termND
denotes the areal density of quantum dots,J(E) is a normal-
ized density of states for bound QD excitons, andf (E) is the
QD exciton occupancy. Note thatJ(E) reflects inhomoge-
neous broadening; it is taken to be a Gaussian with par
eters chosen to match the peak energy and linewidth of
lowest-temperature PL spectra~10 K!. The rate coefficient
r 5r (E) describes radiative recombination of QD bound e
citons of energyE. The rate of emission from QD’s back t
the WL is denotede, which is a function of the energy of th
QD bound exciton, as described below in Eq.~2!.

Note that we have made a significant assumption that
QD occupancy may be modeled in terms of a single dis
bution function f (E). It is not cleara priori whether this
assumption is justified. In general, capture and emission
cesses could involve electrons and holes independently,
correlated electron-hole pairs, or excitons. The first possi
ity is most complicated to model, since it necessitates
introduction of independent distribution functions to descr

e
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FIG. 5. Schematic of the rate-equation model described in
text.NWL is the effective DOS of the WL;ND is the areal density of
QDs; M is the areal density of excitons populating the WL; a
N5N(E)5NDJ(E) f (E) is the exciton population of bound QD
states with energyE. P is the pump,c is the capture rate coefficien
from the WL into QD bound states,e is the corresponding coeffi
cient for emission,r andqr are radiative recombination rate coe
ficients, andqe is the rate coefficient for emission out of the WL
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13 318 56YANG, LOWE-WEBB, LEE, AND SERCEL
the electron and hole occupancies, and a corresponding
crease in the number of unconstrained model parameters
the other hand, the simple model depicted in Fig. 5 wo
apply if one carrier type were present in excess. The mo
certainly applies if it is excitons or electron-hole-pairs whi
are captured and emitted by the QD’s, in which casef (E)
may be interpreted as the occupancy of QD excitons. Eve
bound electron-hole pairs are uncorrelated, electrons
holes are likely captured and emitted on average in p
since capture~emission! of one carrier type would create a
electric field which would raise~lower! the emission barrier
for the opposite carrier type.25 Motivated by a desire for
simplicity, we proceed on the assumption that it is eith
uncorrelated electron-hole pairs or excitons which are c
tured and emitted, and will judge the appropriateness of
assumption by a comparison of the model to the experim
tal results depicted in Figs. 3 and 4.

The populationsM5M (t) and N5N(E;t) are deter-
mined by the following rate equations, which correspond
the model depicted in Fig. 5:

dM

dt
52~qr1qe1c!M1E dE Ne,

~1!

dN

dt
5cMJ2~r 1e!N.

These coupled equations are solved subject to the initial c
dition that at time zero the wetting layer has a populationP
(P!NWL) representing the number of excitons generated
unit area by absorption of the pump pulse.

In these equations the emission and capture rate co
cients are related by the detailed balance requiremen
terms of the thermal equilibrium populationsMeq andNeq.

cMeqJ5eNeq,

e

c
5

NWL

ND
b~E!,

b~E!5
meq

f eq
[exp~2E/nkBT!. ~2!

In the latter equation the termb(E)[exp(2E/nkBT) ap-
pears in the terms describing thermally activated emiss
from QD bound states back into the WL according to t
requirement of detailed balance. Note that we have insert
fitting parametern in the expression forb. The value as-
sumed by this parameter will reflect the nature of the cap
and emission process. For example, the valuen51 corre-
sponds to equating the thermal activation energy for em
sion to the difference in transition energies between the e
ting QD state and the lowest exciton state of the WL,
would be appropriate in the case of exciton capture and e
sion. As described in detail below, a valuen.2 would be
in-
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expected if single-carrier emission dominates, while if ele
trons and holes are emitted on average in pairs we expe
valuen'2.

The time-dependent distribution functionf (E;t) is deter-
mined for a given temperature by solving Eq.~1!. The cal-
culated PL time decays for each energy are then convo
with the system response function, and fitted to single ex
nentials over the time window 0.75–3.0 ns to arrive at eff
tive decay constantst(E) for each temperature. In practice
the model parametersc, n, qeo , andqr are chosen to mini-
mize the variance between the model decay constants an
experimentally determined decay times for each energy
function of temperature. The optimization is performed
simultaneous nonlinear least-squares fitting. Other par
eters are constrained by independent measurement or b
sumption. The QD densityND'1010 cm22 is estimated from
TEM micrographs of similar samples, and the density
states in the WL is calculated assuming an exciton effec
mass of 0.4m0 . The radiative transition rate coefficientr (E)
is assumed to be temperature independent, and is constra
to reproduce the experimental low-temperature PL lifetim
An optimized fit to the experimental time decays, using t
parameter values summarized in Table I, is presented in
4 ~solid lines!.

Despite its simplicity, the model reproduces the tempe
ture dependence of the PL decay times plotted in Fig. 4.
values found for the parametersc, qeo , and qr , listed in
Table I, are physically reasonable. Surprisingly the activat
energy governing thermal emission from quantum dots em
ting at a given energy is found to be approximately equa
one-half the effective band-gap difference between the qu
tum dot and the wetting layer, corresponding to the para
etern'2. We expected a valuen51; however, attempts to
fit the time decays by constraining the parametern to a value
of unity were completely unsuccessful. The valuen'2 is
approximate since an increase~decrease! in the value of pa-
rametern above~below! 2 may be effectively offset to som
degree by a decrease~increase! in the values of the param
etersc andq. We have found that acceptable fits with phys
cally reasonable values for these parameters may be obta
over the range (1.8,n,2.2).

As a check of this result we also compared the measu
time-integrated PL yield versus temperature to the predic
of the model represented by Eq.~1!. The time integrated PL
yield is plotted in Arrhenius form in Fig. 6, along with th
model result calculated using the same parameters liste

TABLE I. Parameters used to calculate PL decays.

Constrained parameters Value

ND 1010 cm22

mWL 0.40m0

1/r 1.15–1.28 ns~see Fig. 4!

Fit parameters Value

c 8.53109 s21

qr 6.53109 s21

qe0 531012 s21

n 2
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56 13 319EFFECT OF CARRIER EMISSION AND RETRAPPING . . .
Table I. To clarify the effect of the parametern further, we
also calculated the time-integrated PL with a simple anal
cal expression, which is easily derived from Eq.~1! under
the assumption that the PL line shape is ad function centered
at the QD emission peakĒ:

E
0

`

f ~Ē;t !dt5
P

11
q

c
1

q

r

NWL

ND

b~Ē!

. ~3!

Here parameterP is a simple scaling factor, and the oth
parameters have the meanings defined above. The be
again corresponds to a parameter valuen'2. The dashed
line plot depicted in Fig. 6 was calculated with Eq.~3! using
the parameters listed in Table I, which the reader will rec
were determined by fitting the temperature dependenc
the PL time decay constants. This simplified model sho
that the value of parametern is greatly constrained by th
slope of an Arrhenius plot of the logarithm of the PL yie
versus inverse temperature.

Our interpretation of the parameter valuen'2 is that
electrons and holes are thermally emitted from quantum d
on average inpairs rather than separately, a result whic
may be understood on the basis of detailed bala
requirements.25 The argument is based upon the observat
that when electrons and holes are created in pairs, as i
intrinsic semiconductor, the thermal equilibrium densities
electrons and holes,neq and peq, respectively, are given by
the well-known expression

neq5peq5ANcNv exp~2Eg/2kbT!. ~4!

Using this result in Eq.~2! yields the resultn52. That elec-
trons and holes are likely captured and emitted on averag
pairs is not surprising since capture~emission! of one carrier
type would create an electric field which would raise~lower!
the emission barrier for the opposite carrier type.25 The same
behavior withn'2 has been observed for thermal emiss

FIG. 6. Integrated PL yield vs temperature. The solid line i
calculated with Eq.~1!, while the dashed line is calculated using t
simplified model represented by Eq.~3!. In both cases the param
eters used are listed in Table I.
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of excitons from quantum wells,25 although other groups per
forming similar experiments on quantum wells have obtain
the resultn51.26–28 The reason for the discrepancy was a
cribed in Refs. 25 and 27 to a difference in the injection le
between the two sets of experiments, but the arguments
sented in these papers are incomplete and mutually incon
tent. However, it is clear that exciton emission and capt
would necessarily requiren51 on the basis of the detaile
balance requirement. We speculate that the valuen'2 found
here is related to the fact that the QDs studied exemplify
strong confinement regime, where Coulomb-induc
electron-hole correlations should be weak.29

An alternative interpretation of a parameter valuen.1 is
that the temperature dependence of the PL decay consta
due to single-carrier emission rather than pair emission
we assumed in deriving Eq.~1!. If this interpretation were
correct the parametern should in fact be larger than 2, sinc
the more weakly bound carrier type would determine
activation energy for emission. In this case a valuen'2, as
we found in our analysis of the experimental data, see
improbable in light of theoretical expectations that the h
binding energy should be significantly smaller than the el
tron binding energy in this system.10,11

A third possibility is that the temperature dependence
due to thermal population of bound QDexcitedstates, which
would tend to slow the PL decays at higher temperature13

We consider this model to be incorrect since it predicts
dispersive character opposite to that which we observe. S
cifically, smaller QDs should have larger excited-state sp
tings than larger QDs, therefore the PL decays on the hig
energy side of the PL band should begin to slow down
higher temperatures than on the low-energy side. This exp
tation is in direct conflict with the data presented in Figs
and 4.

V. CONCLUSIONS

We have presented measurements of the temperature
pendence of photoluminescence time decays in quan
dots, which are explained quantitatively in terms of
coupled rate-equation model which includes the effects
electron-hole-pair emission and retrapping. The activat
energy governing thermal emission is found to be appro
mately one-half the effective band-gap difference betwe
quantum dots and the wetting layer. While the microsco
carrier relaxation mechanism cannot be established on
basis of this result, the phenomenology observed appea
rule out certain hypotheses which have been advance
explain the unusual temperature dependence, such as the
population of a dark exciton state. Investigation of the effe
of pump fluence, background doping level, etc., should f
ther clarify the phenomenology, and may ultimately lead
an understanding of the microscopic carrier relaxat
mechanisms important in InAs QDs.
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