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Origin of the inhomogenous broadening and alloy intermixing
in InAs ÕGaAs self-assembled quantum dots
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Centre de Recherche sur les Proprie´tés Électroniques de Mate´riaux Avance´s, Universite´ de Sherbrooke,

Sherbrooke (Que´bec), Canada J1K 2R1

Simon Fafard
Institute of Microstructural Sciences, National Research Council of Canada, Ottawa (Ontario), Canada K1A 0R6

Vincent Aimez and Jacques Beauvais
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The photoluminescence~PL! spectra of a single-layer and a multilayer sample of self-assembled InAs/GaAs
quantum dots~QD’s! intermixed by thermal annealing at various temperatures, have been investigated. Inter-
mixing is found to change both the optical transition energy and the intersublevel spacing of the QD energy
levels. The linewidth~which is due to inhomogeneous broadening! of the PL emission peaks of both samples,
are very similar, hence showing that the intermixing process is very homogeneous over 25 layers of QD’s,
whatever the annealing technique used. Moreover it is observed that the width of the PL peaks decreases for
increasing interdiffusion down to about 5 meV for the ground-state transition of the multilayer sample. A
reduction of the peak width is also observed for higher-energy states within the same ensemble of dots. The
present paper shows that this effect can only be explained by some variation of the effective confining
potential. Theoretical calculations have shown that the QD height, rather than the diameter, the volume, the
composition or the strain, appears to be the key parameter that controls the sharpness of the PL linewidths in
the investigated samples. Our model allows the identification of the main mechanisms involved in the inho-
mogeneous broadening of the optical transitions for the InAs/GaAs QD system.
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I. INTRODUCTION

Semiconductor quantum dots structures present quan
effects that are very interesting for both theoretical inve
gations and optoelectronic applications. It is now possible
control the fabrication of QD’s in such a way that they a
defect free, and present very good optical properties~excited
states are well resolved!. The transition energy and the inte
sublevel spacing can be tuned by optimizing the fabricat
parameters.1,2 However it is difficult to control and limit the
full-width-at-half-maximum ~FWHM! of the PL emission
peaks. The broadening of these peaks is generally attrib
to QD size, shape, composition and/or strain inhomoge
ities within the ensemble of QD’s. Many research grou
have studied the QD size distribution as a function of
fabrication parameters, trying to improve the size homo
neity by different means.3–8 However the origin of the inho-
mogeneous broadening of the PL peaks is still not cle
Only a few theoretical studies of the size distribution ha
been made.9,10 Calculations of electronic energy states sh
that QD spectra are very much dependent on the QD con
ing potential and therefore of the QD geometry.11,12 For QD
multilayer stacks, which are of great interest to increase
density of dots and therefore the device efficiency, the
peak width may increase even further.13 It is very important
to control and be able to reduce the PL linewidths in orde
optimize device properties such as detector sensitivity a
particular wavelength and laser gain.14,15 Intermixing is a
way to reduce the PL linewidth. It is a well-known techniq
PRB 620163-1829/2000/62~8!/5092~8!/$15.00
m
i-
o

n

ed
e-
s
e
-

r.
e

n-

e
L

o
a

used to shift the energy of the optical transitions.12,16–22 It
can affect both the height and shape of the confining po
tial, hence changing the transition energies and the inters
level spacing. Moreover it was shown unambiguously t
QD’s retain their zero-dimensional density-of-states even
ter a strong interdiffusion of their potential by therm
intermixing.19 This effect is assumed to occur via a simp
atomic diffusion mechanism described by Fick’s law. Ge
erally it is observed that intermixing leads to a reduction
the linewidth of the PL peaks in QD’s.2,12,16–21The effect of
intermixing was also found to be dependent on the mate
system and variations of QD structural parameters such
diameter and height have been observed.18,22Several sugges
tions have been made in order to understand the obse
tions. Since the width of the peaks is generally attributed
the QD nonuniformity, this effect was therefore attributed
a reduction of the QD size20 and strain21 inhomogeneities as
the degree of intermixing was increased. A simple mode
Fickian diffusion and its influence on the confining potent
has been used recently to explain the pronounced narrow
of the emission peaks after intermixing.19,12The QD PL line-
widths were also found to be temperature dependent.23–25

Thermionic emission out of the narrow dots and recapture
broader QD’s has been proposed to explain the narrowin
the PL linewidths as a function of temperature~up to 100
K!.25 Moreover some authors have also pointed out that c
tain high-energy QD state emissions are narrower than
ground state.17,12 Different suggestions have been propos
to explain this last observation:~1! the dependence of th
5092 ©2000 The American Physical Society
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PRB 62 5093ORIGIN OF THE INHOMOGENEOUS BROADENING AND . . .
carrier relaxation time on the intersublevel energy may aff
the QD emission peak width17 or ~2! the variational change
of the transition energy due to QD diameter fluctuations
creases for large diffusion lengths.12 Considering the carrie
wave functions in the QD, the excited states are less confi
than the ground state and should therefore be less sensiti
the confinement potential fluctuations. This argument is c
sistent with narrower excited levels. The degeneracy of
high-energy levels, however, tends to broaden the PL pe
making this argument less valid. The qualitative interpre
tions and the simple models developed to explain the dif
ent factors influencing the inhomogeneous broadening e
sion of a QD ensemble are all satisfactory to a certain ext
However, considering the importance of controlling t
FWHM of the optical transitions for efficient device fabric
tion, there is a need for a more systematic study of the
parameters that control the inhomogeneous broadening o
QD PL peaks. In the present paper, we investigate both
perimentally and theoretically the effects of the confini
potential on the QD PL linewidths. This study is an attem
to understand the mechanisms responsible for linewidth
rowing in QD’s. The linewidths that we have determined f
our as-grown investigated samples are of the same orde
magnitude or smaller than most of the published results o
similar system consisting of a single layer or an uncorrela
stack of InAs/GaAs QD’s. Indeed in most cases, the FWH
is found to lie in the range 50 meV to 100 meV for larg
ensembles of quantum dots.1,13,18,21,24–29However some re-
search groups showed that it is possible to get even narro
linewidths by optimizing further the fabricatio
parameters.2,7 This paper will show how to improve eve
more the sharpness of the peaks by in-growth and p
growth processing.

II. EXPERIMENTAL PROCEDURE

The two samples investigated in this paper were b
grown by molecular-beam epitaxy but with different fabric
tion parameters. They consist of either one single laye
self-assembled InAs QD’s or an uncorrelated stack of
layers separated by 30-nm GaAs barriers. The Indium fl
technique has been used for both samples.2,15 In the
multilayer sample, we have observed that the Indium flu
process of the higher layers produces a slightin situ anneal
of the QD’s already grown. For both samples, the QD’s ha
a truncated lens shape, their average diameter and heigh
about 20 nm and 2.9 nm, respectively, while the average
density is about 53109cm 22.15,30 Two different techniques
of intermixing have been used. They involve differe
amounts of defects, depending on the nature of the cap
layer deposited onto the surface of the sample prior to
nealing. A thick layer of SiO2 can strongly promote the in
terdiffusion whereas a thin layer of SrF2 can prevent it.31

Indeed a large number of vacancies is created at the inter
between the GaAs and the SiO2 layer. They can enhance th
interdiffusion process when they diffuse deep through
heterostructures during the high-temperature annea
while the Ga atoms evaporate at the surface. The SrF2 layer
is assumed to prevent the Ga atoms outdiffusion hence
hibiting the interdiffusion. In this paper the effect of inte
mixing on the PL emission linewidths is investigated f
t
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both samples and for both annealing techniques (SrF2 defect-
free interdiffusion and SiO2 defect-induced interdiffusion!.
The photoluminescence experiment has been performed
ing an Argon ion laser (l5514.5 nm! and a Ti-sapphire
laser (l5810 nm! as indicated in the legend of the figure
The spectra obtained with the different sources are ra
similar ~results not shown here!. For the characterization o
the intermixed and the as-grown samples, a GaAs photom
tiplier tube or a cooled Ge detector, respectively, were u
for the signal detection. All the experimental data presen
in this paper are corrected for the detector response. Un
otherwise stated, the measurements were carried out at a
strate temperature of 14 K and an excitation density of ab
200 W/cm2. The laser spot was defocalized in order to pro
a large number of dots (.106).

III. EXPERIMENTAL RESULTS

The PL spectra obtained when testing intermixed QD
are shown in Fig. 1~a! for the multilayer stack and in Fig
1~b! for the single-layer QD’s. The first low-energy pea
corresponds to the QD ground-state transition involving
first electron and hole states while higher energy peaks
associated with QD excited states. The PL peak at the h
est energy~about 1.43 eV for the as-grown sample! is related
to carrier recombination in the wetting layer~WL!. A large
blueshift of the PL peaks together with a reduction of t
intersublevel spacing are observed for both series of in
mixed QD’s. Moreover a decreasing FWHM of the peaks
evidenced as intermixing is further carried out. A linewid
of 5.3 meV has been obtained for the ground-state of
multilayer sample intermixed for 30 s at 880 °C. It is th
smallest inhomogeneous broadening reported in the litera
for this system, to our knowledge. Samples shifted to sim
energies~when the ground-state transition energy is simi
for both samples, irrespective of the annealing conditions! by
different techniques, present rather similar features with
spect to the linewidths of the peaks and their relative int
sity ~spectra not shown here!. Therefore the damage due t
defects introduced by the intermixing technique is not s
nificant with regard to the changes of the confinement pot
tial induced by thermal atomic diffusion. Comparing th
spectra of the intermixed single-layer with the intermix
multilayer QD’s, when the ground-state transitions have
similar energy, it is clear that the linewidth of the peaks
comparable~at a given energy!. This effect is observed eve
after strong interdiffusion~at high-annealing temperature!
and whatever the technique used. No significant changes
observed in the optical properties of the QD’s and thus
intermixing process must be homogeneous over the 25
layers ~overall thickness of 0.75mm). This is further con-
firmed by observing a similar carrier lifetime in the QD’s fo
all the investigated samples~intermixed or not!.32 It should
also be noted that similarly to the intermixed samples,
peak widths of the high-energy states of the as-gro
samples~for multilayer and single-layer QD’s! are narrower
than that of the lower-energy states.

Figure 2 shows the QD PL peak width as a function of
corresponding position in energy. These data have been
tained by fitting the PL spectra of Fig. 1 with a sum
Gaussians~one for each resolved peak!. In spite of some
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5094 PRB 62NATHALIE PERRET et al.
datapoint dispersion, it is observed that the FWHM var
linearly with the optical transition energy, whatever the d
gree of intermixing and the energy level considered. It
remarkable that two different samples present a very sim
behavior: the FWHM of the PL peaks decreases linearly w
the transition energy~or energy difference between the ba
rier and the transition!. The PL spectra show that althoug
the confining potential is greatly reduced by the intermixi
process, the presence of well-resolved peaks associated
different energy states indicates that the QD system ret
its zero-dimensional nature. This result is in agreement w
the observation of four distinct QD levels reported after
annealing step at 900 °C.2,19 The observation of QD leve
filling as well as the presence of LO-phonon resonance

FIG. 1. Photoluminescence spectra obtained at 14 K, at an
citation density of about 200 W/cm2 with a photon energy of 2.41
eV. The investigated samples correspond to a 25 layer stac
QD’s ~a! and a single-layer of QD’s~b!. The intermixing conditions
are indicated next to the spectra.
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the PLE spectra of InGaAs QD’s, even after strong interm
ing (850–900 °C) further confirms unambiguously the ze
dimensional nature of the QD’s.29 The diffusion length can
be deduced from the shift of the WL by using a typic
diffusion model of a quantum well. Extrapolating the da
presented for a very similar system,19 the diffusion lengths
for the most intermixed samples are estimated to be ab
1.7 nm for the single-layer and about 2.7 nm for t
multilayer samples. The difference between these two va
may be due to thein situ anneal that occurred during th
growth of the multilayer sample, as discussed in Sec. II
should be noted that the multilayer QD’s do not exhi
larger FWHM of the PL peaks~as one would expect from a
larger number of dots over several layers! nor narrower~as
observed from correlated QD stacks! compared to the single
layer sample. Hence the main inhomogeneities of the
ensemble are present in the growth plane and increasing
number of QD layers does not alter the overall uniformi
As observed for InGaAs/GaAs QD’s, at low temperatur
(T,100 K!, PL linewidth narrowing could result from ther
mal emission of carriers out of the smaller dots and recap
by the larger dots~having a deeper confining potential!.25

Thermal emission~see for example Refs. 17 or 23! has been
included in our model but it is not sufficient to explain th
variation of the linewidth observed experimentally. Mor
over it is obvious in Fig. 3~a! that there is no variation of the
FWHM for the as-grown sample when the temperature
increased from 15 K up to 195 K. The same behavior h
been observed up to 100 K for intermixed samples. In or
to understand the results of Fig. 2, we have also checked
potential influence of many-body effects on the QD pe
width. The number of carriers per dot and the formation
multiexcitons complexes have been shown to change
single dot optical transition energy, as observed in InGa
GaAs QD’s.33 These effects contribute to the PL peak wid
of the QD ensemble. However these intrinsic effects~few
meV! are small compared to the FWHM of the PL feature
Moreover, the PL spectra obtained at various excitation d
sities @Fig. 3~b!# on the as-grown single-layer QD sampl
show that higher-energy states are filled when the excita
density is increased while the peak width of the ground-s
optical transition does not broaden significantly in the ran
investigated. Hence we suggest that the linear dependen
the FWHM on the energy position of the QD peak cou
only result from the influence of the confining potential o

x-

of

FIG. 2. FWHM of the PL peaks observed in Fig. 1~from Gauss-
ian fits! as a function of the energy of the transition considered
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PRB 62 5095ORIGIN OF THE INHOMOGENEOUS BROADENING AND . . .
the energy sensitivity of the QD levels with respect to t
size, shape, composition, or strain inhomogeneities.

IV. MODELING

In order to investigate the key parameters that control
inhomogeneous PL peak width of the QD ensemble, we h
calculated the effects of small changes of the structural
rameters on the energy spectrum. Quantum dots are mod
by considering the top of a sphere laying on a thin quant
well. Effects due to strain, discontinuities in the effecti
mass, dielectric constant etc., are included. The th
dimensional Schro¨dinger equation in the effective-mass a
proximation was solved using the adiabatic approximati
In this approach it is considered that the electron’s wa
function is strongly confined to the lowest subband of
wetting layer. The effective lateral potential for confine
electrons can be calculated considering the motion along
growth axis, for a given thickness of the structure. Details
the calculation method are summarized elsewhere.11 A
simple one-dimensional Fickian diffusion model was used
simulate interdiffusion in the growth direction.19 Indeed, due
to the lens shape of the dots~diameterd much larger than
height h), it is the atomic interdiffusion along the growt
axis that will cause the stronger effect on the QD opti
transition energy. The effective radial potential for late
confinement was calculated as a function of the dista
from the QD center, by modeling QD’s as hemispheri
caps laying on a WL~a wetting layer thickness of 0.54 nm
assumed in this calculation!. It was obtained for various dif-

FIG. 3. ~a! FWHM of the PL peaks of the as-grown multilaye
QD’s as a function of the temperature, Ephoton51.53 eV; ~b! PL
spectra of the as-grown single-layer QD’s measured at an excita
density of 180, 60, 18, 6, 1.8, 0.9 and 0.18 W/cm2 from top to
bottom, Ephoton52.48 eV.
e
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fusion lengths Ld ~characteristic feature of the interdiffusio
process!, for various sets of parameters (h,d,h/d, In concen-
tration! by using an error function intermixing profile in th
growth direction. We assumed that the strain remains
rectly correlated to the In composition of the QD’s, ev
after intermixing. Moreover the In concentration of the do
is assumed to be homogeneous. Some effective potential
files are given in Fig. 4 for as-grown and intermixed samp
with typical structural parameters. The reference potentia
compared to the potential obtained after intermixing and
ter being truncated. The energy spectrum was then dedu
by solving the radial Schro¨dinger equation for various value
of the angular and radial quantum numbers considerin
constant effective mass of 0.067 mo .

The square of the electron wave functions in a QD ha
been plotted in Fig. 5 in order to determine the influence
the interdiffusion and height variations. Two different Q
levels are shown:n51 (m50) is the ground state andn
53 (m52) is the second excited state. Clearly these wa

on

FIG. 4. Effective potential profiles for full-height~h52.93 nm!
and truncated (h51.96 nm! as-grown QD’s as well as for inter
mixed QD’s (Ld52 nm!. Other parameters are as follows: I
5100%,d524 nm,h/d51.222.

FIG. 5. Calculated squared-wave functions are plotted for
first and third levels in the QD. The vertical line at 11 nm corr
sponds to the confinement barrier. Wave functions are shown
reference parameters, after interdiffusion (Ld52 nm! and after
height variations (h52.2 nm!. Reference parameters are:d522
nm, In5100%, h52.69 nm, andLd50.
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functions are well confined inside the QD. The occupan
probability of the electrons inside the QD is greater th
98% for the first three levels of the as-grown QD’s (Ld

50) and for the first two levels of the intermixed QD
(Ld52 nm!. In the latter case it is still confined to 90% fo
the third level. Thus even after a strong interdiffusion, t
electron wave functions are well confined inside this he
spheric region of the dot. Moreover a change in the heigh
the QD’s is found to have only a weak influence on t
degree of confinement of the first three as-grown QD sta
and of the first two intermixed QD states. The third level
still confined to over 75% forLd52 nm.

For the sake of simplification, we assume that the ad
batic approximation~separation of thez and r wave func-
tions! is still valid in the case of strong intermixing. If inter
diffusion occurs in an isotropic way, the whole structu
~wetting layer and quantum dot! would be enlarged. The
height of the dot would thus remain much smaller than
diameter and the wave function would still be well confine
The zero-dimensional~lateral! confining potential is related
to the difference in energy between the ground and first
cited state and can be compared to the energy differe
between the GaAs and the WL. Experimentally we ha
found that the energy difference between the first two tr
sitions~about 11 meV for the strongest intermixed multilay
sample! is still much lower than the energetic difference b
tween the GaAs and WL transition energies of about
meV. For a comparison, in the as-grown sample, these
ues are, respectively, 44 and 87 meV. Therefore we bel
that the confinement in thez direction ~growth axis! is still
more effective than in ther direction~growth plane!. And the
adiabatic approximation would still be valid.

The results presented here take into account the de
eracy of the levelsn53 ~radial/angular quantum number
0/2 and 1/0! andn54 ~respectively, 0/3 and 1/1!. The results
presented in Fig. 6 correspond to variations in the energ
a QD electronic level resulting from small changes of t
structural parameters around some nominal values~the ref-
erence set of parameters is indicated on each graph!. These
energy variations can be correlated to the FWHM of
peaks~assuming that QD hole energy levels would behave
a similar way!. For high-energy states we have conside
the average energy difference between the degenerate l
but in any case the energy variation due to the degenera
negligible compared to the changes produced by the par
eter fluctuations. The electronic energy variation is plotted
a function of the diameter@Fig. 6~a!#, the volume@Fig. 6~b!#,
the height@Fig. 6~c!#, the In composition@Fig. 6~d!#, and the
truncated height@Fig. 6~e!# of the QD’s. The truncated heigh
corresponds to the actual height of the QD after its top
been truncated, as can be the case for indium-flushed QD15

These energy variations are calculated for the first three
four QD levels for the as-grown sample (Ld50) and for one
strongly intermixed sample (Ld52 nm!. For a noninter-
mixed sample, we observe similar energy variations resul
from a 10% fluctuation in the structural parameters arou
the nominal values, for each QD level. These energy va
tions are about 10 meV for a 10% fluctuation in the Q
diameter@Fig. 6~a! or the QD In concentration~Fig. 6~d!#. A
10% fluctuation in the QD height@Fig. 6~c!# or the QD trun-
cated height@Fig. 6~e!# would lead to about 20-meV varia
y
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tions. And finally a 30-meV variation is obtained for a 10
fluctuation of the QD volume at a constanth/d ratio @Fig.
6~b!#. The energy variations for each parameter fluctuatio
decrease significantly for intermixed samples except for
concentration fluctuations for which the opposite effect
observed. For all cases~but the truncated height variation!,
the behavior of the QD energy level as a function of o
particular structural parameter is approaching a linear dep
dence. It is observed that the slope of these energy variat
is more important for the excited levels, in all cases exc
for the one corresponding to the height dependency for
termixed samples@Fig. 6~c!#. Since this behavior is the only
one compatible with our experimental observations~Fig. 2!,
these calculations indicate that the QD height is the key
rameter that affects the width of the QD PL peaks. Even
the truncated height fluctuations, the high-energy states s
smaller variations than the ground state, but this effect
comes less obvious for higher-energy states~except if the dot
is very much truncated by half its nominal height! which is
not consistent with the experimental results. Moreover
variation of the FWHM with higher energy states is le
pronounced after interdiffusion. However, the fact that t
FWHM is narrower for the excited levels than the groun
state transitions, when considering the as-grown and we
intermixed series, is in very good agreement with the exp
mental data and proves clearly the favorable effect of tr
cating the QD height. We believe that the optimization of t
growth conditions gives rise to an ensemble of dots w
reduced standard deviations corresponding to the QD volu
and In composition. Note that thickness fluctuations are a
responsible for the broadening of the PL peak in the cas
a two-dimensional quantum well. As seen for the wetti
layer in Fig. 2, linewidth variations are similar to that o
served for the QD high-energy states.

Figure 7 shows the energy variations corresponding t
20% fluctuation in the QD height plotted against the Q
electronic energy measured from the bottom of the harmo
potential. The depth of the confining potential is assumed
be 644 meV. The data points include the energy variati
calculated for the first three or four levels and for differe
diffusion lengths (Ld50, 0.5, 1.0, 1.5, 2.0, and 2.5 nm!. For
Ld.0.5 nm, the graph shows a linear dependence very s
lar to the experimental results seen in Fig. 2. Indeed
width of the QD levels gets smaller for increasing diffusio
length, or larger interdiffusion, as observed experimenta
This good agreement observed for intermixed QD’s confir
our conclusion that the QD height fluctuations are resp
sible for the inhomogeneous QD PL peak widths. On
other hand, the values calculated for low-diffusion leng
(Ld<0.5 nm! show a different trend: the energy variation
almost constant whatever the QD level or the electronic
ergy considered@Figs. 6~c! and 7#. This observation confirms
our statement that the as-grown multilayer sample alre
has some degree of intermixing originating from the grow
process. In general, such intermixing could occur during
growth of the cap layers, especially if it involves higher tem
peratures and/or long growth times, as can be the case
laser heterostructures.15 A similar observation has also bee
reported previously.34

We can attempt to give a qualitative description of t
interdiffusion mechanisms responsible for the observed
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FIG. 6. Energy variation of the QD electronic levels plotted against~a! the QD diameter~with fixed height!, ~b! the QD diameter~with
fixed aspect ratio!, ~c! the QD height,~d! the QD In composition, and~e! the QD truncated height. The reference parameters used fo
calculation of the energy difference are indicated inside each figure. The legend is as follows: squares correspond ton51 ~ground state!,
circles ton52 ~first excited state!, triangles ton53, and crosses ton54. Open symbols describe nonintermixed QD’s (Ld50) and solid
symbols, intermixed QD’s (Ld52 nm!. Straight lines are linear fits for then51 andn53 QD levels.
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spectral changes. Interdiffusion is generally interpreted as
diffusion of species through an interface. Therefore the co
position, strains, and QD size can change after intermix
If the strain fields inside and around the dots are quite u
form, it is reasonable to assume that the diffusion proces
mostly isotropic. The validity of this simple assumption
still questionable since contradictory results have been
ported~e.g., QD size reduction22 versus size increase35!. Due
to the very small dot aspect ratio (h/d50.122), this assump
tion can be considered here since the vertical diffusion w
have a stronger influence on the PL spectral shape than
he
-

g.
i-
is

e-

ll
he

lateral diffusion of species~for a large degree of intermixing
this assumption becomes less valid! The transition energy
shift and the interlevel reduction are usually attributed
modifications~composition and shape! of the QD confine-
ment potential. Intermixing induces a reduction of the av
age In content together with a reduction of the strain fields
the dots and in the wetting layer. These variations are
sponsible for most of the large blueshift observed for the Q
and WL emission lines. However they cannot account alo
for the reduced interlevel spacing with interdiffusion nor f
the reduced linewidths observed for the higher energy
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transitions@see Fig. 6~d!#. Qualitatively, one can say tha
intermixing tends to smooth out the compositional and str
dispersion from dot to dot probably because gradients
these parameters act as the driving force for species d
sion. According to our calculations only volume/diame
variations~enlargement! could explain the reduction of th
interlevel energy with intermixing@Figs. 6~b! or 6~a!#
whereas the decrease of the linewidth for higher-energy
els and increasing interdiffusion can only be due to lar
QD height@Fig. 6~c!#. At first sight, increasing uniformly the
size of each dot of the ensemble tends to diminish both
interlevel energy and the inhomogeneous broadening of
QD PL peaks. However for a given degree of intermixi
characterized by similar diffusion lengths in bothr and z
directions, the relative variation of the QD diameter is mu
smaller than the relative variation of its height, which the
fore becomes a key parameter for the evolution of the in
mogeneous broadening. It should be noted that our res
are in good agreement with other studies on QD~Refs. 4 and
10! or QW structures.36

To achieve narrow QD linewidths is very important f
improving some characteristic performances of QD photo
tectors and lasers. As mentioned before, the intermixing p
cess does not only reduce the linewidth but also the inters
level energy, while the transition energy increases. Howe
this is not a critical problem since this latter parameter can
adjusted by varying the fabrication parameters in differ
ways. For example, the transition energies can be adjuste
controlling the amount of InAs deposited onto the substra
It is found that by changing the size of the dots in this wa
it is possible to vary the peak energies while keeping
roughly constant interlevel spacing.37 Depending on the
growth parameters, the height of the dots can change sig
cantly and a change in the thickness of the dots is foun
have a large influence on the transition energy.37 Moreover
the interlevel energy spacing can be varied by changing
QD growth temperature.2,15 Thus by varying the growth pa

FIG. 7. Effect of QD height fluctuations on the energy of t
three or four first QD levels as a function of the electronic ener
The energy difference is calculated from reference values ah
52.69 nm and other values obtained ath52.2 nm with the constan
parametersd522 nm and In5100%. The energy of each QD leve
was determined for various diffusion lengths, atLd50, 0.5, 1.0,
1.5, 2.0, and 2.5 nm.
n
f

u-
r

v-
r

e
he

h
-
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lts

-
o-
b-
er
e
t
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a

ifi-
to

e

rameters, it should be possible to optimize the linewidth a
given transition energy and the interlevel spacing indep
dently.

In supplement to this discussion, we would like to me
tion that some other research groups have observed tha
high-energy PL peaks are broader than the ground-s
peak.12,26 This could be explained by assuming differe
growth conditions where QD size, volume, composition,
strain inhomogeneities dictated the width of the PL peak a
did overwhelm height fluctuations. This is further confirm
by the rather large FWHM of their PL peaks compared to
values presented here.

V. CONCLUSION

To summarize, our results give an insight to the cause
the broad inhomogeneous peaks observed by photolumi
cence for large ensembles of InAs/GaAs self-assemb
quantum dots. This study shows that it is possible to iden
the limiting mechanisms involved in the inhomogeneo
broadening in InAs/GaAs self-assembled QD’s by comp
ing the FWHM of the ground and excited peaks. Calcu
tions have shown that although QD diameter, volume,
composition, and/or strain inhomogeneities can be impor
in some samples, only QD height variations can explain
observation that higher-energy states become narrower
lower-energy states. For the high-quality InAs/GaAs syst
investigated, the QD height variations can therefore eff
tively control the sharpness of the PL peak. It should
noted that a very similar behavior was observed for our d
ferent InAs/GaAs QD samples and that the results are
agreement with most of the experimental and theoret
work reported for this system. Therefore the model descri
in this paper can be generalized to the very common
well-studied InAs/GaAs system. More systematic expe
ments should be performed on different systems~strain fields
and diffusion constants can be different!, but we can expect
that the same behavior can occur in other systems. It co
be also very interesting to investigate further the linewid
variations in correlated stacks of QD’s, where QD layers
coupled in the growth direction and thus the QD height
also a very important factor.

Intermixing was found to be a powerful tool for adjustin
the transition energy and the sharpness of the PL peaks
sitions~a FWHM of 5 meV was obtained for the ground sta
of a 25 layer stack of QD’s!. Moreover, since the FWHM of
the QD PL peaks depends linearly on the transition ene
~whatever the QD level considered, the number of QD lay
and the amount of intermixing!, it should be possible to pre
dict and tune the linewidth by varying the rapid thermal a
nealing of the QD’s. These observations can be very valua
for optimizing devices such as QD lasers and detectors.
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