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impact of a post-growth intermixing process on these properties has been
sample, the maximum of the emission band follows a sigmoidal function while
inewidth mimics a V-shape function as the temperature increases, from 11 to
are attributed to thermally activated carrier transfer mechanisms within the
ion of quantum dots. These atypical behaviors are found to disappear pro-
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e quantum well continuum states act as a transit channel for the redistribution
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1. Introduction

Self organized semiconductor InAs/GaAs QDs have been a sub-
ject of intense research activity due to their potential application in
the improvement of future photovoltaic [1] and optoelectronic
devices [2e4]. However, as a direct consequence of the Stran-
skieKrastanow (SK) growth mode, the optimal exploitation of
these QDs are seriously limited by several parameters, such as low
surface density [5], strain accumulation [6], size distribution [7].
Several attempts have been made to improve the QDs properties
including the use of strain reducing layers [8,9], strain
artment of Physics & Astron-
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compensation [10], post growth intermixing [11], and surfactant
[12]. Furthermore, understanding the temperature dependent
photoluminescence mechanism is critical to optimize QDs devices
that function at room temperature. Indeed the anomalous
temperature-dependent luminescence properties, due to the ther-
mally activated inter-dots carriers transfer, seems to be induced by
the QDs' self-organization nature [13e15]. Consequently, the
emission energy and the luminescence linewidth have been
respectively shown to follow a sigmoidal function of and a V-shape
variation [16e21]. However, the reported studies were focused on
as-grown QDs and less attention has been made for the investiga-
tion of this thermally induced carriers process dependence on the
post-growth intermixing.

In this context, we report on the impact of the intermixing de-
gree on the temperature dependent sigmoidal emission energy and



V-shaped PL linewidth observed for InAs QDs with InGaAs under-
lying layer. The origin of the carrier's thermally activated transfer
mechanisms and its dependence on the QDs size dispersion is
discussed using a model describing the steady-state luminescence
from localized states ensemble (LSE) [22].

2. Experimental details

The investigated sample consists of a single InAs QDs layer with
10 nm In0.15Ga0.85As strain reducing underlying layer, grown by
molecular beam epitaxy on a Si-doped (001) GaAs substrate. The
InAs nominal thickness was 2.4 monolayers, deposited at a growth
rate of 0.08 Å/s and followed by 30 s growth interruption under As
flux prior to the deposition of 50 nm thick GaAs cap layer. The
InGaAs and GaAs materials are deposited respectively at 0.54 Å/s
and 2.4 Å/s. The structure is schematically presented by Fig. 1.
Additionally, 10 nm thick In0.15Ga0.85As quantum well has been
grown as a reference sample.

Besides, five pieces, cut from the central region of the as grown
sample, have been used to prepare samples with different degree of
post growth intermixing by rapid thermal annealing. The RTA
process was performed at temperature from 650 �C to 800 �C for
30 s in a nitrogen ambient atmosphere. During annealing, the
samples were protected from desorption of As atoms by semi-
insulating GaAs proximity cap.

The PL measurements were performed using a conventional
lock-in technique. The samples were mounted in a closed cycle
temperature controlled He cryostat. The PL emission was detected
by a nitrogen cooled silicon CCD detector coupled to a
monochromator.

3. Results and discussion

3.1. PL properties at 11K

The normalized 10K PL spectra recorded at different excitation
power from the as-grown sample are shown in Fig. 2a. The state
filling effect is clearly observed through the increase of the QDs
excited states PL peak's intensity with increasing the excitation
power. It's also interesting to mention the appearance of an emis-
sion peak at 1.354 eV which is attributed to the InGaAs QW/un-
derlying layer. The later attribution has been confirmed by
photoluminescence of excitation (not shown here) and photo-
reflectance spectroscopy [23]. Previous investigation of this struc-
ture revealed that the indium segregation induces an increase in
both QDs surface density and size dispersion leading to the
observed broadening of the PL spectra [23]. This structure has been
subjected to post-growth rapid thermal annealing during 30 s at
temperature ranging from 650 �C to 800 �C. The corresponding PL
Fig. 1. Schematic presentation of the investigated structure containing InAs QDs with
InGaAs underlying layer.
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spectra are shown in Fig. 2b. Noticeable effect of the intermixing
has been observed for annealing temperature higher than 650 �C,
where the QDs emission energy show a blue-shift by up to
100 meV. Furthermore, the PL linewidth shows a monotonous
reductionwith increasing of the intermixing degree from 61meV to
37 meV (Fig. 2c).

These results give clear evidence of the homogenization of the
QDs size dispersion. Indeed, the atomic intermixing alters the QDs
composition resulting in a change of the carriers' confinement
potential, emission energy and size dispersion [24e26]. It's worth
noting that the increase of the intermixing induced a decrease of
the PL integrated intensity testifying also an enhancement of the
nonradiative defects density [24].

3.2. PL as a function of temperature

The temperature dependence of the ground state PL peak en-
ergy and their corresponding FWHM is shown in Fig. 3 for both the
as-grown and the intermixed QD samples. The temperature
dependent PL properties of the as grown QDs exhibit a sigmoidal
emission energy characterized by a fast redshift in the 50e200 K
range. Meanwhile, the PL FWHM decreases first in the low tem-
perature range and then increases again (V-shaped variation). This
atypical variation has not been observed, neither for reference InAs
QDs in GaAs matrix nor for QDs with strain reducing capping layer
grown in the same conditions and showing narrower size distri-
bution and lower surface density [24]. This makes the observed
phenomena likely to originate from the large dots size dispersion.

As stated in the previous section, an improvement of the QDs
size uniformity with an increasing intermixing has been observed.
Accordingly, we note that the deviation from the Varshni empirical
law for bulk InAs material gets reduced with increasing intermix-
ing. Despite the extinction of the PL spectra at relatively low tem-
perature, the sigmoidal variation has been considerably reduced at
high annealing temperature. The observed behavior can be inter-
preted by the carriers activation and transfer between the inho-
mogeniously distributed QDs. For the highest annealing
temperature (800 �C) the QDs emission energy is around 50 meV
below that of the QW. The shallow barrier energy may facilitate the
carriers thermal escape at relatively low temperature. Additionally
the high intermixing degree could also generate a high non radia-
tive defects density. For these reasons, the QDs PL quenches around
100 K.

For more quantitative interpretation aiming to illuminate the
carriers transfer mechanism responsible for the observed behavior
we have employed the LSE model [22]. This model treats the QDs
ensemble as a system of Gaussian distributed localized states
allowing derivation of quantitative information such as the local-
ized states broadening parameter and the activation energy. The
first parameter can be linked to the QDs size dispersion [27] and the
second one allows the identification of the carriers transfer channel
[28]. In this model, the photogenerated carriers in the barrier ma-
terial are captured by the QDs states prior to their recombination.
The captured carriers are localized in the QDs states at low tem-
perature. However, as the temperature increases, the carriers can
be thermally activated from shallow states to a mediator channel
before being recaptured by the deeper states (larger QDs).

According to this model, the temperature-dependent PL peak
energy can be expressed as follow [22]:

EðTÞ ¼ E0 � a
T2

bþ T
� xðTÞ$kBT ; (1)

where a is the Varshni parameter and b the Debye temperature [29]
taken to be around 0.25 meV K�2 and 180 K, respectively. The extra



Fig. 2. (a) Excitation power dependent PL spectra from the as grown sample showing the state filling effects and the emission band from the InGaAs layer. (b): 11K PL spectra from
the as grown and the intermixed samples at different annealing temperature taken at an excitation power of 6 mW. (c): Emission energies and FWHM dependence on the
intermixing degree.

Fig. 3. Temperature dependence of the emission energies and PL FWHM. (a) Emission energies and (b) PL FWHM variation with respect to their values at 11 K.
term ðxðTÞ$kBTÞ describes the deviation of the PL peak's maximum
from the expected bandgap shrinkage from Varshni's empirical
relation. The dimensionless term xðTÞ can be evaluated by numer-
ically solving the following nonlinear equation [22]:

xðTÞ$exðTÞ ¼
"�

s

kBT

�2

� x

#�
tr

ttr

�
e�Ea=kBT ; (2)

where s is the standard deviation of the localized states distribu-
tion.1/ttr and 1/tr are respectively, the escape rate and the radiative
recombination rate taken as constant and characteristics of each
sample. The energy Ea corresponds to the energy barrier that the
carriers have to overcome to be thermally excited to the mediator
energy level and subsequently redistribute by recapture process.

The variation of the PL linewidth with temperature is described
within the LSE model as the convolution of a function describing
the shape of the luminescence spectrum [22] with a Lorentzian
3

function that takes into account the thermal broadening related to
phonon and impurity scattering mechanisms given by:

0
@4½EðTÞ�2 þ

2
4G0 þ GacT þ GLO

1

exp
�

ELO
kBT

�
� 1

3
521A�1

(3)

where G0 is the intrinsic linewidth at 11 K, Gac and GLO correspond
to the scattering coefficients related to the interaction of carriers
with acoustic and longitudinal optical (LO) phonons [30,31], ELO is
the LO phonon energy, these parameters are taken to be 50 meV/K,
35meV, and 30meV respectively. More details on this model can be
found elsewhere [22,28,32].

The fitting curves for the emission energies and the PL FWHM
with temperature from the investigated samples as well as the
experimental data are given by Fig. 4. The optimum parameters
yielding the best fit of the experimental data are listed in Table 1.



Fig. 4. (a)e(d) PL emission energy and (e)e(h) PL linewidth dependence on temperature from the as-grown sample and samples subjected to different post growth intermixing
degree. The symbols represent the experimental data and the solid lines are fitting curves using LSE model. The dashed lines in (a), (b), (c) and (d) correspond to the expected band
gap shrinkage by Varshni law using the above mentioned parameters except for Ta ¼ 750 �C where b ¼ 370 K.
The LSE model succeeds in accurate reproducing of the atypical PL
properties variation with temperature.

The broadening parameter (s) is found to decrease with
increasing annealing temperature in accordance with the 11K-PL
linewidth shrinkage (Fig. 2c) confirming the improvement of the
QDs size dispersion with increasing intermixing. The variation of
4

the PL FWHM with temperature appears to be governed by the
carrier thermal activation and redistribution. Indeed when the
temperature increases, the carriers get delocalized from the shal-
lower states (small QDs) and recaptured by larger QDs. In this stage,
an increasing number of small size QDs no longer contribute to the
luminescence leading to the decrease of the PL linewidth and fast



redshift of the emission energies. At a given characteristic tem-
perature, the PL properties become dominated by the electron-
phonon scattering leading to a monotonic increase of the PL line-
width and slower decreasing rate of the emission energy. The
characteristic temperature (indicated by arrows in Fig. 4 (e)e(h)),
qualitatively marking the end of the carriers redistribution, is found
to decrease with increasing intermixing. This indicates that less
thermal energy is required for carriers delocalization as the inter-
mixing increases.

Accordingly, the calculated activation energy is also found to
decrease with increasing annealing temperature. This behavior
indicates that the effective energy barrier that carriers need to
overcome to be delocalized is lowered by the intermixing process.
This phenomenon is a direct consequence of the atomic intermix-
ing and consequent QDs compositional change leading to the
decrease of the carriers confinement potential and reducing of the
size dispersion. Additionally, the time ratio constant ttr/tr, is found
to decrease with increasing intermixing. The observed reduction is
most likely dominated by the increased escape rate as a conse-
quence of intermixing induced lowering of the confining potential
energy.

To identify the carriers transfer channel, we considering that
within the present conditions, the QW remain insensitive to the
intermixing process. Accordingly, the activation energy (Ea) and the
difference between the emission energy from the QW and that
from the QDs ground states (EQWeEQDs) have been plotted in Fig. 5
against the annealing temperature. Furthermore, as shown by the
inset of Fig. 5, PL spectra from a reference QW identical to the
underlying layer have been recorder for different annealing tem-
perature revealing that the QWemission energy does not show any

significant shift. This result strengthens our interpretation based on
the insensitivity of the QW emission energy to the annealing con-
ditions adopted in this work.

Both quantities show a monotonic decrease for annealing tem-
perature higher than 650 �C. Furthermore, the activation energy is
approximately 40 meV below the QW continuum states regardless
of the intermixing degree. Such a value is close to the 11K-PL
FWHM. Accordingly, the calculated energy barrier can easily be
matched to the energy difference between the small size QDs'
emission energy and that of the QW continuum states as sche-
matically presented by Fig. 6.

Therefore, the QW continuum states in the present case serves
as mediator for thermally activated carriers redistribution within
the broadened QDs states responsible for the observed anomalies
in the temperature dependent PL properties.

4. Summary

The atypical temperature dependent PL properties, shown by
InAs QDs with InGaAs underlying layer has been investigated as a
function of the post-growth intermixing degree. The observed
anomalies are found to arise from the large size dispersion. The
sigmoidal emission energy and V-shaped PL peak's FWHM varia-
tion is shown to be reduced with increasing annealing temperature
and tends to the usual behavior at high intermixing degree. The QW
continuum states have been identified as the mediator of thermally
activated carrier redistribution. These results help to improve the
understanding of the temperature-dependent carrier dynamics in
strain-engineered QDs.
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