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a b s t r a c t

We report on a simple theoretical model allowing to investigate the rapid thermal annealing induced
quantum dots intermixing and consequent inhomogeneous broadening. In this model, where the 3D
Schrod̈inger equation has been solved, by the orthonormal wave function expansion method, for
strained InAs QD, we assume a lens-shaped QD with a uniform indium composition and a constant
aspect ratio during the intermixing process. The size and aspect ratio for as-grown InAs QD, have been
estimated by matching the calculated interband optical transition energies to the experimental photo-
luminescence emission peaks from ground and excited states. The simulated results were correlated
with photoluminescence data at various annealing temperatures. Keeping constant the QD aspect ratio,
a good agreement has been found between experimental and calculated emission energies for different
indium atomic diffusion lengths. Small QDs are found to be more sensitive to the intermixing than larger
QDs. This study allows also to calculate the full width at half maximum (FWHM) and compare it with the
experimental value. The theoretical calculations suggest that the origin of the inhomogeneous broad-
ening is mainly related to the variation of the QDs size.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembled InAs quantum dots (QDs) have been a subject of
extensive research due to their interesting systems for fundamen-
tal physics and for the development of electronic and optoelec-
tronic devices [1,2]. Post-growth compositional intermixing
further offers new fields of applications including photonic inte-
grated circuits and broadband light emitters and detectors [3,4].
The intermixing of self-assembled InAs/GaAs QD formed by the
Stranski–Krastanov (S–K) growth method has been widely inves-
tigated by several methods [1,5,7,8]. While the emission energy
from intermixed QD has been successively tuned over a wide
range [7,8], an inhomogeneous intermixing has been reported to
occur at a given intermixing degree [10–12]. Several theoretical
and experimental works have been carried out to investigate the
intermixing effects on the QDs optical properties [6–21]. The lack
of information concerning the real shape and indium composition
of the QDs presents a crucial part of the calculation [13].

Many numerical approaches dealing with the effect of inter-
diffusion on the optical properties of QDs have been reported [14].

Gunawan et al. [21] and Djie et al. [15] have used different shapes
of QDs including pyramidal, cubical and spherical QDs; they used
Fick's law and momentum space methods to calculate the electro-
nic structure. Petrov et al. [16] rather presented a theoretical and
experimental study using Fick's law. Maia et al. [17] and Osman
et al. [18] proposed a model for lens-shape, suggesting that the
indium concentration varies linearly from the bottom (100%) to
the top (0%) of the intermixed QD.

In this paper we investigate theoretically the In–Ga inter-
diffusion effect on the InAs QDs inhomogeneous broadening.
We propose a simple model for a lens-shaped QDs [6,12,16]
allowing to reproduce and explain the observed impact of the
post-growth intermixing on the PL properties of InAs/GaAs QDs.
The proposed model is however general and can be used to
investigate other QDs systems.

2. Theoretical approach

The calculation was carried out for a lens shaped InAs QD
embedded in a large cylinder of a GaAs barrier material.
In accordance with many previous theoretical studies, this geometry
is the most realistic model to describe the three-dimensional
confinement [1,5,21]. By modeling the intermixing effects, it is
possible to evaluate its influence on the QDs parameters such as
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composition, size, and optical transition energies. Accordingly, we
have used a simple theoretical model allowing to calculate the
optical transition energies at different annealing temperatures and
to estimate the In diffusion length (see Fig. 1).

To calculate the carrier's confinement energies and their wave
functions in InAs QD, the three-dimensional Schrodinger equation
has been numerically solved using the orthonormal wave function
expansion method in cylindrical coordinates [22]. The model can
be described as follow:

� ∇
ℏ2

2mnðr;φ; zÞ∇
 !

ψðr;φ; zÞþVðr;φ; zÞψðr;φ; zÞ ¼ Eψðr;φ; zÞ ð1Þ

where mn is the electron or hole effective mass. E and ψ(r,φ,z) are
the quantized energy levels and the corresponding wave function,
respectively. We have assumed the wave function as a linear
combination of the expansion basis functions.

ψðr;ϕ; zÞ ¼∑n;m;lAnmlψnmlðr;ϕ; zÞ ð2Þ

With n, m, and l are the positive integers, the orthogonal periodic
functions ψmnl and the coefficients Anml must be determined. To
solve the exact single-particle states we calculate the matrix
element of the Hamiltonian operator between individual ortho-
gonal periodic functions. The matrix elements are evaluated from
the Hamiltonian equation H:

Hnmln'm'l' ¼∭Ω �ψn
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The impact of strain on the carrier confinement due to the
lattice mismatch between InAs and GaAs materials is adopted for
the calculation. Hydrostatic and uniaxial strains are induced, it can
be written as following [17,23]:

εh ¼ ðεxxþεyyþεzzÞ ð4Þ
and

εb ¼ εzz�
1
2

εyyþεxx
� � ð5Þ

Where εb and εh are the hydrostatics and uniaxiale strain
respectively.

εxx ¼ εyy ¼
aGaAs�aInAs

aInAs
ð6Þ

εzz ¼ �2
C12

C11
εxx ð7Þ

the lattice mismatch between InAs and GaAs. The strained effect
on conduction band is δEc¼ acnεh and for valence band is

δEv¼ av εxxþεyyþεzz
� ��1

2
bðεbÞ ð8Þ

then, the strained band gap (Eg) can be written as following:

EgInAs_str ¼ EgInAs�unstrþδ Ec�δ Ev ð9Þ
Where EgInAs�unstr is the unstrained InAs band gap energy.

However, during the annealing process, indium atoms out
diffuse from the central core of InAs QD to the barrier due to the
In–Ga interdiffusion effect. This may change considerably the
chemical composition of QDs from pure InAs QD to a random
InXGa(1�X)As alloy. To simplify the calculation, we hypothesize a
uniform In composition profile from the center to the border of the
QD and we set a fixed aspect ratio during the intermixing process
[17,18]. We define the lens shaped QD volume before annealing:

VQD ¼ hQDπ

24
4h2QDþ3b2QD

� �
ð10Þ

The corresponding QD volume after intermixing is as follows:

V 0
QD ¼ h0QDπ

24
4h'QD2þ3b0QD2
� �

ð11Þ

The indium composition can be derived as follows:

XIn ¼
VQD

V 0
QD

ð12Þ

where hQD, h'QD, bQD, and b'QD are the height and the base of non-
interdiffused and interdiffused QDs respectively. This change of
composition in the QD affects the lattice mismatch. As a result, the
strain between GaAs and InXGa(1�X)As QD is reduced witch
influences the QD material's band gap, and carriers' effective
masses. To take into account this change in our calculation, we
have used Vegard's law:

aInxGa1� xAs ¼ xmInAsþð1�xÞmGaAs ð13Þ

EgInxGa1� xAs ¼ xEgInAsþð1�xÞEgGaAs ð14Þ

mn

InxGa1� xAs ¼ x:mn

InAsþð1�xÞ:mn

GaAs ð15Þ

3. Experiments

To correlate the proposed model with experiments we used
single layer of self-organized InAs QDs sample grown by Molecular
Beam Epitaxy (MBE) on semi-insulating (0 0 1) GaAs substrate at
temperature of 500 1C. The QDs have been formed by depositing
2.4 ML of InAs followed by 50 nm GaAs barrier. For the intermixing
procedure, the samples were protected by SiO2 layer prior to the
rapid thermal annealing for 30 s at the temperatures of 650 1C,
750 1C and 800 1C. More details on the growth process and
characterization of these samples can be found elsewhere [7,28].

Fig. 2 presents the normalized 12 K PL spectra taken from the
as-grown sample and samples annealed at different temperatures.
The PL spectra have been recorded at 12 K for two excitation
power densities showing that the observed multiple peaks arise
from the ground and excited states emission energies. The PL
peaks emission energies appear to be insensitive to the annealing
process below 700 1C. With increasing the annealing temperature
beyond 700 1C, the atomic interdiffusion considerably affects the
QD PL properties [7,24,25]. The PL peaks position exhibits a blue
shift around 180 MeV at Ta¼800 1C. The energy spacing between
the ground state and the first excited state emissions drops from
67 to 33 MeV [8]. The observed blueshift is accompanied by an

Fig. 1. Schematic model of a lens-shaped interdiffused InAs QD for different indium
compositions.
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