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Abstract
Semiconductor quantum dots (QDs), so-called artificial atoms, are
promising scalable sources of non-classical light for quantum information technologies. QDs can be embedded in epitaxial layers, where they
are self-assembled via Metal Organic Vapor Phase Epitaxy (MOVPE)growth; moreover, they are able to generate polarization entangled photons through the biexciton-exciton cascade. Systems based on III-V
materials e.g. indium arsenide (InAs) QDs deposited on gallium arsenide (GaAs) substrates benefit from insertion of a relaxed InGaAs
layer, introduced as the Metamorphic Buffer Layer (MMBL), which has
recently been reported to yield single-photon emission in the telecom
C-band (1535 nm - 1565 nm) i.e. an ideal window for long distance
optical fiber communication. However, shape anisotropies in the QD
system degrades the entanglement of photons, due to the arising fine
structure splitting (FSS) and challenges remain such as to increase the
brightness of these sources limited by total internal reflection. Here,
we show MOVPE-grown InAs QDs on a MMBL and minimize the FSS
through an investigation of the growth temperature. Strategies were
also explored in this work to increase the extraction efficiency of the QD
emission. We found that QDs grown at 545o C displayed the lowest average FSS, with 12 ± 2 µeV, which is 15o C above the conventional growth
temperature. Control of the thicknesses of the buffer and capping layers was achieved via simulations (2-5 % deviation from expected) and a
high temperature cap growth (700o C), respectively. The processing of
parabolic reflectors and growth of a bottom distributed Bragg Reflector
(DBR) are strategies explored in this work to enhance the QD emission.
The latter set of mirrors, calibrated to the telecom C-band, yielded a
sample with an average increase in the emission brightness compared
to samples without a DBR. These results anticipate the possibility to
embed low FSS and bright QDs inside a high-Q cavity by deposition
of a top DBR and further enhance the QD emission. In this way, the
synergy between state-of-art nanophotonics and quantum optics can be
utilized to optimize semiconductor QDs and bring long distance quantum communication a step closer.
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Chapter 1
Introduction
The volume of digital information stored and transmitted in today’s society
continues to grow at unprecedented rates. Recent findings have reported that
over 90% of the world’s data has been solely produced in the last two years,
with 3.7 billion people now being connected to the internet [1]. Two fundamental challenges are raised in light of these findings: (1) a need for faster
processing speeds and (2) a secure way for the transfer of all this information.
The evolution over time of the first challenge was foreseen by Moore’s law,
stating that the amount of transistors or processing power in an integrated
circuit would double every two years [2]. As the distance between transistors
approximates the width of just a few atoms, limitations from quantum effects,
such as current leakages becomes problematic. Quantum computing is alternatively pursued to solve problems that would reduce years of computational
time into spans of days or hours [3]. The implications of quantum computing
would find useful application in many areas of areas scientific fields, ranging
from the factorization of large prime numbers [4] to quantum chemistry simulations [5] and even the compromise itself of our own communications [4].
The advent of quantum computing thus signals the end of a secure transfer of
information. Due to the large volumes of data transfer, information must be
secured from possible cyberattacks with protocols ensured by cryptography, a
field largely based on mathemathic algorithms. In 1984, Bennett and Brassard [6] showed that the polarization of the fundamental particle of light, single
photons, could be employed in long distance quantum communication using
fiber optics. This was the birth of quantum cryptography, with the so-called
BB84 protocol [6], offering an inherently secure transmission channel between
a sender and a receiver.
Years later in 1991, Ekert [7] demonstrated that entangled photon pairs
could also be used to hinder eavesdropping. The quantum phenomenon of
entanglement, observed in different quantum particles, had already been discussed in the Einstein-Podolski-Rosen paradox [8] for its counter-intuitive description. Labeled by Einstein himself as ’spooky action at a distance’, entanglement is often understood as the immediate effect resulting on one quantum
particle from the act of measuring the other, regardless of how far apart they
find themselves. Thus, Ekert protocol, which became known as E91 [7], showed
that the action of an attacker would disrupt the entangled state from which
an immediate detection follows.
The choice of single photons or entangled photon pairs for quantum com1
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munication seems reasonable due to their low interactions with matter and
other photons. In addition, the existing fiber optic infrastructure in today’s
communication systems elevates interest in these non-classical forms of light.
Light transmitted inside a fiber glass displays low attenuations in the near infrared wavelengths within the telecom-O (1.26-1.36 µm) and telecom-C (1.531.65 µm) bands. Particularly at their respective absorption minima, present
at 1.33 µm and 1.55 µm, light can travel over vast distances with a very small
attenuation. Many sources have been suggested to produce single or entangled photons at a myriad of wavelengths e.g. parametric down conversion
[9][10], diamond defect centers [11] or carbon nanotubes [12]. Semiconductor
quantum dots (QDs), zero dimensional materials experimentally achieved by
Reed [13], have attracted special attention for their strong carrier confinement
and emission of entangled photon pairs (radiative cascade) [14][15]. After a
laser excitation, an electron can be pumped from the valence band into the
conduction the band of the QD, leaving behind a positively charged vacancy
(hole). The strong Coulomb interactions due to the confinement inside the
QD complex results then in the emergence of high energy bound states, such
as the exciton (an electron and a hole) and the biexciton (two electrons and
two holes) [16]. Recombination of these states through light emission occurs
in a two-step fashion cascade process, responsible for the generation of entangled photons. Nonetheless, if the energetic degeneracy of the exciton state is
lifted due to a lack of rotational symmetry in the QD [17][18] the entanglement is instead degraded over time and is harder to use [19]. Hence, good
quality (measurable) entangled photon pairs can only be obtained if the fine
structure splitting (FSS) displayed by the QD system is thus minimized. The
exciton FSS can be however manipulated with the application of small magnetic fields, biases or strain techniques [20] [21], but it is intrinsically linked to
the symmetric shape of the QD and its composition/strain [22] [23].
Moreover, these so-called artificial atoms offer tailorable emission wavelengths based on the choice of a wide range of crystalline materials, such as
the III−V semiconductor systems. For this project, InAs (indium arsenide) is
used as the QD material, a common composition of choice in epitaxially grown
QDs [24][25]. In such a system, the excitonic FSS can be of the order of a
few tens of µeV [17]. InAs QDs are grown on GaAs substrates using Metal
Organic Vapor Phase Epitaxy (MOVPE), a technique that enables QDs to be
industrially scalable [26] and self-assembled via the Stranski Krastanov (S-K)
growth mode [16][27]. In the S-K mode, the lattice mismatch between the
InAs film and the substrate is harnessed to form these small nanostructures
embedded in larger bulk semiconductors. However, the large lattice mismatch
between InAs and GaAs (∼ 7%) yields emissions outside the C-band at 900
nm [28]. The system then forces the use of alternative lower mismatch sub-
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strates, such as the more expensive and brittle InP, to shift the emission up
to the low-loss C-band window [29]. A relatively novel alternative [22][30][31]
for single-photon applications, used in this thesis, is the growth of dots on an
InGaAs metamorphic buffer layer (MMBL). The MMBL exhibits an increasing composition of In along the buffer, that reduces the surface strain of the
InAs quantum dots grown atop; hence, making it possible to red-shift in the
emission to the 1.55 µm wavelength range.
The aim of the work in hand deals with the optimization and characterization of MOVPE-grown InAs QDs, whose emission lie within the telecom
C-band. The first sections of Chapter 2 are dedicated to the understanding
of basic solid state concepts e.g. crystals and energy bands. More importantly,
section 2.2.1 and section 2.2.2 provide a discussion on the QD system and the
minimization of the FSS, an essential requirement for the emission of entangled
photons, also treated in the experimental results. Chapter 3 shifts its focus
to the growth of QDs and compound semiconductors using epitaxial methods
(section 3.1 ) to provide background on the metamorphic buffer layer approach
(section 3.2 ). Challenges faced by the quantum dot community relate also to
the low photon extraction efficiency from internal reflection of light inside the
bulk semiconductor [25] [32]. Here section 3.3 describes the theory of Bragg
reflectors and sample processing of parabolic mirrors to increase the extraction of photons from the dots. For completeness, a last remark on non-classical
light (single-photon sources) is presented in section 3.4. A review on the characterization and processing techniques utilized in this project is elaborated in
Chapter 4. In the analysis of the MOVPE-grown samples, given in Chapter
5, minimization of the FSS is explored and described experimentally in (section 5.2 ). Control of the semiconductor layer thicknesses is then elucidated in
section 5.3. The results on the approaches for an enhancement of the photon
extraction are lastly discussed in section 5.4 using distributed Bragg Reflectors (section 5.4.1 ), cavity effects and samples with etched inverted parabolas
(section 5.4.2 ). This thesis concludes with a summary of the results obtained
from the grown samples and an outlook into future devices, given in the last
part of Chapter 6.

Chapter 2
Basic Concepts
2.1

Crystal materials and semiconductors

Solid materials are categorized with respect to the regularity in which atoms
are arranged with each other. Crystals, formed in nature such as salts or synthesized artificially, exhibit an extended order of atom arrangement throughout
the material. The present discussion focuses mostly on single crystals which
are highly important in optoelectronics devices such as light emitting diodes,
solar cells or in the present case single photon sources. They contrast polycrystalline materials with several crystalline domains or amorphous specimens
e.g. glass which have random orientations. The basic concepts of solid state
physics in crystals are also elaborated to understand the notion of quantum
dots.

2.1.1

Crystal lattice

An ideal crystal structure is composed of a periodic set of atoms arranged on
a perfect lattice and repeated at each lattice point. In crystallography, such a
lattice, termed Bravais lattice (R) [33], features translation symmetry through
the vector set {~
ai }, which can be mathematically represented as
~ = ma~1 + na~2 + pa~3 ,
R

(2.1)

where m, n, p are integers. When a Bravais lattice is translated and fills
the entire lattice space ( or volume in the 3D case) it is then called a primitive
unit cell. A particular choice of a primitive unit cell is the Wigner-Seitz cell
defined as the region of space that is closest to one given lattice point than to
any other [33]. To fully describe a Bravais lattice it is required to specify a
basis (motif) which is the building block of the crystal: atoms.
A convenient way to also describe periodic (lattice) properties is through
reciprocal space lattice (G), represented by the set of vectors {bj }. The concept
of reciprocal space is essential to the theory of diffraction from which scattered
waves from a material e.g. X-rays give intrinsic information of the latter which
would be invisible otherwise. If l is an integer and δij the Kronecker delta
function the following applies for reciprocal space,
RG = 2πl ⇔ a · bi = 2πδij
5

(2.2)
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It is however the type of bonding between elements in the periodic table
(covalent, ionic or metallic) what determines the crystal structure of the material. A large amount of crystals can be grouped under cubic structures, an
umbrella term coined after their cubic Bravais arrangement. Face centered cubic (fcc), is a common arrangement of materials such as NaCl, copper or gold
due to its high packing density of atoms. More important to this discussion
is zincblende in fig. 2.1a, a class characteristic of semiconductors made of two
intersecting fcc lattices [34] such as silicon. The analogous of a Wigner-Seitz
cell in reciprocal space receives the name of Brillouin zone; a unit that is similarly repeated over all reciprocal space. Brillouin zones posses considerable
importance in the development of energy band structure in a crystal. While
some Brillouin zones are simple to sketch e.g. that of a simple cubic lattice,
the 3D visualization of the first Brillouin zone for an fcc crystal has the shape
of a truncated octahedron as in fig.2.1b).

(a) GaAs crystal illustrating (b) Reciprocal space of fcc latzincblende structure
tice

Figure 2.1
Cubic crystals can commonly be described by planes intersecting the cube
that contain a set of atoms. To denote a plane in question the Miller index
system is utilized (hkl) [33]. The Miller indexes can be found by taking the
recripocal value of the intersection of the plane with the crystal axis [33]. Note
that the normal to the plane is instead denoted as [hkl].
The scope of this thesis revolves around III-V single crystals GaAs, InP,
AlAs...defined by their zinc-blende structure. GaAs, a common substrate for
the structures made in this work, has a lattice constant close to 5.65 Å at
room temperature [34]. As observed in fig. 2.1a two atoms form the basis of
this crystal Ga (with 3 valence electrons) and As (with 5 valence electrons)
forming tetrahedral bonds so each atom is surrounded by 4 neighbors. These
Ga−As pairs lead to a mostly covalent character of the bonding [34]. It should
be noted that the strong reactivity of As atoms in the (111) surface results in
this being the preferred chemical-etching direction [34].

2.1. CRYSTAL MATERIALS AND SEMICONDUCTORS

2.1.2

7

Energy band structure

Solids posses energy levels that ultimately define their fundamental characteristics. In this section an outline to their inception is drawn.
One begins with Schroedinger’s equation as shown in 2.3 which dictates
the behavior of the electrons’ wave function Ψ(~r) inside the material. Let then
~2
H = [ 2m
52 +V (~r)] be the Hamiltonian applied to the wave function. The
periodic arrangement of a crystal imposes a symmetric potential that must be
~ with
taken into account. Such a potential takes the form of V (~r) = V (~r + R)
~ being the Bravais lattice and ~r the position of the electron.
R
HΨ(~r) = EΨ(~r)

(2.3)

It is immediate to see that in the
case of the free electron model i.e.
V (r) = 0 for | ~r |< L, L being the
size of the solid, Schroedinger equation yields plane waves which are no
longer a valid approximation in crystals. Instead appropriate boundary
conditions and periodic assumptions
in reciprocal space must be reckoned.
Bloch showed that the general solution that would suffice the nonvanishing potential would be of the
form [33],
Figure 2.2: Energy bands formed in a
crystal with periodic potential with the
indicated Brillouin zone
~
Ψ~r (~r) = u~r (~r) · ek·~r
(2.4)
~ is a function with the periodicity of the lattice.
where uk (~r) = uk (~r + R)
Additionally, ~k is the wave vector representing the position in reciprocal space,
i
for i ∈ {x, y, z}.
such that ki = 2πn
L
The main characteristic of Bloch’s solution is that the electronic states are
spread over the whole crystal; these are shaped in the form plane waves but
modulated by the periodic potential of the lattice [33]. Note that a plane wave
is nothing but a degenerate case of the Bloch solution with a constant prefactor
in eq. 2.4. The solution to Schroedingers equation gives n energy eigenvalues
through the k-space according to the boundary conditions. These are named
dispersion relations for the electrons or electronic band structure En (k)
as illustrated in fig. 2.2. n spans the integers and represents an index for the
energy bands. On the other hand k can be viewed as either the wave vector of
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the Bloch wave (e.g. ~k = 0 corresponds to Γ position) or as another quantum
number labeling the state of the electron.
Two remarkable features must be discussed from the plot in fig. 2.2. First
for small k values quadratic dependencies on k-vector are observed. These
are similar to that of the free electron model but periodic as the nature of
the lattice. The repetitive unit within the boundaries receives the name of
Brillouin zone, where all of the essential information of the crystal energy is
stored in.
The second note concerns the absence of energy levels at the Brillouin boundaries, whose qualitative explanation originates in Bragg
reflections. Let L be the lattice
constant and λ = 2π/k the wavelength of a moving electron in the lattice. Particularly at integer values of
k = nπ/L the wavefunction fulfills
Figure 2.3: Energy bands formed in a the Bragg condition that leads to a
crystal with periodic potential with the fully reflected wavelength of electrons
indicated Brillouin zone
as they have to travel over the large
object. Two standing waves in each
Brillouin zone are thus formed with probability densities shifted with respect
to the lattice potential [33]. These wavefunctions show as two distinct solutions for Schroedinger equation namely Ψ+ and Ψ− right above and below the
gap of the Brillouin zone boundary (see fig. 2.3).

Charge carriers in semiconductors
In solid state, analogous to the electron is the concept of a hole, a quasiparticle which represents the absence of the electron. Energetically, they can
be thought of as bubbles trying to reach the water surface: their lowest energy
ground state lies at the highest energy levels i.e. energies for holes are negative.
A new quantity to describe semiconductors appears in the E(k), so-called
effective mass for electrons/holes. It greatly simplifies analysis of these particles by treating them semi-classically like a free electron (hole).
1 d2 E(k)
1
=
where i, j ∈ {x, y, z}
m∗
~ dki dkj

(2.5)

The effective mass is dependent on the curvature of the bands and typically
is smaller than the free electron mass. In contrast to the former, the use m∗e,h
accounts for the transport and interaction of electrons (holes) as a field is
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applied on the material. Note that because the energies of holes are negative
so will be the hole effective masses.
The effective mass is thus related to the idea of conductivity (σ) a concept
linked to the motion and the amount of carriers inside a material such that
σ ∝ 1/m∗e . For example GaAs has m∗e = 0.067m0 , a value much smaller than
that of Si m∗e = 0.43m0 , which provides a larger conductivity.
The notion of thermal properties relates instead to the coupling of electrons
with another pseudo particle: the phonon. Phonons are collective vibrations
in the lattice that also have an equivalent energy dispersion relation. Electrons
can dissipate energy into the lattice to form phonons, so that these pseudoparticles also play a role in electron transport of electrons across the energy bands.

Band population and types of materials
A few more formal definitions are given in this section to further understand
materials and their properties. It is clear that at zero temperature the ground
state of electrons will only allow them to populate the lower energy bands.
The highest completely occupied energy band is then termed the valence
band (EV B ) as opposed to the unoccupied states above comprehended by the
conduction band (ECB ). The difference between the band edges of these
two (EV ,EC ) is denoted as the fore-mentioned energy gap (Eg ). Lastly, it is
necessary to define the Fermi Level (EF ) or chemical potential, a parameter
that is temperature dependent and indicates the overall net charge difference
across the bands. At equilibrium and zero temperature, EF must lie in middle
of the bandgap showing charge neutrality (equal number of electrons as holes).

Figure 2.4: Normalized density of states in a bulk semiconductor material,
fermi function and carrier density function
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The population of electrons and holes in their respective bands can be
calculated then as eq. 2.6, but it is better illustrated in fig. 2.4.
Z E±∞

n(ECB,V B ) =

f (E)D(E)dE

(2.6)

EC,V

In eq. 2.6 f (E) is the Fermi-Dirac distribution expressed as a function of
temperature and kB the Boltzmann constant such that,
f (E) =

1
.
F
1 + exp( E−E
)
kB T

(2.7)

More importantly the density of states D(E) gives the number of allowed
energy states per volume that an electron (hole) can occupy. For a 3D-material
it is defined as,
q

D3D (E) =

2(m∗e,h )3 q
π 2 h3

E − EC,V

(2.8)

With the aid of these terms reasoning behind the three types of materials
can be categorized as (i) metals, (ii) insulators and (iii) semiconductors. (i)
When EF is found inside EV B an observed strong conductivity arises from
the easily accessible states within the band and the material is classified as
a metal. Contrary, if EF lies inside the bandgap as in the case of a fully
populated EV B , one must distinguish two kinds of materials insulators and
semiconductors. (ii) A key signature of insulators stems from little or no
electron mobility since all energy levels are occupied and electrons cannot move
within the band. (iii) In a semiconductor it is possible however to observe
electron transitions from EV B to ECB for a given finite temperature e.g. at
room temperature kB T ≈ 25 meV. Distinction between a common insulator
and a semiconductor may be sometimes arbitrary. Generally for an insulator,
the bangap must be considerably larger than thermal energy to hinder electron
transition from one band to the other. Nonetheless, a semiconductor electrical
conductivity is still far limited unless additional elements are provided in a
process known as doping.
Transition of electrons in semiconductors from electronic bands also occur
in non equilibrium situations such as when light excitation with energy larger
than the bandgap is received by the material. Semiconductors are also classified having direct bandgap (e.g. GaAs) i.e. minimum of the CB lies at the
Γ position in reciprocal space or indirect bandgap (e.g. Si) when otherwise.
Recombination of electrons and holes in direct bandgap semiconductors may
occur to give off light, a fundamental principle to used characterize semiconductors in the present work. The emission wavelength of light is determined

2.2. THE QUANTUM DOT (QD) SYSTEM
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by Eg . For indirect bandgap semiconductors this recombination must be aided
by phonon interactions, that makes them less unlikely to emit light.

2.1.3

Low dimensional systems

When the size of the material is reduced the density of states changes
accordingly. The effects of size in
a semiconductor are strongly connected to the analysis of the nanostructures fabricated in this thesis.
One speaks of a confinement direction as the dimension that is reduced to the nanometer or even
angstrom scale. It can be achieved by
sandwiching the material in question Figure 2.5: Density of states in low diby other semiconductors with larger mensional systems
energy gap, such that the confinement is not only spatially but also energetically.
An illustration of the density of states for semiconductors with different
dimensionality is shown
in fig. 2.5. For a bulk material (3D) as previosuly
q
shown D3D (E) ∝ E − EC,V . If only one dimension is reduced the solid is
called a thin film or quantum well such that D2D (E) ∝ θ(E − EC,V )E,
where θ is the unit step function. Alternatively a quantumqwire is a system
confined along two directions which exhibits D1D (E) ∝ 1/ E − EC,V . The
ultimate confinement along the three directions is achieved by a quantum
dot that yields discrete energy levels i.e. D0D (E) ∝ δ(E − EC,V ).

2.2

The quantum dot (QD) system

Quantum confinement becomes apparent when the size of the solid becomes
of the order of de Broglie wavelength of electrons. As in the case of common
semiconductors λDB ranges from 1-100 nm due to their small effective masses
using eq. 2.9 [35], comparable to the size of a dot.
λDB = q

h
3m∗e,h kB T

(2.9)

A quantum dot is a semiconductor structure whose reduced size results in
a discretization of its energy levels and strong interaction between the carriers.
These two features are the reason for their sought unique emission properties
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and hence this section is dedicated to condense the underlying physics behind
them. More is discussed later on on the controlled synthesis of QDs; in the
work in place QDs are formed via self-assembly epitaxial methods (refer to
nucleation on section 2.3 on epitaxy).

2.2.1

Energy levels in a QD

Models for the electronic structure of a quantum dot can be obtained solving
eq. 2.3 using two alternative potential approximations: (i) the (in)-finite
potential well (ii) the simple harmonic oscillator.
(i) For the infinite well i.e. V (r) = 0 inside the well and infinity at the
walls, the size of confinement Lx , Ly , Lz (∼ few nm ) and small effective mass
largely spaces discrete emergy levels inside the well meV apart. An expression
for the dispersion relation can be found following similar steps to those in
section 2.1.2:

E(k) =

ni π
~
(kx2 + ky2 + kz2 ); where ki =
, i ∈ {x, y, z}, ni ∈ N.
∗
2me,h
Li

(2.10)

In the model of a finite potential well, delimited at the boundaries and illustrated on left of fig.
2.6, the eigenfunctions can also "leak"
into the outside. More importantly,
the energy levels are greatly influenced by the depth of such a well
(∆U ). The stronger the lateral confinement (smaller L) the wider the
spacing between energy levels; on the
other hand, the deeper the confinement (larger ∆U ) the more number
of levels within the well that can be
observed [16]. Moreover, QDs can ex- Figure 2.6: Approximations to the pohibit different shapes and sizes. Ap- tential inside a QD
proximations to symmetric spherical
shapes have established a minimum QD radius for full carrier confinement (one
[16]. An estimate for the minimum radius in
electron only) rmin < √ π~∗
2me ∆U

InAs QDs on GaAs gives nearly rmin ≈ 6 Å [16].
The varying shapes of a QD effectively modify and curve the potential felt
by the electrons within. It is then a good idea to explore a more complex
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model with curved potential. (ii) When applied to the Hamiltonian, the harmonic oscillator potential (analogous to the classical Hook potential) yields
the following discrete eigenenergies [32],
E(n, l) = (2n+ | l | +1)~ω0 , where n ∈ N, l = [0, ±(n − 1)].

(2.11)

Eq. 2.11 is expressed as a function of two quantum numbers similarly to
the conception of shells (see right of fig. 2.6). The principal n denotes the
energy levels equally spaced by an amount ~ω0 and l, the azimuthal number,
is labeled correspondingly as orbitals s (l = 0), p (l = 1), d... . Each of the
shells can only be occupied with a pair of electrons that must have opposite
spin according to the Pauli principle. These models do not unfortunately take
into account other important factors such as strain or composition of a material
that also play a role in the emission of a QD.

2.2.2

Excitonic emission and fine structure

This passage describes the light emission from a QD, central in the investigation of its optical properties.
All must begin with an excitation source e.g. a non-resonant source which
excites above bang gap energy. The light source pumps carriers to the continuum of states above the well so-called wetting layer. Thereafter relaxation
processes make electrons come down to the well in the CB. When electrons are
able to recombine with the vacancy left in the VB (hole) the resulting energy
is given off in the form of light. The wavelength of this light can be tuned
based on the effective energy band gap (Eg(eff) ) that arises between the two
levels as in fig. 2.6.
In the case of a QD the
strong carrier confinement generates new pseudoparticles via
Coulomb interaction. An electronhole pair sitting the s−levels will
experience an energy increase in
its bound state and can be now
called an exciton. The discrete
emission of an exciton is characteristic by its very narrow bandwidth, of the order of µeV [16];
Figure 2.7: Exciton, biexciton and ground hence the term artificial atoms to
refer to QDs after their resemstate inside a QD
blance to atoms’ narrow emission. Alternatively if the s−state is fully occupied another bound state arises.
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The so-called biexciton is more tightly bound than the exciton due to stronger
Coulomb interaction and thus lies at a higher energy. Note that other excitonic
species with an odd number of carriers such as trions are also mentioned in the
literature. The random direction of emission is also similar to that of atoms
so collection efficiency approaches must be realized (see section 2.2.2)
Fine structure splitting and decay cascade
In reality, excitons are degenerate energy levels. Interesting effects happen
when the spin configuration of a singlet (pair of carriers) is taken into account. This description is essential to later understand the formation of pairs
of entangled photons from a QD.
The spin-spin interaction, denoted as ∆H, lifts the degeneracy between
the exciton states and determines if the exciton is optically active (bright
exciton, Jz = ±1) or not (dark exciton Jz = ±2) as shown in fig.2.8. Here Jz
represents the total angular momentum of the singlet. For the sake of simplicity
this discussion is only concerned with emission resulting from optically active
pairs.
Bright excitons are again energy
degenerate if no magentic fields are
applied or if the shape of the dot is
symmetrically spherical. Often times
the degeneracy of Jz = ±1 is lifted
by the asymmetry of the QD after
its formation. The difference between
these non-degenerate energy levels is
referred as the fine structure splitting
(FSS).
Selection rules forbid a transition
from the biexciton level straight into
Figure 2.8: Energy degeneracy of exci- the ground state. Instead the transitonic states lifted by the spin-spin cou- tion occurs by first falling into the exciton state and later relaxing into the
pling
ground state. This two-step-system
is coined the exciton-biexciton cascade as shown on fig.2.9a. For a negligible
FSS polarization calculations show opposite polarization in the decay paths.
The observer is thus unable to find which decay path has been followed and
photons are considered to be entangled. To minimize energy losses from exciton recombination QD single photon experiments are usually carried at notably
low temperatures such that phonononic interactions are also supressed.
However if spherical assymetry is present, as discussed earlier, the exciton
level shifts by an amount FSS of the order of µeV [17] and the resulting emission
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(a) Cascade without FSS

(b) Cascade with FSS

Figure 2.9: Exciton-Biexciton cascades withour and with FSS. Their corresponding emission is illustrated underneath where FSS leads to a visible shift
in energy
can be distinguished in energy according to the cascade illustration in 2.9a. If
two individual photons are emitted from the biexciton the decay path will no
longer be indistinguishable, an intrinsic requirement to form entangled photons
presented in section 2.4.4.
The cascade constitutes thus a fundamental system in the generation of
entangled photons as long as the FSS is minimized or below the detection
limits of the measuring devices.

Chapter 3
Epitaxy and photonics of semiconductors
One of the main challenging tasks in the processing of semiconductors during
the 1960s [26] was to achieve low cost, high purity crystals and low dimensional
structures. The revolution came with crystal re/growth, a technique known
as epitaxy, from the greek epi (upon) and taxis (order) that set the motion
forward for compound semiconductors. In this chapter a review on epitaxial
growth and the technique used to produce QDs is given.

Epitaxial techniques
Compound semiconductors such as III-V elements e.g. InGaAs, AlAs,InP...
can be grown with a variety of epitaxial techniques. In the past, only layers
with equal crystalline structures to the substrate could be grown on top (homoepitaxy). Nowadays a wide myriad of compounds with different lattice constants can be grown (heteroepitaxy), which effectively results in devices having
a trade-off between strain energy and defects in their epi-layers. In epitaxy, the
crystal grower deals with a controlled transition from either gas (vapour phase
epitaxy, VPE) or liquid (liquid phase epitaxy, LPE) to a crystallized solid [16].
Ultimately, the formation of crystals is explained thermodynamically through
stability regions in phase diagrams i.e. when the species in the mixture are
in phase equilibrium; a more detailed description of the chemistry on crystal
growth is given by U. Pohl [16].
VPE systems are grouped based on their gas precursors and the temperature regime during which growth occurs. Metal Organic Vapor Phase Epitaxy
(MOVPE) makes use of diffusion and mass transport at the interface while
using organo-metallic compounds as the chemistry source. Physical vapour
deposition systems based on ballistic transport in ultra high vacuum, namely
Molecular Beam Epitaxy (MBE), are also widely used for growth of semiconductor layers. In the industry, MOVPE is considered the preferred method to
create layers of semiconductors due to its strong versatility high-throughput,
reproducibility and lower costs [26]. Devices produced by MOVPE range e.g.
from injection lasers to highly efficient solar cells. In the following sections,
we will evaluate some of the key characteristics of MOVPE and its ability to
make low dimensional single photon sources.
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3.1

Metal Organic Vapor Phase Epitaxy
(MOVPE)

MOVPE is otherwise known by its general name of chemical vapor deposition or MOCVD and other permutations of the name (OMCVD, OMVPE).
The CVD acronym however includes deposition of polycrystalline, or amorphous films [36]. For this reason, the term MOVPE is used hereafter since
it only refers to the growth of crystalline films on top of a crystalline substrate, in agreement with the structures grown for this thesis. MOVPE is
based on non-equilibrium reactions above a substrate between metal organic
and hydride precursors. The resulting crystals incorporate into the lattice via
mass-diffusion transport.

(b)

(a)

Figure 3.1: (a) Pyrolisis (organic decomposition upon heating) of several precursors. Image from U. Pohl [16]. (b) Diagram of growth processes inside
MOVPE reactor. Homogeneous reactions (mainly diffusion and partial decomposition). Heterogeneous reactions occur at the interface: (1) Adsorption,
(2) Desorption, (3) Surface reaction and incorporation into lattice, (4) Nucleation (5) Attachment to step (6) Diffusion on the surface and away from
it.
In MOVPE the metalorganic precursors (MOs) consist of a metal atom
attached to an organic radical (alkyl). Examples are mostly group III carriers
namely TMGa (Ga(CH3 )), TMIn (In(CH3 )3 ) TMAl (Al(CH3 )3 ) and TEGa
(Ga(CH2 -CH3 )). It is important to mention that MOs are compounds whose
vapor pressure depends exponentially on temperature following equation 3.1
given parameters a and b (tabulated for each compound) [16],
log(pDM O ) = a − b/T.

(3.1)

Hydrides, such as phosphine PH3 or arsine AsH3 , contain the group V elements and although they are stored as liquids in bottles, they are released as
gases inside the reactor. Efforts are being made into using less toxic group V
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carriers by substituting them by metal organics e.g. TEAs or TBAs [16]. Precursors are transported with hydrogen (carrier gas) through the MOVPE lines
down to a reactor module heated to high temperatures where the substrate
lies. Inside the reactor metal organics and hydrides react via pyrolis (thermal
decomposition) as follows e.g.
Ga(CH3 )3 (g) + AsH3 (g) −−→ GaAs(s) ↓ + 3 CH4 (g) ↑
It should be noted according to fig. 3.1a that the longer the alkyl chain, the
smaller the temperature needed for decomposition and release of the metal
atom into the lattice of the substrate. These reactions are cathalytic and require an environment with an excess of hydrogen. The degree of decomposition
of the precursor is not only dependent on its binding energies but also on the
temperature and pressure inside the chamber.
Growth parameters in MOVPE
In this section parameters that vary MOVPE growth conditions are discussed.
These are important not only during layer growth but also affect the ripening
and formation of QDs.
Gas flows (Q) are usually given in sccm (standard pressure cm3 · min−1 )
but velocities of the gas can also be modified. Relatively low flow velocities and
laminar flow are ideal for growth inside the reactor [26]. However, because of
the non-equilibrium conditions, studying growth processes becomes a complex
task and most of the gained information comes often from computer modeling.
An understanding of the growth rate (r) can be derived using the model of
a stagnant layer [16]. Although theoretically incorrect from a hydrodynamics
point of view [26] it paves the way for a first good approximation of the growth
rate inside a reactor,
s

r ∝ pM O

vf low
ptot

(3.2)

where the total and partial pressures of gases are denoted ptot and pM O
respectively and vf low is the velocity of the flow.
Temperature is an important parameter in MOVPE growth due to the
non-equilibrium conditions as illustrated in fig. 3.2. In region I a strong effect
on temperature is observed governed by kinetics. Growth speed increases as
the surface reactions overcome their activation energy (Arrhenius behavior) by
increasing temperature. Even though there is enough incoming material from
the precursors, it is not yet efficiently incorporating into the lattice. Region II
is dominated by mass-transport and limited by the arrival of precursors. This
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is the regular mode of growth in MOVPE since most (if not all) of the incoming material is incorporated into the lattice. Growth here takes place mostly
through diffusion and at a rather constant rate for a particular interval of temperatures dependent on the precursors. Finally, in region III thermodynamics
plays a major role by decreasing the growth speed; due to high temperatures
desorption from the lattice and parasitic deposition on the walls occurs [16].

Figure 3.2: Temperature dependence of MOVPE growth rate. From right to
left, region I is governed by kinetics; region II has a constant growth rate due
to mass-transport and diffusion and region III is driven by thermodynamics.

Another important parameter to vary relates to the partial pressure of
the precursors. The grower speaks of V/III as the ratio of the partial pressures (or flows) between group V and III elements inside the reactor. Since
group V elements are rather volatile an overpressure of group V is needed. A
high V/III ensures good crystalline quality and stoichiometry on the sample.
The constant evaporation of group V makes growth occur under slow incorporation of group III elements [37]. Lastly substrate rotation is required
for growth uniformity across the wafer. Double rotation was used where the
susceptor part and wafer holder rotate at the same time.

3.1.1

Thin film growth and lattice mismatch

The theory behind the formation of quantum dots exhibits an interdisciplinary
character. Three growth modes can be distinguished inside the MOVPE reactor under the assumption that adatoms can nucleate and form larger ensembles that may crystallize: island formation, conventional layer growth
and layer + island growth (QD formation). To gain insight into these
growth processes fundamental models of thin film growth and nucleation are
discussed in this section categorized through thermodynamics, which relates
to the feasibility of processes to occur.
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Thermodynamics of QD growth
The theory of capillarity in a saturated solution provides a qualitative picture
of nucleation that allows understanding of formation of QDs. Homogeneous
nucleation refers to the formation of a new phase of a material within the
same substance e.g. supercooling condensation of water in the atmosphere
[38]. However, phase transformations, such as those occuring in MOVPE,
generally occur on some nucleation site like a semiconductor substrate with
several facets. These events form part of heterogeneous nucleation and
they are thus more important to this discussion.
Analysis of heterogeneous nucleation begins with the the diagram in fig.
3.3, θ is the wetting or contact angle of a nucleus with radius r.

Figure 3.3: Nuclei formation diagram with surface energies, γsv , γf v and γf s ,
are depicted by red arrows. Labels in f, s and v stand for film, substrate and
vapor respectively.

The formation of a nucleus will be given by the total free energy change
as stated by eq. 3.3 [38]. In this case, growth concerns the deposition of a
saturated vapor and condensation into solid form; this is accounted by the
change in free energy of phase from vapor to solid given by ∆Gv . The total
free energy change is defined by
∆G = a3 r3 ∆Gv + a1 r2 γf v + a2 r2 γf s − a2 r2 γsv .

(3.3)

Surface energies (γ) between the different interfaces are labeled by substrate
(s), film (f) and vapor (v), such that γsv , γf v and γf s are present in the former
equation with their constant terms summarized in table 3.1 from [38]. Each
contribution adds up as the radius of the nucleus increases except for the
last term in eq. 3.3, where an increase of the radius diminishes the available
substrate-vapor interface energy and hence the subtraction to the total free
≤ 0 and an
energy. For the nucleus to be stable it is required that d∆G
dr
∗
expression for the critical radius (r ) [38] is calculated to be,
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Table 3.1: Prefactors in terms of free energy in eq. 3.3
Term

Origin

ai

a1 r 2
a2 r 2
a3 r 3

Related to the curved surface
Related to contact interface
Related to the volume

2π(1 − cosθ)
πsin2 θ
π
(2 − 3cosθ + cos3 θ)
3

−2a1 γf v + a2 γf s − a2 γsv
(3.4)
3a3 ∆Gv
Inserting the former into eq. 3.3 the resulting critical energy (∆G∗het ) [38]
is given as,
r∗ =



∆G∗het



16πγf3v  2 − 3cosθ + cos3 θ  16πγf3v
=
· f (θ)
=

3∆Gv 
4
3∆Gv

(3.5)

which represents the barrier for stability of a nucleus as displayed in fig.
3.4. It should be noted that homogeneous nucleation (∆G∗hom ) is nothing but
a degenerate case of the latter where, ∆G∗het = ∆G∗hom f (θ). As extrapolated
from fig. 3.4 the higher barrier for homogeneous nucleation hinders it from
happening inside a uniform substance compared to the more readily occuring
(low energy barrier) heterogeneous nucleation on a substrate site.
Two extreme cases of theta are
observed in eq. 3.5. When θ → 0 i.e.
f (θ) → 0 and ∆G∗ → 0 meaning that
even the slightest atom deposited on
a substrate has no energy barrier to
overcome and its deposition is feasible. On the contrary, ∆G∗ is maximized to the homogeneous case as
θ = π i.e. f (θ) → 1. To examine the cases in between these two
extremes a closer look is done using
the contact forces and surface tenFigure 3.4: Graphical comparison be- sions experienced by a nucleus once
tween free energies of homogeneous deposited on the substrate, as shown
and heterogeneous nucleation given the in fig. 3.3. These forces lead to equilibrium and add up to the formation
same critical radius.
of a lens shape. They can be expressed by Young’s formula [38] in eq. 3.6 which is nothing but Fx =0 at
equilibrium.
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γsv = γf s + γf v · cosθ.

Substrate

(a)
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(3.6)

Substrate

Substrate

(b)

(c)

Figure 3.5: Growth modes based on nucleation (a) Vollmer-Weber-growth (b)
Frank-van der Merve-growth and (c) Stransky-Krastanov-growth.

Often times the spherical nuclei may loose their shape and have a truncated
or pyramidal morphology instead e.g. resulting from weight of a capping layer
[39]. Different growth modes can be established as shown in fig. 3.5 by analyzing Young’s formula:
• Island growth or Vollmer-Weber growth occurs when there is partial
wetting 0 < θ < 180 and γsv < γf v + γf s . Assuming the film is similar to
the substrate (γf s ≈ 0) then γsv < γf v ; in other words, the system tends
to have more area of the substrate exposed to the vapor interface and
thus it minimizes energy by forming islands/nuclei.
• The Frank-van der Merve or conventional layer growth occurs when
θ ≈ 0 and γsv ≥ γf s + γf v . This results from a tendency of the nuclei
to removing the substrate interface in direct contact with vapor and an
increase of the thin film surface exposed.
• The Stranski-Krastanov growth mode, also called S-K mode, is a hybrid between the former modes. It consists of a transition between 2D
layer formation to 3D island growth. In this situation a thin wetting
layer can be achieved on the substrate when γsv > γf s + γf s . A turning
point takes place when the term γf s grows as the monoloayers continue
to form, for instance due to accumulation of strain energy. Finally, at
the onset γf v << γf s island growth begins to occur to maximize area
exposed and release strain.
Since the S-K growth is of importance for the formation of quantum dots a
closer analysis on the strain energy is elucidated. Before nucleation, all stress is
present in the grown layers (Gs1 ); but upon island formation strain is released
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in the form of plastic relaxation (Gs2 ). The change of strain energy per unit
volume (∆Gs ) must then be added to total free energy in eq. 3.3. It is defined
as,
1
∆Gs = Gs2 − Gs1 = (2 − f 2 )Y h
2
where Y is the Young modulus
and h the height of the wetting layer.
More importantly, f is the lattice
mismatch between the epi-layer and
substrate (f = (af − as )/as ) and  is
the strain after island formation. For
a simplified nucleus with a perpendicular wetting angle (θ = 90o ) the
total free energy in eq.3.3 simplifies,
from which the critical radius can be
found:

r∗ = −

[γf v − 21 (2 − f 2 )Y h]
∆Gv

(3.7)

a wetting
(3.8) Figure 3.6: S-K growth with
layer of critical thickness h∗

Using this radius one can similarly calculate an expression for the critical free energy ∆G∗ that dictates
the growth behavior. Large values of ∆G∗ would imply that layer growth
must dominate. As the wetting layer grows and strain accumulates the barrier
∆G∗ begins to decrease in favor of island formation. Finally, for r∗ → 0 in
eq. 3.8 island formation turns always energetically favorable, meaning that
the slightest atom arriving to the surface must favor nucleation as opposed to
continue layer growth mode. One can thus calculate the critical thickness of
the wetting layer underneath, also called onset of S-K mode,
h∗ =

2γf v
.
(2 − f 2 )Y

(3.9)

It can be noticed that strain is the driving force of QD formation, where
the amount of strain will also play an influence in the emission wavelength
[16]. The resulting QDs also vary on their size after achieving thermodynamic
equilibrium through Ostwald ripening (large nuclei grow at the cost of small
ones). For a QD to emit growth of a capping layer with similar materials is
needed to avoid surface recombination of carriers.
Though it lies beyond the scope of this project the processes involved in
the growth can be also described by kinetics. Nuclei growth can occur via
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deposition/impingement of atoms on a nucleus or addition of adatoms previosuly attached to the substrate or layer. Formation of nuclei in the S-K mode
follows then the rate (N ∗ ) in eq. 3.10,
N ∗ = ns · exp(−∆G/kB T )

(3.10)

The distance such a nucleus travels on the surface must depend on the
surface diffusivity and the ripening time τs i.e. the time an adatom spends
on the surface before it desorps. These parameters are important for epitaxial
layer formation and quantum dot modeling.

3.2

Photonics of semiconductors

Optical fiber displays absorption minima at so-called telecom wavelengths 1.31
µm (O-band) and 1.55 µm (C-band) [22]. Consequently the devices fabricated
in this project with MOVPE are designed to emit photons within the telecom
C-band. A review on compounds formed with In(Ga)As is given in this section
along with an outline for the suggested structures in which InAs QDs are
embedded.

3.2.1

Bandgap engineering and lattice accommodation
for telecom emission

An excellent choice of materials for fiber-optic applications are III-V compound semiconductors whose bandgap tunability offers versaility in several
wavelengths as shown in fig. 3.7a. More importantly for this discussion is the
concept of bandgap engineering possible via the use of nanostructures (QDs,
quantum wells...) as discussed in the previous section and the application or
reduction of strain via alloys.
Two binary materials and their alloys were mainly used in this work: GaAs
and InAs with lattice parameters aGaAs = 5.6533 Å and aInAs = 6.0583 Å
respectively [31]. This gives a mismatch between the two materials alone that
is relatively high ∼ 6.7% and would be subject to defects in the structure. In
the case of the pseudobinary alloy Inx Ga(1−x) As, its lattice parameter can be
interpolated linearly (Vegard’s law) where x is the amount of In content such
that
aInGaAs = xaInAs + (1 − x)aGaAs
= 6.0583 − 0.405 · x [Å]

(3.11)
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(a) Diagram semiconductors

(b) The MMBL approach

Figure 3.7: (a) Emission of several compound semiconductors and their lattice
constant from M.Paul [31] (b) Illustration of Metamorphic Buffer Layer to
achieve InP lattice constant and reduce mismatch
Examination of the direct bangap energies at Γ show differences in bulk
GaAs and InAs with Eg (GaAs) = 1.54 eV and Eg (InAs) = 0.36 eV at room
temperature [16]. Their emission after excitation lie in opposite sites of the
infrared spectrum (∼ 805 nm and ∼ 3450 nm, respectively). As described in
the previous section of thin films, the strong lattice mismatch between bulk
InAs on GaAs materials leaves no choice but to form quantum dots through
the Stranski-Krastanov mode, where compressive strain is the driving force.
For pure InAs QDs on GaAs (001) the critical thickness of the wetting layer
(h) has been reported to be on average 1.7 ML [31].
InAs QDs exhibit on the other larger effective bandgaps than their bulk
counterparts. Capped InAs QDs directly on GaAs(001) reports have shown
spectra with emission at 10K with ∼ 1.36 − 1.3 eV or 910 − 950 nm [28]
evidencing a considerable emission blue-shift from an increase of the bulk InAs
bandgap. The challenge is thus to red-shift the emission of InAs QDs up to
1550 nm bearing in mind that emission is strongly dependent on composition,
strain, size and shape. Some of these parameters can be adjusted controllably
during epitaxial growth.
Although the substrate explored in this project is GaAs based, InP substrates (aInP = 5.87 Å) are also commonly used in industry. The smaller
lattice mismatch between InAs/InP (∼ 3.2%) results directly in larger emission wavelengths that lie in fact within the telecom C-range [40]; however InP
substrates are more brittle and expensive than GaAs. Moreover, InP would require a larger number of pairs of lattice matched mirrors necessary to increase
the extraction efficiency of the emitted photons (section 3.3.1) compared to
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GaAs-based substrates. The novel alternative utilized in this thesis and recently reported [22],[41], is the use of a pseudomorphic layer on GaAs onto
which the QDs are grown. This layer is termed the Metamorphic Buffer
Layer (MMBL) with Inx Ga(1−x) As graded in composition of In. An MMBL
acommodates the strain and releases it in the form of relaxation. Defects along
the layer are expected but a low density of QDs should avoid the likelihood
of them being affected. The purpose of the MMBL is to modify its lattice
structure such that the end composition of the MMBL simulates an appropriate lattice constant for the film to result in emission of wavelengths within
the C-band. Problems from this layer may arise due to trapped charges and
defects that occur after plastic relaxation. Other methods, alternative to the
MMBL, are e.g. the use of an InGaAs strain reducing layer (SRL) as a capping
of the structure or partial capping and annealing during growth [16]. These
approaches lead to relaxation of the dots by incorporation of Ga atoms from
the capping (alloying of dots) and shift the emission to the telecom window.

3.3

Enhancing extraction efficiency

The stark refractive index difference between the dots-semiconductor matrix
and air generates internal reflection of photons for most of the QD emission.
Moreover, the lack of directionality also limits the collection efficiency of the
photons. One of the tasks tackled in this thesis relates to increasing the counts
of QDs photons by means of mirrors, weak planar cavities and parabolic reflectors.

3.3.1

Distributed Bragg Reflectors (DBRs)

A Dielectric Bragg Reflector (DBR) is a stack of alternating semiconductor
layers with a high refractive index contrast that act as mirrors over a range of
wavelengths. DBRs offer the possibility to enhance the emitted light from the
dots by multiple beam reflection and constructive interference at the desired
wavelength.
In order to generate cumulative constructive interference from reflections at
d·λ
each of the interfaces the phase difference for one layer, defined as ∆φ = 2π
λ
must be an integer of π for one of the layers in the pair. Thus the product
d · λ (also called optical thickness) for each of the semiconductor layers must
be a quarter wavelength where d is the thickness of the layer. According to
the Fresnel equations, reflection r and transmission t coefficients for a thin film
are expressed as,
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(b) Reflectivity Plot

(a) DBR illustration

Figure 3.8: (a) DBR pairs in medium with n0 where incoming (t) and reflected
(r) light at each interface carries a π shift due to n1 < n2 . If the total thickness
of one pair equals λ constructive interference takes place (b) For a GaAs-AlAs
DBR simulation show that R = 99.98% is already achieved with 20 pairs

r=

2n1
n1 − n2
and t =
,
n1 + n2
n1 + n2

(3.12)

where n1 , n2 are the refractive indexes of the incoming and transmitted
media as in fig. 3.8a. For multilayer structures it is customary to model
reflectivity using the transfer matrix method [42] that employs the following
matrices
"

#

"

#

1 1 r
exp(i(2π/λ)ñd
0
Tint(i|j) =
and Tlayer(i) =
.
0
exp(−i(2π/λ)ñd)
t r 1
(3.13)
Tint(i|j) carries information about the left and right propagating fields across
two particular semiconductor interfaces i and j, whereas Tlayer(i) describes the
phase of the wave at any point inside a layer i with complex refractive index
ñ = n + ik. These matrices are easily compounded into a so-called scattering
matrix S for a given number of pairs (m) and implemented into a MatLab
script. For instance, a DBR with an air interface and m number of pairs
should have a scattering matrix S = Tint(air|1) (T1ayer(1) Tint(1|2) )m such that the
reflectivity coefficient (without absorption from the material) is given by,


R =| rtot

2

| S21 |2  1 − (n0 /n1 )(n1 /n2 )2m 
|2 =
=
.
| S11 |2
1 + (n0 /n1 )(n1 /n2 )2m

(3.14)
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where n1 n2 are the low and high refractive indexes materials respectvely
and n0 denotes the refractive index of the medium outside (air in this case).
A characteristic feature of reflectivity measurements of a DBR is not only
its enhanced central wavelength (λC = 2(n1 d1 + n2 d2 )), but also the spectral
width, termed stopband, (∆λ) that enhances nearby wavelengths. The relative
spectral width of the stop band is dependent on the refractive index contrast
(∆n = n2 − n1 ) as follows [42],
4 | ∆n |
∆λ
=
.
λC
π n1 + n2

(3.15)

For the present work 20 pairs of GaAs-AlAs were used. GaAs-AlAs layers
were chosen due to their high refractive index contrast and small lattice mismatch between a pair (0.13%) [31]. From eq. 5.1 and fig. 3.8b it is easy to
observe that high reflectivity is achieved already for a small number of pairs,
unlike in the case of using InP substrates.

3.3.2

Photonic cavities and Top DBR

Ideally, a further increase in the extraction of photons is achieved by embedding
QDs inside a 3-λ cavity. Once there is a relatively good growth control of the
thicknesses in the semiconductor structure cavity effects can be explored.
A photonic cavity (or resonator)
is formed when the QDs lie at the
antinode of the standing wave of the
electromagnetic field. The thickness
between the DBR below the dots and
the semiconductor-air interface must
then be a multiple of the emitted λ
in vacuum (1550 nm). Cavity effects
result in an increase of the estimulated rate of QDs through resonant
coupling of the excitation with the
exciton states. The increase of the
the spontaneous emission is a pheFigure 3.9: Reflectance simulation of 3- nonmenon known as the Purcell efλ-cavity formed by two DBRs (inset). fect (F), [25] and quantified by an inCavity dip due to resonance coupling is crease factor of,
marked by an arrow.
 3

3 Q λ
F = 2  .
4π V n

(3.16)
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In the latter, V is the mode volume of the cavity or the spatial confinement of light in a volume measured in units of (λ/n)3 ; while Q is the quality
factor inside a resonator, a parameter describing the ratio of gained to lost energy after excitation. High Purcell factors are thus achieved for low resonator
volumes and high quality factors, as in the case of micropillars or photonic
crystals [25]. Only for a bottom DBR, as in the current structure, a very small
Purcell factor is expected since since only a low Q factor arises from a small
number of mirror pairs [27]. A top dielectric DBR on the 3λ−cavity with pairs
of amorphous films (e.g. SiO2 and Si3 N4 ) could be used in this work to increase
the Q factor and enhance extraction efficiency. Note that a condition for light
to exit the structure involves the lower reflectivity of the top DBR compared
to the bottom.

3.3.3

Parabolic Reflectors

The multidirectional QD emission demands an attempt to collimate the photons and allow more of them to escape the bulk crystal. An approach is to
embed the QDs close to a mirror that deflects the photons towards a focal
point, such as parabolic reflector.
Reports on parabolic mirrors have
show efficiencies close to unity for
several single photon sources e.g. in
colloidal quantum dots emitting in
the IR [43] and diamond-defect centers [44]. Fabrication of parabolic
reflectors is compatible with epitaxially grown QDs and requires several processing steps. First, the sample surface needs to be coated with
photoresist and patterned. Then, reflowing the resist leads to the desired
paraboloid shapes. The profile with a
designed focal length (f ) can then be Figure 3.10: Cross sectional illustration
transferred onto the epitaxial struc- of parabolic reflector with a QD at the
ture by means of dry etching. In focal length and light being collimated
three dimensions, the profile is approximated to that of a circular paraboloid with [45],
r2
z(r) =
4f

(3.17)

Ultimately, a layer of gold evaporated on top acts as a mirror and pro-
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vides directionality. An illustration of the cross section of a resulting telecomreflector is shown in fig. 3.10, where the substrate was removed to access
the QD with the laser excitation. These types of membranes can be formed
on piezo-electric substrates that would allow slight tunability of the emission
wavelength of the QDs, as previously shown in similar telecom membranes in
[41],[46].

3.4

Single-photon emission

As a final remark, this section discusses characteristic properties necessary to
understand the importance of light emitted from a single photon source. Light
sources can fundamentally be distinguished into classical, such as thermal light
or lasers and non-classical light.

(a) Probability distributions

(b) Categories of light

Figure 3.11: Light can be differentiated by the (a) probability distributions the
photons and inset with Hanbury Brown and Twiss set up; and the (b) photon
correlation function (illustration of photons in the inset is attached)
Thermal light sources have always been available ranging from a light bulb
to the sun light itself. It was not only until the invention of the laser in 1960
that the distinction between light categories became clearer with the help of
statistical analysis. Fig. 3.11a shows an illustration of the probability distribution for finding n number of photons in the three kinds of light. For thermal
light, the probability of finding any amount of photons in the distribution is
rather similar regardless of the number of photons; this must mean that photons can ’bunch’ together as they are emitted (bunching effect). On the other
hand, laser light with its coherent emission has a distribution whose photon
population is more deterministic i.e. for a repeated number of measurements
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one would likely find the same number of photons. In turn, non-classical
light has an even sharper deterministic distribution. It consists of not only individual photons, but also light exhibiting the quantum phenomenon of photon
anti-bunching (otherwise forbidden classically). Sources emitting non-classical
light are for instance single photon sources.
To elucidate the differences between these sources one can imagine the
following set up (Hanbury Brown and Twiss, HBT) with a 50/50 BS and
two photodetectors as in the inset of fig. 3.11a. A correlation measurement
(likelihood of coincidences), denoted g (2) (τ ), can be made between the photons
arriving on detector A and those arriving on detector B; where τ is the time
delay between coincidences. Thermal light exhibits increasing coincidences
as the time delay between these is reduced. The reason for this stems from a
higher probability of photons arriving together to the detector due to bunching;
hence thermal light is particularly described by g (2) (0) = 2. Laser light displays
instead photon coherence, which results in a constant correlation g (2) (τ ) = 1
for all time delays. On the other hand non-classical light is observed to
have a decreasing coincidences with decreasing time delay. It is characterized
by showing no correlations if the time delay is zero (g (2) (0) = 0) i.e. after the
beam hits the BS, photons never click the detectors together since one photon
is indivisible.
Though measurements of the correlation parameter lie beyond the scope
of this work, they are highly important in the field of quantum information.
Non-classical light, e.g. single photons, can be utilized as qubits that encode
information in their quantum state. Qubits are able to display phenomena
like entanglement, another required property for long distance communication.
However, maintaining a high fidelity in the entanglement across a system of
qubits is a difficult task. As seen in section 2.2.2 the exciton-biexciton cascade
in QDs offers an alternative by naturally emitting pairs of entangled photons.
This has attracted the attention of the scientific community and thus the need
for efficient and bright QD sources.

Chapter 4
Method and Techniques
The fabricated samples with MOVPE containing the QDs need to be characterized structurally and the semiconductor layers can be fully investigated
using SEM, AFM and HRXRD, techniques discussed in the beginning of this
section. Secondly, photoluminescence techniques are used to characterized
optically QDs and layers in the bulk semiconductor. In the last section, processing of the samples to form thin telecom-membranes summarize details of
the fabrication method.

4.1
4.1.1

Characterization and Processing
Structural Analysis

Scanning Electron Microscope
Scanning electron microscopy (SEM) is a widely available method to study
cross sections and material surfaces at the nanometer scale. SEM functions
similarly to an optical microscope by focusing an electron beam and rastering
the sample. However the limitations imposed by visible light are overcome due
to the much shorter de Broglie wavelenght of electrons (λvis /λe ∼ 105 ). This
allows high magnifications in comparison to optical microscopy ∼ 1000x [47].
The resolution of this device improves as a trade-off between parameters such as brightness (voltage dependent), probe diameter and probe
current among others. Further characteristics of SEM are its large depth
of field or 3D appearance and simple
sample preparation.
Essential components and detectors of an SEM can be observed in
fig. 4.1. To emit and receive a signal
from electrons the sample must be
Figure 4.1: Diagram of main compo- inside a chamber with high vacuum. At the top of the SEM column
nents in SEM
the electron gun is used to generate
the beam (10-40 keV) [47] either via
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thermionic emission e.g. Tungsten wire or field emission e.g. LaB6 . The latter provides a higher brightness compared to thermionic guns which affect the
resolution of the image, however a constant separate high vacuum for this gun
is required (∼ 10−9 torr) [47]. The beam is later shaped by electromagentic
lenses, so called condensers, and focused on the sample with the objective.
To raster scan across the sample a deflection-beam system incorporated in the
objective is used (scan coils). When the beam reaches the sample it creates
an interaction volume that reaches hundreds of nanometers below the surface.
The image is, thus, formed by analyzing either of the following signals with
their respective detector: (a) Backscattered electrons (BSE), elastically
scattered electrons ∼ keV, provide good compositional contrast whereby elements with higher higher atomic number will appear brighter on the screen;
(b) Secondary electrons (SE) result from inelastic scattering of the primary
electrons (∼ eV) and provide good topographical contrast. They can be detected with an Everhart Thornley (ET) detector by the application of a small
bias; (c) Characteristic X-Rays occur as incident electrons strike inner
shell electrons of buried atoms in the sample. These vacancies are inmediately
filled by outer shell (higher energy) electrons that give off characteristic X-rays:
a signature of each chemical element.
For the present work of this thesis samples were analyzed using a ZEISS
Ultra 55 in Electrum (Kista) and a FEI Nova 200 in AlbaNova (KTH main
campus).

Atomic Force Microscopy
Atomic force microscopy (AFM) is a
scanning tunneling probe technique that
measures near field forces (attractive or
repulsive) between a small tip and the
sample to image its surface. Near field
interactions circumvent the problem of
diffraction effects from light or electrons
and atomic resolution can be achieved ∼
0.1 to 3 nm [47]. A brief introduction to
this technique is given in this section.
A regular AFM set up, as observed
in fig. 4.2, consists of a movable sample
stage, a sharp tip (made of SiO2 or SiN) Figure 4.2: AFM main components
hanging from a cantilever and a laser and LJ potential
beam that reflects off of it. The cantilever
is deflected as a result from the strong force interaction between the tip and the
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sample and the laser’s deviation is measured with a photodiode array. A piezoelectric element is connected to the cantilever such that the tip can approach
the surface in a controllable manner or oscillate at its resonant frequency. Additionally an electronic feedback control is required to avoid crashing the tip
with the sample. Even though AFM does not require vacuum it still needs a
vibration isolated system to remove noise due to its high sensitivity.
The physical principle of AFM is based on the Lennard-Jones (LJ) potential
and its attractive and repulsive force regimes. Several modes e.g. static or
dynamic modes can be used to detect different surface properties. For the
purpose of this thesis, the widely used tapping mode was utilized, where the
a cantilever of micrometer size is tuned to its resonant frequency (ranging
from 5 to 500 kHz [47]) to slightly touch the surface and the oscillation is kept
constant by a feedback loop. As it raster scans across the sample the cantilever
experiences a frequency shift based on the attractive or repulsive forces on the
sample (see inset of fig. 4.2) i.e. amplitude of oscillation and phase will vary.
These parameters are later translated into characteristics of the surface such
as topography or composition/adhesion... Note that image artifacts may occur
when the tip is broken, there are large vibrations or the feature to be scanned
is smaller than the tip size (usually ∼ 20 nm) [47]. Two AFM systems were
employed for surface scanning: Commercial AFM/SSRM system (Kista) and
Bruker Dimension Fast Scan AFM (AlbaNova).

High Resolution X-Ray Diffraction (HRXD)
The periodic arrangement of
atoms in crystals can be studied based on diffraction patterns produced by the scattered waves on the sample.
These follow Bragg equation,
formulated as in eq. 4.1,

2dsinθ = mλ,

(4.1)

where d is the interatomic
distance in the lattice, θ is the
scattered angle, m is an integer and λ the probe wavelength which must be in the order of the interatomic
distance. The present discussion shortly verses on diffractometry, a commonly
employed non-destructive technique to analyze crystalline characteristics of
epitaxial structures.
Figure 4.3: Schematics of HRXRD set up
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An illustrative diagram of a HRXRD system is shown in fig. 4.3 with three
essential components common to an XRD system (1) the X-Ray source, (2)
the sample and (3) the detector. However, the term high resolution refers
to: (a) Highly monochromatic X-Rays using Kα1 (1.5443 Å in Cu) [47] and
obtained after passing the incident beam through a 4 bounce Ge (220) crystal;
(b) The control over multiple angles to align the sample (ω,2θ,ψ,z-axis); and
(c) A crystal analyzer in front of the detector. These features allow a triple
axis configuration, named after the three crystals the beam goes through,
namely Ge(220), the sample and the crystal analyzer. These reduce beam
divergence, increase its intensity and improve the overall resolution [47]. To
get a spectrum either the sample can be rotated around the incident angle
denoted as ω (rocking curve or ω-scan), the detector can be moved around the
goniometric circle (2θ-scan) or both at the same time: coupled scan (2ω − 2θ).
An HRXD spectrum with the help of built-in models provides thus information
on the composition, thickness, superlattice period, reciprocal space, strain or
relaxation of the layer among others. For the present work with structures
grown on GaAs (001) oriented, the most intense reflections according to wave
theory is that of [004] and hence choice of this direction. These measurements
were performed in Electrum (Kista).

4.1.2

Optical techniques

Spectral reflectance
Samples with grown DBRs require
characterization with reflectance meaOptical circulator
surements to optimize the semiconFiber coupler
ductor mirror for 1550 nm.
This technique utilizes a broadTranslation
Light source
band white light source that is reStage
Sample
Spectrum analyzer
flected on the sample and collects it
with a fiber-coupler. The fiber is
Computer
connected to a 3-way optical circulator continues the path, such that the
light returning from the sample can
reach the monochromator. The grating can be moved using a computer Figure 4.4: Diagram of reflectivity set
software and the desired wavelength up
to be studied can be selected i.e. 1550
nm. Analysis of the light is displayed by the spectrum analyzer and the computer.
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Since reflectance measurements must be centered around telecom-C wavelengths it is ideal to use a standard InGaAs detector in the monochromator
that spans the long near-infrared region of the spectrum and has a cut-off
wavelength of ∼ 1.7 µm. For every measurement the software requires the
use of a mirror reference sample, a background measurement and finally the
measurement of the sample itself.

Micro-Photoluminescence (µ−PL)

Figure 4.5: µ−PL set up illustration using a continous wave / pulsed laser
source (1). The beam passes through a half wave plate (2) and a polarizer (3)
for attenuation. It reflects on a 45o mirror (4) and reaches the beam splitter
(5) which transmits 10% of the beam towards the sample. The cryostat (6)
contains an objective (7) with a NA = 0.8 that is used to focus the beam on
the sample (8); the latter is placed on top of an three-directional movable stage
guided with an attocube controller (9). On its way to the spectrometer, 90%
of the light that exits the cryostat is reflected by the beam splitter. For visible
light imaging, a movable mirror (10) reflects the light to a camera (11); else
the optical path coming from the QD sample continues through a last pair of
a half wave plate (12) and a polarizer (13) to finally reach the spectrometer
(14) with an InGaAs pixel array (15).

Adressing the individial MOVPE-grown QDs with µ−PL is the last step to
characterize the samples. Moreover µ−PL serves an important purpose in the
characterization of single photon emission i.e. the end goal for these structures.
The following section describes briefly the main components of this technique
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as shown in fig. 4.5. These measurements were performed in AlbaNova by K.
Zeuner and K. Wang.
Non-resonant excitation of the QDs was realized with a narrow-band continuous wave laser source at 795 nm. In this manner the charge carriers created
in the conduction band can relax into the potential wells of the quantum dots
and then recombine via the emission of photons that can be measured in the
spectrometer. To attenuate the power of the laser beam a λ/2−waveplate
and a polarizer are used at the beginning of the optical path. Typically laser
powers of a few µW were used.
The next element in this set up is a 90/10 beam splitter (BS). As the light
hits the BS only 10% of the excitation is transmitted to the cryostat with
the sample. However, for the QD emission that is later collected 90% of it
is reflected on the BS to continue to the spectrometer. In order to focus the
beam onto the sample and collect its emission inside the cryostat a microscope
objective is used with NA = 0.8.
High vacuum is created for the cryostat with a gauged pressure of ∼ 10−6 −
10−5 mbar (slightly lower vacuum inside of it). The cryostat is cooled down to
approximately 8 K. A piezoelectric-stage below the sample allows controlled
motion of the sample in x, y and z direction by a range of 5 mm and a stepsize
of 500 nm. Regulation in these three directions via the attocube controller or
computer allows alignment of a single QD with the objective. The movable
stage also enables measurements of PL maps to characterize more generally
the sample. Otherwise individual spectra can be taken. The spot size of the
focused laser on the sample is roughly 1µm.
Visible light imaging may be used to observe the sample directly in the
cryostat, hence the optional movable mirror in the optical path. As the light
arrives into the spectrometer the laser excitation must be removed with a filter.
The spectrometer is composed of gratings that can be mechanically moved to
select spectrally a desired wavelength range to be studied (telecom C-band).
An InGaAs vertical array records an image of the emitted QD spectrum. Due
to the low bandgap of InGaAs noise must be reduced by cooling down the
detector with liquid N2 .
Polarization dependent measurements for the detection of the fine
structure splitting can be performed using a polarizing beam splitter (PBS)
in front of the laser source. For the power dependent measurements (not
performed here), the polarizer placed in front of the cryostat would be used
instead and a λ/2-plate to distinguish between different excitonic lines.
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Processing techniques for parabolic reflectors

The fabrication of telecom parabolas requires post processing after growth.
This includes patterning of circles on the resist, reflow on a hot plate to achieve
the desired shape and a final transfer of the shape onto the semiconductor layers with dry etching. Evaporation of a gold mirror and back etching of the
substrate is later performed to create thin membranes attached to a piezoelectric substrate. Some of these techniques are briefly discussed here.

Smart Print Lithography and Reflow of resist
For the structures in this work, a fast choice of patterning compared to conventional lithography is the Maskless Lithography Smart Print by Smart Force
technologies. This projection system uses a programmable µLCD matrix with
a geared motor to illuminate the wafer. The highest magnification to focus
the light on the photoresist was a 10x objective that provides a pixel size of
0.7 µm and a write field of sides 1.35 mm and 0.76 mm. Reflow of the resist
into parabolic shaped lenses (see fig.4.6) is achieved with standard laboratory
hot plates for a sequence stated by the recipe.

Inductively Coupled Reactive Ion-Etching (ICP-RIE)
Removal of material after resist patterning was performed using Reactive Ion
Etching (RIE). RIE was the chosen method for dry plasma etching because
it combines some of the best features of physical and chemical etching the
particularly: anisotropy, low undercut and moderate selectivity [34].
(1) Patterned Resist
Photoresist

(3) Transfered etched profiles

S<1

Cap InGaAs

S =1
(2) Thermal Reflow
Photoresist
H
D
Cap InGaAs

S >1

Figure 4.6: Selectivity influences strongly on the transfer of photorresist profile
to the epitaxial sample
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The system used in this thesis is a dowstream reactor cryo-RIE, which
allows to control temperature down to -150o C to slow etching rates. Regulation of the RF power (more anisotropy), glas flow rates or the chamber
pressure is also possible. Additionally, this RIE features an Inductively Coupled Plasma (ICP) that enhances plasma densities (higher ionization) leading
to more isotropic etching while keeping low pressures ∼ mTorr inside the main
chamber (long mean free path).
For the purpose of this thesis etching was performed with chlorine chemistry
on GaAs-like materials so that byproducts from the etching fulfill the important condition of volatility [34] and can easily be removed from the chamber
with a pump. Mixtures with Ar gas are also used to increase the anisotropy
of the etching [34]. To be able to change the focal length of the reflector one
must have control over the selectivity defined as,
S=

ṙsubs
ṙphr

(4.2)

where ṙsubs ṙphr are the etch rates of the substrate and the photoresist, with
resulting possible shapes are illustrated in fig. 4.6 in terms of the selectivity.
The parabolic profile of the resist and the focal length of the transfer profile
are then related as follows,
D2
(4.3)
16HS
where D is the diameter of the resist profile and H is the height approximating the resist as a cicular paraboloid [45]. However, effects such as lateral
etching and mask faceting also affect the resulting shape of the paraboloids
[45].
f=

Fabrication of reflecting membranes on a piezoelectric
substrate
Once the parabolas were etched on the sample, a few nanometers of Cr (for better adhesion) and 100 nm of gold were evaporated with the Edwards Auto 400
machine as in fig. 4.7. In order to create telecom-parabola membranes, backetching of the samples (substrate removal) was performed using isotropic wet
etching. In the original sample design, a sacrificial layer (AlAs) is epitaxially
grown between the substrate and the MMBL, which serves as an etch-stop for
the back-etching described in the following paragraphs, with steps illustrated
in fig.4.8.
The parabolic mirrors were glued with a polymer with the surface facing
down to the piezo-substrate using a flip-chip bonder, which enables easier
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alignment on a screen. Heat was applied to harden the polymer and stack the
sample. The two are placed on a Si carrier for better stability of the stack.
The sidewalls of the stack and the piezo-substrate must be protected with
photoresist to avoid damage from etching.
Note however that GaAs etching hardly occurs
fully isotropically due to the different surface polarity of the Ga(111) and As(111) faces [34]. Etching of
GaAs material is achieved using peroxide (H2O2) solutions which rapidly oxidizes the structure, in combination with some diluted acid. The products of the
oxidization are then dissolved through reactions with
the acid [34].
Etched
In this project, the substrate of thickness ∼ 350 Figure 4.7:
µm is removed with: (i) Ortophosphoric acid parabola with gold mir(H3 PO4 ) : H2O2 (1:2) with a high etching rate ror illustration
7µm/min and (ii) Citric acid (C6 H8 O7 ): H2 O2
(20:4 mL) that has more selective and lower etching rates ∼ 100 - 200 nm/min.
Finally (iii) Hydrochloric acid (HCl) is used as the AlAs selective etcher
that efficiently removes the sacrificial layer. The resulting sample must be a
thin membrane onto which stress can be applied to slightly tune the emission.

Figure 4.8: Parabolic telecom membrane fabrication follows from: (1) Attachment on piezo-substrate glued with a polymer (2) Back-etching of substrate
with orotophosphoric and citric acid solutions (sidewalls protected) (3) Removal of sacrifitial layer with HCl. (4) Resulting sample can be studied via
PL and a voltage can be applied to strain the piezo.

Chapter 5
Results
5.1

Sample design and challenges

The starting point of this work lies in the previous report on fabrication of InAs
QDs on GaAs(001) [46]. The substrates have a doping concentration ranging
n+ ∼ 5 · 1018 cm−3 to 8 · 1018 cm−3 and a thickness of 350 ±10 µm. InAs QDs
were embedded in epitaxial layers following the layout provided in fig. 5.1.
Note that the sacrificial layer allows an easier identification of the rest of the
epi-layers in the SEM and acts as a etch-stop when thin membranes are formed
out of this structure. Details of characterizaton of the sample’s layers from a
previous project obtained from cross sectional SEM measurements, HRXRD
and µ−PL are summarized in table 5.1.
Table 5.1: Epitaxial layers of III-V grown on a GaAs(001) substrate
Initialization

Annealing at 700o C, Rotation 80 rpm, ptot = 100 mbar, V /III = 200

Layer

Temperature o C

GaAs

700

240

100 nm

AlAs
(sacrificial)

700

92.5

200 nm

Fast oxidation under SEM
Darker line

MMBL
Inx Ga(1−x) As

700

∼ 3100
to 3400

1.1 µm
to 1.52 µm

Relaxation 85%,
End x = 0.38.
Undulation from 20 to 30 nm.

InAs
QDs

530

4

-

PL 1400-1600 nm. Large FSS.
Low counts ∼ 600. V/III ∼ 400

Capping
InGaAs

530

∼ 270
to 770

Variable
(aimed 200
to 300 nm)

Hardly visible interface in SEM.

Time (s) Thickness

Characteristics

x = 0.30

In this project efforts were made to improve three main challenges encountered in the report [46], namely the strong FSS and lack of appropiate thickness control of MMBL and capping and the low extraction efficiency
of photons. The large FSS must stem from an assymetry in the shape of
QDs (section 2.2.2). An initial approach was to observe uncapped samples to
determine qualitatively the elongation of the dots as a first approximation.
As shown in the AFM surface scan of fig. 5.2a, the formation of S-K dots
and large nuclei tends to occur at step edges or regions of strain relaxation
43
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Figure 5.1: SEM cross-section of sample 8186 with original sample design

(a) Sample 7800

(b) Sample 8345

Figure 5.2: Uncapped characterization with (a) AFM surface scan and (b)
SEM cross section; both displaying inset with larger magnification

of the MMBL; these arise as visible strain patterns on the wafer. The AFM
resolved mostly elliptical shapes as shown in the higher magnification inset.
However, a particular elongation in the scanning direction is observed in fig.
5.2a. On the other hand, fig. 5.2b displays a cross-sectional SEM scan with a
tilted angle to observe the sample’s surface. It can be noticed that bigger nuclei
ensembles (usually bigger than the size of QDs) exhibit different shapes ranging
from symmetrically spherical to irregular pyramids. It is important to remark
though that no analysis of uncapped samples reflects the real morphology of
buried QDs [35]. Measurements should instead be derived from indirect tests
such as µ−PL though these uncapped measurements constitute regardless a
starting point for later analysis.

5.2. INVESTIGATION OF GROWTH TEMPERATURE ON THE QD
EMISSION
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5.2

Investigation of growth temperature on
the QD emission

Minimization of the FSS is an essential requirement to achieve polarization
entangled photons from the XX-X cascade stemming from energetically indistinguishable decay paths. In this section,
a study of five MOVPE-grown samples
with QDs grown at different temperatures is carried out, such that the
splitting is optimized assuming the FSS
stems mainly from shape irregularities of
the dot. The samples were grown at intervals of 15o C apart having a reference
Figure 5.3:
Sample stage in- sample grown at 530o C (see table 5.2).
side cryostat with four samples as
To perform µ-PL on the samples they
shown in the magnified inset.
must be cleaved since only a small number of samples can be studied at a time.
Samples grown in either quarter, half or 2−inch GaAs wafers, were diced approximately in 2 mm by 2 mm pieces. They were then stacked on a holder
with silver glue and placed inside the cryostat module; for instance, fig. 5.3
shows the inside of the cryostat module with four of the samples out of which
one of them must always be a reference sample. The visible light set up allows
observation of the position on the sample to be studied inside the cryostat.
Note that the chamber is under vacuum and cooled down to 8K for every
measurement as described in the PL set up section (4.1.2) to reduce thermal
noise.
Table 5.2: Growth temperature of QDs in samples for FSS control
Sample Number

8334

8335

8336

8343

QD growth T(o C)

515

545

530

560

First, a general inspection was performed on these samples, such as the
spectra of sample 8335 in fig. 5.4a, to observe emission around the 1550 nm
window. Analysis follows from polarization dependent measurements of any
two lines in the same sample with nearby wavelengths; e.g. lines marked by
an arrow in fig. 5.4a display an example of emission that may or may not be
subject to any splitting.
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(a)

(b)

Figure 5.4: (a) Single Spectra around the telecom C-band for 8335 with marked
lines corresponding to possible exciton and biexciton emission (b) Polarization
dependent measurement of two lines in 8335 with a π-shift correlation

Figure 5.5: FSS distribution for QD samples grown at different temperatures

5.2. INVESTIGATION OF GROWTH TEMPERATURE ON THE QD
EMISSION
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An illustrative example is shown in fig. 5.4b exhibiting polarization dependent measurements of two lines from sample 8335. A clear oscillation in the
emission wavelength is observed hereby distinguished in energy as the waveplate is turned. The π−shift phase difference indicates that these emissions
must come from the same exciton-biexciton cascade as earlier described in section 2.2.2. Note that no power dependent measurements were performed to
identify the exciton or biexciton lines belonging to the same cascade and hence
there is some uncertainty in their identification. However, the biexciton line
typically has longer wavelengths [31]. An estimated value for the FSS can be
calculated as twice amplitude of the oscillation in fig. 5.4b. In a similar fashion to how these data were gathered, by accumulating polarization dependent
measurements of several lines, a distribution of the FSS for each sample can be
made as shown in fig. 5.5. Minimization of the FSS with an average of 12± 2
µeV was found to be at a growth temperature of 545o C for the self assembled
QDs. Several samples more were grown at the same temperature exhibiting
a small FSS. However, they also displayed an excess of charged states (trions) and low occurrence of exciton-biexciton cascades compared to previous
samples with higher FSS.
An investigation of temperature effects on the QD emission was also performed collecting multiple single PL spectra taken with 0.5µm steps and 2s
integration time. By fitting the center wavelength, a distribution for the general excitonic emission of the samples is displayed in fig. 5.6 and 5.7 with no
clear trend being follows. Attached to every histogram there is also a PL map
displaying the integrated peak area of the brightest line as a function of x and
y−position. The same excitation power was used for all maps (50µW). Table
5.3 summarizes the found characteristics of these samples, where the density
of optically active QDs can be estimated to be in most samples in the order of
108 cm−2 .
Table 5.3: Summarized chatacteristicts of optically active QDS from their
center wavelength distributions
Sample T(o C)
8334
8336
8335
8343

515
530
545
560

Emission (mode)
1570-1575
1490-1495
1490-1495
1485-1490

nm
nm
nm
nm

Emission (mean)
1537
1530
1530
1524

nm
nm
nm
nm

# QDs QD Density (cm−2 )
1309
1406
1059
36

2.09
2.25
1.69
5.76

·108
·108
·108
·107
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Figure 5.6: Emission distribution and PL maps of samples 8334, 8335

Figure 5.7: Emission distribution and PL maps of samples 8336, 8343

5.3

Control of the epitaxial thicknesses

Buffer Layer
The next challenge to optimize concerns reproducibility and control of the
epitaxial layers. Initially, the buffer layer was grown without cappping and
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SEMed to extract a relationship between the obtained thickness and the time of
growth (growth rate). Growth times in samples from the previous project were
thus extrapolated linearly which led to inconsistencies in the layer thicknesses.
For this reason a predictive model for the buffer is developed in this section.
The MMBL must have an initial (C0 ) and a final concentration (Cf ) of
In such that its lattice parameter is modified (the goal being a desired lattice
mismatch for the dots to emit at telecom). In order to reach such composition
the following model assumes a linear increase in the InAs growth rate from
k0 to kf over some period of time T, where k0 is the initial and kf the final
growth rate of InAs. Thus, given κ = (kf − k0 )/T , an expression for the InAs
rate is
kf − k0
t + k0 = κt + k0
(5.1)
T
The following model considers constant growth rates for binary compounds
that are a fraction (s) of the known GaAs growth rate (gGaAs ), such that,
gInAs (t) =

kf = sf gGaAs

and

k0 = s0 gGaAs .

(5.2)

The total rate for a pseudobinary compound like InGaAs must be the sum
of the individual rate functions of binaries GaAs and InAs,
gInGaAs (t) = gInAs (t) + gGaAs

(5.3)

The amount of Indium either at end or at the beginning of the buffer is
thus determined by the input growth rate of InAs relative to the total growth
rate; using eqs. 5.2 and 5.3 it follows,
sf
= Cf
(1 + sf )

and

s0
= C0 .
(1 + s0 )

(5.4)

Hence, an expression for the thickness (yInGaAs ) as a function of time can
be approximated as the area under the curve of the total growth rate in eq.5.3
or,
!
2

yInGaAs (t) ∝ κt + k0 t + gGaAs t = t(κt + k0 + gGaAs )

(5.5)

For a given C0 , Cf in the buffer, a desired time of growth T, and a constant
known gGaAs = 0.212 nm/s, parameters kf and k0 (thus κ) in eq. 5.5 can be
obtained. Visualization of the model can be seen in fig. 5.9 with parameters
T = 3255 s, Cf = 0.4 and C0 = 0.015 which yielded y(T ) = 1150 nm.
The missing piece is to more accurately determine the Cf at the end of the
MMBL, that can in turn be used to determine C0 based on the source flows
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Figure 5.8: SIMS measurement of 8245 with delimited layers of the epitaxial
sample (modified plot from Probion Analysis)

of Indium. Data gathered from SIMS analysis provided by Probion Analysis
(France) of 8245 in fig. 5.8 (modified plot) displays elements counts and composition of Indium as a function of depth. Based on the counts of the elements
a clear delimitation for each of the epitaxial layers is marked in the figure.
Moreover, the analysis of composition from the figure yields a Cf ≈ 0.4. This
value exhibits a 5% difference with respect to that calculated via HRXRD (see
table 5.1).
Eq. 5.5 allows an adjustment of
the time of growth that is quadratic
in time as opposed to the linear
approximation used a priori. The
model was also tested with successful growth of a very thin controlled
cap of 10-15 nm and MMBL being
2 to 5% off from the resulting buffer
Figure 5.9: Growth model with thick- measured with SEM. The use of these
equations enable functions useful for
ness functions for MMBL
other models such as composition of
In along the layer,
x(Cf , T ) =

yInAs (t)
yInGaAs (t)

(5.6)

which is plotted in fig. 5.9 with respect to a model with a linear increase in
In composition and the data from SIMS (previous fig. 5.8) shifted to the origin
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Figure 5.10: Comparison between composition in MMBL from SIMS data, the
model of eq. 5.6 using Cf = 0.4 and T = 3255 s and a linear increase of x.

to establish a comparison. Eq. 5.6 can also be used to extract the refractive
index of the buffer across the thickness useful for further modeling.
Capping thickness
When the dots were capped with material the interface between the MMBL and
the capping was sometimes hard to measure, as can be observed in fig. 5.11,
resulting in further problems recalculating the growth times. Moreover, for a
fixed thickness of MMBL, linear interpolation of the growth rates according to
SEM measurements failed to success.
An experimental alternative presented in this thesis deals with growth of
the capping in a two step fashion. (i) 10 nm − 20 nm of InGaAs grown
at the same QD growth temperature (530-545 o C) (ii) Growth of the rest of
the capping at T = 700o C.
In this experiment, the MMBL model described in the past section is utilized to fix a known thickness of the buffer and measurements are taken of
the total thickness from the sacrifitial layer to the top edge. Thus the remainder must roughly be the thickness of the grown cap. To test control over
the cap growth, one of the samples’ cap was grown over a time t1 at high
temperatures (step (ii)), while the another’s was grown over the same con-
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(b)

(a)
MMBL + Cap

MMBL + Cap
Artefact
AlAs

AlAs

Figure 5.11: Non-visible interfaces hinder reiteration of growth in samples (a)
8245 (from S.Steinhauer) and (b) 8185. These suggest an alternative growth
method.
ditions but 50% times longer (t2 = 1.5t1 ). An increase in thickness of the
cap by the same amount was thus expected assuming growth rates at high
temperature are constant during growth. Two samples, 8357 and 8358, were
grown using the latter approach with resulting SEM pictures shown in fig.
5.12. SEM measurements evidenced larger growth rates (more than double)
for both samples compared to previous caps grown at lower temperature, in
agreement with the diagram of section 3.1. The ratio between the measured
caps was d2 /d1 ≈ 1.48, confirming the possibility to better control the capping
better at higher temperatures. Additionally, further µ−PL measurements on
these samples report no particular difference in the emission of QDs after the
high temperature growth. Presumably, step (ii) should fully cover the QDs
and avoid direct contact to the air interface at high temperatures.

(a)

(b)

Cap t1
+
MMBL

Cap t2 = 1.5t1
+
MMBL

AlAs

AlAs

Figure 5.12: Two steps cap growth experiment in (a) sample 8357 and (b)
sample 8358; from S.Steinhauer.
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5.4
5.4.1

Improving extraction efficiency
DBR samples: Growth and optimization

Growth and calibration of DBR
The thicknesses of the individual layers of a GaAs/AlAs DBR optimized for
1550 nm are dGaAs = 133.2 nm and dAlAs = 114.8 nm, values obtained from
setting each layer to an optical path of a quarter wavelength in the medium.
To achieve these thicknesses calibration samples were needed. To estimate
the growth rates of AlAs and GaAs a double superlattice on GaAs(001) was
grown.

2xd(GaAs)
d(AlAs)
d(GaAs)
d(AlAs)

Superlattice 2
x16

(a)

Superlattice 1
x16

GaAs substrate

Superlattice 1
Superlattice 2

(b)

Substrate peak

Figure 5.13: (a) Double superlattice HRXRD pattern with inset of sample’s
illustration (b) Magnified area of double superlattice with fitted individual
superlattices. The distance between two peaks gives the thickness of a pair.

A typical double superlattice following the illustration of the inset in fig.
5.13 displays a characteristic HRXRD pattern shown in the same figure. It
should be noted that the beating from an abundant number pairs as is this case
is instead smoothed out due to the Ge(220) monochromator. The thickness of
an individual superlattice pair is thus obtained by Bragg’s law in eq. 4.1 of
section 4.1.1. Since the input times of each layers is known, an estimate for
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the growth rates was found to be rGaAs ∼ 1.70 nm/s and rAlAs ∼ 1.12 nm/s.
(b)
A fit of the superlattices is also shown in fig. 5.13.

(a)

(b)

400 μm

50 μm

Figure 5.14: (a) Oval defects on surface of 8337 (GaAs/AlAs pairs) observed
with optical microscope with elliptical shape at the surface (b) overview of
distribution of defects

(a)

8339

(b)

400 μm
(c)

8341

400 μm

8340

400 μm
(d)

8341

400 μm

Figure 5.15: (a) High density defects on particular areas of 8339 (b) Lower
density of defects in 8340 as a result mostly of larger wafer piece (c) center of
8341 with barely any defects (d) slight increase of defect density as the edge
of the wafer is approached in 8341
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A closer look of the surface in the microscope revealed ocurrence of socalled oval defects, displayed in fig. 5.14. These have a pyramidal shape with
an elliptical base that propagates from the bottom of the epi-layers to the top
of the surface. The appearance of these defects reduces the quality of a DBR
and thus must be minimized. The following samples in table 5.4 were grown
with different conditions to reduce the number of defects per area. While the
extra annealing step, the increase in V/III ratio and increase in rotation from
80 to 90 rpm yielded better quality of the surfaces with large defect free areas,
there were still areas in 8339 with a high density of defects as in fig. 5.15a. A
decrease in the defect density is observed in samples 8340 and 8341 (fig. 5.15b
and c) grown on larger substrate pieces. However, at the edges of the wafer,
in fig. 5.15b and d, a relatively large number of oval defects is still displayed
by the samples.
Table 5.4: Improvements to reduce oval defects on the surface
Sample #

8338 (Quarter wafer)

8339 (Quarter wafer)

DBR 20 pairs
DBR 20 pairs
(non-calibrated)
(non-calibrated)
Annealing before growth
Annealing step 1, T = 750 o C
T = 700 o C, V/III = 200 Annealing step 2 + growth, T = 700 o C
Conditions
Rotation 80 rpm
V/III = 220, Rotation 90 rpm
Characterization
Displayed high density
Displayed less density
surface
of oval defects on surface
of oval defects on surface
Layers grown
(thicknesses)

8340 (Full wafer)

8341 (Half wafer)

DBR 20 pairs
(controlled)

DBR 20 pairs
(calibrated)

See conditions 8339

See conditions 8339

Fewer defects at the center

Though HRXRD measurements provide an estimate of the individual thicknesses and growth rates of the layers, reflectivity spectra (section 4.1.2) proved
to be more useful in this regard. Returning to the thickness calibration, sample
8341 yielded a successful reflectivity curve with a stopband centered around
1550 nm, whose data is displayed in fig. 5.16. A fit with the model (dash line)
according to section 3.3.1 is utilized in the same figure. From this model, an
estimate of the average thickness of the individual layers at the center
can be obtained. In sample 8341, a difference with respect to the ideal thicknesses of 0.9 % and 0.3 % was found for GaAs and AlAs respectively. Note
that even this slight thickness difference translates into a visible shift sideways
of the stop band (red curve in fig. 5.16). Moreover, thickness variation across
the wafer from non-uniformity in MOVPE growth leads inevitably to a spread
of the center of the stop band. This non-uniformity may apply also for the
rest of the layers of the structure.
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Figure 5.16: Reflectivity data of calibrated DBR in 8341 with respect to ideal
and fitted models

Characterization of samples with QDs on DBRs

Cap

Two of the samples of QDs, grown
at 545o C, with bottom DBR are repInAs QDs
resentative for the optimization purMMBL
pose of this thesis (8344 and 8366).
DBR
These data are presented in the following discussion where reflectivity
Refractive index change
Electric field
measurements and simulations are
discussed along with SEM and PL
data.
Depth (nm)
Modeling of the structure in fig.
5.17 is realized by K. Zeuner which
sets the ideal thicknesses of the layers and optimized DBR, shown be- Figure 5.17: Ideal sample with an eleclow in table 5.5. In this simulation, tric field of maximum amplitude at the
the maximum of the amplitude of the QDs. Modified from K.Zeuner.
electric field coincides with the position of the dots below the capping such that emission is enhanced.
Initial characterization with SEM of the cross section, fig. 5.18a, reveals
an estimate of individual layer thickness in the DBR (averaged out over a few
number of layers) and the total thickness of the MMBL and capping; these
measurements are illustrated in the insets of fig.5.18a. Using these data in
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combination with reflectivity simulations of samples with capped QDs + bottom DBR allow better determination of layer thicknesses. Note, however, that
oxide layers in SEM cross-sections may yield overestimates in these thickness.

(a) SEM of 8344

(b) Reflectivity of 8344

Figure 5.18: (a) Cross sectional SEM of sample with capped QDS + DBR,
from S.Steinhauer; insets display an example of layer measurement (b) Capped
sample with DBR shows a small dip in reflectance deepened by absorption

Cap

Sample 8344 was grown using
linear interpolations of the thickness
of the buffer and also suffered from
offsets in the individual thicknesses
of the DBR. These are attributed
DBR
MMBL
to either a problem in the recipe or
a slight temperature change of the
Refractive index change
InAs QDs
Electric field
baths with MOs.
The DBR offset led to a shift in
the stopband to shorter wavelengths
Depth (nm)
(∼ 1450 nm) as shown by the reflectivity measurements in fig. 5.18b. An
additional feature in the same plot is
Figure 5.19: Modeling of electric field the appeareance of a wide dip caused
in sample 8344 with minimum at the by the formation of a highly weak
QDs. Modified from K.Zeuner.
cavity between the capping and the
DBR. Theoretically, this dip would
be shallower compared to that shown in the plot, where absorption effects
inside the MMBL, the active region (QDs) and the capping further deepen
the dip. The highest absorption was found to be in the buffer layer. To characterize the performance of 8344 a simulation of the electric field inside the
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Figure 5.20: FSS distribution of sample 8344 with a DBR and QDs grown at
545 o C displaying a low average FSS.

structure is shown in 5.19. The model displays a minimum in the amplitude
of the electric field right at the QD layer which would result in a negligible
increase of the emission extraction efficiency.
For completeness, a characterization of the FSS in sample 8344 was carried
out to confirm a low splitting of the dots as compared to other samples grown
at 545 o C without a DBR. These measurements, obtained with polarization
dependent series in µ−PL, are depicted in the histogram of fig. 5.20. They
show the lowest average FSS reported in the samples from this project.
Sample 8366 was grown using the MMBL growth model and the two steps
cap approach described in section 5.3. Reflectivity measurements at the center
of the wafer exhibited a stopband that is centered instead at higher wavelengths
(∼ 1650 nm); this shift from the calibrated DBR in 8341 is attributed to run
to run variations. However, due to the spread in the layer thicknesses across
the wafer, at the edge of the wafer, the center of the stop band lies at shorter
wavelengths (∼ 1580 nm), ideal for the purpose of the device. Reflectivity
plots for the center and the edge pieces of 8366 are displayed in fig. 5.21a.
The spread across the wafer is quantified by measuring the start of the stopband as a function of distance in fig. 5.21b taking reflectance measurements
from the center and radially outwards. A spread of 60 nm in the start of the
stop band over 2 cm was found.
In light of these data, the most optimized sample is the edge piece of 8366,
hence, µ−PL measurents of this sample are displayed in fig. 5.22 that show an
increase of four times the brightness of a sample without a DBR as for instance
sample 8335. Further investigation of sample 8366 revealed an abundance
of charged states in the QD and less likelihood of finding exciton-biexciton
cascades. This may be due to the presence of trapped charges inside the buffer
layer. Application of a bias through the structure might be of interest to reduce
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(a) Reflectivity 8366

(b) Start of stop-band shift along the wafer

Figure 5.21: (a) Reflectivity shift comparison between the edge of sample 8366
and the center of the same wafer (b) Start of the stop-band measured over the
wafer in sample 8366
Table 5.5: Guide of thicknesses in several samples
Sample

Layer
DBR

Ideal

8344
(center)

MMBL
Cap
DBR
MMBL
Cap

Thickness
GaAs: 115 nm
AlAs: 134.4 nm
1150 nm
205 nm
GaAs: 120 nm
AlAs: 108 nm
1530 nm
∼ 170 nm (interface)

Sample

Layer
DBR

8366(center)

MMBL
Cap
DBR

8366(edge)

MMBL
Cap

Thickness
GaAs: 126 nm
AlAs: 130 nm
1150 nm
205 nm (2 steps growth)
GaAs: 115 nm
AlAs: 127 nm
1050
215 nm (2 steps growth)
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this influence in future samples.

Figure 5.22: µ−PL spectra of 8366 with a DBR in comparison to spectra of
8335 to evidence emission enhancement
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5.4.2

Parabolic Reflectors: Inverted parabolas
processing

A preliminary step in the fabrication of parabolic reflectors is the fabrication of
circular paraboloids on the capping of a sample. Gold must be evaporated and
the substrate removed to formally achieve membranes with parabolic reflectors.
For the purpose here, several parameters were investigated in the lithography,
resist reflow and etching steps described in this section.
Lithography

Smart Print Lithography
InAs QDs

250 nm
1.51 μm
200 nm
350 μm

Photoresist

InAs QDs

InAs QDs
Photoresist

Capping InGaAs

Capping InGaAs

Capping InGaAs

MMBL InGaAs

MMBL InGaAs

MMBL InGaAs

Sacrifitial Layer AlAs

Sacrifitial Layer AlAs

Sacrifitial Layer AlAs

GaAs

GaAs

S8227

Spin coat resist

GaAs

Pattern on sample

Figure 5.23: 8227 is processed using SmartPrint with several exposure times

Lithography was performed on dummy
GaAs-wafers and on a sample grown in a previous project before this Master thesis work
(8227), following the steps in fig. 5.23. First,
the sample (or dummies) must be diced into
Bench-mark
smaller pieces of 1 cm x 1 cm. These are
alligners
cleaned inside an ultrasonic bath with ace80 μm
tone for 5 min, washed with IPA and dried
with nitrogen before patterning takes place.
A positive photoresist (of the kind S8118 )
Figure 5.24: Design of parabo- was spin-coated and then samples were soft
las inside a subfield with align- baked on a hot plate at 115 o C for 1 min.
ment marks
Measurements with the profilemeter determined the thickness of the resist to be ranging
∼ 1.8 to 2 µm when it was span at 6000 RPM. However, resist thickness is
Sub-field

Parabolas
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not always uniform across the sample piece which hinders reproducibility. The
sample was exposed using the Smart Print describe and developed in MF319.
Initial conditions of this process were set by a previous project on parabolic
reflectors by S. Scharmer, 2018 [45]. An already existing KLayout file feeds
the design of parabolas into the SmartPrint. Every exposure uses a field of
minimum size 1.3 mm x 1.7 mm, which is subdivided into 8x5 quadrants delimited by lines. Within a quadrant, small circles can be found that will result
in parabolas. Some of the centered quadrants have three squares oriented at
a right angle (sized 50x50 µm) that serve as benchmarks for later PL measurements. These features are displayed in fig. 5.24. The small circles are
separated 5 µm apart and have a rough diameter of 0.5 µm. To achieve circular shapes in this design, the edges of a small square are smeared out using
grey pixels around the corners; the so-called anti-alising option enables such a
function and must be turned on in the SmartPrint.
The exposure time was varied using a control dose that exposes one subfield (quadrant) across the wafer increasing the time of exposure in steps of
0.01 s from 0.8 s to 2 s. For a thickness of 1.8 µm of resist, the optimum
exposure time was found to be 1.05 s. The developing time was also varied
from 15 to 25 s with an optimum value of 23 ± 1 s, after a 5 min water bath
to stop the developing process.
Resist Reflown
A useful tool to describe the reflown resist is the wetting/contact angle θ of
the polymer with the substrate, a paramater presented already in the theory
of QDs (fig. 3.1.1 in section 3.1).
Table 5.6: Resist reflow protocols followed to achieve lens shapes of the resist
Recipe

Steps

Range of
θ (o )

Reflown
Resist

A

5 min 160 o C, 1 min 170o C,
10 min 180o C,
Ramp down 100o C

12 to 18

Low focal lengths
f = 200 nm - 350 nm

B

Stabilize to 100 o C
5 min 160, Ramp down 100

17 to 30

f = 300 to 600 nm

C

Stabilize to 100,
Reach 160 and leave 15min,
Ramp down 100

20 to 40

f = 300 to 600 nm

D

5 min 160o C, 1 min 170o C,
15 min 180o C,
Ramp down 100o C

30 to 50

Higher focal lengths
f = 350 to 800 nm

After developing, the samples were placed on a hot plate and temperature
protocols ranging 100o C to 180o C were investigated in this project, according
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to table 5.6. An important remark is that at 160o C the resist goes through its
glass transition, turning into a viscous and rubbery material; hence, allowing
it to form a rounder shape. Reflown parabolas are found to have on average
long focal lengths, but these can effectively be reduced to match the position of
the dots after etching (only if the selectivity S > 1 according to eq. 4.3). Note
that errors from lithography and developing propagate along the processing
due to e.g. a slight tilt on the sample or different thicknesses of the resist.
The resulting circles are thus a spectrum of shapes and sizes with different
contact angles on the same sample. Protocol D gave the best average results
in terms of focal length and round circles characterized via SEM and AFM.
Two examples in fig. 5.25 display the smooth corners of the resist and an
approximation of the cross section to a parabolic shape. Phase images exhibit
as well composition boundaries of the resist perhaps due to bad intermixing
after reflow (inset of fig. 5.25c).

(a)

5 μm

Photoresist

(b)

InAs QDs

Capping InGaAs

MMBL InGaAs
Sacrifitial Layer AlAs

8227A1
(c)

GaAs

8227D2
(d)

f = 384 nm

Figure 5.25: (a) SEM image of reflown resist on 8227A1 using protocol D,
with illustration of the sample cross section in this step (b) AFM scan of
reflown sample 8227D2 with the same protocol (c) Magnified reflown resist;
inset is phase image of the same area (d) Parabolic shape approximation to
cross section of the reflown resist.
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Etching
Samples were etched with the ICP-RIE and thickness measurements were performed with a profilometer to calculate an estimate of etch rates and selectivity. Pressure, RF power and temperature were tuned to achieve circular
paraboloids with a focal length close to the capping thickness (f ∼ 250 nm).
The profile of these etched parabolas strongly depends on previous shapes
from lithography on the sample; e.g. fig. 5.26 displays some examples of the
variety of etched shapes. These may range from pointy-small paraboloids to
large-circular bases with flat tops (mesas). Sometimes mesa structures can be
prefered over curved paraboloids to get better directionality of the QD light
along the forward direction; however, this is ultimately dictated by simulations of the electric field inside the parabola (not performed in this work).
Additionally, resist may be left on some of the samples as can be seen in fig.
5.26c.

(b)

(a)

Capping
InGaAs

InAs QD

MMBL InGaAs
Sacrifitial Layer AlAs

3 μm

2 μm

GaAs

(d)

(c)

5 μm

5 μm

Figure 5.26: SEM chacterization of etched 8227A1 display (a) Parabolic shapes
without resist on top, illustrated in the inset (b) Overetched structures forming
a flat tops (mesas) (c) Parabolas and (d) Mesas with remaining resist around
them.

An interesting feature of the mesa in the SEM fig. 5.27 was the granular
texture on the surface attributed to photoresist redeposition. The surface of

65

5.4. IMPROVING EXTRACTION EFFICIENCY

the buffer layer also influences the asymetrical shape of the parabolas since it
is not a flat substrate. Strain patterns on the MMBL were visible with AFM
scans for instance as in fig. 5.27b, where the arithmetic roughness of 3.97
nm and mean square root roughness of 4.02 nm were found with the software
Gwyddion. On ther other hand, the waviness of the undulated pattern of the
MMBL/cap was quantified as 19 nm in the same figure, in agreement with
cross sectional SEM pictures of the MMBL layer. These features may also
have an influence on the non-uniform shape of the parabolas in combination
with the propagated errors from lithography and developing steps.
(b)

(a)

500 nm
8227A1

5 μm
8227A2

Figure 5.27: (a) SEM scan displaying large roughness of the sidewalls on a
parabola with a flat top (mesa); from T.Lettner (b) AFM scan with set of
small parabolas and visible strain pattern of MMBL. Insets are phase images
of the same scan. (c) and (d) are respective cross sections of the parabolas
above

A challenging task during the process was to avoid overetching of the QD
layer. When the RF was increases from 50 to 200 W and the temperature and
pressure were set to 36 o C and 10 mtorr the QD layer was likely overetched.
This resulted from an increase of the anisotropy and high selectivity while high
etching rates of InGaAs were found (rInGaAs > 300 nm/s). Sample 8227A1 and
8227A2 were subject to the same pressure but at a lower etching temperature
(20 o C)and an intermediate RF = 150W: results reported slower etching rates
instead that varied around areas of the sample within the interval 230 nm/s
≤ rInGaAs ≤ 300 nm/s and selectivities ranging from 1.25 to 1.83. Moreover,
the etching of samples 8227D1 and 8227D2 was investigated by decreasing
pressure again (to 8 mtorr) and reducing the temperature from 20 to 15o C.
Profilemeter measurements suggested that there was up to 1.5 reduction in
rInGaAs (down to 200 nm/s), while selectivity was moderate S ≈ 1.5. Two
AFM scans of dissimilar parabolas in sample 8227D2 are shown along with
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their cross sections in fig. 5.28. These serve as an illustration for the wide
range of available foci in parabolas of the same sample.

(b)

(a)

(d)

(c)

f = 500 nm

f = 140 nm

Figure 5.28: AFM scans of etched 8227A2 with (a) long focal length parabola
(b) mesa-flat top parabola and their respective cross-sectional profiles in (c)
and (d).

Because 8227A2 had also a diverse number of parabola shapes and tolerable
etching rates (rInGaAs ∼ 200 nm/s) the inverted parabolas on this sample were
investigated with µ−PL. From fig. 5.29 it can be inferred that reactive ion
etching has no detrimental effect on the QD wavelength and brightness. In fact,
the background signal seems to be reduced when the dots are inside parabolas
as compared to conventional samples.

5.4. IMPROVING EXTRACTION EFFICIENCY
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Figure 5.29: (a) Optical microscope image of etched fields on the sample surface
(b) µ−PL spectra of sample 8227A2 of area with etched inverted parabolas
containing QDs and non-etched areas

Back-etching of susbtrate
During this work, thinning of the structure to create membranes was performed
by removing the substrate. A thin layer of gold was first evaporated on the
etched parabolas of the sample and they were then attached to a piezoelectric
substrate (facing down) and a silicon carrier according to fig. 4.8 in section
4.1.3. In previous projects dealing with fabrication of similar membranes[46]
[45], back etching was done with tweezers that would hold the sample inside
the peroxide solutions. An improved method involves the use of a holder with
a camera that can record and take live pictures of the sample (fig. 5.30a).
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However, the removal of the substrate was unsuccessful with an example of
etching progress in sample 8227D2 shown in fig. 5.30b. The etchants seemed
to saturate at the center of the chip but it also overetched parts of the corners,
exposing the gold film and the parabolas fig. 5.30c. Further trials are thus
required to achieve a proper removal of substrate and have a tunable membrane
on a piezoelectric substrate, useful for long distance quantum communication.

(a)

Camera
Objective

t

sis
Re
ple
Samack)
(b

Aperture
Hot plate

(b)

Si

(c)

Sample
Exposed gold

Figure 5.30: (a) Wet etching holder with an objective and a camera to record
live the process (b) Back-etching of sample 8227D2 (c) Overetched top corner
where the evaporated gold film becomes visible

Chapter 6
Conclusion and Outlook
Devices based on single photon In(Ga)As sources are an essential component
in the development of long distance communication and quantum information.
This thesis dealt with the optimization of MOVPE-grown InAs QDs emitting
in the telecom C-band (∼ 1550 nm) and embedded in epitaxial semiconductor
layers. Moreover, ways of improving the photon extraction efficiency of QDs
were explored in this work to adress individual QDs with high count rates.
Emission in the C-band was achieved through the metamorphic buffer layer
(MMBL) approach [31][24], where surface residual strain reduces the lattice
mismatch to the InAs QDs. SIMS data suggested a nominal end In composition
of the buffer to be 40%. However, the use of the MMBL approached has been
reported to have high defects along the layer leading to trapped charges [48],
which may influence the QDs emission. The samples produced during the
course of this thesis thus revealed large excess of charged states, while a lack of
exciton-biexciton cascades were found. Future research on these samples may
benefit from ways of controlling the charged states. For example, regulation
may be mediated by the formation of p − n junctions across the structure to
remove the excess of charge.
This work also investigated the minimization of the fine structure splitting
(FSS), an intrinsic property for the emission of polarization entangled photon
pairs in the QD cascade scheme. The spherical asymmetry of QDs has been
shown to have a strong influence on the FSS [31][22][24]. A preliminary AFM
and SEM assessment of uncapped samples was performed to qualitatively observe such asymmetries. Seemingly non-spherical shapes were found. Several
capped QD samples were then grown at different temperatures in order to
minimize the average FSS. Previous samples with QDs grown at 530 o C in the
MOVPE displayed a large average FSS across QDs in the same sample (FSS
= 24 ± 3 µeV ). For a growth temperature of 545o C, polarization dependent
measurents, realized with µ−PL, revealed a minimum FSS = 12 ± 2 µeV. This
value shows a decrease in the average splitting by half of that in samples grown
at 530o C. Additionally, thickness control of the epitaxial layers is necessary for
further integration of QDs in cavities where their stimulated emission rate can
be greatly increased. For this purpose, a model of the MMBL was developed
in MatLab that more accurately predicts the thickness of the buffer given an
end composition and total time of growth. As opposed to a linear estimation,
the MMBL model provided an accuracy of thickness in the range of 2% to
5% difference, values tested with three grown samples. Control of the capping
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layer was also better realized using a two step growth method where most of
the cap is grown at high temperatures (700o C).
In this project, photon extraction strategies were also investigated. A natural choice to enhance the emission was the placement of the dots on a distributed Bragg reflector (DBR) since GaAs/AlAs layers can be grown in the
same reactor along with the rest of the epitaxial structure. First, optimization
of single DBRs on GaAs substrates was performed to decrease the high density defects on the surface that lower the quality of the Bragg reflector. This
issue was mainly improved through an increase of the V/III ratio, larger wafer
pieces, additional annealing steps and faster the rotation of during growth. To
correctly fit the DBR stop-band in the 1550 nm range the individual thicknesses of the GaAs/AlAs pairs had to be readjusted. Growth of DBRs was
based on information provided by data from spectral reflectance, SEM and
HRXRD. Samples grown with a bottom DBR and QDs at 545 o C exhibited an
average brightness increase of the emission and a noticeably low average FSS
(FSS = 5 ± 1 µeV ). Optimization of one of the samples (8366) will lead to its
use in future single-photon experiments.
Another alternative explored to enhance the extraction efficiency was the
processing of circular paraboloid reflectors on the epitaxial samples. If the
QDs are approximately at the focal point of the inverted parabolas the emission can be collimated and the directionality increased, such that less internal
reflection takes place. It should be noted that simulations of the electric field
inside these structures need to be done to account for trade-offs between cavity
effects and the geometry of the parabola, that may lead to areas of destructive
interference. In this work, control of the focal point was one of the challenges
observed during processing, which is influenced by any combination of errors
in the lithography, developing, reflow and etching steps. Patterned samples
showed a wide range of parabola focii after etching with non-smooth surfaces
due to redeposition of resist. Different shapes of the parabolas were also observed such as rounded tops (some with remaining photoresist) and fully flat
tops due to overetching. It would thus be of interest to use plasma ashing
for removal of the remaining resist. µ−PL measurements of these inverted
parabolas displayed similar spectra to those of non-processes samples, hence
no detrimental influence of etching was observed. Further challenges revolve
around achieving a high selectivity that effectively would reduce the long focal
lengths of the reflown resist. Fabrication of membranes was also pursued in
some samples of this work with reflecting parabolas via deposition of gold,
attachment of the sample onto a piezoelectric and substrate removal. However, problems in the back-etching procedure could not realize yet a successful
tunable membrane with parabolic reflectors.
For an even larger stimulated emission of the dots, the intended formation
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of a cavity can be achieved using a top DBR that can be deposited with CVD
methods. A final outlook to this project involves characterization of the single
photon light emitted by the QDs in the biexciton-exciton cascade and further
integration on photonic chips. Only then will these photons be able to be used
as sources for long distance quantum communication.
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