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Motivation

Up until a few decades ago, information had been viewed only in classical terms, in which
quantum theory remained on the sidelines and only had the role of designing the equipment
to process it and set limitations on the speed of transmission. However, quantum mechanics
have now come into play and the quantum nature of information offers considerable benefits
over classical information, such as in quantum computing, making the tackling of certain
mathematical problems way faster, and quantum cryptography, the security of which lies
on fundamental physics. The corresponding bit in quantum information is called qubit
(quantum-bit) and is, in general, a microscopic system with two distinguishable states.
Such candidate systems are atoms or nuclei with the qubit being the spin-1/2 states and
photons with the qubit represented by the two photon polarization states. The latter case
is particularly promising because photons can propagate quickly in optical fibers over long
distances without losses.

The realization of qubits based on the two orthogonal photon polarization states requires
reliable single-photon sources [1]. Such sources have been demonstrated with atoms [2],
molecules [3], nitrogen vacancy centers in diamond [4] and from quantum dots (QDs) [5].
Quantum dots, nanostructures of a semiconductor material, which have already been used
as an active region for lasers [6], offer advantages as candidate single-photon sources.

However, any practical use of a single-photon emitter would require performance at
elevated temperatures, making most of the systems above unsuitable. Quantum dot systems
that operate that high temperature are II-VI systems, up to 220K for (Cd,Zn)Se QDs [7]
and GaN/AlN QDs up to room temperature [8]. It is important, however, in order to have
a single-photon device, to be able to electrically pump the QDs, in which GaAs-based QDs
are the best candidates, due to the already available technological know-how. Using optical
pumping, single-photon emission of up to 120K has been reported [9], while using electrical
pumping single-photon emission up to 77K has been achieved [10]. The next temperature
milestone is that of thermoelectric coolers operating at around 220K, which are commercially
available, compact and low-cost compared to the liquid helium and liquid nitrogen conditions
required for the single-photon emission presently. In this direction, the piezoelectric QDs
examined in the present thesis, can potentially achieve single-photon emission at that much
elevated temperatures due to particular properties, which will be briefly mentioned in the
Theoretical Background chapter.

Additionally, an important role in quantum information schemes play the so-called, en-
tangled states, with which we can, for example, connect distant points in space-time by
distributing keys over long distances. These states are two-qubit states, which cannot be
factorized into a product state of the two qubits and are in the core of quantum communica-
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tion and quantum computing developments. Again, QDs are good candidates as a source of
entangled photon pairs, with piezoelectric quantum dots bearing a striking advantage over
their non-piezoelectric counterparts. This advantage is that piezoelectric QDs is that they
can have very small fine structure splittings (FSS), a quantity that will be explained briefly
in the Theory chapter. In (100), people have manipulated FSS by annealing [11], by apply-
ing magnetic fields [12], electric fields [13], strain [14] etc. Such schemes are cumbersome,
making piezoelectric QDs are more appealing candidate for entanglement, shown from (111)
Qds in inverted pyramids [15].
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Chapter 1

Theoretical Background

A semiconductor quantum dot, or QD for short, is a nano sized structure of a semiconductor
material which is embedded in the matrix of another semiconductor material, the band gap
of which is larger than the QD semiconductor. More generally, a quantum dot can be
considered as a reduced dimensionality system. By the term reduced dimensionality we
mean that, in contrast to the bulk material, the carriers are spatially confined in a number
of dimensions. Such structures are Quantum Wells (QWs), where the carrier confinement
occurs in one dimension, Quantum Wires, where electrons and holes are confined in two
dimensions and Quantum Dots, where the carriers are confined in all three dimensions.
The number of dimensions in which the mobility of the carriers is constrained defines the
dimension of the structure. As a result, QWs are two-dimensional, Quantum Wires are
one-dimensional and QDs are zero-dimensional structures. The 3D confinement of electrons
and holes inside a quantum dot gives rise to a discrete energy spectrum, as depicted in the
delta function-like density of states (DOS) in Fig. 1.1. Due to both the localization of the
carriers and the discrete transition energies, a quantum dot is often called as an “artificial”
atom, even though each QD is made from a large number of atoms, in the order of tens of
thousands.

1.1 Excitons and Biexcitons

An electron and a hole can form an unstable bound quasi-particle called exciton (X) [16],
due to their Coulomb interaction. The excitons formed in the bulk material are called
free excitons. However, excitons do not only form in the bulk material. When an electron
and a hole are inside the quantum dot, thanks to their Coulomb interaction, they form
excitons which are spatially confined in the QD. In general, excitons are divided in Frenkel
and Wannier excitons, depending on their coupling strength. In the case of InAs QDs,
we are interested in Wannier excitons, whose coupling strength is relatively weak and the
excitons span over many unit cells. Being unstable, after a short period of time of the
order of nanoseconds, the exciton decays. Free excitons can decay both radiatively and
non-radiatively. However, in good quality crystals, QD excitons formed from an electron
and a hole in the ground state of the conduction and valence band of direct band gap
semiconductors respectively, mostly decay radiatively, emitting a photon of energy ~ωX . As
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Figure 1.1: Structures of reduced dimensionality and their corresponding density of states, com-
pared to the bulk material. The QD density of states is discrete, in contrast to the others, the
DOS of which is continuous.

in atoms, following Pauli’s exclusion principle, two electrons at maximum, with opposite
spins, can occupy the QD conduction band ground state. The same applies for holes in
the valence band. As a result, the QD ground state has a maximum of two electrons
and two holes. The quasi-particle formed due to the Coulomb interaction between two
electrons and two holes in the QD is called biexciton (XX). The biexciton decays to the
exciton state through the recombination of an electron-hole pair, emitting a photon of energy
~ωXX . The difference between ~ωX and ~ωXX is called the biexciton binding energy. The
biexciton binding energy is nonzero because the electron-hole recombination in the biexciton
takes place under the influence of the other two charges, in contract to the single exciton
recombination. The other occupation combinations in the QD ground state involve an
odd number of electrons and holes, and the corresponding quasi-particles are called trions.
The case where there are two electrons and one hole, or more conveniently, one exciton
and one electron is called a negatively charged exciton or negative trion (X−). When the
opposite occurs, one exciton and one hole occupy the ground state, the quasi-particle is
called positively charged exciton or positive trion (X+). Trions decay through electron-hole
recombination and emit photons of energies ~ωX− and ~ωX+ respectively, both of which
differ from their corresponding neutral exciton (X). The corresponding energy transitions of
the exciton, biexciton and trions can be seen in single QD spectroscopy and the identification
of each one is often a non-trivial task.

1.2 Growth

This thesis is focused on (211)B InAs self-essembled quantum dots, which are grown using
molecular beam epitaxy, on a GaAs substrate. The letter B indicates that the crystal is
terminated with the As face. The lattice constant of InAs is 7% larger than the lattice
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(a)

(b)

Figure 1.2: (a) Cross sectional illustrations of (211)B InAs quantum dots along [01̄1], [1̄11] and
[211] respectively. (b) Atomistic model of the InAs QD, showing a faceted pyramidal shape.

constant of GaAs. The QDs are formed using the Stranski-Krastanov (S-K) growth mode
[17]. Atoms impinge on the GaAs substrate and a two-dimensional InAs thin film is initially
formed. As the 2D thickness increases, the strain on the layer increases as well, due to the
lattice mismatch. Above a critical thickness, the strain is relaxed through the formation
of three dimensional islands, i.e the dots. This is a phase transition from layer by layer
growth to cluster formation. In other words, above the critical thickness, the system is in a
lower energy state when QDs are formed, in contrast to accumulating strain when growing
layer by layer. Of course, this process depends highly on the growth conditions, such as
the growth temperature and growth rate. The 2D layer which is left after the formtation
of QDS, is called the wetting layer (WL). For the QD formation in the (211)B direction,
temperatures of ∼ 450− 530◦C are required for the S-K transition. At lower temperatures,
the indium adatoms are not mobile enough to form the 3D island and the strain is relaxed
through the introduction of misfit dislocations. At higher temperatures, on the other hand,
the impinging indium atoms cannot be adsorbed by the surface as easily. In contrast to (100)
InAs QDs, their (211)B counterparts exhibit a narrower range of conditions capable of QD
formation. The shape of the dots, depending on the growth conditions, may take the form
of truncated pyramids or “quantum dashes” [18]. For the growth conditions used in this
thesis, the dots take the form of truncated pyramids [19], as shown in Fig. 1.2. The typical
dot height is ∼ 2− 3nm, while the typical dot diameter is ∼ 30− 40nm. All of the samples
mentioned in this work were grown with the S-K growth mode, but the growth conditions
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Figure 1.3: The biexciton cascade of a QD with low confinement potential symmetry. The biexci-
ton decay has two distinguishable paths, each producing photons with perpendicular polarization
to the other. In dots where the confinement potential is highly symmetric, the FSS is close to zero
and the two paths become indistinguishable.

were varied depending on the wanted QD size and QD density and as a result the growth
conditions of each sample will be mentioned when the sample is presented, throughout this
text.

1.3 Fine Structure Spitting

Electrons and holes trapped inside QDs interact electrostatically and form excitons which
are unstable bound quasi-particles. The exciton energy levels are determined by the spin
configurations of the electron and the hole that form it. The excitonic state with the lowest
energy is realized as a superposition between an electron and a heavy hole, having an angular
momentum of s = ±1/2 and j = ±3/2, respectively. Thus, the total angular momentum
of the exciton produced can be either Mdark = ±2 or Mbright = ±1 [20]. An exciton in the
bright state (M = ±1) decays radiatively and a photon of spin ±1 is emitted. On the other
hand, this is not possible for the dark state (M = ±2), which cannot couple with the light
field. Normally, these four states would be degenerate, but the presence of electron-hole
exchange interaction splits the dark states from the bright states and mixes the two dark
states, forming a dark doublet (|2〉±|−2〉), as well as the two bright states forming the bright
doublets (|1〉 ± | − 1〉). The two bright doublets’ degeneracy is lifted by the anisotropy of
the confinement potential in combination with the exchange interaction. The ground state
is the symmetric linear combination, while the asymmetric linear combination has higher
energy.

The energy difference corresponding to the two bright states (|1〉 ± | − 1〉), is called the
exciton fine structure splitting (FSS). This is a measure of the confinement symmetry. As
the confinement potential becomes more and more asymmetric, the value of FSS increases.
The biexciton states do not have a fine structure splitting, due to the fact that the total
spin of the carriers involved is zero. The FFS of a positively charged exciton state is zero as
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Figure 1.4: (a) When no strain is present, the atoms in the zinc-blende lattice form a tetrahedron
and the total polarization is zero. (b) When strain is applied, the bond geometry is perturbed,
resulting in non-zero polarization. (c) The positive and negative dipole moments cancel out in
the bulk of the QD, leaving only bound charges on the surface of the QD, which produces the
piezoelectric field.

well, due to the fact the the charged state can be viewed as an electron interacting with a
spin-singlet electron-hole pair [12]. By the same logic, the negatively charged exciton state
has no FSS too. The fine structure splitting affects the biexciton cascade, as shown in Fig.
1.3. The biexciton decay has now two well-defined paths, due to non-zero FSS. Each path
produces photons, the linear polarization of which is perpendicular to the polarization of
the photons produced from the other path. For a highly symmetric confinement potential,
the FSS vanishes. This makes the two decay routes indistinguishable and thus, systems
that have low FSS values, are good candidates for the generation of polarization entangled
photon pairs, which are of crucial importance in quantum optics and quantum communica-
tion experiments. It has been shown that in systems that exhibit high piezoelectric fields
along the growth direction, such as QDs on high index substrates (eg. (111) or (211)), the
confinement potential symmetry is preserved and as a result, the FSS values can be close to
zero [21, 22]. The piezoelectric effect, an important feature of our QDs, will be presented in
more detail in the next section.

1.4 Piezoelectric Effect

As already indicated in the title of this thesis, the quantum dots that we examine are piezo-
electric QDs, in the sense that they exhibit an intrinsic piezoelectric field along the growth
direction. Before we go into further detail how this field affects the QD characteristics, we
give a brief explanation of the piezoelectric effect in the Zinc Blende lattice.

In general, when lattice mismatched heterostructures are grown on substrates with polar
crystallographic orientation (N11), a piezoelectric field is produced. This strain induced
polarization of the material is called the piezoelectric effect. For the sake of clarity, we
demonstrate the situation along the (111) direction. When the lattice is strain-free, the

7
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chemical bonds between the III-V ions form a tetrahedron. Because of the geometry of the
bonds, the contribution on the polarization from the top bond cancels out the contribution
from the three bottom, resulting in a zero net polarization (Fig. 1.4a). However, when the
system is perturbed under strain, the bonds are deformed, resulting in an induced dipole
moment, as shown in Fig. 1.4b.

For the (211)B case, which is misaligned to (111) by ∼ 19.5◦ , the same logic applies. In
the case of heterostructures, there exist a large number of such dipoles. In each dipole, the
negative charge is neutralized by the presence of positive charge from the adjacent dipole.
As a result, in a piezoelectric QD there are only surface charges of opposite sign at the
base and the apex, which give rise to the piezoelectric field, shown in Fig.1.4c. This field
is predicted to get its maximum value for the (111) orientation, with the value for (211)
being weaker but not too far off [23]. However, the fabrication of (111) QDs is not a trivial
task and requires special methods [15, 24]. For a more complete picture of the piezoelectric
effect, one must include both the ionic and the electronic response to the imposed strain [25].
However, the simplistic model used here, taking into account only ionic response, provides
a basic understanding of the phenomenon.

The presence of the piezoelectric field changes the electronic and optical properties of
the QD. The confinement potential is altered due to the field, and the conduction and
the valence bands bend, resulting in a spatial separation of electrons and holes, reducing
their respective wave-functions overlap. This phenomenon, present when electric fields are
applied in nanostructures, is called the Quantum Confined Stark Effect. The electron states
shift to lower energies and the hole states shift to higher energies, which in consequence
red-shifts the exciton transition energy. The biexciton transition energy is shifted, as well,
due to the presence of the surface charges. In other words, when the biexciton decays to the
exciton state, the electron-hole recombination now does not only occur under the influence
of the other electron-hole pair, but also in the presence of the piezoelectric field, and the
net outcome is typically a shift of the biexciton line to higher energy with respect to the
exciton.

In this chapter we gave a brief and general introduction to the quantum dot theoretical
background needed to follow this thesis. Most of the work here is based on the above back-
ground and lies behind the conception of the topics in the following chapters. However, since
the notions presented in this chapter are rather broad and specific theoretical considerations
are needed, each subsequent chapter will also have a theory section, dedicated to the topic
of the specific chapter.
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Chapter 2

Quantum dots in a Short Period
Super-Lattice

The development of realistic quantum cryptography and quantum computation technologies
requires sources operating at high temperatures that emit single and entangled photons “on
demand” [1]. Of all the candidate systems we are specifically interested in the arsenides-
based quantum dots, as explained in the introduction. The record-holding single photon
emitters using (100) InAs quantum dots operate at temperatures up to 120K [9]. In the
(211)B direction single photon emission at up to ∼ 150K has been previously achieved in
our lab. However, raising the operating temperature of a single photon emitter is not a
trivial task to accomplish. In this chapter, we present a key feature towards high tempera-
ture single photon emission, which is called short period super-lattice, or SSL for short. A
brief introduction to SSLs is given first and their use is initially justified by doing a sim-
ple 1D simulation on nextnano3 [26], a simulation software of nanostructures. Then, the
experimental results of the SSL sample series will be presented and discussed.

The limiting factor of high temperature luminescence from quantum dots is the thermal
activation of carriers out of the dot [27]. To be more specific, when an exciton is formed,
the electron and the hole can escape to the surroundings of the dot, by acquiring enough
thermal energy, where it is likely to find alternative non-radiative recombination paths,
instead of relaxing back into the dot. As a result, the electron-hole pair cannot recombine
to emit single photons at the selected energy. By surroundings, we mean the bulk of the
semiconductor, but most importantly the wetting layer (WL) on which the dots are formed.
The wetting layer is a thin InAs-based layer which is formed when the indium atoms impinge
on the surface during growth, before the transition to 3D nucleation. The average energy of
the carriers needed in order for them to be thermally activated is called activation energy,
providing a measure on how easily the carriers escape to the WL. As a result, the main idea
is to grow structures which have high activation energies, requiring higher temperatures for
the thermalization of the carriers. In other words, we want to make sure that the carriers
stay confined inside the dot in order to recombine and emit a photon. In fact, we want to
make it as difficult as possible for them to escape. By doing so, we make our dots more
robust at higher temperatures.

In previous studies [27], it was shown that the activation energy Eact to the wetting

9



CHAPTER 2. QUANTUM DOTS IN A SHORT PERIOD SUPER-LATTICE

layer can be related to the emission energies of the dot EQD and the wetting layer EWL

respectively. In fact, the activation energy is found to be equal to: Eact ≡ ∆E = EWL−EQD.
Consequently, in order to increase the activation energy to the wetting layer, we must
increase ∆E. One way to achieve this is to grow bigger dots, which would redshift their PL
emission, while leaving the WL transition energy intact. However, this has the drawback of
making the dots prone to having more dislocations, making our dots less optically active.
In addition, our CCDs have a wavelength cut-off at about 1050nm, so we are limited by our
lab equipment as well. The other option available, which is the one we chose in this work,
is to shift the WL emission to higher energies. One way to achieve this is by embedding our
QDs between AlGaAs pseudo-alloys. These pseudo-alloys are made from binary GaAs/AlAs
short period super-lattices (SSLs). The composition of the SSLs is: a m-Å thick layer of
GaAs, followed by a n-Å thick layer of AlAs, which are repeated for κ periods. The SSL acts
presumably as an Alx′Ga1−x′As alloy with x′ varying depending on the values m and n as:
x′ = n/(m+ n). Note that the x’ is used for the alloy corresponding to the SSL, while x is
reserved for the real alloy. The reason behind the use of the SSL instead of an AlxGa1−xAs
barrier is that the crystal quality of AlxGa1−xAs in the (211)B direction is relatively poor
due to growth-related difficulties in the (211)B direction. Previous attempts on growing
(211)B InAs QDs on AlxGa1−xAs in our lab were not very successful. The attempts to grow
the dots directly on AlAs were not successful either, for similar reasons. It seems that the
dots prefer their formation on GaAs. As a result, using GaAs/AlAs short period super-
lattices with the GaAs layer adjacent to the dots does the trick of having the dot nucleation
and having the necessary effective barrier to increase ∆E.

2.1 Simulation

In this section we attempt to establish the use of the SSL and demonstrate its key concepts
by doing 1D simulations using nextnano3 [26]. The software nextnano3 allows us to simulate
nanostructures and extract useful information, such as the eigenenergies of the system by
solving a 1D Schrödinger equation in the envelope function approximation. In the simula-
tion, we have included both strain and piezoelectric effects in the (211)B orientation. Here,
we chose to use a 1D simulation and to ignore the lateral dimensions due to the large aspect
ratio of the dots (diameter to height ∼ 10), meaning that the quantum confinement is much
stronger in the growth direction [19].

In the first simulation, we check that the SSL indeed behaves like a barrier of varying
height, depending on the thicknesses of the GaAs and AlAs layers. The results are shown in
Fig.2.1. For the calculation, we have used a constant AlAs thickness of n = 16Å and varied
the GaAs thickness between m = 24Å and m = 8Å with a step of 4Å. The simulation is
done for 10 and 20 periods of the SSL. The band gap of the SSL is taken to be the first
transition energy in the Γ point (e1-hh1) and its effective composition factor is given by
x′ = n/(n+m). The transition remains direct in k-space in the whole range. As evident the
SSL acts as a barrier, the height of which increases as the GaAs layer thickness decreases.
Additionally, there seems to be no significant difference between 10 and 20 periods of the
SSL in our simulation. The band gap of a real AlxGa1−xAs is plotted in the same scale, for
comparison. Attention has been given to include the band gap at the Γ point, because the
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Figure 2.1: Plot of the SSL band gap for 10 and 20 periods in comparison to the AlxGa1−xAs band
gap. The SSL band gap is given by the e1-hh1 transition energy extracted from the simulation,
while the AlxGa1−xAs band gap is given for the Γ point. The points for 10 and 20 periods
practically coincide.

AlxGa1−xAs band gap becomes indirect at x > 0.44. The SSL band gap seems to roughly
follow the AlxGa1−xAs band gap trend. However, the SSL with effective composition x′

cannot be simply considered as Alx′Ga1−x′As, as the band gap difference varies from 0.19eV
at x′ = 0.4 to 0.05 eV at x′ = 0.67. To compare, the SSL with x′ = 0.5, corresponds to an
AlxGa1−xAs barrier with x = 0.4.

In the next simulation, we check whether the presence of the SSL increases ∆E =
EWL − EQD, as claimed in the introduction of the chapter. The idea behind the use of the
SSLs is that the presence of the SSL barriers affects the WL emission much more effectively
than the dot emission. This can be seen by doing a simple 1D simulation using nextnano3. In
this simulation both WL and the QD are seen as InxGa1−xAs wells in the growth direction.
The intermixing of the dot occurs due to gallium atoms entering the dot from the layer on
which they are grown. This effect, called surface segregation, will be the subject of the last
chapter of this thesis. However, the width of the WL well is smaller than that of the dot,
as shown in Fig.2.2b. In fact, in our case the WL thickness is taken, based on HR-TEM
results [19], to be ≈ 0.8nm, while a typical QD height is ≈ 3nm. We used Al0.5Ga0.5As as a
simplification of the dot composition profile extracted in reference [19]. Both WL and QD is
sandwiched between two ten period SSLs of constant AlAs thickness 16Å , while the GaAs
thickness varies between m = 24Å and m = 8Å with a step of 4Å (x′ = n/(n+m)). As seen
from the previous simulation, the dependence on the periods of the SSL is small and only
the ten period case has been considered. The transition energies (e1-hh1) for both cases are
plotted in Fig.2.2a for the different GaAs layer thicknesses. The dashed lines represent the
transition energy in the absence of the SSL. It is obvious that as the barrier increases the
shift of the transition energy is greater in the WL compared to the dot. To be precise, the
transition shift of the WL, in reference to the transition energy when no SSL is present, is
∼ 0.24 eV while the corresponding shift for the dot is only ∼ 0.05 eV .
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Figure 2.2: (a) Plot of the transition energies of the wetting layer and the quantum dot ground
state, which are viewed as In0.5Ga0.5As wells with width 0.8nm and 3nm respectively. The dashed
lines represent the transition energies of the WL and the dot, assuming no barrier is present. (b)
Schematic representation of the WL and QD wells along the growth axis.

The above simulations provide useful insight on the use of SSL as well as the demonstra-
tion of the reasoning of why the concept works. After making the use of SSL more concrete
and vigorous, we are now ready to present the experimental work done with the short period
super-lattice samples.

2.2 Experimental

We now advance to the experimental part of this chapter. Using the reasoning presented in
the chapter introduction, a series of samples were grown, in which the QDs are embedded
in the middle of two SSLs. A schematic representation of the samples is shown in Fig.
2.3. For all samples the same methodology has been used. After growth, the samples were
characterized using photo-luminesence (PL). The PL mapping is taken, i.e the position
dependent PL, following which the temperature dependent PL is measured. Using the PL
spectra obtained, the samples are evaluated and the activation energy is extracted.

The samples were grown on the MBE system of MRG at IESL-FORTH dedicated to the
growth of arsenides. The substrates are epi-ready, i.e no chemical treatment is required.
The growth chamber has a vacuum of up to 10−11 mbar before growth starts. The growth
is done under arsenic rich conditions. The As flux remains constant throughout the growth,
while the growth rates are determined by the beam equivalent pressure. After the substrate
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Figure 2.3: Schematic representation of our sample structures. The quantum dots are grown
between two GaAs/AlAs short period super-lattices. The first SSL is repeated for κ1 periods and
the second for κ2. The GaAs and AlAs layer thicknesses are m and n respectively. The thicknesses
of the various layers are not in scale.

is heated to 600oC and the native oxide is desorbed, the GaAs buffer layer is grown. The
SSLs are grown at the same temperature. The growth rate of the GaAs layers is 0.3ML/sec,
while the AlAs layers is grown at a rate of 0.23ML/sec. The quantum dot growth conditions
will be given for each sample separately, as well as the SSL periods and layer thicknesses to
highlight the differences between them. The top SSL is grown at the same temperature as
the dots.

The PL characterization was performed using a continuous wave (CW) He:Cd laser,
which has a wavelength of 325 nm and is focused onto the sample using a quartz lens
with focal length of 10 cm. The samples were held on the cold finger of a closed-circuit
helium-cooled cryostat capable of temperatures down to 12K in vacuum conditions down
to 10−4 mbar. The light emitted from the sample is focused using a lens with focal length
of 20 cm to a spectrograph and analyzed typically with a 150 g/mm grating. The analyzed
signal is detected using a nitrogen-cooled charge-coupled device camera (CCD). The cold
finger of the cryostat can be moved using a 2D translation stage relative to the laser beam
in order to obtain the PL mapping. Fluctuations of the PL signal depending on the position
on the sample are due to fluctuations during growth. The temperature dependent PL is
obtained by increasing the temperature in the cryostat. The temperature is raised until the
dot emission is completely quenched.

Using the PL spectrum measured at each temperature, the Arrhenius plot for every
sample is obtained. Each point in the Arrhenius plots is calculated as follows: A central
wavelength, λcen(T ), is selected at a temperature of reference T . The reference temperature
here is chosen to be 200K, while λcen(200K) = 950 nm, for reasons explained in the cavity
chapter. Then the integrated PL intensity (I) is calculated using a spectral window of
∆λ = 4 nm around λcen. The integrated PL intensity is calculated at each temperature
using the same ∆λ, taking into account the dependence of λcen(T ) on temperature, which
follows Varshni’s law [28]. Lastly, the ratio of the integrated intensity to the maximum
integrated intensity Io is plotted in a logarithmic scale versus 1/kBT and the activation
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Figure 2.4: (a) The PL characterization of sample 1503. (b) The Arrhenius plot extracted from
the PL of 1503 using the procedure described in the text. The activation energy to the wetting
layer is found to be Eb = 165meV .

energy is extracted by fitting the data with the following equation [27]:

I = Io
1

1 + a · e−Ea/kBT + b · e−Eb/kBT
. (2.1)

One exponential gives the activation energy due to thermalization to the WL, while the
other gives the activation energy which is attributed to exciton thermalization to the p-shell
of the dots. In other words, we take a family of dots that emit at λcen±∆λ and we see how
much their emission is sustained as the temperature increases.

2.2.1 Sample 1503

The first sample studied is labeled as 1503. The sample is grown on a semi-insulating GaAs
(211)B substrate. After a GaAs buffer layer, which serves as a clean surface for the epitaxial
growth, the first SSL is grown. The SSL consists of 16Å AlAs and 12Å GaAs, repeated for 50
periods. The QDs are grown directly after the SSL. The growth conditions play a critical role
on the formation of the dots. The growth temperature used in this sample was Tg = 450oC,
the growth duration of the QDs was tg = 18 sec and the growth rate was 0.1 ML/sec.
After the QD layer, the second SSL is grown, which consists of 12Å GaAs and 16Å AlAs,
repeated for 15 periods. Finally, the sample is capped with 50Å of GaAs. The PL spectra of
1503 is shown in Fig. 2.4a. We can see some general PL characteristics, present in the QD
samples. The peak centered at ∼ 840nm, which reduces fast with temperature, corresponds
to the WL emission, while the broad emission around 950 nm, which reduces less rapidly,
corresponds to emission from the QD ensemble. Observing the PL of 1503, we can see that
it has QD emission at room temperature, which is astonishing at first sight. Although this
is important, what is most important is how the luminescence holds with temperature. The
sample can emit at room temperature but the emission can be still quenched significantly
compared to the low temperature emission. This may mean that the dots have considerable
non-radiative recombination processes, according to which the excitons recombine without
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Figure 2.5: The AFM results of the sample 1552, which show successful dot growth on a SSL
using the new growth conditions tg = 20 sec and Tg = 480oC.

emitting photons. The Arrhenius plot is shown in Fig. 2.4b. From fitting the data with
Eq. 2.1, we obtain an activation energy to the WL of Eb = 165 meV . This value is
about 77meV greater than the activation energies of samples without SSL. By taking into
account the temperature dependence, this activation energy corresponds to a WL transition
at ∼ 817 nm at 13K (see arrow in Fig.2.4a), which is off by 23 nm or 52meV compared to
the WL emission from the PL obtained.

2.2.2 Sample 1552

Later, while studying AFM results from uncapped reference samples that had no SSL, it
came to our attention that the samples with a growth duration of 18 seconds and Tg = 450oC
showed relatively weaker PL and a low QD density. As a result, we increased the dot growth
duration to tg = 20sec and the growth temperature to 480oC. By increasing the temperature
to 480oC, we make the indium adatoms at the surface more energetic to find the nucleation
centers, during the QD formation. The successful QD growth with these conditions is
illustrated in the sample 1552, where the dots are grown on a 50 period 16Å AlAs and 12Å
GaAs SSL. The sample is then left uncapped, i.e no other layer is grown after the dots, in
order to be characterized by AFM. The AFM results are shown in Fig. 2.5. By analyzing
these images we get useful information about the dot characteristics. The mean dot height
is ∼ 2.5 nm and the dot diameter varies between ∼ 30 − 40 nm. The dot density in the
sample is ∼ 2 · 1010 cm−2. Following 1552, a capped version was grown on the same day on
a second holder.

2.2.3 Sample 1553

The capped sibling of 1552 is labeled 1553 and the changes in the dot growth conditions
were deployed as well. Except for the dot growth conditions which are the same as 1552,
the sample is grown identical to sample 1503. The SSLs consists again of 16Å AlAs and
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Figure 2.6: (a) The PL characterization of sample 1553, the dots of which are grown using the
new conditions. (b) The Arrhenius plot extracted from the PL data of 1553. As the temperature
rises from 13K to 55K, the dot emission increases as explained in the text. Inset: The activation
energy extracted for sample 1554 to the wetting layer is found to be Eb = 211meV .

12Å GaAs, repeated for 50 periods for the first SSL and 15 for the second one. The growth
temperature of the QD layer is now Tg = 480oC, the growth duration of the dots is tg = 20sec
and the growth rate is 0.1 ML/sec. The favorable conditions for the dot formation are
affirmed in the PL spectrum obtained Fig. 2.6a. From the PL of sample 1553 we can
deduce a few noteworthy observations. The first one is that the PL of 1553 is much stronger
compared to the PL of 1503 (assuming relatively the same focusing conditions), while the
wavelength emission range is untouched, as expected from the use of the same SSL as
previously. The second observation is the “inverse” peak located at ∼ 823 nm at low
temperatures, which red-shifts as the temperature rises. This appears in all samples of this
series and could be substrate related. Another phenomenon that occurs repeatedly in QD
sample emission, but is quite bizarre at first sight, is that the dot PL intensity increases
as a function of the temperature up until it reaches a maximum intensity at around 70K,
as shown in the Arrhenius plot of Fig. 2.6b. This can be explained by carrier localization
in the WL at low temperatures which become delocalized as temperature rises, allowing
additional carriers to end up inside the QDs. Both of the above characteristics appear on
1503 as well, but we chose to point them out here, where they are more prominent. In
order to extract the activation energy only temperatures after the delocalization process are
taken in consideration, as shown in the inset of Fig. 2.6b. The activation energy is found
to be Eb = 180 meV . This activation energy is about 15 meV greater than the activation
energy of 1503, even though the SSL used is the same. This fact could be attributed to
the slightly higher WL energy in 1553, most likely due to the different growth conditions.
To be more specific, in 1553 the raised growth temperature and growth duration allow the
indium adatoms to find the nucleation centers much easier, leading to a slightly smaller WL
thickness. Moreover, the optimized growth conditions lead to a sample with fewer defects
which serve as non-radiative recombination centers and the luminescence holds better than
1503. The activation energy extracted corresponds to a WL low temperature emission at
809 nm (see arrow in Fig.2.6a), which is off by 27 nm or 49 meV from the WL peak of the
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Figure 2.7: (a) The PL characterization of sample 1554, which features a high SSL barrier. (b)
The Arrhenius plot extracted from the PL data of 1554. The activation energy to the wetting layer
is found to be Eb = 235meV .

PL spectra.

2.2.4 Sample 1554

In the next sample, labeled as 1554, the same dot growth conditions have been used, but
the SSL was modified. To be more precise, the growth duration of the GaAs layer in the
SSL was lowered by 14%, while that of the AlAs layer remained unchanged. The SSL now
nominally consists of 16Å AlAs and 10.3Å GaAs, repeated for 50 periods for the first and
15 for the second SSL. Using this SSL, where the barrier is higher, we expect the emission
to be shifted towards higher energies, as shown in the simulation paragraph. The growth
temperature and the growth duration of the dots remain at Tg = 480oC and tg = 20 sec
respectively, while the growth rate was 0.1 ML/sec. The PL data obtained are shown in
Fig. 2.7a. It is evident that the WL emission is shifted in comparison to the two previous
samples by about 40 nm. The PL intensity in the dot emission range is greater than the
previous samples as well, while the ratio of WL to dot emission is now ∼ 1.4, while it was
∼ 7.2 and ∼ 14.2 for the samples 1503 and 1553 respectively. This could be attributed to
a larger QD density relatively to the other samples, but it could also mean more defects in
the vicinity of the WL, which would affect its emission intensity. In Fig. 2.7b the Arrhenius
plot is shown. The activation energy extracted is Eb = 235 meV . This translates to low
temperature emission from the wetting layer at around 781 nm (see arrow in Fig.2.7a),
resulting in a 16 nm or 31meV difference between the 797 nm detected in the PL signal. It
is worth mentioning that the activation energy extracted for 1554 is about 24meV greater
than the activation energy of 1553. This result is consistent with the changes made to the
SSL. As we would expect, by increasing the SSL barrier we increased the activation energy.
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Figure 2.8: (a) The PL characterization of sample 1555, the dots of which are grown using the
new conditions. (b) The Arrhenius plot extracted from the PL data of 1553. The activation energy
to the wetting layer is found to be Eb = 260meV .

2.2.5 Sample 1555

In the quest of achieving even higher activation energies, in the next sample we lowered the
GaAs layer thickness in the SSL even further. The sample called 1555 has again the same dot
growth conditions: Tg = 480oC, tg = 20sec and the growth rate being 0.1ML/sec. However,
the SSL in which the dots are embedded is slightly changed. The first SSL is repeated for
50 periods and the second for 15, but the GaAs layer thickness is reduced by 20% compared
to 1553, dropping to 8.6Å, while the AlAs layer thickness remains the same at 16Å. The
increase in the SSL barrier height, is expected to cause the emission to shift even further,
compared to 1554. The PL measured is shown in Fig. 2.8a. We see that the QD emission
is not shifted much, as we expected. Instead, the WL emission spectrum seems broader in
the high energy side of the WL peak. The overall intensity is reduced about five-fold, which
suggests an overall degradation of the sample optical quality as we reduce the SSL thicknes.
Nevertheless, the Arrhenius plot is shown in Fig.2.8b, with the activation energy reaching
Eb = 260meV . This corresponds to low temperature WL emission at ∼ 769 nm (see arrow
in Fig.2.8a), marking a ∼ 29 nm or 43 meV difference between the WL emission from the
PL.

2.2.6 Sample Comparison

Finally, we present a comparison between the four samples. The PL comparison is shown in
Fig. 2.9. The reader should be careful when comparing the PL of the samples and not take
the intensity differences as 100% exact. This is because in order to do that, we would have to
measure the samples at exactly the same focusing conditions. However, this is not possible,
since the samples cannot all fit in the cryostat together. As a result, we can expect that
the relative signal differences from sample to sample extracted from Fig. 2.9 are different
by ∼ 20% from the real ones. The Arrhenius plots comparison shown in Fig. 2.10, on the
other hand, is more accurate. The reason behind this is that the Arrhenius plots use relative
intensities, i.e the intensities normalized by the max intensity for each sample. As a result,
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Figure 2.9: The PL comparison of our samples for different temperatures. For reasons explained
in the text, we can only get a qualitative comparison on the intensity of the samples.

we can compare how the ratio quenches as the temperatures rises, regardless of whether
they were measured by exactly the same focusing conditions or not.

As seen in Fig.2.9a, at 20K, samples 1553 and 1554 are the most intense, with 1553 having
more intense WL emission, while 1554 has more intense QD emission. The picture remains
roughly the same at 80K and at 150K, where the WL emission is completely quenched,
sample 1554 has more intensity than the rest. However, the picture is drastically changed
at 240K, where sample 1553 is now the most intense, with 1554 having less intensity than
1555. Something noteworthy is that 1553 is more intense at 240K, even though it has a
lower activation energy than 1544 and 1555. This at first seems odd, but it becomes more
clear in the Arrhenius plot comparison in Fig. 2.10. At around 150K (1/kBT ' 0.08),
we can see that the relative intensity is progressively higher as we go from 1503 to 1555.
Moreover, we notice that the samples drop to half of their maximum intensities at higher
and higher temperatures. To be specific, the relative intensity is quenched to half the
maximum at ∼ 135K for 1503, at ∼ 140K for 1553, at ∼ 155K for 1554 and at ∼ 160K for
1555. However, as the temperature rises even further, the relative intensity is reduced at
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Figure 2.10: The comparison between the Arrhenius plots of our samples.

different paces for each sample. For samples 1554 and 1555 specifically, the relative intensity
decreases more strongly than the two other samples. As a result, even though the relative
intensities of 1554 and 1555 drops to half at higher temperature than samples 1503 and
1553, their intensities become lower than 1503 and 1553. This could be attributed to an
increased number of defects in the samples 1554 and 1555. To be precise, under the scope of
the Arrhenius comparison, it seems that 1554, holds its relative intensity well, up until the
point that the carriers are energetic enough to escape to the WL. From that point on, the
intensity plummets, suggesting that the carriers in the WL have significant non-radiative
recombination paths, in the form of crystal defects. The same happens to 1555. On the other
hand, 1503 and 1553, whose relative intensities start dropping at lower temperatures, have
comparable relative intensities with 1555 at room temperature, suggesting fewer defects.

Another result which interesting is that the activation energies of the samples extracted
above, seem to be systematically off by a few tens of nanometers from the WL emission
peak obtained from the PL spectra. This fact can be attributed to a Stokes shift of the
WL emission line compared to the absorption peak. The shift is driven by fluctuations in
the WL width and composition [29]. When excitons are thermalized to the WL, they lose
energy by releasing phonons before relaxing to the potential energy minimum, where they
decay. The PL peak corresponds to emission from the excitons, after they have relaxed
to the potential energy minimum. On the other hand, the absorption peak extracted from
the activation energy, corresponds to a statistical average of the energy needed for the
exciton thermalization to WL, independent of width. If the WL width and composition
were constant, the PL and the absorption peaks would coincide. However, due to random
fluctuations, the WL width and composition are not constant, resulting in the Stokes shift.
Based on the statistical nature of the activation energy, we can speculate that the Stokes
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1503 64 180 165 2 · 105 839 56 41
1553 46 46 179 1.5 · 105 836 57 49
1554 32 8 235 9 · 106 798 82 33
1555 83 358 260 5 · 106 799 100 60

Figure 2.11: Top: Comparison between the samples of the chapter, indicating with arrows the
corresponding WL peak extracted from the activation energy. Bottom: Table with the fitting
constants of Eq.2.1 and the related quantities for each sample.

shift of the WL could be a measure of the density of the WL width fluctuations. The shift is
found to be somewhat related to the full-width at half-maximum (FWHM) of the PL peak,
shown in the table in Fig.2.11.

As a result, the difference between the PL peak and the peak corresponding to the
activation energy could be a measure on the density of WL width fluctuations.

In this chapter we examined a core ingredient of high temperature single-photon emission,
the short period super-lattice. Using simple simulations we were able to gather insight on
the effect of the SSLs on the QD emission. A series of samples with different SSLs were
grown and examined in order to find the most robust at high temperatures, while also having
other characteristics that fit our needs, such as the emission range. It should be clear that
this investigation is done exclusively for the purpose of high temperature emission. This
is the reason why the samples were characterized only with macro-PL. In order to have
emission of single-photons “on demand” we would need, of course, a single emitter, i.e a
single dot. In order to study single dots, we need micro-PL characterization. However, when
trying to do single-dot spectroscopy, one comes across the fact that the signal obtained is
relatively weak. In order to enhance the detected signal, people have been using resonant
structures like cavities [30], along with other more sophisticated structures such as photonic
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wires [31]. Using the first approach, we embed the already investigated SSLs and the dots
inside a cavity, with the ultimate goal being single-dot spectroscopy. This will be the topic
of the next chapter.
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Chapter 3

Quantum dots in a Cavity

As already mentioned in the motivation of this thesis, the core subject is to have single
photon emitters operating at as much elevated temperatures as possible. The path towards
having QD based optoelectronic devices inevitably crosses path with the coupling of the
QDs with structures that enhance the signal. The approach we chose here is the use of a
microcavity, a resonant structure, in which we will embed our QDs. The use of microcavities
is convenient, because they are grown using molecular beam epitaxy (MBE), while we can
use processing know-how already available in the Microelectronics Research Group (MRG)
to create microcavity pillars, also called mesas, of diameters on the µm and submicron scale,
to serve as signal enhancers. In this chapter, firstly we present some theoretical background
on the influence of a planar cavity on the dot emission, as well as a coarse-grained model
on how the microcavity pillar enhances the detected signal. Then follows an experimental
investigation using macro-PL and reflectivity measurements to evaluate the samples. Finally,
micro-PL measurements are performed on one of the samples, to obtain single-dot spectra
and extract useful information, such as the strength of the signal, the exciton-biexciton
splittings etc.

3.1 Theoretical Aspects

In this section, we will examine the theoretical basics of a QD inside a planar cavity, in order
to shed light to the effect that the cavity has to the emission of the dots. Both theoretical
implications and their consequence will be addressed.

To begin with, we will examine the problem at hand from a quantum optics stand point.
The system of a photon emitter, such as the dot, an atom or any other small system, inside
a cavity can be considered as special case to a more general concept. The general idea in
question is the coupling of a small system to a large reservoir. In our case, the small system
is a single quantum dot and the large reservoir is the photonic reservoir of a damped cavity,
which is a cavity from which the photons are allowed to escape [32]. The combination could
as well be an atom and the photonic reservoir or a QD coupled to both a photonic and
a phononic reservoir. In any case, the treatment of the problem is more or less the same.
Consider that the QD has two states, namely |g〉 which is the ground state and |e〉 which
is the excited state. The excited state decays to the ground state with a rate of ΓQD. The
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cavity field has two states as well, which we will label as |1〉 for the excited, in which there
is one photon inside. The ground state of the cavity field is labeled as |0〉, in which there
are no photons. The cavity decays from the excited state to the ground state with a rate
of Γc. In other words, the excited state of the dot has a lifetime of τQD ≡ 1/ΓQD, during
which it emits a photon in the cavity and a photon in the cavity has a lifetime of τc ≡ 1/Γc,
during which it exits the cavity. A photon can be extinguished by either residual absorption
in the cavity and photon scattering to cavity imperfections or by the transmission of the
photon through the cavity boundaries. In our case, what is important are the photons
transmitted through the cavity mirrors in order to be photo-detected, while the absorption
and scattering are ignored in this discussion. Of course, a quantum dot does not have a
single excited state, but we make this assumption in order to extract the basic physics that
is important in this work, without making things too complicated. In this notation we can
write the state of the system QD+cavity as:

|Ψ(t)〉 = ce,0|e, 0〉+ cg,1|g, 1〉, (3.1)

where, for example, |e, 0〉 = |e〉 ⊗ |0〉. In order to find the time evolution of the compound
system we must solve the Schrödinger equation:

i~
∂

∂t
|Ψ(t)〉 = Heff |Ψ(t)〉, (3.2)

where Heff is the effective Hamiltonian of the system. By effective Hamiltonian we mean
the Hamiltonians of the composite systems plus terms which describe the decay of each
system. The exact form and derivation of the Hamiltonian is out of the scope of this thesis,
but both can be found in numerous quantum optics textbooks [33, 34]. In any case, the
above equation must be solved in order to find the time evolution of the system.

At this point, some critical assumptions about our system must be made. The time
evolution of the system changes drastically depending on the values of ΓQD and Γc in relation
to the coupling strength between the dot and the cavity. To be more specific, if the coupling
of the dot with the cavity is comparable with the decay rates ΓQD and Γc the system is
in the so called strong coupling regime and undergoes damped Rabi oscillations. In other
words, the photon has the probability to re-excite the dot before it exits the cavity. On
the contrary, if the coupling strength is much smaller than ΓQD and Γc the system is in the
weak coupling regime in which it decays without any Rabi oscillations. The photon then
exits the cavity as soon as it is emitted from the dot, assuming that Γc > ΓQD.

In our case, the weak coupling conditions are well met. Assuming that the cavity has
a single mode at wavelength λcm with linewidth ∆λcm, the quality factor of the cavity is
given by Qc = λcm/∆λcm. The dot emits at wavelength λQD and has a linewidth of ∆λQD.
Because ∆λQD is small for quantum dots, typically sub-nanometer, and smaller than ∆λcm,
typically around 10 nm, the Γc � ΓQD condition is satisfied as well. In order to have a
QD-cavity system in the strong coupling regime, one has to have cavities with high quality
factors and small mode volumes [35]. Here, we use cavities with relatively small quality
factors, for reason that will become clear later in the chapter, so we can safely say that we
are in the weak coupling regime.

We are now ready to come back to our initial problem, what is the time evolution of the
compound system, but under the assumption of weak coupling. By solving the Schrödinger
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equation one finds a famous result, called the Purcell effect [36]: the decay rate of the QD
is altered when the QD is inside the cavity. To be more specific, the decay rate of the dot is
enhanced by a cavity contribution Γ

′
c. The ratio between the contribution of the cavity and

the decay rate of the dot in free space (with no cavity present), which is called the Purcell
factor, is given by:

FP ≡
Γ
′
c

ΓQD

= Q
6π

V k3
= Q

3λ3

4π2V n3
. (3.3)

The above equation shows that the two figures of merit defining the enhancement of the
spontaneous decay rate are the quality factor Q and the cavity volume V. For more dominant
Purcell effect, we need large quality factors, i.e. small ∆λcm, and small cavity volumes in
which the electromagnetic field will be confined.

Another way to reach to this result is to write the dot decay rate as:

ΓQD = 2π〈|g(ω)|2〉ρ(ω), (3.4)

where ρ(ω) is the density of modes at frequency ω and 〈|g(ω)|2〉 is the angular average of
the coupling strength. In the case of a cavity, the density of modes is given by a Lorentzian
centered at λcm. Assuming that the cavity is on resonance with the dot transition, the above
equation is equal with equation (3.3). As one can imagine, equation (3.4), which is applicable
to all kinds of systems, offers a tool to manipulate the decay rate of QDs. For example, one
can chose structures with density of modes that suits his needs, such as photonic crystals,
which exhibit a photonic band gap and spontaneous emission can be suppressed at certain
wavelengths. [37, 38].

3.1.1 Signal Gain

In the previous paragraph, we considered the system of a dot inside the cavity and we
described the basic physics that comes in play. The effects described were the consequences
from inserting our emitter inside a resonant structure. As we saw, by doing that, we can
modify the spontaneous emission rate, depending on the characteristics of the structure, in
our case a cavity. So far, even though readily advertised, we have not yet discussed how the
signal is enhanced. This paragraph is dedicated exactly to that. This crucial topic is pretty
obscure and not well understood, but we will give a presentation of the related mechanisms
and attempt to give a simple model of how the enhancement occurs.

To begin with, let us note that the increase to the signal translates to an increase to the
number of photons detected. This can happen in two possible ways. The first is that the dot
emission is increased, due to the Purcell effect described earlier. This increase is expected
to have low impact on the total emission, since in our case we use relatively low Q factors,
as explained in the next section, translating to Purcell factor of ∼ 1.5. The second possible
way, which is the one that we believe plays the most important role, is the increase of the
collection efficiency. The collection efficiency is the fraction of the signal collected to the
total emitted radiation. In other words, the percentage of the emission that is collected is
increased in the case where the dot is embedded inside a microcavity. This happens because,
as explained below, in addition to the decay time of the QD, the radiation pattern is also
modified in the presence of the cavity.
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Figure 3.1: (a) Illustration of the model presented in the text, in which a QW is embedded inside
a cavity. (b) The radiation intensity as a function of angle θ, with φ = 0 for S-polarization (left)
and φ = π/2 for P-polarization (right), normalized for the free space value.

Before presenting the model, let us give some experimental parameters that will be taken
in consideration. It is assumed that the radiation is collected with an objective lens with
numerical aperture of 0.65. From equation N.A. = n sin θdet, we get a maximum angle that
can be detected of θdet = 40◦, for n = 1. Our capping layer is from GaAs, which has an
index of refraction of ∼ 3.6, translating to a critical angle of ∼ 17◦ and photons emitted
at higher angles will be internally reflected. Using Snell’s law, we see that rays with an
incident angle greater that 10.3◦, will have angles of refraction greater that 40◦. In other
words, only rays that are emitted in angles less than 10.3◦ compared to the perpendicular
to the surface will be detected.

The calculation that follows, assumes a quantum well, the dipole moment of which lies
on the xy plane with the z axis being normal to the cavity mirrors (Fig. 3.1a). The dipole is
embedded in a planar cavity, the bottom mirror of which has a reflectivity of R1, while the
top has a reflectivity of R2. The analysis assumes that the density of states is unchanged,
but the vacuum field strength is modified, either enhanced or suppressed by the cavity.
This seems to come in contrast to the previous paragraph, but it is actually the two sides
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of the same coin. Because these quantities enter together, one can assume either one to
be constant or variable. The radiation intensity, using spherical coordinates, at the point
(r, θ, φ) is given by [39, 40]:

dI(r, θ, φ) =
ηP 2

12E
0
0

r2

(
1−R2

)[
1 +R1 − 2

√
R1 cos

(
2kz0cosθ

)]
(
1−√R1R2

)2
+ 4
√
R1R2 sin2

(
kLcosθ

)

×


cos2 φ, for S polarization

cos2 θ sin2 φ, for P polarization

,

where η is a constant, P12 is the dipole moment, E0
0 is the vacuum field, k is the wavenumber,

z0 is the distance of the dipole from the bottom mirror and L is the cavity length. As we
can see, the radiation pattern is modified and depends on the cavity characteristics. We
will concentrate on a λ cavity, where the dipole is located in the middle, L = λ, z0 = λ/2
or kL = 2π and kz0 = π. The reflectivities R1 and R2 used correspond to the reflectivities
of a DBR stack with alternating GaAs and AlAs layers, with 14 and 4 periods respectively.
Fig.3.1b shows the radiation pattern for the parameters above for the S and P polarization.
As we can see, the radiation is primarily emitted at angles around 0◦, 90◦ and 180◦.

Next, we take four cases and we calculate the collection efficiency of each one, using the
above model. The four cases are the following (Fig.3.2): a) a quantum well which is located
in the planar cavity described above, b) a quantum well which is located inside the bulk of the
semiconductor, corresponding to the case R1 = R2 = 0 in the above equation, c) a quantum
well located in the same cavity as before, but it is now in a micro-pillar instead of planar,
d) the same as the third case, but without the cavity. Generally, to calculate the intensity
emitted we must integrate the above expression for the desired angles. In our model, the
only differences between these four cases, are the angles that we have to consider in each
case. To be more specific, in order to find the intensity collected through our objective for
the cases that there is no cavity and no micro-pillar, where the photons exit through the top
surface only, we have to consider angles less than θ = 10.3◦ from the top surface. However,
in the cases, where there is a cavity present, photons directed downwards at angles more
than θ = 169.7◦ will be reflected upwards, towards the objective, so they must be included
as well. In the cases where the structure is not planar, we must take into account that
there are photons exiting from the sidewalls at angles 73◦ < θ < 79.7◦, that also make it
in the collection path. The four cases and their corresponding collection efficiencies β are
summarized in Fig.3.2. As we can see, the β for the first case is 0.223, for the second 0.012,
for the third 0.232 and for the fourth 0.057. As we expected from the radiation pattern in
Fig.3.1, the collection efficiency is increased when there is a cavity present compared to the
case where there is not, due to redirection at small angles. In addition, in the cases where we
have micro-pillars, the collection efficiency is increased slightly for the cavity case and more
for the no cavity case. The collection efficiency with mesas, is increased further for the non
cavity case, since the emission is isotropic and the percentage emitted from the sidewalls is
relatively larger. Our results, showing similar β for the planar cavity and when the cavity
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Figure 3.2: The four cases used for the calculation presented in the text and their corresponding
collection efficiency.

is in a micro-pillar, suggest that we would get approximately the same signal enhancement
either by creating mesas, or by simply opening nano-apertures on top of a planar cavity.

It is obvious that the calculation above makes several drastic assumptions about the
system and we attempt now to address them and give some estimate on their influence.
The first simplification done, is that the top and bottom mirrors are considered as metal
mirrors with the same reflectivity of the top and bottom DBR respectively. However, the
analysis is different when using DBR stacks and transfer matrices approach must be used
[39, 40]. To be more specific, when the mirrors are from DBR stacks, a larger percentage
of the emission occurs at larger angles, meaning that the radiation is more isotropic than
the case examined here. As a result, we would expect that the collection efficiency would
be higher for the case were the cavity is on a pillar, in contrast to the planar case. Another
big assumption is considering a quantum well instead of a quantum dot. This is a major
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simplification, but the basic physics is expected to be the same. Another assumption is that
the depth of the QW from the surface is the same whether we have a cavity or not, which
is not the case. When no cavity is present, the QDs are capped with only 100 nm of GaAs,
compared to the ∼ 600 nm thickness of the top DBR. Lastly, another arguable assumption
is that we ignore any effect that the lateral confinement of the radiation field, has on the
collection efficiency when we have micro-pillars, . This phenomenon has been shown to play
a significant role in the increase of the coupling of the modes near “the fundumental mode”,
or at angles θ ' 0◦ [41]. To be more precise, the phenomenon of lateral confinement of the
modes and the wave-guiding of the radiation towards the top surface, is the driving force
behind the use of photonic nanowires, leading to enhanced collection efficiencies [42]. These
photonic nanowires are non-resonant structures (without cavity) of micro-pillars where their
diameter and height is tailored to enhance the collection efficiency through wave guiding. In
our case, where we have a cavity inside a micro-pillar, but neither narrow nor long enough,
we can expect to be affected by both of these phenomena. In other words, the radiation
pattern is modified, leading to higher collection efficiencies, both because of the cavity effect
and because some weak wave guiding occuring.

3.2 Experimental

In an attempt to do single dot spectroscopy experiments, one comes across the fact that
the signal measured is relatively low, down to a few tens of counts per second (c.p.s.). As
showed in the previous section, we must use a cavity in which the QDs will be incorporated.
By using a cavity the measured signal is significantly increased, by up to 20 times, reaching
a few hundreds counts per second.

In this scope we have grown a series of samples which are samples with InAs QDs
embedded in SSLs inside a cavity. The samples in general have the same structure: a
bottom stack of DBRs, a top stack of DBRs and the SSL-sandwiched QD layer in the
middle. The DBRs are layers of GaAs and AlAs repeated for a number of periods, which
are roughly one order of magnitude thicker than the layers for the SSL. The top stack is
designed to have a much lower reflectivity than the bottom stack, so the photons escape
the cavity from the top part, to the detector. Note that the SSL structure studied in the
previous chapter is used in these samples, in order to achieve high temperature emission, so
some of the samples presented there will be also used in this chapter.

The cavities used here are λ cavities and they are carefully designed to suit our needs [43].
One parameter we want to control when designing the cavity is the wavelength at which the
cavity mode (λcm) appears. In principle, the cavity lets photons of wavelength λcm escape,
while having a very high reflectivity for the other wavelengths, acting as a mirror. When
designing the cavity, we want to place the cavity mode at the range of the quantum dot
ensemble emission, in order to enhance it. Another parameter is the quality factor (Q) of
the cavity designed. The quality factor, as mentioned earlier, is a measure of how sharp or
broad the cavity mode will be. The quality factor is also a measure of how strongly a QD
is coupled to the cavity structure.

Having in mind the high temperature emission from our dots, poses some restrictions
on the above parameters. First of all, it is important to have in mind that the temperature

29



CHAPTER 3. QUANTUM DOTS IN A CAVITY

dependence is not identical for the quantum dot ensemble emission and the cavity mode. To
be specific, the QD emission is expected to red-shift by ∼ 40 nm as the temperature rises
from 13K to room temperature, while the corresponding shift of the cavity mode is expected
to be only ∼ 10 nm. As a result, the high temperature emission by QDs in a cavity is not
a trivial task, as one would think, and the cavity mode must be placed wisely to ensure
maximum output. For example, one can place λcm in the center of the QD emission. By
doing that, we achieve an enhancement at low temperatures, but as the temperature rises,
the QD emission will shift past the cavity mode. On the other hand, we can place the cavity
mode in such a way, that the QD emission will shift on top of it at elevated temperatures.
This was the motivation behind the choice of the 950nm central wavelength at 200K, made
in the previous chapter when extracting the activation energies of the SSL samples. In other
words, we had in mind of a cavity mode centered at 950 nm and we wanted to see how the
PL holds for the quantum dots that would emit at ∼ λcm at 200K.

Another parameter taken into account, when designing a cavity for high temperature
emission is the quality factor Q. In the theoretical section of this chapter, we saw that in order
to have significant Purcell effect we must have large quality factors. However, the quality
factors chosen for the cavities in this chapter, are rather small. The reason behind this is
that we want the emission to be enhanced for a significant range of temperatures, which
is convenient when examining emission from single dots. Another benefit of small quality
factors is that both the exciton and the biexciton line of the same dot are enhanced, necessary
to be able to perform cross-correlation experiments, which are essential for entanglement
measurements.

In order to achieve the desired values for Q and cavity mode wavelength, we must
carefully chose the number of periods of the bottom and top DBRs, as well as the cavity
length, i.e the number of periods of the SSLs. The structure was modeled in previous works
by a code using transfer matrices [44], that extracts the relevant quantities. The growth of
the samples is similar to the growth of the SSL samples, presented in the experimental part
of the previous chapter. The only difference is the growth of the DBRs that sandwiches the
SSLs and the dots. The growth for the AlAs and GaAs layers in the DBR takes place at
around 635◦C and the SSL is grown at the same temperature. Following the SSL, the dots
are grown, with conditions that will be given for each sample separately. Then, the top
SSL is grown and the temperature gradually rises back to 635◦C in the first 10 SSL periods,
and stays there for the rest of the SSL, as well as the top DBR stack. The temperature
ramp is necessary because the aluminum atoms need higher temperature to find their lattice
positions in the thick AlAs layer of the DBR, but the indium atoms desorb heavily at high
temperatures. As a result, the solution of gradual temperature increase is chosen.

The PL characterization is done exactly as described in the previous chapter, with the
only difference being the use of a 655 nm diode laser, in addition to the 325 nm He-Cd
laser used before. The reason behind this, is that the top DBR is rather thick and photons
with higher wavelength have higher penetration depth to photo-excite carriers at the depth
where the QDs exist. The reflectivity of the samples is now measured as well, in order to
identify the cavity characteristics. For this we use a halogen lamb coupled to an optic fiber.
The light is guided perpendicular to a reference mirror first and the reflected light is guided
back to the spectrograph. Then, the same is repeated for the sample and the reflectivity
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Figure 3.3: (a) The room temperature reflectivity of sample 1508, the cavity mode is centered at
983nm and the quality factor is 136. (b) The low temperature PL, which shows a peak at 960nm,
corresponding to emission from dots that emit at the cavity mode.

is calculated as the ratio of the light reflected from the sample to that reflected from the
mirror. It is important to note that the reflectivity obtained is still not the absolute value,
due to the fact that the reflectivity of the sample is measured with the sample on top of the
mirror and thus at different distances from the fiber. For the absolute value, we would have
to measure both at the same distance.

For the purposes of this topic a total of nine samples were grown. Here we choose to
show only three of these samples, the ones which were the most successful. The growth
of the cavity samples is more demanding, due to the relatively thick DBRs, so there are
more points where it can go wrong. In other words, the cavity samples pose bigger growth
challenges and as a result, the structure may not have the desired cavity characteristics or
may not have intense QD emission.

3.2.1 Sample 1508

The first sample is labeled 1508. It is grown on a semi-insulating substrate and the cavity
consists of the bottom DBR of 67.8 nm GaAs followed by 79.3 nm AlAs, repeated for 14
periods. Next follows the SSL of 16Å AlAs and 12Å GaAs repeated for 52 periods. The
quantum dots are grown at a temperature of Tg = 450◦C, a growth duration of tt = 18 sec
and a growth rate of 0.1ML/sec. Then, a top SSL of 55 periods of 12Å GaAs and 16Å AlAs
follows right after and finally, the top stack of DBR of 79.3nm AlAs followed by 67.8nm
GaAs, which is repeated for 4 periods. In short, the sample has the SSL structure and QD
growth conditions of 1503 and could be considered as 1503 embedded in the cavity specified
above. The cavity is designed to have the cavity mode at 950 nm. In Fig. 3.3a we can
see the reflectivity obtained for 1508 at room temperature. The cavity mode is centered at
∼ 983 nm and the quality factor is 120. The PL of the sample is shown in Fig. 3.3b. The
peak centered at 960nm, at low temperature, corresponds to the QD emission filtered by the
cavity mode. It is shifted compared to the cavity mode wavelength seen in the reflectivty
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Figure 3.4: (a) Images from SEM of 1508, from an area with surface degradation. (b) The EDX
study performed on degraded and non-degraded areas of 1508.

partly due to the different temperature of the measurements, and possibly due to sample
inhomogeneity. However, the QD peak resembles the cavity mode. As we can see, as the
temperature rises the QD emission is quenched at around 180K, even though sample 1503
showed emission up to room temperature. This is because now, as the temperature rises,
not only the dots lose carriers to the WL, but fewer and fewer dots emit at the cavity mode,
due to the shift of the emission past the cavity mode wavelength. The broad and intense
emission at ∼ 815 nm, which is saturated, corresponds to emission from GaAs present in
the DBRs.

3.2.2 Surface Degradation

Later, when deciding which sample to do micro-PL on and after examining the sample,
we came across the fact that areas of the surface of the sample were altered. To be more
specific, the surface had become rougher on several spots, with different coloring than the
rest of the surface. During the cavity samples investigation, the same effect appeared on all
the samples. This surface degradation seems to be happening in about a few weeks after the
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Figure 3.5: (a) The room temperature reflectivity mapping of 1508, after the surface degradation
has taken place. We can see that only one spot was significantly damaged. (b) The corresponding
low temperature PL, showing a heavily distorted emission compared to the first PL measurement
of the sample.

sample growth, in similar extent to all the samples. A scanning electron-beam microscopy
(SEM) and an energy-dispersive X-ray spectroscopy (EDX) study has been carried to figure
out the structure and composition in the degraded areas. The results are shown in Fig. 3.4.
As we can see in the composition of the defect obtained from EDX, there is significant oxygen
content (∼ 30%) in the degraded areas, suggesting some kind of oxidation. In contrast, the
aluminum, the gallium and the arsenic is slightly reduced, compared to the “healthy” areas.
However, the damage on the sample is not limited to the surface only. This can be seen
when measuring the reflectivity and the PL of 1508, after the surface was degraded, as
shown in Fig. 3.5, for different areas of the sample. Note that the reflectivity is not changed
much for most of the areas measured, except for a 4nm red-shift of the cavity mode. The
PL, on the other hand, is heavily disturbed, suggesting that the phenomenon affects more
drastically the QD emission. The cause of this is not clear. One possible explanation could
be defects, such as dislocations, that propagate through the sample, all the way to the
surface. As a result, aluminum could potentially make its way to surface, causing some sort
of oxidation. Another more probable explanation is that oxygen penetrates deep into the
structure, causing the oxidation at a greater depth and spreads from within to the surface.
It should be noted that this effect is more prominent in high index substrates, compared to
(100). In any case, one way to protect these samples from degradation, is to put them in an
oxygen-free environment with constant nitrogen flux. Also, as we found out, the processing
of the sample for micro-PL measurements, i.e the formation of micro-pillars by reactive-ion
etching (RIE), seems to halt the degradation mechanism. As a result, in order to perform
micro-PL on a cavity sample, we found out that immediate processing is required. Thus,
once a sample is characterized and evaluated to be studied in micro-PL, the processing must
be done as soon as possible to limit any degradation.
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Figure 3.6: (a) The reflectivity measured for 1509, the cavity of which has a quality factor Q = 136
and the cavity mode at λcm = 970 nm. (b) The PL measured for 1509, showing a relatively broad
dot emission, which is not characteristic emission of QDs inside a cavity.

3.2.3 Sample 1509

The next sample of the series is labeled as 1509. The structure is the same as 1508, with
the only difference being the reduction in the cavity length. The DBR stack thickness and
periods are same, as well as the dot growth conditions, but the cavity length is reduced by
reducing the SSL periods from 52 to 48. This change is done in order to shift the cavity
mode closer to the 950 nm mark, for the reasons explained earlier. The reflectivity of the
sample is shown in Fig.3.6a. The cavity mode has indeed shifted, to ∼ 970 nm and the
quality factor is now 136. The PL of the sample is shown in Fig.3.6b and we can see that
the dot emission is present and is rather broad, in contrast to 1508 that had a well-defined
peak, which does not exactly follow the cavity mode as seen in the reflectivity of the sample.
The cause of this is not certain, but a possible explanation, based on the resemblance of
the 1509 PL to the 1508 PL after the surface degradation, is that the sample was already
damaged to some extent at the time of the measurement.

3.2.4 Sample 1572

Following the growth of a number of cavity samples, which did not work as intended, either
by having the cavity mode off or by not showing PL even when the cavity mode was cor-
rectly placed, we decided to use the new QD growth conditions used in samples 1553, 1554
and 1555. Out of these three, we chose to go with sample 1553, for which the SSL layer
thicknesses are the same as 1508 and 1509, with the only difference being the use of 1553
QD growth conditions, instead of the conditions of 1503 used in 1508 and 1509. The reason
behind the selection of 1553 instead of 1554 and 1555, is that it has strong emission and it
seems to hold better as the temperature increases than the rest. However, by changing from
1503 to 1553 growth conditions we increase the QD density, so this may pose a problem
when trying to do single-dot spectroscopy. In any case, the number of SSL periods is now
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Figure 3.7: (a) The reflectivity mapping of sample 1572, showing a cavity with very few fluctua-
tions across the sample. The cavity mode is centered at 942 nm and the quality factor is 154. (b)
The PL of the sample, showing strong a QD emission peak at 932 nm, for low temperatures.

reduced to 44 and the reflectivity of the sample is shown in Fig. 3.7a. As we can see, the
cavity mode is centered at ∼ 942 nm and the quality factor is ∼ 154. The PL is shown in
Fig. 3.7b, where we can see a peak corresponding to the QD emission. The intensity of the
sample is stronger than the intensity of the two previous samples by a factor of ∼ 20. As
expected, the change on the QD growth conditions, which resulted in an intensity increase
from sample 1503 to 1553 by a factor of 2, is reflected also when we embed our dots inside
a cavity. Taking into account that the sample has the cavity mode at the wavelength that
it was designed to be and that it shows strong dot emission in the cavity mode, we decided
to further study it by performing micro-PL experiments. For this purpose, after the initial
measurements, the sample was given for processing to ensure that surface degradation is
limited.

3.2.5 micro-PL

The last part of this chapter is dedicated to the micro-PL measurements performed on
sample 1572. These measurements serve as an investigation on the single-QD emission
characteristics of the sample. To be precise, the scope of this investigation is to point out
possible candidate quantum dots, on which single-photon measurements will be performed
and to extract general tendencies of the sample, such as the intensity of the QD emission,
the excitonic linewidth and the exciton-biexciton splittings.

Before presenting the experimental setup and the results, we will briefly mention the
process flow for the fabrication of micro-pillars, or also called mesas, on the sample. These
micro-pillars serve as markers on the surface, convenient for reproducible mapping of the
sample. They could also serve as some sort of wave-guides, provided that their diameter
was sufficiently small and their height sufficiently large [45]. The patterning process is the
following. First, the indium from the backside of the sample is removed by polishing the
backside by lapping. This indium is used for the mounting of the substrate on the molyblock
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Figure 3.8: (a) The layout of one period of the pattern formed by electron-beam lithography of
the surface of the sample. A total of 100 periods in a square mesh, are created. (b) The mesas
formed by reactive ion etching, their diameter ranges from 10 µm to 0.3 µm. Their sidewalls are
vertical and their depth is such that the etching front is inside the bottom DBR.

inside the growth chamber. Then, after indium removal, a suitable polymer, used as a mask,
is deposited by spin coating. The wanted pattern is generated by electron-beam lithography
and one period of the design layout with the corresponding dimensions is shown in Fig.3.8a.
A total of 100 periods like the one shown are created. Then, the resist is removed from the
areas of the surface not exposed to the electron-beam, leaving the sample surface uncovered,
and the only resist left is on the exposed areas, i.e on the wanted patterns, serving as a
protective mask for the formation of micro-pillars using reactive ion etching. The reactive
ion etching (RIE) is required because of the anisotropic etching needed for the formation of
vertical sidewalls of the micro-pillars. The etching depth depends on the structure of the
sample. For the microcavity samples, the depth is about 0.6 µm and gets in the bottom
DBR stack by 2-3 periods. Finally, after the micro-pillar formation, the polymer is removed
by standard degreasing, using acetone, isopropanol, and deionized water. The final product
is shown in Fig.3.8b, showing well formed mesas with relatively smooth vertical sidewalls.

After the macro-PL characterization and the micro-pillar formation by the process flow
described above, the sample is ready for micro-PL measurements. The sources for the
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QD excitation used are a continuous wave (CW) diode laser at 532 nm and later a mode
locked tunable Ti:Sapphire laser, with repetition rate 76MHz and pulse duration of ∼ 80fs,
tuned at 770 nm. For the latter case, a spatial filtering setup was used to create a clean
Gaussian beam profile to control its shape. The sample is held on a continuous flow liquid
nitrogen cooled cryostat, capable of temperatures down to 77K. The vacuum of the chamber
is at around 10−5 mbar. The beam is focused on the sample using a 40x objective with a
numerical aperture of 0.65, translating to spatial resolution of about 1− 2 µm. The power
of the laser focused on the sample is controlled using a continuously variable neutral density
filter wheel, ranging from ND0 to ND4. The micro-PL signal from the dots is collected
from the same objective and is analyzed through a 0.75m spectrograph, which has a 1200
gr/mm grating, blazed at 750nm. The analyzed spectra are recorded using a high quantum
efficiency back-thinned liquid nitrogen-cooled CCD.

It is important to note the reason behind the use of two different lasers as excitation
sources. At first we used only the CW diode laser, but later we chose to use the Ti:Sapphire
as well. The most significant difference between the two lasers is their wavelength, the
first being at 532 nm and the second being locked at 770 nm. The wavelength of the laser
determines the penetration depth, but most importantly it determines the region where
the carrier excitation takes place. To be more specific, recalling the simulation results
from Chapter 2 (Fig. 2.1), the SSL of sample 1572 is expected to have a direct band gap
at around 590 nm. As a result, when the excitation source has a wavelength lower than
590 nm, carriers can be excited in the SSL. Then, they are relaxed into the WL and finally
to the QD, by the emission of phonons. Considering that, while relaxing to the QD, the
carriers may get trapped to defects, creating localized charges and thus affecting the dot
emission, we later decided to use the second laser at 770 nm. At this wavelength, the laser
cannot excite carriers in the SSL, but pumps the dots via the WL which emits at 817 nm
in these QDs. As a result, we avoid excitation in the SSL region, where the AlAs is more
prone to defects compared to GaAs. For the excitation, we could also use quasi-resonant
and resonant conditions. In other words, we could tune the laser to be on resonance with
excited states or the ground state of the dot, called quasi-resonant and resonant excitation
conditions respectively. However, experiments where the emission is close to the laser are
more difficult to implement.

The first results we would like to present is the difference between the two excitation
sources on single mesas. Note that in the spectra presented here, only mesas with diameter
300 nm are taken in consideration. This is because based on the QD density of the sample,
which is the same as 1553, an average of 6 dots is expected in the mesa of diameter 300nm.
As a result, since this number is already high for single dot spectroscopy, we investigated
only the mesas of the smallest diameter. The results of two different mesas for the two
different lasers are shown in Fig.3.9. The mesas chosen, show both a large number of dots
(a) and a fewer number (b). The lines correspond to excitonic and biexcitonic states of the
QDs in the mesa. As we can see, the dots need higher power when excited with 770 nm to
exhibit the same intensity as when excited with 532nm. This is because, when using 532nm
we excite carriers in the SSL, where as with 770 nm we don’t. As a result, we need more
power to excite the same amount of carriers. However, above a certain power, where there
are many carriers available, the emission is limited by the dot decay rate and the intensities
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Figure 3.9: The micro-PL spectra of two different mesas, using 532 nm and 770 nm excitation
wavelengths with increasing power of excitation.

are expected to be more or less constant and similar for both lasers. This is called saturation
of the lines and the power value for the saturation depends on the dot, based on how easily
it is “filled” with carriers. Another fact deduced from Fig.3.9 is that the lines from the
770 nm laser are a few nanometers blue-shifted compared to 532 nm. Since the cryostat
was opened and the sample was re-mounted between the two measurements, we can assume
that the sample in the first case was not properly mounted, and the temperature was a bit
higher than 77K. As a result, in the following spectra mostly results from 770nm excitation
will be shown.

These results are shown in Fig.3.10, where we plot the micro-PL spectra for three different
mesas using for excitation the 770 nm laser and one with the 532 nm laser. Here we will
discuss the general traits of the sample based on the total of spectra obtained. First of all,
as mentioned earlier, the sample has relatively high QD density and as a result, the mesas
with a QD number of 2-3 are not a common occurrence. In general, the sample seems to
have high intensity excitonic lines, ranging from 100-2000 c.p.s., comparable or even higher
than samples studied previously. A peculiar trend which occurs is that the excitonic lines
range from 850 nm to 960 nm when the 532 nm laser is used, while when the 7700 nm laser
is used, the number of lines at wavelengths higher than 930 nm is reduced considerably. In
general, the spectra with 770nm seem to be less “messier”, with more well-defined peaks and
less noisy signal. We would also like to point out that with 532 nm, lines with intensities
as high as 6000 c.p.s. have been measured, but because these intensities could not be
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Figure 3.10: The micro-PL spectra for three different mesas for 770 nm and one for 532 nm. The
spectra show exciton-biexciton pairs, as hinted by their power dependence.
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repeated with 770nm, we chose not to include them. Another characteristic of the excitonic
lines is their relatively large linewidth. To be precise, the average linewidth of the lines is
∼ 1.5 meV , while in previous samples the linewidth was below ∼ 1 meV . In some cases,
the lines also show significant spectral diffusion [46], i.e instances where the line wavelength
seems to drift a few nanometers in the order of less than a second. Additionally, in some
cases, there is significant blinking, where the emission seems to turn off and on. Both of
the above phenomena are linked to the presence of charged sites in the vicinity of the dot,
influencing dynamically the energy states of carriers inside the QD and the recombination of
the exciton [47, 48]. The micro-PL measurement of the mesas where the above phenomena
are intense is troublesome. The spectral diffusion and the blinking of the lines are power
dependent, increasing as power increases, and also seem to be less present when the 770nm
laser is used as excitation source. Another interesting fact is that the sample seems to
have both binding and anti-binding biexciton energies, as shown in Fig.3.10. However, this
needs further investigation in order to be a concrete result. More thorough power dependent
measurements must be done for each supposed exciton-biexciton pair, since the exciton must
obey a linear power dependence, whereas the biexciton should obey a quadratic dependence
on power. It is important to note that at saturation the biexciton intensity should be similar
to the exciton intensity in the case of a pulsed excitation sources, contrary to a CW source
where it can surpass it. This happens because, in the CW case the dot is continuously
injected with carriers and as a result the biexciton recombination is only limited by its
lifetime. On the other hand, in the case of a pulsed excitation, the carriers are injected in
one pulse and they recombine before the next pulse. As a result, the number of carriers
injected depends on the number of photons in the pulse, which is in other words the power
of the laser. The X-XX energy difference from the exciton and biexciton lines seems to
range from ∼ |3meV | to ∼ |9meV |. These values are comparable to the values from earlier
samples.

Something that would seem quite bizarre at first sight is that Fig.3.10 and the exciton
emission range of 840−960nm mentioned earlier, seem to be inconsistent with the macro-PL
spectra shown in Fig.3.7. There, a peak which we attributed to QD emission was centered
at 932nm. On the other hand, the micro-PL results indicate that the emission is spread out
significantly. To give some perspective, in Fig.3.11 we have plotted the intensity of excitonic
lines versus wavelength and in the same plot we also depict the reflectivity response and
the macro-PL of the sample. As we can see, the micro-PL emission is much more intense
compared to QD emission without cavity structure (based on previously studied samples),
but it seems to be blue-shifted by tens of nanometers from the macro-PL peak. The reason
for this seemingly unjustified phenomenon lies on the micro-pillar structure used. To be
more specific, the measurements of the reflectivity and the macro-PL correspond to the
planar structure. However, the picture changes drastically when the structure is on micro-
pillars with sub-micro diameters. The cavity is no longer planar and its photonic behavior
is affected by the micro-pillar geometry. In other words, the cavity characteristics, such as
the cavity mode wavelength and the quality factor, are different for each individual mesa.
The cavity characteristics now depend on the mesa characteristics such as its diameter, any
diameter fluctuations that may be present, the roughness of the sidewalls, etc. The quality
factor is expected to decrease (more shallow cavity mode), since only 2-3 DBR periods exist
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Figure 3.11: The emission lines from quantum dots from several different mesas, for both 532nm
and 770 nm wavelength of the excitation laser, compared to the reflectivity of the sample and the
corresponding macro-PL, in addition to the QD emission intensity when no cavity is present.

in the mesa, with the rest in the bulk of the material. In any case, the macro-PL gives us
a rough estimate of the sample emission, but when micro-pillars are formed for micro-PL
measurements, the structure at hand differs from one mesa to the other.

In this chapter we examined the effect of embedding our quantum dots in a cavity. First,
the theoretical background of a dot inside a planar cavity was given and a simple model on
how the detected signal is amplified by the presence of a planar cavity and cavity inside a
micro-pillar. Then, the three most successful samples of this series were presented and the
surface degradation, a common occurrence on all cavity samples, was examined. Lastly, the
micro-PL measurements performed were shown, in addition to the process flow of the micro-
pillar formation. The micro-PL characterization revealed intense QD emission, compared
to the QD emission when no cavity is present (3.10). It is important to note that the
micro-PL measurements shown here are an investigation on the characteristics of the single-
dot emission. They are preliminary measurements that will be used in anti-bunching and
temperature dependent experiments, necessary for high temperature single photon emitters.
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Chapter 4

Quantum dot capping with
Aluminum Arsenide

In the final chapter of this thesis, we turn our attention on a different direction. Until now,
we have focused on high temperature emission using the SSL and on the enhancement of
the detected signal by using a cavity. Here, we focus on a new direction, not explored much
in the literature as of yet. This chapter should be viewed as a side project of the work
presented in the previous chapters. At first, the idea will be presented and afterwards the
experimental results will be given.

The motivation behind the idea of this chapter stems from the results of Reference [19].
There, the QD strain profile has been deduced using HR-TEM and the indium chemical
composition has been extracted using Vegard’s law [49]. The results show an indium com-
position gradient from the base to the apex of the dots. To be more specific, the dots
have low indium content, of ∼ 0.3 just over the WL which increases towards the apex to
∼ 0.74. The indium chemical composition gradient appears only on the growth direction
and not on the lateral dimensions. This result, which suggests that our dots are in fact a
graded InxGa1-xAs alloy, with varying x along the growth direction, is somewhat bothersome
because the low indium chemical composition means that the internal piezoelectric field is
much lower than the 0.8 MV/cm predicted for the pure (211) InAs dots [50]. As mentioned
in the first chapter, the piezoelectric field is related to the FSS values and as a result we
would want it to be as high as possible. The idea explored in this chapter is to increase the
indium content by capping the dots in AlAs.

Before we go into some more detail about how AlAs capping may influence the dots, let
us discuss briefly the mechanism related to the increased gallium content in the QDs. The
mechanism is called surface segregation and it can be generally described as the phenomenon
where the composition profile of a semiconductor alloy near the surface is different from the
composition in the bulk. In III-V ternary alloys, like InxGa1-xAs, an enrichment of one
of the third-column materials has been found to occur [51]. Generally, the driving force
behind surface segregation is debated. In the literature we can find models based on both
equilibrium thermodynamics and on non-equilibrium kinetic effects. In the first approach,
when the system is in thermodynamic equilibrium, its free energy is minimal when the
chemical potentials of indium and gallium atoms forming the bulk and the surface are

42



CHAPTER 4. QUANTUM DOT CAPPING WITH ALUMINUM ARSENIDE

balanced out [52]. The material can minimize its free energy by having the alloy species
that has the weakest bonds concentrate on the surface. Also in lattice-mismatched alloys
the low-concentration species will be driven to the surface by ’strain release’ because they
experience less strain energy at the surface than in the bulk [53]. The other approach is a
phenomenological kinetic description in which a certain fraction of indium atoms of the top
surface layer segregate to the next layer, while the rest are incorporated into the bulk of
the material, before the next monolayer is completed [54]. The fact that surface segregation
depends strongly on the growth conditions, such as the growth temperature, the strain in
the epitaxial layer, the growth rate, the type of the substrate, makes it difficult to give a
clear description of the segregation phenomena. In the literature, a number of publications
explore surface segregation on InAs/GaAs heterostructures, focusing on the dependence to
the growth conditions of quantum wells [54, 55], quantum dots [56, 52] and in general the
GaAs/InAs interface [57, 58].

We now turn our attention to the main feature of this chapter, which is the capping of
the dots by a thin AlAs layer. There are reports showing that by using AlAs as a capping
layer directly on top of the dots, before the GaAs capping layer, the surface segregation
is reduced and the indium content is increased. To be more precise, the AlAs layer cap
has been shown to redshift the QD emission, consistent with the higher indium content,
while also not affecting the QD density [59]. In contrast, the dots were found to be more
uniform when capped with up to 3ML AlAs. As expected, the phenomenon was found to
be temperature dependent, with the segregation being reduced more for higher substrate
temperatures. Similar results were found in [60]. There, the red-shift of the emission from
a stacked structure of InAs QDs was reported, when an AlAs capping layer as thin as
0.2ML was inserted right before and right after the dots. The redshift of the QD emission
by a 10ML AlAs capping layer was also reported in [61]. There, they also found that the
relatively thick ,compared to the two references above, AlAs also caused a “double peak”
PL spectrum, which they attributed to two different QD families, based on their height
compared to the AlAs layer. It should be noted that in all of the above publications, they
worked on quantum dots grown on (100) substrates. To our knowledge, no publication exists
for the effect of AlAs capping on QDs grown on the (211) crystallographic orientation, as of
yet.

4.1 Experimental

Based on the reports described above, we decided to investigate the concept of capping
our dots with AlAs, in order to obtain higher indium content in them. As one can deduce
from the brief description given above of prior work done on the subject, it is not clear
how much AlAs should be deposited on the dots. The thickness of the AlAs capping layer
varies between 0.08ML to 10ML depending of the reference, a significant disparity. Also,
because the effect seems to be strongly dependent on the growth temperature we decided
to investigate the effect that the AlAs capping layer has on dots, using typical growth
conditions, the same used in the samples of the previous chapter, with a starting point of
1ML AlAs. The effect of AlAs capping was investigated both by PL characterization to find
out how the emission changes and AFM characterization, in order to extract how the QD
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Figure 4.1: The structure of the samples used for the AlAs capping investigation. The value
of x varies between each sample.

characteristics, such as diameter, height and density, are affected.
The growth of the samples is performed as described in previous chapters. After the

removal of the native oxide by thermal annealing, a GaAs buffer layer is grown. Then,
follows a 40 period SSL (23Å GaAs, 16Å AlAs) grown at 600◦C and afterwards a 10 nm
thick GaAs layer, on which the dots are formed. The growth conditions of the dots are the
same for all the samples in this chapter. The growth temperature is set at 480◦C, the growth
duration is 18 sec and the growth rate 0.1ML/s. The AlAs capping layer is grown on top of
the dots at the same temperature. Finally, the sample is capped with a 10nm GaAs layer. A
schematic illustration of the structure is shown in Fig.4.1. It is important to note here that
the substrate used in the first samples was n+ type, but later a semi-insulating substrate is
used, for reasons explained later. For the optical characterization, the PL setup described
in the previous chapters was used. The excitation source is the He:Cd laser emitting at
325 nm. The details of the setup are presented in Chapter 2.

4.1.1 Reference Samples

In the investigation of capping our dots with AlAs, it is important to have reference samples,
with no AlAs capping, with which we will compare the samples with AlAs. For this reason,
the reference samples 1540 and 1541 were grown. The substrate used was of the n+ type.
The first is an uncapped sample, meaning that the top GaAs cap is not present. After
sample 1540 was grown, 1541 was grown on a second holder with the GaAs capping. In
general, the samples on which AFM characterization is taking place, are left uncapped,
while samples with the GaAs capping are characterized by photo-luminescence. The AFM
results are shown in Fig.4.2a. The average height of the dots is 2− 3 nm and their average
diameter about 40 nm, while their density is ∼ 2 · 1010 cm−2. Notice the presence of a few
larger dots, showing elongation along one dimension, with height ∼ 15 nm and large base
diameter of ∼ 100 nm. These dots have been shown to be optically inactive, due to the
significant number of defects in them. The PL spectra are shown in Fig.4.2b. Notice that
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Figure 4.2: (a) The AFM result for the uncapped reference sample 1540, showing a QD density
of ∼ 2 · 1010 cm−2, average QD height 2− 3 nm and average diameter 40 nm. (b) The PL spectra
of capped reference sample 1541.

because the bottom SSL is 100Å apart and the top SSL is not present in these structures,
the emission is red-shifted compared to the samples of Chapter 2. The relatively broad peak
at around 830 nm corresponds to emission from the n+ substrate which was used.

4.1.2 1ML AlAs capping

As a first step for the investigation, we chose to use an AlAs capping layer thickness of 1ML.
It is important to have in mind that AlAs does not wet the surface on which it is grown
and as a result, when we say AlAs layer thickness, we refer to the amount of AlAs deposited
on the QDs, regardless of how the aluminium atoms have been arranged, forming a thin
film or not. The AFM results of the uncapped sample 1543 are shown in Fig.4.3a. The QD
density of the sample is reduced to ∼ 6 ·109 cm−2, while the dot height is slightly reduced to
2− 2.5 nm and their diameter remains relatively intact at 40 nm. Something worth noting
is that the amount of larger dots is significantly reduced, while there is a significant amount
of small bumps on the surface of height below 1 nm, resembling dots that have not fully
formed. The PL spectra of the capped sample 1544 is shown in Fig.4.3b. First of all, we
can see that the emission intensity is lower compared to the references samples, by almost
an order of magnitude. Additionally, the QD emission seems to be somewhat blueshifted
compared to the reference sample and the emission does not shift as the temperature rises
as much as the reference sample with increasing.

4.1.3 0.5ML AlAs capping

Pursuing further the investigation, we decided to reduce the AlAs deposited to 0.5ML.
The main reason was the reduced QD density and the presence of not fully formed dots,
suggesting that the AlAs affects á posteriori the QD formation mechanism. As a result, all
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Figure 4.3: (a) he AFM results for 1543, in which the dots are capped with 1ML AlAs. The dot
height and density are reduced compared to the reference sample. (b) The PL spectra of 1544, the
capped version of 1543, showing weaker emission than the reference.

(a)
(b)

800 850 900 950 1,000 1,050 1,100
102

103

104

WL 0.5ML

Wavelength (nm)

P
L
In
te
n
si
ty

(a
.u
.)

15K

20K

30K

50K

70K

90K

110K

130K

150K

170K

Figure 4.4: (a) The AFM results of sample 1546, where a 0.5ML AlAs capping was used. The
dot height remained at 1543 levels, while the density increased to that of the reference. (b) The
PL of sample 1547, which is the same as 1546, but capped. It is very similar to the PL of sample
1544 with 1ML-capping.
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Figure 4.5: (a) The PL spectra of sample 1548, in which 0.6ML AlAs is deposited on top of the
dots, showing stronger QD emission that the previous AlAs samples. (b) The PL results of sample
1549, in which the AlAs capping layer thickness was 0.3ML, showing reduced PL intensity than
the reference.

of the following samples have cap layer thicknesses less than 1ML. The sample with 0.5ML
AlAs on top of the dots which was left uncapped is labeled as 1546, while its capped sibling
is labeled as 1547. The AFM results for the former are shown in Fig4.4. The sample is now
more dense, with a QD density of ∼ 2 · 1010 cm−2, similar to the density of the reference
sample. The height and diameter of the dots is again 2.0− 2.5 nm and 40 nm respectively.
It should be noted that the background in between dots is more rough, meaning that the
overall surface has more height fluctuations, while the larger dots are absent now as well.
The PL of the capped sample is shown in Fig.4.4. The spectra resemble closely the spectra
of sample 1544, with the only difference being that it is slightly redshifted and it seems to
hold better as the temperature rises.

4.1.4 0.6ML AlAs capping

Next, we used an AlAs capping layer of 0.6ML. Based on the trend of the AFM results, we
chose not to grow an uncapped sample, assuming similar dot characteristics. The sample
is labeled as 1548 and its PL characterization is shown in Fig.4.5a. As we can see, the
emission is much stronger than the two previous samples by about one order of magnitude.
The intensity is in fact comparable or higher to the intensity of the reference sample. The
PL structure does not differ much from the other samples with AlAs capping, except for
the increased intensity. This could be attributed to higher QD density or less defects. In
any case, this seems like an important result. By using a 0.6ML AlAs capping layer, the PL
intensity did not crumble, like the two previous samples with AlAs, but it increased slightly,
at the very least.
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Figure 4.6: The PL comparison of the samples of the AlAs capping investigation.

4.1.5 0.3ML AlAs capping

As the final part of this investigation we checked the effect on the QD emission of the capping
by 0.3ML AlAs. Again, no uncapped sample was grown for the same reasons as before. The
sample is labeled as 1549 and the corresponding PL spectra are shown in Fig.4.5b. The
emission intensity is reduced compared to 1548 and to the reference sample, but it is still
stronger than samples 1544 and 1547. Except the intensity, the structure of the emission is
similar with the rest of samples with AlAs capping, while being redshifted further.

The results of the PL characterization are summarized in Fig.4.6. First of all, with AlAs
capping, the emission seems to be narrower than the reference sample, while it tends to
emit in the low-energy side of the reference PL spectrum. This could mean that the QD
homogeneity is improved, but it is unclear whether the relative shift is attributed to increased
In composition, as it was attributed in Reference [59]. Additionally, with the exception of
0.6ML AlAs capping, the presence of AlAs reduces the PL intensity, suggesting an increase
of non-radiative recombination channels when AlAs is introduced. Another result is that
the WL emission is clearly affected by the deposition of AlAs. As we can see, the presence
of AlAs blue-shifts the WL emission, which is a clear sign that something is happening when
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Figure 4.7: Micro-PL results from 10 µ, diameter mesas of (a) sample 1544 and (b) sample 1548,
showing strong background emission from the substrate, making the measurement of single dot
lines impossible.

AlAs is deposited.

4.1.6 micro-PL

Based on the results presented above, we decided to perform micro-PL measurements on
two of the samples. The samples that were chosen were 1544 and 1548, on which 1ML and
0.6ML AlAs have been deposited on the dots, respectively. The reason behind this decision
was that the emission of the former showed blueshift compared to the reference, while the
latter showed redshift, suggesting different mechanisms that take place. Keep in mind that
1544 has a weak PL, suggesting that the single-dot characterization may be more difficult
due to low count of optically active QDs. However in theory, we would only need to find a
few dots that emit satisfyingly to extract useful information. It is also important to keep in
mind that we do not have in these samples any cavity structure and as a result the counts per
second will be significantly reduced compared to the micro-PL spectra presented in Chapter
3.

For the micro-PL measurements, the diode laser emitting at 532 nm was used as the
excitation source, the same as in Chapter 3. The mesas were formed using the same pro-
cess flow, with the only difference that the mesa height is now 0.3 µm. For details of the
experimental setup and the process flow regarding the mesas formation, check Chapter 3.

The micro-PL spectra of 1544 and 1548 are shown in Fig.4.7. There, a comparison is
presented, between the signal detected from the mesas and the signal detected from the
substrate. The mesas used for this measurement are the ones with diameter of 10 µm, i.e
the largest available. As we can see, the intensity of the substrate signal is comparable or
higher than the signal from the mesas and as a result no distinct quantum dot lines have
been measured. Notice however, that the ratio of the peak at 830nm to the peak at 920nm
is higher for the substrate, which indicates that there is some QD emission at ∼ 920 nm.
This is more evident in 1548, where there is clearly also QD emission at around 1020 nm,
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Figure 4.8: The comparison between the PL spectra of n+ and semi-insulating substrate types for
(a) 325nm and (b) 325nm, indicating the semi-insulating has weaker emission in the QD emission
range. (c),(d) The PL spectra of samples 1567 and 1568, which feature a semi-insulating substrate.

as expected from the PL results. It is obvious that the picture is completely different from
the micro-PL results presented in Chapter 3. The substrate emission is now comparable to
the QD emission. This is of course something that would not have been any major issue in
structures with cavity, where the dot signal is much stronger, but now, that the signal from
the dots is not amplified, the measurement of single dot spectra becomes impossible.

4.1.7 AlAs-capping QD Samples on Semi-Insulating Substrates

It is clear that the substrate emission hinders the measurement of single-dot spectra. The
alternative option is the substrate used in the previous chapters, which was semi-insulating
(S.I.). Based on the above problems in the micro-PL measurements, we have taken a piece
of the substrate wafer from both of these two substrate types and we measured their PL
emission for both 325 nm and 650 nm excitation wavelengths, which is shown in Fig.4.8a
and Fig.4.8b respectively. As we can see, the overall emission intensity is lower for the S.I.
substrate, especially around 920nm, where QD emission is expected based on the micro-PL
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results and the . As a result, we decided to grow two new samples that are now grown on
S.I. substrates.

The two new samples, labeled as 1567 and 1568, are repetitions of samples 1548 (0.6ML
AlAs) and 1541 (0ML AlAs) respectively, with the substrate being the only difference. Their
PL spectra is shown in Fig.4.8c and Fig.4.8d respectively. As we can see, the broad substrate
peak at ∼ 830nm is absent in these samples. Sample 1568 has a more intense and broad WL
peak than 1541, suggesting more dominant fluctuations to WL width and composition. The
intensity of 1567 is slightly lower than that of 1548, which was the corresponding sample
with 0.6ML AlAs with n+ substrate. On the other hand, 1568 shows relatively weaker
emission that its n+ sibling 1541. It is now more obvious that the QD emission range is
changed between the two samples. To be precise, in 1568 (0ML AlAs) the QDs emit at
around 950nm, while in 1567 (0.6ML AlAs) the dots emit at around 1000nm. Based on the
above, the single dot spectral characterization of the samples seems plausible. As a result,
the samples were sent for the mesa formation. Until the writing of this thesis, the formation
of the pillars was not complete and thus, no micro-PL spectra were measured, as of yet.

In this chapter, we firstly posed the issue of a reduced indium content of the dots, as
revealed in Reference [19]. Next, we presented the related mechanism causing intermixing
of the dots, which is called surface segregation. A possible solution to the segregation
phenomena was given by the introduction of an AlAs capping layer on top of the dots
and references to the literature from AlAs capping on (100) QDs were made. Finally, an
experimental investigation has taken place on the effect of the AlAs capping, in which PL
and AFM characterization have taken place on samples with five different AlAs capping
layer thicknesses. Single dot spectra, on the other hand, were not able to be obtained using
micro-PL due to background emission from the n+-substrate initially used.
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Future Work

The work presented in this thesis are only a part of the work required to obtain and measure
single-photon emitters at high temperatures. As a result, there are open topics that will be
addressed in the future. Following is a concise list of the work needed to be done in the
upcoming months:

• A more thorough investigation of the mesas of sample 1572, in order to find the best
candidate mesas for single-photon emission at high temperatures. Some characteristics
of these mesas would be that there are at most one or two QDs, the emission intensity
of which is high and the excitonic and biexcitonic lines are well-defined based on
thorough power dependent measurements.

• Temperature dependent measurements on sample 1572.

• Time-resolved measurements on the excitonic lines of 1572.

• Anti-bunching measurements on 1572 in order to establish the single-photon nature
of the emission, at as much elevated temperature as possible.

• The micro-PL measurements of the AlAs-capped QD samples 1567 and 1568 to extract
all the important quantities, related to increased In-composition in the dots, such
exciton-biexciton splittings, time-decays, FSS etc.
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