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Abstract 
This thesis reports is about the fabrication and characterization of InAs self-assembled quantum 

dots (QDs) using both InP and GaAs substrates for the realization of telecommunication-wavelength 

single-photon sources for quantum communication. The QDs were grown by metal organic vapour 

phase epitaxy (MOVPE) using the strain-driven Stranski-Krastanov formation mechanism. InAs 

QDs realized using an In-rich metamorphic matrix material grown on GaAs revealed narrow and 

bright low-temperature (4K) PL emission lines from isolated QDs up to a wavelength of 1.55 µm. 

These QDs offer an interesting alternative to InAs/InP QDs single-photon emitters for the 

telecommunication regime. 
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Introduction 
Quantum dots are nanostructures with very small size (base width of a few tens of nanometres and 
a height of 4-10 nm) comparable to De Broglie wavelength, so that they exhibit quantum 
confinement properties. It is also possible to refer to quantum dots as “artificial atoms”, since they 
have properties that are typical of both discrete molecules and bulk semiconductors; in particular 
they are characterized by discrete energy levels and in addition their optical properties may change 
varying their size, shape and material. The optical properties appear when the quantum dots are 
excited by an external stimulus, such as light or voltage, and it results that larger dots emit at longer 
wavelengths (the so called redshift) so that their energy is lower, while smaller dots emit at shorter 
wavelengths (the so called blueshift) so that their energy is higher. 
Quantum dots, especially in the last few years, have found a lot of possible applications, such as: 

I. Quantum dots displays [1,2], that produce brighter and clearer images compared to other 
technologies (as LCD or OLED displays), thanks to the fact that they emit a monochromatic 
light and are able to produce any kind of colour in a very easy way, just by changing their 
size and composition. Moreover they waste less energy, since only the pixels in use are 
excited, are cheaper and their lifetime is higher. 

II.  Solar cells and photovoltaic applications [3,4], normally based on semiconductors and 
characterized by values of efficiency (the capability of a solar cell to convert the sunlight to 
electricity) up to around 33%. The use of quantum dots can increase the values of 
efficiency up to 60%, since a high energy photon can generate more than a single exciton 
(multiple exciton generation, MEG). 

III.  Disease detection and medical imaging [5,6], since they can allow revealing and observing 
detailed biological processes. For instance quantum dots can be used for monitoring 
cancerous cells. Moreover they are more resistant to degradation than other optical imaging 
probes, allowing them to track cell processes for longer periods of time. 

In this project we are interested in quantum dots that emit at 1.55µm (telecom C-band) in order to 
realize efficient single-photon emitters. In fact at the telecom C-band, the information, carried by 
optical fibers [7], can travel over long distances without significant losses, since the lowest 
attenuation value that corresponds to the minimum absorption is observed for silicon optical fibers 
(a detailed graph at [8]). 
In order to reach the desired wavelength of 1.55µm, InAs self-assembled quantum dots are realized 
on two different substrates: InP initially [9,10] and GaAs consecutively using a InGaAs metamorphic 
buffer [11] to reduce the lattice mismatch in this case. 
Their growth is realized by means of Metal Organic Vapour Phase Epitaxy, a standard tool for 
industrial production, that allows growing compound semiconductor layers with very high control 
and accuracy in layer thickness and composition using metalorganic and hydride precursors in the 
gas phase. In details the epitaxial technique that is used is the Stransky-Krastanov strain-driven 
growth: the growth starts first with the deposition of a layer, called wetting layer, and then when the 
strain is enough, there is the formation of the 3D islands, that represent the dots and that are 
characterized by very small sizes. 
Therefore the characterization of the optical and structural properties of the QDs is realized by: 

I. Room temperature and low temperature photoluminescence to check the emission of the 
dots. 

II.  Atomic force microscopy used in tapping mode to analyse the surface of the samples. 
III.  X-Ray diffraction to measure the composition of indium in the InAs/InGaAs/GaAs system. 

A lot of literature has been produced using the more common InAs/InP system; for instance in [12] 
InAs quantum dots emitting at 1.58µm are grown on a InP(001) substrate using two different growth 
rates in order to control the density of the dots. InAs1−xPx quantum dots are grown on a InP(001) 
substrate, with a voluntary V alloying of InAs quantum dots using different phosphine flows during 
the quantum dots growth [13] leading to emissions that vary in a very wide range of wavelengths, 
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from 1.3µm to 1.9µm in [14]. In [15] instead InAs quantum dots are fabricated using several growth 
temperatures, highlighting a blueshift in the emission peak in a range between 1800-1300nm as the 
temperature decreases. In the end in [16] it is showed the insertion of a GaAs ultrathin layer in the 
InAs/InGaAsP/InP(001) system to shift the emission to 1.55 µm. 
On the contrary the use of a InGaAs metamorphic buffer results to be a more recent and much less 
explored technique and some details can be found in [17] and [18]. 
The possibility to have self-organised quantum dots that transmit single photons can be useful in 
quantum communication [19,20], which allows having a secure and fast transmission channel. In 
fact the use of photons that obey to the laws of quantum physics assures to create channels that 
protect information against eavesdropping by means of quantum cryptography, based on the use of 
single-photon emitters.  
An example of quantum cryptography is the quantum key distribution [21]. This technique permits a 
secure communication between two parties A and B, producing a shared secret random key by the 
means of a single-photon source, used to encrypt and decrypt messages. 

 
Figure 1. A simplified quantum key distribution sketch. 

The two parties A and B have access to a classical public channel and a quantum channel as well 
as the eavesdropper C. The security of quantum cryptography is assured by quantum physics 
principles, in particular the Heisenberg uncertainty principle and the no-cloning theorem. The first 
principle states that in a quantum system only one property of a pair of conjugate properties can be 
known with certainty. This principle, initially referred to the position and momentum of a particle, 
described how any measurement of a particle's position would disturb its conjugate property, the 
momentum and vice versa; it is therefore impossible to simultaneously know both properties with 
certainty, regardless of the instruments’ precision, without changing the quantum system’s 
characteristics. Besides the second theorem states that it is impossible to create a copy of an 
arbitrary unknown quantum state. This means that if the user C tries to violate the quantum channel 
and to steal the key, the measurement itself will disturb the system and will allow the two parties A 
and B to detect his presence. 
There are many different ways to realize solid-state single-photon emitters [22,23]:  

I. Color centre sigle-photon emitters. 
II.  Molecule single-photon emitters. 

III.  Quantum dot single-photon emitters. 
In particular the use of quantum dots offers some advantages: the chance to tune the emission 
wavelength, the opportunity to have single photons on demand and the possibility to fabricate dots 
on mass scale. 
The first part of the project was focused on the InAs/InP system; in particular the growth sequence 
starts with the deposition of an InP buffer layer, then InAs quantum dots are deposited in order to 
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observe their emission by means of PL measurements and then the structure is completed with an 
InP capping layer. In the end another layer of InAs quantum dots is realized, in order to analyse 
their structural properties by means of AFM measurements.  
Starting with an high V/III ratio equal to 369.7, it was realized a sample (number 7619) with a drastic 
reduction of the V/III ratio equal to 22.18, leading to the presence of big and small dots on the 
surface. Moreover PL measurements show emission at 1550nm at room temperature and at low 
temperature, but no single emission line were visible at low temperature from quantum dots. Other 
samples were realized to further investigate, changing the V/III ratio, the quantum dots deposition 
time and the reactor temperature but no emission was visible, apart from the wetting layer peak at a 
lower wavelength than 1.55µm. 
Moreover another sample with the same exact parameters of 7619 was grown in order to compare 
their PL and AFM measurements and to see if the results are reproducible: it results that the 
structural properties of the dots were very similar and the same 1550nm emission peak was visible 
at room temperature, while on the other hand low temperature PL measurements did not show any 
peak at the C-telecom band. 
The second part of the project was focused on a different system using a GaAs buffer, i.e. 
InAs/InGaAs/GaAs system; in this case the growth sequence starts with the deposition of a GaAs 
buffer layer, then an InGaAs metamorphic graded buffer is grown to reduce the lattice mismatch 
between InAs and GaAs and to redshift the emission towards 1550nm and in the end InAs quantum 
dots are deposited on top of it (AFM samples used to study the structural properties of the quantum 
dots on the surface). For PL samples the structure is completed with an InGaAs capping layer, in 
order to see the buried quantum dots emission by means of PL measurements.  
Starting from the reference samples and using the same growth rate for the InGaAs buffer layer, 
other samples were grown by changing only one parameter per growth, i.e. the indium composition 
in the InGaAs metamorphic buffer to redshift the emission towards 1550nm or the quantum dots 
V/III ratio or the InAs deposition time to change the density of the dots. 
In particular it was realized a sample (number 7736), with an InGaAs metamorphic buffer with 
indium composition around 26% and buried InAs quantum dots with a V/III ratio equal to 431.94 and 
an InGaAs capping layer, was characterized by few emission lines beyond 1500nm at low 
temperature due to a low density while another sample (number 7740), with an InGaAs 
metamorphic buffer with indium composition around 30% and buried InAs quantum dots with a V/III 
ratio equal to 406, showed a low intensity emission peak at 1550nm at low temperature. 
Indeed other growths were tried with the same material system, by changing first the InGaAs growth 
rate using two bubblers and then changing different parameters for the quantum dots as the V/III 
ratio and the InAs deposition time. By the way these changes did not lead to any PL emission from 
quantum dots at low temperature, probably due to a bad quality of the surface, since two bubblers 
were used, and also to optically inactive dots. 
To end up this introduction here is reporter how this thesis work is divided. Chapter 1 is about the 
theoretical background needed to better understand the physics behind quantum dots and their 
behaviour. Also the techniques that are used to fabricate quantum dots are outlined, with particular 
attention on MOVPE. Chapter 2 is about the experimental setups used in this work to characterize 
the structural and optical properties of the quantum dots samples, with focus on AFM, PL and XRD. 
In the end Chapter 3 is about the practical part including the quantum dots realization, in which all 
the InAs/InP and InAs/InGaAs/GaAs samples are shown, and the corresponding results.  
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Quantum Dots 

1.1 Atomic structure 
The classical model [24], used to describe a single atom in the space, is the Rutherford model, in 
which the atom is composed by a small core in the middle, positively charged and with almost all of 
the mass and electrons orbiting all around this massive nucleus, as shown in Figure 2. 

 
Figure 2. Rutherford atomic model. [25] 

The electrons are attracted to the nucleus by Coulomb force and rotate around it with uniform 
circular motion. If we assume a circular orbit, we can equal the attractive Coulomb force and the 
centripetal force and find the expression for the tangential speed modulus v. 
The initial equations are 

𝐹𝐹 = 𝑚𝑚𝑎𝑎𝑐𝑐 , with 𝐹𝐹 =
𝑍𝑍𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝑟𝑟2
 

where 𝑎𝑎𝑐𝑐  is the centripetal acceleration and m is the electron mass, while the second equation is 
the Coulomb force expression, with radius of curvature r and atomic number Z. 
Besides, the centripetal acceleration is  

𝑎𝑎𝑐𝑐 = v2

𝑟𝑟
 (1) 

So if we equalise the two formulas, the tangential speed results to be 

v2 = 𝑍𝑍𝑍𝑍2

4𝜋𝜋𝜀𝜀0𝑚𝑚𝑟𝑟
  (2) 

Consequentially it is possible to calculate the orbital period T=2πr v⁄  or the revolution frequency 
𝜈𝜈=𝜈𝜈/(2πr).  
In addition it is also possible to calculate the total energy (kinetic plus potential energy) 

𝐸𝐸 = 1
2
𝑚𝑚v2 − 𝑍𝑍𝑍𝑍2

4𝜋𝜋𝜀𝜀0𝑟𝑟
= − 𝑍𝑍𝑍𝑍2

8𝜋𝜋𝜀𝜀0𝑟𝑟
 (3) 

that results negative and increases with the radius r (E⟶0 when r→ ∞). It is clear that every value 
of r is allowed, so the energy of the electron can also assume every value.  
The problems with this model are: 
1. Since an electron is an accelerated charge, it emits energy via electromagnetic waves, in a 

continuous way. This means that the electron loses gradually its energy and, due to the relation 
between energy and radius, its orbit becomes smaller and smaller, until it collapses onto the 
nucleus. 

2. The observed emission spectrum is not continuous as expected from the equations, but there 
are lines only around certain frequencies. 

The Rutherford model is consecutively improved by the Bohr atomic model [26], in which the atom 
is still modelled as a massive central nucleus with electrons orbiting all around it, but new laws, 
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different from the classical laws of physics, are introduced to solve the problems of the previous 
model [27]. 
The first hypothesis is about the stationary orbits; in this prospective the electrons can only orbit 
stably, without radiating, in certain orbits (for certain values of energy called energy levels or energy 
shells) for a certain discrete set of distances from the nucleus.  
Based on Planck's quantum theory of radiation, Bohr supposed the quantization of the angular 
moment: 

𝐿𝐿 = 𝑚𝑚v𝑟𝑟 = 𝑛𝑛ℏ = 𝑛𝑛 ℎ
2𝜋𝜋

 (4) 
where n=1,2,3… and is called the principal quantum number, h is the Planck constant and ℏ = ℎ/2𝜋𝜋  
is the reduced Planck constant. 
We can combine the expressions (2) and (4) to obtain the radii of the possible orbits of the electrons 

𝑟𝑟𝑛𝑛 = 4𝜋𝜋𝜀𝜀0ℏ2

𝑍𝑍𝑚𝑚𝑍𝑍2
𝑛𝑛2 (5) 

In these orbits, the electron's acceleration does not result in radiation and energy loss as predicted 
by classical electromagnetics. 
Furthermore, using (5) into (3) leads to the expression of the energies associated to the orbits 

𝐸𝐸𝑛𝑛 = −�
𝑍𝑍2𝑚𝑚𝑒𝑒4

32𝜋𝜋2𝜀𝜀02ℏ2
�

1
𝑛𝑛2

≈ −
13.6 𝑍𝑍2

𝑛𝑛2
𝑒𝑒𝑒𝑒 

For n=1 we have the minimum radius, that is associated to the minimum energy value. The 
hydrogen atom (one electron, Z=1) is characterized by the lowest possible value of energy equal to 
-13.6eV and the smallest orbital radius equal to 0.529Å, also called Bohr radius a0  [28]. 
The second hypothesis is that the electrons can only jump from one allowed orbit to another, 
gaining or losing energy. If an electron falls from the n-shell to the m-shell, with m < n, the energy 
decreases and there is the emission via electromagnetic radiation of a photon with a frequency 𝜈𝜈 
equal to 

ℎ𝜈𝜈 =  𝐸𝐸𝑛𝑛 − 𝐸𝐸𝑚𝑚  
On the contrary if the electron absorbs a photon of frequency 𝜈𝜈, there is a jump from the m-shell to 
the n-shell with an increment of his energy. 

 
Figure 3. Electron transitions with emission or absorption of a photon. 

A further step ahead is represented by the Bohr-Sommerfeld model, in which the circular orbits are 
replaced by elliptical orbits. In this model the principal quantum number n does not represent the 
orbit radius but it defines an ensemble of orbits of different shapes. The shape of the orbits depends 
on the azimuthal quantum number l (= 0,1,…,n-1); in particular the increase of l brings the shape to 
become more circular and the energy to increase too. Moreover in this model the energy depends 
on the two quantum numbers (n,l). Once defined the pair (n,l), the magnetic quantum number 𝑚𝑚𝑙𝑙(= -
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l, -l+1,…, l-1, l) allows to know the orientation of the orbit, while the spin quantum number 𝑚𝑚𝑠𝑠 (= 
±1/2) accounts for the rotation of the electron in both sides. 
But it is with de Broglie hypothesis that the limits of classical physics can be overtaken. In fact he 
introduced the concept of wave-particle duality: he supposed that the electrons (as well as the 
electromagnet waves) exhibit a double nature. In some experiment they behave as waves and in 
some experiment they behave as particles.  
The connection between the momentum p=mv and the wavelength λ is 

𝑝𝑝 = ℎ/𝜆𝜆 
Once assumed the wave-particle duality of the electron, its behaviour can be studied using the 
Schrödinger equation. The general form is the time-dependent Schrödinger equation that can be 
written 

𝑖𝑖ℏ
𝜕𝜕𝜕𝜕(𝒓𝒓, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐻𝐻�𝜕𝜕(𝒓𝒓 , 𝑡𝑡) 

where i is the imaginary unit, r = (x, y,z), H� = − ℏ2

2𝑚𝑚
∇2 + 𝑈𝑈(𝒓𝒓) is the Hamiltonian operator (m is the 

reduced mass of the particle and U(r) its potential energy) and ψ(𝐫𝐫, t) is the wave function of the 
system (position-space wave function). 
If we consider the time-independent Schrödinger equation, we have 

𝐻𝐻�𝜕𝜕(𝒓𝒓) = 𝐸𝐸𝜕𝜕(𝒓𝒓) (6) 
The wave function ψ is the solution of the equation and is a complex number. Besides |ψ|2 is a 
probability density function, so the quantity |ψ|2𝑑𝑑𝑒𝑒 represents the probability to find an electron in 
the volume dV. This equation admits solution only for certain values of energy and in these cases 
the wave function trend in (x,y,z) space depends on the quantum numbers (n,l,m𝑙𝑙). This means that 
the wave function can also be written  

𝜕𝜕(𝑥𝑥 ,𝑦𝑦, 𝑧𝑧) ⟺ 𝜕𝜕n ,𝑙𝑙,𝑚𝑚𝑙𝑙 (𝑥𝑥 , 𝑦𝑦,𝑧𝑧) 
So the orbit as defined before is consecutively overtaken by the orbital concept, the spatial region in 
which the probability to find an electron is greater than or equal to 95%. 
The quantum numbers n and l define the shape of the orbital (n defines the shell and the pair (n,l) 
define the subshell) and the related energy, while 𝑚𝑚𝑙𝑙  defines its orientation. 
In Figure 4 the quantum states are represented, while in Figure 5 it is possible to see electron 
orbitals for a better understanding. 

 
Figure 4. Quantum states sorted by increasing energy. The letters are used instead of numbers for the azimuthal 
quantum number (0↔s, 1↔p, 2↔d, 3↔f). Once defined n, we will have 2𝐧𝐧𝟐𝟐 possible states: in fact for every small 

circle, two states have to be considered due to the spin. 
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Figure 5. Electron orbitals. For n=1 (a) there is just one orientation and the orbital is spherical in shape, for n=2 (b) 
there are three different orientations and the orbitals are shaped like dumbbells, for n=3 (c) there are five different 

orientations. [29] 

1.2 Crystal structure 

After considering a single atom in the space, the next step is to imagine atoms organised in a 
crystal structure [30]. In particular if we consider two atoms A and B of the same element, far away 
from each other (so that they can be considered single atoms) at T=0K, they will occupy the same 
quantum state. If we move the two atoms closer and closer by reducing the lattice constant a, at a 
certain point the two atoms cannot be considered isolated anymore but they represent a single 
atomic system, called a molecule. This means that the Pauli Exclusion Principle, stating that two 
electrons in the same quantum system cannot occupy the same quantum state simultaneously, 
leads each atomic orbital to split into two molecular orbitals of different energy, allowing the 
electrons in the previous atomic orbitals to occupy the new orbital structure, without any of them 
with the same energy. In the same way, if we consider N atoms that move closer they will form a 
solid, as a crystal lattice, while each atomic orbital, once more for the Pauli Exclusion Principle, split 
into N discrete molecular orbitals, each of them with a different energy and 4N quantum states. 
Since the number of atoms in a macroscopic piece of solid is a very large number, the number of 
orbitals is very large too, so they are very closely spaced in energy. In particular the energy of 
adjacent levels is so close together that they can be considered as a continuous energy band [31], 
as shown in Figure 6. 

 
Figure 6. Electronic band structure . Reducing the lattice spacing, the two N energy levels form a single unique 
band and then they split in two continuous energy bands, each with N energy levels and 4N quantum states. [32] 

The two continuous bands are called valence band (the inferior band) and conduction band (the 
superior band). The energy range between the two bands is called bandgap (Eg) and represent the 
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leftover range of energy not covered by any band, so that there are no available quantum states. In 
particular his amplitude is function of the semiconductor material (Eg = Ec– Ev  where Ev  is the 
highest energy level of the valence band and Ec  is the lowest energy level of the conduction band). 
At T=0K, in the valence band all the 4N quantum states are occupied by electrons (or a fraction of 
them), while in the conduction band all the 4N quantum states are empty. 
In a 1D model, considering valence band and conduction band space-invariant, the situation can be 
schematised as shown in Figure 7. 

 
Figure 7. Energy bandgaps in material. (a) insulator, (b) semiconductor and (c) conductor. 

In order to differentiate semiconductors from conductors and insulators, together with the band 
structure, we must consider the Fermi energy Ef . At T = 0K the Fermi energy separates occupied 
and unoccupied energy states of the charge carriers one from another. In conductors the Fermi 
energy at T=0K lays inside the valence band, so that there are occupied and unoccupied states in 
the same band and it is possible to have conductivity. For insulators and semiconductors instead 
the Fermi energy lays in the bandgap. This means that at T = 0K the bands are either fully occupied 
or completely empty. In particular the main difference between insulators and semiconductors is 
that the bandgap of insulators is bigger than the bandgap of semiconductors, so that no conduction 
is possible in that case. Furthermore for semiconductors, at finite temperature, electrons can pass 
from the valence band to the conduction band, so that conduction in this case becomes possible. 
This can be achieved, for instance, exciting the electrons with a photon with an energy greater than 
or equal to the energy gap of the semiconductor, according to 

ℎ𝜈𝜈 ≥ 𝐸𝐸𝑔𝑔  

 
Figure 8. Sketch of the excitation of an electron and his recombination. 

As shown in Figure 8 the excitation of an electron by means of a radiation with an energy greater 
than or equal to the bandgap energy makes it pass from the valence band to the conduction band; 
this brings to the formation of an electron-hole pair (electron in the conduction band and hole in the 
valence band) also called exciton, that is a quasi-particle consisting of an electron-hole pair, forming 
a bound, hydrogen-like state. After a finite lifetime the electron can return in the valence band, 
emitting a photon in any spatial direction. 
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1.3 Nanostructures and Quantum Dots 
The nanostructures [33] are structures based on the principle of spatial confinement of carriers in 
the material structure, so that the energy quantizes. 
In general three are the basic types of nanostructures that can be achieved via spatial confinement 
in a bulk semiconductor: 

I. Quantum well, a two-dimensional nanostructure with carriers confined in only one 
dimension. 

II.  Quantum wire, a one-dimensional nanostructure with carriers confined in two dimensions. 
III.  Quantum dots [34,35], a zero-dimensional nanostructure with carriers confined in all three 

dimensions. 

 
Figure 9. Different structures. (a) Bulk material, (b) quantum well, (c) quantum wire, (d) quantum dot. 

It is also possible to highlight the differences between these different structures by analysing their 
density of states shown in Figure 10, which represents the number of states that can be occupied at 
certain energy in a semiconductor volume unit. 

 
Figure 10. Density of states for different structures. 

The density of state D(E) depends mainly on how many spatial directions the nanostructure is 
confined:  

I. For a bulk D(E) ∝ √E, i.e. it is proportional to the square root of the energy. 
II.  For a quantum well D(E)∝ E, i.e. its trend is a step-like function. 

III.  For a quantum wire D(E)∝ 1/√E while for a quantum dot the density of states is 
represented by delta peaks, so that there are only discrete energy values, as for the atoms 
(the reason why quantum dots are also called “artificial atoms”). 

In Figure 11 it is also possible to see in details the different energy band structures between a bulk 
and quantum dots of different sizes: in particular it is clearly visible the continuous band structure of 
a bulk semiconductor compared to the discrete band structure of quantum dots of different size. 
Moreover it is possible to look at the band structures of quantum dots of different sizes. Generally, 
as the size of the dot decreases, the bandgap between the highest valence band and the lowest 
conduction band increases. So we need more energy to excite the dot, in order to create an exciton 
and consequently more energy is released when the carrier returns to its ground state, resulting in a 
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colour shift from red to blue in the emitted light. As a result of this, quantum dots can emit any 
colour of visible light from the same material by changing the dot size. 

 
Figure 11. Band structures of a bulk and quantum dots of different sizes. 

Due to their small size, the electrons in quantum dots are confined in a small space and there is the 
quantization of the energy levels when the radius of the semiconductor nanocrystal is comparable 
to the exciton Bohr radius aB  (quantum confinement properties). 

 
Figure 12. On the left a>aB weak confinement; on the right a< aB strong confinement. 

In Figure 12 the two possible confinements are shown: 
I. Weak confinement 𝑎𝑎 > 𝑎𝑎𝐵𝐵  

II.  Strong confinement 𝑎𝑎 < 𝑎𝑎𝐵𝐵  
where the exciton Bohr radius 𝑎𝑎𝐵𝐵 ≅ 𝜀𝜀ℏ2/𝜇𝜇𝑒𝑒2 (𝜀𝜀 is the permittivity and 𝜇𝜇 = 𝑚𝑚𝑍𝑍

∗−1 + 𝑚𝑚ℎ
∗−1 is the 

reduced mass). 
In addition to this, in Figure 13 it is shown the cascade decay of a quantum dot; since the s-shell is 
twofold degenerate, two charge carriers can be hosted for Pauli principle and in this case we talk 
about a biexciton, that is a quasi-particle consisting of two electrons and two holes in the s-shell of a 
quantum dot. 
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Figure 13. Cascade decay of biexciton and exciton. After the excitation, we have first the decay of the biexciton (a) 
w ith the emission of photon 1, then the decay of the exciton (b) with the emission of photon 2 and afterwards the 

initial condition (c) is restored. 

After the excitation we have a cascade decay, with the emission of two photons one after the other, 
due to the decay of the electron from the conductive band to the valence band, that leads the 
recombination of the electron-hole pairs. 
For the sake of completeness, we can also solve the Schrödinger equation (6) referred to quantum 
dot [36]. In particular we consider a quasi-zero-dimensional quantum dot with radius R, that shows 
a quantum confinement effect in x-y-z directions (3D problem) and that can be described using a 
spherical symmetric potential well (see Figure 14). 

𝑈𝑈(𝒓𝒓) = �0,           𝒓𝒓 ≤ 𝑅𝑅
𝑈𝑈0 , 𝒓𝒓 > 𝑅𝑅 

 
Figure 14. Spherical symmetric potential well illustration and description of a generic point P both in Cartesian 

coordinates (x,y,z) and in spherical coordinates (r,𝛝𝛝,𝛗𝛗). 

In order to find the solution, it is convenient to pass from Cartesian coordinates to spherical 
coordinates 

�
𝑥𝑥 = 𝑟𝑟 𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠  𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐
𝑦𝑦 = 𝑟𝑟 𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠  𝑠𝑠𝑖𝑖𝑛𝑛𝑐𝑐
𝑧𝑧 = 𝑟𝑟 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠

 

Using these new coordinates, the Hamiltonian can be written  

H� = −
ℏ2

2𝑚𝑚
∇2 + 𝑈𝑈(𝒓𝒓) ⇒ 

H� = − ℏ2

2𝑚𝑚𝑟𝑟2
� 𝜕𝜕
𝜕𝜕𝑟𝑟
�𝑟𝑟2 𝜕𝜕

𝜕𝜕𝑟𝑟
� + 1

𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠
� 𝜕𝜕
𝜕𝜕𝑠𝑠
�𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠 𝜕𝜕

𝜕𝜕𝑠𝑠
�+ 1

𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠
𝜕𝜕2

𝜕𝜕𝜑𝜑2
�� + 𝑈𝑈(𝒓𝒓) 

That can also be written in a more compact form  

H� = −
ℏ2

2𝑚𝑚𝑟𝑟2
𝜕𝜕
𝜕𝜕𝑟𝑟
�𝑟𝑟2

𝜕𝜕
𝜕𝜕𝑟𝑟
� −

ℏ2Λ
2𝑚𝑚𝑟𝑟2

+ 𝑈𝑈(𝒓𝒓)  
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where Λ = 1
𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠

� 𝜕𝜕
𝜕𝜕𝑠𝑠
�𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠 𝜕𝜕

𝜕𝜕𝑠𝑠
� + 1

𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠
𝜕𝜕2

𝜕𝜕𝜑𝜑2
�. 

Now we use a separation of variables for the wave function  

𝜕𝜕n,𝑙𝑙 ,𝑚𝑚𝑙𝑙
(𝑟𝑟, 𝑠𝑠,𝑐𝑐) =

𝑢𝑢𝑛𝑛,𝑙𝑙(𝑟𝑟)

𝑟𝑟
𝑌𝑌𝑚𝑚,𝑙𝑙(𝑠𝑠,𝑐𝑐) 

where un,l(r) is the radial part of the solution and Ym ,l(ϑ,φ) = Θ(ϑ)Φ(φ) are the angular parts of the 
solution and are called Laplace spherical harmonics. 
For the radial part the Schrödinger equation becomes 

−
ℏ2

2𝑚𝑚
𝑑𝑑2𝑢𝑢(𝑟𝑟)

𝑑𝑑𝑟𝑟2
+ �𝑈𝑈(𝑟𝑟) +

ℏ2

2𝑚𝑚𝑟𝑟2
𝑙𝑙(𝑙𝑙 + 1)� 𝑢𝑢(𝑟𝑟) = 𝐸𝐸𝑢𝑢(𝑟𝑟) 

where l is the azimuthal quantum number and it determines the angular momentum value 𝐿𝐿2 =
ℏ2𝑙𝑙(𝑙𝑙 + 1). The magnetic quantum number 𝑚𝑚𝑙𝑙 determines on the contrary the L component parallel 
to the z axis Lz = 𝑚𝑚𝑙𝑙ℏ. 
To calculate the specific values of energy there is the need to determine the un,l(r) function. If we 
consider a spherical symmetric potential well infinitely deep, with 𝑈𝑈0 → ∞, the radial part un,l(r) will 
result zero for r=R and the energy values are 

𝐸𝐸𝑛𝑛𝑙𝑙 =
ℏ2𝜒𝜒𝑛𝑛𝑙𝑙2

2𝑚𝑚𝑅𝑅2
 

where χnl  are roots of the spherical Bessel functions with n being the number of the root and l being 
the order of the function. 
For l=0, χnl = πn so that the previous expression is equal to the expression of the energy for a one-
dimensional box. 
In Figure 15 the energy levels of a particle in a spherical well with infinite barrier is shown and the 
similarities with the quantum state of a single atom are clearly visible. 

 
Figure 15. Energy levels of a particle in a spherical well w ith infinite barrier. Energy is scaled in the dimensionless 

units 𝝌𝝌𝒏𝒏𝒏𝒏𝟐𝟐 = 𝑬𝑬𝒏𝒏𝒏𝒏(𝟐𝟐𝟐𝟐𝑹𝑹𝟐𝟐)/ℏ𝟐𝟐 . [37] 

1.4 Production of Quantum Dots 

The principal aim in producing nanocrystals is to assure a good uniformity in size, form, composition 
and structure, since quantum dots’ properties are strictly dependent on their dimension.  
The main techniques [38] to produce quantum dots are: 

I. Colloidal synthesis, a technique that use solutions (like chemical processes) to grow 
nanocrystals 
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II.  Lithography 
III.  Epitaxial techniques 

The last two techniques have different approaches, since the lithography uses a top-down 
approach, starting from the bulk material and ending with the desired result by handling, while 
epitaxial techniques use a bottom-up approach, building the desired result by assembling atomic 
components, as atoms, molecules and clusters. 

 
Figure 16. Two different approaches to produce nanostructures. Top-down approach on the left and bottom-up 

approach on the right. 

1.4.1 Lithography 

Quantum dots can be realized by electron beam lithography, which steps are shown in Figure 17. 

 
Figure 17. All the steps for the realization of quantum dots w ith electron beam lithography. [39] 

I. A quantum well, the two-dimensional nanostructure formed by a semiconductor inside 
another semiconductor with a smaller bandgap, is covered with a thin polymer mask (resist) 
and is hit by an electron beam. 

II. The resist is removed once the beam pattern is traced. 
III. A thin metal layer is then deposited on the surface. 

IV. A solvent is used to clean the surface, so that only the area, exposed to the electron beam, 
has the metal layer. 

V. Active ions are used to etch the material surface, except the part covered by the metal. 

VI. The multiple layers obtained result to be the desired quantum dot. 
The problems related to the growth of quantum dots by means of the lithography are several and in 
particular we can highlight a very low contamination, a poor density and defects formation. 
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1.4.2 Epitaxial Techniques 
The epitaxial techniques are mainly two: Molecular Beam Epitaxy (MBE) and Metal Organic Vapour 
Phase Epitaxy (MOVPE). They allow growing quantum dots by depositing thin layers of different 
materials in a controlled way on a massive substrate. 
In particular three are the different kind of epitaxial growth [40], as visible in Figure 18: 

I. Frank-van der Merwe growth that is a pure layer growth. In this case the interactions 
between substrate and deposited layer are bigger than the interactions between the 
particles on the substrate, so that we can observe the growth of layer by layer. 

II.  Vollmer-Weber growth that is a pure island growth. In this case the interactions between 
substrate and deposited layer are smaller than the interactions between the particles on the 
substrate, so that we can observe the growth of three-dimensional islands. 

III.  Stransky-Krastanov growth [41] that is a mixed type strain-driven growth and allows 
growing self-assembled quantum dots. In this case first we have a layer growth, that is 
called the wetting layer, and then a three-dimensional island growth (see also Figure 19). 
The results are suitable as quantum dots if the size is around a few tens of nanometres and 
the height is around 4-10nm, since larger dots can become optically inactive. 
In order to have this growth, we need to be sure that a sufficient lattice mismatch between 
the substrate and the quantum dot material occurs, since for values that are below the 
critical thickness (that depends on the lattice mismatch ratio ∆a/a), no growth transition is 
observed. 

 
Figure 18. The three kind of epitaxial growth for different numbers of monolayers: on the top 1 ML, in the middle 1-2 
ML and on the bottom >2 ML. (a) Frank-van der Merwe growth, (b) Volmer–Weber growth, (c) Stransky-Krastanov 

growth. 

  
Figure 19. Stransky-Krasanow growth sketch. 
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1.5 Distributed Bragg Reflector 

Once the growth of the quantum dots structure and the desired emission is obtained, it is possible 
to use a distributed Bragg reflector (DBR) to increase the extraction efficiency of the 
photoluminescence of the quantum dots [42]. In particular, the quantum dots can be grown on the 
top of a DBR, as shown in Figure 20. 

 
Figure 19. Simplified sketch of quantum dots on top of a DBR. 

The DBR is a reflector, formed by multiple layers of different materials with different refractive 
indices, that allows certain wavelengths to pass through it and other wavelengths to be reflected 
(partial reflections on each layer).  
In particular if the wavelength of interest is close to four times the optical wavelength of the DBR, so 
that every layer is a quarter-wave mirror, the layers act as a high-quality reflector, since constructive 
interference is observed. 

 
Figure 20. Reflectivity of a generic DBR. It is clearly visible the stopband, characterized by unitary value of the 

reflectivity for different wavelengths. [43] 

The first advantage of using a DBR for quantum dots is that part of the excitation light given by the 
laser does not reach the substrate or parts that are under the DBR structure, so that no emissions 
by defects are measured. Another advantage is that part of the light reflected by the DBR is 
captured by the quantum dots, so that the emission is more intense. At least a higher fraction of 
light emitted by quantum dots can be collected, so that the intensity of the radiation is higher.  
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Fabrication of III-V semiconductors 

1.6 III-V semiconductors 
A III-V compound semiconductor [44,45] is an alloy, containing elements from group III, 
essentially aluminium (Al), gallium (Ga), indium (In) and from group V, essentially nitrogen 
(N), phosphorus (P), arsine (As), antimony (Sb), of the periodic table. They could result in a binary 
alloy (1:1) but also in a ternary alloy (IIIVxV1−x or IIIxIII1 −xV) or in a quaternary alloy 
(IIIy III1−yVxV1−x). 
The crystal structure of these compounds (apart from the nidrides that form an hexagonal structure 
called wurtzite) is similar to that of group-IV elements silicon (Si) or germanium (Ge), i.e. a diamond 
structure and is called zincblende (see Figure 22). It is formed by a pair of intersecting face-
centered cubic unit cells, one shifted by a⁄4 along x-y-z directions, where a is the lattice constant, so 
that the second unit cell is shifted from the first one by √3a/4. 

 
Figure 21. Zincblende structure, typical of many III-V compounds. [46] 

Every atom in this structure is in the middle of a regular tetrahedron, in which each of its four vertex 
corners has an atom in it. 

 
Figure 22. Cubic representation used to evaluate the distance between the atoms in the regular tetrahedron 

structure. [47] 

If we assume the atom in the middle as reference, with coordinates (x, y,z) = (1/4,1/4,1/4), and 
build a cube around it, with side dimension a/2, considering the other four atoms as in Figure 23, it 
is possible to evaluate the distance between the reference atom and the other atoms as √3a/4. 
Some of the compound semiconductors, as gallium arsenide (GaAs) and indium phosphide (InP), 
have direct bandgap, that means that the minimal-energy state of the conduction band is 
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corresponding to the maximal-energy state in the valence band, as shown in the E-k diagram in 
Figure 24. 

 
Figure 23. Simplified band structures of zincblende GaAs and InP. The 𝚪𝚪-point is the conduction band main 

minimum, while there are two other satellite valleys, L and X, in the directions [111] and [100], respectively. [48] 

In this case the band-to-band radiative transition processes are easier, since it is sufficient a photon 
with an energy equal to the bandgap energy to make an electron pass from the valence band to the 
conduction band. On the other hand in an indirect bandgap semiconductor, as Si and Ge, the 
photon alone is not able to provide the sufficient momentum, so there is the need of a secondary 
interaction mechanism with a phonon, so the probability of a radiative transition is lower in this case. 
Furthermore, the III-V semiconductors are characterized by an effective mass m∗significantly small, 
so their electron mobilities µ = qτ/m∗ (where 𝜏𝜏 is the electron lifetime) are higher than other 
semiconductors, while on the contrary the hole mobilities are similar since the effective mass m∗ is 
similar. 

 
Figure 24. Drift velocity vs electric field at 300K. [49] 

The dependency of the drift velocity on the electric field is shown in Figure 25, with v=µE. In 
particular there are three different areas for the direct bandgap semiconductors:  

I. Low intensity electric field (E<3 kV/cm), in which the drift velocity increases with the 
mobility. 

II.  Intermediate intensity electric field (3 kV/cm<E<10 kV/cm), in which the drift velocity 
decreases with the increasing of the electric field. 
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III.  High intensity electric field (E>10 kV/cm), in which the drift velocity saturates. 
The different behaviour of III-V semiconductors depends on the fact that high intensity electric fields 
let the electrons pass from the conduction band main minimum to the other satellite valleys, which 
have higher effective mass and consecutively lower electron mobility). So their curve trend is strictly 
linked to a decrease of the electron mobility at the increasing of the electric field and at the 
saturation of the drift velocity. 
In Figure 26 it is also shown the bandgap variation in function of the lattice constant for various 
semiconductors (including several compounds). 

 
Figure 25. Bandgap vs lattice constant. [50] 

The amplitude of the bandgap varies in a very wide range, so that it is possible to use III-V 
semiconductors in many applications. 
We can use the Vegard’s law to calculate the lattice constant 𝑎𝑎𝐴𝐴𝐵𝐵  of a compound semiconductor 
A1−xBx, constituted by two pure semiconductors A and B with the same crystal structure 

𝑎𝑎𝐴𝐴1−𝑥𝑥𝐵𝐵𝑥𝑥 = (1 − 𝑥𝑥)𝑎𝑎𝐴𝐴 + 𝑥𝑥𝑎𝑎𝐵𝐵  
where aA  and aB  are the lattice constants of the semiconductors A and B, respectively and x is the 
molar fraction of B in the solution. 
In the table below a little summary of some properties of several semiconductors at room 
temperature is presented: 
Semiconductor (@300K) Bandgap   (eV) Lattice constant (Å) Type Crystal structure 

Si 1.12 - indirect 5.4311 IV Diamond 
Ge 0.66 - indirect 5.65791 IV Diamond 

GaAs 1.43 - direct 5.6535 III-V Zincblende 
InP 1.34 - direct 5.8687 III-V Zincblende 
InAs 0.35 - direct 6.0583 III-V Zincblende 

 
1.7 Epitaxy 

The epitaxy [51] is the process that allows the growth of a single crystal film on top of a crystalline 
substrate with the same orientation. In particular there are two types of epitaxy processes: 

I. Homoepitaxy, when the film and the substrate are the same material. This allows to have 
epitaxially grown layers with high purity and with high precision doping profiles. 

II.  Heteroepitaxy, when the film and the substrate are different materials. This is useful to 
realize heterojunctions, interfaces between two layers of dissimilar semiconductors with 
different bandgaps (and also different lattice constants). 

Trying to grow a layer of a different material on top of a substrate leads to unmatched lattice 
parameters. This will cause strained or relaxed growth and can lead to interfacial defects. Such 
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deviations from normal structure would lead to changes in the electronic, optic, thermal and 
mechanical properties of the films. 
The goal in many applications is to grow perfectly matched lattices layers to minimize the defects 
and increase electron mobility. 
However it can usually happen that the two layers have a certain lattice mismatch M, defined as  

𝑀𝑀 =
𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑍𝑍 − 𝑎𝑎𝑓𝑓𝑠𝑠𝑙𝑙𝑚𝑚

𝑎𝑎𝑓𝑓𝑠𝑠𝑙𝑙𝑚𝑚
 

where 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑍𝑍  is the lattice constant of the substrate and 𝑎𝑎𝑓𝑓𝑠𝑠𝑙𝑙𝑚𝑚  is the lattice constant of the 
epitaxial layer.  
As the mismatch increases, the film material may strain to accommodate the lattice structure of the 
substrate. In this case the grown layer is called pseudomorphic layer and it exhibits an in-plane 
strain equal to the lattice mismatch 

𝜀𝜀∥ = 𝑀𝑀 
Typically |M| < 10% is required for epitaxy since for larger values few interfacial bonds are well 
aligned and so there is little reduction in the interfacial energy and the film will not grow epitaxially. 
Depending on M, the strain can be in-plane tensile and out-of-plane compressive strain (M<0) or in-
plane compressive and out-of-plane tensile strain (M>0). 
As the epitaxial layer thickness increases, so does the strain energy stored in the pseudomorphic 
layer.  
At some thickness, named critical layer thickness 𝑑𝑑𝑐𝑐, the rising strain will cause a series of misfit 
dislocations, which relax some of the mismatch strain. Beyond the critical layer thickness, therefore, 
part of the mismatch is accommodated by misfit dislocations (plastic strain) and the balance by 
elastic strain. In this case the in-plane strain is 

𝜀𝜀∥ = 𝑀𝑀 − 𝛿𝛿 
where δ is the lattice relaxation. 

 
Figure 26. (a) M<0: in-plane tensile and out-of-plane compressive strain. (b) M>0: in-plane compressive and out-of-

plane tensile strain. (c) d>dc: relaxed thin film. [52] 

It is also possible to grow metamorphic structures. In this case we grow a buffer layer, on the top of 
the substrate, with a thickness d >> dc. This layer is then used as a relaxed pseudo-substrate and 
is useful for the growth of the active layer, since its thickness is so high that the substrate/layer 
misfit dislocations do not influence the active layer growth. 

1.8 Epitaxial Techniques 
As seen in 1.4.2, there are two main techniques that allow to grow epitaxial layers, i.e. MBE and 
MOVPE. The accuracy of these epitaxial techniques allows to grow very thin layers, with an 
excellent control of growth rate, alloy composition and doping profile, so that it is possible to have 
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thickness comparable with the de Broglie wavelength in III-V semiconductors and we can observe 
quantum confinement properties. 
 
1.8.1 Molecular Beam Epitaxy 

This technique [53] is used to grow epitaxial layers with very high purity. Moreover their composition 
can be rapidly changed, producing crystalline interfaces that are almost atomically abrupt. The 
epitaxial process is realized in Ultra High Vacuum (UHV) condition, with pressure around 10−8 ÷ 
10−10 torr. 

 
Figure 27. MBE growth chamber. 

The sample is fixed on a heater stage where the temperature can reach 600°C, while the growth 
sources are inside the furnaces, which openings (closed by shutters that allows a good control of 
the layer composition) are in front of the substrate heater. When the furnace is heated up and the 
source reaches the melting point, it will generate a molecular beam, thanks to the UHV condition, 
that can hit the substrate if the shutter is opened. Furthermore, the substrate rotates during the 
deposition to assure a uniform growth, since the molecular beams have different angles. It is also 
possible to use a system called Reflection High Energy Electron Diffraction (RHEED), made up by 
an electron gun and a phosphor screen that permits to control the growth rate. 
The main disadvantages of MBE are the need of keeping an UHV condition during the whole growth 
process and the memory effect of the chamber when phosphorus is used. 

1.8.2 Metal Organic Vapour Phase Epitaxy  

This technique [54,55] allows the growth of compound semiconductor layers by metalorganic 
(group-III) and hydride (group-V) precursors in the gas phase. The standard metalorganic group-III 
precursors are compounds of metal and methyl groups as TMIn (Trimethylindium, In(CH3)3) or 
TMGa (Trimethylgallium, Ga(CH3)3), while Arsine (AsH3) and Phosphine (PH3) are group-V 
precursors (there is also the possibility to use less toxic group-V precursors as TBA 
(Tertiarybutylarsine) or TBP (Tertiarybutylphosphine)). The growth of crystals is obtained by 
chemical reaction and not by physical deposition, in contrast with MBE, and it occurs in reduced 
total pressure conditions (between 20-100mbar), permitting the homogeneous deposition of layer 
thickness, composition and doping, in order to produce high quality homostructures and 
heterostructures. 
The whole process is realized in a growth chamber with controlled temperature and pressure, that 
are kept constant, and takes place away from the thermodynamic equilibrium. In fact, in general a 
system is in thermodynamic equilibrium if these three conditions are satisfied: 
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I. Mechanical equilibrium that means that there are no unbalanced forces within the system 
and between the system and the environment. It also means that the pressure into the 
system and between the system and the environment is the same. 

II.  Thermal equilibrium that means that the temperature of the system is uniform, does not 
change throughout the system and it is equal to the environment temperature. 

III.  Chemical equilibrium, that means that there are no chemical reactions going on within the 
system or there is no transfer of matter from one part of the system to another, due to 
diffusion. 
 

1.8.2.1 Epitaxy System 

The MOVPE system is essentially composed by three stages: the gas mixing system, the reactor 
and the scrubbing system, as shown in Figure 29. 

 
Figure 28. MOVPE epitaxial system schematic. 

In the first stage (1) and (2) form the gas mixing system. It is possible to control the partial 
pressures of the precursors before they reach the reactor for each line. The group-V precursors 
(hydrides) are in gas phase and their partial pressure is controlled by an electronic Mass Flow 
Controller (MSF). The group-III precursors (metalorganics) are usually in liquids or solids and are 
stored in stainless steel bubblers, in a controlled-temperature bath. A purified carrier gas, usually 
hydrogen (H2), enters in the bubbler, is saturated by the precursor vapour and then leaves (nitrogen 
(N2) instead is often used in resting conditions). In this case the partial pressure is controlled by the 
bath temperature, the total pressure in the bubbler, regulated by the Pressure Controller (PC) and 
the flow of the carrier gas through the cylinder, regulated by the MSF. The overall gas flow has to 
be constant during the growth process, so it is also possible to use dummy flows to replace the 
precursors’ flows if necessary.  

 
Figure 29. Detail of a bubbler containing a metalorganic precursor. The input is called source and the output is 

called push. The pressure control is the press. 
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If the line that connects the precursor to the reactor is closed, then only the carrier gas is present, 
while on the contrary line opened leads to the presence of the precursor inside it. Furthermore in 
order to realize complex structures and sharp interfaces, every material has two or more bubblers, 
so that it is possible to establish different partial pressures; in fact changing these parameters 
during the process results to be too slow. 
Each line that comes out from the gas mixing system is connected to (3), a run-vent valve. If the 
valve is closed, then the gas flow goes parallel to the reactor into the vent line, i.e. the exhaust line. 
If the valve is switched on, the gas is able to enter into the reactor and so the growth can start. 
The second stage is the reactor (4), a quartz chamber composed by an external cylindrical tube and 
an internal horizontal rectangular liner, used to assure a laminar flux. In the middle hydrogen gas is 
used to clean and purge. Inside the liner there is the susceptor, a graphite substrate holder that can 
also rotate during the growth in order to assure a better uniformity of the deposited materials on the 
whole sample. 

 
Figure 30. Detail of the growth chamber, w ith also a cross section view on the bottom left corner.  

The susceptor is heated by thermal radiation by power controlled infrared lamps up to 800°C. Their 
emission peak (1.5µm) matches the absorption maximum of the graphite susceptor. A 
thermocouple, placed inside the susceptor, is used to monitor and control the temperature.  
The pressure inside the chamber is measured by a capacitive pressure gauge (5) and is controlled 
by a two stage rotary pump with a throttle valve (6) that can have an angle from 0° (completely 
closed) to 90° (completely opened). 
Moreover the reactor is separated from the glove box by means of a flange that can be opened to 
insert or to take out the sample. 
In the end the last stage is composed by a scrubber (7), used to clean the toxic exhaust gases and 
to reduce them to non-toxic materials. Sensors able to detect gases are also used to measure the 
level of toxicities both in the air and in the exhaust system and are characterized by a very high 
sensitivity (1ppm resolution), so that they can shut down the MOVPE if a toxic gas level is detected. 
 
1.8.2.2 Deposition Process 

When the precursors in gas phase arrive into the chamber and reach the substrate, the high 
temperatures activate a decomposition process, allowing the growth with the desired materials. 

 
Figure 31. MOVPE deposition process 
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In Figure 32, the MOVPE deposition process is shown; once the precursors reach the substrate by 
diffusion, the reagents are normally absorbed and release the desired precursors on the surface. 
Due to material deposition on the surface, a concentration gradient is established and it will be the 
driving force of the diffusion process. In particular the precursors absorbed bond into the crystalline 
structure of the substrate, creating compound layers. Then in the end by-products formed during the 
growth are desorbed and diffuse into the gas phase, leaving the reactor.  
The growth rate depends on the slowest listed steps: if the growth rate depends on the absorption, 
the desorption and surface reaction of the precursors, the regime is called kinetically controlled 
regime. On the contrary if the growth rate depends only on the transport of the precursors to the 
substrate and the transport of the by-products from the substrate to the gas phase, the regime is 
called diffusion controlled regime. 

 
Figure 32. Growth rate in function of 1/T. [56] 

As we can see in Figure 33, it possible to highlight three different regions: at low temperatures 
(kinetic regime), the growth rate increases exponentially as 1/T, because the decomposition 
process efficiency increases. At medium temperatures (diffusion regime), the growth rate is quite 
constant and independent from the temperature, so that in order to change it, there is the need to 
change the amount of precursors that goes into the chamber. At high temperature we have a 
reduction of the growth rate, due to depletion of the active species on the surface by pre reactions 
(duality between deposition and evaporation processes).  

1.8.2.3 Growth Parameters 
In a horizontal reactor, the gas flows parallel to the substrate surface and this flow has to be 
essentially laminar, i.e. the fluid should flow in parallel layers, with no disruption between them. This 
is meant to assure a uniform growth layer and to avoid undesired reactions in gas phase. The 
speed of the gas parallel to the substrate is around zero and it increases moving out from the 
sample, with an exponential trend in function of the height from the substrate. 
Furthermore if the total pressure is low (20-100mbar), the temperature gradient across the substrate 
will result flat, while the precursor concentration gradient (responsible of the diffusion process) will 
have parallel-to-the substrate component negligible and perpendicular to the substrate component 
constant over the all substrate. 
Another important aspect to take into account is the V/III ratio. In fact during the growth, the 
temperatures can increase up to 500°C, so that the vapour pressure of group-V elements is 
significantly higher than the one of group-III elements. This means that during the growth 
evaporation of group-V elements from the substrate can happen, causing problems to the 
crystalline structure of the grown layer, which purity can be compromised. This problem can be 
avoided assuring a constant group-V flow, even before the growth, and being sure that the group-V 
precursors’ molar flow is always greater than the group-III precursors’ molar flow. 
We can define the V/III ratio as the ratio between the precursors’ partial pressures 
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where Pi and Pj  are the partial pressures of group-V and group-III elements in the chamber 
respectively.  
Values of V/III ratio smaller than the unity bring to a migration of group-V precursors from the 
surface and an excess of group-III precursors on the surface itself. Moreover small values of V/III 
ratio bring to a high non-intentional doping level, caused by group-III elements incorporation into the 
substrate.  
So that means that the growth rate is limited by the slow deposition process of group-III elements 
and can be controlled by changing the partial pressure. 
In the end if we summarize, the parameters that can be changed for the growth process are: 

I. Total pressure 
II.  Gas speed 

III.  Precursors partial pressure (V/III ratio) 
IV. Growth temperature 

Furthermore in order to monitor in real-time the surface deposition inside the chamber, it is possible 
to use the Reflectance Anisotropy Spectroscopy (RAS) system that allows to have information 
about the thickness of the grown layers, their composition and their characteristics. 
In conclusion MOVPE, compared to MBE, doesn’t need a UHV environment, can assure uniformity 
of the layers and freedom to choose among different sources and growth parameters. Moreover 
MOVPE system allows the growth of real isotropic dots, compared to the MBE system which 
produces elongated structures as quantum dashes or quantum wires [57].On the other hand this 
can also mean that it is more difficult to control and monitor all these parameters and this technique 
has also some issues for the toxicity of group-V precursors. 
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Photoluminescence 

2.1 Overview 
Luminescence includes all the processes that involve radiative emission from any form of matter, 
after a generic excitation. For instance we speak about electroluminescence (EL) if the material is 
excited by an electric field or thermoluminescence if the material is warmed up. When the excitation 
is made by photons (photoexcitation), we have photoluminescence (PL) [58-61]. 

 
Figure 34. Electromagnetic spectrum with all the different form of light. Highlight on visible light. [62] 

In order to observe a light emission from the material, the electromagnetic radiation creates a non-
equilibrium carrier concentration in the electronic band of solids or in the electronic state of an 
impurity or defect. 
PL spectroscopy is a non-destructive technique that allows to study optical and electronic properties 
of semiconductors, with its ability to find impurities and defects in group IV and group III-V 
semiconductors, which affect materials quality and device performance. In fact if we have an 
impurity, it produces a set of characteristic spectral features and this fingerprint identifies the 
impurity type. Often several different impurities can be seen in a single PL spectrum.  
In the same way it is possible to study the optical properties of a nanostructure that will be 
characterized by emission at certain wavelengths, based on the materials used and the different 
parameters chosen during the growth. 
 
2.2 Basic Aspects 

PL can be considered as the inverse of the absorption process of photons. When the sample is 
excited by lights, the photons absorbed into the material transfer their energy to electrons in the 
ground state S0 and excite them to excited states. If multiple excited states are created, then the 
higher excited states rapidly relax non-radiatively to the lowest excited state S1 and afterwards they 
recombine radiatively to the ground state S0 by emitting photons. The emitted photons usually have 
lower energy than the absorbed ones; their energy difference is called Stokes shift and it is shown 
in Figure 35, so that the wavelength associated to the emitted radiation is redshifted compared to 
the one associated with the initial excitation. 
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Figure 35. Stokes shift: difference between positions of the band maxima of the absorption and emission spectra of 

the same electronic transition. [63] 

The process described is named fluorescence and it is usually a very short time process, since the 
interval between absorption and emission is around 0.1-10ns. 
To better describe the entire absorption-emission process, we can use the Jablonski diagram, 
shown in Figure 36. 

 
Figure 36. Jablonski diagram. S0 and S1 are ground and first excited singlet states, respectively. T1 is the first 

excited triplet state. 

I. After the absorption of a photon (1) with enough energy hνexc , the electron passes from the 
ground state to an excited state.  

II.  If the electron is in a higher excited state, it rapidly relaxes non-radiatively to the lowest 
excited state S1 (2), by means of a series of transitions named internal conversions, that 
cause the transformation of the energy into heat. There is also another non-radiative 
process called vibrational relaxation, enhanced by physical contact of the excited electron 
with other particles so that its energy is lost in collisions. 

III.  The electron at the excited state S1 can recombine non-radiatively in the ground state S0 (3) 
or radiatively by emitting a photon (4) with an energy equal to hνem−f (fluorescence). 

If the radiative transition from the excited state to the ground state is not spin-allowed (singlet-
singlet S1-S0 or sometimes triplet-triplet), i.e. the states have different spin multiplicities (triplet-
singlet T1-S0), then we speak about phosphorescence. In the case of phosphorescence, lifetime is 
longer and around 1ms-10s, due to the spin-forbidden states. 

I. The electron at the excited singlet state can transfer at the excited triplet state T1, thanks to 
non-radiative intersystem crossing transition (5) and then recombine in the ground state S0 

(6) by the emission of a photon, more slowly than other transitions and with an energy 
equal to hνem−ph. 
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II.  We can also have a delayed fluorescence, with a longer lifetime and similar to the 
phosphorescence lifetime. 
 

2.3 Experimental Setup 

In a typical PL experiment, the quantum dots sample is excited with a light source that provides 
photons with energy higher than the bandgap energy of the material. Once the light is absorbed, 
electrons and holes are respectively formed in the conduction and in the valence bands. Part of 
their energy is lost for Coulomb scattering mechanism and for interactions with phonons. In the end 
the electrons recombine with the holes in the valence band and there are emissions of photons at 
specific wavelength, that are captured and measured by the setup. 
In Figure 37 the PL spectroscopy setup that was used during this project is reported. 

 
Figure 37. Experimental setup used for PL spectroscopy. 

I. The light source is a laser, with an adjustable power and spot size on sample. 

II.  After the laser, there is an optical chopper, usually a rotating disc mechanical shutter, used 
in combination with a lock-in amplifier, that controls the stability of the rotating speed. The 
chopper is used to modulate the intensity of the light beam. 

III.  Eventually it is possible to use a Neutral Density Filter (NDF) to reduce the intensity of the 
laser beam. If we define the Optical Density (OD) of the filter, that describes the amount of 
energy blocked by the filter, the transmitted power T (in percentage) is  

T = 10−OD ∙ 100 

IV. A non-polarizing beam splitter with a 50:50 splitting ratio is then used, so that the beam can 
hit the sample. Before reaching the sample, the beam goes through a microscope objective, 
used to focus the beam onto the sample and also to collect the emitted light of the sample. 
The z-distance between the microscope objective and the sample can be controlled by a 
piezo element, that allows to focus the beam on the surface. The sample itself is placed on 
a stage that can be moved in x-y directions, so that it is theoretically possible to align to a 
single quantum dot on the surface. 

V. The sample can be placed in a flow cryostat, used to cool it down to very low temperatures 
down to 4K. In this way it is possible to perform high precision measurements and to avoid 
emissions from defects on the surface. The temperature can be controlled in a range 
between 4K and 300K for temperature dependent measurements. 
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VI. The light emitted by the sample is collected by the microscope objective and then reflected 
by the beam-splitter. It is so directed by means of an optical fiber to the side entrance of a 
grating monochromator. In addition a Long-Pass Filter (LPF) is used to block the light of 
wavelength of higher-order frequency harmonics (as λ 2⁄ , λ 3⁄ ,…). 

The monochromator is a device that allows to select only a narrow window of wavelengths from the 
incoming light. In this way we can measure the PL spectrum, i.e. an intensity-wavelength plot can 
be obtained as result. In particular we use a grating monochromator, shown in Figure 38, that 
separate the incoming light with very high resolution. 

 
Figure 38. Grating monochromator. A large number of parallel slits, equally spaced by a, constitute a diffraction 

grating. 

The condition for maximum intensity is  
a sin θ = mλ 

that is the same as the double slit or multiple slits. By the way a large number of slits assures a very 
sharp and narrow intensity maximum, providing the high resolution for spectroscopic applications. 
The peak intensities and the angular separation of the maxima are also much higher for the grating 
than for the double slit, because the slit spacing is so small for a diffraction grating. 
VII.  A detector is then used to convert the incoming light into a current. 

VIII.  Afterwards the signal arrives into a lock-in amplifier, that basically is composed by a 
homodyne receiver and a low-pass filter, and it is used to improve the signal-noise ratio. It 
can extract the amplitude and the phase of a signal with a known carrier wave from an 
extremely noisy environment (signals up to 1 million times smaller than noise components 
can still be detected). The frequency of the input signal and the passband region of the filter 
depend on the reference signal , that has to be at the same frequency of the input signal. 

IX.  In the end, a computer processes the data and gives the desired results. 

Atomic Force Microscopy  
2.4 Overview 

The Atomic Force Microscopy (AFM) is a tool that allows to analyse, measure and observe surface 
structures with high resolution and accuracy.  
This microscope, together with the STM (Scanning Tunnelling Microscopy), belongs to the family of 
Scanning Probe Microscopes (SPM) [64-66] and it differs from other electronic and optical 
microscopes since it does not form an image by focusing the light or the electrons onto a surface, 
so that it has no limitation of space resolution due to diffraction limit and aberration. 
Furthermore it can be used to scan non-conductive samples without the need of a vacuum and can 
also be used for a wide range of materials, from hard materials, such as ceramic surfaces, to soft 
materials, such as flexible polymers and human cells.  
In the table below, it is possible to take a look at the main differences between the main techniques 
AFM, SEM and TEM: 
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Parameter AFM SEM TEM 
Sample preparation Little or none From little to a lot From little to a lot 

Resolution 0.1nm 5nm 0.1nm 
Cost Low Medium high 

Environment Any Vacuum Vacuum 

Sample type conductive or 
insulating 

conductive conductive 

Time for image 2-5 minutes 0.1-1 minute 0.1-1 minute 

Maximum view field 100µm 1mm 100nm 
Measurements 3D 2D 2D 

 
AFM produces three-dimensional images of the scanned surface, opposite to the two-dimensional 
images provided by the electron microscopes. In addition the samples do not need any special 
treatment, such as coating, and it can be used in an ambient atmosphere, without the need of a 
vacuum environment. This means quicker scanning and this also avoids the introduction of artefacts 
on the sample. On the other hand compared to other technologies, AFM does not allow to scan a 
very large area of the sample. Compared to SEM that can image an area on the order of 1mm2, the 
maximum scan area with AFM is around 100x100µm2. Moreover the AFM scanning speed is not as 
fast as for SEM/TEM, requiring several minutes for a typical scan. 
AFM has basically two main modes:  
1. Force spectroscopy mode, used to measure the interaction forces between the probe and the 

sample. 
2. Imaging (or topographic) mode, used to form an image of the sample surface. This is achieved 

by a tip scanning the surface and producing three-dimentional (3D) images, recording the 
height of the probe with respect to the sample. In this mode AFM can produce both very small 
images, on the order of nanometres, showing the crystallographic structure of materials and 
large images, on the order of 100 micrometres, giving a general idea of the shape of the 
surface.. 

2.5 Basic Aspects and Experimental Setup 
AFM works with a very sharp tip, placed at the end of a cantilever, over a surface with low force. A 
detector is then used to record the deflection and motion of the cantilever. The sample is mounted 
on a sample stage, over a scanner that provides movements in x-y-z directions, where x and y are 
the scanning directions for the sample and z is the controlling direction for the tip-sample distance. 
Piezoelectric elements, both for the scanner and for the cantilever, allow to have accurate and 
precise movements and to perform a very precise scanning. In Figure 39 a schematic diagram is 
shown, with all the main components. 
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Figure 39. Schematic diagram showing the typical configuration of an AFM. 

I. The tip, that represents the probe, has a typical radius between 10 and 30 nm and is 
attached to a long cantilever, on the order of hundredths of microns, which is itself attached 
to a small chip, called cantilever holder. The tips are mostly made of silicon nidride (Si3N4) 
or silicon (Si), characterized by high yield strength and elastic modulus so that the residual 
stress is very small. The probe is one of the more crucial parts in AFM, because the surface 
image that is produced is basically the convolution between the tip and the sample. For this 
reason its sharpness is very important and will affect the lateral resolution of the instrument; 
this is the reason why the tips are often replaced when their apex becomes dull or 
contaminated or when the cantilever is broken. 

II. The scanner is composed by a ceramic piezoelectric material, which provides very accurate 
and precise control of x-y-z movements, depending on the applied voltage. 

III. To achieve a very high resolution, there is the need to use lateral cantilever with very small 
spring constants (0.1-0.01 Nm−1), so that small tip-sample interactions can be measured 
(order of 0.1nN). In this sense the detector has to measure also the smallest deflections of 
the cantilever and convert it into an electrical signal.  

IV. In the optical beam detection method , shown in Figure 40 the light of a laser beam is 
focused over the back of the cantilever and then reflected back onto a photodiode detector 
that is usually a four-segment detector. 
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Figure 40.Schematic diagram of the optical beam detection method. 

The position of the laser on the photodetector change significantly as the cantilever is deflected, 
producing changes in the intensity of the signal reaching each quadrant of the detector. 

V. There is also a feedback mechanism that allows to keep constant the force between the tip 
and the sample during the scanning. It compares the signal from the photodiode detector 
and a user-defined set point (that has to be constant) and gives back an output signal, used 
to control their distance along the z direction and to maintain a constant force.  

2.6 Scanning Modes 
When the probe approaches the surface to scan it, there is a deflection of the cantilever due to the 
presence of forces between the tip and the sample, according to the Hooke’s law. These forces can 
be repulsive or attractive, depending on the distance of the two objects. In Figure 41 the force-
distance curve is traced for a better understanding. 

 
Figure 41. Force-distance curve, highlighting attractive and repulsive regime depending on the distance of the 

probe from the sample surface. The different scanning modes are also shown. [67] 

At long distances, the attractive forces are dominant (van der Waals interactions), so the tip is 
pulled towards the surface and the cantilever is bent (negative force). At short distance, on the 
order of 1 nm or below, the repulsive forces are predominant (short-range repulsive forces), so the 
cantilever is bent in the opposite way. 
Indeed, it is possible to discriminate three different scanning modes: 

I. Contact mode 
II.  Tapping mode 
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III. Non-contact mode

In the tapping mode, the tip oscillates near to its resonant frequency by means of a small piezo 
element in the cantilever holder. The amplitude of the tip oscillations varies from several nm to 100 
nm, so that we move from a non-force regime through attractive regime and into repulsive regime 
(brief contact with the surface and lower lateral forces during the scanning). 
Variations in the amplitude are measured to detect changes in the oscillation of the tip and they are 
used as input signal for the feedback mechanism, in order to achieve a topographic image of the 
surface. In addition it is also possible to detect the phase signal that changes when the probe 
encounters regions of different composition. Phase shifts are registered as bright and dark regions 
in phase images, comparable to the way height changes are indicated in height images, so that it 
allows chemical mapping of surfaces based on these material differences. 

X-Ray Diffraction 
2.7 Overview 

The X-Ray Diffraction (XRD) [68-70] can be used to analyse and examine compound 
semiconductors (III-V and II-VI semiconductors especially) and in particular to provide information 
on parameters as strain, layer thickness, composition and diffusion profiles of samples of interest. 
This is because heterostructures grown with MOVPE or MBE have performances that can change a 
lot, even with little variations of the listed parameters and XRD offers a very easy and non-
destructive way to monitor them. Moreover XRD can also be used to investigate the periodicity of 
superlattices, periodic structures of layers of two or more materials. 
Normally two different modes can be distinguished:  

I. Powder diffraction, that consists in an extended ω/2ϑ scan and allows to measure the 
crystal structure and the lattice constant. 

II. High-resolution XRD, that consists in a scan around a specific lattice point and allows to

2.8 

measure with higher detail the strain state of the material, so that is possible to gain 
information on the composition and other properties. 
Basic Aspects 

XRD is based on the scattering theory that consists in the interaction between light and matter. As 
seen previously in 1.2, once the light of a specific frequency hits a particle, it can be excited into a 
higher level and emit light itself when relaxing to the ground state. In particular with XRD crystal 
analysis Rayleigh scattering is detected, characterized by the fact that incident and emitted lights 
have same frequencies (in contrast with Raman scattering, characterized by the fact that incident 
and emitted lights have different frequencies), as shown in Figure 42. 

Figure 42. Jablonski diagram for Rayleigh and Raman scatterings. [71] 
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XRD is based on Bragg’s Law: given an incident X-ray on a crystal, the law gives information about 
wavelengths and incident angles to which the reflected X-ray presents a strong peak. If we consider 
two X-rays with the same wavelength and phase that are incident on atoms in different planes of a 
crystal, to be sure that the scattered X-rays still have same phase, the lower beam has to travel for 
an extra distance equal to an integer multiple of the radiation wavelength. The extra distance is 
2dsinϑ and depends on the separation of the crystal planes d and the X-ray incident angle ϑ. 
So in order to have reflected X-rays with same phase, constructive interference should occur, as 
clearly expressed in Bragg’s law 

𝑛𝑛𝜆𝜆 = 2𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠  (7) 
where n is an integer number and λ is the wavelength of the incident X-rays. The unit cell results the 
basic diffraction unit. 

2.9 Experimental Setup 

XRD is composed by an X-ray tube that is the source, a sample stage and a detector, used to 
collect the X-rays scattered by the sample. 

 
Figure 43. Sketch of the XRD tool. 

In Figure 43 we can see that ω is the angle between the source and the sample, 2ϑ is the angle 
between the sample and the detector, while φ and ψ are the rotation angles of the stage (φ is the 
horizontal rotation and ψ is the vertical rotation). Moreover the stage itself can move in x-y-z space. 
A high-resolution XRD tool, as shown in Figure 44, can allow the measurement of small deviations 
from the ideal crystalline structure. The incident beam optics produce a highly monochromatic 
beam, characterized just by one wavelength, focused and collimated by a mirror. After the 
monochromator an aperture is placed, in order to have a well-defined spot size. Once the incident 
beam reaches the sample and it is scattered by it, there is a detector that collects the light. The 
diffracted beam optics also includes a slit (or an analysing crystal), used to limit the angular 
acceptance of the detector. 

 
Figure 44. Schematic of a XRD system. 
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The XRD allows different scanning modes, both one-dimensional (1D) scans: 
I. Source scan, in which ω is scanned and 2ϑ = cost (scanning of the incident beam). This 

scan gives the chance to observe just one special diffraction peak.  
II.  Detector scan, in which 2ϑ is scanned and ω = cost (scanning of the diffracted beam). 

III.   Coupled scan (ω/2ϑ, 2ϑ/ω), in which both ω and 2ϑ are scanned (scanning of incident and 
diffracted beams). This scan on the contrary gives the chance to observe all the peaks in a 
certain range. 

IV. Single φ and ψ scan, used to optimize the measurements. 
And two-dimensional (2D) scans: 

1. Reciprocal space maps, in which there is a combination of ω and ω/2ϑ scans. 
The 1D scans are used mostly if the sample of interest is not too much strained, so that we can 
easily get information about strain, composition and layer thickness. 
For a III-V semiconductor material, with zincblende crystal structure, we have that 

1
𝑑𝑑2

=
ℎ2 + 𝑘𝑘2 + 𝑙𝑙2

𝑎𝑎2
 

where (h,k ,l) are the Miller indices and are used to denote the planes and directions in a cubic 
crystal and a is the lattice constant. In Figure 45 different families of planes are shown. 

 
Figure 45. Different families of planes. Each family is composed by planes with same length |d*| (but different 

directions) and with the same three indices. [72] 

If we consider the (0,0,4) plane, called the symmetrical plane, the distance between the crystal 
planes results equal to 

𝑑𝑑 = 𝑠𝑠
4
  (8) 

Combining the equations (7) and (8), we can calculate the lattice constant of the III-V 
semiconductor, so that is possible to get information on the mismatch 

𝜆𝜆 =
𝑎𝑎
2
𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠  

Once we obtain the lattice constant value, the composition of the material can be easily calculate by 
means of Vegard´s law. 
Moreover it is possible to extract the thickness of each layer of the structure (especially for 
superlattice structures as shown in Figure 46), using the position of two neighbouring Bragg peaks 

� 𝑛𝑛𝜆𝜆 = 2𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛
(𝑛𝑛 − 1)𝜆𝜆 = 2𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛−1

 

If we solve this system of equations 

𝜆𝜆 = 2𝑑𝑑(𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛 − 𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛−1) ⟹
1
𝑑𝑑

=
2𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛 − 2𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛−1

𝜆𝜆
 

To have a value for the thickness with a low error, it is possible to average the equation over the 
positions of satellite peaks of order n 
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±
𝑛𝑛
𝑑𝑑

=
2𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛 − 2𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠0

𝜆𝜆
 

where ϑn  is the n-order peak and ϑ0 is the zero-order peak in the 1D curve, while 𝜆𝜆 is the 
wavelength of the incident X-ray. 

 
Figure 46. Diffraction in a superlattice structure. 

In case of a strained sample, the 1D scan does not assure that the corresponding layer peaks are 
real maxima or not, so that a 2D scan is needed. 
In particular it is possible to extract the same information, but in a very precise way, just realising 
two reciprocal space maps, a symmetrical map and an asymmetrical map. 
The symmetrical map allows to have a look on the inside of the sample (from the top to the bottom), 
while the asymmetrical map allows to have a look at the lateral lattice points on a specific plane. 
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InAs/InP Quantum Dots 
The first part of the project is focused on the growth of Stranski-Krastanov self-assembled indium 
arsenide (InAs) quantum dots on a (001)-oriented indium phosphide (InP) substrate. The lattice 
mismatch between these two material is small (around 3.2%), so that the quantum dots are 
characterized by emission wavelengths longer than the required 1.55µm [73]. However their 
emission can be tuned by changing the size or the strain of the dots as seen in Chapter 1. 
The samples were grown in a horizontal-reactor MOVPE system, with reactor pressure fixed at 
100mbar (low-pressure reactor), that uses hydrogen as carrier gas and standard precursors: 

I. Arsine (AsH3) and phosphine (PH3) as group-V precursors. 
II.  Trimethylindium (TMIn) at 17°C as group-III precursor.  

3.1 Test Samples and Results 

The first samples are numbers 7617 and 7618, which structure is shown in Figure 47, with the InP 
buffer layer that is used to isolate the defects on the substrate. 

 
Figure 47. Structure of samples 7617 and 7618. 

Both the samples are characterized by a 85nm thick InP buffer layer with an estimated growth rate 
of 0.22nm/s, grown at 680°C and deposited on an exactly (001)-oriented InP substrate. Then the 
quantum dots are formed at a lower temperature of 540°C by the deposition of InAs material, under 
an AsH3 flow rate of 100 standard cubic centimetre per square (sccm) and a TMIn flow rate of 
71.9sccm with an estimated growth rate of 0.095nm/s, so that the overall V/III ratio is 369.70. The 
two samples differ in the InAs deposition time, since the 7617 quantum dots are formed by a 12.8s 
InAs deposition, that nominally brings to 4 monolayers of InAs material, while the 7618 quantum 
dots are formed by a 6.4s InAs deposition, that is exactly half the time used for the growth of 7617 
quantum dots and nominally brings to 2 monolayers of InAs material. 
The samples are then analysed by AFM measurements, that allow to estimate the density of the 
dots and their size on the buffer. In particular in Figure 48 10x10µm2 and 2x2µm2 areas are 
scanned by means of an AFM tool operating in tapping mode.  
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Figure 48. AFM measurements that show the comparison between 7617 (left column) and 7618 (right column). The 
first row shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images and the second row shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐. Lines in the background are noise 

from different sources. 

The density of the first sample is high and equal to 2.5e8cm−2, while the decrease of the InAs 
deposition time for the second sample leads to a much lower density, equal to 8e6cm−2. The 7617 
and 7618 dots, that look more like elongated structures or relaxed islands than real isotropic dots, 
have respectively an estimated mean size and height of 500nm, 100nm and 600nm, 120nm. 
Besides the first sample also exhibits some small dots with an estimated mean diameter and height 
of 150nm, 40nm.  

3.2 Reference Sample and Results 
Since the surface is covered with dots that are too large and then optically inactive, the new 7619 
sample is characterized by a drastic reduction of the V/III ratio for the quantum dots. Moreover the 
7619 structure, shown in Figure 49, differs from that of the previous two samples and it permits a 
double analysis, since the quantum dots on top are used for AFM measurements, while the 
structure below with buried quantum dots allows for PL measurements. 

 
Figure 49. Structure of 7619. 

After the deposition of the 85nm thick InP buffer layer at 680°C, the InAs quantum dots are grown 
on top of it at the decreased temperature of 540°C under an AsH3 flow rate of 6sccm and the same 
TMIn flow rate of 71.9sccm (overall V/III ratio equal to 22.18) for 6.4s. Without growth interruption a 
80nm thick InP capping layer, used to avoid surface recombination and to achieve strain relaxation, 
is deposited over the InAs quantum dots. The structure is then completed with another deposition of 
InAs quantum dots on top of the capping layer, with the exact same parameters used. 
The composition and strain of the buried quantum dots change due to exchange interaction with the 
surrounding material and thereby acquire some phosphor atoms from the surround InP. The 
uncapped dots can via high temperature migrate around the surface and combine with each other 
resulting in fewer and larger dots than the capped dots. So the uncapped dots are used as a rough 
estimate of the capped dots. 
In Figure 50 10x10µm2 and 2x2µm2 7619 AFM images are shown. 
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Figure 50. AFM measurements that show 10x10𝛍𝛍𝛍𝛍𝟐𝟐 (on the left) and 2x2𝛍𝛍𝛍𝛍𝟐𝟐 (on the right) images of 7619. Moreover 
on the right a small dot (A) and a big dot (B) are highlighted. Lines in the background are noise from different 

sources. 

The density has now increased and is around 2e9cm−2 and also it is possible to distinguish small 
and big dots. The small dots are characterized by an estimated mean diameter and height of 80nm, 
20nm and a density of 1.7e9cm−2, while the big dots are characterized by an estimated mean 
diameter and height of 200nm, 60nm and a density of 3e8cm−2. 
The PL measurements are then realized at room temperature (300K) by means of a 532nm green 
pumping laser, with an adjustable spot size of 1-5µm, which luminescence is then collected by an 
InGaAs detector, after the reflection on the sample. 
 In Figure 51 it is possible to see the emission spectrum of an ensemble of 7619 quantum dots, with 
an integration time of 300ms and an excitation power on sample of 82mW. 

 
Figure 51. Emission spectrum of an ensemble of quantum dots of 7619. 

For high excitation power, needed at room temperature, the sample shows two main emission 
peaks, the strongest one due to the wetting layer and another one at the desired wavelength of 
1.55µm, that is assumed to be due to the buried quantum dots. 
The PL measurements are then completed by means of another PL setup, which allows to perform 
the analysis at a very low temperature, thanks to a nitrogen cryostat. In particular the new 
measurements are performed with a 632nm HeNe laser with a spot size of 1µm, which 
luminescence is then collected by an InGaAs detector, that is cooled with liquid nitrogen. 
In Figure 52 it is shown the emission spectrum of 7619 at three different positions with an 
integration time of 1s, a temperature of 7.2K and an excitation power on sample of 65µW that 
assures that only the fundamental transition is observed. 
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Figure 52. Emission spectrum of 7619 sample at 7.2K. 

This low temperature measurement exhibits two peaks as the room temperature PL measurement; 
the main peak can be attributed once again to the wetting layer while the other peak is still centered 
at 1550nm (even if part of the emission at 1550nm has been cut off because of the loss of detector 
efficiency for wavelengths beyond 1600nm). Besides in this case we are not able to see any single 
line from single buried quantum dots and also there is no blueshift of the 1.55µm peak due to the 
very low temperature condition [74], in contrast with the actual shift of the main peak towards a 
lower wavelength. 

3.3 Other Samples and Results 
Starting from sample 7619 that becomes the reference sample and its growth conditions, we tried to 
grow other samples with the exact same structure of 7619, shown in Figure 49, but with different 
quantum dots’ growth parameters. 
In Figure 53, there is an overview of the different InAs/InP samples that were grown. 

 
Figure 53. Overview of quantum dots’ growth parameters of different samples. 

Since the structural and optical properties of quantum dots are strictly related to the growth 
conditions, we tried to change the InAs deposition time for samples 7650 and 7652, the reactor 
temperature for sample 7655 and the V/III ratio for samples 7654 and 7656. 
Compared to the reference sample, the InAs deposition time was decreased by 30% (from 6.4s to 
4.48s) for 7650 and by 10% (from 6.4s to 5.76s) for 7652. Furthermore the reactor temperature was 
decreased from 540°C to 520°C for 7655, while the AsH3 flow rate was both increased by 50% 
(9sccm) for 7656 and decreased by 50% (3sccm) for 7654, in order to change the V/III ratio. 
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Besides another sample, number 7651, not shown in Figure 53, and with the exact same 
parameters as 7619 was grown in order to compare them and to study the reproducibility of the 
results. 
The first analysis consists in AFM measurements to see the structural differences between the 
various dots grown in such different conditions. 
In Figure 54 10x10µm2 and 2x2µm2 AFM images are shown for all the samples, starting from 7650 
up to 7656. 
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Figure 54. AFM measurements that show samples from 7650 to 7656. The first column shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images 
and the second column shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐. Moreover on the right a small dot (A) and a big dot (B) are highlighted 

for all the samples. Lines in the background are noise from different sources. 

In the table below an overview of the density and at the estimated mean diameter and height of 
small and big dots on the surface is shown: 

InAs quantum dots 
Density 
(𝐜𝐜𝛍𝛍−𝟐𝟐) 

Density of 
big dots 
(𝐜𝐜𝛍𝛍−𝟐𝟐) 

Density of 
small dots 

(𝐜𝐜𝛍𝛍−𝟐𝟐) 

Size big dots 
(nm) 

Size small 
dots(nm) 

7619 (reference) 2e9 3e8 1.7e9 200, 60 80, 20 
7650 (30% less time) 1.2e8 1.2e8 - 200, 50 - 
7651 (same as 7619) 2.3e9 4e8 1.9e9 200, 60 75, 20 
7652 (10% less time) 6e8 7e7 5.3e8 300, 40 150, 30 
7654 (50% less AsH3) 1e9 1e8 9e8 300, 70 150, 25 
7655 (lower Treactor) 1e9 5e7 9.5e8 200, 30 80, 15 
7656 (50% more AsH3) 2.5e9 3e8 2.2e9 350, 50 150, 20 
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From AFM measurements, it is clear that 7651 has structural properties similar to 7619 and the 
same order for the density, so that the reference sample is characterized by a good reproducibility. 
Then the reduction of InAs deposition time brings to a reduction of the overall density for both 7650 
and 7652, the absence of small dots for 7650 that can be due to the very poor InAs material 
deposition, an increase of the small dots’ size and a reduction of big dots’ density for 7652. 
Furthermore the variation of the V/III ratio brings to an increase of the diameter of small and big 
dots, for both 7654 and 7656 and a decrease of the big dots’ density. Lastly the reduction of the 
reactor temperature leads to a decrease of the height of small and big dots and a decrease of the 
number of big dots for 7655. 
PL measurements are then performed in the exact same conditions as discussed before and with 
the same setup, i.e. 532nm green pumping laser, room temperature, spot size on sample between 
1-5µm and InGaAs detector, in order to study the optical properties of the new samples that were 
grown. 
First of all a comparison between the emission spectra of samples 7650, 7652, 7654, 7655 and 
7656 is presented in Figure 55. 

 
Figure 55. Emission spectra of samples 7650, 7652, 7654, 7655 and 7656. 

In this comparison it is possible to highlight that no other PL emissions, except for the one from the 
wetting layer, is visible. Moreover the wetting layer peak of 7650 turns out to be stronger than the 
other peaks, since no small dots can be seen on the surface of this structure.  
After this, more PL measurements were realized in order to compare the emission spectra of 7619 
and 7651. Starting from the same room temperature PL setup the two emissions are compared in 
Figure 56, with an integration time of 300ms and an excitation power of the laser on the sample 
equal to 82mW. In details we can clearly see that the emission spectra of the two samples match 
and that both the two peaks are located at the same wavelengths. 

 
Figure 56. Emission spectra of 7619 and 7651 samples. 
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Besides in Figure 57 it is presented a zoom in into the range of wavelengths from 1400nm to 
1700nm and it is possible to focus on the peaks that have been attributed to the buried quantum 
dots of the analysed samples. 

 
Figure 57. A zoom in into the range 1400𝛍𝛍𝛍𝛍 1700𝛍𝛍𝛍𝛍. 

Other PL measurements for 7619 and 7651 using the low temperature setup with an integration 
time of 10s in this case and the same excitation power of 65µW, in order to compare the low 
temperature emissions at 1.55µm are shown in Figure 58. 

  
Figure 58. Comparison between the emission spectra of 7619 and 7651 around 1.55μm . 

In this case 7651 does not exhibit a peak at the desired telecom wavelength, in contrast with the 
last PL measurements at 300K, that showed a perfect match between the emissions of the two 
samples. 

3.4 Power Dependent PL Measurements 
In the end power dependent PL measurements were performed at room temperature, in order to 
see how the variation of the power of the laser on the sample influences the behaviour of the 
1550nm peak and to observe the state-filling of quantum dots. In Figure 59 7619 power dependent 
PL measurements are shown, using an integration time of 1s. 
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Figure 59. Power dependent PL measurements of 7619. 

We can observe that the variation of the excitation power leads to changes in the PL peak 
wavelength and in the full width at half maximum (FHWM). In particular higher power leads to a 
decrease of the PL peak position and an increase of the FWHM as shown in Figure 60. We are not 
able to see the typical behaviour of quantum dots since higher power does not lead to the presence 
of a second peak with higher intensity due to the p-shell (as shown in [16,75]), apart from the small 
shoulder that appears on the left of the plot at lower wavelengths. 
 

  
Figure 60. Variation of PL intensity and FWHM in function of the excitation power of the laser. 

In Figure 61 other power dependent PL measurements have been reported for 7650 wetting layer 
for comparison, using an integration time of 300ms. 

 
Figure 61. Wetting layer power dependent PL measurements. 
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Also in this other case as the excitation power decreases, the PL peak position shifts towards 
shorter wavelength, while the FWHM increases as shown in Figure 62, so that both the power 
dependent PL measurements show the same behaviour. 

 
Figure 62. Variation of PL intensity and FWHM in function of the excitation power of the laser. 

From the obtained results, it is clear that other test samples are needed to better understand the 
optical properties of the InAs/InP system, since it is complicated to state if the 1.55µm emission 
peak of 7619 seen in Figure 51 at room temperature and in Figure 52 at low temperature can be 
assigned to quantum dots or to other sources. 
From these results, other possible experiments can be attempted: 

1. Realization of a double capping procedure 
2. Use of a thin GaAs interlayer under the quantum dots to blueshift the emission  
3. Alloying the quantum dots by the incorporation of an additional III or V element. 

InAs/InGaAs/GaAs Quantum Dots 
The necessity to realize many other investigations on the InAs/InP system, together with the 
different problems of this kind of material lead to a completely different strategy, that consists in 
changing the substrate of interest. In fact, apart from the problems with the InP buffers that are 
expensive and easily breakable or damageable, the InAs/InP system have problems linked to As/P 
exchange during the quantum dots growth. On the contrary the InAs/GaAs system permits the 
quantum dots growth avoiding As/P switches and gives the advantage to monitor less parameters 
during the growth. Also a GaAs substrate can allow the implementation of GaAs/AlAs DBRs, used 
to enhance the extraction efficiency in a more straightforward way compared to InP substrate, since 
there is a higher difference between the reflective indexes that will result in less thick DBRs. 
The main problem with this system is related to the fact that, due to the materials’ high lattice 
mismatch up to 7.2%, the emission wavelength can arrive at the maximum value of 1.3µm.  
This is why, in order to tune the emission at the desired C-telecom wavelength of 1.55µm, the 
growth of InAs quantum dots is realized in a metamorphic InxGa1−xAs matrix, grown on a GaAs 
(001) substrate, with different indium concentrations. 
This metamorphic layer acts as a relaxed pseudo-substrate for the growth of the active layer. Since 
the buffer layer is characterized by a high thickness, the dislocations between substrate and buffer 
do not influence the growth of the active layer. 
The samples were grown under the same conditions, in a horizontal-reactor MOVPE system, with 
reactor pressure fixed at 100mbar, that uses hydrogen as carrier gas and standard precursors: 

I. Arsine (AsH3) as group-V precursors 
II.  Trimethylindium (TMIn) at 17°C and Trimethylgallium (TMGa) at -10°C as group-III 

precursor 
As clearly shown in Figure 63, the samples are divided into AFM samples, PL samples and XRD 
samples with the difference that the first ones are characterized by the structure A without capping 
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layer, the second ones are characterized by the structure B with the capping layer and the last ones 
are characterized by the structure C without quantum dots and are used to measure the indium 
composition in the InGaAs layer. 

 
Figure 63. The three AFM, PL and XRD structures used. 

3.5 Test Sample and Results 

The first analysis that is realized has the aim to calculate the starting percentage of indium 
concentration x in the InxGa1−xAs metamorphic layer, with some test parameters. To realize this 
measurement a Panalytical X’pert high resolution XRD tool is used while the sample under test is 
number 7690, composed just by a 100nm thick GaAs buffer grown at 700°C, used to isolate the 
defects on the GaAs (001) substrate and a 1µm thick InGaAs metamorphic layer grown at the same 
temperature, under an AsH3 flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow 
rate that ramps up from 7scmm up to 90sccm (graded buffer) for 60 minutes. In particular to 
perform a measurement with high accuracy and resolution, a symmetrical and an asymmetrical 
reciprocal space maps are realized as shown in Figure 64. 

 

 
Figure 64.On top the symmetrical reciprocal space map and on bottom the asymmetrical reciprocal space map. 
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From the two reciprocal space maps, once the substrate and layer peaks are labelled in both the 
graphs, the analysis gives as result a maximum indium composition x ≅ 21% . 
Once the composition is measured, the next step is the realization and characterization of the first 
AFM and PL samples, which structures are shown in Figure 63. 

3.6 Reference Samples and Results 

The first samples, representing the reference samples, are AFM samples, numbers 7707 and 7708, 
and the PL sample number 7709. The growth starts with the deposition of a 100nm thick GaAs 
buffer layer at 700°C. Then, as seen before, the 1µm thick InGaAs metamorphic layer is grown at 
the same temperature, under an AsH3 flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a 
TMIn flow rate that ramps up from 7scmm up to 90sccm (graded buffer) for 60 minutes. In the end 
the InAs quantum dots are grown on the top of it at the decreased temperature of 530°C, under the 
same AsH3 flow rate of 130sccm and a TMIn flow rate of 90sccm, with an overall V/III ratio equal to 
383.95, for 6s for 7707 and for 4s for 7708 and 7709. The 7709 is then completed with a 100nm 
thick InGaAs capping layer with the same parameters of the InGaAs layer, except that the indium 
flow rate is fixed at the value of 90sccm for 6 minutes and lastly the structure is completed with 
another InAs  
deposition, in order to grow surface quantum dots, with the same parameters and the same V/III 
ratio. 
In Figure 65 it is possible to see 10x10µm2 and 2x2µm2 AFM images for the samples from number 
7707 to number 7709. 
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Figure 65. AFM measurements for 7707, 7708 and 7709. The first column shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images and the 
second column shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐images. Moreover on the right a small dot (A) and a big dot (B) are highlighted for 

7707 and 7708. 

From the AFM measurements we can calculate both the overall density and the density of small 
and big dots of 7707 and 7708. In particular the InAs deposition for 6 seconds leads to an overall 
density of 1.8e10 cm−2 and a density of small dots of 1.6e10cm−2, while the InAs deposition for 4 
seconds leads to an overall density of 1.3e10 cm−2 and a density of small dots of 1.15e10cm−2. 
Moreover it is possible to estimate the mean diameter and height of small dots equal to 40nm, 6nm 
for 7707 and 40nm, 7nm for 7708, while the big dots are characterized by an estimated mean 
diameter and height of 80nm, 15nm and a density equal to 2e9cm−2 for 7707 and 80nm, 20nm and 
a density equal to 1.5e9cm−2for 7708. 
Furthermore it is possible to notice that AFM images from 7709 seem very different from 7708, even 
if the InAs deposition occurs with exactly the same parameters for both samples. From this result, 
the conclusion is that the realization of the 7709 sample, with both quantum dots on top and buried 
quantum dots used to perform together AFM and PL measurements, does not give a good 
indication of the structural properties of the buried quantum dots and so it is preferable to grow AFM 
and PL samples separately, since the InGaAs capping layer increases the strain even further and 
thusly change the growth parameters for the dots. 
However PL measurements have been performed for 7709 sample, in order to analyse the 
emission of the buried quantum dots. In particular the PL setup that allows the measurements at 
very low temperature (thanks to the nitrogen cryostat) has been used, with a 632nm HeNe laser 
with a spot size of 1µm and which luminescence is collected by an InGaAs detector, cooled with 
liquid nitrogen. 
The measurements were realized at different positions at the temperature of 8K, with an excitation 
power on sample of 260µW and an integration time of 1s, in the wavelength range from 1400nm to 
1550nm. In Figure 66 the overlap of PL emission spectra taken at different positions is shown. 
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Figure 66. Overlap of PL emission spectra of 7709. 

It is possible to see the emission lines from single quantum dots in the range between 1400-
1480nm, which centre is around 1450nm and with some lines also in correspondence and beyond 
the wavelength of 1500nm. 

3.7 Three Batches and Results 
In Figure 67 there is an overview of the several InAs/InGaAs/GaAs samples that were grown, once 
again starting from the reference samples (numbers 7708 and 7709) and divided in three different 
batches: every sample of each batch is characterized by the change of only one parameter per 
growth, compared with the references. 
For the first two samples of the I batch, an AFM sample, number 7710, and a PL sample, number 
7712, we started changing the indium flow for the quantum dots, while maintaining the same indium 
composition of 21% as for the references. The I batch is characterized by other two samples, an 
AFM sample, number 7733, and a PL sample, number 7713, with a different indium flow for the 
graded buffer, that leads to an indium composition of around 26%, while the same parameters for 
quantum dots were kept. 
Then the II batch starts with another AFM sample, number 7734, and another PL sample, number 
7735, both with the same parameters as the reference for the quantum dots in this case, but with an 
indium composition in the graded buffer of around 26%. Another PL sample, number 7736, was 
then realized in this batch, with a decreased indium flow of 80sccm for the QDs. 
The last batch is characterized by two samples, an AFM sample, number 7738, and a PL sample, 
number 7737, once again with the exact same parameters for quantum dots but with a different 
indium composition in the graded buffer, in this case equal to 30%. After these two sample we 
made other samples, changing either the deposition time for PL sample number 7739 or the indium 
flow for quantum dots growth for AFM sample number 7750 and PL sample number 7740. 
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Figure 67. Overview of the three InAs/InGaAs/GaAs batches realized starting from the reference samples on top. 

3.7.1 I Batch 

The I batch start with two AFM samples, numbers 7710 and 7711 (not shown in Figure 67) 
characterized by an increase of the V/III ratio during the growth of quantum dots, in order to reduce 
the density of the dots, and a PL sample, number 7712, characterized by the same V/III ratio of 
7710 but with an increased concentration x of indium in the InxGa1−xAs buffer layer, in order to 
redshift the emission spectrum of the dots. 
The growth is mostly similar to the previous one, since it starts with the deposition of the usual 
100nm thick GaAs buffer layer at 700°C, which is followed by a 1µm thick InGaAs metamorphic 
layer grown at the same temperature under the same AsH3 flow rate of 130sccm, the same TMGa 
flow rate of 10.8sccm and a TMIn flow rate that ramps up from 7scmm to 90sccm for 60 minutes for 
both 7710 and 7711. Then the InAs quantum dots are grown on top of the AFM samples at the 
decreased temperature of 530°C under the AsH3 flow rate of 130sccm and a TMIn flow rate of 
67.5sccm (overall V/III ratio equal to 511.93) for 4s for 7710 and a TMIn flow rate of 45sccm (overall 
V/III ratio equal to 767.9) for the same time of 4s for 7711. 
The growth parameters of 7712 exactly match the 7710 ones, with the only difference that the TMIn 
flow rate ramps up from 7sccm to 105sccm for 7712, in order to increase the concentration of 
indium in the InGaAs metamorphic layer. 
Moreover for the PL sample, once the InAs deposition for the growth of the quantum dots is 
accomplished, the structure is then completed by a 100nm thick InGaAs capping layer under an 
AsH3 flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate of 90sccm for 6 
minutes 
It is then possible to see in Figure 68 10x10µm2 and 2x2µm2AFM images for both 7710 and 7711 
samples, in order to analyse the structural properties of the quantum dots. 
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Figure 68. AFM measurements for 7710 and 7711: the first column shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images and the second 

column shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐images. Moreover on the right a small dot (A) and a big dot (B) are highlighted. 

From the 7710 AFM measurements it is possible to highlight a surface with both small dots and very 
few big dots, which estimated mean diameter and height are respectively equal to 45nm, 8nm and 
120nm, 40nm. The overall density is equal to  
1.4e10cm−2, while the density of small dots has a value of 1.31e10cm−2 and big dots are 
characterized by a density of 9e8cm−2. 
PL measurements are then realized for 7712 and are shown in Figure 69, in order to compare the 
emissions of the quantum dots with those of previous sample 7709. In this case the measurements 
are realized at different positions at the temperature of 4K, with an excitation power on sample of 
50nW and an integration time of 1s, in the wavelength range from 1420nm to 1480nm. 

 
Figure 69. Overlap of PL emission spectra of 7712. 

It is possible to highlight a very strong emission peak at around 1440nm and other emission peaks 
between 1425nm and 1455nm. 
Moreover two other PL measurements are reported in Figure 70 at the temperature of 4K, with an 
excitation power of 50nW and an integration time of 1s, in the wavelength ranges from 1430nm to 
1480nm and from 1480nm to 1520nm. 
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Figure 70. PL emission spectra for 7712 in different ranges of wavelengths. 

From these two pictures we see two strong emission peaks; the one on the left is centered at 
around 1455nm, while the one on the right is centered at around 1490nm, so that no significant 
redshift of the emission spectrum can be seen. 
So the batch continues with another increase of the indium concentration x in the InxGa1−xAs buffer 
layer while keeping the same parameters for the growth of the quantum dots. In particular the next 
two samples are an AFM sample, number 7733, and a PL sample, number 7713, both with the 
exact same parameters. 
The growth of both 7713 and 7733 starts with the deposition of the usual 100nm thick GaAs buffer 
layer at 700°C, which is followed by a 1µm thick InGaAs metamorphic layer grown at the same 
temperature, under a AsH3 flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow 
rate that ramps up from 7scmm to 120sccm for 60 minutes for both 7713 and 7733 (indium 
concentration x ≅ 26%). Then the InAs quantum dots are grown on top of both the samples at the 
decreased temperature of 530°C, under the AsH3 flow rate of 130sccm and a TMIn flow rate of 
67.5sccm (overall V/III ratio equal to 511.93) for 4s. In the end 7713 is completed by a 100nm thick 
InGaAs capping layer under an AsH3 flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a 
TMIn flow rate of 90sccm for 6 minutes. 
First the AFM measurements for 7733 sample are shown in Figure 71, composed by 2x2µm2AFM 
images at different positions. 

  
Figure 71. AFM measurements showing the 2x2𝛍𝛍𝛍𝛍𝟐𝟐images of 7733 surface. 

AFM measurements show a reduced density, compared to the reference sample 7708, equal to 
3.8e9cm−2, the absence of big dots and the appearance of dots with a very small height. In 
particular the quantum dots that appear in the two images are characterized by an estimated mean 
diameter and height equal to 45nm, 6nm and a density of 2.6e9cm−2, while the smallest ones have 
an estimated mean diameter and height equal to 40nm, 3nm and a density of 1.2e9cm−2. 
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Then PL measurements are shown for 7713 sample in Figure 72 in the range from 1450nm to 
1550nm, at the temperature of 4K, with an excitation power on sample of 100nW and with an 
integration time of 1s. 

 
Figure 72. Emission spectrum of 7713 sample. 

Thanks to the increase in the indium flow rate for the InGaAs buffer layer, we can now see that, 
apart from the emission peak at around 1470nm, there are also emission peaks beyond 1500nm 
and centered around 1525nm. In Figure 73 it is shown a zoom in into the range of wavelengths from 
1430nm to 1470nm and from 1530nm to 1570nm. In particular overlaps of PL emission spectra 
taken at different positions are shown in both ranges. 

  
Figure 73. Overlap of different PL emission spectra. On the left the range is from 1430 to 1470nm and on the right 

the range is from 1530nm to 1570nm. 

The PL measurements show emission peaks at different wavelengths and particularly in the range 
from 1530nm to 1570nm there are peaks centered at around 1540nm and at 1560nm, so that they 
are very close to the desired emission wavelength of 1550nm. 

3.7.2 II Batch 
At this point, we are interested in trying to change the V/III ratio for the growth of the quantum dots, 
without changing the concentration x of indium in the InGaAs layer. 
The next samples are then one AFM sample, number 7734, and two PL samples, numbers 7735 
and 7736, the first of the two with the exact same parameters as the AFM sample and the second 
one with a small change in the V/III ratio. 
Once the 100nm thick GaAs buffer is deposited on the GaAs (001) substrate at 700°C, the growth 
continues with the deposition of a 1µm thick InGaAs metamorphic layer grown at the same 
temperature and with the same parameters of the previous two samples, i.e. under a AsH3 flow rate 
of 130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate that ramps up from 7scmm to 
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120sccm for 60 minutes. Then the InAs quantum dots are grown on the top of the samples at the 
decreased temperature of 530°C under the AsH3 flow rate of 130sccm and a TMIn flow rate of 
90sccm (overall V/III ratio equal to 383.95) for 4s for 7734 and 7735 and under the AsH3 flow rate 
of 130sccm and a TMIn flow rate of 80sccm (overall V/III ratio equal to 431.94) for 4s for 7736. In 
the end the two PL samples are completed by a 100nm thick InGaAs capping layer under an AsH3 
flow rate of 130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate of 90sccm for 6 minutes. 
The AFM measurements for 7734 are presented in Figure 74 that shows 10x10µm2 and 
2x2µm2AFM images. It is also possible to have a look at the InGaAs buffer layer in the 10x10µm2 
image that exhibits some cracks and defects on the surface due to the increase of indium in the 
graded buffer. 

  
Figure 74. AFM measurements for 7734. On the left the 10x10𝛍𝛍𝛍𝛍𝟐𝟐 image and the on the right the 2x2𝛍𝛍𝛍𝛍𝟐𝟐image. 

Moreover on the right a small dot (A) and a big dot (B) are highlighted. 

The overall density is estimated to be 1e10cm−2, with the small dots’ density of 8.8e9cm−2 and big 
dots’ density of 1.2e9cm−2. The quantum dots are now still divided in big and small dots with an 
estimated mean diameter and height respectively equal to 120nm, 12nm and 45nm, 4.5nm.  
Then PL measurements for 7735 and 7736 are performed, in order to see the main differences 
between the reference sample 7709 by changing the indium composition in the InGaAs 
metamorphic layer and the two PL samples by using two different V/III ratio for the growth of the 
quantum dots. 
In Figure 75 the overlaps of PL emission spectra of 7735 and 7736 taken at different positions are 
shown in the range of wavelengths from 1300nm to 1600nm, at the temperature of 8K, with an 
excitation power of 120nW and with an integration time of 1s. 

  
Figure 75. Overlaps of different PL emission spectra. On the left the PL spectra from 7735 and on the right the PL 

spectra from 7736. 

It is clearly visible that the 7735 quantum dots emit at around the 1450nm wavelength, while the 
increase of V/III ratio leads to a redshift of the emissions at around 1525nm wavelength. Moreover 
the number of lines for 7736 is fewer compared to 7735, indicating a smaller density of the buried 
quantum dots. 
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3.7.3 III Batch 
As already done before, next goal is to increase the indium concentration x in the InxGa1−xAs buffer 
layer, while maintaining the same V/III ratio for the growth of quantum dots as the reference 
samples 7708 and 7709. 
So the next samples are an AFM sample, number 7738, and a PL samples, number 7737. Then 
another PL sample, number 7739, is grown with the same indium concentration in the InGaAs 
metamorphic buffer, but with a different InAs deposition time during the growth of quantum dots 
compared to the two previous AFM and PL samples. 
 After the growth of the 100nm thick GaAs buffer layer at 700°C, there is the deposition of the 1µm 
thick InGaAs metamorphic layer grown at the same temperature, under a AsH3 flow rate of 
130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate that ramps up from 7scmm to 
140sccm for 60 minutes for both samples (indium concentration x ≅ 30%). Then the InAs quantum 
dots are grown on the top of it at the decreased temperature of 530°C under the AsH3 flow rate of 
130sccm and a TMIn flow rate of 90sccm (overall V/III ratio equal to 383.95) for 4s for 7737 and 
7738 and under the same flows’ rates but for a reduced time of 3s for 7739. In the end the two PL 
samples are completed by a 100nm thick InGaAs capping layer, under an AsH3 flow rate of 
130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate of 90sccm for 6 minutes. 
The AFM measurements for 7738 sample are presented in Figure 76, which shows 10x10µm2 and 
2x2µm2AFM images. 

  
Figure 76. AFM measurements for 7738 sample. On the left the 10x10𝛍𝛍𝛍𝛍𝟐𝟐 image and the on the right the 

2x2𝛍𝛍𝛍𝛍𝟐𝟐image. Moreover on the right a small dot (A) and a big dot (B) are highlighted. 

First of all it is possible to take a look at the InGaAs buffer layer that looks in good condition, apart 
from some small cracks. The overall density is pretty similar to the reference sample 7708 and is 
equal to 1.2e10cm−2. The surface is covered with small quantum dots with an estimated mean 
diameter and height of 40nm, 5nm and density equal 9e9cm−2. It is also possible to distinguish big 
dots, characterized by a density of around 1e9cm−2 and an estimated mean diameter and height of 
80nm, 15nm. 
Then in Figure 77 the overlaps of PL emission spectra of 7737 and 7739 taken at different positions 
are shown in the range of wavelengths from 1300nm to 1600nm, at the temperature of 4K, with an 
excitation power of 200nW and with an integration time of 1s 
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Figure 77. Overlaps of PL emission spectra of 7737 ( on the left) and 7739 (on the right) taken at different positions. 

The overlaps of PL emission spectra of 7737 and 7739 in Figure 77 show emissions from quantum 
dots that are very well distributed and respectively centered between 1475nm and 1500nm for 7737 
(on the left) and at around 1475nm for 7739 (on the right). While 7739 quantum dots’ emissions 
stop at around the wavelength of 1500nm, 7737 quantum dots’ emission peaks are also visible 
around the C-telecom wavelength and beyond it, around 1575nm. 
Another step consists in varying other parameters for the growth of quantum dots in comparison 
with the last samples without modifying the indium composition in the graded buffer. In particular the 
next samples are a PL sample, number 7740, characterized by a different V/III ratio compared to 
the previous samples and an AFM sample, number 7750, grown with the exact same parameters of 
sample 7740. 
As always the first step consists in the growth of a 100nm thick GaAs buffer at the temperature of 
700°C, which is followed by the deposition of a 1µm thick InGaAs metamorphic layer grown at the 
same temperature and with the same indium concentration x, i.e. under a AsH3 flow rate of 
130sccm, a TMGa flow rate of 10.8sccm and a TMIn flow rate that ramps up from 7scmm to 
140sccm for 60 minutes. Then the InAs quantum dots are grown on the top of it at the decreased 
temperature of 530°C, under the AsH3 flow rate of 130sccm and a TMIn flow rate of 85sccm 
(overall V/III ratio equal to 406.53) for 4s for both the samples. In the end the PL sample is 
completed by a 100nm thick InGaAs capping layer, under an AsH3 flow rate of 130sccm, a TMGa 
flow rate of 10.8sccm and a TMIn flow rate of 90sccm for 6 minutes. 
In Figure 78 the AFM measurements composed by 10x10µm2 images taken at different positions 
are shown, in order to evaluate the structural properties of both the InGaAs buffer layer and the 
quantum dots. 

  
Figure 78. AFM measurements showing the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images of 7750 sample surface. Lines in the background are 

noise from different sources. 

The surface looks very bad, with defects localised on a large part of the sample, so that probably 
only locally quantum dots can form.  
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In Figure 79 instead the overlap of PL emission spectra of 7740 sample taken at different positions 
is shown in the range of wavelengths from 1300nm to 1600nm, at the temperature of 4K, with an 
excitation power of 200nW and with an integration time of 1s. 

 
Figure 79. Overlap of PL emission spectra of 7740 sample. 

Single emission lines from quantum dots are present and very strong emission peaks are located 
between 1400nm and 1500nm. Moreover the picture shows that there is a low intensity single line 
emission at the required wavelength of 1550nm. 
The presence of such many lines can be due to the high local density and the reason why the 
emissions from quantum dots can be detected is that PL measurements allow the scan of all the 
sample surface in an easier way compared to AFM tool. 

3.8 Other Samples and Results 
Since the emissions from the quantum dots that were grown were satisfying but the surface looked 
very bad in several cases, we are now interested in seeing what happens by changing the growth 
rate, achieved by an increase in both the TMGa and TMIn flows. 
First the growth of 7751 XRD sample is realized, in order to analyse the composition of indium by 
means of the symmetrical and asymmetrical reciprocal space maps. The growth is still composed 
by a 100nm thick GaAs buffer, deposited at 700°C on a GaAs (001) substrate and then completed 
by a 1µm thick InGaAs metamorphic layer grown at the same temperature and under a AsH3 flow 
rate of 130sccm, a TMGa flow rate of 16sccm and a TMIn flow rate that ramps up from 7scmm up 
to 200sccm for 40 minutes. Since one TMIn bubbler cannot sustain such a high flow rate, the 
growth is realized by means of both the TMIn (TMIn_1 & TMIn_2) lines, following a switching 
sequence that is sketched in Figure 80. 

 
Figure 80. Switching sequence for TMIn_1 and TMIn_2 during the InGaAs buffer growth. 
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Once the sample is realized, the XRD tool is used to realize the symmetrical and asymmetrical 
reciprocal space maps, shown in Figure 81.  

 

 
Figure 81. On top the symmetrical reciprocal space map; on bottom the asymmetrical reciprocal space map. 

In this case the XRD measurements gives as result a maximum indium concentration x ≅ 30%. 
Once that the indium concentration has been calculated, the next step consists in realizing AFM 
and PL samples with the exact same parameters of 7751 for the InGaAs metamorphic buffer, but 
with different parameters for the quantum dots, in order to see the variation of their structural and 
optical properties. 
The growth of all the samples starts with the deposition of the 100nm thick GaAs buffer on the 
GaAs (001) substrate at 700°C. The process continues with the deposition of the 1µm thick InGaAs 
metamorphic layer grown at the same temperature and under a AsH3 flow rate of 130sccm, a 
TMGa flow rate of 16sccm and a TMIn flow rate that ramps up from 7scmm up to 200sccm for 40 
minutes. 
Then quantum dots are grown at the decreased temperature of 530°C under the usual AsH3 flow 
rate of 130sccm and changing for each sample either the TMIn flow rate or the deposition time. First 
7753 quantum dots are grown under a TMIn flow rate of 90sccm (overall V/III ratio equal to 383.95) 
for 4s, then 7754 quantum dots are characterized by the same TMIn flow rate of 90sccm and the 
same V/III ratio but in this case the deposition time is equal to 3s, while 7755 quantum dots are then 
grown under a TMIn flow rate of 85sccm (overall V/III ratio equal to 406.53) for 4s. In the end 7776 
quantum dots are grown under a TMIn flow rate of 120sccm (overall V/III ratio equal to 287.96) for 
4s. Then the corresponding PL samples are completed by a 100nm thick InGaAs buffer, grown at 
the same temperature of 530°C, under an AsH3 flow rate of 130sccm, a TMGa flow rate of 16sccm 
and a TMIn flow rate of 90sccm for 6 minutes for 7773 (the corresponding PL sample for 7754), 
7774 (the corresponding PL sample for 7755) and 7796 (the corresponding PL sample for 7776), 
while the same flow rates but a different TMGa flow rate equal to 10.8sccm for 6 minutes is used for 
7797 sample. 
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The first analysis consists in AFM measurements to see the structural differences between the 
various dots grown in such different conditions. In Figure 82 10x10µm2 and 2x2µm2 AFM images 
are shown for all the AFM samples. 

  

  

  

  
Figure 82. AFM measurements for 7753, 7754, 7755 and 7776. The first column shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images and the 
second column shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐. Moreover on the right a small dot (A) and a big dot (B) are highlighted. Lines in 

the background are noise from different sources. 
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Even if the AFM images are very noisy, the density and size of both small and big dots have been 
evaluated and are reported in the table below: 

 Density (𝐜𝐜𝛍𝛍−𝟐𝟐) 
Density of big 

dots (𝐜𝐜𝛍𝛍−𝟐𝟐) 

Density of 
small dots 

(𝐜𝐜𝛍𝛍−𝟐𝟐) 

Size big dots 
(nm) 

Size small 
dots(nm) 

7753 5e9 4e8 4.6e9 150x30 100x8 
7754 5.5e9 5e8 5e9 100x25 75x10 
7755 7.7e9 8e8 6.9e9 120x20 60x7 
7776 4e9 7e8 3.3e9 100x20 60x8 

Then PL measurements were performed, but all the PL samples, numbers 7773, 7774, 7796 and 
7797), did not give any emission from quantum dots but the main peak from the wetting layer, 
probably due to bad surface and optically inactive dots.  
Last grown samples in the project were AFM samples, grown in order to see the differences 
between the 7776 that is used as reference and the new samples, which are characterized by a 
different V/III ratio (numbers 7777 and 7778), a different reactor temperature (numbers 7798, 7799) 
or a different deposition time (number 7800) during the growth of quantum dots. 
The process starts as always with the growth of a 100nm thick GaAs buffer on a GaAs (001) 
substrate at the temperature of 700°C, then it continues with the deposition of the 1µm thick InGaAs 
metamorphic layer grown at the same temperature and under a AsH3 flow rate of 130sccm, a 
TMGa flow rate of 16sccm and a TMIn flow rate that ramps up from 7scmm up to 200sccm for 40 
minutes. 
The quantum dots in the end are grown in very different conditions. First 7777 and 7778 quantum 
dots are both grown at the decreased temperature of 530°C, under a TMIn flow rate of 90sccm but 
an AsH3 flow rate of 65sccm (overall V/III ratio equal to 143.98) for 4s is used for 7777, while an 
AsH3 flow rate of 195sccm (overall V/III ratio equal to 431.94) for 4 is used for 7778. Then 7798 and 
7799 quantum dots are grown under a TMIn flow rate of 85sccm and an AsH3 flow rate of 130sccm 
(overall V/III ratio equal to 287.96) for 4s at a temperature of 550°C for 7798 and at a temperature 
of 570°C for 7799. In the end 7800 quantum dots are grown at a decreased temperature of 530°C, 
under an AsH3 flow rate of 130sccm and a TMIn flow rate of 120sccm (overall V/III ratio equal to 
287.96) for 6s. 
Then we end up with AFM measurements, as shown in Figure 83, which consist in 10x10µm2 and 
2x2µm2 AFM images. 
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Figure 83. AFM measurements for 7777, 7778, 7798 , 7799 and 7800. The first column shows the 10x10𝛍𝛍𝛍𝛍𝟐𝟐images 
and the second column shows the 2x2𝛍𝛍𝛍𝛍𝟐𝟐. Moreover on the right a small dot (A) and a big dot (B) are highlighted 

for 7800. Lines in the background are noise from different sources. 

The first two analysed samples, 7777 and 7778, are respectively characterized by a decreased and 
increased V/III ratio, compared to 7796.  
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The decrease of the V/III ratio brings to a bigger overall density equal to 4.7e9cm−2, a big dots’ 
density of 7.75e8cm−2 and a small dots’ density of 3.9e9cm−2. The estimated mean diameter and 
height of big dots and small dots are respectively equal to 100nm, 25nm and 60nm, 10nm. On the 
contrary the increase of the V/III ratio brings to a very smaller overall density equal to 1e9cm−2, a 
big dots’ density of 3e8cm−2 and a small dots’ density of 7e8cm−2. The estimated mean diameter 
and height of big dots and small dots are respectively equal to100nm, 20nm and 40nm, 5nm. The 
next two samples are 7798 and 7799, with a reactor temperature equal to 550°C and 570°C during 
the quantum dots’ growth. The increase of the temperature leads to a significant decrease in the 
overall density and the absence of small dots, probably due to the fact that these temperature are 
beyond the critical value. However for 7798 the density is equal to 2.5e8cm−2 and the estimated 
mean diameter and height of the dots is 80nm, 10nm, while for 7799 the density is equal to 
1.25e8cm−2 and the estimated mean diameter and height of the dots is 150nm, 30nm. In the end 
7800 sample was analysed and is characterized by an overall density of 7e9cm−2, a small dots’ 
density of 5e9cm−2 and a big dots’ density of  
2e9cm−2. The estimated mean diameter and height of small and big dots are respectively of 40nm, 
6m and 100nm, 30nm. 

3.9 Overview 

A table containing an overview of all the InAs/InGaAs that were grown is listed below for sake of 
clarity. In particular the TMIn flow rates of each sample is reported, while AsH3 is assumed to be 
130sccm flow rate and TMGa is assumed to be 10.8sccm flow rate, until the indium flow ramps up 
to 140sccm for the metamorphic buffer growth, and then it changes to 16sccm flow rate. The 
absence of the capping layer and quantum dots indicates an XRD sample, the absence of the only 
capping layer indicates an AFM sample, while the presence of all the three rows indicates a PL 
sample: 
 

Sample InGaAs buffer InAs QDs InGaAs capping 
layer 

7690 7 to 90sccm - - 
7707 7 to 90sccm 90sccm, 6s, 530°C - 
7708 7 to 90sccm 90sccm, 4s, 530°C - 

7709 (AFM+PL) 7 to 90sccm 90sccm, 4s, 530°C 90sccm, 6min 
7710 7 to 90sccm 67.5sccm, 4s, 530°C - 
7711 7 to 90sccm 45sccm, 4s, 530°C - 
7712 7 to 105sccm 67.5sccm, 4s, 530°C 90sccm, 6min 
7713 7 to 120sccm 67.5sccm, 4s, 530°C 90sccm, 6min 
7733 7 to 120sccm 67.5sccm, 4s, 530°C - 
7734 7 to 120sccm 90sccm, 4s, 530°C - 
7735 7 to 120sccm 90sccm, 4s, 530°C 90sccm, 6min 
7736 7 to 120sccm 80sccm, 4s, 530°C 90sccm, 6min 
7737 7 to 140sccm 90sccm, 4s, 530°C 90sccm, 6min 
7738 7 to 140sccm 90sccm, 4s, 530°C - 
7739 7 to 140sccm 90sccm, 3s, 530°C 90sccm, 6min 
7740 7 to 140sccm 85sccm, 4s, 530°C 90sccm, 6min 
7750 7 to 140sccm 85sccm, 4s, 530°C - 
7751 7 to 200sccm - - 
7753 7 to 200sccm 90sccm, 4s, 530°C - 
7754 7 to 200sccm 90sccm, 3s, 530°C - 
7755 7 to 200sccm 85sccm, 4s, 530°C - 
7773 7 to 200sccm 90sccm, 3s, 530°C 90sccm, 6min 
7774 7 to 200sccm 85sccm, 4s, 530°C 90sccm, 6min 
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7776 7 to 200sccm 120sccm, 4s, 530°C - 

7777 7 to 200sccm 120sccm, 4s, 530°C, 
AsH3=65sccm - 

7778 7 to 200sccm 120sccm, 4s, 530°C, 
AsH3=195sccm - 

7796 7 to 200sccm 120sccm, 4s, 530°C 90sccm, 6min 

7797 7 to 200sccm, 
TMGa=10.8sccm 120sccm, 4s, 530°C 90sccm, 6min 

7798 7 to 200sccm 120sccm, 4s, 550°C - 
7799 7 to 200sccm 120sccm, 4s, 570°C - 
7800 7 to 200sccm 120sccm, 6s, 530°C - 
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Conclusion 
Starting from the InAs/InP system, the reference sample (number 7619), composed by an InP buffer 
layer, buried InAs quantum dots, an InP capping layer and InAs quantum dots on top of it and 
obtained by drastically decreasing the V/III ratio (equal to 22.18), showed emission at 1550nm at 
room temperature and at low temperature, but no single emission lines were detected at low 
temperature. Besides all the other samples that were grown using the same material system did not 
exhibit any peak apart from the wetting layer peak. 
From the InAs/InGaAs/GaAs system instead all the samples from the references to the three 
different batches showed single emission lines in the range between 1375-1550nm. In particular the 
sample (number 7736), composed by a GaAs buffer layer, an InGaAs metamorphic buffer with 
indium composition around 26%, buried InAs quantum dots (overall V/III ratio equal to 431.94) and 
an InGaAs capping layer, was characterized by few emission lines beyond 1500nm at low 
temperature due to a low density while the sample (number 7740), composed by a GaAs buffer 
layer, an InGaAs metamorphic buffer with indium composition around 30%, buried InAs quantum 
dots (overall V/III ratio equal to 406.53) and an InGaAs capping layer, showed a low intensity 
emission peak at 1550nm at low temperature. Also other approaches were tried increasing the 
growth rate for the InGaAs graded buffer by increasing the indium flow up to 200sccm, using two 
bubblers, and by increasing the TMGa flow up to 16sccm and also changing different parameters 
for quantum dots with this new buffer layer. Unfortunately these changes did not bring to low 
temperature PL emissions from quantum dots and this can be due to a bad quality of the surface, 
since two bubblers were used, and also to optically inactive dots.  
In the end some points that can be developed for the future are reported:  

I. The realization of further InAs/InGaAs/GaAs AFM and PL samples; an idea is to change the 
growth rate by using an indium flow rate of 7-180sccm for the InGaAs graded buffer using 
only one bubbler, that can be easily controlled and monitored. 

II.  Optimization the basic growth parameters for quantum dots, i.e. temperature, V/III ratio and 
deposition time, in order to reach the 1550nm wavelength. 

III.  Implementation of DBR structures on the GaAs substrate in order to enhance the extraction 
efficiency of the material.[76,77] 

IV. Localization of a single quantum dot on the surface by means of selective-area epitaxy. 
[78,79] 

V. Cavity confinement (i.e. including a top mirror for the Purcel effect) [80] and electrical 
pumping for compact emitters and devices. 
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