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Abstract 
 

 An experimental investigation of ion irradiation effects on the photoluminescent properties of 
silicon quantum dots (QDs) was carried out. A sample of Si QDs embedded in a silica matrix was 
methodically irradiated with 300 keV He ions of escalating doses and characterized by various kinds of 
photoluminescence measurements. Furthermore, low temperature thermal annealing in a mixture of 
nitrogen and hydrogen ambient (forming gas) was performed on the irradiated sample to investigate the 
reversibility of the irradiation impact, again via photoluminescence characterization. The project aims to 
further explore the fundamental nature of silicon quantum dots luminescence and to increase the 
theoretical knowledge on the field of Silicon technology. Photoluminescence intensity, spectroscopy and 
time-resolved measurements verified that ion irradiation affects the photoluminescence behavior of the 
quantum dots and implied the introduction of trap states of the Silica matrix due to irradiation damage. 
The work reveals radiation hardness properties of this material as well as elucidates defect density 
influence on the carrier recombination mechanisms, of importance in light-emitting applications. 
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Sammanfattning 
 

 I detta arbete presenteras effekterna av jonstrålning på fotoluminiscensen hos kiselkvantprickar. 
Ett materialprov inkorporerat i en kiseldioxidmatris bestrålades med heliumjoner med en energi 
motsvarande 300 keV i succesivt ökande dos. Proverna karaktäriserades med olika typer av 
luminiscensmätningar. För att utvärdera reversibiliteten i materialets strålningsrespons utfördes 
mätningarna också efter lågtemperatur-värmebehandling i en atmosfär bestående av kväve- och vätgas. 
Det genomgripande målet har varit att bredda och fördjupa kunskapen om kiselkvantprickar och 
kiselteknologi. Tidsupplösta mätningar, spektroskopi samt experimentell analys av luminiscens-
intensiteten bekräftar att jonstrålning påverkar fotoluminiscensen hos kvantprickar och indikerar 
bildandet av bundna tillstånd i kiselmatrisen till följd av strålningsskador. Möjligheter till 
strålningshärdning av materialet påvisas och defekt-densitetens inverkan på laddningsrekombination 
belyses. Dessa faktorer diskuteras i relation till sin betydelse för ljusemissions-tillämpningar. 
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1. Introduction 
 

 Silicon Quantum dots (Si QDs) have revolutionized silicon technology and overcome limits of the 
bulk material, through the nano-material’s different and size-dependent optoelectrical properties. Studies 
have been performed in order to increase the understanding on the principles governing the behavior of 
Si QDs both for the sake of physics and engineering. The subject of this thesis is an experimental study 
aiming to explore further the nature of the Si QDs by studying the effect of ion irradiation on Si QDs, in 
their photoluminescent behavior. Τhe above mentioned project was inspired by the curiosity of the group 
of the department of applied physics/SCI, concerning the PL behavior of amorphous Si QD. Various 
attempts to damage the crystalline Si QD to terminate its photoluminescence (PL), have been performed 
in previous projects, concerning irradiation of Si QDs with electrons and X-ray photons. Experiments with 
X-ray photons[1] showed that Si QDs are extremely stable even for very high X-ray doses. For electron 
irradiation, the  PL can be quenched but is easily recoverable after a hydrogen anneal. Thus, the idea 
behind the subject projects was to attempt ‘amorphization’ of the crystalline Si QD via ion irradiation, 
since energetic ions, due to their high mass (compared to electrons) are capable of inducing damage of 
mechanical nature to a crystal lattice, in a very short time ( femtoseconds to tens of attoseconds)[2]. 
Another fundamental motivation was the possibility of nanocrystal ‘blinking’-light (light emission 
intermittency) engineering via judicious trap introduction. Finally, there was a fundamental question 
whether amorphous SI QDs could still emit light and how the  PL would change in such a case. 

 The subject of this work is a laboratory experiment where the photoluminescent behavior of a 
sample containing an ensemble of embedded Si QD in a silica matrix was observed after two steps of 
intervention. The first step was  He ion irradiation of the sample, while the second was thermal annealing 
of the sample in a Nitrogen and Hydrogen ambient. The idea behind the interventions was to  investigate, 
on the one hand, whether the He ions are capable of inducing damage that alters the PL behavior of the 
Si QDs, on the other hand, whether that damage is irreversible. The fabrication of the sample was a part 
of the PhD thesis ‘Luminescence of Silicon Nanoparticles Synthesized by Ion Implantation’ of Dr. 
Thawatchart Chulapakorn[3].  
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2. Theoretical background 
 

2.1 Semiconductors 
 

It is a known fact that most of the macroscopic properties of matter are due to the form and 
behavior of its structural elements, existing in the nanoscale. Thus, understanding the behavior of 
electrons and the way they are bound in matter is essential for the understanding of the electrical 
properties that characterize the bulk material. In a similar way that a string, suspended between two 
boundaries can vibrate in quantized frequencies, according to quantum mechanics, an electron, bound to 
an atom, can exist in quantized electronic states, (in contrast to a free electron that is free to manifests in 
a continuous spectrum of energies). In the macroworld though, where atoms are assembled to form bulk 
crystals, those states are merging and degenerating, resulting in highly dense bands of states (quasi-
continuous bands), separated by forbidden bands (the latter are due to the periodicity of the lattice which 
forbids propagation of electrons of certain frequency/energy[4])  (figure 1). Bands are mathematical 
structures, that exist in  reciprocal space (which results from Fourier transformation from the real space) 
where the dimensional axes represent momentum. However, in some cases, simplified energy band 
diagrams, that give no information on momentum changes, are sufficient to study the electronic behavior 
of the crystal. Whether the valence electrons (the electrons that take part in interatomic bonding) of the 
material are leaving the last occupied band half-full or completely full, dictates the metallic or insulating 
behavior of the material, respectively (figure 2). 

 

Figure 1: Electronic energy states in an atom, and in a bulk crystal. The atom exhibits distinct energy states, while in bulk the 
energy states are so dense that can be considered  quasi-continuous bands (green). The bands are separated by forbitten gaps, 

(only two bands and one forbitten gap is represented in the figure) (Taken with permission from the author) [5]. 

Semiconductors are materials that share properties from both metals and insulators. In principle, 
they are materials with insulating behavior (full last occupied band), in which case the energy gap (also 
known as bandgap) between the last occupied band, also known as valance  band (VB), and the first 
unoccupied one, also known as conduction band (CB) is relatively ‘small’ (conventionally lower than 3 eV) 
(figure 2). By providing that energy to the material, some of the electrons from the VB may ascend to the 
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CB (electronic excitation), by which process, the material is capable of conducting electricity, due to both 
the conduction electrons in an almost free band, and the valence electrons, that can move in the VB into 
the voids that the conduction electrons created. Thus, while at absolute zero temperature, a 
semiconductor behaves exactly as an insulator, at room temperature it exhibits conductance, similar, but 
lower (by many orders) in absolute terms, to a metal.  

 

Figure 2: Simplified energy band diagrams of a metal, an insulator and a semiconductor. For a metal, the last occupied band 
(LOB) is half-full of electrons, while for an insulator the LOB is completely full. Materials with full band cannot exhibit 

conductivity since electrons do not have available energy states in order to change their energy. 

 

In order to easier study the properties that govern the electronic behavior of semiconductors, 
various models/theories have been adapted, three of whom will be mentioned here. Firstly, it is noted 
that an electron in the conduction band, experiences interactions from an enormous number of charged 
particles. Those are both the positively charged lattice ions (that are causing the periodic potential)  and 
the rest of the negatively charged electrons. To  account for all those interactions an effective mass is 
assigned to a conduction electron which is noted as me

* and is not an isotropic property due to the 
anisotropic periodic potential of the lattice. Secondly, a pseudo-particle called ‘hole’ is utilized in order to 
study the  conductivity of the valence band. The subject particle is a model representation of the voids 
that the exited electrons are leaving behind in the VB.  Instead of studying the valence electrons as 
particles able to move in those  empty voids, the empty voids are studied as they move in a ‘sea’ of valence 
electrons. Thus, holes are  positively charged particles, with their own effective mass mh

* (usually larger 
than the electron effective mass)  that roam the valance band. Thus, an electron excitation from the VB 
to the CB can additionally be considered an electron-hole pair generation (figure 3). Here it is assumed 
that a Coulombic interaction exists between an electron-hole pair, similar in nature with the Coulombic 
interaction between a proton and an electron in a hydrogen atom. For that reason, an electron-hole pair 
can behave as an individual quasi-particle called exciton, which, like a hydrogen atom, exhibits its own 
electronic states. 
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Figure 3: Representation of an electron-hole pair generation in a simplified band diagram of a semiconductor. The blue circle is 
the electron free to roam in an empty conduction band, the white circle is the hole free to roam in a sea of electrons inside the 

valance band. 

 

 Finally, in cases where simplified energy band diagrams are not enough to explain certain electronic 
behavior, band diagrams are utilized that give the energy of the valance and the conduction band of a 
material as a function of carrier momentum EV,C(K), where K is the momentum vector (figure 4). The 
bandgap here is more accurately defined as the energy difference between the minimum of the 
conduction band and the maximum of the valance band. For some materials those points (min of CB, max 
of VB) correspond to the same value of momentum K and direct transition of an electron from the VB to 
the CB can take place if the bandgap energy is supplied. On the other hand, for other semiconductors like 
Si or Ge, those two points correspond to different values of momentum. In the latter cases, bandgap 
energy direct transition cannot occur, and additional change in momentum is required. The latter can be 
provided by electron-phonon interactions, since  phonons, which are quanta of lattice vibrations and can 
be considered particles, usually are characterized by low values of energy ( in the range of meV) but 
capable of reaching needed values of momentum. Semiconductors that do not require a change in 
momentum for electron-hole generation are called direct bandgap semiconductors, in contrast, to the 
indirect-bandgap semiconductors. 

 

Figure 4: Band diagram for a direct (a) and an indirect semiconductor (b,c). a) a direct transition can take place if the bandgap 
energy is provided. b) Direct transition can take place, but for higher energies than Eg. c) an indirect transition/ phonon assisted 

transition can take place if the bandgap energy and a change in momentum is provided. (Γ is the point in momentum space 
corresponding to 0 momentum)[6] 
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2.2 Photoluminescence 
 

 Luminescence is a phenomenon observed in semiconducting materials during which a conduction 
electron is returning to the valence band, (which is also called electron-hole recombination) releasing a 
photon whose energy corresponds to the bandgap energy (Eg). Luminescence can be divided into a variety 
of phenomena according to the way in which the valence electron is excited. Some of them are 
chemiluminescence, in which case the energy is provided through a chemical reaction, 
electroluminescence, in which case the energy is provided through an electric current, and 
mechanoluminescence, where the energy is provided via mechanical means, like sound 
(Sonoluminescence). Luminescence thus is a process of light emission, different of black body radiation, 
which can even take place at low temperatures. 

 Photoluminescence is the phenomenon of luminescence where the excitation energy is provided 
via light. The energy of the light, which corresponds to the light frequency/wavelength, should be normally 
higher or equal than Eg in order for the electron excitation to be able to take place. Thus, the photon 
absorbed can be of different energy than of the photon emitted, in contrast to the phenomenon of light 
reflection (where no absorption and by extension, no emission is taking place).  When studying 
photoluminescence, it is important to know that apart from the bands that are formed due to the 
periodicity of the crystal lattice, additional electronic states can  be formed by other means (like defects 
and surface/interface effects). Those can create alternative paths (figure 5) for electron 
relaxation/recombination that may result in different energy photon emission or non-emission, at all. In 
all those cases, the energetic equilibrium is never violated during the processes of excitation and 
relaxation, due to the existence of ‘secondary’ processes (like thermal relaxation-phonon generation, 
Auger recombination) 

 

Figure 5: Model representation of a trap state, and a different recombination path in a simplified bandgap diagram.  

Scientifically interesting is the dynamic behavior of the carriers during the processes of relaxation 
that can be different depending on the path that the electron follows to recombine with its respective 
hole. This is since, information of that behavior can offer insight into the nature of the additional electronic 
states. 
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2.3 Nanoscience/nanotechnology and its effect in optoelectrical properties of 
semiconductors 
 

  As it was mentioned above, the microscopic characteristics of electrons (atomic electronic states, 
number of bound electrons  and the way that, through them, the atoms are bound together) dictates the 
optoelectrical, mechanical, chemical, magnetic and all other properties that the bulk exhibits. Thus, as 
long as the dimensionality of a material does not interfere with the behavior of those structural elements, 
the macroscopic properties of the material are independent of size. However, when  one or more 
dimensions of a material enters the nanoscale, an interference between the ‘nanoparticle’ and its 
structural elements gives rise to new, size dependent properties, different from those of the bulk. This is 
the concept and general field of nanoscience. Nanotechnology, thus, is the way that those new properties 
can be utilized for the design and fabrication of devices that exhibit those new and size-dependent 
properties.  

In case of optoelectrical properties, the interplay between the crystal and the atoms takes place, 
when a dimension of the material is in the same length scale as the spatial extension of the exciton 
wavefunction that corresponds to the bulk. The effect of a dimensional confinement can be ideally studied 
by the quantum mechanics model known us ‘particle in a box’[7], which is a one-dimensional case of an 
electron trapped between two barriers of infinite potential, solving the one-dimensional time-
independent Schrödinger equation: 

 
−

ℏ2

2𝑚
𝑑2𝜓
𝑑𝑥2 = 𝐸𝜓(𝑥) 

2.1 

 

 𝑈(𝑥) = {
0, 𝑥 ∊ (0, 𝑎)

∞, 𝑥 ∊ (−∞, 0]⋃[𝑎, +∞) 2.2 

 

Where ℏ is the reduced Plank’s constant, m is the particle mass, E is the energy of the particle, ψ is the 
particle wavefunction, and U is the potential that the particle experiences.  The solution  dictates that the 
electron will exhibit quantized states (figure 6), given by: 

 
𝜀𝑛 =

ℏ2𝜋2𝑛2

2𝑚𝑎2  
2.3 

 

Where, n is the quantum number describing the quantized electronic state (n=1,2…), m is the 
particles mass and α is the length in which the potential remains zero. 

. 
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Figure 6: Graphical display of the ‘particle in a box’ problem showing the first three energy levels and their respective 
wavefunctions. This case is for an infinite well GaAs of width 10 nm[6]. 

It is notable that the lower state is of higher than zero energy (figure 6). A phenomenon that contradicts 
classical mechanics which predicts stillness of a particle at zero-point energy, but it can be understood by 
visualizing a hydrogen atom where despite the attractive forces between the proton and the electron, its 
two particles are not in contact. 

In order to theoretically predict the electronic states of low-dimensional semiconductors, the 
solutions from problems similar to the ‘particle in a box’ are combined with bulk semiconductor theory. 
For example, according to the number of dimensions that confinement takes place, different types of 
nanomaterials are studied. Quantum wells are semiconductors where only one dimension exist in the 
nanoscale. They result from a deposition of a nanosized layer of a semiconductor material on top of, or 
sandwiched between, a material of different bandgap (which imposes a finite potential). In that way, the 
energy states are confined in one dimension and result in the change of the density of electronic states of 
the material (as a function of energy), the potential carrier motion confinement in two dimensions, and 
the increase of  the effective bandgap of the sandwiched material (due to positive zero-point energy). 

2.4 Quantum dots and their optoelectrical properties 
 

 Semiconductors whose all three dimensions are in the nanoscale and therefore exhibit three-
dimensional confinement are called quantum dots (QD). Their electronic properties are theoretically 
predicted by the solution of the three-dimensional Hamiltonian equation in spherical coordinates under 
a radial infinite potential, outside of the QD radius when considering spherical particles. The resulted 
electronic states are discrete energy levels  (figure 7) with energy values: 

 
𝛦𝑛𝑙 =

ℏ2𝜒𝑛𝑙
2

2𝑚𝑎2 
2.4 
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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[8], and α is the radius where the potential remains zero. 

 

Figure 7: Energy levels of a particle in a spherical well with infinite barriers. Energy is scaled in the dimensionless units of χnl2 = 
Enl(ℏ2/2ma2)-1, where χnl values are the roots of the Bessel functions[8]. 

The resulting electronic states resemble those of an atom, thus, for that reason, another abbreviation for 
a quantum dot is an ‘artificial atom’.  

 Apart from carrier motion confinement, quantum dots additionally exhibit confinement of the 
exciton which, depending on the QD size may influence differently their electronic states. As mentioned 
above, an exciton is a hydrogen atom-like particle with its own ‘internal’ states.  It is accompanied by two 
characteristic values, the exciton Bohr radius aB and the exciton Rydberg energy Ry*. The former is the 
most probable distance of the exciton carriers, in its ground state. The latter is the ionization energy of 
the ground state. They are mathematically defined as: 

 
𝑎𝐵 =

𝜀ℏ2

𝜇𝑒2 
2.5 

 

 
𝑅𝑦∗ =

𝑒2

2𝜀𝛼𝛣
 

2.6 

 

Where ε is the dielectric constant of the crystal, μ is the exciton’s reduced effective mass (μ-1=me
-1+mh

-1) 
and e is the elemental charge.  
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The excitonic confinement is characterized as weak if the QD radius is significantly larger than the 
exciton Bohr radius but, still comparable with the spatial extension of the carrier wavefunctions. The 
energy of an exciton under weak confinement is expressed as: 

 
𝐸𝑛𝑚𝑙 = 𝐸𝑔 −

𝑅𝑦∗

𝑛2 +
ℏ2𝜒𝑚𝑙

2

2𝑀𝑅2 
2.7 

 

Where M is the exciton effective mass (M=me
*+mh

*), and R is the radius of the QD. The first term is the 
bandgap energy of the QD material in its bulk form, the second term is related to the energy of the internal 
states of the exciton, (n is the quantum number describing those states), and the third term is the one 
related to the quantum confinement in a spherical potential, as shown above (here the m and l quantum 
numbers correspond to the quantum numbers n and l, that was used above). 

 The excitonic confinement is characterized as strong when the radius of the quantum dot is 
significantly lower than the exciton Bohr radius. In this case, the exciton does not exhibit internal states 
and the energy term is reduced to: 

 
𝐸𝑛𝑚𝑙 = 𝐸𝑔 +

ℏ2𝜒𝑛𝑙
2

2𝜇𝑅2  
2.8 

 

In conclusion, either in weak or strong excitonic confinement, a QD semiconductor exhibits discrete 
quantized states for its carriers (electrons and holes) (figure 8). 

 

Figure 8: Electronic states of an atom, a quantum dot semiconductor and a bulk semiconductor. While the bulk crystal exhibits 
quasi-continuous bands, the quantum dot crystal exhibits quantized energy states that resemble those of an atom. (Taken with 

permission from the author) [5]. 

 

 The above-mentioned characteristics of a QD semiconductor impose some significant changes in 
its optoelectrical properties. Firstly,  due to positive zero-point energy, a QD will exhibit a higher bandgap 
energy than its respective bulk crystal (figure 9). Moreover, that bandgap difference is a size dependent 
property, since the energy levels depends on the radius of the particle. Furthermore, as it was mentioned 
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above, quantum dots exhibit low energy states of discrete energy levels (in contrast to the higher energy 
states that are merged into bands) which result in monochromatic absorption and emission  ( for those 
low energy states). 

 

Figure 9: Increase in bandgap of a QD due to positive zero-point energy, quantum effect. (Taken with permission from the 
author) [5]. 

Secondly, another unique property that Quantum dots exhibit is the possibility for direct electron 
excitation even for indirect semiconductor materials. This is based on another quantum mechanics 
principle called the Heisenberg uncertainty principle, which dictates that position (x) and momentum (p) 
are complementary properties whose product cannot be smaller than a limiting value: 

 𝛥𝑥 ∗ 𝛥𝑝 ≥
ℏ
2

 
2.9 

 

Since, quantum confinement restricts the available space of a particle (Δx) it is forcing its momentum span 
to increase. Thus, by localizing its wavefunction in real space, the wavefunction in momentum space is 
spreading. That may result in the overlapping between a hole wavefunction in the VB and the electron 
wavefunction of the CB of an indirect semiconductor (figure 10). 
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Figure 10: Due to the quantum confinement in a Si QD spreading of the wavefunction in the momentum space due to 
Heisenberg uncertainty principle enables direct electron hole excitation/recombination. (Taken with permission from the author) 

[9]. 

  

2.5 Silicon as a bulk and Quantum dot semiconductor material. 
 

 Among the semiconductor materials, Silicon is perhaps the most well studied one. Silicon is the 
second most abundant material in the earth’s crust, which is mostly composed of silicate minerals. 
However, Silicon is rarely appearing in its elemental form. The latter got introduced to the scientific world 
in 1824, when a Swedish chemist, named Jöns Jacob Berzelius managed to obtain elemental Si powder by 
reacting K2SiF6 with K. His scientific/technological importance, though, began to unravel at 1954, when it 
replaced Germanium in the solid-state transistor. Since then, it has been the main material used in the 
micro-electronic technology to fabricate various electronic devices like MOSFETs and Solar cells.  

 As a semiconductor material, Silicon exhibit both advantages and drawbacks. As mentioned 
above, its abundance is making Silicon a cheap material, a fact that balances the cost from the Silicon 
purification processes that some of its applications (e.g. solar cells) require. Moreover, its bandgap energy 
equals to 1.12 eV,  roughly corresponding to a photon wavelength of 1.1 μm of the near infrared radiation. 
This means that a bulk Silicon crystal is capable of absorbing photons from the visible light spectrum, a 
property required from a solar cell material. Furthermore, in the presence of oxygen at elevated 
temperatures it is oxidized to form Silicon Dioxide, a glass-like, high quality insulator, which  is required in  
the fabrication of the MOSFETs. Finally, it is non-toxic in its elemental form, making it suitable for medical 
applications. Its major drawback though comes from the fact that it is an indirect-bandgap semiconductor, 
which makes it an inefficient light absorber (Si solar cells require a relatively high silicon thickness to 
efficiently absorb light) and emitter. Finally, bulk Silicon cannot be used as a visible LED material due to 
its low bandgap, which does not correspond to a visible light colour. 

 Due to their unique properties, Silicon Quantum Dots have expanded the  technological potential 
of the material. As mentioned above, the Si QD is a tunable bandgap (size depending) quasi-direct 
semiconductor. Thus, efficient LEDs of visible color can be fabricated[10]. Moreover, Si QDs could 
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potentially be utilized in the biomedical industry since due to their non-toxicity can be used as biomarkers 
for cell imaging, as other nanomaterials do.[11]. 

 Fabrication of QD can be done by several different processes that all require the utilizing of at 
least two materials, the core, (confined) material and the shell, (confining) material. The latter imposes 
the potential barrier which results in quantum and excitonic confinement. This can be achieved by two 
ways, either by fabricating a shell to enclose the core or by embedding the core to a matrix made from 
the shell material. 

 

2.6 Ion  irradiation and ion-matter interactions 
 

Ion irradiation, or implantation is a process of high physical interest, which is also utilized in 
material sciences for both characterization and modification of various materials. One of the 
characterization techniques that utilizes ion irradiation to identify composition and other material 
parameters of a subject sample is the Rutherford backscattering spectrometry (RBS). This is a technique 
in which the energy difference between incoming and backscattered ions is correlated with the atomic 
type of the sample (target) atoms and their depth profile throughout the material  e.g. a layer on top of a 
substrate of different material. Modification of semiconductors include introduction of impurities in order 
to actively change  their conductivity, i.e. doping.  Under the perspective of physics, ion irradiation differs 
from other kinds of particle/wave irradiation, (like electron or photon irradiation) in the fact that the 
energy that is transferred is highly dense and localized ( one energetic ion might transfer a large amount 
of energy in a very small volume of matter in an extremely fast process). 

When an energetic ion enters a material, it experiences interactions from both the material 
electrons and the material nuclei. Concerning the former, electrons that are encountering the Coulomb 
interaction between its negative charge and the positively charged energetic ion may either absorb a 
portion of the energy to be excited to an outer orbit (excitation) or also escape its target atom (ionization). 
Thus ion-electron interactions result in ionic energy loss via inelastic collision that act as a friction force 
that slows the ion but do not significantly change its direction. Interaction between the ion and the target 
nucleus may have both elastic and inelastic character, depending on difference in masses between the 
ion and the target atom and the energy of the ion. A light ion  colliding with a heavy target nucleus (e.g. 
H in Au) is an elastic collision governed by Coulombic forces and results in ion momentum change 
(direction and velocity) while preserving the total energy and momentum of the two interacting particles 
(pure-elastic collision) . A heavier ion, during its collision with a  target atom, apart from a change in 
direction may exhibit a larger change in kinetic energy, which is transferred to the target atom. Depending 
on the amount of energy that was transferred to the target atom, the latter might either vibrate around 
its lattice position (generation of phonons) or escape its lattice position and move into the material as a 
recoil ion. The recoil ion may collide with other target atoms, thus, repeating the same process, resulting 
in a cascade of collisions, and generation of more recoils. At higher energies, loss from ion-nucleus 
interactions are also attributed to the effect concerning radiation emission like the bremsstrahlung[12]  
effect or nuclear reactions or excitation[12]. The energetic ion will continue to move inside the target 
material until it has lost its energy. Towards the end of its path, the probability for picking up electrons 
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increases, and it will then move as a more and more neutral specie, which increases the probability for 
elastic collisions with the target atoms. 

To theoretically calculate the energy loss of an energetic ion entering a material a mathematical 
property called stopping ‘power’ is utilized. The latter is the energy per unit length  that the ion loses from 
interactions with target electrons and nuclei. Hence the total stopping power (Stotal) can be divided into 
two, independent parts, the electronic stopping power and the nuclear stopping power.  

 𝑆𝑡𝑜𝑡𝑎𝑙 = (
𝑑𝐸
𝑑𝑥

)
𝑡𝑜𝑡𝑎𝑙

= (
𝑑𝐸
𝑑𝑥

)
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐

+ (
𝑑𝐸
𝑑𝑥

)
𝑛𝑢𝑐𝑙𝑒𝑎𝑟

 
2.10 

 

Here it is mentioned, that even though stopping has force dimensionality (energy/length), it is lexically 
defined as ‘power’, despite not having the power dimensionality (energy/time). 

 Scientifically interesting is the dependence of the stopping power components from the velocity 
of the ion ( which is related to its kinetic energy). Theoretical studies predict a behavior visualized in Figure 
11, where the qualitative behavior for both electronic and nuclear stopping is the same, since (for 
different corresponded ion velocities) they both exhibit one maximum. The subject behavior is due to  a 
combination of phenomena, mainly related with the probability of particle scattering (scattering cross-
section), the number of electrons bound to  the energetic ion, as well as screening effects.   

 

 

Figure 11: Stopping power as a function of ion velocity[13]  

 
Scattering between two particles in the microworld is not governed by the laws of classic (Newtonian) 
mechanics, as it is in the corresponding phenomenon in the macroworld. A bullet, correctly aimed at a 
target will always collide (interact) with it, while the collision (interaction) between a particle ‘correctly 
aimed’ at  another particle may or may not take place, depending on parameters related with quantum 
phenomena (like the dualistic wave-particle nature). The collision probability between two charged 
particles was theoretically predicted by Rutherford: 
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2.11 

 

Where σ is the scattering cross-section (scattering probability), e is the elemental charge, Mi and Zi is the 
mass and the charge of the moving (i=1) and the stationery (i=2) particles, Θ is the angle of the collision 
and E is the energy of the moving particle. It is interesting to note in the equation that the scattering cross-
section is  inversely proportional to the energy of the moving particle.  

Screening[14] is a phenomenon in which a stationary, positively charged particle that rests inside an 
electron gas, strongly attracts the neighboring electrons, resulting in an induced, spherically symmetric 
potential, around the positive particle. When the latter, however, is not stationary but moving with  a 
certain velocity, the induced potential deviates from its symmetry in the axis of the movement, resulting 
in an induced drag force. Lastly, concerning the ion-matter interaction, it is noted that the higher the ion 
velocity, the greater the number of electrons that are stripped away from the ion. For such ions, nuclear 
(elastic) collisions are very rare and also electronic interactions are decreasing (Region III in figure 11).  

While electronic energy loss results in little modification of the  target, the nuclear loss results in 
substantial damage and persistent rearrangement of the target atoms. For high enough doses, a 
crystalline sample may even be  amorphized. 
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3. Tools utilized in the work 
  

3.1 Silicon Quantum dots Sample 
 The sample used was an ensemble of Si QD embedded in a 100 nm thick SiO2 matrix on top of a 
Si substrate. The sample was fabricated by Dr. Thawatchart Chulapakorn as part of his PhD thesis[3]. The 
fabrication process consisted of the preparation and cleaning of a Si wafer via standard procedures, the 
growth of the SiO2 layer on top of the Si substrate via thermal oxidation, the implantation of Si ions into 
the SiO2 layer, followed by post-implantation thermal annealing. Finally, the sample was processed by 
swift heavy ion (SHI) irradiation in order to reduce the damage induced by the implantation. The 
preparation parameters concerning the processes of implantation annealing and SHI irradiation were: 

• Implantation by 40 keV Si+ of 4*1016 ions/cm2 dose for 1 hour and 10 minutes at room 
temperature 

• Thermal annealing at 1100 in N2 environment for 90 minutes 
• SHI irradiation by 36 MeV I8+ of 1*1012 ions/cm2 for 3 hours and 40 minutes at room temperature 

The dimensions of the sample are roughly 10 mm x 10 mm (figure 12) 

 

 

Figure 12:Sample used in the thesis work. 

3.2 Photoluminescence Characterization methods 
 

 Photoluminescence characterization methods are  techniques which imply the excitation of a 
sample via a light source (usually a laser)  and the observation of the light emitted from the sample due 
to its luminescent properties. All types of PL measurements were performed in the μPL lab in KTH 
Electrum. 
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The μPL equipment is mainly composed of an inverted microscope, excitation sources and acquisition 
devices, along with various optical tools (lenses, filters and mirrors) (figure 13). The inverted microscope 
is a Zeiss Axio Observer. Z1, which as its name implies, the sample holder rests at the top of the apparatus 
where the sample is mounted upside down. It is equipped with various objective lenses (usually of 10x, 
100x and 63x magnification) and filter cubes that can be changed remotely. Each filter cube is composed 
of an excitation filter (Exc), a dichroic mirror (Di) and an emission filter (Em). Moreover, the sample holder 
is connected to a stepper motor (not represented in the figure) that is used for translationally moving the 
holder in XY directions (see figure 13) with 1 µm step and 25 mm range in each direction. The light coming 
out  of the  microscope is guided either to the eyepieces for direct observation, or one of the three exit 
ports (left, right, and front which is not represented in the figure), where various acquisition devices can  
be connected. The equipment also includes two diode lasers of different wavelength and power range. 
One laser produces light of 405 nm corresponding to the violet color, with a power range from 1 to 120 
mW. The other produces light of 515 nm (green color), with a corresponding power range from 1 to  80 
mW. Through a system of both movable and fixed mirrors, the selection between the two excitation 
sources as well as the selection of the path that the light follows to reach the sample, are taking place. 
The light path can be selected in such a way that either the path of the source light coincides with the 
path of the emitted light (bright field configuration) or the path of the source light differs from the path 
of the emitted light (dark field configuration). Finally, a narrow band pass filter is intercepting the light 
path to  ensure monochromatic excitation (different filters are used for different excitation sources).  

 

Figure 13:Model representation of the μPL equipment used in the subject work. (Taken with permission from the author)[1]. 

Concerning the acquisition devices, a thermoelectrically cooled CCD camera (Andor iXon3 888 EMCCD) is 
connected (either directly or through a spectrometer) to the left exit port of the inverted microscope. The 
camera is cooled down to the -100 O C in order to minimize thermal noise. Alternatively, a spectrometer 
can be directly connected to the left exit port, where in such a case the camera is connected to the 
spectrometer. The latter is an AndorSR500, Czerny-Turner type, f=500 mm spectrometer, equipped with 
a movable triple turret where two diffraction gratings (150 l/mm ~200 nm range ~0.9 nm spectral 
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resolution and 1200 l/mm ~20 nm range and ~0.09 nm spectral resolution) and a high-reflectivity silver 
mirror, are mounted. The input of the  spectrometer is equipped with a mechanical, one-dimensional slit 
whose width is controlled remotely by a software. On the right exit port, an Avalanche Photo Diode (APD, 
IDQ ID100-20) is connected. The APD is an optical device capable of detecting single photons with a high 
timing resolution (40 ps). Thus, the arrival time of each photon collected, can be recorded with high 
precision. It exhibits a declared quantum efficiency of 18% at 700 nm. Moreover, its detection area is  of 
20 µm to reduce dark counts (which is only ~1 count/s for this detector. Finally, the equipment is mounted 
on a vibration absorbing table, inside a light isolated chamber (black box). 

 Concerning the observations performed, three kind of PL measurements took place. PL intensity 
measurements, time-resolved PL measurements (decay measurements), and PL spectroscopy 
measurements. The PL intensity of a given sample is relatively measured (with respect to the intensity of 
a reference sample) by acquiring the emitted luminescent light from the given sample when a constant 
light source of sufficient energy is exciting it. The sample is put in the sample holder, the light from the 
laser is guided to the sample, and the emitted, scattered and reflected light, is collected by the objective 
lens and guided to the CCD camera where the image of the sample is acquired. Then by processing the 
image (via  software)  the intensity is acquired and compared to that of the reference sample, excited with 
the same laser power. In the case that the spectrometer is connected between the CCD and the 
microscope, its turret is set to that of the reflective silver mirror, guiding the light from the spectrometer 
entrance to its output, where the CCD is connected. 

 For spectroscopy measurements, the turret is set so that the light from the microscope is guided 
to a diffraction grating, where the light is dispersed according to wavelength. The width of the input 
mechanical slit is reduced so that the dispersed light that reaches the CCD camera is originated from a 
‘quasi’-one dimensional column of the sample. The image acquired by the CCD contains the light from the 
one dimensional column (in the y axis) dispersed in the x axis, which, in contrast to PL imaging, it 
represents wavelength instead of a spatial coordinate ( the y axis is still representing a spatial coordinate). 
Thus, from the acquired image, the intensity as a function of wavelength can be extracted. However, it is 
important to know that the system does not respond in the same way for all photon wavelengths, and the 
raw data from the acquired image do not represent the actual PL spectrum of the measured sample. The 
correction is done with the help of a ‘normalized system response’ curve, which is obtained from PL 
spectroscopy measurements of a reference sample with known PL spectrum (black body radiation 
source).  Then, the ‘normalized  system response’ curve  divides the raw data of the measured sample to 
acquire the actual PL spectrum. 

Time-resolved PL measurements are utilized to study the dynamic behavior of the carriers and to 
measure their recombination time. Through those measurements, a pulsed periodic laser light is exciting 
the sample, and the response of the system (the intensity of the emitted luminescent light) is recorded as 
a function of time. Inferences on the dynamics of the carriers can be made in the part of the period when 
the laser is off, where the intensity is dropping from a saturation level (that it reached during the on-time 
of the laser) to 0. For the case of an ensemble of QD, the function of the drop is resembling a stretch-
exponential function, thus it is modelled as: 

 
𝐼(𝑡) = 𝐼(0)𝑒−(𝑡

𝜏)
𝛽

+ 𝐼0 
3.1 
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where t is the time, counted from the beginning of the off-time, I(t) is the intensity as a function of time, 
, I0 is the background intensity, τ is the mean carrier lifetime and β is the stretch-exponential factor, which 
is between the values of 0 and 1. It is essential that the pulse parameters of period (on-time plus off-time) 
and width (on-time) are set so that the intensity has enough time to reach saturation (sufficiently enough 
on-time) and the intensity drops eventually to zero level (sufficient enough off-time).  Concerning the 
parameters τ and β, different states exhibit τ of different orders of magnitude[15]. For example, direct 
bandgap recombination exhibit carrier lifetime in the order of ns while radiative recombination of trap 
states may exhibit τ in the broad range. β is related to the distribution of the carrier lifetimes, a measure 
of the dispersion. A β equal to 1 would indicate a sample completely free of dispersions and with no size 
distribution between the QD. 

 

3.3 Ion Irradiation 
 

 In this thesis work, the ion irradiation was approached both experimentally and by computer 
simulation. This is due to  the fact that the  experimental procedure requires a set of various parameters, 
that depending on the desired effect of the irradiation, can vary. The important parameters of interest 
were  the ion energy, and the ion dose. Thus, before proceeding to the experiments, simulation took place 
for the sake of the selection of those parameters.  

2.3.1.  Computational tool for Simulation 
 

 The simulations that contributed to the selection of the irradiation parameters were performed 
with the software SRIM. It is a group of programs designed to simulate ion irradiation into matter to 
calculate stopping powers and ionic range inside matter[16]. Various parameters can be set concerning 
both the ion and the target materials, although, the program cannot simulate Quantum dots. The output 
of the software consists of various plots concerning the ion (figure 15) and the recoil distribution inside 
the matter, damage events, and other related phenomena, as well as a 2D (figure 14) or 3D visualization 
of the ion and recoils track inside the matter. The case that is presented in figure 14 and 15 is a simulation 
of the implantation process that took place for the fabrication of the sample that was used in this work. 
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Figure 14: 2D simulation of 40 keV Si ion impinging on a  target consisting of a 100 nm thick Silica layer on top of a 100 nm thick 
Si substrate. The ion tracks are represented by the white lines and the recoils are represented by the green and violet lines in the 

layer and the substrate respectively. 

 

Figure 15:  Ion distribution from irradiation of 40 keV Si ions on a target consisting of a 100 nm thick Silica layer on top of a 100 
nm thick Si substrate. The concentration is calculated by multiplying the quantity of the vertical axis with the selected dose. Note 

that the peak concentration of Si is roughly at the middle of the SIO2 layer. This implies that after the thermal annealing, the 
majority of the Si QD are embedded in the center of the SiO2 layer. 
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2.3.2 Εxperimental tool for irradiation 
 

 The ion irradiations of the sample were done in an Ion implanter, a 350 kV Danfysik ion implanter 
(model 1090), located at the Tandem Laboratory in Uppsala University. The setup consists of a magnetic 
multicusp-plasma discharge ion source (model of 921A) that generates positive ions through high voltage 
and temperature (figure 16), an analyzing magnet that selects the ion species (figure 17), a tube that 
accelerates singly charged ions up to a maximum of 350 keV energy. Then the particles are guided with 
the help of a switching magnet (figure 18) to a target chamber (figure 20) where the beam is scanned 
(figure 19) up to a square of 15x15 cm2. The target chamber is accessed through a clean room (figure 21) 
where multiple samples can be mounted in a disc, capable of rotating. During the irradiation process the 
pressure inside the chamber is minimized (to 10-7 mbars) to maximize the mean free path of the ions. 
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Figure 16:Ion source of the implanter set up. The ions are 
guided to  the analyzing magnet,  connected to the left. 

 
Figure 17: The analyzing magnet guides the selected ion 

species to an accelerator tube. 

 
Figure 18: The accelerator tube, (not seen here),  adjust the 

ion energy up to 350 keV and the ions are guided via the 
Switch inside a beam scanner. 

 
Figure 19: The beam scanner (after the switch magnet) is 

scanning the beam with two sets of electrostatic deflection 
plates, up to a square of 15x15 cm2. 

 
Figure 20: The ion beam is scanned inside the target 

chamber. 

 
Figure 21: The cleanroom that provided access to the target 

chamber. 
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3.4 Thermal annealing 
 

 The thermal annealing was performed in an annealing furnace (figure 22), located in the lab of 
KTH-Elecrum in Kista. The furnace is a Carbolite Gero Type 301 (30OC-3000OC). Various parameters can be 
set concerning the annealing temperature and the annealing time. The furnace is usually connected to an 
external gas flow system where various gasses can be guided in and out of the furnace so the chemical 
composition of the ambient can be controlled. 

 

Figure 22:Annealing furnace. 
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4. Methodology and description of the methods 
 

 The purpose of the selected methods is to allow irradiation of more than one dose, on the same 
sample in order to infer dependence between irradiation dose and PL behavior. For that to happen, the 
uniformity of the sample PL properties was to be verified. Another necessity was the selection and its 
justification of the irradiation  dose range, since too low irradiation may not induce significant changes to 
the PL of the sample, while too high irradiation may completely quench its PL, in which case, no PL 
measurement can take place.  

 For the reasons explained, the work consists of two parts. In the first part ‘preliminary’ PL 
measurements, prior to irradiation took place, which included PL intensity and decay measurements in 
different areas of the sample in order to verify the uniformity of the PL properties. Additionally, He ion 
irradiation simulations were performed for selection of the irradiation dose range and energy. The second 
part consists of two experimental cycles. Each cycle includes:  

• Irradiation of the sample with three different doses 
• Measurements of the PL behavior of the irradiated sample  
• Annealing of the sample  
• Measurements of the  PL behavior of the annealed sample  

4.1 He ion irradiation and simulations 
 

The ion irradiation was decided to be of He ions and of energy at 300 keV. This decision was based 
on simulations that verified that 300 keV ions would satisfy two basic requirements, concerning the results 
of the irradiation. The first requirement was that the ions would not accumulate the SiO2 layer of the 
sample, but they would be buried deep in the Si substrate. The second requirement was that the selected 
specie and ion energy would result into ‘sufficient’ damage of the Si QDs lattice for ‘reasonable’ irradiation 
doses. Sufficient  damage refers to the interaction of ions and the target nuclei which result in dislocation 
of target atoms. In this case, sufficient damage was decided to be one dislocation per Si QD atom (1 dpa). 
Concerning the ‘reasonable’ irradiation doses; as it was mentioned in the theoretical background (section 
2.6), significant interaction of ion and target nuclei is taking place for low ion energies. As it can be seen 
in figure 11, after the nuclear stopping reaches its maximum, the higher the ion energy, the lower the 
nuclear stopping, hence, the lower the probability for an ion to interact with the target nuclei. A low 
energy ion would require lower dose to achieve a certain amount of dislocations than a relatively higher 
energy ion. Thus, very high values of  irradiation dose ( >1018 ions/cm2) that would cause 1 dpa would not 
satisfy the second requirement, implying that the same damage can be achieved in lower dose for lower 
ion energy or heavier ion specie. 

Irradiation simulations of 300 keV He ions were performed in SRIM [16]
. To verify the first 

requirement (non-accumulation of He ions in the SiO2 layer), a simulation was performed on a target 
consisting of 100 nm thick SiO2 layer on top of a 1.9 μm Si substrate. From the simulation, the Ion 
concentration per unit fluence as a function of target depth was calculated (figure23), and it is shown that 
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no accumulation of He in the SiO2 layer is taking place, since the He ions are buried deep inside the Silicon 
substrate. 

 

Figure 23: Ion ranges as a function of target depth resulted from SRIM simulation of 300 keV He ions on a target consisting of 
100 nm thick SiO2 layer of 2.5 g/cm3 density, on top of a 1.9 μm Silicon substrate. 

Here it is noted that the density of the SiO2 layer was selected to be 2.5 g/cm3 ( or 7.516*1022 atom/cm3) 
since it is the density value of one of the  stable high dense crystalline forms of SiO2, some of which are 
presented in the table[17] below: 

 

 

Crystalline form Stability regime Density [g/cm3] 
Coesite Metastable (high pressure 3.55-7.6 GPa) 3.01 
Quartz (α/β) Stable (Low temperature)/Metastable (High 

Temperature,T<1140 K)  
2.65/2.53 

Moganite Stable (Low temperature) 2.62 
Keatite Stable (Low temperature) 2.50 
Cristobalite(α,β) Metastable (High temperature,Τ~1743-2001 Κ) 2.33,2.21 
Tridymite HP Metastable (High temperature,T~1140-1743 K) 2.18 
Stishovite Μetastable  4.287 

 

To calculate the dose that will cause 1 dpa, hence, to verify the second requirement, a second simulation 
was performed on a target consisting of 100 nm thick SiO2 layer. From that simulation, the vacancy density 
per unit fluence as a function of target depth was calculated. Since, in the sample used, the QDs exist 
roughly in the  middle of the 100 nm thick SiO2 layer, a linear regression of the total vacancies produced, 
both by ions and by recoils, is used to estimate the vacancy density per fluence at 50 nm (figure 24) 
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Figure 24:Vacancies produced by He ions and target recoils, resulted by simulation of 290 keV He ions on a 100 nm thick SiO2 
layer of 2.5 g/cm3 density. Vacancy density per fluence: dv=0.016 vacancies/Å-ion= 1.6*105 vacancies/cm-ion. The simulation 

took place for 290 keV energy instead of 300 to avoid an artifact that appeared in the simulation of 300 keV. 

To estimate the fluence that will cause 1 dislocation per Si QD atoms, roughly in the middle of the SI2 layer, 
the density of the bulk Silicon is divided by the vacancy density (per fluence) calculated via the simulation 
performed (dv). Here it is assumed that the density of bulk Silicon does not significantly differ from the 
densities of Si QDs. 
 

 
𝑓 =

𝑑𝑠𝑖

𝑑𝑣
=

4.976 ⋅ 1022 𝑎𝑡𝑜𝑚𝑠/𝑐𝑚3

1.6029 ⋅ 1015 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠
𝑐𝑚 /𝑖𝑜𝑛

= 3.1 ⋅ 1017 𝑖𝑜𝑛𝑠
𝑐𝑚2  

4.1 

 

 

The fluence for amorphization is probably lower than this value, but also a function of the vacancy 
generation rate and size of the cascades. It may furthermore vary for nanoparticles and bulk silicon. 
Considering in addition the introduction of defects in the SiO2 layer, it was decided to  start with 
considerably lower doses and gradually increase the doses, i.e. the damage level, in order to also be able 
to see the effect of the Si QD luminescence from  the traps in the  oxide. Thus, it was concluded that, in 
the first experimental cycle the sample will be irradiated with 300 keV He ions of 1012, 1013 and 1014 

ions/cm2, while in the second cycle, of 1015
,  1016  and 5*1016 ions/cm2. 
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4.2 Division of the sample and verification of its uniformity 
 

The sample was divided into four ‘domains’ where  the photoluminescence of one area from each domain 
was measured, to verify uniformity of the sample (figure 25). 

 

Figure 25: Division (green cross) of the sample into four domains and rough position of the areas (yellow boxes) whose 
photoluminescence is measured.  

 

Firstly, the sample was scratched at the end of the borders of each area (figure 25) with  a diamond scratch 
pen in order to create markings, visible with the 10x magnification lens of the inverted microscope. Those 
markings were used for ‘navigation’ through the four domains of the sample under the microscope. After 
that, the sample was mounted on the inverted microscope and PL intensity measurements as well as PL 
decay measurement took place for one area in each of the four domains of the sample. 

 

 

4.3 Experimental cycles 
 

The two experimental cycles on the sample, exhibited some differences both in the nature of the 
irradiation and in the measurement process. Concerning the nature of irradiation, as it was previously 
mentioned, in the first experimental cycle, the sample was irradiated with three different doses: of 1012, 
10 13 and 1014 ions/cm2, in its corresponsive area 1, 2 and 3. Area 4 was not irradiated neither in the first 
nor in  the second cycle in order for a reference area to be provided. However, Area 4 was annealed in 
both cycles. Different irradiation doses on the same sample was realized by using metallic foils to cover 
part of the sample and create some kind of mask to allow irradiation only in a selected area. Thus, the 
sample was irradiated three times, each time with a different positioning of the mask on top of the sample. 
The method comes with two disadvantages: firstly, the fact that, at the borders of the masked area, 
irradiation cannot be completely blocked. Thus, overlapping of doses is taking place and PL measurements 
must carefully be done in areas not closer than 1 mm from the borders. Secondly, the fact that the sample 
must be removed and remounted on the irradiation chamber, in order to reposition the mask, significantly 
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increases the time of the whole process,  mainly because the chamber requires a pump down to operate 
after every opening. In order to avoid the second disadvantage in the second cycle where the irradiation 
doses were higher ( more time consuming), the sample was mechanically divided into the four selected 
areas ( figure 26). 

 

Figure 26: Sample with Si QD embedded in a 100 nm-tick SiO2 layer on top of a Si substrate after its mechanical division into four 
parts. 

 

In the ion irradiation of the second experimental cycle, the three parts of the sample were mounted on a 
different position of the rotating disk, and there was no need for additional opening/closing of the 
chamber. Concerning the nature of measurements, in the first experimental cycle, acquisition of 
photoluminescence imaging was done with the CCD camera being directly connected to the left exit port 
of the inverted microscope, bypassing the spectrometer. In the second experimental cycle, the CCD 
camera was connected to the spectrometer and indirectly connected to the microscope’s left exit port. 
Thus, PL spectroscopy was performed only in the second cycle. In order to be able to compare the PL 
intensity between measurements from the two cycles, the PL intensity after the thermal annealing of the 
first cycle was remeasured with the spectrometer connected in order to estimate a potential drop in the 
intensity due to the existence of the spectrometer (transmission losses). 

4.4 Thermal annealing 
 

 The thermal annealing that took place as the third step on both cycles was performed with the 
same parameters for both experimental cycles. The annealing inside the furnace took place for 1 hour at 
400O C, under a flow of a forming gas, which was a mixture of N2 and H2 (5%). The subject temperature is 
well below the bulk Si crystallization temperature and according to literature, below the range of Si 
nanocrystal crystallization temperatures[18]. However, the temperature is high enough to facilitate 
diffusion of hydrogen in the sample, which can passivate the interface dangling bonds and cancel 
electronic dangling bonds. 
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4.5 Methods of photoluminescence data acquisition and analysis 
 

All photoluminescence characterization measurements were performed with the 10x 
magnification lens. The 405 nm wavelength violet color diode laser was utilized as an excitation source 
whose light was guided to the sample through the dark field configuration. 

 

4.5.1. Photoluminescence imaging and white light imaging 
 

 In all intensity measurement, the laser and the CCD camera parameters were kept the same, for 
a valid comparison between them. The nominal power of the laser was set at 7 mW. The acquisition time 
for the PL imaging was set at 0.5 s and the electron multiplication gain was enabled and set at 20. In case 
of white light imaging the acquisition, time and gain were set at 0.05 s and 6, respectively. The images 
were acquired with the help of the software Andor Solis and were processed by the software Fiji (a version 
of Image-J) (figure 27 and 28). 

 
Figure 27: White light imaging of the reference area of the 

sample after the irradiation intervention of the second 
experimental cycle. 

 
Figure 28: Photoluminescence imaging of the reference area 

of the sample after the irradiation of the second 
experimental cycle (excitation spot elongated). 

 

 

To extract the photoluminescence intensity from the image, an intensity binned row profile was 
extracted (figure 29 and 30). The selected area was always of 1024x250 pixel wide. 
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Figure 29: Extraction of a binned  row intensity profile from 

the PL image acquired from the reference area. 

 
Figure 30: Binned row intensity profile from the PL image 

acquired from the reference area . 

 

Finally, the data points from the intensity profile were processed by MATLAB in order for the background 
intensity to be subtracted (figure 31). The background intensity was extracted from the intensity profile 
acquired. Then the integration of the profile gave the value of intensity. In every PL intensity 
measurement, the intensities originated from ion irradiated areas were normalized, by dividing them with 
the intensity from the reference (non-irradiated) area prior to annealing of their respective experimental 
cycle. 

 

 

Figure 31: Intensity profile from the PL image acquired from the reference area with background intensity subtracted. Integrated 
intensity : 1.39*106  CCD counts/sec. 
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4.5.2. Photoluminescence spectroscopy measurements 
 

 All the Photoluminescence spectroscopy measurements were performed with the diffraction 
grating of 120 l/mm,  and the width of the mechanical slit open at 200 μm. The CCD camera parameters 
were 5 s and 20, for acquisition time and gain, respectively. The nominal laser power was set at 7 mW, 
unless higher power was required. All the measurements were performed for the wavelength range of 
500 nm to 1000 nm. The acquired image was processed by Fiji (figure 32) and the intensity profile was 
extracted in the same way it was done for the PL imaging, from a chosen area (figures 29 and 30). The 
background intensity was not extracted by the same intensity profile, instead, a second intensity profile 
was extracted from an area at the top of the image, where there is no dispersed light (figure 32). The 
primary intensity profile is extracted from an area at the middle of the image (figure 32) where the 
dispersed light appears. 

 

Figure 32: Dispersed light from a column of the reference area of the sample after irradiation of the second experimental cycle. 

 

 

Then, the data was processed by MATLAB where the background intensity was subtracted, and the x 
axis was changed from pixels to corresponding wavelength axis. , the normalized system response was 
linearly interpolated to the wavelength values of the acquired data and divided the acquired data so that 
its PL spectrum is calculated (figure 33) 
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Figure 33: PL spectrum of the reference area after the irradiation intervention of the second experimental cycle. The raw data, 
the normalized system response and the corrected/calibrated data are represented. 

Finally, the data from the calibrate PL spectrum was used to fit a Gaussian function, in order to acquire a 
wavelength peak and a linewidth.  

  

4.5.3. Microsecond scale PL decay measurements 
 

The PL decay measurements were performed with the laser operated in the pulsed mode, where 
the power was set to 40 mW . The period and the pulse width of the laser were set from 60 to 290 μs and 
from 20 to 60 μs in order to  ensure intensity saturation during the on-state and intensity relaxation during 
the off state, depending on the area of the sample. Τhe data recorded from the APD was plotted in 
MATLAB in a linear and a log-linear scale (figure 34). 
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Figure 34: Full decay signal from the reference area after irradiation intervention of the second experimental cycle, with period 
of 290 μs and pulse width of  60 μs. 

The data points from the tail of the signal (corresponding to the off-state of the laser) are used to fit a 
stretch-exponential function in order to estimate the mean lifetime τ and the stretch-exponential factor 
β (figure 35). Along with the parameter values, the coefficient of determination R2 is presented. It is a 
statistical value that estimates how well the observed outcomes are replicated by the model. It is the 
proportion of the variation that is explained by the model. Its most usual mathematical definition is:  

 𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠

𝑆𝑆𝑡𝑜𝑡
 4.2 

 

Where SSres is the sum of squares of residuals (which are the difference between the observed value and 
the estimated/model value), and SStot is the total sum of squares, defined as:  

 

 𝑆𝑆𝑡𝑜𝑡 = ∑(𝑦𝑖 − 𝑦𝑚𝑒𝑎𝑛)2

𝑖

 4.3 

 

Where yi is the i-th observed value and ymean is the mean value of the observed values. 
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Figure 35:Stretch-exponential model of the tail of the signal from the reference area after irradiation intervention of the second 
experimental cycle. τ=19 μs, β=0.66, R2=0.999. 

In decay measurements where the decay experiences a sudden drop in the start of the laser off-state (like 
in figure 36), to calculate the τ and β, one to three data points were excluded from the fitting process. 

 

 

 

Figure 36: Decay signal with laser period of 60 μs and  pulse width 20 μs from the irradiated area with dose of 5*1016 ions/cm1 
(second experimental cycle). The intensity experiences a sudden drop, followed by an exponential-like decay. 
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4.5.4. Nanosecond scale PL Decay measurements  
 

In all the measurements of the second experimental cycle as well as in the reference area and the 
irradiated with 1014 ions/cm2 dose area of the first cycle, decay measurements were performed with the 
laser operating with a period in the order of nanoseconds. This was done in order to investigate the 
nanosecond component of the decay curve, probably originated from trap/surface states. The laser was 
operated at 120 mW power and with period and width of 295 and 80 ns respectively. An example of the 
results is presented in figure 37. 

 

Figure 37:Decay signal from the reference area of the sample prior to annealing of the second experimental sample, with period 
and width of 295 and 80 ns. 

In those curves,  due to the short laser off-period, along with the existence of the slow component in the  
order of microseconds, the intensity does not reach relaxation. The decaying signal is considered to be 
the sum of the fast and the slow decay components. A graphical method was used in order to isolate the 
fast decaying component from the slow one. Firstly, it is assumed that the slow decaying signal, in the log-
linear scale can be sufficiently modelled with a straight line, since its lifetime was calculated to be (from 
the microsecond scale PL decay measurements)  one order of magnitude higher than this case’s laser off-
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period. Secondly, the natural logarithm of the decaying signal was plotted (figure 38), and its 100 last data 
points were modelled by a straight line that is representing the slow decay component. 

 

Figure 38: Natural logarithm of the decaying signal from the reference area prior to annealing of the second experimental cycle 
and model of the μs PL decay components. 

Then both the signal and the model were reversed back from their natural logarithms (figure 39-top) 
and the model was subtracted from the signal. The resulting signal is assumed to be the nanosecond 
decay component (figure 39-bottom), which was modelled by a single exponential decay. 
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Figure 39: Decaying signal from the reference area prior to annealing of the second experimental cycle and model of the μs PL 
decay component. 
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5. Results and discussions 
 

5.1 PL result of a virgin sample- uniformity verification- 
 

The PL intensity results as well as the decay measurement results from the sample prior any intervention 
are represented bellow. All the intensity values from the four areas of the sample are around 106 CCD 
counts/s (figure 40). The mean lifetime (figure 41) and the stretch-exponential factor (figure 42) do not 
appear to differ significantly. Thus, it is inductively inferred that the PL behavior is uniform across the 
sample, and the uniformity of the Si QD is considered verified. 

 

 

 

Figure 40: PL intensity results from the four  areas of the sample prior to any irradiation. 
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Figure 41: Decay results (lifetime)  from the four areas of the 

sample, prior to any intervention. 

 
Figure 42: Decay results (Stretch-exponential factor) from the 

four areas of the sample, prior to any intervention. 

 

 

 

 

5.2 First experimental cycle 
Bellow, the PL characterization results from the first experimental sample which includes irradiation 
doses of 1012, 1013 and 1014 ions/cm2 are represented. 

5.2.1. PL intensity and μs decay component results  
 

From figure 43 it is observed that the irradiation does have an effect on the photoluminescence 
of the Si QD since it appears to be a decrease in PL intensity with the increase of dose. Moreover, the 
effect seems to be reversible, since the intensity after the thermal annealing is not only recovered but 
enhanced two to three times from the value of the reference area prior to irradiation, for all the four 
cases. The PL enhancement after low temperature annealing with a forming gas containing hydrogen is in 
agreement with previous work in the field [19]. Its cause is claimed to be the passivation of the dangling 
bonds at the interfaces of the Si QDs and the SiO2 matrix by the hydrogen that is diffusing inside the 
sample due to  the increased temperature.  The lifetime (figure 44) is experiencing a similar effect, since 
it seems to decrease with increasing dose, but it also seems to recover and increase by the effect of 
thermal annealing. A possible reason is that, by passivation of the dangling bonds, the existence of their 
respective surface state is terminated, and the electron is free to stay excited in the exciton, thus the 
lifetime is increased. The stretch-exponential factor β (figure 45) does not seem to  exhibit significant 
changes, at least not in the dose range of the first experimental cycle. The change of the lifetime, 
accompanied with no change in β may suggest that both the ion irradiation and the thermal annealing 
affect all QD equally, regardless of size. Thus, any dispersion seems to be conserved. 
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Figure 43:Normalized PL intensity from the four areas of the sample during the first experimental cycle. All the intensities are 
divided by the intensity from the  reference area, before the sample is annealed. 

 

Figure 44: Decay measurement results (lifetime) from the four areas of  the sample during the first experimental cycle. 
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Figure 45: Decay measurement results (lifetime) from the four areas of  the sample during the first experimental cycle. 

 

 

It is interesting to observe the decay curves measured from the irradiated area of 1014 ions/cm2 
(figure 46), where after the end of the pulse, the data points of the decay experience a sudden drop 
followed by an exponential-like decay. Such a drop doesn’t appear at the data points of the reference area 
(figure 47). This sudden drop could either be an indication of the existence of a nanosecond component 
of the decay curve, which is possibly originated from trap states that have been induced by the ion 
irradiation) or an artifact of the  measuring system due to its resolution (~ 1 ns, limited by laser beam 
rise/fall time). To verify which, decay measurements with the laser period in the order of ns were 
performed. 

 
Figure 46:Decay signal from the area irradiated with 1014 

ions/cm2 before annealing. 

 
Figure 47:Decay signal from the reference area before 

annealing. 

 



41 
 

 
5.2.2. Nanosecond component of the decay 
 

 In the first experimental cycle, decay measurements with the laser period in the order of 
nanoseconds were performed for the area irradiated with 1014 ions/cm2 and the reference area (figures 
48 and 49, respectively). Their estimated mean carrier lifetime is represented in figure 50. Judging from 
the results, irradiation seems to slightly decrease τ. Annealing seems to  also decrease it both for the 
irradiated and non-irradiated area. However, since two areas are not sufficient to lead to conclusions, 
further discussion on the subject results is done after the presentation of the corresponding results of the 
second experimental cycle. 

 
Figure 48: Decay signal from the area irradiated with 1014 

ions/cm2, before annealing (laser period 295 ns, laser width 
80 ns). 

 
Figure 49: Decay signals from the reference area before 
annealing (laser period 295 ns, laser width 80 ns). 
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Figure 50: Results from decay measurements (lifetime), with the laser period in the order of nanoseconds. 

5.3 Second experimental cycle 
 

5.3.1. PL intensity  
PL intensity results of the second cycle (figure 51) showed the same trend for intensity decrease 

with increasing irradiation dose as it was shown in the first cycle experiment that exhibited lower levels 
of irradiation. Furthermore, in contrast to the lower doses, the annealing neither enhance nor recover the 
intensity that was dramatically decreased due to the high irradiation dose. Thus, it can be inferred that 
the higher the irradiation dose is, the less the reversibility of the induced damage. Moreover, the 
annealing of the non-irradiated area enhanced further the PL intensity of the sample, implying that the 
effect of the thermal annealing can expand beyond the one that is achieved by the duration of one hour 
(that was done during the first experimental cycle). It is also interesting to  note that, in the case of the 
highest irradiation, the PL intensity is extremely weak, compared to the reference intensity (figure 53) but 
not completely gone (figure 52 ). 
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Figure 51: Normalized PL intensity from the four areas of the sample during the second experimental cycle.  All the intensities 
are divided with the intensity from the  reference area, before the sample is annealed in the annealing of the second cycle (after 

the annealing of the first cycle). 

 

 
Figure 52: PL imaging from the irradiated area of 5*1016 

ions/cm2 

 
Figure 53: PL imaging from the reference area before the 
annealing of the second  experimental cycle. 
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5.3.2. PL spectroscopy measurements 
 

In figure 54 and figure 55, the PL spectrum of the reference area before and after the  thermal 
annealing is presented. The statistical values of linewidth and spectrum peak seem to be the same, which 
is logical, since they are related to size distribution and the mean size of the QD respectively, and annealing 
at 400 O C is not expected to cause Oswald ripening ( size increase of the  relatively large particles at 
expense of the relatively small ones) to increase the size. It is noted that the peak wavelength of 754 nm 
exists in the vague limit between the red and the infrared ‘colour’, and corresponds to a bandgap energy 
of 1.64 eV, which is greater than the bandgap value of bulk Silicon (1.12 eV) as expected. In figures 56 and 
57, the PL spectrum of the area irradiated with 1015 ions/cm2 before and after the annealing is 
represented. Apart from the differences in intensity, they exhibit a significant shift in PL peak, where the  
annealed sample appears to exhibit a peak at 781 nm while the peak of the irradiated sample  shifted to 
624 nm. The cause of this shift could be that the irradiation affects more strongly the larger QDs, resulting 
in an uneven decrease in the PL spectrum. Another possibility is that, the spectrum of the irradiated 
sample is a combination of two spectra; one originating from the QD and another from potentially induced 
trap states, not in the QDs but in the SiO2 matrix. The bandgap of Silica is about 9 eV, thus trap states in 
its bandgap may exhibit radiative recombination with corresponding energies, higher than those of the Si 
QD bandgap. After the annealing, the PL peak is restored close to the reference value, but the curve of 
the spectrum implies luminescence in lower wavelength, absent in the reference spectrum. This is 
supporting the hypothesis of the introduction of trap states in the SiO2 matrix caused by the high 
irradiation doses. In the case of the higher dose irradiation of 1016 ions/cm2, the PL spectrum before the 
annealing (figure 58) exhibits a low signal to noise ratio, thus no conclusion can be made. Its PL spectrum 
after the annealing (figure 59) exhibits a PL peak at 580 nm. This strengthens the hypothesis of existence 
of a spectrum originating from silica trap states.  

The spectrum in figure 59 indicates that at this level of irradiation, the performed annealing can 
neither  restore the PL of the Si QD, neither restore the damage induced in the SiO2 layer that caused the 
silica trap states (given that the hypothesis is true). In general, it is known that heavy irradiation damage 
during the implantation of Si ions inside a SiO2  layer (a step for the fabrication of embedded Si QD) induced 
damage to the matrix[20]. That damage is cancelled by the post implantation annealing that takes place at 
higher temperature (1100O C) than the annealing with the forming gas that was done in this project. 
Finally, from the PL spectra of the highest irradiation dose (5*1016 ions/cm2), due to the low signal to noise 
ratio, no conclusions can be made (figures 60 and 61). 
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Figure 54:PL spectrum of the reference area, before the 

annealing of the second experimental cycle: PL peak: 764 
nm, linewidth: 172 nm. 

 
Figure 55:PL spectrum of the reference area, after the 

annealing of the second experimental cycle PL peak: 769 nm, 
linewidth:  170 nm. 

 
Figure 56: PL spectrum of the irradiated area with 1015 

ions/cm2,  before the  annealing of the second experimental 
cycle: PL peak: 624 nm, linewidth: 264 nm. 

 
Figure 57: PL spectrum of the irradiated area with 1015 

ions/cm2,  after the  annealing of the second experimental 
cycle: PL peak: 781 nm, linewidth: 198 nm. 

 
Figure 58:PL spectrum of the irradiated area with 1016 

ions/cm2,  before the  annealing of the second experimental 
cycle. 

 

 
Figure 59:PL spectrum of the irradiated area with 1016 

ions/cm2,  after the  annealing of the second experimental 
cycle: PL pea: 580±2 nm, linewidth: 456±8 nm (the 
measurement was performed with 10 mW of laser power) 

 



46 
 

 
Figure 60:PL spectrum of the irradiated area with 5*1016 
ions/cm2,  before the  annealing of the second experimental 
cycle. 

 
Figure 61: PL spectrum of the irradiated area with 5*1016 
ions/cm2,  after the  annealing of the second experimental 
cycle. (the measurement was performed with 12 mW of laser 
power). 

 

5.3.3. Microsecond decay component results 
 

Figure 62 presents the estimated carrier lifetime as a function of irradiation dose. It is observed that the 
high irradiation doses cause a significant drop in the carrier lifetime, and the annealing only slightly 
restores it. The lifetime results are in agreement, with the inferences made from the intensity results. The 
stretch-exponential factor (figure 63) does not seem to  be affected in a specific way neither from the 
irradiation nor from the annealing process. Its values seem to rest between 0.5 and 0.7, i.e. indicating a 
broad dispersion of lifetimes 

 

 

 

Figure 62: Decay measurement results (lifetime) from the four areas of  the sample during the second experimental cycle. 
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Figure 63:Decay measurement results (dispersion factor) from the four areas of  the sample during the second experimental 
cycle. 

   

In the decay curves of the irradiated areas, the sudden decrease of the decay signal is more clearly 
observed in the cases of the second cycle (figure 64 and figure 65) for the cases of 1015 and 1016 ions/cm2 
doses). In the case of 1015 ions/cm2 dose, the decrease is almost like a step function, with a small 
exponential-like tail. After the annealing (figure 66) while the sudden drops continue to appear, the tail 
of the decay is significantly larger. This, in combination with the PL spectrum of the same area before and 
after annealing (figure 56 and 57) further increase the confidence of the introduction of trap states in the 
SiO2 matrix. The increase in the tail of the signal after the annealing agrees with the restoration of the Si 
QD PL peak in the corresponding spectrum. In the case of the next higher irradiation (figure 67) the small 
tail that follows the sudden drop is not restored after the annealing. This again implies the existence of 
the trap states but not the recovery of the QD PL as it was inferred from the corresponding PL spectrum 
(figure 59). 
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Figure 64:Full decay signal from the area irradiated with 1015 

ions/cm2, before annealing  (period 110 μs, width 50 μs). 

 
Figure 65:Full decay signal from the area irradiated with 1016 

ions/cm2, before annealing  (period 60 μs, width 20 μs). 

 
Figure 66:Full decay signal from the area irradiated with 1015 

ions/cm2 after the annealing (period 200 μs, width 60 μs). 

 
Figure 67:Full decay signal from the area irradiated with 1016 

ions/cm2 after  the annealing (period 60 μs, width 20 μs). 

 

At this point, a note will be made concerning the method of estimating the decay parameters. As 
it was said in the description of the method, when the existence of two decay components (one of ns and 
one of μs) is implied in the full decay signal, the μs component is  estimated by fitting a stretch-exponential 
model in the data of the laser off state, after excluding one to three points. However, the parameters of 
the model will exhibit a small but not insignificant difference depending on the number of excluded points. 
Moreover, the points are related with the resolution and the characteristic of the system and not with the 
true nature of the  carrier dynamics. Thus, the method of identifying the μs component of the decay is 
not valid enough to trust its result quantitatively.  However, according to the writer’s opinion they can be 
trusted qualitatively, which means that it is believed that the lifetime of the μs component does decrease 
with the increase of the irradiation dose. After all, modeling the signal by two exponential curves, is only 
a way to describe the phenomenon and is not related with the essence of the phenomenon itself[15]. 
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5.3.4. Nanosecond component of the decay 
 

In figure 68 the mean carrier lifetime of the decay measurements with the laser period in the 
order of nanoseconds, as a function of irradiation dose is presented. The results show that irradiation 
decreases the mean carrier lifetime of the fast decay component. The effect of the annealing is not clear, 
since small changes are observed between the lifetimes, before and after annealing for the same area. 

 

 

Figure 68:Results from decay measurements (lifetime), with the laser period in the order of nanoseconds. 

 

At this point, it should be taken under consideration that the validity of those measurements could be 
compromised by the following facts: 

1) The measurements were done with a pulse width of 80 ns. High validity decay results require the 
saturation of the intensity during the width period (laser-on state). From the measurements in 
the μs timescale (figures 46, 47 and 64 to 67), it is indicated that the saturation is achieved in the 
order of μs, thus 80 ns are not nearly enough to achieve saturation 

2) Despite the fact that the resolution of the APD is in the order of ps, the highest resolution that 
the system is capable of operating is imposed by the time the laser takes to switch from the off 
to the on state and vice versa which is, in principle, 1 ns. The subject measurements were 
performed with resolution of 1.15 ns, which is a value very close to the nominal resolution of the 
system and could be even smaller than the systems actual resolution. 

3) The method used to isolate the ns decay signal from the mixed signal is based on vague 
observations of the mixed signal, thus, it does not ensure a high validity of the measurements. 

Due to the fact that the results do not give a clear and trustworthy information, along with the fact 
that the validity of the measurements is not sufficiently high, it is decided to deem the ns decay 
measurements inconclusive and mainly limited by system response. 
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5.4 Overall  results 
 

In order to present together the intensity results from the first and the second experimental cycle, the 
PL intensity results from the end of the first cycle (after annealing) measured with and without the 
spectrometer connected are represented below. 

 

Dose  
[ion/cm2] 

Intensity 
[counts/sec] 

 
intensity 
decrease 

mean 
decrease 
factor without 

spectrometer 
with 
spectrometer 

1012 3.43E+06 1.82E+06 4.69E-01 4.01E-01 
1013 3440000 2.25E+06 3.46E-01 
1014 3510000 1.92E+06 4.53E-01 
ref 3850000 2.56E+06 3.35E-01 

 

The spectrometer is considered to impose a 40% intensity decrease, thus the intensity values from the 
first experimental cycle were calibrated and the results are presented below. 
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Figure 69:Absolute intensity values from all the intensity measurements. The values from the first experimental cycle are 
decreased by 40%. 

The overall results agree with the previous conclusions and show that the higher  the irradiation dose the 
more the PL intensity is  decreased. For the lower irradiation doses (1012 up to 1014 ions/cm2), the damage 
appears to be reversible (and the PL recovered and even enhanced). However, the damage loses its 
reversibility for higher doses. This may be implying that the hypothesized silica trap states are not 
introduced for low levels of irradiation. One additional observation is that the intensity of the irradiated 
area of 1015 is higher than the intensity of the area of 1014 (before the annealing for both cases), even 
though the irradiation is also higher. However, this does not violate the dependence between PL intensity 
and dose since the first experimental cycle can be considered sample preparation parameters in the 
second experimental cycle. Thus, the secondary conditions of the two cycles were not the same. Finally, 
the 40% decrease of the first experimental sample intensity measurements is not enough to compensate 
for the difference that the spectrometer imposed during the second experimental cycle measurements 
since the intensity from the first cycle reference after annealing and from the second cycle reference 
before annealing are different, despite the fact that they should be the same. In figure 70 and 71 the 
overall results of the mean carrier lifetime and the dispersion factor are presented. 
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Figure 70: Overall results from the decay measurements in the μs timescale (lifetime). 

 

 

Figure 71:Overall results from the decay measurements in the μs timescale (Stretch-exponential factor). 

0
5

10
15
20
25

tim
e 

[μ
s]

Irradiation dose [ions/cm^2]

Overall results- mean carrier lifetime of the 
μs decay component

before annealing after annealing

0
0.2
0.4
0.6
0.8

1

β 

Irradiation dose [ions/cm^2]

Overall results-Stretch-exponential factor 
of the μs decay component

Before annealing After annealing



53 
 

6. Conclusions 
 

 The effect of ion irradiation on the PL behavior of Si QDs was experimentally studied by irradiating 
various doses of 300 keV He ions on a sample containing  an ensemble of Si QD inside a Silica matrix. 
Thermal annealing under a mixture of nitrogen and hydrogen gas ambient was used to study the 
irreversibility of the changes induced by the irradiation. A dependence between irradiation and PL 
behavior was observed, since by increasing the irradiation dose the PL intensity decreased down to very 
low levels. The change was shown  to  be reversible up to a certain level of irradiation dose, under which 
the PL intensity was both restored and enhanced. The annealing performed seems to always have the 
effect of increasing the intensity of the PL even in the highest irradiation tested were the increase was 
small. However, for high doses, the irradiation effect on the QD is not reversible. The PL spectrum along 
with time-resolved PL measurement indicate the introduction of trap states in the silica matrix due to the 
damage induced by the irradiation at the higher doses tested. 

To conclude, this work can be considered a first step in studying the effect of ion irradiation in the 
PL of SI QD. Further steps could include, the same study but in samples containing isolated QD instead of 
an ensemble, as well as the use of different ion species and ion energies. Finally, for conclusions 
concerning the amorphization of the QD, morphology measurements (for example TEM) should 
accompany the investigations. 
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