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Silicon nanoparticles (SiNPs) have been shown to display luminescence in the visible range
with a peak wavelength depending on the nanoparticle size. This finding is of potential interest
for integration of optoelectronic devices in semiconductor technology. In this thesis, silicon
nanoparticles are formed in thermally grown SiO2 films by implantation of Si-ions. Implantation
parameters such as energy, fluence, and target temperature, as well as post-implantation
annealing (PIA) conditions are studied in order to optimize the luminescence properties of
the nanoparticles. Ion energies between 15 and 70 keV, fluences up to 1017 atoms/cm2, and
target temperatures ranging from room temperature to 600 ºC are employed. The PIA process
is carried out at temperatures between 1000 and 1200 °C in ambient nitrogen, or argon gas. In
addition, dangling bonds, which reduce the total luminescence of SiNPs, are passivated, using
forming gas annealing (FGA). Quantification of hydrogen content induced by FGA process is
performed by ion beam analysis (IBA) techniques. Furthermore, irradiations with swift heavy
ions (SHIs) with several tens of MeV kinetic energy are performed as a possible way to further
reduce the defect density. In particular, the relation between electronic and nuclear stopping
for the defect production and annealing is investigated. The composition and physical structure
of the samples are studied via IBA techniques, transmission electron microscopy (TEM), and
grazing incidence X-ray diffraction (GIXRD). Based on the results from IBA, the implantation
profiles are reconstructed. The physical structures of SiNPs revealed by TEM and GIXRD,
furthermore, show that the high fluence implantation with an adequate PIA condition leads to
the formation of crystalline SiNPs with a mean size of about 6 nm. The optical properties of
SiNPs are characterized by photoluminescence (PL) techniques. After the implantation, only
defect PL is present, but it is found that intense SiNP PL can be achieved for samples implanted
with 15 atomic% excess peak concentration of Si in SiO2 and PIA at 1100 °C in argon gas for
90 minutes. Finally, an alternative way for fabricating SiNPs in SiO2 is tested, using oxygen
implantation into a Si wafer. Although the PL from this experiment is less intense than the PL
of SiNPs fabricated by the Si-implanted SiO2 route, the results are technologically interesting
due to the convenience of the process.
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1. Introduction

For decades the ongoing miniaturization in electronic devices has constantly
increased their performance. This development has led to a situation that
nowadays the fundamental building blocks of integrated circuits have been
downsized to a true nanometer scale. At the same time, nanoparticles open
up exciting possibilities when aiming for a further improvement of efficiency or reduction of the size of electronic devices. The continual shrinkage of
particle size gives rise to peculiar properties different from bulk. Nanoparticles can be synthesized by several different techniques with the resulting
physical, optical, and electrical properties being strongly dependent on process parameters. Understanding of the fundamental physics of these correlations establishes an active and stimulating field of research.

1.1 Silicon nanoparticles
The discovery of strong luminescence of nanoporous silicon in the visible
range by L. Canham in 1990 [1] gave rise to an interest in utilizing
nanostructured Si for optical applications. However, due to the instability of
nanoporous structures [2], silicon nanoparticles (SiNPs) embedded in more
stable dielectric materials were introduced to overcome this problem [3]. A
large number of publications can be found attempting to explain the origin of
the characteristic luminescence of SiNPs [4–8]. It was also evident that the
optical properties of SiNPs needed improvement, in particular for development of optoelectronic devices such as solar cells, lasers, light-emitting diodes (LEDs), bio-imaging devices based on SiNPs [9–11].
Bulk silicon possesses an indirect band gap, leading to a low probability
for direct electron-hole pair recombination as well as weakly luminescent
processes. On the contrary, a strong luminescence, i.e., high probability of a
direct, or quasi-direct, recombination, is observed for nanometer-sized Si
particles. This recombination process occurs across the indirect band gap
without a phonon-assisted process. It is now firmly established that the difference of optical properties between bulk Si and SiNPs results from a perturbation of the optical band gap owing to the size of the particles, and that
the photoluminescence (PL) wavelength is inversely dependent on the size
of SiNPs, and can be described by quantum confinement effect [12, 13]. The
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size (diameter) of luminescent SiNPs ranges typically from about 1 to 10 nm
[14], containing approximately 20 – 20,000 atoms per particle.
A dependence of the SiNP PL on size has been observed for more than
two decades. Novel optical properties of SiNPs have also been found in recent years, for instance, a high internal quantum yield [15], optical gain [16],
and a blinking phenomenon [17]. Although the PL mechanism of SiNPs has
been well established, the optimization of synthesis process for improving
the PL properties, i.e., improved quantum yield, is still ongoing. One possibility to achieve a stronger PL from SiNP ensemble is by reducing defects in
the nanoparticles and at their surfaces. Such defects may act as trap sites for
the excited electrons, providing non-radiative recombination channels and
quenching the SiNP PL [18, 19]. For example, ion implantation, which is an
often used technique to induce a formation of SiNPs, unavoidably creates
defects as a consequence of ion-solid interactions. These defects may, furthermore, exhibit own PL features, also resulting in lower SiNP PL. Due to
the problems with the defects and the randomness in the synthesis process,
implantation has been replaced by lithography, laser ablation, and also
chemical techniques such as plasma enhanced chemical vapor deposition
(PECVD), chemical solution deposition, etc. [20–23].

1.2 Ion beam synthesis
Implantation of ions with energy ranging from a few to several hundreds of
keV has been widely used for over 50 years, for instance, to introduce n- and
p-type dopants in semiconductors [24, 25]. Employing sufficiently high doses, it is even possible to use ion implantation for synthesis of new compound
materials, for instance, a buried SiO2 layer in Si wafer [26, 27]. The concentration of the implanted ions versus depth in a solid target, ranging from a
few nm to µm from the surface, with the energies mentioned above, can be
well controlled by selecting ion species, energy, fluence, implantation direction, and target material. Ion flux and target temperature can also be utilized
to tailor the implantation profile.
Ion implantation followed by thermal annealing is a process typically
used to synthesize nanoparticles [28–31]. A desired species of the nanoparticles can be formed by implanting such species in a matrix at a high fluence,
corresponding to an oversaturation of the implanted ions. By precipitation of
the implants in the matrix, a minimization of the system energy occurs [32].
Also, the density and distribution of the nanoparticles can be influenced by
the implantation profile [33]. The nanoparticles may be formed either during
the ion implantation process [34], or during the post-implantation annealing
process (PIA), [35], which is normally performed in order to remove the
implantation-induced defects. Not only SiO2 is used as a host matrix for
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embedding nanoparticles, but other high dielectric-constant and/or insulating
materials, such as Si3N4, SiC, and Al2O3, are also used [36–38].

1.3 Motivation and scope of this thesis
Silicon has been widely used in semiconductor technology because of the
low cost and relatively easy processing. Furthermore, an amorphous SiO2
matrix as a high quality dielectric insulator, commonly found as the native
oxide on the surface of Si wafer, has been typically used for the manufacture
of the electronic devices, e.g., MOSFET [39]. Since SiNPs show characteristic optical properties different from bulk Si, the possibility to integrate the
optoelectronic devices on the same integrated circuits by embedding such
SiNPs in SiO2 matrix is a strong motivation for further research in this area
[40–42]. However, surface of nanoparticles is needed to be well controlled,
since the high surface-to-volume ratio of nanoparticles strongly influences
their properties. This scenario makes the processing in the range of nm difficult. Ion implantation has been a crucial technique for the miniaturization of
electronic devices down towards the nanometer range, and to enable a high
level of integrated electronic devices. Although Si-implantation in SiO2 to
form SiNPs shows many advantages for the SiNP synthesis and the process
integration with Si electronics, the optimization of the SiNP synthesis based
on ion beams is still difficult.
One aim of this thesis is to achieve a high efficiency of the SiNP PL by
varying the implantation parameters and the post-implantation processing.
Damage and defects are unavoidably created during the ion implantation,
which induce a decrease in the SiNP PL. Defect annealing is therefore essential to achieve an improvement of the SiNP PL intensity.
Post-implantation processes have also been undertaken to further improve
the SiNP PL. Surface passivation is a conventional technique to neutralize
defects. For instance, dangling bonds at the Si/SiO2 interface can be passivated by hydrogen atoms [43, 44]. However, the yield of the H-passivation
and the detection of H concentrations needed for the passivation have been
rarely reported [45]. In this thesis, quantification of the H-uptake in the SiNP
ensemble is used to estimate the number of non-radiative defects, created by
the ion implantation, which influence the SiNP PL [46].
Swift heavy ions (SHIs) with energies of several tens to hundreds of
MeV, lead to a significant electronic excitation in a target [47] that results in
changes of physical, electrical, and optical properties of the target [48–50].
A modification of SiNPs and a possible improvement of the SiNP PL can
also be tailored by SHI irradiation [51, 52]. In this thesis it is shown that the
high energy deposition density of SHIs can be employed to reduce the defects created by ion implantation, resulting in enhanced SiNP PL.

11

1.4 The main achievements of this thesis
It is found that the size and distribution of SiNPs can be modified by changing the parameters for ion implantation and also PIA [28–31]. However, the
pre-SiNP state during SiNP formation and the contribution of defects are still
insufficiently studied. The intense ion bombardment results in subnanometer Si-clusters, which form sites for further precipitation of excess Si
atoms upon the following PIA process. Luminescent defects are also created,
but such defects can be removed via a PIA process at selected conditions,
i.e., temperature, time, and ambient gas. In this thesis, it is found that the
highest PL intensity is obtained for room temperature implantation at a fluence giving 15 atomic% excess Si in the SiO2 matrix. The physical structure
of SiNPs characterized by transmission electron microscopy and grazing
incidence X-ray diffraction techniques can confirm the crystallinity and size
of SiNPs. Other post-implantation processes, e.g., H-passivation and SHI
irradiation, can further improve the SiNP PL, but the effect is relatively
small compared to the contributions of the implantation and the PIA. Finally,
a new ion-beam technique is introduced, where oxygen implantation in a Si
wafer, followed by a PIA, is shown to produce SiNP PL, featuring a characteristic of PL identical to the PL observed from SiNPs synthesized by Si
implantation in SiO2 films.
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2. Ion-solid interactions

An energetic ion, which penetrates a solid target, interacts with electrons and
nuclei. The collisions, which are typically mediated by the Coulomb force,
can be elastic or inelastic. Elastic collisions between the energetic ion and
target nuclei can lead to small- or large-angle scattering. The much lower
mass of an electron leads to much lower momentum transfer in collisions
between the ion and electrons, and, typically, inelastic collisions will occur,
as the target electrons will be excited. For short interaction distances, inelastic collisions between the ion and target nuclei can also occur, e.g., when
nuclear forces [53] are involved in the interaction. These collisions may lead
to creation of other particles and photons as a consequence of the excited
compound nucleus formed during the interaction.

2.1 Large-angle scattering
For large-angle scattering the interaction between an incident ion and a target nucleus leads to large momentum and energy transfers, i.e., recoiling
energetic target atom. For projectiles lighter than the scattering partner the
collisions may even result in backscattering of the incident ions. Such
events, at sufficiently high energies, are well described by the Rutherford
formula [54]. The fact that large-angle scattering for high-velocity ions (with
kinetic energy above hundred keV/nucleon) is highly unlikely. This is of
importance for material characterization by the ion beam analysis (IBA)
techniques employed throughout this thesis, which will be described in Section 4.2.1. The simplicity of the interaction, in particular the description of
the ion trajectory, is the basis for data analysis. For ion implantation commonly using ions with kinetic energy of only a few keV/nucleon, the high
probability of large-angle scattering processes is the main mechanism for
producing damage in the matrix, which will be described in Section 2.5.

2.2 Stopping powers
In a solid, a penetrating ion will undergo a series of collisions with electrons
and target nuclei, featuring a characteristic energy loss. The physical unit of
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energy loss per unit distance corresponds to a force acting to stop the ion,
although the term “stopping power (dE/dx)” is commonly used [55–57].
Figure 2-1 shows a plot of the calculated stopping powers due to interaction with the electronic system, called electronic stopping power (dE/dx)e,
and interaction with the target nuclei, called nuclear stopping power
(dE/dx)n, for He-ions penetrating a SiO2 matrix. The term “nuclear” in this
context refers to elastic collisions between intruding ions and the target nuclei, which do not involve nuclear reactions. When treating the interaction as
a series of binary collisions, (dE/dx)e and (dE/dx)n are independent processes.
The total stopping power can be calculated from the sum of individual stopping powers. In Figure 2-1, the characteristic dependence of the stopping
power on the ion energy (E) is generally found for all ion-solid interactions.
The magnitude of the stopping power and the energy for the stopping maxima vary with atomic number and mass of ion and target material.

Figure 2-1. Electronic and nuclear stopping powers for He ion penetrating SiO2
matrix plotted as a function of energy. Nuclear stopping power (grey curve) in region N1 and electronic stopping power (black curve) in region E1 increase as a function of ion energy. The stopping powers reach pronounced maxima, and then, in
region N2 and E2, decrease for increasing ion energy instead. The data are obtained
from the TRIM code [58].

As dE/dx trivially depends on the target density, one can establish a relation between dE/dx and the stopping cross section S(E), as shown in Equation 2-1,

( )=

1
(2-1)

where N is the atomic density (in atoms/cm3). The behavior of electronic and
nuclear stopping in the various energy regions is described below.
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2.2.1 Electronic stopping
The ion velocity (v), found in region E1, is typically lower than the orbital
velocities of tightly-bound electrons of the ion. These electrons are moving
together with the nucleus of the ion, constituting a moving effective charge
[59]. This effective charge is further screened by the outer-shell electrons of
target atoms [60]. Consequently, the screened Coulomb force between the
ion and target electrons becomes weaker than the Coulomb force expected
between target electrons and a bare nucleus of the ion, which results in a
decrease in the electronic energy transfer. For increasing v, the screening
effect becomes smaller because more bound electrons of the ion are stripped
away and the screening effect caused by the (slow) target electrons becomes
less efficient. These effects together with the increasing energy transfer for a
given scattering angle leads to an increase in the electronic energy transfer
which is typically proportional to v, or E1/2 [61]. As a consequence of increasing effective charge, the increasing energy transfer and the decreasing
scattering probability, the stopping power will eventually present a pronounced maximum. According to Bohr’s theory [62], the electronic energy
transfer at even higher v, i.e., in region E2 in Figure 2-1, is inversely proportional to v2 or E. This behavior can, for an eventually fully stripped ion, be
understood from the energy dependence of the Rutherford scattering cross
section and the linearly increasing energy transfer for a given collision geometry. The stopping power beyond region E2 increases due to relativistic
effects [63, 64], which are not discussed in this thesis.

2.2.2 Nuclear stopping
A series of binary elastic collisions between an energetic ion and target nuclei can be seen as the collisions between pairs of screened nuclei [65]. An
initial increase in (dE/dx)n for increasing E can be seen in region N1 in Figure 2-1. In this region, the ion undergoes interactions in a strongly screened
Coulomb potential as previously described for the electronic stopping. The
scattering cross section, thus, becomes very small for low-velocity ions [66].
The screened potential can be simplified by a modification of the Coulomb
potential by comprising the effect of an analytical screening function [67].
The universal screening function is widely used since it can predict the stopping power based on the average of a number of ion-solid pairs, although
there are limitations for some cases [68]. (dE/dx)n exhibits a maximum for
the same reasons as mentioned for (dE/dx)e, i.e., the scattering cross section
depends strongly on the ratio between the ion and electron velocities. The
situation in region N2 is again imposed by the scattering theory derived from
classical mechanics. It is worth noting that E at which (dE/dx)n exhibits a
maximum is lower than for (dE/dx)e by about 3 orders of magnitude, which
is similar to the difference in mass between nucleus and electron.
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2.3 Non-Coulomb interaction
The interaction between an energetic ion and a target nucleus can be also
mediated by non-coulombic forces such as nuclear forces. For example, for a
specific E the scattering cross section for elastic collisions may be increased
significantly due to the internal excitation of the nuclear potential of the
compound nucleus. For inelastic reactions, additional products such as photons or other particles can be created. These nuclear interactions are also
employed for different IBA techniques such as nuclear reaction analysis
(NRA) which will be described in Section 4.2.1.

2.4 Range and range distribution moments
2.4.1 Range
The motion of an intruding ion will cease when all of its kinetic energy has
been transferred to the target. The concept of stopping powers can be used to
address the issue of the expected penetration depth of ions for a certain energy. The sum of all individual trajectory segments between consecutive collisions starting from the point where the ion enters the solid until it has come
to rest is called “range (R)”. A conventional method to obtain R, accurate for
straight ion trajectories, is to integrate over the reciprocal total stopping
power, as shown in Equation 2-2,

=

/

=

1
( )
(2-2)

In particular for ions with low energies (typically in the range of keV),
trajectories will significantly deviate from a straight line. Thus, the projection of R in the incident direction of the incoming ion, defined as the projected range (Rp) is more relevant. Figure 2-2 shows the distributions of implanted ions in atomic% (at.%), and also ionization and vacancies in eV nm-1
ion-1 and nm-1 ion-1, respectively, for 70 keV Si implantation in an amorphous SiO2, obtained from the TRIM code [58]. The distribution of implanted ions is nearly Gaussian with a characteristic spread around a maximum
value. The different scaling of nuclear and electronic energy losses can be
seen as the vacancy and ionization depth profiles, respectively.
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Figure 2-2. The distributions of implanted ions (left hand scale), ionization events,
and vacancies (right hand scales) for 70 keV Si-ions implanted in an amorphous
SiO2, obtained from the TRIM simulation. Mean projected range ( ) and range
straggling (ΔRp) are also indicated.

2.4.2 Range distribution moments
Collisions between the incident ions and the target electrons and nuclei occur
stochastically. The energy loss observed for individual ions will differ. A
mean value of Rp, called mean projected range ( ), is the first moment of
the range distribution, which is commonly used to demonstrate the implantation profile (see Figure 2-2). The statistical spread of energy loss and angular
deflection for different ions lead to a distribution of the implanted ions, centered around Rp. Due to a large number of ions typically involved in these
processes, the distributions are well described by moment-generating functions based on probability theory [69], where the maximum concentration of
implanted ions is generally found around . In this thesis, the concentration
of implanted ion is mostly defined as the excess concentration in at.% with
respect to the concentration of the host matrix before the implantation.
The second moment of the range distribution, called range straggling
(ΔRp) is related to the width of the ion distribution (see Figure 2-2). ΔRp is
used to describe the statistical spread around
, which also refers to the
standard deviation of the ion distribution [70]. ΔRp is also equivalent to an
energy straggling, which has a practical impact to determine the systematic
error of, in particular, energy resolution for several IBA techniques [71].
Higher-order moments are sometimes used to describe other characteristics
of the distribution, although the two mentioned moments are most often sufficient.
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2.5 Target response
The energy and momentum imparted by incoming ions to the target electrons
and nuclei give rise to a number of secondary events. The contributions of
(dE/dx)e and (dE/dx)n can be seen as the depth profiles of ionization events
and vacancies in the target, respectively (see Figure 2-2). Figure 2-3 shows
schematically how the target material in the proximity of the intruding particle (characteristic interaction volume depending on ion-material combination
and ion energy) will be affected by the multiple collisions between the incoming ion and target nuclei and electrons.

Figure 2-3. An energetic ion moving in a solid target influences the following processes: ion scattering, electronic excitation, photon emission (luminescence), collision cascade, vacancies, sputtering, etc. The grey area is the target volume affected
by the incident ion, called the ion track.

For the same ion species and identical incident energy, a target generally
responds to incoming ions as a function of fluence, where lattice-disorder
(e.g. a vacancy) can be introduced in the vicinity of the ion track [72]. Target
responses for implantations of tens of keV medium-mass ions (e.g. O and Si)
which are employed in this thesis, are as follows. For low fluences (below
1013 cm-2), defects created by the intruding ions are localized inside and
around the ion track and isolated from the neighbors [73]. In this range only
isolated defects can be observed. At an intermediate fluence (about 1013 –
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1016 cm-2), the implanted ions are seen as dopants in the target, typically
affecting electrical and optical properties of the target [74]. Although the
composition of the target material is insignificantly changed, local phase
transitions can occur in individual ion tracks [75]. For high fluence (above
1016 cm-2) the ion tracks start to significantly overlap, and a highly damaged
layer is formed. The physical structure of the target is permanently changed
[76] and phase transitions may occur, where a new matrix phase is observable. Implantations at this fluence range clearly influence chemical properties
of the target and allow a significant compositional and structural modification of the material. There are many studies employing this technique for
material synthesis, for instance, nanoparticle synthesis [77–81].
Even in scenarios where, electronic energy loss dominates (e.g. MeV
ions) a target response can be observed. The magnitude of the observed effect, however, strongly depends on the target material and the atomic number and energy of the incident ions. Electrons in insulators are localized,
leading to the energy transferred to the electronic system in a small volume
(typically around the ion track) [82]. The effect of electronic energy losses
on insulator materials is, thus, more pronounced, while metals are difficult to
amorphize due to a higher mobility of electrons [83].

2.5.1 Response of the electronic system
In the collisions with incoming ions, electrons can be excited to higher energy states within the atoms (excitation), or escape from the atoms (ionization). The highest rate of ionization events, the so-called Bragg peak [84],
occurs at the maximum of electronic stopping power. For MeV light-ions,
the ionization peak is found close to the end of R, while the ionization peak
for keV heavy-ions is observed close to the surface (see Figure 2-2) [58].
Following the excitation and/or ionization process, the relaxation of electrons in the excited states gives rise to either emission of photons or nonradiative processes such as secondary electrons, phonons, etc [85]. These
excitation processes may create defects in the target. For instance, if electronic states responsible for the bond between atoms are excited to higher
states, the bond can be broken, resulting in a dangling bond [86]. These processes can, furthermore, induce subsequent excitations of other electrons,
and thus give rise to a change in defect concentration [87]. The presence of
defects provides additional electronic states, potentially resulting in luminescence, or non-luminescent recombination channels [88, 89].
A binary collision between the incident ion and electron bound in the target occurs on a timescale of femtoseconds. Electrons can transfer their deposited energies to the target via, for instance, electron-phonon coupling
[90]. However, atomic vibration takes place at longer timescales, which are
equivalent to non-equilibrium atomic motions [91].
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If (dE/dx)e is much higher than (dE/dx)n, the collision cascade of electrons
becomes dominant, which can facilitate a phase transition in the vicinity of
the ion track, i.e., a damage volume is formed [92]. Due to the large local
energy transfer to the electrons, which cannot be dissipated via phonons, the
transient temperature in the ion track can rise up to several thousands of
kelvins [93]. Electronic de-excitations cease after several hundred femtoseconds, but the atomic motion will be increased on a much longer timescale,
leading to permanent damage of the solid structure. The ion track features a
radial size depending on the quenching rate of the transient temperature [94].
In case the electronic energy loss exceeds a certain threshold corresponding
to a macroscopic melting temperature of the matrix, a latent ion track is created [95], where many defects are formed along the ion track. This effect is
more pronounced for heavy-ions with very high (dE/dx)e (> ten keV/nm),
commonly referred to swift heavy ions [96].

2.5.2 Response of the atomic system
Elastic collisions between an incident ion and target atoms give rise to direct
displacements of target atoms. In the vicinity of the target surface, target
atoms may escape from the target, if the energy transfer from the incident
ion to the target atom is larger than the surface binding energy (about a few
eV). This process is commonly mentioned as sputtering [97], although socalled electronic sputtering can be observed due to electronic energy loss of
high-energy ions [98]. Pronounced sputtering processes are typically found
for low energy and heavy ions colliding with a target [99] Furthermore, the
incident direction of the ion also influences the sputtering yield [100].
The elastic collisions can give rise to recoiling target atoms and may also
result in backscattering of the incident ion [101]. Energy transfers which
exceeds the displacement energy (on the order of tens of eV) [102], in the
target volume typically create two types of defects, i.e., a vacancy lattice site
and an interstitial atom, called Frenkel pair [103]. If the energy transfer is
substantially more than the displacement energy, the interstitial atoms displace other atoms and a collision cascade occurs (see Figure 2-3). As a result
of the collision cascade, the number of vacancies and interstitial sites grows
and a sustained damage in the target develops. For increasing fluence, this
damage may result in a phase transition of the target, for instance, from crystalline to amorphous phase, or a mixture of the implanted ions and target
atoms leading to new compounds [104]. The maximum damage is often
found near the maximum of (dE/dx)n. For instance, keV ion implantation
typically results in a damage (vacancy) profile located closer to the surface,
compared to Rp (see Figure 2-2) [58]. Apart from the immediate ballistic
events following a single ion impact, long-term “chemical” processes may
result in recombination of Frenkel pairs and formation of extended defects
[105].
20

3. Silicon nanoparticles

A nanoparticle is constructed by an arrangement of atoms with a size typically in the range from 1 to 100 nm [106]. The nanoscale implies a high surface-to-volume ratio compared to bulk materials. The surface of nanoparticles as well as the host matrix are important factors for influencing, for instance, physical, optical, and electrical properties [107]. Since the size of a
nanoparticle lies between the atomic size and the bulk scale, the electronic
structure of nanoparticles cannot be explained merely by physics of isolated
atoms, or solid state physics. Instead, the electronic structure strongly depends on the actual size of the nanoparticle.

3.1 Formation of nanoparticles
When the excess concentration of impurities in a matrix exceeds a certain
limit, the energy barrier for a nucleation process is reached, and a new phase
of small clusters is formed in the host matrix [108]. In some cases, a certain
amount of energy is required to overcome the energy barrier for nucleation
[109]. The nucleation process proceeds until a complete phase separation
between the impurities and the matrix occurs. Since the loosely bound nuclei, at this stage, are unstable, the energy of the system is lowered into more
stable state via a growth of these nuclei in the same phase [110]. The formation of nanoparticles is schematically shown in Figure 3-1. A continuous
increase in the concentration of impurities will eventually lead to the formation of nuclei when the concentration exceeds a certain threshold for the
nucleation process. Additional energy can also facilitate the nucleation and
subsequent growth process of nanoparticles. During the growth stage, the
size of nanoparticles continues to increase as long as there are impurities
available.
Nanoparticles can, furthermore, increase in size by minimizing their energy. Since the surface atoms of a smaller nanoparticle possess a higher surface energy compared to the surface atoms of a larger nanoparticle, the atoms on surface of smaller nanoparticles are more easily dissolved into the
matrix compared to the larger ones [111]. Provided that the thermal energy
of the system is sufficient to allow substantial diffusion of the impurity atoms, large particles tend to grow larger at the expense of smaller particles.
This process is known as Ostwald ripening [112]. As a consequence, the
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total number of nanoparticle decreases for an increase of the processing
time, while the average size of nanoparticles becomes larger.

Oversaturation

Figure 3-1. A concentration of impurity atoms (spheres) exceeding the minimum
limits of oversaturation and nucleation, triggers a nucleation process. Nuclei of impurities are found as small clusters in a new phase. The diffusion process subsequently facilitates the growth of the small clusters until a formation of nanoparticles
occurs. The size of nanoparticles can increase further via the growth from dissolved
impurities and also Ostwald ripening process, which leads to a decrease in the number of nanoparticles.

3.2 Ion beam synthesis
Ion implantation together with post-implantation thermal annealing (PIA) is
a process often used to synthesize nanoparticles embedded in a solid. The
implanted ions at an oversaturated concentration are distributed at a depth
around Rp in the target. These ions (as impurities) may form small clusters,
nuclei, or nanoparticles, depending on the ability of the system to overcome
the energy barrier for the phase separation between the impurities and the
target [113]. The oversaturated concentration of the impurities is, in many
cases, insufficient to induce a formation of nanoparticles; therefore, energy
provided by, e.g., PIA, is required [114].
Targets used for the host matrix of nanoparticles can be arbitrarily chosen.
However, the interface between nanoparticle and the matrix often affects the
properties of the nanoparticle [115]. A host matrix which can be tailored to
feature a sharp interface between the nanoparticle and the host matrix is thus
preferred for the synthesis. Also, a high dielectric-constant material as a host
matrix is often selected for optical applications because of the required
transparency of the material in the visible range.
As a drawback of the implantation process is the creation of a high degree
of implantation-induced damage, post-implantation processes are commonly
employed to remove such damage, for instance, PIA is a conventional meth-
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od to remove defects and the damage in an implanted matrix [116, 117],
even if the focus is not on nanoparticle formation. In parallel, PIA can, furthermore, facilitate a formation of nanoparticles which are able to exhibit
pronounced optical properties. The ability to protect the nanoparticle surfaces by neutralizing, or passivating dangling bonds, is also employed to minimize a contribution of the nanoparticle surface [118].

3.3 Luminescence processes
Bound electrons in an isolated atom occupy discrete energy levels. If many
atoms are brought together to form a solid, the high number of levels eventually constructs a quasi-continuous band. This arrangement makes it possible to accommodate all the electrons without violating the Pauli exclusion
principle [119]. The outer-shell electrons also reconfigure to bond with
neighboring atoms. These electrons constitute the valence band at the ground
state, while energy bands above the valence band, called the conduction
band, are empty. For instance, at zero kelvin there is no thermal excitation
for electrons in a solid, all electrons thus occupy the valence band. At higher
temperatures electrons can be statistically found in the conduction band. For
many bulk materials, a region of forbidden electron energies levels exists
between the minimum of conduction band and the maximum of valence
band. These forbidden energies, called energy gap, control many characteristic features of a material. Metals, semiconductors, and insulators are, for
instance, identified by their electrical conductivity, which depend on the
presence and magnitude of the energy gap. Generally, the energy gap is zero
for a metal, between some tenths to a few eV for a semiconductor, and many
eV for an insulator.
A superposition of energy levels occurring when bringing many atoms
together to form a solid, may lead to that the maximum of valence band and
the minimum of the conduction band are located at a different position in
momentum space. The energy gap can thus be further categorized in direct
and indirect band gap, depending on whether the maximum of valence band
and the minimum of conduction band are located at the same, or not.
Excitation and relaxation processes of electrons bound in direct and indirect band gap materials are depicted in Figure 3-2. The electrons can be excited by, for instance, photons, electrons, and ions, to higher electronic
states, when the energy transferred from the excitation source is higher than
the energy gap. A subsequent relaxation process may give rise to photon
emission, called luminescence. In case the excitation source is photons, the
luminescence type is called photoluminescence (PL), which is the main optical property studied in this thesis. Moreover, a recombination process can be
strongly influenced by non-radiative channels, such as creation of phonons,
defects, and self-quenching processes [120, 121]. For instance, the excited
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electron in an indirect band gap material typically creates a phonon in order
to conserve the momentum for the excitation and relaxation processes (see
Figure 3-2). This phonon can be created by electron-phonon coupling [122],
resulting in atomic vibrations in the material. In addition, the creation of
phonons leads to a discrepancy of energies between excitation and relaxation, and a small probability of electron relaxation, typically resulting in
weak PL.

Figure 3-2. The (1) excitation and (2) relaxation processes of electrons in (a) direct
and (b) indirect band gap materials. The phonon-assisted process is seen in the latter
case in order to conserve the momentum change.

Due to the contribution of non-radiative processes, the ratio of PL intensity to excitation, i.e., the external quantum yield, for any bulk material is rarely equal to one [123]. For example, an indirect band gap material, such as
bulk Si, is found to show very weak luminescence [124]. Furthermore, the
excitation and relaxation processes occur separately, since excited electrons
spend a certain time in the excited states before the recombination/relaxation. This characteristic time is referred to a charge carrier lifetime
[125], which for indirect band gap material is generally longer than milliseconds, depending on the non-radiative channels as well. The lifetime can be
practically measured by observing the time interval between the end of the
excitation and the time when the emitted photon intensity drops to e-1 (e is
the base of natural logarithm) of the initial photon intensity.
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3.3.1 Luminescence of nanoparticles
To understand the luminescence of nanoparticles, the electronic structure of
nanoparticles must be considered. Figure 3-3 shows a schematic of the dependence of the energy gap (Eg) on the size of solids, including bulk, large
and small nanoparticles, and a single atom. VB and CB are the valence and
conduction bands, respectively, while E1, E2,…, and En are discrete energy
levels of electrons bound to a single atom. Discrete energy levels and energy
bands are found in a single atom and bulk, respectively. An individual nanoparticle, thus, features an electronic structure between the single atom and
the bulk. Since the nanoparticle size and de Broglie wavelength of bound
electrons are in the same order of magnitude, quantum effects become dominant for nanoparticles [126]. In the case of electrons confined to a nanometer
scale, repulsive forces between these electrons becomes high. A decrease in
size of nanoparticles thus leads to an increase in the potential energy of electrons. Consequently, the energy gap of nanoparticles increases, as compared
to bulk material, when the size of nanoparticles is decreased. It is seen that
nanoparticles possess an energy gap, which is increased for smaller nanoparticles. This effect is called quantum confinement [127–129].

Figure 3-3. A schematic of a dependence of energy gap on the size of nanoparticle,
compared to bulk and a single atom. The valence and conduction bands are named
as VB and CB, respectively, while En (n = 1, 2, 3,…) is energy level of electrons in a
single atom. The energy gap (Eg) of a nanoparticle becomes larger for decreasing
nanoparticle size because of the quantum confinement.

25

A relation between energy gap and nanoparticle size can be seen by observing the energy of photons emitted from nanoparticles. However, metal
nanoparticles typically possess overlapping energy bands, which gives no
PL. This feature is the reason why metal nanoparticles are inappropriate
candidate for studying luminescence. Semiconductors, featuring a relatively
small energy gap, are, however, frequently tailored to form nanoparticles
[130].
Luminescence of silicon nanoparticle
As compared to the energy gap of bulk silicon (i.e. 1.1 eV), the energy gap
of silicon nanoparticles (SiNPs), fabricated by ion beam synthesis, is reported to range from 1.4 to 1.8 eV, corresponding to a peak wavelength from
680 to 900 nm of emitted photons [131]. Furthermore, it is reported that the
charge carrier lifetime for the SiNPs is shorter than for pure bulk Si by several orders of magnitudes, i.e., microseconds compared to milliseconds
[132].
High PL intensity of SiNPs, as compared to bulk Si, can be described by
the alteration of the wave functions (Ψ(k)) of electrons (e-) and holes (h),
which depends on the nanoparticle size. Figure 3-4 shows how the wave
functions are spread out in momentum (k) space as a function of the nanoparticle size. It is noted that hole, in this context, is a pseudo-particle created
by absence of an electron in the valence band. As seen in Figure 3-3, the
energy gap (Eg) increases for a smaller nanoparticle. Furthermore, the uncertainty of wave functions (in k-space) of e- and h increases in accordance with
Heisenberg uncertainty principle [133], this expansion in k-space leads to an
increased overlap of the wave functions, and, consequently, an increase in
the probability for e--h pair recombination resulting in higher yield of photon
emission (larger arrows). Although the recombination process is a nonphonon-assisted process, the transition is different from a band-to-band transition in a direct band gap material. Therefore, the term quasi-direct transition is commonly used to describe the e--h recombination in SiNPs [134,
135].
The host matrix also plays an important role in the luminescence of
SiNPs. A commonly used host matrix is silicon dioxide (SiO2). Thermally
grown SiO2 typically features an energy gap of 9 eV [136], which implies
transparency in the visible range. Furthermore, SiO2 layers have been extensively used in silicon technology to neutralize dangling bonds on the Si surface [137]. These features make SiO2 a popular host for embedding nanoparticles, especially for SiNPs.
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Figure 3-4. The sketched picture of wave functions (Ψ(k)) of electron-hole (e--h) in
valence band (VB) and conduction band (CB). The wave functions for a smaller
SiNP becomes broader due to Heisenberg uncertainty principle. An overlap of the e-h wave functions (in momentum space) in the CB and the VB, thus, occurs. Consequently, the probability of the recombination across the band gap (Eg) increases for
decreasing a nanoparticle size, without a phonon-assisted process, resulting in higher
yield of emission.

3.3.2 Influence of defects
As mentioned in Section 2.4, defects are unavoidably created during the ion
implantation. After the SiNP formation, defects can be found in the nanoparticles, matrix, and at the nanoparticle/matrix interface [138, 139]. The electronic states provided by the defects constitute recombination centers for
excited electrons or holes. Some of the excited electrons (holes) can be
trapped by defects followed by either radiative or non-radiative recombination, influencing the PL intensity of the nanoparticles [140]. For instance,
some radiative defects, such as non-bridging oxygen hole centers (NBOHC)
featuring a characteristic luminescence peaked at a wavelength of 590 – 620
nm, are often found in large quantities right after ion implantation [141].
Furthermore, only one single dangling bond at an interface of SiNP/SiO2 can
completely quench the PL of an individual SiNP [142]. Thus, the SiNP PL
influenced by such defects is significantly weaker than a defect-free SiNP.
The PL observed for an ensemble containing (a) SiNPs without defects and
(b) with non-radiative defects are illustrated in Figure 3-5.
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Figure 3-5. A different recombination of electron-hole pairs for semiconductor nanoparticles (a) with and (b) without non-radiative defects, e.g., dangling bonds. (a)
The band-to-band recombination of electron-hole pair gives rise to photon emission,
while (b) defects results in no luminescence.

3.4 Optimization of Si-nanoparticle luminescence
During and after synthesis of luminescent SiNPs, the total PL intensity can
be substantially improved via different techniques. It has been reported that
the removal of defects can be achieved by employing, for example, laser
annealing, ligand passivation, plasma immersion, etc [143–145]. All processes are based on a passivation of the SiNP surface, which results in minimization of the negative contribution of surface to the SiNP PL.
Several defects in the SiO2 matrix may be removed, or increased at different temperature ranges. For instance, the single oxygen vacancy (E’-center)
can be annealed at a temperature above 500 °C, while the annealing at a
temperature above 1100 °C cannot yet completely remove dangling bonds at
the SiO2/SiNP interface (Pb-center) [146]. Apart from defect removal and
surface passivation, implantation and annealing parameters are investigated
in order to achieve the most efficient SiNP PL. In addition, swift heavy ion
(SHI) irradiation with high electronic energy deposition can reduce defect
PL, and subsequently increases the SiNP PL.

3.4.1 Silicon implantation
An optimization of implantation fluence (excess Si), energy, and temperature
is of importance to affect the size distribution of SiNPs as well as enhance
PL properties of SiNPs.
Since the phase separation between SiNPs and SiO2 strongly depends on
the concentration of excess Si, an increase in Si fluence introduced into the
SiO2 matrix increases the number of SiNPs and also higher PL intensity
[147, 148]. It is reported that well-separated SiNPs for ion implantation with
low excess Si concentrations, are formed via nucleation and growth processes [149]. However, network-like SiNPs are formed via spinodal decomposition [150], when the excess Si is higher. Large and also network-like SiNPs

28

statistically contain more defects than small SiNPs, resulting in a decrease in
the SiNP PL [151]. However, small SiNPs possess low absorption cross
section, resulting in a decrease in the external quantum yield [152]. In addition, ion implantation gives rise to a distribution of implanted ions in the
target, which will lead to a characteristic distribution of SiNPs. It is reported
that closely adjacent Si atoms, or a narrow distribution, leads to a formation
of large SiNPs [153].
The SiNP PL can also be improved by reducing defects during a synthesis
instead of the control of SiNP formation. Since the diffusion process is
strongly dependent on the temperature, the target temperature during ion
implantation influences the formation of SiNPs and also SiNP PL. In addition, the target temperature affects the annihilation of damage and defects,
created during the implantation.
It is reported that the crystallinity of bulk material can be modified by
varying the ion flux [154], which may influence the SiNP formation as well.
The dependence of the SiNP PL on ion flux has not been studied in this thesis, but in principle an increased flux leads to an increased overlap of nearby
impacts, which could influence the nucleation of nanoparticles. In addition,
an increase in the ion flux does increase the sample temperature, which will
be discussed in Chapter 4.

3.4.2 Post-implantation thermal annealing
The nucleation process occurs in a very short time at the beginning of postimplantation thermal annealing [155], while the subsequent growth and
Ostwald ripening are key processes for an increase in the SiNP size (see
Figure 3-6). It is reported that an increase in temperature and time for the
PIA can increase the SiNP size, resulting in higher SiNP PL intensity [156–
158]. The optimization of the PIA parameters is also important to achieve
the most efficient PL of SiNPs.
The ambient in an annealing furnace can influence the SiNP formation.
For instance, it is reported that an amorphous SiO2 annealed in a vacuum
furnace at a high temperature shows desorption of Si and O atoms at different rates [159], which changes the concentration ratio between Si and O in
the matrix. Thus PIA is commonly performed in some ambient gas, which
must be carefully selected. For instance, annealing in pure oxygen ambient
may lead to the formation of an oxidized layer at the SiNP surface, resulting
in smaller SiNPs [160]. In this thesis, annealing under nitrogen (N2), or argon (Ar) ambient have been performed.
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Figure 3-6. Si-ions implanted in an amorphous SiO2 matrix form small clusters
(black spheres). The increase in implantation fluence (excess Si) leads to an oversaturation scenario. A post-implantation process, i.e., thermal annealing, can facilitate
the formation of nanoparticles (colored spheres) via the nucleation and growth processes. The nanoparticle size can increase further via the Ostwald ripening process.

3.4.3 Passivation of nanoparticle surface
It has been reported that dangling bonds, i.e., non-radiative defects, can be
found at the SiNP/SiO2 interface, particularly, on the surface of large SiNPs
[161, 162]. These defects often decrease the PL yield of SiNPs, which can be
minimized by neutralizing such defects by binding electronically-inactive
atoms at such defect sites. This procedure is termed passivation of defects.
Since hydrogen in a SiO2 matrix features relatively high diffusion rate [163]
and easily reacts with dangling bonds [164], H-passivation has been commonly employed to remove the dangling bonds in Si device manufacturing.
Annealing in forming gas, a mixture of hydrogen and nitrogen or argon, is a
technique often used to carry out this process. Since a diffusion process is
needed for H-passivation, forming gas annealing (FGA) has been performed
at elevated temperatures. However, a relatively low temperature is normally
used to decrease dissociation of hydrogen to avoid recreation of defects and
also an increase in the SiNP size. It is reported that hydrogen atoms can efficiently passivate the dangling bonds at a temperature range between 300 and
500 °C [165].

3.4.4 Swift heavy ion irradiation
Swift heavy ion (SHI) irradiation, i.e., a bombardment of materials with
heavy ions at energies of many MeV (typically at several MeV/nucleon),
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shows a possibility for reducing damage induced by ion implantation in a
bulk material [166]. A very high energy deposition occurs in a cylindrical
track around the path of the ion. Several keV/nm of electronic energy loss
can be reached [167], and this intense electronic excitation can also induce
the nucleation of small clusters in the host matrix [168]. SHI irradiation thus
has the potential of improving SiNP PL as a result of a defect annealing and
recovery of luminescent SiNPs. Of course, the irradiation may also create
defects depending on the SHI irradiation conditions (see more details in Paper III). Figure 3-7 illustrates the formation of an ion track induced by a
single SHI penetrating an insulator. An intense electronic excitation occurs,
while substantial nuclear collisions occurs at high irradiation fluence.

Figure 3-7. A cylindrical latent ion track created in the matrix after the penetration
of a SHI with a large energy deposition. The ion track consists of core (1) and shell
(2). Target atoms in the vicinity of the ion track are displaced from the core to the
shell due a Coulomb force between ionized target atoms, or even outside the ion
track, resulting in many vacancies created in the core. Furthermore, target electrons
are also excited and may scatter to a distance up to micrometers. This feature influences atomic bonds, which can be broken or rearranged. In addition, the transient
temperature in the core is rapidly increased, which can exceed the melting temperature for a few keV/nm of electronic energy deposition.

SHIs with energies of several tens to hundreds of MeV, feature a specific
electronic energy loss at least 2 – 3 orders of magnitude larger than the nuclear energy loss [58]. Collision cascades of electrons will take place and
induces the charge redistribution in the vicinity of the ion track. Defects and
atomic bonds are also influenced by these collisions. According to the Coulomb explosion model [169], the excited electrons moving away from the
core give rise to a positive charge state, which affects target atoms. Coulomb
forces will, thus, induce further displacements of atoms, resulting in damage
31

in the ion track. In addition, a thermal spike model is used to address the
effect of high electronic energy deposition to an insulating material [170]. A
continuous latent ion track with a diameter in the order of nanometers, is
created for the SHI with a specific electronic energy loss exceeding a material-specific threshold, which is generally related to the melting temperature
of material. However, the observation of this phase change is different from
the bulk scale, since the high energy loss gives rise to rapid increase in the
transient temperature in a timescale of sub-nanoseconds [171].
If nanoparticles, or atomic clusters are located inside the ion track, displacements of electrons and atoms potentially results in a change of nanoparticle, or cluster size. Both damage and defects in the vicinity of the ion track
are also influenced by these phenomena. Formation, or annealing, of such
damage and defects thus depends on the energy loss of SHIs, which are not
only due to electronic energy loss but may also have a contribution from
nuclear energy loss. In addition, the phase transformation of the host matrix
influenced by the SHI irradiation can facilitate the displacements [172]. Furthermore, an increase in irradiation fluence results in overlaps of neighboring
tracks, which make the annealing more efficient [173].
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4. Experimental procedures

Silicon implantation was used to introduce an excess concentration of Si into
amorphous SiO2. Subsequently, a post-implantation thermal annealing (PIA)
was employed to form Si-nanoparticles (SiNPs). The physical structure was
studied by several techniques, including ion beam analysis, transmission
electron microscopy, grazing incidence X-ray diffraction, etc. The optical
properties of SiNPs were investigated by photoluminescence measurements.
In addition to PIA, post-implantation processes, including forming gas annealing and swift heavy ion irradiation, were also carried out to improve the
optical properties of SiNPs.
In this chapter, the implantation, post-implantation, and characterization
techniques are described, with an emphasis on the methods which I have
strongly involved. Ion implantation and photoluminescence (PL) measurements are two main techniques used for the SiNP synthesis and characterization of optical properties, respectively, which are described in detail. Also,
theoretical methods for modelling ion implantation are described. Cleaning
of Si wafers and growth of SiO2, performed in clean room environment, as
well as some particular measurements in the Section 4.2.2, such as TEM and
GIXRD, were mainly performed by others.

4.1 Nanoparticle synthesis
In this thesis, standard Si cleaning processes were employed to prepare Si
wafers. Si (100) wafers with a diameter of 100 mm were soaked in Piranha
solution (3:1 volume mixture of H2O2:H2SO4) to remove organic compounds. The wafers were then cleaned in accordance with the RCA-1 process to remove thin layers of organic oxides on the surface [174]. Silicon
dioxide (SiO2) films were subsequently grown on the wafers utilizing both
wet and dry thermal oxidation techniques. Water vapor was used to introduce oxygen into the furnace for the former technique, while oxygen gas was
used for the latter. Finally, the oxidized wafers were cut into pieces with
sizes of 1 – 2 cm2.
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4.1.1 Ion implanter
The 350-kV Danfysik ion implanter (model 1090) at the Tandem Laboratory, Uppsala University (see Figure 4-1) was utilized for ion bombardments.
Positive ions are generated in a magnetic multicusp-plasma discharge ion
source (model of 921A), which provides a maximum voltage and an ultimate
beam current up to 40 kV and 40 mA, respectively. A mass analyzing magnet selects ion species. A voltage up to 310 kV can then be applied to the ion
source platform to accelerate ions to the desired energy, i.e., a maximum of
350 keV for singly-charged ions. The ions are further guided to the implantation beam line, using a switching magnet. Two sets of electrostatic deflection
plates raster scan the ion beam up to a maximum square of 15×15 cm2,
while a neutral trap (7° electrostatic deflector) filters out neutral particles.
The beam current is measured at the target using four faraday cups located in
the corners of the square of scanned beam, and then converted to a fluence
using a current integrator.
The as-grown SiO2 samples were clamped on stainless-steel sample holders that were installed in the target chamber in a clean room environment.
For implantations at elevated temperatures, the samples were clamped onto a
resistively heated hot chuck.

Figure 4-1. The 350-kV Danfysik ion implanter (adapted from Danfysik manual).
An ion source generates low energy ions, and then an analyzing magnet selects the
desired mass of the ions prior to ion acceleration. A switching magnet couples the
ion beam into the implantation beam line. The ion beam expands a desired size using
a beam scanning system in front of the target chamber. Samples were mounted on a
sample holder in the clean room environment and loaded from the back of the target
chamber.

4.1.2 Monte-Carlo simulations
Computer simulations have been used to estimate target composition profiles
for ion implantation. Since there are many binary-collision of random nature
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involved in the stopping processes, Monte-Carlo simulations are typically
used to calculate the trajectories of a number of energetic ions penetrating a
target to obtain a statistical range distribution.
TRansport of Ions in Matter (TRIM) [58] is a standard program used
worldwide for simulating implantations in amorphous targets. This program
is also capable of making predictions of other effects, such as damage and
defects in the target. The stopping powers for any ion-target combination
used in the TRIM software are regularly updated and provide a database
used also in many other programs for simulation of ion-solid interactions.
A dynamic version of TRIM software, called TRIDYN [175], has been
also used to determine the ion distribution, especially for ion implantation at
high fluence (>1017 cm-2). The binary collision processes and stopping powers used in this software are similar to the TRIM code. However, TRIDYN
also includes dynamic alterations such as sputtering, mixing, compositional
changes, and swelling of the target due to the implantation.
Simulations of Si implantation profiles in an amorphous SiO2 matrix for
low fluence (10 at.% excess Si) and high fluence (25 at.% excess Si) obtained from TRIM (S) and TRIDYN (T), are shown in Figure 4-2. A discrepancy of the excess Si profiles between TRIM and TRIDYN is clearly
seen for the implantation with high excess Si. The reason why the Si-profile
obtained from TRIDYN is higher than the profile obtained from TRIM is
due to the induced change in atomic density of implanted SiO2 matrix.

Figure 4-2. The profiles of Si-ions in the SiO2-film obtained from TRIM (S) and
TRIDYN (T) software. The profile of excess Si (in atomic%, at.%) for a highfluence implantation (25 at.%) obtained from TRIM simulation is much lower than
the profile obtained from TRIDYN, as compared to the simulated profiles for lowfluence (10 at.%). This effect is caused by the change in density for target implanted
by such high fluences. For these simulations 9×104 incident ions are used.
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4.1.3 Ion implantation
The samples were implanted by Si ions with energies of 15, 40, and 70 keV.
During implantation, the pressure in the target chamber was in the range of
10-6 mbar. The implantations were performed at room temperature for fluences of 1015 to 1017 cm-2, corresponding to 2 to 35 at.% peak concentration.
The ion flux was kept at about 1013 cm-2s-1 as a compromise between reducing the beam heating effect and reaching the desired implantation fluences
within reasonable time. However, Figure 4-3 shows that the temperature,
measured by a thermocouple attached to the sample holder during the implantation, can increase up to 90 °C. It is seen that doubling the ion flux
(around 40 minutes) increases the temperature by another 20 °C. The increase of temperature may have a small influence on the formation of SiNPs.
The implantation direction was perpendicular to the sample surface in order to reduce the sputtering. However, implantation of crystalline material
such as Si wafer must be done in a random direction with respect to the crystal planes to avoid channeling in the beginning of the implantation as well as
a possible alteration of the achieved depth profile. Besides, some samples
were heated up to 600 °C during the implantations in order to study the temperature effect on a formation of SiNPs. The effect of beam heating was also
considered for these implantations, and the electric current applied for the
heater was carefully adjusted to obtain a constant temperature.

Figure 4-3. A plot of temperature measured at the sample holder during the implantation as a function of time and average fluence. The temperature is asymptotically
increased for increasing implantation fluence, where the ion flux also influences the
asymptotic value.
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4.1.4 Thermal annealing
Post-implantation thermal annealing (PIA) processes were performed to
achieve luminescent SiNPs. In this thesis, implanted samples were annealed
at temperatures between 1000 and 1200 °C for 30 and 90 minutes in N2, or
Ar ambient. The annealing process was done in two different types of furnaces, i.e., horizontal and vertical furnaces. The annealing processes were
carried out at KTH – Royal Institute of Technology and Microstructure laboratory (MSL), Uppsala University.

4.1.5 Hydrogen passivation
After the PIA, the mismatch of SiO2 and Si induces the creation of dangling
bonds at the SiO2/SiNP interfaces [176]. These dangling bonds are nonradiative defects which do decrease the total yield of SiNP PL. To overcome
this problem, hydrogen passivation was employed via low-temperature annealing. Forming gas annealing (FGA) was attempted at the relatively low
temperatures of 300 and 450 °C (see details in Paper III). The ambient gas
used in the furnace was a mixture of 93%:7% by volume of N2:H2.

4.1.6 Swift heavy ion irradiation
In order to investigate possibilities to improve optical properties of SiNPs,
swift heavy ions (SHIs) irradiations were employed. The 5-MV Pelletron
tandem accelerator at the Tandem Laboratory, Uppsala University, was used
to generate the SHIs with a kinetic energy ranging from 3.5 to 36 MeV. The
mean projected range for the SHIs is several micrometers, i.e., all of the
SHIs are embedded in the Si-substrate. The ion beam was electrostatically
expanded up to 4×4 cm2 to achieve a homogeneous fluence across the sample surface. The fluence and the average flux range from 1×1011 to 1×1014
cm-2 and from 1×108 to 1×1010 cm-2s-1, respectively. The samples were
mounted on sample holders, which were then transferred into the target
chamber by a mechanical slider [177]. Unlike the ion implantation, this irradiation facility could not monitor the beam current during the irradiation.
Instead, the beam current was measured by a faraday cup located in front of
the beam scanning system every 15 minutes, and then the desired fluences
were manually integrated.

4.2 Characterization of structure and composition
Several analytical techniques were employed to reveal physical characteristics of SiNPs after different steps of the synthesis. Ion beam analysis techniques were mainly employed in order to study the composition of target
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material. Also, transmission electron microscopy, X-ray diffraction techniques, and other supplementary characterizations were used to monitor
SiNP size, density, crystallinity, surface topography, etc.

4.2.1 Ion beam analysis
Three ion beam analysis (IBA) techniques were utilized to characterize
composition of the samples: Rutherford backscattering spectrometry (RBS),
elastic recoil detection (ERD), and nuclear reaction analysis (NRA). RBS
and ERD were used to probe heavy and light elements, respectively, while a
nuclear reaction with a large cross section was used to quantify a concentration of hydrogen. The measurements were performed at the tandem accelerator laboratory, Uppsala University.
Rutherford backscattering spectrometry
Rutherford backscattering spectrometry is generally used to establish composition and depth profiles of samples at the nanometers to micrometers
range. An elastic collision between an incident ion and the target may give
rise to backscattering of the incident ion. Since backscattering is only possible for a light ion colliding with a heavy target atom [178], a low-mass species is commonly used as the incident ion for RBS. The energy of detected
backscattering particles provides information on target composition (from
trivial scattering kinematics) and depth distributions (from the inelastic energy loss).
An energy of 2.00 MeV 4He+ is particularly selected as a probe in RBS.
Backscattered particles are detected by a Si surface barrier detector at a scattering angle of 170°. Up to 20 samples can be mounted on a sample-holder
wheel, which was installed on a goniometer inside the chamber. The schematic of the RBS and ERD is shown in Figure 4-4. The SIMNRA software
[179] was then used to analyze the data.
Although the implantation fluence can be obtained by measuring the
beam current during the ion implantation, the verification of a certain fluence is also important in order to estimate a nanoparticle density after PIA.
Due to the difficulty to quantify a Si-implanted fluence in a SiO2 matrix via
RBS technique, an amorphous carbon target was implanted by Si ions together with the SiO2 sample and then characterized by RBS.
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Figure 4-4. The RBS and ERD setups located in a vacuum chamber. Samples were
mounted on a sample-holder wheel fixed to a goniometer. The energy detectors for
RBS and ERD are located at angles of 170° and 45°, respectively, with respect to the
incident direction. For ERD, the sample-holder wheel was horizontally tilted by
67.5° with respect to the position commonly used for RBS. Carbon-foils located
between the energy detector and the sample holder, are used to extract start and stop
signals for the ERD time-of-flight detection [180]. This figure is not drawn to scale.

Elastic recoil detection
Similar to RBS, elastic recoil detection (ERD) is commonly used to investigate the composition of samples, in particular regarding the presence of light
elements. Target recoils are detected instead of backscattered primary particles. To create the recoils, heavy ions are commonly employed as primary
ion probes. The collision process between incident ions and target atoms is
still elastic, but an increase in the atomic number of primary ion leads to an
enhanced scattering cross section, providing higher count rates. A combination of an energy detector and a time-of-flight (ToF) detection system is
commonly used to identify the recoils by mass. The ToF system can register
the time interval for recoils passing the field free region between the start
and stop points, which yields the energy-to-mass ratio of recoils.
The ion probe used in this study was 36 MeV 127I8+. The same sample
holder wheel used for RBS was horizontally tilted at an angle of 67.5° with
respect to the position for RBS measurement (see Figure 4-4). The energy
detector is located at the end of the ERD detection system, which is connected to the chamber at an angle of 45° with respect to the incident beam. Two
carbon foils separated from each other by 43.7 cm are operated for the ToF
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system [180]. The acquired data were analyzed off-line by the in-house developed software, CONTES [181], to obtain the composition depth profiles.
ERD was used for H-profiling and quantification of oxygen content.
Nuclear reaction analysis
Nuclear reaction analysis (NRA) is an IBA technique based on an interaction
of the short-range nuclear force between projectile nuclei and target nuclei.
In this thesis, a collision between a 6.385 MeV (resonance energy) 15N ion
and a stationary H atom was employed. The collision induces the nuclear
reaction, 1H(15N,αγ)12C, which creates a single 4.43-MeV photon (γ-ray).
The H concentration can then be calculated from Equation 4-1,

=

∙

∙C
(4-1)

where, Y is the γ-ray yield, CH is the H concentration, NI is the ion flux,
dE/dx is the total stopping power of the target, and A is a product of other
constants related to the measurement, e.g., the nuclear reaction cross section,
solid-angle of detection, and detector efficiency. If the incident ion energy is
equal to the resonance energy, the nuclear reaction only occurs at the sample
surface. By increasing the energy (E) of the incident 15N, the reaction occurs
deeper in the sample. The difference between E and the resonance energy
can be used to calculate the depth of the reaction, which depends on the
well-known dE/dx. The measurement of Y as a function of E constitutes H
depth profile. The NRA setup is schematically shown in Figure 4-5.
In this NRA measurements, the window of the resonance energy was approximately 12 keV, which corresponds to a depth resolution of 7 – 8 nm in
a SiO2 matrix. The measurement time for each energy (depth) was up to 15
minutes in order to reduce statistical errors. It is found that the statistical
errors could be minimized down to a few %, but the systematic errors were
up to 10%, which originated from the background radiation, energy losses of
incident 15N in SiO2, and additional γ-rays from the sample holder, beam
collimator, etc. The accuracy of the determined H concentration was also
verified by measuring H concentration in a reference sample implanted at
higher fluence, and also estimated by secondary ion mass spectrometry
(SIMS). Moreover, H atoms could be annihilated during the measurement, as
well as H-diffusion is enhanced, but the counting rate of γ-ray yield did not
change during the measurements, which means that the H concentration
changed insignificantly during the NRA experiments.
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Figure 4-5. The schematic of the NRA measurement. Samples were installed in front
of a gamma (γ)-ray detector. A 4.43 MeV γ-ray, created by the nuclear reaction of
1
H(15N,αγ)12C for 15N with the ion energy of 6.385 MeV, was detected as a function
of the ion energy. This figure is not drawn to scale.

4.2.2 Supplementary characterizations
High-fluence implantations affect the surface of samples by sputtering.
Atomic force microscopy (AFM) was performed to investigate the surface
topography of the samples after implantation.
Transmission electron microscopy (TEM) was used to study the physical
structure of samples. This technique can reveal such as size and crystallinity
of nanoparticles. Selected area diffraction (SAD) imaging was used to identify the diffraction patterns of crystalline SiNPs in the SiO2 matrix, distinguished from Si-substrate. Bright-field TEM (BFTEM) imaging was performed to obtain contrasts between amorphous and crystalline structure.
Energy-filtered TEM (EFTEM) was also employed to improve the contrasts
between amorphous SiO2 and Si by measuring the plasmon energies of Si
and SiO2, which are at 17 and 23 eV, respectively [182]. The measurements
were performed, using a JEOL electron microscope at Uppsala University.
X-ray reflectometry (XRR) was performed to measure the thickness of the
implanted SiO2 films. The reflected X-ray gives rise to a diffraction pattern
as a function of a thickness of the film, regardless of the composition. Both
RBS and XRR results were used to calculate the density of the SiO2 film
before and after the implantation.
Grazing incidence X-ray diffraction (GIXRD) was performed at a very
small incident angle, i.e., at 0.2° and 0.5°, in order to increase the optical
path in the film, increasing depth resolution, and also minimize a contribution of Si substrate [183]. The crystalline structures can be identified by extracting the diffraction pattern. Also, the linewidth of a diffraction peak is
related to the size of nanoparticles, which, in addition to TEM, provides an
alternative route to determine the size of SiNPs.
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4.3 Characterization of optical properties
Photoluminescence (PL) spectroscopy, time-resolved photoluminescence
(TRPL) measurement, and photoluminescence excitation (PLE) spectroscopy were carried out at the Department of Materials and Nano Physics, KTH.
The equipment used for these measurements is sketched in Figure 4-6. The
basic principle for PL spectroscopy is to measure the number of photons
emitted from a sample as a function of wavelength.

Figure 4-6. The setup for photoluminescence (PL) spectroscopy, time-resolved PL
(TRPL) measurement, and photoluminescence excitation (PLE) spectroscopy. For
PL spectroscopy, 405-nm-wavelength photons generated from a laser diode were
directed to the sample. The emitted photons from the samples were then guided to a
spectrometer. For TRPL measurement, the same laser was pulsed by a pulse generator. Then, the emitted photons were directed to an avalanche photodiode (APD)
detector. For PLE spectroscopy, the emitted photons were directed along the same
path used for the PL spectroscopy, but the wavelength of excitation photons generated from a white-light lamp was selected by a monochromator.

4.3.1 Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy is a conventional technique to study
optical properties of materials. The measurement can be done in air without
a need of extensive sample preparation, although small variations and imperfections on the sample surface may have large effects on the data analysis. In
addition, the optical path is very sensitive to vibrations, so the setup needs to
be well isolated and mounted on an optical table. Also, the setup must be
isolated from external photons, which may disturb the measurement.
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In this thesis, a laser diode, which emits photons at a wavelength of 405
nm with typical power of 10 – 20 mW/cm2 was used to excite electrons
bound in a sample (see PL in Figure 4-6). The photons emitted in recombination events were guided to a spectrometer (Andor Shamrock 500) connected to a CCD array (Andor iXon3 EMCCD-888), which was kept at -100
o
C to reduce dark counts. The range of a detection wavelength was varied
from 480 to 1000 nm by changing the angle of the grating located in the
spectrometer.
The Andor software [184] was used to control the measurement and to
display a PL spectrum. The detection time window for an individual spectrum was 10 and 20 seconds, chosen by observing the PL intensity compared
to the dark counts. All spectra were normalized with a response function
obtained from the PL of a reference light source. The resolution for this PL
measurement was about 6 nm, depending on the slit aperture. Since thermal
vibration leads to broadening of the recorded spectrum, a decrease in the
temperature during the measurement can reduce such an effect. However,
SiNPs synthesized by ion beam feature a size distribution, resulting in relatively broad peaks, and it is not meaningful to perform measurement at low
temperature. According to the measurements, the statistical errors for PL
intensity were less than 10% across the sample surface and the PL intensity
for a sample has not changed during a period of at least 6 months.

4.3.2 Time-resolved photoluminescence
Charge carrier, referring to PL-decay, lifetime of SiNP PL is typically several orders of magnitude longer than the PL-decay for defects (see Section
3.3). The time-resolved photoluminescence (TRPL) was thus used to identify
the origin of the PL. The same excitation source as used for PL measurements, was pulsed by a pulse generator (see TRPL in Figure 4-6). The pulse
duration of the laser was adjusted in accordance with a characteristic lifetime
of the PL-decay, typically from nanoseconds to microseconds. An avalanche
photodiode (APD) detector (id100-20 from ID Quantique) was used to detect
the number of emitted photons. The sampling time window was chosen in
order to achieve a TRPL curve, from which the PL lifetime can be extracted.
The PL intensity as a function of time was fitted by a stretched-exponential
decay [185] described in Equation 4-2,
( ) = (0)

[−( / ) ]
(4-2)

where, I(t) is the photon intensity as a function of time for spontaneous PLdecay from the end of the excitation (t = 0), τ is the characteristic lifetime of
the PL-decay, and β is the dispersion factor. β denotes a deviation from the
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single exponential decay, qualitatively describing a density of non-radiative
channels in the system [186]. Figure 4-7 shows the TRPL curve for a SiNP
sample, which is fitted by using Equation 4-2. An example of PL-decay in
case of β = 1 is also shown (dashed line). This single-exponential decay
means that there are no defects and no size distribution in this sample, which
has never been observed in this thesis.

Figure 4-7. PL-decay for a SiO2 sample containing luminescent SiNPs plotted as a
function of time (t) and then fitted by the stretched-exponential decay. The PL lifetime (τ) is 54 µs with the dispersion factor (β) of 0.6. The initial PL intensity, I(0),
and τ are indicated in the plot.

4.4.3 Photoluminescence excitation spectroscopy
Photoluminescence excitation (PLE) spectroscopy can reveal the absorption
features via luminescence of samples, which provide more information on
the origin of the luminescence. There is an enhancement of the PL yield
from certain defects, or nanoparticles, when the incident wavelength matches
these energy states. The PL intensity is proportional to quantum yield, excitation photon flux, absorption coefficient (α), detection efficiency, and density of nanoparticles or defects. In this thesis, the ratio of PL intensity to excitation photon flux is assumed to be varied with α only (see details in Ref.
[187]). α was obtained by measuring PL intensity as a function of excitation
energy (wavelength) of incident photons. A monochromator was used to
select the excitation photons at the energies of 1.93 – 3.44 eV (i.e. wavelengths of 360 – 640 nm). All PLE spectra were measured by the same PL
setup (see PLE in Figure 4-6) in the energy range of 1.24 – 1.93 eV (i.e.
wavelengths of 640 – 1000 nm).
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5. Results and discussion

The physical structure and the composition of samples containing silicon
nanoparticles (SiNPs) are discussed in the first part of this chapter. The optimization of the SiNP PL by performing ion implantation and postimplantation processes, is shown in the second part. An analysis of defect
and SiNP PL is also outlined in the third part. Finally, oxygen implantation
in Si is introduced, as an alternative technique, for forming luminescent
SiNPs.

5.1 Physical structure
After the Si implantation, sample surfaces were characterized by atomic
force microscopy (AFM). The root-mean-square (rms) roughness on the
surfaces for all implanted samples is less than 1 nm, which is very small and
should not affect measured PL data. Thicknesses of the implanted SiO2 films
were obtained from X-ray reflectometry (XRR). The thickness of the SiO2
film implanted with a high excess Si (34 at.%) is found to increase by 10%,
while the thickness is unchanged for a low excess Si (6 at.%) implantation.

5.1.1 Rutherford backscattering spectrometry
Figure 5-1 shows Rutherford backscattering spectrometry (RBS) spectra for
the SiO2 samples after the Si implantation (red circles) for excess Si of (a) 6
at.% and (b) 34 at.%. The dotted lines represent the simulated RBS spectra
for as-grown SiO2 obtained from SIMNRA software [179]. The SiO2 films
are marked by Si and O. The SiO2 surface and the SiO2/Si interface are
marked by 1, or 2 and Si-substrate, respectively. The thickness of the SiO2
films (before implantation) are 200 and 100 nm for Figure 5-1(a) and Figure
5-1(b), respectively. It is found that the total areal density of the Siimplanted SiO2 film in Figure 5-1(a) is insignificantly changed compared to
the as-grown SiO2 sample, while the areal density for the implanted SiO2 in
Figure 5-1(b) is, however, decreased by 12% from the as-grown SiO2.
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Figure 5-1. The RBS spectra for Si-implanted SiO2 samples (red circles) for an excess Si of (a) 6 at.% and (b) 34 at.%, compared to as-grown samples (dotted line
obtained from the SIMNRA software [179]). The widths of Si and O correspond to
the areal densities of Si and O, respectively, in the SiO2 layer. The surfaces of SiO2
samples are indicated by 1 and 2, while the SiO2/Si interfaces are marked by Sisubstrate. The areal density of the SiO2 layer for the lower excess Si is insignificantly changed, while decreases for the higher excess Si case.

According to RBS and XRR results, the excess Si introduced into the
SiO2 matrix via the implantation should have expanded the matrix volume,
called swelling. However, the sputtering at the surface does reduce the
thickness of the film at the same time. Swelling and sputtering are compensated by each other, resulting in the same atomic density as well as the
thickness for the low-fluence implantation. For high-fluence, more excess Si
atoms in the initial matrix result in an increased swelling but decreased density instead.

5.1.2 Transmission electron microscopy
A SiO2 sample, implanted by an excess Si of 25 at.% after PIA at 1100 °C
for 90 minutes in Ar ambient, is studied by TEM. Figure 5-2 shows (a) a
selected area diffraction (SAD) pattern and (b) a plan-view image obtained
from energy-filtered transmission electron microscopy (EFTEM). In Figure
5-2(a), the diffraction rings are observed in the SAD pattern, resulting from
crystalline structures of Si in the SiO2 film. The bright contrasts shown in
Figure 5-2(b) are SiNPs formed in the SiO2 film, where elongated SiNPs are
also observed.
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Figure 5-2. (a) a selected area diffraction (SAD) pattern and (b) a plan-view energyfiltered-TEM (EFTEM) images observed in the SiO2 film implanted by 70 keV with
25 at.% excess Si after PIA at 1100 °C. The SAD pattern indicates a presence of
crystalline SiNPs with diffraction rings originating from the crystal planes of Si, i.e.,
(111), (022), and (113). The bright contrasts in the EFTEM image correspond to
SiNPs formed in the SiO2 film.

5.1.3 Grazing incidence X-ray diffraction
The same sample as investigated by TEM was also characterized by grazing
incidence X-ray diffraction (GIXRD) technique in order to confirm the
structures and the (mean) size of SiNPs. Figure 5-3 shows that small diffractions peaked at the detection angles (2θ) of 28.28°, 47.54°, and 50.51° are
observed. These peaks correspond to the diffraction of crystalline Si planes
of (111), (022), and (113), which are in agreement with the SAD pattern. By
fitting the (111) peak, the mean size of SiNPs is approximately 6 nm. The
peak centered at 22° originating from the disordered SiO2 layer [188].
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Figure 5-3. Grazing incidence X-ray diffraction spectrum of the same sample investigated by TEM. Three peaks, located at 28°, 47°, and 50°, originate from the diffractions of crystalline SiNPs at (111), (022), (113). The broad and intense peak
centered at 22° is due to the amorphous SiO2 matrix.

The SAD image proves that the SiNPs formed in the SiO2 film are crystalline. The crystallinity of SiNPs is also confirmed by GIXRD, indicating
that the same crystalline Si nanostructure is formed in the SiO2 film. Also,
GIXRD result shows that SiNPs are formed with a mean diameter of about 6
nm. The elongated shape of SiNPs found in the EFTEM image indicates that
a beginning of the formation of network-like Si nanostructures occurs, at
least partly, by spinodal decomposition [189]. This scenario is reasonable,
since this sample was implanted by high excess Si (25 at.%).

5.2 Photoluminescence optimization by implantation
and annealing
The optimization of SiNP PL by implantation and PIA has been the main
objective for this thesis, which is reported in Paper IV. Then, the effects of
post-implantation processes, i.e., hydrogen passivation and swift heavy ion
(SHI) irradiation, were shown (see Paper I – III). Throughout this chapter,
PL spectra for defect will be shown as dotted lines, while PL spectra for
SiNPs will be shown as solid lines. The results presented from 5.2.1 to 5.2.4
will be discussed together at the end of Section 5.2.4. All PL intensities are
normalized to the excitation power, measurement time, and other relevant
measurement parameters. Generally, before the PIA only defect PL is observed, while after the PIA the SiNP PL is totally dominant.

5.2.1 Influence of implantation energy
Figure 5-4 shows PL spectra for 200 nm-thick SiO2 samples implanted at
room temperature by a single Si+ energy of 15, 40, or 70 keV with a fluence
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corresponding to 10 at.% excess concentration of Si in SiO2 (a) before and
(b) after PIA at 1100 °C for 90 minutes in Ar ambient. In Figure 5-4(a), the
intensity of defect PL is higher for increasing implantation energy. The PL
for all samples peak at about 700 nm, while another PL band appears at a
peak lower than 480 nm (out of detection range). In Figure 5-4(b), after PIA,
for increasing implantation energy, the intensity of SiNP PL is found to be
higher with almost a factor of 3, while the PL peak wavelength is changed
by a blue-shift of up to 40 nm.

Figure 5-4. The PL spectra for 200 nm-thick SiO2 samples implanted at room temperature by 15, 40, or 70 keV Si+ with 10 at.% excess Si (a) before and (b) after
annealing at 1100 °C for 90 minutes in Ar ambient.

5.2.2 Influence of Si fluence
Figure 5-5 shows PL spectra for 200 nm-thick SiO2 samples implanted at
room temperature by 70 keV Si+ with fluences from 1.8×1016 to 1.6×1017
cm-2, corresponding to excess Si from 2.8 at.% to 25 at.% (a) before and (b)
after the same PIA as for Figure 5-4(b). In Figure 5-5(a), it is seen that the
intensity of defect PL decreases with an increase in the excess Si. The PL
peak wavelengths for all samples are almost the same except for the very
low excess Si (2.8 at.%) sample, which shows the PL peak wavelength lower
than the others by 40 nm. The SiNP PL intensity, in Figure 5-5(b), is found
to increase from excess Si of 2.8 at.% to 15 at.% by 1 order of magnitude,
and then decrease for excess Si more than 15 at.%. In addition, the PL peak
wavelength is monotonously increasing as an increase in the Si excess from
10 at.% to 25 at.%.
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Figure 5-5. The PL spectra for 200 nm-thick SiO2 samples implanted at room temperature by 70 keV Si+ with an excess Si of 2.8 to 25 at.% (a) before and (b) after
annealing at 1100 °C for 90 minutes in Ar ambient.

5.2.3 Influence of implantation temperature
Figure 5-6 shows PL spectra for 200 nm-thick SiO2 samples implanted at a
temperature between room temperature (RT) and 600 °C by 70 keV Si+ with
10 at.% excess Si (a) before and (b) after performing the PIA. In Figure
5-6(a), the peak wavelengths of defect PL for all implantation temperatures
are found the same. However, the sample implanted at 400 °C shows a higher PL intensity, as compared to the others. The change of SiNP PL, in Figure
5-6(b), is opposite to the defect PL, where the SiNP PL for the samples implanted at 400 °C is much lower than the others by a factor 3. A small increase of 30% in the SiNP PL intensity from RT up to 200 °C is noticed.

Figure 5-6. The PL spectra for 200 nm-thick SiO2 samples implanted at a temperature varied from room temperature to 600 °C by 70 keV Si+ with an excess Si of 10
at.% (a) before and (b) after annealing at 1100 °C for 90 minutes in Ar ambient.

5.2.4 Influence of SiO2 matrix
Both dry and wet thermal oxidation have been attempted to form SiO2 film.
However, after Si implantation followed by PIA no significant difference in
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the SiNP PL can be observed. The thickness, or implanted volume, of SiO2
matrix seems to affect the SiNP PL instead. Figure 5-7 shows PL spectra for
SiO2 samples with thicknesses of 50 and 200 nm, implanted by 15-keV Si
implantation (a) before and (b) after the PIA. In Figure 5-7(a), for decreasing
thickness of the SiO2-film, the PL intensity drops by one order of magnitude,
while the PL peaks at 570 nm instead. In Figure 5-7(b) after the PIA both PL
intensity and PL peak wavelength increase for increasing the thickness of
SiO2. The sample with 50 nm-thick SiO2 shows very low and broad SiNP PL
compared to the 200 nm-thick SiO2. Note the PL spectrum for the 50-nm
thick SiO2 is multiplied by a factor of 20.

Figure 5-7. The PL spectra for SiO2 samples with a thickness of 50 and 200 nm
implanted at room temperature by 15 keV Si+ with an excess Si of 10 at.% (a) before
and (b) after annealing at 1100 °C for 90 minutes.

The results presented in Figure 5.4 – 5.7 are discussed below. Although
the implantation energy differs, the PL peak wavelengths of the defect PL
are unchanged (see Figure 5-4(a)). According to TRIM simulations, electronic and nuclear stopping powers for 15 keV versus 70 keV Si implantation in SiO2 matrix are different by a factor 2, and the total stopping power is
the same. It implies that electronic stopping may anneal out the defects,
while the nuclear stopping increases the defects instead. However, a further
investigation for this scenario is needed to draw a conclusion. In Figure
5-5(a), the decrease in defect PL for increasing fluence is possibly caused by
an increase in non-radiative channels, induced by increasing excess Si [190].
In Figure 5-6(a), it can be seen that PL of radiative defects for different temperatures are the same, but these defects are efficiently created at a temperature around 400 °C. As seen in Figure 5-7(a), a pronounced difference in
peak wavelength of the defect PL is observed for samples with different SiO2
volume. It is reported that a relaxation of strain can occur in the SiO2 via a
creation/annihilation of point defects [191]. The strain present in the damaged SiO2, introduced by excess Si in a different volume (thickness), may
lead to a different PL properties and also defect density. Although the identification of the defects showing PL band peaked below 480 nm cannot be
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done by these PL measurements, this defect type could be a Si-oxygen deficiency center (Si-ODC) [192].
After the PIA, it is seen that the intensity of SiNP PL is generally much
higher than for defect PL. For increasing implantation energy, the Si concentration in the SiO2 in the regions far from Rp, may already exceed the nucleation limit, due to larger straggling. A large number of nuclei form throughout
the implanted region. Such nuclei can, therefore, be found in a larger volume
for a broad implantation profile (i.e. high-energy implantation). According to
the diffusion-controlled growth process, the diffusion length of Si is about
tens of nm during a PIA at 1100 °C [193]. All individual nuclei will grow by
attracting local excess Si atoms, where a low Si concentration form smaller
SiNP, compared to high Si concentration. This effect gives rise to the blueshift for increasing implantation energy (see Figure 5-4(b)). On the other
hand, many nuclei form higher density of SiNPs, resulting in higher SiNP
PL intensity.
The optimum fluence for a formation of luminescent SiNPs at 70 keV Si
implantation is 9.4×1016 cm-2, corresponding to excess Si of 15 at.% (see
Figure 5-5(b)). For lower fluences, a low density of smaller SiNPs is formed,
and also the absorption coefficient for such small SiNPs is low, resulting in
low PL intensity. On the contrary, the distance between implanted Si atoms
becomes shorter for increasing Si fluence, the diffusion process during the
PIA facilitates the growth of SiNPs, which becomes more efficient for a
higher Si fluence. This effect leads to a formation of larger SiNPs, typically
containing more defects. A formation of network-like Si also results in nonradiative recombination channels of electron-hole pairs [194]. Although the
fluence for the 15 keV case in Figure 5-4(b) is similar to the fluence for the
2.8 at.% case in Figure 5-5(b), the SiNP PL for the former is less than the
latter by an order of magnitude. This evidence proves that the implantation
fluence cannot be only selected for the SiNP synthesis, but also excess Si is
the relevant parameters.
The elevated sample temperatures during the implantation shows a peculiarity at 400 °C (see Figure 5-6(b)). The SiNP PL for this sample becomes
lower than the other samples, while the defect PL for the 400 °C sample
(before PIA) is higher. The creation of defects at 400 °C may retain and/or
influence the formation of SiNPs, although the sample is subsequently annealed at higher temperature. A similar temperature effect on the SiNP PL is
also observed in Ref. [195]. A contribution of the SiO2 matrix for the SiNP
formation can also be seen in Figure 5-7(b). The effect of higher strain in the
SiO2 film on defects may result in more radiative defects found right after
the implantation. It is commonly found that the formation of SiNPs in a
sample containing a high density of radiative defects before the PIA is more
difficult than for a sample containing less defects.
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5.2.5 Impact of thermal annealing
The effects of PIA parameters, including temperature, time, and ambient, on
the SiNP PL are investigated. Figure 5-8(a)-(b) shows the SiNP PL for implanted samples after PIA at temperatures between 1000 and 1200 °C for 30
and 90 minutes in Ar and N2 ambient. The samples were implanted at RT by
40 or 70 keV Si+ with an excess Si of 10 – 34 at.%. The difference of 100 °C
from the PIA temperature of 1100 °C reduces the intensity of SiNP PL by
about a factor of 2 – 3. The increasing temperature from 1100 to 1200 °C
results in red-shift of the PL peak by 100 nm, while the difference in temperatures between 1000 and 1100 °C does not clearly influence the peak shift.
In Figure 5-8(b), an increase in the PIA time from 30 to 90 minutes for annealing at 1100 °C in N2 ambient, increases the SiNP PL. In addition, the
sample annealed in Ar ambient shows higher PL peak wavelength and also
PL intensity, as compared to the sample annealed in N2. Note, the PL spectrum for sample annealed for 30 minutes is multiplied by a factor of 10 in
order to observe the PL peak.

Figure 5-8. (a) the PL spectra for 100 nm-thick SiO2 samples implanted at room
temperature by 40 keV Si+ with an excess Si of 17 and 34 at.% and subsequently
annealing at 1000 and 1100 °C for 90 minutes in N2 ambient (b) the PL spectra for
200 nm-thick SiO2 samples implanted at room temperature by 70 keV Si+ with an
excess Si of 10 at.% and subsequently annealing at 1100 and 1200 °C for 30 and 90
minutes in N2 and Ar ambient.

The defect PL intensity is typically independent from the SiNP PL intensity for a long duration and high PIA temperature, because the high temperature (1000 – 1200 °C) can completely remove the radiative defects created
by the implantation. It seems that the effect of annealing temperature on the
growth of SiNP size is more efficient compared to the effect of annealing
time. In this thesis, the PIA temperature of 1100 °C results in the highest PL
intensity of SiNPs for any implantation condition. During PIA, the growth
and, perhaps, Ostwald ripening process facilitate a formation of larger SiNPs
and also remove the radiative defects induced by ion implantation. In addition, a dependence on the ambient used in the annealing furnace is found in
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this thesis. Time-resolved photoluminescence (TRPL) measurement shows
that the PL lifetime for the sample annealed in N2 is shorter than the sample
annealed in Ar (see Figure 8(b) in Paper IV). In this case, nitrogen may contribute to the creation of non-radiative defects inside SiNPs [196], resulting
in a shorter PL lifetime. It is also suggested that N2 can suppress formation
of SiNPs by forming a barrier for O- and Si-diffusion processes, resulting in
smaller SiNPs [197]. This difficulty of SiNP formation leading to a smaller
size of SiNPs, is also found in this study (see Figure 5-8).

5.2.6 Impact of hydrogen passivation
The effect of hydrogen passivation on the SiNP PL is studied (Paper III).
Forming gas annealing (FGA) was performed on several samples in order to
introduce H and passivate dangling bonds at the interface of SiO2/SiNPs. It
is found that the H concentration in the PIA sample annealed for 30 minutes
is clearly higher than the H concentration in the PIA sample annealed for 90
minutes (see Figure. 1 in Paper III). Nevertheless, a detectable amount of H
introduced by the FGA for both annealing times cannot be measured in the
region, where SiNPs are formed in the center of the SiO2-film. A change of
FGA temperature from 300 to 450 °C results in a different change of SiNP
PL (see Figure 4 in Paper III). Also, a red-shift for the FGA samples is observed as compared to the PIA sample.
It is well-known that the increase in the SiNP PL after the FGA is caused
by the passivation of dangling bonds in the SiNP region. The increase in the
PL peak wavelength for FGA samples, compared to the PIA sample, indicates that dangling bonds, passivated by hydrogen, are preferential found for
larger SiNPs. However, the density of dangling bonds passivated by hydrogen, as measured by the NRA technique, is less than 60 ppm, corresponding
to H concentration of 3×1018 cm-3 in the SiO2 matrix. If the sample investigated by TEM and GIXRD has presumably 10% of implanted Si atoms
forming SiNPs with a mean size of about 6 nm as well as all dangling bonds
could be passivated by hydrogen, this NRA technique could detect H concentration, corresponding to a density of dangling bonds, down to 2% of the
surface density of SiNPs.

5.2.7 Swift heavy ion irradiation
Swift heavy ions (SHIs) were utilized to irradiate the as-implanted and PIA
samples, containing defects and SiNPs, respectively. A dependence of PL
intensity on the stopping powers are briefly summarized in this thesis. More
details can be found in Paper I and II.
It is found that SHI irradiation of as-implanted samples have a potential to
remove defects before PIA and also increase the SiNP PL after PIA. However, there is a threshold of electronic stopping power for which a decrease in
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defect PL is observed, while the threshold for increasing the SiNP PL (after
the PIA) is slightly higher. This threshold agrees very well with the latent
ion track formation, as reported by Ref. [198]. SHI irradiation of samples
already containing luminescent SiNPs, in turn, gives rise to a decrease in the
SiNP PL. This effect is caused by the creation of defects induced by the irradiation is more efficient than the annealing effect. In addition, the irradiation
flux can reduce the radiative defects, but in a smaller effect compared to the
dependence on irradiation fluence.

5.3 Analysis of photoluminescence
According to the time-resolved PL (TRPL) results (see Paper II), the PL
lifetime for an as-implanted sample is on the order of nanoseconds, while the
PL lifetime for a PIA sample is on the order of microseconds. In addition,
the different feature of PLE spectra for the as-implanted and the PIA sample
is observed (see Figure 1(b) in Paper II). The PLE spectrum for the asimplanted sample shows an absorption peak for an excitation energy of 2.2
eV. However, there is no peak found in the detection range for the PIA sample, where a pronounced increase in the absorption can be found near the
excitation energy of about 3.2 eV (see Figure 2. in Paper II). A discussion is
also given at the end of each section.

5.3.1 Type of defects
Even though PL for the as-implanted samples, observed in this thesis, originates from radiative defects, there is a possibility that these individual defects can be different types. The type of these defects is identified by a characterization of PLE spectra. Figure 5-9 shows a comparison of the absorption coefficient (α) as a function of energy of excitation photons, for samples
implanted at different conditions obtained from the PLE measurement,. It is
found that α for all conditions show a peak at an excitation energy of 2.2 eV,
while α beyond this peak increases for higher excitation energy.
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Figure 5-9. Absorption coefficient (α) for as-implanted samples is plotted as a function of the excitation energy, obtained from the PLE measurement. The peak at 2.2
eV corresponds to the absorption energy of this defect type. The magnitude of α
increases for higher density of such radiative defects.

All peaks for the PLE spectra are located at the excitation energy of 2.2
eV, which is very different from a PLE spectrum of SiNPs (see Paper II).
Although the PL peak wavelengths for defects found in Section 5.2.1 – 5.2.4
are different, the absorption peak is located at the same excitation energy,
indicating the same type of radiative defects created by Si implantation. It is
noted that the absorption peak at 2.2 eV is related to an energy level of a
defect type in the SiO2, known as the non-bridging oxygen hole center [199].

5.3.2 Correlation between nanoparticle size and
photoluminescence
It is reported that a PL-decay lifetime (τ) for a larger SiNP is longer than for
a smaller SiNP [200]. To prove this statement, TRPL measurement was performed on samples containing a different size of SiNPs. In Figure 5-10(a),
the TRPL data for samples annealed at 1100 and 1200 °C are shown. τ and
dispersion factor (β) are obtained using Equation 4-2. It is found that τ increases for increasing PIA temperature, while β (see Section 4.3.2) is 0.5 –
0.6. More information can be obtained by measuring TRPL at a single detection wavelength. In this case, the TRPL was measured for a specific detection wavelength around the PL peak of the sample annealed at 1100 °C. Figure 5-10(b) shows fitting curves with Equation 4-2 on TRPL data measured
for different detection wavelengths from 640 to 800 nm, where the PL spectrum for the same sample peaked at 720 nm is also illustrated in the inset. β
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for all TRPL curves become higher, but still less than unity, compared to a
conventional TRPL. An increase of 25 µs in τ is found for increasing the
detection wavelength from 680 to 800 nm.

Figure 5-10. (a) Time-resolved photoluminescence (TRPL) plotted for implanted
samples after annealing at different temperatures (1100 and 1200 °C). The PL lifetime (τ) and dispersion factor (β) for the sample annealed at 1200 °C are higher than
the ones for annealing at 1100 °C. (b) TRPL for sample annealed at 1100 °C measured at a single detection wavelength between 640 and 800 nm. τ increases for increasing detection wavelength, while β for all curves are close to unity. The inset of
Figure 5-10(b) the PL spectrum for the sample annealed in N2, peaked at 720 nm.

In Figure 5-10(a), the fitted curves of TRPL data exhibit the characteristic
of a stretched exponential decay, resulting from a variation of non-radiative
channels and also SiNP size. Based on the result found in Figure 5-8, the PL
peak wavelength is higher and PL intensity is lower for larger SiNPs. The
difference in τ for samples annealed at different temperature, thus, relates to
the SiNP size and density as well as the presence of non-radiative defects.
Although the TRPL was measured at a single detection wavelength, a single
exponential decay is not observed due to contribution of the non-radiative
channels, i.e., either defects, or self-quenching of SiNPs. However, this contribution can be suppressed by this measurement, resulting in an obvious
difference of τ for different SiNP size.

5.4 Oxygen-implanted Si
Finally, a novel ion beam synthesis is proposed in Paper V, namely to form
SiNPs using oxygen implantation into a Si wafer. The implantation fluences
of 5×1016 and 2×1017 cm-2 were employed to achieve the oxygen concentration of 15 at.% and 40 at.%, respectively. These oxygen fluences introduce a
sub-stoichiometric SiOx, where x is the atomic fraction of oxygen, in the
implanted Si matrix. The samples are named as SiO0.15 and SiO0.4, corresponding to the two different fluences. The TRIDYN software [175] was
employed to simulate the implantation profiles for these high fluences.
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Figure 5-11 shows (a) PL spectra and (b) PLE spectra for the SiO0.15 and
SiO0.4 samples after PIA at 1000 °C for 90 minutes in Ar ambient. In Figure
5-11(a), The PL peak wavelength for the SiO0.4 sample is located at 880 nm,
which is higher than the one for any of the SiNP samples formed by the Si
implantation, as found in the previous sections. However, the PL-decay lifetime is decreased to 4 µs. The SiO0.15 sample shows a PL peak at a wavelength of 660 nm with the PL intensity lower than the PL for the SiO0.4 sample. In Figure 5-11(b), PLE spectrum for the SiO0.15 shows a small peak at
the excitation energy of 2.2 eV, while the PLE spectrum for the SiO0.4 sample monotonously increases as a function of excitation energy.

Figure 5-11. (a) PL and (b) PLE spectra for SiO0.15 and SiO0.4 samples annealed at
1000 °C for 90 minutes in Ar ambient. The PL spectra for the SiO0.15 and the SiO0.4
samples peak at 660 and 880 nm, respectively. For PLE spectra, a peak located at
the excitation energy of 2.2 eV is observed for the SiO0.15 sample, while the absorption coefficient is monotonously increasing for the SiO0.4 sample.

The PL, TRPL, and PLE measurements clearly indicate that SiNPs are
formed in the SiO0.4 sample. The formation of large SiNPs, also confirmed
by GIXRD measurement (see Figure 3 in Paper V), typically contain many
non-radiative defects, resulting in up to 2 orders of magnitude lower PL intensity, compared to the highest PL intensity obtained from SiNPs formed by
Si implantation in SiO2. The TRPL and PLE measurements confirm that the
SiO0.15 sample contains radiative defects, as commonly found in the asimplanted samples in previous sections. Although the SiNP PL is weaker
than for Si-implanted SiO2 sample, this study shows a possibility for a very
convenient process for forming SiNPs embedded in buried SiO2 in Si wafers.
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6. Conclusion and Suggestions

Silicon nanoparticles (SiNPs) embedded in a SiO2 matrix, have been synthesized by ion implantation with varying implantation parameters including
energy, fluence, and temperature. Post-implantation annealing (PIA) was
employed to reduce damage and defects created by the implantation and also
to form SiNPs. Hydrogen passivation, using forming gas annealing (FGA),
and swift heavy ion (SHI) irradiation were also performed on as-implanted
samples and PIA samples to investigate their potential to reduce defects and
improve the SiNP PL, respectively. Extensive structural characterizations of
the samples at different steps in the process and the kinetics of SiNP formation, were carried out using mainly ion beam analysis (IBA), transmission
electron microscopy (TEM), and grazing incidence X-ray diffraction
(GIXRD) techniques. The optical properties were studied by several photoluminescence (PL) techniques in order to clarify the origin of PL and to determine the impact of different steps in synthesis process on the SiNP formation.
Both TEM and GIXRD results indicate that a typical size of the crystalline SiNPs for the highest implantation fluence is approximately 6 nm. However, a maximum of the SiNP PL intensity is obtained for the 70-keV Si
implantation at a fluence corresponding to an excess Si concentration of
about 15 atomic% (at.%). For a fluence lower than about 2 at.%, no luminescent SiNPs are formed, while network-like SiNPs start to form at fluence
higher than about 20 at.%, which yields lower PL. The PL intensity is also
weakly affected by the implantation temperature. Increasing the implantation
temperature from room temperature to 200 °C, there is a small increase in
the SiNP PL. For higher temperatures, the trend is not clear and possibly
there is a competition between the formation of the SiNP nuclei, that precipitates into SiNPs during the PIA, and the reduction of implantation induced
defects. The distribution and density of the implanted Si atoms also influence the kinetics of SiNP formation, as observed for using different implantation energies. It seems that a smaller size of SiNPs are formed with a higher density for increasing the implantation energy, as compared to lower energy with narrower peak in the implantation profile. Moreover, a smaller
volume of the SiO2 matrix contains high density of radiative defects, possibly related to the strain induced by Si implantation.
The improvement of SiNP PL by post-implantation processes is achieved.
The PIA process shows strong effects on the SiNP formation. An effect of
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the PIA ambient is found, where N2 ambient inhibits the SiNP formation. Hpassivation by FGA can result in an increase in the SiNP PL, depending on
the annealing conditions. Delicate measurements of H concentration by IBA
techniques suggest that the H concentration needed for passivation is below
3×1018 cm-3. SHI irradiation is able to reduce the defects induced by Si implantation, which is beneficial for the SiNP formation during the PIA. The
threshold found for defect annealing is related to the threshold for formation
of latent ion track in this system. However, both techniques have smaller
effect to improve the SiNP PL, as compared to the contributions of implantation and PIA.
Another ion beam synthesis process using oxygen implantation into a Si
wafer for forming luminescent SiNPs is introduced. This technique can be an
alternative process to form optoelectronic devices in form of buried SiO2
layer in Si wafers.
For future work, it is important to identify and reduce the number of defects, which prevent a major fraction of the implanted Si atoms to form luminescent SiNPs. Also, these defects lead to quenching SiNP PL, by allowing non-radiative recombination channels for excited electron-hole pairs. It
is suggested that Raman spectroscopy and electron spin resonance (ESR)
spectroscopy can be employed for further characterization of SiNPs and
identification of defect type, respectively. An understanding of the kinetics
of SiNP formation is also important. In addition, a required condition for the
growth of Si nuclei must be considered. Kinetic Monte Carlo simulation
could be a useful tool to predict such an issue. Although transmission electron microscopy (TEM) is able to observe the apparent SiNP sizes, the image
may be constructed by several layers in the film, resulting in an overestimation of nanoparticles’ size and density.
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Svensk sammanfatting (Summary in Swedish)

Nanopartiklar av kisel (SiNPs) har visat sig emittera ljus i det synliga
området, vilket är något som kisel i bulkform inte gör, på grund av det
indirekta bandgapet. Våglängden för det utsända ljuset hos SiNPs varierar
också med storleken på partiklarna och dessa egenskaper kan få stor
betydelse för framtida elektroptiska halvledarkomponenter. Att kunna
integrera optik och elektronik på en kiselskiva skulle t ex kunna ge betydligt
snabbare och mer kostnadseffektiva kommunikationskretsar och ljusdioder.
I denna avhandling har nanopartiklarna tillverkats genom att
jonimplantera kiseloxid (SiO2) med kiseljoner i höga doser. Vid en senare
värmebehandling, precipiterar kiselataomerna i kristallina nanometerstora
partiklar, som uppvisar de önskade optiska egenskaperna. Denna teknik att
framställa SiNPs har varit känd, men i avhandlingen detaljstuderas
processerna för olika implantationsdoser, jonenergier och temperatur vid
implantationen för att optimera de optiska egenskaperna. Dessutom
undersöks efterföljande värmebehandling och hur man kan ytterligare
förbättra partiklarnas egenskaper och ta bort defekter som är skadliga för
tillämpningarna. Nanopartiklarna har karakteriserats med en rad olika
tekniker, t ex röntgendiffraktion, transmissionselektronmikroskopi och
jonstrålespridning, för att fastställa deras struktur och storlek efter de olika
processtegen. De optiska egenskaperna har också uppmätts efter olika
processteg genom fotoluminiscens (PL) och stor vikt har lagts vid att skilja
på den önskade luminiscensen från SiNP och icke önskvärt ljus från
defekter.
Vätaatomer används ibland för att neutralisera skadliga defekter i
gränsytan mellan kisel och SiO2. I denna avhandling har väteinnehållet efter
en sådan process uppmätts med mycket stor noggrannhet och det visade sig
att mycket små mängder, ca 3×1018 cm-3, av H-atomer räcker för att
passivera dessa defekter. Även bestrålning med tyngre joner med hög energi
(swift heavy ions) har visats ge en gynnsam effekt på luminiscensen från
SiNPs och genom att använda olika tunga MeV joner, kan avhandlingen visa
att det finns ett tröskelvärde för den energideponering som är nödvändig för
att förbättra SiNPs egenskaperna och läka ut defekter. Detta tröskelvärde kan
också relateras till det tröskelvärde som andra forskare har hittat för
formering av kontinuerliga spår i material som bestrålas med snabba, tunga
joner. Avhandlingen har därigenom också bidragit till en djupare förståelsen
av mekanismerna för växelverkan mellan energetiska partiklar och material.
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Slutligen visar avhandlingen också på ett nytt sätt att tillverka SiNPs.
Genom att implantera en viss dos av syreatomer direkt i en kiselskiva
uppstår en blandning av kisel- och syre-atomer som nästan räcker till att
bilda SiO2. Vid en efterföljande värmebehandling, bildas också en del SiO2,
men det kisel som ”blir över” bildar i stället ett antal kristallina SiNPs som
har de önskade optiska egenskaperna. Denna process är betydligt enklare att
integrera i storskalig produktion av kiselkretsar, så förutom att denna nya
process bidrar till förståelesen av hur SiNPs bildas, är den också intressant i
ett tillämpat perspektiv.
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