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What I like about experience is that it is such an honest thing. You may take any number of 
wrong turnings; but keep your eyes open and you will not be allowed to go very far before 
the warning signs appear. You may have deceived yourself, but experience is not trying to 

deceive you. The universe rings true wherever you fairly test it 

C. S. Lewis 
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Over the last decades semiconducting nanostructures with reduced dimensionality have 
attracted considerable scientific interest due to their peculiar properties, arising from the 
interplay between quantum confinement and surface related effects. In fact, if at least one of 
the dimensions of these nanostructures is smaller than twice the Bohr radius of the exciton 
in the bulk material, quantum confinement occurs, causing a different electronic and optical 
behavior of the nanostructures compared to bulk materials. Moreover, the reduced size of 
these nanostructures induces a remarkable increase of the surface area to volume ratio (S/V). 
Consequently surface related defects may significantly alter the electronic behavior of these 
nanostructures [1]. Silicon nanostructures are particularly appealing for application in several 
fields like microelectronics, optoelectronics, photovoltaics, plasmonics and thermoelectric 
[2]–[5]. During the last century, impurity doping of Si was used to tailor the electronic 
properties of bulk silicon, employing p/n junctions as common building blocks of Si-based 
electronic devices [6]. The exploitation of Si nanostructures as basic elements for the 
fabrication of complex optoelectronic and microelectronic devices requires the capability to 
effectively control their electronic properties by means of doping as in the case of bulk 
semiconductors. 

In this regard, Silicon Nanocrystals (Si NCs) represent a paradigmatic system because the 
attainable results are in the extreme case of nanoscaling, from bulk to 0D system. Therefore 
they are extremely useful for the understanding of other silicon systems with reduced 
dimensionality like nanowires, fins or nanosheet [7][8][9][10]. Synthesis of Si NCs, both 
embedded in dielectric matrix and freestanding, has been studied achieving excellent results 
[11]. In this regards, the problems of impurity incorporation and doping of Si NCs is actually 
very far from being understood and some important issues still need to be clarified from the 
experimental and theoretical point of view. Actually both p-type (B) and n-type (P, As) 
impurities have been successfully introduced in very small Si NCs by means of different 
experimental approaches [12][13][14]. Nevertheless very few data are available about the 
thermodynamic stability of the impurity atoms in the Si NCs [15]. A clear understanding of 
nanoscale doping processes at nanoscale is not yet available. The key questions are: is dopant 
incorporation at the nanoscale allowed by thermodynamics stability, or is it a metastable 
condition that can be achieved only by kinetic or non-equilibrium effect [5,13]? Can we 
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measure the energy barriers describing atomic transport, i.e. the atomistic parameters 
provided also by calculations, thus linking experiments and theory? 

Usually, doping of Si NCs in a SiO2 matrix was performed by introducing the dopant in the 
matrix before NCs formation and subsequently inducing dopant incorporation and Si NCs 
formation simultaneously.[58][70][72][128][129], [186], [187] This approach indicated that 
inclusion of electrically active impurities in Si NCs is kinetically possible [18], [21]–[23]. 
However, these results do not provide any information on the energetics of atomic transport 
at the NCs since the experiments were conducted out of equilibrium condition. Moreover,  
the presence of impurities during Si NCs synthesis significantly affects the growth kinetics 
leading to size variations of the resulting nanoparticles [23]. These effects partially account 
for discrepancies in the experimental evidences reported in the literature [14], [23]–[27]. 
From a theoretical point of view, seminal works by Chelikowsky’s group showed evidences of 
B and P segregation at the surface of H-terminated Si NCs and proposed the occurrence of a 
self-purification mechanism in NCs with d < 2 nm.[28]–[30] Recently several authors 
demonstrated that oxygen terminated Si NCs design a different picture: if the SiO2 matrix is 
taken into account, incorporated P has a minimum of binding energy in the inner part or in 
the sub-interface region of the Si nanoclusters, suggesting the possibility to stably incorporate 
impurities within Si NCs[31]–[34]. 

In this thesis work, we developed an alternative experimental approach to tackle these 
fundamental issues. The main idea behind our approach is the decoupling of Si NCs synthesis 
from the dopant incorporation. The incorporation of Phosphorous (P) atoms is promoted in 
Si NCs after their formation, by delivering a controlled amount of dopant atoms from a 
spatially separated diffusion source. In this way, the energetics of trapping/detrapping of P in 
the NCs are measured at equilibrium and modelled as a function of the annealing temperature 
and time, avoiding kinetic effects due to NCs formation. 

The present manuscript is organized in three chapters according to the following scheme: 

Chapter 1, Introduction: in this chapter, a review of literature results about doping of Si NCs 
is reported. The chapter is organized in two main sections: the first section focuses on the 
problem of intentional introduction of impurities into Si NCs comparing the different 
theoretical and experimental results available in the literature. The second section of the 
chapter faces the problem of the modulation of electrical properties in doped Si NCs, trying 
to correlate the experimental data on impurity incorporation with effective doping of the 
silicon nanostructures.  

Chapter 2, Experimental: In this chapter, all the experimental techniques and processes that 
were used to perform this research activity are described in details. This chapter is organized 
in two main section, the first section focuses on the processes that were used for the synthesis 
of the Si NCs and of the P δ-layers that were used as a source of impurity dopants. The second 
part describes the analytical techniques used for the characterization of the samples, 
providing some fundamental information about their working principles in view of their 
application to our specific problems.  

Chapter 3, Result and Discussion: In this chapter all the results achieved during this thesis work 
are presented in an organic and comprehensive picture. In the first section, three different 
approaches that allow the formation of P δ-layer in SiO2 are presented. In the second part, a 
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study is presented about the evolution of structural characteristics of a single plane of Si NCs 
embedded in SiO2. Structural parameters are determined by transmission electron 
microscopy (TEM) and atom probe tomography (APT) showing an excellent control on the size 
and areal density by properly tuning processing parameters during the synthesis. In the third 
section, we focused on P doping of Si NCs embedded in SiO2. The experimental results are 
interpreted on the basis of a model describing the trapping-detrapping process. An interesting 
and original picture of the energetics of P atom impurities in Si NCs is provided.  

The review of literature and the experimental results were the subject of several publications 
on international peer review journals. Here is the list of the papers I have co-authored during 
my PhD activities: 

- Doping of silicon nanocrystals, Material Science in Semiconductor Processing, (2016) 
IN PRESS - ACCEPTED FOR PUBBLICATION 

- Modeling of phosphorus diffusion in silicon oxide and incorporation in silicon 
nanocrystals, Journal of Materials Chemistry C 4, 3531-3539 (2016) 

- Evolution of shape, size, and areal density of a single plane of Si nanocrystals 
embedded in SiO2 matrix studied by atom probe tomography, RSC Adv., 6, 3617 
(2016) 

- Synthesis and characterization of P δ-layer in SiO2 by monolayer doping, 
Nanotechnology 27, 075606 (2016) 

- Thermodynamic stability of high phosphorus concentration in silicon nanostructures, 
Nanoscale, 7, 14469-14475 (2015) 

- Quantification of phosphorus diffusion and incorporation in silicon nanocrystals 
embedded in silicon oxide, Surface and Interface Analysis 46, 393-396 (2014). 
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1 – Introduction  
 

 

 

 

 

 

 

In the last decades silicon nanocrystals (Si NCs), i.e. Silicon particles having diameter (d) 
smaller than 100 nm and composed of atoms in either a single- or poly-crystalline 
arrangement, were the subject of an intense research activity, owing to their optical and 
electronic properties [35][36][37]. In Figure 1.0.1 (a) High Resolution TEM (HRTEM) images of 
a small Si-NC with spherical and non-crystalline morphology is reported [38]. Furthermore, Si 
NCs represent a paradigmatic system because the attainable results are in the extreme case 
of nanoscaling, from bulk to 0D system. Therefore they are extremely useful for the 
understanding of other silicon systems with reduced dimensionality like nanowires, fins or 
nanosheet [7][8][9][10]. Several studies are available in the literature on the synthesis of Si 
NCs embedded in dielectric matrix and freestanding Si NCs [11]. Si NCs embedded in dielectric 
matrix have been synthesized by ion implantation [39][40][41], chemical vapor deposition 
(CVD) [42][43][44], e-beam deposition [45][46], sputtering [47]–[49] and reactive ion etching 
[50]. As an example, in Figure 1.0.1 (b) the 3D atom map of a Si NCs layer inside a SiO2 matrix 
obtained by APT is reported [51]. Most of these approaches are based on processes that are 
already employed by microelectronic industries in order to facilitate the integration of these 
nanostructures in functional microelectronic devices [52][53][54][55]. Conversely 
freestanding Si NCs have been synthesized by crumbling porous Si [33][34] or by gas-phase 
approaches, which usually concern the decomposition of a Si precursor by means of thermal 
heating [58], laser ablation [59] or plasma [60][61][62]. Freestanding Si NCs open the route to 
the control of surface chemistry and are extremely interesting for the development of 
thermoelectric devices [63][64], single electron transport device [65][66], solar cell [67], cold 
electron emitting device [68] and optical device [69]. 

In the case of very small Si NCs, quantum confinement phenomena play an important role in 
the definition of their electrical and optical properties. Since Bohr radius of an exciton in 
silicon is about 5 nm, quantum confinement phenomena have been observed for Si NCs with 
diameter smaller than 10 nm as widely reported in the literature [17][71][72][73][74]. The 
most striking  effect is related to the progressive increase of the band gap 
[11][39][18][49][60]. An example is shown in Figure 1.0.1 (c) [18] in which the band gap 
increases from 1.2 eV (band gap of silicon bulk) up to 1.6 eV when decreasing the average size 
of the nanostructures. Actually, according to circumstances, the band gap variation induced 
by quantum confinement effects is in direct competition with band gap modifications 
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determined by the presence of surface induced defects [1], the oxidation degree of the NCs 
[76] or the different surface passivation [77]. On one hand, surface related effects may appear 
as localized states within the band gap of Si NCs, further modifying the electronic behavior of 
Si NCs with respect to bulk silicon. In particular in a recent work Seguini et al. [1] investigated 
the band alignment of Si NCs embedded in a SiO2 matrix as a function of the average diameter 
of the Si NCs. Three different regimes were identified by progressively shrinking Si NCs 
diameter; primarily quantum confinement affects the conduction band that is shifted towards 
high energy values, then surface effects pin the conduction states, and finally quantum 
confinement modifies the valence band with a shift towards low energy values [1]. On the 
other hand Guerra et al. [76] demonstrated that the quantum confinement dominates in the 
H-terminated Si NCs irrespective of their sizes. Conversely in the cases of OH-terminated Si 
NC and of  Si NCs embedded in a SiO2 matrix the effect of oxidation seems to override the 
effects of quantum confinement when the diameter decreases below 2 nm. Furthermore 
Konig et al. [77] demonstrated that for Si NCs core size up to 1330 Si atoms, the nature of the 
interface bonds can significantly influence the electronic structure of Si NCs, in direct 
competition with quantum confinement. Finally, it is very important to remind that this band 
gap evolution can be eventually associated to the transition from indirect to direct band gap 

Figure 1.10.1 a) HRTEM of a small Si-NC with spherical and monocrystalline 
morphology, reprinted by Dogan et al [38];  b) 3D atom map of Si NCs layer 
inside SiO2 matrix obtained by APT [51]; c) Normalized photoluminescence 
spectra showing a blue shift correlated with the crystal size, reprinted by 
Zacharias et al [75] 
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as the Si NCs size decrease. Delerue et al. [78] predicted this behavior for Si crystallite sizes 
lower than 2.5 nm in terms of enhanced efficiency of the radiative recombination rate. 
Recently Hapala et al. [79] introduced a general method which allows reconstruction of 
electronic band structure of Si NCs from ordinary real-space electronic structure calculations. 
They concluded that the band-structure concept can be properly applied to silicon 
nanocrystals with diameter larger than 2 nm, suggesting that for smaller NCs the concept of 
indirect band gap has no meaning. 

In addition to this very complex picture, the problems of impurities incorporation and doping 
in Si NCs is actually very far from being understood and some important issues still need to be 
clarified from the experimental and theoretical point of view. Actually both p-type (B) and n-
type (P, As) impurities have been successfully introduced in very small Si NCs by means of 
different experimental approaches [12][13][14]. Nevertheless very few data are available 
about the thermodynamic stability of the impurity atoms in the Si NCs [15]. This uncertainty 
is related to the intrinsic limitations of the experimental approaches for the synthesis and for 
the analysis of these Si NCs, as well as to difficulties in modeling this nanostructured system 
[15]. Moreover, the effect of impurities on the electronic properties of Si NCs has not been 
elucidated yet. In particular it is not clear if the incorporation of impurities in Si NCs 
corresponds to effective doping of the Si NCs, i.e. to the generation of free charge carriers 
[80][81].  

This chapter presents an overview of the recent progress in the field, focusing on the latest 
results related to doping of Si NCs. I take the major part of this chapter from the review 
“Doping of Silicon Nanocrystals”, which I have co-authored with M. Perego in 2016 for 
Material Science in Semiconductor Processing[82]. This chapter is organized in two main 
sections: the first section (1.1) focuses on the problem of intentional introduction of 
impurities into Si NCs comparing the different theoretical and experimental results available 
in the literature. The second section (1.2) of the chapter faces the problem of the modulation 
of electrical properties in doped Si NCs, trying to correlate the experimental data on impurity 
incorporation with effective doping of the silicon nanostructures. In this respect, it is 
interesting to note that the scientific community working in the field commonly refers to Si 
NCs with impurities incorporated as “doped Si NCs”. From this point of view this corresponds 
to an improper use of the term “doping”, since the incorporation of different species into a 
nanostructure is fundamental and not experimentally trivial, but it is definitively not sufficient 
to assume the nanostructures have been effectively doped. In fact, in order to consider the 
incorporated species as a dopant their electrical activity has to be assessed. Complying with 
the terminology used by the scientific community, in this thesis I use the term “dopants” to 
indicate impurity atoms that are incorporated into Si NCs, irrespective of their electrical 
activation. Similarly, I qualify as “doped” the Si NCs incorporating impurity atoms, focusing on 
the structural aspects of the problem, assuming the issue of dopant activation is consecutive 
to the effective incorporation of the impurities into the semiconducting nanostructures. 

1.1 Impurity incorporation into Si NCs 

Among all the possible dopants for silicon, P and B represent by far the most common choice 
for n-type and p-type doping respectively, due to their good ionization efficiency at room 
temperature. Substitutional P and B atoms introduce very shallow energy levels in the band 
gap of crystalline silicon, resulting in the presence of free charge carriers in the conduction 
and valence bands of the semiconductor [6]. Indeed, in bulk silicon, P and B atoms are stably 



Chapter 1 – Introduction 
 

16 
 

incorporated substituting Si atoms in the crystalline network [6].  Actually in the case of Si NCs 
the description of the system is much more complex. First, it is necessary to take into account 
the enormous surface area of Si NCs. The NC surface may act as a trap for the impurity 
incorporation so that impurities may reside at the surface and not in the Si NCs core. 
Moreover, it is important to note that notion like “surface” and “core” are tricky to define for 
very small structures.  

According to several theoretical predictions, a change in dopant positioning within Si NCs 
significantly affects the electrical activity of dopant atoms [34][83][84][85][86][87]. 
Experimentally it turns out that optical properties of Si NCs are severely affected by dopant 
incorporation within the Si NCs [13], [21], [83], [88]. Moreover, the optical activity of B and P 
impurities may also be closely related to dopant location. Actually, it is hard to experimentally 
determine precise location of dopants inside Si NC. For this reason theoretical efforts focused 
on detailed modelling of dopant location inside NCs [87][34]. Further difficulties in the 
understanding of dopant incorporation at the nanoscale arise from the fact that theoretical 
models usually refer to thermodynamic equilibrium conditions, whereas, in most of the 
experimental works, impurity incorporation is commonly performed during Si NC formation. 
[19][21][14][89][90][23][91] This latter circumstance makes difficult to experimentally 
decouple thermodynamic equilibrium properties from kinetic effects. For this reason, the 
comparison between theoretical and experimental results is not straightforward. Moreover 
theoretical investigations were often performed on very small Si NCs, with diameter well 
below the values that are commonly attainable with standard synthesis techniques 
[10][92][93]. Over the years the mismatch has been reduced by progressively increasing the 
size of the Si NCs in the numerical simulations [33][94][86][95]. Finally it is important to 
highlight that Si NC surface plays an important role in determining kinetics and thermal 
stability of the incorporated impurities [10][34][33][96]. Consequently, the comparison 
among theoretical and experimental results has to distinguish between freestanding Si NCs 
and Si NCs embedded in a dielectric matrix. This section provides an overall picture of the 
main theoretical and experimental results on the incorporation of dopants in small Si NCs, 
trying to discriminate the different phenomena associated to dopant incorporation 
depending on the size of the Si NCs and on their surface characteristics.   

  Theoretical Description 

In the case of freestanding Si NCs with H-terminated surfaces, theoretical studies 
demonstrated that both B and P atoms thermodynamically prefer to reside at the surface of 
the silicon nanostructures in order to reduce the stress in the silicon network nearby the 
substitutional dopant atom and to saturate Si dangling bonds. [33] [86] [85] [97] 
Consequently, for this specific system, the doping of the nanocrystal core region is expected 
to be very difficult. [93][98][99][92][71] In particular Pi et al. studied the formation energies 
of substitutional P and B impurity atoms in doped H-terminated Si NCs with diameter d = 2.2 
nm. [86] A variety of bonding configurations of B impurity atoms both inside Si NCs and at the 
NCs surface were investigated. Figure 1.1.1 (a) reports the formation energy of substitutional 
B atoms as a function of the distance from the center of the Si NC. The thermodynamic 
stability of the doped Si NCs progressively increases when B moves from the center to the 
surface of the Si NC [86]. Interestingly in most of the considered configurations a B atom at 
NCs surface is three-coordinated. As a consequence B atoms trapped at the Si NC surface do 
not act as acceptors, in agreement with results reported by Polissky et al. in the case of Si NCs 
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inside a porous Si matrix [100]. Similarly P impurity atoms are found to be most likely 
incorporated at the Si NC surface, as shown in Figure 1.1.1 (b) [85]. All the bonding 
configurations at NC surface correspond to three-coordinated P atoms, that are electrically 
inactive [85][97]. Nevertheless, the incorporation of P impurity atoms effectively disables the 
formation of dangling bonds at the surface, suppressing defect-induced non-radiative events 
[99]. Similarly, an increase of PL at low B-concentrations was reported by Veettil et al. and 
correlated to dangling bond passivation by boron impurity atoms.  [101]  

For this specific couple of dopants, the relationship between H-terminated Si NCs size and 
formation energy of substitutional P and B impurity atoms has been investigated in details. 
Theoretical predictions indicate that: smaller the Si NCs, larger the energy is needed for the 
formation of substitutional P and B atoms [93]. On the basis of these results, a sort of self-
purification mechanism was proposed for very small Si NCs [30][102][103][28][104]. The basic 
idea is that, as dopant atoms induce significant stress inside the crystalline core of Si NCs, 
expelling impurities toward surface results in a reduction of the total energy of the system. In 
fact, stress induced by dopants at the surface can be accommodated by modification of 
surface geometry. Chan et al. using a real-space first-principles pseudo-potential method 
investigated impurity incorporation in H-terminated Si NCs with diameter up to 6 nm. They 
found a critical Si NCs size (~2nm) below which the dopant atom is expected to be ejected 
toward the surface [104]. The details of this self-purification mechanism have been the 
subject of an intense scientific debate [105], and a clear understanding of the relative role of 
kinetics and energetics is still incomplete. The possibility of using intrinsic defects to 
circumvent this self-purification mechanism and possibly stabilize extrinsic dopant atoms 
incorporated within small Si NCs was studied as well. [92] For very small B-doped Si NCs 
composed of 145 Si atoms, it was demonstrated that, if a vacancy can be introduced at the 
center of Si NCs, a B atom would preferentially stay in close proximity of the vacancy, 
becoming stable even when incorporated in the Si NCs core [92].  

For B and P co-doped Si NCs with H-terminated surfaces, a clear theoretically prediction of 
dopants location is not available. Apparently dopant atom location depends on the doping 
level, i.e. on the ratio between number of dopant atoms and number of Si atoms within the 
Si NCs. Ma et al. reported that the incorporation of B and P inside the NC core only occurs for 
heavily doped NCs, since, at low concentrations, B and P atoms are most likely located at the 
NC surface. They demonstrated that, in the case of light co-doping of a Si NC with diameter 
2.2 nm, B and P atoms are located at the NC surface, where there is the possibility of steric 
relaxation of dopants. Furthermore the formation energy of light co-doped Si NCs was found 
to be between those of B and P doped Si NCs, with limited dependence on the distance 
between dopants [84]. Ossicini et al. reported that, in case of very heavy co-doping, B and P 
atoms tend to occupy the nearest neighboring sites in the subsurface layer of Si NCs. 
Moreover they found that co-doping is always energetically favored with respect to B and P 
single-doping [106][94]. 

It is worth to note that freestanding Si NCs with hydrogen or halogen terminated surfaces 
were experimentally synthetized by different groups but they quickly oxidize when exposed 
to air, even at room temperature [107][108]. Moreover, Si NCs embedded in a dielectric 
matrix were widely investigated for their interesting electronic and optical properties. Their 
surfaces are characterized by peculiar bonding configurations with the elements of the 
surrounding matrix.  Obviously, the chemical composition of the Si NC surface significantly 
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affects the dopant-surface interaction and therefore it is important to theoretically 
understand how oxidation influences the formation energy of dopant impurities. Comparison 
between fully H-passivated Si NCs (Si147H100) and partially H passivated one (Si147H99) 
suggested a different energetics of the impurity atoms in the Si NCs depending on their 
surface passivation. In particular for the latter case it was demonstrated that P atoms 
preferentially locate at surface sites while B atoms reside in the core of the Si NCs [95]. From 
a general point of view, for substitutional group III and group V elements, it is shown that the 
presence of a surface oxygen layer drastically changes the radial dependence of the dopant 
formation energy. In the Si NCs with silanol surface groups (Si-OH), the formation energy of 
dopant impurities displays variation of few electron volts, featuring, for most dopant species, 
a lower energy in the region below the surface and a higher energy at surface sites [34]. In 
the case of P-doped small Si NCs (87 atoms), it was demonstrated that the presence of silanol 
surface groups causes P segregation to an outer shell close to the surface, where P is not 
directly linked to H or OH. Moreover, it suppress the formation of tri-coordinated surface 
defects [97]. In the case of B and P co-doping of small Si NCs (87 Si atoms) with silanol surface 
groups, it was revealed that the formation of a P-B bond is energetically favoured, with B 
positioned at the NCs surface and P at the inner nearby. [10] Ni et al. [32] studied P doping of 
a Si NC (d = 1.4 nm ) covered by a 0.25 nm thick SiO2 layer. According to their simulations, P 
atoms are preferentially incorporated into the sub-interface i.e. the layer close to the Si/SiO2 
interface. Moreover, for Si NCs with dangling bonds at the Si/SiO2 interface, they showed that 
P atoms tend to passivate the dangling bonds and consequently they preferentially reside at 
the Si/SiO2 interface. These theoretical results suggest that the presence of dangling bonds 
and SiO2 shell at the Si NCs surface reduces the binding energy of P in Si NCs.  

In particular the case of P+ doped 1.5 nm Si NCs covered by a 2 nm-thick amorphous SiO2 shell 
was studied in terms of energy formation of impurity atoms within the Si NCs. [33] Figure 
1.1.2 (d) shows a pictorial view of an undoped Si NC obtained from molecular dynamics 
simulation. Unlike H- or OH-terminated Si NCs, in SiO2 covered Si NCs P+ ions are found to be 
more stable in the Si NCs core than at the surface, as shown in Figure 1.1.2 (b). [33] In fact, in 

Figure 1.1.1 - a) Formation energy of B impurities in H-terminated Si NCs for 
a variety of configuration as a function of the distance from the Si NCs core. 
Internal substitutional B atoms from subsurface to the NC center 
(2(2’)→3(3’)→4(4’)→5→6) are shown. Picture adapted from [86]; b) same 
as previously  for P. Picture adapted from and Cheng at al [85] 
 
 



Chapter 1 – Introduction 
 

 

19 
 

the SiO2 covered Si NCs the lattice defects at the interface between the Si core and the SiO2 
shell help to release the strain in the Si core and, therefore, chemical bonding effects 
predominate. The preference of P for the Si core is thus driven by the lower energy necessary 
to form a P+-Si bond at the expense of a Si –Si bond, as compared to the energy necessary to 
form a P+-O bond at the expense of a Si-O bond. Conversely, in the case of B-doped 1.5 nm 
diameter Si NCs surrounded by an outer shell of SiO2 with a thickness of about 0.5 nm, the 
calculation of the formation energies suggests that B is equally stable in the Si core and in the 
SiO2 shell, showing preference for interface sites, as depicted in Figure 1.1.2 (a) [96]. Actually 

Figure 1.1.2 - a) Relative energy of the 2 nm SiO2-covered Si NCs doped with 
B as a function of the distance from the center. Three models for the 
structure of the nanocrystal were constructed as results of molecular 
dynamics simulations of 1800 Kanneals during 2.0 ps (I), 2.3 ps (II), and 2.6 
ps (III). Open squares represent the distribution of oxygen (coincident for I, 
II,and III). Picture adapted from Carvalho et al. [96]; b) same as previously  
for P. Picture adapted from Carvalho et al. [96]; c) Total energy of the 35 Si 
atom NC embedded in the SiO2 structure and doped with N, P, Al, or B 
atoms. The impurities are introduced as substitutional of a Si atom in the 
NC center (core), at the interface bonded to one or two oxygens (interface1, 
interface2), or in the SiO2 far from the NC (silica). For a better 
comprehensibility each line has been shifted so that the structure with the 
dopant in the NC center has zero energy. Picture adapted from Guerra et 
al. [10]; d) example of structure of the undoped 2 nm SiO2-covered 
nanoparticle, obtained from molecular dynamics simulations, as printed in 
[33] 
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the cost of replacing Si-Si bonds by a B-Si bond is approximately the same as the cost of 
replacing a Si-O bond. Moreover, it is shown that the energy formation is closely related to 
the bond length: the shorter B-Si bonds, the more stable the structure. Since closer to the 
interface B-Si bonds are on average shorter than in the bulk, this may explain why interface 
sites are favorite. 

Recently theoretical works addressed the subject of doped Si NCs embedded in a solid matrix 
[10][109]. In the case of very small Si NCs that are composed by 35 atoms, the data indicated 
that for n-type doping (P and N) the impurity atoms tend to settle the NC core, while for p-
type doping (Al and B) the interfacial sites are favored. The energetics of the system as a 
function of the dopant position shows that SiO2 forms a very large diffusion barrier for P and 
N, and a much reduced one for B and Al. Total energy for impurity formation is reported in 
Figure 1.1.2 (c) [10][109]. According to these data, the preferential location of the impurity 
seems to be strongly correlated with their electronegativity [10].  

 Experimental Results 

Several works reported doping of Si NCs with B and P, for free-standing Si NCs as well as for 
Si NCs embedded in a solid matrix. A lot of experimental approaches were implemented to 
achieve this goal. Clear information about the effective positioning of dopant atoms within 
the Si NCs are difficult to obtain and data available in the literature on this specific topic are 
scarce and conflicting. This section provides an overall picture of the main experimental 
results about dopant incorporation in Si NCs. Literature data are critically reviewed focusing 
on the problem of thermodynamic stability of dopant atoms. The section is organized in two 
parts that provide information about the doping of freestanding and embedded Si NCs 
respectively.  

1.1.2.1 Freestanding Si NCs 

Many different techniques were implemented for the synthesis of free-standing Si NCs like, 
for instance, solid-gas reaction, thermal decomposition of silane, laser pyrolysis of silane, laser 
ablation of solid silicon targets, non thermal plasma synthesis or solution routes. [11] In 
particular the plasma based methods were proved to be very efficient in producing high 
quality Si NCs with limited defects’ number and a very high control over their size distribution. 
[110] To date, the plasma-based methods have also been demonstrated to be extremely 
efficient in the synthesis of doped Si NCs. In recent papers, Ni et al. reviewed the literature 
related to the synthesis of doped Si NCs by plasma routes [111], while Pereira published an 
interesting review about the doping of semiconductor nanoparticles synthetized in gas-phase 
plasmas. [110]  

Actually free-standing B and P doped Si NCs are readily produced by adding B and P precursor 
during the plasma process for the synthesis of intrinsic Si NCs [60], [62], [112].  In this case 
impurity incorporation is performed during NC formation. The most widely used dopant 
precursors are diborane (B2H6) and phosphine (PH3) [99][113][114][115][116]. Recently it was 
shown that also organic dopant precursors, like TMP or P(OCH3)3, could be efficiently 
employed for the doping of Si NCs, providing a safe and economical solution to the problem 
[117]. Varying the ratio of silane to dopant precursor, it is possible to effectively control 
dopant concentration within the Si NCs over a fairly wide range of values [114][99]. For these 
systems, dopant levels ranging from 1018 to 1022 cm-3 were typically reported both for P 
[118][99][119] and B [119][64][120]. These values correspond to a dopant concentration 
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around 1 at.%. Actually very high concentrations of 20 at.% for P and 30 at.% for B were 
obtained, leading to the so-called hyperdoped freestanding Si NCs [113]. It is worth to note 
that these dopant concentrations correspond to total values, without any distinction between 
dopant atoms trapped at the Si NC surface and incorporated in the Si NC core.  

In order to understand dopant location, several experimental approaches were implemented 
using different techniques that provide information about the local environment of the 
incorporated dopant atoms. Pereira et al. used electron paramagnetic resonance (EPR) to 
demonstrate the presence of P in substitutional location for P-doped Si NCs (4 nm < d < 50 
nm) grown in a low pressure, flow-through microwave plasma reactor [121][118]. Using 
electrically detected magnetic resonance (EDMR), the presence of P atoms in substitutional 
location was observed also in P-doped Si NCs (5 nm < d < 10 nm) produced using a very high 
frequency plasma deposition system. [122] The combination of X-ray Photoelectron 
spectroscopy (XPS) and EPR data indicated that P atoms can be introduced into substitutional 
sites within Si NCs grown in a high frequency non-thermal plasma system using organic dopant 
precursor. [117] Pi et al. compared the concentration of B and P in ~3.6 nm Si NCs before and 
after removal of surface oxide by HF treatment [83]. Effective reduction of dopant 
concentration in Si NCs upon HF etching was observed as shown in Figure 1.1.3 (a). 
Experimental data suggest that B atoms are preferentially located in the Si NC core, while P 
atoms reside at the NCs surface. The different distribution of B and P atoms in plasma-
synthetized Si NCs was detected also by Stegner et al. [99] and Zhou et al. [113] in quite similar 
but independent experiments. In particular, Stegner et al. measured P concentration in Si NCs 
before and after etching of the SiO2 outer shell by secondary ion mass spectrometry (SIMS). 
Experimental data are reported in Figure 1.1.3 (b).  Interestingly Pi et al. reported a 
percentage of P in the thin SiO2 outer shell of Si NCs, that is ~80%. This value is significantly 
lower than the one (~95%) observed by Stegner et al.. The reason for this difference is unclear. 
Perhaps it could be related to the higher temperature experienced by the P doped Si NCs 
during growth in microwave plasma reactors when compared to RF plasma reactors. This 
could enhance the diffusion of P atoms towards the surface. The difference could also 
originate from a longer plasma residence time in the case of Si NCs grown in microwave 
reactors [110]. Rowe et al. observed a similar P distribution within heavily doped ~10 nm Si 
NCs synthetized in a RF capacitively coupled non-thermal plasma system. Scanning TEM 
(STEM) imaging with energy-dispersive X-ray spectroscopy (EDX) measurements suggested 
that P is either incorporated into the Si NCs and/or condensed at the Si NC surfaces. The 
presence of surface Si−Px−Hy vibrations in localized surface plasmon resonance (LSPR) analysis 
indicated the occurrence of significant P segregation at the Si NC surface. P concentration 
inside Si NCs was measured before and after wet chemical etching of native oxide shell 
surrounding Si NCs. Experimental data suggest that 60−75% of P is condensed on the NC 
surface, as shown in Figure 1.1.3 (c). [22] 

As discussed in section 1.1.1 , theoretical simulations predict that, in the case of Si NCs 
covered by an amorphous SiO2 shell, P atoms are more stably incorporated in the Si NC core 
[33], while B atoms appear to be equally stable in the Si core and in the SiO2 shell, showing a 
clear preference for interface sites [96]. The theoretical picture is based on the assumption 
of thermal equilibrium that does not apply for doping of Si NCs during their synthesis in 
plasma. Indeed, impurity incorporation during NC formation makes hard to experimentally 
decouple equilibrium properties from kinetic effects. In their study on hyperdoped Si NCs, Zou 
et al. [113] suggested that doping in non-thermal plasma systems is mainly controlled by 
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kinetics. They designed a simplified kinetics model in which the resulting dopant 
concentration is basically determined by the frequency of collision between impurities and Si 
NC. The collision may lead to the adsorption of B and P atoms on the Si NCs surface and the 

Figure 1.1.3 - a) change of dopant concentration after HF etching of 3.6 nm 
size Si NCs synthetized by nonthermal plasma, as printed by Pi et al. [83]; 
b) top: SIMS profiles of thin films of Si-NCs with a mean diameter of 9.4 nm 
synthetized by low pressure microwave plasma. [P]nom, calculated as the 
fraction of phosphine in the total flow of precursor gases (SiH4 and PH3) 
multiplied by the atomic density of Si, corresponds to [P]nom=1.7 1020 cm−3 , 
the solid curve shows the profile of the as-deposited film, the dashed curve 
was measured after HF etching. Bottom: Measured P concentration, [P]SIMS, 
extracted from the plateau regions of the SIMS profiles, versus [P]nom before 
(circles) and after etching in HF (triangles). The data points are labeled with 
the mean Si NC diameter of the measured samples. The solid line 
correspond to  [P]SIMS=[P]nom and the dashed line shows [P]SIMS=[P]nom/ 20. 
Figure reprinted from Stegner et al. [99] ; c) Left: Semilog plot of SEM-EDX 
spectra of as-produced Si NCs synthetized by  RF capacitively coupled 
nonthermal plasma for varying fractional PH3 flow rate (XPH3). C, O, Si, and 
P Kα lines are identified at 0.277, 0.525, 1.74, and 2.01 keV respectively. 
Oxygen and carbon contaminations are estimated at less than 3 at% and 
are the result of air exposure during sample transfer. Spectra are offset 
vertically for clarity. Right: estimated atomic P concentration XP from SEM-
EDX spectra for as produced samples (squares) and for samples after 
surface P had been removed to probe the Si NC core (inverted triangles). 
Picture reproduced from Rowe et al. [22] 
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adsorbed B or P atoms could then be trapped during the subsequent growth of Si NCs. 
Collision frequency is shown to strongly depend on impurity mass, so that collision frequency 
for B is larger than that for P. Consequently B atom concentration can reach 30 at.%, while P 
is limited to 20 at.%. Actually this model was specifically designed for Si NCs with B or P to 
concentration that are well beyond the solubility limit (1 at.% for B and 0.3 at,% for P [123]) 
of these impurities in bulk silicon. Interestingly very high dopant concentrations were 
observed also in freestanding Si NCs obtained by solution synthetic methods. In solution 
routes, suitable precursors are reacted in an inert atmosphere to reduce the possibility of 
oxidation [74]. Reduction of a mixture of SiCl4 and PCl3 with Mg results in P-doping at about 
6% atomic concentration in Si NCs (5-12 nm), that is much higher than solubility limit in bulk 
silicon. [124]  

In conclusion, experimental results on doped freestanding Si NCs undoubtedly demonstrate 
that B and P impurity incorporation into Si NCs is kinetically possible. Unfortunately, for 
freestanding Si NCs, data available in the literature were obtained by means of doping 
strategies that do not allow decoupling impurity incorporation from Si NC formation. 
Consequently, these experimental results do not provide information about thermodynamic 
stability of dopants in Si NCs. 

1.1.2.2 Embedded Si NCs 

Actually Si NCs can be easily synthesized within a dielectric matrix using a two-step process 
involving the formation of a silicon supersaturated film, followed by annealing at high 
temperature in an inert atmosphere. During the thermal treatment, the silicon 
supersaturated film, which can be an oxide, nitride or carbide, undergoes a phase separation, 
resulting in the nucleation of Si NCs embedded in an amorphous dielectric matrix. [11][36] 
Several approaches were proposed to form these silicon supersaturated films within a SiO2 
matrix, including sputtering [90][125][75], plasma-enhanced chemical vapor deposition [126], 
ion implantation [23][127] and reactive ion etching [128]. In this system, doping of Si NCs is 
usually performed by introducing dopant impurities in the matrix before NCs formation. The 
subsequent high temperature thermal treatment induces dopant incorporation and Si NCs 
formation simultaneously. This approach does not allow experimentally decoupling 
equilibrium properties of the system from kinetic effects. For this reason, more recently, 
significant efforts were performed to develop alternative approaches that allow doping Si NCs 
after their formation. Consequently, this subsection is organized in two parts. In the first part, 
I systematically review the results about successful doping of Si NCs that were achieved by 
experimental approaches in which doping and synthesis occur together. In the second part, I 
focus on the experimental results that were achieved by decoupling synthesis and doping 
steps. 

Doping during Synthesis  

In 1996, for the first time, Fujii et al. reported on the effective introduction of B atoms into Si 
NCs dispersed in a ~2µm thick borosilicate glass. Samples were prepared by cosputtering of 
Si, SiO2 and B2O3 targets and subsequent annealing at high temperature [90]. The formation 
of Si NCs in the dielectric matrix was demonstrated by HRTEM, while the doping of B atoms 
into Si nanocrystals was confirmed by Raman spectroscopy. In this method, the size of NCs 
could be controlled varying the effective silicon concentration in the matrix, i.e. the number 
of Si targets during cosputtering, and/or by changing the annealing temperature. Similarly, 
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overall B concentration in the oxide film is finely tuned by adjusting the number of B2O3 
targets during cosputtering. The authors reported that Si NC photoluminescence (PL) is 
drastically quenched by increasing B concentration, as shown in Figure 1.1.4 (a). The decrease 
in PL efficiency is explained assuming B atoms are incorporated within the Si NCs in 
substitutional sites. Indeed, substitutional B atoms introduce free carriers (holes) that led to 
non-radiative Auger recombination effect, which efficiently quench natural PL emission in Si 
NCs [129]. In a subsequent work on B doped Si NCs synthetized by this cosputtering method, 
Xie et al. suggested the concurrent presence of B atoms in substitutional sites within Si NCs 
and in the oxide film and/or interface between Si NCs and the surrounding matrix [130]. Figure 
1.1.5 shows the high resolution XPS spectra of the B 1s core level corresponding to a change 
of the total B concentration in the oxide films from 0.59 at.% to 5.43 at.%. The presence of a 
B-O component in the XPS spectra suggests the existence of B atoms in the SiO2 matrix and/or 
at the Si NCs/SiO2 interface. The B-B/B-Si component indicates that B atoms exist in 
substitutional sites inside Si NCs. According to these data the amount of B atoms trapped into 
the Si NCs ranges from 0.25 at.% for the sample with the lowest B concentration to 2.32 at.% 
for the sample with the highest B concentration. No evidence of self-purification phenomena 
is observed irrespective of the very small size (2 < d < 15 nm) of the Si NCs.  

The same cosputtering method was used to synthesize P doped Si NCs dispersed in a 
phosphosilicate glass. [131] Figure 1.1.4 (b) shows an initial increase of PL efficiency in lightly 
doped Si NCs [131][19], followed by a sudden decrease of PL emission when further increasing 
P concentration. [132][133] Fujii et al. explained the PL enhancement observed at low P 
concentration, as a consequence of the passivation of interface defects such as dangling 
bonds by P atom impurities [131]. At high P concentration P atoms introduce free carriers 
that, leading to Auger effect, induce a significant decrease of PL efficiency [19]. It is worth to 

Figure 1.1.4 - a) PL spectra of B doped 3.5 nm size Si NCs synthetized by 
cosputteruing method. CB is the concentration (mol %) of B2O3 in the matrix 
region estimated from IR absorption spectra. Picture reproduced from Fujii 
et al. [129]; b) Photoluminescence from P doped 4.7 nm size  Si NCs 
dispersed in PSG thin films. The average concentration of P2O5 in the films 
CP (mol%) was determined by electron probe microanalysis. Picture as 
printed in Mimura et al. [132] 
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note that PL measurements do not provide any direct measurement of effective dopant 
location inside NCs. Indeed, the assumption that PL efficiency variations are linked to different 
impurity position within the Si NCs is based on knowledge acquired on free carriers in bulk Si. 
Nevertheless, this knowledge transfer from bulk to nanostructured silicon might be 
misleading because a delocalized carrier inside a NC remains physically confined by the NC. 
[85]  

In a very recent work, Nomoto et al. studied several types of Si NCs doped with B and/or P 
impurity atoms synthetized by cosputtering method. The distribution of B and/or P atoms in 
the Si NCs was investigated by APT and proximity histogram (proxigram) analysis. Proxigram 
analysis revealed that, for P doped Si NCs, P concentration increases rapidly when moving 
from the region located approximately 1 nm outside the NC interface toward the core of the 
Si NC, suggesting P segregation inside NCs and near the surface. On the contrary, in the B 
doped samples, B concentration slightly decreases when moving from the Si NC interface 
toward the core of the Si NC. Moreover, they observed that co-doping effectively promotes 
segregation of the B and P atoms near the interface and within the NC regions. APT cluster 
analysis revealed the presence of B-P clusters in the co-doped Si NCs. Finally, they confirmed 
that B and P atoms are successfully incorporated even in very small Si NCs with diameter 
ranging from 2 to 4 nm.  [134] 

Alternatively doped Si NCs embedded in a SiO2 matrix were synthesized by means of a 
superlattice approach. [135][80] Phase separation and thermal crystallization in SiOx/SiO2 
superlattice result in the formation of 2-dimensional layers of Si NCs separated by thin SiO2 
layers [75][73]. P doping is commonly achieved by selectively adding a diluted phosphine gas 
(PH3) during the superlattice deposition process. This technique permits to add dopants either 
to the Si rich layer or to the SiO2 separation layer. Eventually dopants can be systematically 

Figure 1.1.5 - XPS high resolution spectra of  B 1s core level region for 
different B concentrations: 0 at.% (B0), 0.59 at.% (B40) and 5.43 at.% 
(B120). Si NCs were synthetized by cosputtering method and their diameter 
ranges from 2 to 15 nm. B concentration is estimated by quantified XPS 
analysis. Figure as printed in Xie et al. [130] 
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introduced in both layers. This flexibility of the process allows a careful adjustment of the total 
dopant concentration within the original multilayer structure. Recently Gutsch et al. 
demonstrated that for Si NCs with average size from 3nm to 4 nm, P concentration can be 
finely tuned from 1.15 at.% to 1.75 at.%. Moreover, they observed that PL peak maximum 
exhibits a blue-shift as doping concentration increase, while PL intensity progressively 
decreases. Moreover, a significant reduction of PL intensity is observed after hydrogen 
passivation. These general trends are attributed to the preferential doping of larger Si NCS, 
which results in the effective removal of their PL contribution due to Auger recombination 
inducing PL quenching [135]. On a similar system, Gutsch et al. highlighted the low doping 
efficiency of substitutional P atoms as compared to the large amount of P usually detected in 
Si NCs. They proposed that P atoms may not necessary occupy substitutional lattice sites but 
they are rather incorporated as interstitial or P vacancy pairs [80]. Subsequently, based on 
experimental results about electronic transport in P doped Si NCs, Konig et al. suggested that 
P atoms predominantly reside in interstitial sites [81]. More recently, Gnaser et al. prepared 
a multilayer structure with P doped Si NCs (2.9 nm < d < 4.5 nm) embedded in a SiO2 matrix. 
The precise localization and the proper amount of P atoms inside the samples were accurately 
and quantitatively derived by 3D APT analysis. Figure. 1.1.6 (a) shows the results of the APT 
analysis. A significant P enrichment at the Si NCs/SiO2 interface is detected (top) and P 
concentration inside Si NCs is observed to strongly decrease as Si NCs size decreases (bottom) 
[14]. The authors suggested that this trend could be considered as an experimental 
confirmation of the occurrence of a self-purification mechanism in very small Si NCs. Actually, 
the link between the preferential doping of large Si NCs and the self-purification mechanism 
is not trivial since doping of the Si NCs was achieved out of equilibrium during Si NC synthesis. 
As a matter of fact, the preferential doping of larger NCs could be related to the probability 
of P atoms to be trapped in Si NCs if they can bind to their surface for a residence time 
comparable to the reciprocal growth rate, which is obviously higher for larger NCs.   

Actually, efficient incorporation of P atoms in Si NCs with diameter of 2 nm was demonstrated 
in a quite similar system by Perego et al., [16][17] suggesting that preferential doping of large 
Si NCs reported by Gnaser et al. is strongly dependent on the specific experimental approach 
that is used for dopant introduction. In more details, Perego et al. prepared a SiO/SiO2 
superlattice structure by e-beam evaporation and introduced an ultrathin (thickness < 0.5 nm) 
P-SiO2 layer close to each SiO layer. [16][17] This approach allows delivering a controlled 
amount of P atoms in the Si-rich region and to incorporate them in the Si NCs during the 
subsequent high temperature thermal treatment. In order to obtain information on diffusion 
and segregation phenomena in superlattice structure, the samples were annealed at different 
temperatures ranging from 900° C to 1000° C. TEM images demonstrated that Si NCs average 
diameter is equal or smaller than 2nm. Time-of-flight SIMS (ToF-SIMS) results indicated a 
segregation of P atoms in the Si NCs region during thermal treatment. The incorporation of P 
impurities within Si NCs was supported by XPS chemical analysis. Figure 1.1.6 (b) shows the 
high-resolution XPS spectra of the P 2p core level region in the as deposited and annealed 
samples. Data highlight an increase of the signal related to P-Si bonding with increasing 
annealing temperature, while the opposite trend is observed for the signals related to P-O 
bonding, indicating that P atoms are definitely incorporated within the Si NCs. P incorporation 
in Si NCs was explained considering that P diffusion in SiO2 is much lower than in Si, and, 
consequently, P diffusion towards the Si-rich region is strongly favored as revealed by ToF-
SIMS analysis. Moreover, P atoms in a SiOx matrix were shown to preferentially form P–Si or 
P–P bonds. [136] Accordingly for P atoms it is energetically favorable to diffuse in the Si-rich 



Chapter 1 – Introduction 
 

 

27 
 

region, forming stable P–Si bonding. Si nanocluster nucleation and growth occurs during the 
very first stages of the thermal treatment. Long annealing times are usually required to 
crystallize the amorphous Si nanostructures. In this picture the P atoms are expected to 
segregate in the SiOx layers and to be trapped in the Si nanocluster region during the first 
stages of the thermal treatment. Although no information is available on P diffusivity in Si 
nanostructures, the authors assumed that the probability for a P atom to leave the Si-rich 
region where Si nanocrystal formation occurs is limited by the low diffusivity of P in the SiO2 
surrounding matrix. This fact increases the probability for the P atom to be trapped in the Si 
nanocrystals under formation. [16][17] 

Figure 1.1.6 - a) Top: APT cluster concentration radial profile for the 
elements Si, O, and P for Si NCs arranged in a superlattices. The extension 
of all clusters is normalized to a distance between 0 and 1. Data with 
abscissa-values of <1.0 would correspond to the interior of the Si NCs. 
Bottom: Poisson distribution fits (solid lines) for the number of P atoms 
within Si NCs of different size derived from the APT cluster analysis. Figures 
adapted from Gnaser et al. [14]; b) High resolution XPS spectra of the P 2p 
region for the as-deposited, 900 ◦C and 1000 ◦C annealed samples. Si NCs 
with average diameter equal or smaller than 2nm are arranged in a 
superlattices. Figure reproduced from Perego et al. [216] 



Chapter 1 – Introduction 
 

28 
 

Interestingly, Khelifi et al. [23] demonstrated that co-implantation, with overlapping projected 
ranges of Si and P or As, in a 200 nm thick SiO2 film followed by thermal annealing is an 
efficient way to form doped Si NCs embedded in SiO2 with average diameter around 2 nm. 
Once again APT is used to directly image the spatial distribution of the various species at the 
atomic scale, evidencing that the P and As are efficiently introduced inside Si NCs. Their APT 
data do not show any evidence of P accumulation at Si NCs/SiO2 interface, in contrast with 
data reported by Gnaser et al. [14] and by Nomoto et al. [134]. It has to be considered that 
Khelifi et al. concluded their assumption by the occurrence of P and OP molecules in the APT 
mass spectrum, while both Gnaser et al. and Nomoto et al. analyzed their data by means of 
the proxigram method. Moreover, the dopant incorporation within Si NCs was promoted 
following different experimental approaches. For all these reasons a direct comparison among 
these experimental results is anything but straightforward. 

In conclusion, these experimental results demonstrated that dopant incorporation into Si NCs 
is kinetically possible. However, the presence of impurities during the Si NCs synthesis 
significantly affect the growth kinetics of Si NCs. This is corroborated by the observation of 
size variation of the resulting Si NCs as a function of the nature and/or concentration of 
dopant impurities, as shown in Figure 1.1.7. [23][130] Some authors claimed to have 
experimentally demonstrated self-purification mechanism due to the observed preferential P 
doping of larger Si NCs (4.5 nm size) with respect to the smaller ones (2.9 nm size) [14]. 
Conversely, other authors demonstrated that very small NCs (2nm size) can be effectively P 
doped during their growth [16]. As a matter of fact, the absence of thermodynamic 
equilibrium during the realization of these experiments does not allow elucidates the intimate 
mechanism of dopant incorporation within Si NCs and to finally confirm the real occurrence 
of self-purification phenomena in very small Si NCs.  

Doping after synthesis 

To overcome these experimental limitations, an alternative doping strategy was developed 
by introducing dopant impurities into the Si NCs after the synthesis of Si NCs. The most 
popular approach consists in the doping of Si NCs by means of P+ ion implantation. Many 

Figure 1.1.7 -  Statistical analysis on the shape (eccentricity, e) and size 
(cross-sectional area, S) of Si-NCs from HRTEM images for different B 
concentration: 0 at.% (B0), 0.59 at.% (B40) and 5.43 at.% (B120).. Figure 
reproduced from Xie et al. [130] 
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literature works focused on Si NCs embedded in thick SiO2 films (0.1 µm - 0.6µm). P ions are 
implanted at different energies with doses ranging from 1013 cm-2 to 1017 cm-2. Implantation 
is commonly followed by thermal annealing at high temperature in order to reduce 
implantation defects and restore the original Si NC structure [137][138][139]. Kovalev et al. 
[137] observed that upon annealing P atoms redistribute between the SiO2 matrix and Si NCs. 
Kachurin et al. [89] studied the effects of implantation of P ions on the PL emission of Si NCs 
as a function of the different implantation doses (from 1013 cm-2 to 1016 cm-2) and annealing 
temperatures (600–1100 °C). Quenching of PL emission was observed immediately after ion 
implantation, due to the defects in Si NCs induced by ion implantation. The annealing 
temperature that is necessary for the recovery of PL emission was observed to increase with 
P implanted doses. Moreover, the PL intensity exhibited a clear dependence on the dose of 
implanted P ions, indicating that P atoms are trapped into the Si NCs. Similarly, Tchebotareva 
et al. [139] demonstrated that doping with P atoms at concentration up to 3 1019 cm-3 leads 
to a PL enhancement, followed by a progressive decrease in the PL intensity when further 
increasing P concentration. On the basis of previous data reported by Fujii et al. [131], PL 
enhancement is assumed to be associated with P surface passivation, while the decrease in 
the PL intensity is attributed to Auger recombination due to incorporation of P impurities in 
Si NCs. [132] It is important to note that, in these experiments, even if the introduction of 
dopant in Si NCs is performed after the synthesis of the nanostructures, the implantation 
damage alters the initial equilibrium, resulting in some cases in the complete amorphization 
of Si NCs. Consequently, the incorporation of P atoms does not really occur at thermodynamic 
equilibrium since the dopant redistribution within the sample is accompanied by Si NCs 
recrystallization. 

An alternative experimental approach was recently proposed in couple of papers published 
by my research group, Perego et al. [15] and Mastromatteo et al. [140][141]. In our 
experiments the incorporation of P atoms in Si NCs was promoted after their formation, by 
delivering a controlled amount of dopant atoms from a spatially separated diffusion source. 
As discussed in Chapter 3, our results represented the first evidence that P doping of Si NCs 
in SiO2 is thermodynamically favored. This experimental approach disclosed opportunities for 
fundamental studies concerning the physics of doped Si NCs, providing a pathway to clarify 
the energetics of the doping process at the nanoscale. 

1.2 Electrical activity  

Impurity doping of bulk Si was widely used to tune the electronic properties of silicon by 
introducing free carriers that significantly modify its intrinsic conductivity. Doping of Si NCs is 
performed to achieve the same goal, i.e. control the electrical and optical responses of these 
nanostructures by the controlled introduction of free carriers. Actually, a clear understanding 
of the evolution of the effective carrier density in Si NCs as a function of impurity 
concentration is still lacking. In particular, experimental data collected so far suggest that the 
capability of dopants to provide free carriers in Si NCs strictly depends on the synthesis 
method that was used to realize the nanostructures. In this section I briefly summarize the 
available experimental results about dopants activation within small Si NCs. Theoretical 
studies on electron and hole transport induced by substitutional B or P doping in Si NCs 
embedded in a SiO2 matrix were systematically reviewed by Pi. [87] For further information 
about theoretical investigation on dopant activation in Si NCs I suggest to look at the recent 
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work of Garcia-Catello et al. [109] Once again the experimental results are revised considering 
the two cases of freestanding and embedded Si NCs respectively. 

  Freestanding Si NCs 

Zhou et al. [113] studied B and P hyper-doped Si NCs (diameter ≈14 nm) synthesized in a non-
thermal plasma system. They demonstrated that both B and P atoms may be effective 
dopants for Si NCs. P hyper-doping was found to induced a significant enhancement of the 
oxidation of Si NCs, corroborating the hypothesis that P atoms are effectively acting as donors. 
In fact, as the concentration of electrons in P hyper-doped Si NCs is larger than that of 
undoped Si NCs, more electrons may tunnel through the oxide to reach the surface, ionizing 
more O atoms and speeding up the oxidation kinetics. The electrical activity of B impurity 
atoms was investigated by looking at the Fano effect. [142] B hyperdoped (7 at.% - 31 at%) Si 
NCs were characterized by Raman spectroscopy. Figure 1.2.1 (a) shows the Raman spectra 
obtained using two different excitation wavelengths. With the increase of the excitation 
wavelength the Raman peak at 517 cm−1 was broadened toward high wavenumbers. An anti-
resonance dip also appeared on the low-wavenumber side of the 517 cm−1 peak. These 
features are both characteristic signatures of the Fano effect, indicating that there are B 
atoms that act as acceptors in these Si NCs. In a subsequent work on similar samples with 
hyperdoped Si NCs, Zhou et al. [143] found that when the doping levels of B and P are similar, 
the LSPR energy of B-doped Si NCs is higher than that of P-doped Si NCs because B atoms are 
more efficiently activated than P atoms in Si NCs. 

In the case of P doped Si NCs synthetized in a plasma system, EPR data proved that donor 
electrons are present [121][144]. As depicted in Figure 1.2.1 (b), a clear resonance centered 
at g = 1.998 and two further lines denoted hf(31P) were observed. These features are a clear 
fingerprint of substitutional and isolated P atoms trapped in the Si NC core. [99]. In the films 
containing P doped Si NCs, [118][121] it was observed that an increase of the doping 
concentration in the Si NCs resulted in an increase of the film conductivity and in a 
concomitant decrease of the temperature dependence of the conductivity. Using electrically 
detected magnetic resonance (EDMR), it was demonstrated that at low temperature both Si-
dangling bonds of the surface and isolated substitutional P states participate in charge 
transport, demonstrating that charge transport involves electronic states of NC cores and 
does not take place solely through surface states [118]. 

All these results proved that the donor electrons that are present in the Si NCs effectively 
contribute to charge transport enhancement in Si NCs. Nevertheless, a complete picture 
about the effective impact of doping on charge transport in Si NC films is not yet available 
because effects like charge trapping in defect states, percolation of charges, and dopant 
ionization in NCs at room temperature may obscure the effect due to doping of the individual 
NCs. An example of influence on charge transport due to defect is reported by Lechner et al. 
[91]. They demonstrated that both P and B doping becomes effective dopants only when the 
concentration of dopant atoms overcomes the concentration of defect traps. Moreover, 
Pereira et al. [145] observed that, in films of Si NCs with a native oxide shell synthetized by 
plasma, no significant enhancement of conductivity is detectable even for very high (5 1020 
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cm-3)  P concentration. Thus, in surface-oxidized Si NCs, charge transport is not limited by the 
amount of available charges. This indicates that in films of surface-oxidized Si NPs inter-NP 
charge transfer involves the participation of oxide-related electronic states, whereas in H-
terminated Si NP films direct inter-NP charge transfer plays a major role in the overall charge 
conduction. In recent reviews both Ni [111] and Pereira [110] summarize results about 
electronic properties of doped Si NCs synthetized by plasma providing an exhaustive 
description of the experimental results. 

Figure 1.2.1 - a) Raman spectra of  ≈14 nm Si NCs hyperdoped with B at the 
concentration of 7% by means of thermal plasma. Data were obtained with 
lasers operating at the excitation wavelengths of 532 and 785 nm. Picture 
reproduced from Zhou et al. [113]; b) Top: EPR spectra of Si NCs with a mean 
diameter of 42 and 43 nm grown in a low-pressure microwave plasma 
reactor, with different P nominal concentration. Bottom: EPR spectra of 
doped Si-NCs with mean diameters of 8.2 and 1.5 nm grown in a low-
pressure microwave plasma reactor at constant P nominal concentration. 
Pictures as printed in Stegner et al. [99]; c) free carrier density calculation 
from transient current analysis for sample with different total P 
concentration involved in the synthesis process is plotted as a function of 
bias voltage. 4 nm size Si NCs are arranged in superlattices and synthetized 
by PECVD method. Figure as printed in Gutsch et al. [80] 
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  Embedded Si NCs 

In the case of P doped Si NCs superlattices embedded in a SiO2 matrix synthetized by PECVD 
method, transient current analysis demonstrated that the effective concentration of electron 
available for current transport within the P doped NC conduction band corresponds to only 
0.12% of the total P concentration. [80] This result was suggested to be a consequence of the 
incorporation of P dopants in the NCs as interstitial impurities rather than as substitutional 
donors. [80][81] In fact, on the basis of density functional theory calculations, interstitial P 
dopants in Si NCs are expected to introduce deep trap states which cannot donate electrons 
but provide efficient carrier recombination [81]. Nevertheless, doubling the P concentration 
yields twice the amount of carriers [80]. Figure 1.2.1 (c) reports free carrier density derived 
from transient current analysis as a function of bias voltage. Analysis was performed on 
samples with different total P concentration. In a very recent work Almeida et al., [144] 
studied P doping of 5 nm Si NCs synthetized by cosputtering method using EPR spectroscopy. 
Fig. 1.2.2 shows the EPR spectra and the corresponding numerical fitting curve. Data indicate 
that most P dopants are incorporated at substitutional sites of the NCs lattice and thus 
effectively act as donor. Moreover, they observed that the donor electron density decreases 
by several orders of magnitude when the NCs are treated in HF to remove the native SiO2 
matrix and subsequently exposed to air. They interpreted this observation as charge 
compensation of P donors in the NCs by traps associated to molecules adsorbed to NC surface. 
Interestingly the process can be completely reverted by desorbing the molecule from Si NC 
surface in vacuum. The extreme difference in terms of dopant activation for the P doped Si 
NCs embedded in SiO2 matrix synthetized by PECVD method and those synthetized by 
cosputtering method, suggests that, as the doping efficiency depends on dopants locations, 

Figure 1.2.2 - EPR spectra of 5 nm size Si NCs embedded in SiO2 matrix 
synthetized by cosputtering method and its numerical fit. Picture as printed 
in Almeida et al. [144] 
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the synthesis method can affect the donor electron distribution within the Si NCs. 
Unfortunately, no experimental techniques are able to provide a direct measurement of the 
P distribution within the Si NCs. All the informations are usually obtained by indirect 
measurements and interpretation models whose validity has not been completely assessed 
yet.   

1.3 Conclusions 

In this chapter I provide an extensive review of the most recent experimental and theoretical 
results about doping of Si NCs. Introduction of dopant impurities in very small Si NCs have 
been achieved using several approaches. However the effective positioning and 
thermodynamic stability of the dopant impurities within the Si NCs are not clear and represent 
the subject of an intense research activity. Recent experimental results about Si NCs 
embedded in a dielectric matrix suggest that P impurities are incorporated within the core 
and/or in the region below the Si NCs/SiO2 interface. The effective activation of these 
impurities i.e. the availability of free charges in the Si NCs is questionable. Actually, a complete 
theoretical and experimental description of the energetics of these systems is still missing.  
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2 – Experimental  
 

 

 

 

 

 

 

2.1 Synthesis and processing 

This section is divided in two parts. The first one regards the synthesis of Si NCs, the second 
one focused on the synthesis of dopant layers to be used as dopant sources. 

 Silicon NCs embedded in SiO2 

Si NCs can be synthesized within a dielectric matrix using a two-step process involving the 
formation of a silicon supersaturated film, followed by annealing at high temperature in an 
inert atmosphere. During the thermal treatment, the silicon supersaturated film, which can 
be an oxide, nitride or carbide, undergoes a phase separation, resulting in the nucleation of 
Si NCs embedded in an amorphous dielectric matrix [11][36]. Several approaches were 
proposed to form silicon supersaturated films within a SiO2 matrix [39]–[49]. In our 
experiments we synthetized Si NCs by means of high temperature thermal treatment of a 
SiO2/SiO/SiO2 multilayer [80][135], deposited by electron-beam deposition. The thermal 
treatment was performed in tubular furnace. 

2.1.1.1 Electron-beam evaporator 

Electron-beam evaporator is a physical vapor deposition (PVD) technique where an intense 
electron beam strike source material and vaporize it within a vacuum environment [146]. 
Schematic setup of e-beam evaporator is depicted in Figure 2.1.1.  Usually in this system, high 
voltage electrical supplies heat a tungsten filament until it is incandescent. The filament then 
spontaneously and randomly emits electrons. An anode plate collects the electrons and forms 
them into a beam which is accelerated through high voltage potential (about 5 kV). Magnetic 
fields, usually created by a permanent magnet, deflect the beam until it impacts on the 
material in the crucible. If the electron beam has sufficient energy, the material in the crucible 
is evaporated. The evaporated atoms travel thrown the vacuum chamber, at thermal energy 
(less than 1 eV), and can be used to coat a substrate positioned above the evaporating 
material. Since thermal energy is so low, the pressure in the chamber must be low enough to 
ensure that the electron mean free path is longer than the distance between the electron 
beam source and the target substrate. The mean free path is the average distance that an 
atom or molecule can travel in a vacuum chamber before it collides with another particle 
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thereby disturbing its direction to some degree.  This is typically around 4.0 x 10-4  mbar or 
lower. Usually, the thickness of the films deposited on the target is monitored during the 
deposition by a microbalance system that measures the resonant frequency of oscillation of 
a crystal. This frequency changes as the thickness of the film deposited on the crystal changes. 
To compensate for differences between the source-to-substrate and source-to-crystal 
distances, a calibration or "tooling factor" is introduced. In this way, the film thickness of 
material deposited on the substrate is directly calculated from the thickness of the film on the 
crystal of the microbalance. 

The laboratory is equipped with two electron-beam evaporators: a four-crucible e-beam gun 
working in high vacuum (base pressure 3×10−7 mbar), Kurt J. Lesker, and a conventional 
evaporator placed in clean room, Edwards EB3.  

2.1.1.2 Furnace 

Si NCs nucleation and growth was promoted by high temperature annealing in a conventional 
LTF-Lenton tubular furnace [147].  This furnace has a maximum operating temperature of 
1200°C. Heating is provided by a resistance wire element wound on to the ceramic work tube 
which is an integral part of the furnace. Low thermal mass insulation is used throughout for 
rapid response rates and maximum thermal efficiency and stability. A rugged metal sheathed 
thermocouple is protected from accidental damage and allows full use of the work tube bore. 
Furnace reach the target temperatures with an heating rump of 5° C /min. An example of the 
behavior of temperature during a cycle is reported in Figure 2.1.2.  

Figure 2.1.1 – Schematic setup of an electron beam evaporator  
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 Doping source 

The process used to synthetize the dopant δ-layer by dopant-terminated homopolymers 
involves the use of different tools, like Spectroscopic Ellipsometry, Rapid Thermal Process and 
O2 plasma. Spectroscopic Ellipsometry was used to measure the thickness of the dopant-
terminated polymeric layer bonded over the substrate. Rapid Thermal Process induced the 
grafting of dopant-terminated polymers over SiO2 surface. O2 plasma was used to clean the 
surface from residual polymeric fraction after dopant δ-layer formation. 

2.1.2.1 Spectroscopic Ellipsometry 

Spectroscopic Ellipsometry (SE) is an optical technique used for the investigation of the 
thickness and the optical properties of thin films [148]. It is worth to say that it is 
nondestructive and contactless. Thanks to the analysis of the change of polarization of light 
reflected on a sample, SE can yield information about layers that are thinner than the 
wavelength of the probing light itself. SE can probe the complex refractive index, which gives 
access to fundamental physical parameters and it is related to a variety of sample properties. 
It is commonly used to characterize film thickness for single layer or complex multilayers 
ranging from a few nm to several µm [149].  

In SE light is emitted by a lamp and linearly polarized by a polarizer. It can pass through an 
optional compensator (retarder, quarter wave plate) and then falls onto a sample. After 
reflection the radiation passes an optional compensator and a second polarizer, which is 
called an analyzer, and falls into the detector. The schematic setup of an SE experiment is 
depicted in Figure 2.1.3. SE is a specular optical technique in the sense that the angle of 
incidence is equal to the angle of reflection. The plane picked out by the incident and the 
reflected beam is named plane of incidence. Light which is polarized parallel (perpendicular) 
to this plane is named p-(s-)polarized. The polarization change of the light is determined only 
by the sample's properties such as thickness and optical constants. Polarization state of the 

Figure 2.1.2 -Example of the behavior of temperature during a cycle (1000° 
C, 10 min) in tubular furnace 
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light incident upon the sample may be decomposed into the s and a p component. The 
amplitudes of these components, after reflection and normalized to their initial value, are 
denoted by Rs  and Rp, respectively. SE actually measures the ratio of Rs  and Rp, which is 
described by the fundamental equation of SE:  

𝜌 =
𝑅𝑝

𝑅𝑠

= tan 𝜑 𝑒𝑖∆ 

tan 𝜑  and ∆ are the amplitude ratio and the phase shift (difference) upon reflection, 
respectively. Since SE is measuring the ratio of two values rather than their absolute values, 
it is very robust, accurate and reproducible.  

SE is indeed an indirect method; in general the measured  𝜑       and ∆ cannot be converted 
directly into the optical constants of the sample and a model analysis must be performed. 
Thus a layer model must be established, which considers the optical constants and thickness 
parameters of all individual layers of the sample including the correct layer sequence. By using 
an iterative procedure (least-squares minimization) unknown optical constants and/or 
thickness parameters are varied, 𝜑       and ∆ values are calculated. Among the different models 
which can be used to achieve thickness information, the Cauchy layer is the most indicated 
for the measure of transparent thin film, such as polymer films.   

All the measures were carried out by M-2000U spectroscopic ellipsometer (J.A. Wolam Co. 
Inc.) using a Xe lamp at 70° incident angle. 

2.1.2.2 Rapid Thermal Process 

During Rapid Thermal Process (RTP), radiant energy sources are used, often tungsten-halogen 
lamps, to heat the sample at very high temperature for a short period (up to a couple of 
hundred degrees per second). This technique involves a non-equilibrium process. In fact, 
differently from what happens in a furnace, the components inside the chamber have 
different temperature: the tungsten-halogen lamps used are much hotter than the sample, 
and the chamber walls are usually much cooler than the sample. 

Figure 2.1.3 – Schematic setup of a Spectroscopic Ellipsometry 
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All thermal treatments have been carried on by using a Jipelec "JetFIrst100" RTP machine. The 
system includes a cold wall reaction chamber with maximum 4" wafer capability and 30 kW 

power multi-zone halogen lamp furnace. It can work between 20° C and 1250 °C and can raise 

the chamber temperature up to 100 °C/s. Furthermore gas inlets are provided for O2, N2 and 
H2(%5)-N2 mixture. Chamber valves ensure the capability of working between 1 and 1000 
mbar. 

2.1.2.3 O2 Plasma 

Plasma cleaning involves the removal of impurities and contaminants from surfaces using an 
energetic plasma created from gaseous species. Gases such as argon and oxygen, as well as 
mixtures such as air and hydrogen/nitrogen are used. The plasma is created by using high 
frequency voltages (typically kHz to MHz) to ionize the low-pressure gas (typically around 
1/1000 atmospheric pressure). In plasma, gas atoms are excited to higher energy states and 
also ionized. As the atoms and molecules "relax" to their normal, lower energy states, they 
release a photon of light, these results in the characteristic "glow" or light associated with 
plasma. Different gases give different colors. For example, oxygen plasma emits a light blue 
color. 

A plasma's activated species include atoms, molecules, ions, electrons, free radicals, 
metastable, and photons in the short wave ultraviolet (vacuum UV, or VUV for short) range. 
This "soup", which incidentally is around room temperature, then interacts with any surface 
placed in the plasma. If the gas used is oxygen as in our case, the plasma is an effective, 
economical, environmentally safe method for critical cleaning. The VUV energy is very 
effective in the breaking of most organic bonds (i.e., C-H, C-C, C=C, C-O, and C-N) of surface 
contaminants. This helps to break apart high molecular weight contaminants. A second 
cleaning action is carried out by the oxygen species created in the plasma (O, O+, O-, O2

+, O2
- 

ionized ozone, metastable excited oxygen, and free electrons). These species react with 
organic contaminants to form H2O, CO, CO2, and lower molecular weight hydrocarbons. These 
compounds have relatively high vapor pressures (means they escapes to space easily) and are 
evacuated from the chamber during processing. The resulting surface is ultra-clean. 

2.2 Characterization  

Sample characterization required the development of a characterization protocol integrating 
multiple techniques. In particular, TEM and APT were used to obtain structural information 
about  Si NCs, like their average size and density. ToF-SIMS was used to study dopant diffusion 
and incorporation in Si NCs. Rutherford Backscattering Spectrometry (RBS) analysis 
determined the total P doses inside the sample, allowing ToF-SIMS Profiles quantification. 
Finally, XPS provided information about chemical environment of P atoms in Si NCs. 

 Transmission electron Microscopy 

TEM is a microscopy technique in which a stationary, coherent beam of electrons is 
transmitted through an ultra-thin specimen [150]. An image is formed from the interaction of 
the electrons transmitted through the specimen. The main strength of TEM is its extremely 
high resolution due to the very small wavelength of electrons. For an accelerator voltage of V 
= 100 keV, the wavelength of electrons is about 0.004 nm giving a resolution s ≈ 0.25 nm.  

https://en.wikipedia.org/wiki/Microscope
https://en.wikipedia.org/wiki/Electron
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Electrons from an electron gun are accelerated to high voltages (from 100 to 400 keV) and 
focused on the sample by condenser lenses. The sample is placed on a copper grid. The 
sample must be sufficiently thin (100-200 nm) to be transparent to electrons. The transmitted 
and forward scattered electrons form a diffraction pattern in the back focal plane and a 
magnified image in the image plane. With additional lenses either the image or the diffraction 
pattern is projected onto a fluorescent screen for viewing or for electronic recording. There 
are three primary imaging modes: bright field, dark field and high resolution microscopy. The 
most common mode of operation for a TEM is the bright field imaging mode. In this mode the 
contrast formation is formed directly by occlusion and absorption of electrons in the sample. 
Thicker regions of the sample, or regions with a higher atomic number will appear dark, whilst 
regions with no sample in the beam path will appear bright – hence the term "bright field”. 
Since the image contrast is related to scattering and diffraction of electron in the sample, it is 
possible to form an image using a specific diffracted beam, this mode of operation is named 
dark field. High resolution images are obtained combining the transmitted and a number of 
diffracted beams to form an interference image in the image plane of the objectives lens. 
HRTEM is used to obtain structural information on the atomic size level. The absorption of a 
small fraction of the electrons induces sample heating that could lead to a modification of the 
sample during the measurement. 

Sample preparation is a weak point of TEM because the sample must be very thin. TEM 
specimens are required to be at most hundreds of nanometers thick, as unlike neutron or X-
Ray radiation the electron beam interacts readily with the sample, an effect that increases 
roughly with atomic number squared. High quality samples will have a thickness that is 
comparable to the mean free path of the electrons that travel through the samples, which 
may be only a few tens of nanometers. Preparation of TEM specimens is specific to the 
material under analysis and the desired information to obtain from the specimen. In HRTEM 
the thickness of a silicon sample should be less than 10 nm operating at 200 keV. Many 
techniques have been used for the preparation of the required thin sections, like mechanical 
lapping polishing, ion milling and focused ion beam (FIB). 

For the imaging of samples used for the study of structural characterization of Si NCs, EFTEM 
observation was performed on a field emission microscope (TecnaiTM F20, FEI) operating at 
200 kV and equipped with an imaging filter (Gatan TRIDIEM). For the imaging of the samples 
used for the study of ex situ doping of Si NCs, TEM measurements were performed using a 
sub-Angstrom (Cs)-probe-corrected JEOL ARM200CF at a primary beam energy of 200 keV. It 
is a probe corrected TEM/STEM microscope equipped with a cold-FEG gun and a fully loaded 
GIF Quantum ER as spectrometer. In both case, EFTEM images were formed from electrons 
that lose energy around 17 eV (±2 eV), which corresponds to silicon plasmon oscillation 
energy of Si.  

 Atom Probe Tomography 

APT is a microscopy technique that provides 3D atom-by-atom imaging of materials with a 
uniquely powerful combination of spatial and chemical resolution. Its spatial resolution is 
outstanding (Δx ≈ Δy ≈ 0.2 nm and Δz ≈ 0.1 nm)[151]. Moreover, detection sensitivity results 
to be very high, as element concentrations down to a few ppm can be detected irrespective 
of elemental mass. The technique is based on field evaporation of ions from a very sharp 
needle-shaped sample. By applying either ultra-fast high voltage or laser pulses to a positively 
biased tip-shaped specimen, surface atoms are field-evaporated layer by layer. The field-

https://en.wikipedia.org/wiki/Neutron
https://en.wikipedia.org/wiki/X-Ray
https://en.wikipedia.org/wiki/X-Ray
https://en.wikipedia.org/wiki/Atomic_number
https://en.wikipedia.org/wiki/Focused_ion_beam
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evaporated atoms are ionized and accelerated towards a position sensitive detector that 
records their time of flight (for chemical analysis) and impact positions (for determination of 
the original position within the sample). A three-dimensional elemental map can be 
reconstructed from the collected data, applying an inverse projection of the detector 
coordinates to the tip surface. Depth-scaling is done taking into account the sequence and 
volumes of detected atoms. A schematic drawing of APT technique is reported in Figure 2.2.1 

Controlling the sample size and its shape is essential for understanding and manipulating the 
ionic trajectories from specimen surface to detector. The main constrain for APT sample 
preparation are:  

- the specimen must be sharp enough to allow field evaporation (radii on the order of 
100 nm) 

- it must be robust enough to allow for significant evaporation events to occur 
- user-defined features of interest must be present in the near-apex region to ensure 

that such features are included in the collected data. 

Two methods of specimen preparation are prevalent for APT: electropolishing and focused 
ion beam (FIB) milling. 

APT analysis was performed using a laser-assisted local electrode atom probe (LEAP4000X HR, 
Cameca)[152][153]. A pulsed laser with a 355 nm wavelength was irradiated upon the needle 
specimen with a repetition rate of 200 kHz and a laser-pulse energy of 90 pJ. The base 
temperature of the needle specimen during the measurement was 50 K. An Integrated 
Visualization and Analysis Software (IVAS) protocol was employed to reconstruct the 3D atom 
map[154]. 

 

Figure 2.2.1 – Schematic drawing of Atom Probe Tomography   

https://en.wikipedia.org/wiki/Nanometer
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 Time of Flight Secondary Ion Mass Spectrometry 

SIMS is a technique used in materials science and surface science to analyze the composition 
of solid surfaces and thin films based on the ejection of charged atomic and molecular species 
from the surface of a condensed phase (liquid or solid) under heavy particle bombardment. 
The mass/charge ratio (e/m) of the ionized particles emitted from the surface is analyzed by 
different types of mass analyzers obtaining a mass spectrum. A schematic description of this 
technique is reported in Figure 2.2.2. The e/m spectrum supplies information on the chemical 
composition of the bombarded area.  

2.2.3.1 Basic concept 

It is known that, when accelerated ions penetrate into a crystalline target sample, they 
undergo electronic and nuclear scattering events that could cause a collision cascade. As a 
matter of fact, during nuclear interactions sufficient energy may be transferred from the ions 
to the atoms of the sample inducing a displacement from their equilibrium position. These 
atoms can in turn displace other atoms and so on, creating a cascade of atomic collision. This 
phenomenon could induce a change of the lattice structure and sputtering. Sputtering takes 
place when atoms near the surface receive sufficient energy from the incident ion to be 
ejected from the sample. The flux of sputtered particles emitted from an ion-bombarded 
surface is characterized by the presence of atoms and polyatomic molecules and clusters. The 
escape depth of the sputtered atoms is generally a few monolayers. The sputter yield 𝑌𝑚 (the 
average number of atoms sputtered per incident primary ion) depends on the sample 
material, on its crystallographic orientation and on the nature, energy and incident angle of 
the primary ions. Selective or preferential sputtering can occur in multicomponent targets 
when the components have different sputter yields. The rate of sample etching is called the 
sputter rate (R) and is defined as the amount of material (Z) removed per sputter time (t): 

𝑅 =
𝑍

𝑡
                                                            (2.2.1) 

Figure 2.2.2 – Schematic drawing of Secondary Ion Mass Spectrometry 
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Sputter rates depend on a number of parameters, such as the incident ion flux, background 
pressure of the sputtering species and gas phase composition. 

Most of the emitted atoms are neutral but a small fraction (vary in a range of 10−2% to 10% 
of the total) is ejected as positive or negative ions. As in SIMS only charged particles can be 
detected by the mass analyzer, it is necessary to introduce the concept of secondary ion yield 
𝑌𝑚

± (the average number of ions sputtered per incident primary ion). Secondary ion yield is 
significantly lower than the total yield, but can be influenced strongly by the chemical 
environment of the sputtered species, it is the well-know matrix effect. Moreover, secondary 
ion yield can be influenced even more strongly by the type of primary ion. It is well known 
that the presence of highly electronegative (such as oxygen or nitrogen) or highly 
electropositive (i.e. cesium) elements onto the surface of interest can promote the emission 
of positive or negative secondary ions respectively [157][158]. For semiconductors, such as 
Ge and Si, and for carbon a strong emission of negatively charged clusters occurs. In samples 
composed of different atomic species, such as silicon oxide, various homonuclear (Sin±, On

±) 
and heteronuclear (SinO m

±) cluster can be observed. These clusters were formed during the 
sputtering process and usually they are not representative of pre-existing cluster.  

2.2.3.2 SIMS instruments 

A conventional SIMS instrument is composed by an ion gun, an ultra high vacuum chamber 
and a mass analyzer. By applying a fine focused ion beam and by scanning it over a limited 
surface area information about the lateral surface distribution of the secondary ion emission 
can be obtained. The spatial resolution is determined by the spot size of the primary ion beam 
and resolution less than 1 µm are possible. An image of the chemical composition of the 
surface can be reconstructed. The removal of atoms and molecules from the surface results 
in an erosion process. 

Regarding the erosion of the surface two different modes of analytical SIMS can be defined: 

- Static SIMS: information on the composition of the uppermost monolayer can be 
collected virtually without modifying the surface composition and structure using 

very low primary ions current density. For an ion current density of 1 nA ·  cm−2 the 
lifetime of a monolayer is in the order of some hours. 

- Dynamic SIMS: applying high primary ion current densities (up to some A ·  cm−2) the 
surface erosion continuously moves the actual surface into the bulk material 
providing information on the composition of originally deeper layers of the 
bombarded sample. By use of dynamic SIMS depth profiling of element 
concentration can be achieved with high sensitivity down to ppb range. 

Depending on the analytical application different kinds of mass spectrometers can be used 
for mass separation like magnetic sector field, double focusing sector field, Quadrupole 
analyze and Time of Flight (ToF).   

Time Of Flight SIMS instruments 

When it becomes important to detect elements present in low concentration and to have a 
high lateral resolution, a maximum use of all secondary ions produced by ion bombardment 
is mandatory. It is worth to say that the instrument transmission factor of the quadrupole 

based SIMS instrument is only 10− 4. Fortunately, it is possible to increase the ion collection by 
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a three order of magnitude, using a ToF mass analyzer. The main idea of ToF mass 
spectrometer is that ions with the same energy but different masses need different flight 
times to pass a certain drift. The mass/charge ratio of each ion can be determined by 
measuring their flight time. 

Compared with the other instruments mentioned above, a TOF mass analyzer presents some 
advantages: 

- A high mass resolution (m / Δm > 10000) 
- An unlimited mass range 
- A very high transmission (f > 0.1) that is constant over the whole mass range 
- A quasi simultaneous detection of all masses of the same sign of charge 

The simplest TOF-SIMS instrument consists of a pulsed ion source and a reflectron TOF 
analyzer where an ion mirror is used to increase mass resolution. In the ion mirror the ions 
are decelerated by an electric field until they finally turn around and are accelerated again. 
The higher the initial energy the deeper they penetrate into the reflecting field increasing 
their flight time. In TOF-SIMS sample erosion is limited by the low duty cycle (10-4 - 10-5) of 
the primary ion gun and is very slow. For this reason, TOF-SIMS originally has not been 
considered as an appropriate technique for depth profiling. To make use of the above 
mentioned ToF-SIMS features in depth profiling an additional sputter gun has been integrated 
into standard ToF-SIMS instrument [157]. Both the analysis and sputter ion gun are operated 
with the ToF-SIMS repetition rate (Figure 2.2.3). Sometimes charge compensation by means 
of electron flood gun is employed. The ion guns are synchronized so that the ion flight time 
into the analyzer is used by the sputter gun to erode the sample. If only a limited mass range 
or a limited mass resolution is required, it is possible to increase the data rate by improving 
the duty cycle.  

Figure 2.2.3 – ToF-SIMS repetition rate 
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Compared with the sputtering ion beam, the current density in the analyzing ion beam is very 
low (<1%). Therefore surface effects induced by the analyzing ion beam such as, for example, 
atomic mixing, can be neglected and the matrix composition as well the as depth resolution 
are controlled predominantly by the characteristics of the sputtering ion beam: the chemical 
nature or the mass of the bombarding species, their energy and the angle of incidence. In dual 
beam mode, these parameters can be optimized without any influence on the analyzing beam 
allowing an optimum depth resolution. 

Another TOF feature that can be applied in depth profiling is the parallel data acquisition. For 
each pulse of the analytical ion beam an entire mass spectrum is acquired and all the 
secondary ion signals are recorded, with their x, y position, in one single file. This raw data 
file can be subsequently used to reconstruct: 

- the depth profile for any peak in the spectrum. 
- the complete spectrum in any depth of the sample. 
- the lateral distribution for any peak at a selected depth. 

By this means, the mass intervals to be followed as a function of depth can be selected after 
the measurement and no mass line of interest can be overlooked. Furthermore, the raw data 
acquisition is very useful for the analysis of the interfaces, because after the acquisition of a 
depth profile a spectrum of a selected depth interval can be reconstructed from the raw data 
[157][158]. 

In our experiments ION TOF TOF SIMS IV have been employed. We used Ga+ accelerated at 
25 keV and rastered over 50 x 50 µm2 as analysis beam and Cs+ accelerated at 0,5 / 1 keV and 
rastered over 200 x 200 / 250 x 250 / 500 x 500 µm2 as sputtering beam. As our samples are 
basically SiO2 matrix, i.e. insulator matrix, sometimes we compensated charging by means of 
electron flood gun in order to minimize charging effects. 

2.2.3.3 Quantitative depth profiling 

Quantitative depth profiling is unquestionably the major strength of SIMS. Universally 

quantification is understood to be the conversion of a secondary ion current 𝐼(𝑚)± measured 

as a function of time 𝑡 t, to a concentration 𝑐(𝑚)  as a function of depth 𝑧.  

Time to depth conversion 

When the target has only one major component one may expect that the sputter velocity 𝑧̇ =
𝑑𝑧 𝑑𝑡⁄  is constant throughout the measurement. In this case a strictly linear relation holds 
between elapsed erosion time and eroded depth in the sample: 

𝑧(𝑡)  =  𝑧̇𝑡                                                              (2.2.2) 

The value of 𝑧̇ can be determined in many different ways: from the crater depth 𝑍 measured 
after a bombardment time 𝑍 as 𝑧̇ = 𝑍 𝑇⁄ , from the time to break through a homogeneous 
layer of known thickness 𝑍 or by any method or determining 𝑧̇ or 𝑍 in situ. 

If the composition of the sample under analysis varies strongly with depth the linear time to 
depth conversion can not be used because the erosion rate is expected to change with the 
bombarding time. In this case 𝑧̇(𝑡) must be determined in situ and the depth scale is derived 
as: 
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𝑧(𝑡) = ∫ 𝑧̇
𝑡

(𝑡′)𝑑𝑡′                                                     (2.2.3) 

or 𝑧(𝑡) must be determined in situ by a suitable method. 

Ion current to atoms concentration conversion 

The basic SIMS equation described the secondary ion current 𝐼(𝑚)±  of a species 𝑚, is: 

𝐼(𝑚)± =  𝐼𝑝𝑌(𝑚)± 𝛼 𝑐(𝑚)𝜂                                               (2.2.4) 

where 𝐼𝑝 is the primary ion flux, 𝑌(𝑚)±  is the sputter yield, 𝛼 is the ionization probability, 

𝑐(𝑚) is the concentration of 𝑚 in the surface layer and 𝜂 is the transmission of the analysis 

system. As 𝐼(𝑚)±  is proportional to 𝑐(𝑚), this equation demonstrates that it is possible to 

infer the concentration 𝑐(𝑚) from its measured secondary ion current 𝐼(𝑚)± . The simplest 

application of eq. (2.2.4) is to use reference sample R with a known and constant 
concentration level 𝑐𝑅(𝑚)  of the impurity/matrix combination under examination. The 
concentration of the element 𝑚 can be calculated as: 

𝑐(𝑚) = 𝑐𝑅(𝑚)
𝐼(𝑚)±

𝐼𝑅(𝑚)±                                                    (2.2.5) 

Where 𝐼𝑅(𝑚)±  is the secondary ion current of the species 𝑚 in the reference samples. A 

better approach is to normalize the impurity signals 𝐼(𝑚)±  first to a matrix ion signal 𝐼(𝑀)±  

whenever possible. In this way possible variations of 𝐼(𝑚)±
 and, to some extent, of 𝑌(𝑚)±  

cannot affect the calibration anymore. This procedure yields the so-called relative sensitivity 
factor (RSF) which converts the impurity secondary ion intensity to atom density.  

𝑅𝑆𝐹 =  
𝑐𝑅(𝑚)

𝐼𝑅(𝑚)± 𝐼𝑅(𝑀)±                                                  (2.2.6) 

It is also possible to determinate RSF measuring the total doses of 𝐷𝑚  impurities inside the 
sample itself using other techniques like Rutherford Back Scattering or Nuclear Reaction 
Analysis. In this case, it results that: 

𝑅𝑆𝐹 =
𝐷𝑚

∫ 𝐼𝑚
± (𝑧)𝑑𝑧

                                                        (2.2.7) 

Were 𝐼𝑚
±(𝑧)  is the normalized ion current of a species 𝑚 in function of depth 𝑧. 

2.2.3.4 Si NCs detection 

Recently, it has been demonstrated that the study of the evolution of 𝑆𝑖𝑛
− ToF SIMS signals 

allows to characterize the formation and growth of Si NCs in SiO2 [159]. Therefore, the 𝑆𝑖𝑛
−  

signals were identified as a fingerprint of Si NCs allowing to reveal the presence and the 
location Si NCs s embedded in the SiO2. 

 Rutherford Back Scattering Spectrometry 

RBS is based on the bombardment of the sample with high energy light ions (typically 4He ions 
with energy ranging between 1 and 3 MeV) and the measurement of the energy distribution 
of the backscattered ions, as schematized in Figure 2.2.4 a) [160]. RBS is nondestructive and 
is used to determine the masses of the elements present in a sample, their depth distribution 
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(in a region from 10 nm to a few microns from the surface), their areal density and the 
crystalline structure. In RBS, ions of mass 𝑀1, atomic number 𝑍1 and energy 𝐸0  are incident 
on a solid composed of atoms of mass mass 𝑀2 and atomic number 𝑍2 (Figure 2.2.4 b)). Most 
of the incident ions lose their energy through interactions with valence electrons and come 
to rest within the solid. A small fraction (around 10−6 of the number of incident ions) 
undergoes elastic collisions and is backscattered from the sample at various angles, leaving 
the sample with reduced energy 𝐸1. 

Applying the energy and momentum conservation laws the kinetic factor 𝐾 = 𝐸𝑂 𝐸1⁄  can be 
determined. If 𝑀1 ≪ 𝑀2 and if the scattering angle 𝜃𝑠 is close to 180°, then 

𝐾 ≈ 1 −
2𝑅(1−cos 𝜃𝑠)

(1+𝑅)2                                                          (2.2.8) 

Where 𝑅 = 𝑀1 𝑀2⁄ . This is the key RBS equation. As the kinematic factor can be determined 
by the measurement of the primary ion energy loss, the unknown mass 𝑀2 can then be 
calculated through the kinematic factor. The scattering angle should be as large as possible. 
It is obviously impossible to detect ions scattered by 180°, but angles from 100° to 170° are 
commonly used.  

RBS spectrum is in the form of counts per channel versus channel number, with the channel 
number linearly related to the backscattered ion energy. The energy scale is at the same time 
a depth scale and a mass scale because He ions backscattered deeper in the sample have 
lower energy and because He ions backscattered from heavier elements have higher energy 
(i.e. higher channel). This implies some ambiguities in RBS spectra: a light mass at the surface 
of a sample generates a signal that may be indistinguishable from that of a heavier mass locate 
within the sample. Additional information about the sample under analysis have to be 
provided to resolve ambiguities. 

In this work, RBS analyses have been performed at Laboratori Nazionali di Legnaro (LNL) in 
Italy by using 2-MeV 4He+

 beams delivered by the 2 MV AN2000 Van de Graaff accelerator. 
The Rutherford 31P (α,el)31P reaction was used with a scattering angle of 165°–170° in (100) 

Figure 2.2.4 – a) schematic drawing of RBS principle b) RBS of light ions of 
mass  𝑀1, atomic number 𝑍1 and incident energy 𝐸0  from atoms of mass 
𝑀2 and atomic number 𝑍2. After the collision the light ions is deflected 
with a scattering angle 𝜃𝑠 and with reduced energy 𝐸1  
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channeling conditions, in order to reduce the Si counts coming from the Si substrate. Total P 
dose estimations were done by fitting the RBS spectra using an appropriate simulation code 
considering trial P concentration profiles optimized with thickness constraints based on the P 
SIMS depth profiles. The P profile in all the samples is shallow enough to have reduced 
superposition of 31P and 30Si signals in the RBS spectra, allowing relative errors in the P dose 
estimation in the 6–8% range for most of the samples. 

 X-Ray Photoelectron Spectroscopy 

XPS, also known as electron spectroscopy for chemical analysis (ESCA) is a surface-sensitive 
quantitative spectroscopic technique that measures the elemental composition, chemical 
state and electronic state of the elements that exist within a material [161]. In XPS, X-rays 
incident on a solid interact with core level electrons that can be emitted from any orbital 
(Figure 2.2.5). The energy of the emitted electrons are then analyzed. A schematic drawing of 
XPS tool is reported in Figure 2.2.6.  

The three basic components of a XPS instrument are the X-ray source, the spectrometer for 
the electron emitted analysis and a high vacuum system.. The high vacuum requirement 
comes from the fact that electrons travelling from a sample surface towards the energy 
analyzer should encounter as few gas molecules as possible, otherwise they will be scattered 
and lost from the analysis. For the typical dimensions of a spectrometer, this imposes a 

vacuum requirement of 10−5 − 10−6 mbar, which is not stringent. A better working vacuum 
level is required in order to avoid the accumulation of contaminants on the sample surface 
that would modify analysis results. X-ray are generated by bombardment of an anode 
(magnesium or aluminum) with electrons of sufficient energy, usually they are accelerated 
through a potential of up to 15 kV. The XPS electrons are detected by one of several types of 
detector. The hemispherical sector analyzer consists of two concentric hemispheres with a 
voltage applied between them. A spectrum is generated by varying the voltage so that the 
trajectories of the electrons with different energies from the sample are brought to a focus 
at the analyzer exit slit. An electron multiplier is generally used to amplify the signal. Primary 
X-rays of 1-2 keV energy induce ejection of photoelectrons from the sample surface.  

Figure 2.2.5- Scheme of photoelectron effect in XPS 

https://en.wikipedia.org/wiki/Chemical_state
https://en.wikipedia.org/wiki/Chemical_state
https://en.wikipedia.org/wiki/Electronic_state
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The kinetic energy 𝐸𝐾  of the ejected electron at the spectrometer is related to the binding 
energy 𝐸𝐵  by: 

𝐸𝐾 = ℎ𝜈 − 𝐸𝐵 − 𝜙                                                   (2.2.9) 

where ℎ𝜈 is the energy of the primary X-rays and 𝜙 the work function. The electron binding 
energy is influenced by its chemical surroundings making 𝐸𝐵  suitable for determining 
chemical states. This leads to a major strength of XPS: the possibility to identify not only the 
element, but also its bonding state. Despite the deep penetration of X-rays in the sample XPS 
is a surface sensitivity method because the emitted photoelectrons originate from the upper 
0.5-10 nm of the sample. The effective sampling depth depends on the electron inelastic 
mean free path 𝜆(𝐸) and the on the take-off angle 𝜃 with respect to the sample surface. 
Named 𝑧 the distance from the surface, the probability 𝑃(𝑧) that a photoelectron will escape 
from the sample without losing energy is regulated by the Lambert-Beer law: 

𝑃(𝑧) =  𝑒
− 

𝑧

𝜆(𝐸)𝑠𝑒𝑛𝜃                (2.2.10) 

Those photoelectrons that lose energy in leaving the sample will not appear in the 
characteristic peak but will rather contribute to the background. Note that the electron mean 
free path depends on the photoelectron energy [162], [163]. The dependence of the 
photoelectron signal on the take-off angle is the basis of angle resolved XPS technique (ARXPS) 
that allows to perform depth profiling by sample tilting. Depth profiling is possible also by ion 
beam sputtering. However sputtering is destructive and can alter oxidation states of the 
compound being measured. [164][165]. 

In this work XPS measurements were performed on a PHI 5600 instrument equipped with a 
monochromatic Al Kα x-ray source (1486.6 eV) and a concentric hemispherical analyzer. The 
spectra were collected at a take-off angle of 45°-75° with a bandpass energy filter at 11.75 
eV. The spectrometer was calibrated using polycrystalline gold, silver, and copper samples. 

  

Figure 2.2.6 - Schematic drawing of XPS tool 
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3 – Results and discussion  
 

 

 

 

 

 

 

This chapter focuses on the main experimental results collected during my thesis work. It is 
organized in three main sections. The first section reports about the development of the 
doping technologies that allow obtaining P δ-layer embedded in a SiO2 matrix. The main target 
of this part of the work is the optimization of the processing parameters of the different 
approaches we followed to synthetize the P δ-layer. Quantitative characterization of the 
dopant sources by ToF-SIMS depth profiles is reported. 

The second section focuses on the structural characterization of the Si NCs. A single plane of 
Si NCs embedded in a SiO2 matrix was synthetized by high temperature thermal treatment of 
a SiO2/SiO/SiO2 multilayer [80][135]. The main target of this experimental activity is the 
development of suitable characterization protocols in order to define structural 
characteristics of the Si NCs and identify the interface between the Si NCs and the surrounding 
matrix. In particular, we investigated the dependence of the shape, size, and areal density of 
Si NCs on the thickness of the initial SiO layer, using APT and validated the results by Energy 
Filtered TEM (EFTEM). This advanced characterization is necessary to define the effective 
position of dopant impurities and study their incorporation in the Si NCs.  

Finally, the third section reports about the experimental results achieved by P ex situ doping 
of Si NCs. The incorporation of P atoms is promoted in Si NCs after their formation, by 
delivering a controlled amount of dopant atoms from a spatially separated diffusion source. 
A schematic description of this procedures is shown in Figure 3.0.1. In particular, a systematic 
study about the doping of Si NCs with 4 nm average size is presented. Experimental data 
allowed determining the energetics and scheme of P trapping and detrapping within these 
nanostructures. These results demonstrate that P doping of Si NCs in SiO2 is 
thermodynamically favored and that P atoms impurities are stably incorporated within the 
nanostructures. Moreover, results on the effect of Si NCs size on P incorporation within these 
nanostructures are reported showing a progressive reduction of the energetic barrier that 
prevent release from Si NCs. An  investigation of the band structure of Si NCs embedded in a 
SiO2 matrix as a function of the average diameter of the Si NCs and of the P doses incorporated 
is present. 
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3.1 Doping sources 

To obtain a spatially localized dopant source at a well-controlled distance from the layer of Si 
NCs embedded in SiO2 matrix, three different approaches were investigated. To form a P δ-
layer in SiO2, we used an already existing technique, which is based on the evaporation of 
ultrathin P-SiO2 films. This approach is described in the section 3.1.1. Afterwards we 
developed a protocol based on monolayer doping (MLD), that is commonly used for the 
synthesis of δ-layer of dopant atoms on Si substrate. We tested the validity of this approach 
on SiO2 substrate and incorporated the resulted δ-layer of P-containing molecules in a SiO2 
matrix. The results of this experimental exercise are reported in section 3.1.2. Finally, we 
developed a completely new technique for the synthesis of dopant δ-layer by means of self-
assembled monolayers of dopant-terminated polymers. Those results are presented in 
section 3.1.3. 

 P-SiO2 ultrathin films  

As already shown in literature, it is possible to create an ultrathin (below 0.5 nm) film of of P-
SiO2 by evaporation o P-SiO2 in a conventional e-beam evaporation systems [16]. We 
synthetized P-SiO2 starting from commercial spin-on dopant solutions purchased from 
Filmtronics Inc. Efficient removal of the solvent (ethyl alcohol) has been achieved by slow 

Figure 3.0.1 – Schematic description of ex situ doping of Si NCs embedded 
in SiO2. On the top, synthesis of Si NCs; on the bottom, synthesis of dopant 
source and dopant diffusion up to Si NCs region 
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evaporation in a rotary evaporation system. The residual solid precipitates are white-
transparent P-SiO2 grains that can be used for e-beam evaporation. For evaporation we use 
Kurt J. Lesker evaporator. The pressure in the chamber before evaporation was 5 x 10-7 mbar. 
Rotation of the sample during evaporation was performed to enable a high homogeneity over 
the whole substrate [16]. Ultrathin P-SiO2 films were deposited over the SiO2 matrix by 
properly tuning the processing parameters and subsequently capped by a protective SiO2 

layer. 

In Figure 3.1.1 a) ToF-SIMS depth profiles of SiO2(~10nm)/P-SiO2(~0.5nm)/SiO2(~10nm) on Si 
substrate is reported. ToF-SIMS analyses were performed in a dual-beam ION-TOF IV system 
in negative mode using Cs+ ions (0.5 keV, 40 nA, 200 × 200 μm2 rastering) for sputtering and 
Ga+ ions (25 keV, 1 pA, 50 × 50 μm2 rastering) for analysis. The signals intensities have been 
normalized to the mean value of the 30Si intensity in the Si substrate. 31P- signal refers to P 
distribution inside the matrix, while SiO3

- and 30Si- signals are reported to identify the SiO2 
matrix and the Si substrate respectively. The P profile is shallower, with a peak at a depth of 
13 nm, with a sharp trailing edge. No P is present on the SiO2 layer grown on the Si substrate. 
The long leading tail in the SiO2 capping layer is an undesired P contamination resulting from 
a memory effect in the deposition chamber. The full width at half maximum (FWHM) of this 
peak is less than 2 nm. This value is comparable with ToF-SIMS depth resolution. In Figure 
3.1.1 b) ToF SIMS calibrated P profiles of the samples of Figure 3.1.1 a) are reported. The 
calibration was obtained using standard procedure thanks to RBS measurement of total P 
doses.  

 Monolayer Doping 

MLD approach consists in the formation of well-defined self-assembled monolayer of dopant-
containing molecules bonded to the surface. Usually, the semiconductor surface 
functionalization takes the form of a thermally-initiated hydrosilylation reaction between a 

Figure 3.1.1 – a) ToF-SIMS depth profile of SiO2(~10nm)/P-SiO2/SiO2(~10nm) 
stack deposited on a Si substrate;  b) ToF SIMS calibrated P profile of the same 
sample 
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labile C=C site of the dopant-containing molecule and a hydrogen-passivated semiconductor 
surface. Because of the self-limiting surface reactions, this process allows the formation of a 
monolayer of dopant-containing molecules with a regular distribution of the dopant atoms 
over the surface and a well-defined areal dopant dose [166]. Indeed, improvements in device 
performances were reported avoiding the conventional random dopant distribution within 
the semiconductors [167]. Moreover, MLD allows the achievement of damage-free conformal 
doping on non-planar nanostructures [168] [169] [170]. To date, the formation of monolayers 
containing different dopants on several semiconducting materials has been demonstrated 
[171]. Results have been collected both on traditional silicon [156][157] and germanium 
[162][164] substrates as well as on materials such as III–V compounds [176][177], opening 
the route to manufacturing application of this doping technique. The most processes for MLD 
involve wet procedure in which the dopant-containing molecules are used in solution with 
solvent like mesitylene [178]. Subsequent rapid thermal annealing (RTA) of the self-assembled 
monolayer of dopant-containing molecules, ensures the dissolution of the molecular 
structures and the concomitant diffusion of the dopant atoms into the substrate, allowing the 
formation of sub-5 nm ultra-shallow junctions [173] [172]. All the undesired contaminants 
coming from the dopant-containing molecules are proved to be localized in the first 
monolayers below the surface and consequently can be easily eliminated removing a thin 
sacrificial layer of the semiconducting matrix [179]. Figure 3.1.2 displays an example of a 
typical MLD process. 

Ho et al. were the first to report the MLD process, they used allylboronic acid pinacol ester 
solute in mesitylene to passivate a H-terminated Si surface with a boron-containing molecules 
[166]. They applied the MLD process to silicon-on-insulator (SOI) substrates in order to 
fabricate field-effect transistors (FETs). In further work Ho et al. [172] report the formation of 
sub-5 nm ultrashallow junctions in 4 inch wafer-scale obtained by MLD of phosphorus and 

Figure 3.1.2- Schematic diagram of the monolayer doping process for Si 
substrates. The substrate is reacted with a dopant-containing molecules’ 
solution to form a covalently bonded monolayer. A silicon dioxide capping 
layer is then formed followed by RTA for dopant diffusion. Finally, the 
capping layer is removed by HF etching 
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boron atoms. They found that the majority (∼70%) of the incorporated dopants are 
electrically active, therefore enabling a low sheet resistance for a given dopant areal dose. A 
lot of variations of MLD have been proposed. For instance MLD was combined with nano-
imprint lithography to control the lateral positioning of dopant atoms over the Si substrate 
[168]. Hazut et al. introduced monolayer contact doping (MLCD) [180]. The main idea of 
MLCD was the formation of a dopant-containing monolayer on a “donor” substrate, which 
was then contacted with an “acceptor” substrate. Finally, both substrates were annealed 
together. 

Nevertheless, an important limitation of MLD is the impossibility to finely control the dopant 
dose without losing the regular distribution of the dopant atoms over the surface. As 
described above, dopant dose in the monolayer depends entirely on the footprint of the used 
dopant-containing molecule [166]. To overcome this limitation, Ye et al. used a mixed-
monolayers approach [181], grafting both dopant- and non dopant-containing molecules on 
the Si surface. P concentration ranging from 2.4 x 1019 atoms/cm3 to 2.2 x 1018 atoms/cm3 
were achieved using this approach. The main drawback of this approach is the impossibility 
to guarantee uniform coverage of the substrate by the dopant containing molecules.  

Furthermore, transferring of MLD process to the microelectronic industry is not 
straightforward. Actually, MLD requires wet process and long time for surface reaction to take 
places. These conditionscould be detrimental in view of the integration of MLD in a typical 
microelectronic process flow [166][172]. Moreover, conventional MLD requires the use of a 
non-manufacturing-friendly semiconducting substrates (hydrofluoric acid deglazed surfaces) 
[182]. In this respect, the implementation of MLD processes on manufacturing-friendly 
substrates becomes important in order to overcome this drawback. In the case of Si-based 
nanostructures surfaces, the development of a MLD process on SiO2 is highly desirable, since 
SiO2 is ubiquitous in semiconducting devices, at least in the form of native oxide on Si surfaces 
[180].  

After P monolayer doping formation on SiO2 substrate, samples were capped with SiO2. In this 

way, P -layers embedded in a SiO2 matrix and spatially separated from the Si substrates were 
synthetized. Using a multi-technique approach, the amount of dopants bounded to the 

surface as a function of the processing conditions has been quantified. Finally, P -layer was 
used as dopant source and the diffusivity of P atoms in the SiO2 matrix was investigated. 

We started from densified SiO2 substrates prepared by e-beam deposition of 10 nm thick SiO2 
on Si. The entire process for MLD was promoted in clean room because of the reactivity of 
the molecules involved. MLD is obtained using diethyl 1-propylphosphonate (DPP, Alfa Aesar, 
purity 97%) as P-containing molecules and mesitylene (Alfa Aesar, purity 98+%)  as a solvent. 
According to theoretical calculations, this P-containing molecule has an areal footprint of 0.12 
nm2. Assuming a fully formed monolayer, a maximal areal dose of 8.3 x 1014 atoms/cm2 is 
expected. The samples were immersed in a solution of mesitylene and DPP (25:1) and 
subsequently thermal processed. Processing time (tp) ranged from 15 min to 6 h, while 
processing temperature (Tp) was settled either at 100 °C (the boiling point of water) or at 165 
°C (the boiling temperature of the solution). After the δ-layer formation the samples were 
loaded in e-beam deposition and capped by 10 nm thick SiO2. ToF-SIMS analyses were 
performed in a dual-beam ION-TOF IV system in negative mode using Cs+ ions (0.5 keV, 40 nA, 
200 × 200 μm2 rastering) for sputtering and Ga+ ions (25 keV, 1 pA, 50 × 50 μm2 rastering) for 
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analysis. Quantification of ToF-SIMS P depth profiles was obtained using standard procedure 
thanks to RBS measurement of total P doses.  

In Figure 3.1.3 a) ToF-SIMS profile of a sample processed at 165 °C for 2 h is reported. A 
schematic description of this process is reported in Figure 3.1.3 b). Quantified 31P- signal (right 
axis) refers to P distribution inside the matrix, while normalized SiO3

- and 30Si- signals (left axis) 
are reported to identify the SiO2 matrix and the Si substrate respectively. 31P- signal has been 
quantified using an RSF determined thanks to RBS analysis of the samples, as described 
before. A very sharp 31P- peak is detected at about 10 nm from Si/SiO2 interface with a long 
leading tail extending towards the SiO2 surface. The full width at half maximum (FWHM) of 
this peak is less than 2 nm. This value is comparable with ToF-SIMS depth resolution for this 

analysis. P dose inside the -layer was estimated integrating the 31P- signal in a region 
extending 2.5 nm around the peak maximum and resulted to be 8 x 1014 atoms/cm2. P 
contamination inside capping layer was quantified as well, and was found to correspond to a 
P dose around 2 x 1014 atoms/cm2. The homogeneity of the total P dose was estimated by 
ToF-SIMS analyses performed in more than ten different points over the sample surface. The 
evaluation of the standard deviation for this set of analyses leads to an homogeneity of the 
total P doses worse than 20%, i.e. much larger than the expected instrumental error. It is 
worth to note that this inhomogeneity is strictly related to the variability of the long leading 
tail extending towards the SiO2 surface. The contamination of the SiO2 capping layer is 
tentatively attributed to physisorbed molecules weakly bonded to the surface after the δ-
layer formation. During the SiO2 capping layer deposition this physisorbed component 
diffused inside the deposited layer due to kinetic bumping with SiO2 molecules, leading to the 
contamination of the entire capping layer.  The variability of the P dose in the capping layer 
suggests that the physisorbed molecules are not distributed homogenously on the SiO2 
surface. In order improve the reproducibility of the process and to minimize the physisorbed 

Figure 3.1.3 – a) ToF-SIMS profile of a P δ-layer embedded in the SiO2 
matrix,  showing the presence of a physisorbed contamination diffused in 
the SiO2 capping layer. Sample was prepared by MLD process as described 
in b) 
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component, a new step was introduced in the MLD process, corresponding to a rinse in pure 
mesitylene at 165 °C for 20 min. A schematic description of the new process is reported in 
Figure 3.1.4 b). This rinse effectively dissolved the physisorbed component, leading to a 31P- 
profile (Figure 3.1.4 a)) characterized by no evidence of P contamination in the SiO2 capping 
layer. Interestingly the homogeneity in this sample was found to be better than 8%. The 
removal of the P contamination further corroborates the hypothesis that leading tail observed 
in ToF-SIMS profiles is related to the presence of physisorbed molecules.  

The present results clearly highlight the importance of a proper cleaning procedure of the 
samples in order to finely tune the amount of P-containing molecules effectively bonded to 
the SiO2 substrate.  Accordingly, all the data presented hereafter were acquired on samples 
rinsed in warm solvent before the capping layer deposition. 

In order to study the dynamic of the self-limiting reaction between the DPP molecules and 
the SiO2 surface, we prepared different samples changing the processing parameters (Tp, tp). 
In Figure 3.1.5 a) quantified 31P- depth profiles are reported for samples processed at Tp = 165 
°C and tp ranging from 15 min to 4 h. Maximum P concentration progressively increases with 
tp, up to a maximum value corresponding to 3.5 x 1021 atoms/cm3. The degradation of the P-
containing molecules was observed at this Tp value for processing times longer than 4 h (not 

shown). The homogeneity of P dose inside the -layer was investigated for each sample 
repeating ToF-SIMS analysis on different sites, mapping the entire sample surface. Figure 

3.1.5 b) reports all the measured P doses inside the -layer for each sample. For each tp we 
calculated the average P dose. The horizontal shaded areas in Figure 3.1.5 b) correspond to 
the standard deviations for the different measures performed on the same sample. The 
homogeneity is always better than 10%, irrespective of the tp values.  

Figure 3.1.4 – a) ToF-SIMS profile of a P -layer embedded in the SiO2 
matrix, showing the absence of a physisorbed contamination in SiO2 
capping layer. Sample was prepared using a modified MLD process 
including rinse in mesytilene after surface reaction, as schematized in b)  
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Figure 3.1.6 reports the average P doses inside the -layer (blue points) as a function of tp, for 
the samples treated at Tp = 165 °C. The error bars on each point correspond to the standard 
deviation from the average values. The maximal doses is reached after tp = 2 h and 
corresponds to 8.4 x 1014  ± 5 x 1013 atoms/cm2, in perfect agreement with the expected 
saturation values.[166] This saturation behavior provides a clear indication of a self-limiting 
reaction in which the saturation value is determined by the molecular footprint. The 
experimental data were fitted by the following exponential law, which corresponds to the 
solution of the diffusion-reaction equation describing the δ-layer formation on the substrate: 

𝑁(𝑡𝑃) = 𝑁𝑚𝑎𝑥( 1 − 𝑒−𝑡𝑃 𝜏⁄  )                                                    (3.1.1) 

where N(tp) is the dose, tp the processing time in hours, and τ is the characteristic time of the 
reaction. Nmax is the saturation value that was fixed at 8.3 x 1014 atoms/cm2 for this molecule 
according to theoretical calculations [166]. We obtained a τ value of 1.4 ± 0.1 h from the fitting 
procedure. The small values of the standard deviations suggest that it is possible to finely tune 

P dose inside the -layer by properly adjusting tp. Nevertheless, it is worth to remind that 
when the effective P dose is lower than the saturation-value, the regularity of P distribution 
at the atomic scale can not be guaranteed. 

A similar study was performed by processing the samples at Tp = 100 °C. In Figure 3.1.6 the 

average P doses inside the -layer (red points) are reported as a function of tp, for the samples 

treated at Tp = 100 °C. Differently from the case Tp = 165 °C, P doses inside the -layer are 
constant for tp values up to 6 h. The red line in Figure 3.1.6 corresponds to the fitting of this 
set of data by means of Eq. (3.1.1), considering Nmax and τ as free parameters. From this fit 

Figure 3.1.5 - ToF-SIMS quantified analysis on a set of samples processed at 
165 °C for different time. a) ToF-SIMS quantified profiles of P δ-layer in SiO2. 
b) P doses inside monolayer for different site on the samples. The horizontal 
shaded areas correspond to the standard deviations for the different 
measures performed on the same sample 
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we extracted a maximal dose value of 3.1 x 1014 atoms/cm2 that is significantly lower than the 
value obtained at Tp = 165 °C. This difference could be related to the presence and/or the 
generation of reactive site on the SiO2 substrate during the thermal processing. It is worth to 

say that the maximal P dose in the -layer depends both on the molecular footprint and on 
the availability of reactive sites on the surface. In case of the process at Tp = 165 °C, 
considering the molecular footprint, the full coverage of the surface is reached suggesting 
that at this Tp there are no limitations due to the number of active sites present on the surface. 
Conversely for Tp = 100 °C the maximal P dose indicate that a full coverage of the surface can 
not be reached irrespective of tp. These data suggest that all the reactive sites available on 
the surface are saturated and that the reaction is essentially limited by the availably of 
reactive sites on the SiO2 substrate. 

Figure 3.1.6 - P average doses in the monolayer as a function of process 
time for process at 165 °C a) and at 100 °C b) 
 
 

Figure 3.1.7 - ToF-SIMS P depth profiles of a sample as prepared (red) and 
after a thermal annealing in furnace at 1000 °C for 2 h (green) in N2 
atmosphere and simulation fitting of the latter profile (black) 
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Figure 3.1.7 reports ToF-SIMS profiles of a sample (Tp = 165 °C, tp = 2 h) before (red) and after 
(green) thermal annealing in tubular furnace at 1000 °C for 2 h in N2 atmosphere. Quantified 
31P- signals provide clear evidence of P atom diffusion in the SiO2 matrix. In order to extract P 
diffusivity value, ToF-SIMS profiles of these samples were simulated by 1D rate equation 
modelling of P diffusion in SiO2, and optimized by means of chi-square minimization algorithm. 
Black line in Figure 3.1.7 corresponds to simulation fitting of the ToF-SIMS profile of the 
annealed sample. Black line reproduces very well the experimental data, suggesting that the 
monolayer doping P source can be treated as standard P source for diffusion in SiO2. In order 
to optimize this simulation we have to assume that P diffusivity is constant inside SiO2 and 
that it has a minimum in the P peak region. The lower P diffusivity values nearby the P δ-layer 
region takes into accounts the effusion capacity of P atoms from the source. P diffusivity inside 
SiO2 results to be about 1.5 x 1017 cm2/s, in perfect agreement with P diffusivity value in SiO2 
reported in the literature [15]. For more detail about the model for P diffusion refer to 
subsection 3.3.2.3. 

In conclusion, we synthetized P -layers embedded in a SiO2 matrix by MLD process. We 
proved the self-limiting behavior of the grafting process when processing the samples at Tp = 
165 °C, provided that a rinse step in warm solvent is done before the capping layer deposition. 

We demonstrated that in this case the maximum P dose inside the -layer is strictly related 
to the footprint of the dopant-containing molecules. Conversely, when processing the 

samples at Tp = 100 °C, the maximum P dose inside the -layer seems to be limited by the 

availability of reactive sites on the SiO2 substrate. The possibility to use these P -layers as 
diffusion sources was demonstrated as well. 

 P-terminated homopolymers 

OH terminated homopolymers have been deeply studied in the literature [183]–[185] and 
their properties are well known. These homopolymers react with a substrate via a self-limited 
reaction, forming a polymeric brush layer grafted to the surface. The density of polymeric 
chains grafted to the surface (§) depends on the chain's footprint. Smaller chains have 
smaller footprint, so higher grafting density [184]. The value of § is directly related to the 
molecular weight (𝑀𝑛) of the polymeric chain and to the thickness (𝐻) of the grafted layer by 
the following expression: 

§ =  
𝐻 𝜌𝑁𝑎

𝑀𝑛
                             (3.1.2) 

where 𝜌  is the homopolymer density and 𝑁𝑎 is Avogadro's number. The homopolymers used 
in this work differ from the ones studied in literature because of their termination. We used 
poly (methyl methacrylate) (PMMA) and polystyrene (PS) homopolymers terminated with six-
diethylphosphate, i.e. with the P-containing molecules that was used for MLD experiments. 
Each polymeric chain was terminated with six-diethylphosphate molecule. The structure of 
the P-terminated PS homopolymers is reported in Figure 3.1.8. These molecules contain 
exactly one P atom each. P-terminated PS and P-terminated PMMA with different 𝑀𝑛 were 
synthetized. For the P-terminated PS, 𝑀𝑛 ranges from about 1.9 Kg/mol up to 25 Kg/mol, 
while for the P-terminated PMMA it is from 8.5 Kg/mol or 14.0 Kg/mol. Detailed information 
on the homopolymers characteristic is reported in Table 3.3.1. More detail about the 
synthesis and characterization of these molecules are reported in ref. [186] 
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Name Monomer 𝑴𝒏 [g/mol] 

MM17 PMMA 8500 

MM6 PMMA 14000 

FS13 PS 1853 

FS12 PS 1953 

FS14 PS 2783 

FS5 PS 5383 

FS6 PS 14273 

FS2 PS 25433 

The process for synthesis of a P δ-layer using this P-terminated homopolymers involves 
essentially three steps: substrate surface preparation, homopolymers grafting and polymeric 
chain removal, the entire process was performed in clean room ambient. Process flow is 
schematized in Figure 3.1.9. We used different substrate: densified SiO2 substrates prepared 
by e-beam deposition of 10 nm thick SiO2 on Si (100) as well as Si (100) samples covered by 
native oxide. 

Substrate surface preparation: The samples were treated with Piranha solution (H2SO4 and 

H2O2 in a 3:1 ratio) at 80 °C for 40 min. Piranha solution removes all organic impurities on the 

samples surface. Moreover, it increases the density of hydroxyl groups at the surface, 
promoting homopolymers grafting. In order to remove all the piranha residues, the samples 
were then rinsed in H2O, dried in N2 flow and then processed in an ultrasonic bath using 2-

Table 3.1.1 – Composition and molecular weight, (𝑀𝑛) of the P-terminated  
homopolymers that were used in this experimental work 
 
  

Figure 3.1.8 – Structure of P-terminated PS 
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propanol. After this stage the SiO2 layer was measured by SE in order to have a reference 
value.  

Homopolymers grafting: 9 mg P-terminated PMMA (PS) homopolymers were dissolved in 1 
ml of toluene. The solution was then deposited on the samples covering the entire sample 
surface. Samples were individually spinned in a spincoater at 3000 rpm for 30 s. The thickness 
of the polymeric layer deposited on the substrate was measured by SE. Polymeric layer 
thickness varies between 25 nm and 32 nm, depending on the homopolymer 𝑀𝑛. In order to 
promote polymeric chains anchoring to the SiO2 surface through the exposed OH groups, 
samples were thermally treated in RTP machine at 250 °C for 15 min in a N2 ambient. Samples 
were processed in an ultrasonic bath in toluene to remove the ungrafted polymeric chains 
and dried in a N2 flow. The final grafted polymeric layer thickness was measured by SE.  

Figure 3.1.9 - Process flow for synthesis of monolayer using homopolymers 
terminated with six-diethylphosphate 
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Polymeric chain removal: Finally, to remove the polymeric chains and leave on the substrate 
only the P-containing molecules grafted on the SiO2 surface, O2 plasma hashing was 
performed. Treatments with different timing in 40 W plasma power were used, depending on 
the initial thickness of the polymeric layer.   

SiO2 capping layer evaporation: To protect samples from the impurities present in the 
atmosphere and to avoid P desorption from the surface, samples were then capped with a 10 
nm thick SiO2 layer deposited by means of e-beam evaporator system operating in vacuum. 

Using a multi-technique approach, the amount of dopants bounded to the surface as a 
function of the 𝑀𝑛 of the homopolymers were quantified. Densified SiO2 substrates were 
prepared by e-beam deposition of 10 nm thick SiO2 on Si (100) and subsequently annealed in 
furnace at 1050°C for 1h. P-terminated homopolymers were grafted on the SiO2 surface 
forming a dense brush layer. Samples were capped with 10 nm thick SiO2 film by e-beam 
deposition. ToF-SIMS analyses were performed in a dual-beam ION-TOF IV system in negative 
mode using Cs+ ions (1 keV, 70 nA, 300 × 300 μm2 rastering) for sputtering and Ga+ ions (25 
keV, 1 pA, 50 × 50 μm2 rastering) for analysis. Quantification of ToF-SIMS 31P- depth profiles 
was performed using a standard calibration procedure. RSFP

Sio2 values were used to quantify 
P depth profiles. 

Figure 3.1.10 reports P concentration depth profiles of different P δ-layers embedded in SiO2 
matrix synthetized by means of P-terminated PS homopolymers having different 𝑀𝑛. Very 

Figure 3.1.10 - P concentration profiles of P δ-layer embedded in SiO2 matrix 
synthetized by grafting P-terminated PS homopolymers with different 
molecular weights (𝑀𝑛) on SiO2 substrate. Decreasing 𝑀𝑛 progressive 
increase of the amount of P in the δ-layer is observd 



Chapter 3 – Results and Discussion 
 

64 
 

sharp 31P- peaks were detected at about 10 nm from the SiO2/Si interface. All the peaks were 
fitted with a Gaussian curve. The full width at half maximum (FWHM) of these peaks is less 
than 2 nm. This value is comparable with ToF-SIMS depth resolution. This suggests that P 
atoms are effectively located in a δ-layer at a well-defined position from the SiO2/Si interface. 
Maximum P concentration progressively increases as 𝑀𝑛 decreases. A maximum P 
concentration of 3.5 x 1020 atoms/cm3 was reached with 𝑀𝑛= 1850 g/mol. The homogeneity 
of P layer over the sample was checked by ToF-SIMS analysis in different area of the samples. 
The ToF-SIMS profiles were observed to be perfectly reproducible with variation of the 31P- 
intensity that is very limited. Variation in 𝑀𝑛  corresponds to variation surface density § of the 

grafted polymeric chains (eq. 3.1.2), leading to a variation of the total P doses in the -layers. 

P dose inside every -layers can be estimated integrating the quantified 31P- signal in a region 
extending 2.5 nm around the peak maximum. On the top of Figure 3.1.11 it is shown the total 
P dose in the δ-layers as a function of the surface grafting density §, both for P-terminated 
PMMA an P-terminated PS homopolymers. A maximum dose of 8.3 ± 3 x 1012 atoms/cm2 was 
obtained with the P-terminated PS homopolymer with 𝑀𝑛  = 1850g/mol. The maximum P 
doses value reached is about ten times smaller than the one obtain using traditional MLD 
techniques [172][187][179][181]. The experimental data sets for the P-terminated PMMA and 

Figure 3.1.11 – (Top) P dose in the δ-layers as a function of the surface 
grafting density § ; (Bottom) C normalized contamination in the δ-layers 
as a function of the surface grafting density § 
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P-terminated PS show a good linear trend, demonstrating the possibility to tune the P dose in 
the δ-layer by changing the 𝑀𝑛 of the grafting P-terminated homopolymers. To obtain 
information about carbon contamination in the δ-layer, 12C- ToF-SIMS depth profiles were 
acquired. 12C- profiles were integrated in a region extending 2.5 nm around the P peak 
maximum. The obtained values were normalized to a reference value, i.e. C contamination in 
δ-layer formed by MLD process. This reference value was calculated in sample synthetized by 
MLD, integrating 12C- profiles in a region extending 2.5 nm around the P peak maximum. 
Figure 3.1.11 (bottom) shows the C normalized contamination in the δ-layers as a function of 
the surface grafting density. Interestingly, the measured C dose in the δ-layer formed by 
homopolymers results to be constant, irrespective of the 𝑀𝑛 values. Moreover, it appears to 
be lower than 50% of C contamination for MLD. The total C dose in a sample processed by 
MLD was measured by RBS. It results to be 11 ± 3 x 1015 atoms/cm2. This value corresponds 
to C contamination usually present on SiO2 surface due to adventitious carbon deposition on 
the sample during air exposure. 

To obtain P doses higher than 8.3 ± 3 x 1012 atoms/cm2, further reduction of the homopolymer 
𝑀𝑛 is not a viable solution, since the synthesis of PMMA and PS homopolymers with 𝑀𝑛 < 
1500 g/mol is difficult from a chemical point of view. An alternative strategy is the iteration 
of the P δ-layer synthesis process. As known in literature [184][188], the density of active OH 
sites on the silica surface after piranha activation is much higher than the grafted polymeric 
chain density §. Actually grafting density of 8 x 1014 atoms/cm2 have been demonstrated by 
monolayer doping on non-treated silica surface [166][189]. This means that after the grafting 
of the polymeric layer there are still a lot of active sites ready to accept new chains. Further 
grafting of chains is prevented by steric repulsion with the already grafted ones [184]. In the 
process-flow for P δ-layer synthesis by homopolymers, the grafted polymeric chains are 
removed with O2 plasma. This step exposes the remaining active OH sites that are present on 
the surface, suggesting the possibility to repeat the process for the δ-layer synthesis. Iterating 
the process several times, the number of grafted P molecules on the surface is expected to 
increase after each cycle. Figure 3.1.12 reports P concentration profiles for different iteration 
of the grafting process of P-terminated PS homopolymer with 𝑀𝑛=1850 g/mol on densified 
SiO2 substrates.  After each iteration, samples were treated with O2 plasma for 5 min to 
remove carbon chains. Finally, samples were capped with 10 nm thick SiO2  film by e-beam 
deposition. The P peak intensity progressively increases with the number of iteration. All the 
peaks have been fitted with a Gaussian curve. The full width at half maximum (FWHM) of 
these peaks is less than 2 nm. This value is comparable with ToF-SIMS depth resolution for 
this analysis. This result indicates that during each iteration the homopolymers correctly 
grafted to the SiO2 surface.   

On the top of Figure 3.1.13, it is shown the P dose in the δ-layers as a function of the number 
of grafting/plasma cycle for P-terminated PS  homopolymers with 𝑀𝑛=1850 g/mol. The P dose 
linearly increases with respect to the number of cycle. After 5 iterations of the process, a 
maximum P dose of 3.1 x 1014 atoms/cm2 was reached. The linear fit of the data highlights 
that P dose increased by the 80% with each cycle. This result indicates that a reduced number 
of polymeric chains grafted to the surface during the second and following cycles. This is 
probably caused by the presence of the already grafted molecules, which reduces the number 
of free OH sites on the surface and thus the probability for incoming homopolymers to graft. 
Moreover, incoming homopolymers could incorrectly graft to the already grafted P-
containing molecules, instead than to the surface, and consequently be removed by the final 
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O2 plasma hashing. After 5 cycles, no saturation of the process is observed, suggesting that 
this multi-cycle approach can be exploited even further. However, saturation is expected to 
occur due to the finite density of active OH sites on the surface. As a matter of fact, this multi-
cycle process allows to finely control the P dose in the δ-layer, overcoming one of the main 
limitation of MLD approach. On the bottom of Figure 3.1.12, it is shown the C normalized 
contamination as a function of the grafting/plasma cycle. Again the samples exhibit a limited 
carbon contamination irrespective of the number of grafting/plasma cycles. 

P diffusion from dopant source into the Si substrate was studied to investigate the release of 
dopant impurities from the P  δ-layer. P δ-layers were synthetized by grafting P-terminated 
PS (𝑀𝑛=1850 g/mol) on the native oxide of a Si (100) substrates. Diffusion was performed by 
spike annealing (5 s) in RTP. Quantified ToF-SIMS 31P- depth profiles for as deposited and 
annealed samples are reported in Figure 3.1.14. At annealing temperature lower than  1000 
°C, the P atoms cannot diffuse through the thin oxide layer barrier and reach the Si substrate. 

Figure 3.1.12 - P concentration profiles for different iteration of the grafting 
process of P-terminated PS homopolymer with 𝑀𝑛=1850 g/mol.  Densified 
SiO2 substrates were prepared by e-beam deposition of 10 nm thick SiO2 on 
Si (100). After P δ-layers formation the samples were capped by 10 nm thick 
SiO2 layer by e-beam evaporator. Increasing grafting/plasma cycles 
progressive increase of the amount of P in the δ-layer is observed 
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According to literature data [15], P diffusivity in SiO2 at 1000 °C is 1.5 x 1017 cm2/s, which imply 
a diffusion length of less than 0.1 nm for a processing time of 5 s.  P diffusion profiles were 
fitted with Gaussian curves fixing background at 1.7 x 1018 atoms/cm3, allowing the estimation 
of P diffusivities in Si. Conversely, for annealing temperature above 1000 °C, ToF-SIMS depth 
profiles indicate a clear diffusion of P atoms from the δ-layer into the Si substrate. P 
diffusivities as a function of temperature were plotted in Figure 3.1.14. These data are in 
perfect agreement with data in the literature [190]. Considering that the δ-layer P source 
diffuses in both direction at the same time and assuming a symmetric diffusion in the SiO2 

layer, the maximum achievable injected dose is not higher than half of the starting dose, i.e. 
4.1 x 1013 atoms/cm2. Integrating P profiles in Si, it results that a maximum of 70% of the initial 
P dose was injected. This value is similar to those reported for MLD. In conclusion, the 
possibility to form shallow junctions in Si with total P dose > 2 x 1013 atoms/cm2 was proved, 
demonstrating the viability of this technology for future nanoscale devices fabrication 
process.  

 

Figure 3.1.13 – (Top): P dose in the δ-layers as a function of grafting/plasma 
cycle for P-terminated PS  homopolymers with 𝑀𝑛=1850 g/mol; (Bottom): 
C normalized contamination in the δ-layers as a function of the surface 
grafting density 
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3.2 Structural characterization of Si NCs embedded in SiO2 

Several approaches have been developed to synthesize Si NCs in a SiO2 matrix by annealing Si 
rich SiO2 films in order to promote phase separation and Si NCs formation within the oxide 
matrix [23][75][141]. In this regard, the approach that we have used in our experiments, i.e. 
the high temperature thermal treatment of a SiO2/SiO/SiO2 multilayer [80][135], is a very 
efficient method to synthesize a single plane of Si NCs embedded in a SiO2 matrix. The depth 
positioning of the Si NCs can be finely tuned by adjusting the thickness of the SiO2 layers. The 
average structural characteristics of the Si NCs can be controlled by properly modulating the 
thickness of the original SiO layer [1][75]. However, as mentioned before, a systematic and 
comprehensive investigation of the relationship between SiO layer thickness and structural 
characteristics of the Si NCs is still a challenge due to the intrinsic limitation of current analysis 
techniques [192]–[198]. Moreover, as efforts have been made in order to exactly define the 
position of impurities within the nanostructured [14][199], the definition of the effective 
shape and size of the Si NCs, as well as the correct identification of the interface between the 
Si NCs and the surrounding matrix becomes more and more important. 

In the past studies, TEM techniques such as HRTEM and EFTEM were mainly employed to 
investigate the structural characteristics of Si NCs [192][193][194][195]. However, HRTEM can 
only detect the crystallized Bragg-oriented Si NCs. Based on a chemical selectivity, plasmon 
EFTEM imaging allows to detect both crystallized and amorphous Si NCs. Practically, only 2D 
maps of the projection of isolated Si NCs or nanoaggregates containing Si NCs are obtained 
from this method [192][196][197]. Plasmon tomography is necessary to obtain a 3D 
description, but probably due to instability under irradiation damage very few attempts are 

Figure 3.1.14 – (Left) Quantified diffusion profiles of P into Si substrate for 
samples as deposited, treated at 1100 °C and at 1150°C, P diffusion profiles were 
fitted with Gaussian curves allowing the estimation of P diffusivities; (Right) P 
calculated diffusivities in Si in function of temperature were plotted 
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reported in the literature [198]. Moreover, even if a 3D morphology reconstruction can be 
achieved, it cannot provide a fully quantitative concentration analysis [200]. 

The state-of-the-art laser-assisted APT which can reconstruct the 3D atom maps of materials 
is a powerful method to study semiconductors like Si with nearly atomic-scale resolution 
[179][201][202]. With APT not only the 3D structural characteristics but the inside 
concentration of Si NCs can be studied [203][204][205]. Moreover, the high sensitivity of the 
APT allows studying the presence and positioning of the impurities that can modify the 
electronic and optical properties of the Si NCs. Recently, APT has been employed to 
investigate dopant incorporation in Si NCs embedded in SiO2 matrix where Si NCs multilayer 
samples were used [14][199]. In this respect, the definition of the effective shape and size of 
the Si NCs, as well as the correct identification of the interface between the Si NCs and the 
surrounding matrix are crucial to determine the positioning of the impurities within the 
nanostructured material. In this section we investigate the dependence of the shape, size, 
and areal density of Si NCs on the thickness of the initial SiO layer, using APT and validating 
APT results by EFTEM.   

A single plane of Si NCs embedded in a SiO2 matrix was synthesized by annealing a 
SiO2/SiO/SiO2 multilayer as shown in Figure 3.2.1 a) and b). The SiO2/SiO/SiO2 multilayer was 
deposited on a Si (100) substrate by electron beam deposition. The pressure in the chamber 
before evaporation was 5 x 10-7 mbar. Rotation of the sample during evaporation was 
performed to enable a high homogeneity over the whole substrate. Then, to trigger the 
formation of Si NCs, the samples were annealed in a conventional quartz furnace at 1050 oC 
for 30 min in N2 flux. Three samples (marked as sample 1, 2, and 3) with different thicknesses 
of SiO layer (tSiO = 4, 6, and 10 nm) were prepared.  

EFTEM observation was performed on a field emission microscope (TecnaiTM F20, FEI) 
operating at 200 kV and equipped with an imaging filter (Gatan TRIDIEM). EFTEM images were 
formed from electrons that passed through the sample and lose energy around 17 eV (±2 eV), 
which corresponds to the plasmon energy of Si. They were obtained from TEM samples 
prepared for two complementary observation directions perpendicular to each other (cross-
section and plan-view) using the standard procedure involving mechanical polishing and Ar+ 
ion milling. For quantitative analysis, the grey-level images were treated to be transformed in 
black and white images. 

In this work needle specimens for APT analysis were prepared by gallium (Ga) focused-ion-
beam (FIB), with a FIB-SEM dual-beam system (Helios NanoLab600i, FEI). To allow the 
fabrication of needle specimens, an additional amorphous Si cap layer of 200 nm was formed 
on the top surface of sample by a focused ion beam direct deposition (FIBDD) technique, as 
shown in Figure 3.2.1 c) [23]. To increase the area of interest, the needle specimens were 
made from the cross-section of the sample as shown in Figure 3.2.1 c). which also avoided 
the needle fracture during the APT measurements. The samples were sharpened into needles 
using annular milling patterns with a 30 kV, 0.24 nA Ga+ beam. To remove the damaged layer 
from the needle surface, a low ion energy beam (5 kV, 43 pA) was used at the final stage.  

APT analysis was performed using a laser-assisted local electrode atom probe (LEAP4000X HR, 
Cameca). A pulsed laser with a 355 nm wavelength was irradiated upon the needle specimen 
with a repetition rate of 200 kHz and a laser-pulse energy of 90 pJ. The base temperature of 



Chapter 3 – Results and Discussion 
 

70 
 

the needle specimen during the measurement was 50 K. An Integrated Visualization and 
Analysis Software (IVAS) protocol was employed to reconstruct the 3D atom map. 

Cross-section and plan-view EFTEM images of the three samples are shown in Figure 3.2.2. 
From the cross-section images reported in Figure 3.2.2 a) - c), the projected Si NCs plane 
embedded in the SiO2 matrix can be observed as a bright area over a dark background. In 
these projections, they form a thin layer whose thickness increases from 2.1 to 4 nm as the 
initial SiO layer thickness increases from 4 to 10 nm. These single planes of Si Ncs are located 
at 3 nm from the underlying Si substrate in all the samples irrespective of the SiO layer 
thickness. In the corresponding plan-view images reported in Figure 3.2.2 d) - f), the 
projection of the Si. 

NCs is uniformly distributed in the plane they form. The Si NCs have a rounded shape with a 
proportion of elongated Si NCs that increases as the initial SiO thickness increases. To discuss 
quantitatively this evolution, the grey-level plan-view images were transformed into black and 
white ones, as printed in Figure 3.2.1 g) - i), from which the mean length, width, area, as well 
as diameter and areal density (number of Si NCs per unit surface) of the Si NCs were 
determined and gathered in Tables 3.2.1  and 3.2.2 respectively.  

The shape of Si NCs can be represented by the length and width of Si NCs. In the plane, the 
length of the Si NCs can be described by the geodesic diameter, which is the largest path 
between two points at the border of the Si NCs. The width is the in-circle diameter, which is 
the largest diameter of the circle that can be drawn inside the Si NCs. The average values of 
these parameters evidence that, in the plane they form, the Si NCs become more and more 
elongated as the initial SiO thickness increases. This can be well seen looking at the "in-plane 
elongation parameter” (length/width), which varies from 1.6 to 2.0 going from the 4 to the 

Figure 3.2.1 - Schematic illustration of sample synthesis. (a) SiO2 / SiO / SiO2 
multilayer deposited on Si (100) substrate. (b) Si NCs monolayer formed 
after annealing. (c) An additional amorphous Si cap deposited on the top 
surface of sample and the direction of needle specimen preparation. 
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10 nm thick initial SiO layer. In the same time, the “out-of-plane elongation parameter” 
(length/thickness) increases from 0.9 to 1.3. All the parameters vary rather linearly with the 
initial SiO layer thickness as seen in Figure 3.2.3. In particular, the width of the Si NCs is always 

Figure 3.2.2 - Cross-section [a) - c)] and plan-view [d) - f)] EFTEM images of 
samples 1, 2, and 3. g ) - i) Same plan-view images as d) - f) after the black 
and white transformation 
 
 

Table 3.2.1 - The structural characteristic parameters of Si NCs in samples 
1, 2 and 3 obtained by EFTEM 
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lower than their thickness and increases with a similar slope. On the contrary, the length 
increases faster than the width and becomes higher than the width of initial SiO thicknesses 
higher than 6 nm. This means, as a first approximation, that the Si NCs can be described as 
spheroids using width and thickness to define their equatorial and polar diameters. The 
experimental data indicate that the spheroids are rather prolate for the initial 4 nm SiO 
thickness and more and more oblate for thicker and thicker initial SiO layers.  

The mean area of the Si NCs (total area occupied by the Si NCs divided by the number of Si 
NCs within a defined surface) increases from 1.7 to 10.3 nm2 as the initial SiO thickness 
increases from 4 to 10 nm. The mean diameter is defined as the diameter of the sphere with 
a volume equivalent to the mean volume of the NCs which can be approximated from the 
cross-section and plan-view parameters (thickness and area). The diameter of Si NCs 
progressively increased from 1.9 to 4.3 nm with the increasing of the initial SiO thickness. In 
the same time, the areal density remains similar within the error bar for the two first samples 
but decreases by a factor of 1.5 for the sample with the 10 nm thick SiO layer. 

As the EFTEM images only gave the information about the projection of Si NCs, the three 
samples were further studied by APT to get more insight into the 3D structural characteristics 

Table 3.2.2 - The comparison of the APT and EFTEM results  
 
 

Figure 3.2.3 - Si NCs shape evolution with the increasing of SiO layer 
thickness 

 



Chapter 3 – Results and Discussion 
 

73 
 

of Si NCs. Figure 3.2.4 a) shows a 3D atom map of sample 2 where the Si NCs were represented 
by 70 at.% Si iso-concentration surfaces. The single Si NCs layer embedded in the SiO2 matrix 
can be clearly observed in the 3D atom map. A similar structure can be evidenced in the 3D 
atom maps of samples 1 and 3 (not shown here). The Si NCs in samples 1, 2, and 3 were 
extracted from the SiO2 matrix by 70 at.% Si iso-concentration surfaces as shown in Figure 
3.2.4 b) - d). In addition to 2D EFTEM, these 3D representations bring essential information 
on the complex shape and arrangement of the Si NCs. The maps confirm that Si NCs have 
curved shapes with a large part of elongated ones particularly for sample 3. Details on the 
stretching of some Si NCs in sample 3 are illustrated in the 2D Si concentration map, as 
reported in Figure 3.2.4 e), where the formation of elongated Si NCs is caused by the 
connection of small Si NCs. From a qualitative point of view we observe that the size of Si NCs 
enlarged with increasing initial SiO layer thickness, and that the areal density decreased in 
sample 3, which is in agreement with EFTEM data.  

Figure 3.2.4 - a) 3D atom map of sample 2; b) - d) 70 at. %Si iso-
concentration surface of samples 1, 2, and 3; e) 2D Si concentration map of 
sample 3. The connection areas of Si NCs were indicated by black arrows. 
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Due to the well-known APT artifact, the local magnification effect [203], some SiO2 was 
artificially introduced into the Si NCs, which blurred the Si NC/SiO2 matrix interface. Clear 
evidence of this effect is shown in the 2D Si concentration map of sample 3, see Figure 3.2.4 
e). Same feature are also observed for samples 1 and 2 (data not shown). Therefore, it is 
difficult to quantitatively evaluate the shape, size, and areal density of Si NCs by using Si iso-
concentration surfaces, as the final result is very sensitive to the chosen Si concentration 
threshold values. In order to quantitatively study these structural characteristics of Si NCs, a 
cluster identification algorithm has been employed [206][207]. This method is based on the 
assumption that the distance between solute atoms within a cluster is smaller than that 
between solute atoms in the matrix. Hence, the solute atoms with distance smaller than a set 
value (dmax) were identified to belong to a same cluster. In addition, a parameter Nmin is used 
to determine the minimum cluster size based on the number of solute atoms within a cluster. 
However, it should be noted that there is no distinct criterion for choosing the proper dmax 
and Nmin[208][209]. 

Here the values of dmax were determined by comparing the size of Si NCs output from cluster 
analysis with that roughly estimated from Si iso-concentration surfaces. The dmax were finally 
set as 0.39, 0.39, and 0.43 nm for samples 1, 2, and 3, respectively. The dmax values of samples 
1 and 2 were approximate to previous report (dmax = 0.4 nm)[199], but the dmax value of sample 
3 was a little higher. That is because in sample 3 many Si NCs were connected with each other, 
and the Si concentration connection areas is lower than that in the Si NCs as indicated by black 
arrows in Figure 3.2.4 e). The distances between Si atoms in these low Si concentration areas 
were larger than that in the Si NCs, so if the dmax value is too small, the connected Si NCs will 
be divided into small ones. To avoid miscounting small clusters and separate clusters from 
random solid solution, Nmin were set as 40 atoms for all three kinds of samples by using a size 
distribution analysis[210]. This Nmin value corresponding to sphere Si NCs with diameter of 
about 1 nm which is similar to the lower detection limit of EFTEM. 

In the cluster analysis, the Si NCs were fitted as ellipsoids using best-fit ellipsoid method from 
which the dimension of the semi-axes (s1, s2, and s3) of the best-fit ellipsoid can be 

determined (s1 ≥ s2 ≥ s3 are the major semi-axes and two minor semi-axes, respectively) 
[211]. The aspect ratio (s2 / s1) and oblateness (s3 / s2) were used to represent the shape 
feature of the Si NCs. Figure 3.2.5 a) - c) show the shape distributions in terms of aspect ratio 
and oblateness. Almost all the Si NCs are distributed in the sphere region in all the three kinds 
of samples. Compared with sample 2 and 3, Si NCs tend to be more prolate in sample 1 which 
is consistent with the EFTEM results. Interestingly, in sample 3 there are many rod-shaped Si 
NCs which were found connected by small Si NCs as what we have observed in Figure 3.2.4 d) 
and e). The diameters of Si NCs were derived from the volume by treating Si NCs as spheres, 
and the diameter distributions are shown in Figure 3.2.5 d) - f). The average diameters of Si 
NCs 2.2 ± 0.8, 3.1 ± 1.2 and 3.5 ± 1.6 nm in sample 1, 2, and 3 respectively. Moreover, there 
are many very large Si NCs (diameter ≥ 6 nm) in sample 3 and most of them are found to be 
rod-shaped Si NCs. The areal density of Si NCs were in the order of 1012 NCs/cm2 in all three 
kinds of samples which is same order with previous reports [212]. In particular the areal 
densities are 4.0 ± 0.4 × 1012, 4.2 ± 0.4 × 1012, and 1.9 ± 0.3 × 1012 NCs/cm2 in samples 1, 2, 
and 3, respectively. Both the sizes and areal densities were consistent with the EFTEM results 
within the error bar as shown in Table 2.3.2. 
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It should be noted that the areal density in sample 3 is much lower than that in sample 1 and 
2. The areal density decrease of Si NCs was often explained by Si NCs coarsening during 
Ostwald ripening [194][213][214]. However, our results indicated the decrease of areal 
density is caused by small Si NCs connection. Recently, the kinetic Monte Carlo (KMC) 
simulation showed that small Si NCs tend to connect with each other when they formed and 
exist closely [215]. Our APT results are consistent with this KMC simulation.  

The proposed combination of APT and TEM analysis provides a complete and exhaustive 
picture of the system. Previous results demonstrate a very good qualitative agreement 
between the two techniques [200]. Nevertheless a quantitative analysis of the data was 
prevented by the structural characteristic of the samples exhibiting a sponge-like Si structure 
embedded in a SiO2 matrix. Using a single layer of Si NCs a direct comparison between EFTEM 
and APT is possible, providing a complete and self-consistent quantitative description of Si 
NCs morphology. The 3D reconstruction of the Si NCs obtained by APT analysis is validated by 
EFTEM plan-view and cross-section images. With this methodology the structural 
characteristics of Si NCs were investigated as a function of the thickness of the initial SiO layer. 
The experimental results demonstrate that by increasing the SiO layer thickness the Si NCs 
get progressively bigger with a concomitant evolution of the shape from spheroids to rod 
shaped nanostructures. Interestingly irrespective of the SiO thickness the Si NCs arrange in a 
single plane at a well-controlled distance from the Si substrate. In particular, in the sample 
with the 10 nm thick SiO layer, Si NCs mainly elongate in the in plane direction with limited 

Figure 3.2.5 - Shape [a) - c)] and size [d) - e)] distribution of samples 1, 2, 
and 3 
 
 



Chapter 3 – Results and Discussion 
 

76 
 

effects in the out of plane direction. This result suggests that, in this range of thickness of the 
SiO layer, the Si NCs formation is strongly constrained by the adjacent SiO2 barriers, that force 
the Si NCs to grow in a well defined position inducing the observed shape evolution from 
spheroid to rod-shape structures. 

In conclusion, the dependence of shape, size, and areal density of Si NCs on SiO thickness was 
investigated by APT which were validated by EFTEM. Three kinds of samples with different 
thicknesses of SiO layer (tSiO = 4, 6, and 10 nm) were studied. The shape of Si NCs is mainly 
extended spheroid in all the samples. Si NCs in sample 1 (tSiO = 4 nm) are more prolate than 
that in sample 2 (tSiO = 6 nm) and 3 (tSiO = 10nm). Moreover, many rod-shaped Si NCs which 
were connected by small Si NCs formed in sample 3. The increase of the SiO layer thickness 
triggered the formation of larger Si NCs. The average diameter of Si NCs were 2.2 ± 0.8, 3.1 ± 
1.2, and 3.5 ± 1.6 nm in samples 1, 2, and 3, respectively. The areal densities of Si NCs were 
in the order of 1012 NCs/cm2 in all the samples, but it was much lower in sample 3. 
 

3.3 Ex situ doping of Si NCs embedded in SiO2 

This section is dedicated to the results achieved by ex situ doping. The main idea behind our 
approach is the decoupling of Si NCs synthesis from their doping. The incorporation of P atoms 
is promoted in Si NCs after their formation, by delivering a controlled amount of dopant atoms 
from a spatially separated diffusion source. In this way, the energetics of trapping/detrapping 
of P in the NCs are measured at equilibrium and modelled as a function of the annealing 
temperature and time, avoiding kinetic effects due to NCs formation. Refer to Figure 3.0.1 for 
a scheme of the entire process. 

In section 3.3.1, a systematic study of P doping of Si Ncs with an average diameter of 4 nm is 
presented. P source for this experiment was synthetize by P-SiO2 evaporation. In section 3.3.2, 
results about the effect of Si NCs size on P incorporation is discussed. In this experiment P 
source was synthetized by MLD. 

 Ex situ doping of 4 nm size Si NCs embedded in SiO2 

Si NCs embedded in thin SiO2 film were prepared by e-beam evaporation of a SiO2 (14nm)/SiO 
(6nm)/SiO2 (10nm) multilayer structure and subsequent annealing at high temperature 
(1150°C, 60 min) in a conventional tubular furnace. After annealing, single layer of Si NCs was 
formed in the SiO2 matrix. A thin (0.4 nm) layer of P-SiO2 was then deposited on the top of 
SiO2 film and subsequently capped with a 20nm thick SiO2 layer [216]. To promote P diffusion 
and trapping in Si NCs without perturbing the equilibrium structure of the Si NCs, thermal 
treatments were performed at temperature lower than the one used for Si NCs synthesis, i. 
e. from 900° C to 1100° C. A set of similar samples without Si NCs layer was prepared, in order 
to be used as reference samples for P diffusion in SiO2.  

In order to extract information about the thermodynamic stability of P impurities inside Si NCs 
different steps were accomplished: 

1 – Si NCs characterization: we experimentally verified that the thermal treatment to promote 
P diffusion didn’t affect Si NCs population characteristics, i.e. their average size and their areal 
density. EFTEM was used to achieve this goal by analysis of the samples before P diffusion and 
after the higher temperature thermal treatment used to promote P diffusion and 
incorporation into the Si NCs. 
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2 – P depth distribution and quantification: different analytical tecniques were combined to 
achieve information about P diffusion and incorporation into the Si NCs. ToF-SIMS was used 
to depict P depth distribution inside the matrix. RBS was used to quantify P ToF-SIMS profiles. 
To achieve this goal, innovative protocol for the quantification of Phosphorous in the Si NCs 
region was developed. Finally, XPS was used to get information about P chemical environment 
in the Si NCs regions. XPS data allowed understanding P location of P with respect to the Si 
NCs. 

3 – Modelling of P trapping/detrapping: P depth profiles were modellized using a model based 
on diffusion Fick’s law in one dimension. Energy scheme of the system and P binding energy 
inside Si NCs were depicted by the comparison between the model and experimental results. 

3.3.1.1 Si NCs characterization  

Figure 3.3.1 reports the EFTEM plan view (a) and cross sectional view (c) of the sample after 
the synthesis of Si NCs and the deposition of P layer and SiO2 capping layer. These samples 
were named “as deposited”. From the plan view images, we measured an average diameter 
of (4.0 ± 0.6) nm and an average areal density (N) of 1.3 x 1012 dots/cm2. The cross sectional 
image indicates that the Si NCs are aligned in a 2-dimensional layer with thickness of (3.9 ± 
0.6) nm and a well controlled distance from the Si substrate. Figure 3.3.1 b) reports the EFTEM 
plan view of the samples after 1100° C 4h, the scale is the same of Figure 3.3.1 a). From these 
images, we measured an average diameter of (4.2 ± 0.5) nm and an average areal density (N) 
of 1.5 x 1012 dots/cm2. Figure 3.3.1 d) reports the size distribution corresponding to plan view 
images of both the samples. As could be appreciate from these data, Si NCs structure was not 
affected by thermal treatment that promote P diffusion.  

Figure 3.3.1 - a) EFTEM plan view of the as deposited sample and b) of the 
sample after 1100° C 4h (same scale as a)); c) cross sectional EFTEM image 
of the sample as deposited; d) NCs size distribution of the as deposited (red) 
and annealed (blue) sample as obtained from the EFTEM plan view images. 
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3.3.1.2 P depth distribution and quantification 
 
Figure 3.3.2 reports ToF-SIMS 30Si-,31P-, 28Si2- and 28Si18O3

- signals normalized at 30Si- average 
value in SiO2 matrix. ToF-SIMS analyses were performed in a dual-beam ION-TOF IV system in 
negative mode using Cs+ ions (1 keV, 90 nA, 500 × 500 μm2 rastering) for sputtering and Ga+ 
ions (25 keV, 1 pA, 50 × 50 μm2 rastering) for analysis. The 31P- profile (green line) has a shallow 
peak at a depth of 22 nm well separated by the NCs zone, with a trailing edge due to residual 
P atoms in the deposition chamber. The 28Si2- signal resents a peak at a depth of 22 nm that 
mark the presence of Si NCs layer.  

Figure 3.3.3 a) shows the normalized 31P-
 intensity depth profiles after thermal annealing for 

4 h at 900, 1000, or 1100 °C, compared to the profile measured before annealing already 
reported in Figure 3.3.3 a). Thanks to thermal treatments, P diffuses in the SiO2 and 
accumulates at the Si NCs region, both effects being more pronounced as the temperature is 
increased. In particular, after 900 °C 4 h all P is still within the SiO2 matrix, after 1000 °C 4 h a 
small fraction of P (below 6% of the total integrated intensity) is trapped in Si NCs region, and 
finally after 1100 °C 4 h a significant fraction of P is trapped at the Si NCs region. No P 
accumulation in the SiO2 layer between the Si NCs and the Si substrate is observed. As noted 
previously, the quantification of the above profiles is quite challenging as P is contained in two 
different matrices, SiO2 and Si NCs, which are expected  to have quite different relative 
sensitivity factors (RSF) [17]. 

In order to develop a quantification protocol, we measured the total P dose in our samples by 
RBS, that is not affected by matrix effects. A quite straightforward calibration of samples 
where P is contained only in one matrix is done just by normalizing to the measured dose, as 
described in section 3.1.1. This has been done, for example, to calibrate the profiles in Figure 
3.3.3 b) relative to the sample as deposited and the one after annealing at 900 °C. 

For mixed situations, i.e. where P is present both in SiO2 and also trapped at Si NCs, we need 
to determine also the RSF in the layer containing NCs. In order to do this, we etched away the 

Figure 3.3.2 - ToF-SIMS depth profile of the sample as deposited. The 
secondary ion yields have been normalized to the 30Si- yield. The location of 
the P peak, the silicon nanocrystals, the SiO2 layers, and the Si substrate 
have been indicated. 
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first 32 nm of SiO2 in the sample annealed at 1100 °C by dipping in a HF solution, i.e. by 
removing all the P in SiO2. The resulting sample had only P in NCs, as verified by ToF-SIMS (not 
shown). It is worth noticing that the P dose estimated by RBS has a higher relative uncertainty 
with respect to the other samples due to the lower amount of P. 

Figure 3.3.4 reports all the P doses measured by RBS as a function of the corresponding depth 
integrals of the 31P-

 normalized SIMS intensity profiles of the samples discussed above. The 
data have been labeled according to annealing temperatures (and of the further etching, in 
the case of the sample annealed at 1100 °C), or with the label ‘AD’ for the sample as 
deposited. The graph also includes an additional data point (labeled as ‘AD#2’) relative to 
another sample fabricated with a similar deposition procedure as the ‘AD’ sample but with a 
slightly different P profile (not shown). The different symbols in Figure 3.3.4 identify the data 
with respect to the different matrices where P is located, i.e. filled squares for data relative to 
P entirely contained in SiO2, open squares for the data relative to P present both in SiO2 and 
in Si NCs, and open triangle for the datum relative to P present only in Si NCs.  

Figure 3.3.3 - ToF-SIMS depth profiles of the samples as deposited and after 
annealing for 4h at 900 °C, 1000 °C, and 1100 °C both expressed in P 
normalized intensity (a), and calibrated P concentration (b) 
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It is clear from Figure 3.3.4 that data relative to P only in SiO2 and P only in the Si NCs layer 
follow different trends, indicative of a significant matrix effect. The linear fit reported in the 
figure as a continuous line allows to estimate the RSFs value in SiO2, whereas the RSF in the 
layer containing Si NCs is estimated by the single point with P only in the Si NCs (‘1100 °C + 
etch’). The good fit obtained for the P doses in SiO2 reported in Figure 3.3.4 suggests a linear 
dependence of the 31P-

 intensity as a function of the P concentration in SiO2. The 31P- intensity 
relative to P trapped in a Si NC layer such is found to be about a factor of two higher than for 
P in SiO2 with the same mean concentration, being the ratio of the two RSFs equal to RSFP

SiO2 
/ RSFP

Si_NCs = 1.9 ± 0.3. It is worth noticing that the data relative to the sample after 1000 °C 
and the one after 1100 °C with no further etching fall consistently between the two calibration 
lines, due to the P contained both in SiO2 and in Si NCs. From the dispersion of the SIMS data 
in SiO2 relative to the fitting line, we can conclude that the relative uncertainty of the total 
area of a single ToF-SIMS measurement is lower than 8%.  

The RSFP
SiO2 and RSFP

Si_NCs determined above can be used to fully calibrate a 31P-
 intensity 

profile with P both in Si NCs and in the SiO2 matrix. This has been done for the profiles after 
1000 °C and 1100 °C, as reported in Figure 3.3.3 b) and in Figure 3.3.5, where RSFP

Si_NCs has 
been used to calibrate P within the 35–44 nm depth interval, and the RSFP

SiO2 outside. It is 

Figure 3.3.4 - P dose estimated by RBS as a function of the corresponding 
integrated area of the ToF-SIMS 31P- intensity extracted by different samples 
before and after isochronal annealing at different temperatures for 4 h and 
after further chemical etching to partially remove SiO2, as indicated by the 
labels. Thermal annealings have been done on the as deposited sample 
referred as ‘AD’. Different symbols identify the data with respect to the 
different matrices where P is located. The continuous line represents the 
linear fit passing through zero of the P data in SiO2. The dashed line is to 
guide the eye and represents the hypothetical line that would be followed 
by P located in Si NCs at different doses. 
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worth noticing that the total P doses estimated by the two above calibrated SIMS profiles are 
in agreement within errors with the P doses estimated by RBS. 

A further comment is deserved on the origin of the P intensity enhancement at the Si NCs. 
Figure 3.3.6 shows the ToF-SIMS intensity profile measured with the same conditions as 
before on a sample obtained by implanting 20 keV P- ions with a fluence of 5 × 1014

 cm-2
 in a 

SiO2(30 nm)/Si layer. The ion energy has been chosen in order to have the projected range 
approximately at the same depth of the SiO2/Si interface. It is clear that that the lower 
RSFP

Si_NCs with respect to RSFP
SiO2 cannot be envisaged as a result of an intermediate average 

Si concentration in the Si NC layer between the two SiO2 and pure Si extremes; as in Figure 
3.3.5, the P intensity is lower in the Si substrate than in SiO2. On the contrary, the figure reveals 
a marked P peak at the SiO2/Si interface. A similar peak, even if somewhat to a lower extent, 

Figure 3.3.5 - ToF-SIMS calibrated P depth profiles of the samples as 
deposited and after annealing for 30 min, 4h and 16h at 1000 °C and for 30 
min, 2h, 4h and 16h at 1100 °C  
 
 

Figure 3.3.6 - ToF-SIMS depth profiles of a SiO2/Si sample after ion 
implantation with 20 keV P 5 × 1014 cm-2. The secondary ion intensities have 
been normalized to the 30Si intensity. 
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is observed also for 30Si-. This suggests that the P intensity enhancement at the Si NCs is related 
to an interface effect. As shown in ref. [217] the surface Cs concentration during SIMS analysis 
with a Cs primary beam lowers by passing from SiO2 to Si. The intensity enhancement 
observed for 31P- at the NCs can thus be interpreted as a transient effect occurring at the 
SiO2/Si interface of the Si NCs where, due to of a transient in establishing the steady-state Cs 
concentration of Si sputtering when passing from SiO2 to Si, 31P-

 ions are formed at a surface 
rich in Si, but with a Cs concentration still close to the one typical of the steady state of SiO2 

sputtering. 

Figure 3.3.7 reports the XPS high-resolution spectrum of the P 2p core level signal after 
subtraction of the Si 2p plasmon loss signal, for the sample annealed at 1100 °C for 4 hours. 
XPS measurements were performed on a PHI 5600 instrument equipped with a 
monochromatic Al Kα x-ray source (1486.6 eV) and a concentric hemispherical analyzer. The 
spectra were collected at a take-off angle of 75° with a bandpass energy filter at 11.75 eV. 
The spectrometer was calibrated using polycrystalline gold, silver, and copper samples. The 
thickness of the SiO2 capping layer was reduced to 2 nm by calibrated HF etching before XPS 
analysis, in order to reducd the distance between the sample surface and the Si NC layer. This 
allowed detecting photoelectron directly emitted from the Si NCs optimizing the signal to 
noise ratio in the high resolution XPS spectra. The fitting of the experimental data was 
performed considering a simple Voigt functions to fit the P 2p spectral line above the loss 
structure of the intense Si 2p signal located at 100 eV. A very broad Gaussian profile was used 
to model the background. According to the literature, P atoms in the SiO2 matrix correspond 
to a P 2p signal at 135 eV, while P atoms in a Si matrix exhibit a P 2p signal centered at 129 eV 

Figure 3.3.7 - High-resolution XPS spectrum of the P 2p core level signal 
after subtraction of the Si 2p plasmon loss signal for the sample annealed 
at 1100 °C for 4 hours upon partial removal of the SiO2 capping layer by 
means calibrated HF etching 
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[137]. The data reported in Figure 3.3.7 demonstrate that most of P atoms diffusing during 
the annealing process are trapped in the Si NCs region and are efficiently incorporated in the 
core of the nanostructure or in a sub-interface region with no bonds with O atoms.  

The sensitivity of the XPS measurements does not allow excluding the presence of a residual 
amount of P in the surrounding SiO2 matrix. Nevertheless, on the basis of the calibrated ToF-
SIMS profiles we can estimate that the concentration of P atoms in the SiO2 film is of the order 
of 1019

 atoms/cm3, corresponding to a very limited fraction of the total amount of 
phosphorous trapped in the NCs region.  

Assuming that all P is trapped inside Si NCs, the ToF-SIMS P profiles reported in Figure 3.3.5 
could be used to provide a clear insight on the dynamics of the trapping process. It is evident 
from the calibrated diffusion profiles that increasing the annealing time, more P atoms diffuse 
through the SiO2 matrix and reach the Si NCs region where they are effectively trapped. On 
the basis of the calibrated ToF-SIMS profiles, it is possible to measure the amount of P atoms 

that are trapped in the NCs: the P areal density in the NCs () can be computed by integrating 
the concentration profile peak at the NCs. At the same time the EFTEM cross sectional and 
plan view images provide a direct estimation of the average areal density of the Si NCs (N). 

The ratio /N gives the average number of P atoms trapped within a single NC structure, 
while, dividing by the average number of Si atoms per NC we can get the atomic fraction 
(percentage) of P within Si NCs: 

    (3.3.1) 

where cSi is the crystalline Si atomic density and V the average volume of the clusters in the 

approximation of spherical shape. In Figure 3.3.8 we report the values of /N (left axis) and 

cP
NCs(at%)=

F

N

100

cSiV

Figure 3.3.8 - Experimental P concentration inside the NCs as a function of 
time at the same temperature. Data points are deduced by considering the 
integral of P concentration profiles at NCs (from 35 to 45 nm) and the NCs 
size as determined by EFTEM. Continuous line comes from the numerical 
simulations based on rate equation model 
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of 𝑐𝑃
𝑁𝐶𝑠(right axis) as a function of annealing time in the case of isothermal treatments at 1100 

°C and at 1000° C. A progressive increase of the P concentration in the Si NCs is observed 
when rising the annealing time up to 4 hours. The trapping mechanism at 1100 °C allows 
achieving a very high P concentration within the Si NCs of about 6 %. This value largely exceeds 
the solid solubility for P in bulk Si [218] .For longer annealing (16 hours), the diffusion source 
strongly diminishes while the amount of P in NCs slightly reduces. This result demonstrates 
the strong stability of the P atoms incorporated into the Si NCs. 

3.3.1.3 Modelling of P trapping/detrapping  

To understand the nature of diffusivity and energetics governing the entire system, a 
quantitative analysis is fundamental and a correct modeling approach is necessary. Moreover, 
the complete characterization and calibration of diffusivity in SiO2 with different thermal 
history is an essential step because of the determination of P diffusivity in SiO2 depends on 
preparation mode and thermal history of oxide. 

First of all the P profile of the as deposited sample has to be reconstructed as starting point 
for simulation. According to the nominal deposition the ideal dose measured by SIMS (and 
calibrated by RBS) is present in a narrow depth of 0.5 nm. Moreover, two tails were added to 
reproduce accidental P contamination of the capping and inner oxides. In Figure 3.3.9 the 
ideal starting profile (red line) is reported. In order to check the reconstruction, the ideal 
starting profile was convoluted with SIMS resolution that perfectly reproduces the 
experimental profile (blue line in Figure 3.3.9). The SIMS resolution has a Gaussian component 
with 1.8 nm FWHM and two symmetric exponential tails with 0.9 nm decay length.  

In order to fit the ToF-SIMS profiles and obtain quantitative physical information about the 
system, a model based on diffusion Fick’s law in one dimension was used. We considered also 
three fluxes that describe the interaction of P with NCs: a capturing flux for the capturing 
process at NCs, a release flux for the release of P in the SiO2 matrix from the NCs, and a 
diffusion flux through the uncovered area, as the first Fick’s law, taking into account that P 

Figure 3.3.9 – P ToF-SIMS profile (black line) of the as deposited sample; 
ideal starting profile (red line) and convoluted one with SIMS resolution 
(blue line) are reported as the 28Si2- signal (green dashed line) 
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can diffuse only through the fraction of the layer uncovered by NCs. Matching the fluxes by 
continuity equation allows writing the differential equations that describe the P concentration 

in the oxide (C) and the P doses into the clusters () as a function of time t and depth x. The 
presence of NCs causes the equation to be defined in 3 zones: 1) from the sample surface (x 
= 0) to the NCs layer, (x = B); 2) the NCs layer of depth d, from B to B + d; 3) the inner oxide 
after the NCs layer to the depth of SiO2/Si substrate interface (x = L). the equation that we 
used are: 

 

𝜕𝐶(𝑥,𝑡)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷(𝑥, 𝑡)

𝜕𝐶(𝑥,𝑡)

𝜕𝑥
)                                          for 0 < x < B  and (B + d) <  x < L        (3.3.2) 

𝐷(𝑥, 𝑡)
𝜕𝐶(𝑥,𝑡)

𝜕𝑥
−

𝐷(𝑥,𝑡)

𝜆
∙ (𝐶(𝑥, 𝑡) − 𝐶0) = 0                                   for x = 0 or x = L        (3.3.3) 

𝜕𝜙(𝑡)

𝜕𝑡
= 𝑘𝐶 ∙ 𝑁 ∙ 𝐴 ∙ 𝐷𝐷 ∙ (𝐶+ + 𝐶−) − 𝑘𝑅 ∙ 𝜙(𝑡)                            for B ≤ x ≤ (B + d)        (3.3.4) 

𝜕𝐶−

𝜕𝑡
𝛿𝑥 = (𝐷𝐷 ∙ (1 − 𝑁 ∙ 𝐴)

(𝐶+ − 𝐶−)

𝑑
− 𝐷𝐷 (

𝜕𝐶−

𝜕𝑥
)

−

) − 𝑘𝐶 ∙ 𝑁 ∙ 𝐴 ∙ 𝐷𝐷 ∙ 𝐶− +
𝑘𝑅

2
∙ 𝜙(𝑡) 

for x = B        (3.3.5) 

𝜕𝐶+

𝜕𝑡
𝛿𝑥 = (𝐷𝐷 (

𝜕𝐶+

𝜕𝑥
)

+

− 𝐷𝐷 ∙ (1 − 𝑁 ∙ 𝐴)
(𝐶+ − 𝐶−)

𝑑
) − 𝑘𝐶 ∙ 𝑁 ∙ 𝐴 ∙ 𝐷𝐷 ∙ 𝐶+ +

𝑘𝑅

2
∙ 𝜙(𝑡) 

for x = (B + d)       (3.3.6) 

 

The P diffusion into oxides is described by second Fick’s law in one dimension (Eq. 3.3.2). D(x,t) 
is the diffusivity and it depends on depth x in order to model diffusion in different zones: the 
capping SiO2, the phosphorus rich thin layer and the densified oxide containing the NCs. From 
now on, the symbol DD refers to the diffusivity in inner oxide densified during NCs formation. 
The diffusion coefficient is modulated in the different layers in order to reproduce the source 
P emission. Diffusivity is modelled as a function of space as polygonal chains and their vertices 
are characterized by depth position (nodes) and diffusivity values. The values of diffusivity can 
also evolve linearly with time. In the model the time evolution is reproduced by linear 
interpolation between fixed values of diffusivity at different experimental times. Practically a 
function of the code interpolates linearly between vertices in space and time creating a 
discretized profile for D(x,t) at each time step of simulation. The diffusivity in the densified 
oxide is the most important physical parameter that regulates the P exchange between NCs 
and their surrounding SiO2 matrix. Both samples with NCs and reference samples without NCs 
were analyzed and modeled to help the model calibration. We considered Eq. 3.3.3 as 

boundary conditions at interfaces. It very generally describes, by means of parameter, the 
efficiency of the surface (x = 0) and the SiO2/Si substrate interface (x = L) to sustain a fixed P 
interface concentrations C0.  Such concentrations are due to external environment (e.g. 
external atmosphere or contaminants at the surface, or P in the Si substrate at inner 

interface).  Its limit cases correspond to a perfect sink where all dopant falls down in it (  

0) or a perfect “mirror” interface (  ∞) that reflects all dopant into the sample. The 
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boundary parameters are fitted on the reference samples without NCs and (= 3 nm; C0 = 

5·1017 at/cm3) and (= 10 nm; C0 = 1010 at/cm3) are respectively obtained at surface and 
SiO2/Si substrate interface with small variations with temperature. Eq. 3.3.4 describes the 

variation with time of the P areal density in NCs, . The balance of the capturing flux, 

kC∙DD∙N∙A∙(C+ + C-), and release one, kR∙regulates it. C- and C+ are the P concentrations in 
the oxide just before (x = B) and after (x = B+d) the nanocrystals along the growth direction x. 
The capture is regulated by kC, the capture parameter, DD, the diffusivity in the densified 
oxide, and N∙A, the coverage fraction of the NCs in the layer equal to the product of N, the 
average areal density of the Si NCs, and A, the average cluster area. The release is proportional 

to the product of  and kR, the release rate. kC and kR are constants that quantify respectively 
the capturing efficiency of the clusters and the rate at which a single P atom escapes from the 
clusters.  

Eqs. 3.3.5 and 3.3.6 are the diffusion equations at the left and right sides of NCs layer. In 
particular in Eq. 3.3.5, the C- concentration variation is the balance of the following fluxes: 

 𝐷𝐷 ∙ (1 − 𝑁 ∙ 𝐴)
(𝐶+−𝐶−)

𝑑
 is the flux that crosses the uncovered fraction 

(1 − 𝑁 ∙ 𝐴) between the clusters. The concentration gradient across the NCs layer is 

approximated by 
(𝐶+−𝐶−)

𝑑
 where d is the NCs layer thickness; 

 −𝐷𝐷 (
𝜕𝐶−

𝜕𝑥
)

−
is the flux that comes from the left oxide and depends on the left 

derivative of C-; 

 −𝑘𝐶 ∙ 𝑁 ∙ 𝐴 ∙ 𝐷𝐷 ∙ 𝐶− is the flux lost by trapping into NCs; the minus sign means 
that this flux subtracts P from the SiO2 matrix and adds it to the NCs; 

 
𝑘𝑅

2
∙ 𝜙(𝑡) is the flux gained by the release of P by clusters on the left size that we 

considered to be half of the full flux. 

If the right derivative of C+,(
𝜕𝐶+

𝜕𝑥
)

+

 is taken into account, Eq. 3.3.6 has a very similar 

description for C+. The sum of these fluxes makes to change the areal density of P in the 

interval x around C+ (or C-). x is the discretization parameter used for numerical solution; 

the result does not change for small enough x.  

The full system of differential equations was discretized and solved using the finite difference 
method of Crank-Nicolson . The algebraic problem was solved with the tri-diagonal matrix 
algorithm . The semi-implicit algorithm was implemented in an code created ad-hoc. We used 

as depth step x = 0.01 nm and as time step dt = 30 s in all simulations. The numerical accuracy 

and stability are guaranteed until x ≤ 0.02 nm and dt < 36 s.  

All simulated profiles are calculated starting from the reconstructed (ideal) P profile described 
before and are convolved with ToF-SIMS resolution before comparison with experimental 
data. The code also manages the parameters optimization by means of chi-square 
minimization algorithm applying Simplex Method [219] comparing convolved profiles to 
experimental ones for the evaluation of chi square. The coverage fraction of the NCs is 

determined by the experimental EFTEM data [220] (NA ≈ 0.2) as the boundary conditions by 
fitting the ToF-SIMS profiles of the reference samples. Therefore, the diffusivity D, the capture 
parameter kC and the release rate kR are the free fundamental atomistic parameters of the 



Chapter 3 – Results and Discussion 
 

87 
 

model. A single set of these free parameters is optimized for all the different annealing times 
at a given temperature by minimizing a cumulative chi-square function. 

In Figure 3.3.10 a) and 3.3.10 b) the best-fit profiles are reported by continuous black lines 
for samples annealed at 1000 °C and 1100 °C, respectively. A good agreement with 
experimental ToF-SIMS data (colored lines) is achieved at each temperature. The 
corresponding diffusivity profiles at time zero and at each annealing time are reported in 
Figure 3.3.10 c) and 3.3.10 d).  

The variation with depth of the diffusivity was obtained under the following assumption: 
the diffusivity is constant within each oxide matrix (capping layer and densified inner oxide) 
and its values in the P–SiO2 source layer could be different due to the high concentration of 
P. Up to 4 nodes are used in the source region to correctly reproduce the P emission from the 
source. Moreover, the P–SiO2 peak does not vanish also after a very long annealing time and 
therefore a fraction of the peak was assumed to be immobile (clustered) during the process. 
We considered as free parameters the diffusivity values in these vertices at time zero (as 
deposited profiles) and at each annealing time.  

The diffusivity values in the P-SiO2 thin layer, together with clustering parameters, describe 
satisfactorily in a phenomenological way the source features, regulating its emission capability 
by establishing gradients that favor diffusion in oxides. Their values are orders of magnitude 
lower than those in capping and densified oxides. Practically, these values are effective 

Figure 3.3.10 - (a) and (b) P concentration profiles for different annealing 
times at 1000 °C and 1100 °C (colored lines), respectively, and 
corresponding simulation fittings (black lines). (c) and (d) diffusivity vs. 
depth diagrams for different annealing times at 1000 °C and 1100 °C, 
respectively. 
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parameters able to reproduce the P fluxes coming from the source. A different choice of the 
nodes around the source depth produces different effective parameters and similar 
simulations but, very importantly, it does not change significantly the value of diffusivity in 
the bulk parts of the oxides. The analysis of diffusivity values in oxides is therefore more 
interesting and physically meaningful. 

In Figure 3.3.11 we reported diffusivities values in capping layer (from sample surface to P-
SiO2 layer) and in densified oxide (from P-SiO2 layer to the SiO2/Si substrate interface) as a 
function of time. A strong decreasing transient diffusivity is evident at the early stage of the 
annealing. Initial value at time zero is up to 6 times higher than value in densified oxide and it 
disappears until the first stage of annealing. These higher and transient diffusivity values are 
requested in order to reproduce the fast dissolution of P peak without a substantial 
broadening of P profile in densified oxide. The initial diffusivities seem not to strongly depend 
on temperature or nature of oxide: all values are comparable within a factor of two.  

In densified oxide, the diffusivity keeps constant with time at both temperatures after initial 
transient. The diffusivity is also approximately constant in the capping layer at 1000 °C and its 
value is lower than the one in the densified oxide, while at 1100 °C it goes back to the densified 
value for the longer annealing time. The values of P diffusivity in oxide reported in literature 
strongly depend on annealing conditions, nature of P source and SiO2 matrix, kind of oxide, 
methods for determining the diffusivity. The annealing ambient was N2 gas and the diffusivity 
was determined with the same methodology in all samples. Therefore, the differences in 
diffusivity showed in Figure 3.3.11 should depend on P source and/or oxide properties.  

Two interesting phenomena concerning diffusivity are revealed by our data: i) the diffusivity 
has a transient decrease for very short time that does not strongly differs from pre-densified 
and not-densified oxide ii) the diffusivity in not-densified oxide is lower than one of pre-

Figure 3.3.11 - Diffusivity values in capping layer (open symbols) and 
densified oxide (closed symbols) for different annealing times at 1000 °C 
(triangle symbols) and 1100 °C (circle symbols) 
 
 



Chapter 3 – Results and Discussion 
 

89 
 

densified oxide after the transient: the difference keeps constant in time and disappear only 
for the higher post annealing thermal budget (1100 °C 16 h). 

The first phenomenon suggests that the source injects two P species with different 
diffusion mechanisms according to their chemical status, independently on the matrix 
structure and defects. This fact was already suggested in Ref. [221], where a phosphosilicate 
glass over a thick thermal SiO2 and annealing in N2 or O2 ambient were used. It was shown 
that P is initially present in the oxide in the form of a free acid of P and then P is incorporated 
into oxide in the bound form only at higher temperatures and with the assistance of O. This 
bound P is much less mobile than the initially unbounded species, both present during 
annealing in N2, the difference being due to the binding with O[221]. Our data strongly 
support this interpretation and also demonstrate that the fast P injection by phosphosilicate 
occurs in evaporated SiO2 both densified and not. Very likely, the population of faster species 
in our samples decreases with time causing the transient. 

Moreover, the transient seems not to strongly depend on temperature, confirming the very 
high mobility (low barrier) of the first diffusing species. The convergence at the same 
diffusivity value at 1100 °C demonstrates that the structural evolution of the matrix toward a 
stable oxide is obtained both by thermal growth of SiO2 or by the densification process at high 
temperature. Furthermore, this diffusivity value is taken into account in the description of the 
NCs interaction, guaranteeing the generality of its description. From another point of view, 
the above results indicate that the embedding SiO2 needs to be well densified with a suitable 
annealing for an optimal control of the doping of Si nanostructures through diffusion. 

In Figure 3.3.12 we report the diffusivity values in the inner densified oxide after the transient 
at different temperatures for the samples with NCs (closed squares) and for SiO2 reference 
without NCs (open squares). An Arrhenius’ formula correctly describes the diffusivity 
considering a as the length of each diffusion step (a ≈ 0.35 nm the average distance between 
SiO2 molecules), k0 as an entropic prefactor and ED as the enthalpy of diffusion: 

𝐷(𝑇) =
𝑎2

6
∙ 𝑘0 ∙ 𝑒𝑥𝑝 (−

𝐸𝐷

𝑘𝐵∙𝑇
)                   (3.3.7) 

where kB is Boltzmann’s constant, T is temperature. By fitting of the experimental data we 
obtain ED = (3.5 ± 0.5) eV and k0 = 1.9 x1013±2 s-1. Keeping k0 value to the Debye frequency of 
SiO2 (~1013 Hz) [222], we obtained (3.5 ± 0.1), reducing the error of energy barrier.  
Interestingly the diffusivity values obtained by Ref. [221] in N2 ambient for thermal SiO2 are 
perfectly compatible with our data for the densified oxide after the first transient exhaustion 
(closed star in Figure 3.3.12). We define the diffusivity rate kD, i.e. the jumping frequency of P 
atoms, as: 

𝑘𝐷 =  𝑘0 ∙ 𝑒𝑥𝑝 (−
𝐸𝐷

𝑘𝐵∙𝑇
)                                                    (3.3.8) 

The structural status of P in the SiO2 matrix is still a missing information but some knowledge 
can be deduced by comparing the obtained diffusivity with Si self-diffusion [223] and Si self-
interstitial diffusion in SiO2 [224]. These data are reported in Figure 3.3.12 with closed circles 
and open triangles respectively. As can be noted, the Si self-diffusion is much lower than P 
diffusion suggesting that substitution of Si by P in the structure is very unlikely. A very good 
agreement instead is present between P diffusion data and Si self-interstitial diffusion. This 
suggests that P moves like an excess atom in the matrix. The previous reasoning about the 
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bonding with oxygen suggests that the slow diffusing P species could be a P interstitialcy. The 
reduced diffusivity in the cap SiO2 is coherent with the interstitialcy hypothesis: the cap 
undergoes a lower thermal budget and therefore it has a less densified structure with respect 
to the NCs containing SiO2. Densification process corresponds to the elimination of 
interatomic voids so it can be seen as a process of elimination of vacancy like defects. It is 
reasonable that P interstitialcy can be trapped by vacancy-like defects explaining the reduced 
diffusivity in SiO2 with lower thermal budget that we measured. 

The description of the diffusivity in all the matrixes surrounding NCs allows obtaining an 
accurate model of the P flux interaction with the NCs. Since NCs are thermal stable, as 
confirmed by TEM analysis, and P diffusivity is constant in each bulk oxide, the system is very 
close to equilibrium conditions. Therefore, the parameters controlling P – NCs interaction (the 
capture parameter and release rate) can be accurately determined. Figure 3.3.13 reports kD 
values at different temperatures for the samples with NCs and for the SiO2 reference. The 
same plot reports kR values as deduced by the 31P- profile fitting. As can be noted, a P atom 

Figure 3.3.12 - : diffusivity values of the samples with NCs (closed blue 
squares) and reference SiO2 samples (open blue squares). Literature values 
of similar system (black star) from Ref. [221], Si self-diffusion (closed black 
circles) from Ref. [223] and Si interstitial diffusion (open triangles) from Ref. 
55 are also shown for comparison. The Arrhenius fit of experimental 
diffusivity is reported (solid line). 
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leaves the cluster with a much smaller frequency than the one regulating its diffusion jump. 
Diffusivity (release) rates are well fitted by Arrhenius’ formula: 

𝑘𝐷(𝑅) = 𝑘0 exp(−𝐸𝐷(𝑅) 𝑘𝑇⁄ )                                         (3.3.9) 

using a single k0 = 3.2∙1013 s-1 that is the attempt frequency with no barrier (in the high 
temperature limit), a diffusion barrier ED = 3.5 eV, and a higher release barrier ER = 4.5 
eV. 
The inset of Figure 3.3.13 summarizes the energy scheme for P-NCs interaction. P is 
thermodynamically favored to be trapped at NCs with a binding energy of: 

𝐸𝐵 =  𝐸𝑅 −  𝐸𝐷 =  (1.0 ± 0.1) 𝑒𝑉                       (3.3.10) 

The capturing constant is independent by the annealing temperature and equal to kC ≈ 25 nm-

1. The high value of kC confirms the experimental data: the NCs trapping is extremely efficient 
preventing P to diffuse across the NCs layer. This happens because the trapping process 
prevails the diffusion through the uncovered fraction of the NCs layer. The independence of 
kC on temperature indicates that no additional capture barrier should be added to the 
diffusion barrier and thus P trapping by Si NCs is limited only by diffusion.  

Figure 3.3.13 - Diffusion (release) rates are reported with filled blue squares 
(red). Data relative to reference SiO2 samples are reported (blue). The 
Arrhenius fit of experimental diffusion (release) rates is reported (solid line). 
The inset depicts the entire energy scheme.
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3.3.1.4 Discussion 

The results of our experimental and modeling analysis depict an interesting scenario of the 
system very close to equilibrium, since Si NCs do not evolve during P diffusion and the P 
trapping process occurs without perturbing the original nanostructures. Consequently, this 
experimental layout supports a straightforward correlation with the effective configuration of 
theoretical calculations considering the role of the embedding matrix. Carvalho et al.[33] 
determined a binding energy of about 3 eV using silanol groups to simulate the oxide at the 
surface of the Si NCs. Similarly, Guerra et al.[31] found a value of 4 eV considering a more 
extended SiO2 shell. Both data largely exceed our experimental value. Using a more complex 
model, Ni et al.[32] recently pointed out the role of dangling bonds at the Si/SiO2 interface, 
suggesting that they may facilitate the incorporation of P in Si NCs embedded in SiO2 with a 
binding energy of 1 eV,[32] in perfect agreement with our finding. 

Another remarkable result is the very high concentration of P in NCs of 6% obtained, which is 
significantly higher than the measured P solubility limit in bulk Si (0.4 ÷ 1.0 % at 1100 °C).[218] 
Nanoscale solubility (for 4 nm clusters) appears thus to be more than 6 times higher than the 
bulk one. The adopted condition allows asserting that this is a lower level estimate of P 
solubility in Si NCs: if the model parameters are used to calculate the equilibrium steady state 
between capture and release with a not exhaustive source, the concentration of P in NCs 
might in fact increase up to 20%. This result suggests that solubility of dopants may increase 
by reducing the semiconductor size, at least down to the investigated size of few nanometers, 
in contrast with theoretical models predicting self-purifications phenomena,[28]–[30], [225], 
[226] that were suggested or cited by experiments far from equilibrium.[14], [22], [23], [83] 
In particular, in the light of our findings, it is interesting to reinterpret results by Gnaser et 
al.,[14] showing a decrease, with cluster size, of the P amount incorporated in NCs during 
their formation. According to our model, the reported trend indicates that, very likely, small 
clusters (with a smaller capture area A) kinetically trap less P than bigger ones, but this does 
not demonstrate that at equilibrium smaller cluster can absorb a lower percentage of P. 

 Effect of Si NCs size on P incorporation  

To understand the effect of Si NCs size on the P incorporation into Si NCs, we prepared 
samples with four different Si NCs size varying the thickness of the SiO layer. The thickness of 
the SiO layer was progressively increased from 2nm to 10nm by properly adjusting the 
evaporation parameters. Si NCs layers were synthesized by processing SiO2(10 nm)/SiO/SiO2 
(10 nm) multilayer at high temperature in a conventional furnace (1150°C, 60 min). After NCs 
formation, P δ-layers were synthetized by MLD on the topo of SiO2 film. MLD is performed 
using diethyl 1-propylphosphonate (DPP, Alfa Aesar, purity 97%) as P-containing molecules 
and mesitylene (Alfa Aesar, purity 98+%)  as a solvent. The samples were immersed in a 
solution of mesitylene and DPP (25:1) and subsequently thermal processed. Processing time 
tp was 3h, while processing temperature Tp was settled at 165 °C. finally, after the δ-layer 
formation, samples were capped with 10 nm thick SiO2  film by e-beam deposition. To 
promote P diffusion and trapping in Si NCs without perturbing the equilibrium structure of 
the Si NCs, we performed thermal treatments at temperature lower than the one used for Si 
NCs synthesis, i. e. at 1100 °C.  
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3.3.2.1 Si NCs structure by EFTEM 

Figure 3.3.14 reports the EFTEM plan view images of the samples just after the high 
temperature thermal treatment for synthesis of the Si NCs. Images show the presence of Si 
NCs with average size that progressively increase when increasing the thickness of the SiO 
layer. The average diameter measured from the plan view images are reported in Figure 
3.3.15 a) – d), together with NCs size distribution and average areal densities. Gaussian like 
size distributions were obtained with average diameters linearly increasing with the increase 
of SiO thicknessn, as plotted in Figure 3.3.15 e).  

3.3.2.2 P depth distribution and quantification 
 
For the sample with the largest Si NCs (~4,2 nm size) and for the sample with the smallest ones 
(~2,5 nm size), the P total dose were directly measured by RBS just after the thermal treatment 
for the synthesis of Si NCs. P total doses in these samples are equal within the experimental 
error and it have been found to be (6.37 ± 0.72) x 1014 atoms/cm2 and (6.36 ± 0.72) x 1014 
atoms/cm2 respectively. P quantified ToF-SIMS profiles of samples just after the thermal 
treatment for the synthesis of Si NCs are reported in Figure 3.3.16 (these samples are named 
“as deposited”). ToF-SIMS analyses were performed in a dual-beam ION-TOF IV system in 
negative mode using Cs+ ions (1 keV, 70 nA, 250 × 250 μm2 rastering) for sputtering and Ga+ 
ions (25 keV, 1 pA, 50 × 50 μm2 rastering) for analysis.  RSFP

SiO2 was calculated using RBS data. 
The P profiles exibit a very sharp peak at a depth of about 12 nm from the surface of the 
samples The full width at half maximum (FWHM) of this peak is less than 2 nm. This value is 
comparable with ToF-SIMS depth resolution for this analysis. The P sources are located in a 
region that is well separated from the NCs region situated at 30 nm depth. The peaks have a 

Figure 3.3.14 - EFTEM plan view of the SiO2/SiO/SiO2 multilayer structures 
after annealing (1150 °C, 60 min) in a tubular furnace to form the Si NCs. 
The images were obtained starting from multilayer structures with SiO 
thickness corresponding to 10 nm (a), 8 nm (b), 6 nm (c) and 4 nm (d) 
respectively. 
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trailing edge due to presence of physisorbed component from MLD process. P undesired 
contamination in Si NCs due to residual contamination from the evaporator chamber was 
detected to be lower than 1013 atoms/cm2. P profiles were integrated in the P δ-layer region 
in order to extract P doses. P dose inside the δ-layer result to be the same for each samples 
as deposited samples within the ToF-SIMS experimental error. The average P dose in δ-layer 
is equal to 5.7 x 1014 atoms/cm2 with a stand deviation of 0.2 x 1014 atoms/cm2.  

The quantification of ToF-SIMS profiles in the samples after P diffusion induced by high 
temperature thermal treatments is quite challenging. P is contained in two different matrices, 
namely SiO2 and Si NCs, which are expected  to have quite different relative sensitivity factors 
(RSFP

Sio2 and RSFP
Si_NCs). The RSFP

Sio2 has been determined from comparison with RBS data. In 
this work, we assume no dependence of RSFP

Si_NCs from NCs size. Thus, knowing RSFP
SiO2 , the 

RSFP
Si_NCs has been determined from the relation RSFP

SiO2 / RSFP
Si_NCs = 1.9, in agreement with 

our previous findings for Si NCs with a diameter around 4 nm. 

Figure 3.3.16 shows ToF-SIMS calibrated P depth profiles of the of samples before and after 
annealing for 4h, 9h and 16h at 1100 °C. Upon thermal treatment, P atoms diffuse in the SiO2 

and accumulate at the Si NCs region. P accumulation at Si NCs is quite always more 
pronounced as the annealing time increases. No P accumulation in the SiO2 layer between the 
Si NCs and the Si substrate is observed.  

Figure 3.3.15 - Average diameters, NCs size distributions and average areal 
densities measured from the HRTEM plan view images. The images were 
obtained starting from multilayer structures with SiO thickness 
corresponding to 10 nm (a), 8 nm (b), 6 nm (c) and 4 nm (d) respectivel; e) 
Average diameter measured from the HRTEM plan view images as a 
function of SiO deposited thickness 
 
 



Chapter 3 – Results and Discussion 
 

95 
 

In Figure 3.3.17 we report the XPS high-resolution spectrum of the P 2p core level signal for 
the samples with the largest Si NCs (~4,2 nm size) for samples just after the thermal treatment 
for the synthesis of Si NCs, annealed at 1100 °C for 9 h and annealed at 1100 °C for 16 h. XPS 
measurements were performed on a PHI 5600 instrument equipped with a monochromatic 
Al Kα x-ray source (1486.6 eV) and a concentric hemispherical analyzer. The spectra were 
collected at a take-off angle of 75° with a bandpass energy filter at 11.75 eV. The thickness of 
the SiO2 capping layers were reduced to 2 nm by calibrated HF etching before XPS analysis, in 
order to reduce the distance between the samples surface and the Si NC layers. This allowed 
detecting photoelectron directly emitted from the Si NCs optimizing the signal to noise ratio 
in the high resolution XPS spectra. The fitting of the experimental data was performed 
considering a simple Voigt functions to fit the P 2p spectral line and a Gaussian curve for the 
loss structure of the intense Si 2p signal located at 100 eV. FWHM of the Gaussian curve for 
samples annealed at 1100 °C for 4h and for 9 h was fixed equal to the Gaussian curve’s FWHM 
determined for the as deposited sample. According to the literature, P atoms in the SiO2 
matrix correspond to a P 2p signal at 135 eV, while P atoms in a Si matrix exhibit a P 2p signal 
centered at 129 eV [137]. The data reported in Figure 3.3.18 demonstrate that most of P 

Figure 3.3.16 - ToF-SIMS calibrated P depth profiles of the samples just after 
the high temperature thermal treatment for synthesis of the Si NCs (as 
deposited) and after annealing for 4h, 9h and 16h at 1100 °C 
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atoms diffusing during the annealing process are trapped in the Si NCs region and are 
efficiently incorporated in the core of the nanostructure or in a sub-interface region with no 
bonds with O atoms. The sensitivity of the XPS measurements does not allow excluding the 
presence of a residual amount of P in the surrounding SiO2 matrix. Nevertheless, on the basis 
of the calibrated ToF-SIMS profiles we can estimate that the concentration of P atoms in the 
SiO2 film is of the order of 1019

 atoms/cm3, corresponding to a very limited fraction of the total 
amount of phosphorous trapped in the NCs region.  

Assuming that all P is trapped inside Si NCs also for samples with others size, the ToF-SIMS P 
profiles reported in Figure 3.3.16 could be used to provide a clear insight on the dynamics of 
the trapping process. Assuming that NCs are thermal stable and so that Si NCs size and 
densities doesn’t change during thermal treatment, it is possible to measure the percentage 

amount of P atoms that are trapped in the NCs  𝑐𝑃
𝑁𝐶𝑠. In Figure 3.3.18 we report the values of 

𝑐𝑃
𝑁𝐶𝑠as a function of annealing time. The filled data shown the behavior of P incorporation 

into Si NCs when P is delivered from P δ-layer source synthetize by MLD. The empty data 
refers to the previous experiment, where P was delivered from P-SiO2 evaporated source. The 
experimental error for each point (not plotted)  is estimated to be lower than 10% of the value 
itself, accordingly to ToF-SIMS experimental error for this system. These results confirm that 
the P source synthetized by MLD has different behavior from the P-SiO2 source. 

Figure 3.3.17 - XPS high-resolution spectrum of the P 2p core level signal for 
the samples with the largest Si NCs samples just after the thermal 
treatment for the synthesis of Si NCs (a), annealed at 1100 °C for 9 h (b) 
and annealed at 1100 °C for 16 h (c). The Si 2p plasmon loss signals have 
been fitted with a broad Gaussian (green), while P 2p signals have been 
fitted with a Voight function (yellow). 
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3.3.2.3 Modelling of experimental data 

To fit the ToF-SIMS profiles and obtain quantitative physical information about the system, 
we used the model based on diffusion Fick’s law in one dimension that has been extensively 
presented in section 3.3.1.3. Figure 3.3.19 shows P concentration profiles and correspondent 
simulated profiles for samples with the largest Si NCs after δ-layer formation (a), annealing at 
1100 °C for 4 h (b), 9 h (c), 16 h (d). Diffusivity, capture parameter and release rate were 
determined basing on modeling of all the experimental data reported in Figure 3.3.16. 

Figure 3.3.20 reports kD values for Si NCs with different size and compares these values with 
the data obtained for the samples with ~4nm size Si NCs. The same plot reports kR values as 
deduced by the P profile fitting. As can be noted, a P atom leaves the cluster with a much 
smaller frequency than the one regulating its diffusion jump. Assuming that the increment of 
kD and kR  as a function of temperature is equal to the increment previously obtained for the 
sample with ~4nm size Si NCs, 𝐸𝑅  and  𝐸𝐷 are calculated. In Figure 3.3.21 𝐸𝐵 is plotted as a 
function of Si NCs size. The value of 𝐸𝐵 obtained for the sample with Si NCs having diameter 

~4 nm is reported as well. The obtained 𝐸𝐵  value prove that, for Si NCs size ranging from 2.5 
nm to 4.2 nm, P incorporation inside Si NCs is thermodynamically favored. Absence of self-
purification mechanism is suggested. The basic idea of self purification is that, as dopant 
atoms induce significant stress inside the crystalline core of Si NCs, the ejection of dopant 
impurities toward Si NCs surface results in a reduction of the total energy of the system. In 

Figure 3.3.18 - Percentage amount of P atoms trapped in the NCs as a 
function of annealing time. The filled data shown the behavior of P 
incorporation into Si NCs when P is delivered from P δ-layer source 
synthetize by MLD. The experimental error for each point (not plotted)  is 
estimated to be lower than 10%. The empty data refers to the previous 
experiment, where P was delivered from P-SiO2 evaporated source 
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fact, stress induced by dopants at the surface can be accommodated by modification of 
surface geometry [30][102][103][28][104]. Chan et al. using a real-space first-principles 
pseudo-potential method investigated impurity incorporation in H-terminated Si NCs with 
diameter up to 6 nm. They found a critical Si NCs size (~2nm) below which the dopant atom is 
expected to be ejected toward the surface [104]. As our smallest Si NCs have average size of 
2.5 nm, the comparison between theoretical prediction and our experimental results is not 
straightforward. Moreover, these theoretical predictions concern Si NCs H-terminated, while 
in our system Si NCs are embedded in SiO2 matrix, depicting a completely different structural 
stress-induced scheme. Nevertheless, 𝐸𝐵  clearly decrease decreasing Si NCs size, showing a 
linear dependency. This trend suggests that, even if incorporation of P atoms is energetically 
favored, P impurities are more easily extracted from smaller Si NCs.  

3.3.2.4 Si NCs band structure  

In the case of very small Si NCs, quantum confinement phenomena play an important role in 
the definition of their electrical and optical properties. Since Bohr radius of an exciton in 
silicon is about 5 nm, quantum confinement phenomena have been observed for Si NCs with 

Figure 3.3.19 - P concentration profiles and correspondent simulated 
profiles for samples with the largest Si NCs after δ-layer formation (a), 
annealing at 1100 °C 4 h (b), 9 h (c), 16 h (d) 
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diameter smaller than 10 nm as widely reported in the literature [17][71][72][73][74]. The 
most striking  effect is related to the progressive increase of the band gap 
[11][39][18][49][60]. In this work, the effect of quantum confinement were addressed by XPS. 
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Figure 3.3.20 - kD and kR values for the samples with different size Si NCs 
included the data previously shown for the sample with 4nm size Si NCs 
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XPS analysis provided a characterization of the band structure of Si NCs. In particular,we 
monitored the energy distance between core level Si0+ 2p and the valence band maximum 
(VBM) as a function of Si NCs size. Evolution of the Si0+ 2p – VBM energy distance is used to 
detect variation in the band structures of the Si NCs when decreasing their size. Moreover, 
for the sample with the largest Si NCs, we investigated Si0+ 2p – VBM energy distance as a 

function of the atomic fraction of P incorporated in Si NCs (𝑐𝑃
𝑁𝐶𝑠).  

Si NCs size ranging from 2.5 to 4.2 nm were studied as well as a reference crystalline bulk 
silicon covered with native oxide. XPS measurements were performed on a PHI 5600 
instrument equipped with a monochromatic Al Kα x-ray source (1486.6 eV) and a concentric 
hemispherical analyzer. The spectra were collected at a take-off angle of 75° with a bandpass 
energy filter at 11.75 eV. The thickness of the SiO2 capping layers was reduced to 2 nm by 
calibrated HF etching before XPS analysis, in order to reduce the distance between the 
samples surface and the Si NC layers. This allowed detecting photoelectron directly emitted 
from the Si NCs optimizing the signal to noise ratio in the high resolution XPS spectra. 

In Figure 3.3.22 the high resolution spectrum of Si 2p (a) and Valence Band (b) regions from 
the sample with the largest Si NCs (~4.2nm) are reported.  After Shirley background  
subtraction, Si 2p spectrum was fitted by a single Voigt function for the Si4+ signal and a 
doublet of Voigt functions for the Si0+ signal with intensity ratio of 0.5 and splitting of about 
0.6 eV as fixed parameters. The Si4+ signal is related to the oxidation state of Si in SiO2 while 
Si0+ signal is related to the oxidation state of Si inside Si matrix. The resulting position and 
FWHM for both the signals are in good agreement with data available in the literature 
[227][228]. Si0+  peak from Si NCs results to be larger than the one measured from crystalline 
Si bulk. This effect is related to the broadening of the spectral induced by the worse 
crystallinity of nanoparticles with respect to crystalline bulk Si [161]. Si4+ signal for the samples 
with Si NCs is shifted with respect to Si bulk value because of differential charging during XPS 
analysis, the distance between Si4+ Sand Si0+ is of about 4.5 eV, according to previous work 

Figure 3.3.21 - High resolution XPS spectra of Si 2p (a) and Valence Band (b) 
region from the sample with the largest Si NCs (~4.2nm) 
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[227]. The error in peak positioning is estimated to be around 0.05 eV. The valence band 
maximum (VBM) was determined by the standard procedure based on a simple linear 
extrapolation [229], as shown in Figure 3.3.22 b).  

In Figure 3.3.23 black squares refers to the energy distance between core levels (Si0+ 2p) and 
the VBM in function of Si NCs size. Errors bars refer to experimental error of EFTEM size 
measurements and to experimental error XPS data analyses. The red line indicate the Si0+ 2p 
- VBM distance for a bulk Si crystalline that was used as reference red line, the horizontal see-
trough area corresponds to error for XPS data analysis. A decrease of Si0+ 2p - VBM energy 
distance as a function of Si NCs size is measured, pointing out the expected presence of 
electronic confinement effects [17][71][72][73][74]. In a recent work Seguini et al. [1] 
investigated the band alignment of Si NCs embedded in a SiO2 matrix as a function of the 
average diameter of the Si NCs.  Independent measurements of the Si NCs valence band (VB) 
and conduction band (CB) edge energy positions with respect to the SiO2 matrix were 
acquired by means of photo-ionization (PI) and capacitance spectroscopy (C-S), respectively. 
Three different regimes were identified by progressively shrinking Si NCs diameter; primarily 
quantum confinement affects the conduction band that is shifted towards high energy values, 
then surface effects pin the conduction states, and finally quantum confinement modifies the 
valence band with a shift towards low energy values [1]. Data reported from Seguini et al. 
regarding VB shift with respect to VB of Si bulk are plotted in Figure 3.3.23 (green point, right 

Figure 3.3.22 – Black squares (left axis): Si0+ 2p - VBM distance as a function 
of Si NCs size, errors bars refer to experimental error of EFTEM size 
measurements and to experimental error  XPS data analysis. Red line(left 
axis): Si0+ 2p - VBM distance for Si crystalline bulk, the horizontal see-trough 
area corresponds to experimental error of XPS data analysis. Green 
points(right axis): VB shift with respect to Si bulk VB, data from Seguini et 
al. [1] 
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axis) and result to be in perfect agreement with our work. This result validated the use of XPS 
analysis for the study Si Ns band struture. 

The same methodology was applied to investigate band structure evolution in P doped Si NCs 

with average diameter ~4.2 nm. In Figure 3.3.24, Si0+ 2p - VBM distance as a function of  𝑐𝑃
𝑁𝐶𝑠  

is plotted. Si0+ 2p – VBM distance decrease increasing P doses incorporated in Si NCs. 
Suggesting a progressive shift of the valence band edge towards lower energy value when P 
impurities are incorporated within the Si NCs. Further experiments are currently running to 
elucidate this point. 

 

 

 

 

Figure 3.3.23 - Si0+ 2p - VBM distance as a function of  𝑐𝑃
𝑁𝐶𝑠 for Si NCs with 

average diameter of ~4.2 nm 
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Conclusions  
 

 

 

 

 

 

 

This thesis focuses on the doping of Si NCs embedded in SiO2 matrix. In particular, P impurities 
incorporation into Si NCs was promoted in Si NCs after their formation at thermodynamic 
equilibrium, by delivering a controlled amount of P atoms from a spatially separated diffusion 
source. The problem was faced using a multi-technique approach, involving TEM, ToF-SIMS, 
RBS and XPS. A quantification protocol for ToF-SIMS P depth profiles was developed, allowing 
the quantification of P dose trapped inside Si NCs. Quantitative physical informations about 
the system were obtained simulating ToF-SIMS depth profiles, by means of a model based on 
diffusion Fick’s law in one dimension. This experimental approach shed a new light on the rich 
physics of nanostructures, providing the tools to investigate equilibrium phenomena 
predicted by theoretical works, like self-purification. For Si NCs with 4 nm average size, we 
demonstrated that P is thermodynamically favored to be trapped at NCs with a binding energy 
of 𝐸𝐵  = 1.0 ± 0.1 eV. As the P trapping occurs at thermodynamic equilibrium, our experimental 
layout supports a straightforward correlation with theoretical calculations. Ni et al.[32] 
recently pointed out the role of dangling bonds at the Si/SiO2 interface, suggesting that they 
may facilitate the incorporation of P in Si NCs embedded in SiO2 with a binding energy of 1 
eV,[32] in perfect agreement with our finding. Another remarkable result is the very high 
concentration of P in Si NCs of 6% obtained, which is significantly higher than the measured P 
solubility limit in bulk Si (0.4 ÷ 1.0 % at 1100 °C) [218]. P solubility in 4 nm Si NCs appears thus 
to be more than 6 times higher than the bulk one. The adopted condition allows asserting 
that this is a lower level estimate of P solubility in Si NCs: using the model parameters are to 
calculate the equilibrium steady state between capture and release with a not exhaustive 
source, the concentration of P in NCs might in fact increase up to 20%. This result suggests 
that solubility of dopants may increase by reducing the semiconductor size, at least down to 
the investigated size of few nanometers, in contrast with theoretical models predicting self-
purifications phenomena,[28]–[30], [225], [226] that were suggested by experiments far from 
equilibrium [14], [22], [23], [83]. Moreover, for Si NCs size ranging from 2.5 nm to 4.2 nm, it 
was found that P is thermodynamically favored to be trapped within the Si NCs. Absence of 
self-purification mechanism is suggested, unlike theoretical calculation prediction 
[30][102][103][28][104]. A progressive reduction of P binding energy was observed 
decreasing Si NCs size, showing a linear dependency.  
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To define the effective position of impurities in Si NCs embedded in solid matrix, the most 
promising candidate is APT [14][23] [134]. In this thesis work, structural characterization of Si 
NCs embedded in SiO2 was provided by APT and validated by TEM. This advanced 
characterization open the route to a protocol for the definition of the effective shape and size 
of the Si NCs, as well as the correct identification of the interface between the Si NCs and the 
surrounding matrix. 

Others significant results were achieved regarding the P diffusion source synthesis. P -layers 
embedded in a SiO2 matrix were formed by MLD process. The self-limiting behavior of the 

grafting process on SiO2 substrate and the possibility to use these P -layers as diffusion 

sources were demonstrated. Moreover, formation of P -layers using P-terminated 
homopolymers was proposed for the first time. The self-limiting behavior of the grafting 

process on SiO2 substrate, the capability to finely tune the P dose incorporated in the -layers 

as well as the possibility to use these P -layers for the formation of sub-20nm shallow 
junction in Si were demonstrated. 

On the basis of this thesis, several interesting research activities can be envisioned to get 
further insight on the problem of semiconductor doping at nanoscale. First of all, exhaustive 
study of the effect of Si NCs size on the P incorporation into Si NCs is highly desirable. In this 
regards, Si NCs with diameter lower than 2 nm should be taken into account, in order to 
experimentally verified the occurrence/absence of self-purification mechanism at this small 
scale.  Once completed the energetic scheme of trapping/detrapping, electrically activation 
of P atoms incorporated into Si NCs need to be addressed. Moreover, the study could be 
extended to the incorporation and electrically activation of different impurities (B, As, Al…) in 
Si NCs. Ex situ doping procedure could in principle be used also for the doping of 
nanostructures other than Si NCs, like for example Si nanowires. Finally, future study will 
address the problem of the electrical activation of P impurities delivered from P δ-layers, to 
assess their suitability as dopant source and the possibility to create ultra-shallow junctions. 
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