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Abstract 
 

Over the last decades silicon nanocrystals (Si NCs) were the subject of an intense research 

activity, due to their optical and electronic proprieties. Different experimental approaches were 

developed to synthesize Si NCs embedded in a dielectric matrix as well as freestanding Si NCs 

with well controlled structural and morphological characteristics. Actually, as in the case of bulk 

semiconductors, the fine tuning of their optical and electronic properties is related to the 

effective capability to control doping, i.e. impurity incorporation within these nanostructures. 

Even if Si NCs doped with both p-type and n-type dopants were successfully synthetized, several 

fundamental issues need to be understood. First of all, from a structural point of view, it results 

very hard to obtain information about dopant location with respect to Si NCs surface and core. 

This uncertainty is related either to the intrinsic limitations of the experimental approaches for 

the synthesis and for the analysis of doped Si NCs, as to the difficulties in modeling these 

nanostructured systems. Moreover, from a fundamental point of view, it is not clear if impurity 

incorporation in Si NCs effectively results in the generation of free charge carriers as in the case 

of bulk silicon. This review presents an overview of the recent progress in the field, focusing on 

the latest results related to doping of Si NCs. In particular the problem of thermodynamic 

stability of impurities into Si NCs and the problem of modulation of electrical properties of Si 

NCs will be systematically addressed. 
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1. Introduction 
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 

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 in the nanostructures 

compared to bulk materials. Moreover, the reduced size of these structures causes a remarkable 

increase of the surface area to volume ratio (S/V). Consequently surface related defects may 

significantly alter the electronic behavior of the nanostructures [1]. Si nanostructures appears to 

be 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 proprieties by means of doping as in 

the case of bulk semiconductors.  

In the last decades Silicon nanocrystals (Si NCs), i.e. a Silicon particles having diameter (d) 

smaller than 100nm 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 

[7][8][9]. In Fig. 1(a) HRTEM images of a small Si-NC with spherical and nonocrystalline 

morphology is reported [10]. Furthermore, Si NCs represent a paradigmatic system because the 

attainable results are in the extreme case of nanoscaling, from bulk to 0D system, and therefore 

they are useful for the understanding of other systems with reduced dimensionality like 

nanowires, fins or nanosheet [11][12][13][14]. Several studies are available in the literature on 

the synthesis of Si NCs embedded in dielectric matrix and freestanding Si NCs [15]. Si NCs 

embedded in dielectric matrix have been synthesized by ion implantation [16][17][18], chemical 

vapor deposition (CVD) [19][20][21], e-beam deposition [22][23], sputtering [24]–[26] and 

reactive ion etching [27]. As an example, in Fig. 1(b) 3D atom map of Si NCs layer inside SiO2 

matrix obtained by Atom Probe Tomography (APT) is reported [28]. Most of these approaches 

are based on processes that are already employed in microelectronic industries to facilitate the 

integration of these nanostructures in functional microelectronic devices [29][30][31][32]. 

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 [35], laser ablation [36] or plasma [37][38][39]. Freestanding Si NCs open the 

route to the control of surface chemistry and are extremely interesting for the development of 

thermoelectric devices [40][41], single electron transport device [42][43], solar cell [44], cold 

electron emitting device [45] and optical device [46]. 

In the case of very small Si NCs quantum confinement phenomena play a important role in the 

definition of their electrical and optical properties. Since Bhor radius of an exciton in silicon is 

about 5 nm, quantum confinement has been widely reported for Si NCs with diameter smaller 

than 10 nm [17][48][49][50][51]. The most striking effect is related to the progressive increase 

of the band gap [15][16][18][26][37]. An example is shown in Fig. 1(c) [18] in which the band 

gap is increased from 1.2 eV (band gap of silicon bulk) up to 1.6 eV when decreasing the size of 

the nanostructures. On the other hand, surface related defects may appear as localized states 

within the band gap of Si NCs modifying even more the electronic behavior of Si NCs with 

respect to bulk silicon. Recent works investigated the band alignment of Si NCs embedded in a 

SiO2 matrix as a function of the diameter, identifying three different regimes; 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]. 

In systems confined as Si NCs many others important questions arise, as to whether the dopants 

could play a role similar to that in bulk silicon, where the presence of impurities alter the 

conductivity of the material by several orders of magnitude. Actually very small Si NCs have 

been successfully doped with both p-type (B) and n-type (P, As) impurities by means of different 

experimental approaches [53][54][55]. However there are some important issues that still need to 

be clarified. First of all very few data are available about the thermodynamic stability of impurity 

atoms in Si NCs [56]. This uncertainty is related to the intrinsic limitations of the experimental 

approaches for the synthesis and for the analysis of doped Si NCs, as well as to difficulties in 

modeling this nanostructured system [56]. Moreover the effect of impurities on the electronic 

properties of Si NCs is far from been understood. For instance it is not clear yet if the 

incorporation of impurities in Si NCs corresponds to the generation of free charge carriers 

[57][58]. 

The present review provides an overview of the most recent results related to doping of Si NCs. 

The manuscript 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. This section represents the main part of the 

present review. The second section of the manuscript faces the problem of the modulation of 

electrical properties in doped Si NCs, trying to correlate the experimental data on dopant 

incorporation with effective electronic characteristic of the silicon nanostructures. 

2. Impurity incorporation into Si NCs 
Among all the possible dopants of silicon, P and B represent by far the most common choice for 

n-type and p-type doping respectively. This is related to their good ionization efficiency at room 

temperature, since substitutional P and B atoms inside crystalline silicon introduce very shallow 

energy levels in the band gap resulting in the presence of free charge carriers in the conduction 

and valence bands of the semiconductor [6]. Indeed it is well known that, in bulk Si, P and B 

atoms are stably 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 of all 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 really tricky to define 

for very small structures.  

According to several theoretical predictions, a change in dopant positioning within Si NCs 

should significantly affects the electrical activity of dopant atoms [59][60][61][62][63][64]. 

Experimentally it turns out that optical properties of Si NCs are severely affected by dopant 

incorporation within the Si NCs [54][60][65][66]. The optical activity of B and P impurities may 

also be closely related to dopant location. Actually it is hard to experimentally determine the 

dopant location inside Si NC with high precision. For this reason theoretical efforts have focused 

on detailed modelling of dopant location inside NCs [64][59]. Further difficulty in the 

understanding of dopant incorporation at the nanoscale is related to the fact that theoretical 

calculations usually refer to thermodynamic equilibrium conditions, whereas, in most of the 

experimental works, impurity incorporation is commonly performed during Si NC formation. 

[67][65][55][68][69][70][71] 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 are often performed on Si NCs with diameter well below the values that are 



commonly attainable with standard synthesis techniques [14][72][73]. Over the years the 

mismatch has been reduced by progressively increasing the size of the Si NCs in the numerical 

simulations [74][75][63][76]. Finally it is important to highlight that Si NC surface plays an 

important role in determining kinetics and thermal stability of the incorporated impurities 

[14][59][74][77]. Consequently in the comparison among theoretical and experimental results, it 

is important 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 effects 

related to incorporation of dopant as a function of the size of the Si NCs and of their surface 

characteristics.   

 

2.1 Theoretical Description 
In the case of free-standing 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 nearby the dopant atom and to saturate Si dangling 

bonds.[74] [63] [62] [78] Consequently, for this specific system, the doping of the nanocrystal 

core region is expected to be very difficult[73][79][80][72][48]. 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.[63] A variety of bonding configurations of B impurity atoms both inside Si 

NCs and at the NCs surface were investigated. Figure 2(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 Si 

NC center to the NC surface [63]. 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 inside a porous Si matrix [81]. Similarly P impurity atoms are found to be most likely 

incorporated at the Si NC surface, as shown in Fig. 2(b) [62]. All the bonding configurations at 

NC surface correspond to three-coordinated P atoms, that are electrically inactive [62][78]. 

Nevertheless, the incorporation of P impurity atoms effectively disables the formation of 

dangling bonds at the surface, suppressing defect-induced non-radiative events [80]. This effect 

was not observed in the case of B impurity atoms. 



For this specific couple of dopants, the relationship between H-terminated Si NCs size and 

formation energy of substitutional P and B impurities 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 [73]. On the basis of these results, a sort of self-

purification mechanism was proposed for very small Si NCs [82][83][84][85][86]. The basic 

idea is that, as dopant could induce stress inside crystalline core of Si NCs, expelling impurities 

toward surface could results in reduction of the energy of the system. In fact, stress induced by 

dopant can be accommodated by modification of surface geometry. Chan et al. using a real-space 

first-principles pseudopotential 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 to the surface [86]. Details of the self-purification have been a 

matter of discussion for long time [87], and a clear understanding of the relative role of kinetics 

and energetics is still incomplete. The possibility of using intrinsic defects to alter the self-

purification mechanism and possibly stabilize extrinsic dopant atoms incorporated within small 

Si NCs has been studied as well. 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 to the vacancy and become more stable in the Si NCs core 

[72].  

For B and P co-doping of 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 NC. Ma 

et al. report that the incorporation of B and P inside the NC core only occurs during heavily 

doping, since B and P atoms are most likely located at the NC surface. They demonstrated that, 

in the case of light co-doping of a 2.2 nm diameter Si NC, B and P might be all located at the NC 

surface where there exist enough space for the steric relaxation of dopants. Furthermore the 

formation energy of light co-doped Si NCs is found to be between those of B and P doped Si 

NCs, and it is hardly affected by the distance between dopants [61]. 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 the Si NCs. Moreover they found that co-doping is always energetically 

favored with respect to B and P single-doping [88][75]. 

It is worth to note that free-standing Si NCs with hydrogen or halogen terminated surfaces have 

been experimentally synthetized. However they quickly oxidize when exposed to air even at 



room temperature [89][90]. Moreover Si NCs embedded in a dielectric matrix have been 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 affects the dopant-

surface interaction and therefore it is important to theoretically understand how oxidation 

influences the energy of impurities formation. Comparison between fully H-passivated Si NCs 

(Si147H100) and partially H passivated one (Si147H99) suggested a different energetics of the 

imputity 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 may 

reside in the core of the Si NCs [76]. 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 [59]. In the case of P-doped small Si NCs (87 atoms), it has been 

demonstrated that the presence of silanol surface groups cause a 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 [78]. In the case of B and P co-doping of small Si 

NCs (87 Si atoms) with silanol surface groups, it is 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[14]. Ni et 

al. [91] studied P doping of a Si NC (d = 1.4 nm ) covered by a 0.25 nm thick SiO2 layer. P 

atoms resulted the most likely incorporated into the sub-interface of Si/SiO2 interface. Moreover, 

according to their simulations, for Si NCs with dangling bonds at the Si/SiO2 interface, a P atom 

prefers to passivate the dangling bond. These theoretical results suggest that the presence of 

dangling bonds and SiO2 shell at the Si NCs surface helps reducing 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. Fig. 2 (f) shows a 

pictorial view of an undoped Si NC obtained from molecular dynamics simulations [74]. 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 Fig. 2 (d) [74]. In fact, in 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 effect predominates. 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. 

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 calculated formation energy suggest that B is equally stable in the 

Si core and in the SiO2 shell, showing preference for interface sites, as depicted in Fig. 2 (c) [77]. 

Actually 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 lenght: 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 

[14][92]. 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 Fig. 2 (e) [14][92]. 

According to these data, the preferential location of the impurity seems to be strongly correlated 

with the electronegativity [14].  

 

2.2 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. Several experimental approaches have been 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.  

 



2.2.1 Freestanding Si NCs 

Many different techniques have been implemented for the synthesis of free-standing Si NC 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 route [15]. In particular 

the plasma based methods have been proved to be very efficient in producing high quality Si 

NCs with limited defectivity and a very high control over their size distribution [93]. To date, the 

plasma-based methods have also been demonstrated to be extremely efficient in the synthesis of 

doped Si NCs. Interestingly in recent papers, Ni et al. have reviewed the literature related to the 

synthesis of doped Si NCs by plasma routes [94], while Pereira published an interesting review 

about the doping of semiconductor nanoparticles synthetized in gas-phase plasmas [93].  

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 [37][39][95].  In this case 

impurity incorporation is performed during NC formation. The most widely used dopant 

precursors are diborane (B2H6) and phosphine (PH3) [80][96][97][98][99]. Recently it has been 

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 [100]. 

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 [97][80]. In these systems, 

dopant levels ranging from 1018 up to 1022 cm-3, that corresponds to a maximum of 1 at.%, are 

usually reported both for P [101][80][102] and B [102][41][103]. Moreover very high 

concentrations are possible leading to the so called hyperdoped free-standing Si NCs with dopant 

concentration of 20 at.% for P and 30 at.% for B [96]. It is worth to note that these dopant 

concentrations correspond to average 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 have been 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 [104][101]. 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[105]. 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 [100]. 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 [60]. Effective reduction of dopant concentration in Si NCs upon 

HF etching is shown in Fig. 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. [80] and Zhou et 

al. [96] in 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 Fig. 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 [93]. 

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 transmission electron 

microscopy (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 a significant P segregation at the surface. P concentration 

inside Si NCs has been measured before and after wet chemical etching of native oxide shell 

surrounding Si NCs, results suggest that 60−75% of P is condensed on the NC surface, as shown 

in Fig. 3 (c) [106]. 

As discussed in the previous section, theoretical simulations predicted that, in the case of Si NCs 

covered by an amorphous SiO2 shell, P atoms are more stably incorporated in the Si NC core 

[74], while B atoms appear to be equally stable in the Si core and in the SiO2 shell, showing a 

clear preference for interface sites [77]. It is clear that the theoretical picture based on the 

assumption of thermal equilibrium may not apply for doping of Si NCs during their synthesis in 

plasma. 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. [96] 



suggested that doping in non-thermal plasma systems is mainly controlled by 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 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 it is clear 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.%. This 

model is designed in order to explain why Si NCs can be doped with B or P to concentration that 

are well beyond the solubility limit (1 at.% for B and 0.3 at,% for P [107]) of these impurities 

within bulk silicon. Interstingly very high dopant concentrations were observed also in 

freestanding Si Ncs obtained using solution synthetic methods. In solution routes, suitable 

precursors are reacted in an inert atmosphere to reduce the possibility of oxidation [51]. 

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 [108].  

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 have been obtained following doping 

strategies that do not allow decoupling impurity incorporation from Si NC formation. 

Consequently these experimental results do not give information about thermodynamic stability 

of dopants inside Si NCs. 

 

2.2.2 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 [15][8]. Several approaches 

have been proposed to form these silicon supersaturated films within a SiO2 matrix, including 

sputtering [69][109][110], plasma-enhanced chemical vapor deposition [111], ion implantation 

[70][112] and reactive ion etching [113]. In this case doping of Si NCs has been usually 

performed by introducing dopant impurities in the matrix before NCs formation and 

subsequently inducing dopant incorporation and Si NCs formation simultaneously. Although 



widely employed in the literature, this approach makes basically impossible to experimentally 

decouple equilibrium properties of the system from kinetic effects. For this reason, more 

recently, significant efforts have been performed to develop alternative approaches that allow 

doping Si NCs after their formation. Consequently this section has been organized in two parts. 

In the first part, we 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, we focus on the experimental results that were achieved by decoupling synthesis 

and doping steps. 

 

Doping during Synthesis  

In 1996 Fujii et al. reported for the first time on the effective doping 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 [69]. The growth of Si NCs in the 

matrix was demonstrated by high-resolution transmission electron microscopy (HRTEM), while 

the doping of B atoms into Si nanocrystals was been 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, overall B concentration in the oxide film is finely tuned by adjusting the 

number of B2O3 targets during cosputtering. The authors reported that the photoluminescence 

(PL) is drastically quenched with increasing B concentration, as shown in Fig. 4 (a). The 

decrease in the 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 [114]. 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 [115]. Fig.5 (a) 

show the high resolution XPS spectra of 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. Accroding to these data the amount of B atoms trapped into 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 a self-purification phenomenon is observed irrespective 

of thevery 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 

phosposilicate glass [116]. Fig. 4 b) shows an initial increase of PL efficiency in lightly doped Si 

NCs [116][67], followed by a sudden decrease of PL emission when the P concentration further 

increases [117][118]. 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 [116]. At high P concentration P atoms introduce free carriers that, leading to Auger 

effect, induce a significant decrease of PL efficiency [67]. It is worth to 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 remained physically confined by the NC [62]. 

Doped Si NCs embedded in a SiO2 matrix can be synthesized by means of a superlattice 

approach [119][57]. It has been demonstrated that phase separation and thermal crystallization in 

SiO/SiO2 superlattices result in the formation of 2 dimensional layers of Si NCs separated by 

thin SiO2 layers [120][50]. 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 matrix separation layer or both. This allows a careful 

adjustment of the total dopant concentration. Recently Gutsch et al. demonstrated that for Si NCs 

with average size from 3nm to 4 nm, P concentration in Si NCs can be finely tuned from 1.15 

at.% to 1.75 at.%. Moreover they observed that PL peak maximum exhibits a blueshift as doping 

concentration increase, while PL intensity progressively decreases. Moreover, a decrease of PL 

intensity is observed after hydrogen passivation. These 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 [119]. On a similar system, Gutsch et al. 

highlighted the low doping efficiency of substitutional P 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 are rather incorporated as interstitial or P vacancy pairs [57]. 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 [58]. 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. 3D 

atom probe analysis (APT) the precise localization and the proper amount of P atoms inside the 

samples was accurately derived in a quantitative way. Fig. 5 b) shows the results of the APT. 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) [55]. The authors 

suggest 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 the 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, that is obviously higher for larger NCs.  

Actually, efficient incorporation of P atoms in 2 nm Si NCs was demonstrated in a quite similar 

system, 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 the SiO film. [121][122] This 

approach allow to deliver a controlled amount of P atoms in the Si-rich region and to incorporate 

them in the Si nanocrystals during the subsequent high temperature thermal treatment. In order to 

obtain information on diffusion and segregation phenomena in Si NCs/SiO the samples were 

annealed at different temperatures (900° C and 1000° C). TEM images demonstrated that Si NCs 

average diameter is equal or smaller than 2nm. Time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) results indicate a segregation of the P atoms in the Si NCs region during thermal 

treatment. The incorporation of P impurities within Si NCa is supported by XPS chemical 

analysis. Fig. 5 c) 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 P-Si signal with increasing 

annealing temperature, indicating that the P atoms are definitely incorporated within the Si NCs. 

The opposite trend is observed for the signal related to P-O. P incorporation in Si NCs is 

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 an SiOx matrix have been shown to preferentially form P–Si or P–P bonds 



[123]. Accordingly for P atoms it is energetically favorable to move in the Si-rich region forming 

P–Si bonding. It is well known that 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 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 we can assume 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.  

Interestingly, Khelifi et al. [70] 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 (average size 2 nm) embedded in SiO2. APT is used to 

image directly the spatial distribution of the various species at the atomic scale, evidencing that 

the P and As are efficiently introduced inside the Si nanocrystals.  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. [55]. 

In conclusion, these experimental results demonstrated that dopant incorporation into 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 or concentration of dopant 

impurities, as shown in Fig. 5 d) [70][115]. Some authors claims 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) [55]. Conversely other authors 

demonstrated that very small NCs  (2nm size) can be effectively P doped during their growth 

[121]. As a matter of fact, the absence of thermodynamic equilibrium during the realization of 

these experiments does not allow to elucidate the mechanism of dopant incorporation within Ti 

NCs and to finally confirm the real occurrence of a self-purification phenomenon in very small 

Si NCs.  

Doping after synthesis 

An alternative strategy for the doping of Si NCs is to introduce dopant impurities after the 

synthesis of Si NCs. The most popular approach consists in the doping of Si NCs by means of  



P+ ion implantation. Many literature works focused on Si NCs embedded in thick SiO2 (0.1 µm - 

0.6µm). P ions were implanted with a dose ranging from 1013 cm-2 to 1017 cm-2. Implantation was 

followed by thermal annealing at high temperature in order to reduce implantation defects and 

restore the original Si NC structure [124][125][126]. By XPS analysis, Kovalev et al. [124] 

observed that upon annealing P atoms redistributed between the SiO2 matrix and Si NCs. 

Kachurin et al. [68] studied the effects of implantation of P ions on the PL of Si NCs as a 

function of the different doses (from 1013 cm-2 to 1016 cm-2)  and annealing temperatures at 600–

1100 °C. Quenching of PL emission is observed immediately after ion implantation, due to the 

defects in Si NCs induced by ion implantation. The annealing temperature for the recovery of PL 

emission increases with P implanted doses. Moreover the PL intensity exhibits a clear 

dependence on the dose of implanted P ions, indicating that P atoms penetrate into Si 

nanocrystals. Similarly, Tchebotareva et al. [126] demonstrated that doping with P atoms at 

concentration up to 3 1019 cm-3 lead 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. [116], 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 presence of P 

inside Si NCs[117]. 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 a Si NCs recrystallization. 

An alternative experimental approach has been recently proposed in  set of papers published by 

Perego et al. [127] and Mastromatteo et al. [128][129]. In their 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. Si NCs embedded in thin SiO2 film 

(about 20 nm) were prepared by e-beam evaporation of a SiO2/SiO/SiO2 multylayer structure and 

subsequent annealing at high temperature (1150°C, 60 min). After NCs formation, a thin (0.4 

nm) layer of P-SiO2 was evaporated on the top of SiO2 film and in-situ capped with a 20 nm 

thick SiO2 film. 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. TOF SIMS profiles of the samples before and after P 

diffusion are reported in Fig. 6 a). P profiles are overlapped to EFTEM images of the as-prepared 



samples. EFTEM data about Si NCs size distribution and crystallinity before and after P 

diffusion demonstrate that Si NCs were not affected by the subsequent annealing processes at 

lower temperature. This means that the energetics of trapping/detrapping of P in the NCs are 

really measured at equilibrium, avoiding kinetic effect due to NC formation or evolution. The 

combination of TOF SIMS and XPS data demonstrated that, during the annealing process, the 

diffusing P atoms are efficiently trapped in the Si NC region and incorporated in the core of 

nanostructures or in a sub-interface region exhibiting no bonds with O. Actually the sensitivity of 

XPS measurement does not allow to excluding the presence of a residual amount of P atoms in 

surrounding SiO2 matrix. Nevertheless the P concentration is at least 6 times the solubility in the 

bulk material, suggesting an increase of solubility in Si nanostructures. The experiment 

demonstrated that high levels of impurities can be introduced in the inner part of Si NCs in a 

stable configuration and the dopant content can be finely tuned by properly adjusting the 

annealing conditions.  

These results represent the first evidence that P doping of Si NCs in SiO2 corresponds to a 

thermodynamically favored configuration of the system. Quantitative physical information about 

the energetics of the system were extracted by fitting the calibrated ToF-SIMS profiles using a 

diffusion model based on Fick’s law in one dimension [129]. From this analysis the capturing 

efficiency of the clusters, the P diffusivity rate in SiO2 and the rate at which a single P atom 

escapes from the clusters were extracted. Fig. 6 b) shows Arrhenius plot of diffusion and release 

rates. As shown in the inset of Fig. 6 b), the acquired data allows depicting the energy scheme of 

the system highlighting that P atoms are thermodynamically favored to be trapped in the Si NCs 

with a binding energy of 0.9 eV. Since this energy was measured at equilibrium, the value can be 

safely compared with those obtained by ab-initio calculations. Indeed the binding energy value is 

in perfect agreement with the value of 1eV reported by Ni et al. for P doped 1.4 nm Si NCs 

surrounded by a 0.25 nm thick SiO2 shell [91]. This experimental approach discloses 

opportunities for fundamental studies concerning the physics of doped Si NCs, providing a 

pathway to clarify the energetics of doping process. Similar experiments are necessaries to study 

B binding energy in Si NCs. Moreover a systematic study of the variation of dopants binding 

energy as a function of NCs size is still missing. These experiments could shed  a new light on 

the rich physics of these nanostructures, investigating equilibrium phenomena predicted by 

theoretical works, like self-purification. 



3. Electrical activity 
Impurity doping of bulk Si has been 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 we briefly summarize the available experimental results 

about dopants activitation within small Si NCs. Theoretical studies on electron and hole transport 

induced by B or P substitutional doping in Si NCs embedded in a SiO2 matrix were 

sistematically reviewed by Pi [64]. For further information about theoretical investigation about 

dopant activation in Si NCs we postpone interested reader to the recent work of Garcia-Catello et 

al. [92]. Once again the experimental results are reviewed considering the two cases of 

freestanding and embedded Si NCs respectively. 

 

Freestanding Si NCs 

Zhou et al. [96] studied B- and P-hyperdoped ≈14 nm Si NCs produced in a non-thermal plasma 

system. They demonstrated that both B and P atoms may be effective dopants for Si NCs. P-

hyperdoping was found to induced significant enhancement of the oxidation of Si NCs, that 

implies that P atoms are effective donors. In fact, as the concentration of electrons in P-

hyperdoped 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. The electrical activity of B was investigated 

by means of the Fano effect [130]. Si NCs B hyperdoped (7 at.% - 31 at%) were characterized by 

Raman spectroscopy. Fig. 7 a) shows 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. [131] 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 [104][132]. As depicted in Fig. 7 b), a clear resonance centered at g = 1.998 

and two further lines denoted hf(31P) were observed. These features are a clearly fingerprint of 

substitutional, isolated P atoms trapped in the Si NC core [80].  In films formed by Si NCs doped 

with substitutional P atoms [101][104], it was observed that an increase of the NCs doping 

concentration resulted in an increase of the film conductivity and in a 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, showing that charge transport 

involves electronic states of NC cores and does not take place solely through surface states [101]. 

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. [71]. 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. [133] observed that, 

in films of Si NCs with a native oxide shell synthetized by plasma, no significant enhancement 

of conductivity is detectable even when P concentration is very high (5 1020 cm-3). 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 

[94] and Pereira [93] summarize results about electronic properties of doped Si NCs synthetized 

by plasma providing an exhaustive description of the experimental results.  

 

Embedded Si NCs 

In the case of P doped Si NCs superlattices embedded in 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 [57]. This result is suggested to be a consequence of the 



incorporation of P dopants in the NCs as interstitial impurities rather than as substitutional 

donors [57] [58]. 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 [58]. Nevertheless, doubling the P concentration yields 

twice the amount of carriers [57]. Fig. 7c) 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. [132], using EPR spectroscopy 

studied P doping of 5 nm Si NCs synthetized by cosputtering method. Fig. 7 d) 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 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 under 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, 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.   

4. Conclusions 
In this work we 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 a 

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 P atoms are demonstrated to be thermodynamically stable in 

agreement with theoretical prediction. Nevertheless 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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Figure 1 – a) HRTEM of a small Si-NC with spherical and mono-crystalline morphology, reprinted from Dogan et al. 
[10] b) 3D atom map of a Si NCs layer embedded in a SiO2 matrix obtained by APT [28] c) Normalized 
photoluminescence spectra showing a blue shift correlated with the crystal size, reprinted from Zacharias et al. [52] 



 

Figure 2 – 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 [31]; b) same as previously  for P. Picture adapted from 
and Cheng at al [33]; c) Relative energy of the 2 nm SiO2-covered Si NCs doped with B as a function of the distance 
from the centre. 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. [50]; d) same as previously  for P. Picture 
adapted from Carvalho et al. [50]; e) 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. [14]; f) example of structure of the undoped 2 nm SiO2-covered nanoparticle, 
obtained from molecular dynamics simulations, as printed in [49]. 



  

Figure 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. [60]; b) top: SIMS profiles of thin films of Si-NCs with a mean diameter of 9.4 nm 
syntehtized by low pressure mcirowave 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. [80] ; 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. 
[106] 
	



 

 

 

  

Figure 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. [114]; 
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. [117] 



 

Figure 5 – a) 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. [115]; b) 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. [55]; c) 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. [134]; d) 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. [115] 



 

Figure 6 – Layer of 4 nm Si NCs embedded in a SiO2 matrix prepared by e-beam evaporation and susequent annelaing 
at hgih temperature. a) ToF-SIMS profiles of the as deposited (green) and annealed (1100 °C, 4 hours, red) samples 
overlapped with the EFTEM cross sectional image of the as deposited sample;  (b) P diffusion (release) rates from Si 
NCs are reported with filled blue squares (red).  Data relative to reference SiO2 samples are reported (blue empty). The 
Arrhenius fit of experimental diffusion (release) rates is reported (solid line). The inset depicts the entire energy 
scheme. Figures adapted from Perego et al. [56]. 



 

 

 

Figure 7 – 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. [96]; 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. [80]; 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. [57]; d) 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. [132] 




