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ABSTRACT: Structural properties of undoped, As-doped, and P-doped silicon nanocrystals (Si-Ncs) embedded in a SiO2
matrix have been investigated using atom probe tomography. It turns out that both As and P atomic distributions have the same
behavior in such system, withthe eﬃcient incorporation of impurities in the core of Si-Ncs even in the smallest ones (<2 nm).
The impurity level measured in Si-Ncs is strongly size-dependent, and statistically, the smallest Si-Ncs can contain the heaviest
doping composition. Moreover, this study reveals an inﬂuence of the dopant nature on the kinetic growth of Si-Ncs, leading to
the clustering of larger nanocrystals in P-doped samples.

■

INTRODUCTION
Silicon nanocrystal (Si-Nc)-based devices have attracted much
attention due to their multiple and much diversiﬁed ﬁelds of
application like in microelectronics,1,2 photonics,3 photovoltaics4,5 and biomedicine.6,7 The n- or p-type doping allows
to adapt these materials for a speciﬁc use by adjusting their
optical and electrical properties. Both optical and electrical
properties of doped Si-Ncs have been extensively studied.8−11
In fact, single doping8,12 or co-doping13,14 with n- and p-type
impurities became a classical process to change the indirect
band gap of Si-Ncs to direct band gap and to improve the
luminescence eﬃciency. Recently, a particular interest was
focused on the localized surface plasmon resonance (LSPR)
exhibited by highly doped Si-Ncs. Then, control of the doping
level and the size of Si-Ncs should allow to tune the LSPR for
an integration with microelectronics or optoelectronics.15,16
However, these properties seem to be strongly correlated with
the structure of the materials and the elaboration technique
and especially with the location of the dopants and the doping
level of the Si-Ncs. In the case of a bulk material, a pile-up
tendency of n-type dopants is well known at the Si/SiO2
interface.17 However, at the nanoscale, the surrounding
environment of the Si-Ncs seems to have a real importance
on the dopant location. Theoretical studies based on total
© 2019 American Chemical Society

energy calculations have been performed on free-standing SiNcs.18 They have demonstrated a self-puriﬁcation eﬀect19 in
small Si-Ncs, revealing that, below 2 nm, the dopant impurities
tend to be ejected toward the surface. This dopant segregation
at the surface of free-standing Si-Ncs has been evidenced
experimentally in the case of P impurities.20−23 For P-doped
Si-Ncs, grown in a microwave plasma reactor, it has been
shown that P concentration in Si-Ncs decreased abruptly by
reducing the surface native oxide with a wet chemical etching
process. This indicates that P atoms segregate at the surface
during the growth of Si-Ncs, forming a highly doped thin
surface shell.20,21 Concerning B doping, a same procedure
revealed that B atoms are distributed through the entire SiNc.23 However, contrasting results have been evidenced in the
case of embedded Si-Ncs, and studies have highlighted that, in
small Si-Ncs (1−1.5 nm), p-type dopants (B) are preferentially
located at the Si/SiO2 interface, whereas n-type dopants (P)
are energetically favored to be placed in the Si-Nc core.24,25
Besides, the presence of P or B impurities in the silicon-rich
oxide during the growth of Si-Ncs leads to an increase in their
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Figure 1. (a, b) 3D distribution of (a) 28Si atoms and (b) 29Si atoms in undoped samples. The analyzed volume is 42 × 42 × 90 nm3. (c) Depth
composition proﬁle measured by SIMS (black solid line) and APT (red circles) representing 29Si composition. The APT proﬁle has been computed
in a sampling volume of 20 × 20 × 86 nm3.

■

size, revealing an impact of the dopant on the diﬀusion length
of Si atoms.26 Recently, the trapping of P atoms by Si-Ncs
embedded in a SiO2 matrix has been studied by decoupling the
nanocrystal formation and the P diﬀusion.27 It has been
evidenced that a high level of P impurities (around 6%) can be
introduced in the Si-Nc core, without changes on the size
distribution. This high doping level of nanocrystals is explained
by an increase in the impurity solubility in the nanostructure
when decreasing the size. Moreover, the incorporation of P
atoms in Si-Ncs (2−5 nm) has been conﬁrmed by atom probe
tomography (APT) experiments on P-doped silicon-rich
oxynitride (SRON) elaborated by plasma-enhanced chemical
vapor deposition (PECVD).28,29 In these studies, the proxigram analysis has been used to show the location of the dopant
in the thin layer. In both cases, it evidenced the presence of P
dopants in the core of nanocrystals with a signiﬁcant P
enrichment at the Si/SiO2 interface.
As P doping in Si-Ncs has been largely studied, we propose
here to enlarge the study of n-type doping of nanocrystals by
comparing the structural properties of two dopants species, P
and As. This investigation has been carried out on undoped
and doped Si-Ncs embedded in SiO2 thin layers elaborated by
ion implantation using atom probe tomography. The use of
APT allows us to perform the deep structural analysis at the
atomic scale of the co-implantation of Si and As or P in SiO2
thin layers along the implantation proﬁle. The comparison of
Si clustering characteristics (composition, size distribution,
etc.) between both dopant species evidenced some similarities
such as the location of impurities but highlighted a strong
dependence of the Si crystal growth on the dopant nature.
Moreover, statistical investigation of cluster composition
highlighted the possibility to form small nanocrystals with a
high level of impurities in both cases.

EXPERIMENTAL SECTION

Undoped, As-doped, and P-doped silicon-rich silicon oxide
ﬁlms were elaborated by using an ion beam synthesis process.
Silicon wafers (28Si) were oxidized to form 200 nm-thick
28
SiO2 ﬁlms and were implanted with 29Si at 50 keV at a dose
of 6 × 1016 cm−2. Then, 75As and 31P were implanted at 100
and 50 keV, respectively, in order to match with the projection
range of 29Si. For each dopants, the dopant dose was equal to 5
× 1015 cm−2. Finally, samples were annealed at 1100 °C for 4 h
in pure N2. A detailed description of the sample preparation is
given in ref 11. Based on these implantation parameters and
SRIM simulations,30 a projection range of 70 nm and a total
implantation thickness of almost 100 nm are expected for each
dopants (75As, 31P, and 29Si).
Time-of-ﬂight secondary ion mass spectrometry (Tof-SIMS)
was performed on an Ion TOF SIMS5 (ION-TOF GmbH)
using a Cs+ gun (2 keV, 63 nA, rate of 0.45 nm·s−1 in SiO2) for
sputter removal and a Bi+ liquid metal ion gun (25 keV, 15 nA)
for analysis.
The structural and chemical analyses of each samples were
performed by atom probe tomography. APT works as a threedimensional (3D) high-resolution analytical microscope that
allows the 3D structural and chemical mapping of a sample at
the atomic scale. The process of APT is based on the ﬁeld
evaporation eﬀect produced on surface atoms in a tip-shaped
sample with a curvature radius lower than 50 nm. The APT
experiment were conducted using a laser-assisted wide-angle
tomographic atom probe (LAWATAP, Cameca) with a
femtosecond UV pulsed laser (λ = 343 nm) and a detector
yield of 0.62. The analyses were performed in a high-vacuum
chamber at 10−10 mbar at a temperature of 80 K. The
preparation of sharp-needled tips was performed using a dualbeam Zeiss NVision 40 FIB-SEM by employing the lift-out and
annular milling method.31 The 3D reconstruction and data
analysis were done using home-built GPM3Dsoft software. 3D
reconstructions were performed using a method based on an
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Figure 2. (a−c) 3D distribution of (a) 28Si atoms, (b) 29Si atoms, and (c) As atoms in the As-doped sample. The analyzed volume is 30 × 30 × 101
nm3. (d, e) Depth composition proﬁle measured by SIMS (solid lines) and APT (symbols) representing (d) 29Si and (e) As composition. The APT
proﬁle has been computed in a sampling volume of 12 × 12 × 100 nm3.

Figure 3. (a−c) 3D distribution of (a) 28Si atoms, (b) 28Si atoms, and (c) P atoms in the P-doped sample. The analyzed volume is 43 × 43 × 72
nm3. (d, e) Depth composition proﬁle measured by SIMS (solid lines) and APT (symbols) representing (d) 29Si and (e) As composition. The APT
proﬁle has been computed in a sampling volume of 20 × 20 × 70 nm3. Note that the proﬁle is not complete as the specimen unfortunately broke
during the APT analysis. The APT data set was still suﬃcient for data extraction and comparison with the As doping.

SEM image of the tip before analysis to determine its curvature
radius,32 then reconstruction parameters were adjusted in
order to ﬁt to SIMS concentration proﬁles of the dopants. It is

emphasized that APT is a chemical analysis. Therefore, it does
not give any piece of information concerning the possible
electrical activation of the dopant. Thus, in the following, when
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1015 cm−2. It is worth noting that for the P-doped sample, only
a part of the region of interest has been evaporated during the
APT experiment. Therefore, considering the size and the quasisymmetry of the SIMS peak shape, the size of the analyzed
volume with APT must be enough to compare the doping in
both samples. Globally, the structural evolution of the Asdoped and P-doped samples seems to be equivalent, with an
aggregation of the impurities at the same position than the
clustering of Si atoms and a similar evolution of the implanted
species after the annealing process.
Theoretically, the implantation of 29Si at 50 keV at a dose of
6 × 1016 cm−2 and implantation of P at 50 keV and As at 100
keV at a dose of 5 × 1015 cm−2 should lead to a maximum
composition of 15 atom % for 29Si and 1.5 atom % for P and
As in the center of the implantation proﬁle and before the
annealing treatment. The concentration proﬁles presented in
Figures 2d and 3d show a smaller value. This lower measured
composition is explained by the diﬀusion of the implanted
species during the annealing treatment.
The APT experiment not only gives an overview of the thin
layer nanostructure but also allows to perform deeper
investigation on the structural properties, especially on the
precise dopant location and the Si-Nc characteristics. To do so,
clusters observed in the 3D reconstruction (Figures 1−3) have
been identiﬁed by using a cluster detection algorithm. Then, to
compute the size and the composition of each nanoparticles,
the Si-Ncs were considered as spherical nanoparticles as it is
commonly observed in the TEM analysis in these kind of
samples.36 The number of Si and the number of As or P atoms
of previously deﬁned clusters are counted and corrected from
the detector yield. Another correction is carried out in order to
correct the eﬀect of the local magniﬁcation37 that tend to
artiﬁcially include Si, O as well as As or P atoms from the
matrix into the Si-Ncs during the reconstruction step, following
the procedure established for similar samples.38 This eﬀect is
well known in the case of the Si/SiO2 interface due to a large
diﬀerence in the evaporation ﬁeld required between these
phases and had already been evidenced in several studies.28,29,38 We have assumed that a fraction of As or P atoms of
the matrix is artiﬁcially introduced into the Si-Ncs. This
fraction has been determined from the behavior of oxygen
atoms and a previous work.38 Finally, the diameter of each SiNcs was computed by considering the number and the size of
Si and dopants (As or P).
Figure 4a−c displays the size distribution of Si-Nc diameter
measured in undoped, As-doped, and P-doped thin layers,
respectively. A diﬀerence in diameter distribution shape can be
noticed between undoped and As-doped samples on one side
and P-doped samples on the other side. Considering the case
of the undoped and As doping, the size distribution of Si-Ncs
has been ﬁtted with a lognormal distribution (Figure 4a),
whereas in the case of P doping, a Gaussian distribution has
been required to ﬁt the size distribution (Figure 4b). The nonuniform concentration proﬁles carried out by the implantation
process and the long annealing treatment should favor the
lognormal size-distribution shape.39 Nevertheless, a Gaussian
distribution shape has already been reported in the case of
undoped Si-Ncs elaborated by ion implantation in almost the
same conditions.40 The mean diameter of Si-Ncs in the
undoped sample is 2.5 ± 0.6 nm, while it was measured at 2.5
± 0.4 nm for As doping. These diameters are consistent with
those measured in undoped Si-Ncs grown by ion beam
synthesis in an equivalent range of elaboration conditions.41−44

we use the words ″doping″ or ″dopant″, they must be
understood as a shortcut for ″chemical doping″.

■

RESULTS AND DISCUSSION
The 3D chemical maps obtained on undoped samples are
represented in Figure 1a,b for 28Si and 29Si, respectively. For
clarity reasons, O atoms are not shown. The spatial
distribution of 28Si and 29Si atoms highlights that, after the
annealing treatment performed at 1100 °C, the implantation of
29
Si leads to the formation of silicon clusters consisting of 28Si
and 29Si atoms without distinction. To ensure the accuracy of
APT reconstruction, depth composition proﬁles of 29Si atoms
have been computed, based on the APT analysis, and
compared to SIMS measurements. In fact, recent studies on
diﬀerent materials have revealed that APT can provide accurate
implanted species mapping by comparing APT results with
more conventional analysis techniques like SIMS.33−35 Figure
1c displays an overlaid image of SIMS and APT depth
composition proﬁles for 29Si. The zero position has been set to
correspond to the peak center of the implantation proﬁle.
SIMS measurement evidences that the region of interest,
corresponding to the implantation range of 29Si in the 28SiO2
thin ﬁlms, of almost 110 nm of thickness, centered at 55 nm
from the thin ﬁlm surface. The APT proﬁle of 29Si shows a
maximum composition of 6.8 × 1021 atoms/cm3 (10.3 atom
%) at the peak of the implantation proﬁle.
Concerning doped samples, the 3D chemical maps obtained
on As-doped thin layers are represented in Figure 2a−c for
28
Si, 29Si, and As atoms, respectively. Regarding the spatial
distribution of 28Si and 29Si atoms observed in Figure 2a,b, the
annealing treatment performed at 1100 °C leads to the
formation of silicon clusters as it was observed in undoped
samples. At the same time, regarding the spatial distribution of
As atoms in the analyzed volume (Figure 2c), As atoms tend to
aggregate at these same Si-Nc locations. Figure 2d,e displays
overlaid images of SIMS and APT depth composition proﬁles
for 29Si and As, respectively.
SIMS measurements conﬁrms an implantation of both
impurities, As and 29Si, in the same region of the thin ﬁlms.
The doses of implanted As atoms have been measured in APT
and SIMS analyses by integrating over the length of the
analyzed volume in both cases. The measured doses are ϕAs
APT =
15
−2
4.3 × 1015 cm−2 and ϕAs
SIMS = 5.1 × 10 cm . The diﬀerence
observed between both analysis methods can be explained by
the size of the volume used during the analyses, which is far
below in the APT experiment. In these conditions, the highest
compositions reached by 29Si and As in the 28SiO2 thin layer
are 7.5 × 1021 atoms/cm3 (11 atom %) and 8 × 1020 atoms/
cm3 (1.3 atom %), respectively. Then, toward the extremities
of the depth proﬁle, both compositions decrease slowly.
For the P-doped sample, the spatial distribution of 28Si, 29Si,
and P atoms and the depth proﬁle of dopant composition are
represented in Figure 3. As previously observed for the Asdoped sample, the formation of clusters composed of 28Si, 29Si,
and P can also be observed (Figure 3a−c). SIMS measurements in Figure 3d,e evidence a same implantation range for
29
Si and P, respectively, and a similar region of interest as
observed in undoped and As-doped samples. In this layer, the
maximum compositions of 29Si and P reach their maximum at
7.5 × 1021 atoms/cm3 (11 atom %) and 8 × 1020 atoms/cm3
(1.2 atom %), respectively. The doses measured for the Pdoped sample are ϕPAPT = 2.7 × 1015 cm−2 and ϕPSIMS = 3.7 ×
7384
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Figure 5. (a) Mean Si-Nc diameter of P-doped (gray squares), Asdoped (cyan triangles), and undoped (red circles) samples and (b)
density of Si-Ncs of P-doped, As-doped, and undoped samples
computed in 10 nm deep boxes along the analyzed volume. The zero
position represents the peak of the implantation proﬁle.

in each case, we can notice that the mean diameter of Si-Ncs
tends to decrease by a few tens of nanometers at the edges of
the implantation proﬁle and reach their maximum near to the
center of the implantation proﬁle. The decrease in the Si-Nc
size at the edges of the implantation shape is an expected
eﬀect. In fact, larger Si-Ncs are expected to grow at the
implantation peak, where the silicon excess concentration
reaches its maximum. However, in our case, the diﬀerence in
Si-Nc diameter is limited, and only a slight decrease is
observed by moving away from the implantation peak. APT
reconstructions showed that large and small Si-Ncs are
observable along the implantation proﬁle. The densities of
Si-Ncs displayed in Figure 5b, for the undoped, P-doped, and
As-doped samples, show that, near the middle range of the
implantation proﬁle, the density of nanocrystals in undoped
and As-doped thin layers reaches values from 4 × 1018 to 8 ×
1018 nanocrystals/cm3, which are higher compared to the value
measured in the P-doped sample (3 × 1018 nanocrystals/cm3).
However, at the edges of the implantation proﬁle, Si-Nc
densities are similar. These results are in accordance with the
evolution of the 29Si excess presented in Figure 2d and 3d. As
the mean diameter does not strongly change along the analysis
direction, the presence of a higher silicon excess in the middle
of the implantation must allow the formation of more
numerous Si-Ncs. Moreover, knowing that all samples have
been elaborated in the same condition, the clustering of smaller
nanocrystals, in average, in undoped and As-doped samples,
should lead to the formation of a larger number of Si-Ncs than
in the case of the P doping. The diﬀerence observed between
undoped and As-doped Si-Nc densities, at the left side of the
implantation peak, may be explained by the tip shape, inducing
a smaller analyzed volume for the As-doped sample.
Concerning the doping eﬃciency of Si-Ncs in As-doped and
P-doped thin layers, Figure 6a,b provides two cross sections of
As and P implantation in SiO2, respectively. This displays a
ﬁrst insight into the impurities in the matrix, revealing that the
majority of As atoms (blue dots) and P atoms (black dots) are

Figure 4. Size distribution of Si-Nc diameter of the (a) undoped
sample, (b) As-doped sample, and (c) P-doped sample. Solid lines
represent the curve ﬁtting of the size distribution.

For instance, it has been reported, by XRD analysis, that
similar implantation conditions of Si in SiO2 (dose of 5 × 1016
cm−2 at 50 keV, annealing at 1100 °C) lead to the formation of
Si-Ncs with a diameter of 2.4 nm.41 In the case of P doping
sample, the size distribution is wider, and the mean diameter of
Si-Ncs is larger and was measured to be about 3.3 ± 1.0 nm.
These diﬀerences between the two chemical elements may
indicate that the nature of the dopant has a direct inﬂuence on
the diﬀusion parameter and Si-Nc growth process during the
annealing treatment. Here, it shows that introduction of P
atoms tend to change these parameters while introduction of
As atoms does not have any impact on Si-Nc growth. In fact, in
P-doped systems, the increase in the Si-Nc size compared to
undoped samples is often attributed to longer diﬀusion length
of Si atoms in the presence of P atoms, which allows the
growth of larger Si-Ncs.26,45
The analyzed volumes have been splitted in a sampling
volume of 10 nm in depth in the direction of the APT analysis.
This allowed us to investigate the evolution of the size
distribution and the density of Si-Ncs along the implantation
proﬁle (Figure 5). In this ﬁgure, Si-Nc characteristics for
undoped, As-doped, and P-doped samples have been superimposed on the basis of SIMS measurements represented in
Figures 1−3. The zero position has been set to correspond to
the peak position of the dopant proﬁle. Figure 5a represents
the evolution of the mean diameter along the depth proﬁle in
undoped, As-doped, and P-doped samples. It clearly highlights
a similar evolution of Si-Nc diameter along the implantation
proﬁle between undoped and As-doped thin layers. Moreover,
7385
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Figure 6. (a, b) Cross sections of (a) As-doped and (b) P-doped samples. In (a), blue and red dots correspond to As and Si atoms, respectively
(volume is 22 × 22 × 3 nm3). In (b), black and red dots correspond to P and Si atoms, respectively (volume is 22 × 22 × 3 nm3). (c) Erosion
proﬁle of As-doped and P-doped samples.

Figure 7. (a) Impurity composition of each Si-Ncs as a function of their diameter. (b) Number of impurity per Si-Ncs as a function of their volume.
Inset shows a zoom-in image for the smallest Si-Ncs.

well concentrated in the Si-Nc regions. The atomic fraction of
impurities in the Si-Ncs has been estimated, showing that 68%
and 55% of As and P atoms, respectively, are located in the SiNcs. The rest of impurities are diluted in the SiO2 matrix and
correspond to a concentration of 1.5 × 1020 atoms/cm−3 for As
and 2.5 × 1020 atoms/cm−3 for P. The exact location of
dopants around the Si-Ncs in both samples has been
investigated by computing the erosion proﬁle,46,47 as
represented in Figure 6c. Erosion proﬁles show the evolution
of the composition measured from the center to the
surrounding matrix of clusters. These proﬁles have been
computed by considering all the clusters present in the
analyzed volumes (Figures 2a and 3a). The O proﬁle reveals
the measurement of almost 20 atom % of O in the core of SiNcs. This low O level is the result of the local magniﬁcation
eﬀect37 between Si and SiO2 phases as described previously. In
these samples, Si-Ncs are pure. As and P erosion proﬁles
highlight that both n-type dopants are incorporated in the core
of Si-Ncs. The raw data show (Figure 6c), in both samples, an

impurity composition reaching 3 atom % in the core of Si-Ncs.
This measurement is strongly aﬀected by the local magniﬁcation eﬀect, that is, artiﬁcial introduction of atoms originating
from the surrounding matrix in the clusters, which artiﬁcially
decrease the measured concentration of As or P in the core of
the clusters. By applying the correction model proposed by
Talbot et al.,38 we have corrected the concentration of each SiNcs. The real mean impurity concentration in all Si-Ncs can be
estimated at 5 to 6 atom %. Similar proﬁles (not shown here)
were computed as a function of the diameter of Si-Ncs (with a
class diameter of 1 nm). It did not evidence any inﬂuence of
the Si-Nc diameter on the impurity introduction and location.
The absence of the pile-up eﬀect of dopants at Si/SiO2 is
evidenced, allowing us to conclude that the self-puriﬁcation
eﬀect does not occur in this system. Consequently, a strong
number of impurity atoms can be expected to be incorporated
in the Si-Ncs in the range of diameter (1−5 nm) of our
samples.
7386
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distribution of Si-Ncs. Here, we evidenced a clear diﬀerence
in the average diameter of Si-Ncs between As and P doping.
This can be interpreted by considering that the diﬀusion length
of Si atoms in the presence of P atoms should be higher than
that in the presence of As atoms. This eﬀect may induce the
diﬀerence in distribution shape observed between both
samples. In fact, in the case of ionic implantation synthesis,
the non-uniformity of the proﬁle of the implanted species and
their possible diﬀusion in a ″free region″ (outside of the
implantation), after annealing, lead to a lognormal shape of the
size distribution of the nanoparticles.39 This kind of
distribution shape has been reported for the growth of SiNcs in silica after Si implantation.50−52 In the case of a As
doping, the measured diameter of Si-Ncs with APT is
equivalent to the Si-Nc diameter measured in the undoped
thin layer elaborated with the same conditions. Moreover, both
are in accordance with studies carried out with other analysis
techniques on similar materials.41−43 Then, compared to the
case of P,26,45 As do not signiﬁcantly change the diﬀusion
length of Si, and the resulting size distribution presents a
lognormal shape as it has been shown in the case of undoped
samples. In contrary, in P-doped samples, due to the longer
diﬀusion length of Si in the host matrix, the nucleation of Si
should appear faster with lesser strains and a weaker
importance of the implantation proﬁle on the growth of SiNcs, leading to a Gaussian shape of the size distribution.
Therefore, from a pure doping level point of view, both ntype dopants evolve in the same way. In fact, the APT analyses
of As-doped and P-doped Si-Ncs revealedthe eﬃcient
incorporation of impurities in the core of the Si-Ncs (Figure
6), even in the smallest ones. In the case of free-standing SiNcs, it has been shown that, due to the self-puriﬁcation
eﬀect,18,19 the dopants should be expelled toward the surface
when the size of Si-Ncs decrease. Therefore, in the case of
embedded Si-Ncs, behavior can be diﬀerent depending on the
surrounding matrix. For instance, it is worth noting that some
other APT investigations performed on the P doping of SRON
matrices elaborated by PECVD clearly show diﬀerent
results.28,29 In these systems, a signiﬁcant enrichment of the
dopant composition appears at the Si-Ncs/SiO2 interface,
demonstrating the existence of the self-puriﬁcation eﬀect.
Consequently, only a low level of impurity is incorporated in
the core of the Si-Ncs. However, their investigations, made on
P-doped SiOx layers elaborated by PECVD,52 evidenced an
eﬀective incorporation of P in the core of Si-Ncs without any
enrichment at the interface. This conﬁrms the importance of
the surrounding matrix on the dopant location in the Si-Ncs. In
Si-Ncs surrounded by a SiO2 shell, the location of P atoms in
the core of Si-Ncs is favored because of the large diﬀusion
barrier formed by SiO224 and of the lower energy required to
form the P−Si bond than the P−O bond.53 Concerning the
concentration of dopants in Si-Ncs, due to the higher solubility
of As in bulk Si,48 one can expect to ﬁnd a higher doping level
in Si-Ncs. However, a similar evolution of the composition has
been evidenced as a function of the Si-Nc diameter, showing
that larger Si-Ncs, above 3 nm, tend to reach an equilibrium
composition of doping of about 5 to 6 atom %. Here, the
absence of self-puriﬁcation shows that a large amount of
dopants can be incorporated in Si-Ncs of all sizes without
distinction. In fact, if larger Si-Ncs reach an average
composition value, then the smallest ones, below 2 nm, can
statistically get a much higher doping level (from 10 to 45
atom %). It is worth noting that these compositions

Finally, the impurity composition of each Si-Ncs have been
computed for both samples. The impurity composition (As
and P) in each Si-Ncs as a function of the Si-Nc diameter (or
volume) is presented in Figure 7a. All Si-Ncs detected in the
APT analysis contain P or As atoms (152 and 147 Si-Ncs were
detected in P-doped and As-doped samples, respectively). It is
worth noting that both kinds of dopant tend to have the same
behavior in terms of impurity level in the Si-Ncs (red dashed
line in Figure 7a). In fact, regardless of the dopant nature, the
doping of the larger Si-Ncs (above 3 nm) seems to reach an
equilibrium state with an impurity level of 5 to 6 atom %.
These values are far above than the expected values
considering the solid solubility of P and As in bulk Si (0.5
to 1 atom %).48 For the smallest Si-Ncs (below 2 nm), we
observe the large dispersion of impurity level in the core of SiNcs. However, the majority of these nanocrystals exhibit a
higher doping level than the equilibrium one of 5 atom %,
which reaches values from 10 to 45 atom % (see inset of Figure
7b). Moreover, this result clearly evidences a size dependency
of the impurity level in the core of the Si-Ncs. In order to
quantify the number of impurities introduced in the core of
these Si-Ncs, the number of dopants (As or P) belonging to
each Si-Ncs is represented in Figure 7b as a function of the
volume of these Si-Ncs. The red dashed line in Figure 7b
represents the number of impurity required to reach a mean
impurity composition of 5 atom % (i.e., 2.5 × 1021 atoms/cm3)
in the Si-Ncs, corresponding to the equilibrium state
established in Figure 7a and reached for larger Si-Ncs. For
both kinds of impurities, this proportional relationship
between the impurity number incorporated in Si-Ncs and
their volume seems to ﬁt the entire data points. However, for
the smaller Si-Ncs (below 3 nm), the inset of Figure 7b shows
that, for the majority of Si-Ncs, the number of impurity
introduced is higher than this ″equilibrium state″ line. This
clearly conﬁrms a size dependency of the doping level in SiNcs, showing that formation of highly doped small Si-Ncs may
be performed.

■

DISCUSSION
The doping of Si-Ncs embedded in SiO2 with n-type dopants
has been extensively studied, relying on the example of P
doping.26,28,29,49 Here, the comparison between two n-type
dopants (P and As) in Si-Ncs elaborated by ion beam synthesis
allowed us to evidence that similarities exist in these n-type
dopants, especially on the location and the concentration of
impurities introduced in the core of Si-Ncs. However, it reveals
that some major changes can be expected on the growth
kinetics of the Si-Ncs, depending on the nature of the dopant.
The elaboration of Si-Ncs embedded in SiO2 by coimplantation of 29Si and As or P atoms have been performed
in equal conditions. These parameters allowed the implantation of dopants in the same projection range, with a
comparable composition. Nevertheless, the APT analyses
highlight two signiﬁcantly diﬀerent size distributions of SiNcs. Larger Si-Nc diameters have been measured in the Pdoped sample compared to the As-doped sample. Some studies
carried out on the doping of Si-Ncs have shown that,
compared to the undoped SiOx layer, the doping with species
like P or B leads to the growth of larger Si-Ncs.26,45 This is
explained by the softening of the matrix produced by the
presence of dopants during the clustering of Si. This leads to
an increase in the diﬀusion length of Si, which allows the
formation of larger Si-Ncs and induces a broader size
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correspond to a large number of impurities that are
incorporated in the Si-Ncs in both n-type dopants.

■

CONCLUSIONS
The structural characteristics of As-doped and P-doped Si-Ncs
embedded in SiO2 elaborated by ion implantation have been
investigated. The comparison between two n-type dopants
reveals similarities in terms of dopant location. It allows to
evidence the incorporation of dopants in the core of Si-Ncs.
For both kinds of dopants, in contrast with the self-puriﬁcation
eﬀect, when the size of the Si-Ncs decreases, the doping level
tends to increase, leading to the possibility to form heavily
doped small Si-Ncs. However, a diﬀerent impact of the nature
of the dopant on the kinetic growth of Si-Ncs has been
highlighted. The presence of P atoms during the formation of
clusters tends to increase the diﬀusion length of Si atoms, while
that of As atoms seems to decrease it. The outcome is the
growth of smaller but more numerous Si-Ncs in the case of As
doping and leads to signiﬁcant diﬀerences in the shape of the
size distribution of Si-Ncs between the two samples.
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(38) Talbot, E.; Lardé, R.; Gourbilleau, F.; Dufour, C.; Pareige, P. Si
Nanoparticles in SiO2 An Atomic Scale Observation for Optimization
of Optical Devices. EPL Europhysics Lett. 2009, 87, 26004.
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