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ABSTRACT

Several experimental groups have achieved effective n- and p-type doping of silicon nanowires (SiNWs). However, theoretical analyses on
ultrathin SiNWs suggest that dopants tend to segregate to their surfaces, where they would combine with defects such as dangling bonds
(DB), becoming electronically inactive. Using fully ab initio calculations, we show that the differences in formation energies among surface
and core substitutional sites decrease rapidly as the diameters of the wires increase, indicating that the dopants will be uniformly distributed.
Moreover, occurrence of the electronically inactive impurity/DB complex rapidly becomes less frequent for NWs of larger diameters. We also
show that the high confinement in the ultrathin SiNWs causes the impurity levels to be deeper than in the silicon bulk, but our results indicate
that for NWs of diameters larger than approximately 3 nm the impurity levels recover bulk characteristics. Finally, we show that different
surfaces will lead to different dopant properties in the gap.

Semiconductor nanowires and, in particular, silicon nanow-
ires (SiNWs) have been considered as one of the most
promising alternatives to the traditional Si-based electronic
devices.1,2 Moreover, they have shown great applicability
as nanosensors.3–5 In part, this is due to the great advances
in the synthesis techniques, which allow great control of
structural features such as diameter, orientation, and surface
passivation.3,6 Furthermore, unlike other one-dimensional
nanosystems such as carbon nanotubes, their properties are
not overly sensitive to changes in these structural details.
However, as in bulk-like technology, doping is paramount,
and it is fundamental to have an atomistic understanding of
the effects of impurities in such wires.

There have been experimental7–11and theoretical12,13 stud-
ies focusing on this issue. From the experimental point of
view, the possibility of using P and B to obtain n-type and
p-type doped SiNWs, respectively, has been clearly dem-
onstrated even approaching the metallic regime.7 From the
theoretical side, the main conclusions are that (i) surface and
subsurface substitutional sites are energetically more favor-
able than core ones and that (ii) tetra-coordinated impurities
yield shallow levels in the band structure. However, a large
number of these dopants would present lower coordination
on surface sites, where they would become electronically
inactive from the point of view of producing carriers in the
band edges. Other theoretical analyses focused on how
disorder in the distribution of these impurities affects the

electronic transport in the wires.14 These studies were only
performed for ultrathin NWs, from 1.0 to 1.6 nm.

In the present work, we show that (1) the impurities surface
segregation and the tendency to form a complex with
dangling bonds, previously reported, is mostly an effect of
extreme confinement, which is rapidly minimized for larger
systems; (2) for wires of diameters above 3 nm, impurities
will be rather uniformly distributed both within the bulk as
well as on different facets of the wires, where they have
different electronic properties; and (3) for ultrasmall NWs,
the impurity levels, as expected, have deeper character relative
to larger ones. However, as the diameter increases, they
rapidly tend to become actual shallow levels. All of the
simulations were performed with state of the art ab initio
total energy calculations, based on the density functional
theory (DFT).15

We studied three types of SiNWs with B and P impurities
on different sites. Two of these NWs are relatively small,
with diameters of approximately 11 Å and 12 Å (NW1 and
NW2, respectively, in Figure 1). The main difference
between these wires is that the first one has the <001> facets
in the canted conformation, whereas the second one has the
same facet in the symmetric conformation. A third wire,
labeled NW3, has the very same types of facets as NW1 but
a diameter of about 23 Å, that is, about twice as much as
NW1. All of the surfaces of these wires were saturated by
hydrogen atoms. The distances between the impurity atoms
and their images were 7.84 Å for NW1 and 7.78 Å for NW2
and NW3. These lattice parameters were optimized for
undoped wires. In order to assess the influence of dopant
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image proximity in our analyses, we have investigated
another wire, which will be labeled NW1-b, that has an
identical cross section as NW1, but the distance between
the impurity and its image was increased to 19.6 Å. We have
also studied boron doping in a Si three-dimentional (3D)
crystal, built with 63 Si atoms plus the impurity. The closest
distance between dopants and their images in this bulk was
11.0 Å.

Boron and phosphorus dopants in these NWs were always
in substitutional sites, indicated in Figure 1. On the surfaces,
we studied situations in which the impurities were saturated
by two hydrogens (<001> surfaces only) or one hydrogen.
The effect of dangling bonds (DBs) was also investigated,
considering configurations with no hydrogen at all. We
calculated the formation energies, Ef, for all of these sites
using the following expression

Ef )Ed -Ep + µSi - µI + n / µH (1)

where Ed (Ep) is the total energy of the doped (undoped)
system, µSi (µH) is the chemical potential for the Si (H) atom,
µI is the chemical potential of the dopant (either B or P),
and n is the number of removed H atoms when studying
DBs. As we only report relative formation energies, the
silicon and the impurities chemical potentials µI do not need
to be considered. The chemical potential of hydrogen was
extracted from the H2 molecule.

The results for B doping are summarized in Table 1. We
note that our results are in disagreement with ref 13, where
the position labeled 2 in Figure was found to be the most
favorable one for fully passivated SiNWs. As can be seen,
the position 3 is the most stable one for fully passivated

wires, and the same position, when boron forms a complex
with a dangling bond (B + DB complex), is the most stable
site among all considered. In ref 12 and ref 13, the B + DB
complex was reported as the most stable position as well;
however, these authors seem to have considered this complex
only on the <111> surface. We find that for wires of
approximately 1 nm diameter this site has higher energy than
the B+DB complex on the <100> site, by 0.55 eV. We
note that among all surface positions investigated, only on
site 3 (NW1 and NW3) the B + DB complex resulted
energetically more favorable than the tetracoordinated con-
formation (i.e., without the DB). In order to rationalize these
results, we have performed calculations where a DB was
created on these surface sites without allowing the atoms to
relax. This gives a measure of the binding energy of the H
atoms to the B impurities separated from the atomic
relaxation contribution to total energy. We have found that
for position 5 in NW2 and position 4 in NW1 these binding
energies are 0.7 and 0.6 eV, respectively, whereas for
position 3 in NW1 a much lower binding energy of 0.2 eV
was found. After letting the system relax, the overall gain
due to the atomic relaxation is similar in all cases, being
approximately between 0.6 and 0.7 eV. The reason why the
binding energy of H on positions 4 and 5 differs so much
from that on position 3 is that the hydrogens are canted in
the latter one, which is caused by the need to accommodate
the electrostatic repulsion at the expense of causing stress
in the hydrogen-surface bonds network. This is consistent
with the observation that these canted surfaces would be
unstable when compared to the symmetric one.21

The energy difference between the B atom in the center
(without any DB present) of the wire and the B + DB
complex in position 3 is 0.64 eV. For the larger NW3 this
same energy difference decreases to 0.25 eV. If this trend
continues for larger diameters, for wires with d ) 3 nm or
more, these two sites will have similar populations. More-
over, the formation energy of the B impurity on surface site
3 in the fully passivated case and in association with the
dangling bond in NW3 decreased in comparison to NW1
by about 44% (0.34 to 0.19 eV). In addition to the evident
effects that enlarging the wires’ dimensions has in these
formation energies, we should remember that the species we
used to evaluate the chemical potential of the H atom, the
H2 molecule, yields a fairly high value for this energy

Figure 1. Si nanowires grown along the <110> direction used to
study substitutional B and P impurities. NW1 and NW2 possess
different types of <001> facets (dihydrated). NW3 has identical
types of facets as NW1 but almost twice its diameter. The
substitutional sites investigated for each wire are marked in green.
Only one impurity per primitive cell was considered.

Table 1. Relative Formation Energies (Electronvolts),
with Respect to the Global Lowest Value (Site 3 with a
DB), of a Substitutional B Impurity on Different Sites
(see Figure 1), with and without Surface Dangling Bonds
(DB)
location wire fully passivated with a DB with two DB

1 NW1 0.64 0.82/1.38a

NW2 0.39
NW3 0.27

2 NW1 0.47 0.65b

3 NW1 0.34 0.0 1.80
NW3 0.21 0.02

4 NW1 0.51 0.55
5 NW2 0.42 0.45 2.18

a The first (second) value refers to a situation where the DB is present
on the <001> (<111>) surface. b The DB is on the <111> facet.
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reference. There are other sources of hydrogen atoms during
the growth process of the wires, and some of them might
yield smaller values for µH, resulting that the differences in
the formation energy of tetra-coordinated boron dopants and
that of the B + DB complexes will be even smaller. In fact,
considering that the growth of these wires is performed at
high temperatures (between 400-500 °C and in some cases,
even up to 1200 °C),9,10 there will be significant occupation
of all sites, both in the bulk as well as on the surfaces. Finally,
as the surface to bulk ratio diminishes with increasing
diameter, bulk sites will become even more relevant.

Another important finding, at least for ultrasmall wires, is
the fact that the formation energy of a dangling bond is
strongly reduced in the presence of a B atom even if it is in
the center of the NW. We have calculated for an undoped
NW the formation energy of a DB, and we found 1.13 eV
for the <100> surface. If there was no interaction between
the B in the center of the wire and the DB, the formation
energy for this configuration would be 0.64 + 1.13 ) 1.77
eV. However, we have found a formation energy for a DB
on the <100> surface of NW1 with a centrally located boron
impurity of 0.82 eV; that is, a decrease of almost 1 eV
relative to the isolated formation energies of both defects.
This is a result of a charge transfer from the DB to the B
acceptor level. In Figure 2, this effect is demonstrated: the
B impurity in the center of the fully passivated wire generates
semifilled Kohn-Sham levels close to the top of the valence
band (indicated by green squares). When a DB on the surface
is present, no semifilled states are observed. Levels associated
with the impurity get completely filled and there appears an
empty level across the band gap of the wire with a strong
character of the Si where the DB is present. Thus the
presence of DBs in NWs is detrimental to B doping, since
they are compensating defects.12 Finally, we note that the
formation energy for the analogous site labeled 1 (Figure 1)
in NW2 decreased 0.25 eV relative to NW1, that is, a

decrease of almost 40% due to variations on the type of
surface. Such changes of the atomic conformation on the
surfaces of nanowires imply changes in electronic and
structural properties, such as the lattice parameter, which
affect the wire as a whole and not only locally on the
surfaces.22 Experimentally, it is possible to identify the
conformation of surface atoms. For example, it has been
observed21 that Si NWs present the symmetric conformation
for the <001> facet, as in our NW2. As we predict that
different surface conformations will lead to distinct most
stable positions for dopant atoms in ultrasmall NWs, this
indicates that by imaging the atomic surface it may be
possible to infer the distribution of dopant atoms in the NWs.
For example, in the above-mentioned case of experimentally
observed symmetric conformation for the <001> facet, it
would be expected that the B atoms would tend to be
centrally located.

In Table 2, we summarize the results for P doping. We
find that there is a stronger preference to form complexes of
P + DB for the ultrathin wires in this case than when they
are doped with boron. The surface with the most stable site
for tetra-coordinated P impurity is the <111>. However,
the other surfaces have formation energies that are relatively
similar, and in the presence of the DB, position 3 on <001>
facet becomes slightly more favorable than all others.
Increasing the wire’s diameter, the difference in formation
energy between passivated and the unpassivated surface site
3 decreased from 1.31 eV in NW1 to 1.08 eV in NW3, about
18%, which is quite less than in the case of B doping, as
discussed above. The formation energy of the centrally
located P impurity in NW3 decreased by about 0.37 eV
relative to NW1. As a result, the energy difference between
the P + DB complex in position 3 and the tetra-coordinated
phosphorus in the center of the wire decreased from 1.06 to
0.70 eV; a reduction of nearly 34%. Even though this energy
difference is still higher than in the case for the B dopant, it
indicates the same trend: as the wires become larger, both
types of impurities rapidly get more uniformly distributed
within the available sites and the occurrence of the complexes
with DB is less frequent.

In the case of doped Si nanocrystals (Si NCs), it has been
reported that for larger systems boron impurities tend to be
more stable near the surface whereas phosphorus defects
present lower formation energy in inner sites.23–25 Moreover,
in the case of P doped Si NCs, it has been shown that for
small wires there is a transition where centrally located
impurities and surface ones are almost equally probable25

Figure 2. Kohn-Sham band structures of NW1 with a B impurity
located at position 1 (Figure 1). (a) No dangling bons are present.
(c) There is one DB on the <001> facet. Occupied levels are
indicated by blue circles, the empty ones are indicated by red
rhombuses and green squares represent semifilled ones. (b,d) We
show the corresponding DOS images (black solid lines) and the
PDOS on the impurity atom (red dotted line). The dashed green
line in d is the PDOS on the Si where the DB is present.

Table 2. Relative Formation Energies (Electronvolts),
with Respect to the Global Lowest Value (Site 3 with a
DB), of a Substitutional P Impurity on Different Sites
(See Figure 1), with and without Surface Dangling Bonds
(DB)
location wire fully passivated with a D.B. with two D.B.

1 NW1 1.06
NW3 0.79

3 NW1 1.31 0.0 0.89
NW3 1.17 0.09

4 NW1 1.04 0.15
5 NW2 1.25 0.22 1.28
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(these studies did not consider configurations with a DB).
This is what we observe in Table 2 if we consider only tetra-
coordinated impurities in NW1 and NW3. At least three
effects concur to determine these formation energies: (I) the
size of silicon atoms is much closer to phosphorus’ than
boron’s. Therefore, the latter will induce more structural
distortions in the Si host than the former. Closer to the
surfaces, such distortions can be more easily accommodated.
(II) Boron can present either the sp2 or the sp3 hybridization
depending on whether it is tri- or tetra-coordinated, respec-
tively. Phosphorus always tends to be in an sp3 configuration,
even when it is tricoordinated in association with a surface
DB, with a lone pair pointing outward. (III) On the surfaces,
the defect state gets more distorted because of the asym-
metries in the environment where it is embedded.25 For
smaller systems, however, the energy gain due to this higher
local symmetry in the center of the structure is less
significant. Combined, these three effects rationalize the data
in Tables 1 and 2: surface sites present fairly lower formation
energies than bulk sites for B impurities due to effect I), but
this is balanced out by point III). Surface or inner tetra-
coordinated sites for P dopants do not show such great
variations of formation energy due to I but the presence of
the dangling bond remains energetically more favorable
because of II. As the diameters of the system grow, effect
III sets in, resulting that surfaces with a dangling bond is no
longer much more favorable than bulk substitutional sites.
Therefore, the conclusion of ref 12 that the B + DB complex
dominates the doping is only valid for ultrasmall NWs, and
we predict a relatively uniform B and P distribution over
larger wires.

Both boron and phosphorus are known to be shallow
impurities in bulk silicon. This means that these dopants are
easily ionized in such a way that it is facile to thermally
create free carriers at the band edges. Indeed, we have
observed such impurity levels in the Kohn-Sham band
structure near the valence band maximum and the conduction
band minimum for B (Figure 2a) and P doped wires,
respectively, when the impurities were on tetragonal con-
formation. However, as DFT is designed to optimize the total
energy of the system rather than the quasi-particle spectra,
instead of simply looking at the position of the Kohn-Sham
eigenvalues, a more precise way to determine the position
of the impurity state in relation to the band edges is to
calculate the crossing between the formation energy curves
for the different charge states, ε(-/0) and ε(0/+), as a
function of electronic chemical potential.27 We show these
charge states crossings in Table 3 together with the Mott-
Hubbard energy, U, which is defined as the difference
between the affinity and ionization energies. For such
purpose, we consider the doped SiNW in three different
charge states: neutral (0), with an extra electron (-), and
with a missing electron (+), always allowing the system to
fully relax. For these calculations, we have used the following
expressions:

U)E++E-- 2E0 (2)

ε(q ⁄ 0))Eq -E0 + q / εx (3)

where Eq is the total energy of the charge states q (either
+1 or -1) and εx can be the energy of either the top of the
valence band (for q ) -1) or the bottom of the conduction
band (for q ) +1) of the undoped wire.

In Table 3, we report the U, the ε(-/0) (B-doped), and
the ε(0/+) (P-doped) for different situations in NW1, NW2,
and NW3. As in the wires the impurity and its images are
separated by about only 8 Å, it is important to estimate how
much this unrealistic proximity among dopants could be
affecting the results in Table 3. We thus performed calcula-
tions for the B in the center of NW1-b, which has a much
larger supercell length along its axis, of 19.6 Å. The U
dropped from 1.2 eV in NW1 to 0.45 eV in NW1-b, a
reduction of approximately 2.5 times. The ionization level
dropped as well, from 0.55 to 0.2 eV.

As such small NWs are still too hard to grow in actual
experiments, it is thus important to see how quickly the levels
change as a function of diameter. From Table 3, we see that
the value of U for B at the center of NW3 is 0.8 eV, about
1.5 times lower than in the center of NW1. If we assume
that the effect of increasing the separation between the B
atom and its images in the NW3 would be similar to what
was observed from NW1 to NW1-b, the U would eventually
become of the order of 0.3 eV for a spacing between the
impurity and its image of about 19 Å. Comparison of these
values with the doped silicon bulk could indicate the depth
of the impurity levels. However, dealing with charged
systems using methods that employ periodic boundary
conditions (PBC) is extremely tricky, as largely discussed
in the literature.28,29 Even though the use of a compensating
background potential does prevent the total charge of the
system to diverge, the screening provided by this delocalized
jellium potential to the extra charge localized at the defect
site might not be enough to prevent the spurious electrostatic
interaction among supercells. In systems such as nanowires,
the subject is even more sensitive because of the presence
of a vacuum layer in the supercells. Although enlarging the
vacuum layer certainly dumps the unphysical electrostatic
interaction among supercells, it does also worsen the
screening provided by the jellium, which gets more delo-
calized with a larger vacuum layer. In the results presented

Table 3. U and Ionization Levels for SiNWs Doped with
Boron and Phosphorus on Different Sitesa

U (eV) ε (eV)

impurity location B P B P

NW1-1 1.2 1.5 0.55 0.6
NW1b-1 0.45 0.2
NW2-1 1.25 0.4
NW1-3 0.6 0.03 0.5 0.4
NW1-4 1.2 1.5 0.55 0.6
NW2-1 1.25 0.4
NW2-5 1.05 1.5 0.25 0.65
NW3-1 0.8 0.4
NW3-3 0.75 0.25
bulk 64[26] 0.30 ≈0.0

a A similar analysis for bulk silicon was also performed. ε stands for
ε(-/0) for B doping and ε(0/+) for P doping.
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in Table 3, we have made several tests in order to set the
vacuum layer to achieve the best possible compromise
between these two opposing effects.30 Although previous
works have tried to assign a universal nature to the crossing
of the charged states in NWs,31 due to the reasons discussed
above comparison between ε(q/0) in different states should
be looked upon with extreme care, and here we present them
for relative comparisons.

A simple way to check the accuracy of the results
presented in Table 3 is to compare the relative weight of
the states associated to the dopant (PDOS) against the total
density of states (DOS) of the system at the impurity levels.
In Figure 3, we present some PDOS graphs for the NW1
with a boron dopant in positions 3 and 4, (Figure 3a,b,
respectively) and similar images for P impurities (Figure
3c,d). The dopant was always tetra-coordinated, without any
surface DB in these situations. From these graphs, we notice
that the first visible peaks of the PDOS graphs (red dotted
lines) associated with the impurities on the canted <001>
surface of NW1 are significantly less pronounced relative
to the total DOS peak within the gap of the pristine NW,
indicated by blue vertical arrows (Figure 3a,c). These DOS
peaks are in fact the ones related to the donor/acceptor levels.
For the monohydrated <111> facet (Figure 3b,d), these
PDOS peaks are much larger relative to the DOS. These
differences in the PDOS of the impurities depending on the
type of facet in which they are embedded can be understood
in terms of how these surface states contribute to the
formation of the band edges of the wires. In ref 22, we
showed that surfaces whose atoms make bonds to the inner
ones only along directions perpendicular to the wires’ axes
do not contribute significantly to the formation of the band
edge states.22 This is the case of the canted <001> facet in
NW1. Therefore, the weight of the dopant atom located on
such facet on the impurity state is not very high. On the
other hand, the monohydrated <111> surfaces are very
active for the formation of the band edge states, implying

that dopants located on them have a stronger weight at
impurity states of the doped wires.

The correlation between the PDOS/DOS ratio and the
position of the impurity state relative to the band edges can be
better understood if we approximate the problem by a simple
two-level model. Let us consider the particular case of B doping,
and let us call |φB〉 the isolated dopant state and |ψVBE〉 the
valence band edge of the pristine wire, with unperturbed
eigenvalues δB and δVBE, respectively. These states would be
combined by an interaction Hamiltonian of the form

H) (δB γ
γ δVBE

)
where γ is the coupling constant. The well-known solutions to
this problem are |Ψd

(〉 ) a ( |φB〉 + b ( |ψVBE〉, with one of
them being upshifted from the band edge state (the E+ state;
we here assume δB < δVBE), and the coefficients satisfy the
equation

a() γ
(E(- δB)

b( (4)

where the eigenvalues E ( are given by

E()
δVBE + δB ( √(δVBE - δB)2 + 4γ2

2
(5)

In the limit of weak coupling, γ , (δVBE - δB), the split
impurity level has energy E+ - δVBE ≈ γ2/(δVBE - δB), and
then we get PDOS/DOS ≈ a+/b+ ≈ γ/(δVBE - δB). Thus,
we see that the PDOS/DOS ratio is proportional to the
coupling. When the impurity is on the surface, the coupling
to the band edge state is basically via the surface states. In
a configuration such as position 4 in NW1 or position 5 in
NW2, where the surface states contribute more strongly to
the formation of the band edges,22 the coupling will be
stronger. The stronger coupling can be associated with deeper
impurity levels, and indeed the data in Table 4 confirm this
trend. A large weight of the dopant atom at the impurity
levels means that the extra electron or hole is more tightly
bound to the dopant and thus less spread through the system.
Thus, unlike what happens for impurities adsorbed on the
facets of the wires, substitutional dopants located on active
facets (in the sense of ref 22) tend to be deeper and thus
less effective in changing the systems electric properties.

The trends presented by the data in Table 3 are in very
close agreement with Table 4, in particular, the extremely
low value for the Mott-Hubbard energy for NW1 doped with

Figure 3. Total density of states (solid black line) and projected
DOS on the impurity atoms (dashed red line) on different surface
sites of NW1: (a,c) B and P atoms, respectively, in position 3; (b,d)
B and P atoms, respectively, in position 4. In all cases, the impurities
were tetra-coordinated. The energy zero was set to the first DOS
peak at the left of the band gap in all cases, and the DOS curves
were normalized by the impurity peak (blue arrows).

Table 4. Ratios between the Projected Density of States
of B and P Impurities and the Total Density of States in
SiNWs NW1, NW1-b, and NW3a.

PDOS/DOS(%)

impurity location system B P

1 NW1 4.8 8.6
NW2 4.2
NW1-b 2.2
NW3 3.3 7.8

3 NW1 3.4 1.1
NW3 1.3 1.7

4 NW1 9.4 16.0
5 NW2 9.9 20.6

bulk 1.4 1.5
a The ratios were taken at the energy of the impurity induced peak level

of the total DOS within the gap of the undoped wires (see Figure 3).
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phosphorus on position 3, the canted <001> facet. As
observed in Table 4, even for the ultrathin wire NW1, the
PDOS/DOS ratio is of the same order as in the P-doped bulk.
In ref 22, we showed that the relevance of the canted <001>
facet is even lower at the conduction band minimum than
for the valence band maximum, which explains why on these
surfaces the donor levels are more delocalized than the
acceptor levels. This indicates that, in this particular position,
doping with phosphorus is more effective than with boron.
This situation is reversed for all other sites studied, according
to the total energy and the PDOS analyses.

Comparison of the data in Table 4 for NW1, NW3, and
the bulk also indicates that, for NWs of diameters starting
from around 3 nm, the dopant levels already should have a
fairly shallow character. A similar estimate for P-doped Si
nanocrystals led to the conclusion that bulk-like impurity
states would only be observed at larger systems, with
diameters around 20 nm.25 In that work, it was shown that
the more confined the nanocrystals are, the smaller is the
bohr radius and the deeper is the potential well associated
with the impurity atom: that is, the extra electron is more
tightly bound to the impurity and thus less capable of
effectively doping the system. Our results confirm this trend.
Nevertheless, as NWs are less confined than quantum dots,
it is expected that the bulk doping regime will be achieved
at smaller dimensions, as our results indicate. Finally, in ref
32, a semiempirical tight-binding Hamiltonian analysis led
to the conclusion that impurity levels in Si NWs of diameters
as large as 20 nm would still display a deeper character than
in the doped Si bulk. Such diameter for bulk-like doping to
be recovered seems unexpectedly high, especially if com-
pared with the predictions of ref 25 for Si NCs, as discussed
above. The discrepancy between the results of ref 22 and
our results might be related to the difficulty in correctly
parametrizing the tight-binding Hamiltonian for wires, which
as we have seen, are extremely sensitive to slight structural
variations, such as lattice parameter and type of faceting.
Nevertheless, the general trend about how the character of
the impurity levels evolve according to the confinement is
similar to our results.

In summary, we conclude that, unlike alleged in previous
works, B impurities in Si NWs will be rather uniformly
distributed within the wires and on their surfaces, given that
the differences in the formation energies of defects on
different substitutional sites tend to decrease as the diameter
of the wires approach realistic dimensions (more than 30
Å). For P-doped wires, the differences in formation energies
among different sites decrease more slowly than in B-doped
ones, but the trend remains similar. Impurity states will
present different electronic behavior on different surfaces and
the more confined the system is, the deeper the impurity
levels will be. Finally, for NWs of realistic diameters, the
dopant induced levels will have a shallow character.
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