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The properties of n- and p- doped silicon nanocrys-
tals obtained through ab-initio calculations are reviewed
here. The aim is the understanding of the effect of sub-
stitutional doping on the structural, electronic and opti-
cal properties of freestanding and matrix-embedded Si
nanocrystals. The preferential positioning of the dopants
and its effect on the structural properties with respect
to the undoped case, as a function of the nanocrystals
diameter and termination, are identified through total-
energy considerations. The localization of the accep-
tor and donor related levels in the band gap of the Si
nanocrystals, together with the impurity activation en-
ergy, are discussed as function of the nanocrystals size.
The dopant induced differences in the optical proper-
ties with respect to the undoped case are presented. Fi-
nally we discuss the case of B and P co-doped nanocrys-
tals showing that, if carriers are perfectly compensated,
the Si nanocrystals undergo a minor structural distortion
around the impurities inducing a significant decrease of
the impurities formation energies with respect to the sin-
gle doped case. Due to co-doping, additional peaks are
introduced in the absorption spectra giving rise to a size-
dependent red shift of the absorption spectra.

1 Introduction The advent of nanoscience and nan-
otechnologies and the consequent scaling down of Si struc-
tures to nanometer sizes have opened new interesting op-
portunities. In particular the possibility to play with the
size, shape and surface termination of silicon nanocrystals
(Si-NCs) togheter with their low toxicity and good biocom-

AP
Structure of a co-doped Sigs BPH7¢ nanocrystal, diameter 1.56
nm. Yellow (gray) balls represent Si atoms, while the white
(light gray) balls are the H atoms used to saturate the surface
danglind bonds. B (magenta, dark gray) and P (black) dopants
are here located in subsurface positions.
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patibility has prompted their application in microeletron-
ics [1,2], photonics [3,4], non-linear optics [5,6], photo-
voltaics [7-12], thermoelectrics [13,14] and biomedicine
[15,16]. Moreover the doping of Si-NCs, as in the case of
bulk semiconductor devices, can be used to alter in a con-
trollable way the electronic, optical and transport proper-
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ties of the nanomaterials. Thus one expect that intentional
doping with n- and p-type impurities will play a critical
role for the design and realization of novel devices based
on Si-NCs. Nevertheless several studies have revealed that
doping in Si-NCs is quite different from their bulk coun-
terparts [17-19], for example the ionization of the impu-
rities at room temperature may be strongly quenched with
respect to the bulk and a shallow impurity level in bulk
may become a deep level at the nanoscale. Moreover in
the case of nanocrystals there are several possible impu-
rity locations, i. e. within the nanocrystals, at their surface-
interface, or in the surrounding matrix, and it is difficult
from the experimental point of view to obtain information
about the exact dopant location. Our aim here is to review
the results of ab-initio calculations regarding the structural,
electronic and optical properties of n- and p- doped free-
standing and matrix-isolated Si-NCs. Particular attention
will given to the discussion regarding the tendency of the
dopant atoms to move from the core of the Si-NCs and seg-
regate towards the surface and/or the interface as function
of the NCs size [20-26]. Beside the effect of the impurities
on the electronic and optical properties of the Si-NCs will
be discussed. Indeed results concerning co-doping, i.e. the
contemporary presence of group III and group V impurities
will be adressed.

2 Methods All the structural and optoelectronic prop-
erties have been obtained by full ab-initio calculations in
the framework of the density functional theory (DFT)
using pseudopotentials in the local density aproximation
(LDA) [27-29]. When necessary spin-polarized calcula-
tions have been performed. It is well known that LDA
severly understimates bulk semiconductor energy gap.
This inadequacy can be resolved through the inclusions
of many-body effects considering the self-energy cor-
rections and the excitonic effects [30]. Nevertheless the
results obtained through LDA are interesting for several
reasons: 1) the inclusion of many-body effects are very
computationally demanded and thus limited to very small
nanocrystals [31], ii) an almost complete compensation of
self-energy and excitonic effect [32—34] has been observed
in silicon based nanostructures, thus rendering the LDA
based optoelectronic outcomes significative, iii) very often
one is interested in trends and trends will remain similar
on going from independent-particle approximation to the
many-particle corrections. All the considered structures
are modeled by using the supercell method by means of
cells whose diameters are large enough to make negligi-
ble the interaction between the replicas. Ionic relaxation
without any symmetry constraint and energy minimization
are performed for all the considered systems in order to
calculate the full relaxed structures. As p-type dopant we
consider B atom and as n-type dopant P atom, owing the
fact that doping of Si-NCs with boron and phosphorus has
been investigated in detail, throughout the paper we con-
sider substitutional impurities since several experimental
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studies point towards this type of impurity incorporation.
[10,17-19,35-37]

3 Freestanding Si-NCs For freestanding nanocrys-
tals we consider Si-NCs whose dangling bonds at the sur-
face are passivated with H atoms, which excludes the pos-
sible effects of surface dangling bond states and surface
reconstructions. Concerning the shape of the Si-NCs, one
can consider both spherical-like and faceted Si-NCs. The
spherical-like Si-NCs are obtained by cutting Si atoms out-
side a sphere from Si bulk, whereas the faceted Si-NCs re-
sult from a shell-by-shell construction procedure, in which
one starts from a central atom and adds shells of atoms suc-
cessively. We consider nanocrystals whose diameter ranges
up to about 3 nm. In H-terminated Si-NCs the dopant atom
could be either inside or on the surface, thus the considered
dopant locations were all the possible substitutional sites,
starting from the center of the Si-NC and moving toward
the surface the impurity atom to the other substitutional
sites in the entire Si-NC.

3.1 Formation energies Starting from a Si,,H,,-NC
the formation energy for a neutral X impurity can be de-
fined as the energy needed to insert the X atom with chem-
ical potential px within the NC after removing a Si atom,
transferred to the chemical reservoir, assumed to be bulk Si

Ef = E(SianHm - E(SinHm) + psi — px ()
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Figure 1 Impurity formation energies of B and P (located at the
center of the Si-NCs) versus the reciprocal radii (in A™1) of the
doped Si-NCs (a larger reciprocal radius corresponds to a smaller
Si-NC). The energy values are given for faceted (diamonds) and
spherical-like (circles) doped Si-NCs. The dashed lines indicate
the impurity formation energies in Si bulk.
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where E is the total energy of the system, pg; is the to-
tal energy per atom of bulk Si, and px is the total energy
per atom of the impurity. The formation energies calcu-
lated from Eq. 1 are reported in Fig. 1 for B and P impurity
located at the center of the Si-NCs.

The formation energy of B and P decreases as the Si-
NC size increase, thus showing that larger Si-NC can more
easily sustain the B- or P-doping and shows an almost
linear dependence on the reciprocal radius of the Si-NC.
A comparison between faceted and spherical-like Si-NCs
shows that the incorporation of the impurity cost more en-
ergy if the Si-NC has facets in the case of B, whereas
is nearly shape-independent for P. Clearly for B- and P-
doping the impurity formation energies of the Si-NCs are
always higher than in Si bulk. These results are related
to the deformation of the Si-NC caused by the impurity.
The smaller the Si-NC, the larger is the deformation [31].
Moreover since B impurity leads to a simmetry lowering
(Cs3, vs. Ty) [21] the impurity formation energies for B
are higher. Similar results have been obtained by other au-
thors, confirming that the effect of size is much more ev-
ident for B-doping that for P-doping [20,24,38-43]. The
size dependence of the calculated formation energy is in
qualitative agreement with the observed suppression of the
photoluminescence (PL) in doped Si-NCs [44], even if this
quenching can be related to impurity-induced defect states
in the Si-NCs band gap [45].

It is interesting to see how the formation energy
changes as a function of the impurity position within the
Si-NC [20,21,38,46,47]. This is an important point be-
cause the optical and electrical activity of the dopant atoms
depends from their positions. Figure 2 shows the forma-
tion energy for the B neutral impurity in a Si;46BH;09-NC
(diameter 1.86 nm) [21]. The impurity is moved from the
Si-NC center toward the surface along two paths. The
results show that the B atom tend to migrate toward the
subsurface position. This is explained by considering that
such positions are the only ones that allow a significant
atomic relaxation around the impurity. Thus, as the B
atom is moved toward the surface the formation energy
decreases, making the subsurface positions more stable. It
is interesting to note that in the case of P impurity it has
been showed that these behavior depends on the Si-NC
diameter, in fact P atoms prefer to stay at the subsurface
positions for Si-NCs with diameter less than 2 nm, whereas
for larger nanocrystals the Si-NC center is the energetically
most favorable position [46,47].

It should be noted that the impurity formation energies
can be influenced by several factors: the presence of va-
cancy [48], the presence of H deficient Si-NCs surfaces
[49], an impurity location directly at the Si-NC surface
[50], the substitution of H atoms at the Si-NC surface with
a OH group [51,52] showing that, indeed, also small (di-
ameter less than 2 nm) Si-NCs can effectively incorporate
B and P impurity atoms.

\v/g\) )
%Kk%
I IAA
Y

1.4,1=1" 2=2

Figure 2 The B impurity is moved along two different paths to-
ward the Si-NC surface. (b) Formation energies for B neutral im-
purities as function of the impurity position within the Si-NC.

Regarding the experimental outcomes, freestanding
Si-NCs have been synthesized mainly by plasma synthe-
sis [10,18,17,19,35,36] and colloidal chemistry [53,54]
showing that were possible to obtain high quality with
extremely low defect content Si-NCs with diameter below
3 nm. Moreover also doped Si-NCs have been succesfully
sinthesized. However, as pointed out above, it is difficult
from the experimental point of view to obtain informa-
tion about the exact dopant location, nevertheless different
techniques have been employed in order to obtain infor-
mation about the position of the impurity atoms. Electron
paramagnetic resonance (EPR) has been used to demon-
strate that P impurities are incorporated in substitutional
sites [55], a conclusion reached also by electrically de-
tected magnetic resonance (EDMR) [56]. Regarding boron
impurity it has been found that the incorporation of B in
he Si-NCs is much less efficient with respect to the case
of P [57]. This is in agreement with the theoretical results
showed in Fig. 1 [58].

However from the experimental outcomes regarding
as-grown doped Si-NCs sequentially oxidized and HF
etched [57] it seems that, in contrast with the theoretical
results for H-terminated Si-NCs, B prefer to stay in the
Si-NC core whereas P prefer to stay at the Si-NC surface.
Nevertheless it is worthwhile to note that for H-covered
Si-NCs with some H deficiency, it has been theoretically
shown that P prefer to be located at the Si-NC surface and
B in the core [49] in agreement with the experiments and
that the experimental results depends on the Si-NCs syn-
thesis procedures. For example Sugimoto et al.[59] have
demonstrated that, depending on the etching time, one
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First author et al.: Dopedsinc

% 4.0 %
g 0.0 B
&
s 40
0.0 - . P

(A"

Figure 3 Energetic position of the DFT calculated impurity levels versus the reciprocal radii of the spherical-like (circles) and faceted
(diamonds) Si-NCs. The solid and dotted lines correspond to the spin-up and spin-down impurity levels. The dashed regions represent

the occupied and unoccupied elecronic bands of the undoped Si-NCs

can obtain Si-NCs which consists of intrinsic cores and
heavily B-doped shells. Indeed, as underlined by Arduca
and Perego [18], whereas the theoretical results concerns
the thermodynamic stability of the impurity atoms in the
Si-NCs, in the experiments is not possible to separate the
equilibrium properties from the kinetic effects, which play
an important role with respect to doping.

Finally a systematic study of the plasmonic properties
of Si-NCs doped with boron and phosphorus through lo-
calized surface plasmon resonance demonstrated that the
dominant doping mechanism for P is substitutional doping,
whereas for B is surface doping [60].

3.2 Electronic and optical properties The simple
incorporation of B or P impurities in the Si-NCs does not
ensure the generation of free majority charge carriers by
ionization of the dopant atom at room temperature. The ac-
tivation of the impurities is related to their binding energy
(BE). In bulk semiconductor the BE of the acceptor is de-
fined as the energy difference between the defect level and
the valence band maximum (VBM) of the system, whereas
the BE of the donor is given by the energy difference be-
tween the conduction band minimum (CBM) and the de-
fect level.

In Si-NCs, as consequence of quantum confined ef-
fects, size reduction results in a enlargment of the band
gap, consequently after doping the relative position of the
defect energy level with respect to HOMO and LUMO lev-
els strongly depends on the NC size [46,58]. Moreover,
differently form the bulk, the extra hole or electron tends
to remain localized near the impurity[20,31]. In order to
quantify the position of the impurity-related levels and per-
form an energy alignment for the electronic levels of the
undoped and doped-Si NCs, an energy reference analo-
gous to the VBM in Si bulk and the HOMO in undoped
Si-NCs should be determined. In practice, the energy ref-
erence of the doped Si-NC does not necessarily coincide
with the one of the undoped Si NC. However, the average
electrostatic potential at the vacuum region is constant for
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both doped and undoped Si NCs. We used the difference of
the absolute values of the potentials at the vacuum region
to perform the energy alignment of the two systems [58,
61].

In figure 3 the position of the impurity levels in the
energy-gap region as well as the HOMO-LUMO gap of
the undoped Si-NCs shows nearly a linear dependence ver-
sus the reciprocal radii of the NCs. The B or P impurity is
located at the center of the Si-NCs. A decrease of the Si-
NC size, i.e. an increase of quantum confinement, leads to
deep impurity levels in the doped Si-NCs. The fact that the
positions of the impurity levels vary with size of the Si-NC
is important, since other properties of Si-NCs such as the
computed [20] and the measured hyperfine splitting [62]
are found to have the same dependence on the size. The in-
corporation of B and P impurities leads to an odd number
of electrons, thus the impurity level with the lower energy
(spin up or spin down) is occupied and the level with higher
energy is not occupied. As shown in figure 3 the increasing
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Figure 4 Impurity activation energy, as a function of the inverse
NC radius. Both B- (filled squares) and P-doped (open circles) Si-
NC are considered. The zero inverse radius corresponds to bulk
Si. The solid line is a linear fit of the data for the B-doped Si-NC.
The impurity is located at the Si-NC center.
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of quantum confinement, i.e. a reduction of the NC size, re-
sults in larger energy differences between the spin-up and
spin-down impurity-related levels. The values of the split-
ting are greater for the B impurity than for P, moreover all
these values are always above the corresponding values in
Si bulk.

In order to define better the impurity binding energy at
the nanoscale one can use the impurity activation energy
Eoct [20,21,63,64] defined a

Eact(B) = Iu - Ad (2)
Eact(P) = Id - Au (3)

where I and A give the Si-NC ionization energy and elec-
tron affinity, respectively, while the subscripts u and d refer
to the pure (undoped) and doped system, respectively. Cal-
culated activation energes for B- and P-doped Si-NCs, with
dopants located at the center of the Si-NC, as a function of
the Si-NC size [21] are shown in Fig. 4.

The figure show how the activation energy scale al-
most linearly with the inverse Si-NC radius showing that
the main contribution to this energy is due to the almost
unscreened Coulomb interaction and to the very localized
nature of the impurity states. Similar results have been ob-
tained by other authors [20]. The dopant activation energy
depends not only on the Si-NC size, but also on the posi-
tion of the dopants atom in the Si-NC. On going from the
Si-NC center to the Si-NC surface, F,.; shows variation
up to 0.2 eV [20,21,24,65]. All these results show that in
Si-NCs the impurity activation energy is quite larger with
respect to their Si bulk value (0.045 eV for both B and P),
thus impurity ionization in Si-NCs is strongly quenched
with respect to the bulk, in agreement with the experiments
[55,66,67].

The calculated optical properties are clearly linked to
the output of energy level diagrams [58,61,65,68-71]. Fig-
ure 5 shows the optical properties (imaginary part of the di-
electric function [61]) for B and P doped Si-NCs, whose di-
ameters go from 1.26 to 2.30 nm. Regarding boron we see
that the lowest transition energy of the neutral B-impurity
tends to zero, as the size of the doped Si-NC increases, be-
cause the energy difference between the HOMO and the
LUMO of the minority-spin states tends to decrease as the
number of electronic states increases. Moreover, the oscil-
lator strength of this transition tends to decrease for large
doped Si-NCs. The values of the lowest transition energies
of the Si-NCs doped with the ionized B-impurity approach
the lowest transition energy of the undoped Si-NCs. For the
largest B-doped Si-NC the absorption spectrum looks prac-
tically the same as for the undoped Si-NC. This shows that
changes in the optical spectra of B-doped Si-NCs should
be caused by neutral impurities. Concerning P-doped Si-
NCs the impurity-related peaks in the absorption are more
or less so intense as in the case of the Si-NCs doped with
B and the values of the lowest transition energies of the
Si-NCs doped with an ionized P are larger than the low-
est transition energy of the Si-NCs doped with a neutral P

Si,BH,, ’ | ' Si,,PH,,
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Figure 5 Optical absorption spectra and energetic position of the
lowest optical transition (vertical lines from the top) for the un-
doped Si-NCs (thick solid lines) and of Si-NCs doped with B and
P impurities in their neutral (thin solid line) and ionized (dashed
line) charged state.

impurity and slightly red-shifted with respect the ones of
undoped Si-NCs. For large Si-NCs the role of P doping is
predicted to be more important with respect to of B doping
since the B-related peaks practically vanish for the largest
Si-NC, in contrast to the P-related peaks. Interestingly high
doping levels of P in large Si-NCs have been found to cause
efficent absortion of infrared light [72].

4 Matrix embedded Si-NCs Matrix-embedded Si-
NCs offer advantages in terms of stability and it has been
demonstrated that Si-NCs can be easily synthesized within
a dielectric matrix using ion implantation [73], plasma
enhanced chemical vapor deposition (PECVD) [74] or
sputtering [75]. Due to low-cost manufacturability and
the possible development of CMOS compatible devices
the vast majority of the investigation has been devoted to
Si-NCs embedded in a SiO5 host matrix.

Contrary to the case of doping in freestanding Si-NCs
there are very few ab-initio theoretical investigations re-
garding doped Si-NCs embedded in a host matrix. The rea-
son is related to the complicated models needed to simu-
late these systems, in particular regarding the huge num-
ber of atoms involved in the calculations. To overcome
this problem Carvalho et al. [76,77] model the embedded
Si-NC considering a Si crystalline core of 1.5 nm diam-
eter, surrounded by a SiOs spherical shell of about 2 nm
outer diameter. Their results for the impurity formation en-
ergies show that the doping behavior for Si-NCs covered
by a SiO4 shell differs from that of the corresponding H-
terminated Si-NCs and that the behavior of P is different
from that of B. For P doping the impurity prefer to stay in
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First author et al.: Dopedsinc

the Si-NC and not in the silica shell, whereas the formation
energy of B impurity is nearly independent on the impu-
rity location, with average formation energies only slightly
lower at the interface. Similar results have been obtained
by Ni et al. [78,79] studying a 1.4 nm diameter Si-NC cov-
ered by 0.25-nm-thick SiO; shell, whose dangling bonds
are saturated by H atoms. They found that B atoms prefer
to stay immediately below the Si/SiOs interface, whereas
P atoms are preferentially located in the Si-NC core. Ab-
initio calculations for doped Si-NCs clearly embedded in a
SiO5 matrix were performed by Guerra et al. [52,80]. The
SiOz-embedded Si-NCs have been generated starting from
a large SiOy matrix and removing all the O atoms inside
a sphere whose radius determines the Si-NC size. After
the ionic relaxation, the Si/SiO» interface forms stressed
bonds, while far from the interface the bulk atomic densi-
ties are recovered [33]. Dopant impurity are introduced in
a substitutional Si-site located in the Si-NC center, at the
Si/Si0, interface, or in the SiO5 matrix far from the Si-NC.
In Fig. 6 the total energy comparison for a Siz5-NC (di-
ameter about 1 nm) embedded in SiO,, single-doped with
a group-V (N or P) or a group-III (Al or B) atom placed
at different substitutional sites is showed. In the figure the
minimum of each curve identifies the energetically favored
site of the corresponding dopant. The data clearly indicate
that for n-type doping (P and N) the impurity tends to settle
in the Si-NC core, while for p-type doping (Al and B) the
interfacial sites are favored.

Experimentally the dopant location for matrix embed-
ded Si-NCs has been studied using three-dimensionally
atomic probe tomography (APT) and proximity histogram
analysis. Using APT it has been demonstrated that P impu-
rities are efficiently introduced in the core of the Si-NCs,
whereas B dopants are located at the Si-NC/SiO- inter-
face [81,82]. Also proximity histogram analysis show that
P atoms are segregated toward the core of the Si-NC and B
atoms at the Si-NC interface [83]. All results in agreement
with the theoretical outcomes Furthermore, is clear that in
all the considered cases (see Fig. 6) the doping of the SiO4
region is unlikely to occur, especially for n-type doping. In
particular, P doping requires a very high formation energy
to move the dopant atom from the Si-NC core to the silica,
in agreement with the observation that for Si-NCs embed-
ded in a SiO5 matrix, the matrix provides a strong barrier
to P diffusion inducing P segregation in the Si rich region
[84]. Instead, still consistently with experimental results
[85], the diffusion of B toward SiO, results significantly
easier.

5 Co-doping Photoluminescence (PL) experiments
on doped Si-NCs show that the PL intensity is quenched by
the introduction of the impurities [86,87]. It has, hovewer,
been shown that this quenching can be avoided when the
Si-NCs are simultaneously doped and compensated with
B and P impurities. The co-doped Si-NCs exhibit PL ener-
gies red-shifted with respect to those of the corresponding
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Figure 6 Total energy of the Siz5-NC embedded in the SiO2 host
matrix and doped with N, P, Al, or B, substitutional of a Si atom
in the Si-NC center (core), at the interface bonded to one or two O
atoms (interfacel, interface 2), or in the SiO2 matrix far from the
Si-NC (silica). For a better comprehensibility each line has been
shifted so that the structure with the dopant in the Si-NC center
has zero energy.

undoped Si-NCs, moreover these energies can range from
the visible to below the bandgap energy of the bulk Si
[44,88-91]. Thus we will report here the outcomes of a
systematic study of the structural, electronic and optical
proerties of B and P simultaneously doped Si-NCs using
ab-initio DFT calculations [22,31,38-40,52,61,92-98]
Starting from the hydrogenated Si-NCs we have co-doped
the Si NCs by locating the B and P impurities in all the pos-
sible substitutional positions allowing full relaxation with
respect to all the atomic positions. Here we will present, in
particular, the results relative to the Sigs BPH75-NC whose
relaxed structure is presented in the abstract for the case
in wich the impurities are located in substitutional sub-
surface sites on opposite sides of the Si-NC. In Fig. 7 we
report the calculated impurity formation energies (see Eq.

Formation Energy (eV)

0.5~

1 1
Si:B Si:B:P Si:p

Figure 7 Impurities formation energies for single-doped and co-
doped Si-NCs. In the co-doped Si-NCs, the impurities are located
in subsurface substitutional positions on opposite sides of the Si-
NC (see next figure). Blue diamonds are related to Sig7H76-NC
(diameter 1.5 nm) and red circles to Si;47H100-NC (diameter 1.8
nm). The lines are guide for the eyes.
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Figure 8 Left figure : Calculated energy levels at I" for undoped Sig7H76-NC and co-doped Sigs BPH76-NC. The alignment has been
performed by locating at the same the fully occupied levels with the same type of localization. Right figure: HOMO (left) and LUMO
(right) square modulus contour plots calculated for the Sigs BPH76-NC. Light blue balls represent Si atoms, while the yellow balls are
the H atoms used to saturate the surface danglind bonds. B (violet) and P (green) dopants are here located in subsurface positions on

opposite sides of the Si-NC.

1) for the SigsH7¢-NC and Sij47H100-NC. In the figure,
we compare the formation energy required to have B or
P single-doped Si-NCs with that calculated for the case
of B and P co-doped Si-NCs. From Fig. 7 it is clear that
simultaneous B and P doping strongly reduces (by about 1
eV) the formation energy with respect to both B or P single
doped cases and that this reduction is similar for Si-NCs
of different size. While B or P single doping is very costly,
B and P co-doping is much easier and there is almost no
dependence on the Si-NC size [22]. It is interesting to note
that the formation energy of the co-doped Si-NCs depends
on the distance between the two impurities. A reduction of
the distance between the two impurities results in a reduc-
tion of the formation energy. In particular the minimum of
the formation energy is obtained when the impurities are
located at the nearest neighbors locations at the surface of
the Si-NCs. In these cases the formation energy assumes
negative values. It is interesting to note that Nomoto et al.
[83] have observed that co-doping is an effective means of
promoting segregation and stability of the B and P impuri-
ties in the Si-NC regions. The fact that Si-NCs can be more
easily simultaneously co-doped than single-doped is due to
the fact that in the co-doped Si-NCs the differences among
the four impurity-Si bond lengths are always smaller with
respect to the single-doped case. Thus, if carriers in the
Si-NCs are perfectly compensated by simultaneous n- and
p-type impurity doping, an almost T4 configuration is re-
covered in which the four impurity-Si bonds are practically
the same [31,52,61].

The electronic properties of B- and P- co-doped Si-NCs
are qualitatively and quantitatively different from those of
the undoped case and of either B- or P- single-doped Si-
NCs. The presence of both a n- and a p-impurity leads to a
HOMO level that contains two electrons and to a HOMO-

LUMO gap that is strongly lowered with respect to that of
the corresponding undoped nanocrystals. The energy lev-
els for the undoped Sig7H7-NC and co-doped Sigs BPH¢-
NC, calculated at the I" point in the optimized geometries,
are shown in the left figure of Fig. 8, where only the lev-
els corresponding to the HOMO, LUMO, HOMO-1 and
LUMO+1 states are depicted. The calculated square mod-
ulus contour plots related to HOMO and LUMO states (see
right figure of Fig. 8) show their localization within the Si-
NC, in particular the HOMO state is localized on the B
impurity while the LUMO is localized on the P one. The
presence of these donor and acceptor states lowers the en-
ergy gap from 2.59 eV, for the undoped Si-NC, to 1.82
eV, for the co-doped one. For larger Si-NCs and for dif-
ferent impurity locations [31,61,96] it is possible through
co-doping also to tune the gap from visible range to be-
low the bulk Si value, in agreement wth the experimental
observations [44,88-91].

Recently we have considered a freestanding oxidized
Si-NC, the Sig7(OH)7g, co-doped with P and B atoms lo-
cated at their energetically favored sites: P atom at the Si-
NC center and B atom at the Si-NC surface [52]. To in-
vestigate the effect of the distance and of the interaction
between the dopants we have considered additional nanos-
tructures in which the P atom progressively approaches the
B atom (see left figure in Fig. 9). We have numbered the
position of the P atom from 5 (Si-NC center) to 1 (Si-NC
inner surface). From the analysis of the total energy, re-
ported in the right figure of Fig. 9, it is clear that while in
the single-doped Si-NC the P atom stabilize at the Si-NC
center, in the co-doped case the formation of a strong P-B
bond (position 1) is clearly energetically favored. In alter-
native, the P-B bond can be formed at the Si-NC center,
fulfilling the energetics of the P dopant in the single doped

Copyright line will be provided by the publisher
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Figure 9 Left figure: SigsBP(OH)76-NC doped (left panel) with B impurity at the surface and P impurity at one of the sites from the
center (5) to the nearest neighbor of B (1), doped (central panel) with P placed at the surface and B in the inner nearby (1i); doped (right
panel) with P at the Si-NC center and B in the outer nearby (1c). Cyan, red, white, green and yellow balls represent Si, O, H, B, and P
atoms, respectively. Right figure: Total energy of the co-doped Sigs BP(OH)76-NC as function of the dopants position represents in the

left figure.

case while forcing the B atom in the NC core. Such config-
uration, named 1c, results more energetically favored than
the 5, 4, 3, and 2 ones, confirming the idea that the for-
mation of the P-B bond prevails with respect to other pa-
rameters (see right figure in Fig. 9). wer, the P-B pair at
the interface (position 1) remains more stable than that at
the Si-NC center (position 1c¢). Due to the polar nature of
the P-B bond, the above condition implies the formation of
a static electric dipole radially directed and preferentially
located at the Si-NC surface, pointing toward the Si-NC
center. Similar results have been obtained by Ni et al. [79].
The high stability of the dipole direction is evidenced by
considering a configuration in which the co-dopants are
switched, B-P pair, named 1i (see Fig. 9). Quite interest-
ingly, such configuration produces a total energy higher
than all the other cases. The formation of stable dipoles
at the Si-NCs surfaces radially directed inward the Si-NCs
can provide an explanation of the production of stable col-
loidal co-doped Si-NCs without surface functionalization
processes [90,99-101]
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