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Abstract

Results of first-principles DFT calculations of the structural and electronic properties of B—P
codoped Si and Ge NWs are presented and discussed. We find that, according to experiments,
for both Si and Ge NWs, impurities tend to get closer together and to occupy edge positions, as
a result of minor structural relaxation and hence lower formation energy. The study of the
electronic structure shows that the simultaneous addition of B and P only slightly modifies the
energy band gap value with respect to the pure wire, and is strongly dependent on the

particular codoping configuration considered.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding of the doping mechanism at the nanoscale
represents one of the main topics for the design and
development of nanowire-based devices. Recent experimental
and theoretical studies [1-9] on Si and Ge nanowires (NWs)
have made concrete and real the possibility of using these
one-dimensional nanostructures as corner-stones for the next
generation electronics. Many applications using them as
field-effect transistor (FET) [10,11], p—n diode [12,13],
photovoltaic [14] and thermoelectric [15] devices have been
demonstrated, and the scientific interest in this topic has
been rapidly increasing in the last decade [16]. As for
microelectronic technology, in all the above mentioned NW
applications the possibility of modifying electronic properties
of the material by introducing impurities is of paramount
importance and its full understanding requires a microscopic
picture of basic mechanisms. Many experimental and

0022-3727/14/394013+10$33.00

theoretical studies have addressed this topic [17-21], focusing
mainly on B and P single doping of Si and Ge NWs.
Experimentally, it has been clearly demonstrated that, with the
current growth methods (such as vapour-liquid—solid growth
[5]), it is possible to incorporate III and IV group impurities
into the wire and to obtain both n-type and p-type wires [22—
24]. On the other hand, theoretical investigations have shown
that B and P impurities give rise to energetic levels deep in
the band gap, and that they prefer to segregate towards the
surface of the wire in order to minimize mechanical stress and
distortions [17, 18, 25].

Very recently, the simultaneous addition of B and P
impurities, i.e. codoping, has also been demonstrated to be a
fundamental tool for modifying electronic and optical features
of NWs [20]. As already shown for Si nanocrystals (NCs)
[26-30], being able to control the band gap through double
addition of impurities allows us to tune properties such as

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. Top view of pure wires with a single impurity occupying a core site (left panel) and an edge site (right panel). Blue spheres can
represent Si or Ge atoms, magenta spheres impurity atoms, while the small white spheres are H atoms used to saturate the dangling bonds.

absorption and photoluminescence. Nevertheless, unlike the
case of B and P single doped systems, very few theoretical
studies [18,21] have addressed the analysis of B-P codoped
Si NWs, and moreover they have been mainly focused on
very thin NWs (with diameters up to 1.6 nm) and with doping
concentrations too high to be compared with experiments.
Furthermore, up to now, no works have been dedicated to the
study of codoped Ge NWs. Other works addressed doping
with more impurities of the same chemical species to study
the stability of dopant pairs [31-33].

The purpose of this article is to fill this gap, by studying the
formation energies (FEs) and the electronic properties of B—P
codoped Si and Ge NWs by means of ab initio calculations.
In particular, we show that (i) in B-P codoped Si and Ge
wires, impurities tend to get closer together and to occupy edge
positions, (ii) the simultaneous addition of B and P only slightly
modifies the energy band gap value with respect to the pure
wire, and (iii) localization of electronic states and the energy
position of impurity levels is strictly related to the particular
codoping configuration considered. The article is organized
as follows. Section 2 contains the description of the method
used for our calculations and the details of the geometry of our
wires. Section 3 presents calculations of impurity FEs for both
Si and Ge NWs, while section 4 is dedicated to the analysis of
band structure and electronic properties. In section 5 we draw
some conclusions and make final remarks.

2. Methods

We have studied [110] oriented B-P codoped Si and Ge
NWs with a diameter of 2.4 nm. The top view of the wire’s
geometry is presented in figure 1. The atomic structure has
been derived from the bulk diamond geometry by following
the procedure adopted in [34-37]. At these small dimensions,

surface reconstruction effects can strongly affect the electronic
structure of the material. Indeed it has been demonstrated that
reorganization of surface atoms can induce a metallic and semi-
metallic behaviour into the wire [38—40]. However, since we
are only interested in the description of semiconducting NWs,
all the surface atoms of our model have been hydrogenated
and no surface reconstruction has been considered. In this
way, surface dangling bonds are completely saturated with
hydrogen atoms and all the intra-gap states are eliminated.
Moreover, the use of such a model, as is common in this type of
investigation on doped nanostructures (see [16] and references
therein), permits us to clearly identify the nature of defect states
in the semiconductor band gap. B and P have been considered
as substitutional impurities in both core and edge lattice sites,
as shown in figure 1. Further details of the geometry of the
wires can be found in [34-37]. It is worth noting that, in
order to eliminate the spurious interaction between the periodic
images of impurities and to obtain converged results for the
FE [41], we have used a supercell that is six times the unit
cell along the wire axis (more than 700 hundred atoms) and
vacuum buffer of nearly 10A (see figure 2). This kind of
supercell provides a dopant concentration comparable with
the high doping regime of several experimental studies on
NWs [42,43]. For both Si and Ge NWs, we have analyzed
four different configurations: (i) the n-type edge—p-type core
configuration, in which P occupies an edge site, while B is
located in the core of the wire (see figure 2(a)), (ii) the p-type
edge—n-type core configuration, in which P is in the core and B
at the edge of the wire (equivalent to figure 2(a) but with atoms
switched), (iii) the n-type edge—p-type edge configuration, in
which both P and B occupy an edge site (see figure 2(b)),
(iv) the n-type core—p-type core configuration, in which both
P and B occupy a core site (see figure 2(c)). The relative
distance between impurities (red vector of figure 2) varies
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Figure 2. Side view of codoped Si and Ge NWs for three types of codoping configuration: core—edge (a), edge—edge (b) and core—core (¢)
configurations. Blue spheres can represent Si or Ge atoms, magenta and black P and B atoms respectively, while the small white spheres are

H atoms used to saturate the dangling bonds.

Table 1. Calculated relative distance between impurities (red vector
of figure 2) (in A) for Si NWs (first row) and Ge NWs (second row)
for all the codoping configurations considered.

B core— Pcore- Bcore— B edge-

P edge Bedge Pcore P edge
SiNWs  16.84 16.84 11.49 11.48
GeNWs  17.53 17.53 12.06 12.06

when different impurity substitutional sites are considered:
particular configurations with a dopant in the core and the other
one in the shell present a longer relative distance with respect
to configurations with dopants in the same region of the wire
(i.e. core—core or edge—edge). Numerical values for the red
vector in each relaxed geometry are reported in table 1.

All the calculations have been performed in the framework
of density functional theory (DFT) as implemented in the
SIESTA code [44]. The local density approximation (LDA)
has been adopted for the exchange-correlation functional.
Norm conserving pseudo-potentials for the core electronic
states have been used, and the one-electron wave function of
valence states has been expanded with a double-¢ basis set plus
polarization functions. As all the considered codoped wires
have an even number of electrons due to the compensation of
the donor (P atom) and acceptor (B atom), no spin polarization
effects have been included in the calculations. All the

geometries have been fully relaxed until all the forces were
lower than 0.04 eV A~ (this criterion, which represents a good
compromise between accuracy and computational effort, has
already been demonstrated to be successful in the description
of the electronic properties of Si, Ge and SiGe NWs; see, for
example, [36]). Due to the large dimension of the supercell
in the periodic direction, the Brillouin zone has been sampled
with the I' point only. No sampling of the Brillouin zone
along the transversal directions is required, because the system
is not periodic in that direction. However, upon relaxation,
the electronic structure has been evaluated with a finer grid
of (1 x 1 x 16). Forces on the atoms have still been found
to be lower than 0.04eV A‘l, confirming the results of I
point relaxations. We are aware that refined excited-state
GW calculations [45] should be performed to have a correct
estimation of the electronic impurity levels; nevertheless, the
huge size of our simulation cell prevents the use of these
approaches. In any case, the trend indicated by our study
regarding the electronic properties of codoped Si and Ge NWs
is certainly valid at least at the qualitative level.

3. Formation energies

As afirst step, we have evaluated the FE, i.e. the energetic cost
of adding an impurity to or removing it from a pure wire, for B
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Table 2. Calculated FE (in eV) for Si NWs (first row) and Ge NWs
(second row) for all the codoping configurations considered.

B core— Pcore- Bcore- B edge—

P edge Bedge Pcore P edge
SiNWs  —10.65 —-10.84 —11.77 —11.92
GeNWs —10.24 —-1047 -—-11.82 —12.14

and P impurities in both Si and Ge NWs. Our FE calculations
are performed using the Zhang and Northrup formalism [46]
and, in particular, its reformulation especially developed for
NWs by Rurali and Cartoixa [47]. In table 2 we summarize
our main results.

Looking at table 2, one can draw several main conclusions
valid for both Si and Ge NWs. (i) B and P impurities have a
tendency to sit close together. Indeed the configurations with
smaller relative distance between them (P core-B core and
P edge-B edge) are energetically preferred (i.e., they present
the lowest FE, as shown in table 2. (ii) Among these two
lowest FE configurations, the one in which impurities occupy
edge sites (P edge-B edge) is preferred, as a consequence of
the greater freedom of mechanical relaxation, as explained in
depth in [18] and as confirmed by experiments. (iii) Among
the two highest FE configurations (B core—P edge and P core—
B edge), the most stable is the one with a P atom occupying
a core site and a B atom at the edge of the wire. The origin
of this physical behaviour can be explained using segregation
energy arguments discussed in [17,18]. In their works the
authors evaluated for B and P single doped Si and Ge NWs
the segregation energy of an impurity, E;, defined as the total
energy difference between an NW doped in the core and one
doped at its edge. They found that, for both Si and Ge NWs,
the E of a P impurity is always smaller than the one for B (this
means that the energetic gain of moving a B atom from the core
to the edge of the wire is higher with respect to the gain for
a P atom, hence there will not be much energetic difference
for P atoms to segregate towards the surface or to occupy core
sites). For this reason, in our case, among the two highest FE
configurations (B core—P edge and P core-B edge), the most
stable one presents a P atom in the core.

Hence our results can be summarized as follows: (i) in B-P
codoped Si and Ge wires, impurities tend to get closer together
and to occupy edge positions and (ii) P atoms will have a
preference to sit in inner subsurface sites. This very interesting
behaviour can be used to confirm the structural model proposed
by Sugimoto et al [49] in the case of colloidal codoped Si
NCs. In their work, they clearly explained that codoping
of NCs is an essential condition to have high dispersibility
in solution, and that a possible origin of this mechanism is
the presence of P-B pairs on the subsurface, that, inducing
a negative surface potential, can inhibit agglomeration. The
model they propose, presenting B atoms on the surface and
P atoms in inner positions, has been theoretically successfully
discussed in the case of Si NCs [48], and is perfectly supported
by our results and by the energetic considerations mentioned
above.

Table 3. DFT-LDA electronic band gaps (in eV) for pure NWs (first
column), codoped P core-B edge configuration (second column)
and B core—P edge configuration (third column) for both Si (first
row) and Ge NWs (second row).

B core— Pcore- Bcore- Bedge-
pure Pedge Bedge Pcore P edge
SiNWs 097 0.81 0.80 0.91 0.96
GeNWs 0.78 0.66 0.67 0.70 0.74

4. Electronic properties

In this section we present results regarding calculations of
electronic structure for codoped Si and Ge NWs. As already
demonstrated in the case of codoped Si NCs [27], the main
effect of codoping should be to introduce impurity energetic
levels into the gap, modifying the energy band gap value
and electronic state localizations. However, this doping
mechanism slightly changes in the case of Si and Ge NWs.
As a first step, in table 3, we have reported the values of the
DFT electronic band gap for all the codoping configurations
considered as well as for the pure NWs. Looking at the
numerical values one can draw two main conclusions: (i) the
impurity states slightly modify the band gap of the pure wire,
in contrast with what was observed in the case of Si NCs (in
which the variation of the band gap with respect to the pure
case was of the order of 0.7eV), (ii) the magnitude of this
reduction depends on the particular geometry considered, as
well as the relative distance between impurities. As regards
the first point, by looking at table 3, we can say that, for
both Si and Ge NWs, the B core-P edge and P core-B edge
configurations present the greatest diminution of the band gap
(however, this value is always less than 0.2 eV for both Si and
Ge NWs and really small if compared to the reduction observed
for Si NCs). The core—core configuration has the smallest gap
variation with respect to the pure wires, but the reduction is less
than 0.1 eV. Finally, the edge—edge configuration represents the
most interesting case, since it has the same band gap as the pure
NWs. To rationalize these results, we note that in the case of
codoped Si NCs the following have been proved [28]: (i) the
diminution of the band gap depends on the dimension of the
NCs; i.e., the impurity related levels are less and less deep in
the undoped semiconductor band gap for larger NCs. Thus the
reduction of the band gap is an inverse function of the ratio
between the number of impurities and the number of Si or Ge
atoms in the nanostructures; this ratio being much smaller in
the case of NWs with respect to NCs, the reduction of the band
gap is smaller for NWs than for NCs. (ii) The reduction also
depends on the distance between impurities. As a consequence
of enhanced Coulomb interaction smaller distances originate
larger gaps, i.e. smaller reductions; this trend is here confirmed
for NWs. In order to obtain some insight into this observation,
in figures 3—8 we plot, for all the considered wires, the band
structure and the wave function localizations of band edges.
The comparison of band structures of codoped wires with
pure wires (not shown here) has indicated that the introduction
of impurities does not change too much the dispersion of the
states, which essentially preserves the same shape. On the
other hand, the analysis of the wave function localizations
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Figure 3. DFT electronic band structure for B core—P edge doped Si NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Blue spheres represent Si atoms, magenta and black P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.

Figure 4. DFT electronic band structure for P core-B edge doped Si NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Blue spheres represent Si atoms, magenta and black P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.
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Figure 5. DFT electronic band structure for B core—P core doped Si NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Blue spheres represent Si atoms, magenta and black P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.

Figure 6. DFT electronic band structure for B core—P edge doped Ge NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Magenta spheres represent Ge atoms, yellow and brown P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.
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Figure 7. DFT electronic band structure for P core-B edge doped Ge NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Magenta spheres represent Ge atoms, yellow and brown P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.

Figure 8. DFT electronic band structure for B core—P core doped Ge NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Magenta spheres represent Ge atoms, yellow and brown P and B atoms respectively, while the
small white spheres are H atoms used to saturate the dangling bonds.
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Figure 9. DFT electronic band structure for B edge—P edge doped Si NWs (right panel). The spatial localization of the impurity state wave
function (in green) is also shown (left panel). Blue spheres represent Si atoms, magenta and black P and B atoms respectively, while the

small white spheres are H atoms used to saturate the dangling bonds.

of band edges (see left panel of figures 3-8) for codoped
wires show that the top of the valence band is located at
the B impurity, while the bottom of the conduction band is
located at P. This behaviour is responsible for the reduction of
band gap we observe here, and has the same physical nature
already demonstrated both theoretically and experimentally in
the case of codoped Si NCs [26, 27]. Furthermore, our results
are qualitatively in agreement with the theoretical calculations
of [18] for thinner wires and with a supercell made by only
four unit cells.

The only exception to this behaviour is represented by the
edge—edge configuration, in which, for both Si and Ge NWs,
the impurity states do not occupy both the band edges. In
particular, for edge—edge Ge NWs (see figure 10) the valence
band maximum is located on Ge while the conduction band
minimum is located on the P atom, while for edge—edge Si
NWs (see figure 9) the valence band maximum and conduction
band minimum are both localized on Si and the impurity states
are deep in the valence and conduction states. In our opinion,
this is due to the different screening effects at work at the edge
and in the interior of the NWs.

5. Conclusions

We have presented first-principles DFT calculations on the
structural and electronic properties of B—P codoped Si and
Ge NWs. For the first time in the study of codoped
wires, diameters larger than 2 nm and high doping regime
concentrations have been considered. Our results demonstrate

that, for both Si and Ge NWs, impurities tend to get closer
together and to occupy edge positions, resulting in lower
FE. Moreover, the electronic property analysis shows that the
codoping is responsible, in both Si and Ge NWs, for a minimal
reduction of the band gap with respect to the pure wires. This
finding can play a particular role in view of Si NWs solar
cell devices: in fact, we have demonstrated that the codoping
process, fundamental for the fabrication of radial and axial
p—n junctions, does not affect the band gap value, preserving
the quantum confinement regime and the associated optical
absorption spectra. Finally we have shown that, for both Si
and Ge NWs, the codoping configuration also has an influence
on the electronic state localizations.
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wave function (in green) is also shown (left panel). Magenta spheres represent Ge atoms, yellow and brown P and B atoms respectively,
while the small white spheres are H atoms used to saturate the dangling bonds.
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