
HAL Id: hal-04022419
https://hal.science/hal-04022419

Submitted on 9 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Revealing the role of Σ3112 Si grain boundary local
structures in impurity segregation

Rita Maji, Eleonora Luppi, Elena Degoli

To cite this version:
Rita Maji, Eleonora Luppi, Elena Degoli. Revealing the role of Σ3112 Si grain boundary lo-
cal structures in impurity segregation. Journal of Applied Physics, 2022, 132 (8), pp.085102.
�10.1063/5.0100742�. �hal-04022419�

https://hal.science/hal-04022419
https://hal.archives-ouvertes.fr


Revealing the role of Σ3{112} Si grain boundary local structures in impurity segregation

Rita Maji
Dipartimento di Scienze e Metodi dell’Ingegneria, Università di Modena e Reggio Emilia,

Via Amendola 2 Padiglione Tamburini , I-42122 Reggio Emilia, Italy

Eleonora Luppi
Laboratoire de Chimie Théorique, Sorbonne Université and CNRS F-75005 Paris, France

Elena Degoli∗
Dipartimento di Scienze e Metodi dell’Ingegneria, Università di Modena e Reggio Emilia and Centro Interdipartimentale En&Tech,

Via Amendola 2 Padiglione Morselli, I-42122 Reggio Emilia, Italy,
Centro S3, Istituto Nanoscienze-Consiglio Nazionale delle Ricerche (CNR-NANO),Via Campi 213/A, 41125 Modena, Italy

Centro Interdipartimentale di Ricerca e per i Servizi nel settore della produzione,
stoccaggio ed utilizzo dell’Idrogeno H2–MO.RE., Via Università 4, 41121 Modena, Italy

(Dated: December 30, 2022)

The interfacial structure of a silicon grain boundary (Si-GB) plays a decisive role on its chemical functional-
ization and has implications in diverse physical-chemical properties of the material. Therefore, GB interface is
particularly relevant when the material is employed in high performance technological applications. Here, we
studied from first principles the role of GB interface by providing an atomistic understanding of two different
Σ3{112} Si-GB models. These models are (1×1) and (1×2) Σ3{112} Si-GBs which lead to different structural
reconstruction. Starting from these two models, we have shown that geometry optimization has an important
role on the structural reconstruction of the GB interface and therefore on its properties. For this reason, we
discussed different methodologies to define an optimal relaxation protocol. The influence of the local structures
in (1×1) and (1×2) models have also been investigated in the presence of vacancies where different light im-
purities of different valency (C, N, H, O) can segregate. We studied how local structures in (1×1) and (1×2)
models are modified by the presence of vacancies and impurities. These structural modifications have been
correlated with the changes of the energetics and electronic properties of the GBs. The behaviour of (1×1) and
(1×2) models demonstrated to be significantly different. The interaction with vacancies and the segregation of
C, N, H and O are significantly different depending on the type of local structures present in Σ3{112} Si-GB.

I. INTRODUCTION

Polycrystalline silicon (poly-Si) is very attractive for pho-
tovoltaic applications. [1, 2]. However, its efficiency can be
strongly modified because poly-Si is characterized by a high
density of grain boundaries (GBs) [3–5], that can affect de-
vice performances [6–8] as lattice distortions is induced. This
makes advantageous charge carriers recombination which in-
duces a significant reduction of carrier lifetime. [9–12] Fur-
thermore, GBs easily form vacancies with deep defect elec-
tronic states. [11, 13] Moreover, GBs facilitates the segrega-
tion of several impurities which modifies the electrical prop-
erties of poly-Si. [12, 14–25] Therefore, recombination and
segregation activity can have a substantial detrimental impact
on the conversion efficiency of the solar cells. [12, 26] An-
other potential application of poly-Si, featuring as a channel
is on 3D NAND devices, [27, 28] however, the conduction is
significantly degraded due to the scattering at GBs and inter-
face defects.

In order to optimize grain boundary effects on the so-
lar cell performances, atomic hydrogen passivation is fre-
quently considered: H is actually inherent during growth
process.[11, 29, 30] Moreover, light elements like C, N, O
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that exist as contaminants along GBs[16], can become effi-
cient gettering center for other native defects.

At present, some of the computational studies focuses to
establish a generalised behaviour of GBs [13, 31], however
the accurate correlation between the electrical and structural
properties of a GB cannot be done considering only the mis-
orientation of two grains and the Σ value alone. A detailed
analysis of the GB plane, local deviations in the orientation as
well as the presence of extrinsic defects at the atomic scale, is
compulsory. Now, concerning the structural properties a reli-
able modeling of GBs is needed, as explored in more detail in
Ref.[32] considering the diversity of GBs. So far, in the litera-
ture, the density functional theory (DFT) has been considered
the most reliable approach to optimize this type of supercells
in addition to having a more reasonable computational cost,
however one have to be very careful when considering asym-
metric or defected cells where the DFT can incur in non real-
istic structural minima. Actually, despite extensive computa-
tional and experimental investigations, presence of under- or
over-coordination at interfaces in some GBs makes difficult
to identify the most correct and realistic optimized structure
for such complex systems: this is therefore still a source of
debate.[32, 33]

This work aims to a better understanding of the interaction
between GB local structures and vacancies defects as well
as impurity defects such as C, N, H and O. We have cho-
sen for this investigation symmetric Σ3{112} GB which can
be both under and over coordinated and, consequently, which
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can be described by two different possible optimized geome-
tries. This systematic investigation of Σ3{112} GB was done
in comparison with Σ3{111} GB that is instead perfectly four
fold coordinated.

The method to obtain the correct reconstructed GB geom-
etry is described in section II and the effect of vacancies on
both the structural and electronic properties of the GBs are
analysed in section III B. In section III C we described the
segregation of impurities and their electronic structures in the
two GB models. The discussion about the correlation between
GBs local structures and vacancies/impurities, together with
the comparison with Σ3{111} GB, is in section III D).

II. METHODOLOGY

The calculations were performed using density functional
theory (DFT) as implemented in the plane-wave based Vienna
Ab initio Simulation Package (VASP).[34, 35] We employed
the generalised gradient approximation PBE for the exchange-
correlation functional [36] and projector augmented-wave
(PAW) pseudopotentials with a cutoff of 400 eV. K-points
sampling within the Monkhorst Pack scheme [37] was used
for integration of Brillouin-zone together with the linear tetra-
hedron method including Blöchl corrections. [38] In partic-
ular, we used a k-mesh of 5×5×3 to calculate energetics of
the structures and a k-mesh of 7×7×5 to calculate their den-
sity of states (DOS). For the structural optimisation, we used a
force threshold value of 10−2 eV/Å per atom. The analysis of
the geometrical structures and post-processing analyses were
carried out using the utilities of VESTA [39].

A. The Σ3{112} Si GB (1×1) and (1×2) model structures

To describe the Σ3{112} Si-GB we used a bi-crystal su-
percell with two GBs and two Si grains, misoriented one with
respect to the other by an angle of 70.53◦ which form an inter-
face along the crystallographic plane {112}. To describe the
grain, we used an orthorhombic supercell (a 6= b 6= c and α =
β = γ= 90◦) and the models (1×1) and (1×2). For the (1×1)
model the lattice parameters are a=3.85 Å, b=9.47 Å and
c=80.70 Åand the cell contains 144 atoms. In the case of the
(1×2) model the optimized lattice parameters are a=7.65 Å,
b=9.48 Å and c=38.36 Å and the cell contains 136 atoms.
[40, 41] The GB regions are shown in Fig.1(a).

Depending on the initial supercell geometry different struc-
tural reconstruction occurs, which lead to distinct local struc-
tures in the GBs. For (1×1) model [Fig.1(a)], sites 1, 2, 5,
5’ and 6 all are four coordinated, while Si at site 3 is under
coordinated and site 4 is over coordinated. Moreover, the dis-
tance between the site 5 and it’s mirror symmetric site 5’ is
2.84 Å which implies a weak interaction [section III C]. In the
case of (1×2) model, the presence of a second layer along
the [11̄0] direction saturates the dangling bond of site 3 via
dimerization (3 - 3’) upon reconstruction. The Si-Si dimer
bond length is 2.47 Å, slightly larger than the Si bulk bond
length which is 2.35 Å. The other sites 1, 2, 4, 4’, 5, 5’ and

6 in the (1×2) model GB have the same coordination as the
GB (1×1) model, i.e. 4 and 4’ both are over-coordinated and
distance between 5, 5’ is 2.87 Å.

This optimized ground state geometry for the (1×2) model
cannot be directly obtained by a standard DFT structural op-
timization. In fact, the system tend to relax in a local mini-
mum energy configuration in which the Si dimer along [11̄0]
is not present. To induce relaxation through the real mini-
mum energy structure special treatments are necessary as, for
example, by initially forcing a small Si-Si distance between
3-3’ and then reoptimizing the structure. We therefore sought
to define a general and reliable protocol that would provide
the correct structural configuration without having to resort
to manual modifications or trial and error approaches. Start-
ing from the supercell geometry relaxed through the DFT ap-
proach, we performed a molecular dynamics (MD) simulation
with VASP. The system have been heated up to 300K for 10
ps, and then quenched to 0K using standard MD simulation
along with the Nose-Hoover thermostat. Finally the obtained
structure has been again optimized using DFT relaxation pro-
cedure. The considered super cell is sufficiently large to use
a single k-point for MD calculations. Through this protocol
it was possible to directly obtain the real minimum energy
geometries for both model of Σ3{112} Si-GB in accordance
with the prediction of [11, 42, 43].

III. RESULTS AND DISCUSSION

A. Energetics and electronic properties: role of local
structures

The formation energy of Σ3{112} Si GB is

Ef
GB =

EGB−nGBEB

2A
, (1)

where EGB is the energy of the GB, nGB is the number of
Si atoms, here 144 and 136 depending on (1×1) and (1×2)
model respectively in the GB supercell, EB is the energy per
Si atom taken from the Si cubic crystal structure, A is the GB
cross-section area and the scaling factor 1/2 take care of bi-
crystal supercell.[15]

We find that the (1×2) model has smaller formation energy
(Ef

GB = 0.64 J/m2) than the corresponding (1×1) (Ef
GB = 1.05

J/m2) model. This is a consequence of the fact that in (1×2)
model no dangling bonds are present as a result of reconstruc-
tion along [11̄0], thus energy reduces, while in the later case,
because of the periodicity of the supercell, three coordinated
Si sites are left as marked by black square in Fig.1(a).

Symmetric Σ3{112} GB contains five and seven-fold Si
rings, which constitutes the dislocation core. However, the
differences in Si coordinations between the two models induce
different local contributions that can be observed in the local
density of states (LDOS) in Fig.[1(c) and (d)], respectively. In
Fig.[1(c)], for (1×1) model of Fig.1(a), sites 1, 2 and 6 are
all four coordinated and no changes in LDOS appear. Mirror
symmetric sites 5 and 5’ are still four coordinated but in this
case the existence of a weak interaction is reflected by the new
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FIG. 1: GB structure of symmetric Σ3{112} with (a)(1×1) and (1×2) model. Black square indicate the atomic site in GBs which have
dangling bond in the (1×1) GB model and the corresponding dimer in (1×2) model.(b) Density of states (DOS) for (1×1) and (1×2) GB
model. Projected local density of states (LDOS) of different sites as labeled within the inset according to (a) for (c)(1×1) and (d)(1×2) GB
model. Valence and conduction band edges are marked with dotted lines considering a Si atom from bulk region (gray shade) of the two GB
models.

peaks in the LDOS gap. Si at site 3 and 4 with dangling bond
in the former and presence of extra bond in the later are in-
stead responsible for the extra peaks in the band edges region.

In case of (1×2) model, the gap states due to site 3, present
in the (1×1) model, vanish because of Si dimer formation be-
tween 3-3’ (see Fig.1(d)). All other sites (1, 2, 4, 4’ 5, 5’ and
6) in the GB follows the coordination alike (1×1) model as
evident from corresponding LDOS plots. Thus reconstruction
of bonds locally modifies their contributions to the states, al-
though the total density of states is apparently similar for both
the GB models [Fig.1(b)].

B. Vacancy defect

The formation energy of vacancy is calculated as,

Ef
VGB = EVGB−

nGB−1
nGB

EGB, (2)

where EVGB is the energy of the optimized GB including va-
cancy, nGB is the number of Si atoms in the supercell, and EGB
is the energy of GB. The values of formation energy in Table
I suggest that vacancy V1, due to the removal of a Si atom
from the head of pentagon (site 4/4’), is more favorable than
V2 (Si removed from site 5/5’), since Si vacancy at a over co-
ordinated site prefers the vacancy segregation which reduce

GB model vacancy configurations Ef
VGB (eV)

(1×1) V1 (site 4) 0.41
V2( site 5) 0.83

(1×2) V1 (site 4’) 0.49
V2 (site 5’) 0.68

TABLE I: Vacancy formation energy for V1 and V2 in both the mod-
els (1×1) and (1×2) calculated through Eq.2. Si site for creating va-
cancy configurations V1 and V2 are respectively site 4 and site 5 as
marked in Fig.1(a).

the GB energy. However, here V1 and V2 both within (1×1)
and (1×2) model have been analysed rigorously in order to
understand local reconstruction and corresponding effects on
electronic properties.

1×1 model For vacancy configurations V1 and V2 the
reconstructed GB structures are shown in Fig.2(a,c). In the
relaxed geometry of V1, the site 3 at GB was three coordi-
nated, and now it undergoes reconstruction and lead to a dif-
ferent dislocation core. Thus except site 5’ and 6, that are now
three-fold coordinated, Si atoms in all other sites, as marked
in Fig.2(a) are now four-fold coordinated. The presence of
dangling bonds due to site 5’ and 6 provide new states in the
gap as evident from LDOS [Fig.2(b)]. However, for V2, no
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FIG. 2: Relaxed Σ3{112} Si-GB (1×1) in presence of a vacancy in
(a) site V1 or (c) site V2. (b) LDOS plots for sites as marked in
(a), (d) LDOS plots for sites as marked in (c). Dotted lines indicate
valence and conduction band edges for a Si atom from bulk region
(gray shade) of GB models.

reconstruction occur for site 3 and the new optimized core
leaves more sites (4, 6 and 8) with dangling bond. Therefore
the presence of states in the gap increases, with a major con-
tribution from sites 3 and 4. For both V1 and V2, some small
peaks in the LDOS gap are visible also for other sites, due to
the lattice distortion induced by the reconstruction needed to
accommodate the vacancy

1×2 model In bulk Si, the presence of a vacancy repre-
sents a point defect that induce dangling bonds in the system.
Σ3{112} Si-GB (1×2) model, as bulk Si, does not present
any dangling bonds, nevertheless a neutral vacancy is per-
fectly segregated. Actually, structural optimization of vacancy
defect V1 in the GB resulted again in a structure perfectly
bonded, without dangling bonds, that could be seen as an-
other possible configuration of the same grain boundary.[11]
In LDOS [Fig. 3(a, b)], absence of any defect states in the gap
confirms the disappearence of coordination defects at the GB.
Vacancy V2 leads, instead, to coordination defects for sites
7 and 8, however in optimized structure these two sites tend
to move closer to each other. This pair partially restore the
four-fold coordination, thus shifting local levels towards con-
duction band edges [Fig. 3(c, d)].
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(a) site V1 or (c) site V2. (b) LDOS plots for sites as marked in
(a), (d) LDOS plots for sites as marked in (c). Dotted lines indicate
valence and conduction band edges for a Si atom from bulk region
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C. Segregation: H, C, N and O impurities

The formation of Si vacancies at GB dramatically alters the
atomic structure and thus the electronic properties and pas-
sivation behaviors of GBs in Si. Therefore, segregation of
different impurities have also been affected. Here we con-
sider single H, C, N and O atoms as segregated elements, in
both (1×1) and (1×2) model. The segregation energy of the
impurity atom at different interstitial positions at the GB in
presence of a vacancy[15] is computed as:

∆
XVGB
XGB = EXVGB−EXGB (3)

where X refers to different impurity elements (H, C, N and O
here). EXVGB and EXGB are the impurity energies respectively
in the GB with a vacancy and in the pristine GB which are
calculated as

EXVGB = EVGB+X−EVGB−µX, (4)

EXGB = EGB+X−EGB−µX, (5)

where EVGB+X is the energy of the GB with a vacancy along
with impurity atom (X: H/C/N/O), EVGB is the energy of the
GB with a vacancy, µX is the chemical potential of the respec-
tive impurity atom, and EGB+X is the total energy of the GB
containing the impurity atom, EGB is the total energy of the Si
GB.

Concerning the electronic properties, we have chosen to
discuss here the structures with the lowest segregation energy
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FIG. 4: LDOS for Si and H sites for (a)(1×1) model with vacancy V1, (b)(1×1) model with vacancy V2, and (c)(1×2) model with vacancy
V2. In the inset site numbers are in accordance with Fig.2(a,c) and Fig.3(c). LDOS of H is plotted along with that of Si atoms that it saturates.
Same sites before introducing the H impurity are plotted with grey shade.

configurations. We have reported the LDOS of the sites as
marked in presence of vacancy in GB for both the models
[Fig.2(a,c) and Fig.3(c)]. The total DOS can be found in the
Supplementary Material [SM].

A single H atom can saturate only one of the 3-fold coor-
dinated sites. However in both the models (1×1) and (1×2),
the presence of a Si vacancy corresponds to more than one
unsaturated Si, hence, single H atom segregation cannot fully
passivate the GB. Si at site 6 in (1×1) model with vacancy
V1 [Fig.4(a)], Si at site 4 in (1×1) model with vacancy V2
[Fig.4(b)] and Si at site 8 in (1×2) model with vacancy V2
[Fig.4(c)] are passivated by the H atom resulting in the disap-
pearance of gap states in the two former cases and with the
lowering and shift inside the gap in the latter. In this last
case the inclusion of H increase the distance between Si(7)
and Si(8) discarding the partial coordination restoration lead-
ing to more localized states. The H passivation also reduces
local distorsion of neighbouring sites, thus removing low ly-
ing states for Si(1) in Fig.4 (a) and Si(6) in Fig.4 (b).

The segregation characteristics of the C, N and O atoms
differ greatly when they are placed as interstitial impurities
on the two GB models. In this process even the lowest segre-
gation energy configurations confront with under or over co-
ordinated situations. In Fig.5(a,b) we have considered two
configurations, where N fulfil it’s coordination. Although in
both cases the N atom is three-fold coordinated and Si atoms
bonded with N are four-fold coordinated, the situation is sub-
stantially different. Actually, while the LDOS of 1x1 model
with vacancy V1 shows the effective role played by the N
atom in cleaning the gap from states due to dangling bonds
(see for example LDOS of atoms 5, 6 and 8 of Fig.5(a)), the
LDOS of 1x1 model with vacancy V2 (Fig.5(b)) present more
states in the gap for atoms 3, 4 and 5’. These states are due to
structural distortions of the lattice: actually, while the system
with V1 vacancy, in the presence of N, recovers a certain sym-
metry, the model with V2 maintains a high distortion at the
GB. On the contrary, for Si at site 6 [Fig.5 (b)], that through
reconstruction is now 4-fold coordinated and present a quite
symmetric configuration around, the peak in the gap vanishes.

In Fig.6, we show the LDOS of Si and interstitial C and
O atom for (1×2) model in the presence of vacancy V2. O
atom segregates at bond-centered configuration between the
two 3-fold coordinated Si atoms (site 7 and 8 in [Fig.3(c)])
restoring local Si-O-Si structure as happen in Si bulk and Si

nanostructures[15, 44, 45] as confirmed by the vanishing of
gap states [Fig.6(a)]. Moreover, the inclusion of the O atom
reduces the lattice distortion induced by the vacancy as is
demonstrated by the LDOS of Si(6) that, without gap states,
is now quite similar to the initial one [see Fig.1(d)].

For interstitial C segregation, C atom as well as the Si atoms
in the GB restore their 4-fold coordination. From LDOS
plots [Fig.6(b)] of Si sites as marked in Fig.3(c), and C atom
(included in the plot of the four Si atoms with which it is
bonded), it is evident that while the peak at the conduction
band edge (atom 7 and 8 grey shade), vanishes due to passi-
vation of dangling bonds, a new peak appears at the valence
band edge probably due to the lattice distortion induced by
C atom. Present calculations actually show that interstitial C
atoms can lead to a severe lattice distorsion of surrounding
Si crystal, as a result of the formation of longer C-Si covalent
bonds (1.956Å) in comparison to most stable bond in bulk SiC
(length 1.887Å) [46].

For in-depth comprehension of the complex configurations
obtained, we resort to the analysis of bonding structure of seg-
regated impurities obtained from electron localization func-
tion (ELF)[47]. In Figure Fig.7, ELF profile is plotted along
different bonds as marked in the inset. ELF is a relative mea-
surement of the electron localization and it takes values be-
tween 0 and 1. We note that in the PAW method only va-
lence electrons are taken into account in the calculation so
ELF profile starts from zero in the core of the atoms. When
the amplitude of ELF is≈1, then electrons are localized in the
bonding regions, as observed from typical shape of the cova-
lent bond in bulk Si [green line in Fig.7(a-c)]. ELF profiles
in Fig.7(a-c) show the strained nature of Si-Si bonds, either
elongated or compressed, due to segregated N/C atom. The
reduced amplitude of ELF for Si-N and Si-C bonds [red and
black lines in Fig.7(a, b, c)] indicates the shorter heteropolar
covalent bond: ELF amplitude for C-Si bond is closer to Si-
Si bond than Si-N bond, indicating the variety of heteropolar
covalent bonds. The relative difference between ELF profile
for different Si-N bonds in Fig.7(b) with respect to Fig.7(a)
indicates the more distorted structure with V2 rather than V1.
Moreover ELF profile along the three folded Si atoms [Si(6)-
Si(8) V2 in Fig.7(b) and Si(7)-Si(8) V2 in Fig.7(c)] shows the
delocalized nature of these bonds (visible in the lowering of
the central part of ELF profile) due to a weak interaction as
discussed previously.
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LDOS of N is plotted along with that of Si atoms that it saturates. Same sites before introducing the N impurity are plotted with grey shade.
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Moreover, these data are confirmed by the ELF iso-surface
plot in the sketch that is regularly (i.e. almost spherical) dis-
tributed on localized Si-Si bonds while it is more and more
distorted in presence of dangling/delocalized bonds (see for
example Fig.7(b) around N and around Si(4)).

D. Σ3{112} vs Σ3{111} Si grain boundaries

The segregation mechanisms depend on local structural dis-
tortions obtained by the GBs itself or otherwise generated
by strain and/or vacancies. The most symmetric and stable
Σ3{111} Si-GB is well known to be less effective in pris-
tine state, instead it favores segregation in presence of va-
cancy defects[15, 16]. However, less symmetric boundaries
such as Σ3{112}, Σ9{221} and Σ27{552} demonstrated to
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be efficient gettering centers for atomic impurities in pristine
structure itself.[18, 25, 43, 48]

Σ3{112} has been discussed for both symmetric and asym-
metric GB structures, in term of their gettering ability [48].
However for symmetric Σ3{112} Si-GB, considerations on
the supercell lead to two different models and in presence of
vacancy the optimized geometry correspond to different seg-
regation energetics.
In Fig. 8 we show the segregation energies (a) and the pressure
variation for the Σ3{111}[15, 16] and Σ3{112} Si-GBs in the
presence of a vacancy as a function of different interstitial im-
purities (H, C, N, and O) choosing the minimum energy con-
figuration in between many possible equilibrium structures.

The behaviour is very different both for the particular GB
and for the different interstitial impurities. In general we can
see that, in presence of a vacancy, all the considered impurities
segregate much better in Σ3{111} than in Σ3{112} GB and
(1×1) model is, among all, the least effective in segregation
(i.e. impurities are not able to segregate). Both in Σ3{112}
(1×2) model and Σ3{111} GB, C segregation is favored fol-
lowed by N, O and H eventually. Moreover, the segregation
energy is only slightly affected by the vacancy location, except
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FIG. 8: Comparison of (a) segregation energy and (b) system pres-
sure (P(X+VGB) - P(VGB)) in presence of different interstitial im-
purities X (X: H, C, N, O) and vacancy defect (VGB) on two differ-
ent GB model of Σ3{112}, compared with the two possible vacancy
defect structures on most stable Σ3{111} GB[15] as mentioned in
the inset. Values of the segregation energies and pressures are also
reported in Table.1 in the Supplementary Material.

for the case of N atom where a strong dependence is clear: for
example the segregation of N is favoured in (1×1) model with
V1 vacancy while it becomes strongly unfavorable with va-
cancy V2. The trend in segregation energy is confirmed by
changes in the hydrostatic pressure of our structures, which is
obtained from VASP for a given cell with a fixed volume. If
we look at the changes in the hydrostatic pressure when a va-
cancy is created at the GB we find that, while in Σ3{111} GB
pressure decreases (P(VGB) - P(GB) ' -0.48 GPa) indicat-
ing, as expected, a lowering of the total stress in the system,
in Σ3{112} GB the pressure is almost unchanged (P(VGB) -
P(GB)' 0) probably as a consequence of the strongly asym-
metric nature of this GB with respect to the most symmetric
Σ3{111}.

Changes in the hydrostatic pressure when an impurity atom
is then added at the GB are shown in Fig. 8(b). Σ3{111} GB
experiences a further lowering of pressure, and therefore of
structural stress, in the case of C and N (only for the most sta-
ble vacancy) impurities. O atom increases the pressure with
respect to the GB with a vacancy but the whole system has
anyway lower pressure than the pristine GB. Finally H impu-
rity increases the system pressure above the one of pristine
GB indicating a consistent stess at the GB itself.

For the Σ3{112} GB, only C impurity reduces the total
pressure of the system, while N and O atoms only slightly
increase it. H is again the one with higher increase in pres-
sure, actually a single H is not able to stabilize the system
both electronically and structurally.

IV. CONCLUSIONS

In the present work, we studied the structural and electronic
properties of the 1×1 and the 1×2 Σ3{112} Si-GB models via
first-principles calculations. We demonstrated that structural
optimization plays a major role in obtaining reliable structures
and therefore also reliable physical properties of the systems.
For this reason, we have defined a general protocol able to
avoid the possible local structural minima that DFT can incur,
and that would affect the study of the system. With this ap-
proach, we have investigated how vacancies as well as light
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impurity elements segregate and interact with the GB, and
how they change the structural and the electronic properties
of the GB. As a result we have found a correlation between
segregation energies of intrinsic/impurity defects with local
geometry of the Si-GB models.
We have found that the presence of vacancy sites lead to either
perfectly bonded Si-GB or to more distorted GB structures
depending on the initial supercell model, i.e. (1×2) Σ3{112}
Si-GB completely segregates the vacancy V1 thus not show-
ing coordination defects and associated states in the gap. The
opposite behaviour was found for the (1×1) Σ3{112} Si-GB
model.
In addition, the inclusion of a light impurity of different va-
lency (C, N, H, O) may lead to fully-/un-saturated bonds de-
pending on the nature of the impurity. In the process of seg-
regation, the energy can decreases up to 2.5 eV for Σ3{112}
Si-GB, and varies for different elements. The defect levels
due to the vacancy are shifted towards the conduction band,
becoming shallow levels and then, in the case of the most
energetically favourable segregated impurity these gap states
disappears. At the same time, the Si atoms along the GB try to
relax decreasing the interatomic distances and forming pairs.
For the most favourable situations, covalent bonds between
these atoms are reconstructed leading to a systems without
states in the gap. When this reconstruction is not possible due
to the structural distortion of the migrating impurity new states
inside the gap are observed.

Depending on the GB models considered we found that the
energetics as well as the ability of impurities in reducing co-
ordination defect and associated gap states, detrimental for the
devices, can be different. In the case of (1×2) model, C and
O seems to be the more effective impurity elements while in
(1×1) model neither C, N or O seem able to fulfil the proper
coordination while H results to be the best candidate for full
segregation/passivation.

V. SUPPLEMENTARY MATERIAL

In the Supplementary Material structures and local density
of states are reported for all sites as marked in the structures.
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