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Interstitial iron impurities at grain boundaries in silicon: A first-principles study
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Iron impurities have a negative effect on the efficiency of silicon-based solar cells because they act as
trapping centers for charge carriers. Various processing techniques have been applied to improve the efficiency
by passivating the Fe contaminants. For instance, internal gettering exploits the attractive interaction between
interfaces and the diffusing Fe atoms. Therefore, it is interesting and important to develop a fundamental
understanding of mechanisms for this interaction. In this work, we employ density functional theory to study the
electronic structure and the segregation behavior of impurity atoms at grain boundaries (GBs). The investigated
set of symmetrical tilt or twist GBs in Si provides a variety of interface orientations and structures at the atomic
scale. Our results suggest that segregation of interstitial Fe occurs only at specific sites at some of these GBs,
e.g., the � 3 (112) GBs and � 3 (110) GBs. However, there seems to be no obvious relation between the
computed segregation energies and the local coordination and electronic structure at the segregation sites. Hence,
the thermodynamics of interstitial Fe at GBs in Si is determined by rather subtle features of structure and bonding.
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I. INTRODUCTION

Multicrystalline silicon (mc-Si) is the most economical
feedstock material for Si-based solar cells. Due to the
very challenging market situation for solar-cell production,
companies are forced to reduce the costs of their solar modules
by using cheaper feedstock materials like metallurgical
silicon [1]. These savings usually come with the disadvantage
of larger amounts of metallic impurities in the material
that cause electrical efficiency losses due to their action
as recombination centers [2–6] or due to the formation of
precipitates [7]. Among these metallic impurities iron is
known to have a strong detrimental effect on the efficiency of
the solar cell [8]. Different processing techniques are applied
for the passivation of Fe contaminants in order to improve the
solar-cell efficiency. For instance, internal gettering exploits
the attractive interaction between grain boundaries (GBs)
in the mc-Si and the diffusing Fe atoms [9–13]. Therefore,
it is interesting and important to develop a fundamental
understanding of the mechanism for this interaction. The
segregation of Fe atoms and the precipitation of Fe silicide
particles at GBs have been examined by various experimental
studies using methods like photoluminescence (PL) spec-
troscopy [14–16] and electron-beam-induced current (EBIC)
measurements [17,18] in combination with transmission
electron microscopy (TEM) [19–21], scanning electron
microscopy (SEM) [17,19,22], and electron backscatter
diffraction (EBSD) [17,19,22]. All these studies indicate
that the segregation of Fe at GBs in Si strongly depends
both on the misorientation of grains, often denoted by the
� value of the coincidence-site lattice [23], and on the
inclination of the GBs, as denoted by the Miller indices (hkl)
of the interface plane. For instance, it was shown that the
� 3 (111) GB is not gettering Fe, whereas � 3 (112) and � 3
(110) GBs contain large amounts of segregated Fe [17,19,24].
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Hence, to characterize the gettering efficiency of a GB solely
by its � value is not sufficient.

The behavior of impurity Fe atoms in Si bulk crystals
has already been studied extensively both theoretically and
experimentally. The Fe impurities in bulk Si occupy tetrahedral
interstitial sites in the diamond structure of crystalline Si.
In p-type doped Si the Fe is positively charged (Fe+); in
n-type or nondoped Si the Fe remains uncharged (Fe0) [2,25].
Interstitial Fe creates a deep donor level at 0.4 eV above the
valence band edge of bulk Si, which causes the photoinduced
charge carriers (electrons and holes) to recombine easily [2].
The electronic behavior of Fe in bulk Si was successfully
explained by Ludwig and Woodbury, who showed that the
two 4s electrons of the bcc Fe atom are both transferred
into the 3d bands when the Fe atom is embedded in the Si
crystal [26]. This simple model is in very good agreement
with electron paramagnetic-resonance measurements and first-
principles electronic-structure calculations [25,27].

In this study, we investigate interstitial Fe impurities and
their interaction with a set of low-� symmetrical (tilt or twist)
GBs by means of first-principles density functional theory
(DFT) calculations. The set of investigated GBs provides a
variety of interface orientations and structures at the atomic
scale. Therefore, we believe that our results can be extrapolated
to other types of GBs in Si.

This paper is organized as follows: In Sec. II the computa-
tional DFT methods are discussed, and in Sec III the atomistic
GB models are described concisely. The results are presented
in Sec. IV and are discussed in Sec. V.

II. COMPUTATIONAL METHODS

All DFT calculations have been carried out using the
QUANTUM ESPRESSO PWSCF code [28], which uses a plane-
wave basis to represent the wave functions of the valence
electrons. Interactions of ionic cores and valence electrons are
described by ultrasoft pseudopotentials. The Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation was used
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FIG. 1. (Color online) Supercell models of a symmetric tilt GB
� 3 (111) and a symmetric twist GB � 3 (110). Due to periodic
boundary conditions, there are two equivalent GBs in the supercells,
but for clarity only half of the supercells are shown, with blue atoms
highlighting the GB. Tripods indicate the crystallographic directions
of the cubic diamond structure.

for exchange correlation [29,30]. All calculations in which Fe
was involved were spin polarized. Energy cutoffs of 35 and
350 Ry for the plane-wave basis and the Fourier representation
of the electron density, respectively, were found to yield
sufficiently converged results. The Brillouin-zone integrals
were sampled by Monkhorst-Pack k-point grids [31]. The
specific grids differ for the various supercells but were checked
for equally good convergence in all cases. Atom positions were
relaxed until the residual forces acting on them were less than
10−4 eV/Å. The volume was relaxed for each GB supercell of
Si without Fe and was then kept fixed when Fe was inserted at
interstitial sites.

III. GRAIN-BOUNDARY MODELS

Models for a set of coincidence-site-lattice GBs of types
� 3, � 5, and � 9 were created. These GBs differ by
the inclination of their GB plane and their local atomic
configurations. The GB models were selected from low-energy
structures of various computational studies and according to
experimental observations. Details for the specific GBs are
given in the following and in Sec. V.

Figure 1 shows two � 3 GBs which differ in their interface
planes. The supercells contain 96 and 72 Si atoms for � 3 (111)
and � 3 (110), respectively. The � 3 (111) GB is a symmetric
tilt GB with its [112] tilt axis lying in the GB plane. The

� 3 (110) GB is a symmetric twist GB because the twist [112]
axis is perpendicular to the GB plane. All Si atoms in these
two GB models are fourfold coordinated. The � 3 (111) GB
has been observed in many experiments (see, e.g., Ref. [19]).

Figure 2 shows the supercell models of another type of
the � 3 GB, namely, � 3 (112). High resolution transmission
electron microscopy (HRTEM) investigations [21] showed that
this GB can exist in at least two variants, termed the mirror-
symmetric and nonsymmetric models.

The two structures differ in reconstructions of the Si bonds
along the [112] direction, as indicated by the red bond in Fig. 2.
Fivefold-coordinated Si atoms exist in the mirror-symmetric
model, whereas all Si atoms are fourfold coordinated in the
nonsymmetric model. The supercells contain 136 and 144 Si
atoms for the nonsymmetric and mirror-symmetric models,
respectively. The reconstructed GB consists of a series of five-,
seven-, and sixfold Si rings which are indicated by yellow
polygons in Fig. 2.

Finally, Fig. 3 shows the supercell models of three GBs with
higher � values: � 5 (120), � 5 (130), and � 9 (221). All
Si atoms are fourfold coordinated in these GB models. While
the � 5 (120) and � 9 (221) GB interfaces are following a
nonsymmetric pattern, the interface of the � 5 (130) GB is
planar. While the interface structures of the � 5 GBs are built
from three-, four-, and fivefold Si rings, the interface structure
of � 9 (221) consists of only five- and sevenfold Si rings. The
supercells contain 80, 40, and 136 Si atoms for the � 5 (120),
� 5 (130), and � 9 (221) models, respectively. The structures
of the chosen � 5 GBs have been reported in the literature to
be low in energy [32–37]. To our knowledge, no theoretical
first-principles study of the � 9 (221) GB has been reported
so far, but our results for its interface structure is in agreement
with experimental HRTEM observations [20].

IV. RESULTS

A. Grain-boundary energies

Interface energies γGB for all GBs are defined as

γGB = EGB − NSiμSi

2AGB
,

where EGB is the total energy of the GB supercell, NSi is the
number of Si atoms, μSi is the chemical potential of Si, i.e., the
total energy of a Si atom in the equilibrium diamond structure,

FIG. 2. (Color online) Supercell models of two variants of symmetric tilt � 3 (112) GBs.
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FIG. 3. (Color online) Supercell models of three symmetric tilt
GBs: � 5 (120), � 5 (130), and � 9 (221).

and AGB is the interface area of the GB. The factor of 2 in
the denominator takes into account that there are always two
grain boundaries in the supercells due to periodic boundary
conditions.

The results for GB energies are listed in Table I. As
expected, the � 3 (111) GB has a very low energy of 0.01 J/m2.
The results also indicate that the nonsymmetric reconstruction
of the � 3 (112) GB leads to a reduction of the GB energy
from 0.67 to 0.47 J/m2.

Both � 5 GBs are similar in energy in spite of their clearly
different geometric arrangements. The � 3 (110) GB has the
highest energy of 0.76 J/m2. The second-lowest energy of all
investigated structures, about 0.16 J/m2, is found for the � 9
(221) GB.

B. Segregation of interstitial iron

After optimization of the GB supercells for pure Si, a single
Fe impurity was inserted into various interstitial sites both in
the vicinity of the GBs and in the bulklike regions of the
models. One of the two Si GBs in the supercell was always
populated with Fe. In order to keep the number of calculations
feasible we considered only charge-neutral Fe(0) interstitials.
Segregation energies of the interstitial Fe atoms at GBs were
calculated according to

E
seg
Fe = Etot − γGB2AGB − NFeμFei

, (1)

where Etot is the total energy of a Si GB supercell with an Fe
impurity, NFe is the number of Fe atoms in the supercell, and
μFei

is the chemical potential, which is set to the total energy
of interstitial Fe in bulk Si, calculated with a cubic supercell
containing 64 Si atoms and a single interstitial Fe atom. In

TABLE I. Calculated GB energies.

Grain boundary GB energy (J/m2) GB energy (meV/Å2)

� 3 (111) 0.01 0.6
� 3 (112) symmetric 0.67 41.8
� 3 (112) nonsymmetric 0.47 29.3
� 3 (110) 0.76 47.4

� 5 (120) 0.39 24.3
� 5 (130) 0.35 21.8

� 9 (221) 0.16 10.0

FIG. 4. (Color online) Segregation energies for various intersti-
tial Fe within a 4–8 Å broad region around the GB. For the labeled
structures more details are shown in Fig. 5.

addition, we validated that our results are very consistent by
comparing the segregation energy of Fe in the bulklike regions
of the GB supercell models with that of Fe in the 64-atom
bulk-Si supercell.

We investigated more than 50 interstitial sites in the consid-
ered GBs. The segregation energies of unique configurations
are shown in Fig. 4. Negative segregation-energy values
correspond to an attraction between the GB and Fe; positive
values indicate that segregation is not favorable. Sites for which
Fe segregation is favorable are labeled (a1) to (f3), where the
superscript marks the type of the GB: 1 for � 3 (110), 2 for
mirror-symmetric � 3 (112), and 3 for nonsymmetric � 3
(112). These sites will be studied in detail below. Sites with
segregation energies larger than −0.1 eV are not considered to
attract Fe atoms significantly.

We attempted to correlate several geometric features of
the segregation sites (e.g., coordination number, mean bond
length, bond angle distribution, and so on) with the segregation
energy but were not able to identify any clear relation.

From Fig. 4, it is evident that only three of the investigated
GBs show a significantly attractive behavior for interstitial Fe,
namely, the two � 3 (112) GBs and the � 3 (110) GB.

In Fig. 5, the local atomic arrangement of interstitial sites
are displayed. The local structures of the (a1) and (b1) sites in
the � 3 (110) GB are very similar. They differ only in two Si
atoms, which are nearby in (a1) but are separated in (b1). In the
case of the symmetric model of the � 3 (112) GB the (c2) and
(e2) sites differ only by their location in the reconstructed GB
structure: while one site is located at the reconstructed Si-Si
bond, the other site is in the more open environment. Site (d2)
closely resembles the tetrahedral position in bulk Si but with
one additional Si neighbor giving it a fivefold coordination.
Site (f3) of the reconstructed � 3 (112) GB is formed by a
slightly disturbed sixfold Si ring.

Figure 6 shows the site-projected densities of electronic
states (PDOS) for all interstitial configurations depicted in
Fig. 5. The PDOS of interstitial Fe in bulk Si has been
added as a reference. In bulk Si, interstitial Fe atoms occupy
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FIG. 5. (Color online) Low-energy configurations of segregated
Fe at GBs (see Fig. 4). The structures of the left colum show the site
along the

[
110

]
direction, while the pictures in middle column are

along the
[
111

]
direction. The right column shows the interstitial Fe

with its surrounding only. Red spheres are Fe atoms, and blue spheres
indicate Si atoms with five Si neighbors.

the tetrahedral sites formed by the nearest-neighbor shell
of Si atoms. The second-nearest-neighbor shell of Si atoms
provide an octahedral coordination. In this bulk interstitial
configuration, the Fe 4s states are shifted to higher energies
above the Fermi energy, and hence, the two 4s electrons are
transferred into the lower-lying Fe 3d states which are thus
filled with eight instead of six 4d electrons (see the uppermost
left panel in Fig. 6). It turns out that the high-spin configuration
is favored in bulk Si, i.e., the spin-up d states are completely
filled by five electrons, and the spin-down d states are occupied
by three electrons. Due to the cubic crystal-field symmetry,
the 3d impurity level splits into t2g and eg levels. However,
the crystal-field contribution from the first-nearest neighbors
(tetrahedral coordination), which would result in more stable
eg bands, is apparently less effective than the crystal-field
contribution from the second-nearest neighbors (octahedral
coordination). In accordance with previous investigations, we
find that the t2g levels lie lower in energy than the eg levels [26].

The spin-polarized state of the interstitial Fe in bulk Si
remains stable for all GB structures shown in Fig. 4 except for
(c2) and (e2). These two special cases will be analyzed further
below.

At the GBs, the bulk-specific coordination pattern of
nearest-neighbor tetrahedral coordination and second-nearest-
neighbor octahedral coordination is usually no longer present,
and hence, the electronic structure of the Fe impurity and
its environment changes. The investigated structures can be
classified into two different groups.

FIG. 6. (Color online) Total and local (site- and orbital-
projected) densities of states for the various important segregation
sites of interstitial Fe impurities at Si GBs depicted in Figs. 4 and 5.
The energy is given with respect to the Fermi energy.

The first group, (a1), (b1), (d2), and (f3), still favors the high-
spin configuration like the interstitial Fe in bulk Si. However,
the crystal-field splitting of the d levels is distorted: the d levels
split sometimes into more than two peaks, and the peaks are
no longer built up by either eg or t2g levels but by a mixture of
the two. Interestingly, the resulting electronic structure of the
d levels (gray shaded area in Fig. 6) is still similar to that of
the interstitial Fe at bulk.

The second group of structures, (d2) and (f3), favors the
non-spin-polarized configuration. The peaks of the Fe d levels
overlap with peaks (turquoise) of a Si atom which is located
in the nearest-neighbor shell of Fe. This specific Si atom is
coordinated by five Si atoms and is marked by blue spheres
in Fig. 5. The overlapping electronic states of neighboring
atoms indicate the formation of a chemical bond. It is very
likely that this effect causes the spin configuration of Fe to
change.

From the analysis above, we conclude that the change of
the local electronic structure, particularly that of the d states,
of interstitial Fe atoms at GBs in Si is mainly due to the
different local environments. If only fourfold-coordinated Si
atoms exist in this environment, the largest effect is due to
the presence of the crystal field. Fivefold-coordinated Si can
perfectly lead to the formation of Fe-Si bonds that can alter
the spin configuration of the interstitial Fe atoms.
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V. DISCUSSION

In order to study the behavior of Fe impurities in poly-
crystalline Si, atomistic models for seven symmetric GBs
in Si were constructed and structurally relaxed, and their
interface energies were calculated. The obtained structures for
the two � 3 (112) GB models are in agreement with reported
HRTEM observation by Sakaguchi et al. [21]. Experimentally,
the mirror-symmetric arrangement of the GB was apparently
found mainly in the vicinity of triple lines of GBs, whereas
the nonsymmetric arrangement was observed in GB segments
which were free from any other structural distortion. Sakaguchi
et al. also reported GB energies for the two � 3 (112)
GB models from their first-principles calculations, namely,
0.56 J/m2 for the nonsymmetric model and 0.75 J/m2 for the
mirror-symmetric model, which are in good agreement with
our values of about 0.47 and 0.67 J/m2, respectively.

The results of recent first-principles studies for the � 5
(130) GB [34,36] also agree well with our data. Our GB energy
of 0.35 J/m2 for the � 3 (112) GB is close to the values reported
by Huang et al. (0.38 J/m2) [34], Shi et al. (0.37 J/m2) [33],
and Lazebnykh and Mysovsky (0.29 J/m2) [36]. We are not
aware of any reports of atomistic studies for the � 5 (120) and
� 3 (110) GBs. Our proposed models of the latter two GBs
have GB energies similar to those of the other investigated
GBs, and hence, we believe that such a GB configuration
could exist in Si. We are confident that the chosen set of seven
GB models is realistic, representative, and useful for studying
the GB segregation of Fe impurities.

The Fe atoms were introduced at interstitial sites of the GBs.
Among the seven GB models, an attraction of Fe atoms is found
for only three of them, namely, for both models of � 3 (112)
and � 3 (110). This is in agreement with experimental SEM,
HRTEM, and EBIC observations. Chen et al. showed that in
terms of Fe gettering the � 3 (111) GB behaves differently
from the � 3 (112) and � 3 (110) GBs [19]. While the latter
two GBs strongly attract Fe, the � 3 (111) GB does not show
Fe segregation at all. The different behaviors of symmetric
� 3 (111) and � 3 (110) GBs was recently confirmed by Nacke
et al. [38]. Chen et al. also reported that individual Fe atoms
could be seen at the � 3 (112) GB in HRTEM [19]. This is also
reflected by our results since some but not all of the interstitial
sites are apparently attractive. At odds with our present results,
Chen et al. reported that the � 9 GBs also tend to attract Fe
atoms. However, the interface plane orientation was not given
for this � 9 GB. We therefore cannot be certain whether the
� 9 GBs which were investigated by Chen et al. have the (221)
interface plane or a different one.

Two first-principles studies of Fe segregation at individual
Si GBs have been reported in the literature: the � 3 (111) GB
was studied by Suvitha et al. [39], and the � 5 (130) GB was
investigated by Shi et al.[33]. The results of both studies for the
segregation energies are in agreement with our results within
0.1 eV. Shi et al. also tried to correlate the local geometric
arrangement of the Si atoms at the segregation sites with the
segregation energy of Fe. Like us, they concluded that it was
not possible to identify any clear trend.

Our results indicate that, in particular, the symmetric
� 3 (112) GB is a very favorable interface for Fe segre-
gation. This may partially be attributed to the existence of

fivefold-coordinated Si atoms at the GB. The segregated
Fe atoms create a chemical bond with such Si atoms and
thereby lower the energy. Such local bonding was indicated
in the PDOS curves (see Fig. 6). Therefore, it is likely
that intrinsic defects at GBs, such as Si atoms, that are not
fourfold coordinated may trap Fe and even create chemical
bonds between the Si and Fe atoms. It is known that Fe
forms Fe silicide precipitates at GBs in Si, and hence, such
an initial bond may act as a seed for precipitation of Fe-Si
particles.

Another observation follows from the calculated DOS in
Fig. 6: the electronic structure of interstitial Fe at GBs may
differ significantly from that of interstitial Fe in bulk Si. For
instance, the Fe atoms at the GB become non-spin-polarized
or the Fe d states split into more than two levels. This is
of particular relevance for experimental detection methods of
interstitial Fe which rely on the energy position of the deep
defect levels of Fe in the band gap, for instance, μ-PL [16].
This position may vary for different GBs in Si, and therefore,
segregated interstitial Fe may not be detected properly by such
methods. In all cases a deep level from an Fe impurity remains
in the band gap of Si, and hence, a previously inactive Fe-free
GB in Si can become electrically active upon Fe segregation.
If segregated Fe atoms accumulate and form Fe-Si precipitates
at the GB, a bandlike electronic state can develop instead of
a single deep level. This is relevant for experimental methods
such as deep-level transient spectroscopy [40].

Our study was performed under the assumption that Fe
atoms occupy interstitial positions at GBs. It cannot be
excluded that Fe atoms also substitute for Si atoms at the
GB. In bulk Si, interstitial Fe atoms occupy Si vacancies and
become substitutional defects [41], but Si vacancies are very
unlikely in bulk Si because they have large formation energies.
However, this formation energy of Si vacancies is smaller at
GBs; that is, Si vacancies are attracted by GBs [36,42,43]. The
possibility for Fe to occupy Si vacancies at the GB sites may
therefore be more likely than in bulk Si. GBs also attract other
impurity elements [42,44–47] that can modify the segregation
behavior of Fe at the GB.

In addition to the considered low-� and large-angle GBs,
there are random GBs and high-� and small-angle GBs as
well, which all show a very strong attraction for the Fe
atoms [18,48]. It is likely that random GBs incorporate a large
variety of Si defects characterized by over- or undercoordi-
nated Si atoms and/or large distortions of bond angles and
bond lengths. The strong segregation can be explained by the
interaction of Fe atoms with these defect arrangements at the
GB, similar to what was observed here for the symmetric
� 3 (112) GB. The situation is different for small-angle
GBs. This type of GB is composed of periodic interfacial
Read-Shockley dislocation arrangements with no overlapping
dislocation cores [49]. It is known that dislocations tend to
reconstruct along their dislocation lines [50] and thereby avoid
over- or undercoordinated Si sites. However, both bulk and GB
dislocations have elastic strain fields surrounding them, which
may affect the segregation behavior of Fe atoms [18,38,51].
An elastic strain field is also observed around GBs which
contain Fe precipitates [18,19,38]. However, in this case it is
not evident whether the strain field is induced by the growth
of the precipitate at the GB or it is present beforehand.
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In further studies it will become necessary to extend the
calculations of Fe segregation at Si GBs to small-angle GBs
and random GBs. Atomistic structures of these GBs require
large supercell models or even nonperiodic models. First-
principles calculations will become unfeasible at this stage,
and simplified but sufficiently accurate models for the Fe-Si
interaction, such as tight-binding Hamiltonians or empirical
interactive potentials, need to be developed. Our present study
provides benchmark data for the development of such models.

So far, the properties of Fe impurities in bulk Si have
been studied in the most detail, and little effort has been
spent on extending the knowledge of the interactions between
Fe impurities and extended defects in Si on an atomic
scale. However, this interaction is of great importance for
photovoltaic applications of polycrystalline Si as GBs and
dislocations are abundant in this material.

VI. CONCLUSION

In order to reduce the detrimental effect of Fe impurities
in mc-Si solar cells, internal gettering exploits the interaction
between Si GBs and Fe impurities. To this end, the segregation
of interstitial Fe at a set of low-� GBs in Si was studied by
means of density functional theory. Preferred segregation of
Fe with segregation energies ranging between 0.2 and 0.8 eV

was found for two variants of the � 3 (112) GBs and for the
� 3 (110) GB. None of the other considered GBs, i.e., � 3
(110), � 5 (120), � 5 (130), and � 9 (221), showed significant
attraction of Fe. Moreover, the simple geometric feature of
the local structure of the interstitial site does not simply
correlate with segregation energies. Hence, the mechanism
which determines the thermodynamics of Fe at GBs remains
an open question. In addition to that, the electronic structures
of the available segregation sites were studied in detail. In
most cases the spin configuration of Fe at the GB is the same
as that for Fe in bulk Si. However, in some cases we observed
a large change in the electronic structure of Fe at the GB, and
hence, Fe atoms at GBs might not be detected properly by
experiments. This study contributes to a better understanding
of the underlying atomistic mechanism of Fe segregation at
GBs in Si. This can be useful for both the interpretation of
experimental observation and the improvement of processing
techniques to passivate Fe impurities in polycrystalline Si
wafers for photovoltaic applications.
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