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a b s t r a c t

We have investigated the stability and the migration of single noble gas atoms (He, Ne, Ar, Kr) in bulk
silicon, by performing first-principles calculations. Our results indicate that all noble gas interstitials
were found to be preferentially located in a tetrahedral site. Other possible sites have been studied
too, like the hexagonal one which becomes unstable for large noble gas atoms such as Ar and Kr. Using
nudged elastic band technique, we have determined the minimum energy path, and the associated
migration energies. Our results are discussed and compared to other works.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Ion implantation in a material is particularly interesting as a
tool to modify its microstructure, leading to significant changes
of its electrical and mechanical properties. For instance, the
implantation of He atoms in a semiconductor like silicon may pro-
duce bubbles, which evolve into cavities after a thermal treatment
[1]. These voids are found to be active to trap metallic impurities
[2], and can then be used to improve the quality of silicon-based
devices. Other noble gas (NG) atoms such as Ne, Xe have also been
considered [3,4].

Bubbles formation due to implantation and aggregation of the
implanted ions is a complicated dynamic process, whose details re-
main largely unknown. To improve our knowledge, it is first neces-
sary to understand and characterize the behavior of a single NG
atom in a Si crystal. As far as we know, very little information is
available. For He, two different migration energy values, 1.34 eV
[5] and 0.80 eV [6] have been reported. To our knowledge no
experimental values are available for the other NG atoms. From
the theoretical point of view only two calculations have been done
for studying the stability and the migration of NG atoms in Si [7,8].
In this work we have carried out first-principles calculations to
investigate the stability and the mobility of He, Ne, Ar and Kr single
atoms in silicon. Different configurations have been considered to
determine NG stable positions, and formation energies. We have
also investigated the migration of NG atoms, by computing both
the migration mechanism and the associated energy. Finally we
discussed our results in comparison with experiments.
ll rights reserved.
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2. Methods

Our calculations have been done in the framework of density
functional theory (DFT) [9,10], using a plane-wave self consistent
field code (PWscf) [11]. The interaction of valence electrons with
the ions has been described with ultrasoft pseudopotentials [12].
The Brillouin zone was sampled with a 3 � 3 � 3 grid of k-points
[13]. The Perdew–Burke–Ernzerhof generalized-gradient approxi-
mation (GGA-PBE) [14] has been used for describing exchange
and correlation, since it allows an overall better description of
weak bonding than local density approximation [15]. We found
that the electronic structure was accurately converged with a
plane-wave cutoff energy of 35 Ry. Using these parameters, we
have determined the lattice constant of silicon a0 to be equal to
5.468 Å, close to the experimental value of 5.43 Å.

We used periodic boundary conditions and a 64-atom supercell
(2a0 � 2a0 � 2a0), for modelling an infinite crystal. We have
checked that this size is large enough to avoid a significant interac-
tion between an interstitial NG atom and its replicated images. In
order to compute a NG atom migration in Si, the nudged elastic
band technique (NEB) has been used with three intermediate
images between initial and final configurations [16,17]. Atomic
structures were considered relaxed when forces were below
10�4 eV/Å.

3. Stability

The most stable configuration for a NG interstitial in the Si lat-
tice has been investigated by considering different positions.
Among possible candidates were the tetrahedral (T) and hexagonal
(H) sites, since they correspond to positions that offer the more
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Table 1
Formation and migration energies (in eV) of different NG impurities

He Ne Ar Kr

Covalent radius 0.4–0.6 0.70 0.94 1.10
T interstitial 1.17 2.59 6.07 7.92
H interstitial 1.87 3.57 ! T ! T
Substitutional NG 5.40 5.39 6.25 6.46
Migration energy 0.71 1.00 1.21 1.08

The covalent radii (in Å) are obtained from [8].
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room for an interstitial atom in the lattice, in which extra atoms
are likely to be accommodated (Fig. 1). Both have already been
considered in previous works [7,8]. We have also tried another
possible NG position, in between two Si atoms (bond centered),
but such a configuration is not energetically favored. The formation
energies Ef , reported in Table 1 for T and H configurations, are com-
puted according to

Ef ¼ ESiþNG � nSi lSi � lNG ð1Þ

where lSi is calculated from a 64-atom bulk calculation, and lNG is
simply the energy of a single NG atom in the empty reference
supercell.

We found that the configuration T is the most stable one for all
considered NG atoms. In all cases, the formation energy of the H
configuration is higher. Moreover, a Ar or a Kr atom located in
the H site is not stable, and moves towards the nearest T site dur-
ing the relaxation.
Fig. 1. Ball and stick representation of a Ne interstitial in a tetrahedral site T (a), and
in a hexagonal site H (b).
A possible explanation comes from the analysis of the crystal
geometry, assuming that a NG interstitial may be considered as a
hard sphere inserted into the Si lattice. Even for the smallest NG,
He, we observed a deformation outward of the Si atoms surround-
ing the T and H sites. Since the available volume is larger around
the T site than the H one, it seems reasonable that a lower energy
is required to form a NG interstitial in the former than in the latter.
In the case of Ne, bonds between first-neighbors Si expand by 2.4%
for a T interstitial, and by 5.5% for a H interstitial.

The formation energy increases dramatically for the heaviest
and the largest NG interstitial. Fig. 2 shows the formation energy
variation as a function of the theoretical NG covalent radius (given
in Table 1). In a previous study, Estreicher et al. have determined a
similar variation, albeit with a much larger increase rate [8]. For in-
stance, our calculated formation energy for a Kr interstitial is half
their value. This difference could be explained by their use of a very
small 14 atom hydrogenated cluster, yielding a stiffer silicon struc-
ture. In fact, for He, which is small enough and does not signifi-
cantly deform the lattice, we computed a very similar formation
energy.

4. NG atom in a Si vacancy

We have also considered that a NG atom could be located in a Si
vacancy. The formation energies Ef , calculated using expression (1)
and n = 63, are reported in Table 1. In all cases, a NG atom in a Si
vacancy is a stable configuration. The energy variation is repre-
sented in Fig. 2. For the lightest NG atoms like He and Ne, the for-
mation energy is high, and only slightly increases for the heaviest.
This can be due to different causes. First the formation of the Si va-
cancy involves the breaking of four covalent bonds which is ener-
getically expensive. In addition, the presence of the NG atom
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Fig. 2. Calculated formation energies of NG interstitials in T sites (circles, our
results, and stars [8]), and substitutional NG (diamond), as a function of the
covalent radius. For a He interstitial in T site, the value from [7] is represented by a
triangle.
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prevents the lattice relaxation around the Si vacancy. For all NG
atoms, we have observed a noticeable deformation at the level of
the first-neighbors, i.e. Si–Si bonds contract by 2–3%. Because of
the slow increase of the formation energy, this configuration be-
comes competitive compared to an interstitial in T site for Ar and
Kr.

5. Migration

To study the diffusion properties of NG atoms in silicon, we
have investigated the migration of a single NG interstitial in the
lattice. For this purpose, we have used the NEB method to deter-
mine the minimum energy path, allowing to pass from a stable po-
sition to another. Our NEB calculations have been performed with
the same parameters than before, with a band including three re-
laxed images. Initially, it is reasonable to consider a path linking
two stable T sites through the H configuration. We found that for
all cases, the final relaxed paths remained close to the initial T–
H–T guess. Fig. 3 shows the minimum energy paths as a function
of the NG atom position after relaxation. It is clear that for all NG
atoms, the diffusion mechanism involves successive hoppings of
the NG atom between H and T site. On the figure, one can remark
that an H configuration appears to be saddle for He and Ne, in
apparent contradiction with our previous results. However, this
can be explained by the low number of images in our NEB calcula-
tion, which does not allow a good resolution in the vicinity of the H
configuration. NEB calculations with a larger number of images
have been performed for Ne (Fig. 3), without providing further
information. It is then likely that a NG impurity located in the H
site is only weakly stable, this stability vanishing for large atoms
such as Ar and Kr. The migration energies were obtained as the dif-
ference between the lowest, i.e. T configuration, and the highest,
i.e. H configuration, energies along the minimum energy path. Note
that in the case of He and Ne, we obtained almost similar migration
energies by computing directly EH

f � ET
f in Table 1. The migration

energies are shown in Fig. 4 as a function of the NG atom covalent
radius. The migration energy increases according to the size of the
NG atom, except for the Kr atom. Estreicher et al. computed the
migration energies as EH

f � ET
f (Fig. 4) [8]. Surprisingly, they re-

ported that Ar and Kr atoms were stable in the H site. Compared
to our results, they found much larger migration energies, due to
the small size of their computational system, leading to very high
EH

f . Alatalo et al. have also computed the migration energy for He
[7], but using a larger supercell, similar to ours, and they found a
value in agreement with our results.
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Fig. 3. Minimum energy paths for a single NG atom in the Si crystal (empty symbols
T! T with three relaxed images, and filled circle T! H with three relaxed images).
6. Discussion

Our computed energies are lower than those given by Estreicher
et al., especially for the heaviest NG atoms such as Ar or Kr for
which formation and migration energies are about half and 25%
of values in [8], respectively. The most likely explanation for such
a discrepancy is the very small size of the cluster used in their ab
initio calculations, i.e. 14 atom, that may lead to a very stiff silicon
lattice. Contrary to their conclusions, our results suggest that diffu-
sion of species such as Ar or Kr should be possible in silicon. Nev-
ertheless, we have only investigated the migration of a NG atom
starting from an interstitial T site. However, our results indicate
that a Kr atom located in a silicon vacancy is energetically less
expensive. In that case, starting from a lowest energy configura-
tion, migration energies are expected to be higher, with a more
complicated diffusion mechanism involving concerted migration
of Si and Kr atoms. Such an investigation is out of the scope of
the present study.

Overall, we found that both formation and migration energies
increase when considering the heaviest NG atoms, except for the
migration energy of the Kr interstitial. For the latter, we have not
been able to find the cause of this behavior, since an examination
of the lattice structure during the migration did not reveal any sig-
nificant differences with Ar for instance. However, it is noteworthy
that Estreicher et al. also found a strong reduction of the migration
energy increase rate from Ar to Kr [8]. Leaving aside Kr, a straight-
forward explanation for the formation and migration energy in-
crease is a steric effect, since a larger volume can be attributed to
the heavier NG atoms. This assumption of a ‘hard sphere’ located
and diffusing into the silicon lattice is also supported by an analy-
sis of the electronic density, showing that there is only electronic
repulsion between the fully populated orbitals of the NG intersti-
tial and the Si atoms, as expected. In the case of a small hard sphere
diffusing into a rigid lattice, one may expect that the migration en-
ergy increases as the square of the sphere radius [18]. This is not
the case here, simply because NG interstitials are equivalent to
large spheres and the silicon lattice is severely deformed during
the NG interstitial migration.

In conclusion, we have performed first-principles calculations
of the stability and migration of a single NG interstitial in a silicon
lattice. For He, our computed energies are in good agreement with
available data, whereas we found much lower formation and
migration energies for the other NG atoms, compared to a previous
theoretical work.
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Fig. 4. Calculated migration energies of NG atoms (circles, our results, and stars [8])
as a function of the covalent radius. For a He atom, value from [7] is represented by
a triangle.
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