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Combining classical molecular dynamics and first-principles
DFT calculations, we perfom an extensive investigation of
low energy configurations for He,V,, complexes in silicon.
The optimal helium fillings are hence determined for Vi, V,,
and V; (figure on the right), and the structures formed by
helium atoms arrangements in the vacancy defect are an-
alyzed. For V, and V,, the He atoms structure is mainly
controled by the host silicon matrix, whereas a high den-
sity helium packing is obtained for V. For the latter, we
estimate a helium density of about 170 He nm™ in the

1 Introduction The formation of noble gas bubbles in
materials has been the focus of numerous investigations, mo-
tivated by the will to understand and control the influence of
these bubbles on materials properties. Most of the available
studies were dedicated to the state of already formed bubbles,
and on their evolution during coarsening stages [1-9]. An-
other important information regarding these bubbles relates
to the very first steps leading to the formation, that is, the ag-
gregation of noble gas impurities and how the latter interact
with point defects like vacancies or self-interstitials. Several
investigations have been conducted in metals [10—15], in par-
ticular because of their importance in nuclear applications.

In semiconductors, fewer works are available, and
typically focus on helium in silicon or in silicon carbide.
Theoretical investigations revealed that in the undefected cu-
bic diamond lattice, an interstitial helium atom is located
in tetrahedral sites [16-23] and diffuses through hexago-
nal sites [19,22,24]. It has also been shown that helium
interstitials do not easily cluster [16, 25, 26], thus highlight-
ing the pivotal role of vacancies in the initial stages of he-
lium bubbles formation. Much less information is available
regarding the aggregation of helium atoms and vacancies.
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center of the hexa-vacancy at the optimal helium filling.

Relaxed structures obtained from DFT calculations for config-
urations with the lowest formation energies: (a) He;4Vy, (b)
He,yV,, and (c) He4o V.
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For the smallest systems, first principles calculations re-
vealed a repulsive interaction between one helium atom and a
mono-vacancy [16, 17]. Thus, the first stable complex seems
to be composed of one helium atom positioned into a di-
vacancy [18,23]. Experiments also point to the importance
of di-vacancies during the formation of helium bubbles in
silicon [4,27,28] and in silicon carbide [29].

The lack of knowledge between an elementary complex
composed of one helium atom and a di-vacancy, and a nano-
metric sized bubble is consequent, and additional studies
of helium-vacancy complexes are obviously needed. For in-
stance, we do not know whether extra helium atoms could
be easily inserted into a di-vacancy, or how many could
be incorporated into larger voids. Recently, partial answers
were provided by a theoretical investigation in silicon car-
bide, which revealed that a maximum amount of 14 helium
atoms can be incorporated into a 7-vacancies void in sili-
con carbide [30]. In this work, initial helium positions are
however restricted to interstitial sites, which could lead to
an underestimation of the optimal helium filling. Our goal
is to perform a similar investigation in silicon, with no such
restriction.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Methods We aim at determining the most stable
configuration when n helium atoms are inserted into a mono-
vacancy (V)), adi-vacancy (V,), and an hexa-vacancy (V;) in
silicon. This selection is motivated by the important role of
Vi and V, as primary defects, and the high stability of Vs in
silicon. Also, we implicitely assume here that the formation
of these vacancy-like clusters precede that of the He, V,, ag-
gregates, as recently reported [31]. Finding the energetically
most stable configuration is a non-trivial problem because of
the large number of possible candidates for n > 1. To tackle
this issue, the following strategy is adopted: (i) a large set of
quenched classical molecular dynamics is first performed for
each n, starting from various initial helium atoms configura-
tions (ii) best candidates, that is, with the lowest energies, are
then used as input in Density Functional Theory (DFT) cal-
culations. Although such a procedure can not guarantee that
the global energy mininum is found in each case, it allows
for an efficient exploration of the configuration space. It also
does not assume that helium atoms are initially positioned at
interstitial sites, as in previous works [30].

The first set of simulations is performed using the
LAMMPS package [32]. The silicon—helium system is de-
scribed with a Modified Embedded Atom Method (MEAM)
potential, which was specifically developed to reproduce
properties of helium in silicon [31]. With this potential,
the silicon lattice parameter is a, = 5.431 A. Vi, V,, and
V¢ are built by removing selected atoms in a periodically
repeated (4ay)? supercell, thus containing initially 512 Si
atoms, followed by a conjugate gradients relaxation. In
the case of Vg, a ring-like structure is considered as ini-
tial structure, since it has been shown to be a low energy
configuration [33].

Helium atoms are then inserted in a spherical region
of variable radius and centered on the vacancies, accord-
ing to three different methods. In the first one, a piece of
helium HcP crystal is inserted in the as-created void, its
density being adjusted to get the desired number of He
atoms. In the second one, the helium atoms are randomly
inserted into the void. The third method is a variant of the
previous one, with some of the He atoms randomly posi-
tioned in tetrahedral sites in the immediate vicinity of the
vacancies. In all cases, the initial separations between the
atoms are computed before the molecular dynamics simula-
tions, and configurations with strongly overlapping atoms are
discarded.

Each initial configuration is then relaxed using conju-
gate gradients, followed by a 300 K molecular dynamics
simulations during 3 ps, the elementary time step being 1 fs.
This stage allows for an efficient reordering, while keep-
ing the helium atoms inside or in the vicinity of the cavity.
Finally, the system is again relaxed using conjugate gra-
dients. This procedure is repeated at least fifty times for
each He,V,, case by using a python script which (i) auto-
matically generates new initial configurations (ii) calls the
LAMMPS atomistic calculations. The best candidates, that
is, with the lowest energies, are then used as input in DFT
calculations.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

These calculations are done using the Quantum
Espresso package [34], using a plane waves basis cut-off
of 15Ry and ultrasoft Vanderbilt pseudopotentials [35].
The Perdew—Burke—Ernzerhof functional is used to describe
exchange-correlation contributions [36]. The complexes con-
figurations previously obtained are trimmed and scaled to fit
in a (3a,)’® supercell, that is, including N = 216 atoms for
pristine bulk, with ay = 5.468 A. A %-shifted 23 Monkhorst-
Pack grid of k-points [37] is used to sample the Brillouin
zone. A conjugate gradients relaxation is performed until the
largest ionic force is below 2 x 1073 eV A",

In the following, the formation energy of V,, is calculated
according to the usual definition

N—m

Ef(Vm) = E(Vm) - EO (1)

with E(V,,) and E| the total energies of V,, and silicon bulk,
respectively, computed in the same supercell. In the presence
of helium, we define the formation energy of the E ;(He, V,,)
cluster as the energy change when n He atoms in isolated
interstitial configurations are inserted into V,,:

Ef(Hean) = E(Henvm) - E(Vm) - nEj(He) (2)

with E(He,V,,) the total energy of He,V,,, and E;(He) the
formation energy of a tetrahedral interstitial helium atom.
The latter is computed to be 0.9924 eV. A negative formation
energy then indicates that it is energetically favorable for the
n helium atoms to be located in the V,, defect rather than in
interstitial sites. We also define the binding energy E, as the
energy change when an interstitial helium atom is added to
aHe,V,, complex:

Eb(Hen-HVm) = E(Hen-HVm) - E(Henvm) - Ef(He)
= Ef(Hen+1Vn:) - Ef(Hean) (3)

3 Results We first validate our calculations by com-
paring the results for V,,_;,¢ with earlier calculations. For
V,, the formation energy is equal to 3.33eV, in excel-
lent agreement with reference works [38, 39]. Also the re-
laxed structure is characterized by the correct D,, symme-
try [39]. For V,, we obtain 5.05 eV, yielding a dissociation en-
ergy E;(V,) —2E+(V,) equal to 1.72 eV, again in excellent
agreement with previous works [40,41]. Finally, we com-
pute E (V) = 8.61 eV, which is about 1 eV lower than val-
ues reported in the literature [42,43]. It is difficult to ex-
plain such a difference, except that maybe our electronic
structure calculations are better relaxed than in these early
works.

Considering now vacancies, our simulations reveal that
inserting a single helium atom into V, is not energetically
favorable, with E, = 0.15eV if He is located in a tetrahe-
dral site first-neighbor of the vacancy, and E, = 0.82¢eV if
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it is positioned in the vacancy center. The repulsive nature of
the V, center for helium is due to an electronic effect and is
a well documented fact in the literature [16, 17,23]. Adding
further helium atoms, a negative formation energy is obtained
(Fig. 1). The first stable helium-vacancy complex is He, V|,
with a formation energy of —0.1 eV. In the relaxed geometry,
the two helium atoms are separated by 1.9 A, and aligned
along a (110) direction. They are also both located 1.57 A
away from the vacancy center, again because of the elec-
tronic repulsion at vacancy center. However, with three He
atoms in the vacancy, this effect is overcome by the need to
accomodate the extra helium atoms. The latter then forms
a triangular structure approximately contained in a (111)
plane (Fig. 2). For this configuration, E ; is equal to —0.34 eV.
Figure 2 shows the helium atoms arrangement for few other
selected cases. It clearly appears that the helium atoms form
ordered patterns. In the case of V, the available volume is
small and helium atoms packing coherent with the cubic dia-
mond lattice is favored. At the highest content, the structure
is composed of a high density helium configuration at the va-
cancy center, surrounded by helium atoms approximately in
first neighbors tetrahedral sites. This is the case for instance
of He,4V, which corresponds to the lowest formation energy
E; =—-3.95¢eV for He,V, complexes (structure shown in
Fig. 3).

Considering now V,, we find E; = —0.50¢eV for He, V,
in agreement with previous works [17,23]. For He,V,, the
most stable configuration (E; = —0.36eV) corresponds to
two helium atoms approximately aligned along (111), and
centered on one vacancy. This preference for helium atoms
to group together in a single vacancy is also obtained for
He;V,, with a triangular arrangement centered on one va-
cancy. However, for n > 3, both vacancy centers become oc-
cupied by helium atoms. Figure 2 represents three examples
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Figure 1 Formation energy (as defined in Eq. (2)) as a function of
the number of helium atoms in V,,_; 6, from DFT calculations.
Each symbol corresponds to a calculation, whereas dashed lines
are drawn to show trends. In red is also reported the formation
energy variation corresponding to helium interstitial aggregation in
the pristine silicon bulk [26]. The inset graph represents the same
information, but now normalized with respect to the number of
vacancies along the two axis.
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Figure 2 Atomistic representations of relaxed helium geometries
obtained from DFT calculations for selected configurations. Only
He atoms are represented (yellow spheres with arbitrary radii) for
clarity.

of helium atoms packing into V,. In particular, one can see
that HegV, is geometrically equivalent to He,V,. The lowest
calculated formation energy is —6.97 eV, and corresponds to
He,,V, with the configuration shown in Fig 3.

For Vg, the larger available volume obviously allows for
an energetically favorable filling with helium atoms, and only
the cases with at least ten helium atoms are investigated.
Overall, we first observe that the helium atoms tend to spread
over the largest possible space, with no well-defined order-
ing. When about twenty helium atoms are present in Vg, the
configuration becomes more ordered, probably because of
the increasing internal pressure. The He atoms tend to pack
themselves in the two {111} planes containing the vacancies
(Fig. 2). The lowest formation energy E, = —16.795¢eV is
obtained for He,, V¢ (Fig. 3). As for He,,V,, the correspond-
ing geometry is characterized by a central region with a high
density of helium atoms, and an outer shell of helium ap-
proximately located in tetrahedral sites. A structural analysis
suggests that ordered patterns might be present in the helium
cluster core, several helium atoms exhibiting features asso-
ciated with icosahedral and HCP structures. However, there
are too few atoms to allow for a quantitative analysis.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Atomistic representations of relaxed structures obtained from DFT calculations for configurations with the lowest formation
energies: (a) Hei4V; (b) HeyoVa, and (c) Hes V. Si (He) atoms are represented by blue (yellow) spheres with arbitrary radii. The
vacancies are schematically shown as a pink cloud (Note that the extension of the cloud is not a measure of the cavity volume associated

with vacancies).

The He,V,, formation energy curves plotted in Fig. 1
show a similar variation as a function of n, that is, a de-
crease to a minimum value at n,,;,, followed by an increase.
At low n, the energy is lowered when interstitial He atoms
are transferred in the empty volume provided by vacancies.
Larger helium aggregates implies pressure building up inside
the cavity, and the associated energy cost explains the for-
mation energy increasing above a threshold helium density.
Note that by definition a negative formation energy value
means that He clustering in V,,, is favored, even for n > n,y;,.
However, helium atoms can not be introduced all together
in a single move in V,,, and it is physically more meaning-
ful to consider the successive introduction of helium atoms.
The energy change associated with this process is the bind-
ing energy E, defined in Eq. (3), and it is negative only for
n < Npi,. The formation energy minimum then corresponds
to the optimal helium filling occuring during a physically
realistic process.

The optimal filling is reached at n,;, = 14, 20, 40 for
Vi, V,, and Vg respectively. These values are comparable to
the optimal helium fillings found in vanadium [13], but are
significantly higher than predictions made for silicon car-
bide [30, 44]. It has also been suggested that not all helium
atoms are strictly encompassed in the empty volume associ-
ated with vacancies in SiC [44]. It is also found here that a
significant amount of the helium atoms bound in He, V,, are
approximately located in the tetrahedral sites first-neighbors
of the vacancies, as seen in Fig. 3. Furthermore, we try to
determine the properties of bubble-like systems by extrapo-
lating our results to larger He, V,, complexes. The inset graph
in Fig. 1 shows the formation energies variations for He,V,,
normalized on both axis by m. For He, Vs, the He/V ratio
is 6.66 and the associated energy is —2.80eV per vacancy.
Unfortunately, larger V,, cavities are seemingly required for
a meaningful extrapolation.

Finally, we propose to estimate the helium density by
determining the volume of helium atoms in the center of
the He,V,, complex. A good approximation is given by the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Voronoi atomic volume, provided all neighbors to the con-
sidered atoms are helium and not silicon atoms. There are
two such helium atoms in the case of Hey V¢, with atomic
volumes equal to 5.82A% and 6.04 A®. This corresponds
to helium densities of 172 and 165 Henm™ and an inter-
nal pressure of about 19 GPa [45], which is surprisingly
close to the range of values measured in nanometric-sized
bubbles [9,46].

4 Conclusions This paper reports theoretical investi-
gations of helium clustering in vacancy-like defects in sili-
con, in order to better understand the properties of He,V,,
complexes as precursors of helium-filled bubbles. For each
(n,m) couple, a large set of configurations is first explored us-
ing classical molecular dynamics. The most promising can-
didates are then relaxed using first-principles calculations.
While this procedure cannot guarantee that the absolute en-
ergy minimum is found in each case, it is a significant im-
provement compared to previous works where helium atoms
were initially only inserted in interstitial sites.

For V, and V,, we find that at low content, the He atoms
tend to avoid vacancy centers, where the electronic density
is non-negligible. At higher content, helium atoms are orga-
nized in geometries coherent with the host silicon lattice. For
Vs, high density packings optimizing the available space are
obtained. We determine optimal helium fillings of 14, 20, 40
for V|, V,, and V¢ respectively, using an energetic criterion.
A significant proportion of these helium atoms are not con-
tained in the available volume associated to vacancies, but
are located in tetrahedral sites first neighbor of the V,, clus-
ter. In the center of Vg, the helium density is estimated to be
165-172 Henm .

We emphasize that these calculations are performed at
0K and in small supercells, because of the computational
cost of DFT calculations. Thermal effects should have a
significant influence on the state of these He,V,, clusters.
For instance, relaxation mechanisms of the silicon matrix
at such high helium densities could be thermally activated.
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This probably defines the main research direction for future
investigations.
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