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Abstract

Molecular dynamics (MD) simulations of silicon nanowires (NW) tensile deformation were performed. They reveal a great
variety of behaviors, which are rationalized thanks to a diagram highlighting the sequences of elementary mechanisms. In
particular, MD simulations show that cavity formation inside the NW can occur through dislocations interactions. To quantify the
brittle/ductile character of the NWs for each tested conditions, we define a ductility parameter which is extracted from the
simulation output. Its variation suggests that the brittle to ductile transition (BDT) at low size is not sharp, conversely to the well-
known BDT for bulk silicon.
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1. Introduction

Mechanical properties of nano-objects or nanostructures are often very different from their bulk counterparts. A
typical example is their very high strength [1,2], as for example that of bent silicon nanowires (NWs) [3,4]. Another
interesting feature, specific to semiconductors and mainly evidenced through pillars compression experiments, is the
brittle to ductile transition (BDT) with the size of the sample at low or room temperature. Indeed, while most
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semiconductors are brittle in their bulk form at room temperature, they become ductile below few hundreds of
nanometers, as shown for silicon [5,6], as well as for other semiconductors [7-9]. Ductility of silicon NWs at room
temperature has also been observed with in situ transmission electron microscopy (TEM) tensile [10] and bending
[11,12] experiments.

For bulk silicon, the BDT is associated with the propagation of pre-existing cracks by cleavage at low
temperature, whereas crack-tip blunting and dislocation shielding occur at high temperature. The precise
temperature of the transition is highly dependent on the experimental conditions (strain rate, doping), but for given
conditions the transition is very sharp, happening over a small range of temperature [13-15]. This sharp character
has also been evidenced with atomistic simulations [16]. Although it is not necessarily directly related to the BDT, it
is worth noting that temperature may also yield a change in plasticity mechanisms, with partial or dissociated
dislocations certainly in glide set planes at high temperature and perfect dislocations supposedly in shuffle set planes
at low temperature, as shown experimentally in bulk silicon [17] or with molecular dynamics (MD) simulations
[18].

For silicon micropillars of fixed size, a BDT with temperature is as well observed, for a temperature lower than in
bulk [19,20], and with coexistence of cracks and slip traces at intermediate temperatures [19]. Micropillars
compression experiments at high temperature (500°C) have also revealed partial dislocation and twinning mediated
plasticity [19]. Note however that there is no available tension experiment at high temperature.

At the microscale and below, experimental studies show that the ductile or brittle character not only depends on
the sample size and the temperature, but also on other experimental conditions such as the NW axis [10,21], the
deformation mode [11], the surface state [22], not to mention the strain rate. Despite some similarities with bulk
BDT (eg the temperature or strain rate dependence), a fundamental change in the nature of the transition at the
nanoscale is speculated. Indeed, nano-objects are characterized by a high surface to volume ratio and no pre-existing
defects inside the sample, so that the ductile behavior is expected to be governed by dislocation nucleation and
propagation from surfaces, which have been proven to be efficient dislocation sources [23-29], whereas the brittle
regime would be governed by crack formation.

Atomic simulations are particularly well suited for studying the elementary mechanisms at play, since they allow
their direct visualization at the atomic scale and an easy tuning of the test conditions (geometry, temperature,...).
Besides, for nano-objects the system sizes considered are in the same range for atomistic simulations and
experiments, making the comparison all the more relevant. Like for experiments, atomistic simulation studies
exhibit a great variety of mechanical behaviors of Si NW depending on the test conditions [11,30-33]. In order to
model systems with sizes comparable to those in experiments, interatomic potentials are used. In contrast to metals,
the transferability of the potentials for semiconductors may be limited; the use of different interatomic potentials for
the different studies adds then another level of variance in the results [34].

For the present study, we conducted MD simulations with two different interatomic potentials. These are chosen
because they fairly reproduce mechanical properties of silicon while having very different forms. Si NWs with a
geometry similar to experimental ones were submitted to tensile deformation, which yields to both plasticity and
“easy” (as compared to compression) crack formation. The focus of this article is on the one hand on the description
of the variety of mechanisms observed at the atomic scale (section 3), and on the other hand on the quantitative
assessment of the ductile/brittle character for the different situations encountered in simulations (section 4).

2. Model and methods

In this study we have considered cylindrical-shaped silicon NWs with <011> axis (see Fig. 1(a)). Such NWs are
close to those commonly considered experimentally [4-6,10,11,19,20,22]; moreover, they have no edges which
could concentrate the stress. They were submitted to an axial tensile stress; for the chosen stress orientation, four
slip systems with perfect dislocations of Burgers vector /2<110> can be activated with the same maximum Schmid
factor (0.41). Thus, this stress orientation favors interactions of dislocations nucleated on the two activated {111}
secant planes. Several diameters d and lengths £ were tested ranging between 8 to 45 nm in diameter, and 8 to 75
nm in length, reaching for some tests a total maximum of 6 million atoms. Periodic boundary conditions were
applied along all three space directions. Along the two directions perpendicular to the NW axis, an empty space was
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Fig. 1. (a) Geometry of the studied NWs. The dashed lines indicate a typical slice cut in the NW used to visualize the atomic scale mechanisms.
(b) Slice cut view with the quantities used for the definition of the ductility parameter (equation (1)).

left, large enough to avoid interactions between the NW and its periodic images. Along the NW axis, the simulation
box length was chosen to be equal to the NW length, so as to mimic an infinitely long NW and prevent end effects.

The simulations were performed at low (10K), room (300K) and high (600 and 900K) temperatures. For low
temperature deformation tests, two different surface states were considered: (i) fresh-cut surfaces for which nor
reconstruction or relaxation is carried out prior to the deformation test, and (ii) annealed surfaces for which a 300 K
thermalization is conducted before the NW deformation test. For room and high temperature deformation tests,
surfaces were annealed first at 300 K and later at the temperature of the test. Further details about surface states can
be found in our previous article [33].

MD simulations were performed with the parallelized open source LAMMPS code [35]. The Verlet algorithm
[36] was used to numerically solve the Newton’s equation of motion, with a typical time step of 0.5 fs, which is
small enough to ensure that there is no energy drift for all the studied temperatures. Temperature was first
introduced by giving random initial velocities to all atoms according to the corresponding Maxwell distribution, and
maintained using a Nosé-Hoover thermostat [37].

Atomic interactions were modelled with two different potentials. The first one, referred as SWm, is a modified
version of the well-known Stillinger-Weber potential [38] that offers an improved description of both plasticity and
fracture [39], while keeping the superior ability of the original potential to model silicon under high stress [40]. The
second one, referred as MEAM-G, is also a new parametrization of an existing form, the modified embedded-atom-
method potential proposed by Baskes [41], which has been shown to fairly reproduce fracture properties of silicon
NW [34]. For a better account of plasticity properties, we developed our own parametrization, as described in [42]
(note that for the present study we set ‘delr’ parameter to 2.1 A).

A typical deformation test started with the deformation of the simulation box up to 10%, with a remapping of the
atomic positions inside the box, followed by an energy minimization using the conjugate gradient method. This
deformation step allowed saving a lot of computation time, while not modifying the further behavior of the system
since the applied strain value was below the elasticity limit (estimated through preliminary tests). The NW was then
equilibrated in the NVT ensemble for 60 ps at the temperature of the deformation test; for NWs with annealed
surfaces, this step can be considered as the second thermalization sequence. Next the NW was deformed during
300 ps at a constant engineering strain rate of 10®s™. This value, typical of MD simulations, is many orders of
magnitude higher than the experimental ones. When reducing the strain rate, a reduction of the yield strain is
expected [43], which can amount up to 50% when approaching experimental values [44]. Like for the pre-
deformation step, strain was there applied by changing the simulation box length and remapping all atoms
coordinates to the new box. During the whole run, the system energy was monitored so as to detect the onset of
plasticity, characterized by a significant drop of the energy.
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To visualize plasticity events, we use both full and slice views of the NW (see Fig. 1), with sometimes the help of
the coordination number to highlight only those atoms which are not in a perfect environment. All the figures
presented in this article were done with the AtomeEye code [45].

3. Atomic scale mechanisms
3.1. Elementary mechanisms decomposition

The analysis of the various MD deformation tests reveals a great variety of behaviors. Even for tests performed
under the same conditions, different behaviors can be observed for different initial distributions of atomic velocities.
From all the results, we identified a limited number of elementary mechanisms occurring at the atomic scale:
dislocation nucleation at the surface or inside the NW, dislocation propagation, dislocation interactions, cavity
opening, amorphization and crack tip propagation (or cavity extension). Structural defects — dislocations, cavity and
disorder — are produced, grow or interact through these elementary mechanisms. Note that for the range of
temperature studied, up to 900K, only perfect dislocations were nucleated and propagated in shuffle set planes.

In order to explain the NW behavior, we use diagrams (Fig. 2) in which the elementary mechanisms, indicated by
arrows, connect the structural defects. The whole deformation of the NW can be described by a simple path in this
diagram, leading either to ductility (Fig. 2(a)) or to brittleness (Fig. 2(b)); that is for example the case for some of
the tests presented in our previous paper [32], with a purely ductile behavior shown in figure 3 therein, and a purely
brittle behavior shown in figure 8. Note that these two behaviors were obtained for the same set of parameters (SWm
potential, fresh-cut surface, 300 K, d = 8 nm), except the NW length which was 21 nm for the brittle NW and 8 nm
for the ductile one. One important result of the simulations, indicated in [32] and displayed in Fig. 2, is that NW
irreversible deformation always starts with dislocation nucleation.
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Fig. 2. Elementary mechanisms (arrows) diagram. Structural defects are indicated in orange. (a) Ductile behavior. (b) Brittle behavior.
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However, in most simulations, the sequence of elementary mechanisms is not so simple: some parts of the path
can be covered several times (loops in the diagram), and / or different mechanisms can occur concurrently, leading
to a complex entanglement. In the next section, we present some of the encountered complex sequences.

3.2. Complex mechanisms sequences

Fig. 3 shows the onset of plasticity for one of the biggest NW considered (d = 45 nm, £ =46 nm), and Fig. 4 is
the corresponding slice view. The deformation test was performed with SWm potential at 10 K, and the NW had a
fresh-cut surface. For this run, the first dislocation is nucleated from the NW surface for 17% strain (black arrow in
Fig. 3(a)) and glide in a {111} shuffle set plane (red line in Fig. 4(a)). During the propagation of this first dislocation
(core circled in red in Fig. 4(b)), the increase of the surface step (black arrows in Fig 4(a) and (b)) suggests that
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Fig. 3. (a)-(d) Onset of plasticity and crack formation in a 45 nm diameter NW deformed up to 17% in tension at 10 K (SWm potential,
£ =46 nm, fresh-cut surface). Atoms are colored according to their coordination number: green: 3, beige: 2, blue: 1. Atoms in a perfect diamond
cubic environment are not shown. See text for details. (e) Corresponding elementary mechanisms (red arrows).

other dislocations are nucleated and glide in the same plane following the first nucleation event. Interestingly, some
defects (structural disorder) are formed in the wake of the first nucleated dislocation. The interaction of the
following dislocations with these defects increases the disorder in the slip plane and as a result a cavity opens in the
NW (Fig. 4(b), not visible in the full view of Fig. 3). Afterwards, dislocations are nucleated in secondary {111}
planes (red arrows in Fig. 3(b) and red lines in Fig. 4(c)) from the disordered zones of the initially activated slip
plane. The opened cavity next extends and starts behaving as a crack tip propagating in the initially activated slip
plane (black arrow in Fig. 3(c) and red line in Fig. 4(d)). After extensive deformation, the NW fractures along this
slip plane. Fig. 3(d) shows the NW just before fracture, the dotted red circle and the slice view in the inset
highlighting the crack.

(2)

Fig. 4. Slice view of the sequences shown in figure 3. See text for details.
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The corresponding elementary mechanisms are indicated with red arrows in the diagram of Fig. 3(e). These
include several dislocation nucleations from the surface, formation of disorder through dislocation propagation,
dislocation nucleations inside the NW, opening of a cavity, amorphization and final breaking of the NW mainly
through cavity extension.

Cavities can also form via dislocation interactions, as shown in Fig. 5 for a test on a smaller NW, with otherwise
the same parameters as that of Fig. 3 and 4 (10 K, fresh-cut surface, SWm potential). Fig. 5 (a) and (b) show the
nucleation and glide of one dislocation from the right surface (core underlined in red and indicated by the red arrow,
slip plane indicated with the red line). In Fig. 5(b), the nucleation of another dislocation from the left surface in an
adjacent slip plane (black line) is evidenced through the surface step height increase (black arrow). The interaction
between these two dislocations (of opposite signs) produces a small cavity (dotted red circle in Fig. 5(c)-(d)).
Following multiple dislocations nucleations from the formed cavity, the latter grows inside the NW: in Fig. 5(e) and
(f) red and blue arrows and polygons underline two different dislocations nucleated from the cavity, and the black
outline in Fig. 5(e)-(g) highlights the resulting expansion of the cavity. The sequences shown in Fig. 5(a)-(g)
correspond to the elementary mechanisms indicated by red arrows in Fig. 5(h).

A specific mechanism, which can lead either to cavity opening (not shown here) or to the NW rupture through
intensive shear due to dislocations propagation as shown in Fig. 6, is the formation of a “5/7” defect, so called
because it is composed of ring pairs of 5 and 7 silicon atoms, as seen in the inset of Fig. 6(b). This defect results
from the nucleation and concurrent propagation of two perfect dislocations with different Burgers vectors in the
same slip plane, which intersection forms a row of 5/7 atoms rings. Fig. 6(a) shows the nucleation and propagation
of one of the two dislocations (slip plane highlighted in red), which emergence at the surface produces the steps
indicated with black arrows in Fig. 6(b). In the slice cut view only one of the two dislocations producing the 5/7
defects can be seen. The 5/7 defect is visible inside the red dotted circle in Fig. 6(b). The subsequent nucleation
from the zone of the defect and glide of new dislocations in both sets of shuffle slip planes increase the disorder
inside the NW (red dotted circle in Fig. 6(c)-(d), where the red lines display some of the slip planes). The NW
finally breaks after intensive shear, as indicated in Fig. 6(e) with the elementary mechanisms diagram.
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Fig. 5. (a)-(g) Plasticity and cavity opening in a 8 nm diameter NW deformed up to 22% in tension at 10 K (SWm potential, £ =21 nm, fresh-cut
surface). See text for details. (h) Corresponding elementary mechanisms (red arrows).
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Fig. 6.(a)-(d) Onset of plasticity, 5/7 ring formation and disordering of the atomic structure in a 8 nm diameter NW deformed up to 11% in
tension at 10 K (MEAM-G potential, £ = 21 nm, annealed surface). See text for details. (¢) Corresponding elementary mechanisms (red arrows).
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3.3. Comparison with experiments — discussion

Experimentally, perfect dislocations, disorder and amorphization were observed by high resolution TEM during
in situ silicon <110>-NWs deformation in tension at room temperature [10]. The dislocations, supposedly in shuffle
set planes, were emitted in the two equivalent {111} planes. In this experimental study, the emission of dislocations
induced disordering of the crystalline structure and further amorphization in a fashion similar to some of our
simulations (see e.g. Fig. 6(d)), but no crack opening was reported. In another study, perfect dislocations were also
observed to form from the tensile region of bent silicon <110>-NWs [12].

To the best of our knowledge, cavity opening and crack propagation are not observed in tensile experiments,
either because the NW breaks through cleavage fracture with no such cavity or either because the processes are too
fast to be observable (very fast energy release rate as soon as bonds start to break). Crack formation has been
observed in silicon pillar compression tests [5,6,19,22]; they are often associated with slip bands, which suggests a
dislocation interaction mechanism explaining the formation of those cracks [8]. The mechanism described in [8] has
never been detected in our tensile simulations. Some authors of the present paper performed experimental
compression tests on smaller pillar (100 nm diameter) and evidenced small cavities which look like those seen in
simulations. The description of this experimental study is beyond the scope of this paper and it will be presented in a
separate article; nonetheless we show in Fig. 7 typical micrographs of one of the deformed pillar as an example. It
exhibits a small cavity (dotted red circle in Fig. 7(b)) in the bottom part of the pillar. Note that it is not a singular
case, since similar cavities were detected in several other tests. Because of the large shear in the top part of the
pillar, it is possible that local bending arises in the bottom region and consequently that small tensile zones appear.
This could explain the formation of this small cavity and its strong resemblance with those observed in tensile
simulations (compare e.g. with Fig. 5(d)). Further analyses are in progress on that subject.
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Fig. 7. (a) Bright field TEM micrograph of a 100 nm diameter pillar deformed in displacement controlled mode. (b) High resolution TEM
micrograph of the zone framed in (a). The details of the experimental study will be provided in a separate article.

Although the experiments suggest that the behavior of the NWs ensues from different elementary mechanisms,
they hardly provide information on their succession or entanglement. In contrast, the detailed description at the
atomic level offered by the simulations allows the decomposition and rationalization of the sequences observed. In
simulation tests, some of the observed mechanisms are more probable for given conditions (e.g. the “5-7” defects
have only been observed at low temperature), others appear in many if not all situations (e.g. surface dislocation
nucleation). However, the systematic investigation of the factors controlling the emergence of elementary
mechanisms sequences is beyond the scope of this article. Furthermore, because of the great variety of those
mechanisms, and their complex entanglement in many cases, it is difficult to obtain a clear panorama of the
ductility/brittleness as a function of NW size or temperature. The objective of the ductility parameter presented in
the next section is to give a coarse but quantitative assessment of this ductile/brittle behavior for the different
situations encountered in simulation tests.

4. Towards a quantification of the BDT
4.1. Ductility parameter

In their experimental study of Si NW tensile deformation, Han et al. [10] observed significant plastic deformation
for diameters ranging from 15 to 70 nm, and they estimated the BDT diameter via the extrapolation of the curve of
the diameter reduction ratio versus diameter. We propose here a ductility parameter based on a similar idea, which is
to measure the ratio of the shear produced by dislocations over the initial NW diameter. Since both dislocations and
cavities/cracks appear in many of the tensile simulations, the shear produced by dislocations is here evaluated just
before cavity formation. If no dislocation is formed before cavity opening, the ductility parameter is zero,
characterizing a purely brittle behavior. Conversely, if no cavity opens before the nanowire rupture, the ductility
parameter is equal to 1, signature of a purely ductile behavior. Intermediate behaviors such as those described in
section 3 will give a value between these two extremes. Note that such ductility parameter is a measure of the
ductile/brittle behavior of the studied system under given conditions, and not an intrinsic quantity of the material or
of the interatomic potential as is the ductility parameter proposed by Kang and Cai [34].

To detect cavity formation, an automated slicing procedure is applied on a selected set of atomic configurations
prior to rupture. The slice thickness is chosen to be slightly greater than the thickness of three atomic planes parallel
to the deformation axis, so that cavities can be directly visualized inside the slice. Our proposed ductility parameter
is then defined as follows:

_& _Nbcosa 0
pductility d d
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with AR the shear produced by dislocations nucleated before cavity formation, d the nanowire diameter, N the
number of dislocations, b the norm of their Burgers vector and « the angle between the Burgers vector and the plane
perpendicular to the deformation axis. AR can be estimated from the height of the surface steps produced by
dislocations when they emerge at the surface, as indicated in Fig. 1(b). To gain efficiency and to avoid geometrical
pitfalls, we used an alternative method, based on the energy variation during a deformation test, to assess the
number of dislocations producing shear before cavity opening. Indeed, just before cavity opening, the nanowire is in
a state denoted C, with energy E, and length £, which can be considered to be the sum of the plastic and elastic
elongation. So, if the external applied load were removed from this state C, it can be assumed that only the plastic
part would remain, and also that the potential energy would return to that of the undeformed system E,. This is an
approximation that neglects potential contribution of structural defects, such as surface steps, disorder or dislocation
lines remaining in the NW after relaxation. The nanowire would thus be in a state called P, with length
o + N b sina (undeformed length plus elongation due to plasticity). Note that except for checking purpose, it is not
necessary to really perform this relaxation. If we assume that the energy variation between states P and C is purely
elastic with the same Young modulus £ than for a pristine NW, it can be written:

EC—EO:%VEgQ:%VE{

fc—(€0+Nbsina)T @)

(¢,+Nbsina)

V being the nanowire volume (supposed to be constant during deformation, which is partly justified by the Poisson
effect) and ¢ the elastic deformation between states P and C. The number N of dislocations producing shear is then
easily extracted from equation (2). We tested the assumptions made for a few tests, on the one hand by removing the
external applied load and relaxing the system potential energy, and on the other hand by counting directly the
number of dislocations before cavity opening. We then observed that equation (2) underestimates the ductility
parameter but that it still gives the correct trends, so that it can be used to analyze the role of the different simulation
conditions. It must be stressed that all methods (equation (2) and direct counting) take into account all shears, even
if different sources of shear are activated.

Our proposed ductility parameter explicitly depends on the NW diameter, to reflect the higher impact of a given
shear in a smaller NW. It is also intrinsically affected by the system size. Indeed, for larger NW, dislocations
travelling distances are larger, so that the probability of dislocation interactions, and then that of cavity/crack
opening is higher. Since the ductility parameter is calculated just before cavity opening, the impact of dislocations
travelling distances is naturally incorporated in it.

4.2. Discussion

The ductility parameters determined from equations (1) and (2) for various simulations are displayed in table 1.

Table 1. Ductility parameter for tests performed under various conditions.

test i ii il iv \ vi vii viii ix X xi
potential «— SWm — <« MEAM-G -
NW diameter d (nm) 8 8 45 45 45 45 8 8 8 44 44
NW length £ (nm) 8 75 46 75 46 46 31 31 31 38 38
ratio £/d 1.0 9.4 1.0 1.7 1.0 1.0 39 39 39 0.9 0.9
temperature 7' (K) 10 10 10 10 300 600 10 10 10 10 10
Ductitie 078 034 006 0.04 0.05 0.10 026  0.10 0.06 0.01 0.01

First of all, it should be emphasized that the ductility parameter was calculated for a limited number of tests, so
that the discussion below provides trends that would need to be confirmed by a statistical study. Let’s first compare
the values obtained with MEAM-G potential for tests vii, viii and ix, performed under the same conditions (only the
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initial distributions of atomic velocities were changed): the ductility parameter varies from 0.06 to 0.26, giving an
idea of its scattering. Such a scattering seems to be reduced for larger NWs, as seen for tests x and xi also performed
under the same conditions. This can be understood because a same variation of the global shear has less effect in a
large NW than in a smaller one. Next, we notice that different values are obtained with both potentials for NWs of
similar sizes at the same temperature (compare e.g. test iii and tests x or xi). This is not surprising given the strong
interatomic potential dependency of fracture and plasticity properties for covalent materials such as silicon. The
ductility parameter reflects the known tendencies of the interatomic potentials: it is higher for SWm which favors
plasticity compared to MEAM-G. Nonetheless, the values of the ductility parameter are of the same order for tests
performed under similar conditions. Besides, they exhibit the same trend when the NW diameter increases, that is a
decrease. Such a decrease is noteworthy for SWm potential: for example from 0.34 for d = 8 nm (test ii) to 0.04 for
d=45nm (test iv), all others parameters being equal. The decrease of the ductility parameter when the NW
diameter increases is less important, though still significant for MEAM-G potential (compare tests vii, viii or ix with
tests x or xi). Finally, the effect of the NW length and the influence of the temperature were examined with SWm
potential only. At low temperature, the ductility parameter decreases when the NW length increases (compare tests i
and ii, or tests iii and iv), in agreement with our previous study [32]. The length effect at higher temperatures still
needs to be investigated. When the temperature increases, the ductility parameter seems overall to increase (cf. tests
iii-v and vi). Though the increase of ductility with temperature and its decrease with NWs size could have been
expected, it is worth noting that the ductility parameter allows a quantitative assessment of these behaviors.
Moreover, its scattering among the different tests performed indicates that in NWs the BDT may not be abrupt, in
particular with temperature, unlike what is observed in bulk silicon.

5. Conclusion

The NW tensile simulations performed show a great variety of mechanisms at the atomic scale. The NW
behavior results from a more or less complex sequence of these elementary mechanisms, which can be described
with a diagram linking the structural defects observed. Such structural defects — perfect dislocations, disordered
zones and cavities — are also observed experimentally in deformed NWs or nanopillars.

Only perfect dislocations in shuffle set planes are observed in the simulations presented in this article. Previous
MD simulations in a different configuration [18] indicate a change from perfect shuffle dislocations to partial glide
dislocations for temperatures above 900K (this value is higher than that obtained in experiments, which can be
explained by the very small time scales inherent to MD simulations). Thus, it can not be ruled out that partial glide
dislocations would form in the specific configuration studied here, and the results described here are then fully
relevant for low to moderate temperatures.

For such temperatures, the simulations greatly help understanding the links between the structural defects; they
evidence for example the cavity opening resulting from dislocation interactions. Indeed, nano-objects are
characterized by the absence of pre-existing cracks so that cavity/crack formation is a preliminary step for
brittleness. The simulations also reveal that dislocation nucleation and cavity opening, as well as dislocation
propagation and cavity extension, often coexist, which makes delicate to discriminate between ductile and brittle
behavior in many cases.

The introduced ductility parameter allows a quantitative analysis of the observed trends: increase of the ductility
with temperature, and decrease with NW size (diameter or length). It underlines the non-abrupt character of the
BDT for NWs: the ductility parameter does not go sharply from 0 to 1 when the diameter decreases or when the
temperature increases. This smooth character of the BDT with temperature is in contrast with what is observed in
bulk silicon. A thorough study of the ductility parameter scattering (with e.g. a statistical survey) would give useful
information on the BDT in nano-objects.
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