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Abstract
Most studies show that materials at the nano-scale have different mechanical
properties than in the bulk state. Semiconductors like silicon and germanium
are brittle in the bulk state, but when their size is reduced to the nano-scale
they appear to be ductile. Under tensile loading, we performed molecular
dynamics simulations on silicon crystalline nanowires of different lengths.
We present the details of the obtained mechanisms that led to ductility and
brittleness. In the case of ductility, dislocation nucleation was observed
with a signature of surface step formation on the surface and in the case of
brittleness a cavity was formed after the distinct formation of a wedge-like
shape on the surface. Interestingly, a common mechanism taking place behind
ductility and brittleness is dislocation nucleation. We believe that the observed
mechanisms reveal interesting information for understanding and explaining
the size dependent brittle to ductile transition.

Keywords: molecular dynamics, semiconductor, ductile mechanisms, fracture
mechanisms, plasticity, nanopillars

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to their remarkable mechanical [1-3], electrical [4,5] and optical properties [6-8],
semiconductor nanowires (NWs) are increasingly used in a large variety of modern technology
applications such as light emitting diodes [9] and for constructing nano-scale electronic devices
like field effect transistors [5]. It is then important to fully characterize their properties.
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Recent experimental advances allow us to push the investigation of semiconductor NWs to
new limits. Hence, most studies show that materials at the nano-scale have different mechanical
properties than in the bulk state. For example, an increase in the yield stress is observed in
nano-objects compared to the bulk material, reaching in some cases the theoretical elasticity
limit [3]. Furthermore, a brittle to ductile transition with size has been experimentally revealed
for semiconductors [10, 11]. In fact, at room temperature semiconductors like silicon and
germanium are brittle in the bulk state, but when their size is reduced to the nano-scale they
appear to be ductile. Since brittleness can have in some applications catastrophic consequences
leading to the failure of the device, understanding the brittle to ductile transition at small scale
is highly desirable.

Various experimental, as well as numerical simulation studies, were conducted on silicon to
understand the physics behind the size dependent brittle to ductile transition, by changing either
the deformation axis ([110], [112] and [11 1]), the type of applied loading (compression,
tension, bending) and the tested range of length and diameter. For example, using tensile
tests, Han er al [1] showed that Si NWs oriented along the [1 1 0] axis are ductile below 60 nm
while Zhu et al [12] showed that NWs are brittle for the same NW diameter but for different
deformation axes ([1 1 2] and [1 1 1]). Bending tests were also performed by Tang et al [13] on
Si NWs of diameters between 9 and 42 nm, and they showed that under compressive loadings
NWs are ductile but that under tensile loadings NWs are brittle; their results were confirmed
by molecular dynamics (MD) simulations.

In addition to the difference in the deformation rate, much higher in simulations than in
experiments, NWs in experiments generally have larger diameters in comparison to NWs in
simulations. Therefore it is quantitatively and qualitatively difficult to make straightforward
comparisons. Still, indications of a transition with size can be noted in both simulations and
experiments. Kang et al [14, 15] showed that for different temperatures, Si NWs of diameter
below 4 nm are ductile, but they are brittle above this limit. Ostlund e al [10] showed similar
results in experiments but at higher diameters of about 310 nm.

Another potentially important parameter is the length of the NW. Indeed, in NWs, the
onset of plasticity occurs at high strains, for which a significant amount of elastic energy is
stored. Sudden release of this energy is expected to influence dislocation or crack propagation.
Since the stored elastic energy is proportional to the length of the NW, the variation of the
latter should be studied. Atomistic scale simulations are a particularly well suited tool for such
investigations.

In this study, we present atomistic simulations done on Si NWs in order to have a better
understanding of the brittle to ductile transition at the nano-scale. To elucidate the existence
of such a transition, we performed multiple simulations on NWs of different length at a fixed
diameter and for two temperatures. First, a presentation of the simulation details and parameters
is given, followed by a description of the observed mechanisms. In the third part, we discuss
the physics of the observed mechanisms and the results.

2. Simulation protocol

Figure 1 shows a typical NW used in our simulations, created by removing from bulk silicon
all the atoms lying on the outside of a truncated cylinder oriented along the [0 1 1] direction.
The length & and diameter d of the cylinder determine the geometry of the NW. The [0 1 1]
orientation is chosen so that two possible slip planes, (11 1) and (111), can be activated. The
Burgers vectors of the possible dislocations are % [i 01] and % [1 iO] in (111) plane, and

% [110] and % [101]in (I 11) plane. These four dislocations all have the same maximum
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Figure 1. Typical NW used in our simulations. The glide plane (11 1) highlighted in
red is one where most of the plastic activity is expected to take place. ¢ is the amount
of strain applied on the NW. The atomic structure is visualized using AtomeEye [16].

Schmid factor (0.41). A dislocation with Burgers vectors % [01 1] may also lie in both slip
planes; however its Schmid factor is zero in both planes, so that it will never appear. We
considered an orthorhombic simulation cell, with axis X = [100],7 =[011]andZ =[01 1],
with periodic boundary conditions in all three directions and with a dimension along the Z-axis
chosen to be equal to the length 4. Doing so removes artificial end effects and mimic an
infinitely long NW. To avoid image interactions along the X- and y-axis, the size of the box
is made large enough so that the distance between the NW and its periodic images is at least
larger than twice the cut-off radius of the potential.

To be comparable in diameter size to the simulations done by Kang et al [14], we
investigated the effect of increasing the NW length while keeping the diameter fixed at 7.7 nm, a
value that showed consistent brittleness according to their work. Overall, NWs length spanned
the range between 7.85 and 75.26 nm, which corresponds to a total number of atoms between
17120 and 167 776 (table 1).

Interatomic interactions are described using a modified version of the Stillinger—Weber
(SW) potential [17]. This version of the SW potential allows for a better description of
defects, dislocation modeling, plastic properties of silicon and fracture description compared
to the original formulation [18], while keeping the superior ability of the original potential for
modeling silicon under high stress [19].

The LAMMPS simulation package [20] is used to perform classical MD at both 10K
and room temperature. For time integration in MD, we use the Verlet algorithm with a time
step of 1 fs, tested to ensure energy convergence. The temperature is controlled with a Nosé—
Hoover thermostat with a characteristic time for temperature fluctuation set to 150fs. The
initial velocities of all atoms are generated according to a Gaussian distribution corresponding
to twice the equilibrium temperature.

Each run starts by imposing an initial strain of about 10% on the NW, thus remaining
below the elastic limit (estimated from earlier simulations). The atomic structure is relaxed
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Table 1. Aspect ratio, defined as the length £ of the NW over its diameter d (fixed to
7.7 nm), the number of atoms as well as the number of tests for each simulated geometry.

h/d h (nm) Number of atoms Number of simulations
1.02 7.85 17120 10
1.53 11.78 25680 15
275 21.17 46224 10
4.08 3141 68 480 10
10.01 75.26 167776 5
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Figure 2. Monitoring the simulation with the energy graph. The abrupt drop on the
energy curve, at about 430 ps, is a signature of a plasticity event.

to a local energy minimum by the conjugate gradient algorithm and equilibrated at a finite
temperature for 100 ps. These first steps are essential, first to relax the NW with respect
to Poisson’s effect, second to promote surface reconstruction. It must be noted that the
temperature for equilibration is that of the deformation test performed after, so the NW surfaces
are most probably different for deformation tests performed at different temperatures. After
equilibration, the tensile test is conducted in the NVT ensemble and NWs are elongated over
600 ps. A tensile strain is applied continuously by increasing the simulation box length and
remapping all atoms coordinates to the new box at each time step to reach a final strain of
23%, a value estimated (from previous simulations) to be higher than the required strain to
induce the first plasticity event. This corresponds to a strain rate of approximately 2 x 103 7!
During the whole procedure, the total energy is monitored, the first significant drop being a
signature of plastic relaxation (see example in figure 2).

For every aspect ratio we repeated the simulation multiple times, changing at each run the
random numbers generator seed for velocity distribution to ensure randomness. The purpose
of these simulations is to acquire minimum statistics on the repeatability of identified plasticity
mechanisms.

3. Description

A detailed analysis of the atomic structure was performed and we identified several plasticity
mechanisms, ultimately leading to the rupture of the NW. In this section, we describe those
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Figure 3. (a) Cross-section of a NW showing a non-dissociated perfect dislocation
(60° dislocation core in red) gliding in a shuffle set plane (indicated in red) as well as
the surface step left (black arrow) at the NW surface. (b) The nucleated dislocation
propagates across the NW on a (1 1 1) plane, (c) a surface step is formed on the opposite
surface where the dislocation emerges. (d) Under continuous tensile loading the NW
ruptures along the (11 1) plane.

plasticity mechanisms regardless of the temperature and the size of the NW, discussed later in
section 4.

For all tests the onset of plasticity is characterized by two distinct signatures on the surface
of the NW, either a single step or a wedge. Step formation occurs when a dislocation half-loop
is nucleated from the surface of the NW (figures 3(a) and (b)). For all the simulations described
later on, the half-loop is a non-dissociated perfect dislocation with a 60° leading front located
ina {11 1} plane of the ‘shuffle’ set, as expected from previous theoretical investigations [21—
24]. This dislocation finally emerges at the opposite NW side, leaving another step. Following
this initial event, several other similar dislocations are nucleated and glide on the same plane
(figure 3(c)). Subsequently the two parts of the NW, above and below the glide plane, have
been displaced in opposite directions. In this type of mechanism, slip occurs on a single plane
throughout the tensile test. After multiple glide events, NWs rupture across the glide plane
that has been activated (figure 3(d)).

Step formation was also obtained when multiple dislocations are nucleated at different
surface locations (figure 4). Widely separated nucleation sites are activated, leading to
dislocations gliding on parallel {1 1 1} planes (figures 4(b) and (c)). Subsequently, the same
mechanism as for single glide takes place; dislocations propagate across the NW and create
a shearing induced step on the other end where they emerge. Again, successive dislocations
are nucleated and glide in the initially sheared planes. Eventually, under continuous tensile
loading, multiple parts of the NW are shifted in opposite directions (figure 4(d)) until rupture
occurs.

The second surface signature of the initial plasticity event is a localized wedge (figure 5),
likely formed as a consequence of double gliding occurring on two intersecting dense planes,
(111)and (1 1 1), suggesting that two glide systems were activated in the same region. A closer
investigation of the NW structure shows that before a dislocation is nucleated (figure 5(a)),
the atomic arrangement close to the surface is distorted (figures 5(a) and (b)). Such a distorted
region may be formed by a random perturbation of the surface. Soon afterwards, a dislocation
glides creating a step on the surface (figures 5(b) and (c¢)). The formation of a second surface
step hints at the existence of another glide event taking place in a {1 1 1} plane (figure 5(c)).
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Figure 4. (a) Snapshot of a NW showing the formation of two steps on the surface due to
two nucleation and glide events. Black arrows point to the surface steps. (b), (c) Perfect
60° dislocation cores gliding on (11 1) planes in the NW cross-section. Ultimately, the
combined action of tensile loading and multiple dislocations propagating on the same
plane breaks the atomic bonding and creates cavities (d) that will subsequently facilitate
rupture on the (11 1) plane (not shown here).

(b) (©) (d)

Figure 5. Wedge region formation (black arrow). (a) Over-coordination of atoms on
the surface indicates an imminent plasticity event. (b) A dislocation is nucleated from
the surface and glides in a (1 1 1) plane (dislocation core highlighted in red). A highly
distorted region, confined between the two black lines (corresponding to (11 1) and
a1y planes) and the surface, is also visible. (c) The two steps formed on the surface
seem to correspond to the two glide events taking place on (11 1) and (1 1 1) planes; the
former corresponds to the gliding of the surface nucleated dislocation in (11 1) plane,
the latter is correlated to the existence of the distorted region. (d) In some cases, the
surface nucleated dislocation glides further in the NW.

This second glide event is localized in a small region near the surface and it is difficult to
precisely characterize it. The wedge-like shape thus formed on the surface becomes more
pronounced as dislocations glide from the distorted region (figures 5(c), 6 and 7).

In the case of wedge formation, three subsequent scenarios were identified. In the first one,
the wedge region acts as a dislocation nucleation center. Several dislocations half-loops are
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Figure 6. Wedge formation at the surface (@), resulting in a highly distorted region
inside the NW (b). Several dislocations (60° dislocations core in red) are then nucleated
from the wedge region (c) and glide on the activated planes (). High dislocation activity
leads to rupture after extensive shearing on the (1 1 1) plane (not shown here).
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Figure 7. Cavity formation (displayed in black) in the distorted region following a
wedge formation (a). The formed cavity can slightly expand along [100] and [0 1 1],
but remains confined inside the NW and connected to the wedge region (b). Then the
cavity acts as a dislocation nucleation center, and a situation comparable to figure 6 is
obtained (c), (d). Extensive glide on one of the planes leads to rupture (not shown) on
that plane, in this case it is the (1 1 1) plane.

nucleatedon (1 1 1) and (i 1 1) glide planes, intersecting in the wedge region (figures 6(a)—(c)).
At the end the NW fails on one of these planes.

Another scenario leads to an additional cavity formation at the tip of the distorted region
(figure 7(a)). This cavity has a limited extension in all three directions and remains connected
to the wedge region. Dislocations are then nucleated at the cavity tip on both (11 1) and (11 1)
planes (figures 7(c) and (d)), and eventually rupture will occur along the plane on which most
of dislocation activity is taking place.

In the last scenario, the same cavity formation mechanism initially occurs. However
in this case the cavity expands (figures 8(b)—(d)) along directions perpendicular to the NW
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Figure 8. Wedge formation (a) followed by crack formation and propagation (b)—(d).
A cavity is formed in the distorted region near the wedge (b), afterwards the cavity/crack
expands (c¢) until complete fracture on the (0 1 1) plane (d).

axis until a crack forms and the NW fractures on the transverse (0 1 1) plane. During cavity
expansion/crack propagation almost no dislocations were observed.

To summarize, we have seen that step/wedge formation was observed after dislocation
nucleation. In the former case, one glide system was activated (figures 3 and 4). In the latter
case, two glide events generate a wedge-like shape on the surface (figure 5), afterwards either
the activation of two glide systems can take place (figures 6 and 7), or a cavity/crack formation
and expansion can occur leading to fracture (figure 8).

4. Discussion

A comparison between the final states of the NWs, for the described events, leads to the
conclusion that the NW rupture is ductile (i.e. shows a lot of dislocation activity) when a given
mechanism involves rupture on one of the dense planes ((111) or (111)). This occurs for
both one glide system activation (figures 3 and 4) and two glide systems activation (figures 6
and 7). On the other hand, the NW rupture is brittle when the mechanism leads to a fracture
on the transverse plane, perpendicular to the deformation axis ((0 1 1) plane in our case).

However this classification (ductile or brittle), based on the final aspect of the NW after
deformation, does not fully capture the true nature of scenarios depicted in figures 6 and 7. On
the one hand, these processes share the same initial feature that nucleates the crack and leads to
fracture as seen in figure 8, that is wedge formation. On the other hand, these processes exhibit
ductility because of the final behavior of the NW, that is rupture due to extensive dislocation
glide. For instance the case of figure 7 is a typical example of crack tip blunting [25] where
the formed cavity plays the role of the crack tip. In the same manner, the mechanism seen in
figure 6 can also be considered as a case of crack tip blunting where the crack tip is localized
on the surface of the NW. Having these differences in mind, we can now classify our processes
into three groups of behaviors: ductile (figures 3 and 4), intermediate (figures 6 and 7) and
brittle (figure 8).

Table 2 shows the proportions of ductile, intermediate and brittle behaviors obtained at
10 and 300K for all the tested aspect ratios. At 10 K, when the NWs aspect ratio increases,
i.e. the length increases, the proportion of ductile events seems to slightly decrease while the
proportion of brittle events seems to slightly increase.

At 300 K, increasing the NW length does not seem to alter the proportion of ductile events
while the proportion of brittle events is close to zero for all aspect ratios. Comparing the total
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Table 2. Proportion of identified ductile (D), intermediate (I) and brittle (B) behaviors,
for different aspect ratios and temperatures.

Temperature

10K 300K

Ratio D I B D I B

1.02 0.7 0.3 0.0 1.0 00 0.0
1.53 0.8 0.2 0.0 1.0 00 0.0
275 05 0.3 02 038 0.1 0.1
408 0.6 0.2 0.2 1.0 00 00
10.01 0.6 0.2 0.2 1.0 00 0.0

Total 0.66 024 0.10 096 0.02 0.02

proportions for all aspect ratios at 10 K and room temperature leads to the following conclusion:
increasing the temperature increases the number of ductile events and thus promotes the
ductility, an expected result that is consistent with other studies [14,22,26]; intermediate
and brittle behaviors are then less probable. We realized a few tests at 1 K that confirm this
trend, since not a single ductile event (according to our classification) was observed for this
very low temperature.

Looking at table 2, it appears that a larger variety of behaviors is obtained at 10 K, whereas
the NWs are almost always ductile at 300 K. It can be explained as follows: in the light of our
previous description of the shown mechanisms, the onset of plasticity is always mediated
by dislocation nucleation. Therefore, the energy barrier associated with this first nucleation
event can be expected to be the same for all three behaviors. Since the probability of thermal
activation is low at 10K, overcoming this energy barrier requires the application of a high
stress, which in turn lowers the effect of differences in the activation energies of subsequent
events. In addition, the large quantity of energy, due to high stress, released through dynamic
relaxation allows the exploration of different configurations leading to a larger variety of plastic
behaviors. On the contrary, at room temperature thermal activation is more efficient, therefore
the required stress is smaller (figure 9) and there are less diverse cases. Note that for a given
temperature and aspect ratio, the competition between the different plastic behaviors may be
related to subtle surface effects, but the analysis of such effects is beyond the scope of the
present work.

To end this part of the discussion, it is noteworthy to mention that the most noticeable size
effects was seen when the aspect ratio of the NWs under study is above 2.75 for step formation
and 1.53 for wedge formation. In fact, in cases of step formation, it was seen that for long
NWs (h/d > 2.75), multiple step formation, as in figure 4, is more likely to take place; this
is because more dislocation nucleation sites can be activated. As for the wedge formation, we
found that when the NW aspect ratio is larger than 1.53, it is more likely to form a cavity in the
wedge region (figure 7) and only when the NW aspect ratio is larger than 2.75, crack formation
becomes possible. This suggests that for higher NW length, cavity formation would always
be present after the wedge is formed and that there is a minimal length for crack formation and
propagation to take place.

With the diameter d = 7.7 nm selected in this study, ductility was obtained in almost all the
cases independently of the aspect ratio (in particular at 300 K), in contradiction with a numerical
simulation study done by Kang er al [14]. According to the latter, a NW 7 nm in diameter
and with an aspect ratio (h/d) of 10 is always brittle, apart for the highest temperature studied
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(1200 K). The use of a different potential (MEAM) in this work than in ours, raises the critical
issue of empirical potentials. Itis difficult to estimate how much the results of atomistic studies,
qualitatively and quantitatively, depend on the chosen potential. First-principles calculations
would greatly improve this situation but they are, unfortunately, hardly feasible given the large
number of atoms involved. Besides, experimentally, the size at which the size dependent brittle
to ductile transition occurs decreases with the temperature; at 500 K, silicon pillars are ductile
when their diameters are approximately below 1 um [26], while at 300K silicon pillars are
ductile when their size is below 300 nm [10]. At 10 K we may then expect a much lower size
for the transition. Despite the difference in the applied loading, tensile in our case, and taking
into account the very large strain rates in simulations (compared to experiments), this could
explain the observations of both brittle and ductile behaviors in our NWs of about 7nm in
diameter and 7-70 nm in length. Moreover, the deformation of these nano-objects at 300 K
reveals in our study a ductile regime which is in agreement with the expected experimental
behavior of nanopillars with dimensions below 300 nm.

Now we discuss the very first plasticity event feature, that is dislocation nucleation. This
was a common aspect of ductile, intermediate and brittle behaviors. In fact, on the one hand,
ductile events were mediated by dislocation nucleation on one or multiple parallel glide planes
creating a step on the surface. On the other hand, intermediate and brittle events were initiated
by dislocation nucleation inducing glide events on two intersecting planes creating a wedge
on the surface. In both cases, the primary plasticity event was the nucleation of a dislocation.
This suggests that a single mechanism could be at the origin of two completely different
mechanical behaviors, brittleness and ductility. This also suggests that in a defect-free system
(no pre-existing crack), crack nucleation would rely on the nucleation of dislocations. Our
observations share some features with those made experimentally by Ostlund ez al [11], where
a crack is nucleated at the intersection of two dislocations gliding in two different planes
leading to fracture, with the main difference that in our study the two glide events occur in the
close vicinity of each other.

Finally we turn to the analysis of the computed elasticity limit as a function of temperature
and NWs aspect ratio (i.e. length). The elasticity limit is defined as the strain at which the first
significant drop, associated to plastic deformation, is recorded on the energy curve. Since the
onset of plasticity in all mechanisms is mediated by a dislocation nucleation, then the elasticity
limit corresponds to the strain at which the first nucleation event takes place. Figure 9 shows
this strain value averaged over all simulations, with respect to aspect ratio at 10 K and room
temperature. The following remarks can be made: (i) as the aspect ratio increases the elasticity
limit decreases, this behavior is seen at 10 K as well as at 300 K. This is because when the length
of the NW increases, the number of possible dislocation nucleation sites increases as well. As
a consequence, the probability of nucleation at a given strain increases, thus decreasing the
elasticity limit [27]. A similar decrease was obtained in the case of nanowires terminated
by fixed edges, to mimic clamping conditions. (ii) The elasticity limits recorded at 10 K are
higher than those recorded at room temperature independently of the aspect ratio. This can be
explained by the low thermal activation at 10 K, which reduces the probability of overcoming
the energy barrier. Therefore, as already mentioned, the strain required to induce plasticity
needs to be higher at 10K than at room temperature; this result is consistent with previous
studies [27, 28].

5. Conclusion

Molecular dynamics simulations of strained Si NWs of different lengths were performed using
a modified version of the Stillinger—Weber potential. We identified several scenarios at the
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Figure 9. Graph showing the average elasticity limit calculated for each aspect ratio, at
10K (up) and 300 K (down).

onset of plasticity: (i) surface dislocation nucleation and propagation, one glide system being
activated; (ii) surface wedge formation acting as a crack tip, generating dislocations in two
different glide systems; or fracture, by propagation of this crack tip.

As expected, the elasticity limit decreased with temperature. It also decreased with the
NW length, that is explained by the increase of the number of dislocation nucleation sites (the
first plasticity event being always dislocation nucleation). As for ductile, intermediate and
brittle behaviors, it was found that NWs exhibit more ductility at room temperature than at
10K. In addition, the length of the NW had a slight effect on its mechanical behavior at low
temperature where brittleness was observed, whereas no significant effect at room temperature
was noted and brittleness was almost never observed; the result at low temperature suggests
that a minimal length for NWs is required in order to form a crack prior to fracture. Although
our results showed a dominant ductile behavior at room temperature, which is in agreement
with experimental studies, the existence of both brittle and ductile behavior at 10 K indicates
that the transition size may be shifted at low temperatures as suggested by the trend of the
experimental results.

Finally dislocation nucleation was observed when both ductile and brittle behaviors where
initiated, which hints that cracks could be dislocation induced defects in pristine NWs.
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