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Large-scale atomistic calculations, using empirical potentials for modeling semiconductors, have been per-
formed on a stressed system with linear surface defects like steps. Although the elastic limits of systems with
surface defects remain close to the theoretical strength, the results show that these defects weaken the atomic
structure, initializing plastic deformations, in particular dislocations. The character of the dislocation nucleated
can be predicted considering both the resolved shear stress related to the applied stress orientation and the
Peierls stress. At low temperature, only glide events in the shuffle set planes are observed. Then they progres-
sively disappear and are replaced by amorphization/melting zones at a temperature higher than 900 K.
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I. INTRODUCTION

The plasticity of semiconductors has been a subject of
numerous studies for the last decades in both fundamental
and applied research. Despite significant progress in the un-
derstanding of the fundamental mechanisms involved, sev-
eral issues remain, in particular for nanostructured semicon-
ductors. In these materials, including for example nano-
grained systems or nano-layers in heteroepitaxy, dimensions
are usually too small to allow the classical mechanisms of
dislocation multiplication, such as Franck-Read sources.1 It
is then likely that other mechanisms dominate, and it has
already been proposed that surfaces and interfaces, which
become prominent for small dimensions, play a major role.
Several observations support this assumption, especially for
strained layers and misfit dislocations at interfaces.2–4 The
question of dislocation formation at surfaces also concerns
bulk materials submitted to large stresses.5–9 The propagation
of dislocation from surfaces has been investigated in the
frame of a continuum model and elasticity theory.10–13How-
ever, the characterization of the nucleation of dislocations is
incomplete with this approach, and the predicted activation
energy is very large, in disagreement with experiments. It is
also difficult to investigate experimentally the very first
stages of dislocation formation. In short, the mechanisms
involved in the nucleation of dislocations from surfaces or
interfaces are far to be well understood. There have been
some attempts to perform atomistic calculations for address-
ing this issue. In particular, the interaction between a dislo-
cation and the free surface or the interface,14,15 or between
ledges and a crack tip,16 and the instability of a stressed
ledge17 have been studied.

It has been proposed that surface defects like steps, or
cleavage ledges, could favor the nucleation of dislocations,
by lowering the activation energy.18 This assumption is sup-
ported by experimental facts, with dislocation sources lo-
cated on the cleavage surface and coinciding with cleavage
ledges.19–22Also partial dislocations can be formed from the
surface during microindentation.23 Atomistic simulations of
dislocation nucleation from surface defects in metals have
also been recently reported.24 It has been shown that the
presence of the step modifies the otherwise uniform strain

field,25 which effectively makes easier the dislocation forma-
tion. The situation appears to be different for semiconduc-
tors, with no clear strain inhomogeneity at the step.26,27 The
role of the stress orientation on the dislocation formation is
also unclear. Additional atomistic simulations are needed to
shed light on these points and fully characterize the mecha-
nisms behind dislocation nucleation.

In this paper, we report large-scale atomistic calculations
of the nucleation of dislocations from surface defects in sys-
tems submitted to a stress with variable orientation. We fo-
cused on linear surface defects like simple steps, but also
cleavage ledges. As for the material, silicon was selected as
the best candidate, for several reasons. First, it is a good
model, since a lot of semiconductors crystallize in the same
cubic diamond structure, or the zinc-blende structure, almost
equivalent from the point of view of plasticity. Second, sili-
con can be grown without native dislocations, which allows
a comparison between experiments and simulations. Finally,
several high quality atomistic potentials are available. In the
first part of the paper, the silicon structure and the slip sys-
tems are briefly described. After the presentation of the
model and the calculations techniques used to perform the
simulations, the results obtained with several empirical po-
tentials are described. In particular, we mostly focus on stress
orientations that increase the probability of nucleating the
relevant dislocations. Several points are then discussed, such
as the conditions for nucleation, the role of stress orientation
and temperature, and the selected slip system.

II. METHODOLOGY

A. Structure and geometry

In ambient conditions, the stable structure of silicon is
diamond cubic. Dislocations glide in the(111) dense planes,
that are gathered together in two sets, one widely spaced,
called the “shuffle” set and one narrowly spaced, called the
“glide” set [Fig. 1(a)]. The Burgers vector of a perfect dislo-

cation is 1/2k11̄0l. Dissociation into two Shockley partial

dislocations, 1/6k12̄1l and 1/6k21̄1̄l is possible through the
formation of a stable stacking fault in the glide set.28 Note
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that, since the Burgers vector of a partial dislocation does not
link two points of the crystal lattice, the nucleation of a par-
tial dislocation is always accompanied by a stacking fault in
the glide set plane. When occurring on adjacent atomic
planes, the stacking faults form micro-twins. Considering the
angle between the dislocation line and the Burgers vector,
perfect dislocations are called 60° or screw, while partials are
called 90° or 30°. These notations are used in the rest of the
paper.

A semi-infinite system including surface steps is modeled
by a slab with a 231 reconstructed(100) free surface(Fig.
2).29,30 Four atomic layers are frozen in the bottom of the
slab, opposite to the free surface. Steps, lying along the

f01̄1g dense directions, which correspond to the intersection
of h111j slip planes and the(100) surface, are placed on the
free surface. The steps are made infinite through the use of

periodic boundary conditions along thef01̄1g direction. Two
steps of opposite signs are introduced in order to allow the
use of periodic boundary conditions in thef011g direction
normal to the step line. Several calculations on systems with
different sizes alongf100g andf011g have been performed to
evaluate the sample size necessary for the interactions be-
tween the surface and the frozen bottom, and between steps
to become negligible(Fig. 2). We have varied dimensions
from 16 atomic planes up to 120 in both directions. For small
boxes, the frozen bottom is too close to the surface which
leads to larger elastic limits, for example, it is around
−13.7% for the smallest box and it reaches a limit value
around −10.0% for larger ones. A typical system encom-

passes 4 atomic layers along the step line directionf01̄1g,
120 along the surface normalf100g and 160 alongf011g, i.e.,
about 80000 atoms. Note that the periodicity of 4 atomic
layers along the step direction restricts the problem to two
dimensions, and prevents in particular the formation and ex-
pansion of such defects as dislocation half-loops.

In this work, the most simple steps formed by the emer-
gence of a perfect dislocation at the surface are considered.
They are calledDB rebonded andDB nonrebonded,31 and
have a height of two atomic layers. The effect of higher steps
has also been checked by considering cleavage ledges corre-
sponding to 5DB step forming ah111j facet.

B. Application of a uniaxial stress

To simulate the effect of an applied uniaxial stresss, the
system is deformed with strains calculated using the silicon
compliancesSijkl . These are obtained from the elastic con-
stantsCijkl , computed for all empirical potentials. In this
work, the uniaxial stress direction is contained into the sur-
face, but we consider different orientations with respect to
the step line. As a result, the projection of this stress in the
h111j slip planes, called the resolved shear stress, will also
vary. This quantity is important since it is reasonable to as-
sume that the slip system with the largest resolved shear
stress along the Burgers vectorb will be favored. The rela-
tionship between the resolved shear stresst and the uniaxial
stresss is t= ±susu, s=cosw ·cosn being the Schmid factor.
w is the angle betweens and the normal of the slip plane
and n the one betweens and b. In Fig. 3, the calculated
Schmid factors along several slip directions into theh111j
slip planes are represented as a function of the anglea be-
tween the stress orientation andf011g, the normal to the step
lines (Fig. 2). The most efficient stress orientations for each
dislocation(the 60° and screw perfect dislocations, and the
90° and 30° partials) are gathered in Fig. 1(b). The maximum

FIG. 1. Diamond-like structure

projected along f01̄1g (a) and
along f111g (b). All the possible
slip directions following the Bur-
gers vectors of the 60°, 90°, 30°
and screw dislocations are consid-
ered. For each dislocation, the
best stress orientation giving the
maximum resolved shear stress is
indicated through anglea (see
also Fig. 3).

FIG. 2. Calculation cell with aDB step nonrebonded.s is the
applied uniaxial stress anda the angle between thef011g direction
(the step normal) and the stress direction. The atomic structure is
shown through the enlargement of the step region.

GODET et al. PHYSICAL REVIEW B 70, 054109(2004)

054109-2



resolved shear stress along the Burgers vector of the 60°
(screw) is obtained fora=22.5° s45°d for both tensile and
compressive stress, respectively. The 90° is favored in case
of a nondisorientated tensile stress onlysa=0d. A compres-
sive stress would give a resolved shear stress in the anti-
twinning sense. Finally, the 30° is favored by a 36° disori-
entated stress, only in compression, which produces a
twinning stress.

C. Computational methods

The large number of atoms required in the simulation pre-
vents the use ofab initio methods because it would be too
expensive in CPU time. Instead, three classical potentials for
silicon are employed: the potential of Stillinger and Weber

(SW),32 based on a linear combination of two- and three-
body terms, the Tersoff potential33 including many-body in-
teractions thanks to a bond order term in the functional form,
and the environment-dependent inter-atomic potential34

(EDIP), more recent and designed specifically for simulating
defects.

To deform the system, stress increments of 1.5 GPa
(equivalent to a strain around 1 to 1.4% according to the
stress orientation) are successively applied, the atomic posi-
tions being relaxed between each increment. Two relaxation
techniques are used. Either a static relaxation with a conju-
gate gradients algorithm is performed, until forces on atoms
are smaller than 10−3 eV/Å, or temperature is introduced in
simulations35 with molecular dynamics, in order to investi-
gate its effect on the nucleation. After an initial static relax-
ation with conjugate gradients, the temperature is gradually
increased with increments of 300 K, the total simulation time
ranging from 5 to 50 ps.

III. RESULTS WITH THE STILLINGER-WEBER
POTENTIAL

Three temperature domains have been considered; the
first one at 0 K, the second one for low temperatures
s&900 Kd and the last one for high temperaturess*900 Kd.
In each case, we focused on relevant stress orientations that
increase the probability of nucleating the four possible dis-
locations(60°, screw, 90°, and 30°). Few other stress orien-
tations have also been checked. All results are summarized in
Table I. Cases presented concern systems withDB nonreb-
onded surface steps. No noticeable changes have been ob-
tained with theDB rebonded step. The main effect of higher
steps, like cleavage ledges, is a slight decrease of the elastic
limits. But, the plastic events remain qualitatively similar.

A. Simulations at 0 K

At 0 K, the plastic events appear under large strains in
both compression and traction, i.e., greater than 7%

FIG. 3. The Schmid factors versus the stress orientationa are
drawn for five slip directions: two along the Burgers vectors of the

60°, k101̄l (a) and k11̄0l (c), two along the Burgers vector of the

partials,k21̄1l for the 90° (b) andk12̄1l for the 30°(d) and the last

one alongbscrew, k01̄1l (e), parallel to the step line.

TABLE I. Summary of plastic events obtained with the SW potential, for several stress orientations, at
0 K and with temperature, in traction(positive stress) and in compression(negative stress). Note that the
strains along the stress direction are obtained from the linear elasticity theory.

Elastic limits at 0 K Results

a StresssGPad Strain (%) T=0 K T&900 K

0° 31.5 22.9 Fracture Fracture

−10.5 −7.6 Micro-twin Micro-twin

10° 25.5 19.1 Fracture Perfect 60° then fracture

−10.5 −7.9 Micro-twin Micro-twin

22.5° 22.5 18.7 Perfect 60° Perfect 60°

−12.0 −10.0 Plastic deformations inh111j planes Perfect 60°

36° 21.0 19.2 Micro-twins + sometime 60°
and screw

Micro-twins + large strained zone

−13.5 −12.4 Perfect 60° Perfect 60°

45° 21.0 19.7 Micro-twins Micro-twins

−15.0 −14.0 Perfect 60° Perfect 60°
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s10.5 GPad (Table I). They are initiated from the surface, in
the close neighborhood of the step. Note that the elastic lim-
its for stressed systems with surface steps are always smaller
than for systems without surface steps which have also been
calculated. Hence steps facilitate plastic events, by lowering
the required stress, and by confining the disturbed surface
area. Before the occurrence of plastic events, the system is
elastically deformed and the resulting shear strains are
mainly located in shuffle set planes.

Investigations have been performed with stress orienta-
tions favoring the nucleation of perfect dislocations. For the
60° dislocation, the most efficient angle isa=22.5° in both
traction and compression[Figs. 1(b) and 3]. The results in
traction show a relatively large elastic limit of 22.5 GPa
(18.7% of strain). Beyond this stress, plasticity occurred
(Fig. 4). The inset at the top of the figure clearly shows that
the surface step is double after plastic deformation. The dis-
placements in the shuffle set plane crossing the step corre-
spond to the slip of a 60° dislocation. On the second inset
into Fig. 4, one can see the dislocation that has stopped at the
bottom of the simulation box and another 60° dislocation
with the same screw component occurring in the symmetric
h111j shuffle set plane from the frozen bottom. Since the
dislocation was blocked on the frozen zone(which mimics
the bulk) the system found another slip system to continue its
relaxation. In compression, large plastic strains appear from
the surface steps for a strain of around −10%s−12 GPad,
following approximately theh111j planes, but without any
clearly identifiable dislocations.

The perfect dislocation in the screw orientation, should be
favored by a 45° disorientated stress in both compression
and traction[Figs. 1(b) and 3]. However, under a compres-

sive stress, a 60° dislocation instead is nucleated in the
shuffle set plane crossing the step. The dislocation decreases
the step height and glides in the plane of the shuffle set up to
the frozen bottom of the simulation box. Under a tensile
stress, defects identified as micro-twins are formed from the
surface step. It seems that these defects are due to a peculiar
behavior of the SW potential when the resolved shear stress
in the h111j planes is along the anti-twinning direction. A
previous analysis has shown that these twins are formed by
glides in two shuffle set planes with a rotation of trimers in
the glide set plane.36 In brief, in both cases traction and com-
pression, no screw dislocation has been nucleated.

Then, to nucleate partial dislocations, calculations with
the most efficient stress orientations have been performed.
When a nondisorientated tensile stress favoring the 90° par-
tial is applied on the system[Figs. 1(b) and 3], the relaxation
of the atomic positions leads to the crystal fracture. The
crack is initiated from the surface step for a stress of
31.5 GPa(22.9%). The best conditions for a 30° partial dis-
location are obtained with a 36° disorientated compressive
stress. Instead, a perfect 60° dislocation is nucleated in the
plane of the shuffle set crossing the surface step. Finally,
although the stress orientations are ideal to form partial dis-
location according to the Schmid factor, none are nucleated.

We have also checked several other configurations, in par-
ticular, nondisorientated compressive stress and 36° disorien-
tated tensile stress favoring anti-twinning configurations. It
appeared that in both cases, micro-twins are nucleated from
the surface steps, which may be attributed to the somewhat
odd behavior of the SW potential described before. In some
cases, such as for example a 36° disorientated tensile stress,
we obtained complex glide events after deformation. In par-
ticular, considering a ledge and not a single step, the struc-
ture examination after relaxation revealed the presence of
both 60° and screw dislocations. We have also investigated a
system under a 10° disorientated tensile stress, for which the
resolved shear stresses on the 90° and the 60° dislocations
are the same(Fig. 3). This situation gives the same results as
a nondisorientated tensile stress, with the fracture of the crys-
tal.

So it seems that at 0 K, in spite of the many stress orien-
tations tested, only perfect dislocations, especially 60°, lo-
cated in the shuffle set plane passing through the surface
step, are nucleated. No dislocations in the glide set planes
have been obtained.

B. Other temperatures

The same stress orientations have also been tested in the
low temperature domain. The main difference with the 0 K
study is the lowering of the elastic limit as the temperature
increases, in both traction and compression. For example at
600 K with a 22.5° disorientated stress, it reaches −10.5 GPa
in compression and 18 GPa in traction. The results remain
qualitatively similar to what has been found at 0 K. Only
perfect 60° dislocations are routinely nucleated. And no dis-
location has been formed in the glide set plane. Nevertheless,
few differences have to be noted. Under a 22.5° disorientated
compressive stress favoring the 60° dislocation, the ill-

FIG. 4. Nucleation of a perfect 60° dislocation from the surface
step in a plane of the shuffle set, with the SW potential. The tensile
strain, 22.5° disorientated, is about 18.7%. See the text for details
on the insets.
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defined plastic strains obtained at 0 K are replaced by a 60°
dislocation nucleated in the shuffle set plane[Fig. 5(a)]. In
another case, for a 36° disorientated tensile stress leading to
a resolved shear stress in the anti-twinning direction, the si-
multaneous formation of the 60° and screw dislocation at
0 K is replaced by large strained zones near the surface step.
These deformations look like a local phase change. The last
difference is obtained with a 10° disorientated tensile stress
for which the resolved shear stresses on the 90° and 60°
dislocations are the same. Our results at low temperature
show the nucleation of a 60° dislocation in the shuffle set
plane crossing the step. The dislocation glides over a dis-
tance of about 15 Å before leading to the fracture of the
crystal.

In the high temperature domain, the elastic limits continue
to decrease as the temperature is raised. Still, no dislocation
in the planes of the glide set is observed. However the stress
in the system is now relaxed in a new manner. Previously, at
low temperature, the glide events were relatively frequent in
the plane of the shuffle set. Now at high temperatures, the
glide events in the shuffle set planes become more and more
rare as the temperature increases, until they totally disappear.
Instead, they are replaced by disorder in the surface along the
step line looking like amorphization zones.

IV. RESULTS WITH THE TERSOFF POTENTIAL
AND EDIP

The results obtained with the SW potential have shown
that only perfect 60° dislocations are nucleated in the shuffle
set plane, and at low or zero temperature. A previous study
on bulk silicon has shown that the Tersoff potential and
EDIP are less reliable than SW in the case of large shear.37

We have restricted the investigations using these potentials to
the 22.5° disorientated tensile or compressive stress favoring
the nucleation of a 60° dislocation.

The calculations done with the Tersoff potential at 0 K
give very large elastic limits. They are around 46.7%
s51 GPad and −38.5%s−42 GPad under tensile and compres-
sive stress, respectively. In traction, the crystal periodicity
along the step line direction is lost due to large strains of the
bulk looking like the beginning of a phase transition[Fig.
6(a)], leading sometimes to a crystal crack from the surface

near the step. In compression, up to −22%, the strains re-
mained homogeneous. Then slight undulations appeared on
the surface up to −37%. Finally, a plastic strain occurred in
the (011) planes close to the surface step[Fig. 6(b)]. In all
cases no glide events are observed. Calculations have been
performed at different temperatures and several applied
stresses. The only effect is the decrease of the elastic limits
and the expansion of plastic strains. However, using high
steps(cleavage ledges), a large compressive strains−11%d
and very high temperatures ranging from 1200 K to 1500 K,
we managed to nucleate 60° dislocations in the shuffle set
plane passing through the step edge[Fig. 5(b)].

The calculations performed with EDIP at 0 K also show
much larger elastic limits than the ones obtained with SW.
They are around 34.5%s52.5 GPad in traction and −8.9%
s−13.5 GPad in compression. Under tensile stresses, a crystal
crack occurred, while under compressive stresses, theh111j
shuffle set plane passing through the step edge is largely
sheared[Figs. 6(c) and 6(d)]. This shear propagates from the
surface to the slab bottom without dislocation. When the
applied strain is increased, neighboring shuffle set planes are
also sheared.

V. DISCUSSION

A. Dependency on the potentials

Although the same stress orientations and temperatures
have been tried, the results are often different from one po-
tential to another. In order to establish which potential best
represents sheared silicon, we have recently compared at 0 K
the three potentials withab initio methods based on the den-
sity functional theory(DFT) and using the local density ap-
proximation(LDA ).37 Here we recall the main conclusions.
A homogeneous shear was imposed onh111j planes in a
k110l direction, the amplitude of shear going up to 122% for
which the diamond cubic structure is recovered. At each
shear value, the system was relaxed. When the full amplitude

FIG. 5. Nucleation of a perfect 60° dislocation in the shuffle set
plane. The compressive stress is 22.5° disorientated.(a) SW: theDB

step disappears for a strain of −7.5% at 900 K;(b) Tersoff: one
atomic layer disappears for a strain of −11.0% at 1200 K.

FIG. 6. Snapshot of silicon structures close to the elastic limit
with a 22.5° disorientated stress.(a) Tersoff with a strain of 46.7%;
(b) Tersoff with a strain of −38.5%;(c) EDIP with a strain of
34.5%;(d) EDIP with a strain of −8.9%.
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of the imposed shear has been applied, the crystal structure
returned to perfect diamond cubic with the SW potential and
EDIP, as well as in theab initio calculation, through a bond
breaking and new bond formation across the shuffle plane.
However, such a bond switching was not observed with the
Tersoff potential which, in these conditions, does not appear
suitable for describing dislocation nucleation.

When comparing the bulk silicon energy as a function of
the homogeneous shear strain, only the curve of the SW
potential is relatively smooth with a shape and amplitude
similar to the one calculated in DFT-LDA. The Tersoff curve
is discontinuous and the EDIP curve exhibits an angular
point. Thus, only SW can account for the atomic surrounding
without energy discontinuity when the crystal is largely
strained. This feature is even more marked when looking at
derivative quantities, related to stresses. In addition, critical
quantities such as the theoretical shear strength are overesti-
mated by a factor of about two with the Tersoff potential and
EDIP compared to the DFT calculation, whereas Stillinger-
Weber is much closer. The SW potential is not fully exempt
of drawbacks. When the crystal is sheared in the anti-
twinning direction,36 twinning is produced through shearing
in the shuffle set planes. But we do not think that this pre-
vents the use of the SW potential for the other stress orien-
tations.

Hopefully, there are indications that these potentials fail-
ure may become less important at high temperatures, where
dislocations can be formed at lower imposed strains. For
example, under a 22.5° disorientated compressive stress, the
twin-like defect resulting from the SW potential, is replaced
by a 60° dislocation at a smaller strain. Another example is
given by the Tersoff potential which at high temperature and
for large step height, can lead to the formation of a 60°
dislocation. Temperature may rub out unphysical irregulari-
ties from the potentials.

Because of its good behavior at 0 K(especially compared
to DFT calculations) in the following, only the results ob-
tained with the SW potential will be discussed.

B. Role of the surface step

Here, we focus on the results obtained with the SW po-
tential. Plasticity occurs for very large strains, smaller in
compression than in tension. Although the particular crystal
structure and potential may be important, one must consider
that at the very large stresses considered here, the solid may
undergo some buckling instability in compression, instability
which helps dislocation formation. A study is in progress to
clarify this point.

For bulk silicon, the theoretical strengths obtained with
the Stillinger-Weber potential are also large, in agreement
with ab initio calculations.38 The presence of a surface de-
creases the elastic limit, which is decreased again when a
step is introduced on the surface. Indeed, the limits of elas-
ticity of the systems with a free surface including steps are
definitely smaller than without step. For example at 0 K, for
a nondisorientated stress, in tension(compression) the yield
strain is about 22.9%s−7.6%d with surface steps and about
28.3% s−11%d without the surface step, respectively. As a

rule, the plastic deformations, such as fracture, Glide events
or amorphization zones, occur from the steps or in their im-
mediate neighborhood. In fact the presence of the step breaks
the symmetry of the system leading to some stress localiza-
tion near the step. Thus the surface step is a privileged site
for the onset of plasticity.

C. Slip system: glide or shuffle

Now, we discuss whether the dislocation nucleation oc-
curs in the glide or in the shuffle set planes, using the results
obtained with the SW potential. In principle, the perfect 60°
and screw dislocations can be formed in either the glide or
the shuffle plane. However from our results, the dislocations
are nucleated only in the planes of the shuffle set. The simu-
lations with the stress orientation favoring 90° and 30° par-
tials nucleation in the glide set, lead to the fracture of the
crystal and to the formation of a 60° dislocation in the
shuffle set, respectively. This result is consistent with the fact
that for a slip in the shuffle set, only one covalent bond must
be broken compared to three in the glide set.39

In the high temperature domain, the probability of dislo-
cation nucleation tends to drop and plastic strains taking the
form of amorphizations occur. As temperature is raised, the
strain at which plasticity occurs decreases until the thermal
vibrations are sufficient to begin the melting/amorphization,
but the applied strains are too small to initiate a dislocation
in the shuffle set. Still no dislocation is formed in the glide
set. Experimentally, at high temperature, the observed dislo-
cations are partial dislocations belonging to the glide set
planes. It is commonly accepted that they move more easily
through the nucleation and propagation of double
kinks.28,40–42However, the size of the simulation cell along
the dislocation line used here, 4a/2k110l, is too small to
allow the formation of a kink pair. It may explain why only
two characterized plastic events are obtained in the simula-
tion: the nucleation of an infinite straight 60° dislocation in
the shuffle set planes, or amorphization/melting, depending
on the temperature.

In addition, the experimental observations done in both
low and high temperature domains reveal a slip mode tran-
sition depending on the temperature. At low temperature dis-
locations seem to glide in the shuffle set planes and at high
temperature in the glide set planes.7,43–45Whatever the tem-
perature, our simulations have shown that the nucleation of
dislocation in the glide set plane is not allowed, because the
nucleation of straight dislocation is too expensive in energy
and the geometry cell prevents the kink pair nucleation. The
only possible dislocations are then nucleated in the shuffle
set planes. Moreover we have observed that high tempera-
tures prevent the dislocation formation in this set. Thus our
results are not in disagreement with the experimental facts,
and complementary calculations in three dimensions are nec-
essary to confirm the slip mode transition.

D. Character of the nucleated dislocation

In order to understand the kind of dislocation formed, we
tried to establish the main criteria that govern the nucleation.
Usually, when a crystal is stressed, the slip system with the
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largest resolved shear stress along the Burgers vectorb is
favored. In our case, the resolved shear stress on each dislo-
cation, proportional to the Schmid factor, is directly related
to the stress orientationa. In the range of temperature where
the glide events are frequently observed for the SW potential,
in most cases, the plastic events are consistent with the pre-
dictions from the Schmid factors. For example, in Figs. 1(b)
and 3, the 60° dislocation is favored for a 22.5° disorientated
stress in both traction and compression, which is obtained in
our simulations. Also, a 36° disorientated compressive stress
in the twinning sense favors the 30° partial. Since disloca-
tions of the glide set are not activated, as explained above,
the system finds another slip system to relax the applied
stress. In these twinning conditions, two dislocations are pos-
sible: the 60° and the screw. In our simulations, the disloca-
tion nucleated is the 60°, i.e. the one with the largest Schmid
factor (Fig. 3).

However several cases cannot be explained on the sole
basis of the Schmid factor, the character of the dislocation
must also be taken into account. For example, under a non-
disorientated tensile stress giving the maximum resolved
shear stress along ab90° partial [Figs. 1(b) and 3], a crystal
crack is produced without glide events. Following the
Schmid factor analysis, the resolved shear stress is maximum
along the[112] direction, i.e., between both 60° dislocations
belonging to the shuffle set plane(dislocations in the glide
set are not activated). The generalized stacking fault energy
calculated along the shuffle set plane inab initio,46 shows
that it is along the[112] direction that the crystal is most
resistant to shearing, which explains the crystal cracking.
The calculation with a 10° disorientated tensile stress pro-
duces a maximum resolved shear stress along a direction
slightly disorientated from[112] which allows the 60° dislo-
cation nucleation in agreement with the Schmid factor.

Another interesting case is the 45° disorientated stress
[Fig. 3 curves(c) and(e)]. Although the resolved shear stress
is the same on the screw and the 60°, the latter is nucleated,
in compression. It is worth remarking that the two types of
dislocations have different mobility properties, and for in-
stance different Peierls stresses. The calculations performed
with the SW potential have shown that the Peierls stress on
the 60° dislocation is smaller than on the screw.47 To relax
the applied stress, the nucleation of a perfect 60° dislocation
is then favored.

The other discrepancies between the Schmid factor analy-
sis and the simulation results are mainly due to the unphysi-
cal defect created by the SW potential, the micro-twins,
which appear in both traction and compression when the
applied stress acts in the anti-twinning sense. For example in
compression at 0 K, the micro-twin formation disappears as
the stress orientation anglea increases. Hence in the simu-
lations the resolved shear stress along the anti-twinning di-
rection must be as small as possible to avoid this defect.

Thus, the analysis of the plastic strains as a function of the
stress orientation shows that the character of the dislocations
nucleated from surface steps can be generally predicted by
examining the Schmid factor and the Peierls stress. Another
factor may play a role, though, for example, when the

maximum resolved shear stress is along the direction where
the crystal is most resistant to shearing, leading to fracture.

VI. CONCLUSION

We have investigated the nucleation of dislocations from
linear surface defects such as steps, when the system is sub-
mitted to a uniaxial stress. Although the elastic limits remain
relatively close to the theoretical strength, it appears that the
surface steps weaken the atomic structure and help the for-
mation of glide events like dislocations. The glide events are
nucleated and propagated in the planes of the shuffle set. No
straight dislocation is formed in the glide set plane. The ge-
ometry of our simulation cell prevents the formation of kink
pairs and does not allow the expected formation of partial
dislocations in the glide set at a high temperature. In addi-
tion, we have remarked that the high temperature decreases
the probability of nucleating a perfect dislocation in the
shuffle set plane. The melting/amorphization of silicon oc-
curs before reaching the required shear stress to initiate the
dislocation. These results seem consistent with the assump-
tion that at low temperature the dislocations glide in the
planes of the shuffle set, based on the observation of nondis-
sociated dislocations in silicon samples deformed at low
temperature in conditions preventing failure.7,45 Additional
studies are planned to check the nucleation of dislocation
loops in the glide set planes with high temperature.

The role of the stress orientation on the nucleated defects
has been studied from the calculations performed with the
SW potential. Although the results are slightly biased by the
somewhat unphysical defect produced by the SW potential
when the stress acts in the anti-twinning direction, it appears
that the type of nucleated dislocation could be predicted con-
sidering both the resolved shear stress and the Peierls stress.

Finally, although the different results are potential-
dependent, only the simulations performed with the SW po-
tential can be taken into account at 0 K as demonstrated in
our previous study on a bulk system. It has not been possible
to nucleate any dislocations in the simulations performed
with the Tersoff potential and EDIP at 0 K. The Tersoff po-
tential has very high energy barriers, preventing the bond
breaking required to nucleate a dislocation at low tempera-
tures. The overcoming of the energy barriers leading to dis-
location nucleation has become possible at a high tempera-
ture. EDIP presents a shear instability in the shuffle set
planes at 0 K. By extrapolation, it is probably able to nucle-
ate dislocations thanks to thermal vibrations. We are cur-
rently performingab initio simulations of the nucleation of
dislocation from surface steps. Although the system is much
smaller (about 200 atoms), preliminary results indicate the
formation of a 60° dislocation in the shuffle set.
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