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We have studied the mechanisms of dislocation nucleation
from surface defects in silicon submitted to various stresses
and temperatures. Molecular dynamics simulations with three
classical potentials have shown the existence of two different
plastic modes in silicon which can be activated from surfaces.
At high temperatures and low stresses dislocations nucleation

occurs in the {111} glide set planes, while at low temperatures
and large stresses it occurs in the {111} shuffle set planes. The
analysis of dislocation cores and kinks shows structures like
those well known in bulk silicon. This study supports the idea
that plasticity in crystalline Si structures could be governed by
dislocation nucleation from surfaces.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The plasticity of silicon is not fully
understood despite the huge amount of studies done for
several decades. This is partly due to the fact that the cubic
diamond structure of Si is composed of two interwoven
fcc lattices, giving rise to two sets of {111} slip planes,
the “shuffle” and the “glide” [1] (Fig. 1). Originally, the
dislocation was thought to slip in the shuffle set plane because
only one Si–Si bond had to be broken instead of three in
the glide set plane. However, in the ductile regime at high
temperature, only dissociated dislocations in the glide set
planes are observed [2]. Since the works of Rabier et al. [3,
4] where silicon is deformed in the brittle regime, i.e., at
low temperature, but under very high confining pressure to
avoid cracks formation, perfect dislocations belonging to the
shuffle set planes have been identified. These observations
support the existence of two plastic regimes, the glide and
the shuffle [5, 6]. The relevant questions are: how can we
pass from one regime to the other and what is the role of
mobility and nucleation of dislocations in the transition.
In nanostructures or in perfect silicon crystals without
mechanisms such as Frank–Read to multiply dislocations,
surface irregularities have been proposed as sources of
dislocations nucleation [7–10]. Several atomistic simulations

have already shown the possibility to nucleate dislocations
from surface defects in Al [11, 12] and in Si [13, 14].
However, in silicon, the simulations have only shown the
dislocations nucleation in the shuffle set plane under low
temperature and high stress conditions. The scope of this
paper is to show the possibility of nucleating dislocation from
surfaces in the glide set planes as well as in the shuffle set
planes, and to define the stress–temperature conditions for
both plastic regimes in silicon, which is critically lacking for
a better understanding of silicon plasticity.

In this paper, we carried out molecular dynamics
simulations to study dislocation nucleation from silicon
surface steps submitted to a large range of temperatures
and stresses. After a short presentation of the methods and
models, we describe the results obtained with three classical
potentials. They show the formation of dislocation loops
either located in the shuffle set planes or in the glide set planes
only depending on stress magnitude and temperature. We
analyze the dislocation cores and kinks formed from surfaces,
and compare them to the existing one in bulk silicon. Finally,
we conclude that dislocation nucleation from surfaces is a key
mechanism for governing silicon plasticity in systems such
as nanostructures.
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Figure 1 (online color at: www.pss-a.com) Atomic system
modeling a ledge on the (001) silicon surface. Only atoms on the
surfaces (dark gray) and inside both slip planes (1̄11̄) and (1̄11)
(light gray) are represented [16]. The uniaxial stress σ inside the
(001) plane forms an angle α with respect to the [1̄10] direction.

2 Simulations setup
2.1 Models We considered a slab of silicon including

several half atomic layers on its surface forming a ledge
with a {111} face (Fig. 1). Both bottom and upper
surfaces are free and p(2 × 1) reconstructed [15]. Periodic
boundary conditions have been used along the step line,
and we kept frozen both {1̄10} surfaces in the last direction
for maintaining the applied stress. The atomic system
contains around 40 000 atoms, but bigger systems up to
150 000 atoms have been also tested without significant
differences.

2.2 Computational methods We considered three
interatomic potentials to describe the Si–Si interaction: the
potential of Stillinger and Weber (SW) [17], based on
a linear combination of two- and three-body terms, the
Tersoff potential [18] including many-body interactions;
thanks to a bond order term in the functional form, and the
environment-dependent interatomic potential [19] (EDIP)
designed specifically to compute defect structure properties.
To get the plastic relaxation processes, we carried out
molecular dynamics simulations on a time scale ranging from
50 to 400 ps, with a time step of 0.5 fs. The temperature
was set between 0 and 1500 K, and controlled by velocity
rescaling.

2.3 Technique for stress application To simulate
the effect of an applied uniaxial stress σ (Fig. 1), we
deformed the system following the strains calculated using
the silicon compliances Sijkl [1]. Sijkl are obtained from
the elastic constants Cijkl, computed for each potential
used. In this work, the uniaxial stress is contained into
the (001) plane, but its direction can be disorientated
with an angle α with respect to the [1̄10] direction
(Fig. 1).

3 Results Experimentally, the plasticity of bulk silicon
is known to operate in two distinct regions of the
stress–temperature diagram. At high temperature and low
stress, dislocations are dissociated and slip in the glide
set plane, while at low temperature and high stress, they
are perfect and located in the shuffle set plane. To study the
occurrence of plasticity from surfaces in both regimes, we
performed molecular dynamics simulations in the conditions
close to those investigated experimentally. In the following,
we described the representative results obtained by the
three classical potentials, in both relevant regions of the
stress–temperature diagram.

3.1 SW potential
3.1.1 Tensile stress The plastic behavior has been

investigated by considering different stresses and temper-
atures. Here, we present molecular dynamics simulations
realized for the stress orientation α = 18◦ giving a resolved
shear stress inside the {111} slip planes approximately
equivalent for the 90◦ partial and the 60◦ perfect
dislocations [20].

Low temperature–large stress In this case, we des-
cribed the simulation at 600 K, for a strain of 13.2%.
After few pico seconds, the tensile stress is relaxed by the
nucleation of a perfect dislocation loop in the (1̄11) shuffle
set plane (Fig. 1), increasing the step height (Fig. 2a). A
short damping of the atomic structure has been done to
remove the thermal agitation and to keep the dislocation
on site. The dislocation is characterized by a burgers vector
b = 1/2[011̄], and forms a half loop emerging at the (001)
free surface in points A and E. The half loop is composed
of two 60◦ dislocation segments AB and BC and two screw
segments CD and DE separated by a kink [21] in D (Fig. 2a).
The core structure of the perfect 60◦ dislocation includes a
threefold coordinated atom as already observed in ab initio
calculations [13]. The screw segment is mainly found in
one of its stable configurations given by the SW potential
and named “A” in previous works [22, 23]. We note that
Fig. 2 is a snapshot of molecular dynamics simulation, and
depicts the dislocation configuration during its propagation
in presence of a thermal agitation, and does not correspond
to the equilibrium position of the dislocation.

High temperature–low stress We then performed simu-
lations at lower stress, about 8.4%, and higher temperature
of 1350 K. After 200 ps, a partial dislocation embryo
characterized by a Burgers vector b = 1/6[1̄12̄], appears
in a {111} glide set plane. This dislocation moves by the
formation and migration of kink pairs and tends to be aligned
along the 〈110〉 Peierls valleys of silicon as bulk dislocation
(Fig. 2b). The half loop connects to the surface step in points
A and E and is composed of two 30◦ dislocation segments,
AB and DE, and one 90◦ dislocation segment BD (Fig. 2b).
We easily identify the double period reconstruction of the
30◦ dislocation on the AB part, as already calculated by
classical potentials [24] and tight binding methods [25]. The
90◦ dislocation is slightly more complex with a double period
reconstruction [26] on BC and an asymmetric simple period
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Figure 2 (online color at: www.pss-a.com) SW potential: Atomic
configurations of dislocations nucleated in different {111} slip
planes. The dashed line is a guide to the eyes emphasizing the
dislocation position. The Si atoms located below (above) the slip
plane are represented by large (small) balls. The green, light gray,
and black balls correspond to three-, four-, and fivefold coordinated
Si atoms, respectively [16]. Bonds are drawn according to the
distance criterion. (a) and (c) Perfect dislocations nucleated in the
(1̄11) shuffle set plane at low temperature and large (a) tensile stress
or (c) compressive stress. (b) Partial dislocation nucleated in the
(1̄11̄) glide set plane at high temperature and low tensile stress.

reconstruction [27] on CD connected by a partial kink [28] in
C. We note that the asymmetric simple period reconstruction
usually unstable with the SW potential is made possible by
the disorientated applied stress.

3.1.2 Compressive stress Two different plastic
regimes have been obtained in traction according to the
temperature and stress magnitude. To confirm these results
we performed simulations on the same system but under
compressive stresses. Here, we describe the simulation
performed with a stress orientation α = 45◦ favoring three
dislocations: the perfect 60◦ and screw dislocations, and the
30◦ partial [20].

Low temperature–large stress At 600 K and −11.2%,
we observed the nucleation of a perfect dislocation loop in the
(1̄11) shuffle set plane crossing the surface step (Fig. 2c). The
nucleated dislocation has a Burgers vector b = 1/2[01̄1], and
is mainly lying along the 〈110〉 Peierls valley of silicon giving
rise to AB and BC 60◦ segments and one CD screw segment
(Fig. 2c). The dislocation core structure is similar to the one in
Fig. 2a, but the core atoms are fivefold coordinated probably
due to the large compressive stress which brings the atoms
closer.

High temperature–low stress For higher temperature
(1200 K) and lower stress (−6.3%), instead of partial
dislocation, we observed the nucleation of a linear defect
from the surface. However, it is not physical and corresponds
to an artifact of the SW potential [29].

3.2 Tersoff potential A similar study has then been
done with the Tersoff potential in the different regions of the
stress–temperature diagram.

3.2.1 Tensile stress
Low temperature–large stress Molecular dynamics

have been performed from 0 to 1300 K for stresses up
to 20%. Despite the stress orientation α = 22.5◦ which
gives the highest resolved shear stress on the perfect 60◦

dislocation [20], no dislocation is nucleated. Instead for
highest temperature, we only observed an increasing number
of fourfold coordinated point defects in silicon [30], leading
to the melting of the surface in the vicinity of the step.

High temperature–low stress Here, we chose a stress
direction normal to the step line to maximize the resolved
shear stress on the 90◦ partial dislocations [20]. At 1500 K
and 10.9%, a partial dislocation is nucleated in a (1̄11̄) glide
set plane (Fig. 3a), releasing a part of the applied stress by
decreasing the step height. The dislocation half loop has a
Burgers vector b = 1/2[11̄2̄], and is connected to the surface
in points A and G. It is composed of two 30◦ dislocations, AB
and FG, and one 90◦ dislocation, BF, with a double period
reconstructed core. The 90◦ partial includes several kinks,
two full [28] in C and E, and one partial [28] in D. We can
remark an anti-phase defect [31, 32] inside the kink C.

3.2.2 Compressive stress Here, the stress orien-
tation α = 36◦ has been considered to produce large
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Figure 3 (online color at: www.pss-a.com) Tersoff potential:
(a) Partial dislocation nucleated in the (1̄11̄) glide set plane at
high temperature and low tensile stress. (b) Perfect dislocations
nucleated in the (1̄11) shuffle set plane at low temperature and large
compressive stress (see legend in Fig. 2).

resolved shear stresses on 30◦ partial and on 60◦ perfect
dislocations.

Low temperature–large stress For a strain about
−11.2%, plasticity occurred when temperature reached
900 K. A perfect dislocation half loop with a Burgers vector
b = 1/2[01̄1] is nucleated from the surface step and glides
in a (1̄11) shuffle set plane. The dislocation nucleation is
accompanied by a decrease of the step height to relax the
applied stress (Fig. 3b). AD and DF segments correspond to
two 60◦ perfect dislocations lying along the 〈110〉 directions
and include several full kinks in B, C, and E. The dislocation
cores include threefold coordinated atoms. The last segment
FG is a perfect screw dislocation in the “A” configuration
[22, 23].

High temperature–low stress Among the different
simulations realized in various stress and temperature con-
ditions, no dislocation has been observed in this regime for
compressive stress. We only noted surface melting for the
highest temperatures.

3.3 EDIP Although both modes of plasticity have been
obtained with two different classical potentials, we carried

out simulations with a third classical potential, EDIP, to
confirm this result.

3.3.1 Tensile stress
Low temperature–large stress At 300 K, plastic defor-

mations appear for a strain around 13.4% when the stress
orientation was set to 18◦. We observed the formation of
a perfect half loop dislocation with a Burgers vector b =
1/2[011̄]. The dislocation is composed of two 60◦ segments,
AB and BC, and one screw segment, CD (Fig. 4a). Along AB,
the dislocation core is characterized by fivefold coordinated
atoms including some point defects due to the thermal
agitation. However, another core configuration is found on
BC where fivefold coordinated atoms on the upper layer
are accompanied by Si–Si broken bonds in the lower plane.
More investigations are needed for a better characterization.
The screw dislocation is found with a core in the “A”
configuration [22, 23].

High temperature–low stress Despite several stress
orientations no partial dislocation has been formed. Instead,
we observed surface melting from temperature around
1200 K.

3.3.2 Compressive stress
Low temperature–large stress For a compressive strain

about −7.4% with α = 22.5◦ and a temperature of 300 K,
we observed an artificial large shear strain of the overall
shuffle set plane crossing the step, before a perfect dislocation
half loop with a Burgers vector b = 1/2[01̄1] occurs in the
same plane (Fig. 4b). This shear strain is a well-known
spurious behavior of EDIP when simulations are performed
in compression [20]. The dislocation lies along the 〈110〉
directions with two parallel screw segments, AB and EF, and
two 60◦ segments, BC and CE. The latter segment includes a
full kink in D. The screw dislocation, EF, is mainly found in
the “A” configuration while the other screw segment, AB, is
close to the “B” configuration previously calculated [22, 23].
We recall that figures are snapshots from molecular dynamics
simulations and do not reflect the structure stability. The cores
of the 60◦ dislocations include fivefold coordinated atoms.

High temperature–low stress The simulation per-
formed with EDIP at 1300 K and −6.3% for a stress direction
α = 45◦, leads to a pre-melting of the surface followed by the
nucleation of a partial half loop dislocation in a glide set
plane (Fig. 4c). The dislocation emerges from the surface
step and is characterized by a Burgers vector b = 1/2[1̄2̄1].
It is composed of one 90◦ segment, AB, with a simple period
reconstruction, and two 30◦ segments, BC and CE, with a
double period reconstruction, including a migration kink in
D as described earlier [28].

4 Discussion In this work, we mainly focused on the
onset of plasticity under high stress–low temperature or
low stress–high temperature conditions, where dislocations
have been experimentally observed in bulk silicon.
However, we extended our investigations to the overall
stress–temperature diagram to probe the mechanical

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com

http://www.pss-a.com/


Original

Paper

Phys. Status Solidi A 206, No. 8 (2009) 1889

Figure 4 (online color at: www.pss-a.com) EDIP: (a) and (b)
Perfect dislocations nucleated in the (1̄11) shuffle set plane at low
temperature and large (a) tensile stress or (b) compressive stress.
(c) Partial dislocation nucleated in the (1̄11) glide set plane at high
temperature and low compressive stress (see legend in Fig. 2).

Figure 5 Strain–temperature diagram resuming the simulation
conditions where dislocations have been nucleated. The figure sums
up the results obtained for the three interatomic potentials and for
various stress orientations. The full (empty) symbols correspond to
dislocations nucleated in the glide (shuffle) set planes.

behavior of the silicon surface under a larger range of external
conditions. For each stress magnitude considered, the
structure is firstly relaxed at 0 K. Then during the molecular
dynamics simulation, the temperature is increased by steps
until the first plastic event appears. The results obtained
with the three interatomic potentials are summarized in
the strain–temperature diagram (Fig. 5). As expected from
bulk plasticity knowledge, the results clearly define two
distinct regions corresponding to two kinds of plastic events
nucleated from surfaces. At high strain (<−6% in compres-
sion and >11% in tension) and low temperature (≤900 K)
the dislocations are nucleated in the shuffle set, while at
low strain (between −6 and 11%) and high temperature
(≥1200 K) the dislocations are nucleated in the glide set.

Both plastic regions are separated by temperature and
strain transition areas represented by dotted and dashed areas
in Fig. 5. The simulations performed in these transition areas
mainly lead to complex atomic rearrangements without the
occurrence of glissile events. For example, the simulation
realized at 1200 K and 11.2% leads to the formation of a
dislocation in the shuffle set despite the high temperature
applied. However, this dislocation only slips on few Burgers
vector before it is transformed into a large rearrangement
of the atomic structure. The case with high temperature and
large stresses has also been investigated by directly imposing
high temperature on largely stressed system. However,
fractures or melting occur before plastic events, which is out
of scope of this study.

4.1 Comparison of silicon plasticity occurring
in bulk and from surfaces Experimentally, the ductile
regime of bulk silicon where plasticity occurs in the glide
set planes, has been observed from 600 up to 1400 K [37],
while the experiment under high confining pressure has
only been realized at room temperature [38]. Here the
shuffle–glide transition temperature for the nucleation of
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dislocation from surfaces can be roughly estimated between
900 and 1200 K. Despite the missing information about the
transition temperature from both theory and experiment,
overall the transition temperature appears in relatively good
agreement when plasticity occurs in bulk or from surfaces.
Note that higher temperatures in simulations can be explained
by small time scales compared to experiments.

In our simulations, plastic events only occur for relatively
high strains from 6 to 13%, compared to the usual stresses
observed experimentally in bulk silicon. This is partly due to
the different processes generating dislocations in both cases.
In bulk, dislocations are multiplied by mechanisms such
as Frank–Read at quite low stresses [33], while in systems
such as nanostructures, where Frank–Read mechanisms are
prevented by small dimensions, dislocations are formed from
surfaces at relatively high stresses in order to compensate
the image force on the dislocation due to the surface. Such
magnitude of stresses are relatively common in perfect
nanostructures [13, 34–36] and still remain lower than the
theoretical yield stress of Si [20].

Our results also support the idea that bulk dislocations
observed in the glide set are directly nucleated in the glide
set plane, while those observed in the shuffle set are in the
same way nucleated in the shuffle set. No cross slip from
glide to shuffle set plane (and vice versa) has been observed
in our simulations. In the previous work, the mobility of
dislocations in the glide set and in the shuffle set has been
discussed [6]. The authors conclude that dislocations in the
shuffle set are always more mobile than dislocations in
the glide set on the full range of temperature and stress.
Here, our results clearly show that dislocation nucleation
from the surface can be activated in both sets of {111}
plane. Consequently the dislocation nucleation appears more
dominant than the dislocation mobility to govern the onset
of plasticity in silicon.

4.2 Stress dependence Although very large stresses
are required to nucleate dislocations from surfaces in silicon,
the nucleation is relatively sensitive to the stress orientation
used in the simulation. In this study, we focused on the results
obtained for stress orientations which have the advantage to
produce similar resolved shear stress on partial and perfect
dislocations. In particular, the stress orientation α = 18◦ in
traction and α = 36–45◦ in compression. For both cases,
we observed two types of dislocations according to the
stress magnitude and temperature used. The activation of
plasticity inside the glide set or the shuffle set planes is then
independent of the stress orientation.

We noted the elastic limit smaller in compression than
in traction is a common feature of the anharmonic potential
well of silicon atoms. This difference does not prevent the
occurrence of both plastic regimes, but the transition appears
at smaller stresses in compression than in traction.

4.3 Potential dependence The simulations based
on three different interatomic classical potentials lead to
qualitatively equivalent results. Although all potentials

present spurious behaviors preventing dislocation nucleation
in some conditions, for each of them we observed a transition
in silicon plasticity depending on the applied stress and
temperature. We note a higher transition temperature for the
Tersoff potential around 1500 K compared to 1200–1350 K
for others. This fact can be explained by the much higher
melting point of the Tersoff potential around 3000 K
compared to 1500 K for the others.

Overall molecular dynamics simulations gave rise to
similar core structures and reconstructions for all classical
potentials. However, we note differences in the shape of
dislocations. This can be explained by differences in structure
stability and migration energies given by the three classical
potentials [23, 28] which are known to play on the dislocation
dynamics [28].

5 Conclusion Through numerous molecular dynam-
ics simulations based on three classical potentials for silicon,
we brought new arguments confirming that two plastic
regimes can be solely activated from silicon surfaces. One
occurs at high temperature and low stress in the {111}
glide set planes by the formation and the propagation of
partial dislocations. The other appears at low temperature
and very large stress in the {111} shuffle set planes, and
is characterized by the nucleation and the propagation of
perfect dislocations. Such plastic mechanisms from surfaces
are currently obtained in the vicinity of crack fronts [8, 9]
or in strained nanodesigned materials [35, 36] and could
govern the origin of plasticity in a large number of silicon
systems.
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