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Role of Surface Reconstructions in (111) Silicon Fracture
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The (111) cleavage in crystalline silicon was investigated by hybrid quantum/classical atomistic
simulations showing that its remarkable stability is largely due to asymmetric 77-bonded reconstructions
of the cleavage surfaces created by the advancing crack front. Further simulations show that the same
reconstructions can induce an asymmetric dynamical response to added shear stress components. This
explains why [21 1] upward steps are much more common than [211] downward steps on (111) cleavage
surfaces, while “zigzag” cleavage with alternated (111) and (111) facets will still occur in crystal samples

fractured under [110] uniaxial loading.
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Brittle fracture is intrinsically a multiscale phenomenon.
Upon loading, the elastic energy stored in the whole system
is released through a process that ultimately consists of the
successive rupture of individual chemical bonds. A neces-
sary condition for brittle fracture is given by the Griffith
criterion [1] which states that the elastic energy release rate
G should exceed the cost of creating new surfaces for
the crack advancement to occur. In real systems this picture
must be corrected by lattice trapping effects which arise
from the discrete nature of the atomic bonding and lead to
higher barriers for crack propagation or closing [2]. Atroom
temperature crystalline silicon is a remarkably brittle ma-
terial where atomic scale features are expected to play a
significant role in the fracture properties since these are
highly anisotropic and depend on the main cleavage plane,
the crack propagation direction and the crack speed [3]. For
instance, in (111) cracks traveling along the [211] direction
(Si(111)[211] cracks) at velocities lower than ~800 ms ™!,
crack tip reconstructions are responsible for crack slowing
down and a systematic deviation from the initial cleavage
plane [4]. However, in fracture experiments on the rotated
(110)[001] crack system loaded under pure tensile mode
(mode I), the tip is spontaneously deflected by as much as
35.3° back to (111) propagation planes, possibly arranged
in zigzag patterns of alternated cleavage facets [3,5]. This
illustrates a most striking property of the Si(111) cleavage
planes: at high crack velocities they become stable even in
the presence of large shear loading components, while in
pure mode I flat, mirrorlike cleaved surfaces are readily
produced [6] up to G values as high as 16 J/m?.

In spite of all the above, early LEED experiments by
Henzler [7] and further STM observations by Feenstra and
co-workers [8] revealed steps with a specific orientation on
the cleaved, (2 X 1) 7r-bond-reconstructed surfaces. These
climb “‘upwards” by an atomic bilayer in the [111] direc-
tion while moving along the [211] direction, and are usu-
ally denoted as [21 1] steps, i.e., by the outward normal of
the step riser. Interestingly, the specific orientation of these
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steps cannot be explained on the basis of static total energy
calculations, and their formation mechanism is still a mat-
ter of discussion [9]. Indeed, the competing [211] ““down-
wards” step orientation involves forming fewer dangling
bonds at the step edge and has a lower energy than the
observed [21 1] step [10]. In all cases, the tendency to form
steps appears intriguingly at odds with the remarkable
dynamical stability of the Si(111)[211] crack system under
shear.

To elucidate these questions we carried out molecular
dynamics simulations of the propagating Si(111)[211]
fracture system using the quantum/classical ‘“Learn on
The Fly” hybrid technique (LOTF) [11]. Our simulations
focus on the fast, brittle fracture of silicon during which
thermally activated processes are not expected to influence
the dynamics as long as the temperature is well below
the ~800 K brittle to ductile transition point [12]. After
a short transient regime, the dynamics shows that the inter-
play between the crack shear stress field and surface re-
construction mechanisms naturally leads to the formation
of (2 X 1)7r-bonded chain structures on both cleavage
surfaces. Noteworthy, the 77-bonded chains are parallel to
the crack front on one of the surfaces created by the
propagating crack, and rotated by 60° on the opposite
one [cf. Figs. 2(d)-2(f)]. At high velocities, the occurrence
of surface reconstructions helps maintaining the crack on
the (111) cleavage plane. Moreover, the different orienta-
tion and formation dynamics of the two reconstructions
leads to an asymmetric response of the system to an
applied shear load. Depending on the shear load sign, flat
and stable (111) facets or [21 1] steps of specific geometry
are, selectively, obtained. These results lift the apparent
contradiction between different experimental observations,
providing a consistent picture of the fast brittle fracture
process in the Si(111)[211] crack system.

In our LOTF simulations the forces acting on atoms are
obtained from an “on the fly” fitting procedure [11] in
which target forces are provided by different reference
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force models whose choice depends on each individual
atom’s position relative to the advancing crack tip. In the
quantum region centered on the tip, the reference forces are
evaluated within the framework of density functional the-
ory using the SIESTA package [13]. This region typically
includes ~300 atoms and extends back on the cleavage
surfaces up to 16.5 A from the crack tip. Further away from
the tip, the reference forces are computed using a modified
Stillinger-Weber (SW) classical model [14] tuned to ex-
actly match the DFT lattice constant, and the bulk and
shear moduli for crystalline silicon at 0 K. Our Si(111) X
[211] crack system model contains 175, 552 atoms, with
dimensions L, =~ 67.9 nm and L, =~ 65.7 nm in the [211]

and [111] directions, respectively, and L, = 7.63 Ain the
[011] crack front direction where periodic boundary con-
ditions are imposed. For all simulated times relevant to this
work, this system size is amply sufficient to rule out any
perturbation of the crack tip motion caused by elastic
waves reflected back from the fixed system boundaries.
The initial positions already contain a crack seed located at
(%LX, %Ly, 0) while the loading of the system is imposed in
a uniform-strain fashion by fixing the positions of the
upper and lower (111) atomic planes of the system. We
performed a set of simulations under mode I loading at
G = 7.4 J/m?, and a second set of calculations in which
a mixed mode I-II loading was achieved by imposing

a further =1.2% shear strain (AL% = £0.012), giving a
slightly higher G value of 7.6 J/m?. In these conditions,
and starting from a simple choice of atomically relaxed
(0 K) tip configurations [15], the simulated cracks quickly
enter a fast propagation regime, without showing any low
speed instabilities [4]. The system heating up due to lattice
trapping effects corresponds in all cases to a temperature
smaller than 20 K. We note that brittle fracture experiments
in Si were shown to be unaffected by temperature for
temperatures up to 300 K [3], so that no thermostat was
used in the simulations. More details concerning our meth-
odology and calculation setup are given in the supplemen-
tary information [15].

For all the studied loading conditions the crack propa-
gation undergoes an initial transient acceleration regime
up to a speed of = 2000 ms~!' while proceeding straight
along the [211] direction. On the upper cleavage surface
[labeled as U in Fig. 2(a)] this produces a (2 X 1)#-bonded
reconstruction with threefold coordinated atom chains
aligned on the [011] direction ([011]#-bonded reconstruc-
tion) [16,17]. On the lower cleaved surface (labeled L),
buckled structures similar to those already described by
Haneman [18] are instead obtained. These different recon-
structions reflect the broken (111) mirror symmetry of the
diamond structure, and can be understood as consequences
of the shear stress field at the advancing tip. The shear
stress field measured in the crack vicinity is negative
(anticlockwise) above the U surface and positive (clock-
wise) below the L surface [cf. Fig. 1(a)]. Closer inspection
shows that the [011]z-bonded reconstruction is stress

FIG. 1 (color online). Shear stress field plotted in the (011)
plane for the Si(111)[211] cracks at the onset of propagation (see
text). The color indicates regions of positive (red), and negative
(blue) shear stress. Values out of the range [ — 0.005 MPa,
+0.005 MPa] are plotted in saturated blue (negative) and red
(positive) colors. (a) Mode I loading: the arrows in the insets
define positive and negative shear stresses. (b) and (c) Mixed mode
I-IT loading with positive and negative shear, long arrows indicate
the directions of the displacements applied on the boundaries.

compliant on the U surface where it actually occurs in
the simulations, and hindered on the L side, where buckled
structures form instead in the transient acceleration regime
[Fig. 2(c)]. Namely, close to the tip the shear stress field,
schematically represented on Fig. 2(a), favors a displace-
ment of the surface atoms in the [211] direction with
respect to the subsurface planes on both cleavage surfaces.
On the U surface, such a displacement is associated with
the [011]7-bonded reconstruction [Fig. 2(b)]. On the
L surface the opposite [211] displacement would be
needed to promote the [011]a-bonded reconstruction,
which is therefore hindered by the shear stress field and,
consistently, not obtained in the simulations. Although
they are consistent with previous electronic structure cal-
culations [9], the Haneman reconstructions obtained on the
L surface do not match experimental observations which
report (2 X 1) 7r-bonded reconstructions on both the cleav-
age surfaces [17].

This issue is resolved once the system enters a subse-
quent, more stable propagation regime, after about 2.5 ps
from start. Under pure mode I tension, this second regime
onsets when the tip velocity exceeds =~ 2000 m.s™!, and
lasts until the simulation ends, while the crack propagates
straight along the [211] direction. In this regime a new
surface reconstruction mechanism is repeatedly observed
on each of the two cleavage surfaces. Snapshots illustrating
these reconstructions are shown in Figs. 2(d)-2(f). On the
U surface the stress compliant [011]7-bonded surface is
generated along the crack path through a bond exchange
mechanism only observed at these high velocities (v =
1800 m.s™ 1), involving the formation of a 7-member ring
at the tip ["7RBE” mechanism, Figs. 2(d)-2(f)]. The
mechanism proceeds by a B-C bond-breaking step fol-
lowed by a B-A bond formation. Besides the new
7-member ring, the rebonding leads to the creation of
a 6-member ring on the U cleavage surface close to the
tip. In a second step, this 6-member ring further recom-
bines with neighboring rings within the quantum region
to give the 5/7-member ring structure characteristic of the
[011]7-bonded surface.
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FIG. 2 (color online).

(a) Snapshot of the transient regime configuration under mode I: U and L identify inequivalent surfaces, arrows

indicate the direction of the shear stress in the surface vicinity; (b) and (c) (111) surface reconstructions in the transient regime on the U
and L surfaces respectively: bulk terminated structures are on the left, reconstructed surfaces on the right. The arrows indicate the main
atomic displacement direction; (d),(e),(f) Snapshots of the second propagation regime in mode I at G = 7.4 J/m?; (g),(h),(i) Snapshots
of the [21 1] step formation in the Si(111)[211] crack system under mixed mode I-II loading (G = 7.6 J/m?): the large arrows indicate
the displacement corresponding to the applied (negative) shear strain boundary conditions. Inset: view of the L surface reconstructions
in the (110) plane revealing the presence of a 77-bonded chain structure along the [110] direction. The yellow (light grey) atoms in this

picture belong to the classical region.

The larger atomic relaxations associated with high speed
crack propagation also induce a bond exchange mechanism
on the L surface. This starts with the creation of D-E bonds
followed by the disruption of E-F bonds. From here on,
one E-F bond over two in the [011] direction is observed
to reform during the simulation as the corresponding
D-E bond is broken. The resulting structure is easily
recognized as a [110]7-bonded reconstruction rotated by
60° around the [111] axis with respect to the one observed
on the U surface, as shown in the inset of Fig. 2. The
reconstruction involves atomic displacements along the
[112] direction, which are stress compliant due to their
positive projection over the [211] direction.

To summarize, our first principles computer simulations
predict a crack induced “‘rotated” 7r-bonded structures on
the L surface, consistent with the stress field at the tip and
in agreement with the post-mortem experimental observa-
tions of (2 X 1) 7r-bonded chains on both cleaved surfaces
[17]. The 7r-bonded reconstructions on both surfaces in-
volve rebondings with net atomic displacement compo-
nents along the [211] direction expected to reduce the
shear stress in the tip vicinity, effectively stabilizing the
formation of (111) cleavage surfaces. This mechanism is
observed close to the tip on the L surface where the B,
bond breaking leading to straight propagation competes
with the breaking of B bonds which would lead to step
formation. Here, the rebonding of F atoms and their
associated [211] displacement components during the
reconstruction contribute to lower the stress on the B
bond whose disruption is effectively hindered.

We directly tested the stability of this crack system by
performing LOTF calculations under mixed mode I-1I
loading, using a positive shear [Fig. 1(b)] to increase the

likelihood of By-like bond breaking. Using loading con-
ditions corresponding to a shear/tensile strain component
ratio as large as 35%, the crack propagates straight along
[211] during the entire simulation. The calculated surface
structures (not shown) are very similar to those obtained
above under pure mode I loading. In particular, rotated
7r-bonded reconstructions are again observed on the
L surface, while no B, bond breaking is observed. These
results support a physical picture of crack propagation
stabilization dynamically promoted by 7r-bonded surface
reconstructions. Consistently, a purely classical simulation
carried out in the same loading conditions and using our
reference modified SW potential, which produces no sur-
face reconstructions, yielded [211] step formation initiated
by B, bond breaking. Furthermore, the robust Si(111)[211]
crack propagation obtained in our LOTF simulations in
spite of a significant positive shear load is consistent with
the experimental observation of spontaneous deflection of
a Si(110)[001] crack system producing (111) cleavage
surface facets [3].

When a negative (anticlockwise) shear load is applied to
the system, the local increase of the negative shear stress
field further [cf. Fig. 1(c)] promotes the formation of the
[011]7-bonded structure on the U surface. In particular,
B-C bond breaking is favored and can eventually occur
before both the breaking of B1 bonds and the formation of
A-B bonds. As shown in Figs. 2(g)-2(i) the initial B-C
bond-breaking induces stress concentration on bond B,,
which breaks well before Bj is critically stretched. This
completes the formation of a step. We observe several
upward [21 1] steps of this type forming during the simu-
lations. These steps are separated by (111) terraces show-
ing the same [011]7-bonded U surface reconstruction and
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rotated [110]7-bonded L surface reconstruction already
observed at high propagation speed under purely tensile
load. These results are consistent with the [21 1] steps
preferentially observed by STM and LEED experiments
in this crack system [7,8].

Our calculations suggest that the formation of these
steps is triggered by the time coincidence between the
dynamics of the 7RBE reconstruction mechanism on the
U surface and the regular [211] crack propagation. This
leads to almost simultaneous bond stretching of B-C and
B; bonds at the tip. Since, in our simulations the 7RBE
mechanism only appears at velocities higher than
~1800 ms™!, the [21 1] steps can be viewed as a high
speed crack instability phenomenon. However, the average
crack speed is not significantly affected by step formation.
This is at variance with what observed in the same system
in the case of low speed instabilities, where the occurrence
of [21 1] steps is the result of, and further cause for, crack
speed slowing, the positive feedback yielding the forma-
tion of macroscopic ridges [4]. Since here the step forma-
tion is not coupled to velocity effects, no ridges are
predicted, or indeed observed.

While we do not strictly rule out the possibility of
forming [211] steps on the L surface, our simulations
show that the [21 1] step is preferred in the Si(111)[211]
crack system. Although [21 1] steps were obtained under
negative shear in our simulations, we also observed the
7RBE mechanism yielding step formation under pure
mode I loading in the high velocity regime. Step formation
should therefore be possible in the pure tensile mode,
although at a much lower formation rate than if shear strain
is applied, while the mechanism could also be promoted by
the presence of defects and/or local stress fluctuations in
the experimental sample. We finally note that due to its
dynamical character, the [21 1] step formation could not be
anticipated by previous static total energy calculations
[10]: such an effect is only revealed by a complete descrip-
tion of the dynamics of the #-bonded reconstructions
during high speed fracture.

In summary, our simulations show that shear stress
present in the crack tip region can drive the formation of
m-bonded reconstructions in the silicon (111)[211] crack
system, consistent with the structures experimentally ob-
served on the cleavage surfaces. The simulations employ
periodic boundary conditions along the crack front direc-
tion and address the low temperature fracture behavior of
perfect crystalline model systems, while no attempt is
made to address the more general and complex case of
defective samples or temperature regimes close to the
brittle to ductile transition. Within these limitations, we
consistently find that the broken (111) mirror symmetry
leads to different orientations of the 7r-bonded chains on
the cleavage surfaces: parallel to the [011] crack front on
one surface and rotated by 60° on the opposite one. Even if
the reconstruction processes on both surfaces act as self-
protecting mechanisms that contribute to preserve the
[211] direction of propagation, the mentioned asymmetry

is at the origin of a peculiar high speed propagation
behavior of the silicon (111)[211] system. On the cleav-
age surface where the 7-bonded chains are parallel to the
crack front the reconstruction mechanism is sensitive to
negative shear components at crack speeds larger than
~1800 ms~!, while it is robust to positive shear loads.
This accounts for the selective formation of the [21 1] steps
observed in the experiments. On the contrary, the 60°
rotated 7-bonded reconstruction is remarkably robust to
shear loads of any sign. These results can also explain the
observed behavior of the Si(110)[001] fracture system
under mode I loading, which exhibits crack deflection on
alternated (111) and (111) planes, yielding an intriguing
“zigzag” pattern of cleavage surface facets [5]. Here
cleavage will occur on both planes under high shear, but
in the language of the present work parallel and rotated
7r-bonded reconstructions will alternately occur on the
upper and lower cleavage surfaces of these two planes so
that the “stable” positive shear load conditions discussed
above are always met. This way largely undefected (111)
and (111) facets can be produced and still be consistent
with the observed [21 1] step formation, which preferen-
tially occurs under negative shear.
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