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Fracture experiments to evaluate the cleavage energy of the (110)[110] and (111)[112] cleavage
systems in silicon at room temperature and humidity give 2.7 & 0.3 and 2.2 & 0.2 J/m?, respectively, lower
than any previous measurement and inconsistent with density functional theory (DFT) surface energy
calculations of 3.46 and 2.88 J/m”. However, in an inert gas environment, we measure values of 3.5 & 0.2
and 2.9 4 0.2 J/m?, consistent with DFT, that suggest a previously undetected stress corrosion cracking
scenario for Si crack initiation in room conditions. This is fully confirmed by hybrid quantum-mechanics—

molecular-mechanics calculations.

DOI: 10.1103/PhysRevLett.112.115501

Brittle crystals are of primary importance to today’s
high tech industries, as they serve as the main building
block for the microelectronics and optoelectronics indus-
tries, and a full understanding of fracture pathways would
be extremely useful for the design of, for example, micro-
electromechanical systems with high resistance to fracture,
preventing catastrophic failure in service [1]. Griffith [2], in
his reversible thermodynamic theory for crack initiation in
brittle solids, assumed that twice the relaxed free surface
energy of a material 2y is the material property that resists
crack initiation; one needs only to evaluate the free surface
energy of the material to predict crack initiation. Irwin [3]
expanded the criterion by introducing I'j, the fracture
energy, which includes a wider range of energy consump-
tion mechanisms. For ideally brittle materials, I’y = 2y,
while Iy > 2y when other energy dissipation mechanisms
are active. Whether I, significantly differs from 2y in
brittle crystals is still an open question.

Crack initiation originates with bond breaking events at
the atomic scale [4]. The effect of environmental species on
bond breaking mechanisms is a fundamental issue and is
not yet fully understood: stress corrosion cracking, where
cracks advance very slowly under subcritical loads under
the concerted action of stress and chemistry, is well known
in oxide glasses [5—7] but has not previously been thought
to be important in covalent crystals such as silicon without
polar bonds [8]. Silicon is, however, vulnerable to fatigue
after cyclic loading [9] and can be cleaved by targeted
stress corrosion reactions with implanted hydrogen in the
SmartCut process [10], indicating it is not entirely immune
to chemical fracture effects.

Researchers have debated the exact values of 'y and 2y
for silicon crystals for over three decades. Fracture experi-
ments with silicon crystals are limited. However, similar to
what has previously been found for Si grain boundaries [11],
the results show a large scatter, with 3.0 < I'}!° < 5.4 J/m?
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for the (110) plane [12-16] and 2.5 < I'}!! < 5.0 J/m? for
the (111) plane [16-19]. Experimental measurements of
the relaxed surface energy y also show a large variation, with
2.8 <2y <3.81/m* [20,21] and 23 <2y <

5.0 J/m? [20-23]. Calculations of relaxed surface energies
using density functional theory (DFT) are in reasonable agree-
ment with the measurements, yielding 3.40 < 27! <
4.08 J/m? and 2.72 < 2y ypr < 3.97 J/m?, depending
on the surface reconstruction assumed and the approxima-
tion used for the exchange-correlation functional [24-26].

In an attempt to rationalize the large scatter of past
experimental results, we have evaluated the cleavage
energy of the (110)[110] and (111)[112] crack systems
(using round brackets to denote the cleavage plane and
square brackets to denote the crack propagation direction)
of silicon using high-resolution fracture experiments:
rectangular specimens with atomically sharp precracks
cleaved under tension using the coefficient of thermal
expansion mismatch method [Fig. 1; see also Ref. [27]].
The critical energy release rate at cleavage initiation (i.e.,
the cleavage energy) I' for each specimen was calculated
with the ABAQUS finite element analysis code. The cleavage
energy was first evaluated under standard temperature and
pressure conditions.

We obtain systematically higher values of the cleavage
energy whenever the precrack is not flat, offset [Fig. 1(b)],
or tilted [Fig. 1(c)]. Because of this systematic bias, and in
contrast to many materials properties, averaging does not
decrease the uncertainty in I'(, instead leading to over-
estimates. The best estimate for the cleavage energy of a
brittle crystal is therefore the minimum of all experimental
results carried out under the same conditions, as this is the
result with the closest to perfect correspondence in the
position and direction of the water-quenched precrack and
the propagating crack. In the (110)[110] crack system,
misaligned or tilted cracks give rise to increased values of
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the cleavage energy. Here, we see a smooth transition in the
cleavage energy as a function of the extent of misalignment,
which we can measure directly from the height of the step,
visible in confocal optical and atomic force microscope
images of the fracture surfaces [Figs. 1(b) and 1(c)].

Plotting the cleavage energy as a function of the step
height [Fig. 2, blue (dark gray) circles] for specimens with
parallel and straight precracks only, we find a remarkably
low result for the minimally offset precrack of ~10 nm
[Fig. 1(d)]: the cleavage energy at initiation for this crack
system is Iy = 2.7 £ 0.3 J/m?, which is the lowest value
reported to date, actually low enough to lie distinctively
below the range of experimental and calculated surface
energies, indicating that subcritical crack initiation must be
taking place. An example of poorly aligned precrack
Ty = 4 4 0.3 J/m?) is shown in Fig. 1(e).

Evaluating the cleavage energy of the (111)[112]
system is more complex due to the strong tendency of
these cracks to continue propagating on the original plane if
the water-quenched precrack is offset with respect to the
center line of the specimen (i.e., the plane of maximum K),
consuming additional energy. For this system, we therefore
report only fracture energies of the best aligned cracks with
smooth fracture surfaces after initiation [Fig. 1(f)]. The
cleavage energy at initiation for a precrack misaligned by
100 gm is 3.9 £0.2 J/m? [Fig. 1(g)] and becomes even
higher for larger misalignment, while for very well-aligned
precracks, we measured Iy = 2.2 4+ 0.2 J/m? [Fig. 1(f)
and Fig. 2, solid red (light gray) circles]. This is again the
lowest cleavage energy obtained for this crack system.

FIG. 1 (color online). Experimental fracture: (a) Optical photo-
graph showing the assembly containing the Si specimen glued by
epoxy resin to an aluminum loading frame. Confocal microscopy
images showing examples of misalignment steps due to (b) offset or
(c) tilted precracks. The effect of precrack or physical crack
misalignment on the fracture surface of the (110)[110] system
and the energy consumption in cleavage of silicon is demonstrated
for well-aligned precrack, where (d) I’y = 2.7 J/m?, while for
poorly aligned cracks, (e) I'y = 4 J/m?. For cracks initiating on
the (111)[112] system: a well-aligned precrack, where (f) Ty =
2.2 J/m? and a poorly aligned precrack (g) Ty = 3.9 J/m?.

The experiments were carried out at humidities of 20%
and 55%, with no systematic dependence of the measured
Iy on humidity, suggesting that atmospheric oxygen rather
than water is responsible for any chemically activated
fracture processes (moreover, even at 55% humidity, there
are at least 10 times more O, than H,O molecules per unit
volume). We also note that any liquid water droplet initially
present in the cavity could not trail the crack along the
250 pm long initiation region, as at our applied loads, the
crack propagates faster than a stable droplet’s maximum
sustainable speed [28].

To investigate environmental effects on the fracture
process, we remeasured the cleavage energy at initiation,
this time placing the assembly in a vacuum chamber. At a
vacuum of 1073 Pa, the chamber was filled with 99.994%
argon, and again the pressure was reduced to 10~ Pa. This
procedure was repeated five times. In the resulting inert gas
environment, the cleavage energies for the (110)[110] and
(111)[112] systems increased to I'y=3.540.2 and
2.940.2 J/m?, respectively [blue (dark gray) and red
(light gray) solid squares in Fig. 2]. These larger values
are in good agreement with the DFT calculations of 2y of
3.46 and 2.88 J/m?, respectively [24].

To explain the difference between the cleavage energies in
standard and reduced oxygen conditions, we turn to molecu-
lar dynamics calculations of the dissociative chemisorption
of oxygen molecules at crack tips. We performed hybrid
quantum-mechanics—molecular-mechanics (QM-MM) frac-
ture simulations using the “learn on the fly” (LOTF)
scheme [29], first for the (110)[110] cleavage system. A
large model system [1200 x 400 x 5.43 A3, with 129 794
atoms; Fig. 3] is needed to capture the effects of long-range
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FIG. 2 (color online). The cleavage energy I'( vs parallel and
straight misalignment step height for (110)[110] [blue (dark
gray) marks] and (111)[112] [red (light gray) marks] crack
systems of silicon under room conditions (solid circles, labeled
R) and atmospheric pressure of Ar (solid squares, Ar). The error
of Iy was defined by the error in temperature measurements of
+0.1 °C during cleavage, which was used by ABAQUS to evaluate
the range of the I,
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FIG. 3 (color online). Stress corrosion cracking in the
Si(110)[110] cleavage system. (a) Model system, colored by
principal stress, with red (light gray) regions corresponding to
high tensile stress and dark blue (dark gray) regions to zero; the
black rectangle shows the region shown in subsequent panels.
Crack tip structures obtained by QM-MM geometry optimization
with (b) a sharp crack tip and (c) a lower energy blunt crack tip,
related to the sharp tip by rotation of bonds X/X’ and Y/Y’. Dark
blue (dark gray) atoms are treated at the QM level. (d)—(i)
Snapshots from QM-MM dynamics showing dissociative chemi-
sorption of two O, molecules and the resulting crack advance (see
the text). Bonds shown are based on time-averaged atomic
positions.

elastic relaxation [30]. To describe crack tip chemistry
correctly, around 200 atoms near the crack tip were selected
for quantum mechanical treatment at the DFT level [31],
using the generalized gradient approximation to the
exchange-correlation potential [32] as implemented in
the vasp [33] and CASTEP [34] codes. A subcritical tensile
load equivalent to an energy release rate of G = 2.7 J/m?” was
applied by rigidly clamping the top and bottom edges [35].
To identify the starting point for dynamical simulations,
we performed a hybrid QM-MM relaxation of the full crack
system [36], leading to a novel tip structure with a slightly
blunted tip, formed from the sharp tip by two bond

rotations [Figs. 3(b) and 3(c); cf. 5-7 tip reconstruction
in Ref. [30] ]. We find that the local chemical cost of the
bond rotations is compensated by a reduction in elastic
energy: the blunted tip system is lower in energy by
0.12 eV per unit crack front, suggesting it is the preferred
equilibrium crack tip structure.

LOTF molecular dynamics simulations at a temperature
of 300 K confirm that at G = 2.7 J/m?, the crack neither
advances nor closes up, remaining pinned by the lattice
trapping barrier [37,38]. We then placed an oxygen
molecule 4.0 A behind the first unbroken Si-Si bond of
the relaxed crack tip configuration [Fig. 3(d)] and restarted
the simulation. The chemisorption energy of an O, mol-
ecule on a unstressed, reconstructed silicon surface is of the
order of 5 eV [39], with an activation barrier of 0.2-0.3 eV
[40]. Here, we observe immediate spontaneous dissociation
of the oxygen molecule [Figs. 3(e) and 3(f)], indicating that
dissociation becomes barrierless under these conditions
[the enhanced O, approaching speed observed at small
O,-tip distances is also consistent with an independently
calculated DFT adsorption energy profile constrained to the
molecule orientation of Fig. 3(d)]. The oxygen is adsorbed
to form Si-O-Si bridges behind the crack tip [Fig. 3(f)],
leading to crack advance via cleavage of the Si-Si bond
[labeled (1) in Fig. 3(d)]. The simulation was continued by
adding a second O, molecule, which undergoes a similar
pattern of dissociative chemisorption, Si-O-Si bridge for-
mation, and crack advance [Figs. 3(g)-3(1)].

Moving to the (111) cleavage plane, we carried out
LOTF simulations in a Si(111)[112] model system
(dimensions 1200 x 400 x 3.84 A’, with 90730 atoms;
see Fig. 4). The crack surface behind the tip was saturated
with hydrogen to reduce the number of possible O, reaction

—
Si(111)+0,, ¢ = 0.050 ps]|

(112] g 2
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FIG. 4 (color online). Stress corrosion cracking in the
Si(111)[112] fracture system. As in Fig. 3, panels show only
the near tip region, treated with QM accuracy. An O, molecule
[red (dark gray) spheres] inserted 1.5 A behind the crack tip
(a) immediately dissociates, (b) in this case, forming an OH™
radical, and (c) subsequently chemisorbs, leading to crack
advance via cleavage of the Si-Si bond labeled (1) at the crack
tip. (d) After 0.2 ps, both oxygen atoms are incorporated in stable
Si-O-Si bridges.
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sites, allowing the delivery to the crack tip of the molecules
inserted in the course of the simulation, avoiding spurious
chemisorption on the fracture surfaces, not likely in the
earlier (110)[1 1 0] crack systems because of the more open
geometry of its crack tip [cf. Fig. 3(c); in the experimental
system, the fracture surfaces are expected to be fully
passivated with a native oxide layer [41]]. We again
observe immediate dissociative chemisorption of oxygen
[Fig. 4(b)] at the crack tip followed by Si-Si bond cleavage
[Fig. 4(c)], leading to crack advance [Fig. 4(d)] at sub-
critical energy release rates as low as G = 2.2 J/m?.

In a number of simulations in both the (110) and (111)
systems, we see that the dissociation of a single O,
molecule provides sufficient heat to “burn” at most one
Si-Si bond at the crack tip. At least one oxygen molecule is
required for each crack advance step. The heat locally
released by the exothermic dissociative chemisorption is
efficiently dissipated into the crystal matrix and never
observed to cause the breaking of Si-Si bonds not directly
bonding with an O atom to yield multiple advance steps.
We note that such a physical effect would be favored by the
periodic boundary conditions we use along the crack front,
which correspond to an infinite row of molecules simulta-
neously approaching the crack tip. We conclude that slow
fracture can be initiated at subcritical loads, with the crack
advancing by stress corrosion through iterated oxidation or
bond breaking steps occurring at the tip before any thick
oxide layer has a chance to form.

The long-range elastic effect of the chemical reactions
taking place at the crack tip can be measured by fitting the
time-averaged atomistic stress field, calculated for each
atom from its deformation relative to the perfect crystal
[42], to the Irwin near-field solution for a sharp crack [3].
The fit was performed in an annular region extending from
5to 100 A from the geometrical tip, allowing the origin of
the stress field to vary to minimize the difference between
atomistic and continuum stress fields. For the (111) system,
illustrated in Fig. 5(a), we see that following the dissoci-
ation and chemisorption of the O, molecule [O-O distance
increasing, red (light gray) line], the crack advances by
a~3 A unit step in the [1 12] crack propagation direction
(green line). The Si-Si bond at the crack tip [blue (dark
gray) line] ruptures concurrently with the advance of the
stress field. This advance is irreversible due to the bond
termination (“‘corking”) effect of the adsorbed oxygen. The
interplay between individual bond breaking events and the
long-range elastic behavior is more complex in the (110)
system [Fig. 5(b)], as the slight blunting of the tip allows a
number of distinct reaction pathways. The first O, mol-
ecule illustrated in Fig. 3 dissociates immediately, even-
tually leading to the formation of two Si-O-Si bridges. By
the time these bridges have fully formed, they are already
effectively unloaded, as the center of the crack tip stress
field [green line in Fig. 5(b)] advances very soon after the
dissociation of the molecule, leading later to the breaking of

Distance / A
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00 distance (4)

Crack advance

- ®

Distance / A
e wt
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FIG. 5 (color online). Analysis of bond breaking and stress
concentration in the (a) Si(111) and (b) Si(110) cleavage systems.
Red (light gray) and magenta (mid dark gray) lines: O-O
distances, increasing during dissociation. Blue (very dark gray)
and cyan (very light gray) lines: Si-Si bonds cleaved during crack
advance. Green (mid gray) lines: horizontal crack advance,
measured by fitting the atom-resolved stress field to the Irwin
near-field solution. Advance of the stress field can occur either (a)
at the same time as or (b) before Si-Si bond rupture (see the text).
Vertical dashed lines correspond to the labeled snapshots illus-
trated in Figs. 3 and 4.

the Si-Si bond labeled (1) in Fig. 3(d), in what could be
interpreted as a localized toughening response. The adsorp-
tion of the second O, molecule [labeled (4) in Fig. 3(g)]
leads, however, to perfectly brittle crack advance, with
dissociation and absorption preceding the immediate rup-
ture of the Si-Si bond [labeled (3) in Fig. 3(g)].

In summary, we find that oxygen molecules play the
role of a corrosive agent capable of initiating fracture at
subcritical loads on the Si(111) and Si(110) cleavage
planes, contrary to the common wisdom in Si. In both
experiments and atomistic simulations, cracks in an argon
atmosphere do not propagate at energy release rates below
the Griffith critical value of twice the surface energy
density. The presence of an oxygen-rich environment leads
to subcritical crack growth, revealed for the first time by our
experiments in vanishing misalignment conditions. This is
consistent with the dissociative chemisorption of O,
molecules followed by cleavage of individual, stressed
Si-Si bonds at the crack tip observed in our simulations. We
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note that, in this barrierless dissociation regime, the speed
of the subsequent crack growth will be limited by the time
taken for oxygen to diffuse to the crack tip [43], so here we
have focused on crack initiation, leaving a full discussion of
the influence of the complex rheology of confined fluids on
fracture propagation for a future work.
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