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Crack Front Interaction with Self-Emitted Acoustic Waves
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The interaction of a propagating crack in implanted silicon with self-emitted acoustic waves results in
periodic patterns on fractured surfaces. Direct measurement of the acoustic emission ahead of the fracture
front shows the emergence of dominant acoustic frequency related to the crack velocity. It is shown that the
surface modifications are made of roughness modulations due to periodic deviations of the crack front. A
physical mechanism explaining the pattern formation is proposed, well in agreement with the observed

pattern wavelengths.
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Dynamic fracture in brittle materials is a complex but
crucial problem to understand the mechanisms of material
failure. The usual way of describing fast crack dynamics is
the linear elastic fracture mechanics (LEFM) [1], in which a
singular zone, called the fracture process zone (FPZ), is
often defined around the crack tip to embrace all the
nonlinear dissipation processes. In this approach, the crack
speed v is driven by the balance between the fracture energy
I"'needed to create new surfaces and the energy G available at
the crack tip. When the latter gets larger, the crack speed
asymptotically tends towards the Rayleigh wave speed cp.
However, experiments performed on brittle amorphous
materials have shown that this theoretical limit of the
velocity is never reached because of crack instabilities
[2-4]. Indeed, the branching mechanism appears around
v~ 0.4cp [5] and crack front destabilization due to non-
linearities at the crack tip arises around v ~ 0.9¢p [6]. These
two phenomena have finally been joined within the same
description where the transition from a straight crack to
microbranching is found to be hysteretic and linked to a
finite mode II perturbation at the crack tip [7].

In the case of crystalline materials, the terminal crack
velocity reaches high values (0.7-0.9cg) [8—12], essentially
because of the presence of cleavage planes, but path
instabilities occur at low and high driving forces [13—15].

At the crack tip, the major part of the crack energy is
used to separate atomic bonds, but a fraction is also spent in
heat generation [16] and acoustic emission [17-19]. The
amount of energy corresponding to acoustic emission is
quite low, around 1%-5% in PMMA and glass [18,19].
However, the interaction of elastic waves with a fracture
front perturbs the crack dynamics. Indeed, stress waves
generated during loading or by an ultrasonic transducer
have shown to induce crack path instabilities, branching
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modifications, or speed fluctuations when they run into a
crack front [17,20-22]. The Wallner lines, which are
circular marks seen on postfracture surfaces, also arise
from the interaction of the fracture front with transverse
waves emitted at a material discontinuity (defect, sample
boundary) [23,24]. More recently, similar features on
postfracture surfaces have been shown to come from the
interaction of the crack front with localized nonlinear
waves propagating along the crack tip (crack front waves)
[25,26], even though a controversy arose about the origin of
these undulation markings [21,27,28]. Some authors have
also used piezoelectric transducers to study the sound
emitted by a fast running crack [18,19]. They showed that
the signal is first dominated by low frequency components
while high frequency components appear at higher velocity.
The latest are in fact due to microbranching onset, which is
highlighted by the cross-correlation between acoustic
emission and surface structure.

These different studies have shown the greatimportance of
acoustic emission when describing crack dynamics, even if
the exact impact of self-emitted acoustic waves on the main
crack remained quite unclear. In this Letter, we show that
crack propagation in implanted silicon generates elastic
waves traveling ahead of the crack front at high velocity.
By using a dedicated setup, a precise characterization of the
acoustic emission allows one to address the fundamental
question of the frequency selection mechanism in the crack
acoustic emission. After reflection at the sample boundaries,
these waves interact with the crack tip and generate highly
reproducible periodic patterns on the postfracture surface.

Our experiments have been performed on rectangular
silicon samples cut out from a pair of (100) bonded silicon
wafers. Such assemblies are common in silicon-on-insu-
lator (SOI) wafer manufacturing using Smart Cut™
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technology [29], whose main steps are summarized below.
Relatively high doses of light gas ions are implanted in a
thermally oxidized monocrystalline silicon substrate which
leads to the formation of a buried weakened layer in the
crystal. The substrate is then bonded onto a handle wafer
using direct wafer bonding [30,31]. Under annealing, the
implanted species evolve into microcracks oriented parallel
to the (100) surface, and a controlled fracture finally
propagates along the implanted layer in a nearly perfect
2D propagation [32,33]. If not thermally, the fracture can be
mechanically initiated after applying a certain thermal
annealing by inserting a blade between the two wafers.
A thin layer of monocrystalline silicon is therefore trans-
ferred onto the host substrate, constituting in the end the
SOI wafer [Fig. 1(a)].

To monitor the crack propagation, a dedicated optical
bench based on infrared transmission in silicon has been
developed [33]. The crack is mechanically initiated by a
blade which is inserted at the beveled edge of the sample. It
has been shown that for homogeneous thermal budget and
temperature along the sample, the crack speed rapidly
saturates [32]. Higher splitting temperatures lead to higher
crack speeds because of increased gas pressure inside the
microcavities. Experimentally, fracture initiation at differ-
ent temperatures is made in a specially designed oven in
which the sample is placed during the crack propagation
measurement. Figure 1 shows the optical signals (black)
recorded for a crack mechanically initiated at 300 °C after a
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FIG. 1. (a) Crack propagation in implanted silicon. (b) Laser

and piezoelectric signals used to monitor the crack propagation
and its acoustic emission in a 300 x 20 x 1.55 mm® bonded
silicon sample with long axis parallel to [100] direction.

separate annealing dedicated to microcrack development.
The time lag between the two intensity drops on the laser
signals allows the determination of the crack velocity,
which is 2.540.1 kms™! in this particular experiment.
The following oscillations correspond to laser interferences
due to crack opening and can be used to recover the crack
deformation profile [33].

To record the acoustic emission of the propagating crack,
two 5 x 5 mm? piezoelectric sensors [34] were bonded at
the middle of the top and the bottom surfaces. The presence
of face-to-face sensors allows the differentiation of sym-
metric and antisymmetric sample deformations. Typical
electrical signals are shown in Fig. 1(b). Two fronts are
seen, the first one around 7= 17 us (followed by a
simultaneous rise of both signals) and the second one at
t =31 us (followed by a remarkable periodic signal in
phase opposition). The piezoelectric signals then fall
(t =53 ps) and strongly saturate. This corresponds to
the arrival time of the crack at the sensor’s location, where
the divergent movements of the two silicon arms behind the
crack front make the sensor saturate and prevent any further
acoustic measurement. The signal before this saturation
corresponds therefore to the acoustic emission of the
propagating crack into the bonded part of the assembly.
It is first made of a symmetric deformation (signals in
phase) that propagates at high velocity, around 7.5 kms™!.
The frequency of the following antisymmetric signal is
clearly defined and was measured from the Fourier spec-
trum of the signal to be equal to 380 kHz. The emergence of
this frequency is quite intriguing because the wavelength
(v/f = 6.3 mm) does not seem to be related to any
characteristic length, such as microcrack mean size
(10-20 ym) or sample thickness (1.55 mm). In order to
investigate the origin of this frequency, the same experi-
ments have been repeated for different crack speeds by
changing the fracture temperature. The relationship
between measured crack velocity and the piezoelectric
signal frequency is shown with red circles in Fig. 2. This
evolution can be explained as follows. In the case of a semi-
infinite solid, a nondispersive elastic wave known as the
Rayleigh wave can propagate at the sample surface [2]. Its
penetration in the solid is quite low, about 1 or 2 wave-
lengths 4. If we now consider a finite solid limited by two
plane surfaces at a distance &, two Rayleigh waves are
likely to propagate independently at each free surface.
However, if the distance & becomes close to A, the two
waves pair up and form symmetric (§,,) or antisymmetric
(A,)) Lamb waves [35], where n is the mode number. The
dispersion relations of these waves [36] link the frequency
o with the wave vector k, and therefore with the phase and
group velocities. The dispersion curves of the fundamental
antisymmetric mode A calculated for the studied sample
geometry have been plotted in Fig. 2. A remarkable
agreement between measured crack propagation speed
and A, phase velocity for the given frequency is evident.
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FIG. 2. Experimental evolution of the antisymmetric mode
frequency with crack velocity (red circles) and A, Lamb mode
dispersion curves (solid lines).

During its propagation, the crack emits a wide range of
acoustic waves at different frequencies and therefore with
different phase velocities v,. Among all these waves, the
ones propagating with a phase velocity equal to the crack
speed (or its projection if the two wave vectors are not
collinear) prevail since their amplitudes build up construc-
tively at a given point.

This phenomenon is known as the stationary phase
principle and was first described in 1887 by Lord Kelvin
to explain the formation of ship wakes [37]. Using standard
harmonic waves, the acoustic amplitude a at a point M and
time ¢ can be written as

a(M,t)://_ explig(M'M,t— 1) drd’. (1)
Y i}

The expression for the phase ¢ and its stationarity
depends on the geometry. In our simple quasi-1D case,
considering direct harmonic plane waves this expression is
simplified:

// exp [ip(M'M,t— 1) df'dr
(¢ <t,M' efront)

. . )
= expiwt expikx( 1 ——) dx, (2)
(x<d) Ur

where v is the crack velocity. It shows that the amplitude
will be at maximum if the integrand over all locations of the
emitting crack front does not vary, i.e., if v,(w) = vp.
In our case, the crack velocity takes values between 0
and the Rayleigh velocity, which is about 4.9 kms™! in
silicon for the (100) surface [38]. According to the
dispersion curves for Lamb waves, only one A, mode
can have a phase velocity in this range of speed, and hence
can fulfill the stationary phase condition, and be preferen-
tially excited. This frequency selection through the phase

velocity cannot operate for S waves or A modes with order
>0, whose phase velocities are always above cg [39].
Hence, no frequency emerges from the (fast) symmetric
signals of Fig. 1(b). Their maximum velocity (around
7.5 km/s) is also in accordance with the fastest S, group
velocity (see Fig. S1 in Supplemental Material [39]) at
small k& (compression waves).

The energy of these waves does not propagate at the phase
velocity, but at the group velocity v, Accordingly, the
velocities associated with the occurrence of both symmetric
(Sp) and antisymmetric (A) signals in Fig. 1(b) are con-
sistent with the group velocities of these two modes. As
shown in Fig. 2, the group velocity of the A, Lamb mode is
higher (typically a factor of 2) than the phase velocity, which
explains why acoustic waves are detected ahead of the crack
front. This point is of great importance because it gives the
opportunity for the acoustic waves to reflect at the sample
edges and to come back to interact with the crack front. This
interaction leads to roughness surface modifications.

Experimentally, the postfracture surfaces of the silicon
samples exhibit a periodic pattern which can be seen on
haze maps as shown in Fig. 3. In the case of rectangular
samples, the pattern is made of fringes perpendicular to the
direction of the fracture front propagation and located at
the opposite side of the initiation point. For information, the
haze maps are the maps of the intensity of the scattered
light from scanning the surface of the sample with a 355 nm
laser. The value of the haze is proportional to the square of
the surface roughness rms value in the 0.2-5 ym™! spatial
frequency range.

To investigate the nature of this pattern, optical inter-
ferometer images with an optical resolution of 0.4 ym have
been taken at the bright fringe (BF) and dark fringe (DF)
locations of the fractured surface. Two examples are
shown in Fig. 3, where one can see the postsplit microcrack
footprints with typical size around 10 yum. A rms roughness

value of 10.7+0.3 A has been found for DF and
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FIG. 3. Haze map of the periodic pattern observed on a
postfracture surface (top) and optical interferometer measure-
ments on the host wafer at the bright and dark fringes of the
pattern (bottom).
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(a) Interaction between the crack front and the reflected acoustic wave. The Ay Lamb mode generates bending that leads to

crack path deviations between the microcavities and to periodic roughness variations on the postsplit surface. (b) Experimental and

theoretical evolution of the pattern wavelength with crack speed.

124+ 0.6 A for BE These quantitative measurements
confirm the haze data. Moreover, skewness of the height
distributions calculated from the interferometer images is
positive (0.2£0.04), indicating deviations of fracture crack
towards the buried oxide layer of the SOL

This periodic modulation of the surface roughness is in
fact the result of the interaction between the crack front and
self-emitted acoustic waves, which have been previously
reflected at the sample boundary. Indeed, the gas implan-
tation into the silicon crystal creates platelets which evolve
after annealing into microcavities [32]. During the layer
transfer, the crack front tends to progress through these
open areas to minimize energy dissipation. At the same
time, the crack front emits ahead an antisymmetric A
Lamb mode which generates local shear stresses into the
wafer. In our strip samples, the acoustic waves propagate
along the same axis as the crack front, which means that the
Ay Lamb mode excited in our conditions has a phase
velocity equal to the crack speed (Fig. 2). Since the group
velocity of the Ay, Lamb mode is higher than the phase
velocity, the acoustic deformation propagates ahead of the
crack front, reflects at the sample edge, and comes back to
interact with the crack. Then, due to the local stress field
induced by the Ay Lamb mode at the time of the interaction
(shear stress, mode II), the crack tip is more or less deviated
between the microcavities, leading in the end to roughness
variations at large scale as is outlined in Fig. 4(a). Note that
even with no external stress (o,, = 0) the crack front
deviation always occurs on the buried oxide side since
the lower oxide elastic modulus allows more efficient stress
relaxation than silicon. The shear stress induced by the A
mode (o,, component) modulates these path deviations.

The pattern wavelength seen on the silicon postfracture
surfaces can then be linked to the acoustic emission
frequency using the same stationary phase argument,

considering the time at which the crack reaches the
observation point M(d, t). In Eq. (1), taking into account
waves reflected at the edge (x = L) of the wafers,

/ / explip(M'M, 1 — )] df' dr’
(¢ <t,M’' efront)

:expikZ(L—d)/ expik(d—x) (l —ﬁ> dx. (3)

(x<d) UF

It means that the pattern wavelength is simply equal to
half of the A; mode wavelength. To check this, similar
experiments have been performed with silicon samples cut
in the [110] or the [100] direction. The evolution of the
pattern wavelength with the crack speed (points) is com-
pared to the evolution of the calculated half wavelength
(lines) of the corresponding A, mode [Fig. 4(b)]. The
agreement between these data validates, therefore, the
mechanism proposed above. The changes in wavelength
with crystallographic directions are due to variations of
elastic constants leading to different Lamb wave velocities.

In conclusion, we showed that the acoustic emission of a
propagating crack has a significant impact on its propaga-
tion path. The acoustic waves are selected by the crack
speed (v, = vr) and the sample geometry (Lamb waves for
plates) via phase stationarity arguments. In the case of a
crack running parallel to the surface of silicon slab, the
flexural waves (antisymmetric A, Lamb mode) are excited
preferentially and generate bending and shear stress in the
sample. Since its group velocity is higher than its phase
velocity, the Ay mode propagates ahead of the crack front,
reflects at the sample’s edges, and comes back to interact
with the crack tip. The shear stress field of these waves
leads to crack path deviations at large scale and generates
periodic patterns made of roughness modulations on the
postfracture surface. The accurate agreement between the
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experimental pattern wavelengths and the associated crack
velocities in the case of rectangular samples confirms this
mechanism. These results may provide new views to
interpret the formation of periodic surface marks on
fracture surfaces [40], often interpreted with a close
concept of “front waves.” The higher thicknesses, more
complex fracture geometries, and propagation paths used in
these experiments may be a reason why the wave selection
is less clear in these experiments.
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