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The interaction of a propagating crack in implanted silicon with self-emitted
acoustic waves is studied and reveals the generation of periodic patterns on wafers
surfaces after separation. The measurement and identification of the acoustic waves
have been experimentally achieved showing the emergence of dominant shear
waves acoustic frequencies related to the crack velocity. The surface modifications
are made of roughness modulations at large scale due to periodic deviations of the
crack front. A physical mechanism explaining the pattern formation is proposed

accounting for the observed wavelengths.

Dynamic fracture in brittle materials is a complex
but crucial problem to understand the mechanisms
of materials failure. The usual way of describing
fast crack dynamics is the linear elastic fracture
mechanics (LEFM) [1] in which a singular zone is
often defined around the crack tip to embrace all the
nonlinear dissipation processes (the fracture process
zone, FPZ). 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 cg. However, experiments
performed on brittle amorphous materials have
shown that this theoretical limiting velocity is never
reached because of crack instabilities [2]-[4].
Indeed, branching mechanism appears around v ~
0.4cg [5] and crack front destabilization due to
nonlinearities at the crack tip arises around v ~
0.9¢ck [6]. These two phenomena have finally been
joined within a same description where the
transition from a straight crack to microbranching is
found to be hysteretic and linked to a finite Mode 11
perturbation at the crack tip [7].

Another approach to explain the crack speed
saturation is based on process region changes
during the crack propagation. It has been shown
that sufficiently fast cracks involve the nucleation,
growth and coalescence of microcraking damages
at high-frequency ahead the crack tip. These
microcracks arise from toughness fluctuations at the
microscopic scale due to material heterogeneities
and let post mortem conic marks on the fracture
surface [8]-[12]. If the development of these
microcracks was at first seen as a source of crack
speed saturation [10], [13], more recent studies
show that they rather boost the macroscale velocity
by coalescing with the main crack front [11], [12].

Finally, in the case of crystalline materials, the
terminal crack velocity reaches globally higher
values (0.7 — 0.9¢cg) [14]-[18], essentially because
of the presence of cleavage planes, but path
instabilities still occur at low and high driving
forces [19]-[21]

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 [22] and
acoustic emission [9], [23], [24]. The amount of
energy corresponding to acoustic emission is quite
low, around 1 to 5% in PMMA and glass [23], [24].
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 modifications or speed
fluctuations when they run into a crack front [9],
[25]-[27]. The Wallner lines, which are circular
marks seen on post-fracture surfaces, also arise
from the interaction of the fracture front with
transverse waves emitted at a material discontinuity
(defect, sample boundaries) [28], [29]. More
recently, similar feature on post-fracture 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)
[30], [31], even if a controversy arose about the
origin of these undulation markings [26], [32], [33].
Some authors have also used piezoelectric
transducers to study the sound emitted by a fast
running crack [23], [24]. 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.
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These different studies have shown the great
importance 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 paper, we show that crack
propagation generates elastic waves propagating at
high velocity around the crack front in implanted
silicon. By using a dedicated set up, a precise
characterization of the acoustic emission is made
possible and 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, in our highly reproducible
experiments, periodic patterns on the post-fracture
surface.

Our experiments have been performed on
implanted silicon samples cut out from 300 mm
bonded wafers in the [110] direction. Such
substrates are commonly used for silicon-on-
insulator (SOI) manufacturing using Smart Cut™
technology [34] 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 host wafer using direct wafer
bonding [35], [36]. Under annealing, the implanted
species evolve into microcracks lying parallel to the
surface, and a controlled fracture finally propagates
along the implanted layer (mainly 2D propagation)
[37], [38]. If not thermally, the fracture can be
mechanically initiated after a certain degree of
maturation by pushing a blade between the two
wafers. A thin layer of monocrystalline silicon is
therefore transferred onto the host substrate,
constituting in the end the SOI wafer (Fig. 1(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%x20%1.55 mm?® bonded silicon strip.

To monitor the crack propagation, a dedicated
optical bench based on infrared transmission in
silicon has been developed [38]. 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 [37]. Higher splitting temperatures
lead to higher crack speeds because the gas pressure
inside  the microcavities is increased.
Experimentally, fracture initiation at different
temperatures is made possible using a specially
designed oven in which the sample is placed during
the crack propagation measurement. Fig. 1 shows
the optical signals (black) recorded for a crack
mechanically initiated at 300°C after a first
annealing dedicated to microcracks development.
The time lag between the two intensity drops on the
laser signals allows the determination of the crack
velocity which is here 2.4+0.1 kms™. The
following  oscillations correspond to laser
interferences due to crack opening and can be used
to recover the crack deformation profile [38].

To record the acoustic emission of the
propagating crack, two 5x5 mm?2 piezoelectric
sensors [39] were bonded at the middle of the top
and the bottom surfaces. The presence of face-to-
face sensors allows the differentiation of symmetric
and antisymmetric sample deformations. Typical
electrical signals are shown in Fig. 1(b). Two fronts
are seen, the first one around t =17us (followed by
a simultaneous rise of both signals) and the second
one at t = 31ps (followed by a remarkable periodic
signal in phase opposition). The piezoelectric
signals then fall (t = 53us) and strongly saturate.
This corresponds to the arrival time of the crack at
the sensors location, where the divergent
movements of the two silicon arms behind the crack
front makes the sensor saturate and prevent any
further acoustic measurement. The signal before
this saturation corresponds therefore to the acoustic
emission of the propagating crack. It is first made
of a symmetric (S Lamb waves) deformation
(signals in phase) that propagates at high velocity,
around 7.5 km.st. Then, a periodic and
antisymmetric deformation (signals in antiphase)
appears around t = 31 ps. The frequency of this
signal is clearly distinguishable and is equal to 380
kHz. The emergence of this frequency is very
interesting because no characteristics length, such
as microcracks mean size (10 to 20 pm) or sample
thickness (1.55 mm) could explain this periodic
signal. In order to investigate the origin of this
frequency, the same experiments have been
repeated for different crack speeds by changing the
fracture temperature. The relationship between the
crack velocity and the piezoelectric signal
frequency is reported with red circles in Fig. 2. This
evolution can be explained as follows. In the case
of a semi-infinite solid, a non-dispersive elastic
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wave known as the Rayleigh wave can propagate at
the sample surface [2]. Its penetration in the solid is
quite low, about one or two wavelengths A. If we
now consider a finite solid limited by two plane
surfaces at a distance h, two Rayleigh waves are
likely to propagate independently at each free
surface. However, if the distance h becomes close
to 4, the two waves pair up and form symmetric (S;)
or antisymmetric (A,) Lamb waves [41], where n is
the mode number. The dispersion relations of theses
waves [42] link the frequency « with the wave
vector k, and therefore with the phase and group
velocities. The dispersion curves of the
fundamental antisymmetric mode A, have been
plotted on Fig. 2 and correlates very well with the
evolution of the crack speed with the acoustic
emission frequency.
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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).

This good correlation and the emergence of a
dominant frequency for each experiment are now
discussed. 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 constructively 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
[43]. Using standard harmonic waves this reads:

a(M,t) = Qui ronXP(/ (M'M, t- t))dr dt’ 1)

The expression for the phase ¢ and its stationarity
depends on the geometry. In our simple 1D case
considering direct harmonic plane waves

C)Q.Q‘M‘i oy X7 (MM, t- t))dldr* = expinnt Qx<d)expil<><(1— \\%)dx

This expression shows that amplitude will be
maximum if the integrand over all locations of
emitting crack front does not vary i.e. if v,=Ve.

In our case, the crack velocity takes value
between O and the Rayleigh velocity, which is

about 4.6 km.s™ in silicon [44]. Only one A, Lamb
mode can have a phase velocity in this range of
speed, and can hence fulfill the stationary phase
condition, and be preferentially excited. However,
the energy of these waves does not propagate at the
phase velocity, but at the group velocity vy. As one
can see on 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 the crack front. This point is of
great importance because it gives also 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 as it is now presented.

Experimentally, the post-fracture surfaces of the
silicon samples exhibit a periodic pattern which can
be seen on haze maps as shown on Fig. 3. In the
case of strip samples, the pattern is made of fringes
parallel to the strip end and located at the opposite
side of the initiation. For information, the haze
mapping is an optical measurement based on laser
beam diffuse light scattering which is extremely
sensitive to all kind of small variations at the wafer
surface.

To investigate the nature of this pattern, optical
interferometer measurements have been performed
at the bright (BF) and dark (DF) fringes locations.
Two examples are shown on Fig. 3 where one can
see the post-split microcracks footprints with
typical size around 10 um. RMS roughness value of
10.7 + 0.3A has been found for DF and 12.4 + 0.6A
for BF. If these roughness absolute values do not
have to be considered, high frequency being
suppressed at this scale, their relative values
indicate that the microcracks footprints are more
pronounced at the dark fringes of the pattern than at
the bright fringes.

Periodic pattern

FIG. 3: Haze map of the periodic pattern observed
on a post-fracture surface (top) and optical
interferometer measurements on the base wafer at
the bright and dark fringes of the pattern (bottom).

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 implantation into the
silicon crystal creates platelets which evolve after
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annealing into microcavities [37]. 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 Aq Lamb mode which generates local
shear stresses into the wafer. In our strip samples,
the acoustic waves propagate along the same axis
than the crack front, which means that the A, Lamb

(@) ,z ¢= AjLamb mode

mode excited in our conditions has a phase velocity
equals 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 the crack front, reflects at the sample edge
and comes back to interact with the crack. Then,
depending on the local stress field induced by the
A, Lamb mode at the time of the interaction, the
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FIG. 4: (a) Interaction between the crack front and the reflected acoustic wave. The A, Lamb mode generates
bending that leads to crack path deviations between the microcavities and to periodic roughness variations on the
post-split surface. (b) Experimental and theoretical evolution of the pattern wavelength with crack speed.

crack tip is more or less deviated between the
microcavities, leading in the end to roughness
variations at large scale as it is outlined on Fig.
4(a). It is worth noting that the crack front deviation
always occurs on the buried oxide side since this
region has been damaged by the hydrogen
implantation. The bending movement imposed by
the Ay mode (o, component) enhances or reduces
these path deviations.

The pattern wavelength seen on the silicon post-
fracture surfaces can now be linked to the acoustic
emission frequency using the same stationary phase
argument, considering the time at which crack
reaches observation point M(d,t). In Eq. (1), taking
into account waves reflected at the edge (x=L) of
the wafers,

(‘)QMW m)expi/ (MMt t)dt'dr =expik2(L- d) Qm)expik(d- X)(- \\Z)dx-

It means that the pattern wavelength is simply
equal to the half of the Ay, mode wavelength. To
check this, similar experiments have been
performed with silicon strips in the [110] or the
[100] direction. The periodic roughness pattern was
measured by ellipsometry on the post-split surface.
The evolution of the pattern wavelength with the
crack speed is compared to the evolution of the half
wavelength of the corresponding A, mode (Fig.
4(b)). The agreement between these data validates
therefore the mechanism proposed above.

The same mechanisms are at play for full wafer
assemblies. In addition to these patterns visible on

the edge opposed to the initiation point due to
reflected waves, longer wavelength patterns are also
visible far from the wafer edges. These patterns can
be faithfully reproduced summing at any point M
the contributions of A, Lamb waves emitted by the
crack front at past positions before they arrive at M.

In conclusion, we showed that the acoustic
emission of a propagating crack has a significant
impact on its propagation path. The acoustic waves
are selected by the crack speed (v, = v¢ ) 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 A, mode
propagates ahead the crack front, reflects at the
samples edges and come 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 post-fracture surface. The
accurate agreement between the experimental
pattern wavelengths and the associated crack
velocities in the case of strip samples comforts this
mechanism. Numerical simulations aimed to
reproduce the wave pattern in the case of standard
circular silicon wafers are currently in progress.
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