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Impulsive Fracture of Silicon by Elastic Surface Pulses with Shocks
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During nonlinear evolution of surface acoustic waves (SAWs) stress increases with propagation, and
may cause fracture of brittle materials. This effect was used to evaluate the strength of crystalline silicon
with respect to impulsive load in the nanosecond time scale without using seed cracks. Short SAW pulses
propagating in the [112] direction on the Si(111) plane induce fracture at significantly lower SAW
amplitudes than the mirror symmetric wave propagating in the [112] direction. This effect is explained by
the differences in elastic nonlinearity of the two propagation directions.
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The development of a realistic picture of the initiation
and progress of bond-breaking processes in brittle solids is
not only of basic scientific interest but also of immense
practical importance. Even the most perfect crystals, such
as silicon, may contain various structural defects, e.g., dis-
locations, microcracks, or microscopic impurities, which
control the mechanical strength. Microscopic approaches,
such as lattice theory, which characterize bond breaking at
the atomic level, are available; however, the information
obtained on the behavior of real materials is very limited
[1]. Despite the fact that molecular dynamics simulations
can now handle ~107 atoms on short time scales (tens of
nanoseconds) this is by far not sufficient for a realistic
description of the extended elastic field around the prop-
agating tip of a crack and the analysis of long-term brittle
fracture dynamics [2,3]. Since the theoretical treatment of
the complex fracture process is extremely difficult, experi-
mental results will play a dominant role in the future
development of fracture mechanics.

Recent investigations of the mechanical strength of
brittle silicon crystals have been performed using dynamic
fracture experiments, in which the material is loaded with a
constant force [4—7]. This tensile loading geometry gen-
erates a running crack starting at a preformed seed crack.
With the “potential drop”” method it is possible to measure
the speed of cracks with an accuracy of up to 50 m/s, by
measuring the change in resistance of the doped silicon
wafer during crack propagation [5-7]. While continuum
elasticity theory predicts that cracks should propagate at
the Rayleigh velocity of the surface acoustic wave (SAW),
the actual velocity observed for different loadings is only
about 50%—85% of that value. Such substantial deviations
are not surprising, since dynamic fracture is neither an
elastic nor a continuous process.

In the present work we do not consider constant dis-
placement boundary conditions resulting in steady-state
fracture but transient or impulsive loading, as is usually
encountered in practice. The nature of impulsive fracture
dynamics is even more complex than the former case.
Impulsive fracture can be realized by using nonlinear
SAW pulses that develop shock fronts with increasing
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peak stress during propagation in a nonlinear medium.
This is the distinguishing feature of surface waves, which
is associated with the nonlocal character of the elastic
nonlinearity in this case [8]. In sound waves with shocks
propagating in a fluid, the pressure amplitude decreases
with propagation. In this work we study the effect of SAW-
induced fracture in crystalline silicon that occurs sponta-
neously along the weakest cleavage plane when the corre-
sponding critical strain is reached in the tensile part of the
surface pulse.

Excitation of straight-crested nonlinear SAWs was
achieved by focusing the radiation of a pulsed Nd:YAG
laser (1.06 wm, 8 ns, pulse energy <150 mJ) to a line at
the surface using a cylindrical lens. The surface pulses
were detected at two different distances from the source
by probe beam deflection (PBD) monitored with a posi-
tion sensitive detector. The probe laser was a diode-
pumped cw Nd:YAG laser (532 nm, 100 mW). The setup
had a bandwidth of about 500 MHz. To reach SAW am-
plitudes sufficient for the generation of strong shock fronts,
a thin film of a highly absorbing carbon suspension was
used at the source region [9,10]. With the PBD method the
shear strain component of the SAW pulse uz; = dusz/dx;
at the free surface x; = 0 was measured at 3 and 18 mm
distance from the source (Fig. 1), where u5 is the normal
surface displacement and the wave propagates along the
Xp axis.

The Si(111) plane and the (112) direction were selected
for the experiments because of the high value of the
coefficient of nonlinearity and the suppression of diffrac-
tion in this geometry. Moreover, the evolution of the SAW
pulse can be accurately calculated, since the second- and
third-order elastic constants are well known for silicon.
Figure 2 shows the development of the u3; profiles mea-
sured for SAW propagation in the [112] and the [112]
directions on Si(111) at the two probe spots. The surprising
effect of very different pulse shapes generated in the two
opposing directions is explained by the symmetry proper-
ties of the selected plane and directions in the anisotropic
silicon crystal, without referring to the fracture process
itself, as previously suggested [10]. The nonlinear evolu-
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FIG. 1. Experimental setup used for detecting the effects of
SAWs propagating in opposing directions [112] and [112] on the
Si(111) plane after pulsed laser excitation.

tion of the SAW pulses is described by [11,12]:
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where B,, is the nth spectral amplitude, 7 is the ““stretched”
coordinate along the direction of wave propagation, b
describes the wave attenuation, and g, = 27/A is the
fundamental wave number. The kernel F depends on the
second- and third-order elastic constants, and thus de-
scribes the elastic nonlinearity of the medium. In aniso-
tropic materials the nonlinear evolution and the stress field
generated depend on the crystal plane and propagation
direction. The silicon crystal is not symmetric about the
(111) plane. This is manifested by a complex-valued kernel
F, whereas for isotropic media and planes of symmetry in
anisotropic crystals it is purely imaginary. Let us consider
the two waves, 1 and 2, traveling in opposite directions,
and therefore their spectral amplitudes are related by the
complex conjugate B, = Bj. By substitution into Eq. (1),
we find that the real part of F has opposite signs for these
waves F| = —Fj. This results in opposite signs of the
shock fronts and different stress distributions. As a conse-
quence of these strongly deviating pulse shapes, the crack-
ing behavior is expected to be different for the two
directions.

To calculate the SAW profile at the second probe spot,
the waveform measured at the first probe location is multi-
plied by a calibration factor, expanded into a Fourier series,
and substituted into Eq. (1). By varying the calibration
factor the duration of the simulated profile is fitted to the
experimental N-type pulse of Fig. 2(a). The good agree-
ment achieved between experiment and theoretical predic-
tion confirms the usefulness of this calibration procedure.
The profile of Fig. 2(b), possessing only one shock front, is
not suitable for this purpose.
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FIG. 2. Evolution of the nonlinear SAW profiles on Si(111) for
pulses propagating in (a) the [112] direction and (b) the [112]
direction. Dotted lines: waveforms measured at 3 mm; solid
lines: waveforms measured at 18 mm; and dashed lines: calcu-
lated waveforms.

As one can see from Fig. 2, nonlinear evolution leads to
the formation of short spikes in the vicinity of the shocks.
Their duration was comparable to the sampling rate of the
detection technique applied, or, in other words, the finite
bandwidth of the setup limited the evaluation of the spike
magnitude, and therefore the peak values of stress could be
significantly larger than estimated from the measured
waveforms. The growth of spikes is governed by the non-
linear term on the right-hand side of Eq. (1), and is limited
by the attenuation term in this equation. As a shock front,
which is accompanied by two spikes, becomes steeper, the
dissipation, which is assumed to be proportional to the
frequency squared, starts to play a dominant role. The
strain spikes reach a maximum and then decrease with
further propagation. Because of our experimental condi-
tions we were not able to detect spikes shorter than 1 ns. In
order to estimate the maximal strain we introduced the
experimental value for the dissipation parameter b into
Eq. (1) and integrated with the experimental initial con-
dition over the propagation distance. The waveform ob-
tained was determined solely by the nonlinearity and
dissipation, and was independent of the properties of the
SAW detection technique. Note that the calibration factor
has to be determined independently. The attenuation of
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ultrasonic waves in silicon was measured in [13] to be \
~1 dB/cm at the frequency @ = govg = 350 MHz. The
simulations with this attenuation parameter are presented 03]
in Fig. 2. The predicted spikes are somewhat larger than the 021 A
measured spikes, yielding a higher stress in the real SAW 0.1 1
pulse. 0.0 1
Contrary to nonlinear elastic distortions in fluids, those 'DT?“ -0.1 1
in surface waves lead to an increase of stress with propa- o 02
. . . . = -03
gation, for example, in the form of spikes. This accumu- o 04
lation of stress is limited by the frequency-dependent 05
damping process. If the characteristic shock formation -0.6
length is small in comparison to the attenuation length -0.7
[2F(1/2)B,,g,, ]! < (bm*)~!, where m indicates the 0.8
maximal spectral component, the stress accumulated
after some distance reaches the mechanical strength of 0.7
the materials, causing failure of the solid. With the absorb- 0.6
ing layer technique employed here, acoustic Mach num- 'E‘ 0.5
bers (ratio of surface velocity to SAW phase velocity) O, 04
between 1072 and 1072 are accessible. A further increase & 03
of the SAW amplitude is not possible due to spontaneous 02

fracture.

The measured u3; profiles, shown in Fig. 2, uniquely
determine the complete wave field at any time and location
in the sample. To evaluate this field we used the exact
solution of the conventional linear elastic boundary prob-
lem. This provides a complete set of eigenvalues: the phase
velocity, the depth distribution, and the polarization vectors
for all partial waves involved. The u3; profile is extended
into a Fourier series, and the wave field u;;(x;, x3) is
calculated as a sum of the wave fields of all spectral
components. Then the stress tensor field o;; = C;juy; is
calculated, where C;j;; designates the second-order elastic
stiffness tensor. The stress tensor is then transformed to a
new coordinate system connected with the actually ob-
served {111} cleavage plane of silicon. In this coordinate
system the stress component ¢j; represents an ‘“‘opening”’
stress, directed normal to the cleavage plane. Because of
the linear approximation applied, only small values of u; ;
should be considered. This condition holds well in non-
linear SAWs, since the strains are limited by failure to the
order of ~1072.

In Figs. 3(a) and 3(b) we display the calculated spatial-
temporal distribution of the o;; component for the two
pulses presented in Figs. 2(a) and 2(b), respectively. A
positive stress denotes stretching of the material, whereas
a negative stress is associated with compression.
Interestingly, the N-type pulse propagating in the [112]
direction exhibits two short compression peaks, while the
[112] pulse has one strong tensile peak. Thus the pulse
formed in the [112] direction is expected to induce fracture
more easily along the weakest silicon cleavage plane than
the one running in the opposite direction. Indeed, the SAW
experiments reveal a significant difference in the condi-
tions needed for crack induction. In the [112] propagation
direction, cracks were observed only for excitation laser
pulse energies exceeding 120 mJ, whereas in the opposite
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FIG. 3. Calculated spatial-temporal distribution of the
o, component perpendicular to the cleavage plane for the
pulse propagating in (a) the [112] direction and (b) the [112]
direction.

direction the threshold was as low as 30 mJ. Under suitable
conditions cracks appeared only on one side of the source,
namely, in the [112] direction, and the wave propagating in
the [112] direction could be used to measure the SAW
amplitude. This was realized by gradually increasing the
laser pulse energy until fracture was observed at the left
side of the source, as indicated schematically in Fig. 1.
Thus the SAW amplitude at the cracking threshold could be
evaluated, yielding the critical tensile stress for the weakest
cleavage plane. From the spatial-temporal distribution of
the stress at the cracking threshold [Fig. 3(b)], a critical
tensile stress of about 0.8 GPa was extracted for our silicon
sample.

SAW-induced cracks have been detected at the sample
surface by scanning force microscopy, as shown in Fig. 4.
A strongly nonlinear SAW pulse creates a whole series of
cracks extending along the [110] direction perpendicular to
the direction of SAW propagation. The characteristic saw-
toothlike surface displacements observed are in the range
of 10-30 nm with a separation of the individual cracks of
15-30 pum.

In summary, we succeeded in observing impulsive frac-
ture of intrinsic silicon crystals without notching using the

095501-3



VOLUME 89, NUMBER 9 PHYSICAL

REVIEW LETTERS

26 AUGUST 2002

-
(3]
L g
o
N

Surface elevation [nm]
(=)

a
w

20 40 80 80
Distance along the arrow [um]

FIG. 4. (a) Scanning force microscopy image of the fractured
Si(111) surface. The line indicates the position of the surface
profile shown in (b) and the arrow is the direction of SAW
propagation. (b) The cross section of the sample surface along
the arrow.

effect of gradual growth of stress in the strongly nonlinear
SAW pulses. On the Si(111) plane finite-amplitude SAWs
propagating in the two opposing directions [112] and [112]
develop very different nonlinear pulse shapes with strong
compressive and tensile peaks, respectively, normal to the
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spontaneous {111} cracking plane. The critical tensile
stress of dynamic fracture of the weakest fracture plane
was obtained from the calibrated shocks.
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