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Dynamic Crack Modeling and Analytical Stress Field Analysis in
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ABSTRACT

Single-crystal silicon is the fundamental building block enabling today’s plethora of
mtegrated electronic components. However, complex mechanical stresses, originating from
either direct mechanical loading or thermal cycling, can result in fracture of the constituent
silicon, one of the leading causes of semiconductor device failure. Although
phenomenological relationships to estimate the fracture strength in silicon have been
proposed in the past, no quantitative fractographic method addressing the intrinsic
anisotropy of crystals exists. In this work, a fractographic approach using optical contocal
microscopy and atomic force microscopy is developed to identify and analyze the cleavage
planes associated with dynamic instabilities in single-crystal silicon. We analytically
determined the dynamic crack propagation behavior and asymptotic stress field at the crack-
tip for unstable, anisotropic, circular cracks in silicon. The fractographic features predicted
by the analytical model are consistent with experimental observations, and correctly predict
how the {111} planes define the fractographic mirror region (including mirror constant), as
well as the {112} planes associated with fractographic Wallner lines. These findings have
mmportant consequences in reducing mechanical and thermomechanical failure in
semiconductor devices, where the mechanical strength is highly dependent on

crystallographic anisotropy.
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fractography, anisotropy, dynamic instability, hackle constant, mirror constant.

# Corresponding author: roberto.dugnani@sjtu.edu.cn

® Corresponding author: ricardo.zednik@etsmtl.ca



I INTRODUCTION

Single-crystal silicon has been used in semiconductor devices for over half a century.
Modern devices in telecommunications, aerospace, and medicine extensively utilize
interconnecting silicon-based transistors, capacitors, and sensors”. Silicon crystals are
manufactured into strongly oriented wafers™, resulting in mechanical anisotropy. The
presence of preferential cleavage planes is responsible for the specific patterns featured on
the fracture surfaces . Silicon ingots are usually cut, thinned and used without
encapsulation to reduce parasitics, packaged into confined devices for wearability and cost
reduction. Unfortunately, as the silicon wafer’s thickness is reduced, the etfects of steep
thermal gradients, expansion coefficient mismatches, and applied external loads become
more and more detrimental'’. The increasingly important nanometer length-scale of modern
devices provides additional challenges, although powerful tools to deal with the assessment
of silicon can be used as long as there is no breakdown of continuum theory.'" ™ The failure
analysis of fractured silicon crystals is essential to understand failure modes and improve
semiconductor device reliability. Regretfully, although various relationships to estimate the
fracture strength in silicon have been proposed in the past, no industry standard or
quantitative fractographic method addressing the intrinsic anisotropy inherent in silicon

crystals exists.

Silicon fracture’s fractographic signature for (110) fractures was accurately documented and
described by the work of Tsai and Mecholsky'’. Notably, Tsai and Mecholsky attempted to
model the crack propagation behavior in silicon to establish the location of the ‘mirror-mist
boundary.” Although the model could accurately describe the fractographic features
observed in (110) fractures, it neglected inertia effects’” and over-simplistically assumed that
all fractographic features formed at the same critical value of the energy release rate. As the
mirror region in silicon is bounded by different fracture planes, establishing the boundary of
the mirror zone would require separating the critical fracture energy for cach set of planes.
Tsai and Mecholsky's accurate description of the mirror-mist boundary seemed to be mostly
coincidental as cleavage energies in silicon are nearly identical'®. The weakest cleavage
planes in silicon are known to be the {111} planes where Ky;;;;; = 0.82 MPavm 7.
However, fracture toughness on the {110} and {100} planes have been reported marginally

higher, 1.e., Kj/770 = 0.90 MPavVm and Kici100y = 0.95 MPaVm respectively.



Building upon Tsai and Mecholsky’s findings, the work of Dugnani and Verghese'®
recognized that two separate families of branching planes bounded the mirror region.
Dugnani and Verghese'® proposed two alternative methods to measure the mirror radius at
90° (rop) and 45° (ry5) with respect to the free surface to account for the two families of
branching planes'®. Dugnani and Verghese phenomenological study explained how to
estimate the fracture strength for both families of fracture features but was unable to clarify

the origin and relevance of each set of features.

In addition to silicon in the diamond-cubic crystal structure, the literature is rich with
fracture surface analysis of a range of anisotropic materials, including lithium fluoride,
spinel, sapphire, and other crystal symmetries.®*!> %! Fractographic features, including
the relatively flat “mirror” region, the “mist” region®’, “hackles”, and Wallner lines®' are
found when the crack-front propagates and possibly interacts with reflected stress waves in
single crystals'™'®!”. Like the work done on single-crystal silicon, these other studies also
relied on the phenomenological description of the fracture surface to estimate the material’s

fracture strength without formally accounting for the inherent anisotropy of the material.

For example, in brittle, isotropic solids, such as small grain ceramics or amorphous
materials, the length between the fracture origin and the mirror-mist boundary is commonly
correlated to the strength of the material expressed by an empirical equation postulated by

-
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where oy is the strength at failure, R,, is the mirror radius; 4,, is the empirically obtained

material-dependent mirror constant. In small grain ceramics or glasses, the fracture surface

is not flat but rather the roughness increases™*

as the crack-tip becomes “dynamically
unstable”. For single crystals, the crack surface is often atomically flat near the fracture
origin and eventually, once a critical value of the crack-tip velocity is reached, the crack
branches out of the tlat mirror plane. The distance between the crack origin and the onset of
branching for a given fractographic direction constitutes a recurrent characteristic length

15,18

associated with dynamic instabilities” ", analogous to the mirror radius R,. Although the



exact process of feature formation is strongly affected by the crystal orientation relative to
the stress field, the erystallographic planes associated with specific crystal/stress orientations

have not been formally addressed prior to this work*'>1%232°,

The aim of this work 1s, therefore, to develop a quantitative fractographic methodology to
understand the fracture behavior of single-crystal silicon wafers. This is achieved by
leveraging 3D surface profilometries of fractured specimens to provide a “surface angle
mapping” with respect to the main orientation of the crystal. An analytical solution
describing the unstable motion of an anisotropic circular crack is developed to help resolve
the issue of determining which family of planes 1s associated with iitial crack branching.
The relevant “crystal hackle radius”, Rxgs0), which depends on the crystal plane
orientations of silicon wafers, is clearly defined and computed at branching for the loading
scenario considered. The reciprocal crack lengths at branching are estimated experimentally
and correlated with the strength to detfine the mirror constant or “crystal hackle constant”,
Axryi10. The following section mtends to support the claim made n this work that —due to
dynamic instabilities— the crack-tip initially deflects from the (110) mirror plane to {111}
planes. Furthermore, it will be shown that the features corresponding to the {112} planes
were associated with Wallner lines and hence should not be considered as a relevant feature

when determining the mechanical strength of a silicon-based device.

II. METHODOLOGY

A. Mirror-Branching Formation

Recently, Dugnani and Ma® extended Freund’s analytical solution™ describing the motion
of unstable straight-cracks in homogeneous, isotropic, brittle materials, to circular-cracks.
This solution was combined with the description of dynamic fields for brittle, anisotropic
materials™ to analyze the stress field at the tip of a crack parallel to the (110) plane. The
predicted stress-field was used to estimate the crack-lengths at branching and correlate them

to fractographic features. The assumptions made in the model were:

(a) the fracture surface was ‘atomically flat” up until crack-branching,



(b) the crack’s shape remained nearly circular during the nitial propagation.

As shown in Dugnani and Ma’s work, the crack radius, a, for flat circular-cracks could be

related to the instantancous crack-tip’s velocity through the equation:

-(2) w]‘l @)
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The term a, refers to the initial crack-radius and Y to the local shape factor. For isotropic

material and a Poisson’s ratio 2/7 < v < I/2, an approximation for g(¥) is given by*":
gWV)~1—-ywithy =V /cy 3)

In the context of crystal fracture, the term ¢z was taken as the Rayleigh velocity in the crack
propagation direction. For the fracture surfaces considered in this work, crack-growth
mitially occurred on the (110) plane and eventually branched onto the (111) plane. In the
next sections, a brief description of the dynamic crack-field at the crack-tip and how the

knowledge of the field was used to predict the crack-branching 1s given.

B. Dynamic Stress Field in Single-Crystal Silicon

The dynamic stress-field at the crack-tip as a function of the crack propagation direction, /3,
was computed exactly using Gao et al.’s two-dimensional, dynamic crack propagation
model for anisotropic continuous materials based on linear clastic fracture mechanics
(LEFM)®. The material properties in the direction of the propagating crack were obtained
by considering the local compliance matrix in an orthogonal coordinate system defined by
the axis of the crack and the ff-direction. Similarly, the Rayleigh speed, cg(f), was computed
in the direction of the crack propagation. The silicon crystal compliance matrix was
evaluated based on values reported in Cho™”. Based on Gao et al., the dynamic stress-field in

the local polar coordinates at fS-direction (Figure 1b) was given by:
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LA V2nrr | J/cos p+mysing D;D;—D3Ds  \/cos ¢p+m, sin¢ Dy D;—D3Ds | ’
.. = K e [ fy(my) Dy _ fy(m2) Dg 4 b)
2z \2ar |\/cos p+m, singp DyD;—D3Ds  \/cos ¢p+m, sin ¢ Dy D;—D3Ds | )

o = K Re [ fxy(m1) D5 . fxy(mz) Dg (4 C)
rz v2mr |/ cosp+m, sing D1 D;—D3Ds  /cosp+m, sin¢p Dy D;—D3Ds | )



As explained in Gao et al.”?, m; and m; are the roots of the characteristic equation (i.e., the
strain compatibility equation), ¢ 1s the angle between the crack-tip and the branching plane
considered, and D; are constants related to both the material properties along the crack
propagation direction and the roots of the characteristic equation. The angle ¢ defined as the
relative angle between the plane containing the crack before branching, 1.e. (110) and the
branching-plane (see, Figure la). For a semi-circular crack, the angle between the crack-

front expanding in the direction £ and the (111) plane was computed as:

tan¢ = sinf§ - tan(35.2°) (5)
Equation (4) and Eq. (5) were used to compute the stresses normal to the (111) plane,
61111}, as a function of the crack velocity, V. The stress 6,111, was obtained by first rotating
the local, principal stresses at the crack-tip (i.e., g, , gsg , 0--) by an angle f about the z-axis

(i.e., the [110]-axis), as shown in Figure 1b, and subsequently by rotating the stress tensor

by 35.2° about the [110]-axis. The expression for o, ;11; was then obtained:
011113 = Sin®(35.2°) [0, sin® B + g c0s? B] + 05, c0s*(35.2°)
—20,,|c0s(35.2°) sin(35.2°) sin ] (6)

The hoop-stress, agg, in Eq. (6) was obtained assuming plane-strain conditions at the crack-
tip. The value of the velocity, V, corresponding to the crack-branching onto the (111) plane
was estimated based on the crack-branching criterion outlined in the next section. Once the
branching crack-tip’s velocity, V3 had been established, the crystal hackle radius, Ryy, as a
function of the crack direction, /5, was estimated through Eq. (2).
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Figure I: (a) Schematic geometry of crack branching from the (110) to the (111) plane, and
(b) the stress field at the crack-tip.

These dynamic stress field calculations are based on the underlying assumption of a
continuous material. When the crack is very close in size to the fracture process zone, the
continuous material assumption is no longer valid and the continuity assumption in linear
elastic fracture mechanics (LEFM) breaks down due to the atomistic nature of matter. In
particular, this length scale has been estimated to be about 2-3nm, on the order of about 10
atoms.”’ Nevertheless, the driving force for crack propagation is the total free energy in the
entire mechanically strained body. Atomistic modeling of dynamic fractures using large-
scale molecular dynamics simulations (MD) have shown that continuum mechanics accounts
for virtually the entirety of this strain energy; therefore, although strictly speaking the
continuity assumption does not apply at the crack tip, continuum mechanics methods have
been shown to provide an excellent description of the dynamic behavior of fast propagating

brittle cracks.*?

C. Crack-Branching Criterion

In order to predict the fractographic features” formation on the fracture surface, the crack
branching-criterion had to be first established. In the past, various criteria have been
suggested, but no consensus existed on which best described branching in single crystals™.
In this paper, the maximum Kj criterion was adopted. This criterion assumes that the crack
propagates on the (110) plane as long as the normalized stress at the crack-tip orthogonal to
the plane, 1.e. 0/770) )/ K110, Was larger than the normalized stress orthogonal to the

{1 11 }-plane, 1e O'(l{]]]} ,-/K[({]H‘z:

O1f110}(PV) > O11111}(PV)
Krc{110} Kyc{111}

@)

K. on the (111) plane was chosen based on the value reported by Chen and Leipold'’. For
Kj. on the (110) plane, the mean value was also based on the value reported by Chen and
Leipold, but its magnitude adjusted to account for the anisotropy of the fracture toughness as
modeled in Cook™. Various studies had reported that K;. was highly anisotropic on the (110)

plane, yet relatively uniform on the (111) plane. For instance, Perez’ indicated that the



fracture toughness on the (110) plane along the [110] direction was lower than along the
[100] direction.

D. Uniaxial Flexural Tests

The fracture strength of 41 single-crystal silicon samples cleaved along the (110) plane was
obtained and the corresponding fractographic features recorded. Engineered (001) silicon
wafers (boron doped) were used (resistivity below 0.001 Q.m) to work with short, single-
crystal beams avoiding high shear stress and defect mobility. The silicon wafers tested in
this work had a thickness of H = 0.4 + 0.1 mm with one side mirror polished. The test
specimens had width W = 6+1 mm by length [ = 67+15 mm beams, with the [110] direction
oriented along the length of the beam. The flexural overloading was performed as three-

point bending tests (3PBT) on the tensile side (polished side), and followed ASTM standard
[001]

l——>{11m
(110)

| L 77@7; H

C1161°°. The 3PBT were conducted on an MTS Model 45 with a 100N load cell (resolution

0.01 N) and roller diameter 5 mm, as illustrated in the schematic below.

Figure 2: Schematic showing a silicon beam undergoing 3PBT.

Test specimens were loaded with a stress rate ranging from 2.5-25MPa/s. No notch or pre-
crack was introduced to avoid strong misalignment with the (110) cleavage planes. Linear
response and small deflections justified the use of linear elastic beam theory to calculate the

fracture strength’®.



E. 3D Surface Characterization

In this section, the technique developed to produce a consistent fractographic
characterization of the fracture surfaces and the objective measurements of crystal hackle
radii are introduced. Fracture surface maps were obtained using an industrial Olympus Lext
OLS4100 confocal microscope with a non-polarized 405 nm laser source of ultraviolet and
bright field illumination with 10 nm height resolution and 120 nm lateral resolution to locate
fractographic features of interest. A Veeco Enviroscope atomic force microscope (AFM)
with tapping mode was used to track the height variation of the crack branching regions with

a resolution up to 7.6 x 10” nm in height and 1.4 nm in the lateral direction.

The following procedure was employed to characterize the 41 silicon fracture surfaces

considered:

(1) After the fracture surfaces had been cleaned, 3D surface profilometry near the
fracture origin was acquired. The fracture surface was oriented with the free surface
parallel to (110), the axis of tension. The image of the fracture surface near the
origin was leveled by fitting a plane through 3 reference points within the mirror

region and then rotated to align with [110].

(2) The local plane orientation was computed at cach pixel using two neighboring data

points along [001] and [110] (see Figure 3). Two vectors were then defined,

rs 0
X170 = ( 0 ) and Yjgo1; = ( rs ) with rs being the lateral resolution (i.e. unit
Zap Az,

pixel size), Az, = 75 — 74, and Az, = 7, — 7. The angle 6 between N[110]5 the

normal vector to (110) and the resulting normal vector N, (i.e. cross product

—_

between Xp10) and Vjgoq) ) was obtained locally considering all possible

crystallographic orientations. The angle ¢ was then calculated with respect to the first
(110) plane cleaving:

1 Azap+Az
§ = arccos{——= 2Tt (8)

2
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Figure 3: Schematic of height matrix (left) showing the blue crystal facet (right) defined by

three adjacent reference points. The angle 0 between Ny ) and N1 is also shown.

The angle maps thus obtained were used to identify different families of crystallographic

planes.

(3) The full map was filtered to highlight the features bounding the mirror region, 1.e.
the {111} crystallographic facets as shown later. The crack origin was subsequently

estimated at the free surface (Fig. 4 a).

{111} Branching Region - {111} Branching Region_ -

XH {110}

crack origin =

Figure 4: Schematic of a surface angle map using a band-pass filter showing (a) the
estimated crack origin and the estimated radii at branching, and (b) the effective crack
origin and the computed crystal hackle radius with the branching radius direction with the

[free surface.



(4) The estimation of the radii at branching was achieved using the function “find” from
MATLAB R2019a°". The function detected the non-zero elements of the matrix and
returned a vector of point indices that had been found. The detected cluster of points
(i.e. the branching features) was used to establish the shortest length on each side
(1.e. left and right), and their respective orientations, as shown in Fig. 4. (a). The
average of these lengths defined the crystal hackle radus Ryzy;70; and crystal hackle
radius direction at branching (i.e. branching radius direction) @xzy;0;. For specimens
that broke ‘at the edge’, Ryzy0; and Oviy,0p Were obtamned considering the single

side available.

(5) The etfective crack origin locus was defined using an arc of radus Ryzy,;0; tangent to
the hackle boundary region on both sides with the center along the free surface as
shown in Fig. 4 (b). The analytical shape of the {111} mirror to branching boundary
was fitted on the filtered surface angle map using the experimental achievements
such as Rxzyz70p and Oxwysi0; respectively as shown in Fig. 4 (b). The shortest radius
Rxmgi0p was subsequently correlated with the strength of the specimens and the

orientations of the two sides with respect to the free surface were analyzed in detail.

III. RESULTS

A. Fractography of Single-Crystal Silicon

In this section, the mirror and branching regions are precisely described by AFM
profilometries and 3D laser confocal scans. The planes bounding the mirror zone have been
separated to objectively provide a measure of crystal hackle radii. AFM surface
profilometries were used to generate fractographic surface angle maps Fig. 5 (b) from AFM
heights Fig. 5 (a). The strong surface markings in Figure 5 (b) indicated that the crack-tip
branched from the (110) plane with facets orientated mostly around +35° with respect to the

mirror plane (i.e. (110) plane at 0°).
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Figure 5: (a) AFM height surface of a silicon sample fractured at 249MPa, and (b)
corresponding surface angle map showing the orientations of the crystalline facets at

branching.

These pronounced features were associated with the {111} family of planes (theoretically
inclined at 35.2°). Additional, less perceivable surface perturbations are also visible in
Figure 5 (b) running nearly perpendicular to the principal features. The directionality and
mclination of these less obvious marks suggested that they might be related to the {112}

family of planes.

Figure 6 shows experimental profilometry carried out by AFM in regions where (a)
branching occurred, and (b) at the “cusp”. An average planar orientation of 34° with a
standard deviation of 11° has been found in concave regions of the profile (a) with an
average periodicity of 484 nm. Surface profilometry in Fig. 6(b) indicated an average angle
of 206  computed from peaks of nearly the same magnitude which are most probably
associated with the {112} family of planes. An average height undulation of 183 nm with an

average periodicity of 490 nm was found in concave regions of the profile.
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(b)
Figure 6. Surface profilometry of the silicon fracture surface with AFM tapping mode

tracking crack-tip behavior (a) at branching, and (b) in the “cusp” region.

For most of the fracture surfaces, the mirror appearance was flat with crack traces fanning
out of the origin and out of the mirror plane (i.e. the (110) plane) systematically surrounding
the mirror region, for instance in Fig. 7. Most of the specimen broke with crack origins
‘away from the edge’. Figure 7 shows examples of variations in the fracture morphologies
for two samples displaying nearly the same strength. The sample in Figure 7 (a) broke at 204
MPa and the specimen in Figure 7 (b) broke at 212 MPa with a larger flat mirror region. The
shapes of the ‘flanks” were very similar for both specimens whereas the instability marks

above the crack origin (i.e. the so-called “cusp”) are significantly less noticeable in Figure 7

().
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Figure 7: Typical cleaved surfaces of single-crystal silicon under UV laser illumination near

the fracture origin.

As outlined previously, 3D confocal optical microscopy was mainly used to characterize the
overall region surrounding the mirror region and to generate angular maps of the fracture
features. A bandpass filter was applied to retain fractographic features within the 35+/0°
band, which were associated with the {111} family of planes. The edge of these features was
detected using the methodology outlined in previous sections and compared to the predicted

shape from the analytical solution as shown in Figure 8.

Mirror rcgion
(110)

Mirror region
[001] (110)

625 [ree surface 125

(um)
Figure 8: Micrograph of single-crystal silicon fractured at 200MPa (a), and (b)the

o

associated branching region using a surface angle map within a 35+£10° band with the

predicted shape of the mirror region fitted analytically.



Figure 8 (a) shows an instance of a specimen which broke away from the edge (at 200MPa)
and highlights the features formed by different families of planes. Figure 8 (b) shows an
example of how the crystal hackle radius was detected from the sample (Rxzy170)=51.91m)
and the orientation of the crack-tip at branching (Oyz;1,0p =52.1°) with respect to the free
surface. The predicted shape of the mirror region was obtained by fitting the analytical

solution with GXH{HO}

Figure 9 (a) shows a summary of the normalized strength vs. the inverse square root of the
crystal hackle radii, defined as the shortest distance between the fracture origin and
fractographic features corresponding to the {111} plane. Normalizing the crystal hackle
radius with the sample’s thickness allowed comparing experimental data from the present
work with measurements obtained by other authors available in the literature'™'®. The
mirror-radii reported by Tsai and Mecholsky has been included by taking the average of the

radii measured at 40° and 50° to be consistent with the data reported by Dugnani and
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Figure 9: Normalized silicon fracture strengths vs. inverse square root of the crystal hackle
radii at branching, including the expected analytical trend (a),; branching radii normalized

by the thickness vs. crystal-hackle radius orientation with the free surface (110) (b).



The linear regression of 41 fractured specimens allowed the determination of Axzy;;0,=1.47
+0.24 MPaVm as a scaling parameter for the experimental fracture strengths with an average
estimation error of 12% between the experimental strengths and the strengths provided by
the analytical regression. The trend obtained in this work was in good agreement with both
the experimental data reported by Tsai-Mecholsky (4,~1.40 MPaVm) and Dugnani and
Verghese (4,,~1.39 MPa\fm).

Figure 9 (b) shows the comparisons of the crystal hackle radii angles measured with respect
to the free surface for the left and right sides. As expected, there were no obvious differences
concerning the detection for each side of the branching confirming that the specimens were
correctly oriented with [110] and that the fracture symmetry was preserved. In the current
study, the averaged orientation Oyy =50.3° was located within 43°<0,5<57°. Angles based on
Dugnani and Verghese’s work were estimated optically on the left and right side of the
origin as well (Fig. 9 b). The asymmetry of the onset of branching from Dugnani and
Verghese was more significant than found in this work since the average orientation was
more dispersed, such as 43°< 6,,qec = 53°<67°. The measurements presented in Tsai and
Mecholsky were reported for the right side only (Fig. 9 b). In contrast with Dugnani and
Verghese, results from Tsai and Mecholsky were located between 40°<€y00. = 51°<60°

and hence were more consistent with the results from this work.

B. Analytical Model & Wallner Lines

In this work, the analytical formulation describing the crack propagation and the onset of
crack-branching was simplified by assuming that the moving crack-front was semi-circular.
To confirm the validity of this simplification, the crack sizes in the [110] direction, a, and ¢
in the [001] direction, were estimated, based on Eq. (2) assuming steady-state crack-
propagation in a uniform stress field. Using cx= 4.5knv/s and 5.2km/s on the (110) plane in
the [110] direction and [100] direction respectively”® and substituting into Eq. (2), it was

concluded that for a semi-circular, flat crack, 0.98 < a/c <1.1 for 0 < V/eg < 0.85.



Figure 10 (a) shows the computed crack-branching boundary predicted based on the
analytical model described in the previous sections and the failure criterion outlined by Eq.
(7). In the same figure, it 1s also shown an instance of fracture surface from a silicon sample
tested in flexure. Branching was predicted to occur first at Ryz/ap~= 2.83, 1n the direction [
=64°. The predicted branching formation corresponded to a value of the crystal hackle
constant (or mirror constant), Ayz = KMH@).\/Q.SZ%/I.IZ =~ 1.35MPaVm. The range of f§ from
fractographic observations (f = 50° + 10°) suggests that, in actual fracture surfaces, a/c
might differ from the value assumed in this work. Figure 10 (a) shows an instance of a
fracture surface on the {110}-plane with the corresponding branching radius and Wallner
lines patterns based on the analytical solution. Although the fractographic pattern was very
similar, the minor discrepancies can be explained by the simplifying assumptions used in the
analytical calculations. In particular, one of the known effects of crack branching is a
reduction 1n crack velocity, which was not taken into account by the present analytical
model. The breaking down of this assumption can explain why the shape of the mirror

boundary and Wallner lines suffered from systematic error when compared to experimental
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observations; further research into the effect of a change in crack velocity is ongoing.

Figure 10: (a) Analyvtical crack branching contour from the {110} to the {111} with actual

fracture surface with the corresponding Ryy and (b) representation of Wallner line



formation and (c) red lines show the predicted location of the Wallner lines starting at

crack-branching points A and B on a tested sample’s fracture surface (lower right).

As the crack locally branched from the (110) to the {111} planes, acoustic waves were
triggered at branching points. These acoustic waves interacted with the crack-front
propagating on the (110) plane, with temporary excursion out-of-plane, forming rib-shaped
surface markings, 1.e. the Wallner lines. In this section, the location of Wallner lines on the
(110) plane was estimated based on the geometry and loading considered. For a given crack
branching location (e.g. points A and B in Figure 10 (c¢)), the Wallner line formation was
predicted by the intersecting points for the propagating acoustic wave-front and the crack-
front on the (110) plane (Figure 10 (b)). For a given crack-direction 3, the acoustic wave
speed, 1.¢. Rayleigh speed ¢ and the crack speed 7 were taken based on Sherman’s reported
values™ (V/cg between 0.28 and 0.38 for the branching locations considered). An instance of
two Wallner lines, as predicted in this analysis near the symmetry plane, 1s shown in Figure

10 (c).

IV.  DISCUSSION

A. Dynamic Crack-Tip Instabilities

Both sharp hackles or {111} “prism-like” features and features formed by cracks
propagating on the {112} planes, were found to bound the mirror-region, in good agreement
with the literature”'®***°. The {111} hackles formed during crack propagation (as illustrated
i Fig. 1) have not been used in the past for quantitative fractography, although, as discussed

. 3 ¥ .
in Sherman and others®®#!™#

, they were consistently observed and they might be useful in
estimating mechanical and/or physical properties of crystals. We rectify this missed
opportunity (as detailed in Fig. 3-4) by leveraging fractographic features to calculate the
fracture strength. The use of surface angle maps rather than feature-heights conventionally
used, helps to better discriminate between relevant fractographic regions (as illustrated in
Fig. 5). This approach is based on the fact that the fracture surface of single crystal silicon

comprises features formed on difterent crystallographic planes (see Fig. 6), and we show

that only {111} is induced by dynamic instabilities (as described in Fig. 7-8). We confirm



that the {112} features are ‘secondary features’, resulting from the interaction between
acoustic waves and the crack-front, similar to Wallner lines i amorphous materials.
Although it has been shown by Dugnani and Verghese'® that secondary features at the ‘cusp’
did correlate with the fracture strength of the sample, secondary markings are likely less
reliable as they can be susceptible to unpredictable factors including reflected acoustic
waves from sample surfaces and defects. Additionally, we observe that Wallner lines at the
‘cusp’ are not always present, for example as shown in Fig. 7, hence any method relying on

this feature cannot be reliably implemented.

Figure 9 (b) shows a plot of the crystal hackle radius orientation with respect to the free
surface (110), Oxmyi10; vs. (H/R) 2 No significant angular variations were noted between
the left and right sides of the mirror boundaries, which suggests not only that the crack
developed symmetrically regardless of the initial flaw shape, but also those dynamic
mstabilities were triggered at well-defined values of the stress mtensity factor. This
observation can also be inferred from the symmetric appearance of all fracture surfaces
measured, for instance, in Figure 10. In this work, the crystal direction where first crack
branching occurred was measured 1 41 specimens and estimated at &yzy;,0; = 50.3 + 3.58°.
Notably, the observed first branching angle was very consistent in the range 2 < (H/R) *< 7.
This observation is important, as the critical fracture strength on the {110} planes was
thought to depend on the crack propagation direction, hence significant variations in Oxzy; 0
would naturally imply that variations in 4 should also be expected. The effect of (H/R) * >

2 on Bygy1;0; could not be directly observed in the sample sizes considered in this work.

B. Crack-Branching Model

We considered the behavior of fast-moving circular cracks in an anisotropic material, single-
crystal silicon. The crack-branching criterion used was the maximum-hoop stress. The
fracture toughness on the {111} planes was assumed uniform (1.e. K777 = 0.82 MPavVm),
while on the {110} planes, it depended on the crack propagation direction. Assuming Kz./;;0;
— 0.90MPavm, the predicted crystal hackle constant corresponding to crack-branching from
the (110) to the {111} planes, was estimated as Ayy = 1.35MPaVm. The relative uncertainty



on the experimental 4yx,;;0; was calculated following the law of the propagation of variance
through the corresponding quadratic sum of each of the relative uncertainties of its
assoclated variables (1.e. the strength and Ryz;i70;). The experimental crystal hackle radius
was Axzy0y= 1.47+0.24 MPavm and provided nearly the same scaling (i.e. the same crystal
hackle constant) as the value computed analytically. The marginally smaller magnitude
predicted by the analytical model can be explained in part by the model simplifications, the
uncertainties associated with the fracture strength of the material, and by the fact that crack-
branching might be occurring at smaller crystal hackle radii than reported by the
experiments but undetected due to the small feature size relative to the incident radiation
wavelength (UV and wvisible light). Experimental support to this last explanation was
provided by Cramer’s description of fractures on the silicon {110}-plane™. Cramer reported
that, at relatively high crack speeds, {111} features formed on the fracture surface but

appeared ‘mirror-like’ by optical microscopy.

The experimental and analytical crystal mirror and hackle constants obtained in this work
are in good agreement with the reported experimental values from Dugnani and Verghese,
i.e A,,= 1.54MPavm. Dugnani and Verghese’s higher magnitude for the mirror constant, 4,
can be attributed to the fact that R,, was measured at fixed angles, hence its magnitude was
always larger or equal to the values obtained through the methodology described in this
work. The values reported by Tsai-Mecholsky seemed to be the most consistent with 4,, =
1.39MPaVm (from 24 samples). Tsai-Mecholsky’s trend consistency can be explained by the
fact that the surface defects were also consistent in size and shape, as they were introduced
artificially by indentation. The symmetric and nearly circular sizes of the indented flaws
resulted in more consistent initial crack shapes compared to the naturally occurring defects

considered in the present work.

The analytical description of the mirror region matched the experimentally observed
boundaries obtained with the procedure developed in this study (Fig. 8). The differences
between the analytical and experimental shape of the mirror boundary can be attributed
mostly to the simplifications in the analytical solution which, for instance, assumes the crack
remains circular both before and after branching. The analytical solution can also predict the

formation of secondary features, including Wallner lines. The formation of these secondary



features was correctly predicted. However, one of the known effects of crack branching is a
reduction in crack velocity, which was not taken into account by the present analytical
model and is an avenue for future study. In particular, the “cusp” predicted by the analytical
model was in a region where the crack-tip velocity and shape were no longer uniform, and
hence beyond the applicability range of the analytical solution. The breaking down of the
model’s assumptions can explain why the shape of the mirror boundary and Wallner lines in
Fig. 10 b) and c¢) were reliable, yet suffered from systematic error when compared to
experimental observations. In addition, our analytical model employs dynamic stress field
calculations based on continuum fracture mechanics. At very small length-scales (smaller
than 2-3nm), the discrete, atomistic nature of matter limits the applicability of this
assumption.”’ Nevertheless, molecular dynamics simulations have shown that continuum
mechanics is able to account for the vast majority of the total free strain energy in the
body.”* The release of this strain energy is the driving force for crack propagation, and
although the use of continuum mechanics is therefore justified, this may partially explain the
minor systematic error observed. The model predictions are nonetheless extremely useful, as
they correctly predict the formation of secondary features and help explain why such

secondary features cannot be relied upon when estimating the strength of fractured samples.

CONCLUSIONS

In this work, a novel framework for the fractographic analysis of silicon fracture on the
(110) plane was introduced. Unlike previous work, this method identifies specific cleavage
planes associated with dynamic instabilities, thereby accounting for the intrinsic anisotropy
of single-crystal silicon. Both confocal optical microscopy and atomic force microscopy
were used to characterize, using 3D surface profilometry, relevant cleavage planes

associated with all important fractographic features.

Surface angle maps were computed from 3D surface profilometries, thereby identifying the
crystallographic planes when first crack branching occurs. An analytical dynamic fracture
model was also developed and used to establish which cleavage plane best correlates with

the fracture strength. With the aid of the analytical model, it was determined that features



corresponding to the {112} planes were Wallner lines, and hence they were not relevant
when estimating the strength. The shortest length between crack origin and the detected
{111} cluster of points at crack branching delineate the mirror-boundary; these radii were
subsequently correlated with experimental strengths to extract the experimental crystal

hackle constant (mirror constant) Avy;;,0; = 1.47+0.24MPaVm.

The scaling, branching planes, and fractographic patterns predicted by the analytical model
are consistent with the experimental findings, and correctly predict that the {111} planes
bound the mirror region, whereas the {112} planes are associated with Wallner lines.
Furthermore, the analytically computed crystal hackle constant was found to be within 8%
of the experimental observation. These important findings improve our understanding of the
fracture in single-crystal silicon and help elucidate mechanical and thermomechanical failure
modes in semiconductor devices. In particular, the consequence is that the lithographic
patterning and manufacture of semiconductor devices should take into account the
mechanical anisotropy of crystallographic orientations to improve fracture toughness and

thereby prolong service life and enhance reliability.
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Quantitative fractographic method considers the intrinsic anisotropy of crystals.
Cleavage planes are associated with fractographic features in monocrystal silicon.
Analytical model shows how {111} planes are related to the mirror region.
Analytical model explains how {112} planes are associated with Wallner lines.
Results allow strength estimation in single crystal silicon by fractography.



