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ABSTRACT

Gallium arsenide (GaAs) is used in the most demanding semiconductor applications, including
the medical, aerospace and communication industries, where significant mechanical stresses
are experienced during operation. Mechanical stresses from thermal expansion and
mechanical loading can result in the fracture of GaAs crystals, a leading cause of
semiconductor device failure. Unfortunately, the underlying fracture mechanisms in GaAs Ill-V
semiconductors are currently not well understood. In this manuscript, we present a quantitative
approach to identify the main GaAs fractographic features and correlate these to a crystal's

original mechanical fracture strength. In addition, detailed fractographic analysis was used to

estimate the crystal hackle constant (analogous to the mirror constant in isotropic media), =
1.58 MPavm on the {110} cleavage plane of GaAs. Finally, crystal stereography and analytical
geometry was used to confirm that the fractographic features correspond to the intrinsic

symmetries of single-crystal GaAs.

Keywords: fractography, failure analysis, single crystal, gallium arsenide, mirror constant,

crystal hackle, stereography

a Corresponding author: roberto.dugnani@sijtu.edu.cn
b Corresponding author: ricardo.zednik@etsmtl.ca

Authors' accepted manuscript. Article published in Engineering Failure Analysis, Volume 123, May 2021, 105313
The final publication is available at https://doi.org/10.1016/j.engfailanal.2021.105313
© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



.  INTRODUCTION

GaAs exhibits superior semiconducting properties compared to silicon and germanium,
including higher charge carrier mobility, a direct band-gap transition, and improved power
and high-frequency response'2. GaAs is therefore particularly useful in advanced
optoelectronic and photonic devices, as well as in ultra-high frequency and microwave
applications. GaAs displays excellent resistance to radiation and thermal degradation,
making it valuable for space applications and super-efficient photovoltaic cells34.
However, mechanical stresses during processing and operation can lead to catastrophic
brittle fracture of GaAs crystals, a significant cause of semiconductor device failure®.
Analyzing the fracture surface of a failed device or structure is a standard approach
commonly used in failure analysis in order to identify the root cause. Unfortunately, the
mechanisms by which single crystals, including GaAs, fracture or crack is poorly

understood.

Basic fractographic concepts for single crystals began to be developed in the 1940s%-1.
Margevicius and Gumbsch'? studied the behavior of GaAs fractures, and observed that
as GaAs cleaved on {100} and {111} planes, the crack eventually deflected onto {110}
planes, but provided no explanation. Okui et al.'® studied GaAs cleavage by scanning
tunneling microscopy and revealed that, in contrast with [110] cleavage, cleaving toward
[112] and [114] resulted in flat (110) terraces. In addition, many elongated “island-like”
structures and high step densities were detected, however, they were “largely fluctuating”
in the scans and the authors were not able to correlate them with any particular
crystallographic directions. Sauthoff et al.'* separated the fracture surface of GaAs into
six regions of interest, each with characteristic morphologies. Although each morphology
was associated with a distinct crack front velocity, the authors did not formerly correlate

these findings with the intrinsic anisotropy of the crystal and the loading direction.

When performing the fractographic analysis of isotropic brittle materials, such as glasses

or fine-grained ceramics, the distance between the origin and the mirror-mist boundary is



correlated to the strength of the material by a phenomenological expression first
formalized by Orr'5 :

(1)
where oy is the strength, R,, is the mirror radius, and A,, is the empirically obtained,
material-dependent mirror constant'®. Macroscopically, in glasses and fine ceramics, the
onset of crack growth instabilities delineates the mirror-mist boundary or the mist-hackle
boundary regions'’-'°. For single crystals, the crack-front first propagates on a
characteristic mirror-like plane i.e. weakest cleavage plane, but once the crack-tip
reaches a critical, characteristic speed along a specific crystallographic direction, micro-
branching occurs’0-20-23 |n the past, various authors attempted to apply variations of Orr’s
equation to single crystals but did not formally provide any “standardized” methodology
on how and where to measure the mirror radius'0.1524-27 Not surprisingly, A,, was found
to depend on the crystalline plane considered, the loading direction, and the observation
technique used, such as, for instance, in single-crystal silicon?8. Nonetheless, no study
has been conducted to formally establish a relationship between fractographic features

and the strength of GaAs prior to this work.

In this manuscript, we therefore develop a fractographic approach to establish the
mechanical fracture strength of GaAs based on characteristic fractographic features. In
order to remain consistent with the literature, we use the same definition of fracture
strength used by Orr'®. This fracture strength is the stress required for a crack to
propagate catastrophically through a crystal; as fracture initiates at natural flaws that are
present in any crystal, we would expect a Weibull-type relationship between strength and
specimen size; in order to eliminate this effect, all tested samples had the same geometry

and dimension.

The manuscript begins by describing the experimental set-up used to fracture GaAs
single crystals before proceeding to discuss, in detail, the fracture surfaces obtained. The
fractographic features discussed are important in order to generalize Orr’s relation for

isotropic media to single crystal GaAs. This work accounts for the crystal orientation and

uses fractographic analysis to determine the crystal hackle constant, on the {110}



cleavage plane and measured along the  directions, analogous to the mirror constant

in isotropic media.

. METHODOLOGY

This section provides details on the characterization techniques and proposes a
quantitative fractographic approach to establish the relationship between the fracture

surface’s fractographic features and the crystal strength of GaAs.

A. Uniaxial Flexural Tests

Undoped GaAs wafers (nominal 3-inch diameter) with one side mirror-polished and a
thickness h = 619 + 19 ym were cleaved along the (110) plane. Uniaxial flexural
overloading was performed on 25 specimens by three-point bending tests (3PBTs)
according to the ASTM C1161 standard?® as presented in Figure 1. The test specimens
corresponded to the ASTM C1161 size and geometry requirements, and were rectangular
bars with widths b = 8 £ 2 mm and useful test length / = 41 £ 10 mm. The 3PBTs were
conducted on an MTS system with a 50N load cell (resolution 0.01 N) and roller diameter
10 mm. Test specimens were loaded using displacement control at a fixed speed of 0.5
mm/min. The cracks were initiated at natural flaws on the mirror-polished side to avoid
any strong flaw misorientation. The fracture strength or reported throughout the
manuscript corresponds to the experimentally measured stress imposed by the 3PBT at
which fracture occurred. Small deflection and linear elastic response during experiments
justify the use of linear elastic beam theory to calculate the stress at failure. According to
ASTM C1161, the flexural stress at failure is therefore given by
: (2)

where P is the fracture force.
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Figure 1: Schematic of the experimental three-point bending test

(3PBT) setup showing GaAs crystal [110] orientation. The
polished surface is on the bottom (tension) side.

B. 3D Surface Characterization

An Olympus LEXT OLS4100 confocal microscope was used to identify fractographic
characteristics with the help of Matlab® to extract and analyze post-mortem fracture
surfaces. Fracture surface 2D micrographs and 3D maps were obtained with bright field
illumination and through a non-polarized, 405 nm ultraviolet laser source, resulting in a

nominal 10 nm height resolution and 120 nm lateral resolution.

C. Crack Growth Analysis

As GaAs fractures in an anisotropic manner, the crystal’'s hackle radius could be
influenced by any misalignment of the load with respect to [110]. In order to identify such
misalignment, the sample orientation must be carefully established to ensure
perpendicularity of the mirror plane with the optical/confocal microscope axis. The
following standardized algorithm was used as the basis of a concise standardized failure

analysis procedure when characterizing single-crystal GaAs fracture surfaces:



(1)

(2)

3)

(4)

®)

(6)

Confocal optical micrographs near the fracture origin are collected with each
fracture surface oriented with the free surface parallel to . As the mirror region
near the origin is generally not perfectly aligned with the optical axis, i.e. aligned
with [110], the region near the origin is leveled by fitting a plane to the flat mirror

region and rotating the mirror to align with [110].

The location of the crack’s origin locus is visually confirmed by back-tracing the

source of the “quasi-static” step-like features, as described in the next section.

The radii at branching are measured optically using semi-circular arcs centered
at the crack’s origin and tangent to the first occurring branching ridges.
Underestimation of the hackle radius could be introduced due to limitations in
the resolution of the measuring equipment. Fractographers need to ensure that
the incident radiation wavelength is sufficient to detect features with adequate
resolution and should be capable of interpreting relevant fractographic
markings. In this work, the crack-tip paths were tracked with 10 nm height
resolution and 120 nm lateral resolution. Methodology to confirm the hackle

radius based on the height of the steps or ridges is explained in later sections.

The distance between the crack origin and first crack-branching steps or ridges
are used to define the crystal hackle (or mirror) radii. For specimens that broke

both ‘at the edge’ and ‘away from the edge’, Rxy110p Was measured along .

The crystal hackle constant is obtained correlating the strength with the

reciprocal square root of the crystal hackle radii on (110) towards .

The hackle directions, ¢;, are estimated optically on the sample with respect to
~ at the free surface, as shown in Fig. 6 (a). The local crack-tip branching
deflection angles, 65, with respect to the (110) mirror plane normal vector can
be computed from laser profilometry (LP) with a 3D UV-laser confocal

microscope, as shown Figs. 7-8. The theoretical values for ¢; and 6 can be



computed using trigonometry from the planes for any desired crystal. Crystal
stereography can then be used to help confirm that the indexed planes and axes

were satisfy the intrinsic crystal symmetries of GaAs.

lll. RESULTS

A. Misalignment of Mechanical Load

All of the GaAs specimens initially fractured on {110} planes by a cleavage-step
mechanism systematically forming a “flat” mirror region. ‘Step-like’ features fracturing
along the (110) planes were observed fanning directly from the fracture origin as, for

instance, shown in Figure 2.

Figure 2:  (a) 2D Confocal micrograph of a representative (110) GaAs

stepped fracture surface and (b) 3D micrograph of same
fracture surface showing misalignment between the main

cleavage plane (110) and the fracture origin

For the case shown in Figure 2, the stepped fracture surface was introduced by the
misalignment between the main cleavage plane (110) and the crack origin, which
essentially provided multiple crack initiation seeds for the crack to propagate on parallel
{110} planes.



Another instance of GaAs’s step-deflection mechanism on a different sample is shown in
Figure 3, where cracks propagate with a small misalignment, a4, with respect to the

loading direction.

Figure 3: Terrace-like steps (or ridges) due to small misalignment

between the loading direction and the cleavage plane.

These features remained on the plane of the crack and did not seem to contribute
significantly to the macroscopic change in the crack propagation direction. Terrace-like
steps fan directly from the fracture origin to compensate for the a; misalignment between
[110] and the loading direction [001].

B. Hackle Branching

In order to enable a quantitative analysis of fracture surfaces, the “hackle branching”
feature was identified as an important fractographic feature. This allows us to define a
“crystal hackle radius” Rxy (for a given crystallographic direction) in single crystal GaAs
that is analogous to the “mirror radius” R, normally used to study the fracture of isotropic

materials. Additional hackle features out of the (110) mirror plane were found fanning



away from the crack origin delineating “wing-like” branching regions. Figure 4(a) and 4(b)
show instances of fractures with the origin “away from the edge” and with the fracture
origin “at the edge”; as expected, no significant fractographic differences were noted
between the two cases. Figure 4(a) and 4(b) show representative fracture surfaces where
a high-density of hackle lines are present away from the crack origin. Steps are running
toward the upper right (compressive) side of the specimen from the crack origin, almost

perpendicular to the propagating crack-front (dashed line).

Hackle Features at Branching

/ +**Mirror Region'*s, > ~ =
B A Gl A ,;/////
—_— -~ R . ==

1 Origi “away from
the edge”

Origin “at the edge”

Figure 4: (a) Representative fracture surfaces of GaAs with origin
away from the edge (0~95t5MPa), and (b) at the edge
(0/=148+t8MPa).

The flat fracture surface in Figure 4 was associated with the principal (110) cleavage
plane surrounding the crack origin and is known as the mirror region. The fracture
strength oy corresponds to the experimentally measured stress at fracture. Various (110)
‘step-like features’ were observed fanning out from the fracture origin and were
associated the maximum tensile stress not being perfectly aligned with the (110) cleavage

plane.



For the fracture surfaces observed across all samples, two distinct sets of hackle lines
with the same fractographic pattern were systematically produced. In Figure 5, the 3D
surface profilometry of a representative specimen obtained near the beginning of hackles
(i.e. the onset of branching at the mirror-hackle boundary) is shown. Figure 5 shows how
the crack branches away from the (110) mirror plane with hackles oriented mostly towards
". For the sample shown in the Figure 5, Rxu/110p~151 pm and or= 83 + 6 MPa. Shorter
hackles (delimited by the dashed line) alternate with the larger hackles. The beginning of

the crack branching was characterized by sharp hackles visible at the microscale, thus

delineating a transition between a nearly flat mirror region and the hackle features.
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Figure 5: Representative fracture surface of GaAs at branching

(0,=83+6MPa).

The hackle directions with respect to  at the free surface, , were estimated optically on
the sample as shown in Fig. 6 (a).



Height (nm) [221] [211]

660 T
N %0 los
550 ] \ '
as0 | &c 194 _
— 3
(]
330 | ’\\ los T
1 (]
[«
20 | 10.2
110 | 0.1
0 0

6 12 18 24 30 36 42
Angles ¢; (°)

(a) (b)

Position (um)

Figure 6: (a) Representative micrograph of GaAs fracture surface
near the onset of crack branching and (b) probability
density function (PDF) of the GaAs feature’s directions with

respect to  (same sample as shown in Figure 5)

Fig. 6(b), shows an example of the Kernel density estimator (KDE) for the hackle
directions (blue envelope). The KDE is a smoothing function that establishes the shape
of the curve based on the probability density function (PDF). The bin sizes (column
widths) were selected from Scott’s rule i.e. asymptotically minimizing the integrated mean
squared error. The distribution of hackles within branching is mostly attributed to

although hackles were found within @, = 6° < @; < 42° = Qmax-

For hackles oriented within the interval @, and @m.y, the crack-front shape remains
perpendicular to the branching features (i.e. nearly circular with respect to the crack
origin), as shown in Figure 7. Profile P1 was obtained at radius R1 = 2Rxpy11¢; (i.€. ~ 302
pm) from the crack origin. The height (i.e. the hackle’s height or amplitude) was
approximately &1 = 472 nm and the “contour” triangular and elongated. For profile P2 (at
R2 = 1.7Rxw110p), the hackle height was approximately &, = 280 nm and for profile P3 (at
R3 = 1.4Rxw1195), the hackle height was approximately 83 = 138 nm.
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Figure 7:  Identification of the crack front profiles P1 = 2Rx110p, P2 =

1-7RXH{110} and P3 = 1-4RXH{110} for RXH{110}=151[JITI and the
effective crack origin locus (same sample as shown in

Figures 5 and 6).

The hackle heights (Pi) from P1, P2 and P3 have been normalized by radial distances
R1, R2 and RS, respectively to obtain Figure 8 (a). Figure 8 (b) shows the distributions

D1, D2 and D3 of the angles  obtained from P1, P2 and P3. The hackles’ orientations

were computed directly from 3D LP with respectto . Figure 8 (a) shows that the density
of peaks from P1 to P3 decreases as the distance between the crack-origin and the crack-
front increases, and the most prominent hackles at P1 appear to correspond to the {111}
planes and {454} planes which are very close to each other ~2.7°. Large branching
features with low density were apparent (P1) as the crack propagated farther from the
crack origin, whereas small and narrowed branching features with higher density were

present (P3) in the early crack branching process.
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Figure 8: (a) Normalized height profilometry (P1, P2 and P3) with
radial crack-lengths R1, R2, R3 and (b) resulting
distributions (D1, D2 and D3) of GaAs surface angles

The profile P1 shows a periodicity in the ridges with an average lateral distance between
peaks of; 1644 nm with an angle between peaks of {; ~ 0.31° with respect to the

crack’s origin. This angle was calculated using the law of cosines (Al-Kashi theorem):

K

— 3)

The distribution D1 shows that the range of the facet orientations is between 5-55°. P2

shows a slightly less recurring surface profile in Fig. 8 (b). The distribution D2 shows that



the range of the facets orientations is between 5-45°. The average lateral distance
between each peak in P2 is 936 nm with an angle between peaks of {, ~ 0.21°.
Furthermore, LP highlighted a tortuous crack path at the onset of the crack branching in
the region of P3 where locally, a high density of ridges (i.e. hackle features) were present.
However, P3 does not seem to follow any regular cracking sequence and most probably
the feature size could not be easily detected because of the optical limitations imposed
by the incident radiation wavelength (i.e. 405nm). The corresponding distribution D3
shows that the range of the facets’ orientations is between 5-19°. Although local maxima
of D3 are relatively close to each other, D3 indicates that there are traces of the crack-tip

deflecting out of (110) with a relatively high density of the Kernel estimator. The average
lateral distance between each peak in P3 is; 677 nm with an angle between peaks

of 3~ 0.18°.
C. Deflection Planes Correlate with the Crack’s Zone Axis

Stereographic projections of GaAs were used to identify the crystal directions of
fractographic features observed on all samples. For this analysis, the relevant cracking

sequence along P1 corresponding to angular surface distribution D1 was selected. D1

therefore corresponds to the angular surface distribution relative to the mirror direction

and DO corresponds to the angular surface distribution relative to the free edge direction
~. Figure 9 (a) shows the crystallographic directions of experimentally observed crack
deflection planes at branching that lie within 5-55° from (110), such as {331}, {231}, {221},
{241}, {130}, {131}, {121}, {111}, {142}, {132}. Great circles corresponding to these
crystallographic directions are shown in Fig. 9 (b)-(c)-(d)-(e). The intersection of each of
these great circle traces with the main (110) trace provides the effective crystallographic

direction indices (i.e. effective zone axis) of the crystal hackle radius at branching.
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Figure 9: (a) Experimentally observed Probability Density Function
(PDF) of crack-tip branching angles relative to (110) as
observed in all tested samples, and (b)-(c)-(d)-(e)
stereographic projections with directions and traces of the

fracture planes in GaAs single crystal

In order for the experimentally observed deflection planes at branching to be consistent
with GaAs crystal symmetry and the experimental hackle radius directions, the Weiss
zone law (WZL) must be satisfied3'-33. As shown in Figure 9, we indeed confirm that the
deflection planes which were in the zone axis followed WZL, and by extension were also
in the same family of planes containing the indices of the effective crystallographic
directions of Rxuy110p. The crack cleavage planes were formed from five groups of zone
axes (i.e. hackle directions):as shown in Figure 9 (b)-(c)-(d)-(e), the red dots represent
the intersection of the trace of (110) (straight blue line) with the traces of the deflecting
planes (solid-colored arcs). The dashed arcs represent the great circles and each

intersecting point indices can be obtained by superimposing a full (001) stereogram3!. For



example, Figure 9 (b) shows that the {111}, {221}, and {331} traces intersect the (110)
trace at and the trace at . This confirms that {111}, {221} and {331} intersect {110} at
a direction parallel to the free surface and rotate toward the [001] to align with the
macroscopic principal stress. Figure 9 (c) shows that {144} and {142} intersect (110) at
and , respectively, consistent with the crystal symmetry. Figure 9 (d) shows that {132},
{121} and {231} intersect (110) at and , respectively. Figure 9 (e) shows that {131} and
{241} intersect (110) at and , respectively. In summary, the experimental observations

are consistent with the crystal symmetry of GaAs.

D. Hackle Radius versus Mechanical Strength

Figure 10 shows the stress at failure of as a function of the crystal hackle radius; this
stress corresponds to the experimental stress imposed by the 3PBT at the point of failure.
The value of the stress was determined from the mechanical load imposed by the 3PBT
set-up at the time of catastrophic fracture as calculated according to the ASTM C1161
standard?®.The uncertainties were estimated using a statistical propagation of uncertainty
approach using the variance of individual measurements. As shown in Fig. 4, mirror radii
were estimated optically and were mostly oriented towards (~19.5° away from the ).

Using Equation 1, the GaAs “crystal hackle constant” was therefore estimated as ,)=1.58

MPavm:; this parameter is analogous to the “mirror constant” used in isotropic materials.
No obvious differences were observed between origins ‘at the edge’ vs. ‘away from the
edge’, although the data appeared to be more consistent for cracks that originated away
from the edge. The apparent absence of a correlation between origin location and fracture

strength suggests that the sample edges are smooth with relatively few defects.

We therefore find that Orr’s relation (Equation 1) can be generalized to single crystal
GaAs, were the parameters are defined in reference to the crystallographic directions that

dominate the fracture mechanism:
»)110} (4)

where oris the fracture strength, 14, is the crystal hackle radius, and ) is the crystal hackle

constant.
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120

Relationship between fracture strength and the crystal

hackle radius for the main (110) GaAs fracture mirror (data

for all tested samples). R?=0.71 for the linear regression.

Radial lengths associated with the ‘mirror-branching’ boundary correctly predicted the

fracture strength within 19% from the measured values. From a practical perspective,

where the lateral resolution of the instruments used to detect the mirror-hackle boundary

was not sufficient, the hackle height could be measured at least at 2 different radial



locations and then used to extrapolate the hackle constant, as shown for a representative

sample in Figure 11 .
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Figure 11:  Relationship between hackle height featured at branching
and normalized radial distance-to-crystal hackle radius (

) for the main (110) GaAs fracture
(RXH{110}=151um, 0f=83i6MPa)

For the representative example in Figure 11, the normalized radial length, , and
correspondent hackle’s height available at P1, P2, and P3, were used to estimate the
hackle radius (Rxn1100=151pum) and a discrepancy of 16% was incurred between this

method and the directly measured hackle radius.

IV. DISCUSSION

Experimental evidence shows that it is not necessary to distinguish between ‘edge crack

origins’ and ‘origins away from the edge’ when generalizing Orr’s relation to single crystal



GaAs. This occurs because we include crystallographic references when defining the
crystal hackle radius Ry and crystal hackle constant Axy that are analogous to the mirror

radius and mirror constant in isotropic media.

From the experimental quantitative analysis, two sets of fractographic features were
consistently recognizable, since they formed on different planes following the
methodology and recommendations outlined in this study. For instance, while the first
quasi-static set of GaAs terraces was due to the misalignment, the GaAs wing-like
features at branching were due to dynamic crack growth effects where radial distances

at critical branching scaled with the strengths.

A. GaAs Step-like Terraces

For quasi-static loading in brittle materials, the fracture surface is usually created in a
direction orthogonal to the maximum tensile stress. In fact, steps initiate at the crack
origin, depending on the flaw orientation or the cleavage plane alignment with the
loadings. GaAs {110} steps occur when the principal stress was not perfectly aligned with
the cleavage plane or when there were any other misalignments with the initial flaw. In
this study, the GaAs steps occurred along the (110) planes, consistent with it being the
weakest plane as reported in the literature'234-39, Figure 2-3 showed that the GaAs (110)
steps fan out from the origin where the crack velocity is nearly zero, which indicates that
their formation is not related to dynamic effects. A similar mechanism has been reported
for silicon single crystal because of a small misalignment of the main cleavage plane?°.
Kermode et al.*! reported on a complex ‘multi-scale’ phenomenon in silicon single-
crystals whereby very low-speed crack propagation occurs on the (110) plane (i.e. after
cracks decelerate). Cleavage steps are caused by the crack propagating on very close
parallel planes and it is usually one or more single lines, parallel to the local direction of
crack propagation'’. They are running radially towards the surface in compression and
are not materially affected by the crack-front dynamics. Although the fractographic
features associated with misalignments were not used to estimate the samples’ strength,

they were helpful in locating the fracture origins.



B. Dynamic Crack Branching

Once the crack-tip reaches a critical speed, the crack-tip branches on more energetically
favorable cleavage planes. The crack evolves according to the crystal anisotropy and the
crack-tip speed, thereby minimizing the energy involved in the fracture process. GaAs
hackle marks consistently form at a distance inversely proportional to the stress squared
(see Eq. (1) and Figure 10) in the direction . The fractography of GaAs surfaces
suggested that combinations of small prisms-like features were created as an energy

dissipation mechanism and were not due to random defects or misalignment, as they

systematically mark the surface for a range of  2° with respect to the free surface.

As the crack-front becomes dynamically unstable, it branches away from the {110} planes
toward particular families of planes, including {331}, {231}, {221}, {241}, {130}, {131},
{121}, {111}, {142}, {132}. Large hackles consolidate on those planes that minimize the
system’s energy during propagation, thus explaining why the {111} crack-tip deflection
family of planes is shown to dominate for the GaAs single crystal (e.g. D1 shows mostly
{111} in Figures 7-8). This observation is consistent with the understanding that the
fracture toughness on the (111) plane, K111 = 0.39 MPaVm, and on the (110) plane,
Kic(110) = 0.46 MPaVm, have similar magnitudes#243; a crack can therefore easily switch

between the (110) and {111} planes upon obtaining enough kinetic energy?142:43,

Moreover, surface profilometry of the features formed after branching reveal that the
hackle height approximately scales with the distance from the branching location.
Assuming that the crack velocity does not change considerably after first branching for a
given direction, then it could be inferred that the hackle height scales linearly with the
crack’s energy release rate (ERR). In this work, stereography and analytical geometry
helped confirm that both ¢; and 6z were consistent with the (001) stereograms found in
literature3?: both planes and axis zones followed the Weiss rule for a range of crack-
branching radius directions (Figure 9). Features on planes other than (110) cannot be
associated with misalignment or defects, since the fractographic features consistently
start at a distance inversely proportional to the stress squared for nearly the same hackle

radius directions with respect to the free surface (Fig. 10). These are in good agreement



with another reported surface instability previously reported in GaAs (“fork-shaped”

sinking#**) and analogous to “V-shape markings” in single crystal silicon20:45.

V. CONCLUSION

This manuscript provides a systematic approach to estimate the strength of fractured
GaAs single crystals by generalizing Orr’s relation for isotropic media to single crystals.
Standard fractographic methods typically employed in homogeneous, isotropic materials
were adapted to study anisotropic, single-crystal GaAs fractured by uniaxial loading.
“Terrace-like” step features were identified and explained as a quasi-static mechanism
with which the crack-front re-aligns with the direction orthogonal to the maximum tensile
stress (i.e. cleavage plane misaligned with loading). These step-like features were also
used to locate the effective crack origin. A new characteristic parameter, the “crystal
hackle radius” Ry (analogous to the “mirror radius” in isotropic materials) was defined as
the distance from the origin to the “mirror-branching” boundary which coincided with the
macroscopic {111} deflection of the crack-front predominantly aligned with . This
framework extends Orr’s empirical relation for isotropic media to GaAs single crystals and

establishes the correspondent “crystal hackle constant” = 1.58 MPaVm to estimate the

strength (analogous to the “mirror constant” in isotropic materials). It was noted that
hackles form at distinct values of the energy release rate (ERR). Microscopic investigation
reveals that the mirror-branching corresponds to specific, well-defined planes formed as
the dynamically unstable crack-front deviates from the initial {110} plane. Hackle lines
were found to be explained by combinations of well-defined crystallographic planes. The
hackles initially correspond to many different planes but ultimately consolidate mostly
along the {111} family of planes as the crack develops. The crystallographic families of
planes along which crack growth was observed follows the Weiss zone law, as illustrated

using stereographic projections.
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