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� A novel technique to monitor and
control the microcracking process in
specially designed 3D nanopatterned
structures in real time is
demonstrated on a technically
relevant materials system, i.e. an on-
chip interconnect stack. The three-
dimensional details of the
complicated physical failure
mechanism are unveiled with high
resolution.

� The combination of X-ray microscopy
and micromechanics and the ability
to image microcracks in a model
system with a hierarchically
structured architecture is described.

� The critical energy release rate at the
crack tip is determined quantitatively
in sub-100 nm regions.

� A controlled microcrack steering into
regions with high fracture toughness
is demonstrated for an engineered
hierarchical materials system.
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a b s t r a c t

An experimental approach to control the fracture behavior of 3D nanopatterned structures in real time
and to describe the microcrack propagation in solids quantitatively is presented. The three-
dimensional details of the complicated failure mechanism are unveiled with high resolution using a
method that integrates a micro-scale fracture mechanics test into a nano X-ray computed tomography
system, to allow in-situ 3D imaging of the kinetics of damage mechanisms in integrated circuits. With
the unique combination of a miniaturized micro-mechanical experiment and high-resolution X-ray imag-
ing, the critical energy release rate at the crack tip of materials is determined quantitatively in sub-
100 nm dimension, which allows to reveal scale-dependent mechanical properties. The ability of con-
trolled microcrack steering in engineered materials and structures into regions with high fracture tough-
ness is demonstrated. This unique characterization capability promises broad applications for design and
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Microcrack propagation and steering
Energy relase rate
manufacturing of robust microchips in future technology nodes, and it is applicable to the study of a
broad variety of 3D nanostructured material systems.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Nowadays, 100 years after Griffith’s ground-breaking paper
describing the fundamentals of fracture mechanics [1], the study
of crack evolution in and failure of materials at micro- and nanos-
cale has become an important area of fundamental research with
broad applications in industries [2,3]. The mechanistic study of
how microcracks are formed, evolve, and interact with the sur-
rounding materials and interfaces provides valuable insight into
designing of defect-tolerant materials and structures. Successful
examples range from natural biological materials such as bones
and nacres [4] to artificial materials such as thin films, nanocom-
posites and engineered heterogeneous materials, e.g. toughened
ceramics, thermo-mechanically processed alloys and porous mate-
rials for battery electrodes [5–7].

The continuous advancement of integrated circuit technology,
well known as ‘‘Moore’s law”, is representing the cornerstone
achievement of the semiconductor industry. On a square
centimeter-size chip of advanced technology, tens of billions of
transistors are fabricated and interconnected hierarchically as
one integrated system. Modern microprocessors feature multilay-
ered on-chip interconnects for power and signal distribution – a
suitable example for 3D nanopatterned structures. From a material
perspective, the interconnect stack represents a scientifically inter-
esting model system of technological importance. As a hybrid com-
posite consisting of hierarchically structured metal interconnect
lines and vias embedded in interlayer dielectrics (ILD), structural
complexity and material heterogeneity provide an appealing test
bed for fundamental fracture mechanics concepts and approaches.
From the technology and reliability perspectives, characterization
and control of microcracks play a critical role in designing mechan-
ically robust integrated circuits. For instance, microcracks can pre-
exist as manufacturing defects within the active chip area, and
those in high stress regions such as near die edge bumps can be
triggered to propagate when they are subject to excessive chip-
package interaction [8]. Microcracks can also be formed outside
the active chip area during the wafer dicing process, and they
can slowly grow inwards driven by thermo-mechanical stress
and harsh environment, and eventually, they can find their way
into the active die area causing functional or even catastrophic fail-
ure [9]. To reduce chip parasitic delay and power dissipation, ultra-
low permittivity (or ultralow-‘k’) dielectric materials, such as
nanoporous organosilicate glass, are needed as ILD in on-chip
interconnect stacks. Because of their molecular bonds and
nanoporosity, ultralow-‘k’ materials are intrinsically brittle. Addi-
tionally, sensitivity to moisture-accelerated cracking is a serious
concern. To protect the active chip area against cracking and at
the same time to provide a hermetic seal against moisture and
detrimental chemicals, metal guard ring (GR) structures surround-
ing the active die have been implemented in modern chip technol-
ogy to arrest inward crack propagation [10]. However, without
scaling, GRs will occupy an increasing fraction of the scaled die
area, which will be increasingly costly for small die products and
chiplets. A detailed characterization of the kinetic process causing
failure and the identification of weak points are critical to ade-
quately scale the GR structures without sacrificing their protective
functionality. Stringent yield and reliability requirements have
posed profound challenges on managing mechanical failures
through fabrication as well as at service of modern microprocessor
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chips. While there are ample choices of established techniques for
post mortem failure analysis, experimental methods that can pro-
vide real time monitoring and control of failure behavior in realis-
tic integrated circuits with 3D nanopatterned structures are
limited in resolution and applicability. Here we present a method
that integrates high-resolution X-ray imaging with micro-scale
fracture mechanics. Transmission X-ray microscopy (TXM) and
nano X-ray computed tomography (nano-XCT) provide desirable
and unique information that complement other established tech-
niques widely used in physical failure analysis labs, such as scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM provides mainly surface information and
TEM requires extremely thin samples, which limits their use in real
time and non-destructive applications. In contrast, TXM and nano-
XCT allow a nondestructive visualization of defects such as micro-
cracks in materials with high spatial resolution, and they are appli-
cable for significantly larger sample volumes without modifying
the stress state in the region of interest. The capability to image
in real time defect evolution processes such as microcrack propa-
gation in realistic integrated circuits provides the opportunity to
reveal failure mechanisms with important details, i.e. information
that is usually missing from post mortem inspection [11,12].

2. Method: Imaging of microcrack propagation in 3D
nanopatterned structures

2.1. Miniaturized fracture mechanics test in the X-ray microscope

In this paper, we demonstrate the capability of in-situ X-ray
imaging and steering of microcrack propagation in integrated cir-
cuit structures – as an example for 3D structured materials and
systems - by combining nano-XCT with a quantitative micro frac-
ture mechanics test. With this unique combination, the critical
energy release rate at the crack tip of materials can be determined
quantitatively in sub-100 nm dimension, and microcracks can be
steered in a controlled way. We choose the on-chip interconnect
and GR structures on a leading-edge microprocessor chip as model
system to illustrate this unique capability.

We designed and built a miniaturized micro-double cantilever
beam (micro-DCB) test setup that is compatible with a commercial
laboratory X-ray microscope (Xradia nanoXCT-100) to conduct a
small-scale fracture test and to simultaneously visualize the evolu-
tion of the microcrack under load nondestructively [11,12]. The
working principle is illustrated in Fig. 1a. The X-ray microscope
is equipped with a rotating anode X-ray source operating at
8 keV (Cu-Ka), a polycapillary condenser optics, a Fresnel zone
plate, and a scintillation detector with CCD camera [13–16]. A spa-
tial resolution of approximately 100 nm can be achieved in the cur-
rent laboratory setup as determined using a Siemens star test
structure; even higher resolution of 20 nm has been demonstrated
using synchrotron radiation [17].

A micro-DCB sample is prepared from a microprocessor wafer
with 12 levels of on-chip interconnects manufactured in an indus-
try fab at an advanced technology node. The area of interest is at
the proxy of die edge that consists of the on-chip interconnect
stack, the protective GR structure and the scribe line area that is
reserved for wafer dicing. A small beam is cut out of the wafer
and glued together with a dummy silicon beam. The resulting
sandwich sample is sawed and polished to a rod with a length of
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Fig. 1. a) Scheme of the experimental setup: micro-DCB test in a laboratory full-field transmission X-ray microscope, b) Scheme of the micro-DCB test using a sandwich
sample with the ROI, the on-chip interconnect stack of a microchip featuring two copper guard ring structures (GR1 and GR2) separated by a scribe line (SL), and respective
radiograph, c) photograph of the micro-DCB test setup inside the X-ray microscope.

Fig. 2. Illustration of a partially delaminated standard DCB sample with freely
rotatable beam ends at the force introduction points: F – applied force, h1 and h2 –
beam heights, uyn ðLÞ– cantilever deflections at the end of the beam in y {n = 1,2}, Y =
uy1 ðLÞ + uy2 Lð Þ - maximum beam opening, x – coordinate in interface/crack plane
direction with origin at the crack tip, y – coordinate perpendicular to the interface/
crack plane, L – crack length.
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approximately 1 mm and with a cross-section of 50 lm by 50 lm
to be transparent to 8 keV X-ray photons – see Fig. 1b. To facilitate
crack initiation and to simulate wafer dicing induced damage, a
pre-crack is introduced in the scribe line area by inserting a razor
blade at the interconnects structure near the glue bonding inter-
face. The thickness ratio of the sample beam to the dummy silicon
beam can be varied to tune the fracture mode at the crack tip,
which provides an effective knob to control the crack propagation
behavior.

The micro-DCB sample is mounted on a rotation stage and
aligned with the crack front parallel to the optical axis of the X-
ray microscope for imaging and tomography data collection [11].
The miniaturized, piezo-driven micro-DCB test setup (see Fig. 1c)
imposes incremental displacements in steps of 50 nm to gradually
pull the sample apart. The setup is designed to allow the entire
sample to be imaged at arbitrary rotation angles without shadow-
ing by the fixture.

2.2. Determination of the local energy release rate

The standard double cantilever beam (DCB) test is one of the
most common experimental techniques for the determination of
the critical energy release rate Gc of macroscopic specimens with
plane interfaces. A typical DCB test geometry is schematically
3

shown in Fig. 2. This scheme includes the geometric measures of
a partially delaminated sandwich sample and it indicates the force
introduction points. In both, the macroscopic and the microscopic
DCB geometries, a force F is applied perpendicular to the interfacial



Fig. 3. Scheme for two extreme cases, fixed cantilever ends and free cantilever
ends.
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plane of the DCB sample to create an interfacial crack with a length
L and a crack opening Y (sum of both single beam deflections uyn ðLÞ
{n = 1,2}) at the sample mount position � = L (x = 0 at crack tip).
For a symmetric double beam geometry, it results in a pure normal
force crack opening, the so-called fracture mode I. However, geo-
metric inaccuracies of the sample, i.e. deviations from a symmetric
micro-DCB sample, result in asymmetric bending of the beams.
Such inaccuracies are more pronounced in the micro-DCB test.
Additionally, non-symmetry can also be applied intentionally to
steer the crack to tough regions in multi-layered stacks in a con-
trolled way. This non-symmetry causes an additional shear compo-
nent in the crack driving forces (mixed modes I and II). As a
consequence, the determination of the single beam deflections
uyn ðLÞ becomes important.

For the micro-DCB geometry used in this study, the single beam
deflections uyn ðLÞ and other experimental parameters are not
directly accessible from the measured data. To determine these
experimentally not accessible parameters, the Euler-Bernoulli
bending beam differential equation was applied. More precisely,
a micro-DCB adapted solution of the Euler-Bernoulli equation
was fitted to the bending lines of the two cantilevers based on
radiographs. In the case of small deflections, which is a reasonable
assumption for the micro-DCB geometry, the shape of the two
bending cantilevers can be described by the Euler-Bernoulli differ-
ential equation.

q ¼ d2

dx2
EI

d2u
dx2

 !
ð1Þ

where q is a distributed load (in N/m2), E is the Young’s modulus (in
Pa), I = Izz is the secondmoment of area (in m4) for a bending around
the out of plane coordinate z (called just I in the following), and u(x)
is the beam transverse displacement in y direction at the

position �, called the bending line. The term d2u
dx2 (or short ú́) is the

second derivative of the beam deflection. Often the material prop-
erty E and the geometry parameter I are constant, and conse-
quently, the product EI, which is called flexural rigidity, is also
constant.

For the micro-DCB geometry, the fixed end of the Euler-
Bernoulli beam was chosen at the crack tip position which is
defined as x = 0. There, the deflection u(x = 0) and the slope
u’(x = 0) are zero. At the force introduction point, at the beam
length x = L, the boundary conditions for the micro-DCB geometry
deviate from those for the standard DCB geometry. The main dif-
ferences are the boundary conditions in the bending slopes u’(x)
and bending moments M(x) at � = L. For the standard DCB geom-
etry, the beam is free to move at � = L, the bending moment is zero
at this point, and the slope adjusts to a value of non-zero accord-
ingly. For the micro-DCB geometry, the beam end at the force
introduction points is fixed due to the sample mounting using glu-
ing. A fully fixed beam would lead to boundary conditions of u’(x =
L) = 0, and the bending moment would be non-zero. In reality, the
boundary conditions at x = L of the micro-DCB are between these
extremes, i.e. u’(x = L) as well as M(x = L) are non-zero. To consider
these boundary conditions, a parameter A is introduced that
describes the amount of fixture at the beam ends at x = L. The value
A is in the range of 0.5 � A � 1 with the extremes A = 0.5 for u’(x =
L) = 0 and A = 1 for M(x = L) = 0. The two extreme cases of the
micro-DCB test, i.e. ‘‘fixed beam ends” and ‘‘free beam ends”, and
the respective geometrical parameters A are shown schematically
in Fig. 3. The parameter A is a parameter that is introduced to
describe the boundary conditions of the beams (first derivative of
the bending line) at the displaced cantilever ends, affecting the
bending moment of the beam. Solving the differential equation
(1) for the two extreme cases ‘‘free beam end” and ‘‘fixed beam
end” results in A = 1 for a free beam end and in A = 0.5 for a fully
4

constrained beamwith a zero slope at the beam end. The values for
the parameters A1 and A2 (for the two cantilevers) were deter-
mined from the real bending line determined from radiographs,
applying a least-square fitting procedure based on the micro-DCB
adapted Euler-Bernoulli beam model. Since there is an inflection
point in the bending line, two parameters can be determined from
the cubic fit, i.e. the applied force F and the parameter A. That
means, for the steady state (no crack propagation), it is possible
to fully parameterize the Euler-Bernoulli model and to determine
the potential (elastic) energy for the different loading steps of each
cantilever. These A and F values are used for the calculation of the
energy release rate for crack propagation at the respective loading
conditions [cp. Eq. (11)].

To solve the bending beam differential equation, a stepwise
integration and boundary condition implementation is applied.
As a result, a relationship between the applied force F, the bending
line shape, and the resulting beam deflections uyn ðn ¼ 1; 2Þ for the
two uniform beams of the micro-DCB experiment is derived:

uyn xð Þ ¼ � Fx3

6EIn
þ AnFLx

2

2EIn
ð2Þ

The Euler-Bernoulli beam model, which is valid for beams
under the assumptions that the beam cross-section dimensions
are small compared to the beam length (equals crack length here)
and that the constrained beam ends at the support side (crack tip
here) are horizontally oriented, is applied to the two micro-DCB
cantilevers for the determination of the stored elastic energy and
ultimately of the energy release rate for crack propagation. The
geometric sizes in a real micro-DCB sample are indicated in
stitched radiographs in Fig. 4.

The energy release rate G is the normalized amount of elastic
energy Uel stored in the system, which will be released if the crack
with a length � propagates, can be expressed in the following
equation:

G ¼ �1
b
dUel

dx
; ð3Þ

with b being the sample width. The critical energy release rate
Gc that it needed for crack growth can be determined by the condi-
tion that the external energy is equal to the stored elastic energy.
That means, crack growth is initiated if the energy release rate is
larger than a critical value Gc, i.e. G > Gc. The external energy
needed for crack propagation Uel can be calculated by integration
the applied force F up to the maximum beam deflection
uy

�ðLÞuyn ðLÞ:

Uel ¼
Z uyn ðLÞ

0
F xð Þdx ð4Þ



Fig. 4. Stitched radiographs of a micro-DCB sample. The stitching array of 3 � 12
radiographs is compressed along the � coordinate for better visualization of the
geometric sizes.
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The force equation is found from Eq. (2):

F ¼ 6EIuyn ðxÞ
x3 � 3AnLx2

ð5Þ

Considering this energy equation, the following result is derived
for each cantilever, i.e. for {n = 1,2}:

Uel;n ¼ 3EIuynðLÞ2
L3ð3An � 1Þ ð6Þ
Fig. 5. a) Radiographs of the micro-DCB sample with an acquisition time interval of 15 s a
GR2 (A) and finally in GR2 (B), b) SEM cross-section image of the GR structure with 12 m
for potential paths of microcracks propagating from right to left (red lines). Mn refers to t
energy release rate G vs crack length L at several loading steps during the micro-DCB te
referred to the web version of this article.)

5

Inserting Eq. (6) into Eq. (3) and considering that the second
moment of inertia of the beam’s rectangular cross-section is
I = b*h3/12, with b, hn - width and height of cantilever n {n = 1,2},
Gn for one cantilever can be written:

Gn ¼ 3Ehn3uyn ðLÞ2
4L4 3An � 1ð Þ ð7Þ

Consequently, the Gc value for the crack propagation in the
micro-DCB test is the sum of the contributions for the two beams.

Gc ¼
Xn¼2

1

3Eh3
nuynðLÞ2

4L4ð3An � 1Þ :GDB ¼ GB1 þ GB2 ð8Þ

The beam deflections can be expressed by simple algebraic rela-
tionships between the measurable geometric parameter Y

¼ uy1 ðLÞ+uy2 ðLÞ, h1 and h2 (see Fig. 3) and beam ratio ¼ h1
h2

e ¼ h1
h2
:

uy1 Lð Þ ¼ Y
e3 þ 1ð Þ ð9Þ

uy2 Lð Þ ¼ e3Y
e3 þ 1ð Þ : ð10Þ

Finally, the Gc value for the crack propagation in the micro-DCB
experiment, taking into account the parameters A1 and A2 and the
beam ratio e results in:

Gc ¼ 3Eh3
1Y

2

4L4 e3 þ 1ð Þ2
1

ð3A1 � 1Þþ
e3

ð3A2 � 1Þ
� �

ð11Þ
t two different loading states: crack tip propagating from right to left firstly towards
etallization (M1 - M12) layers and a post passivation layer on top, and two schemes
he n-th metallization layer, P to the post passivation layer, c) Crack opening Y and d)
st. (For interpretation of the references to color in this figure legend, the reader is
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The critical energy release rate decreases with L-4 if the crack
propagates in a controlled way.
3. Results and discussion

3.1. Critical energy release rate at the crack tip

Radiographs of a microcrack as it approaches and passes the GR
of the micro-DCB sample are shown in Fig. 5a. From the tomogra-
phy data, test structure and microcrack are reconstructed to reveal
the three-dimensional details of the kinetic process that causes
damage and failure. Depending on the pre-cracking location and
the mode mixity, microcrack propagation can be related to certain
metal levels among the multiple potential paths, as schematically
illustrated in the SEM cross-section image of a GR structure in
Fig. 5b. In this particular example, the beam thickness ratio is
approximately 1.3:1, and the cracking path is along the lower met-
allization layer (M1). Geometrical information of the microcrack
including crack length and crack tip opening displacement is
extracted since these values are needed for the quantitative deter-
mination of the local energy release rate at the crack tip. As the
crack front approaches the GR structure, the crack opening is
increasing gradually, and the crack growth rate is slowing down,
as shown in Fig. 5c and Fig. 5d. Once the crack tip reaches the
GR, it is stopped completely by the outermost GR that is made of
primarily copper with a thin diffusion barrier. The ductility of Cu
helps blunt the crack tip and provides toughness to retard crack
propagation. The crack tip opening increases sharply and the strain
energy builds up while the crack length remains constant. When
the crack tip opening increases to 12.1 lm, the energy release rate
reaches the critical value of 34.8 J/m2, at which catastrophic failure
of the GR occurs. This critical energy release rate provides a mea-
sure of fracture resistance of the GR structure against inward crack
propagation. It is significantly higher than the respective value in
the SL and in the BEoL stack. We note that the mechanics model
developed in this study accounts for the geometric imperfection
of the sample and the specific clamping boundary condition of
the micro-DCB specimen due to the finite sample length relative
to the clamping part.

The real-time monitoring of crack propagation provides invalu-
able insight to the failure mechanism and directions to optimize
the GR design. That means, once the outermost GR (GR1) is broken
through, the crack cannot be arrested by the remaining GRs in the
current design, and eventually damage to the functional intercon-
nect structure can occur. To understand this failure behaviour,
finite element analysis, particularly 2D static calculation of the
energy release rate as a function of crack length, was conducted.
The result shows that the energy release rate, which is the fracture
driving force, increases with longer crack length, while the fracture
resistance is constant as determined by the GR materials and
dimension. Therefore, an even distribution of identical GRs is not
the most efficient way to stop crack penetration. Only the real-
time imaging capability – and not conventional post mortem anal-
ysis – can reveal the critical role of the outermost GR.
Fig. 6. Virtual cross-section (XY view) with indicated crack path change from M7 to
M5 (top); XZ height map of the crack in the on-chip interconnect stack (SL, GR, Cu/
low-k BEoL), heights above the Si substrate indicated by colors (middle); Scheme of
the cross-section XY at the indicated z location (red line) with crack pathway,
showing crack path change from M7 to M5, heights above the Si substrate in lm
(bottom). The color scale bar corresponds to the heights from zero (Si substrate) to
about 6 lm (post passivation layer P). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
3.2. Controlled microcrack steering

The understanding of the crack path selection under different
boundary conditions is critical for the design of GR structures to
better protect the microchip against damage caused by inward
cracking from chip edges and corners. In particular, the local
energy release rate along the chip edge is location- and product-
dependent. In the micro-DCB test, we tune the fracture mode at
the crack tip to envelop, to a significant extent, the boundary con-
ditions experienced by the chip edge under realistic reliability test
6

and service conditions with the goal to understand their effect on
the crack path selection. The mode mixity at the crack tip charac-
terizes the relative significance of mode-I(opening) and mode-II
(shear) components of the fracture driving force, the ratio of them
defines the angle of mode mixity. Finite element analysis [18]
demonstrates that the global mode-mixity angle can be adjusted
from zero to approximately 38� varying the mode mixity within
the range of –23� to 23� by changing the beam thickness ratio from
0.5 to 2 from one in the micro-DCB test. From the geometry and the
boundary conditions, the global mode mixity can be calculated
using finite element analysis as reported in [9] for asymmetric
DCB sample geometries as a function of beam thickness. The mode
mixity plays an important role in determining the path selection of
a propagating crack. For each condition multiple tests were con-
ducted to characterize the reproducibility and sensitivity. With
the 3D model reconstructed from the XCT data, the cracking path
was determined by a ‘‘virtual” cross-section through the region
of interest without having to physically cut the sample apart.

Depending on the mode-mixity, the microcrack behavior is
more complex inside the multi-level integrated structure than for
blanket film stacks or single-level interconnects studied previously
[9,18]. As one example, Fig. 6 shows a ‘‘virtual” cross-section at the
final loading stage for a nearly symmetric configuration, i.e. the
thickness ratio e = h1/h2 of the dummy beam h1 and the microchip
beam h2 are targeted to be equal with vanishing mode mixity. Due
to sample preparation imperfection, the equality of beam thickness
is approximate. Note that the 3D data set is presented in XY plane
projection perpendicular to the metallization layers, and the ‘‘vir-



Fig. 7. Virtual cross-sections (XY views) with indicated crack path changes (top); XZ height maps of the crack in the on-chip interconnect stack (SL, GR, Cu/low-k BEoL),
heights above the Si substrate indicated by colors (middle); Schemes of the cross-section XY at the indicated z location (red line) with crack pathways, showing crack path
changes from M10 to M12 (a) and M6 via M3 to M2 (b), heights above the Si substrate in lm (bottom). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Dominant metal layers of crack propagation for several beam height ratios e,
based on 7 samples for e � 0.5, 9 samples for � 1, and 12 samples for e � 2, error
bars from statistical data analysis.
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tual” cross-section is the XZ horizontal map with heights indicated
by colors. The plot shows that, after pre-cracking, the microcrack
starts to propagate from the scribe line area (SL) at the M7 layer
towards the GR structure. After penetrating the first GR, part of
the crack front kinks into M8 for a short distance before returning
to M7, while the rest of the crack front remains propagating along
M7. We believe the short excursion along M8 is due to local pertur-
bation. Eventually, the microcrack is penetrating the full GRs and
seek path along M5 in the active interconnect stack where the
metal density is reduced compared to M7. The Fig. 6 bottom panel
7

shows the schematic crack path for one particular z position, with
crack path following along M7 and subsequently transitioning to
M5; the transition point is marked by a red arrow in the Fig. 6
top panel. The full 3D details of the specific crack paths and the
sequence of microcrack propagation underline importance and
effectiveness of the nondestructive 3D imaging technique pre-
sented here.

Fig. 7 shows virtual cross-sections of asymmetric micro-DCB
specimens at the final loading stage, with e = 0.65 (h1 = 25 lm,
h2 = 38 lm) and e = 2.10 (h1 = 40 lm, h2 =19 lm), respectively.
Due to the asymmetric sample geometries, the crack tip mode mix-
ity has a substantial mode-II component with a mode angle close
to ± 23� respectively. In contrast to the symmetric case, the
imposed mode mixity drives the crack path upward from M10 to
M12 in the case of e = 0.65, and downward fromM6 to M3 and fur-
ther to M2 in the case of e = 2.10 for this sample.

To analyze the statistical distribution and the sensitivity of the
crack path selection, multiple repeats were conducted for each
sample geometry configuration (symmetric vs asymmetric cases),
and nano-XCT data sets were generated as described above. The
crack pathways were analyzed based on the 3D tomography data
set for each sample and summarized in Fig. 8. The data shows
the clear effect of mode mixity on the crack path selection. That
means, despite the spread of the initiation layer due to pre-
cracking, microcracks tend to kink predominantly to upper metal-
lization layers for e < 1, and predominantly to lower metallization
layers for e > 1. At the same time, initiation location, local metal
density and toughness at each metallization layer collectively con-
tribute to determine the eventual crack path selection.

4. Summary

The capability to steer microcrack propagation in a controlled
way with real time observation provides a powerful tool to study
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the crack behavior inside the complex integrated circuit structure
at different boundary conditions, as for different product and pack-
aging technologies and for different temperature conditions. As
one example, the learning can help to refine the GR design to a tar-
geted drive and arrest of the crack with upper metallization where
the Cu plasticity is toughening the region due to size effects [19],
thus providing a structural component to stop crack propagation.
Such a toughening strategy may prove invaluable for downscaling
the footprint of GR structure without sacrificing the protective
efficacy.

In this study, we present a method to achieve in-situ high reso-
lution 3D imaging and steering of microcrack propagation for real-
istic microchip structures by integrating a micro-DCB test setup
into a nano-XCT tool. For purpose of demonstration of the role of
materials design for a technically relevant 3D nanopatterned struc-
tures, the process of guard ring damage by inward crack penetra-
tion under several mode mixity conditions has been studied with
full three-dimensional details captured. A refined mechanics
model has been developed to extract the critical fracture resistance
of the GR structure in sub-100 nm dimension quantitatively from
the nano-XCT and micro-DCB data, accounting for the specific sam-
ple geometry and clamping conditions. In addition, the ability of
controlled microcrack steering into regions with high fracture
toughness – i.e. with larger metal structures in microchips - is
demonstrated.

The experimental setup and the approach of a quantitative data
analysis provide an essential increase in knowledge for solid-state
physics and fracture mechanics in small dimensions. We anticipate
that this capability can find broad applications in other areas of
semiconductor technology development, and more broadly in the
design of engineered structural and functional materials with tai-
lored micromechanical properties.
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